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Résumé en francais

Cette theése est ’aboutissement des recherches que j’ai effectuées au laboratoire Chimie Biologie
Innovation dans le groupe Matériaux Innovants pour I’Energie sous la direction d’ Annie Colin. Ils ont

mené a la publication de quatre articles[1-4] et un brevet.

Contexte général

L’énergie a été un facteur essentiel pour les étres humains tout au long de leur existence sur Terre. Les
types d’énergie utilisés ont évolué au fil du temps. Initialement, les humains comptaient sur leur propre
énergie musculaire et celle des animaux. Cependant, reconnaissant les limitations de ces sources, ils se
sont tournés vers les combustibles fossiles tels que le pétrole, le gaz naturel et le charbon. La consom-
mation de combustibles fossiles est rapidement devenue omniprésente avec le début de la révolution
industrielle. Malgré leur utilisation généralisée, les combustibles fossiles sont considérés comme une
forme d’énergie finie et non renouvelable qui nécessite des millions d’années pour se reformer. De plus,
leur combustion libere du CO,, contribuant a I’accumulation de gaz a effet de serre et au changement

climatique subséquent.

Pour atténuer ces impacts environnementaux et éviter des catastrophes potentielles, les experts con-
seillent de réduire de moitié les émissions de CO, d’ici 2050. Ainsi, la nécessité urgente d’une transition
vers des sources d’énergie renouvelables avec un impact environnemental minimal devient évidente.
Parmi tous les modeles, I’énergie éolienne et solaire sont appelées a diriger cette transition, offrant une
capacité propre a faible coft et rapide a fournir. On rapporte que 1’énergie éolienne et solaire a atteint
plus de 10% de la part mondiale de la production d’électricité. Malgré leur forte croissance, la diversifi-
cation des sources d’énergie renouvelable reste un défi. L’énergie osmotique, libérée lors du mélange de
solutions de concentrations différentes, demeure une ressource énergétique inexploitée avec un potentiel
significatif. De plus, la récolte d’énergie osmotique a des émissions de gaz a effet de serre limitées et
une empreinte écologique minimale sur la planete. Par conséquent, le développement de technologies

de récolte d’énergie osmotique fiables, efficaces et économiquement viables est d’une grande importance.

Dans ce manuscript, nous présentons des études approfondies visant a promouvoir le développement

des systemes d’électrodialyse capacitive (CRED). L’innovation principale des systemes CRED réside



dans leur combinaison du processus de création de flux ionique dans les systémes d’électrodialyse inverse
(RED) avec I'utilisation d’électrodes capacitives peu coliteuses dans les systemes de mélange de capacité
(Capmixing). Avec de nombreux avantages tant sur le plan technique qu’économique, le CRED émerge
comme un excellent candidat méritant une enquéte approfondie pour la récolte d’énergie osmotique.
Cependant, en tant que technologie nouvellement développée, elle manque d’études systématiques dans
le domaine de la recherche. Dans ce travail de theése, nous fournirons tout d’abord une description
détaillée du mécanisme de fonctionnement du systtme CRED, sur la base duquel une stratégie efficace
d’amélioration des performances énergétiques est proposée. Ensuite, nous évaluons les performances
énergétiques du systeme CRED dans des scénarios réels, dans le but de progresser vers 1’industrialisation.
Enfin, nous élargissons le champ d’application des systemes CRED en développant un systeme de
gradient de pH sous un cadre similaire, démontrant son application étendue dans tous les processus de

récolte d’énergie basés sur les gradients de concentration.

Résumé du manuscrit

Ce manuscrit est divisé en 5 chapitres différents. Le Chapitre 1 propose une étude bibliographique des
technologies de pointe pour la récolte d’énergie osmotique. A la fin de ce chapitre, nous définissons les
objectifs de ce travail de these. Les Chapitres 2, 3 et 4 sont trois travaux de recherche distincts sur le
systtme CRED. Le chapitre 2 décrit une stratégie de boosting qui permet 1’amelioration de la densité
de puissance pour le systtme CRED. Le chapitre 3 décrit I'impact des ions divalents pour le systeme
CRED pour rapprocher a I’application réelle. Le chapitre 4 concois une cellule a partir d’un gradient
de pH qui récolte I’énergie osmotique génere lors de la capture de CO,. Enfin, le Chapitre 5 offre une
conclusion générale du travail de thése et des aspects intrigants a explorer davantage dans les futurs

travaux de recherche.

Chapitre 1: Introduction

Le premier chapitre offre une revue complete des études de pointe sur les systemes de récolte d’énergie
osmotique. Nous commengons par introduire les concepts généraux de 1’énergie osmotique, en mettant
en évidence son potentiel significatif estimé a 1’échelle mondiale. Ceci est suivi par un résumé des
trois principales technologies de récolte d’énergie osmotique : ’Osmose a Pression Rétardée (PRO),
I’Electrodialyse Inverse (RED) et le Capmixing. En bref, la PRO est une technologie semi-membranaire
dans laquelle le flux d’eau induit par 1’effet osmotique entraine une augmentation du volume de la
chambre de solution sous pression de haute concentration. Cette énergie mécanique est ensuite utilisée
pour actionner les systemes de turbines afin de produire de I’électricité. De maniere similaire, la
RED est également une technologie basée sur la membrane, ol des membranes d’échange d’ions sont
utilisées pour créer un flux ionique sous 1I’effet osmotique, qui est ensuite converti en courant électrique

par des réactions d’oxydoréduction aux électrodes. Les systeémes de Capmixing concoivent un cycle
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précis et ingénieux pour exploiter I’expansion de la double couche sur les électrodes capacitives afin
de récolter 1’énergie osmotique. Pour chaque technologie, nous fournissons des détails sur le principe
de fonctionnement, les performances énergétiques et 1’analyse économique. Apres une comparaison
approfondie et une analyse, nous décidons de nous concentrer sur le systeme d’électrodialyse capacitive
inverse (CRED), qui se situe a la croisée des chemins entre la RED et le Capmixing. Nous définissons le

cadre de ce travail de these et esquissons le plan de recherche.

Chapitre 2: Amélioration des performances de densité de puissance des systemes CRED par
stratégie de boosting

Un systeme CRED composé d’'une membrane échangeuse de cations unique et de deux électrodes
capacitives a base de carbone est construit dans ce travail. De 1’eau salée et de I’eau douce sont injectées
en continu dans le systtme CRED pour former une ressource énergétique osmotique. Séparé par la
membrane échangeuse de cations, un flux cationique directionnel est dirigé de la chambre d’eau salée
vers la chambre d’eau douce sous I’effet osmotique. Les électrodes capacitives sont capables de con-
vertir ce flux ionique en un flux électronique par phénomene d’adsorption/désorption des ions. Ainsi,
une caractéristique majeure du systeme CRED est la suppression des réactions redox a I’intérieur du
processus. Pour mieux décrire les systemes CRED, il est possible d’établir un circuit équivalent de
type RC. Le modele correspondant décrit bien les performances énergétiques des systemes CRED. Les
expériences démontrent qu’il existe un écart de densité de puissance substantiel entre le systtme CRED
et la valeur maximale théorique. Suite aux résultats expérimentaux et a 1’analyse théorique basée sur le
circuit équivalent, cet écart est principalement dii & I’efficacité de conversion flux ionique-électronique
faible dans les électrodes capacitives. Pour pallier cette limitation, nous proposons 1’application d’un
signal électrique supplémentaire synchronisé avec la tension de la cellule pour optimiser le régime de
fonctionnement du systeme CRED. Les expériences et la modélisation confirment que cette stratégie
de boosting est efficace pour améliorer la densité de puissance. Elle est capable d’optimiser le régime
de fonctionnement du systeme CRED, ce qui se traduit par des performances énergétiques optimisées
pour le CRED comparables a celles du systeme RED. En considérant un cofit réduit pour les électrodes

capacitives, le CRED présente un avantage économique supérieur pour un développement ultérieur.

Chapitre 3: Atténuation de ’influence des ions divalents sur les performances du systeme CRED

Pour progresser vers des applications concretes, nous évaluons les performances du systeme CRED sous
des solutions composées de mélanges d’ions multivalentes. Nous caractérisons systématiquement la
tension de la cellule, comprenant la contribution liée & la membrane et la contribution liée aux électrodes,
sous le mélange d’ions divalents de différentes fractions. Il est démontré que le mélange d’ions divalents
a un impact énorme sur la tension de la membrane, mais que la tension liée aux électrodes reste stable.

Selon les expériences, la chute de tension de la membrane dans le systtme CRED peut étre entierement
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expliquée par I’effet ascendant (Uphill effect), ot les ions divalents migrent de la partie diluée a la partie
concentrée. Ce phénomene est fondamentalement différent de celui observé dans les systemes RED, ou
I’empoisonnement de la membrane entraine une importante baisse de la sélectivité de la membrane et
une augmentation considérable de la résistance de la membrane. Contrairement a la chute significative de
75 % de la densité de puissance observée dans les systemes RED classiques, le systtme CRED présente
seulement une légere baisse de 35 % a la fois de la tension de la cellule et des performances énergétiques
lorsqu’il est soumis a des solutions avec mélange d’ions divalents de plus de 60 %. Ce phénomene
est attribué au renversement périodique de la chambre d’eau, qui atténue 1’effet d’empoisonnement de
la membrane. Ce résultat est en outre validé par des tests a long terme avec des solutions réelles. Ce
travail propose une méthode simple de commutation de la chambre d’eau pour supprimer le probleme
de I’empoisonnement de la membrane, qui perturbe le domaine de recherche des systemes RED depuis
plus de dix ans. En considérant la 1égere baisse de densité de puissance dans des scénarios réels, cela

ouvre la voie au passage a I’échelle industrielle du syst¢eme CRED.

Chapitre 4: Cellule a gradient de pH pour la récolte d’énergie

Pour généraliser le systtme CRED a un spectre plus large, on peut envisager tous les types de systémes
de récolte d’énergie basés sur les gradients de concentration. Contrairement aux gradients de salinité qui
sont limités par la solubilité du sel, le gradient de pH présente une gamme plus large et existe largement
dans le domaine industriel. Un scénario passionnant consiste a exploiter la variation de pH survenue
dans les processus de capture du carbone et a convertir cette énergie osmotique basée sur le gradient
de pH en électricité. Cette méthode de récolte d’énergie pourrait éventuellement réduire le colit global
du processus de capture du carbone. Plus précisément, le pH diminuera lors de la capture du CO,
dans I’électrolyte. Il augmentera lorsque de I’air est pompé dans 1’électrolyte ou lorsqu’il est soumis
a un traitement thermique venant des usines. La combinaison de ces deux électrolytes entralnera une
différence de pH géante allant jusqu’a 3,9. Nous proposons une cellule a gradient de pH composée
d’une membrane non sélective et de deux électrodes de pseudo-capacité en MnO, pour récolter 1’énergie
osmotique établie. Il est démontré que la cellule a gradient de pH fonctionne de maniere similaire a un
processus capacitif comme le systeme CRED, car elle peut étre bien décrite par un circuit équivalent de
type RC. De maniere inattendue, la cellule a gradient de pH présente une augmentation inhabituelle de
la densité de puissance sous la stratégie de boosting, dépassant sa prédiction maximale théorique de
densité de puissance. Nous sommes convaincus que ce phénomene inhabituel provient de la contribution
supplémentaire de la tension des électrodes due au changement de couverture fractionnelle dans les
électrodes composites de MnO,. Ce point est vérifié par un circuit équivalent RC adapté, qui décrit les
performances énergétiques sous boosting. Il convient de mentionner que la cellule a gradient de pH reste
dans le cadre du régime capacitif et que les réactions redox restent réversibles a ce stade. Cependant,

2

lorsque la densité de courant dépasse 2 mA.cm™“, nous observons une perte de matériau sévere dans les
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électrodes, suggérant la survenue de réactions redox irréversibles.

Chapitre 5: Conclusion et Perspectives

Ce chapitre conclusif présente un apercu complet de la récolte d’énergie osmotique a travers les sys-
temes d’électrodialyse capacitive inverse (CRED). De plus, nous décrivons nos futures investigations
prévues. Plus précisément, nous approfondirons I’étude de 1’industrialisation du syst¢me CRED, en
nous concentrant sur deux directions principales. Premiérement, nous explorerons la construction de
cellules CRED avec des surfaces effectives plus grandes. Deuxiémement, nous avons I’intention de
mettre en ccuvre des unités CRED en série. De plus, nous prévoyons d’intégrer des systtmes CRED
basés sur les gradients de salinité en tant que systemes de boosting dans les systémes a gradient de pH.
Enfin, nous explorons I’intégration potentielle de cellules a gradient de pH dans les processus de capture

et de stockage du carbone (CCS) en mer.
Les annexes apportent des informations complémentaires aux différents chapitres et reproduisent les

quatre articles publiés a Lab on a chip, Nano Energy, Environmental Science & Technology et Scientific

Reports.
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Nomenclature

PBO Polybenzoxazole-co-imide

PDA Polydopamine
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PE Polyethylene

PEI Polyethylenimine

PES Polyethesulfone

PET Polyester

PMA Polymethyl acrylate

PSf Polysufone
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PVDF Polyvinylidenefluoride

PVP Polyvinylpyrrolidone

SHPG Sulfonated Hyperbranched Polyglycerol

sPEEK Sulfonated Poly (ether ether kefone)

TBP Tributyl phosphate

Symbols

o Membrane permselectivity

Am Osmosis pressure difference

T Electrical characteristic time for RC circuit defined as T = (Rjqq + Reer/)C

Trill Time required to fulfill the water chamber. It is defined by the flow rate Q and the
chamber volume

CL, CH salt concentration in diluted solution, concentrated solution.

C Inner cell capacitance of a CRED system

Ey Boosting voltage

Ecap potential drop across the capacitor, defined as E¢qp = %
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General Introduction

Energy has been an essential factor for human beings throughout their existence on Earth. The types of energy
utilized have evolved overtime. Initially, humans relied on their own muscular energy and that of animals.
However, recognizing the limitations of these sources, they turned to fossil fuels such as oil, natural gas, and coal.
The consummation of fossil fuels quickly became ubiquitous with the onset of the industrial revolution. Despite
their widespread use, fossil fuels are considered as a finite and non-renewable type of energy that requires millions
of year to reform. Additionally, their combustion releases CO;, contributing to the accumulation of greenhouse
gases and subsequent climate change. To mitigate these environmental impacts and avert potential disasters,
experts advise halving CO, emissions by 2050. Hence, the pressing necessity for a shift towards renewable energy
sources with minimal environmental impact becomes apparent. Across all models, wind and solar are set to lead
this shift, offering low cost and quick-to-deliver clean capacity. It is reported that wind and solar energy reached
over 10% of the global power share. Despite their strong growth, diversifying renewable energy sources remains a
challenge.

In this context, osmotic energy released during the mixing of solutions of different salinities is a promising
avenue to explore. This lesser-known energy source holds significant potential. Mixing 1 m? of seawater with 1
m? of freshwater yields 1.4 MJ of energy. We estimate a potential global power output of 2.4 Terawatts, which is
comparable to the world’s total electrical power. However, osmotic energy also appears on a smaller scale, such as
in the biological salinity gradients found in physiological fluids across cell membranes or organs. Additionally,
it can be generalized into other forms, like pH gradient-based osmotic energy, which has a much broader range
compared to salinity gradients limited by solubility. In fact, natural cells store free energy by maintaining different
concentrations of molecules in separate "compartments.” As with many processes, humans should draw inspiration
from nature. By carefully engineering the energy harvesting process, artificial systems can effectively utilize this
clean and sustainable osmotic energy source.

There are overall three major osmotic energy harvesting technologies, including pressure retarded osmosis
(PRO), reverse electrodialysis (RED) and Capmixing. Briefly speaking, PRO is a semi-membrane based technology
where water flux driven by osmotic effect results in the volume increase of the pressurized solution chamber of
high concentration. The mechanical energy is then used to propel the turbine systems for electricity generation.
Similarly, RED is also a membrane-based technology. Ion-exchange membranes (IEMs) are used to create an
ionic flux under osmotic effect, which is then converted into electric current by redox reactions at electrodes.
Capmixing systems designs a precise and engineered cycle to use double layer expansion on capacitive electrodes
for osmotic energy harvesting. To combine the advantages of both RED and Capmixing technologies, we design a
capacitive reverse electrodialysis (CRED) system to harness the osmotic energy.

In this manuscript, we provide firstly a bibliographical study of the state of art technologies for osmotic energy
harvesting. After fixing the goal of this thesis work, we present three major research works realized for CRED

system. We will provide an in-depth description of the operational mechanism of the CRED system, upon which
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we will propose an effective strategy to enhance its energy performance. Following this, we will assess the energy
performance of the CRED system in real-world scenarios, aiming to progress towards industrialization. Lastly,
we will expand the application potential of CRED systems by developing a pH gradient system within a similar
framework, showcasing its versatility in all concentration gradient-based energy harvesting processes. In the
concluding chapter, we offer a comprehensive summary, accompanied by three promising research avenues for

future exploration.



Chapter 1

Introduction

In this chapter, a complete bibliographical study concerning the present osmotic energy harvesting technologies is
presented. We will firstly present the world wide energy crisis and the urgent demand for clean energy transition.
Among all the alternative energy resources, osmotic energy, also named as blue energy, remains an untapped
resource with large potential of exploitation. We then present different blue energy harvesting technologies,
including pressure retarded osmosis (PRO), reverse electrodialysis (RED) and Capmixing. A detailed description
and techno-economic analysis is provided for each technology. After the comparison among these major energy
harvesting technologies, we focus on an innovative technology called capacitive reverse electrodialysis (CRED)
which combines well the advantages of both RED and Capmixing.

The bibliography study presented in this chapter is published in Lab on a Chip[1] and Nano Energy[2]. The

articles can be found in Appendix A.

1.1 Energy crisis

According to the Global Electricity Review of 2023, the global electricity demand remained at a growth rate
of 2.6% in the decade of 2010-2021[5]. Such energy consumption continues to grow in the future. In terms of
the energy structure, the majority of the energy consumed worldwide still comes from the fossil fuels, with oil
being the major energy source, followed by coal and gas (Fig 1.1)[6]. However, the use of fossil fuels is not
only unsustainable due to the limited reservoir, but also environmentally devastating. The planet is experiencing
severe global warming issues due to the CO, emission contributed by fossil fuel burning. This has profound
and widespread impacts in the atmosphere, ocean, cryosphere and biosphere[7]. Facing such emerging global
environmental challenges, the International Energy Agency set out a Paris-Agreement-compatible pathway in its
Net Zero Emissions scenario published in the report of Net Zero by 2050. The objective is to put the global power
sector on track for 1.5 degrees[7].

Due to the rising energy demand and the severe environmental crisis, people call for the world wide reduction
of conventional fossil fuel consummation to limit greenhouse gas emission[8, 9]. The above mentioned pathway
requires an important expansion in the development of clean energy generation. Alternative energy sources with
limited impacts on environment attract much attention in both scientific and industrial fields[10]. In this sector,
solar and wind resources are important candidates with mature and industrial exploitation technologies. In the
report of Thinktank published in 2022, wind and solar energy reached over 10% of the global power share[11].
Despite their strong growth, diversifying renewable energy sources remains a challenge.
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Fig. 1.1 Global energy consumption by source (Figure and captions adapted from Our World in Data[6])

In this context, the osmotic energy, which is released during the mixing of solutions of different salinity, is a
promising avenue to explore. As an untapped large resource of energy, blue energy presents no greenhouse gas
emissions and limited ecological footprint on the planet[12]. It is recognized as a renewable energy by European
Commission in 2021. In the following sections, we will provide a detailed bibliographical study of osmotic energy.
We will firstly start by the general explanation of the osmotic energy. Then we will explain in details about the
major osmotic energy harvesting technologies developed in the scientific research and in industrial field.

1.2 Osmotic energy harvesting

The energy produced by mixing solutions of varying salinity, known as osmotic energy, is a clean and renewable
resource often referred to as "blue energy."[13, 14]. Naturally, a spontaneous and irreversible mixing of river water
and sea water happens at the estuary, resulting in an entropy increase of the system[15]. A precise and engineering
control of this entropy change procedure enables the blue energy harvesting. The potential of blue energy can
be estimated by thermodynamics studies. The non-expansion work released from the mixing of seawater and
freshwater can be described by the Gibbs free energy of mixing AG,,;, at a constant pressure P and at absolute
temperature 7.

AGix = Guix — (G +G1) (1.1

Here, G,ix, Gy and Gy, represents the Gibbs free energy of brackish water after mixing, seawater of high salinity
and freshwater of low salinity, respectively.

As the Gibbs free energy is defined as G = Zi-vzl Win;, where L; and n; represent the chemical potential and the
mole number of species i for a system consists of a number of N species. The chemical potential y; is defined
as W = W +RTIn(yx;) where " is the standard chemical potential, R perfect gas constant. % and x; represent
the coefficient of activity and the mole fraction of species i, respectively. For a system of volume V, the molar

concentration is defined as n; = ¢;V, where ¢; is the molar concentration of species i. Thus the Gibbs free energy
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of mixing can be calculated as[16]:

=z

AG iy = Z (i mix Vi mixRT In(Y; mixXi mixe) — Ci Vi HRT In(Yi grxi g) — ¢t Vi tRTIn(% pxi 1)) 1.2)
i—1

The theoretical available amount of energy from mixing 1 m> river water with a large surplus of seawater is
around 2.5 MJ, which is equivalent to the hydraulic energy generated by water dams with water falling from 250
m high[17, 18]. Development of efficient and robust energy harvesting technologies is of great importance for the
exploitation of this untapped renewable energy. In the following of this section, a review of blue energy harvesting
technologies and their applications is explained in details. We first describe pressure retarded osmosis (PRO), and
then move to reverse electrodialysis (RED), Capmixing and capacitive reverse electrodialysis (CRED).

1.3 Pressure retarded osmosis

As an emerging energy harvesting system, the technology of pressure retarded osmosis (PRO) is attracting much
attention[ 19, 20]. Semipermeable membranes, which allow the passage of water molecules and block the passage
of ions, are used in the configuration of PRO systems[21]. To better illustrate the power generation principle of
PRO, an introductory explanation of the osmotic process across the semipermeable membrane is given in the

following paragraph.

a’ AP<0 AP=0 0<AP<Am AP>Am

i
*Hu‘

Pressure assisted osmosis Forward osmosis Pressure retarded osmosis Reverse osmosis
(PAO) (FO) (PRO) (RO)

b J, C L4
PAO 4 PRO RO
PAO 4 PRO R()l — N L .
A A
r 1

\\ 50

0 Am AP

Fig. 1.2 Schematic illustration a, and analysis b, ¢, of four classic membrane-based osmotic processes of
pressure assisted osmosis (PAO), forward osmosis (FO), pressure retarded osmosis (PRO) and reverse
osmosis (RO). (Figures and captions reproduced from [22] with permission from Elsevier, copyright
2021.)

The observation of osmotic phenomenon was firstly documented by Jean-Antoine Nollet. It describes the
spontaneous movement of a solvent flux moving across the semipermeable membrane towards a solute of higher

concentration, in the way of balancing solute concentrations on both sides of the membrane[23]. The concentration
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difference across the membrane results in an osmosis pressure difference Aw. Additional hydraulic pressure AP
could be applied on the system to influence the solvent flux. Description of the water (solvent) flux J,, is an
essential parameter in the description of osmotic phenomenon. It can be theoretically described as a function
of the applied hydraulic pressure difference AP and the effective osmosis pressure difference A for an ideal
membrane as J,, = A;(Am — AP). Here A, refers to the permeability of the membrane[24].

Based on the comparison between AP and Az, osmotic process can be briefly classified into four categories as
illustrated in Fig 1.2(a)[22]. The Forward osmosis (FO) corresponds to a trivial case where AP is zero, indicating
no mechanical work in this process. In this case, water flux is driven by the osmotic driving force, penetrating the
semipermeable membrane and proceeding to the draw solution side. While applying a hydraulic pressure difference
on the feed solution compartment (AP < 0), the above-mentioned process is further assisted and accelerated in the
so-called procedure of pressure assisted osmosis (PAO). In the case where AP > A, the direction of the water
flux is reversed (from draw solution to feed solution) due to the external hydraulic pressure. This procedure is
named as Reverse osmosis (RO) and has intriguing applications in water desalination. It is to mention that both
PAO and RO are energy consuming processes. On the contrary, PRO is the only power generating process where
the water molecules move from feed solution towards the pressurized draw solution under osmotic effect (0 <
AP < Am). The pressurized solution is then utilized to drive turbine systems for electricity power generation. A
complete description of the water flux (J/,,) and the power density (W) of each osmotic process is illustrated in Fig
1.2(b,0)[22].

Fig 1.3 presents a typical configuration of the PRO plant. Feed solution and draw solution are both filtered
and pumped into the PRO module. Under the osmotic effect, a water exchange flow rate (AQ) is created near the
semipermeable membrane moving from feed water side towards draw water side. The brackish water received
in the feed water chamber presents a higher flow rate of (AQ + Qy) and a higher hydrostatic pressure Py. The
brackish water is then divided into two streams, where one stream is depressurized to drive turbine systems and
produce electricity and the other one is delivered into a pressure exchanger to maintain the incoming pressure of
draw solution[25]. Here the gross power density of a PRO system can be experimentally calculated as[26]

Peross = g =APJ, (1.3)
m
where A,, refers to the effective surface area of the membrane, AP refers to the trans-membrane hydraulic pressure

and J,, refers to the water flux across the membrane[27].

1.3.1 Major challenges in PRO

Although PRO is a promising technology for energy harvesting, PRO modules still suffer from limiting factors in
practical use. As illustrated in Fig 1.4, a semipermeable membrane is composed of an active layer and a support
layer[22]. An ideal membrane is expected to have high water permeability while maintaining a high salt selectivity.
However, it was demonstrated in the work of Straub et al. the existence of tradeoff between these two factors
(Figure 1.5(A))[26].

One of the major obstacles of membrane applications is the polarization effect, which refers to the ion
accumulation phenomenon near the semipermeable membrane. The internal concentration polarization (ICP)
corresponds to an immobile area clogged with ions in the dense support layer[29]. External concentration
polarization (ECP) occurs at the interface between active layer and the draw solution (dilutive ECP) or feed
solution (concentrative ECP). Concentration polarization effect deteriorates the osmotic driving force across the

membrane, thus leads to lower effective membrane performances and power density output[30]. In addition,
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Fig. 1.3 Schematic illustration of the working principle of PRO systems. Feed solution and draw solution
are injected continuously into water compartments which are separated by semipermeable membranes.
Driven by effective osmotic force, water flux flows across the membrane from freshwater compartment
towards saltwater compartment, resulting in a concentration decrease and a flow rate increase in draw
solution compartment. The pressurized water flux is then split into two fluid streams: one fluid stream is
used for electricity generation by driving an installed turbine, while the other stream returns to a pressure
exchanger to maintain the pressure of draw solution. (Figures and captions reproduced from [28] with
permission from Springer Nature, copyright 2012.)

the imperfection of membranes could lead to ion leakage from draw solution to feed solution, which is named
as Reverse salt flux (RSF)[31]. The trace leakage might cause more severe ICP effect in the system, lower the
power density output, and could possibly promote membrane fouling problems[32], which is also one of the major
limitations on PRO power density output. A theoretical analysis of the impact of ICP and RSF was conducted
by Straub et al., as illustrated in Fig 1.5(B). An apparent drop in power density is observed under the synergistic
effect of ICP and RSF[26].

Biofouling is a common problem for the industrial application of membranes. It influences severely the
membrane performances in practical use, hinders the lifespan of membranes and raises additional fees for water
pre-treatment[33]. The mechanical strength of membranes is also the key point for the development of PRO
performances and its commercialization[22].

In general, ideal PRO membranes should reach the following criteria: large water permeability, high salt
rejection (high membrane selectivity), low reverse flux, limited biofouling problems and reinforced mechanical
strength[34]. Precise engineering of the membrane’s properties, including layer thickness, geometry configuration,
porosity, selectivity and etc., is summarized in the following paragraph.

1.3.2 PRO membrane development

At the early stage of PRO technology development, commercial membranes developed for RO and FO applications
were used. In the pioneer work of PRO, Loeb et al.[35] used ‘Minipermeators’ with asymmetric hollow fibers of
Du Pont Permasep B-10 initially developed for RO applications on sea water desalination. Later, Mehta et al.[36]
realized a series of tests of the commercial membranes for RO and FO applications. Investigations on spiral-wound

minimodules of cellulose acetate brackish water membrane and hollow fiber minipermeators were realized. Then
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Fig. 1.4 Tllustration of the semipermeable membrane cross section composed of an active layer and
a support layer. A qualitative presentation of osmotic pressure profile across the membrane is pre-
sented.(Figures and captions reproduced from with permission [26] with permission from Royal Society
of Chemistry, copyright 2016.)

the initial cellulose-based membranes designed for PRO applications with superior hydrophobicity and mechanical
strength was used in studies[37]. These flat-sheet cellulose acetate membranes, including cellulose acetate (CA)
and cellulose triacetate (CTA), were developed by HIT (Hydration innovation technology)[38]. The early studies
indicate a low energy harvesting performance of PRO mainly due to the use of unsuitable and bulky membrane
structures, which causes severe ICP effect and reverse water flux problems[39]. In recent years, development in
membrane design and surface modification promotes a vast progress for PRO membranes. The present membranes
for PRO applications could be classified into two categories: the thin film composite (TFC) flat sheet membranes
and thin film composite hollow fiber[40].

Flat-sheet PRO TFC membranes consist of a highly-porous support layer and an active layer to reinforce its
selectivity[41]. Polyamide (PA) is commonly chosen as the active layer, which is polymerized over the interface
of the support layer through the phase inversion polymerization[34]. Various works were realized to optimize the
permeability and structure integrity, aiming to ameliorate the power density output of PRO systems.

Table 1.1 lists the present work of flat-sheet PRO TFC membranes in literature.

It was demonstrated that membrane post-treatment of PA active layer could significantly increase the power
density of PRO systems. Yip et al.[42] compared the performance of membranes with and without NaOCl and
NaHSOj; solution immersion and heat treatment. The highest power density output is predicted to be 10 W.m~2
with proper post-treatment. A detailed study on membrane post-treatment was conducted by Han et al.[43] An
optimal post-treatment condition was reported to generate a power density of 12 W.m~2 under a hydraulic pressure
of 15 bar. Integrating additives into support layer is another common strategy applied in membrane research
for PRO applications. Li et al.[44] realized polydopamine (PDA) modification onto the polyamide-imide (PAI)
support layer. Son et al. [45] successfully embedded carbon nano tubes (CNTs) into the polyethersulfone (PES)
support layer, obtaining a power density output of 1.6 W.m™~? at a hydraulic pressure of 6 bar, using deionized
(DI) water and NaCl solution of 0.5 M. Wei et al.[46] realized polysulfone (PSf) support layer reinforced by
polyvinylpyrrolidone (PVP), and obtained a maximum power density of 12.9 W.m~? at hydraulic pressure of 22
bar.

Flat sheet membranes could also be prepared by electrospun polymeric supports of high porosity and tortuosity.
A highly-porous support layer was realized by Bui et al.[47] by electrospinning polyacrylonitrile (PAN) nanofibers
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Fig. 1.5 A. Coupon-scale water flux J,, as a function of the water permeability coefficient, A; NaCl
permeability coefficient, B; and support layer structural parameter, S. The water permeability and salt
permeability are linked by the permeability-selectivity trade-off. B. Specific energy and power density
for counter-current membrane modules with increasing membrane area from right to left. Data for three
types of membranes are shown: ideal (solid black line), RSF (dash dotted red line) and CP (dashed
green line) and realistic (solid blue line) (Figures and captions reproduced with permission.(Figures and
captions reproduced from [26] with permission from Royal Society of Chemistry, copyright 2016.)

onto a polyester (PET) fabric substrate. Tian et al.[48] prepared tiered polyethylenimine (PEI) nanofibrous support
incorporated with multi-walled CNTs. Use of such membrane in PRO system generates a power density of 17.3
W.m™2. A dual layer of PSf/GO (graphene oxide) and PSf/HNT (halloysite nanotube) of nanocomposite on PET
was prepared by Lim et al.[49] to ameliorate water permeability.

The possibility of incorporating nano-sized materials into conventional membranes has been well developed
by researchers. Gonzale et al.[50] incorporated Schiff base network-1 (SNW-1) nanocomposite into the PA active
layer preparation. The PRO system reached its maximum performance of 12.1 W.m~2 with DI water and brine
water of IM. Kwon et al.[51] realized a toluene-assisted interfacial polymerization to fabricate active layer of PA
onto a polyvinyl alcohol (PVA)-coated polyethylene (PE) support. An astonishing power density of 35.7 W.m ™2
was reported for a hydraulic pressure of 20 bar. Recently, a Korean research group reported a novel thermally
rearranged TFC membrane containing polybenzoxazole-co-imide (TR-PBO) combined with a PA layer[52]. A
giant power density increase towards 40 W.m~2 was reported in its first work. Later, modification with fluorination
on TR-PBO membranes ameliorate the output power density towards 87.2 W.m~2 in PRO applications[53].

There is no doubt that tremendous advances were achieved in flat-sheet PRO TFC membranes. However,
most published works presented here focus on gross power densities, calculated by Equation.1.3. Actually, the
module gross power densities presented here differ from the net power density due to the irrecoverable pumping
energy input and the energy losses during electricity generation in turbine systems[54]. Taken into consideration
the pumping energy inputs and energy losses, the net power density in published works might be much lower than
its gross value. A detailed economic analysis of PRO systems will be given later.

In conventional PRO configuration using flat-sheet membrane, a feed spacer is needed to maintain the feeding
channel geometry and reinforce the mass transfer near the membrane[55]. Such configuration decreases the
hydraulic pressure and results in an energy loss in the PRO system[56]. In addition, feed spacers might cause
membrane deformation at high hydraulic pressure, inducing severe reverse solute diffusion of the membrane and
leading to performance loss[34].
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Different from flat-sheet membranes, hollow fiber PRO TFC membranes have a self-supporting tubular shape
of higher effective surface area. Such geometry avoids the use of feed spacers, thus limit the deformation failure
in flat-sheet based PRO systems. The PRO module using hollow fiber membranes could also achieve a higher
pack density, which could efficiently ameliorate output performances[57]. The major preparation method of the
hollow fiber membrane is the phase separation spinning, including non-solvent induced phase separation (NIPS)
or thermal induced phase separation (TIPS)[25].

The first work dealing with hollow fiber TFC membranes for PRO application was realized by Chou et al.[58]
They successfully prepared a tubular self-supporting membrane made of PES as the supporting substrate and PA as
the selective layer. A maximum power density of 10.6 W.m~2 could be achieved by using the home-made hollow
fiber PRO membrane with a salt concentration of 40 mM and 1 M for fresh and salt water chambers, respectively.
The same group prepared a novel hollow fiber TFC membrane using PEI as the supporting substrate[59]. This PEI
based hollow fiber membrane presents superior mechanical strength and shows a better power density output of
20.9 W.m~? under a hydraulic pressure of 15 bar.

Similar to flat-sheet PRO TFC membranes, chemical modifications on selective layer and the supporting
substrate are both widely investigated in the research field. The work of Ingole et al.[60, 61] proves the effectiveness
of PDA coating on PES supporting substrates in PRO applications. A power density increase from 1.62 W.m~? to
3 W.m~? is realized due to the additional coating. Grafting of chemical groups on supporting substrates were also
reported in literature[62, 63].

Ingole et al.[64] prepared CA layer treated with Tributyl phosphate (TBP) onto the supporting substrate of
PES with PDA coating. An improved power density of 3.9 W.m~? is achieved with the same brine water and
fresh water conditions used in their previous work. Zhang et al.[65] reported a novel supporting substrate of PES
with PDA coating, grafted with dendritic-architecture sulfonated hyperbranched polyglycerol (SHPG). A superior
resistance to protein adhesion and bacterial attachment is achieved due to the high wettability of the polymer
brushes. A maximum power density at hydraulic pressure of 15 bar is reported to be 18.8 W.m 2.

An emerging trend nowadays is to incorporate nanocomposites into membrane preparation. Zhao et al.[66]
grafted carbon quantum dots (CDQs) onto the PDA coating of the PES supporting substrate by covalent bonding
during the hollow fiber membrane preparation. They obtained a maximum power density of 11 W.m~? at a
hydraulic pressure of 15 bar. Another work of incorporating CDQs in PA selective layer was realized later by
Gai et al.[67] They reported a better power density of 34.2 W.m~? at hydraulic pressure of 23 bar. Park et al.[68]
incorporated graphene oxide nanosheets with PES supporting substrate.

In addition, numerous research work investigated on modifications of hollow fiber membranes to limit bio-
fouling problems. Synthetic sea brine solutions with complex components were used in fouling experiments and
the power density of PRO systems was tracked along the procedure. Zhao et al.[69] reported the use of MPC
(2-methacryloyloxyethylphosphorylcholine)-PDA coating on PES support layer to enhance anti-fouling capacities
of the system. Le et al.[70] presented the effect of using grated zwitterionic poly(sulfobetaine) on PA selective
layers.

Table 1.2 lists the present work of hollow fiber PRO TFC membranes in literature.
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Table 1.1 A summary of present PRO systems using flat-sheet PRO TFC membran

Materials Concentration Hydraulic pressure Power density Comments

gradient (bar) (W.m™2)
PA/PSt-PET DI/0.5M 12 10 NaOCl, NaHSO3 and heat treatment
PA/PI DI/1.0M 15 7-12 NaOCl, NaHSO3; and MeOH treatment
PA/PAN DI1/3.5%(w/w) 10 2.6 NaOCIl and NaHSOj3 treatment
PA/PAI DI1/3.5%(w/w) 6 2.84 PDA coating and NaOCl, NaHSO3, EtOl
PA/PI DI/1.0M 9 6.0 PA blended with moderate p-xylylenedia
PA/PAN 80mM/1.06M 22 15.2 NaClO treatment
PA/PI DI/1.0M 22 18.1 PA modified with DMF and SDS
PA/PAN-PE DI/0.5M 11.5 8.0 PA selective layer of mTFC/ pTFC
CTA membrane DI/3.0M 48 60 /
PA/PEI 10mM/1.0M 17.2 12.8 /
PA/PEI DI/1.0M 16.9 17.3 Tiered PEI nanofibrous support with mul
PA/PSf-PET 10mM/1.0M 18.4 7.1 /
PA/PES DI/0.5M 6 1.6 CNT-embedded-PES with NaOCI and N:
PA/PSt DI/1.0M 22 12.9 PSf support layer reinforced by PVP
PA/PES-PET DI/1.0M 25 12.5 /
PA/PK DI/0.6M 28 6.1 PK reinforced by PED non-woven fabric
GO membrane 17mM/1.0M 6.9 12.8 /
PA/PET DI/1.0M 21 12.1 PSt/GO and PS{/HNT (dual layer) nanoc
PA/TR-PBO DI/1.0M 15 17.9 TR-PBO (thermally rearranged polybenz
PA/PAI DI/1.0M 21 12.1 PA incorporated with SNW-1 nanocompt
PA/TR-PBO DI/3.0M 27 87.2 TR-PBO ESMs exposed to direct flurinat
PA/TR-PBO DI/1.0M 21 26.6 TR-PBO modified with PVA coating
PA/PE DI/1.0M 20 35.7 PA formed by toluene-assisted IP
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Table 1.2 A summary of present PRO systems using hollow fiber PRO TFC membre

Materials Concentration Hydraulic pressure Power density Comments

gradient (bar) (W.m2)
PA/PES 40mM/1M 9 10.6 /
PA/PEI 1mM/1.0M 15 20.9 /
PA/PI DI/1.0M 16 14 /
PAN-PVP/PBI-POSS 10mM/1.0M 7 2.5 /
PA/PI DI/1.0M 20 7.6 PDA coating
PA/PES DI/1.0M 20 24.3 /
PA/P84 co-polyimide DI/1.0M 21 12 /
PAN-PVP/PBI-POSS 10mM/1.0M 15 5.1 PAN/PVP with APS post-t
PA/PI DI/1.0M 15 16.5 /
PA/PES DI/0.6M 6 1.62 /
PA/PES DI/0.6M 7 3 PDA coating
PA/PES DI/0.6M 8 39 PA treated with TBP with |
PA/PES DI/3.5%(w/w) 16 6.7 PES grafted with HPG
PA/PI DI/1.0M 16.2 12 /
PA/PES DI/1.0M 18 11.2 /
PBI/PVP/PAN 10mM/1IM 22 6.2 Triple layer
PA/PES DI/1.0M 20 7.8 /
PA/PES DI/1.0M 20 22.1 Pre-stabilization
PA/PEI DI/1.0M 17 9.6 Pre-wetting
PA/PEI DI/1.0M 13 13 PA modified with APTMS
PA/PES wastewater/0.8 1M 15 7.7 PES with MPC- PDA coat
PA/PEI DI/1.0M 15 19.2 /
PA/PEI / 17 9.5 /
PA/PES DI/1.0M 22 10.7 /
PA/PES DI/1.0M 20 22 /
PA/PES DI/1.0M 15 10.7 PA dual layer on both side:
PA/PEI DI/1.0M 15 16.2 PA with LbL depostion of
PA/PES DI/0.81M 15 11 PDA coating grafted with ¢
PA/PES DI/1.0M 20 20 PES with CaCl, additive t
PA/PES wastewater/0.8 1M 20 18.8 PDA coating grafted with |
PA/PEI DI/1.0M 15 8.9 /
PA/PES DI/1.0M 23 34.2 PA incorporated with CDC
PA/PAI wastewater/1.0M 13 4.3 PAH post-treatment
PA/PES DI/1.0M 16.5 14.6 PES incorporated with GO
CTA/CA T-NIPS DI/1.0M 18 5.5 /
PA/PES DI/1.0M 17 14.6 PA incorporated with PP-S
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1.3.3 Economic analysis

Ever since the appearance of PRO system, the debate on its technological and economical feasibility has never
stopped. In 2008, the power density threshold for PRO commercialization was reported to be 5 W.m~2[103]. This
result was taken as reference for the PRO application of Stakraft in Norway and for numerous studies published
later. However, based on the novel economic framework developed by Chung et al.[54], the economical viable
threshold of PRO power density was revalued. The net power density enabling the commercial interest of PRO
to compete with present solar photovoltaic power plants is estimated to be 56.4 W.m~2, with a suggestion of
membrane cost at 15 $.m~2. Here, the levelized cost of energy (LCOE) is set to be 0.074 $ per kWh. Net power
density and gross power density fundamentally differ because of the inherent overhead associated with the PRO
process in the form of irrecoverable pumping energy input. The importance of using net power density in PRO
system characterization is emphasized for better guidance of the technology development.

Several evaluations focused on different cases were also reported. Mashrafi et al.[104] provide an environmen-
tal and economic case study of PRO system implantation in Tampa Florida. A LCOE between 0.62 - 0.97 $ per
kWh is estimated for feed water of different salinities. Based on the analysis model, suggestions including waste
water treatment (as feed water) or PRO installation near waste water source (within 1km) could effectively reduce
the LCOE down to 0.14 $ per kWh. Khasawneh et al.[105] analyzed the feasibility of installing PRO power plants
with Red Sea-Dead sea waters. It was demonstrated that the project is technically and economically feasible, with
a LCOE of 0.056 $ and a power of 134.5 MW. The membrane cost is estimated to be 25 $ per meter square. Based
on hypersaline water sources, the extractable energy density in this case study surpass the conventional river-sea
water sources, providing a positive estimation on installation of PRO systems.

Straub et al.[26] reported a thorough energetic analysis of PRO system harvesting blue energy in river water
and sea water. An estimation for energy inputs and outputs in the system was presented separately. Overall,
the expected energetic inputs will most likely surpass outputs, resulting in a negative power generation. The
major cause is the insufficient energy density extractable in mixing of river and sea sources. However, systems
with higher concentration gradients can sufficiently overcome the energy output limit mentioned above, though
technical problems including biofouling and selectivity decrease remain to be solved. Touati. et al.[19] confirmed
the viability of open-loop PRO and close-loop PRO by using low-concentration feed solutions. However, the
analysis of hybrid SWRO-PRO systems results in a negative energy generation.

Though the debate of the viability of PRO system never stops, industrial attempts using PRO prototypes
continues in the globe. The first commercialized plant was conducted by Stakraft in Norway from December
2009[106]. The aim of the project is to produce an 8-inch spiral wound module of 2000 m? which is able to
produce a total of 10 kW of power, corresponding to a power density of 5 W.m~2[107]. However, the actual
performance of the PRO plant failed to reach the initial objective, delivering a total power of 2 kW, which
corresponds only to 20% of the designed power[108]. Due to the lack of membrane optimization and high cost
in accessory systems, the sale price of a PRO plant reaches 70-100 euros per MWh and showed low economic
interests, compared with the actual electricity price of 30-40 euros in Norway. The whole system was unfortunately
shut down in 2013. Researchers and engineers performed another prototype experiment in Quebec, Canada[107].
The main objective of the project is to carry out process optimization studies of performing water pretreatment
to prevent biofouling problems. A novel project was started in Japan to install an additional prototype PRO
module, using commercial CTA hollow fiber membrane modules, to the Fukuoka WRO desalination plant to
form a RO-PRO joint system[107]. A maximum power density of 13.3 W.m~2 was achieved by a 10-inch hollow
fiber membrane module. Nowadays, a similar hybrid RO-PRO project is developed jointly by Saudi Arabia and
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Japan, aiming to develop efficient PRO systems for energy recovery and environmentally friendly high saline
water treatment used in RO desalination processes[109].

Overall, stand-alone PRO systems with sources of higher salinity difference seem to be more promising
due to a higher extractable energy density. The development of commercialized inexpensive PRO membranes
is of key importance, which could sufficiently increase the system performances and reduce the production and
maintenance costs. Considering the rising electricity price in Europe due to the lack of gas and the emerging
technology development in PRO systems, the economic threshold of PRO system might be reached in the near
future.
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1.4 Reverse electrodialysis

1.4 Reverse electrodialysis

Proposed by Pattle et al. in 1954 [110] , reverse electrodialysis (RED) is the earliest technology proposed for
blue energy extraction. In a classic RED configuration, sea water and river water were injected respectively into
two different compartments separated by an ionic exchange membrane (IEM). This approach corresponds to the
reversed process of the electrodialysis (ED), where IEMs are used with an electric current to remove salts from sea
water for pure water production. Years after, no significant development has done until 70s, when Lacey in 1980
developed his model for the RED[111]. To understand how an RED device works, it is necessary to understand
how an ion exchange membrane behaves when it separates two salt solutions of different concentrations. This

question will be answered in the following subsection.

1.4.1 An ionic exchange membrane separating two different salted solutions.

An electrical potential difference occurs between two solutions of different salinity when an ion exchange
membrane separates them. As illustrated in Fig 1.6, this potential difference is the sum of several terms [112] and
writes: Ey = A@p 1 —Adp p + G- + 7P + 95PE .

D e —— L=~
buik,L En,
|, sDL
X [ PH
Adp,
Chulk,L Adp, u
¢ .
=" Om, L-H
PR
Eca—ion

bulk, L SDL,L.  1IEM  SDL,H bulk,H

Fig. 1.6 Schematic representation of concentration, ¢, and potential, ¢, profile in the bulk solutions,
the stagnant diffusion layers (SDLs), and in an ion exchange membrane (IEM).(Figures and captions
adapted from [112] with permission from FIMTEC & MPRL, copyright 2016.)

A¢p 1. is called the Donnan potential in the diluted solution. It comes from the difference in ion concentration
at the solution-membrane interface. In this context, the equality of chemical potentials leads to :

u +RTIn(a;r) +ziF ¢ = ud + RTIn(a; 1) + ziF ¢ (1.4)
RT &
Adps = —In(ZL) (15)
ZF Cair

where F is the Faraday constant, z; the valence of the ion, R the gas constant, T the temperature, a; 7 and &;; are
the activity of the ions on the external and the internal side of the membrane in the diluted electrolyte, respectively.
¢y and ¢y are the electrical potential on the external and the internal side of the membrane in the diluted electrolyte,
respectively. A¢p g is the Donnan potential characterizing the concentrated solution. ¢, ;—p is the difference
of potential occurring inside the membrane. ¢°F and ¢5PC are the difference of potential created by Stagnant

Double Layers (Boundary layer) that build up close to the membrane. These layers, also named as polarization
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layers, have fundamental impacts with the presence of electric current. As we will see later, they are usually
considered as non-ohmic resistances in the analysis of RED systems. The modeling of all these terms is complex
and requires complicated numerical simulations.

A simple limit can be found. In the absence of electric current through the membrane, in the case of a
rigorously selective membrane, the diffusion potential vanishes. Neglecting the Stagnant Double Layers, the open

Cll‘Cult Voltage erteSZ

E =
"GF e

(1.6)

where Yy and 7, the activity coefficients, and cy and ¢y are the concentrations of concentrated and diluted
respectively. with a;=Y; c;.
Under the assumption of an open circuit and neglecting the polarization layers, this equation can be generalized
YHCH
Va

. . + 4
to a non-selective membrane by writing: E,, = ocR_—Tln(—,). where o = 5L
ziF ( CcL

h
777~ With 7™ the transport number of

the cation and 7~ the transport number if the anion. To go further and calculate o, the modeling of all these terms

is required. The most widely used description comes from the Teorell-Meyer-Sievers [113] theory which is a
one-dimensional model that does not take into account the ions concentrations variations in the pore section of the
membrane, nor the fluid transport by convection. The space charged model developed by Osterle and colleagues
[114] takes into account these two points. Recently, interactions with surfaces and electro-osmotic effects have
been taken into account in calculations to explain the strong ionic currents generated by charged but a priori
non-selective nanotubes of more than 20 nanometers in diameter [115]. We will return to this point later in the
text.

In a more pragmatic way, this description of the membrane potentials leads to propose an electrical scheme
for a membrane. In the presence of different salt concentrations on both sides of the membrane, the membrane
behaves like a voltage generator Egcy which is the open circuit voltage in series with a resistor and with elements
that account for the polarization layers. These double layers are resistors in parallel with phase elements or simply
resistors[116, 117].

1.4.2 The RED cell

The RED device takes advantage of the potential difference that appears on an ion exchange membrane when
it separates two saline solutions of different concentrations. A classic RED stack configuration is illustrated in
Fig 1.7. Two types of IEMs are used in this configuration: anionic exchange membranes (AEMs) which allow
the passage of anions and cationic exchange membranes (CEMs) which allow the passage of cations. These
membranes are separated by spacers and are placed alternatively so as to form alternative water compartments.
Diluted and concentrated solutions are injected continuously in water compartments by pumps. At two ends of
the stack, two electrodes are placed with circulating electrolytes for energy conversion by redox reactions. In
each compartment of the cell, where the solutions can circulate generally through a spacer to ensure an uniform
flow, the ions try to move from the concentrated solution to the dilute solution to balance the chemical potentials,
but due to the charge of the IEMs, only one type of ion is allowed to pass and the other type will be rejected.
Thus, an ionic flux is generated allowing an electrochemical potential to establish in the surface of the membrane
called Donnan potential. This potential is converted to electricity by faradaic reactions at the end of the cell by the
electrodes and electrolytes.

In the following we will detail all the elements of the cell.

Electrodes
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Fig. 1.7 A schematic illustration of the RED process.

Electrodes are used in RED stacks for the conversion of osmotic-driven ionic flux into an electric current
by faradaic reactions. The choice of electrodes is of great importance for the optimization of energy conversion
efficiency in RED stacks[118].

Several electrodes were proposed for RED systems, from participating electrodes like Ag/AgCl to in-
ert ones like Pt, and with redox reactions ranging from hydrogen/oxygen reactions to more complex like
Fe(CN)g*/Fe(CN){. These electrodes are classified to three main types summarized in the Table 1.3. The
oldest electrodes[110, 119] were made of two metals immersed in a solution containing the metal ions. The metal
(or the amalgam such as Ag/AgCl) participates directly in the red-ox reaction. Thereby, the electrodes were
consumed during the process and their life span remains limited. For theses reasons, participating electrodes
were dropped out in the latest development [120][121]. After that, inert electrodes were proposed to avoid
the regeneration problem. They interact directly with the electrolytes and forming gases which is their major
drawback[122]. Inert electrodes are used jointly with redox couples dissolved in the circulating electrolytes to
enable the redox reactions for energy conversion. Inert electrodes present enormous applications in RED systems
due to good chemical/ environmental advantage. The consumed ions in one electrode will be generated in the other
one, and thus leading to no net chemical reaction at the end. At the same time, the electrolyte will be conserved
and over-potential related to gas formation will be suppressed. The problem with this category is the nature of the
couple: for the FeCl,/FeCl; system, low pH is needed to prevent formation of solid (hydr)oxides[120]and for the
Fe-complex couple, it is not stable during long time especially if exposed to light[123].

Ionic exchange membrane
The RED is a membrane based osmotic process where IEMs are considered as the main engine of the energy
recovery. Membranes are usually characterized by several properties based on the amount, structure, type and
the charge of the functional groups in the membrane. These proprieties are linked. IEMs are divided to three
main classes: CEMs, AEMs and bipolar membranes according to the surface charge. CEMs possess negative
charges with a fixed chemical group. Generally, chemical groups of strong acids, like sulphonate (-SO3™) and
phosphorate (-PO3’), or weak acids like carboxyl groups (-COO™) are used in CEMs. Due to the presence of
negative charges in CEMs, anions in solutions are repulsed and the cations pass. For AEMs, cations are repulsed
due to the positively charged chemical groups including ammonium (-NRgL ), primary amine (-NH3), secondary
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Table 1.3 A summary of electrodes used in the RED

Type Electrodes Electrolyte Advantage Disadvantage
Inert electrodes with ~ Ti-RU/Ir mesh ~ K4Fe(CN)g /K3Fe(CN)g  No electrolysis voltage losses ~ Sensible to light
reversible reactions Ti-Ru/It mesh ~ Fe(Cl), / Fe(Cl)3 No net chemical reaction Sensible to pH
Bidirectional system

Inert electrodes with  Ti-RU/Ir mesh ~ NaCl No net chemical reaction Voltage loss
irreversible reactions  Ti-Pt mesh NaSOy H,/Cl, Generation
Participating Ag/AgCl NaCl No net chemical reaction Switching flows
electrodes Cu CuSO4 No electrolysis voltage losses  Electrodes

Zn ZnSOy regeneration

amine (-NRH) and tertiary amine (-NRj). Bipolar membranes have simultaneously negative and positive chemical
groups and display fascinating applications in water splitting. The main characteristics of commercial membranes,
i.e. the swelling degree, the ion exchange capacity, the fixed charge density, the permselectivity, and the membrane
resistance are reported in the Table 1.5 and Table 1.4.

The swelling degree (SD) characterizes the ability of a dry membrane to absorb water. It measures the mass
change ratio of a dry membrane before and after water immersion :

Myyer — Mary

SD = x 100 1.7

My
Where m,,; is weight of the wet IEM and m,;, is weight of membrane in its dry phase.

Ion exchange capacity (IEC) determines the number of fixed charges inside the IEM per unit of mass of a dry
membrane.

The fixed charges in the membrane are usually in equilibrium with the ions in the electrolytes, This equilibrium is
given by the Fixed charge density (CD) and it is defined as the milli-equivalents of charged groups per gram of

water in the membrane. It is given by :
IEC

CD = <D (1.8)

The permselectivity (o) is one of the most important parameters for ionic exchange membranes. It describes

the ability of a membrane to reject co-ions (ions of same charge) and allow the passage of counter ions. An ideal
membrane, which blocks all co-ions and allows passage of 100% of counter ions, is characterized by a selectivity
of 1. In practical applications, the effective selectivity can be calculated by the ratio between the electrical potential

measured between the electrodes and the theoretical one for an ideal membrane under a given gradient.

The membrane is a part of an electrochemical cell where the ionic current is converted to an electrical one.

This current is directly affected by the conductivity of this membrane (ohm loss) and can influence the power
density. This resistance is reported to a unit of area. It depends on the the material’s property and its structure (see
Table 1.4 and Table 1.5).

These properties depend on the conditions of use such as the concentrations of the saline solutions, the
value of the difference in salinity, the acidity, the temperature. Using a very high concentration can reduce
membrane selectivity even though it gives better conductivity [117, 121]. A high temperature [121] decreases the
permselectivity of the membrane.

The characteristics of the membranes depend on the mode of production based on which IEMs are classified
into homongeneous IEMs and heterogeneous IEMs. For the first class, the membrane is prepared using just one
product, generally, by polymerization of a charged/can be charged monomers or followed by grafting functional
monomers on a film/dissolved polymer [127]. On the other hand, heterogeneous IEMs contain two parts, an
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1.4 Reverse electrodialysis

ionic exchange resin mixed with an uncharged polymer matrix without any chemical bound. Homogeneous
IEMs exhibit excellent electrochemical properties, very low resistances and high permselectivity [128]. Their
thickness is between 1 and 30 um. However, their production is more complicated and more expensive. In contrast,
heterogeneous IEMs are easier and less expensive to prepare with a good mechanical and chemical stability
especially for the AEMs in alkaline electrolyte. However, their high resistance is still a major challenge for the
RED technology. [129]. Recently, N.D. Pismenskaya et al.[128] modified an heterogeneous membrane by grafting
functional quaternary ammonium groups to increase its electrochemical performance. The results are encouraging

and close to that of a homogeneous IEM.

19



0C

Table 1.4 A summary of the most used CEMs in literature

Membrane Thickness IEC SO CD a R
(um) (meqg™') (%) (meqg'H0) (%) (Qem?)
CEM
Neosepta CMX 164 1.62 18 9.0 99 291
Neosepta CMS 150 - - - 97 1.4-1.8
Neosepta CM-1 133 2.3 20 11.5 97.2 1.67
Neosepta CIMS 150 23 30 7.7 - 2.49
Fumasep FKD 113 1.14 29 39 89.5 2.14
Fumasep FKS-20 20 1.24 - 99 1.7
Fumasep FKE 34 1.36 12 11.3 98.6 2.46
Selemion CSO - 1.04 16 6.4 923 2.26
Selemion CMV 101 2.01 20 10.1 98.8 2.29
Fujifilm V1 125 - - - 93 1.6
Fujifilm CEM RP1 80050-04 120 1.45 - - 96 2.55
Nafion -115 139 0.9 - 8 - -
Nafion-117 201 0.9 - 7.7 - -
Ralex CMH 764 2.34 31 7.5 947 11.33
Qianqiu CEM 205 1.21 33 3.7 82 1.97
Tailor-made SPEEK 65 72 1.76 356 - 89.1 1.22
Tailor-made SPEEK 40 53 1.23 23 - 953 2.05
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Table 1.5 A summary of the most used AEMs in literature

Membrane Thickness IEC SD CDh a R
(um) (meq.g ') (%)  (meq.g 'Hy0) (%) (Q.cm
AEM
Neosepta AM-1 126 1.77 19 9.3 91.8 1.84
Neosepta AFN 163 3.02 43 7 88.9 0.7
Neosepta AMX 134 1.25 16 7.8 90.7 2.35
Neosepta ACS-8T 150 1.9 - - - 241
Fumasep fad 74 0.13 34 0.4 86 0.89
Fumasep fas-20 20 1.5 3125 438 955 05
Selemion DSV 121 1.89 1.03 1835 89.9 1.03
Selemion APS 138 0.29 147 0.2 88.4 0.68
Selemion AMV 110 2.2 21 10.5 95 2.44
Fujifilm TYPE I 115 - - - 919 13
Fujifilm AEM RP1 80045-01 120 1.28 - - 96 1.83
Fujifilm V3B 84 1.7 23 7.39 87 1.36
Fuji V3A 66 2.2 23 9.57 82 0.87
Fujifilm V1 139 1.8 23 7.83 90 1.05
Fujifilm V2 53 1.6 23 6.96 86 0.67
Ralex AMH-PES 714 1.97 56 3.5 89.3 7.66
Qianqiu AEM 294 1.33 35 3.8 86.3 2.85
Tailor-made PECH A 77 1.31 322 41 90.3 2.05
Tailor-made PECH B2 77 1.68 49 34 872 094
Tailor-made PECH B1 33 1.68 49 34 86.5 0.82
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1.4.3 The power density

The maximal electrical power density in a RED cell is given by [122]
E2
Ppax = 2 (1.9)
e 4Rcell

Where E,, is the potential generated using an ionic exchange membrane between two solutions under a salinity

gradient. It can be described by the following equation:

RT
Eoev = OCN*Z”(CH’}/H
F Coan

(1.10)

With « the selectivity of one membrane, N the numbers of membranes, T the temperature, z the valence (z=1
for Na™), R the gas constant, F the Faraday constant, ¥ and ¥, the activity coefficients, and cy and ¢, are the
concentrations of concentrated and diluted solutions, respectively. And R..;; is the cell resistance which consists of
two main parts, an ohmic one that represents the conductivity of cell components (including membrane, solutions,
spacers, and etc.) and a non-ohmic part which involves the concentration change inside the cell. The non-ohmic
part is caused by the polarization effect near membranes and by the salt concentration variation along the water
channel.

To develop a production cell, it is necessary to choose the number of membranes to be used. A priori, it is
interesting to increase the number of membranes. Using a large number of membranes should make the whole
device more compact. When the salinity of the solutions is fixed, E,.,, and P, increases theoretically linearly
with the number of cell pairs and is independent of the flow rate. The power density is therefore independent upon
the number of membranes. Experimentally, H.Kim et al.[138] observe a different behavior. When the stack is
supplied with a constant flow, the gross and net power density decrease when the number of membranes becomes
higher than 200. These phenomena are caused by the polarization of the cell. When the pairs of cells are more
numerous, the local flow rate decreases in each cell which favors mixing, the appearance of a concentration
gradient along the flow and the growth of the thickness of stagnant ionic layers.

In fact, due to the polarization phenomenon, the open circuit potential increases with the number of cell pairs
but the growth law between the two is weaker than a linear law. When the number of cells is fixed, the open
circuit potential increases slightly with the flow rate. As the number of cells increases, the throughput in each cell
is lower and the polarization effects along the cell but also the thickness of the depleted layers increases. Both
effects induce a decrease of the open potential.

According to Equation 1.9, an efficient way for power density optimization is to increase the open-circuit
voltage E,.,. Several research works managed to ameliorate the membrane selectivity o or increase the number
of IEM pairs used in RED systems. Giiler et al. [136] tested several IEMs and found that the permselectivity
could be independent of the thickness. H. Kim et al.[138] showed that the using a big number of cell pair will
affect the residence time of the ions inside and therefore the concentration polarization inside the cell will cause a
diminishing of the potential compared to the theoretical value.

For the non-ohmic resistance, the challenge is always present. Vermass et al.[139] attempted to improve mixing
inside the cell to reduce the boundary layer using a specific spacer with filled channels and with sub-corrugations
(see Fig 1.8.B) without much success.

For the use of more than 45 membranes in the RED system, Pattle et al.[110] reported a mild power density
of 0.2 W.m~?2 because of the low efficiency of their stack. Numerous studies continues today in the hope of
promoting output power density of RED systems. In 2007, Dlugotecki et al.[129] investigated the performance of
several membranes used generally in the RED, and estimated that a power density of 6 W.m~2 can be achieved by
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commercial IEMs. A year after, a power density of 0.84 W per square metre of membrane was obtained in the
work of Turek et al.[125] with a high salinity gradient (around 200) and even a 0.9 W.m~? is reached by Veerman
et al.[140] with a salinity difference of 30 g.L~! vs 1 g.L~! of NaCl for the concentrated and the diluted solution
respectively. High cell resistance hinders the electrical performance of RED systems[122]. It was reported that
the diminution of spacer thickness (from 485 um to 100 um) could effectively reduce the ohmic resistance of
the system by 4[124]. With these RED improvements, Vermaas et al.[124] obtained a gross power density of 1.8
W.m ™2 using just 5 pairs of IEMs. However, for thinner spacers, a higher pressure loss was reported. A net power
density of 1.2 W.m~2, which remains the highest experimental net power density documented until present, was
achieved in this work. The same team tried to removed the spacers and employed profiled membranes to reduce
water volume (higher conductivity). While a significant ohmic resistance drop of 30% was achieved, the profiled
membranes suffered from severe polarization problems which reduces the ohmic resistance around 30% but the
polarization resistance was significantly higher[141]. Adding sub-corrugations to disturb the uniform flow and
enhance the mixing was insufficient to increase the net energy power[139].

B) Profiled membrane
mw O} icorrugations

Fig. 1.8 Images obtained from a scanning electron microscope for (A) the profiled membranes (B) and
profiled membranes with sub-corrugations. (Figures and captions reproduced from [139]with permission
from Elsevier, copyright 2014.)

As already described, the potential Egcy between the stack’s electrodes is directly related to the gradient.
Daniilidis et al.[121] investigated the RED stack for hypersaline solution like the Dead sea, with a concentration
close to the saturation (around 5 M) with a river water of 0.01 M concentration and they obtained a gross power
density 3.8 W. m~2 at 25 °C and more than 6.5 W. m~2 at 60°C in 5 membrane pairs cell, even if the selectivity
was lower with the increasing of the temperature and the gradient. This power density corresponds to a gross power.
It’s worth to note that even though this energy was experimentally measured, no pumping energy consumption
was subtracted. In the same topic, and to show the effect of temperature and gradient, Tedesco et al.[132] used a
hypersaline solution at 5 M and a brackish solution with 0.1 M, and reached a gross power of 6 W. m~2 at 40°C in
a cell with 50 membrane pairs. In this situation, the resistance of membrane pairs is low.

In fact, the recorded experimental gross power density without correction was around 4.75 W. m~2 with 2-2.5
W. m~2 of dissipated power due to the pressure drop inside the cell. Increasing the unit size to the double and
the number of the membrane pairs had only a slight reduction in the power density caused by the non-uniform
distribution of fluids concentration. The amount of the theoretical power is very huge, it is estimated to be more
than 2 TW in the world rivers and oceans[9]. Just a part of this power is actually exploitable by the blue energy
harvesting technologies. The efficiency is defined as the ratio between the recoverable energy and the available
Gibbs free energy in the water mixing of unit volume. Higher energy efficiency is achieved when the feed waters
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are recycled (multiple pass) [124] and a lower current density is applied (due to ionic shortcut currents)[140].

_ P A RED
1= AGu0 '

Where A is the membrane area and Q the flow rate. For the RED process, it depends on the flow rate and on the
capacity of the membrane to exchange ions. As represented in the table 1.6, the efficiency remains under 50 %.
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Table 1.6 The summary of processes of RED reviewed literature

Membrane Cy CL Temperature Power density  Efficiency
™M ™M O (W.m %)
Fumasep FKD/FAD 0.507 0.017 25 0.93 18 %
Neosepta CMX/AMX 1.899 0.01 - 0.72 -
Fumasep FKS/FAS 0.507 0.017 25 2 32 %
Fumasep FKS/FAS 0.507 0.017 25 1.8 ~ 15 %
Ralex Profiled CMH/AMH 0.507 0.017 25 0.8 <1%
Tailor-made SPEEK65/PECH B2 0513 0.017 25 1.28 -
Qianqgiu CEM/AEM 0.513 0.017 25 0.83 -
Custom-made composite/Selemion 0.5 0.017 25 1.3 -
CEM/ASV
Ralex Profiled+sub-corrugations 0.507 0.017 - 0.9 <-
CMH/AMH
Neosepta CMS/ACS 5 0.01 25 3.8 ~ 7%
Neosepta CMS/ACS 5 0.01 60 6.7 ~20 %
Fumasep FK-20/FAS-20 5 0.1 40 4.75 <1%
Fujifilm CEM 80045-04/AEM 4-5 003 23 1.35 2-3%
80045-01
Fujifilm CEM-80050/AEM-80045  0.762 0.005 20 0.3 -
Fujifilm CEM-80050/AEM-80045  0.762 0.005 60 0.705 -
Nafion/Neosepta N117/AMX 4 0.5 25 1.38 -
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1.4.4 Nano RED

One way to increase the collected current density is to decrease the cell resistance and thus the membrane
resistance. To do this, it has been proposed to work with membranes with nanometric sized holes. This attractive
idea is based on the initial work on single nanotube. Remarkably, a giant ionic current was measured when a
non-selective boron nitride nanotube (BNNT) is placed in a salt gradient (see Fig 1.9).

Hierarchical single nanotube nanofluidic set-up
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Fig. 1.9 a, In situ nanomanipulation of a BNNT (left, sketch; right, scanning electron microscope (SEM)
images): 1, insertion of a BNNT (grey) through a nanopore drilled in a SiN membrane (green) using a
focused ion beam (FIB); 2, carbon sealing of the FIB-drilled hole using local electron-beam-induced
deposition (orange); 3, telescopic retraction of internal walls of the BNNT; 4, finalized transmembrane
BNNT device. b, Top, schematic of the experimental set-up for measuring fluid transport through the
single BNNT. Bottom, sketch of the final transmembrane BNNT for nanofluidic measurements (left)
and its experimental realization, imaged by transmission electron microscopy (TEM) (right). (Figures
and captions reproduced from [115] with permission from Springer Nature copyright 2013.)

For a BNNT placed between a 1 M and 0.01 M NaCl solution the authors measure [115] an electric current of
1 nA and a power density of 4 kW.m~2 for a nanotube (see Fig 1.10). This point is very remarkable. This potential
is created by an electrophoretic flux due to the surface charge of the nanotube. Boron Nitride surfaces bear a large
surface charge.

The ion concentration profile of the salt solution placed above this surface is given by: Cx (x,z) = Cuo (x)exp(~+9(2)
where ¢ (z) is the electrical potential, z the vertical position normal to the surface, x the position along the direc-
tion of the surface, C.(x) the concentration in salt far from the surface, C; (x,z) the concentration in positive
counterions, C_(x,z) the concentration in negative counterions as a function of x and z. The balance along the z
direction between the pressure forces acting on a fluid particle and the electrostatic forces links the pressure and
concentration fields. This writes : P(x,z) = Pw +2kgT Cwo(x)cosh(¢(z) — 1) The concentration gradient along the
loaded surface induces thus a pressure gradient along the same surface. This pressure gradient is at the origin of a

Stokes flow in the nanotube whose maximum speed is given by: V = 217(ansz In(1—17%) dlodic‘” with y = ranh( j{ﬁ”T)
and ¢, the surface potential. The diffusio-osmotic flow drags the ions and produce an electric current by convection

of the ions in excess. We recall that as the surface is charged, and as the liquid plus the surface is neutral, the
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Diffusio-osmotic streaming current

Fig. 1.10 a, Osmotic streaming current versus concentration difference for a t-BNNT with R, L 5 40 nm,
1,250 nm and pH 5.5 (yellow), 9.5 (purple) and 11 (red). The experimental points show measurements
for various salt concentrations in the two reservoirs, with C,,;, and C,,,, in the range 10—3~1 M. Error
bars follow from the corresponding error analysis. Dashed lines are linear fits: Iz, o< log g’;‘l’: Inset,
osmotic mobility versus surface charge. Surface charge is obtained from independent conductance
measurements. The dashed line is a linear fit with proportionality factor of 0.33 for the chosen units. b,
Corresponding power density (per unit surface of the BNNT) for the three values of pH. Dotted lines are
a guide to the eye. In the present graph, the minimum concentration is fixed to C,ni,= 107> M. b, Sketch
of the osmotically driven streaming current under a salt concentration difference, C,,4,-C,yin. (Figures
and captions reproduced from [115] with permission from Springer Nature, copyright 2013.)

liquid alone bears a charge which is opposed to the surface one. The obtained electrical current and potential drop
are proportional to AlogC.. This modeling is in quantitative agreement with the measurements.

A quantitative analysis of these equations shows that the power gain in the system comes from the very low
electrical resistance of the nanopores. The potential difference across the nanotube is not exacerbated and remains
about 100 millivolts under classic experimental conditions. The theory recovers an expression close to the one
presented for the selective membrane when the radius of the nanopore goes to zero and when the surface charge is
high.

This study has prompted many groups to prepare membranes with nanopores to increase the performance
of the RED. At this stage, all the attempts end in failure to create large-scale membranes. Fig 1.11 compares
the power and extrapolated on 1 m? surfaces and the powers measured on membranes. Clearly there is no
correspondence between the two and the maximum powers obtained remain below 10 W.m~2. This results comes
from the existence of collective effects between nano-channels that prevent the generalization and extrapolation
of the results obtained on a single nanotube. When the nanotubes are too close together in the membrane, the
formation of ion depletion layer results in an effective concentration difference much smaller than the imposed one.

The transport of an electrolyte within a single nanotube is therefore very different from that within a membrane
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Fig. 1.11 Comparison between literatures reported power density and our simulated results. The range of
simulated actual power density (upper left and lower right orange ovals) is approximately in agreement
with that reported by literatures (blue diamond represents reported values) for both single-pore and
nanoporous membrane systems, suggesting that our intuitive resistance paradigm semi-quantitatively
explains the orders- of-magnitude power density gap between single-pore and nanoporous membrane
systems. Remarkably, by eliminating the entering resistance, the simulated ideal power density (upper
right oval) of membrane mate- rials can be brought back to the single-pore level. (Figures and captions
reproduced from [145]with permission from John Wiley and Sons, copyright 2019.)

[145]. The results obtained, although disappointing at the level of extrapolation, are nevertheless better than the
powers obtained in the experiments with polymeric membranes. It is necessary to comment on this point. All
the experiments conducted on large hole membranes are done on systems with very small surfaces generally
smaller than 0.01 mm?. The system that allows the measurement of powers includes large volume of electrolyte
and electrodes of large size. In this case the ionic resistance of the compartments is negligible compared to the
resistance of the membrane, which is absolutely not the case in the RED experiments. It is therefore impossible to
compare these data to the RED experiments.

Liu et al. [146]have developed a nanoporous carbon membrane via the thermal crossing of polycyclic aromatic
hydrocrabons. They obtained a mechanically robust membrane of size 1 cm with 3.6 = 1.8 nm pores and a
thickness of 2.0 + 0.5 nm. The pore density is close to 10'° pore by cm?.They carry out RED experiments on a
membrane 1 micrometer in diameter. They obtain by mixing artificial seawater (0.5 M NaCl) and river water (0.01
M NaCl) a power density of 67 W.m~?2 for a circuit resistance of 15 MQ. In the context of the experiment, the
dominant resistance corresponds to the resistance of the membrane. The resistance of the electrolyte compartments
is negligible. The resistance of the membrane can therefore be calculated and estimated to 0.19 Q.cm?. This figure
takes into account the resistance of the membrane and the resistance of the double layer near the membrane. It
forgets the ohmic resistance of the solutions and the polarization resistance due to the drop of the concentration
gradient along the membrane. Note that the values reported on Table 1.4 and Table 1.5 are closed to this one
even though they do not take into account the resistance of the double layer near the membrane. To conduct a
fair comparison, calculations of magnitude’s order are necessary. The power generated by this membrane in the

nanofluidic system is 67 W.m 2. To generate such power, a flow rate equal to Q = xZ—=4.7 x 10 m>.s™!
mix

2

is required assuming an efficiency of 100%. This corresponds to a viscous power by unit area of P,;; = %'b%—

of 26 MW.m 2 for a gap e of 1 um and 26 W.m~? for a gap e of 100 um. The ohmic resistance of a 0.01 M
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saline solution is equal to 7.8 Q.cm? for a gap e equals to 100 wm. This value is much higher than the resistance
of the membrane and must be added to it to calculate the performance in a device of 1 square meter. Clearly it
will therefore be impossible to achieve such high performance in a device of one square meter in area. It is not
possible to compare the power from nanofluidic devices and centifluidic devices with conventional membranes.
An interesting study would be to measure the resistance of classical ion exchange membranes such as Nafion in
nanofluidic systems.

In the previous framework, the creation of an ionic current in nanopores of several nanometers in diameter
comes from the surface charge. Another way to do this is to be inspired by nature by creating nanopores covered
by a very thin selective membrane. The realization [147]of robust mushroom- shaped (with stem and cap)
nanochannel array membrane with an ultrathin selective layer and ultrahigh pore density, has notably allowed to
obtain a power of 15 W.m~2 with a 10 mM/0.5 M salt gradient. The experiments are performed on a membrane of
8000 ,umz. From the data of the article, it is possible to calculate the resistance of the membrane. This resistance
is 1.6 Q.cm?. As discussed previously, such feature is very close to the one of classical membranes, which is

unlikely to present exceeded performances in our point of view.

1.4.5 Impacts of multivalent ion mixing

In order to demonstrate the feasibility of the RED approach, complex salt components, including various multi-
valence ions, are added into concentrated and diluted solutions to simulate natural solutions in RED systems.

Post et al. reported in 2009 the impact of multivalent ion mixing on energy performance of RED system[148].
They observed a significant stack voltage drop, due to the presence of multivalent ions. This effect is especially
remarkable while multivalent ions present in the dilute solution. This is explained by the uphill effect, which results
in a reversed transportation of multivalent ions against the concentration gradient. In addition to his phenomenon,
they observed an increase of membrane resistance. To reduce the limit on energy performance, they suggested
the use of monovalent-selective membranes. As reported in the work of Vermaas et al.[134], the introduction
of MgSOy in feed solutions in RED systems led to a reduction in stack voltage, leading to a detrimental power
density decrease of up to 50 % compared with artificial solutions composed of NaCl (Fig 1.12). Multivalent ions
negatively impact the membrane in RED systems in several ways: they increase membrane resistance, reduce
permselectivity, and lead to uphill transport, where ions move against their concentration gradient, causing a loss
of power output. Long-term issues arise as multivalent ions become trapped in the membrane, neutralizing fixed
charges and reducing ion exchange capacity and permselectivity, ultimately diminishing the system’s efficiency.
The negative effect due to the presence of multivalent ions is confirmed in various research works[149, 150].
Based on all the power loss mechanism originated from the multivalent ion presence, Pintossi et al. developed a
model to conclude the three major aspects, including membrane resistance increase, uphill effect and membrane
selectivity loss[151]. The model provides accurate description of the RED system performance with multivalent
ion mixing. To provide further insight into the influence of multivalent ions, Jin and Jin reported Nernst-Planck
based framework to analyze the RED model[152].

More specifically, studies were carried out to understand different mechanisms. In the work of Avci et al.,
where evidence of the uphill transport of divalent ions Mg?* is confirmed by Ion Chromatography analysis
conducted on inlet and outlet streams of the RED system[135, 144]. It is demonstrated theoretically by Moya
that the uphill effect is especially remarkable while multivalent ions present in the dilute solution[153]. This
result is in accordance with the previous experimental data. To further reveal the impact of multivalent ion mixing
on ion exchange membranes, Fontananova et al. conducted systematic studies to evaluate the common ions as
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Fig. 1.12 Power density as a function of time, for stacks with (A) Ralex membranes, (B) Neosepta
membranes and (C) Fujifilm membranes. At time = 0 h, the feed water source is switched from NaCl
solutions to salt solutions with a certain percentage of MgSO, (as indicated in the graphs) and the
remaining percentage of NaCl. Small deviations in power density are observed for all stacks with 5 %
MgSOy4 and the Neosepta stack with 10 % MgSQy, which are due to temporary entrapment of air in
the feed water. (Figures and captions reproduced from [134]with permission from Royal Society of
Chemistry, copyright 2014.)

Mg?*, Ca®* and SO;2[154]. They identified a strong negative effect of divalent ions on both ionic resistance and
permselectivity of ion exchange membranes.

Oh et al. confirmed that as divalent ions of small hydrated radius presents higher electrical resistance in
CEMs[155]. Gomez-Coma et al. studied experimentally the effect of multivalent ion species on membrane
resistance[156]. They provided firstly a mathematical correlation to further predict the energy performance of
RED stacks for saline solutions of different concentrations. To go further, a theoretical description of resistance
based on Donnan exclusion theory for the gel phase is proposed by Veerman et al[157].

To go beyond lab-scale experiments, pilot scale experiments were carried out with real-world solutions. Under
the framework of EU-founded project REAPOWER, Tufa et al. designed a similar RED system and conducted
a performance measurement by using real brackish water and brine from a solar pond in Italy[158]. While the
system reaches a maximum gross power density of 3.04 W.m~2 per membrane pair operated with a salinity
difference of NaCl 5SM vs NaCl 0.1M, it presents a dramatic drop both in cell voltage and in energy performance
with real solutions. A remarkable increase of stack resistance of 75 % and a significant loss of power density of 64
% is reported. The study identifies Mg+ responsible for the consequent power density depletion. At larger scales,
Tedesco et al. performed energy performance on full-scale RED pilot plant by the use of natural streams[143].
They discovered a power density of 1.6 W.m~2 per membrane pair using brackish water and saturated brine with a
salinity difference of NaCl,gyiyazens 0.03 M vs SM. They observe an increase of 60 % while using NaCl solutions,
with a power density of 2.7 W.m~2 per membrane pair. Later in 2017, the same group conducted real solution
tests on a scale-up of the pilot plant, with a total membrane surface over 400 m?[159]. Similarly, they observed a
drop of 50 % on power density while real saline solutions were performed. While with artificial NaCl solutions
RED stack delivers a net power output of 250 W, this figure is reduced to 100 W due to the presence of complex
ions. The study of RED stack project in the Netherlands confirmed as well the power density drop under uphill
effect[160].
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To overcome this problem, monovalent-selective ion exchange membranes were proposed to replace con-
ventional membranes. Rijnaarts et al. suggested the use of monovalent-selective membranes and multivalent-
permeable membranes for mitigate the impact of divalent ions[161]. According to their experimental results,
monovalent membranes block divalent transport, thus reduce the uphill effect related voltage drop. Multivalent-
permeable membranes reduces the resistance increase in membranes. Both strategies improves the energy
performance of RED system in solutions containing complex ions. Similarly, Moreno et al. conducted series of
studies to evaluate different types of CEMs[130] . They tried two different strategies to minimise the negative
effect of uphill transport (multivalent ions transport against the concentration gradient). The first one is using a
highly cross-linked cationic monovalent membrane. This type of IEMs select the ions with the same charge based
on their size (hydrated ionic radius). It blocks the multivalent ions and allows the transport of monovalent ions
only. The second strategy is based on the charge rejection. A standard CEM with a thin positively charged layer
on the membrane surface. A constant OCV was obtained using a mixing between NaCl and MgCl, compared
to pure NaCl solution for the monovalent CEM. Also, for the coated CEM, a slight decrease in the OCV was
observed. The membrane resistance was higher due to the lower ion mobility of magnesium ions inside these
membranes. Hence, the power density was lower. Great efforts are being made in the design of efficient and
cost-effective monovalent-selective membranes[142, 162—164].

At pilot scale, Mehdizadeh et al. reported the energy performance of a pilot-scale RED stack in Okinawa
Island in Japan[131]. It is the first pilot scale RED stack using asymmetric monovalent selective membranes.
Comparing the energy performance between artificial solutions and natural solutions, they observe a power density
decrease of around 35 %. This drop is lower than that reported for REAPOWER. It originates from the fact that
the monovalent selective membranes effectively reduce the uphill effect. Using natural salt-lake brines, Zhu et al.
reported also a significant power density amelioration of around 120 % due to the use of monovalent selective
membranes[165].

As suggested by Veerman, there are still numerous challenges and unresolved methods to address in order
to reduce power losses in the presence of multivalent ions[166]. There is a lack of standardized methods for
evaluating the impact of multivalent ion mixing on membrane resistance. While various studies have shown
improvements in power generation through the use of monovalent-selective membranes, there is still a need for
long-term performance reports and associated economic analyses. Significant attention is being directed towards
membrane development, but it is also crucial to explore other strategies for reducing the uphill effect or mitigating
membrane poisoning issues. Overall, the development of efficient and economically viable technologies for the
partial recovery of osmotic energy in challenging conditions could potentially revolutionize the energy balance
and carbon footprint of industrial processes.

1.4.6 Fouling

The natural solutions are even more complicated and contain more species than the ions. Several works studied
the behavior of RED stacks with natural feed. Kingsbury et al.[167] evaluated the response of a RED unit fed
with five different pairs of real waters and wastewaters. They reported that natural organic matters reduced power
densities by up to 43%. Cosenza et al.[168] tested different solutions from oil industrial wells, where the high
concentrated solution contains an important amount of organic and dissolved solids, and the diluted solution was
prepared with 0.7 g.L~! NaCl solution. They measured a greater resistance (around 40% at less concentrated
solution) for the natural one compared to a NaCl-artificial salt water causing a 17 % power loss. That effect was
even worse when natural solutions from Licetto River and Tyrrhenian Sea in Italy were used in concentrated and

diluted compartments, respectively[144].
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In addition to this negative effect, fouling remains a tricky problem in long-term experiment, causing severe
resistance increase and permselectivity hindrance. In 2012, Vermaas et al.[169] established RED stacks with water
feeds of naturel river water (Van Har-inxmakanaal- Netherland) and naturel sea water (Wadden Sea- Netherland)
filtered by a 20 um diameter filter. During the 25-day continuous test, they observed a significant resistance
rise, along with a slight decrease in membrane permselectivity, which results in a power loss of 60% of the RED
system. This result was confirmed by the work of Vital et al.[170], where after 54 days, the power density decrease
by 25%. This fouling comes in two major parts of the RED stack, the IEMS and the spacers. For the IEM we
can determine two kinds of fouling depending on the charge of the membrane: The organic and the bio-fouling,
generally negatively charged, are more occurred on the AEMs. In contract of the CEM, where the main problem
is scaling and the solid particles. In the other hand, the fouling in the spacer can directly detect by a drop pressure
jump inside the cell [169] and channel clogging, shown by Cosenza et al.[168], due to bacteria growing in the
channels of the RED unit and in the dilute solution circuit, hence, The fouling is most probably in river water.

To control this fouling, various strategies are proposed at different levels: before pumping the steams, inside
the RED stack, by slowing the formation of fouling and after by removing all blocking particles.

The first barrier can be a simple pretreatment a 20 um pore size mesh filter, proposed by Vermaas et al.[169],
to filtrate the biggest particles. Vital et al.[170] add to this last a second filter media composed by a 50 cm layer
of anthracite (1.2-2.0 mm @) on top of a 50 cm layer of sand (0.5-1.0 mm @), placed into 11 cm @ polyvinyl
chloride (PVC) pipe. An optimization of the spacers was proposed to reduce the fouling by Vermass et al.[141]
where they replaced the traditional spacers and IEMs by profiled membranes, and they found that the pressure
drop increased four times slower and the power density remained relatively higher. He et al.[171] confirmed
this importance of the spacers and proposed a new type with different inlet and outlet to enhance the hydraulic
performance and the power density.

Another solution is to modify the anionic exchange membrane surface to make it less attractive to biofouling.
Vaselbehagh et al.[172] coated a polydopamine layer on the surface of an AEM and found that it reduces bacterial
attachment.

Various methods, suggest treating the IEMs with some polymer layer to make them selective for monovalent
ions and to reduce the uphill effect and the fouling[130]. From these methods, we can find Gao et al.[163] who
realized a deposition of two polymers poly(styrenesulfonate) (PSS) and poly(ethyleneimine) (PE) on the surface
of an AEM to compare it with commercial one and they showed a good monovalent-anion selectivity comparable,
a better anti-organic fouling potential and slightly lower gross power density due to the membrane resistance.

The last strategy is occurred when the fouling is already present. A physical cleaning is used by increasing
the pressure or the flow rate for few seconds (a pulse) inside channels to destroy the substances clogging the
channels. A chemical washing could be beneficial using some acid and alkaline solutions. To avoid bacteria and
algae proliferation, a UV lamp could be installed. With these strategies, they were able to ensure a positive net

power density value for more than 18 days using feed from oil well industry[168].

1.4.7 Scale up

After the lab test, researchers tried to exploit the RED technology at an industrial scale (Table 1.7). In 2014, a group
from a research institution (Wetsus in Netherlands) succeeded to open the first RED plant called REDSTACK
with a final power capacity of 50 kW using the freshwater from Lake [Jssel and the saltwater of the North Sea
available at Afsluitdijk, in Netherlands.

A year after, a pilot plant is started in south of Italy with a RED unit equipped with 50 m? of membranes, and

working with natural concentrated brine from saltworks basins and brackish water from a shoreline well over a
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Table 1.7 A summary of RED Pilot

Year oy oy, Membrane Area  Membrane Gross Power density ~ Reference
(mS.cm™')  (mS.cm™') (m?) pair number (W.m™2)
2016  150-220 34 48.4 125 0.8 [143]
2017  150-220 34 435 1125 0.76 [159]
2019  52.9-53.8 1.3-5.7 250 1000 0.38 [173]
2020  83.5-92.3 1.3-2.2 40 200 0.54 [174]
2021  51.9+1 0.34+0.05 1794 299 0.62 [131]
2021  81.9+1 0.34+0.05 1794 299 0.96 [131]
2022  31.4+4.1 0.5240.02 3.1+6.2 32 + 64 0.4 [160]

period of five months during the summer. The gross power density was around 0.75-0.85 W.m ™2 corresponding to
40 W with an average net power of 25 W [143]. This pilot[159] has scaled up to reach more than 400 m? of total
membrane area, delivering a 330 W of gross power capacity which is equivalent to around 0.76 W.m™2 of power
density. After that, a south Korean group built a cell with around 1000 cell pairs with a total area of 250 m? and
tested it with Ocean lava seawater and wastewater effluent from a sewage treatment plant located beside the sea in
Jeju, Korea. The pilot plant was able to produce 95.8 W of power (0.38 W.m~2) [173]. Recently, Yasukawa et
al.[174] obtained 0.46 W. m~2 net power density with a stack of 200 pairs of IEMs, corresponding to 40 m? of
total effective membrane area, and streams from a seawater reverse osmosis (SWRO) desalination plant, Mamizu
Pia (Fukuoka, Japan), and the Wagiro water treatment center (Fukuoka, Japan). The same team evaluated the
performance of the RED pilot plant (RED stack) with 299 cell pairs and a 179.4 m?> membrane effective area,
installed in the sea water desalination unit of Okinawa islands in Chatan town, Japan, using one-side monovalent
exchange membranes to reduce the u-phill effect [131]. Surface water was used as the diluted solution, while
the sea water and brine from the desalinisation process were used as concentrated solution. The maximum gross
power output of 171.6 W (0.96 W.m2) for the brine/river water and 110.6 W (0.62 W.m~?2) for the combination
sea-river solutions.

1.4.8 Miniaturized Systems

One of the major advantages of RED technologies is its potential in both scaling up and miniaturization. Emerging
researches focus on the development of mini-RED stacks in order to power future wearable devices, implantable
sensors, bio-compatible and clinical implant systems, etc. To realize mini-RED devices, researchers can always
find an exquisite and highly efficient example from nature: the electric organ of eels[175]. The electric organ
is composed of long and thin cells separated by ion gradients[176]. The adjustment of K™ channels and Na™
channels could efficiently switch between rest stage (where zero voltage is generated) and firing stage (where a
voltage of 150 mV appears across one single cell)[177], as illustrated in Figure 1.13(a) and (b).

Inspired by electrocyte in an electric eel which can generate potentials of 600 V, Xu and Lavan proposed
in 2008 the artificial cell conception for biological ion concentration gradient harvesting[178]. Based on the
model established for natural electrogenic cell, they proposed methods for constructing artificial cells which have
higher power density output and energy conversion efficiency according to their theoretical calculation. Also
inspired by electric-eel organs, Schroeder et al. realized an excellent design of scalable stacking of miniature
polyacrylamide hydrogel compartments coupled with series of alternative cation- and anion- selective hydrogel
membranes[177]. Such design consists of a mini-RED repeating module composed of concentrated salinity
hydrogel, cation-selective gel membrane, diluted salinity hydrogel and anion-selective gel membrane (Figure

1.13(c) and (d)). While stacking these modules in series up to 2449 units, an open-circuit potential of 110 V, along
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Fig. 1.13 Morphology and mechanism of action of the eel’s electric organ and the artificial electric organ.
(a), Electrophorus electricus. The top inset shows the arrangement of electrocytes within the electric
organs of Electrophorus electricus. The bottom inset shows ion fluxes in the firing state. (b), Mechanism
of voltage generation in electrocytes. (c), Artificial electric organ in its printed implementation. (d),
Mechanism of voltage generation in the artificial electric organ. Figures and captions reproduced from
[177] with permission from Springer Nature, copyright 2017.

with a power density of 27 mW.m ™2 per tetrameric gel cell is reported. The afore-mentioned work was followed
by a similar ionic hydrogel battery in a microfluidic version realized by He et al.[179] They designed typical well
arrays and microfluidic channels to enable fast hydrogel assembly within several minutes. This microfluidic design
avoids the time-consuming step for hydrogel assembling and provides a further insight for the wide application of
power supply for soft and wearable devices.

To fulfill the power supply demand of small scale devices, miniaturized batteries are being extensively studied.
In the work of Banan Sadeghian et al., miniaturized RED systems with a diameter of 5 mm are developed for
energy generation[180]. Such system is coupled with a microfiltration AEM and copper electrodes. To avoid
the use of pumping systems, the solution in the reservoir is not refreshed. This miniaturized system is reported
to obtain a maximum energy density of 0.4 mJ.cm ™3 with an operation time of 3 h when connected with a 2
kQ resistor. Considering the low energy efficiency estimated at 0.44%, system optimization is required to open
up its application field. Tsai et al. reported a circular microchamber system containing a home-made Nafion
microchannel with a typical surface of 23x500 um? and a channel length of 1-3 mm[181]. Ag/AgCl electrodes
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Fig. 1.14 Miniaturized RED-integrated ionic devices, analytical sensors and biomedical applications.
(a), Iustrative schematic of ionic circuit powered by RED. Voltage generated from RED is applied
to microfluidic polyelectrolyte diode directly via tubes filled with electrolyte. Figure and captions
reproduced from [183] with permission from Springer Nature, copyright 2017. (b), Schematic Design
of the RED-Powered Biosensing System. Figure and captions reproduced from [184] with permission
from American Chemical Society, copyright 2018. (c), Schematic diagram of ssSRED composition, its
working principle and the activation process. Entry of water through inlets and dissolution of solid
salts in high concentration chambers activate the sSRED. Figure and captions reproduced from [185]
with permission from Royal Society of Chemistry, copyright 2018. (d), Schematic representation of the
electrodeless RED patch attached on the mouse skin. Figure and captions reproduced from [186] with
permission from John Wiley and Sons, copyright 2018.

and KCl solutions of a concentration ratio of 2000:1 are used in the experiment, resulting in a maximum power
density of 755 mW.m~2. Chang et al. reported a pump-less paper-based RED system for power supply[182].
The unique design avoids the use of traditional pumping systems. In fact, both concentrated solution and diluted
solution are driven into the paper-based system under capillary effect. Based on a specific channel design, the
injection flow rates are maintained at a constant level. This unique design reduces the system cost and enables an
practical integrated power supply device. Despite the low power density (275 nW.cm~2) reported in the work,
such system presents a rather high operating time (1h), which presents potentials in powering disposable and
cost-less analytical devices.

Lin et al. developed a hydrogel-based RED system, comprising two agarose hydrogel chambers with different
potassium chloride concentrations and a cation-selective gellan gum membrane[187]. The RED system is fully
designed with bio-compatible materials and presents a open-circuit voltage of 177 mV. In this work, the first
TENG-RED combined system is reported. An auxiliary TENG system based on Chitonsan/glycerol and PTFE
materials as tribo-layers is developed. The TENG system serves as the charging component while connected with
a full-wave rectifier. A maximum charging voltage of RED system is reported at 350 mV.
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Informative signals are delivered by electrons in a traditional electronic circuit. However, in biologic systems,
information transmission is realized by ions and molecules. The concept of iontronics is positioned between
these two systems, where only ions are used for signal transmission in polyelectrolyte gels or electrolytes in
aqueous solutions[188]. Currently, various ionic components are extensively studied to complete the iontronic
toolbox[189-191]. The development of iontronics aims to realize biocompatible information processors to open up
the possibility of biological communications directly with living organs[191]. Hopefully, based on this neuron-like
and biocommunicable system, an aqueous computer could be developed in the future.

One of the essential obstacles is to design stable and bio compatible power supply systems. The integration of
conventional electronic power generators requires the use of electrodes, where faradaic reactions and interfacial
resistances could hinder its practical use. In this case, miniaturized electrodeless RED systems become an
excellent candidate to power ionic circuits. Han et al. firstly reported a RED-driven complete iontronic circuit
as a polyelectrolyte diode[183]. As illustrated in Figure 1.14(a), a 25-IEM-packed RED system serves as the
power supply of an ionic diode composed of a pair of positively charged poly(diallyldimethylammonium chloride)
(pDADMAC) and negatively charged poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (pAMPSA) prepared
on a microfluidic chip. A flexible and ion-conducting tube is used for the connection between RED and chip.
Experimental results demonstrate the forward bias state and reverse bias state of the ionic diode powered by
miniaturized RED system. The combination of 2 ionic diodes enables the creation of a logic OR gate, which is
also experimentally demonstrated in the work.

Miniaturized RED systems could become an excellent candidate for power supply of disposable bio-sensors
and microfluidic analytical devices. They possess the advantages of direct ionic flow creation, along with an
instant electrical potential difference establishment and IEM stack based scaling up potential, which could be
directly integrated into analytical devices to provide electrical energy.

The electrochemiluminescence (ECL)-based bioanalysis platform is a powerful analytical tool while combin-
ing with bipolar electrodes (BPE). While faradaic reactions appear on bipolar electrodes under external voltage,
the ECL signals could provide information concerning the quantitative analytes on BPE surface. As demonstrated
in Figure 1.14(b), Baek et al. introduced the use of patch-type mini RED systems to power such platform in an
electrode-less and environment-friendly way[184]. The direct ionic flow creation by RED system could avoid the
voltage drop and faradaic reaction problems in conventional battery power supply. An integrated analytical system
for glucose detection, coupled with RED stack powering system, was demonstrated in their work. The work of
Yeon et al., has further promoted the development of disposable solid salt RED (ssSRED) power source[185]. They
designed a one-shot water-activated RED source where two kinds of salts (Ag,SO4/BaCl,) are used alternatively
in high concentration chambers (Figure 1.14(c)). The activation step requires simply the addition of water into
the chambers. As CEMs and AEMs are used alternatively, ions in high concentration chambers penetrated into
diluted chambers become insoluble precipitations (AgCl or BaSO4) through metathesis reactions. This ensures
a stable concentration ratio, thus a longer operation time of the system. The integration of such system with
above-explained BPE system and Ionic diodes are well demonstrated in their work.

Miniaturized RED systems are also widely used in skin-wearable biomedical devices. As presented in the
work of Kwon et al., patch-type RED stacks are designed to power active transdermal drug delivery platforms[186].
The electrodeless design of RED patches present excellent advantages in biocompatibility and cost reduction.
By adjusting the inserted number of membrane stacks, a controllable voltage is applied on the drug delivery
platform to pump ionic drugs to penetrate the skin, as described in Figure 1.14(d). Experimental results proved the
feasibility of such systems for in vitro drug delivery of 3 representative drugs. Such design could be generalized
and integrated for other portable biomedical devices. Pakkaner et al. reported a miniaturized RED driven biopower
cell designed for auto-powered implantable medical devices[192]. The power supply is designed to harness the
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concentration gradient in physiological fluids in renal artery and vein for example. This fluidic device is designed
with alternative CEMs and AEMs with a concentration ratio of 7.2 g/L and 9.0 g/L. and is kept at 37 °C in order
to imitate in vivo conditions. The same group reported an effective way for performance amelioration of the
biopower cell: an additional salt-cartridge for concentration ratio boost[193]. Polysulfone (PSf) hollow fiber
membranes saturated with NaCl solutions are prepared as salt cartridge. A diluted stream is divided into diluted
sub-stream, which is pumped directly into freshwater chambers, and a feed acceptor stream, which passes through
the salt cartridge for salinity increase and serves as saltwater chamber reservoirs. A 3-fold increase of OCV
of the cell is reported for the salt-cartridge boosted biopower system. It is to mention that although these two
works present excellent potentials for miniaturized systems for biomedical applications, the feasibility of practical
RED-driven implantable devices is yet to be verified by in vivo experiments.

1.4.9 Economic analysis
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Fig. 1.15 Cost estimation of PFSA electrolyte membrane produced by two different methods as a
function of the total yearly production. (Figures and captions reproduced from [135] with permission
from MDPI, copyright 2020.)

Several works discussed the economic and financial feasibility of RED for different scenarios. It was shown
that the dominating influential factors include the membrane price, which remains very high at present, followed
by the inflation, the relatively low experimental power generation and finally the cost of water pre-treatment and
pumping[194].

Thin homogeneous membranes with low resistance are generally of high prices (above 80 €.m~2) [195]. In
2007, Turek at al.[196] found a very high cost equal to 6.5 €. kWh~! by using an experimental power density
value of 0.92 W.m 2 of cell pair and considering a total investment cost of 96 €.m~2 of installed membrane. In
2010 Post et al. [197] fixed a viable power density of 2 W.m~2 with a membrane price of 2 €.m~? and cost of
0.08 €.kWh™! for the electricity. Daniilidis et al.[194] suggest that if the membrane technology will be developed
by using cheap raw materials and manufacturing procedures in the near future, same as in the ED technology
with heterogenous membrane, allowing a membrane price below 4.3 €.m~2. A net power density of 2.7 W.m 2
will be sufficient to start producing energy. And with a LCOE fixed at 0.16 €.kWh~! will make RED electricity
competitive against conventional and established renewable technologies. Another study was done by Toupin
et al.[198] on the cost of Nafion and other perfluorinated sulfonic acid (PFSA) polymer electrolyte membranes.
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They estimated that with a higher annual production (around 5 million m?), the cost of 1 m? of membrane will be
below 10 $ for the melt blowing method [135][198](see Fig 1.15).

In 2019, Giacalone et al.[199] estimate the Levelized Cost of electricity ranging from 0.27 to 0.33 € kWh™!
based on membrane cost of 15 €.m~2, and using brine and freshwater. This cost is lower than the actual electricity
prices in certain countries in Europe ,that achieve 0.56 € kWh~! last August in Germany. It’s worth to note that
with the latest events in Ukraine, the fast inflation in the world, and the energy price rise (especially for the natural
gas) may make the RED competitive with other power sources.

1.5 Capmixing

Firstly proposed in 2009 by Brogioli[200], Capmixing is an emerging blue energy harvesting energy with
tremendous potential. Unlike PRO and RED where energy conversion is realized through intermediate steps of
mechanical turbine systems and electrochemical redox reactions, Capmixing generates electricity directly from a
controlled mixing procedure[18]. In a classic configuration of Capmixing illustrated in Fig 1.16(A), two porous
carbon electrodes are dipped into high concentration solutions at initial state. It is an energy consuming state
where electrodes are charged by an imposed external electric source. Thus, electrical double layers (EDL) are
formed near each electrode to maintain a local electron neutrality in the solution[13]. In state II, the system is in
open-circuit state and the high concentration solution in the system is replaced by solution of lower concentration.
As the ionic strength lowering of the electrolyte results in a thickness expansion of the EDL, the overall capacitance
of EDL Cgpy, decreases[201]. Considering the total charges accumulated in the electrodes ¢ remain unchanged,
the potential difference between these electrodes AE increases as predicted by the following equation ¢ = Cgpr AE.
In state III, a load resistor is connected with the Capmixing system. Discharging in electrodes delivers current to
produce useful work in the load resistor. At the same time, the thickness of EDL decreases due to the discharging.
At final state IV, system switches into open-circuit state and fresh water is replaced by salt water to close the
operation loop. As illustrated in fig 1.16(B), the produced work in state III is larger than the energy consumed in
state I, a net power is harvested using this so-called capacitive energy extraction based on double layer expansion
(CDLE) technology[16]. In the pioneer work of CDLE, Brogioli presented this innovative configuration with a mild
power density of 7 mW per square meter of electrodes harvested by two activated carbon porous electrodes[200].
Later, Brogioli et al.[202] analyzed the spontaneous potential and the leakage current of different activated carbon
electrodes. Based on this analysis, they proposed several suitable couples of activated carbon materials that could
possibly enlarge the energy extraction. Using porous carbon electrodes of A-PC-2 and NS30 (two commercial
activated carbon films) in CDLE system, a remarkable power density of 50 mW.m~2 was reported.

In CDLE, capacitive electrodes suffer from self-discharging problems due to faradic reactions on the surface
of the carbon. Porada et al.[203] summarized these reaction into three types: the first one is the conversion of
quinone group on the carbon’s surface with two protons to form two hydroquinone. Secondly, the carbon oxidation
from carbon to CO;. And finally, the electrochemical reactions where components in the water react at the carbon
surface. Some of them require molecular oxygen in solution. Brogioli et al. found that removing oxygen by
bubbling nitrogen partially reduces the self-discharge [204]. An alternative solution of using selective faradaic
electrodes in the CDLE configuration was proposed in 2011 by Mantia et al[205]. The so-called ‘Mixing entropy
battery’ was experimentally demonstrated by using Nap_MnsQOj electrode for Na* and Li™ capturing and
Ag/AgCl electrode for C1™ capturing. In this conception, extracted energy from salinity difference is stored inside
the bulk crystal structure of the electrode material in chemical energy form. A power density of 138 mW.m~2 was

reported for a salinity gradient of 0.03 M and 1.5 M of LiCl solutions. The main problems of this technique, in
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Fig. 1.16 (A) Illustration of the working principle of capacitive energy extraction based on double
layer expansion (CDLE) and (B) the qualitative plot of useful work W produced in an unit Capmixing
cycle. (Figures and captions reproduced from [18] with permission from American Chemical Society,
copyright 2016.)

addition to the high cost of the electrodes is the relatively short lifespan of the Ag/AgCl electrodes and the low
specific capacity of the NMO. Also, the pre-charging step promotes the energy investment[206]. To overcome
all that, Ye et al.[206] proposed a charge-free MEB with low-cost electrode materials with Prussian Blue for the
cationic electrode to capture the Na*, and polypyrrole to capture the C1™ for anions.

The conventional CDLE configuration requires the external electrical charging system to enable the energy
harvesting, which requires higher installation costs and reduce the system efficiency. In 2010, Sales et al.[17]
proposed to replace auxiliary charging process by using IEMs, so as to use the Donnan potential established
across the membrane for system charging. This technology is called capacitive energy extraction based on
Donnan potential (CDP). According to their work, Neosepta CEM (or AEM) was placed between the porous
carbon electrode and the spacer. While fresh water and salt water were injected alternatively into the spacer,
cations and anions were transported through CEM and AEM under the Donnan potential driving force, forming
alternative ionic flows (Fig 1.17). The initial work of CDP reported a power density of 11.6 mW.m~2 for solution
concentration of 10 mM and 510 mM for fresh water and salt water, respectively. Based on the principle of CDP,
modifications of electrodes and membranes were conducted for performance amelioration. Hatzell et al.[207]
proposed to use flow electrodes containing activated carbons in CDP configuration, which significantly increased
the system performance towards 50.9 mW.m~2. In 2021, Hwang et al.[208] realized systematic research on flow
electrodes on varying particle components and concentration, the optimum flow electrodes containing expanded
graphite was reported to provide a power density of 480 mW.m~2. Further optimization on current collector
(Graphene coated Ti mesh) could even promote the system performance towards 750 mW.m ™2, according to the
recent work of Lee et al.[209]

Another emerging strategy similar to CDP is the soft electrodes (SE), where IEMs are replaced by polyelectrolytes
to form direct anionic and cationic layers onto electrodes. A pioneering work was realized in 2014 by Ahualli
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Fig. 1.17 Illustration of the composition and working principle of capacitive energy extraction based on
Donnan potential (CDP). IEMs are used to replace external charging sources so that anions and cations
move from spacer channel into porous electrodes. (Figures and captions reproduced from [17] with
permission from American Chemical Society, copyright 2010.)

et al.[210] by using polyelectrolyte-coated carbon electrodes with a power output of 12.1 mW.m~2. In 2020,
Siekierka et al.[211] prepared electrodes coated with EDA and PAA/PMA, reaching a maximum power of 293
mW.m~2. However, it is to notice that considerable viscous loss is expected in flow electrode related systems due
to the highly viscous properties of flow electrodes.

Numerous theoretical analyses of Capmixing systems were reported[204, 212-214], providing guidelines
for optimization of Capmixing. Further strategies, including thermal assisted Capmixing[215, 216], additional
charging[217] and module scaling up[146, 218], were also developed for performance enhancement.

1.6 CRED

An innovative configuration combining RED and Capmixing presents a higher power density output with numerous
advantages compared with conventional blue energy harvesting technologies.

It was firstly reported by Vermaas et al.[219] in 2013, suggesting the use of capacitive electrodes in RED
configurations (CRED). As illustrated in Fig 1.18, such configuration allows the installation of multiple cationic
and anionic membrane stacks for higher potential generation and at the same time avoids the redox reactions in the
system. In their work, a layer of activated carbon is deposited on a Ti/Pt mesh to form the capacitive electrodes.
Such electrodes convert the ionic flux to electronic flux by ion adsorption and storage without the occurrence
of redox reactions. To avoid the problem of saturation in capacitive electrodes, a periodic switch of solution
chambers, combined with the switch of electrical current directions, is systematically conducted. As larger range
in voltage and accumulated charge is achieved compared with conventional capmixing technologies, a maximum
power density of 0.9 W.m~2 can be achieved in cell configuration of a stack of 30 membranes with a salinity
difference of 0.017 M and 0.508 M for fresh water and salt water, respectively. Their work is the first proof-of
concept for CRED system.

This original CRED cell configuration is further studied by Oh et al., with a systematic study of a scaled-up
CRED system of 20 — 80 cell pairs[220]. In this case, the CRED system presents a high stack voltage ranging
from 0.9 to 5.0 V, surpassing the voltage for water electrolysis occurrence. They discovered that the cutoff output
voltage, the voltage where the feed solutions are switched, is the major factor to control the undesired irreversible

faradaic reactions in CRED system. By well engineer the cutoff voltage, the increase of stack voltage has an
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Fig. 1.18 Principle of CRED in four stages, in this case for 1 cell (CEM, AEM, dilute, concentrate).
Multiple membrane cells can be stacked between the electrodes. (Figures and captions reproduced from
[219] with permission from Royal Society of Chemistry, copyright 2013.)

insignificant impact on faradaic reactions. It provides us thus an effective strategy for stable power generation of
CRED system at large scales.

Following the previous CRED study, Zhan et al., designed a CRED system composed of an ion exchange
membrane and two graphene hydrogel electrodes[221]. The composite electrodes are mainly composed of
graphene oxide negatively charged by residual carboxyl functional groups. They prepared two different cell
assemblies, by combining the graphene hydrogel electrodes with CEM and AEM, respectively. The power
density measurements indicate a better energy performance of the AEM-assembly, showing an average power
density of 482.4 mW.m~2 compared with that of 141.4 mW.m~2 for CEM-assembly. The experimental results are
obtained for a salinity gradient of 0.02M/0.500 M for NaCl solution. Zhu et al. developed a similar CRED system
constructed with two identical carbonized peat moss electrodes with a CEM [222]. The composite electrode is
mainly composed of peat moss powders, carbon black and polyvinylidenefluoride (PVDF), presenting an excellent
capacitance as demonstrated in cyclic voltammetry tests. Similar power density measurement is realized with a
fixed switching period of 100 s. They report an average power density of 0.95 W.m~? for a salinity difference of
30gL vs. 1gL7L

As illustrated in Fig 1.19, a novel cell design composed of a single selective membrane and two inexpensive
capacitive electrodes was presented in the work of Brahmi et Colin[117]. A home-made slurry composed of
activated carbon particles, carbon nanotubes and PVDF is homogeneously deposited onto a porous carbon
electrode to form a capacitive layer. As capacitive electrodes are charged by ion adsorption while immersed in
solutions, periodic water compartment switching is necessary to deblock the saturation regime. Fig 1.20 illustrates
the two working regimes of CRED before and after water compartment switch. An alternative capacitive current
is generated when an electrical resistance is directly connected to the system. The overall CRED structure is
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Fig. 1.19 Scheme of the experimental millifluidic set up used for the salinity gradient harvesting with
one membrane and a 6 mm water compartment. (Figures and captions reproduced from [117] with
permission from Elsevier, copyright 2022.)

optimized to reduce the cell resistance and viscous loss. A net power density output of 2 W.m~2 was reported,
with a gradient of 300 (0.017 M/5.1 M) for a simple configuration of a single cationic membrane combined with
two inexpensive electrodes. The net power density takes into account the viscous loss in the cell and remains the
maximum power density output for CRED systems. It is to notice that a RC type equivalent circuit is established
for the CRED system based on electrochemical characterizations. The CRED system can be modelled as the
combination of a constant voltage supply, a cell resistor and a capacitor. The theoretical modelling based on this
equivalent circuit predicts well its experimental power density performance.

Apart from the static capacitive electrode based CRED system, there is another growing trend of integrating
flow capacitive electrodes in CRED systems. To the best of our knowledge, the work of Liu et al. was the
first reported literature to realize a proof-of-concept dispositif that uses capacitive flow electrodes in CRED
system[223]. The capacitive flow electrodes were suspensions composed of 5 — 15 % powdered activated carbon

1 in solution chambers.

loaded in 0.5 M NaCl solution. It is continuously recirculated at a flow rate of 20 mL.min™
They report a maximum power density of 260 mW.m ™2, an energy performance slightly lower than the static
capacitive electrode assembly reported to be 290 mW.m 2. Simoes et al. conducted a systematic study of the
capacitive flow electrodes based CRED system by varying the slurry composition[224]. Six different slurry
compositions comprising activated carbon, carbon black and graphite powder were carefully characterized and
tested in their work. The best energy performance is achieved for a mixture of activated carbon and carbon black
at a total concentration of 20 wt %, reported to be 0.7 W.m ™2 for a salinity difference of 30 g.L~' vs. 1 gL~
Overall, CRED system enables the continuous electricity generation and presents systematically higher power
density performances compared with Capmixing process. As the process is enabled by ion adsorption/desorption,
CRED system avoids redox reaction related problems, including the material loss in faradaic electrodes, use of
additional toxic or hazardous electrolyte, over potential problems and side reactions. From an economical point

of view, capacitive electrodes are stable, cost-less and easy for industrial scale-up. If the CRED system exhibits
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Fig. 1.20 Illustration of two working regimes for a capacitive salinity-gradient cell before (a) and after
(b) water compartment switch. (Figures and captions reproduced from [117] with permission from
Elsevier, copyright 2022.)

similar power density performance to that of faradaic RED systems, CRED becomes economically preferable
for further development. However, the reported power densities in CRED systems are systematically lower than
that reported for faradaic RED system. Taking the example of the work of Brahmi and Colin, the reported power

density represents about 50 % of its theoretical value P, = 4@%5:” , calculated based on open-circuit voltage
Eocv, cell resistance R,..;; and membrane surface S. Considering the fact that the power density corresponds well
with the RC type equivalent circuit, such power density drop originates from the capacitive nature of the system.
It is necessary to develop strategies to further ameliorate the energy performance of CRED system.

1.7 Generalization towards concentration cells

It is worth mentioning that osmotic energy is not solely generated by salinity gradients, such as those between
river water and seawater. Various concentration gradients can also yield substantial energy resources. Osmotic
energy exists in diverse forms and at different scales, offering a wide range of applications. One can imagine the
application in industrial field of energy and waste treatment sector, but also at smaller scale in biomedicine[186],
implant battery design[192], sensors[184] etc. In this section, we aim to broaden the understanding of osmotic
energy harvesting to encompass a wider scope. In fact, another significant concentration gradient is established
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by protons. Unlike the salinity gradient, which is limited by salt dissolution (360 g.L.~!, 25°C for NaCl), the pH
gradient has a much broader range and is ubiquitous.

If we examine examples in nature, modern cells are known to rely on electrochemical proton gradients for
energy transduction and metabolism, providing an excellent illustration of osmotic energy storage and release[225].

From an industrial perspective, various scenarios can be envisioned to establish pH-based osmotic energy
reservoirs. In industrial processes, both acidic and alkaline waste streams are commonly generated[226, 227].
Unless neutralized, such streams cannot be discharged into public watercourses[228]. Currently, the pH neutral-
ization process for waste streams is primarily considered a necessary step for waste treatment[229]. However, the
pH gradient established between acidic and basic streams can be viewed as an ideal osmotic energy reservoir to be
harnessed through a carefully engineered mixing process. This presents a prime example of a waste-to-energy
process, which is a significant strategy in the field of waste treatment[230].
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Fig. 1.21 Integration of a pH gradient cell into the Carbon Capture and Storage process. (a). Illustration
of a electrolyte based CO, capturing process. It is possible to integrate a pH gradient cell for overall
energy cost reduction. The dissolution of CO, gases results in a pH decrease in the electrolyte (b), while
the air pumping results in a pH increase (c). (d). Combining the above mentioned electrolytes results in
a pH difference which can be considered as a giant osmotic energy resource. (e). It is thus possible to
design a pH gradient energy harvesting system to convert the osmotic energy into electricity.

To go further, we recognize exciting opportunities to integrate pH gradient cells into the Carbon Capture
and Storage (CCS) processes[231, 232]. In post-combustion capture (PCC), CO; is separated from flue gases
using a chemical sorbent rather than being emitted directly into the atmosphere[233]. The most developed and
economically viable technology for PCC is the amine-based absorption (amine scrubbing) unit[234, 235]. Osmotic
energy harvesting has the potential to reduce the overall energy costs for carbon capture, thereby advancing the
maturation of technology. Figure 1.21 illustrates a classic CCS process. The industrial waste gases are pumped
into a carbon capturing electrolyte so that CO, gases are removed to form carbonates in the electrolyte. The
electrolyte is regenerated by heat or electrochemical process to restart the CO, capturing process. The released
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CO, gas is then utilized for fuels and carbon based products or injected underground for further storage. The
entire process requires high energy inputs.

Here, to reduce the overall energy cost, it is possible to integrate a pH gradient energy harvesting system to
recover certain energy. In fact, the CO; dissolution results in a reduced pH in the electrolyte. If we divide the
electrolyte into two parts, with one part pumped with CO, gas of low pH and another part purged with air or waste
heat treatment of high pH, we can easily create a pH difference between them. The pH difference is considered as
a giant osmotic energy source. With a well controlled mixing process, it is possible to convert this energy into

electricity (Fig 1.21).
electrons @ )

Fig. 1.22 Illustration of energy harvesting from CO, emissions in capacitive electrochemical cells.
Dissolved CO; dissociates in protons and bicarbonate ions, which diffuse into different electrodes due
to the ion-selectivity of the membranes placed in front. The resulting membrane potential leads to the
spontaneous generation of current. (Figures and captions reproduced from [236] with permission from
American Chemistry Society, copyright 2014.)

As illustrated in Fig 1.22, Hamelers et al. developed firstly a pH gradient cell combining with the carbon
capture process. The osmotic energy is established by CO, or air pumping in electrolytes[236]. The cell
configuration used in this work is similar to that of CDP with pairs of porous electrodes and two ion-exchange
membranes. They reported an improved power density of 4.5 mW.m~2 for MEA solutions compared with that of
water (0.28 mW.m~2). To better elucidate the underlying mechanism of such system, the same group proposed
a physicochemical and mathematical model for the generation of electrical energy from mixing CO, saturated
solutions using capacitive cells[238, 239]. Later in 2019, the same group examined the impact of different cell
designs, namely “conventional”, “flow-by (wire)” and “flow-by (flat)”, on pH gradient cell performance[240].
They found that an optimized configuration of “flow-by (flat)” results in a doubled energy performance compared
with that reported previously.

Porada et al. explored the possibility of combining the capacitive pH gradient cell with capacitive deionization
process in order to realize a continuous energy generation process[241]. The main originality of this work relies in
the use of flow capacitive electrodes. Kim et al. chose to use 30 wt % N-methyldiethanolamine (MDEA) as the CO,
capturing electrolyte in their system called carbon capture with reverse-electrodialysis[242]. The cell is composed
of five pairs of ion-exchange membranes and two inert electrodes coupled with [Fe(CN)g]>~/[Fe(CN)e]*~
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Fig. 1.23 Schematic of the pH-gradient flow cell for converting CO, into electricity. The flow cell
consisted of two identical MnO, electrodes (black) divided by a nonselective membrane (orange) placed
between channels. The channels were simultaneously fed 1 M NaHCOj3 solutions with a lower pH value
(7.7, dark blue) or a higher pH value (9.4, light blue) that was generated by sparging the solutions with
CO2 (pH 7.7) or air (pH 9.4), respectively. (Figures and captions reproduced from [237] with permission
from American Chemistry Society, copyright 2017.)

reversible redox couples. They reported a peak power density of 1 W.m~2, which is 220 times higher than the
previous work. They attributed this energy performance amelioration to the enhanced electrical conductivity and
the decrease of inner resistance of CCRED cell.

Following the previous attempts, Kim et al. reported a novel pH gradient cell configuration of CRED type
[237]. As previously described in Fig 1.23, they established a pH gradient based osmotic energy resource by
the pumping of CO, gas and air in aqueous bicarbonate buffer solutions, respectively. The pH gradient cell is
composed of two identical supercapacitive inexpensive MnO, composite electrodes and a nonselective membrane.
A systematic chamber reversal is realized due to the blocking characteristic of pseudocapacitive electrodes. They
report an average power density of 0.82 W.m™2 for a pH difference of 1.7, which is 200 times higher than the first
work of Hamelers et al.

Similarly, Cheng et al. designed a low-grade thermally regenerative CO; induced pH-gradient cell (TRCPC)
to recycle waste CO; and thereby produce durable electricity[243]. They demonstrated the reproductivity of
the electrolyte and the stability of the cell system. The proposed system displayed a peak power density of
0.578 W.m~2. In both experiments, MnO; electrodes presenting typical pseudocapacitances are used. Chen
et al. designed a pH gradient cell with Ag/AgCl electrodes and a cellulose based membrane[244]. They used
monoethanolamine (MEA), an industrialized amine based electrolyte, for CO2 capturing process. The pH
difference is created as described in Figure 1.21. They report a power density of 2.6 W.m~2 for a tiny system with
a effective membrane surface of several square millimeters. It is to notice that this value will drop dramatically

while we increase the membrane surface[145].

1.8 Objectives of this thesis

According to the above presented literature review, there are three major osmotic energy harvesting methods : PRO,
RED and Capmixing. PRO is considered as the most mature technologies developed today, however it requires
numerous facilities including pumps and turbines for mechanical-electrical energy conversion. This requires
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complex infrastructure installation and raises the overall electricity production cost. The RED system converts
directly osmotic energy into electricity by redox reactions. Nevertheless, due to the high cost of ion exchange
membranes and expensive electrodes, the electricity generated is of high cost. The occurrence of redox reactions
in RED systems results in the depletion of electrode materials, necessitates the use of potentially hazardous or
toxic electrolyte rinsing solutions, and may give rise to unintended over-potential problems and side reactions.
These factors raise concerns regarding the environmental footprint and carbon impact of RED systems. As for
Capmixing, although cost-less capacitive electrodes are used in the system, the system presents systematically low
power performance compared with the above-mentioned technologies.

The comparison of these methods leads us to the study of CRED systems, which stands at the crossroad of
Capmixing and RED system. The CRED system offers notable advantages. Carbon-based capacitive electrodes are
cost-effective compared to the expensive faradaic electrodes, such as Ag/AgCl electrodes, utilized in conventional
RED systems. In addition, these electrodes are inert and stable, presenting limited electrode material loss during
energy harvesting operation. As there is no presence of redox reaction in the procedure, it prevents us from the use
of toxic or hazardous electrolytes and suppresses over-potential problems. The carbon based capacitive materials
of large quantities are widely produced at industrial scale. The use of capacitive electrodes simplifies the scale up
process for industrial use. On the other hand, compared with Capmixing, CRED system presents a much higher
power density output, reaching the order of magnitude of RED systems. Furthermore, a great advantage is that
CRED system allows for continuous energy generation, outperforming the sequential production approach utilized
in capmixing processes.

Based on this analysis, it is clear that the CRED system merges the high power density output advantage of
RED systems with the cost-effectiveness and suppression of redox reactions inherent in Capmixing. It stands as a
promising candidate for developing efficient and cost-effective osmotic energy harvesting. Nonetheless, as an
emerging technology in the field of osmotic energy harvesting, CRED systems lack comprehensive systematic
studies. The primary objective of this thesis is to investigate the fundamental mechanism of the CRED system,
aiming to enhance its energy performance and broaden its range of applications.

Following this introductory chapter, in Chapter 2, we will uncover the underlying mechanism of CRED system.
We will demonstrate the intrinsic ionic-electronic conversion efficiency problems in capacitive electrodes, verified
both by theoretical and experimental methods. Based on this understanding, a boosting strategy is proposed to
optimize the working regime of capacitive electrodes, aiming to further enhance the power density performance of
CRED system.

In Chapter 3, we take a step forward to the real-world applications where multivalent ions present in the
feeding solutions. We verify the energy performance of CRED system under divalent mixing process and uncover
the mechanism behind. Based on this study, it is possible to further evaluate the feasibility of such technology in
industrial scale-up.

To go further, we extend the research scope into concentration based energy harvesting system. In Chapter 4,
we explore the possibility of harnessing pH gradient based osmotic energy in the framework of CRED system. We
build up a pH gradient cell with pseudo-capacitive electrodes. The pH gradient based osmotic energy is created
within a carbon capturing process, aiming to reduce the overall cost. We study the working mechanism of the

novel system and test the boosting strategy for further power density amelioration.
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1.9 Conclusion

Conclusion

Human activities, primarily through greenhouse gas emissions, have unequivocally contributed to global
warming issues. Given the substantial emissions from the energy sector, finding clean and sustainable energy
resources to replace conventional fossil fuels is of paramount importance. Osmotic energy, released during
the mixing of solutions of different concentrations, remains an untapped energy resource with significant
potential. The development of reliable, efficient and economically viable osmotic energy harvesting tech-
nologies is of great importance. The comparison of the present osmotic energy harvesting methods leads us
to the study of capacitive reverse electrodialysis (CRED) systems, which combine the advantages of both
RED and Capmixing technologies. Although several proof-of-concept CRED system designs are reported, it
lacks a systematic study of the underlying working principle of CRED system. Numerous questions remain
to be further studied.

What is the underling working mechanism of the CRED system? How does the capacitive behavior
impact the energy performance of CRED system? What is the origin of the significant power density
performance gap between CRED systems and faradaic RED systems? How to further enhance the power
density performance of CRED system? How does the energy performance vary while encountering with
real-world solutions in industrial applications? Is it possible to generalize CRED system into a larger scope
of concentration gradient based energy harvesting?

To answer these questions, we will firstly focus on uncovering the working mechanism of CRED system.
The thorough understanding leads us to an effective strategy for the amelioration of energy performance of
CRED systems (Chapter 2. The energy performance amelioration of CRED system by boosting strategy).
To further study the energy performance of CRED system in real life electrolytes, we will study the impact
of divalent ions on CRED system performance (Chapter 3. The influence of divalent ions on CRED
system). Finally, we will try to generalize the CRED system into concentration gradient based systems. We
demonstrate the feasibility of combining pH gradient cells with carbon capture and storage CCS technologies

to reduce the overall energy cost (Chapter 4. Extension towards pH gradient cell system).
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Chapter 2

Power density performance amelioration
of CRED systems by boosting strategy

2.1 Preamble

This work is based on the previous work in the lab MIE by Dr. Youcef Brahmi, who invented the capacitive
RED system[117]. The system stands at the crossroad of RED and Capmixing, with the use of an ion exchange
membrane and two inexpensive carbon based capacitive electrodes. The creation of cationic/anionic flux across the
ion exchange membrane under osmotic effect is identical to the procedure in RED systems. The major difference
lies in the conversion between ionic flux and electronic flux. Unlike the conversion realized by redox reactions
in faradaic RED systems, it is realized under ion adsorption phenomenon for capacitive electrodes. Due to the
"blocking" feature of the capacitive electrodes, a periodic water chamber is realized to systematically reverse the
direction of of both ionic and electronic flux to enable the continuous functioning of the CRED system.

As already discussed in the Chapter 1, CRED system presents numerous advantages. Nevertheless, we
discovered a significant difference of power density performance between the experimental results and the
theoretical prediction. For example, in the case of a NaCl salinity gradient of 5.13 mol.L~! and 0.171 mol.L™!,
we measured a power density of 2.5 W.m~2 for CRED system, which corresponds to a drop of a factor 2 compared
with theoretical maximum power density of 5.44 W.m~2[245]. What is the origin of this power density gap? How
to ameliorate CRED system to enhance its power density performance?

The objective of this chapter is to understand the mechanism behind this power gap in CRED systems and
ameliorate energy conversion of capacitive electrodes to reach the theoretical maximum limits. In the following,
we will firstly describe the CRED system established in this study. We will present in details of the cell structure,
its working principle, the system characterization and the theoretical modelling. Based on such CRED system, we
will then integrate a boosting system to further enhance the energy performance in the second section. A detailed
description of the boosting system setup, its working principle and its modelling is provided. In addition, we
provide a thorough understanding of the mechanism of boosting strategy. Finally, a techno-economic analysis of
CRED technology is carried out.

The results presented in this chapter have been published in ACS Environmental Science & Technology|[3].
The published paper is available in Appendix A.
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2.2 CRED system

2.2.1 CRED cell set-up

Current

] / collector
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Endplate
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Fig. 2.1 CRED cell set-up.

A similar cell configuration is used as in the previous work of Brahmi et al.[117]. The cell is of symmet-
ric geometry, with an ion-exchange membrane (Nafion” 117, Chemours) placed in the middle of two water
compartments of different salt concentration (Fig 2.1). This membrane has a thickness of 183 pm (dry form) to
obtain an average conductivity of more than 0.1 S.cm™! and a total acid capacity between 0.95 and 1.01 meq.g~".
The effective surface area of the ion-exchange membrane used in our experiment is 2.24 cm?. Two capacitive
electrodes made of carbon felt (Kynol Activated Carbon Felt) are placed separately in two gaskets on both sides
of the membrane. Separated by a distance of 1.4 mm from the membrane, two current collectors of graphite are
directly connected to capacitive electrodes, respectively. It is possible to measure the cell electric voltage Epcy by
connecting two current collectors with the potentiostat on mode OCV (open-circuit voltage). The direct connection
of resistors with the cell is applicable to realise a power density measurement. The whole system is entirely fixed
and closed by two stainless steel endplates and 8 bolts with a torque of 2 N.m. Two ports are reserved for gaskets
and endplates to ensure the water inlet and outlet propelled by a peristaltic pump (Multichannel Peristaltic pump,
Longer) at a fixed flow rate (10 mL.min"!). As the system reaches its saturation after a complete capacitive
charging, a switch of water compartments is realized by an automatic 4-port valve with a fixed switching period 7
to unblock the saturation regime, which enables the delivery of a periodic alternative current by the cell. The salt
water and fresh water used in this work are NaCl (Sigma Aldrich) solutions of different concentrations.

Capacitive electrodes made of carbon felt are used in this work. To further ameliorate the performance of
these capacitive electrodes, an essential step of cyclic voltammetry is realized. This electrochemical step is set
between -0.6 V and 0.6 V with a scanning velocity of 2 mV.s~!. The capacitance of the cell is greatly increased
after this process, reaching a value of 1.2-1.25 F (see Fig 2.2). In fact, the surface charge of these capacitive
electrodes increases during the preparation of the electrode and its cycling by a redox reaction involving the

oxygen present in the brine.
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Fig. 2.2 The cyclic voltametry of the cell with a scanning rate of 2 mV.s~! .

2.2.2 Working principle of CRED

The general principle of the capacitive salinity-gradient cell with a single membrane is illustrated in Figure 2.3 (a).
A cationic ion-exchange membrane (CEM) is placed in middle of the cell between two compartments of different
salinity. This membrane allows the passage of cations and blocks the anions and water molecules[246, 247].
Thanks to this selectivity, an electrical potential difference appears between these two solutions of different
salinity. In open-circuit cases, the cell voltage Egcy is the sum of the Donnan potential E,,,.,, and of electrode
potentials E,j... E... results from the ion adsorption on the electrodes and depends upon the value of the local
salt concentration.

When the circuit is closed as in Figure 2.3 (a), the potential drop between the two electrodes includes the
ohmic ionic dissipation both in the membrane and in the electrolyte, as well as the non-ohmic dissipation in the
polarization layers built up around the membrane and the electrode. The closing of the circuit also involves the
ohmic potential difference in the load resistance and the capacitive potential jump at the electrodes. The presence
of capacitance causes the electric current to decay over time. When the capacitor is fully charged, the potential
difference across its terminals balances the membrane potential E,,.,, and the potential created by the adsorbed
layers E,j... As a result, the produced electric current stops. It is then necessary to switch the fresh water and salt
water supplies in order to reverse the membrane and electrode potential to unblock the electricity production. This
generates an electric current in the opposite direction. In fact, we fix a switching period 7 to realize the solution
reversal by an automated valve. The CRED system will eventually deliver an alternating and periodic electrical
signal as output.

2.2.3 CRED system characterization

Based on electrochemical characterizations, it is possible to measure the open-circuit voltage Eocy, cell inner
resistance R, and its capacitance C. For the case of Nafion 117 membranes, using a NaCl ratio of 30 (5.13 M vs
0.17 M), the open-circuit voltage Epcy measured is around 0.144 V. The cell capacitance and cell resistance are
measured to be 1.27 F and 5.39 Q, respectively. A systematic CRED system characterization result is available in
the Table 2.1.
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Fig. 2.3 Illustration of a capacitive concentration cell and its power density performance measurement
curves. (a) Principle of energy conversion of the system with water compartment switch. (b) The
equivalent electric circuit established based on electrochemical characterization of the capacitive con-
centration cell. (¢) Chronovoltammetric measurements of E;,, for a cell connected with a series of load
resistor R;,,q with a fixed switching period 75 = 60 s. (d) The power density curve corresponding to the
measurement in (c¢) within a fixed switching period 7;. (e) Net power density curves P, as a function of
Rjoaq for a series of switching periods T. The solid lines present the theoretical simulations obtained
by the equivalent R-C circuit and the dots present the experimental data. A good agreement between
theoretical and experimental data confirms the validity of the equivalent R-C circuit. The experimental
conditions of (c), (d) and (e) are as following: a salinity ratio of 0.17 M and 5.13 M, injecting flow rate
of 10 mL.min~! and Nafion 117 used as CEM.

Measurement of Open-circuit voltage Eocy

To measure the open circuit voltage Epcy, we firstly realize a short-circuit state by connecting two cell electrodes
with a simple wire. The current tends quickly to zero and the capacitor carries an initial charge of —CEqcy .
—Eocv is the value of the drop of potential across the membrane and the electrodes, which equals to E,;ep, + Eejec-
We then connect the cell to the potentiostat on mode open circuit voltage (OCV) where the internal resistance
of the potentiostat is 10 MQ. The measured drop of potential across the terminals of the potentiostat E,,;; is
given by Ecpy = Epem + Eejec — Ecap Where E¢,) 1s the drop of potential across the capacitor. After switching
the concentrations, the measured potential increases then saturates. As the circuit is open, the potential over
the capacitance E¢,, remains equal t0 —Eocy. Epem + Ecec g0e€s from —Egcy to +Eocy due to the switch.
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The potential measurement in open circuit after short circuit of the cell corresponds thus to 2Epcy. A detailed
explanation of the open circuit voltage measurement is available in the work of Brahmi et al[117].

Measurement of R..;; and C

In order to characterize the electrical resistance R..;; and the capacitance C of the cell, it is possible to apply the
classical electrochemical technique: chronopotentiometry (CP) which is widely used in battery and flow cell
studies. The system setup is the same as in measurement Egcy and the characterisation is realised in a 2-step
procedure: mode OCV and mode CP. Egcy is firstly measured by the potentiostat in the first step. Then the mode
CP imposes a constant electrical current Icp of 2 mA while measuring the voltage variation of the cell as a function
of time. The voltage measured by the potentiostat shows an instantaneous drop AEpcy at the switching moment
from OCYV to CP, followed by a linear decrease with a slope k. The electrical resistance of the cell R..;; can be
calculated as:

AEocy
Reet = 17 @.D
cp
And the experimental results are shown in Table 2.1.
For the equivalent capacitance C, it can be estimated as:
Icp
C=|— 2.2
. 2.2

Table 2.1 The CRED characteristics in function of fresh and salted water concentrations using Nafion
117 membrane.

cy (M) cr (M) Eocy (mV) Reey (Q.cm?) C (F)
5.13 0.017 230 35.8 1.13
5.13 0.051 190 20.2 1.12
5.13 0.102 163 15.5 1.11
5.13 0.17 146 12.3 1.1

5.13 0.513 105 9.6 1.15
5.13 1.71 61 8.1 1.16

2.2.4 Power density measurement

To measure the power density output of the cell system, a resistor is directly connected to electrodes in order
to close the circuit. As explained earlier, periodic water compartment switching is performed to unblock the
saturation state. Throughout the text, we refer to the time between two concentration reversals as the period of
time when the cell supports the same salt supply, i.e. salt concentrations that do not vary in the compartments.
Strictly speaking, 7 would be the half period of the salt concentration signal. Here, salt and fresh water flows are
injected into water compartments with a fixed flow rate of 10 mL.min~!. The potentiostat in OCV mode is placed
in parallel with the resistor of resistance R;,,4 to realize a voltage measurement of the resistor Ej,,4 as a function
of time.

In Fig 2.3 (¢), a typical measurement curve of the Ej,,4 as a function of time is illustrated. The recorded signals
have an oscillating behavior in phase with the concentration inversion. When water flows of new concentrations
arrive in the compartments, the membrane potential and the electrode potential change rapidly (compared with
cell filling time 7y;;;, which is defined as the time required to realize a complete concentration change during
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water chamber switch. 77 ~ 2 s in our experiments). However, the potential carried by the capacitor does not
change immediately. The peak to peak potential drop for a load resistor E;,,, is equal to % 2Eocy (see
Fig 2.3 (¢) T;,=60 s). After compartment switching, we observe an electric current reversion and capacitor charge
changes. This variation in charge tends to create a potential difference E.,, which opposes the new sum of the
potential difference carried by the membrane and that carried by the capacitive layers. Thus the potential Ej,,4
tends towards zero and the system evolves towards a blockage. At this moment, a new switch restarts the process.

The power density output P, of the cell in a complete switching period can be calculated as follows:

2T E
Py = / toad ! 23)
S. 2T Rload

where S refers to the effective surface of the ion-selective membrane, which is 2.24 cm? in our experiments.

Fig 2.3 (d) presents the instantaneous harvested power density P, as a function of time for a series of load
resistance R;,,q within a fixed switching period.

However, it is to notice that the measured maximal value (3 W.m~2) for 7,=30 s is systematically lower
than the theoretical value P, = 4ES%C" (4.29 W.m~2) described for an ideal cell (i.e. perfect ionic-electronic
flux conversion efficiency, with zero over-potential problems at the electrodes and zero electrode resistance). In
addition, the maximal power is obtained for a load resistance equal to 12 Q which differs from the resistance of
the cell 5.4 Q.

2.2.5 CRED modelling

Based on the electrochemical characterization of the system, it is then possible to establish an equivalent R-C
circuit for this capacitive concentration cell, as illustrated in Fig 2.3(b). The equivalent circuit describes well the
capacitive system and can be used to predict power density performances.

According to an analysis of the electrochemical impedance spectroscopy, a R-C model is proposed as a
simplified fitting model for the cell-booster system [117], as illustrated in Fig 2.3 (b) in the paper. The system inner
resistance R..;; and capacitance C can be quantitatively characterized by a chronopotentiometry (CP) measurement
using a potentiostat. Ep, () is the potential drop over the membrane, E,;..(¢) the electrical potential due to the salt
adsorption on the electrodes, R (t) the resistance of the cell (including the ohmic and non ohmic resistance of the
solvent, the membrane, the carbon felt and the current collector). The temporal variation of R.ej;(¢), Eyem(f) and
E,c(t) are due to the temporal variation of the ion concentration profile including osmotic potential, diffuse layer
establishment, cell filling process after water compartment switching and etc. In the following we will assume that
these characteristic times and the filling time of the cell are negligible compared with the switch half period Tj.
Thus, these functions will be modeled simply by window functions:for 0 <t < T, Epe(t) + Eejec(t) = Eocy and
for T <t < 2T, Epem(t) + Eciec(t) = —Eocy . In this framework, R..;(¢) does not depend upon t.

Following these conditions, we establish the theoretical model for a pure cell-resistor circuit in absence of
boosting by the equations below:

For 0 <t < Tj:

(Rioad +Reenn)1(1) + ﬁ # = Eocv (2.4)

For Ty <t < 2T§:
(Rload +Rcell)l(t) + 1

—~> =—F 2.5
+ c, ocv (2.5)
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R;,qq the resistance of the load resistor, Cy and C; are the capacitances of the capacitive layers, g; and g, the charge
on the capacitive layers, I(z) = d%f” = d%“ the current intensity. In the following, we will assume that both
capacitive layers are initially uncharged. Since the same current flows through them, g, (t) = ¢2(¢) = [ i(u)du =
q(t). The fact of having two different capacitances is therefore of no major consequence in this description. We’ll
see that this is slightly different when the mixing phase is taken into account. The equations finally writes :

For 0 <t < Tj:
t
(Rlaad +Rcell)1(t> + ? = Eocv (26)

For Ty <t < 275:

(Rioaa +Reen)I (1) + @ = —Eocy (2.7)

1_ 14 1
where & = o to
In absence of boosting we find:

i CE%CVRload
ST& Rload +Rcell

T

2.8)
2(Rlaad +Rcell)c) (

Pop—tn = anh(

A comparison of this model with the experimental data is displayed in Fig 2.3 (e) for various concentration
reversal period (73=30 s, T;=45 s, T;,=60 s and 7;=90 s). Fig 2.3 (e) displays the evolution of the harvested power
density P, as a function of the load resistance R;,,4. The solid lines present the theoretical simulations obtained
by the equivalent R-C circuit and the dots present the experimental data. A perfect agreement is found for all the
periods, while no fitting parameters are used.

The validity of this simple model is based on the assumption that Egcy is a window function and that the
cell resistance is constant over time. In our experiments, this is correct because the filling time of the cell, the
equilibrium times of the membranes and the potentials of the adsorbed layers are small compared to the period of
concentration inversion 7.

2.3 Booster system

We discovered that there is a significant power density gap between experimental results of CRED system and
theoretical prediction of an ideal cell. In order to further narrow the energy performance gap, we proposed a
boosting strategy by which it is possible to largely enhance the power density performance of CRED system. In
the following part, an alternating voltage power supply (called Booster system) synchronized to the switching
period of the cell is placed in series with the cell to promote the power output. The electrical potential signal
delivered by the power supply corresponds to a rectangular wave with its maximum voltage equals to Ey and its
minimum voltage —Ej. As illustrated in Fig 2.4, the electric potential signal is synchronized in the way that the
signs of Ej,,q and Ey remain the same.

2.3.1 Boosting system set-up

The booster system is realized by a 2-step CA (chronoamperometry) mode program controlled by a potentiostat
(SP300, Biologic), where a constant positive voltage E is delivered in the first period 7; and an inversed constant
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Fig. 2.4 Tllustration of the capacitive concentration cell coupled with a booster system in two working
phases. (a), phase 1: 0 <t < T and (b), phase 2: T <t < 2T. For each phase, we illustrate the temporal
measurement of E;,,4 and Eg within a fixed period 7;. An equivalent circuit is established for each phase
based on electrochemical characterizations, respectively.

voltage —Ey in the second period Tj. It is also possible to realize the booster system with a constant voltage power
supply controlled by an electronic chip.
Here, for power density measurement of the cell-booster system, an electrical resistor is directly connected to the
cell-booster system to enclose the circuit. A potentiostat is placed in parallel with the resistor for temporal voltage
measurement Ej,,,;. Therefore as presented in Figure 2.4, in a cell-booster system circuit, the voltage applied on
the resistor Ej,,; remains always the sum of Eg and E_,;;.

Thus, the power density directly measured for the resistor is considered as a gross power density Pj,_gyogs:

1 21 Eloud (t)z
Phoross = dt 2.9
b-gn S~2Ts/0 Rioad 3

We recall that S refers to the effective surface of the ion-selective membrane.

To obtain the net power density, it is necessary to remove the additional input energy provided by the
booster system, which is calculated as follows:

1 2%
Py—poost = ST, /0 Eo(t)I(r)dt (2.10)
. 5

Where E refers to the boosting voltage applied in chronoamperometry (CA) mode by the potentiostat. / refers to
the measured boosting current of the electrical circuit.
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Thus, the net power density of the boost-cell system is calculated as following:

Ty Eload ([)2
Rload

1 2 1 27y
Py et (E0) = Py—oross — Po—boost = dt — Eo(t)I(t)dt 2.11
b nz( 0) b—gro. b—boost S2T5/0 SZTS/O 0() () ( )

2.3.2 Experimental results and analysis
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Fig. 2.5 Power density characterisation curves for a capacitive cell coupled with a booster system.
(a) Power density measurements of P05, Pr—pooss and P,_,¢; as a function of time within a fixed
switching period 7;. Here the load resistance R;,,; is fixed at 75 Q. (b) Gross power density curve
Py_gr05s and boosting power density curve P,_po5 as a function of load resistance R;yqq. (¢) Net power
density curves as a function of R, for a capacitive cell with P,_,,, and without P,;, a booster system,
respectively. The maximum net power density with booster system surpass that without booster system.
The experimental conditions in (a) - (¢) are as follows: salinity ratio of 30 (fresh water 0.17 M and salted
water 5.13 M), flow rate of 10 mL.min "', switching period of 45 s, CEM of Nafion 117 and the boosting
voltage Ey is set as 550 mV.

In Fig 2.5 (a), power density measurement curves of Py_g55, Po—poosr and P,_pe; as a function of time are
illustrated. To obtain the maximal power density of the cell-booster system, it is important to describe the
variations of P, gross and P,_po0s as a function of a series of load resistors Rjyqq. Fig 2.5 (b) presents the power
density curves as a function of electrical resistances for Py, _ 055 and Py _poog . It is clear that P, g, firstly presents
a sharp increase at lower electrical resistances, then reaches its maximum at an optimal resistance and starts the
declination for higher electrical resistances. However, P,_j,, remains monotonic decreasing as a function of
resistance. According to the definition equation mentioned above, it is possible to calculate the net power density
Py, received in a cell-booster system circuit.

Fig 2.5 (c) illustrates the net power density curve as a function of resistance for a cell coupled with a booster
system P, ., and without a booster system P,;, in the case where the concentration is fixed at cy = 5.13 M for the
salt water compartment and ¢;, = 0.17 M for the fresh water compartment. The water flows are injected at a fixed
flow rate of 10 mL.min~! into the cell with a fixed switching period of 45 s. A cell-booster circuit is enclosed
with a boosting voltage of 550 mV.

For a cell-booster system, P,_,., remains negative for low resistances. However, it reaches its maximum at a
higher optimal resistance and decreases for higher resistances. It is interesting to notice that the maximal power
density recorded in the load resistance surprisingly surpasses that of a pure cell system in the situation of a booster

cell system. In this example, the capacitive cell coupled with a booster system could reach a maximum power
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density of 3.35 W.m~2, which corresponds to a 45.4% increase compared with its maximal power density of 2.30
W.m 2 without the booster system.

2.3.3 Booster system modelling

Similarly, it is possible to establish a R-C equivalent circuit for CRED coupled with a booster system as illustrated
in Fig 2.4. The major difference is the additional booster system. In the case of boosting, as the cell coupled with a
booster system serves as an alternating voltage supply, it is modelled as a constant voltage source of an alternating
polarity with a fixed switching period 27. Thus for 0 <t < T, Eo(t) = Ep and for T <t < 2T, Ey(t) = —Ep. Here,
E(t) is the secondary boosting voltage.

As the overall voltage drop through the circuit is zero, for a boosted circuit, it is possible to describe the circuit
as in Equation 2.12 and 2.13:

For 0 <t < Tj:
(Rioad + Reern)1(t) + % = Eocv + Ep (2.12)
For Ty <t < 2T5:
(Rioad + Reetn)1(t) + % = —Eocv — Eo (2.13)

The measured signal is a periodic and continuous signal. Initial conditions are required to solve these equations
analytically. We consider that in the established oscillatory regime, g is the same at 7 = 0 and 27. We solve

analytically these equations and calculate the electrical power recovered by the load resistor.

In presence of boosting we get:

2 C(E E)*R T,
Py gross_n(E0) = — (Eocv + Eo)"Rigaa tanh( : ) (2.14)
STS Rload +Rcell 2(Rload +Rcell)c
2 C(E + Ey T
Py net—tn(Eo0) = < (Eocv ) )(EocvRioad — EoRcenr) (2.15)

anh(
ST Rload +Rcell 2(Rload +Rcell)c

In the case of boosting, a model-experiment data comparison of the net power density of capacitive concentra-
tion cell is illustrated in Fig 2.6. No fitting parameters are used. The calculation is based on characterization of
the cell features, including open-circuit voltage Epcy, cell resistance R..;; and cell capacitance C. The solid lines
describe the theoretical prediction of the power density profile realised by the model mentioned above, and solid
dots represent the experimental data realised in laboratory experiments.

For T; higher or equal to 45 s, experimental results fit well with the theoretical model prediction for various
boosting voltages, indicating an excellent theoretical description of the cell-booster system. Note that we did not
modify the characteristics of the cell to achieve this agreement. This means that the boosting voltage does not
influence the polarization phenomena that occur in the cell in a significant way. We did not have to change the
value of the ohmic or non-ohmic part of the cell resistance.

The maximal power density correlates positively with the boosting voltage. As explained before, each
maximal power density is related to an optimal electrical resistance. The optimal resistance value increases as a
function of the boosting voltage. Note that the data displayed for 7;=90 s in Fig 2.6 (d) are obtained with a cell
displaying different electrical features i.e different cell resistance, and a different capacity from the one used in
Fig 2.6 (a,b,c). It is thus not possible to compare the numerical values between them. However, a quantitative

model-experiment agreement is also validated in this case.
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Fig. 2.6 Evolution of the net harvested power density P,_,,., as a function of the load resistance Rj,uq
under a series of boosting voltage Ey. The solid lines correspond to modelling results with fitting
parameters fixed at Egcy=144 mV, R..;; = 6 Q and C = 1.2 F in the case of (a)-(c), and Egcy=148
mV, R..;; =6 Q and C = 1.4 F in the case of (d). Experimental dots are presented for various boosting
voltages Ey in the following conditions: salinity gradient of 30 (fresh water concentration 0.17 M,
salted water concentration 5.13 M) , flow rate of 10 mL.min~!, and CEM of Nafion 117. A quantitative
agreement between theoretical and experimental data is found in (b)-(d) with a switching period 75 of
45 s, 60 s and 90 s, respectively. An experiment-theory gap is found in (a) with a switching period 7; of
30s.

For T; equals to 30 s, the model does not capture the boosting process whereas it does in absence of boosting.
We believe that these disagreements come from the incomplete modelling. A detailed explanation of this point is

available in the discussion part.
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2.4 Discussions

Influence of switching period 7

An important influential factor is the switching period 7 of the cell-booster system. In the presence or absence of
boosting, the model predicts that the shortest periods lead to the highest powers. In the absence of boosting, the
recovered power decreases as a function of the concentration reversal period in the studied period range in perfect
agreement with the model (see Fig 2.6). In the case of boosting, the power measured for periods greater than 45 s
decreases with the value of the period, as in the case without boosting. The model is in perfect agreement with the
data for T;=45, 60, 90 s. However, the harvested power density is measured to be systematically lower in the case
of T,=30 s than for T;=45 s, for all different boosting voltages Ey. In the case of 7;=30 s, a power density decrease
is even noted for a boosting value of 200 mV compared to a system without booster system (see Fig 2.6).

The fact that we do not measure a higher power density for a period 7;=30 s originates from the neglected
processes during model establishment. The filling time of the cell Tz;; is not taken into account for the modelling.
We recall that the filling time is around 2 s. To understand this point, we further developed a numerical model that
takes into account the equilibrium of cell potentials during mixing by introducing a characteristic time scale for
mixing.

This numerical analysis shows that the mixing phase affects the process in the presence and absence of
boosting, and reduces the power recovered. It also shows that the process without boosting is less affected by the
mixing phase. In other words, it shows that a good agreement can be expected with the simple model without
taking mixing into account for 7;3=35 s in the absence of boosting. Periods longer than 50 seconds are required in
the presence of boosting.
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Fig. 2.7 Open-circuit voltage measurement for a capacitive concentration cell. The characteristic time
for a potential change equilibrium is different in the case where the solution changes from from ¢y, to cy
or from cy to ¢z within a water compartment.

The electrical boosting signal Ey(¢) and the cell potential Egcy (f) do not have exactly the same time
dependency. The electrical boosting signal changes instantaneously from —E( to Ey and corresponds to an
Heaviside signal. When the concentrations are inverted, for a short period of time the concentration of the solution
is not the same throughout the cell. The area near the fluid inlet of one compartment contains salt water, while
the outlet contains fresh water, and vice versa for the other compartment. The signal of cell potential variation

is therefore not an Heaviside function, but a slower-varying function that can be modeled by an exponential
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relaxation with a characteristic time of 2 seconds (2 seconds is the filling time of our cell considering the applied
flow rate and the dimensions of the cell).

Let us highlight, that if the two electrodes are slightly different and have different capacitances, the equilibrium
times of the cell potential may be different depending on which compartment is supplied with the diluted solution.
This is easily explained. Potential equilibrium time is the longest time required to equilibrate each electrode
potential. This time depends on electrode geometry, filling conditions in each compartment and salt concentration.
When electrode 1 (respectively 2) is in contact with the dilute solution of concentration ¢y, this time is T, = f(cr)
(respectively Ty = g(cr)). When electrode 1 (respectively 2) is in contact with the concentrated solution of
concentration cy , this time is 7jy = f(cy) (respectively Toy = g(cm). So when compartment 1 contains dilute
solution and compartment 2 concentrated solution, the characteristic time is the maximum of 7j; and 7,5. When
compartment 2 contains dilute solution and compartment 1 concentrated solution, the characteristic time is the
maximum of 7;y and 7p;. These two characteristic times are slightly different. Experimentally, this is what is
measured on the cell during open-circuit experiments. The two times are slightly different when going from c; to
cy in compartment 1 (Left in Fig 2.7) and from cy to ¢z in compartment 1 (Right in Fig 2.7).
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Fig. 2.8 Evolution of the surface density harvested power as a function of the load resistance. Each graph
corresponds to different concentration inversion periods 7,=25, 40, 50, 70 s. The black lines correspond
to experiments without boosting and a Heaviside cell potential signal. The red lines correspond to
experiments without boosting and a cell potential signal exhibiting an exponential relaxation with a
characteristic time 7=2 s. This situation models the effect of mixing. The green lines correspond to
experiments with boosting and a cell potential signal of Heaviside type. The blue lines correspond to
experiments with boosting and a cell potential signal exhibiting exponential relaxation with an identical
characteristic time 7=2 s. The magenta lines corresponds to experiments with boosting and a cell
potential signal exhibiting two exponential relaxation 7;=2 s, 7, = 6 s. This situation models the effect
of mixing. Mixing affects the boosting strategy to a greater extent. The simulation parameters are as
follows: Egcy=0.144 V; Ey=0.2 V; S=2.24 cm?; C=1.2 F and R,.;;=6 Q.
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To take the mixing effect into account and following the model of CRED system[117], we slightly modify the
model and write:

In absence of boosting:

ForO0<r < T;:
(Rioad + Reean) (1) + @ — Eocv (1 —2exp(—t/m)); (2.16)
For Ty <t < 2T5:
(Ruoaa + Rean) 10) + 1 = —Egey (1 ~2expl(—1/): AL

71 and T are the characteristic times. They are related to the filling time of each compartment, their
permeability, the geometry of the electrode.

In presence of boosting :
For 0 <t < Tj:

(Rload +Rcell)1(t) + ? = EOCV(1 - Zexp(_t/fl)) +E0 (218)

For T; <t < 275:

q(t)

(Rload +Rce”)](t> + T = *EOCV(I — Zexp(—t/‘cz)) —Ey (2.19)

Fig 2.8 displays the obtained results. In all cases, the mixture affects and reduces the recovered power. Let us
first consider the situation with an identical characteristic time 7| = 7. The Fig 2.8 shows that in the presence of
boosting, mixing has a greater effect on power density drop. For a period of 20 s, due to the mixing effect, the
maximum power density drops by 0.7 W.m~? without boosting and by 1.1 W.m™2 in the presence of boosting.
These figures drop as the concentration inversion period increases, and is much longer than the mixing time. The
maximum power density drops by 0.27 W.m~2 without boosting and by 0.5 W.m~?2 in the presence of boosting
for T;=50 s. The maximum power drops by 0.2 W.m~? without boosting and by 0.4 W.m~2 in the presence of
boosting for 73=65 s. Let us then comment the situation where 7;=2 s differs from 7,=6 s. As you might have
guessed, the power density drop is comparable with that of an identical characteristic time. And it is worse than
that which would have been obtained with an identical characteristic time based on the shortest time.

Influence of boosting voltage £,

The boosting voltage Ej is the additional voltage injected by the booster system. To study its impact on the power
density, we measure the power density as a function of electrical resistances for various boosting voltage Ej at a
fixed switching period 7;. We limit our study to low boosting voltage (below 1 V) to avoid water hydrolysis.

The gain increases at low boosting voltage and then saturates. This phenomenon is fully described by the
model (see Fig 2.9 (a)) and comes directly from the electrical equations of the system.

Influence of salinity gradient

It is interesting to note that the salinity ratio can have two paradoxical effects on the power density output (see Fig
2.9 (b)). An increase in salinity ratio raises the ionic flux across the membrane induced by osmotic effect, thus
results in a higher open-circuit voltage of the cell. As the power density is positively associated with open-circuit
voltage in square, higher salinity ratio can effectively lead to a higher power output of the system. Meanwhile, the
decrease in salt concentration of the fresh water compartment indicates an electrical resistance increase of the
entire cell system, which limits the power output. In the case of a cell-booster system, the simulation prediction

indicates that boosting principle is much more efficient for cells with lower electrical resistances (Fig 2.9 (b)). The
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Fig. 2.9 (a) The gain of the harvested power density as a function of the boosting voltage Ey. The
experimental conditions are as following: salinity ratio of 30 (fresh water concentration of 0.17 M and
salted water concentration of 5.13 M) , flow rate of 10 mL.min"!, switching period of 60 s, and CEM
of Nafion 117. (b) Simulation results of gain as a function of the boosting voltage Ey and the salinity
gradient for a fixed concentration of salt solution (5.13 M) and ;= 45 s. (¢) Impact of the salinity
gradient on power density gain for capacitive salinity-gradient cell coupled with a booster system. The
concentration of salt solution and the period are fixed at 5.13 M and 45 s, respectively. (d) Net power
density measured for other types of CEMs, including Nafion HP, Nafion 117 and Fumasep FKS-30. The
experimental conditions are as following: salinity ratio of 30 (fresh water concentration of 0.17 M and
salted water concentration of 5.13 M), flow rate of 10 mL.min~!, and a switching period T; of 45 s.

gain is higher when the salt concentration are set to 5.13 M vs 1.7 M. This simulation is based on the theoretical
model explained above and the cell parameters measured by OCV and CP experiments (Table 2.1).

Such phenomenon is verified by experimental results (see Fig 2.9 (c¢)). When the salt concentrations are
set to 5.13 M vs 0.17 M, the period at T;=45 s and the boosting voltage at 800 mV, the gain can reach 64 %,
corresponding to a maximum power density of 3.77 W.m~2. By changing the concentration of the diluted solution
to 0.017 M and for the the same conditions, this system generated a maximum power density of 4.29 W.m~2,
which corresponds to only 20 % increase compared with its maximal power density of 3.53 W.m~2 without the
booster system. This can be explained by the fact that, in the second case the resistance of the cell and the salt

ratio are higher than in the first one.

Other cation-exchange membranes

The boosting strategy is proved to be applicable to other commercial cationic membranes according to our

research results. Here three examples of commercial ion-exchange membranes are presented, including Nafion
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117 (Chemours), Nafion HP (Chemours) and Fumasep FKS-30 (Fumatech). The experimental results displayed
on Fig 2.9 (d) are all achieved in the following conditions: salinity ratio of 30 (fresh water concentration of 0.17
M and salted water concentration of 5.13 M), flow rate 10 mL.min~! and switching period fixed at 45 s, boosting
voltage Ep = 0.8V.

Table 2.2 Net power density performances of capacitive concentration cell with different commercial
CEMs under boosting strategy of £y = 0.8V

Materials Eocy (V) Reelr () Py (W.m %) Py_per (Wm™2)
Fumasep FKS-30 0.157 6.08 2.75 4.01

Nafion HP 0.158 4.92 3.29 5.26

Nafion 117 0.145 5.4 2.3 3.8

2.5 Mechanism

We have demonstrated in the preceding section that the boosting strategy could effectively enhance the net
power density output of the CRED system. This point is verified both by experimental results and by theoretical
modelling. However, it still lacks the underlying the mechanism of the boosting strategy. In this section, we
conduct complete studies based on the equivalent circuit of an ideal system, a CRED system and a CRED system
under boosting strategy, respectively. We pointed out that the energy performance gap is due to the "inefficient
regime" of CRED system, where a significant capacitive current decay hinders the overall energy conversion
efficiency. Boosting strategy actually helps to enlarge the "efficient regime" working window. By optimizing the
working regime under boosting, CRED system could approach the theoretical power density output limit.

As illustrated in Fig 2.10, an ideal battery is featured by an electromotive force equal to Egcy, an internal
resistance R..;;, and ideal electrodes with no over-potential and no resistance. While enclosed by a load resistance

Rjoaaq, such system delivers a maximum power of 41%0”‘]’] in the situation of R..;; = Rj,qq- Indeed, we’re looking to

supply power to the load resistance and not to the internal resistance, which means that we must have R..;; < Rjpaq-
In the situation where the electrodes are ideal (faradaic without overvoltage and no resistance), the current intensity

is constant, as described by the following equation: I = %. It is therefore maximum for the smallest

Rjoqq- Combining both conditions leads to R, = Rc.;1, Where R}, is the resistance that allows to recover the
. EZ

maximum power P, = ﬁ.

While equipped with capacitive electrodes, concentration cells behave differently. As demonstrated in Fig
2.10, an additional capacitor is added into the equivalent circuit, forming a typical R-C circuit. In this case, the
current intensity /(¢) varies upon time. The effective electromotive force E, equals to the difference between
the electromotive force of the battery and the potential difference across the capacitor of the capacitive electrode
E.rr = Eocv — @ For R-C circuits, the electrical characteristic time T = (Rcej; + Rjoqq)C represents the time
required for capacitor charging or discharging. It plays an important role in electrical performances of the
capacitive concentration cells. For operation time 7; much less than the characteristic time 7, the capacitor does
not have sufficient time for charging. Thus, the effective electromotive force E, s remains close to Egcy. We name
this case an "efficient regime". While the electric capacitor charge remains low in this regime, the current intensity

maintains a rather high value close to I = %. The efficient regime reaches the situation of an ideal cell.
oda ce

*
loa

*

Thus the maximum power is obtained when R o

4 = Reeir- The recorded density power at R, remains constant

s E} .
with time and equals to P, = 41(?)C1Vz‘ For T; comparable or even higher than 7, we can no longer neglect the

capacitor charging process. The system behaves in a so-called "inefficient regime". As described by the definition
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Fig. 2.10 Theoretical analysis of power density performance for the ideal circuit, R-C circuit, and R-C
circuit with a booster system, respectively. We illustrate the electrical current curve and power curve
within the fixed period 7 for each case. The power performance loss is due to the current decay in
R-C circuits which fails to satisfy the condition 7 < 7 in "inefficient regime". The use of an additional
booster system enlarges the time window and shifts the working regime towards "efficient regime".

of effective electromotive force E, sy, the presence of a capacitor reduces the electromotive force and therefore
reduces the power dissipated in the load resistor. In addition, the optimal resistance R;, , is higher than in the
previous case. This is due to the decay of current intensity over time. The previous balance between voltage divider
and electrical current results in an optimal condition of R}, = R for ideal cell performance optimization. For
capacitive concentration cells, the load resistor R;,,; has an impact on the electrical characteristic time 7. A higher
load resistance could prevent current decay in RC circuits and thus is beneficial for power density amelioration.
This additional factor tilts the balance towards a higher optimal load resistance. In summary, R, , is therefore
greater than R, in the situation of capacitive electrodes. The recorded density power varies with time and is less
than P = fl%i‘z/z .

Based on the analysis, it is clear that capacitive systems present systematic lower power density performances

compared with ideal cells. The performance gap is due to the capacitive current decay response of a typical R-C
circuit. However, it is possible for capacitive systems to behave as ideal cells and reach the maximum theoretical
value of P4 The key issue is to ensure the condition 7' < 7, so that the capacitive system operates at an “efficient
regime”.

For capacitive concentration cells, a trivial way to satisfy the condition is to shorten the switching period 7.
However, such method is constrained in practical use. While making water compartment switch, the saltwater
reservoir (freshwater reservoir) will be replaced by freshwater flows (saltwater flows). The uncontrolled mixing
procedure will lead to a decreasing energy harvesting efficiency and remains an inevitable dynamic transition.
The filling time is given by Ty = % where Q is the flow rate, w is the cell width, and L is the cell length. To
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ensure the energy harvesting efficiency, it is essential to ensure 7y;; < 7. A fast filling time does not lead to a
long constant for discharge but ensure the efficiency of the process by suppressing the period where the electrical
potential is not well defined. This can be done by decreasing e and increasing Q. This approach has its limits, as it
leads to an increase in viscous losses [117]. For an industrial cell, this constraint can be suppressed by keeping e
to 1.4 mm, w to 1 m and L to 12.5 cm. This results in a filling time of 9 s, which is shorter than the concentration
inversion time of 90-100 s. We anticipate that boosting will make it possible to use very long inversion times
while maintaining efficient power production.

Another way of increasing the efficiency of capacitive electrodes is to use supercapacitors, i.e. capacitors
with very high capacitances[248-250]. In this case, the electrical characteristic time 7 is prolonged to satisfy the
condition 7 < 7. From a practical point of view, to recover maximum power, 7 < 27 is required. Assuming
T =90 s and taking 7 = 0.1 x 27 as a criterion, this leads to a characteristic time of 450 s. For a capacitive cell of
1 m?, the resistance is estimated at 9.6 10~* Q. The cell capacitance must be 468 750 Fm 2, i.e. 46.8 Fcm™2. It
is difficult to achieve such high capacitance density in conventional systems.

In this work we present a novel strategy to ensure an ‘efficient regime’ for capacitive concentration cells.
Our boosting strategy consists in connecting the capacitive cell to a secondary source of voltage Ey. In this
case, the net power output is defined as the difference between gross power dissipated in the load resistor
and the additional power supplied by the secondary source Py_,e; = Rjoual (t)*> — Eol(t), which is equal to the
power supplied by the battery minus the power stored in the capacitor and the power dissipated in the internal

% — Ree1(t)?. We underline that P, is the net power delivered by the battery which

resistance Eocy () —
is effectively produced by the circuit and can be stored. The power consumed by the secondary source Epl(t) has
been taken into account and subtracted.

A closer look at the expression of net power P,_,,.; shows that the secondary electromotive force acts as if
it were lowering the effective value of the load resistor (Fig 2.10). It is thus possible to define an effective load
resistance as Refrf = Rjpuq — 1%0) If the effective load resistance is negative i.e Rj,uq < 1%0), the power harvested in
the load resistance is less than the power given by the secondary source of voltage. The balance of the circuit
is negative. If the effective load resistance is positive i.e Rjpqq > 1%, the power harvested in the load resistance
is higher than the power given by the secondary source of voltage. The balance of the circuit is positive and a
net energy is produced. We produce in the load resistance an energy that is higher than the energy given by the
secondary voltage. This situation can be analyzed in more detail by continuing the analogy with classical capacitive
electrodes without secondary voltage. The net power recovered is that which would be recovered by an effective
resistance equal to R.ry = Rjoaq — 1%)) in a circuit made up of a battery with an electromotive force Egcy, an
internal resistance R..;; and an electrical characteristic time equal to T = (Rj,qq + Reer1)C. We're looking to supply
power to the effective resistance and not to the internal resistance, which means that we must have R..;; < R.zr i.e.
Reels + IE(—IO) < Rjpaq. This criterion differs from the one in absence of boosting. It will lead to an increase in the
value of the optimal load resistance R;, ,;, and therefore to an increase in the characteristic time 7 for resistances

close to this optimal resistance. The time window governing the "efficient regime" (i.e ¢ < 7) is enlarged. In this

regime, the intensity is almost constant /(¢) ~ 1(0) = %. The maximum recovered net power is reached
2
for R} ;; = Ree i€ for Ry, = Reen(1+ 2E§gv) and is given by ReffI(O)2 = Ripaal (0)? — Eol(0) = fgi‘l/l. For

resistances which values are close to the optimal resistance R;‘oa 4» the characteristic electrical time 7 is close

. . . E}
to 2R..;;C(1 + %) Note that the gross power recovered in the load resistor is Rj,qqI> and not R, fflz. 41?01/1
ce
corresponds to the extra power recorded. Although additional energy consumption is required in boosting, due to
the efficiency increase, our system not only recovers the additional energy provided by the booster system, but

also presents higher net power density output. A rigorous calculation is presented in supporting information.
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In short, to increase the efficiency of capacitive electrodes, the key issue is to ensure the condition 7 < 7.
The trivial solution of decreasing the switching period Tj is restricted by the dynamic filling regime during water
switch. The use of supercapacitors seems quite difficult due to the high capacitance required. To enhance the
power density performance, we suggest the use of a secondary source to enlarge the time window and force the

capacitive electrodes into the so-called efficient operating regime.

2.6 Techno-economic analysis

In order to realize an economical analysis of our system, two commercially available membranes of low cost
are tested under same experimental conditions: salinity ratio of 30 (300 g.L=! vs. 10 g.L.=1), switching period
Ty of 45 s, flow rate of 10 mL.min~! and boosting voltage E, of 0.8V (for Selemion membranes) and 0.3 V (for
Celgard membranes). The boosting strategy is proved to be applicable to these commercial membranes according
to our research results. Fig 2.11 displays the results obtained for a capacitive concentration cell with and without

boosting.
(a) . (b)
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Fig. 2.11 Power density measurement for Selemion and Celgard membranes with and without boosting
strategy. For Selemion membranes, the solid lines correspond to modelling results with fitting parameters
fixed at Egocy=148 mV, R..;; =5 Q and C = 1.2 F. For Celgard membranes, the solid lines correspond to
modelling results with fitting parameters fixed at Egcy=55 mV, R..;; = 3.3 Q and C = 1.2 F. Experimental
dots are obtained in the following conditions: experimental conditions: salinity ratio of 30 (300 g.L.~!
vs. 10 g.L~1), switching period T of 45s, flow rate of 10 mL.min~' and boosting voltage Ej of 0.8V
(for Selemion membranes) and 0.3V (for Celgard membranes)

We tested Selemion CMVN (AGC), which is at a cost of 100 euros per m 2. It presents a power density of 3
W.m~2 without boosting and a power density of 4.11 W.m~2 with a boosting voltage of 0.8 V. The performance is
comparable to that of Nafion, but the price represents only 10%. We also tested Celgard 3401 membrane (Celgard)
at a cost of 20 euros per m”. This is a non-selective membrane, thus we will lose the potential contribution of
the membrane E,,. We measure a power density of 0.46 W.m ~2 without boosting and a power density of 0.74
W.m ~2 with a boosting voltage of 0.3 V. Although the power density presents 20% of Nafion membrane, the cost
remains 3% of Nafion membrane. In addition, both membranes could be fabricated in large volumes. From an
economical point of view, these membranes are well worth exploring for large-scale uses in industrial field.

The cost of a RED system was estimated by Post[197, 251] in 2010 at 890,000 euros for a system producing

200 kW. The calculation includes the costs of construction, filtration, liquid pumping and maintenance. The fluids

67



Power density performance amelioration of CRED systems by boosting strategy

pass through the system only once, at a speed comparable to our experiments. The calculation takes into account a
membrane price of 2 euros per m> and a power of 2 W per m?. It’s important to note that no membrane currently
achieves this cost price. The lowest PRO membrane prices are 10 euros per m?, and the US Dept of Energy’s
target price is 40 euros per m?. 10 euros per m? is also the price of SPEEK’s supposed membranes, which has been
mentioned in recent articles but not yet in the following cited articles[252, 253]. Following these considerations,

2 as an extension and modification of the

we propose an analysis at 10 euros per m? and one at 40 euros per m
work of Post[197, 254]. The viscous loss is estimated at 0.2 W per m?> of membranes. We have previously
measured similar viscous losses in our devices (0.1 W per m?). To this figure we need to add the power required
to reverse the flows. Power ball valves type BW3-100-AW 1-230AC valves from JP Fluid Control are suitable for
reversing flows of 1-100 L.min~! (This range of flow rates correspond to the experimental conditions of our study
extrapolated to a 1 m* device i.e 1 L.min~! for a surface of 1 m?). The valves require a power supply of 6 W and
cost around 150 €. In our set-up, they are only used for one second out of the period. The power lost is therefore
0.13 W. The losses in our device are thus comparable to the one of Post (0.23 W.m~2 compared to 0.2 W.m~?2).

The characteristic fluid velocity is 3 cm.s~!, that of our experiments 1 cm.s~!. Membrane lifetime is 7 years,
with production running 8,000 hours an year. The cost of the system is 890,000 euros. Taking inflation into
account, this corresponds to a current cost of 1,130,000 euros (First column of Table S2.3). This results in a
production cost equal to 0.104 € per kWh, i.e. 104 euros per MWh. This figure is in line with current electricity
production costs (solar energy 40 € par MWh, wind off shore 120 €per MWh[255]). However, this analysis is
over-optimistic, as there are as yet no high-performance membranes at 2 € by m?. This is probably one of the
reasons why there are no industrial blue energy devices. An analysis based on the U.S. Department of Energy’s
target for membrane cost leads to 451 € par MWh. That is too expensive and not profitable.

Table 2.3 Cost break-down for a membrane reverse electrodialysis unit (membrane surface 100 000
m?). Post’s data [254] have been updated to take account of inflation since 2009 at 27%[256]. This
situation corresponds to the production of energy starting from sea water and river water. A scenario
: Post analysis taking into account inflation with a membrane price of 10 euros by m”. This situation
corresponds to the production of energy starting from sea water and river water. B scenario: Post analysis
taking into account inflation with a membrane price of 40 euros by m? as targeted by the US Dept of
Energy. This situation corresponds to the production of energy starting from sea water and river water. C
scenario: Selemion membrane for desalination plants. D scenario: Celgard membrane for desalination
plants.

Post scenario A scenario B scenario C scenario D scenario
Construction Construction Construction Construction Construction
Part Costs Costs Costs Costs Costs
Membrane cost 254 000 1000000 4000000 11 000 000 2 000 000
Piping, fittings 406 400 406 400 406 400 406 400 406 400
and pumps
Valves 0 0 0 150 000 150 000
Electronics for 0 0 0 100 000 100 000
boosting
Filtration 469 900 469 900 469 900 0 0
Total 1130300 1876 300 4 876 300 11 656 400 2 656 400
Net Power 200 kW 200 kW 200 kW 388 kW 50 kW
MWh cost (€) 104 173 451 536 948
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In this context, our study allows us to take a small step forward. We were able to produce 5 W.m ~2 with
salinity fluids of 300 g.. ~! and 10 g.L~!. These are not the conditions found at river mouths, but rather in
desalination plants. In this framework, the solutions are already filtered. The cost of this operation has no longer
to be included in the cost of electricity production.

The cost of the membranes remains an issue. An exhaustive study of all types of membranes is not the
subject of this paper. However, the above mentioned two membranes could provide us with a cost range of our
capacitive concentration system. The Selemion CMVN membrane at a cost of 100 € per m 2 presents a power
density of 3.88 W.m~? if we take into account the hydrodynamic losses. The non-selective Celgard membrane
at a cost of 20 euros per m? presents a maximal net power density of 0.5 W.m~?2 if we take into account the
hydrodynamic losses. These two membranes are the limits in terms of efficiency. Nafion is a highly efficient
selective membrane, while Celgard is a non-selective membrane. Table 2.3 displays the cost break-down for a
membrane reverse electrodialysis unit (membrane surface 100 000 m?) following the hypothesis of Post[254].
The cost of the capacitive carbon layers and electrodes is set to 10 € by m~2. The cost of electronics for boosting
to 100 000 € assuming that AC/DC converters are less to 1 € a piece. These figures are 5 to 9 times higher than
the limits of profitability. They are set to fall as a result of scale and market expansion. The development of blue
energy techniques requires the discovery of efficient membranes, i.e. membranes that are selective and avoid
mixing. At this stage, the discoveries of recent years give grounds for optimism [252, 253]. Sulfonated poly (ether
ether ketone) (SPEEK) membranes are of interest[257—-260]. These articles claim that they will cost less than 10
€ per m? and they are selective. Note that they are not yet commercialized. Following our analysis, their use will
reduce the cost to 81 € per MWh, if their supposed price is maintained.
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2.7 Conclusion

Conclusion

To conclude this chapter, we studied the power density gap between experimental results and theoretical
value of CRED systems and proposed an effective strategy for energy performance amelioration.

1. We discovered the intrinsic problem of energy conversion efficiency due to the use of capacitive
electrodes. The power density gap is strongly related to the capacitive current decay phenomenon, which
impacts the ionic-electronic conversion efficiency in the CRED system.

2. The ionic-electronic conversion efficiency of capacitive electrodes depends on the relationship
between the RC circuit characteristic time T and switching period 7;. While 7 > 1, CRED systems presents
significant current decay within each period, leading to an important conversion efficiency limitation in
"inefficient regime". However, with T < 7, CRED system maintains well its capacitive current within each
period, reaching its theoretical power density performance in "efficient regime".

3. Based on the understanding of the underlying mechanism, we proposed a novel boosting strategy by
using a secondary voltage source in order to enhance power density output of capacitive RED processes.
The net power density is defined as the gross power received in the resistor minus the power supplied
by the secondary source. A maximum net power density of 5.26 W.m~2 is achieved under experimental
conditions. Theoretical analysis indicates that the use of a booster system increases the optimal resistance
of the electrical circuit, which results in a higher characteristic time 7. This leads to an enlarged time
window of the “efficient regime” for capacitive concentration cells. In such “efficient regimes”, capacitive
concentration cells approach the maximal power density performance of ideal cells.

4. According to our techno-economic analysis for different scenarios, CRED system coupled with
boosting strategy presents a cost of 5 to 9 times higher than the profitability of 100 €/ MWh. However, this
cost is set to fall with the development of cost-effective membranes, such as sSPEEK membranes.
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Chapter 3

Influence of divalent ions on CRED system

performance

3.1 Preamble

It is to notice that there is a giant gap between lab research and industrial application of blue energy harvesting
systems. The majority of the studies have been conducted using artificial seawater and freshwater with a
predominant presence of NaCl. However in real industrial processes involve mixing of salinity gradients, such as
production water, desalination plants, salt mining etc, feed waters are of complex composition with significant
presence of divalent ions[261]. The complex composition of the real-world feed waters can lead to important
energy performance loss. Such phenomenon is partially originated from the impurities such as organic particles,
clay particles, micro-organisms that may plug the membrane[169].

Beyond those problems, the presence of divalent ions seems to affect the behavior of energy recovery
devices. The inclusion of multivalent ions, particularly Mg?>* and Ca®", has an adverse impact on osmotic energy
production efficiency. For example, Post et al. [148] observed that the introduction of MgSOy into the diluted
stream led to a reduction in stack voltage compared to using NaCl alone in the feed. Vermaas et al. [134] identified
a detrimental effect of multivalent ions on RED performance in real-world feed waters. When using a mixture
with a molar fraction of 10% MgSQO4 and 90 % of NaCl in both feed waters, the experimentally obtained power
density in steady state decreases up to 50 % compared to the case where the feed solutions contain only NaCl as a
salt. Veerman et al.[157] studied a RED module for salinity gradient energy extraction made of 20 membranes
pairs of FKS-75 and FAS-75. When only sodium chloride was included in the feed stream of typical composition
of 0.5 M for the artificial sea water and 0.02 M for the artificial river water , the harvested power density was equal
to 0.743 W.m~2 of membranes. It decreases to 0.5 W.m~2 when 0.06 M is added to the more concentrated brine
and 0.0024 M to the more dilute one. This corresponds to a power decrease of 33 % when a 10% molar fraction of
MgCl, is added.

Four major process are at the origin of this decrease [151]: decrease of the open circuit potential, uphill
transportation, increase of the resistance of the membrane, and loss of the selectivity of the membrane. From a
thermodynamic point of view, the membrane potential decreases when divalent ions are introduced. Firstly, the
membrane potential scales as the valence of the ion at the power minus one. Secondly, the ratio of the activity
coefficients of divalent ions is lower than that of divalent ions. Because of the valence of the ion, the electromotive
force of the monovalent ions is larger than that of the divalent ions. This causes a reversed transportation of
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Influence of divalent ions on CRED system performance

multivalent ions against the concentration gradient called uphill transport. The salinity difference is decreased and
the harvested power is lower. Uphill transport of divalent ions Mg?* was evidenced experimentally by Avci et al.
using Ion Chromatography analysis conducted on inlet and outlet streams of the RED system [135, 144].

Additionally, multivalent ions have larger radii, charges and dehydration energies. Their transport across
membranes is slowed down, leading to the trapping of multivalent ions in the membrane due to electrostatic
bridging of ionic charges with fixed membrane charges. As a result, the electrical resistance of the membrane
increases and selectivity decreases. The decrease in selectivity is aided by another phenomenon. Multivalent ions
drag along co ions with the same charge as the membrane, reducing the membrane’s selectivity[262]. Fontananova
et al. conducted systematic studies to evaluate the common ions as Mg?*, Ca>* and 5027[154]. They identified a
strong negative effect of divalent ions on both ionic resistance and permselectivity of ion exchange membranes. Oh
et al. confirmed that as divalent ions of small hydrated radius presents higher electrical resistance in CEMs[155].
Gomez-Coma et al. studied experimentally the effect of multivalent ion species on membrane resistance[156].
Other possibilities for reducing membrane fouling and avoiding loss of selectivity are to frequently change the
direction of the electric current, for example by applying short electric pulses as reported by Cifuentes-Araya et
al.[263] or by changing the feed water as reported by Allison [264].

Up to present, the electrochemcial characterizations and energy performance evaluation of CRED system
are conducted only in NaCl based artificial solutions. More evaluations should be carried out with real-world
solutions to verify the feasibility of CRED system in industrialization. What is the impact of divalent ions on
energy performance of CRED systems? Is there a significant power density drop in CRED systems as described
for faradaic RED systems? What is the power density drop mechanism of divalent ion mixing? To reply to these
questions, we perform a systematic study on CRED system with complex solutions of different divalent ion
fractions.

In this chapter, we start by presenting the experimental set-up of the CRED system and the complex solution
preparation. We measure cell potentials, membrane potentials, open-circuit electrode potentials and cell impedance
as a function of monovolent ions concentrations and mixture of monovalent and divalent ions. Maximum
recoverable powers are then measured and compared with faradaic RED results. We focus on two types of
evaluations: first, we study the power recovered at short times (i.e. when the membrane is soaking in the
electrolyte for less than 1 hour), then we carry out long-time cycling (i.e. over 8 hours). In addition, application
cases with real-life solutions are presented. Finally, we complete the study with a techno-economic analysis of

CRED system under real-life complex solutions.

3.2 Experiment set-up

In this section, we present the experimental set-up used in the research study. Overall, the cell voltage measurement,
electrochmeical studies and power density measurement are all performed on a CRED system. In order to gain
insight into the membrane potential and electrode potential, a faradaic cell with Ag/AgCl electrodes is used to
complete the cell voltage study. Solutions of different divalent ion fractions are prepared and injected in CRED

system to study the impact of divalent ions.

3.2.1 CRED system

The CRED cell configuration is similar to that used in Chapter 2. As illustrated in Fig 3.1 (a), the cell exhibits
symmetrical geometry, featuring an ion-exchange membrane (Nafion”” HP, Chemours) sandwiched between

two water compartments containing varying salt concentrations. The effective surface area of the ion-exchange
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3.2 Experiment set-up

membrane used in our experimentation measures 10.15 cm?. Carbon felt capacitive porous electrodes (Kynol
Activated Carbon Felt) are separately positioned within gaskets on either side of the membrane. The graphite
current collectors are situated at a distance of 1.4 mm from the membrane and are directly linked to the carbon
felt capacitive porous electrodes. The entire assembly is securely sealed by stainless steel endplates and held
together using eight bolts torqued to 2 N.m. Note that after the cell has been clamped, there is no space between
the electrodes and the capacitive tissue. Saline solutions flow into the pores of the capacitive tissue. Two ports
facilitate water inlet and outlet, driven by a peristaltic pump (Longer Multichannel Peristaltic pump) operating at a

consistent flow rate of 15 mL.min~!.
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Fig. 3.1 Schematic illustration of the capacitive cell. (a) The capacitive system assembly illustration. (b)
The working principle of the CRED system. The periodic water solution reversal is necessary to ensure
the continuous electricity production. The eventual electrical signal delivered by the CRED system will
be periodic and alternating.

While concentrated solution and diluted solution are injected continuously into the capacitive system, a
cationic flow is generated from the concentrated part towards the diluted part under the osmotic effect. The cation
exchange membrane blocks the anions and water molecules from free passing. In order to generated electricity, it
is necessary to convert this cationic flux into a flux of electrons. In a capacitive system, ions are adsorbed onto the
capacitive electrode, inducing the movement of electrons in the outer circuit. Due to charge accumulation inside
the capacitive electrodes, the system reaches eventually a saturation regime where the fully charged capacitor
blocks the creation of cationic flux (Fig 3.1 (b)). To deblock the saturated regime of capacitive charging, an
automated 4-port valve switches water compartments at fixed intervals of 7. By doing the solution reversal in the
chamber, one can reverse the direction of both ionic and electronic flux, thus discharging the accumulated charges
in capacitive electrodes and restart the charging process in a reversed direction. This repeated transition within a
fixed period T unblocks the saturation state, enabling the cell to deliver periodic alternating current.A detailed
model can be found in [3].

In open-circuit cases, the cell voltage Eocy is the sum of the Donnan potential E,,,.,, and of electrode potentials

E.j... The Donnan potential is given by the Nernst equation, corrected for the activity of the feed waters and the
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apparent permselectivity of the non-perfect membrane. It is given by :

aj
log— 3.1
oF gai,2 (3.1

aRT
E,=

where E,, represents the electromotive force across the membrane (in volts, V), R stands for the universal gas
constant (8.314 T mol~! K1), T is the temperature, z; represents the valence of the ionic species i (dimensionless),
F is the Faraday constant (96,485 C mol~!), and g; signifies the activity of ionic species i in the feed water
(in molarity, M).o is the selectivity of the membrane, & = 1 corresponds to a perfect selective membrane. In
the situation of a cation exchange membrane, o = 1 corresponds to a membrane that allows the free passage
of cations but blocks all the anions. The subscripts 1 and 2 indicate the side of the membrane. Equation 3.1
illustrates that a salinity ratio of monovalent ions (such as Nat, C17) results in twice the voltage generated by
an equivalent salinity ratio of divalent ions (such as Mg>*, SO4%7), assuming constant activities and apparent
membrane permselectivity.

We suggest readers to refer to the CRED section in Chapter 2 for more details of the CRED system and
its characterization methods. We perform systematic characterization of the system open-circuit voltage, inner

resistance and capacitance under different solutions.

3.2.2 Open-circuit Voltage measurement of CRED system

To evaluate the inherent potential of the circuit, we initially link the two cell electrodes. One compartment is filled
with a high salt concentration while the other contains a low salt concentration. We then wait for equilibrium to be
established.

Modeling the temporal progression of the potential necessitates understanding the behavior of both the
electrodes and the membrane. Across the entirety of the circuit, there is no voltage drop. This can be expressed as
follows:

Rioaal + Reenl + % =En (t) + Eelecfc(t) (32)

Here, E,,(¢) represents the voltage drop across the membrane, E,.._.(t) signifies the voltage drop across the
capacitive layer, I denotes the current intensity, and R,.;; is the ohmic resistance of the cell, which encompasses
the resistance of the solvent, carbon felt, and current collector.

Changes in the concentrations of ions over time cause the temporal evolution of E.j.._.(¢) and E,;(¢). These
variations stem from cell filling and the creation of a diffuse ion layer near the electrodes when altering the salt
concentration.

At r =0, the system is in a stable state with 7(0) = 0 and ¢(0) = go = C(E;; () + E¢ec—c(o0). For ¢ less than
0, the sum of membrane and capacitive layer potentials is given by Ep,(c0) + Egjec—c(o0); at ¢ = 0, the flow in both
compartments reverses and the signs of membrane and capacitive layer potentials change. Upon reaching steady
state after reversal, membrane and capacitive layer potentials are determined by —E},(0) — Egjec—c(o0).

The solution to Equation 3.2 is straightforward. We arrive at:

,fSﬂ ,ffﬂ
exp /O RC ds+qpexp JORC 3.3)

_ b du /'[ _Em(s) +Eelecfc(s)
=X
q p o

0 RC
R

Ar) Lexp* 6%/t_Em(s)+£elecfc(S)

RC exp ds 3.4
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1) = A(r) — RZ‘(EI) exp— o e _Em(0)+ Ifezec—c@

3.5)
qo = C(Em(‘”) + Eelecfc(oo))-

This leads to RI(e0) = Egcy—¢ = —2(Epn(0) + Egjec—c(0)). To conclude, as noted in the main text, the
open-circuit measurement for a capacitive cell corresponds to twice the steady-state membrane potential and
capacitive layer values.

Experimentally, to measure Egcy—., we continuously feed the compartments with solutions of different
salinities for 300 s, then reverse the flows for 300 s. This process is repeated 5 times. We record the evolution of
the open-circuit voltage signal. The cell delivers no electrical current, and only ionic flows are responsible for the
measured signal. The signal stabilizes in less than 100 seconds after the flow reversals. The signal is averaged over
the 50 seconds preceding the change in concentration. Egcy —. is measured by taking the quarter of the difference
in signals when saltier water flows into the right-hand compartment and when saltier water flows into the left-hand
compartment. The absolute values of the two measurements may differ slightly (by plus or minus 5%) if the two
electrodes are not the same. In this situation, we measure the electrode potential plus the electrode membrane. It
should be noted that these values are flow-dependent, due to the non-perfect selectivity of membranes.

3.2.3 Impedance characterization

Each compartment of the cell is supplied with a different saline solution under a constant flow rate. The circuit is
open, and we wait for steady-state. We then apply 10 mV oscillatory perturbations over the open-circuit voltage.
We use a logarithmically spaced frequency range from 200 kHz to 10 mHz for a fixed salinity ratio of 30 g.L~! vs.
1 g.L~! situation with different divalent ion mixing fraction. A Nyquist plot can be plotted corresponding all to a
sweep over a frequency range from 200 kHz to 10 mHz. Note that the exact value of the impedance depends on
the tightening. Here, we used the impedance data measured at 10 mHz to characterize the cell inner resistance and
capacitance. Variations of 0.5 (Q cm?) in real part are measured on consecutive experiments despite the care taken
to make the clamping procedure repeatable.

3.2.4 Faradaic RED system

In order to fully determine the membrane voltage E,, and capacitive electrode related voltage E,j.._., we used
faradaic cell with Ag/AgCl electrodes as well in the experiment. To gain insight into the individual impact of the
membrane and the electrodes on the potential, we conducted separate measurements of the open-circuit potential
of the membrane, denoted as E,,. These measurements were performed while subjecting the membrane to salt
gradients, utilizing custom-made Faradaic Ag/AgCl electrodes.

In this scenario, the measured potential can be expressed as

Eocvff = Epem + Eelecng/Agcl (3.6)

With
£ RT (CH’)/H
—_ = —in
elec—Ag/Agcl F L

3.7
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It corresponds to the Nernst contribution from the Ag/AgCl electrodes. Activity coefficients yy and y; are
calculated using Debye Huckel theory and taken directly from a Dortmund Data Bank database for concentrated
solutions.

Here, the symbols R, T, z, F, 7, and c stand for the gas constant, temperature, ion valence, Faraday constant,
mean activity coefficient, and salt concentration, respectively. The subscript H pertains to the concentrated
solution, while L pertains to the dilute one. Knowing the salt concentrations it is possible to measure using
Ag/Agcl electrodes the potential drop of potential across the membrane. We measured directly Ejo.— ¢ eventually.

To gain insight into the individual impact of divalent ion mixing on membrane voltage and electrode voltage,
we conducted separate electrochemical measurements with both capacitive cells and faradaic cells. The capacitive
cell assembly is described above and we measure the open-circuit voltage Egcy . for solutions of different salinity
ratio with different mixing molar fraction. As explained above, the OCV voltage of a capacitive cell corresponds
to twice the sum of the membrane voltage and capacitive electrode voltage.

Eocv—¢= 2(Em + Eelec—c) (3.3)

On the other hand, a faradaic cell composed of the same membrane but with custom-made Faradaic Ag/AgCl
electrodes is used. We measure the open-circuit voltage Eocy -y under the same experimental conditions, i.e.
solutions of different salinity ratio with different mixing molar fraction. For a faradaic cell, the OCV voltage
corresponds to the sum of the membrane voltage and the faradaic electrode voltage.

Eocv—f=En+Eecjec—y (3.9)

Thus in order to obtain the membrane voltage E,,,, it is necessary to measure the faradaic electrode related voltage
E,jec—f. In our experiment, we immersed the two home-made Ag/AgCl electrodes into concentrated solution
and diluted solution in two beakers separately. The solutions used in experiments follows the same experimental
conditions as mentioned above for Egcy . and Egcy - r measurements (solutions of different saliniy ratios with
different divalent molar mixing fractions). The whole circuit is closed by the use of a home-made salt bridge
(KCl saturated). Then the electrode potential difference E,j..— y is measured by using a potentiostat. Following
the above two equations (Equation 3.8 and Equation 3.9), we can easily calculate the membrane voltage E,,, and
capacitive electrode voltage E,jec—.

3.2.5 Preparation and composition of the salted solutions

NaCl, MgCl,, CaCl, and KCI were purchased from Sigma Aldrich. In this study, we prepared solution mixtures
of different concentrations. The compositions of these solutions are described in Table 3.1.

3.3 Impact of divalent ions on CRED

3.3.1 Cell voltage

In order to perform insight studies of the impact of divalent ion mixing on electrical voltages, we conducted
measurements to study separately the membrane voltage E,, and capacitive electrode related voltage Eocy—.. This
is realized by open-circuit voltage (OCV) measurements both in capacitive and faradaic cells. In the capacitive
situation, Egcy —. is twice the sum of the membrane potential E,, and of the electrode potentials E,j..—.. In the
faradaic situation, Egcy ¢ is the sum of the membrane potential E,, and of the Ag/AgCl electrode potentials
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3.3 Impact of divalent ions on CRED

Table 3.1 Brine composition

NacCl - CaCl, solution composition

Concentrated solution Diluted solution Ratio ;
NaCl NaCl NaCl CaCl, CaCl, NaCl NaCl CaCl, CaCl, Experiment

molar fraction gL ~' molL™! gL™! molL™' gL7! molL™! gL' molL™! number
1 100 1.711 0 0 1 0.017 0 0 100;1
0.8 80 1.369 50.311 0.342 0.8 0.014 0.503 0.003 100;2
0.6 60 1.027 100.623 0.684 0.6 0.010 1.006 0.007 100;3
04 40 0.684 150.934 1.027 04 0.007 1.509 0.010 100;4
1 30 0.513 0 0 1 0.017 0 0 30;5
0.8 24 0411 15.093 0.103 0.8 0.014 0.503 0.003 30;6
0.6 18 0.308 30.187 0.205 0.6 0.010 1.006 0.007 30,7
04 12 0.205 45.280 0.308 0.4 0.007 1.509 0.010 30;8
1 10 0.171 0 0 1 0.017 0 0 10;9
0.8 8 0.137 5.031 0.034 0.8 0.014 0.503 0.003 10;10
0.6 6 0.103 10.062 0.068 0.6 0.010 1.006 0.007 10511
0.4 4 0.068 15.093 0.103 0.4 0.007 1.509 0.010 10;12

NaCl - MgCl, solution composition

Concentrated solution Diluted solution Ratio ;
NaCl NaCl NaCl MgCl, MgCl,  NaCl NaCl MgCl, MgCl,  Experiment
molar fraction gL ~!' molL™! gLt molL™' gL' molL™! gL' molL™! number
1 30 0.513 0 0 1 0.171 0 0 30;13
0.8 24 0.411 20.872 0.102 0.8 0.014 0.695 0.003 30;14
0.6 18 0.308 41.745 0.205 0.6 0.010 1.389 0.007 30;15
04 12 0.205 62.618 0.308 0.4 0.007 2.084 0.010 30;16

Eclec—f. Eelec—y 1s measured separately in a simple set-up containing two electrodes immersed in two beakers
containing solutions of different concentration and linked by a salt bridge. As E,, does not depend upon the nature
of the electrode, it is then possible to deduce E,j..—. = Eocy—c — Ej, from the measurement of the open circuit
potential performed on a cell equipped with the membrane and capacitive electrodes.

In this section, we will firstly study a highly selective membrane, Nafion (Nafion”™ HP, Chemours). We
will then display some data on two others less expensive and less selective commercial membranes, Fumasep
(FUMASEP™ FS720, Fumatech) and sPEEK (FUMASEP’™ E-620 (K), Fumatech).

We carried out a series of 16 experiments with NaCl solutions mixed with MgCl, and CaCl, solutions. The
compositions of the different solutions used are given in the Table 3.1. Compared to solutions with only NaCl,
part of the NaCl was replaced by MgCl, or CaCl,, in order to maintain the molarity of the inflowing feed (and
hence the conductivity, to a certain degree) constant. The results obtained concerning different electrical voltages
under the influence of divalent ion mixing are displayed in the Table 3.2, 3.3 and Figure 3.2.

Data obtained in the absence of divalent ions are comparable to measurements obtained previously in the
literature [117]. In these situations, E,, corrected by measured Ag/AgCl electrode potential are 0.107, 0.074 and
0.05 V for Ra value of 100, 30 and 10 respectively. The membrane potential is given by E,,,,,, = a%ln(w).a

YLeLe
is the selectivity of the membrane, & = 1 corresponds to a perfect selective membrane, that allows the free passage
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Influence of divalent ions on CRED system performance

(a) Mix NaCl-CaCl, Ra=100 (c) Mix NaCl-CaCl, Ra=10
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Fig. 3.2 Electrical voltage over membrane E,, and over capacitive electrodes E,.._. as a function of
NaCl molar fraction. (a), (b) and (c) represents the variation of voltage of mixing between NaCl and
CaCl, for salinity ratio of 100, 30 and 10, respectively. (d) represents the mixing case of NaCl and
MgCl, for a salinity ratio of 30. As molar fraction of divalent ions gets higher, E,, drops significantly
while E,j..—. remains constant.

of cations but blocks anions. Activity coefficients ¥y, 71, are obtained with the extended Debye—Hiickel equation .

~ —0.512\/(D)

where [ is the ionic strength I = 0.52z7C; and A stands for the diameter of the hydrated ion (in pm). Some
values for A are: Na®: 450 pm, Mg?*: 800 pm, Ca®": 600 pm. Based on previous values, the selectivities o are
calculated to be 0.99, 0.99 and 0.99 for Ra value of 100, 30 and 10 respectively.

In presence of divalent ions, the membrane voltage decreases compared with solutions composed of pure

(3.10)

mono-valent ions, as illustrated in Figure 3.2. As the molar fraction of divalent ions increases, the membrane
voltage shows significant further decrease. For a fixed salinity ratio of 100 (30 or 10, respectively) , the membrane
potential decreases from 107 mV to 86 mV (75 mV to 63 mV in the case of ratio 30, and 50 mV to 23 mV in
the case of 10, respectively) for a molar fraction of 0.4 CaCl, and a total salt concentration of 1.71 mol/L (0.51
mol/L, 0.17 mol/L, respectively). The nature of divalent ions does not change E,, and E,;... There are no major
difference between the case of MgCl, and CaCl,. In presence of MgCl,, the drop of potential is comparable to
that in presence of CaCl,. For a NaCl salt fraction of 0.4, Ra=30, the membrane potential is equal to 54 mV
in presence of MgCl, and to 57 mV in presence of CaCl,. We have supplemented this series of measurements
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3.3 Impact of divalent ions on CRED

Table 3.2 Electrical voltage measurement split-up table for mixing between NaCl and CaCl,. The
electrical voltages measured by experiments consist of open-circuit voltage of a capacitive cell Egcy
(which corresponds to 2(E,, + E..c)), open-circuit voltage of a faradaic cell Egcy—, and electrical
voltage on faradaic electrodes E...—r. Based on these measurements, it is possible to deduce the
electrical voltage across the membrane E,, and the electrical voltage on capacitive electrodes E,j.—.
The measurements are conducted by using solution mixing between NaCl and CaCl, of different molar
fractions (1, 0.8, 0.6 and 0.4 for NaCl molar fraction) for salinity ratios of 10, 30 and 100, respectively.
The measurement uncertainties mainly come from the electrode potential contribution in faradaic system
E,jec— ¢ with a error bar estimated as 1 - 3 mV for different experiment series.

NaCl  CaCl, _ Salinity ratio Eocv— (V) Eocv 1 V) Eeert (V) Em (V) Eeteec (V)
fraction fraction Ra 2(Em+Eejec—c) (V)

1 0 100 0.355 0.203 0.096 0.107 0.071
0.8 0.2 100 0.349 0.194 0.094 0.100 0.074
0.6 0.4 100 0.327 0.184 0.091 0.093 0.070
0.4 0.6 100 0.310 0.176 0.090 0.086 0.069

1 0 30 0.272 0.149 0.075 0.074 0.062
0.8 0.2 30 0.251 0.141 0.073 0.068 0.058
0.6 04 30 0.227 0.128 0.071 0.057 0.057
0.4 0.6 30 0.208 0.117 0.063 0.054 0.050

1 0 10 0.195 0.101 0.051 0.050 0.048
0.8 0.2 10 0.173 0.095 0.049 0.047 0.040
0.6 0.4 10 0.153 0.086 0.048 0.038 0.039
0.4 0.6 10 0.130 0.070 0.047 0.023 0.042

Table 3.3 Electrical voltage measurement split-up table for mixing between NaCl and MgCl, for a fixed
salinity ratio Ra of 30. Two scenarios are investigated here: The mixing in both concentrated and diluted
solutions, and mixing only in the diluted solution. The measurement uncertainties mainly come from
the electrode potential contribution in faradaic system E;..— ¢ with a error bar estimated as 1 - 3 mV for
different experiment series.

NaCl MgCl,  Salinity ratio Eocv—c (V) Eocv—y (V) Eclec—f V) En (V) Eeeec (V)
fraction fraction Ra 2(Em+Eeiec—c) (V)

Mixing of NaCl-MgCl, in both solutions

1 0 30 0.265 0.145 0.070 0.075 0.057
0.8 0.2 30 0.252 0.139 0.067 0.072 0.054
0.6 04 30 0.230 0.131 0.070 0.061 0.054
0.4 0.6 30 0.212 0.120 0.065 0.055 0.051

Mixing of NaCl-MgCl, only in the diluted solution

1 0 30 / 0.144 0.070 0.074 /
0.8 0.2 30 / 0.142 0.069 0.073 /
0.6 0.4 30 / 0.139 0.069 0.070 /
0.4 0.6 30 / 0.131 0.069 0.062 /
0.2 0.8 30 / 0.120 0.069 0.021 /
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Influence of divalent ions on CRED system performance

with membrane potential measurements when divalents are only present in the dilute solution (see Table 3.3).
The results show that the potential is less affected by the presence of divalents in this situation than in the case
where divalent ions are present on both sides of the membrane. We will come back to this point in the section of
modelling.

The potential of the electrodes behaves differently. It seems less affected than membrane potential by the
presence of divalent ions. It depends little on the amount of divalent added and on the nature of the ions. These
results have important implications for cell potential. The cell potential consists the sum of the electrode and
membrane contribution. While the molar fraction of NaCl drops from 1 to 0.4, the voltage contribution of
membranes E,, shows a significant drop of 19.6%, 27.0% and 54.0% for salinity ratio Ra of 100, 30 and 10,
respectively. In the same situations, the voltage contribution of electrodes E,j.._. shows a drop of 3%, 19% and
12.4% for salinity ratio Ra of 100, 30 and 10, respectively. While the molar fraction of NaCl drops from 1 to
0.4, this induces for a capacitive cell a decrease of the total cell voltage Egcy—. of 12.8%, 23.4%, and 33.6% for
salinity ratio Ra of 100, 30 and 10, respectively. This decrease is thus much less important than the one occurring
for the membrane potential.

We remind the reader that in a RED-type arrangement with an assembly of a large number of membranes, only
the membrane potential comes into play. However, in a capacitive type cell scaling-up, both capacitive electrodes
and membrane is considered as a repeating unit, thus the contribution of membrane voltage is less important.

We complete this study with some measurements established on less selective membranes. The measured
features are displayed on Table 3.4. The FUMASEP”Y FS720 and FUMASEP” E-620 (K) membrane have a
lower initial selectivity than the Nafion membrane respectively 0.87 and 0.74. When divalents are added, the OCV
potential measured in a CRED falls by a similar amount to that of the Nafion membrane respectively 26.5 % and
26.4 % compared to 30 %.

To conclude this paragraph, it should be noted that these figures are achieved in a CRED cell where fluxes are
permanently exchanged, which is not the case in faradaic cells. We’ll come back to this point later.

Table 3.4 Characterization of FUMASEP”™ FS720 and FUMASEP”M E-620(K) membrane in presence
of divalent ions.

Membrane Salinity ratio NaCl fraction MgCl, fraction R(Qcm?) CFcm2) E,(mV) «

FS720 30 1 0 38 0.4 68 0.87
FS720 30 0.4 0.6 34 0.42 50

E-620(K) 30 1 0 44 0.375 579 0.74
E-620(K) 30 0.4 0.6 45 0.38 42.6

3.3.2 Electrochemical properties

In order to characterize changes in cell resistance R..;; and cell capacity C as a function of the nature of the salt
solutions, we carried out impedance spectroscopy measurements. As an equivalent R-C circuit can be established
for the capacitive cell, for each solution mixture, it is possible to measure the corresponding inner cell resistance
and its capacitance by using the Nyquist plot plotted by the PEIS method. Here, by using the impedance result
measured at 10 mHz, we characterized R and C for different divalent mixing scenarios. The electrochemical
measurement results are illustrated in the Table 3.5 for two different mixing scenarios: NaCl-CaCl; and NaCl-
MgCl, with a fixed salinity ratio of 30. It is clear that while the quantity of divalent salts in the mixing is increased,
the cell resistance decreases slightly. We believe that this is related to the increase of molar concentration of
chloride ions inside the solution.
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3.3 Impact of divalent ions on CRED

Table 3.5 R-C characterization result table for the capacitive cell system with a fixed salinity ratio of 30
of different divalent ion fraction.

NaCl-CaCl, NaCl-MgCl,
NaCl fraction  CaCl;, fraction R (Q) C (F) NaCl fraction =~ MgCl, fraction R () C (F)
1 0 3.750 4.259 1 0 3.750  4.259
0.8 0.2 3426 4.737 0.8 0.2 3.155 4.889
0.6 0.4 3.098 5.010 0.6 0.4 2.874  5.084
0.4 0.6 2.832 5.204 0.4 0.6 2.800 5.257

3.3.3 Energy performance
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Fig. 3.3 Power density measurement curves. (a) Instantaneous voltage measurement as a function of
time for a mixing solution of NaCl and CaCl, of different fractions. A load resistor of 10  is connected
to the capacitive cell. The voltage drop on the load resistor Ej,,; is measured by a potentiostat. As the
solution reversal is realized for a fixed period 75 = 45 s, an alternating electrical signal is measured. (b)
The instantaneous power density P dissipated on the load resistor corresponding to the measurement in
(a) for a series of mixing fractions. (c) The temporal averaged power density Py, as a function of load
resistance for divalent ion mixing of NaCl and CaCl, for a salinity ratio of 30. The solid lines represent
the theoretical prediction based on the R-C equivalent circuit. The dots represent the experimental data
obtained for a capacitive salinity gradient cell. (d) The temporal averaged power density Py, as a
function of load resistance for divalent ion mixing of NaCl and MgCl, for a salinity ratio of 30. The
number presented in the legend corresponds to the molar fraction of NaCl.
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Influence of divalent ions on CRED system performance

It is important to characterize the energy performance of the capacitive cell. We will firstly explain the power
density characterization method for a simple capacitive cell using pure mono-valent ion based solutions. In
general, we connect a load resistor directly to the CRED system. We measure the voltage drop on the load resistor
Ejoqq(t) as a function of time by using the OCV mode in a pontetiostat, as illustrated in Figure 3.3 (a). Based
on these measurements, it is possible to determine the instantaneous power density output on the load resistor
P(r) = % as illustrated in Figure 3.3 (b).

The mean gross power density Pyyss(t), which is the power density without compensating for pumping losses,
is a function of time. It is assessed by averaging the signal recorded across the resistance over a time interval of Tg.
S denotes the area of the membrane. The expression is as follows:

T+t g2

Paross (1) / ioad (1 du (3.11)
gVOSS T S Rload

A priori, Pyyps(t) depends on time t. In fact, in all our experiments, this power does not depend on time, as
shown in the Figure 3.4 (b) for a few experiments. Figures 3.3 (c), 3.3 (d) show the value of stationary power,
which is measured from the stationary cycles.

It’s noteworthy that these measurements constitute direct assessments that mirror real-world scenarios. To
assess the influence of divalent ion mixing in the capacitive cell, we measure the harvesting power in various
salinity gradients with different divalent ion mixing fraction. For each mixing case, the experimental results are
presented by dots in Figure 3.3. The measured power densities show classic variations according to the load
resistance. For each mixing case, the experimental results are presented by dots in Figure 3.3. Maximum power
recovery decreases from 1.15 W.m~2 to 0.8 W.m~2 (respectively 0.75 W.m~2) when the CaCl, (respectively
MgCl,) proportion in the brine increases from 0 to 60%. The experimental data corresponds well with the
theoretical curves calculated by RC models. A detailed explanation of the model is available in the modelling part.

3.3.4 Membrane poisoning in Faradaic RED cell

In order to be able to compare the CRED and RED devices, it is necessary to carry out new experiments on the
membranes we use. The effects of divalents are highly membrane-dependent, and it is not possible to be satisfied
with the information available in the literature. To do this, it would be possible to compare the power generated.
‘We have not chosen this approach, however, as it would be complex to construct capacitive cells and Faradaic
cells with the same efficiency coefficients, i.e. to recover the same share of the maximum accessible potential. To
understand the mechanisms involved, we preferred to focus on how divalent ions modify the intrinsic properties of
the membrane.

To probe this more precisely, we close the circuit with the Ag/AgCl electrodes on a resistor which value
is closed to R..;;. An ionic current passes through the membrane during the experiment. This phase lasts 20
minutes. The current remains constant in the case of the Nafion HP membrane, but drops in the case of the
FUMASEP”™ FS720 and FUMASEP”™ E-620 (K) membranes. Such phenomenon indicates the power density
loss in RED system within 20 minutes. We then measure the membrane potential in the Ag/AgCl cell using the
OCV measurement method. This measurement slightly disturbs the state of the membrane because it requires a
reversal of flow. Two flow reversals are used to limit the impact of the measurement on the results. This allows us
to calculate membrane selectivity before and after measurement. E,, in presence of divalent varies from 57.9 mV
to 56.4 mV in the case of Nafion HP over 20 minutes, from 50 mV to 42 mV in the situation of FUMASEP"™
FS720 and from 42.6 mV to 35 mV in the situation of FUMASEP”™ E-620 (K) . We find that the selectivity of
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Fig. 3.4 Power density performance characterization. (a) The temporal averaged power density Py oss
as a function of load resistance for artificial NaCl (blue dots) or NaCl (40%) - CaCl, (60%) mixed
solution (red dots) of 30 g.. ' vs 1 g.. ~!. The solid lines represent the theoretical model, the dots
represent the experimental results. The result is measured for a CRED system with a FUMASEP”M
FS720 membrane with a effective surface of 2.24 cm?. The figure in the legend refers to the NaCl molar
fraction in the mixing. The power density presents a drop of around 30 % in artificial NaCl (40%) -
CaCl, (60%) mixed solution of 30 g.L “Tys1 gL ~1. (b) Mean gross Power density measurement
Pyross(t) (see definition Equation 3.11) of a capacitive salinity gradient cell during an operation duration
of 500 min for three different cases. Note that while instantaneous power is a periodic signal due to the
capacitive process, power averaged over a period is not. Case 1: the use of artificial NaCl (80%) - CaCl,
(20%) mixed solution with a salinity ratio of 30 gL ~! vs 1 g¢.L ~!). The membrane used here is Nafion
117 with a load resistor of 10 Q. Case 2: the use of production water (equivalent NaCl concentration 107
g.L ~!) with a salinity ratio of 30. The membrane used here is Nafion 117 with a load resistor of 10 Q.
Case 3: the use of artificial NaCl (40%) - CaCl, (60%) mixed solution with a salinity ratio of 30 g.L -1
vs 1 gL ~1). The membrane used here is FUMASEP”Y FS720 with a load resistor of 30 Q. In all cases,
we fix the switching period as T; = 45s. The power density variation after 10h of operation is within 6%.

the Nafion membrane is unaffected. The selectivity of the FUMASEP”Y FS720 membrane decreases by 16% and
the one of FUMASEP™ E-620 (K) by 17.8%.

3.4 Underlying Mechanism

3.4.1 Cell open-circuit voltage modelling

The preceding measurements show us that divalent ions affect the value of the cell performance of our device and
more precisely the open circuit voltage. At this stage, it’s important to understand which phenomena induce the
drop in potential: is it simply due to the migration of divalents into the concentrated compartment as a result of
their charge? Or is it a phenomenon linked to the variation in membrane selectivity and membrane poisoning?
Vermass et al. [134] has developed a model to quantify the first point. Comparing our data with this model will
enable us to answer the question.

In their analysis, they propose that the open-circuit equilibrium membrane potential is equal to a potential
that cancels out the displacement of divalent ions[134]. This is only possible if a local transfer of matter takes
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Fig. 3.5 Theoretical interpretation of the membrane voltage E,, decreases as a function of divalent ion
molar fraction. (a) Theoretical prediction (solid lines) and experimental data (dots) of E,, of different
salinity ratio Ra of 100, 30 and 10, respectively, for a mixing between NaCl and CaCl,. (b) Membrane
voltage E,, decrease in two different cases: mixture in both concentrated and diluted solutions, and
mixture only in the diluted solution. The feed solution used here is a mixture of NaCl and MgCl, or
NaCl and CaCl, with a fixed salinity ratio Ra of 30. Green squares refer to the case where the MgCl,
is present only in the river water. Black dots refer to the case where NaCl and MgCl, are present in
both feeding solutions. Red dots refer to the case where NaCl and CaCl, are present in both feeding
solutions.

place, inducing a different concentration in the layer of matter near the membrane. More precisely, ion transport
across a membrane is a complex phenomenon when monovalent and multivalent ions exist on both sides of an ion
exchange membrane. In such situations, ions are exchanged across the membrane to achieve chemical potential
equilibrium on both sides. When solutions of NaCl and MgCl are present on either side of a cation exchange
membrane (CEM) at varying concentrations but with the same ratio, the electromotive force Egcy resulting from
the difference in concentration of Na* is greater than that of Mg?* due to the valence of the ions. We recall that

Eocy = O‘f;T logZ’:—‘l. As a result, Mg?* ions are transported from the dilute to the concentrated solution, while

twice as many Na™ ions move in the opposite direction. This exchange ensures electroneutrality on both sides
of the membrane and is described in the literature as uphill transport, corresponding to the movement of Mg+
against the concentration gradient. Using Donnan Equation 3.1 and assuming that the apparent permselectivity
is equal for both ionic species, this stationary situation is reached when the ion activities at either side of the
membrane obey:

aRT ana+ .1 oRT Aprg2+ 1

log = log
gt F - Tangta g BT aypge o

(3.12)
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This leads us to :

aRT aNa+,1

E, — log 3.13)
gt B T angt o
angta = Wat2(Cngt 2 +27/V) (3.14)
angt1 = Wari1(Cnat 1 —2J/V1) (3.15)
Wat 1 (a1 —27/V1) _ (VMg2+,1(CMg2+,1+J/V1))(1/2) (3.16)
Wat 2(ENa+ 2 +2J/V2) Yugr+ 2(Cpgre 2 —J/V2)

J is the molar transport (mol) of Mg>* towards the seawater compartment, and V; and V5 are the volume of the
compartments.Activity coefficients in the lower concentration range are obtained with the extended Debye—Hiickel
equation.

Figure 3.5 shows a comparison between the model and membrane potential measurements. An excellent
agreement is found between measurements and simulation. This agreement shows that the selectivity of the Nafion
membrane is not affected when it is used in a capacitive device where the ionic current changes of direction on
each half period. In the case of Nafion, no loss of selectivity was neither measured when the ionic current flowed
in the same direction for 20 minutes i.e . In all likelihood, Nafion’s loss of power is limited to the uphill effect.

In the case of membrane with a poisoning effect as FUMASEP”™ FS720, the selectivity is equal to 0.87
in presence of NaCl. The membrane potential drops from 68 to 50 mV in presence of 0.6 Mol MgCl,. This
corresponds to a ratio equal to 0.73. The potential of the Nafion membrane drops from 75 mV to 55 mV. This
corresponds also to a ratio equal to 0.73. The fact that the two figures are the same shows that the selectivity of the
FUMASEP”™ FS720 membrane is not affected by the divalent ions in the CRED. We recall that no variation of
the open potential is measured for more than 8 hours in the CRED. It’s not the same thing when a direct ionic
current flows through the membrane for 20 minutes as in the Faradaic cell. The membrane potential falls to 42
mV, which corresponds to a loss of selectivity of 16%. Same results are obtained with the FUMASEP" E-620
(K). In the CRED the membrane potential is equal to 43 mV in presence of divalent ions and to 58 mV in absence
of divalent. This corresponds to a ratio 0.74, same figure than previously , suggesting that the permselectivity is
not affected by the divalent ions in the CRED. In the Faradaic situation the membrane potential falls to 35 mV,
which corresponds to a loss of selectivity of 17.8 %.

To conclude this section, the voltage drop in CRED is fully explained by the uphill effect model. However,
in faradaic RED system, we observe additional contribution of voltage drop related to the selectivity loss in

membrane.

3.4.2 Harvested power modelling

In this part, we will verify if the open circuit potential drop is sufficient to explain the recovered power losses. To
check this, we will compare the results with a R-C model that we have validated in previous studies when the
cell filling time is small compared to the period. Details can be find in the work of Brahmi et al.[117] and in the

CRED modelling section in Chapter 2. This modeling predicts that the power is given by:

2 CE§eyRioad
ST;’ Rload +Rcell

Ts )
2 (Rload + Rcell )C

By =

nh( (3.17)

The theoretical prediction is presented by solid lines in Figure 3.3, it does not involved any fitting parameters.
It is demonstrated that experimental power density performances are perfectly described by the classical modeling.

For each brine solutions, we have used the measured resistance and capacitance values.
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Influence of divalent ions on CRED system performance

From the model of uphill effect and the model of RC circuit, we can deduce that the drop in power measured
simply results from the uphill effect, where a reversed flow of divalent ions migrates towards the concentrated part.
There is no other hidden mechanism that could be the cause of this decrease.

3.4.3 Analysis

System
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Fig. 3.6 Schematic illustration of the divalent impact mitigation mechanism of CRED system. The
diagram summarizes the mechanisms that induce power loss in the presence of divalent ions. In the
CRED context, only the uphill mechanism affects membrane potential. Electrode potential remains
unaffected. This reduces the impact of divalents on the cell potential, which is the sum of the membrane
potential and the electrode potential. Flow reversal prevents membrane poisoning. For a molar fraction
of 0.6 of MgCly, this results in a 34% reduction in power. Under the same conditions and for a poorly
selective Fumasep-type membrane, membrane poisoning and the cell potential, which is affected twice
by the uphill phenomenon, lead to a 62% power density reduction.

The reduction of the harvested power density due to divalent ions is being mitigated when a CRED cell is
used. Divalent ions affect the properties of RED devices for two main reasons. The first is the uphill phenomenon,
which modifies the membrane potential. This phenomenon is of course common to RED cells with capacitive
electrodes and CRED cells. This phenomenon only applies to the membrane potential, not to the electrodes. The
CRED cells consist only a single membrane and two electrodes. They can be placed in series by repeating this
electrode-membrane-electrode unit. In this way, the basic capacitive cell potential is the membrane potential
plus the electrode potential. As the latter is not affected by the presence of divalent ions, the potential of a
series of single-membrane capacitive cells is less affected than that of a RED cell. The reduction in open-circuit
potential is half that of a RED cell. The fact that the impact of divalents is limited in capacitive devices therefore
stems primarily not from the capacitances themselves, but from the fact that it is possible to sum the electrode
potentials by creating single-membrane cells. It should be remembered that, because of the overpotential on
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faradic electrodes, it is not possible to use a single-membrane faradic cell efficiently. Furthermore, putting faradic
cells in series would raise the problem of high electrode costs and the use of large quantities of toxic electrolytes.

Under these conditions it is possible to calculate the power loss in the presence of divalent ions in the CRED
and compare it to the RED if there is no loss of membrane selectivity. It should be remembered that the loss of
selectivity only occurs on membranes with low selectivity and during a direct ionic current. Assuming that the
anionic membrane follows the same trends as the cationic membrane, the open-circuit voltage in a RED device of
n membranes equals to n.E,,. To simply the calculation, we take the case of a single membrane. The open circuit
voltage in a RED device will drop from 107 mV to 86 mV for a salinity ratio of 100, from 77 mV to 54 mV for
salinity ratios of 30 and from 50 mV to 23 mV for salinity ratios of 10 when the molar fraction of Na decreases
to 0.4. In a CRED for salinity ratio Ra of 100, the open circuit voltage will drop from 178 mV to 155 mV for a
salinity ratio of 100, from 132 mV to 105 mV for salinity ratios of 30, from 98 mV to 66 mV or salinity ratios
of 10 when the molar fraction of Na decreases to 0.4. These figures lead to a decrease of power of 35.4 % for a
salinity ratio of 100, of 50.8 % for a salinity ratio of 30, of 78.8 % for salinity ratio of 10 when the molar fraction
of Na decreases to 0.4 in a RED device. In comparison, the drop in power in a CRED is equal to 24.2 % for a
salinity ratio of 100, of 36.7 % for a salinity ratio of 30, of 54.6 % for salinity ratio of 10 when the molar fraction
of Na decreases to 0.4. These figures are obtained with the measurement realized by Nafion HP membrane. The
results are summarized in Table 3.6.

Table 3.6 Comparison of power density drop prediction under divalent ion mixing cases of NaCl and
CaCl, for a fraction of 0.4 of NaCl. The voltage values for CRED system corresponds to the open-circuit
voltage Egcy—.. The voltage figures for RED system corresponds to a single membrane voltage E,,, as a
simplified case for RED stacks. The calculations are realized for Nafion HP membrane.

Ratio 10 Ratio 30 Ratio 100
NaCl solution 98 mV 132 mV 178 mV
CRED NaCl-CaCl, mixing, fraction 0.4 66 mV 105 mV 155 mV
Power density drop 54.6% 36.7% 24.2%
NaCl solution 50 mV 77 mV 107 mV
RED NaCl-CaCl, mixing, fraction 0.4 23 mV 54 mV 86 mV
Power density drop 78.8% 50.8% 35.4%

The second reason relates to membrane poisoning. Membrane poisoning is influenced by the chemical
composition of the membranes. It is relatively rare in Nafion-type membranes but quite common in FUMASEP
membranes. This is probably due to the very high surface charge of Nafion membranes, which enables them to
avoid poisoning by divalent ions [265]. It leads to a reduction in membrane selectivity, a reduction in electrical
potential membrane . The fact that the capacitive process is an alternative process prevents divalent ions from
adsorbing permanently to the membrane, which is not the case with continuous processes. The improved properties
of CRED compared with RED are once again an indirect effect of the alternating flow of the two solutions. It
should be noted that this strategy could be applied to RED, as proposed by Vermaas. From a numerical point of
view, assuming that the anionic membrane follows the same trends as the cationic membrane, the open circuit
voltage in a RED device will drop from 68 mV to 42 mV for a salinity ratio of 30 when the molar fraction of Na
decreases to 0.4 along with the selectivity decrease. In a CRED for salinity ratio of 30, the open circuit voltage

will drop from 125 mV to 101 mV for salinity ratios of 30 when the molar fraction of Na decreases to 0.4. Under
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these conditions, the power generated by a RED device will fall by 34 % and the power generated by a CRED
device by 62 %.
The overall underlying mechanism is illustrated in Figure 3.6.

3.5 Towards real-world solutions

To complete our study, we designed a series of experiments to test the feasibility of CRED in applications, where
complex solution mixtures are used. The composition of these complex real solutions are listed in the Table 3.7
below.

Table 3.7 Experiments reproducing possible applications: compositions of solutions

Scenario 1: Production water / seawater
Salinity  NaCl equivalent = NaCl KCl1 CaCl,,2H,0 MgCl,,6H,O

ratio gL ! gLl gL-! gL ! gL !
Production water 4.28 107 93.9 0.628 11.25 9.32
Sea water 4.28 25 23.63 0.77 0.11 0.20

Scenario 2: Dead Sea water / x30 diluted

Salinity  NaCl equivalent Na K Ca Mg
ratio gL ! gLl gL™! gL ! gL !
Dead Sea water 30 324.87 32177 9.27 27.503 62.23
Diluted Dead Sea water 30 10.83 1.073  0.309 0.917 2.074

Scenario 3: Salt caverns

Salinity NaCl equivalent ~ NaCl KClI CaCl,,2H,0 MgCl,,6H,0

ratio gL ! gL gL-! gL ! gL !
Salt cavern extraction water 300 300 300 0 0 0
River water 300 1 0.4 0 1.509 0

These imaginary scenarios serve as proxies for some real-life applications, as detailed below, or allow to test
some bottlenecks expected in these applications.

In the first scenario (Figure 3.7 (a)) we consider produced water from an oil well mixing with seawater. Here
we used synthetic production water and synthetic seawater prepared in a laboratory from data provided from a
field (see composition in [261]). The obtained power density 0.35 W.m~2 was similar to what what was obtained
with NaCl solutions at similarly low salinity ratio of around 4. The amount of osmotic energy is low due to the
small difference in salinity. We could conclude that although our results show the feasibility of energy harvesting
from production water, unaffected by the presence of divalent ions, advantage of further development of this
application is site dependent.

In the second scenario we used real water from the evaporation ponds at the Dead Sea, mixed with the same
solution diluted by 30 times (Figure 3.7 (b)). The extreme salinity conditions of this test could be relevant to
projects like the Red sea-Dead sea conveyance, or similar. Remarkably, the high power density of over 2 W.m 2
indicate the unprecedented feasibility of such application.

According to our experimental analysis, the total dissolved salts content in the dead sea solution is on the
average 324.9 g.L~!. The dominant cation is Mg (62.3 g.L~!), followed by Na (32.2 g.L™!), Ca (27.5 gL™")
and K (9.3 g.L™!). We demonstrated that even in the case where divalent ions (Mg and Ca presenting around
55%) dominate, the measured power density obtained in a capacitive cell is comparable to the value 2.2 W.m 2
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obtained in a pure solution composed of NaCl salts with similar concentration gradients (300 g.L~! vs. 10 g.L™1)
as reported by Wu et al.[3].
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Fig. 3.7 Power density curves for real solutions. (a) Power density measurement for the case of synthetic
seawater and production water with a salinity ratio of 4. (b) Power density measurement for the case
of Dead sea water with a salinity ratio of 30. (c¢) The case of salt cavern with highly concentrated sea
water corresponding to a pure NaCl salt solution of 300 g.LL.~! coupled with an artificial river water. The
salinity ratio is 300. All the detailed solution composition is available in the method section. In all cases,
the switching period is fixed as 7y = 45 s.

In the third scenario we imagine creation of salt caverns, either for salt mining or for subsequent hydrogen
storage. The caverns are created by dissolution in water, of salinity available on site, injected into the salt deposit.
The concentrated solution is therefore saturated brine, mostly composed of NaCl 300 g.L~!, and the diluted
solution is fresh (used) water or river water, replaced here for simplicity by a 1 g.L. ™! artificial mixture solution of
composed of NaCl (40%) and CaCl, (60%). In this case, a maximum power density of 3.2 W.m 2 is obtained.
The power density shows limited decrease compared with NaCl pure solutions of 300 g.L. =" and 1 g.."!, which
shows a maximum power density of 4 W.m~2 in the capacitive cell. This scenario also resembles that of a facility
constructed between the Great Salt Lake, utilizing water from the lake along with treated wastewater, or a facility
situated within the Ettore e Infersa saltworks in Marsala (Trapani, Italy). The Italian location provides freshwater
from a coastal well and nearly saturated brine[143, 159, 199].

In our study, the experiments performed with water production and sea water are close to the result obtained
with equivalent monovalent ion based solutions as the divalent ions are of low molar fraction (6.7 % in the case of
production water and 0.4 % in the case of sea water [261]). For most real sea water solutions, divalent ions are of
low molar fraction, as in the example of Mediterranean sea water which contains 3.7% of Mg+ and 1.2% of Ca>*
and 33% of Na™ [199]). When it comes to Dead Sea water, it is actually dominated by the presence of divalent
ions. However, according to our experimental studies, capacitive system presents minor performance decay in this
case. We believe that the same results will be obtained when river water containing high levels of divalent ions is
taken into account (see Figure 3.2 d). For example, the Amazon river water contains 2.4% of Mg?>* and 15% of
Ca”" and 3.1% of Na™[199].

We conclude that, within a capacitive cell system, the composition of the brine has a limited impact on
performance. We highlight that these performances might be enhanced using an external voltage source [3].
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3.6 Life cycle and techno-economic analysis

Our study shows that capacitive cells can achieve significant power levels compared with the literature when
real solutions are used. At this point, it becomes important to ask where blue energy technology stands from
an economic and ecological point of view. The current literature can be confusing. Some articles mention the
enormous power measured on a single nanotube and extrapolate the enormous power that can be recovered[115],
while others write that these techniques will never be marketable and is even not suited for the ecological
transition[ 145, 266]. We believe that the situation is halfway between these statements.

3.6.1 Life cycle analysis

Let us first comment on the ecological footprint of the blue energy. A study of the life cycle analysis of our process
is outside the scope of this article. However, before making an economic analysis of our process, we would like to
remind a few points.

Mueller et al.[12] display in 2021 the the first comprehensive life cycle assessment (LCA) of reverse electro-
dialysis (RED). They conduct a LCA of IMWh RED plant using natural waters or concentrated brines and compare
the results to existing renewable energy technologies, including wind and solar photovoltaics. They studied 9
impact categories: acidification, ecotoxicity eutrophication, global warming, ozone depletion, photochemical
oxidation, carcinogenics, non carcinogenics, and respiratory effects. In all the cases, the environmental impacts
from RED are found to be comparable to, and sometimes lower than, established renewable energy technologies.
The single drawback deals with eutrophication, ecotoxicity, and carcinogenic impacts which are slightly larger for
RED than other technologies under the natural water scenario and not the brine one. Processes associated with
membrane manufacture are primary contributors to these impact categories. We anticipate that these impacts may
be thus decreased by using biosourced membranes such as cellulose membranes in the natural water situation.
The authors conclude by saying that RED performs as well as or better than other renewable energy technologies
in terms of ecological impact.

The footprint is not analyzed in this article, but it is comparable to or better than that of photovoltaic plants.
Indeed, despite a power density 30-50 times lower than that of photovoltaic energy, it is possible to produce the
same power as a photovoltaic plant on smaller surfaces, because RED cells can be stacked on top of each other.
Taking into account a thickness of 0.4 mm for two membranes and two liquid compartments (i.e. for the cell
repeat pattern) and a density power of 1 W.m~2, it is possible to estimate the power of a 1 m x 1 m? cell at 5 kW.
The basic RED modules will therefore take up 20 times less space than the basic photovoltaic modules, whose
density power is estimated at 100 W.m 2. Discharges of saltwater solutions are not analyzed in this article, and
at this stage there are no studies to show how the fragile ecosystem that makes up an estuary can be affected by
withdrawals and discharges of saltwater mixtures. Without getting too far ahead of ourselves in this not-so-simple
debate, it is nevertheless important to note that osmotic energy devices mix seawater and river water. It may
therefore be possible for the estuary, which does the same, to discharge this water at a point where the salinity is
close to that of the mixture.

Finally, this impact is less significant when the brine systems studied are industrial brines. In this case, the
problem of discharge is already part of the process. All these points are very positive and lead us to ask why
RED technology is failing to emerge. One crucial point is the cost. High-performance membranes are expensive
membranes. It is important to analyze this point in greater detail and to compare our work with existing results.
To do this, we will draw on a techno-economic analyses carried out on RED systems[197, 199, 251].
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3.6.2 Techno-economic analysis

Post estimated the cost of a RED device in 2010 for a system producing 200 kW. The calculation includes the costs
of construction and membrane (200 000 € ), filtration (320 000 € ), liquid pumping and maintenance (370 000 € ).

The fluids pass through the system only once, at a speed 1 cm.s™!

comparable to our experiments. The calculation
takes into account a membrane price of 2 euros per m? and a power of 2 W per m”>. Membrane lifetime is 7 years,
with production running 8000 hours a year. 9% of the construction and functioning cost are considered to be the
exploitation cost over 7 years. Taking inflation into account, this corresponds to a current cost of 1 232 027 euros .
This results in a production cost equal to 0.111 € per kWh, i.e. 111 euros per MWh. This figure is in line with
current electricity production costs (solar energy 40 € per MWh, wind off shore 120 € per MWh[255]). In this
calculation, the price of the membrane is certainly underestimated while the production power is overestimated.

More realistically, on the basis of our experimental results, we can envisage several different cases and display
two other scenarios in the table. We have measured a power of 3.2 W.m™2 for a ratio of 300 between a high
salinity solution and a fresh water solution in presence of magnesium and calcium. This case mimics that of a
plant built between the Great Salt Lake and using water from the lake plus treated wastewater or a plant located in
the Ettore e Infersa saltworks in Marsala (Trapani, Italy). The Italian site supplies fresh water from a well on the
coast) and almost saturated brine [143, 159] [199]. These cases are very interesting because all these brines do not
require filtration. Algae and microorganisms do not grow in such high salinities and the desalination effluents,
treated water effluents or water from a shoreline well are rather clean [143].

We propose an analysis based upon a power density of 3.2 W.m~? (equal to our previous measurement) and
two cost of membranes.The cost of membrane is difficult to estimate. Post’s calculation takes into account a
membrane price of 2 euros per m? . It’s important to note that no membrane currently achieves this cost price. It ’s
also important to note that the price we pay for a lab scale membrane differs from the commercial price in case of
industrialization of the RED process. Because we are interested in real-world greenhouse applications, we will
use the commercial price in our cost analysis. Taking into account a lab-scale to commercial cost ratio of Fujifilm
membrane equal to 2.8 (based on the lab-scale to commercial cost ratio of the Neosepta membranes), Ahdab et al.
[267] propose to use a cost equal to 58 €/m? for a Fujifilm membrane. We assume the commercial cost will be
same for FUMASEP® FS720 membrane. Note that the lab scale price for a FUMASEP® E-620 (K) membranes
is 57 €/m?. We therefore propose a scenario A based on a construction cost of 60 €/m? for the membranes in the
cell. This cost takes into account the cost of the membrane and the carbon felt.

Table 3.8 Cost break-down for a membrane reverse electrodialysis unit (membrane surface 100 000 m?).

Post scenario A scenario B scenario
Membrane cost (€) 254 000 6 000 000 1 500 000
Piping, fittings and pumps 406 400 406 400 406 400
€)
Valves (€) 0 150000 150000
Filtration (€) 469 900 0 0
Total (€) 1130300 6 556 400 2 056 400
Annual Costs (9%) (€) 101 727 590 076 185 076
Total (€) 1232 027 7 146 476 2241476
Net Power (kW) 200 320 320
MWh cost (€) 111 399 125

In another realistic techno-economic analysis, Giacalone et al. [199] consider that the price of highly selected
membrane is 15 €per m”. This price is in line with the recent development of sulfonated poly-ether-ether-ketone,
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sPEEK membrane. Owing to the low cost of raw material (61.5 €/kg for PEEK polymer), Zhu [268] and Yuan
[259] estimate the cost of SPEEK membrane to be as low as 12€/m?, which is at least 20 or 30 times lower than
that of commercially available Nafion membranes. We will thus propose a B Scenario based over a cost of 15
€/m*for the membrane and the carbon felt.

The viscous loss is estimated at 0.2 W per m?> of membranes. We have previously measured similar viscous
losses in our devices (0.1 W.m~2). We thus take into account the same cost of viscous loss and filtration when
required. To this figure we need to add the power required to reverse the flows. To estimate the cost of valves
additionally used in the capacitive system, we estimate the cost at around 35% of the cost related to piping, fittings
and pumps.

This analysis shows that the very salty solutions is economically viable and comparable to other renewable
energies 111 € per MWh, if we consider a membrane plus felt price of 15 €/m?. It remains however high, 399
€ per MWh, in the situation where the price of the membrane plus felt equals 60 €/ m?. Note that the obtained
values are better than the one predicted following the results of Tedesco [143] and the analysis of Giacalone [199]
because the power density is higher (3.2 W.m~?), we have considered no filtration and the plant is different as it
encompasses 100 000 m? of membranes. The main contribution of our work is the fact that we are able to limit
the role of the divalent ions. Considering the Dead sea water scenario (a plant built between the Dead sea and a
desalination plant[199]) and following the same analysis, the cost will be reaching 200 €/ MWh. This was the
scenario 2 of our study. Lastly, considering sea water mixed with river water, the harvested power remains slightly
higher than 1 W per m? and leads to a cost of 400 €/ MWh which is too high even in the situation of sSPEEK
membranes. It will correspond to a cost of 1276 €/ MWh for a membrane cost of 60 €/ m?.
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3.7 Conclusion

Conclusion

In this chapter, we studied the impact of divalent ions mixing on CRED systems to evaluate the feasibility
of osmotic energy harvesting in real-life solutions. We studied experimentally the impacts of divalent ions
on cell voltage, electrochemical characteristics and power density performances, respectively.

1. The mixture of divalent ions in solutions results in a potential drop in CRED system. More precisely,
the membrane potential is severely influenced by the presence of divalent ions, while the electrode potential
remains stable.

2. The theoretical modelling of uphill effect predicts well the decrease of membrane potential in CRED
system. Such analysis indicates that the potential drop is mainly due to the uphill effect. The membrane
poisoning phenomenon has minor impact in CRED system.

3. CRED system with divalent ion mixing shows minor power density decrease compared with the
performance in pure NaCl solution. Such performance is maintained in 500 cycles of around 8h. In
comparison, the membrane selectivity decreases within 20 minutes. The theoretical modelling based on
equivalent R-C circuit describes well the experimental results. It indicates that power density drop results
solely from the membrane potential drop under uphill effect. No other hidden mechanism exists in CRED
system.

4. Different from the significant power density drop reported towards 75 % in faradaic RED systems
while the feeding solution contains over 50 % of divalent ions, CRED systems present limited power density
drop of 35 % in the presence of 60 % divalent ions. This is mainly due to the periodic water chamber
reversal which prevents the membrane from poisoning problems.

5. Techno-economic analysis suggests that CRED system is worth of further development. The key
point relies in the development of cost-less and efficient ion-exchange membranes.
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Chapter 4

pH gradient cell for energy harvesting

4.1 Preamble

In previous chapters, our research focused on CRED systems to enhance energy performance and assess the
feasibility of industrial scale-up, with the aim of expediting technology maturation. However, it’s important to
note that the osmotic energy derived from salinity gradients is limited by salt solubility, typically estimated at
260 g.L.~! for NaCl, for example. To explore a broader concentration difference range, one avenue is to develop
pH gradient-based energy harvesting systems. In this chapter, we will generalize the understanding of salinity
gradient based CRED system into a pH gradient cell.

From an industrial perspective, the pH neutralization process is already a matured industrial practice for waste
treatment. In fact, with well-controlled mixing in a pH gradient cell, it’s possible to simultaneously perform waste
treatment and electricity production.

Another interesting possibility of using pH gradient cell is to couple with Carbon capturing process. Today, the
global scientific community is deeply engaged in tackling CO; capture, exploring numerous technological avenues
to separate it from flue gas. Various methods such as chemical and physical absorption, cryogenic separation
[269], gas-separation membranes [270] are under scrutiny. Among these, the predominant approach in thermal
power plants involves post-combustion capture (PCC) scrubbing the gas with an amine solution. This method is
particularly effective for diluting CO, streams from sources like coal combustion flue gases, typically containing
12 to 15% of CO; by volume [234, 235]. However, the drawback of this process lies in the substantial energy
demand during the regeneration phase of the amine absorbent. Research by Dallos et al. revealed that the thermal
energy required for regeneration exceeds half of the total capture energy [271]. Consequently, numerous research
groups are directing efforts towards minimizing regeneration energy to foster the development of economically
viable CO; capture processes [272].

To reduce the overall energy cost, it is possible to integrate a pH gradient energy harvesting system to recover
certain energy. Kim et al. already reported a feasible pH gradient cell for energy harvesting process[237]. They
used MnQO; electrodes with a non-selective membrane to form the cell. In fact, the CO, dissolution results in a
reduced pH in the electrolyte. If we divide the electrolyte into two parts, with one part pumped with CO; gas of
low pH and another part purged with air or waste heat treatment of high pH, we can easily create a pH difference
between them. The pH difference is considered as a giant osmotic energy source. With a well controlled mixing
process, it is possible to convert this energy into electricity. A typical power density output of 0.82 W.m~? is
reported for a pH difference of 1.7. Similar works have been reported for the pH gradient cell[145, 243, 244].
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Comparing the pH gradient cell with the salinity gradient based CRED system reported in previous chapters,
we find a major common point in its capacitive behavior. This is verified in several facts. Both systems require the
periodic water chamber reversal to remove the saturation state caused by the capacitive behavior of electrodes.
Both systems outperform the Capmixing process in terms of power density but fall short of matching the power
density of the RED system. However, due to the use of MnO, composite electrodes in the pH gradient cell, it
is hard to determine if the system performs in capacitive or faradaic regime. How does the MnO;, composite
electrodes behave in the pH gradient cell for different electrical current densities? Will there be similar capacitive
current decay problems as observed in CRED systems? Is it possible to enhance its power density performance by
applying the boosting strategy? Will there be any differed phenomenon due to its possibility of faradaic working
modes?

In this chapter, we begin by outlining the experimental setup of the pH gradient cell and elucidating its
operational principles. Subsequently, we conduct electrochemical characterizations and develop a capacitive RC-
type equivalent circuit for the pH gradient cell. The power density performance is assessed through experimental
measurements and theoretical modeling, with an examination of the validity of the RC circuit description. To
further enhance the power density output, we implement the boosting strategy discussed in Chapter 2. We measure
the net power density achieved in the pH gradient cell and compare this result with the boosting equivalent
circuit. Finally, we engage in a discussion on the observed unusual increase in power density, proposing possible
mechanisms.

4.2 pH gradient cell

4.2.1 Experimental set-up

MnO, particles preparation

Over all, the MnO; particles are prepared by a so-called co-precipitation method, as reported in the literature[237,
273]. We prepare a solution of 0.2 M KMnOj and a solution of 0.3 M MnSOj. The solution of MnSOy is then
mixed with KMnOy in a large flask with vigorous stirring for 3 hours. The MnO, particles are washed and
collected after a centrifugation treatment. The particles are dried at 80 °C with a hot plate. The particles are then
collected and grilled to minimize the particle aggregation. The chemical products used here are purchased from
Sigma Aldrich.

All the Scanning Electron Microscopy images are obtained by Quattro ESEM (Thermo Fisher Scientific).
The MnO; powders are placed onto a double-sided carbon tape that was adhered to an aluminum SEM stub. Then
Nitrogen is used to verify the particle adhesion before placing the sample into the SEM holder. The overall MnO2
particles present an average diameter of 200 - 300 nm.

The X-ray diffraction (XRD) pattern of the prepared MnO, powders indicates that the material is amorph.

MnO; based electrode preparation

A similar method as reported by Brahmi and Colin for the preparation of the MnO, composite electrodes is used
in this work[117]. Here, we firstly mix the poweders consist of 0.8 g MnO,, 0.22 g Carbon Nanotubes (Carbon
nanotube, multi-walled, Sigma Aldrich), 0.19 g Carbon Black (Alfa Aesar) and 0.17 g Polyvinylidene Difluoride
(PVDF, Sigma Aldrich). Here, carbon nanotubes and carbon black powders are used to further increase the
conductivity and the capacitance of the composite electrodes. The PVDF serves as a binder for the mixture. We
add 10-11 mL of 1-Methyl-2-pyrrolidinone (NMP, Sigma Aldrich) as a solvent. The overall slurry is well stirred
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Fig. 4.1 SEM images of MnO, particles synthesised by the co-precipitation method.
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Fig. 4.2 X-ray diffraction (XRD) pattern of MnO, powders prepared by the co-precipitation method.

overnight to ensure the homogeneity. Then the slurry is spread onto a carbon cloth (Panex PW06 Carbon Fiber
Fabric, Zoltek) by the method of doctor blade. The carbon cloth with the deposited slurry is firstly heated at 50 °C
on a hot plate overnight to evaporate the solvent and avoid cracks. The composite is then heated up to 300 °C for
over 4 hours. The composite electrode is washed and then dried for use in cell assembly.

For MnO; composite electrode, we cut a small piece of the electrode and stick it onto an aluminum SEM stub.

All samples are prepared without further coating process.

pH gradient cell set-up

The pH gradient cell employed in this study features a symmetric design (Fig 4.4). It comprises two water
chambers separated by a non-selective membrane (Celgard), specifically Celgard 3401, a 25 um Monolayer
Microporous Membrane (PP). The membrane’s effective surface area, totaling 5.5 cm? (3 cm wide, 1.8 cm long),
is determined by the membrane gasket’s surface. Within the cell, two MnO; composite electrodes, each covering
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Fig. 4.3 SEM images of a MnO, composite electrode.

10 cm? , are positioned in individual electrode gaskets. These electrodes are in direct contact with graphite current
collectors (Fuel Cell Store). The spacing w between the two electrodes is 400 m. The whole system is well fixed
by the use of two endplates made of stainless steel and then closed by 12 bolts with a torque of 2 N.m. At each
side of the cell, two ports are reserved for all cell parts to ensure a water inlet and outlet. Solutions of low pH
and of high pH are propelled by a peristaltic pump (BT100-1L Multi-channels Peristaltic Pump, Longer) with
a fixed flow rate ¢ of 15 mL.min~!. The mean velocity of the electrolyte V is given by V = % where L =3.5
cm is the width of the cell, V=1.7 cm/s. The pH gradient cell system will be blocked by its saturation regime
due to its capacitive feature. We perform a periodic water chamber reversal by the use of an automatic 4-port
valve controlled by electronic chip in order to unblock the saturation situation. Eventually, the system delivers a

periodic alternative current.

4.2.2 Working principle

The general working principle of a pH gradient cell is illustrated in the Fig 4.4 (a). Here, two different solutions
are pumped into the water chambers separately in the pH gradient cell. On the one hand, CO, gas is pumped
continuously which results in an electrolyte of low pH. On the other hand, air pumping or heat treatment is used in
order to keep an electrolyte of high pH. This result in a significant pH difference which varies from O to 3.9. In
the case of the maximum pH difference, the solutions used in the each chamber is composed of 1 M NaHCO3
(pH 7.8) in the low pH chamber and of 0.5 M Na;COs3 (pH 11.7) in the high pH chamber. The CO; gas and air
pumping is kept all along the experiments.

Different from classic RED systems, only a non-selective membrane is used in the system to prevent the
two solutions from direct mixing. Thus the open-circuit voltage Egcy in a pH gradient cell consists only of the
potential difference related to electrodes Eocy = E... Here the contribution of membrane potential is zero,
which is quite different from classic RED systems where both membrane and electrodes contribute to the overall
open-circuit voltage (Eocy —rep = Emem + Eelec)[1]-

It is to mention that MnO, composite only remains stable under basic conditions. During the establishment of
pH difference, it is important to avoid acidic environment where we observe a significant composite electrode
dysfunction due to the MnO; dissolution. Here, due to the use of bicarbonate buffers, the minimum pH in the
system remains higher than 7.8.

To convert osmotic energy established by the pH difference into electricity, redox reactions occur on the
MnO; composite electrodes.
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Fig. 4.4 (a) Illustration of the experimental set-up. The pH gradient cell is divided into two identical
water chambers with two MnO, based electrodes and a non-selective membrane. Electrolyte purged
with CO; presents lower pH, while electrolyte purged with air or with heat treatment is of higher pH.
Two solutions are injected into the pH gradient cell and a water chamber switch is realized at a fixed
period T'. (b) Detailed illustration of the composition of the pH gradient cell. It is of symmetric structure
with end plates, current collectors, gaskets for electrodes, MnO, electrodes, gaskets for membranes, and
a non-selective membrane.

4.2.3 System characterization of pH gradient cell

In the following, we perform electrochemical characterization measurements of the pH gradient cell. More
specifically, we are interested in the open-circuit voltage Epcy, inner cell resistance R..;; and capacitance C of the
cell.

Measurement of open-circuit potential

Experimentally, we measure the open-circuit of the pH gradient cell by using the OCV function of a potentiostat.
While solutions of different pH are injected at a flow rate of 15 mL.min ~! into the cell system, we connect the
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Fig. 4.5 Electrochemical characterizations of the pH gradient cell. (a) Open-circuit voltage Eocy
measured in the experiment. The experimental conditions are as follows: we use 1 M of NaHCO3 in the
low pH chamber and 0.5 M of Na,COj3 in the high pH chamber with a flow rate of 15 mL.min~! and a
switching period of 60 s. (b) The PEIS measurement of pH gradient cell after different experiments. Here,
we performed systematic PEIS measurement after power density measurement under different boosting
voltages. The Nyquist plot presented here provides information concerning the capacitance C and the
inner cell resistance R..;;.We conclude from the Nyquist plot that the electrochemical characteristics of
pH gradient cell remains stable in our experiments.

two current collectors with the potentiostat channel. Here the potentiostat is used as a voltmeter. A periodic water
chamber switch is realized each 60 s. In the case of the max pH difference of 3.9, the measured potential curve is
illustrated in Fig 4.5 (a) as a function of time. The experimental value for Egcy is 0.227 V.

Here in both water chambers, the activity of sodium ions Na™T remains identical, a potential difference is
established due the the pH difference on the electrodes. According to the work of Kim et al.[237], the electrode
potential variation varies linearly with the pH difference and follows the Nenst equation as follows:

RT
E:EO‘}“?III((ZHJr) (41)

where E is the electrode potential, E? is the standard electrode potential, R is the gas constant, T is the absolute
temperature, F is the Faraday constant and a is the activity.

According to Equation 4.1, at room temperature of 25 °C, it is possible to describe the cell voltage as a
function of pH difference A pH as[237]:

Eocv—in = AE¢iec = 0.059 x ApH 4.2)

The theoretical prediction by Nernst equation Epcy g, is estimated as 0.231 V for a max pH difference of 3.9.
The open-circuit voltage Egcy measured in the experiment corresponds well with the theoretical prediction by
Nernst equation.

It is also reported in the work of Kim et al. that the overall response of the pH gradient system is
capacitive[237]. We observe capacitive current decay phenomenon and thus perform periodic water rever-
sal to maintain the continuous electricity generation. These facts may seem contradictory with the fact that the
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system follows a Nernst law. It may come from the fact that the chemical matter available for redox reactions is
present in small quantity. We will admit these two points in the following sections before returning to a detailed

discussion.

Impedance measurement

Here we perform systematic impedance characterization to measure the inner resistance R..;; and capacitance C of
the pH gradient cell. A Potentiostatic Electrochemical Impedance Spectroscopy (PEIS) measurement is realized
for the cell under different experimental conditions. The result is shown as a Nyquist plot in Figure 4.5 (b). The
inner cell resistance R..;; and capacitance C is determined using the impedance measurement at 7 mHz as the
following Equation 4.3 and 4.4.

Rce” = Re(Z) (43)

1

€= F1Im(Z) | @4

where Z refers to the impedance of the cell system measured at 7 mHz, Re(Z) is the real part of the impedance,
Im(Z) is the imaginary part of the impedance and f is the measurement frequency.

In the case of max pH difference, we measure a inner cell resistance R..;; of 5.5 Q and a capacitance C of 1.9
F. The PEIS curve has a similar geometry compared with CRED systems, thus we propose a similar R-C type of
equivalent circuit for the pH gradient cell system (Fig 4.6 (¢)). Based on such equivalent circuit, a theoretical
model could be established to further predict the energy performance of the pH gradient cell. More details will be
provided in the section of power density measurement.

It is also to mention that the Nyquist plot curves under different experimental conditions superpose well
among them. Here, we perform power density measurement of the pH gradient cell under boosting voltages Ej.
Details of the boosting experiments are available in the section of boosting strategy. It indicates an excellent system
abundance of the pH gradient cell, with all electrochemical characteristics remaining stable in all experiments
performed in this work.

4.3 Results and discussions

4.3.1 Power density measurement

In order to further characterize the power density performance of the pH gradient cell, we close the circuit by
connecting the pH gradient cell with a load resistor R;,,;. Here, we inject solutions of low pH (1 M NaHCOs,
pH = 7.8) and of high pH (0.5 M Na,CO3, pH = 11.7) into the cell system at a flow rate of 15 mL.min"!. A
potentiostat is connected in parallel with the load resistor in order to measure the voltage applied onto the resistor
Ejyqq- A systematic water chamber switch is realized at a fixed period 7 of 60 s. Such measurement is repeated for
a series of load resistors. Fig 4.6 (a) illustrates the voltage measurement curve during 2 complete water chamber
switch periods. A symmetric voltage curve is observed before and after water chamber switch. It is clear that a
higher voltage output is observed while increasing the load resistance, which is explained by the voltage divider
rule.

Following the Ej,,; measurements, it is then possible to determine the instantaneous power density output P
of the pH gradient cell system. It is defined as the following Equation 4.5. The instantaneous power density curve
is illustrated in Fig 4.6 (b).
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Elpad (1)?
P(t) = 72 1 d (1 s) (4.5)

where S refers to the effective membrane surface in the cell. It is also possible to define the average power density

within a fixed period 7 as in Equation 4.6.

1% 1 (T Ejpaa(t)?
Py = / P(t)dt = / Bioaalt)” ;, (4.6)
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Fig. 4.6 Power density measurement of the pH gradient cell with a series of load resistors Rj,4q. (a). The
applied voltage E;,.q on different load resistors R;,,; as a function of time ¢. (b). The instantaneous
power density P of pH gradient cell as a function of time ¢ for various load resistances. The result is

calculated from the measurement of Ej,,; by P = %. (c) An equivalent RC type circuit established for
the pH gradient cell. The system parameters are characterized by PEIS measurements. (d). The averaged
power density P,;, with the switching period 7 as a function of load resistance R;,,;. The solid line in
the figure refers to the simulation result by modeling. The dots in the figure represents the experimental
data. A good agreement is achieved. In all figures, the experimental conditions are as follows. We use 1
M of NaHCOs in the low pH chamber and 0.5 M of Na,COs in the high pH chamber with a flow rate of

15 mL.min~! and a switching period of 60 s.
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As already discussed in the cell characterization part, we establish a RC type equivalent circuit for the pH
gradient cell (Fig 4.6 (c)). It is then possible to describe the equivalent circuit by writing the Equation 4.7 and 4.8

below.
For0<r < T;:
t
(Rioad +Reen)I(1) + % = Eocy 4.7)
For Ty <t < 2T5:
t
(Rl()ad + Rcell)l(t) + ? = _EOCV (48)

where I(t) refers to the electrical current in the closed circuit and ¢(¢) is the accumulated charges in the
capacitor.

In the case of a pH gradient cell, as the characteristic times related to the ion concentration profile and the
filling time of the cell are negligible compared with the switching period T, R..;; and Epcy are simplified as
window functions. Only electrical current /(¢) and accumulated charges ¢(¢) are assumed to be time dependent.

Solving the theoretical models enables the prediction of power density as in Equation 4.9.

2 CE}cyRioad
STS Rload +Rcell

L
2(Rload + Rcell)C

In Fig 4.6 (d), we compare the results obtained by model prediction and by experiments. The solid line

Pnbfth = anh( (49)

represents the power density predicted by Equation 4.9. The parameters used in equation are obtained by
electrochemical characterization. The dots correspond to the experimental data measured in a pH gradient cell.
An excellent agreement is achieved in this case. It confirms once again the validity of the equivalent established
for the pH gradient cell system.

However if we compare the measured power density with the theoretical maximum value, we notice a
similar power density drop as previously reported for CRED systems. The maximum power density measured in
ﬁfﬁvs is 3.51 W.m~2. In fact, Ejpuq

curve presents a similar capacitive current decay phenomenon as reported in CRED systems. This is different

experiments is 2.86 W.m~2, while the maximum power density predicted by

from a faradaic RED system where the electric current remains constant. The current decay phenomenon results
in a power density drop. According to previous studies, it originates from the low ionic-electronic conversion
efficiency of capacitive electrodes. It is not surprising that such power density gap exists also for MnO, composite
electrodes due to the significant capacitive behavior. In the following section, we will apply the boosting strategy

onto the pH gradient cell system to further enhance the power density output.

4.3.2 Boosting strategy

As reported in the Chapter 2 and in the work of Wu et al.[3], boosting strategy leads to efficient power density

performance amelioration for CRED systems. The power density of CRED system under boosting strategy

approaches eventually the theoretical maximum value 4%2‘{2‘1%. As the pH gradient cell presents similar capacitive
current decay problems, the boosting strategy is applied on pH gradient cell in the hope of further increasing the
power density output.

To apply the boosting strategy, an additional booster system is placed in series with the load resistor in the
circuit (Fig 4.7(a)). The booster system composition is explained in the section of Materials and Methods. It
delivers an electrical voltage Ey well synchronized to the signal Egcy delivered by the pH gradient cell in the way

that Ey and Epcy are always of identical sign. As the booster system presents as a secondary source in the circuit,
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Fig. 4.7 Power density measurement of the pH gradient cell under boosting strategy. (a). The equivalent
circuit of the pH gradient cell coupled with an additional booster system. The electrical voltage E
delivered by the booster system is synchronized with the signal Egcy delivered by the pH gradient cell.
(b). Comparison between theoretical modeling of boosting and experimental data for a pH difference
of 3.9. The theoretical modelling is performed with the cell parameters as follows: Egcy = 0.227 V,
Ry =5.5 Q and C = 1.9 F. These parameters are obtained through electrochemical characterization.
Experimental data are obtained by net power density measurement P, as a function of load resistance
R;,qq for different boosting voltages Ey for a pH difference of 3.9. All the net power densities are calculate
by the following equation P,e; = Pyro5s — Phoos:- The model predicts well the power performance of pH
gradient cell without boosting strategy. However, a significant difference is noticed between modeling
and experiment under boosting strategy. (c). Two fitting parameters 0E and OR to adapt equivalent
circuit for the description of energy performance under boosting strategy. Both parameters show a
significant increase with a rising boosting voltage Ey. The model adjustment considers an increased
effective open-circuit voltage E, sy and effective cell inner resistance R,y due to the solid state change
of MnO; electrodes under boosting strategy. (d). Comparison between modified theoretical modeling
of boosting and experimental data for a pH difference of 3.9. By adding two fitting parameters in the
model, we achieve an good agreement between modeling and experiment under boosting strategy.

while calculating the net power density dissipated in the load resistor, we need to subtract the additional energy

provided by the booster system.
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Fig. 4.8 Power density measurement of the pH gradient cell under boosting strategy. (a). The equivalent
circuit of the pH gradient cell coupled with an additional booster system. The electrical voltage E
delivered by the booster system is synchronized with the signal Egcy delivered by the pH gradient cell.
(b). Comparison between theoretical modeling of boosting and experimental data for a pH difference
of 2.8. The theoretical modelling is performed with the cell parameters as follows: Egcy = 0.165 'V,
Ry = 6.8 Q and C = 2.0 F. These parameters are obtained through electrochemical characterization.
Experimental data are obtained by net power density measurement P, as a function of load resistance
R;,qq for different boosting voltages Ey for a pH difference of 2.8. All the net power densities are calculate
by the following equation P,e; = Pyro5s — Phoos:- The model predicts well the power performance of pH
gradient cell without boosting strategy. However, a significant difference is noticed between modeling
and experiment under boosting strategy. (c). Two fitting parameters 0E and OR to adapt equivalent
circuit for the description of energy performance under boosting strategy. Both parameters show a
significant increase with a rising boosting voltage Ey. The model adjustment considers an increased
effective open-circuit voltage E, sy and effective cell inner resistance R,y due to the solid state change
of MnO; electrodes under boosting strategy. (d). Comparison between modified theoretical modeling
of boosting and experimental data for a pH difference of 2.8. By adding two fitting parameters in the
model, we achieve an good agreement between modeling and experiment under boosting strategy.

In power density measurement experiments, we measure at the same time the gross power density dissipated

in the load resistor Py, and the additional power density provided by the booster system Py, . Then we calculate
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the net power density output of the pH gradient cell using the following Equation 4.10.
Pnet = Pgross - Pb(mst (4 10)

We perform the power density measurements for a series of load resistances and for a series of boosting
voltages. The experimental results are presented in Fig 4.7(b). Here the experimental results are obtained for a
pH difference of 3.9, with a pH of 7.8 in low pH chamber and 11.7 in high pH chamber. It is clear that the net
power density output of the pH gradient cell shows a significant increase under boosting strategy. In the best
cases with a boosting voltage Eq at 0.7 V, the power density increases from 2.86 W.m~2 towards 4.52 W.m~2,
which corresponds to a giant increase of 158%. It is astonishing to notice that the power density obtained under
boosting strategy even surpasses the theoretical maximum value (%) predicted to be 4.26 W.m 2. In the case
of pH difference 2.8, we obtain a power density increase from 1.32 W.m~2 towards 3.14 W.m~2. Similarly, the
measured max power density surpasses its theoretical maximum value of 1.82 W.m~? (Fig 4.8).

Based on the equivalent circuit established for pH gradient cell coupled with a boosting system, it is possible
to modify the theoretical models. Here the boosting system is modeled as an alternative voltage generator Ey
synchronized with Egcy. It is simplified as a window function.

For 0 <t < Tj:
(Rioad +Reern)1(t) + % = Eocv + Ep (4.11)
For Ty <t < 275:
(Rioad + Reetn)1(t) + % = —Eocv — Eo (4.12)

Similarly, we get a net power density prediction by solving the modeling under boosting strategy.

2 C(Eocv + Eo) T

P . (E)) = an
net th( 0) ST Rl()ud +Rcell (Z(lelad+R"611)C

)(EocvRioad — EoRceir) (4.13)

Fig 4.7(b) compares the theoretical model prediction with the experimental data obtained under boosting
strategy. The solid lines represent the theoretical prediction based on modelling, while the dots represent the
net power density obtained experimentally. The theoretical model predicts well the power density performance
in absence of boosting. However, we notice an astonishing power density increase in experiments which is not
predicted by the modelling by RC equivalent circuit in the case of boosting. In the following, we try to uncover
the underlying mechanism of this unusual power density increase.

4.3.3 Mechanism discussion

Pseudocapacitance of MnQO,

It is reported in the work of Augustyn et al. that there are typically two major charge storage mechanisms for
MnO, electrodes[274]. Firstly, charge storage is realized by surface charge adsorption/desorption. This process is
very similar to the surface electrical double layer (EDL) charging process and can be described by the Equation
below.

MnO,+H"' +e~ = (MnO;HY) (4.14)

One might wonder if the surface charge adsorption/desorption process is sufficient to describe the capacitive
behavior in the pH gradient cell system. In fact, it is demonstrated in the work of Brahmi and Colin that in a
single membrane based CRED system, the capacitive electrode related potential difference can be described as a
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"Nernst" type equation, and that the diluted part is of higher potential[ 1 17]. However, this result is in contrast with
the experimental result in a pH gradient cell, where the concentrated part (low pH) presents a higher potential.

This point clearly shows that the capacitive behavior observed in the pH gradient cell does not originate from
the ion adsorption/desorption mechanism described for the electrical double layer. Another underlying mechanism
should be considered.

In addition to the above mentioned capacitive charge storage process similar to EDL ion adsorption, MnO,
electrode could also experience redox reactions both at the surface and in the bulk structure[273, 275]. This is
reported mainly for crystalline MnO, materials but evidences show that ions insert into subsurface sites in amorph

MnO; materials as well. This process can be described as the following equation.
MnO,+H" +e~ = MnOOH,, (4.15)

Considering the presence of carbonate species in the electrolyte, we cannot eliminate the another redox
reaction possibility. Further research work should be conducted to identify the redox reactions occurred in the pH
gradient cell.

MnO,+HCO; +2¢ +3H" = MnCO;;) +2H,0 (4.16)

5 7 9 11 13 15
pH

Fig. 4.9 Pourbaix diagram showing the possible thermodynamically stable phases of manganese. The
boundaries representing the 50/50% presence of states is represented by solid lines and the stability
of water in the system is represented by dashed lines. (Figures and captions adapted from [276] with
permission from Elsevier, copyright 2022.)
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In fact, the experimentally measured open-circuit potential can be well described by the Nernst Equation 4.1.
This suggests the occurrence of faradaic redox reactions. At the same time, the redox reactions remain stable and
the pH gradient cell system shows excellent capacitive behavior as verified both by impedance measurement and
by equivalent circuit modeling.

Then question arises as to what sets the electrode potential. In practice, the MnO, electrode in salt solutions
is at abandonment potential. MnOOH sites must appear to define this potential. These sites appear as a result
of oxide-reduction reactions with oxygen and water, as shown in the Pourbaix diagram in Fig 4.9. The rate of
MnOOH coverage is determined by this equilibrium and by the potential to be applied to the electrode. With the
electrode comprising these two surface groups, it is then easy to understand the capacitive behavior, which is an
exchange between the MnOOH and MnO sites between the two electrodes of the two different compartment.

Unexpected boosting result

For a purely capacitive system, as reported for CRED, the equivalent RC circuit accurately describes the experi-
mental energy performance, both in the absence and presence of boosting[3]. It is reported that the power density
gap of CRED system originates from the low conversion efficiency between ionic flux and electronic flux. It is
an inherent characteristic of capacitive electrodes. It slows down and even blocks the electrical current in the
circuit, resulting in a significant capacitive current decay phenomenon. In this case, the capacitive system works
in an "inefficient regime" and leads to a significant power density drop. To avoid the power density decrease, the
boosting strategy is able to enlarge the "efficient regime" window so that the capacitive system presents limited
current decay and approaches the theoretical limit.

In a pH gradient cell, due to the pseudo-capacitance of the MnO, electrodes, a similar RC type equivalent
circuit is established. It describes well the power density output of the pH gradient cell in absence of boosting. It
predicts as well the power density gap due to the electrode’s capacitive behavior. While applying the boosting
strategy, the net power density obtained in experiments surprisingly surpasses that predict by the RC model. Here,
the electrochemical characteristics of the pH gradient cell remains stable after the boosting experiments, as the
Nyquist plots in PEIS measurement superpose well among them (Fig 4.5(b)). This suggests an invariant cell
system before and after each experiment. It indicates a temporal electrochemical characteristic modification during
the boosting experiments. Here, we propose a possible mechanism with evidences already reported in literature.

In the review work of Augustyn et al., an additional electrode related potential is suggested for materials of
pseudo-capacitance[274]. It is reported that the coverage rate of the electrode surface or the inner structure has
an impact on the electrode potential. More specifically, the coverage rate related potential variation was already
well studied for the composite electrodes made of MnO, and MnOOH in 1950s[277, 278]. It was reported by
Vosburgh and coworkers that a progressive and continuous electrode potential variation is observed due to the
proton/electron accommodation. This point was verified by experiments and was concluded to originate from the
formation of a solid solution with a continuous range of Mn (IIT) and Mn (IV) states[279]. Such phenomenon is
eventually well described by the Equation 4.17.

RT X

E~EY'——"]
FTx

Here n is the ion valence and X is the extent of fractional coverage of the surface or inner structure. To

) 4.17)

summarize, the solid composition change in MnO, composite electrode might result in an additional electrode
potential difference. And it is highly related to the fractional coverage X of MnO;. Thus it is reasonable to include
both a proton concentration difference (A pH) related term and a fractional coverage difference (AX) related term
in the description of cell voltage.
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Based on this understanding, one possible mechanism is as follows. In absence of boosting, the pH gradient
cell works in its capacitive regime. The difference of fractional coverage status of the MnO, remains negligible
due to the limited redox reactions. Thus the open-circuit voltage is dominated by the potential difference created by
the pH difference. The pH gradient cell remains in a capacitive mode with its energy performance well described
by the equivalent RC circuit. While applying boosting voltage Ey, there is a significant fractional coverage change
due to the forced redox reactions. This results in a further potential contribution related to the fractional coverage
difference AX. As the fractional coverage change is related to the redox reaction, it strongly depends on the
boosting voltage Ey.

To verify this point, we adapt our equivalent circuit with an adapted voltage Eocy—. sy defined as Eocv—cff =
Eocy + OF and an adapted resistance R..;;—.rr defined as Reejj—crf = Reenr + OR. Under boosting strategy, by
using these two additional parameters, we obtain a modified model as follows:

2 C(Eerf+Eo) T
P Ey) = — anh E.rrRjpad — EoR 4.18
adapt( 0) ST Rload+Reff (Z(Rload+Refj')C)( eff™Nload 0 eff) ( )
_ 2 C(Egcv +6E +Ey) T

= an Eocy +0E)R1pud — Eo(Reers + OR
ST Rl()ad +Rcell + 6R (Z(Rcell + 5R +Rl()ad)c)(( ocv ) load 0( cell ))

Through fitting the experimental data with the modified model, we derive insights into R and SR. Illustrated
in Fig 4.7(c), these additional fitting parameters vary with the boosting voltage Ey. Notably, as the boosting voltage
Ey increases, both the system voltage and cell resistance show an increase. By incorporating these adjustments in
cell voltage and inner resistance, the RC circuit effectively predicts the power performance of the pH gradient
cell under the boosting strategy (Fig 4.7(d)). This indicates that the system still works in a capacitive regime.
Under boosting conditions, significant surface coverage fraction changes occurred under redox reactions, but these
changes remain reversible. For the boosting case of pH difference at 2.8, a good agreement is achieved as well by
doing both potential and resistance fitting in RC equivalent circuit (Fig 4.8).

In the maximum boosting cases of 0.7 V, we estimate a temporal voltage increase of 100 mV. If we attribute
this increase to the fractional coverage difference, we estimate AX to be 34 %. This point is further verified by a
simple estimation based on MnO, electro-deposition process. Through experimental results, a total charge of 8 C
is estimated to form a MnO, electrode of the same capacitance. The total charge variation during the boosting
case of 0.7 V is in measured to be 0.6 C. We estimate thus a fractional coverage difference of 30% during each
boosting period, which is in line with the above mentioned calculation.

To go further, the boosting strategy is applicable under a limit current density of 2 mA.cm~2. Beyond this
limit, we observe an irreversible electrode deterioration which quickly leads to electrode dysfunction. We believe
that in this case, the system enters the faradaic regime and the redox reactions occurred in MnO; composite

electrodes lead to severe material structural expansion and material loss.

4.3.4 Techno-economic analysis

Following these measurements, a question emerges. How much energy can be recovered from a PCC pilot, and
where else should this type of device be integrated? The main issue is the available solvent quantity. The solvent
flow and the amount of solvent in the process is constrained by the amount of energy required to regenerate the
amine solution. In order to make an estimate, it is thus necessary to approach a real case study. In the following,
we will take advantage of the analysis of a pilot plant for CO; recovery of 2 ton-CO,/day from flue gas emitted
from a 500 MW coal fired power plant performed by Kwak et al. [272]. In this study, the CO, poor solution has a
CO; concentration of 0.2 mol/mol MEA, while the CO; rich solution has a CO, concentration of 0.5 mol/mol
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MEA. In both cases the concentration in MEA in water is set to 30% in weight. This corresponds to a difference
of pH of 2.5 [280]. The electrical and ionic conductivity of these solvents is comparable to our study, so we can
expect to produce 3 W.m~2 of membrane. The flow rate of the amine solutions is 1300 L.h~!. In the case of our
cell, this flow enables 177 cells with a width of 0.3 m to be fed, and therefore 46 MJ to be produced per day. Our
data are obtained at 25°C, so we can expect higher capacities at 40°C. In addition, unlike the RED-type device,
the membranes used are low-cost, so there are no filtration costs in the process. As a result, the cost of electricity
produced is low. Assuming a membrane - electrode unit price of 10 € per m? (laboratory price), a collected
power of 3 W.m~2 and a membrane life of 10 years, the cost of the energy produced is 69 € per MWh taking into
account the auxiliary equipments[3]. This figure is in line with current electricity production costs (solar energy 40
€ per MWh, wind off shore 120 € per MWh[255]). This energy is not intermittent and does not require storage.
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4.4 Conclusion

Conclusion

In this chapter, we generalized the salinity gradient based energy harvesting system into concentration
gradient based systems. More specifically, we designed a pH gradient based energy harvesting cell to be
integrated in the carbon capture process for overall cost reduction.

1. The CO; capturing in carbonate solutions results in a pH decrease. Combining electrolytes with CO,
trapping and electrolytes with air pumping or heat treatment, we create a significant proton concentration
difference with A pH ranging from 0 to 3.9 , which is used as an osmotic energy source in this work.

2. The pH gradient cell consists of two home-made inexpensive MnO, composite electrodes and a
non-selective membrane. The overall cell voltage is delivered by the electrode potential difference which is
well predicted by Nernst Equation.

3. Due to the pseudo-capacitance of the MnO, composite electrodes, the pH gradient cell has similar
capacitive behaviors as in CRED systems both in electrochemical characterizations and in power density
measurement. It delivers a maximum power density of 2.86 W.m~? for a maximum pH difference of
3.9. The pH gradient cell can be accurately modeled by an RC equivalent circuit, with its power density
performance well-described by this model, suggesting that MnO, operates within a capacitive regime.

4. We propose the application of a boosting strategy to further enhance power density. However, we

observe an astonishing increase in power density towards 4.52 W.m ™2, surpassing theoretical predictions

based on 4132@’1 ;- The equivalent circuit-based modeling fails to account for this unusual increase in power
density. Considering a potential additional contribution related to fractional coverage changes in MnO,
electrodes, we further adjust the model under the boosting strategy, incorporating two fitting parameters to
account for the observed increase. The corrected model aligns excellently with experimental data, suggesting
a reversible redox reaction occurring within the MnO; electrodes.

2

5. While the electrical current exceeds a limit of 2 mA.cm™~, we observe severe electrode dysfunction

and material loss, indicating the occurrence of irreversible redox reactions.
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Chapter 5

Conclusion and Perspectives

This concluding chapter provides a comprehensive overview of osmotic energy harvesting through capacitive
reverse electrodialysis (CRED) systems. We also offer insights into our planned future investigations. Specifically,
we will investigate deeper into studying the industrialization of the CRED system, focusing on two primary
directions. Firstly, we will explore the construction of CRED cells with larger effective surface areas. Secondly,
we intend to implement CRED units in series. Moreover, we plan to integrate salinity gradient-based CRED
systems as booster systems in pH gradient systems. Lastly, we explore the possibility of integrating pH gradient

cells into ocean-based Carbon Capture and Storage (CCS) processes.
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5.1 General conclusion

In this thesis, we study the capacitive reverse electrodialysis (CRED) systems for osmotic energy harvesting.
Based on the previous work in this group, we designed a CRED cell composed of two inexpensive capacitive
electrodes and a single ion exchange membrane. While the CRED system offers significant advantages such
as cost reduction, ease of industrial scale-up, elimination of over-potential issues, avoidance of redox reactions,
and high stability, it also exhibits significant challenges in its power density output. The "blocking nature" of
the capacitive electrodes requires a periodic solution chamber reversal to ensure the continuous osmotic-electric
energy conversion. The experimental results reveal a notable decrease in power density, with over a 50% drop
observed in the CRED system compared to its theoretical maximum. To further enhance the power density output
of the CRED system, we conduct systematic study to reveal the underlying mechanism of this power density gap
and provide an effective strategy for energy performance amelioration.

The giant power density gap is essentially due to the capacitive current decay phenomenon within each period.
It is the result of an inefficient ionic-electronic flux conversion in capacitive electrodes. If the capacitive current
shows important decrease within the fixed working period, the system presents low conversion efficiency between
ionic flux and electronic flux. Thus it presents a significant energy performance drop under a so-called "Inefficient
regime". However, if the capacitive current remains stable and shows limited decrease, it enters the "efficient
regime" where the power density output approaches the maximum theoretical value. Based on this mechanism
understanding, we propose the use of a secondary voltage source placed in series with the CRED system for
power density output enhancement. This so-called "Boosting strategy" delivers an additional electrical signal
well synchronized with the CRED cell electrical voltage. It enlarges the effective "efficient regime" window and
thus alleviates the current decay problem for CRED system. By shifting the CRED system towards "efficient
regime", it optimizes the ionic-electronic flux conversion in capacitive electrodes and enhances effectively the
energy performance of the CRED system. This point is verified both by experimental results and by numerical
simulations realized on an equivalent circuit of the CRED system. In the most optimized cases, for a salinity
difference of 300 g.L~! vs 10 g.L~!, the net power density increases from 3.29 W.m~2 towards 5.26 W.m~2 under
boosting strategy.

Thanks to the boosting strategy, the CRED system now demonstrates outstanding energy performance which is
comparable to theoretical maximum predictions. Given its numerous advantages, particularly its cost-effectiveness
compared to classic RED systems, further investigation into its feasibility at an industrial scale is intriguing. The
aforementioned studies were conducted using artificial solutions composed solely of NaCl salts, which diverges
from real-life applications. One crucial aspect is to explore the impact of divalent ion mixing, as encountered in
real-world solutions.

We conducted a systematic study to investigate the impact of divalent ion mixing on cell open-circuit voltage,
electrochemical characteristics and power density performance, respectively. According to experimental results,
the mixing of divalent ions results in a significant cell voltage drop in CRED system. To further analyze this
voltage decrease, we study the details in its membrane related contribution and its electrode related contribution,
respectively. The experimental data demonstrates a major decrease in membrane potential while the electrode
related potential remains stable. Different from classic RED scale up of series connection, the CRED repetition
unit comprises capacitive electrodes. Thus in a CRED scale up configuration, 50 % of the overall cell voltage of
CRED is electrode related contribution and it remains stable. This presents a major advantage for CRED system.

Further investigations are conducted to reveal the underlying mechanism of the membrane voltage drop. Two
possible mechanisms could be the reasons behind this drop. In divalent mixing solutions, we observe a so-called
uphill phenomenon which results in a decrease of membrane voltage. Due to Donnan equation, the electromotive
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force of monovalent ions are two times higher than that of divalent ions. In order to obtain equilibrium in
chemical potential at both sides of the membrane, divalent ions are transported from the diluted part towards
the concentrated part to compensate the monovalent ion transportation, to obey the electron-neutrality at both
sides of the membrane. The theoretical modelling of uphill effects describes well the voltage drop in CRED
system. This experiment-model accordance effectively eliminates the possibility of membrane poisoning issues.
This phenomenon arises from the permeation of co-ions through non-ideal membranes, leading to a decrease in
apparent membrane selectivity and an increase in cell resistance. Unlike previous studies on classic RED systems,
the CRED system exhibits a limited decrease in cell voltage and power density performance. In the case of a mixed
solution comprising 60 % CaCl, and 40 % NaCl, we observe a power density drop of only 35 % in the CRED
system compared to scenarios where the feed solutions contain only NaCl as a salt. In contrast to the significant
power density drops over 75 % observed in classic RED systems, the CRED system is much less affected by the
presence of divalent ions, thanks to the elimination of membrane poisoning issues. Experimental results show
that the membrane poisoning is alleviated by the periodic chamber solution reversal in the CRED system. To
complete this study, we conduct power density studies on the CRED system using various real-world solutions.
Similarly, the CRED system exhibits limited power density drop solely due to the uphill effect, a performance that
is sustained even during 500 cycles of around 8 hours.

The limited impact of multivalent ions on the energy performance of the CRED system is indeed exciting and
paves the way for further advancements toward its industrialization. To evaluate its potential, we’ve conducted a
systematic techno-economic analysis based on results obtained with real-world solutions. In scenarios involving
seawater and riverwater solutions, the estimated electricity production cost remains prohibitively high. However,
in applications with very salty solutions, such as a Dead Sea desalination scenario, the estimated electricity
production cost of 125 € becomes comparable to that of other renewable energies. This estimation is based on
the novel sSPEEK membrane with a cost estimated at 12 € in literature.

Osmotic energy manifests in various forms. Unlike salinity gradients, which are severely restricted by
salt solubility, pH gradients present a broad spectrum, offering an important ion concentration difference in
various scenarios. We extend our salinity gradient-based CRED system into a concentration-based framework.
Specifically, we introduce a pH gradient-based system comprising two inexpensive MnO; electrodes and a
non-selective membrane. This system is well-suited for integration into the Carbon Capture and Storage process,
facilitating overall energy cost reduction. The dissolution of CO, induces a significant pH shift in the electrolyte.
By combining electrolytes with CO; dissolution and air purging, we establish an osmotic energy source with a pH
difference of up to 3.9. The pH gradient cell enables the conversion of osmotic energy into electricity. Due to
the pseudo-capacitance of the MnO; electrodes, the pH gradient cell exhibits typical capacitive behavior under
current limitations. Consequently, a similar capacitive current decay issue leads to relatively low power density
performance.

To enhance power density performance further, we implement the same boosting strategy for the pH gradient
cell. With a maximum pH difference of 3.9, the net power density increases from 2.86 W.m~2 to 4.52 W.m 2,
It’s remarkable to observe that the experimental power density exceeds the theoretical maximum prediction.
The equivalent circuit-based modeling fails to explain this unexpected rise in power density. This surprising
increase is attributed to the additional potential and resistance contributions linked to fractional coverage changes
in MnO, electrodes. The adjusted model, incorporating two fitting parameters, closely matches experimental data,
indicating a reversible redox reaction taking place within the MnO; electrodes.
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5.2 Perspectives

In this section, we outline several intriguing plans for future studies. Specifically, we will delve deeper into
studying the industrialization of the CRED system, focusing on two primary directions: effective surface area
increase and implementation of CRED unit in series. Furthermore, we plan to integrate salinity gradient-based
CRED systems as booster systems in pH gradient systems. Lastly, we aim to integrate pH gradient cells into
ocean-based Carbon Capture and Storage (CCS) processes.

5.2.1 CRED system scale up

In this thesis work, we showcased an effective boosting strategy for CRED systems, resulting in outstanding power
density performance that approaches its theoretical limit. Further investigations revealed that the CRED system is
minimally affected by the mixing of multivalent ions in real-world solutions, thanks to the periodic water chamber
reversal. This advancement represents a significant step toward its industrial applications. As indicated by the
techno-economic analysis, there is immense potential to scale up CRED systems.

In future studies, it would be fascinating to pursue the scale-up of CRED systems in two distinct directions:
first, by increasing the effective surface areas, and second, by implementing CRED units in series.

Surface area increase

One interesting direction is to enlarge the effective surface of the system. At present, we conduct lab-scale studies
with CRED systems of 2-10 cm? as effective membrane surface. For further development towards industrialized
CRED system, it is essential to design CRED systems of 0.1-1 m? for example.

In a larger CRED system, complex problems that are negligible at lab-scale are to be well studied. We will
focus on the effect of the extension of the length - along the flow - and the width — perpendicular to the flow.
The extension of the length highlights the problem of the filling time. Ideally, we expect a filling time as small
as possible in order to realize an instantaneous potential establishment towards a square type signal. Otherwise,
we need to spend much energy against viscous dissipation, which leads to power density loss problems. As the
cell size increases significantly, the ion concentration profile across the surface becomes no longer homogeneous.
This could impact directly the overall cell voltage and inner resistance. Extending the length also exhibits the
non-ideal selectivity of the membrane requiring an adjustment of the relative volume flows of the saline solutions.
Preliminary results showed that during a switch, the potential of the cell is mostly given by the Donnan potential
and its spatial mean considering a plug flow.

Regarding the width, the matter differs. As the system displays an invariance regarding the flow, the main goal
is to improve the transmission line along the current collectors that sets a limit width due to the lineic resistance
of the collectors[281]. In addition, the structural design of CRED system, for example co-flow or counter-flow
design, should be adapted and tested at larger scale.

Stacking capacitive units in series

Another interesting direction is to stack CRED units in series as already developed for faradaic RED systems.
To increase the power recovered in the RED devices, a series of cationic and anionic membranes are stacked
alternatively in a device with only two faradaic electrodes placed in the end, as illustrated in Fig 5.1. In such
configuration, the overall cell voltage is calculated as:
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EOCV :NEm +Eelec (51)

where N refers to the number of ion-exchange membranes.

It is to notice that the implementation of CRED systems is slightly different. Capacitive concentration cells, on
the other hand, require the use of two electrodes per membrane i.e. by cell (Fig 5.1). As the cost of the electrode
and the clamping device is negligible compared to the cost of the membrane, this is not a major disadvantage of
capacitive cells. In addition, due to the additional contribution of electrode potential, we replace one ion-exchange
membrane used in RED system by a pair of capacitive electrodes. From an economic point of view, such design
is cost-less as electrodes are much cheaper than membranes. In such configuration, the overall cell voltage is
calculated as:

Eocv = N.Ey + N.Egjec (5.2)

where N refers to the number of ion-exchange membranes, which is equal to the number of pairs of capacitive
electrodes.

As discussed in Chapter 3, in the repetition configurations of CRED units, electrode-related potential
contributes to 50% of the overall cell voltage. While the mixing of multivalent ions significantly affects membrane
potentials, it has minimal impact on electrode-related potentials. Consequently, CRED systems exhibit higher cell
voltage in real-world solutions.

Considering the hydraulic aspect, It is recommended to connect in series and feed them all with solutions of
the same high and low salinity to limit polarization problems. To reduce the overall system cost, carbon based
capacitive felt and sSPEEK membranes are recommended.
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5.2.2 pH gradient cell optimization

The pH gradient cell expands the potential application scope for CRED systems. Therefore, it is intriguing to
explore additional strategies to enhance energy performance or combining CRED system with other technologies.
Furthermore, there are other possibilities for integrating such systems into CCS procedures that warrant further

exploration.

Combining pH gradient cell with other technologies

It is interesting to combine other concentration gradients into the system to increase the overall power density
output. A good example would be the work of Chen et al., where they combine the pH gradient with thermal
gradient into a single system[244]. Further test of thermal or solar-assisted pH gradient cell could eventually
present higher energy performance.

Currently, we achieve boosting through an external power supply. The use of an accessory power supply
could present as a major disadvantage while we imagine the future industrial scale up. To replace the accessory
power supply, we can imagine the use of a salinity gradient based cell connected in series with the pH gradient
cell. Such coupling has already been reported for water electrolysis[282, 283]. To go further, integrating an inner
salt-gradient-based RED system within the pH gradient system could present a more intelligent and feasible
solution for the boosting strategy applications[284].

Ocean electrolyte based Carbon capture

In addition, another ocean related CCS process provides an interesting opportunity of pH gradient energy
harvesting. While in most of the CCS technologies, a well engineered electrolyte is used to capture CO, gas from
industrial wastes or directly from ambient air, the ocean already presents as a perfect CO, capturing reservoir.
Dissolved carbon dioxide in the ocean occurs mainly in three inorganic forms: free aqueous carbon dioxide
(COz(aq)), bicarbonate (HCO5'), and carbonate ion (CO%f).

In typical seawater, approximately 2-3% of the CO; is dissolved gas in the form of carbonic acid (H,CO3),
1% is carbonate (CO%‘), and the remaining 96-97% is dissolved bicarbonate (HCO3 )[285].

CO, +H,0S HT +HCO; S 2H' +C05™ (5.3)

To regenerate the CO, accumulated in the ocean, it is important to well push the equilibrium to the left. A
possible solution is to reduce the pH. Recently, researchers develop an acidification electrochemical cell to well
control the ocean pH level below 6, so that the dissolved carbonates and bicarbonates re-equilibrate to dissolved
gas form. On the one hand, the regenerated CO, could be further utilized in biofueling or carbon based product
production, or injected underground for storage. On the other hand, the CO, extraction breaks the CO, equilibrium
in the ocean. Additional CO, in ambient air will then be further trapped into the ocean reservoir. Through ocean
based electrolyte, we capture indirectly the CO, from ambient air.

Indeed, while the acidified part is utilized for CO, extraction, there exists a basic part at the cell outlet. Prior
to re-injecting the electrolytes into the ocean, it is essential to mix the acidic and basic parts to equilibrate the
pH. At this juncture, we identify an ideal opportunity to integrate the pH gradient cell for energy harvesting. A
meticulously engineered mixing process can convert osmotic energy into electricity, thereby undoubtedly reducing
the overall energy cost of CCS technology.

In the preliminary tests realized for this process, we converted a electrodialysis cell into an ocean acidification

cell with the use of two cation exchange membranes. It requires a typical power density of 100 W.m~?2 to
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convert the seawater (pH 8.31) into the acidified part (pH 5.69) and basic part (pH 10.70) for CO; regeneration.
Considering the maximum power density achieved in our experiments, it requires approximately 20 pH gradient
cells to regenerate the consumed electrical power. In this situation, as carbonate/bicarbonates are of lower presence
in the solution, we noticed a severe problem of proton transportation kinetics, which results in a significant power
density drop[286].

In the future, we will try to integrate proton exchange medias, such as ion-exchange resins both into the
ocean acidification cell and in pH gradient cell. It might reduce the overall cell resistance and promote the system
efficiency. For further overall system efficiency amelioration, it is interesting to redesign the ocean acidification
cell by using bipolar membranes. This eliminates the production of H, and O, gases in the system, which

eventually leads to a power demand reduction[287].
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Appendix

A.1 Fluidics for energy harvesting: From nano to milli scales

Wu, N., Brahmi, Y., and Colin, A. Fluidics for energy harvesting: From nano to milli scales. 23(5):1034-1065.

In this appendix, we present the review article published on the fluidic energy harvesting systems. It refers to the
Chapter 1 of this thesis manuscript.
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Fluidics for energy harvesting: from nano to milli
scales

Nan Wu, @ Youcef Brahmi and Annie Colin & *

A large amount of untapped energy sources surrounds us. In this review, we summarize recent works of
water-based energy harvesting systems with operation scales ranging from miniature systems to large scale
attempts. We focus particularly on the triboelectric energy, which is produced when a liquid and a solid
come into contact, and on the osmotic energy, which is released when salt water and fresh water are
mixed. For both techniques we display the state of the art understanding (including electrical charge
separation, electro-osmotic currents and induced currents) and the developed devices. A critical discussion
of present works confirms the significant progress of these water-based energy harvesting systems in all
scales. However, further efforts in efficiency and performance amelioration are expected for these

rsc.li/loc

1 Introduction

A large amount of untapped energy sources surrounds us.
They derive from human activities or come from ambient
energies such as chemical, thermal, radiant and mechanical
energies. Energy harvesting from environment is not recent:
people have been harvesting energy for centuries at large
scale with windmills and nowadays with wind turbines or
photovoltaic batteries. After the radiant sources (sun, RF,
etc.), mechanical energy (vibrations, wind, rain, etc.) and
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technologies to accelerate the industrialization and commercialization procedure.

salted gradient are the second main environmental source of
energy’ * The mixing of 1 cm® of sea water with 1 cm® of river
water produces an energy of 1.4 ].> The energy of a rainwater
drop falling on a surface is of the order of magnitude of 10
1J (speed of the drops estimated to 1 m s *). These energies
are not negligible and are comparable to the energy demand
for powering current electronic devices. It takes 1 mJ to send
a text message and 1 pJ to measure a temperature.e'7 It seems
therefore interesting to develop new techniques to recover
energy from water by focusing on the mechanical energy
contained in the drops of rain, in waves and in a more
original way, in the osmotic energy contained in salt
solutions. In such an approach, the first goal will be to be
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able to power sensors and embedded electronic devices,
which is part of the energy harvesting field. The second goal
in the longer term, if the results are there, will be to extend
these devices to large scales in order to generate new
renewable energy sources to fight against climate change and
replace fossil fuels. Researchers estimate that the worldwide
salinity gradient energy could reach 2.4-2.6 Terawatts
considering all the rivers and effluents running to the sea,
among which 1 Terawatt is extractable.®°

In this context, nanofluidics, microfluidics and
millifluidics can have an impact in the field of research and
development of new strategies to recover blue energy or energy
from rain water. Nanofluidics, microfluidics and millifluidics
encompasse all techniques for manipulating fluids at
nanometer scale (between 1 and 1000 nanometers), micron
scale (between 1 and 1000 micrometers) and millimeter scale
(between 1 and 1000 millimeters), respectively.

In this review, we focus on emerging techniques for
energy harvesting from fluids. In all cases, these techniques
involve charge separation mechanisms and the creation of an
ionic flow which is then converted into electronic flows either
through a capacitive system or a faradic system. The charge
separation mechanism is a basic key point in this framework.
It remains to this day an open question although much
progress has been made recently.'® It involves the
interactions between liquids and solids and the
electrification of the contact. In this context it finds its
explanations in the mechanics that govern triboelectric
phenomena.***?

The remaining part of this review proceeds as follows. In
the second part, we will mainly focus on triboelectric energy
harvesting systems. We will start with the state of art charge
separation mechanisms taking place in liquids, or at the
contact between a liquid and a solid surface due to the
supply of mechanical energy. Based on these principles,
innovative devices for the recovery of the mechanical energy
of raindrops or waves are presented. A brief discussion on
economic viability is provided at the end of this part. The
third part will deal with the recovery of osmotic energy from
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salted gradient. Here we will present the main techniques
including pressure retarded osmosis, reverse electrodialysis,
capacitive mixing and capacitive reverse electrolysis. Present
technological challenges and economic evaluations of these
techniques are discussed in this part. A comprehensive
conclusion, which summarizes the present research
advancement as well as encouraging perspectives in this
field, is provided at the end.

2 Triboelectric energy harvesting

When two materials or a material and a fluid come into
contact by friction, the materials and the fluid become
electrically charged. This effect, known since ancient Greece,
is called the triboelectric effect. Despite the fact that it is
observed on a daily basis, it has only recently been partially
explained. In the following section we will clarify this point
and in particular illustrate the recent work that explains
charge separation. It is possible to take advantage of this
phenomenon to create an electric current. The presence of
triboelectric charges on the dielectric surfaces can be a force
that pushes the electrons in the electrode to flow in order to
balance the electric potential drop created. Based on this
observation, Wang invented TriboElectric NanoGenerators
(TENGs).">"* In the second subsection of this part we will see
how these devices work by focusing on devices that consist of
a liquid and a material. The last subsections are devoted to
economic analysis and perspectives of TENGs.

2.1 Contact electrification and charge electrification

2.1.1 Charge separation in liquid due to the amplification
of an instability: Lord Kelvin's experiments. The pioneering
work of charge separation process in liquids is the well-
known Lord Kelvin's experiment. A Kelvin dropper® is a
device that converts the gravitational potential energy of the
drops into a high electrostatic voltage. Two positive feedback
loops are constructed in the system to enable continuous ion
separation. It consists of a tank equipped with two metallic
tubes, two metal rings and two metallic canisters. The
canisters are connected to the rings (see Fig. 1) in a well
defined way: each canister is connected to the ring that does
not feed it. The water drops fall from the two outlets above
the conductive rings. When a drop is emitted from the outlet
of the capillary nozzles, it has a small charge. The value and
the sign of this charge depend on the material of the tube
and on the value of the local electric field at the level of the
nozzle. Suppose a drop is of positive charge. The metal
reservoir will become positively charged as well as the ring
facing the second capillary. Drops emitted from the second
capillary will be negatively charged and be accumulated in
the reservoir connected to the first ring. The phenomenon
will be amplified. In a few seconds a voltage difference of
several kiloVolts appears between the two tanks. This voltage
difference can be so large that it can reach the field
breakdown threshold of the air between two plates of a
capacitor connected to the two reservoirs. Sparks may appear.

Lab Chip, 2023, 23,1034-1065 | 1035
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Fig. 1 Top, classical Kelvin water dropper, bottom, representation of
the microfluidic version (figures and captions reproduced from ref. 16
with permission from Royal Society of Chemistry, copyright 2013).

This experiment was designed by Lord Kelvin to reproduce
the appearance of electrostatic phenomena during
thunderstorms. It is to mention that there is no electrical
power generated in this system. No electrical currents are
involved in the whole procedure, neither of capacitive nature,
nor of faradic nature.

At the end of the 20th century, this experience was
redesigned to increase the recoverable energy density. Marin
et al.*® proposed a microfluidic version of the device in 2013.
The device consists of two microfluidic drop generators on
different chips. Each chip comprises two types of electrodes:
an electrode analogous to the ring of the Kelvin system close
to the emission zone of the drops and an electrode further
on the channel which recovers the charges. They
demonstrated a successful formation of charged liquid drops
by this microfluidic system.

2.1.2 Charge separation on graphene. Charge separation
phenomena have also been demonstrated by studies on
moving drops on graphene.'”'® The physical mechanism in
charge of the production of this electric current has been
discussed in many works. It seems to date that a clear picture
appears'® thanks to Density Functional Theory simulations
(see Fig. 2). While an ionic liquid drop is deposited onto a
graphene surface, cations including H;O" and hydrated Na*
are preferentially adsorbed on the graphene surface,
attracting electrons to accumulate on the upper side of the
graphene. This excess of charge under the drop creates a
positive charge (an electron deficiency) in the graphene

1036 | Lab Chip, 2023, 23,1034-1065
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Fig. 2 Mechanism of charge separation on graphene. (a) lllustration of
the experimental set-up. A liquid droplet is sandwiched between
graphene and a SiO,/Si wafer, and drawn by the wafer at specific
velocities. Inset: A droplet of 0.6 M NaCl solution on a graphene
surface with advancing and receding contact angles of 91.98° and
60.28°, respectively. (b) Equivalent circuit for (d). (c) Schematic
illustration of the pseudo-capacitance formed by a static droplet on
graphene. (d) Schematic illustration of the potential difference induced
by a moving droplet (figures and captions reproduced from ref. 19 with
permission from Springer Nature, copyright 2014).

which is distributed on the edges of the drop. When the drop
does not advance, there is no potential difference created.

When the drop moves, there is a constant supply of
positive charge towards the front of the drop. Thus there is a
constant supply of electrons at the front interface. Similarly,
there is a constant departure of electrons from the back of
the drop. These two phenomena induce an electric current in
the graphene and a potential difference between the front
and the back, with the electric potential at the front being
higher than the electric potential at the back. The density
power™ is 19.2 nW ecm ™ which corresponds to an efficiency
of 1%.

Charge separations have also been demonstrated when a
graphene-covered surface is dipped in an electrolyte®® (see

a b

Electrode

b———

Graphene 3.5 wt% NaCl

Voltage (mV)
o

-2

Time (s)

Fig. 3 a, Schematic illustration of the experimental set-up: moving
the graphene sample on a polyester terephthalate substrate vertically
across the water surface within a container. All the edges of the
graphene sheet and silver emulsion electrodes are protected with
silicone. b, Typical voltage signals produced as a sample is inserted
and pulled out of 0.6 M NaCl solution (3.5 wt%) at a velocity v = 3.1 cm
s (figures and captions reproduced from ref. 20, with permission
from Springer Nature copyright 2014).
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Fig. 3). The sodium ions in the electrolyte adsorb rapidly on
the surface. Chlorine ions move less rapidly towards the
surface from which they are repelled. It therefore takes time
to cancel this charge separation. During this time, the
electrons in the graphene move closer to the sodium ions,
creating holes in the graphene. A difference in the
concentration of holes appears along the material and thus
leads to the creation of a potential difference and an electric
current. When the plate is removed from the liquid, the
opposite phenomenon occurs, resulting in an electronic
current in the opposite direction. Maximum voltages of 100
mV and maximum currents of 11 pA are measured for
surfaces of 20 cm® The powers are therefore very low. The
authors consider that their work can have an impact in the
field of sensors.

At this stage we are not aware of any development of these
graphene-liquid systems leading to real efficient devices.
However, these new reflections have the merit to improve the
understanding of the electrification phenomena. To conclude
this section, in the above-mentioned graphene-based charge
separation processes, graphene itself presents no permanent
static surface charges. The electric current is generated by
potential differences and dynamic concentration imbalances.
In the following, we will present several charge separation
mechanisms involving the creation and use of charged
surfaces.

2.1.3 Charge separation and electrification of the liquid/
solid contact. The electrification of a contact corresponds to
the appearance of charge when two solids or a solid and a
liquid are placed in contact. Although known since ancient
Greece, the nature of the charge carrier electrons or ions
during electrification remains a debate. Using ferrimagnetic
solids, Lin et al*' show that electrification by liquid-solid
contact is sensitive to magnetic fields. This result allows to
answer the nature of the charge carrier during the contact
electrification for ferrimagnetic solids. Indeed, potential
charge carriers such as OH and H;O" are all in a singlet
ground state. They have an extremely weak response to
magnetic fields and should not induce a sensitivity of the
contact electrification (CE) to magnetic fields. Conversely, the
electron spin is sensitive to magnetic field. The transfer of
electrons between two species is spin conservative and
follows the Pauli exclusion principle. Therefore, the liquid-
solid CE should depend on the spin and therefore on the
magnetic field if electrons are the charge carriers. These
results provide strong evidence that the charge carrier is the
electron during electrification of the liquid-solid contact for
ferrimagnetic solids. However, these experiments do not
allow us to totally reject the participation of ions in the
electrification of the contact, especially in the case of other
solids such as oxide surfaces or polymers. In recent studies,
Lin and his colleagues'®®* have shown, by performing
thermionic emission experiments, that both electrons and
ions transfer during the contact electrification between the
SiO0, and deionized water. The electronic transfer
corresponds to 75% of the charge transferred in this context.

This journal is © The Royal Society of Chemistry 2023
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The other 25% corresponds to the reaction between OH and
SiO, which leads to the creation of SiO". When the pH is
increased to 11 or decreased to 3 the electron transfer
remains present but decreases while the ion transfer
increases. The electrons transferred to the surface come from
the water molecules. This requires during the contact to
make appear in a very temporary way ions of type H,O". The
existence of the latter is explained by the hybrid layer model
of Wang?® and has been indirectly demonstrated recently by
the production of OH radicals and hydrogen peroxide during
contact electrification.”* The surface charges carried by other
oxyde® or PTFE after contact with water can be explained in
the same way. Some of them come from the adsorption of
ions during the contact (OH™ adsorption), others from an
electron transfer from water to the material."”

The electrification of the contact allows to create currents.
Let's consider the between PDMS
(polydimethylsiloxane) and copper lubricated by water. The
set-up developed by Lin et al®® to study this process,
encompasses a PDMS layer on which a pyramid-shaped
structure has been lithographically etched, a layer of water
and a poly(methyl methacrylate) (PMMA) plate covered with a
copper film (see Fig. 4). At initial state, a drop of DI water is
placed onto the copper thin film, which is noted as electrode
1. For electrode 2, the structured side of the PDMS film is
facing the electrode 1, while the other side is covered with a
copper thin film. A drop of DI water is deposited onto
electrode 1 on the copper surface. When the PDMS comes
into contact with the liquid, the ionization of these surface

contact

(a)
(Electrode 2) Cu thin film <

PDMS layer
Water

Fig. 4 Working mechanism of the water-TENG. (a) Initial status
without any external force applied. (b) External force brings the PDMS
layer into contact with water. (c) Removing the PDMS layer from the
water surface. (d) PDMS layer returning back to the original position.
(e) External force applied makes the PDMS layer contact with water
again. For simplification, both PMMA substrates are not shown (figures
and captions reproduced from ref. 26) with permission from John
Wiley and Sons, copyright 2013.
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groups induces the appearance of a positive surface charge in
the liquid volume and a negative one on the polymer surface.

When the PDMS is removed from the liquid, its
hydrophobic character induces the charge separation. The
PDMS carries a net negative surface charge and the liquid a
positive charge. This charge is greater the more easily water
is drained from the PDMS surface. As said before, the
hydrophobic character of PDMS is fundamental to ensure
charge separation. A maximum surface charge is generated
when the water is completely drained from the PDMS surface
in an ideal case. If the two copper films are electrically
connected, a flow of electrons occurs between the copper film
covered by the PDMS which is negatively charged and the
copper film covered by the water drop which is positively
charged so as to counterbalance the charges. When the
PDMS re-enters the liquid, its charge is locally neutralized by
the charge of the liquid. Thus the electrons make the
opposite path, results in a capacitive current in the opposite
direction. This new prototype of triboelectric contact by
charge exchange between a solid surface and a liquid surface
produces a current of 2.45 mA m >, a peak voltage of 52 V
and a peak power (not average) of 0.13 W m > which allows
to power 60 LEDs simultaneously. It is worth to be noted that
the measured effect strongly decreases when deionized water
is replaced by salt water. The power decreases by a factor of 4
when the authors use a 0.6 M NaCl solution instead of
deionized water. This explanation is suitable for a surface
carrying ionizable groups but is not satisfactory on PTFE
surfaces or oxide surface. In this last situation, the
interaction of the ions of the solution with the surface is put
forward.

Surface charge, wherever it comes from (electrons from
water or ions adsorption), seems also to be at the origin of
the production of charged drops. We have just seen that the
contact of a drop of water on a surface can create surface
electrostatic charges and induced currents. A similar
mechanism can occur when a liquid flows over a surface. The
electrification of the drop after its emission from a nozzle or
a capillary has generated a lot of activities over the past 20
years. The surface of the nozzle or capillary’” has a surface
charge.”® When liquid flows, it will first take away the
released counterions which balance the surface charge and
reveal a charged surface. Then through the capillary or the
nozzle, a layer of counterions will build up at the liquid-wall
interface. The whole wall of the tube, electrolyte in the tube
is neutral. However, the tube wall and the electrolyte each
carry a surface charge which is opposite. The value of the
charge depends on the pH, the concentration of electrolytes,
the capillary coating and little on the humidity value. This
explains why the drops coming out of a capillary are charged.
This natural electrification of the droplets does not come
from pre-existing free charges on the capillaries but from a
charge separation mechanism between a droplet and the
surface of the pipette tip which carries a static electric
charge. The chemical balance of the surface is not affected by
the flow. This causes the upper liquid upstream of the
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capillary to become inversely charged. The existence of
charged drops will be used in the following to generate
energy producing devices.

2.2 Applications to energy harvesting devices

2.2.1 Ballistic electrostatic generator. Xie et al.>° developed

a device that converts the inertial energy of jet drops into
electric current. The device is depicted in Fig. 5. A jet of water
is formed at the outlet of a pore of about thirty micrometers
in diameter under the action of a strong over-pressure of the
order of 100 kPa. Under the effect of Rayleigh Plateau
instability, the jet breaks into small drops. These drops
possess an electrical charge which is induced by the surface
charge of the hole (see above subsection for more details).
The charged drops arrive on the target plate which is
connected to the ground. In this device, the acceleration of
the drops compensates the electric field created between the
bottom plate and the electrode. A current of electrons from
the ground to the target plate is established. This current is
counterbalanced by a current of electrons from the
membrane to the ground (see Fig. 5). This device resembles
Lord Kelvin's device. However, there are significant
differences that make it more efficient. In Kelvin's drop
generator, gravity opposes the electric force that slows down
the drops, in this device it is the acceleration of the drops.
This fundamental difference coupled with the fact that the
charges of the drops are 10* larger than those of the Kelvin
experiment results in higher currents.

The authors claimed that the system displays a conversion
efficiency up to 48% and may generate a power density of
160 kW m™ if scale up holds. These figures are excellent.
However, although promising, the device is far from being
developed as an application. The main disadvantage of this
system is that it does not provide for a surface discharge
phase. Indeed, in order to produce energy in a system that
induces ion flows and then capacitive electron flows, it is
necessary either to imagine a process that induces reverse
flows, or to set up reactions that consume the charges
produced by faradaic reactions. In other words, it is
necessary to manage to discharge the surfaces, to depolarize
them in order to be able to cycle as in the case of triboelectric
systems. Moreover, even if this problem is solved, the system
will face the same energy storage problem as triboelectric
systems. This system has a very small output impedance and
the energy transfer efficiency will be very low. This work has
not led to any application developments in the literature but
as we said before it is one of the most promising.

2.2.2 Harvesting the rain droplets energy. In this spirit, Xu
et al®® have developed a device that is closer to the
application domain. The device consists of several layers of
electrodes. An aluminum electrode is placed onto a
polytetrafluoroethylene (PTFE) electret, below which an
indium tin oxide (ITO) electrode is placed on a glass surface
and does not receive liquid drops. It is important to mention
the direct connection between aluminum electrode and ITO

This journal is © The Royal Society of Chemistry 2023



Published on 10 January 2023. Downloaded on 3/26/2024 4:52:53 PM.

Lab on a Chip

a Cross section

Detail view
' Pressure inlet

Holder

Flowmeter
Guard ring

Filter
Electrode

Pressure

N Y|r ¥
2\ ¥

/
/Eelectrical

/0% 100%

Fig. 5 Concept of energy conversion and set-up. a, Experimental set-
up. Aqueous solution is forced by applied air pressure through a 10 or
30 mm diameter circular pore in a 500 nm-thick silicon nitride
membrane. A platinum electrode sputtered on the backside of the chip
(30 mm pore experiments) or an inserted platinum wire (10 mm pore
experiments) was connected to a picoammeter (Keithley 6485). A
microjet is formed that breaks up in a droplet stream. The droplets
travel through the air and arrive on a metal target placed at 7.5-25 mm
distance from the pore opening. The target is connected to electrical
ground via a high-load resistance. A metal guard ring with an opening
of 2 mm diameter is placed at 1.5 mm (10 mm pore) or 5.0 mm (30
mm pore) from the pore exit and maintained at ground potential, or at
a negative potential for inductive droplet charging. The current can be
measured between ground and the platinum reservoir electrode
(denoted |,), between target and ground (I;) and between metal guard
ring and ground (I5). b, Conceptual illustration of the conversion
principle. Water is accelerated to form a microjet that breaks up into
charged droplets. On their air trajectory towards the target, the
droplets are decelerated by the electrical force, converting kinetic
energy into electrical energy. The background colour from red to blue
indicates the voltage distribution from high to low, the lines denote
equipotentials. ¢, Photomicrograph of the microjet from the 10 mm
pore taken by double iLIF illumination. Scale bar, 40 mm (figures and
captions reproduced from ref. 29 with permission from Springer
Nature, copyright 2014).
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electrode. This work is directly related to the previous part
dealing with electrification by contact between the drops of
water and the PTFE. After the impact of 1.6.10* drops (ion
concentration 3.1 mM salt), the PTFE reaches a steady charge
of 49.8 nC.*" At steady state, when new drops fall, a resistive
water bridge closes an electrical circuit which includes the
capacitor created by the electret, the capacitor created by the
PTFE/water contact and the capacitor created by the
aluminum/water contact (see Fig. 6). These last two being
very important compared to the capacity of the electret, the
transfer of charge in a closed circuit allows the passage of all
the electret charges towards the aluminium water contact.
When the drop retracts, the water-aluminium capacity goes
to zero and the charges return to the electret. This
mechanism includes cyclic procedures where positive and
negative capacitive currents are generated. The reversibility is
confirmed by the measurement of cyclic charge. An
instantaneous peak power density of 50.1 W m™ is reported
in this work. The theoretical basis of energy production is
presented in detail in ref. 32. The average energy-conversion
efficiency of device, defined as the harvested electrical energy
relative to the input energy of an impinging droplet, is
calculated to be roughly 2.2%. This is several orders of
magnitude higher than that of the control device without an
aluminium electrode.
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Fig. 6 Schematic illustration of droplet-based electricity generator
(DEG). (a) Schematic diagram. (b) Optical image showing four parallel
DEG devices fabricated on a glass substrate. The volume of each
droplet is 100.0 ul. (c) As individual droplets continue to impinge on
the as-fabricated device, the amount of charge on the PTFE surface
increases gradually and eventually reaches a stable value. (d) One
hundred commercial LEDs can be powered when one droplet, released
from a height of 15.0 cm, is in contact with the device. () Under the
same experimental conditions (for example, the same droplet size and
height of release), the output voltage measured from the DEG (in red,
with the frequency of impinging droplets being set at 4.2 Hz, and the
total number of droplets being about 84) is more than two orders of
magnitude higher than that from the control device (in black, with a
droplet frequency of 1.0 Hz, and a total of 20 impinging droplets). The
negligible electricity generation from the control device is limited by
the interfacial effect, although its PTFE surface is loaded with the same
amount of charge as the DEG. (f) Comparison of output current from
the DEG (in red) and the control device (in black) in response to
continuous impinging of individual droplets (figures and captions
reproduced from ref. 30 with permission from Springer Nature,
copyright 2020).
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At this stage we are not aware of the industrial
development of this device. The electrification of liquid-solid
contacts, that is to say the triboelectric process, is the
technique closest to applications and commercialization. We
will describe these points in the next subsection.

2.2.3 Harvesting energy of waves. Liquid-solid triboelectric
technology is used to collect the energy of waves. A device
involving the electrification of a liquid-solid contact was
developed by Wang and collaborators®® to recover wave
energy. The material used is a film consisting of PTFE
nanoparticles (see Fig. 7). Due to the hydrophobicity of PTFE,
the contact angle with water is 110°.

When the water comes into contact with the PTFE, the
latter acquires a permanent electrostatic surface charge as
explained above in the text.**® During the following phases
when the water advances on the surface, the positive ions it
contains are adsorbed on the PTFE due to the existence of
negative surface charge. As seawater propagates over the
surface, this creates a charge gradient on the material, with
the emerged part having zero charge and the dry part
carrying an unbalanced negative charge. (see Fig. 8).
Electrons move away from electrode A whose surface charge
is neutralized by the propagating water and head towards
electrodes B and C which are both negatively charged (see
Fig. 8).

When the water recedes, an electrical reverse current is
measured using the same principle. The use of bridge
rectifiers makes it possible to recover a current that always
flows in the same direction. Thanks to the use of rectifier
bridges, it is possible to rectify the current and to sum
currents of the same sign, which opens up the possibility of
device scaling up. Due to the wetting properties, static
charges remain on the PTFE. (We recall that the most
probable mechanism responsible for the appearance of this
charge is the permanent adsorption of OH ions). The
authors measure a peak output power of 1.1 mW. This device
can power a total number of 10 light emitting diodes.

Electrification Layer

(b)
ﬁ' DY Electrodes
< '\
\_ [ | Recifier Bridge
4
- L Substrate i -

Fig. 7 Structure of a thin-film triboelectric generator (TF-TEG). a,
Schematic diagram of an integrated TF-TEG. b, Enlarged sketch of the
arrayed bridge rectifiers. ¢, SEM image of the PTFE nanoparticles on
the electrification layer (scale bar = 1 um). d, Enlarged view of the
nanoparticles at a tilted angle of 60° (scale bar = 500 nm). e, Picture of
a bendable as-fabricated TF-TEG. Inset: Water contact angle on the
nanostructured surface (scale bar = 25 mm). f, Picture of the TF-TEG
that is interacting with the water wave (scale bar = 25 mm) (figures
and captions reproduced from ref. 33 with permission from American
Chemical Society, copyright 2015).
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Fig. 8 Electricity-generating process of the TF-TEG. (a) Cross-
sectional view of charge distribution when the device is fully exposed
from water. Charge distribution when water is propagating across (b)
electrode A, (c) electrode B and (d) electrode C. (e) Charge distribution
when water fully covers the electrification layer underneath. (f) Charge
density on the three electrodes as the water front propagates (figures
and captions reproduced from ref. 33 with permission from American
Chemical Society, copyright 2015).

In the same spirit, Wang et al.>® have developed a device

which recovers the energy dissipated during the navigation
on the hull of a boat. The originality of this work, which is
complementary to the previous one, consists in the
development of a coating that avoids the proliferation of
algae and microorganisms on the triboelectric layer. The
device has excellent stability and high performance. It allows
several LEDs to be illuminated during navigation. Currently,
many groups®">> are studying PTFE for energy harvesting
applications based on liquid-solid contact electrification.
This material is one of the most promising. It is possible®® to
recover 3 W m2 in the best conditions.

2.2.4 Harvesting water from unsteady flows. It is possible
to generate triboelectric currents in a pipe covered by
different materials. Ahn et al.*® inserted a PVDF zone in a
silicone tube. They placed a grounded copper electrode on
the top of the PVDF zone. A salt water solution circulates in
the tube. Silicone and PVDF have different surface charges.
Thus the ion concentration in the Stern layer in the vicinity
of the Silicone and PVDF is different. During a flow the Stern
layers move. The charge in the Stern layer close to the PVDF
varies and becomes unbalanced. This causes a current of
electrons coming from the ground and trying to cancel the
charge separation. When the flow is decreased, the charge
concentration in the Stern layer returns to its initial value
and a current of electrons in the opposite direction is
created. The harvested power reaches 11.5 puW. Using the
same approach Cheedarala et al.** measured a power density
of 25 mW m™ with a pulsating flow.

2.2.5 Hybridized triboelectric nanogenerator: coupling
charge separation TENG and contact TENG. In the previous
examples, the current produced is created by a charge
separation mechanism. When a raindrop falls, it brings with
it charges but it also brings with it mechanical energy that
can produce a current if it causes contact between two solids
with different triboelectric properties. A very first approach
concerned the coupled recovery of the kinetic energy and the
electrostatic energy of water. When a raindrop or water falls,
it not only brings charges, but also possesses a large amount

This journal is © The Royal Society of Chemistry 2023
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of mechanical energy which can be harvested if a liquid/solid
contact with different triboelectric properties is designed.
Such idea leads to the creation of hybridized TENGs, where a
coupled recovery of kinetic energy and electrostatic energy is
realized in a single system. Cheng et al.*' have designed an
impeller whose blades are composed of superhydrophobic
polytetrafluoroethylene (PTFE) thin films with
nanostructures. These PTFE blades are used to harvest the
electrostatic energy of the flowing water. The water flowing
over the blades turns the wheel and sets in rotation a
triboelectric disc that collects the mechanical kinetic energy.
At a water flow rate of 54 mL s ', the device involving
electrostatic energy has an open circuit voltage of 72 V, a
short circuit current of 12.9 pA, and a maximum power of
0.59 W m™>. To this power must be added the power
produced by the conventional disk TENG whose open circuit
voltage is 102 V, short circuit current is 3.8 pA and maximum
power density is 0.03 W m™>. These results show the potential
of liquid-solid contact electrification onshore and offshore
and even in rainy areas. Following these considerations,
hybrid nanogenerators have been developed***® (see Table 1
for the performances). Recently, a fluorinated ethylene
propylene (FEP)-based tribonanogenerator has been coupled
to a piezoelectric material (PVDF) mounted on a cantilever.
The deflection of the cantilever during the passage of the
drop allows to capture the kinetic energy of the drop while
the FEP coupled to a metallic electrode allows to recover the
electrostatic energy.*’

Table1 A summary of present solid-liquid nanogenerator
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2.3 Economic analysis

The levelized cost of electricity LCOE is the cost necessary to
produce electricity from a process, taking into account the
materials, resources needed for the production, the life time
and the maintenance during the process. In 2022, The
BloombergNEF report estimates LCOE for onshore wind to
be 0.044 $ per kW h and 0.042 $ per kW h for solar PV
without storage.®® The LCOE of storage is estimated in the
same report to be 0.146 $ per kW h. The US average LCOE of
wind projects built in 2021 was 0.031 $ per kW h.>* It
becomes very complex to give that of gas and fossiles
combustible in the context of the war in Ukraine. Before the
Ukraine war in 2021, the LCEO of gas was 0.081 $ per kW
h.*> The LCOE of triboelectrical generators has been
estimated by Ahmed et al.’® and is comprised between 0.02
and 0.09 $ per kW h. Unsurprisingly, this figure is lower than
that for renewable and fossil fuels. The triboelectric devices
are made of polymers and conductive layers already very
present in the industrial world. The costs of these materials
are low. Efficiency and module lifetime are the most sensitive
factors for the LCOE of TENG. The lowest value of the LCOE
assumes a life time of 15 years. In the same work,> the
authors evaluated the Energy PayBack Time (EPBT) of a
TENG, ie. the time needed to produce the same amount of
electricity (converted into equivalent primary energy) with the
energy consumed during its life cycle. The two generators
used have EPBT comprised between 0.1 and 0.25 year. These

Output Power Power density
Materials current (pA)  (uW) (Wm™) Comments Ref.
CYTOP 30 10° — Water drops plus electret 34
FEP 2.6 1.2x10° — Water drops, an efficiency of 7.7% 35
FEP-PTFE 5.1+4.3 41.2 + — Hybrid TENG (interfacial electrification TENG 36
3.03 (IE-TENG) + impact-TENG)
HCOENPs-coated fabric-PET 3.2 — 0.14 Wearable all-fabric-based triboelectric generator 37
Graphene 1.7 192 x 10> — Efficiency of 1% 19
PDMS-Cu 2.45 x 10° — 0.13 Water-TENG 26
m*2
PDMS-PTFE 5.5 1.2x10° 3 Water-TENG 38
PTFE 0.553 1.2 — Water drops 39
PTFE 17 145 — Superhydrophobic micro-nanostructured 40
polytetrafluoroethylene (PTFE), water drop
contact electrification
PTFE 12.9 + 3.8 — 0.59 + 0.03 Hybrid TENG (water-TENG + disk-TENG), 41
water flow rate 54 mL s~
PTFE 13 1.1x10° — Thin-film TENG 33
PTFE-FTO 1.8 — 0.01266 Multi-unit transparent TENG, flow rate 45 mL s " 42
PTFE-ITO 270 — 50.1 Water drop contact electrification 30
PTFE-nylon 0.54 — 1.838 Bi-electrode freestanding mode TENG (BF-TENG) 43
PVDF-Al 1.67 — 0.02653 Unsteady peristaltic flow induced pulsatile flow-TENG 44
(PF-TENG)
PVDF-AI-FEP 6.2 1.34 x 10" — Coupled TENG and piezo ENG 45
PVDF-BOPP 2.4 11.5 — Fluid-based TENG 46
PVP 5.3 — 0.5 Power peak to peak, water drops 47
Superhydrophobic TiO, + 43 +18 — 1.31+0.18 Hybrid TENG (water-TENG + contact TENG), 48
Sio, flow rate 40 mL s *

This journal is © The Royal Society of Chemistry 2023
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values are lower than those of the solar devices which are
included between 0.3 and 2.5 years depending upon the
different technologies. TENGs are more efficient and have a
smaller energy footprint than photovoltaic cells. Indeed their
manufacture does not require to purify and to treat silicon or
rare elements necessary to the constructions of photovoltaic
cells. These processes consume a lot of energy. A
comprehensive analysis points out, that to improve these
performances, more efforts should be made to increase the
lifetime and the efficiency of TENGs rather than to identify
cheaper materials and fabrication processes.

2.4 Perspective dealing with TENG

The results presented in this section are very encouraging
and show the potential for commercial applications. The
performances of some of these devices are reported in
Table 1. The power densities that can be obtained are
variable and range according to the experimental conditions
from mW m” to 50 W m?® Couplings between different
devices (e.g. PiezoENG coupling with a Water TENG*® or a
Water TENG coupling with a Solid Contact TENG*®*) seem
very promising. However, there is still a lot of work to be
done to bring these techniques to the commercial level.
There is a need to increase the energy conversion at the
triboelectric layer level. This requires a better understanding
of the physical mechanisms related to triboelectricity.
Although triboelectric series have been established for a long
time, the study of liquid-solid contacts calls for their
modification. This requires research into new materials, new
composites involving carbon nanotubes,”® graphene®” and
systematic studies. These materials must be mechanically
resistant, hydrophobic and possess a high surface charge.
The energy storage at the device output has to be improved.
Indeed, most of these devices have very low output
impedances which strongly limit their use in the context of
charging a battery or a super capacitor. The capacity of a
TENG is very small of the order of 100 pF. These
characteristics result in a low energy transfer efficiency,
whether for charging a battery or powering electronic devices.
These later generally have a much higher impedance (100 of
uF). In order to transfer a maximum amount of energy, it is
important to insert an electronic stage between the battery or
the super capacitor that allows to adapt the impedances. This
can be achieved by using N capacitors in series on charge
and in parallel on discharge (basic switched capacitor
convertor) or a fractal design based switched-capacitor-
convertor (FSCC).>® In the last situation, a energy transfer of
94% with an impedance reduction of 750 has been
demonstrated. Last but not the least, the durability of the
materials has to be improved. Moreover, it should be noted,
that polymer devices are easily corroded by seawater.>® Thus,
some of the wave energy harvesting devices involve fully
enclosed TENG devices whose review is beyond the scope of
this work.®®* The power density of some of these devices®*
may reach 10.6 W m™.
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In the following part, we will focus on osmotic energy
harvesting. The technologies for saline gradients recovering
emerged earlier and thus are more mature than the above-
mentioned ones. There were already several pilot-scale
attempts in industrial field, as well as other novel trials
planned in the future. Considering the present energy crisis,
these osmotic based energy harvesting systems might reach
the threshold of economical viability soon.

3 Osmotic energy harvesting

The osmotic energy released during the process of mixing
solutions of different salinity is clean and renewable energy.
It is nicknamed blue energy.®>®® Naturally, a spontaneous
and irreversible mixing of river water and sea water happens
at the estuary, resulting in an entropy increase of the
system.®” A precise and engineering control of this entropy
change procedure enables the blue energy harvesting. The
potential of blue energy can be estimated by thermodynamics
studies. The non-expansion work released from the mixing of
seawater and freshwater can be described by the Gibbs free
energy of mixing AGnx at a constant pressure P and at
absolute temperature T.

AGmix = Gmix ~ (GH + GL) (1)

Here, Gmix, Gu and Gy, represents the Gibbs free energy of
brackish water after mixing, seawater of high salinity and
freshwater of low salinity, respectively.

N
As the Gibbs free energy is defined as G = Z,uinl-, where
i—1
u; and n; represent the chemical potential and the mole
number of species i for a system consists of a number of N
species. The chemical potential g; is defined as
H; = %+ RT In(p;x;) where u* is the standard chemical
potential, R perfect gas constant. y; and x; represent the
coefficient of activity and the mole fraction of species i,
respectively. For a system of volume V, the molar
concentration is defined as n; = ¢V, where c; is the molar
concentration of species i. Thus the Gibbs free energy of
mixing can be calculated as:®®

N
AGpix = Z [€imixVimixRT I0(7; mixXimix) = Cint Vi RT I (y;0Xin) = Vil RT In(y;xi0) ]

7 @

A maximum power of 0.8 W for fresh water of 1 cm® is
predicted by theoretical calculations,®® which is equivalent to
the hydraulic energy generated by water dams with water
falling from 250 m high.”® Development of efficient and
robust energy harvesting technologies is of great importance
for the exploitation of this untapped renewable energy. In the
following of this section, a review of blue energy harvesting
technologies and their applications is explained in details.
We first describe pressure retarded osmosis and then move
to reverse electrodialysis and to Capmixing and CRED.

This journal is © The Royal Society of Chemistry 2023



Published on 10 January 2023. Downloaded on 3/26/2024 4:52:53 PM.

Lab on a Chip

3.1 Pressure retarded osmosis

As an emerging energy harvesting system, the technology of
pressure retarded osmosis (PRO) is attracting much
attention.”™’?> Semipermeable membranes, which allow the
passage of water molecules and block the passage of ions,
are used in the configuration of PRO systems.”> To better
illustrate the power generation principle of PRO, an
introductory explanation of the osmotic process across the
semipermeable membrane is given in the following
paragraph.

The observation of osmotic phenomenon was firstly
documented by Jean-Antoine Nollet. It describes the
spontaneous movement of a solvent flux moving across the
semipermeable membrane towards a solute of higher
concentration, in the way of balancing solute concentrations
on both sides of the membrane.”> The concentration
difference across the membrane results in an osmosis
pressure difference An. Additional hydraulic pressure AP
could be applied on the system to influence the solvent flux.
Description of the water (solvent) flux J, is an essential
parameter in the description of osmotic phenomenon. It can
be theoretically described as a function of the applied
hydraulic pressure difference AP and the effective osmosis
pressure difference An for an ideal membrane as J,, = A (An -
AP). Here A, refers to the permeability of the membrane.”®

Based on the comparison between AP and Am, osmotic
process can be briefly classified into four categories as
illustrated in Fig. 9(a).”® The Forward osmosis (FO)
corresponds to a trivial case where AP is zero, indicating no
mechanical work in this process. In this case, water flux is
driven by the osmotic driving force, penetrating the
semipermeable membrane and proceeding to the draw
solution side. While applying a hydraulic pressure difference
on the feed solution compartment (AP < 0), the above-

Pressure assisted osmosis Forward osmosis Pressure retarded osmosis Reverse osmosis

(PAO) (FO) (PRO) (RO)

b gy "
PAO PRO RO
PAO PRO RO A A L
H h

r 1

~

\ FO

0 Am AP

Fig. 9 Schematic illustration a, and analysis b and c, of four classic
membrane-based osmotic processes of pressure assisted osmosis
(PAO), forward osmosis (FO), pressure retarded osmosis (PRO) and
reverse osmosis (RO) (figures and captions reproduced from ref. 74
with permission from Elsevier, copyright 2021).
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mentioned process is further assisted and accelerated in the
so-called procedure of pressure assisted osmosis (PAO). In
the case where AP > Am, the direction of the water flux is
reversed (from draw solution to feed solution) due to the
external hydraulic pressure. This procedure is named as
reverse osmosis (RO) and has intriguing applications in water
desalination. It is to mention that both PAO and RO are
energy consuming processes. On the contrary, PRO is the
only power generating process where the water molecules
move from feed solution towards the pressurized draw
solution under osmotic effect (0 < AP < An). The pressurized
solution is then utilized to drive turbine systems for
electricity power generation. A complete description of the
water flux (J,,) and the power density (W) of each osmotic
process is illustrated in Fig. 9(b and c).”

Fig. 10 presents a typical configuration of the PRO plant.
Feed solution and draw solution are both filtered and
pumped into the PRO module. Under the osmotic effect, a
water exchange flow rate (AQ) is created near the
semipermeable membrane moving from feed water side
towards draw water side. The brackish water received in the
feed water chamber presents a higher flow rate of (AQ + Q)
and a higher hydrostatic pression Py. The brackish water is
then divided into two streams, where one stream is
depressurized to drive turbine systems and produce
electricity and the other one is delivered into a pressure
exchanger to maintain the incoming pressure of draw
solution.”” Here the gross power density of a PRO system can
be experimentally calculated as’®

Semipermeable

membrane

Brackish water

|

Salt water > o (returned to source)

Active layer |55
Support Turbine

layer
4 Membrane

! ! pat — module
Fresh water (L5
®
Pressure ~
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4
_
" Brackish S %
water @]
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bleed

Fig. 10 Schematic illustration of the working principle of PRO
systems. Feed solution and draw solution are injected continuously
into water compartments which are separated by semipermeable
membranes. Driven by effective osmotic force, water flux flows across
the membrane from freshwater compartment towards saltwater
compartment, resulting in a concentration decrease and a flow rate
increase in draw solution compartment. The pressurized water flux is
then split into two fluid streams: one fluid stream is used for electricity
generation by driving an installed turbine, while the other stream
returns to a pressure exchanger to maintain the pressure of draw
solution (figures and captions reproduced from ref. 80 with permission
from Springer Nature, copyright 2012).
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AQAP
P, =
gross A

= APJ,, (3)
where A, refers to the effective surface area of the
membrane, AP refers to the transmembrane hydraulic
pressure and [, refers to the water flux across the
membrane.”®

3.1.1 Major challenges in PRO. Although PRO is a
promising technology for energy harvesting, PRO modules
still suffer from limiting factors in practical use. As
illustrated in Fig. 11, a semipermeable membrane is
composed of an active layer and a support layer.”* An ideal
membrane is expected to have high water permeability while
maintaining a high salt selectivity. However, it was
demonstrated in the work of Straub et al. the existence of
tradeoff between these two factors (Fig. 12(A)).”®

One of the major obstacles of membrane applications is
the polarization effect, which refers to the ion accumulation
phenomenon near the semipermeable membrane. The
internal concentration polarization (ICP) corresponds to an
immobile area clogged with ions in the dense support layer.®!
External concentration polarization (ECP) occurs at the
interface between active layer and the draw solution (dilutive
ECP) or feed solution (concentrative ECP). Concentration
polarization effect deteriorates the osmotic driving force
across the membrane, thus leads to lower effective
membrane performances and power density output.®’ In
addition, the imperfection of membranes could lead to ion
leakage from draw solution to feed solution, which is named
as reverse salt flux (RSF).*® The trace leakage might cause
more severe ICP effect in the system, lower the power density
output, and could possibly promote membrane fouling
problems,** which is also one of the major limitations on
PRO power density output. A theoretical analysis of the
impact of ICP and RSF was conducted by Straub et al., as
illustrated in Fig. 12(B). An apparent drop in power density is
observed under the synergistic effect of ICP and RSF.”®

Biofouling is a common problem for the industrial
application of membranes. It influences severely the
membrane performances in practical use, hinders the

Active
Support Layer

Feed \ 7/ Draw

Osmotic Pressure

Fig. 11 |Ilustration of the semipermeable membrane cross section
composed of an active layer and a support layer. A qualitative
presentation of osmotic pressure profile across the membrane is
presented (figures and captions reproduced from with permission ref.
78 with permission from Royal Society of Chemistry, copyright 2016).
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lifespan of membranes and raises additional fees for water
pre-treatment.®® The mechanical strength of membranes is
also the key point for the development of PRO performances
and its commercialization.”*

In general, ideal PRO membranes should reach the
following criteria: large water permeability, high salt rejection
(high membrane selectivity), low reverse flux, limited
biofouling problems and reinforced mechanical strength.®®
Precise engineering of the membrane's properties, including
layer thickness, geometry configuration, porosity, selectivity
and etc., is summarized in the following paragraph.

3.1.2 PRO membrane development. At the early stage of
PRO technology development, commercial membranes
developed for RO and FO applications were used. In the
pioneer work of PRO, Loeb et al® used ‘Minipermeators’
with asymmetric hollow fibers of Du Pont Permasep B-10
initially developed for RO applications on sea water
desalination. Later, Mehta et al.®® realized a series of tests of
the commercial membranes for RO and FO applications.
Investigations on spiralwound minimodules of cellulose
acetate brackish water membrane and hollow fiber
minipermeators were realized. Then the initial cellulose-
based membranes designed for PRO applications with
superior hydrophobicity and mechanical strength was used
in studies.’® These flat-sheet cellulose acetate membranes,
including cellulose acetate (CA) and cellulose triacetate
(CTA), were developed by HIT (Hydration Innovation
Technology).”® The early studies indicate a low energy
harvesting performance of PRO mainly due to the use of
unsuitable and bulky membrane structures, which causes
severe ICP effect and reverse water flux problems.®* In recent
years, development in membrane design and surface
modification promotes a vast progress for PRO membranes.
The present membranes for PRO applications could be
classified into two categories: the thin film composite (TFC)
flat sheet membranes and thin film composite hollow fiber.*”

Flat-sheet PRO TFC membranes consist of a highly-porous
support layer and an active layer to reinforce its selectivity.”
Polyamide (PA) is commonly chosen as the active layer, which
is polymerized over the interface of the support layer through
the phase inversion polymerization.’® Various works were
realized to optimize the permeability and structure integrity,
aiming to ameliorate the power density output of PRO
systems.

Table 2 lists the present work of flat-sheet PRO TFC
membranes in literature.

It was demonstrated that membrane post-treatment of PA
active layer could significantly increase the power density of
PRO systems. Yip et al®® compared the performance of
membranes with and without NaOCl and NaHSO; solution
immersion and heat treatment. The highest power density
output is predicted to be 10 W m™ with proper post-
treatment. A detailed study on membrane post-treatment was
conducted by Han et al® An optimal post-treatment
condition was reported to generate a power density of 12 W

m™ under a hydraulic pressure of 15 bar. Integrating

This journal is © The Royal Society of Chemistry 2023
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Fig. 12 A. Coupon-scale water flux J,, as a function of the water permeability coefficient, A; NaCl permeability coefficient, B; and support layer
structural parameter, S. The water permeability and salt permeability are linked by the permeability-selectivity trade-off. B. Specific energy and
power density for counter-current membrane modules with increasing membrane area from right to left. Data for three types of membranes are
shown: ideal (solid black line), RSF (dash dotted red line) and CP (dashed green line) and realistic (solid blue line) (figures and captions reproduced
with permission from ref. 78 with permission from Royal Society of Chemistry, copyright 2016).

Table 2 A summary of present PRO systems using flat-sheet PRO TFC membranes

Concentration Hydraulic pressure  Power density

Materials gradient (bar) (Wm™) Comments Ref.
PA/PS{-PET DI/0.5 M 12 10 NaOCl, NaHSO; and heat treatment 94

PA/PI DI/1.0 M 15 7-12 NaOCl, NaHSO; and MeOH treatment 123
PA/PAN DI/3.5% (w/w) 10 2.6 NaOCl and NaHSO; treatment 124
PA/PAL DI/3.5% (w/w) 6 2.84 PDA coating and NaOCl, NaHSO;, EtOH treatment 96

PA/PI DI/1.0 M 9 6.0 PA blended with moderate p-xylylenediamine 125
PA/PAN 80 mM/1.06 M 22 15.2 NaClO treatment 126
PA/PI DI/1.0 M 22 18.1 PA modified with DMF and SDS 127
PA/PAN-PE D1/0.5 M 11.5 8.0 PA selective layer of mTFC/pTFC 99

CTA membrane  DI/3.0 M 48 60 — 128
PA/PEI 10 mM/1.0 M 17.2 12.8 — 129
PA/PEI DI/1.0 M 16.9 17.3 Tiered PEI nanofibrous support with multi-walled CNTs 100
PA/PSf-PET 10 mM/1.0 M 18.4 7.1 — 130
PA/PES DI/0.5 M 6 1.6 CNT-embedded-PES with NaOCI and NaHSO; treatment 97

PA/PSf DI/1.0 M 22 12.9 PSf support layer reinforced by PVP 98

PA/PES-PET DI/1.0 M 25 12.5 — 131
PA/PK DI1/0.6 M 28 6.1 PK reinforced by PED non-woven fabric 132
GO membrane 17 mM/1.0 M 6.9 12.8 — 133
PA/PET DI/1.0 M 21 12.1 PSf/GO and PSf/HNT (dual layer) nanocomposite on PET 101
PA/TR-PBO DI/1.0 M 15 17.9 TR-PBO (thermally rearranged polybenzoxazole-co-imide) 104
PA/PAL DI/1.0 M 21 12.1 PA incorporated with SNW-1 nanocomposite 102
PA/TR-PBO DI/3.0 M 27 87.2 TR-PBO ESMs exposed to direct fluorination 105
PA/TR-PBO DI/1.0 M 21 26.6 TR-PBO modified with PVA coating 134
PA/PE DI/1.0 M 20 35.7 PA formed by toluene-assisted IP 103

additives into support layer is another common strategy
applied in membrane research for PRO applications. Li
et al.®® realized polydopamine (PDA) modification onto the
polyamide-imide (PAI) support layer. Son et al.®’ successfully
embedded carbon nano tubes (CNTs) into the
polyethersulfone (PES) support layer, obtaining a power
density output of 1.6 W m™2 at a hydraulic pressure of 6 bar,
using deionized (DI) water and NaCl solution of 0.5 M. Wei
et al.’® realized polysulfone (PSf) support layer reinforced by
polyvinylpyrrolidone (PVP), and obtained a maximum power
density of 12.9 W m™2 at hydraulic pressure of 22 bar.

Flat sheet membranes could also be prepared by
electrospun polymeric supports of high porosity and
tortuosity. A highly-porous support layer was realized by Bui

This journal is © The Royal Society of Chemistry 2023

et al.®® by electrospinning polyacrylonitrile (PAN) nanofibers
onto a polyester (PET) fabric substrate. Tian et al.'® prepared
tiered  polyethylenimine (PEI) nanofibrous support
incorporated with multi-walled CNTs. Use of such membrane
in PRO system generates a power density of 17.3 W m™>. A
dual layer of PSf/GO (graphene oxide) and PSf/HNT
(halloysite nanotube) of nanocomposite on PET was prepared
by Lim et al.'®" to ameliorate water permeability.

The possibility of incorporating nano-sized materials into
conventional membranes has been well developed by
researchers. Gonzales et al'®® incorporated Schiff base
network-1 (SNW-1) nanocomposite into the PA active layer
preparation. The PRO system reached its maximum
performance of 12.1 W m™ with DI water and brine water of
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1M. Kwon et al.'®® realized a toluene-assisted interfacial
polymerization to fabricate active layer of PA onto a polyvinyl
alcohol (PVA)-coated polyethylene (PE) support. An
astonishing power density of 35.7 W m™> was reported for a
hydraulic pressure of 20 bar. Recently, a Korean research
group reported a novel thermally rearranged TFC membrane
containing polybenzoxazole-co-imide (TR-PBO) combined
with a PA layer."®* A giant power density increase towards 40
W m™? was reported in its first work. Later, modification with
fluorination on TR-PBO membranes ameliorate the output
power density towards 87.2 W m™ in PRO applications.'

There is no doubt that tremendous advances were
achieved in flat-sheet PRO TFC membranes. However,
most published works presented here focus on gross
power densities, calculated by eqn (3). Actually, the
module gross power densities presented here differ from
the net power density due to the irrecoverable pumping
energy input and the energy losses during electricity
generation in turbine systems.'®® Taken into consideration
the pumping energy inputs and energy losses, the net
power density in published works might be much lower
than its gross value. A detailed economic analysis of PRO
systems will be given later.

In conventional PRO configuration using flat-sheet
membrane, a feed spacer is needed to maintain the feeding
channel geometry and reinforce the mass transfer near the
membrane.’” Such configuration decreases the hydraulic
pressure and results in an energy loss in the PRO system."*®
In addition, feed spacers might cause membrane
deformation at high hydraulic pressure, inducing severe
reverse solute diffusion of the membrane and leading to
performance loss.5

Different from flat-sheet membranes, hollow fiber PRO
TFC membranes have a self-supporting tubular shape of
higher effective surface area. Such geometry avoids the use of
feed spacers, thus limit the deformation failure in flat-sheet
based PRO systems. The PRO module using hollow fiber
membranes could also achieve a higher pack density, which
could efficiently ameliorate output performances.'® The
major preparation method of the hollow fiber membrane is
the phase separation spinning, including non-solvent
induced phase separation (NIPS) or thermal induced phase
separation (TIPS).””

The first work dealing with hollow fiber TFC membranes
for PRO application was realized by Chou et al''® They
successfully prepared a tubular self-supporting membrane
made of PES as the supporting substrate and PA as the
selective layer. A maximum power density of 10.6 W m™>
could be achieved by using the home-made hollow fiber PRO
membrane with a salt concentration of 40 mM and 1 M for
fresh and salt water chambers, respectively. The same group
prepared a novel hollow fiber TFC membrane using PEI as
the supporting substrate."’® This PEI based hollow fiber
membrane presents superior mechanical strength and shows
a better power density output of 20.9 W m™ under a
hydraulic pressure of 15 bar.
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Similar to flat-sheet PRO TFC membranes, chemical
modifications on selective layer and the supporting substrate
are both widely investigated in the research field. The work
of Ingole et al."">""* proves the effectiveness of PDA coating
on PES supporting substrates in PRO applications. A power
density increase from 1.62 W m™> to 3 W m 2 is realized due
to the additional coating. Grafting of chemical groups on
supporting substrates were also reported in literature."**'"

Ingole et al''® prepared CA layer treated with tributyl
phosphate (TBP) onto the supporting substrate of PES with
PDA coating. An improved power density of 3.9 W m™? is
achieved with the same brine water and fresh water
conditions used in their previous work. Zhang et al''’
reported a novel supporting substrate of PES with PDA
coating, grafted with dendritic-architecture sulfonated
hyperbranched polyglycerol (SHPG). A superior resistance to
protein adhesion and bacterial attachment is achieved due to
the high wettability of the polymer brushes. A maximum
power density at hydraulic pressure of 15 bar is reported to
be 18.8 W m™>.

An emerging trend nowadays is to incorporate
nanocomposites into membrane preparation. Zhao et al''®
grafted carbon quantum dots (CDQs) onto the PDA coating of the
PES supporting substrate by covalent bonding during the hollow
fiber membrane preparation. They obtained a maximum power
density of 11 W m™ at a hydraulic pressure of 15 bar. Another
work of incorporating CDQs in PA selective layer was realized
later by Gai et al.'"® They reported a better power density of 34.2
W m™ at hydraulic pressure of 23 bar. Park et al.** incorporated
graphene oxide nanosheets with PES supporting substrate.

In addition, numerous research work investigated on
modifications of hollow fiber membranes to limit bio-fouling
problems. Synthetic sea brine solutions with complex
components were used in fouling experiments and the power
density of PRO systems was tracked along the procedure.
Zhao et al™' reported the use of MPC
(2-methacryloyloxyethylphosphorylcholine)-PDA coating on
PES support layer to enhance anti-fouling capacities of the
system. Le et al'*® presented the effect of using grated
zwitterionic poly(sulfobetaine) on PA selective layers.

Table 3 lists the present work of hollow fiber PRO TFC
membranes in literature.

3.1.3 Economic analysis. Ever since the appearance of PRO
system, the debate on its technological and economical
feasibility has never stopped. In 2008, the power density
threshold for PRO commercialization was reported to be 5 W
m™."% This result was taken as reference for the PRO
application of Statkraft in Norway and for numerous studies
published later. However, based on the novel economic
framework developed by Chung et al,'°® the economical
viable threshold of PRO power density was revalued. The net
power density enabling the commercial interest of PRO to
compete with present solar photovoltaic power plants is
estimated to be 56.4 W m™2, with a suggestion of membrane
cost at 15 $ per m>. Here, the levelized cost of energy (LCOE)
is set to be 0.074 $ per kW h. Net power density and gross

This journal is © The Royal Society of Chemistry 2023
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Table 3 A summary of present PRO systems using hollow fiber PRO TFC membranes

Concentration Hydraulic pressure Power density
Materials gradient (bar) (Wm™) Comments Ref.
PA/PES 40 mM/1 M 9 10.6 — 110
PA/PEI 1 mM/1.0 M 15 20.9 — 111
PA/PI DI/1.0 M 16 14 — 123
PAN-PVP/PBI-POSS 10 mM/1.0 M 7 2.5 — 135
PA/PI DI/1.0 M 20 7.6 PDA coating 136
PA/PES DI/1.0 M 20 24.3 — 137
PA/P84 co-polyimide DI/1.0 M 21 12 — 115
PAN-PVP/PBI-POSS 10 mM/1.0 M 15 5.1 PAN/PVP with APS post-treatment 114
PA/PI DI/1.0 M 15 16.5 — 138
PA/PES DI1/0.6 M 6 1.62 — 112
PA/PES DI/0.6 M 7 3 PDA coating 113
PA/PES DI/0.6 M 8 3.9 PA treated with TBP with PDA coating 116
PA/PES DI/3.5% (w/w) 16 6.7 PES grafted with HPG 115
PA/PI DI/1.0 M 16.2 12 — 139
PA/PES DI/1.0 M 18 11.2 — 140
PBI/PVP/PAN triple layer 10 mM/1 M 22 6.2 — 141
PA/PES DI/1.0 M 20 7.8 — 142
PA/PES DI/1.0 M 20 22.1 Pre-stabilization 143
PA/PEI DI/1.0 M 17 9.6 Pre-wetting 122
PA/PEI DI/1.0 M 13 13 PA modified with APTMS 144
PA/PES Wastewater/0.81 M 15 7.7 PES with MPC- PDA coating 121
PA/PEL DI/1.0 M 15 19.2 — 145
PA/PEI — 17 9.5 — 146
PA/PES DI/1.0 M 22 10.7 — 147
PA/PES DI/1.0 M 20 22 — 148
PA/PES DI/1.0 M 15 10.7 PA dual layer on both sides 149
PA/PEI DI/1.0 M 15 16.2 PA with LbL deposition of PAH and PAA 146
PA/PES DI/0.81 M 15 11 PDA coating grafted with CQDs 118
PA/PES DI/1.0 M 20 20 PES with CaCl, additive tuning 150
PA/PES Wastewater/0.81 M 20 18.8 PDA coating grafted with SHPG 117
PA/PEI DI/1.0 M 15 8.9 — 151
PA/PES DI/1.0 M 23 34.2 PA incorporated with CDQs 119
PA/PAL Wastewater/1.0 M 13 4.3 PAH post-treatment 152
PA/PES DI/1.0 M 16.5 14.6 PES incorporated with GO nanosheets 120
CTA/CA T-NIPS membrane DI/1.0 M 18 5.5 — 153
PA/PES DI/1.0 M 17 14.6 PA incorporated with PP-SO;H 154

power density fundamentally differ because of the inherent
overhead associated with the PRO process in the form of
irrecoverable pumping energy input. The importance of using
net power density in PRO system characterization is
emphasized for Dbetter guidance of the technology
development. Several evaluations focused on different cases
reported. Mashrafi et al'®® provide an
environmental and economic case study of PRO system
implantation in Tampa Florida. A LCOE between 0.62-0.97 $
per kW h is estimated for feed water of different salinities.
Based on the analysis model, suggestions including waste
water treatment (as feed water) or PRO installation near
waste water source (within 1 km) could effectively reduce the
LCOE down to 0.14 $ per kW h. Khasawneh et al."®” analyzed
the feasibility of installing PRO power plants with Red Sea-
Dead sea waters. It was demonstrated that the project is
technically and economically feasible, with a LCOE of 0.056 $
and a power of 134.5 MW. The membrane cost is estimated
to be 25 $ per meter square. Based on hypersaline water
sources, the extractable energy density in this case study
surpass the conventional river-sea water sources, providing a
positive estimation on installation of PRO systems.

were also

This journal is © The Royal Society of Chemistry 2023

Straub et al.”® reported a thorough energetic analysis of
PRO system harvesting blue energy in river water and sea
water. An estimation for energy inputs and outputs in the
system was presented separately. Overall, the expected
energetic inputs will most likely surpass outputs, resulting in
a negative power generation. The major cause is the
insufficient energy density extractable in mixing of river and
sea sources. However, systems with higher concentration
gradients can sufficiently overcome the energy output limit
mentioned above, though technical problems including
biofouling and selectivity decrease remain to be solved.
Touati et al.”" confirmed the viability of open-loop PRO and
close-loop PRO by using low-concentration feed solutions.
However, the analysis of hybrid SWRO-PRO systems results
in a negative energy generation.

Though the debate of the viability of PRO system never
stops, industrial attempts using PRO prototypes continues in
the globe. The first commercialized plant was conducted by
Statkraft in Norway from December 2009."*® The aim of the
project is to produce an 8 inch spiral wound module of 2000
m? which is able to produce a total of 10 kW of power,

corresponding to a power density of 5 W m™."*> However,
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the actual performance of the PRO plant failed to reach the
initial objective, delivering a total power of 2 kW, which
corresponds only to 20% of the designed power.'®® Due to
the lack of membrane optimization and high cost in
accessory systems, the sale price of a PRO plant reaches 70-
100 euros per MW h and showed low economic interests,
compared with the actual electricity price of 30-40 euros in
Norway. The whole system was unfortunately shut down in
2013. Researchers and engineers performed another
prototype experiment in Quebec, Canada.'”® The main
objective of the project is to carry out process optimization
studies of performing water pretreatment to prevent
biofouling problems. A novel project was started in Japan to
install an additional prototype PRO module, using
commercial CTA hollow fiber membrane modules, to the
Fukuoka WRO desalination plant to form a RO-PRO joint
system.”®® A maximum power density of 13.3 W m™> was
achieved by a 10 inch hollow fiber membrane module.
Nowadays, a similar hybrid RO-PRO project is developed
jointly by Saudi Arabia and Japan, aiming to develop efficient
PRO systems for energy recovery and environmentally
friendly high saline water treatment used in RO desalination
processes.'®!

Overall, stand-alone PRO systems with sources of higher
salinity difference seem to be more promising due to a
higher extractable energy density. The development of
commercialized inexpensive PRO membranes is of key
importance, which could sufficiently increase the system
performances and reduce the production and maintenance
costs. Considering the rising electricity price in Europe due
to the lack of gas and the emerging technology development
in PRO systems, the economic threshold of PRO system
might be reached in the near future.

3.2 Reverse electrodialysis

Proposed by Pattle et al in 1954,'°* reverse electrodialysis
(RED) is the earliest technology proposed for blue energy
extraction. In a classic RED configuration, sea water and river
injected respectively into two different
compartments separated by an ionic exchange membrane
(IEM). This approach corresponds to the reversed process of
the electrolysis (ED), where IEMs are used with an electric
current to remove salts from sea water for pure water
production. Years after, no significant development has done
until 70s, when Lacey in 1980 developed his model for the
RED.'®® To understand how an RED device works, it is
necessary to understand how an ion exchange membrane
behaves when it separates two salt solutions of different
concentrations. This question will be answered in the
following subsection.

3.2.1 An ionic exchange membrane separating two
different salted solutions. An electrical potential difference
occurs between two solutions of different salinity when an ion
exchange membrane separates them. As illustrated in Fig. 13,

water were
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Fig. 13 Schematic representation of concentration, c, and potential, ¢,
profile in the bulk solutions, the stagnant diffusion layers (SDLs), and in
an ion exchange membrane (IEM) (figures and captions adapted from
ref. 164 with permission from FIMTEC & MPRL, copyright 2016).

this potential difference is the sum of several terms'®* and
writes: Em = Adpr — Adpu + Gmpu + 600+ Gir.

A¢py is called the Donnan potential in the diluted
solution. It comes from the difference in ion concentration at
the solution-membrane interface. In this context, the
equality of chemical potentials leads to:

40 + RTIn(a; ) + ziFdy, = u + RTIn(G; ) + ziFdy, (4)
RT aiy

A =—1In(— 5

foL 4F n(ai’L) (5)

where F is the Faraday constant, z; the valence of the ion, R
the gas constant, T the temperature, a;; and g; are the
activity of the ions on the external and the internal side of
the membrane in the diluted electrolyte, respectively. ¢, and
$u are the electrical potential on the external and the internal
side of the membrane in the diluted electrolyte, respectively.
A¢py is the Donnan potential characterizing the
concentrated solution. ¢,y is the difference of potential
occurring inside the membrane. ¢;°" and ¢~ are the
difference of potential created by stagnant double layers
(boundary layer) that build up close to the membrane. These
layers, also named as polarization layers, have fundamental
impacts with the presence of electric current. As we will see
later, they are usually considered as non-ohmic resistances in
the analysis of RED systems. The modeling of all these terms
is complex and requires complicated numerical simulations.

A simple limit can be found. In the absence of electric
current through the membrane, in the case of a rigorously
selective membrane, the diffusion potential vanishes.
Neglecting the stagnant double layers, the open circuit
voltage writes:

o= X i (V_) (6)

N Zi F YLCL

where yy and y;, the activity coefficients, and ¢y and ¢, are
the concentrations of concentrated and diluted respectively,
with a; = yCi.
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Under the assumption of an open circuit and neglecting
the polarization layers, this equation can be generalized to a
non-selective membrane by writing: En = ozE In (M),

zZiF YLCL
th-t .
where a = P with ¢" the transport number of the cation
and ¢~ the transport number if the anion. To go further and
calculate ¢, the modeling of all these terms is required. The
most widely used description comes from the Teorell-Meyer-
Sievers'®® theory which is a one-dimensional model that does
not take into account the ions concentrations variations in
the pore section of the membrane, nor the fluid transport by
convection. The space charged model developed by Osterle
and colleagues'®® takes into account these two points.
Recently, interactions with surfaces and electro-osmotic
effects have been taken into account in calculations to
explain the strong ionic currents generated by charged but a
priori non-selective nanotubes of more than 20 nanometers
in diameter."®” We will return to this point later in the text.

In a more pragmatic way, this description of the
membrane potentials leads to propose an electrical scheme
for a membrane. In the presence of different salt
concentrations on both sides of the membrane, the
membrane behaves like a voltage generator Eqocy which is the
open circuit voltage in series with a resistor and with
elements that account for the polarization layers. These
double layers are resistors in parallel with phase elements or
simply resistors."®%1%?

3.2.2 The RED cell. The RED device takes advantage of the
potential difference that appears on an ion exchange
membrane when it separates two saline solutions of different
concentrations. A classic RED stack configuration is
illustrated in Fig. 14. Two types of IEMs are used in this
configuration: anionic exchange membranes (AEMs) which
allow the passage of anions and cationic exchange
membranes (CEMs) which allow the passage of cations.
These membranes are separated by spacers and are placed
alternatively so as to form alternative water compartments.
Diluted and concentrated solutions are injected continuously
in water compartments by pumps. At two ends of the stack,
two electrodes are placed with circulating electrolytes for
energy conversion by redox reactions. In each compartment
of the cell, where the solutions can circulate generally
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Fig. 14 A schematic illustration of the RED process.
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through a spacer to ensure an uniform flow, the ions try to
move from the concentrated solution to the dilute solution to
balance the chemical potentials, but due to the charge of the
IEMs, only one type of ion is allowed to pass and the other
type will be rejected. Thus, an ionic flux is generated allowing
an electrochemical potential to establish in the surface of the
membrane called Donnan potential. This potential is
converted to electricity by faradaic reactions at the end of the
cell by the electrodes and electrolytes.

In the following we will detail all the elements of the cell.

Electrodes. Electrodes are used in RED stacks for the
conversion of osmotic-driven ionic flux into an electric
current by faradaic reactions. The choice of electrodes is of
great importance for the optimization of energy conversion
efficiency in RED stacks.'’® Several electrodes were proposed
for RED systems, from participating electrodes like Ag/AgCl
to inert ones like Pt, and with redox reactions ranging from
hydrogen/oxygen reactions to more complex like Fe(CN)g> 7/
Fe(CN)s*". These electrodes are classified to three main types
summarized in the Table 4. The oldest electrodes'®*'”" were
made of two metals immersed in a solution containing the
metal ions. The metal (or the amalgam such as Ag/AgCl)
participates directly in the red-ox reaction. Thereby, the
electrodes were consumed during the process and their life
span remains limited. For theses reasons, participating
electrodes were dropped out in the latest development.'”>'”?
After that, inert electrodes were proposed to avoid the
regeneration problem. They interact directly with the
electrolytes and forming gases which 1is their major
drawback.'* Inert electrodes are used jointly with redox
couples dissolved in the circulating electrolytes to enable the
redox reactions for energy conversion. Inert electrodes
present enormous applications in RED systems due to good
chemical/environmental advantage. The consumed ions in
one electrode will be generated in the other one, and thus
leading to no net chemical reaction at the end. In the same
time, because of this, the electrolyte will be conserved and no
over-potential will be appear because of the gas formation.
The problem with this category is the nature of the couple:
for the FeCl,/FeCl; system, low pH is needed to prevent
formation of solid (hydr)oxides'’> and for the Fe-complex
couple, it is not stable during long time especially if exposed
to light.'”>

Ionic exchange membrane. The RED is a membrane based
osmotic process where IEMs are considered as the main
engine of the energy recovery. Membranes are usually
characterized by several properties based on the amount,
structure, type and the charge of the functional groups in the
membrane. These proprieties are linked. IEMs are divided to
three main classes: CEMs, AEMs and bipolar membranes
according to the surface charge. CEMs possess negative
charges with a fixed chemical group. Generally, chemical
groups of strong acids, like sulphonate (-SO;") and
phosphorate (-PO;), or weak acids like carboxyl groups
(-COO") are used in CEMs. Due to the presence of negative
charges in CEMs, anions in solutions are repulsed and the
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Table 4 A summary of electrodes used in the RED
Type Electrodes Electrolyte Advantage Disadvantage Ref.
Inert electrodes with reversible reactions  Ti-Ru/Ir mesh K,Fe(CN)s K;Fe(CN)s No electrolysis voltage losses Sensible to light 176
Ti-Ru/Ir mesh Fe(Cl),/Fe(Cl), No net chemical reaction Sensible to pH 172
Bidirectional system
Inert electrodes with irreversible reactions Ti-Ru/Ir mesh NacCl No net chemical reaction Voltage loss 174
H, generation
Ti-Pt mesh Na,S0, Cl, generation 177
Participating electrodes Ag/AgCl NacCl No net chemical reaction Switching flows 178
Cu CuSO, No electrolysis voltage losses Electrodes regeneration 162
Zn ZnSO, 171
Table 5 A summary of the most used IEMs in literature
Membrane Thickness (um) IEC (meq g™) SD (%) CD (meq g™' H,0) a (%) R (Q cm?) Ref.
CEM
Neosepta CMX 164 1.62 18 9.0 99 2.91 179
Neosepta CMS 150 — — — 97 1.4-1.8 180
Neosepta CM-1 133 2.3 20 11.5 97.2 1.67 179
Neosepta CIMS 150 2.3 30 7.7 — 2.49 181
Fumasep FKD 113 1.14 29 3.9 89.5 2.14 179
Fumasep FKS-20 20 1.24 — 99 1.7 182
Fumasep FKE 34 1.36 12 11.3 98.6 2.46 179
Selemion CSO — 1.04 16 6.4 92.3 2.26 183
Selemion CMV 101 2.01 20 10.1 98.8 2.29 179
Fujifilm V1 125 — — — 93 1.6 184
Fujifilm CEM RP1 80050-04 120 1.45 — — 96 2.55 182
Nafion-115 139 0.9 — 8 — — 185
Nafion-117 201 0.9 — 7.7 — — 185
Ralex CMH 764 2.34 31 7.5 94.7 11.33 179
Qianqiu CEM 205 1.21 33 3.7 82 1.97 186
Tailor-made SPEEK 65 72 1.76 35.6 — 89.1 1.22 186
Tailor-made SPEEK 40 53 1.23 23 — 95.3 2.05 186
AEM
Neosepta AM-1 126 1.77 19 9.3 91.8 1.84 179
Neosepta AFN 163 3.02 43 7 88.9 0.7 179
Neosepta AMX 134 1.25 16 7.8 90.7 2.35 179
Neosepta ACS-8T 150 1.9 — — — 2.41 181
Fumasep fad 74 0.13 34 0.4 86 0.89 179
Fumasep fas-20 20 1.5 31.25 4.8 95.5 0.5 182
Selemion DSV 121 1.89 1.03 183.5 89.9 1.03 179
Selemion APS 138 0.29 147 0.2 88.4 0.68 179
Selemion AMV 110 2.2 21 10.5 95 2.44 187
Fujifilm TYPE I 115 — — — 91.9 1.3 180
Fujifilm AEM RP1 80045-01 120 1.28 — — 96 1.83 182
Fuyjifilm V3B 84 1.7 23 7.39 87 1.36 187
Fuji V3A 66 2.2 23 9.57 82 0.87 187
Fujifilm V1 139 1.8 23 7.83 90 1.05 187
Fujifilm V2 53 1.6 23 6.96 86 0.67 187
Ralex AMH-PES 714 1.97 56 3.5 89.3 7.66 179
Qianqiu AEM 294 1.33 35 3.8 86.3 2.85 186
Tailor-made PECH A 77 1.31 32.2 4.1 90.3 2.05 186
Tailor-made PECH B2 77 1.68 49 3.4 87.2 0.94 186
Tailor-made PECH B1 33 1.68 49 3.4 86.5 0.82 186

cations pass. For AEMs, cations are repulsed due to the
positively charged chemical groups including ammonium
(-NR;"), primary amine (-NH,), secondary amine (-NRH)
and tertiary amine (-NR,). Bipolar membranes have
simultaneously negative and positive chemical groups and
display fascinating applications in water splitting. The
main characteristics of commercial membranes, ie. the
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swelling degree, the ion exchange capacity, the fixed
charge density, the permselectivity, and the membrane
resistance are reported in the Table 5.

The swelling degree (SD) characterizes the ability of a
dry membrane to absorb water. It measures the mass
change ratio of a dry membrane before and after water
immersion:
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where my. is weight of the wet IEM and my, is weight
of membrane in its dry phase.

Ion exchange capacity (IEC) determines the number of
fixed charges inside the IEM per unit of mass of a dry
membrane. The fixed charges in the membrane are usually
in equilibrium with the ions in the electrolytes, this
equilibrium is given by the Fixed charge density (CD) and it
is defined as the milliequivalents of charged groups per gram
of water in the membrane. It is given by:

_IEC

CD =——
SD

(®)
The permselectivity (@) is one of the most important
parameters for ionic exchange membranes. It describes the
ability of a membrane to reject co-ions (ions of same charge)
and allow the passage of counter ions. An ideal membrane,
which blocks all co-ions and allows passage of 100% of
counter ions, is characterized by a selectivity of 1. In practical
applications, the effective selectivity can be calculated by the
ratio between the electrical potential measured between the
electrodes and the theoretical one for an ideal membrane
under a given gradient.

The membrane is a part of an electrochemical cell where
the ionic current is converted to an electrical one. This
current is directly affected by the conductivity of this
membrane (ohm loss) and can influence the power density.
This resistance is reported to a unit of area. It depends on
the material's property and its structure (see Table 5).

These properties depend on the conditions of use such as
the concentrations of the saline solutions, the value of the
difference in salinity, the acidity, the temperature. Using a
very high concentration can reduce membrane selectivity
even though it gives better conductivity."*>'”®> A high
temperature'’”®>  decreases the permselectivity of the
membrane.

The characteristics of the membranes depend on the
mode of production based on which IEMs are classified into
homogeneous IEMs and heterogeneous IEMs.

For the first class, the membrane is prepared using just
one product, generally, by polymerization of a charged/can be
charged monomers or followed by grafting functional
monomers on a film/dissolved polymer.'®® On the other
hand, heterogeneous IEMs contain two parts, an ionic
exchange resin mixed with an uncharged polymer matrix
without any chemical bound. Homogeneous IEMs exhibit
excellent electrochemical properties, very low resistances and
high permselectivity.'®® Their thickness is between 1 and 30
pum. However, their production is more complicated and
more expensive. In contrast, heterogeneous IEMs are easier
and less expensive to prepare with a good mechanical and
chemical stability especially for the AEMs in alkaline
electrolyte. However, their high resistance is still a major
challenge for the RED technology.'”® Recently, N. D.
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Pismenskaya et al.'®® modified an heterogeneous membrane
by grafting functional quaternary ammonium groups to
increase its electrochemical performance. The results are
encouraging and close to that of a homogeneous IEM.

3.2.3 The power density. The maximal electrical power
density in a RED cell is given by'”*

E ocv2
4Rcell

Prax = ©)
where E,., is the potential generated using an ionic exchange
membrane between two solutions under a salinity gradient.
It can be described by the following equation:

RT ¢
Eoew = aN— In (H—)}H) (10)
zZF CLYL

With o the selectivity of one membrane, N the numbers of
membranes, T the temperature, z the valence (z = 1 for Na'),
R the gas constant, F the Faraday constant, yy and y;, the
activity coefficients, and ¢y and ¢y, are the concentrations of
concentrated and diluted solutions, respectively. And R is
the cell resistance which consists of two main parts, an
ohmic one that represents the conductivity of cell
components (including membrane, solutions, spacers, and
etc.) and a non-ohmic part which involves the concentration
change inside the cell. The non-ohmic part is caused by the
polarization effect near membranes and by the salt
concentration variation along the water channel.

To develop a production cell, it is necessary to choose the
number of membranes to be used. A priori, it is interesting to
increase the number of membranes. Using a large number of
membranes should make the whole device more compact.
When the salinity of the solutions is fixed, E,ey, and Ppayx
increases theoretically linearly with the number of cell pairs
and is independent of the flow rate. The power density
should therefore not be depend upon the number of
membranes.

Experimentally, H. Kim et al'°® observe a different
behavior. When the stack is supplied with a constant flow,
the gross and net power density decrease when the number
of membranes becomes higher than.”’’® These phenomena
are caused by the polarization of the cell. When the pairs of
cells are more numerous, the local flow rate decreases in
each cell which favors mixing, the appearance of a
concentration gradient along the flow and the growth of the
thickness of stagnant ionic layers.

In fact it comes from the polarization the open circuit
potential increases with the number of cell pairs but the
growth law between the two is weaker than a linear law.
When the number of cells is fixed, the open circuit potential
increases slightly with the flow rate. As the number of cells
increases, the throughput in each cell is lower and the
polarization effects along the cell but also the thickness of
the depleted layers increases. Both effects induce a decrease
of the open potential.

According to eqn (9), an efficient way for power density
optimization is to increase the open-circuit voltage Eoc.
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Several research works managed to ameliorate the membrane
selectivity a or increase the number of IEM pairs used in RED
systems. Giiler et al.'®® tested several IEMs and found that
the permselectivity could be independent of the thickness. H.
Kim et al."®® showed that the using a big number of cell pair
will affect the residence time of the ions inside and therefore
the concentration polarization inside the cell will cause a
diminishing of the potential compared to the theoretical
value.

For the non-ohmic resistance, the challenge is always
present. Vermaas et al.'>® attempted to improve mixing inside
the cell to reduce the boundary layer using a specific spacer
with filled channels and with sub-corrugations (see Fig. 15B)
without much success.

Though the use of more than 45 membranes in the RED
system, Pattle et al.'®® reported a mild power density of 0.2 W
m™ because of the low efficiency of their stack. Numerous
studies continues today in the hope of promoting output
power density of RED systems. In 2007, Dlugolecki et al.'”®
investigated the performance of several membranes used
generally in the RED, and estimated that a power density of 6
W m™ can be achieved by commercial IEMs. A year after, a
power density of 0.84 W per square metre of membrane was
obtained in the work of Turek et al.'’”” with a high salinity
gradient (around 200) and even a 0.9 W m™> is reached by
Veerman et al."*° with a salinity difference of 30 g L™ vs. 1 g
L™ of NaCl for the concentrated and the diluted solution
respectively. High cell resistance hinders the electrical
performance of RED systems.'’* It was reported that the
diminution of spacer thickness (from 485 um to 100 um)
could effectively reduce the ohmic resistance of the system by
4" Wwith these RED improvements, Vermaas et al.'’®
obtained a gross power density of 1.8 W m™ using just 5
pairs of IEMs. However, for thinner spacers, a higher
pressure loss was reported. A net power density of 1.2 W m 2,
which remains the highest experimental net power density
documented until present, was achieved in this work. The
same team tried to removed the spacers and employed
profiled membranes to reduce water volume (higher
conductivity). While a significant ohmic resistance drop of
30% was achieved, the profiled membranes suffered from
severe polarization problems which reduces the ohmic
resistance around 30% but the polarization resistance was

P@Ied memErane (=
= . 0

Fig. 15 Images obtained from a scanning electron microscope for (A)
the profiled membranes (B) and profiled membranes with sub-
corrugations (figures and captions reproduced from ref. 193 with
permission from Elsevier, copyright 2014).
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significantly higher."”" Adding sub-corrugations to disturb
the uniform flow and enhance the mixing was insufficient to
increase the net energy power.'>

As already described, the potential E,., between the stack's
electrodes is directly related to the gradient. Daniilidis
et al.'” investigated the RED stack for hypersaline solution
like the Dead sea, with a concentration close to the
saturation (around 5 M) with a river water of 0.01 M
concentration and they obtained a gross power density 3.8 W
m™ at 25 °C and more than 6.5 W m™> at 60 °C in 5
membrane pairs cell, even if the selectivity was lower with
the increasing of the temperature and the gradient. This
power density corresponds to a gross power. It's worth to
note that even though this energy was experimentally
measured, no pumping energy consumption was subtracted.
In the same topic, and to show the effect of temperature and
gradient, Tedesco et al.'®* used a hypersaline solution at 5 M
and a brackish solution with 0.1 M, and reached a gross
power of 6 W m™> at 40 °C in a cell with 50 membrane pairs.
In this situation, the resistance of membrane pairs is low.

In fact, the recorded experimental gross power density
without correction was around 4.75 W m™> with 2-2.5 W m >
of dissipated power due to the pressure drop inside the cell.
Increasing the unit size to the double and the number of the
membrane pairs had only a slight reduction in the power
density caused by the non-uniform distribution of fluids
concentration. The amount of the theoretical power is very
huge, it is estimated to be more than 2 TW in the world
rivers and oceans.® Just a part of this power is actually
exploitable by the blue energy harvesting technologies. The
efficiency is defined as the ratio between the recoverable
energy and the available Gibbs free energy in the water
mixing of unit volume. Higher energy efficiency is achieved
when the feed waters are recycled (multiple pass)'’® and a
lower current density is applied (due to ionic shortcut
currents)."*°

1= o 2
mix Q

where A is the membrane area and Q the flow rate. For the

RED process, it depends on the flow rate and on the capacity

of the membrane to exchange ions. As represented in the

Table 6, the efficiency remains under 50%.

3.2.4 Nano RED. One way to increase the collected current
density is to decrease the cell resistance and thus the
membrane resistance. To do this, it has been proposed to
work with membranes with nanometric sized holes. This
attractive idea is based on the initial work on single
nanotube. Remarkably, a giant ionic current was measured
when a non-selective boron nitride nanotube (BNNT) is
placed in a salt gradient (see Fig. 16).

For a BNNT placed between a 1 M and 0.01 M NaCl
solution the authors measure'®” an electric current of 1 nA
and a power density of 4 kW m™ for a nanotube (see Fig. 17).
This point is very remarkable. This potential is created by an

This journal is © The Royal Society of Chemistry 2023
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Membrane Cu (M) Ct, (M) Temperature (°C) Power density (W m?) Efficiency Ref.
Fumasep FKD/FAD 0.507 0.017 25 0.93 18% 190
Neosepta CMX/AMX 1.899 0.01 - 0.72 — 177
Fumasep FKS/FAS 0.507 0.017 25 2 32% 176
Fumasep FKS/FAS 0.507 0.017 25 1.8 15% 176
Ralex Profiled CMH/AMH 0.507 0.017 25 0.8 <1% 191
Tailor-made SPEEK65/PECH B2 0.513 0.017 25 1.28 — 192
Qianqiu CEM/AEM 0.513 0.017 25 0.83 — 192
Custom-made composite/Selemion CEM/ASV 0.5 0.017 25 1.3 — 183
Ralex Profiled + sub-corrugations CMH/AMH 0.507 0.017 — 0.9 — 193
Neosepta CMS/ACS 5 0.01 25 3.8 7% 173
Neosepta CMS/ACS 5 0.01 60 6.7 20% 173
Fumasep FK-20/FAS-20 5 0.1 40 4.75 <1% 182
Fujifilm CEM 80045-04/AEM 80045-01 4-5 0.03 23 1.35 2-3% 194
Fujifilm CEM-80050/AEM-80045 0.762 0.005 20 0.3 — 195
Fujifilm CEM-80050/AEM-80045 0.762 0.005 60 0.705 — 195
Nafion/Neosepta N117/AMX 4 0.5 25 1.38 — 185

electrophoretic flux due to the surface charge of the
nanotube. Boron Nitride surfaces bear a large surface charge.

The ion concentration profile of the salt solution placed
above this surface is given by: C.(x,z) = C..(x)exp"**?) where
#(2) is the electrical potential, z the vertical position normal
to the surface, x the position along the direction of the
surface, C(x) the concentration in salt far from the surface,
C.(x,2) the concentration in positive counterions, C_(x,z) the
concentration in negative counterions as a function of x and

Hierarchical single nanotube nanofluidic set-up
b
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Fig. 16 a, In situ nanomanipulation of a BNNT (left, sketch; right,
scanning electron microscope (SEM) images): 1, insertion of a BNNT
(grey) through a nanopore drilled in a SIN membrane (green) using a
focused ion beam (FIB); 2, carbon sealing of the FIB-drilled hole using
local electron-beam-induced deposition (orange); 3, telescopic
retraction of internal walls of the BNNT; 4, finalized transmembrane
BNNT device. b, Top, Schematic of the experimental set-up for
measuring fluid transport through the single BNNT. Bottom, sketch of
the final transmembrane BNNT for nanofluidic measurements (left) and
its experimental realization, imaged by transmission electron
microscopy (TEM) (right) (figures and captions reproduced from ref.
167 with permission from Springer Nature copyright 2013).
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z. The balance along the z direction between the pressure
forces acting on a fluid particle and the electrostatic forces
links the pressure and concentration fields. This writes: P(x,z)
= P, + 2kgTC,(x)cosh(¢(z) — 1) the concentration gradient
along the loaded surface induces thus a pressure gradient
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Diffusio-osmotic streaming current

Fig. 17 a, Osmotic streaming current versus concentration difference

for a t-BNNT with R, L 5 40 nm, 1250 nm and pH 5.5 (yellow), 9.5

(purple) and 11 (red). The experimental points show measurements for

various salt concentrations in the two reservoirs, with C,i, and Cax in

the range 107-1 M. Error bars follow from the corresponding error
max

- Crmin .

mobility versus surface charge. Surface charge is obtained from

analysis. Dashed lines are linear fits: losmoclog Inset, Osmotic

independent conductance measurements. The dashed line is a linear
fit with proportionality factor of 0.33 for the chosen units. b,
Corresponding power density (per unit surface of the BNNT) for the
three values of pH. Dotted lines are a guide to the eye. In the present
graph, the minimum concentration is fixed to Cmin = 10~ M. b, Sketch
of the osmotically driven streaming current under a salt concentration
difference, Cmax — Cmin (figures and captions reproduced from ref. 167
with permission from Springer Nature, copyright 2013).
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along the same surface. This pressure gradient is at the
origin of a Stokes flow in the nanotube whose maximum

T logCy .
ks ln(l—yz)dodigf with

speed is given by: V:27W71b

y = tanh (4ek¢oT> and ¢, the surface potential. The diffusion-
B

osmotic flow drags the ions and produce an electric current
by convection of the ions in excess. We recall that as the
surface is charged, and as the liquid plus the surface is
neutral, the liquid alone bears a charge which is opposed to
the surface one. The obtained electrical current and potential
drop are proportional to AlogC,. This modeling is in
quantitative agreement with the measurements.

A quantitative analysis of these equations shows that the
power gain in the system comes from the very low electrical
resistance of the nanopores. The potential difference across
the nanotube is not exacerbated and remains about 100
millivolts under classic experimental conditions. The theory
recovers an expression close to the one presented for the
selective membrane when the radius of the nanopore goes to
zero and when the surface charge is high. This study has
prompted many groups to prepare membranes with
nanopores to increase the performance of the RED. At this
stage, all the attempts end in failure to create large-scale
membranes. Fig. 18 compares the power and extrapolated on
1 m® surfaces and the powers measured on membranes.
Clearly there is no correspondence between the two and the
maximum powers obtained remain below 10 W m™>. This
results comes from the existence of collective effects between
prevent the generalization and
extrapolation of the results obtained on a single nanotube.

nano-channels that

& -
= 106F ref 12
- E
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2 104t
g 10 £ ref13
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O 102%FE simulated/ac entering
% F resistance
E \
Q E ref 16
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g 10 g ref 15
g [ ref 22
ol E ref 17
<>§ E . ' ref 21

single-pore porous membrane

Fig. 18 Comparison between literatures reported power density and
our simulated results. The range of simulated actual power density
(upper left and lower right orange ovals) is approximately in agreement
with that reported by literatures (blue diamond represents reported
values) for both single-pore and nanoporous membrane systems,
suggesting that our intuitive resistance paradigm semiquantitatively
explains the orders- of magnitude power density gap between single-
pore and nanoporous membrane systems. Remarkably, by eliminating
the entering resistance, the simulated ideal power density (upper right
oval) of membrane materials can be brought back to the single-pore
level (figures and captions reproduced from ref. 197 with permission
from John Wiley and Sons, copyright 2019).

1054 | Lab Chip, 2023, 23,1034-1065

View Article Online

Lab on a Chip

When the nanotubes are too close together in the membrane,
the formation of ion depletion layer results in an effective
concentration difference much smaller than the imposed
one. The transport of an electrolyte within a single nanotube
is therefore very different from that within a membrane."’
The results obtained, although disappointing at the level of
extrapolation, are nevertheless better than the powers
obtained in the experiments with polymeric membranes. It is
necessary to comment on this point. All the experiments
conducted on large hole membranes are done on systems
with very small surfaces generally smaller than 0.01 mm?.
The system that allows the measurement of powers includes
large volume of electrolyte and electrodes of large size. In this
case the ionic resistance of the compartments is negligible
compared to the resistance of the membrane, which is
absolutely not the case in the RED experiments.

It is therefore impossible to compare these data to the
RED experiments. Liu et al.'°® have developed a nanoporous
carbon membrane via the thermal crossing of polycyclic
aromatic hydrocarbons. They obtained a mechanically robust
membrane of size 1 ecm with 3.6 + 1.8 nm pores and a
thickness of 2.0 + 0.5 nm. The pore density is close to 10"°
pore by cm?. They carry out RED experiments on a membrane
1 micrometer in diameter. They obtain by mixing artificial
seawater (0.5 M NaCl) and river water (0.01 M NacCl) a power
density of 67 W m™ for a circuit resistance of 15 MW. In the
context of the experiment, the dominant resistance
corresponds to the resistance of the membrane. The
resistance of the electrolyte compartments is negligible. The
resistance of the membrane can therefore be calculated and
estimated to 0.19 Q cm?®. This figure takes into account the
resistance of the membrane and the resistance of the double
layer near the membrane. It forgets the ohmic resistance of
the solutions and the polarization resistance due to the drop
of the concentration gradient along the membrane. Note that
the values reported on Table 5 are closed to this one even
though they do not take into account the resistance of the
double layer near the membrane. To conduct a fair
comparison, calculations of magnitude's order are necessary.
The power generated by this membrane in the nanofluidic
system is 67 W m™>. To generate such power, a flow rate

equal to Q = =4.7x10" m’ s7! is required assuming
mix
an efficiency of 100%. This corresponds to a viscous power

: 124Q* 2
by unit area of P = s of 26 MW m ~ for a gap e of 1

um and 26 W m™> for a gap e of 100 um. The ohmic
resistance of a 0.01 M saline solution is equal to 7.8 Q cm?
for a gap e equals to 100 pm. This value is much higher than
the resistance of the membrane and must be added to it to
calculate the performance in a device of 1 square meter.
Clearly it will therefore be impossible to achieve such high
performance in a device of one square meter in area. It is not
possible to compare the power from nanofluidic devices and
centifluidic devices with conventional membranes. An
interesting study would be to measure the resistance of
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classical ion exchange membranes such as Nafion in
nanofluidic systems.

In the previous framework, the creation of an ionic
current in nanopores of several nanometers in diameter
comes from the surface charge. Another way to do this is to
be inspired by nature by creating nanopores covered by a very
thin selective membrane. The realization'®® of robust
mushroom-shaped (with stem and cap) nanochannel array
membrane with an ultrathin selective layer and ultrahigh
pore density, has notably allowed to obtain a power of 15 W
m™ with a 10 mM/0.5 M salt gradient. The experiments are
performed on a membrane of 8000 um”. From the data of
the article, it is possible to calculate the resistance of the
membrane. This resistance is 1.6 Q cm® As discussed
previously, such feature is very close to the one of classical
membranes, which is wunlikely to present exceeded
performances in our point of view.

3.2.5 River and sea water salted solutions. In order to
demonstrate the feasibility of the RED approach, complex
salt components, including various multi-valence ions, are
added into concentrated and diluted solutions to simulate
natural solutions in RED systems. Vermaas et al'®* have
investigated the influence of multivalent ions on the
performance of cell with several membranes and different
compositions for the feed solutions. The power density has a
drop up to 50% for certain IEMs with the mixing of 10%
MgSO, to the NaCl, and thus because of the uphill transport
described in ref. 200. In fact, the valence of divalent ions is
the double compared to the monovalent one, create a lower
open circuit voltage. But also, the resistance is more
important because of the lower diffusion coefficients of
multivalent ions compared to Na" and CI” with a strongest
steric hindrance of Mg®*, Ca** relative to Na".'®* The same
effect was noticed by Tufa et al.”°" when they added Mg>" to
the feed: a 64% loss of maximum power was reported. In
addition, when they tested imitating real brackish water and
exhaust brine with several ions, they got 63% loss in power
density.

To overcome this problem, monovalent ion exchange
membranes were proposed to replace the usual IEMs. Guler
et al.'® compared two commercial monovalent AEMs with a
home-modified one, and they found that there is no
significant difference on the measured gross power densities
between the monovalent and the multivalent IEMs because
of their high internal resistance.'*>'** Moreno et al."®® tried
two different strategies to minimise the negative effect of
uphill transport (multivalent ions transport against the
concentration gradient). The first one is using a highly cross-
linked cationic monovalent membrane. This type of IEMs
select the ions with the same charge based on their size
(hydrated ionic radius). It blocks the multivalent ions and
allows the transport of monovalent ions only. The second
strategy is based on the charge rejection. A standard CEM
with a thin positively charged layer on the membrane surface.
A constant OCV was obtained using a mixing between NaCl
and MgCl, compared to pure NaCl solution for the

This journal is © The Royal Society of Chemistry 2023
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monovalent CEM. Also, for the coated CEM, a slight decrease
in the OCV was observed. The membrane resistance was
higher due to the lower ion mobility of magnesium ions
inside these membranes. Hence, the power density was
lower.

3.2.6 Fouling. The natural solutions are even more
complicated and contain more species than the ions. Several
works studied the behavior of RED stacks with natural feed.
Kingsbury et al.>°* evaluated the response of a RED unit fed
with five different pairs of real waters and wastewaters. They
reported that natural organic matters reduced power
densities by up to 43%. Cosenza et al>®® tested different
solutions from oil industrial wells, where the high
concentrated solution contains an important amount of
organic and dissolved solids, and the diluted solution was
prepared with 0.7 g L™ NaCl solution. They measured a
greater resistance (around 40% at less concentrated solution)
for the natural one compared to a NaCl-artificial salt water
causing a 17% power loss. That effect was even worse when
natural solutions from Licetto River and Tyrrhenian Sea in
Italy were used in concentrated and diluted compartments,
respectively.'®

In addition to this negative effect, fouling remains a tricky
problem in long-term experiment, causing severe resistance
increase and permselectivity hindrance. In 2012, Vermaas
et al.*®* established RED stacks with water feeds of naturel
river water (Van Harinxmakanaal - Netherland) and natural
sea water (Wadden Sea - Netherland) filtered by a 20 pm
diameter filter. During the 25 day continuous test, they
observed a significant resistance rise, along with a slight
decrease in membrane permselectivity, which results in a
power loss of 60% of the RED system. This result was
confirmed by the work of Vital et al.,>®® where after 54 days,
the power density decrease by 25%. This fouling comes in
two major parts of the RED stack, the IEMS and the spacers.
For the IEM we can determine two kinds of fouling
depending on the charge of the membrane: the organic and
the bio-fouling, generally negatively charged, are more
occurred on the AEMs. In contract of the CEM, where the
main problem is scaling and the solid particles. In the other
hand, the fouling in the spacer can directly detect by a drop
pressure jump inside the cell*** and channel clogging, shown
by Cosenza et al.,>®® due to bacteria growing in the channels
of the RED unit and in the dilute solution circuit, hence, The
fouling is most probably in river water.

To control this fouling, various strategies are proposed at
different levels: before pumping the steams, inside the RED
stack, by slowing the formation of fouling and after by
removing all blocking particles.

The first barrier can be a simple pretreatment a 20 pm
pore size mesh filter, proposed by Vermaas et al.,>** to filtrate
the biggest particles. Vital et al>*® add to this last a second
filter media composed by a 50 cm layer of anthracite (1.2-2.0
mm @) on top of a 50 cm layer of sand (0.5-1.0 mm 0),
placed into 11 cm @ polyvinyl chloride (PVC) pipe. An
optimization of the spacers was proposed to reduce the
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fouling by Vermass et al'®' where they replaced the
traditional spacers and IEMs by profiled membranes, and
they found that the pressure drop increased four times
slower and the power density remained relatively higher. He
et al’*®® confirmed this importance of the spacers and
proposed a new type with different inlet and outlet to
enhance the hydraulic performance and the power density.

Another solution is to modify the anionic exchange
membrane surface to make it less attractive to biofouling.
Vaselbehagh et al*®” coated a polydopamine layer on the
surface of an AEM and found that it reduces bacterial
attachment.

Various methods, suggest treating the IEMs with some
polymer layer to make them selective for monovalent ions
and to reduce the uphill effect and the fouling.'®® From these
methods, we can find Gao et al.>°® who realized a deposition
of two polymers poly(styrenesulfonate) (PSS) and
poly(ethyleneimine) (PE) on the surface of an AEM to
compare it with commercial one and they showed a good
monovalent-anion selectivity comparable, a better anti-
organic fouling potential and slightly lower gross power
density due to the membrane resistance.

The last strategy is occurred when the fouling is already
present. A physical cleaning is used by increasing the
pressure or the flow rate for few seconds (a pulse) inside
channels to destroy the substances clogging the channels. A
chemical washing could be beneficial using some acid and
alkaline solutions. To avoid bacteria and algae proliferation,
a UV lamp could be installed. With these strategies, they were
able to ensure a positive net power density value for more
than 18 days using feed from oil well industry.>*

3.2.7 Scale up. After the lab test, researchers tried to
exploit the RED technology at an industrial scale (Table 7). In
2014, a group from a research institution (Wetsus in
Netherlands) succeeded to open the first RED plant called
REDSTACK with a final power capacity of 50 kW using the
freshwater from Lake IJssel and the saltwater of the North
Sea available at Afsluitdijk, in Netherlands.

A year after, a pilot plant is started in south of Italy with a
RED unit equipped with 50 m* of membranes, and working
with natural concentrated brine from saltworks basins and
brackish water from a shoreline well over a period of five
months during the summer. The gross power density was
around 0.75-0.85 W m™ corresponding to 40 W with an
average net power of 25 W."* This pilot>® has scaled up to
reach more than 400 m” of total membrane area, delivering a

Table 7 A summary of RED pilot
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330 W of gross power capacity which is equivalent to around
0.76 W m™ of power density. After that, a South Korean
group built a cell with around 1000 cell pairs with a total area
of 250 m”> and tested it with Ocean lava seawater and
wastewater effluent from a sewage treatment plant located
beside the sea in Jeju, Korea. The pilot plant was able to
produce 95.8 W of power (0.38 W m).>"* Recently, Yasukawa
et al.”™" obtained 0.46 W m> net power density with a stack
of 200 pairs of IEMs, corresponding to 40 m? of total effective
membrane area, and streams from a seawater reverse
osmosis (SWRO) desalination plant, Mamizu Pia (Fukuoka,
Japan), and the Wagiro water treatment center (Fukuoka,
Japan). The same team evaluated the performance of the
RED pilot plant (RED stack) with 299 cell pairs and a 179.4
m?> membrane effective area, installed in the sea water
desalination unit of Okinawa islands in Chatan town, Japan,
using one-side monovalent exchange membranes to reduce
the uphill effect."®" Surface water was used as the diluted
solution, while the sea water and brine from the desalination
process were used as concentrated solution. The maximum
gross power output of 171.6 W (0.96 W m™?) for the brine/
river water and 110.6 W (0.62 W m™?) for the combination
sea-river solutions.

3.2.8 Economic analysis. Several works discussed the
economic and financial feasibility of RED for different
scenarios. It was shown that the dominating influential
factors include the membrane price, which remains very high
at present, followed by the inflation, the relatively low
experimental power generation and finally the cost of water
pretreatment and pumping.”**

Thin homogeneous membranes with low resistance are
generally of high prices (above 80 $ per m?).>'®> In 2007,
Turek et al.>'® found a very high cost equal to 6.5 $ per kW h
by using an experimental power density value of 0.92 W m™
of cell pair and considering a total investment cost of 96 $
per m® of installed membrane. In 2010 Post et al.>"” fixed a
viable power density of 2 W m™ with a membrane price of 2
$ per m” and cost of 0.08 $ per kW h for the electricity.

Daniilidis et al®>'* suggest that if the membrane
technology will be developed by using cheap raw materials
and manufacturing procedures in the near future, same as in
the ED technology with heterogeneous membrane, allowing a
membrane price below 4.3 $ per m® A net power density of
2.7 W m™ will be sufficient to start producing energy. And
with a LCOE fixed at 0.16 $ per kW h will make RED
electricity competitive against conventional and established

Year op (mS em™) o (mS em™) Membrane area (m?) Membrane pairs number Gross power density (W m™?) Ref.
2016 150-220 3.4 48.4 125 0.8 194
2017 150-220 3.4 435 1125 0.76 209
2019 52.9-53.8 1.3-5.7 250 1000 0.38 210
2020 83.5-92.3 1.3-2.2 40 200 0.54 211
2021 519+1 0.34 £ 0.05 179.4 299 0.62 181
2021 819+1 0.34 £ 0.05 179.4 299 0.96 181
2022 31441 0.52 £ 0.02 3.1+6.2 32+ 64 0.4 212
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Fig. 19 Cost estimation of PFSA electrolyte membrane produced by
two different methods as a function of the total yearly production
(figures and captions reproduced from ref. 185 with permission from
MDPI, copyright 2020).

renewable technologies. Another study was done by Toupin
et al®>'® on the cost of Nafion and other perfluorinated
sulfonic acid (PFSA) polymer electrolyte membranes. They
estimated that with a higher annual production (around 5
million m?), the cost of 1 m* of membrane will be below 10 $
for the melt blowing method'*>*'® (see Fig. 19).

In 2019, Giacalone et al.>'® estimate the levelized cost of
electricity ranging from 0.27 to 0.33 $ per kW h based on
membrane cost of 15 $ per m? and using brine and
freshwater. This cost is lower than the actual electricity prices
in certain countries in Europe, that achieve 0.56 $ per kW h
last August in Germany. It's worth to note that with the latest
events in Ukraine, the fast inflation in the world, and the
energy price rise (especially for the natural gas) may make
the RED competitive with other power sources.

3.2.9 Miniaturized systems. We have focused in the above
approach on the scale up of devices for global energy
production. It should be noted that these systems can be
miniaturized to power on-board sensors.**° Sadeglian et al.”*"
have developed 5 cm diameter cells which miniaturizes a
RED system. An IEM is placed between two reservoirs which
contain saline solutions of cupric sulphate of different
concentrations. The system has a limited production time
because it does not include flow or a phase for reconstituting
the initial concentration of saline solutions. When the
solutions are mixed, it is not possible to return to the initial
state. This system makes it possible to obtain a peak power
density of 0.7 uW m™ and to deliver an energy of 0.4 m]
em™. The previous device has the disadvantage of having a
limited power generation time. To overcome this problem,
Lin et al.”** have associated an osmotic system composed of
two gels containing saline solutions of different
concentrations, a selective membrane, faradaic electrodes
with a triboelectric system that allows to separate the saline
solutions after their mixing. The maximum outpower is 146
uW for an external load resistance of 50 MQ. This system is
efficient and opens the way to use hybrid osmotic-

This journal is © The Royal Society of Chemistry 2023
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triboelectric systems to power sensors. In the framework seen
previously, the triboelectricity is used to reconcentrate the
solutions. The advantage compared to a simple triboelectric
system is that there is no need for complex impedance
matching to perform this charge separation. The results,
although preliminary, are comparable to those obtained with
piezoelectric®*® or capacitive systems.>*>* If such systems are
proved to work over several cycles, this approach is surely a
path for the commercial development of the blue energy. The
infrastructure costs are much lower in these miniature
devices than those involved in producing energy. Here are a
few studies in the literature on the life cycle assessment of
blue energy processes, including reverse -electrodialysis
processes®*>*” Muller et al. analyses®®® a functional unit of
1 MW h of net electricity production. They compare their
results to wind and solar photovoltaic. Using favorable
conditions and
environmental footprint of the RED is comparable or lower
than those of established renewable energy technologies. The
main points of focus on RED are the processes associated
with membrane manufacturing. The impacts are also greater
when lower salt gradients are used due to lower process
efficiency. The use of membranes makes eutrophication,
ecotoxicity and carcinogenic impacts more significant for
RED than for other technologies under certain assumptions.

assumptions they show that the

3.3 Capmixing

Firstly proposed in 2009 by Brogioli,”*® Capmixing is an
emerging blue energy harvesting energy with tremendous
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Fig. 20 (A) Illustration of the working principle of capacitive energy
extraction based on double layer expansion (CDLE) and (B) the
qualitative plot of useful work W produced in an unit Capmixing cycle
(figures and captions reproduced from ref. 69 with permission from
American Chemical Society, copyright 2016).
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potential. Unlike PRO and RED where energy conversion is
realized through intermediate steps of mechanical turbine
systems and electrochemical redox reactions, Capmixing
generates electricity directly from a controlled mixing
procedure.®” In a classic configuration of Capmixing
illustrated in Fig. 20(A), two porous carbon electrodes are
dipped into high concentration solutions at initial state.

It is an energy consuming state where electrodes are
charged by an imposed external electric source. Thus,
electrical double layers (EDL) are formed near each electrode
to maintain a local electron neutrality in the solution.®® In
state II, the system is in open circuit state and the high
concentration solution in the system is replaced by solution
of lower concentration. As the ionic strength lowering of the
electrolyte results in a thickness expansion of the EDL, the
overall capacitance of EDL Cgpy decreases.””® Considering
the total charges accumulated in the electrodes g remain
unchanged, the potential difference between these electrodes
DE increases as predicted by the following equation g =
ACgprAE. In state III, a load resistor is connected with the
Capmixing system. Discharging in electrodes delivers current
to produce useful work in the load resistor. At the same time,
the thickness of EDL decreases due to the discharging. At
final state IV, system switches into open-circuit state and
fresh water is replaced by salt water to close the operation
loop. As illustrated in Fig. 20(B), the produced work in state
III is larger than the energy consumed in state I, a net power
is harvested using this so-called capacitive energy extraction
based on double layer expansion (CDLE) technology.®® In the
pioneer work of CDLE, Brogioli presented this innovative
configuration with a mild power density of 7 mW per square
meter of electrodes harvested by two activated carbon porous
electrodes.””® Later, Brogioli et al?** analyzed the
spontaneous potential and the leakage current of different
activated carbon electrodes. Based on this analysis, they
proposed several suitable couples of activated carbon
materials that could possibly enlarge the energy extraction.
Using porous carbon electrodes of A-PC-2 and NS30 (two
commercial activated carbon films) in CDLE system, a
remarkable power density of 50 mW m™ was reported.

In CDLE, capacitive electrodes suffer from self-discharging
problems due to faradic reactions on the surface of the
carbon. Porada et al.**' summarized these reaction into three
types: the first one is the conversion of quinone group on the
carbon's surface with two protons to form two hydroquinone.
Secondly, the carbon oxidation from carbon to CO,. And
finally, the electrochemical reactions where components in
the water react at the carbon surface. Some of them require
molecular oxygen in solution. Brogioli et al. found that
removing oxygen by bubbling nitrogen partially reduces the
self-discharge.”®® An alternative solution of using selective
faradaic electrodes in the CDLE configuration was proposed
in 2011 by Mantia et al>** The so-called ‘Mixing entropy
battery’ was experimentally demonstrated by using Na,_,Mns-
04, electrode for Na* capturing and Ag/AgCl electrode for ClI™
capturing. In this conception, extracted energy from salinity
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difference is stored inside the bulk crystal structure of the
electrode material in chemical energy form. A power density
of 138 mW m ™ was reported for a salinity gradient of 0.03 M
and 1.5 M of NaCl solutions. The main problems of this
technique, in addition to the high cost of the electrodes is
the relatively short lifespan of the Ag/AgCl electrodes and the
low specific capacity of the NMO. Also, the pre-charging step
promotes the energy investment.”** To overcome all that, Ye
et al.*** proposed a charge-free MEB with low-cost electrode
materials with Prussian blue for the cationic electrode to
capture the Na', and polypyrrole to capture the CI~ for
anions.

The conventional CDLE configuration requires the
external electrical charging system to enable the energy
harvesting, which requires higher installation costs and
reduce the system efficiency. In 2010, Sales et al.”® proposed
to replace auxiliary charging process by using IEMs, so as to
use the Donnan potential established across the membrane
for system charging. This technology is called capacitive
energy extraction based on Donnan potential (CDP).
According to their work, Neosepta CEM (or AEM) was placed
between the porous carbon electrode and the spacer. While
fresh water and salt water were injected alternatively into the
spacer, cations and anions were transported through CEM
and AEM under the Donnan potential driving force, forming
alternative ionic flows (Fig. 21). The initial work of CDP
reported a power density of 11.6 mW m™> for solution
concentration of 10 mM and 510 mM for fresh water and salt
water, respectively. Based on the principle of CDP,
modifications of electrodes and membranes were conducted
for performance amelioration. Hatzell et al.>**> proposed to
use flow electrodes containing activated carbons in CDP
configuration, which significantly increased the system
performance towards 50.9 mW m™>. In 2021, Hwang et al.>*°
realized systematic research on flow electrodes on varying
particle components and concentration, the optimum flow
electrodes containing expanded graphite was reported to

(A)
anion
© cation [ spacer
I current collector anion } exchange
< carbon electrode [ cation J membrane

Fig. 21 Illustration of the composition and working principle of
capacitive energy extraction based on Donnan potential (CDP). IEMs
are used to replace external charging sources so that anions and
cations move from spacer channel into porous electrodes (figures and
captions reproduced from ref. 70 with permission from American
Chemical Society, copyright 2010).
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provide a power density of 480 mW m™’. Further
optimization on current collector (graphene coated Ti mesh)
could even promote the system performance towards 750
mW m™2, according to the recent work of Lee et al.>*’

Another emerging strategy similar to CDP is the soft
electrodes (SE), where IEMs are replaced by polyelectrolytes
to form direct anionic and cationic layers onto electrodes. A
pioneering work was realized in 2014 by Ahualli et al.>*® by
using polyelectrolyte coated carbon electrodes with a power
output of 12.1 mW m™>. In 2020, Siekierka et al.>*° prepared
electrodes coated with EDA and PAA/PMA, reaching a
maximum power of 293 mW m ™. However, it is to notice that
considerable viscous loss is expected in flow electrode related
systems due to the highly viscous properties of flow
electrodes.

Numerous theoretical analyses of Capmixing systems were
reported,***?°2*2 providing guidelines for optimization of
Capmixing. Further strategies, including thermal assisted
Capmixing,>**?** additional charging®*® and module scaling
up,>*®**” were also developed for performance enhancement.

3.4 CRED

An innovative configuration combining RED and Capmixing
presents a higher power density output with numerous
advantages compared with conventional blue energy
harvesting technologies. It was firstly reported by Vermaas
et al.>*® in 2013, suggesting the use of capacitive electrodes
in RED configurations (CRED). Such configuration allows the
installation of multiple cationic and anionic membrane
stacks for higher potential generation and at the same time
avoids the redox reactions in the system. In their work, a
layer of activated carbon is deposited on a Ti/Pt mesh to form
the capacitive electrodes for adsorption and storage of ions.
As larger range in voltage and accumulated charge is
achieved Capmixing
technologies, a maximum power density of 0.9 W m™ can be

compared with  conventional
achieved in cell configuration of a stack of 30 membranes
with a salinity difference of 0.017 M and 0.508 M for fresh
water and salt water, respectively. Zhan et al**° proposed
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Fig. 22 Scheme of the experimental millifluidic set up used for the
salinity gradient harvesting with one membrane and a 6 mm water
compartment (figures and captions reproduced from ref. 169 with
permission from Elsevier, copyright 2022).
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Fig. 23 lllustration of two working regimes for a capacitive salinity-
gradient cell before (a) and after (b) water compartment switch (figures
and captions reproduced from ref. 169 with permission from Elsevier,
copyright 2022).

similar configurations using graphene hydrogel electrodes
combined with a single AEM, obtaining an average power
density of 0.417 W m™? for a salinity gradient of 0.02 M/0.500
M for NaCl solution.

In 2019, Zhu et al.**° proposed a novel configuration of
carbonized peat moss (CPM) electrodes along with a single
CEM. They obtained an average power density of 0.95 W m™
for a salinity gradient of 0.017 M and 0.513 M for fresh water
and salt water, respectively.

A novel cell design composed of a single selective
membrane and two inexpensive capacitive electrodes was
presented in the work of Brahmi et Colin (Fig. 22 and 23)."*°
A home-made slurry composed of activated carbon particles,
carbon nanotubes and PVDF is homogeneously deposited
onto a porous carbon electrode to form a capacitive layer. As
capacitive electrodes are charged by ion adsorption while
immersed in solutions, periodic water compartment
switching is necessary to deblock the saturation regime. An
alternative capacitive current is generated when an electrical
resistance is directly connected to the system. A net power
density output of 2 W m™ was reported, with a gradient of
300 (0.017 M/5.1 M) for a simple configuration of a single
cationic membrane combined with two inexpensive
electrodes. It is to mention that this net power density takes
into account the viscous loss in the cell and remains the
maximum power density output for CRED systems.
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4 Conclusion

In this review, we mainly focus on two different types of
water-based energy harvesting systems built on fluidic
systems at different scales. Based on the charge separation
mechanism, triboelectric energy harvesting systems converts
mechanical energy into electrical energy. Osmotic energy
harvesting systems realize controlled mixing procedure of
solutions of different salinity to recover energies. These two
systems have the advantages of being able to be
miniaturized®*® as well as being used on a large scale.
Though they are not currently in wuse for electricity
production due to many remaining problems, researches of
system amelioration are in full development.

We have shown that triboelectric systems can achieve an
average power density of a few watt per meter square. The
increase of efficiency of triboelectric systems requires a better
understanding of charge separation mechanisms but also the
implementation of efficient storage processes for the energy
generated. Another promising strategy is to investigate in
innovative materials. For instance, the composite polymer
materials, integrated with conductive particles in order to
increase their dielectric constant and their polarizability,
could have an important place in future technological
developments. It is of great importance to ensure the
durability and recycling of these systems. Working with self-
healing systems such as vitrimers®" is a prospect.

The majority of the osmotic energy harvesting systems
(PRO, RED and CRED systems) obtain a power density of a
few watt per meter square and an energy conversion
efficiency below 35%. Though numerous attempts were
realized in laboratories and in industrial applications, we
now encounter with the bottleneck of performance
amelioration, especially for power density and energy
conversion  efficiency, ~which remain below the
commercialization threshold. The bar of 5 W m™ of net
production under industrial production conditions has still
not been crossed. The key factor in technology acceleration
consists of the amelioration of membrane performance and a
significant membrane price reduction. Recent studies have
shown that the development of these techniques will not go
through the use of membranes resulting from the concepts
of nanofluidics or bioinspiration which aroused great
interest. To relaunch this track, it is necessary to reduce the
polarization effects developed at the entry and exit of
membranes with limited energy input. In order to apply these
conceptions in membrane engineering, several crucial
questions are raised as follows. How to stack nanochannels
or slits with large surface charges in space while preventing
these nanochannels from interacting with each other? How
to optimize electrode arrangement in cell designs so as to
avoid the ionic passage through solution compartments (of
low ionic conductivity)? How to limit significant pressure
drop in energy harvesting systems?

Another promising path, which remains little exploited, is
the novel configuration composed of capacitive electrodes
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and a single membrane. It opens up a novel path of
performance enhancement by working on electrode
materials. In this context, the use of electrodes exhibiting
faradaic surface reactions seems to be a promising track. In
terms of device scaling up, it is certain that significant
engineering work is required to reduce the filling time during
water compartment batching. In general, there is a
contribution to be made towards battery technologies to
improve these processes.

All these results are very encouraging for powering
electronic devices. The applications of the use of saline
gradients to supply embedded sensors seem to be a relevant
way and can be an important industrial outlet for this
technique. The passage to large scales is more futuristic. The
economic profitability of triboelectricity is proven. However,
it is necessary to improve the lifetimes. The profitability of
osmotic energy is less clear. It is true that currently, PRO,
RED and Capmixing techniques are not profitable due to the
high cost of membranes and water pre-treatments. And the
debate of economic viability of osmotic energy harvesting
systems has never stopped. However, these economic
analyzes should not hinder research. Electricity prices
increased by a factor of 20 in 1 year. In such an economic
context and because of the scarcity of fossil resources, these
techniques will eventually prevail even if they currently
remain expensive. The IPCC report reminds us of the
importance of taking actions to find solutions for limiting
global environmental problems of climate change and
greenhouse gas emissions. Our planet is nicknamed the blue
planet. 71% of the 509 million m” of our planet surface are
covered with water,>>* which corresponds to a volume of 140
million km® It is therefore a natural idea to develop
renewable energies based on salted water resources. Overall,
we believe that it is important to continue scientific
researches and industrial attempts on these two techniques
which could eventually solve the major problem of the 21st
century: the ecological transition.

Author contributions

NW, YB, AC wrote, reviewed and edited the manuscript. AC
supervised the redaction of the manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

NW acknowledges funding from China Scholarship Council
(CSC). YB acknowledges funding from the Institut Pierre-
Gilles de Gennes (laboratoire d'excellence PSL).

Notes and references

1 S. Priya and D. J. Inman, Energy harvesting technologies,
Springer, 2009, vol. 21.

This journal is © The Royal Society of Chemistry 2023



Published on 10 January 2023. Downloaded on 3/26/2024 4:52:53 PM.

Lab on a Chip

2

M. Pruvost, W. J. Smit, C. Monteux, P. Del Corro, 1. Dufour,
C. Ayela, P. Poulin and A. Colin, Sci. Rep., 2020, 10, 1-14.

D. Guyomar and M. Lallart, Micromachines, 2011, 2,
274-294.

4 A. Harb, Renewable Energy, 2011, 36, 2641-2654.
5 S. E. Skilhagen, ]J. E. Dugstad and R. ]J. Aaberg, Desalination,

2008, 220, 476-482.
S. Hanson, M. Seok, Y.-S. Lin, Z. Foo, D. Kim, Y. Lee, N.
Liu, D. Sylvester and D. Blaauw, IEEE J. Solid-State Circuits,
2009, 44, 1145-1155.

S. Jeong, Z. Foo, Y. Lee, J.-Y. Sim, D. Blaauw and D.
Sylvester, IEEE J. Solid-State Circuits, 2014, 49, 1682-1693.
M. Elimelech and W. A. Phillip, Science, 2011, 333, 712-717.

9 A. Siria, M.-L. Bocquet and L. Bocquet, Nat. Rev. Chem.,

10

11

12

13

14

15
16

17

18

19

20

21

22

23

24

25

26

27

28

29

This

2017, 1, 1-10.
S. Lin, X. Chen and Z. L. Wang, Chem. Rev., 2021, 122,
5209-5232.

F.-R. Fan, Z.-Q. Tian and Z. L. Wang, Nano Energy, 2012, 1,
328-334.

J. Tian, X. Chen and Z. L. Wang, Nanotechnology, 2020, 31,
242001.

Z. L. Wang, Nano Energy, 2020, 68, 104272.

Z. L. Wang, Mater. Today, 2017, 20, 74-82.

W. Thomson, Proc. R. Soc. London, 1868, 67-72.

A. G. Marin, W. van Hoeve, P. Garcia-Sanchez, L. Shui, Y.
Xie, M. A. Fontelos, J. C. Eijkel, A. van den Berg and D.
Lohse, Lab Chip, 2013, 13, 4503-4506.

J. P. Tarelho, M. P. S. dos Santos, J. A. Ferreira, A. Ramos, S.
Kopyl, S. O. Kim, S. Hong and A. Kholkin, Mater. Today,
2018, 21, 1019-1041.

P. Dhiman, F. Yavari, X. Mi, H. Gullapalli, Y. Shi, P. M.
Ajayan and N. Koratkar, Nano Lett., 2011, 11, 3123-3127.

J. Yin, X. Li, J. Yu, Z. Zhang, J. Zhou and W. Guo, Nat.
Nanotechnol., 2014, 9, 378-383.

J. Yin, Z. Zhang, X. Li, J. Yu, J. Zhou, Y. Chen and W. Guo,
Nat. Commun., 2014, 5, 1-6.

S. Lin, L. Zhu, Z. Tang and Z. L. Wang, Nat. Commun.,
2022, 13, 1-9.

S. Lin, L. Xu, A. Chi Wang and Z. L. Wang, Nat. Commun.,
2020, 11, 1-8.

Z. L. Wang and A. C. Wang, Mater. Today, 2019, 30, 34-51.
B. Chen, Y. Xia, R. He, H. Sang, W. Zhang, J. Li, L. Chen, P.
Wang, S. Guo and Y. Yin, et al, Proc. Natl. Acad. Sci. U. S.
A., 2022, 119, €2209056119.

N. Miljkovic, D. J. Preston, R. Enright and E. N. Wang, Nat.
Commun., 2013, 4, 1-9.

Z.-H. Lin, G. Cheng, L. Lin, S. Lee and Z. L. Wang, Angew.
Chem., Int. Ed., 2013, 52, 12545-12549.

D. Choi, H. Lee, D. J. Im, L. S. Kang, G. Lim, D. S. Kim and
K. H. Kang, Sci. Rep., 2013, 3, 1-7.

J. H. Masliyah and S. Bhattacharjee, Electrokinetic
and colloid transport phenomena, John Wiley & Sons,
2006.

Y. Xie, D. Bos, L. J. De Vreede, H. L. De Boer, M.-]. van der
Meulen, M. Versluis, A. J. Sprenkels, A. van den Berg and
J. C. Eijkel, Nat. Commun., 2014, 5, 1-5.

journal is © The Royal Society of Chemistry 2023

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

View Article Online

Critical review

W. Xu, H. Zheng, Y. Liu, X. Zhou, C. Zhang, Y. Song, X.
Deng, M. Leung, Z. Yang and R. X. Xu, et al, Nature,
2020, 578, 392-396.

Q. Sun, D. Wang, Y. Li, J. Zhang, S. Ye, J. Cui, L. Chen, Z.
Wang, H.J. Butt and D. Vollmer, et al, Nat. Mater.,
2019, 18, 936-941.

H. Wu, N. Mendel, D. van den Ende, G. Zhou and F.
Mugele, Phys. Rev. Lett., 2020, 125, 078301.

X. J. Zhao, G. Zhu, Y. J. Fan, H. Y. Li and Z. L. Wang, ACS
Nano, 2015, 9, 7671-7677.

S. Jang, M. La, S. Cho, Y. Yun, J. H. Choj, Y. Ra, S. J. Park
and D. Choi, Nano Energy, 2020, 70, 104541.

G. Zhu, Y. Su, P. Bai, J. Chen, Q. Jing, W. Yang and Z. L.
Wang, ACS Nano, 2014, 8, 6031-6037.

Y. Su, X. Wen, G. Zhu, J. Yang, J. Chen, P. Bai, Z. Wu, Y.
Jiang and Z. L. Wang, Nano Energy, 2014, 9, 186-195.

J. Xiong, M.-F. Lin, J. Wang, S. L. Gaw, K. Parida and P. S.
Lee, Adv. Energy Mater., 2017, 7, 1701243.

G.-Z. Li, G.-G. Wang, D.-M. Ye, X.-W. Zhang, Z.-Q. Lin, H.-L.
Zhou, F. Li, B.-L. Wang and ].-C. Han, Adv. Electron. Mater.,
2019, 5, 1800846.

B. K. Yun, H. S. Kim, Y. ]J. Ko, G. Murillo and J. H. Jung,
Nano Energy, 2017, 36, 233-240.

Z.-H. Lin, G. Cheng, S. Lee, K. C. Pradel and Z. L. Wang,
Adv. Mater., 2014, 26, 4690-4696.

G. Cheng, Z.-H. Lin, Z.-L. Du and Z. L. Wang, ACS Nano,
2014, 8, 1932-1939.

Q. Liang, X. Yan, X. Liao and Y. Zhang, Nano Energy,
2016, 25, 18-25.

L. Zhao, L. Liu, X. Yang, H. Hong, Q. Yang, J. Wang and Q.
Tang, J. Mater. Chem. A, 2020, 8, 7880-7888.

R. K. Cheedarala, M. Shahriar, J. H. Ahn, J. Y. Hwang and
K. K. Ahn, Nano Energy, 2019, 65, 104017.

M. Zhang, C. Bao, C. Hu, Y. Huang, Y. Yang and Y. Su,
Nano Energy, 2022, 107992..

J. H. Ahn, J. Y. Hwang, C. G. Kim, G. H. Nam and K. K.
Ahn, Nano Energy, 2020, 67, 104269.

S.-H. Kwon, ]J. Park, W. K. Kim, Y. Yang, E. Lee, C. J. Han,
S. Y. Park, J. Lee and Y. S. Kim, Energy Environ. Sci., 2014, 7,
3279-3283.

Z.-H. Lin, G. Cheng, W. Wu, K. C. Pradel and Z. L. Wang,
ACS Nano, 2014, 8, 6440-6448.

K. Yatsuzuka, Y. Mizuno and K. Asano, J. Electrost.,
1994, 32, 157-171.

B. Wang, Y. Wu, Y. Liu, Y. Zheng, Y. Liu, C. Xu, X. Kong, Y.
Feng, X. Zhang and D. Wang, ACS Appl. Mater. Interfaces,
2020, 12, 31351-31359.

P. Zhao, N. Soin, K. Prashanthi, J. Chen, S. Dong, E.
Zhou, Z. Zhu, A. A. Narasimulu, C. D. Montemagno
and L. Yu, et al., ACS Appl. Mater. Interfaces, 2018, 10,
5880-5891.

C. Cai, B. Luo, Y. Liu, Q. Fu, T. Liu, S. Wang and S. Nie,
Mater. Today, 2022, 52, 299-326.

BNEF, https://about.bnef.com/blog/cost-of-new-renewables-
temporarily-rises-asinflation-starts-to-bite/, 2022.
Energy.gov, https://www.energy.gov, 2022.

Lab Chip, 2023, 23,1034-1065 | 1061



Published on 10 January 2023. Downloaded on 3/26/2024 4:52:53 PM.

Critical review

55

56

57

58

59

60

61
62

63

64

65

66
67

68

69

70

71

72

73

74

75

76

77

78

79

80
81

82
83

A. Ahmed, I. Hassan, T. Ibn-Mohammed, H. Mostafa, 1. M.
Reaney, L. S. Koh, J. Zu and Z. L. Wang, Energy Environ.
Sci., 2017, 10, 653-671.

R. Zhang and H. Olin, ACS Nanosci. Au, 2021, 2, 12-31.

M. G. Stanford, J. T. Li, Y. Chyan, Z. Wang, W. Wang and
J. M. Tour, ACS Nano, 2019, 13, 7166-7174.

W. Liu, Z. Wang, G. Wang, Q. Zeng, W. He, L. Liu, X. Wang,
Y. Xi, H. Guo and C. Hu, et al., Nat. Commun., 2020, 11,
1-10.

Z. L. Wang, T. Jiang and L. Xu, Nano Energy, 2017, 39, 9-23.
X. Wen, W. Yang, Q. Jing and Z. L. Wang, ACS Nano,
2014, 8, 7405-7412.

Z. L. Wang, et al., Nature, 2017, 542, 159-160.

L. M. Zhang, C. B. Han, T. Jiang, T. Zhou, X. H. Li, C.
Zhang and Z. L. Wang, Nano Energy, 2016, 22, 87-94.

S. L. Zhang, M. Xu, C. Zhang, Y.-C. Wang, H. Zou, X. He, Z.
Wang and Z. L. Wang, Nano Energy, 2018, 48, 421-429.

M. Xu, T. Zhao, C. Wang, S. L. Zhang, Z. Li, X. Pan and Z. L.
Wang, ACS Nano, 2019, 13, 1932-1939.

N. Y. Yip, D. A. Vermaas, K. Nijmeijer and M. Elimelech,
Environ. Sci. Technol., 2014, 48, 4925-4936.

R. S. Norman, Science, 1974, 186, 350-352.

J. W. Post, H. V. M. Hamelers and C. J. N. Buisman,
Environ. Sci. Technol., 2008, 42, 5785-5790.

Z. Jia, B. Wang, S. Song and Y. Fan, Renewable Sustainable
Energy Rev., 2014, 31, 91-100.

N. Y. Yip, D. Brogioli, H. V. M. Hamelers and K. Nijmeijer,
Environ. Sci. Technol., 2016, 50, 12072-12094.

B. B. Sales, M. Saakes, J. W. Post, C. J. N. Buisman, P. M.
Biesheuvel and H. V. M. Hamelers, Environ. Sci. Technol.,
2010, 44, 5661-5665.

K. Touati and F. Tadeo, Int. J. Green Energy, 2017, 14,
337-360.

S. Sarp, Z. Li and ]. Saththasivam, Desalination, 2016, 389,
2-14.

F. Helfer, C. Lemckert and Y. G. Anissimov, . Membr. Sci.,
2014, 453, 337-358.

Y. Shi, M. Zhang, H. Zhang, F. Yang, C. Y. Tang and Y.
Dong, Water Res., 2021, 189, 116666.

W. Y. Chia, S. R. Chia, K. S. Khoo, K. W. Chew and P. L.
Show, J. Water Process. Eng., 2021, 39, 101758.

Q. She, R. Wang, A. G. Fane and C. Y. Tang, J. Membr. Sci.,
2016, 499, 201-233.

R. R. Gonzales, A. Abdel-Wahab, S. Adham, D. S. Han, S.
Phuntsho, W. Suwaileh, N. Hilal and H. K. Shon,
Desalination, 2021, 500, 114841.

A. P. Straub, A. Deshmukh and M. Elimelech, Energy
Environ. Sci., 2016, 9, 31-48.

S. Lin, A. P. Straub and M. Elimelech, Energy Environ. Sci.,
2014, 7, 2706-2714.

B. E. Logan and M. Elimelech, Nature, 2012, 488, 313-319.
S. Xu, Y. Liu, Y. Wang, M. Zhang, Q. Xiao and Y. Duan,
Desalination, 2017, 412, 39-48.

S. Zhao and L. Zou, J. Membr. Sci., 2011, 379, 459-467.

Q. She, X. Jin and C. Y. Tang, J. Membr. Sci., 2012, 401-402,
262-273.

1062 | Lab Chip, 2023, 23,1034-1065

84

85

86

87

88
89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

View Article Online

Lab on a Chip

J. Kim, M. J. Park, M. Park, H. K. Shon, S.-H. Kim and J. H.
Kim, Desalination, 2016, 389, 207-214.

N. Y. Yip and M. Elimelech, Environ. Sci. Technol., 2013, 47,
12607-12616.

M. Tawalbeh, A. Al-Othman, N. Abdelwahab, A. H. Alami
and A. G. Olabi, Renewable Sustainable Energy Rev.,
2021, 138, 110492,

S. Loeb, F. Van Hessen and D. Shahaf, J. Membr. Sci.,
1976, 1, 249-269.

G. D. Mehta, J. Membr. Sci., 1982, 10, 3-19.

A. Achilli, T. Y. Cath and A. E. Childress, J. Membr. Sci.,
2009, 343, 42-52.

N. Akther, A. Sodiq, A. Giwa, S. Daer, H. A. Arafat and S. W.
Hasan, Chem. Eng. J., 2015, 281, 502-522.

Y. C. Kim and M. Elimelech, J. Membr. Sci., 2013, 429,
330-337.

S. L. Plata and A. E. Childress, Desalination, 2019, 467,
51-56.

N. AlZainati, H. Saleem, A. Altaee, S. J. Zaidi, M. Mohsen, A.
Hawari and G. J. Millar, J. Water Process. Eng., 2021, 40,
101950.

N. Y. Yip, A. Tiraferri, W. A. Phillip, J. D. Schiffman, L. A.
Hoover, Y. C. Kim and M. Elimelech, Environ. Sci. Technol.,
2011, 45, 4360-4369.

G. Han, S. Zhang, X. Li and T.-S. Chung, J. Membr. Sci.,
2013, 440, 108-121.

X. Li, S. Zhang, F. Fu and T.-S. Chung, J. Membr. Sci.,
2013, 434, 204-217.

M. Son, H. Park, L. Liu, H. Choi, J. H. Kim and H. Choi,
Chem. Eng. J., 2016, 284, 68-77.

J. Wei, Y. Li, L. Setiawan and R. Wang, J. Membr. Sci,
2016, 511, 54-64.

N.-N. Bui and J. R. McCutcheon, Environ. Sci. Technol.,
2014, 48, 4129-4136.

M. Tian, R. Wang, K. Goh, Y. Liao and A. G. Fane, J. Membr.
Sci., 2015, 486, 151-160.

S. Lim, M. J. Park, S. Phuntsho, A. Mai-Prochnow, A. B.
Murphy, D. Seo and H. Shon, J. Membr. Sci., 2018, 564,
382-393.

R. R. Gonzales, M. J. Park, T.-H. Bae, Y. Yang, A. Abdel-
Wahab, S. Phuntsho and H. K. Shon, Desalination,
2019, 459, 10-19.

S. J. Kwon, K. Park, D. Y. Kim, M. Zhan, S. Hong and J.-H.
Lee, J. Membr. Sci., 2021, 619, 118796.

J. H. Kim, S. J. Moon, S. H. Park, M. Cook, A. G.
Livingston and Y. M. Lee, J. Membr. Sci, 2018, 550,
322-331.

S. J. Moon, J. H. Kim, J. G. Seong, W. H. Lee, S. H. Park,
S. H. Noh, J. H. Kim and Y. M. Lee, J. Membr. Sci,
2020, 607, 118120.

H. W. Chung, J. Swaminathan, L. D. Banchik and J. H.
Lienhard, Desalination, 2018, 448, 13-20.

Y. C. Kim and M. Elimelech, Environ. Sci. Technol., 2012, 46,
4673-4681.

Q. She, D. Hou, J. Liu, K. H. Tan and C. Y. Tang, J. Membr.
Sci., 2013, 445, 170-182.

This journal is © The Royal Society of Chemistry 2023



Published on 10 January 2023. Downloaded on 3/26/2024 4:52:53 PM.

Lab on a Chip

109 E. Sivertsen, T. Holt, W. Thelin and G. Brekke, Desalination,
2013, 312, 107-123.

110 S. Chou, R. Wang, L. Shi, Q. She, C. Tang and A. G. Fane,
J. Membr. Sci., 2012, 389, 25-33.

111 S. Chou, R. Wang and A. G. Fane, J. Membr. Sci., 2013, 448,
44-54.

112 P. G. Ingole, W. Choi, K.-H. Kim, H.-D. Jo, W.-K. Choi, J.-S.
Park and H.-K. Lee, Desalination, 2014, 345, 136-145.

113 P. G. Ingole, W. Choi, K. H. Kim, C. H. Park, W. K. Choi
and H. K. Lee, Chem. Eng. J., 2014, 243, 137-146.

114 F.J. Fu, S.-P. Sun, S. Zhang and T.-S. Chung, J. Membr. Sci.,
2014, 469, 488-498.

115 X. Li, T. Cai and T.-S. Chung, Environ. Sci. Technol.,
2014, 48, 9898-9907.

116 P. G. Ingole, K. H. Kim, C. H. Park, W. K. Choi and H. K.
Lee, RSC Adv., 2014, 4, 51430-51439.

117 Y. Zhang, J. L. Li, T. Cai, Z. L. Cheng, X. Li and T.-S. Chung,
J. Membr. Sci., 2018, 563, 521-530.

118 D. L. Zhao, S. Das and T.-S. Chung, Environ. Sci. Technol.,
2017, 51, 14016-14023.

119 W. Gai, D. L. Zhao and T.-S. Chung, J. Membr. Sci.,
2018, 551, 94-102.

120 M. ]. Park, S. Lim, R. R. Gonzales, S. Phuntsho, D. S. Han,
A. Abdel-Wahab, S. Adham and H. K. Shon, Desalination,
2019, 464, 63-75.

121 D. Zhao, G. Qiu, X. Li, C. Wan, K. Lu and T.-S. Chung,
Water Res., 2016, 104, 389-396.

122 N. L. Le, N. M. S. Bettahalli, S. P. Nunes and T.-S. Chung,
J. Membr. Sci., 2016, 505, 157-166.

123 G. Han, P. Wang and T.-S. Chung, Environ. Sci. Technol.,
2013, 47, 8070-8077.

124 S. Zhang, F. Fu and T.-S. Chung, Chem. Eng. Sci., 2013, 87,
40-50.

125 X. Li, T.-S. Chung and T.-S. Chung, AICKE J., 2013, 59,
4749-4761.

126 X. Song, Z. Liu and D. D. Sun, Energy Environ. Sci., 2013, 6,
1199.

127 Y. Cui, X.-Y. Liu and T.-S. Chung, Chem. Eng. J., 2014, 242,
195-203.

128 A. P. Straub, N. Y. Yip and M. Elimelech, Environ. Sci.
Technol. Lett., 2014, 1, 55-59.

129 Y. Li, R. Wang, S. Qi and C. Tang, J. Membr. Sci., 2015, 488,
143-153.

130 Q. She, J. Wei, N. Ma, V. Sim, A. G. Fane, R. Wang and C. Y.
Tang, J. Membr. Sci., 2016, 504, 75-88.

131 J. A. Idarraga-Mora, D. A. Ladner and S. M. Husson,
J. Membr. Sci., 2018, 549, 251-259.

132 Y. Sun, L. Cheng, T. Shintani, Y. Tanaka, T. Takahashi, T.
Itai, S. Wang, L. Fang and H. Matsuyama, Ind. Eng. Chem.
Res., 2018, 57, 13528-13538.

133 X. Tong, X. Wang, S. Liu, H. Gao, C. Xu, J. Crittenden and
Y. Chen, Carbon, 2018, 138, 410-418.

134 S. ]J. Moon, S. M. Lee, J. H. Kim, S. H. Park, H. H. Wang,
J. H. Kim and Y. M. Lee, Desalination, 2020, 483, 114409.

135 F.J. Fu, S. Zhang, S.-P. Sun, K.-Y. Wang and T.-S. Chung,

J. Membr. Sci., 2013, 443, 144-155.

This journal is © The Royal Society of Chemistry 2023

136

137

138
139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160
161
162
163

View Article Online

Critical review

S.-P. Sun and T.-S. Chung, Environ. Sci. Technol., 2013, 47,
13167-13174.

S. Zhang, P. Sukitpaneenit and T.-S. Chung, Chem. Eng. J.,
2014, 241, 457-465.

G. Han and T.-S. Chung, AIChE J., 2014, 60, 1107-1119.

G. Han, Q. Ge and T.-S. Chung, Appl. Energy, 2014, 132,
383-393.

S. C. Chen, C. F. Wan and T.-S. Chung, J. Membr. Sci,
2015, 479, 190-203.

F.-J. Fu, S. Zhang and T.-S. Chung, Desalination, 2015, 376,
73-81.

Z. L. Cheng, X. Li, Y. D. Liu and T.-S. Chung, J. Membr. Sci.,
2016, 506, 119-129.

W. Gai, X. Li, J. Y. Xiong, C. F. Wan and T.-S. Chung,
J. Membr. Sci., 2016, 516, 104-112.

L. Zhang, Q. She, R. Wang, S. Wongchitphimon, Y. Chen
and A. G. Fane, Desalination, 2016, 389, 119-128.

Y. Chen, L. Setiawan, S. Chou, X. Hu and R. Wang,
J. Membr. Sci., 2016, 503, 90-100.

N. Lieu Le, M. Quilitzsch, H. Cheng, P.-Y. Hong, M.
Ulbricht, S. P. Nunes and T.-S. Chung, J. Membr. Sci,
2017, 522, 1-11.

Z. L. Cheng, X. Li, Y. Feng, C. F. Wan and T.-S. Chung,
J. Membr. Sci., 2017, 524, 97-107.

C. F. Wan, B. Li, T. Yang and T.-S. Chung, Sep. Purif.
Technol., 2017, 172, 32-42.

G. Han, Z. L. Cheng and T.-S. Chung, J. Membr. Sci,
2017, 523, 497-504.

C. F. Wan, T. Yang, W. Gai, Y. D. Lee and T.-S. Chung,
J. Membr. Sci., 2018, 555, 388-397.

Y. Chen, C. H. Loh, L. Zhang, L. Setiawan, Q. She, W. Fang,
X. Hu and R. Wang, J. Membr. Sci., 2018, 548, 398-407.

Y. Li, S. Zhao, L. Setiawan, L. Zhang and R. Wang, J. Membr.
Sci., 2018, 550, 163-172.

Y. H. Cho, S. D. Kim, J. F. Kim, H.-G. Choi, Y. Kim, S.-E.
Nam, Y.-I. Park and H. Park, J. Membr. Sci.,, 2019, 579,
329-341.

R. R. Gonzales, Y. Yang, M. ]J. Park, T.-H. Bae, A. Abdel-
Wahab, S. Phuntsho and H. K. Shon, Desalination,
2020, 496, 114756.

K. Gerstandt, K. V. Peinemann, S. E. Skilhagen, T. Thorsen
and T. Holt, Desalination, 2008, 224, 64-70.

S. AL Mashrafi, N. Diaz-Elsayed, ]J. Benjamin, M. E. Arias
and Q. Zhang, Desalination, 2022, 537, 115869.

Q. A. Khasawneh, B. Tashtoush, A. Nawafleh and B. Kan'an,
Energies, 2018, 11, 3118.

T. N. American, Crown Princess of Norway to Open the
World's  First Osmotic Power Plant, https://www.
norwegianamerican.com/crown-princess-ofnorway-to-open-
the-worlds-first-osmotic-power-plant/, 2009.

C. Lee, S. H. Chae, E. Yang, S. Kim, J. H. Kim and I. S. Kim,
Desalination, 2020, 491, 114501.

Osmotic Power Plant Opened, REUK.Co.Uk.

M. Kurihara and H. Takeuchi, Water, 2018, 10, 48.

R. E. Pattle, Nature, 1954, 174, 660-660.

R. E. Lacey, Ocean Eng., 1980, 7, 1-47.

Lab Chip, 2023, 23,1034-1065 | 1063



Published on 10 January 2023. Downloaded on 3/26/2024 4:52:53 PM.

Critical review

164

165
166

167

168

169

170

171

172

173

174

175

176

177

178
179

180

181

182

183
184

185

186

187

188

189

190

191

192

A. Galama, J. Post, H. Hamelers, V. Nikonenko and P.
Biesheuvel, J. Membr. Sci. Res., 2016, 2, 128-140.

T. Teorell, Proc. Soc. Exp. Biol. Med., 1935, 33, 282-285.

F. Morrison Jr and ]. Osterle, . Chem. Phys., 1965, 43,
2111-2115.

A. Siria, P. Poncharal, A.-L. Biance, R. Fulcrand, X. Blase,
S. T. Purcell and L. Bocquet, Nature, 2013, 494, 455-458.

Z. Tang, Q.-A. Huang, Y.-J. Wang, F. Zhang, W. Li, A. Li, L.
Zhang and J. Zhang, J. Power Sources, 2020, 468, 228361.

Y. Brahmi and A. Colin, Energy Convers. Manage., 2022, 254,
115297.

J. Veerman, M. Saakes, S. J. Metz and G. J. Harmsen,
J. Appl. Electrochem., 2010, 40, 1461-1474.

J. Jagur-Grodzinski and R. Kramer, Ind. Eng. Chem. Process
Des. Dev., 1986, 25, 443-449.

J. Veerman, M. Saakes, S. J. Metz and G. J. Harmsen,
Environ. Sci. Technol., 2010, 44, 9207-9212.

A. Daniilidis, D. A. Vermaas, R. Herber and K. Nijmeijer,
Renewable Energy, 2014, 64, 123-131.

J. Veerman, R. M. de Jong, M. Saakes, S. J. Metz and G. J.
Harmsen, J. Membr. Sci., 2009, 343, 7-15.

J. Veerman and D. Vermaas, Sustainable Energy from Salinity
Gradients, Elsevier, 2016, pp. 77-133.

D. A. Vermaas, M. Saakes and K. Nijmeijer, Environ. Sci.
Technol., 2011, 45, 7089-7095.

M. Turek, B. Bandura and P. Dydo, Desalination, 2008, 221,
462-466.

R. Audinos, J. Power Sources, 1983, 10, 203-217.

P. Dlugolecki, K. Nymeijer, S. Metz and M. Wessling,
J. Membr. Sci., 2008, 319, 214-222.

J. Moreno, V. Diez, M. Saakes and K. Nijmeijer, J. Membr.
Sci., 2018, 550, 155-162.

S. Mehdizadeh, Y. Kakihana, T. Abo, Q. Yuan and M. Higa,
Membranes, 2021, 11, 27.

M. Tedesco, E. Brauns, A. Cipollina, G. Micale, P. Modica,
G. Russo and J. Helsen, J. Membr. Sci., 2015, 492, 9-20.

J. G. Hong and Y. Chen, J. Membr. Sci., 2014, 460, 139-147.
D. A. Vermaas, J. Veerman, M. Saakes and K. Nijmeijer,
Energy Environ. Sci., 2014, 7, 1434-1445.

A. H. Avci, D. A. Messana, S. Santoro, R. A. Tufa, E.
Curcio, G. Di Profio and E. Fontananova, Membranes,
2020, 10, 168.

E. Giiler, R. Elizen, D. A. Vermaas, M. Saakes and K.
Nijmeijer, J. Membr. Sci., 2013, 446, 266-276.

T. Rijnaarts, J. Moreno, M. Saakes, W. M. de Vos and K.
Nijmeijer, Colloids Surf., A, 2019, 560, 198-204.

M. Y. Kariduraganavar, R. K. Nagarale, A. A. Kittur and S. S.
Kulkarni, Desalination, 2006, 197, 225-246.

N. D. Pismenskaya, E. V. Pokhidnia, G. Pourcelly and V. V.
Nikonenko, J. Membr. Sci., 2018, 566, 54-68.

J. Veerman, M. Saakes, S. Metz and G. Harmsen, J. Membr.
Sci., 2009, 327, 136-144.

D. A. Vermaas, M. Saakes and K. Nijmeijer, . Membr. Sci.,
2011, 385-386, 234-242.

E. Guler, Y. Zhang, M. Saakes and K. Nijmeijer,
ChemSusChem, 2012, 5, 2262-2270.

1064 | Lab Chip, 2023, 23,1034-1065

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216
217

View Article Online

Lab on a Chip

D. A. Vermaas, M. Saakes and K. Nijmeijer, J. Membr. Sci.,
2014, 453, 312-319.

M. Tedesco, C. Scalici, D. Vaccari, A. Cipollina, A.
Tamburini and G. Micale, J. Membr. Sci., 2016, 500, 33-45.
A. H. Avci, R. A. Tufa, E. Fontananova, G. Di Profio and E.
Curcio, Energy, 2018, 165, 512-521.

H. Kim, S. Yang, J. Choi, J.-O. Kim and N. Jeong,
Desalination, 2021, 497, 114676.

J. Gao, X. Liu, Y. Jiang, L. Ding, L. Jiang and W. Guo, Small,
2019, 15, 1804279.

X. Liu, M. He, D. Calvani, H. Qi, K. B. Gupta, H. J. de
Groot, G. Sevink, F. Buda, U. Kaiser and G. F. Schneider,
Nat. Nanotechnol., 2020, 15, 307-312.

C. Li, L. Wen, X. Sui, Y. Cheng, L. Gao and L. Jiang, Sci.
Adv., 2021, 7, eabg2183.

A. A. Moya, J. Membr. Sci., 2020, 598, 117784.

R. A. Tufa, E. Curcio, W. van Baak, J. Veerman, S. Grasman,
E. Fontananova and G. D. Profio, RSC Adv., 2014, 4,
42617-42623.

R. S. Kingsbury, F. Liu, S. Zhu, C. Boggs, M. D. Armstrong,
D. F. Call and O. Coronell, . Membr. Sci, 2017, 541,
621-632.

A. Cosenza, G. Campisi, F. Giacalone, S. Randazzo, A.
Cipollina, A. Tamburini and G. Micale, Energies, 2022, 15,
4177.

D. A. Vermaas, D. Kunteng, M. Saakes and K. Nijmeijer,
Water Res., 2013, 47, 1289-1298.

B. Vital, E. V. Torres, T. Sleutels, M. C. Gagliano, M. Saakes
and H. V. M. Hamelers, Desalination, 2021, 518, 115277.

Z. He, X. Gao, Y. Zhang, Y. Wang and ]. Wang, Desalin.
Water Treat., 2016, 57, 28176-28186.

M. Vaselbehagh, H. Karkhanechi, R. Takagi and H.
Matsuyama, J. Membr. Sci., 2017, 530, 232-239.

H. Gao, B. Zhang, X. Tong and Y. Chen, J. Membr. Sci,
2018, 567, 68-75.

M. Tedesco, A. Cipollina, A. Tamburini and G. Micale,
J. Membr. Sci., 2017, 522, 226-236.

J-Y. Nam, K.-S. Hwang, H.-C. Kim, H. Jeong, H. Kim, E.
Jwa, S. Yang, J. Choi, C.-S. Kim, J.-H. Han and N. Jeong,
Water Res., 2019, 148, 261-271.

M. Yasukawa, S. Mehdizadeh, T. Sakurada, T. Abo, M. Kuno
and M. Higa, Desalination, 2020, 491, 114449.

C. Simoes, B. Vital, T. Sleutels, M. Saakes and W. Brilman,
Chem. Eng. J., 2022, 450, 138412.

J.-Y. Nam, K.-S. Hwang, H.-C. Kim, H. Jeong, H. Kim, E.
Jwa, S. Yang, J. Choi, C.-S. Kim, J.-H. Han and N. Jeong,
Water Res., 2019, 148, 261-271.

A. Daniilidis, R. Herber and D. A. Vermaas, Appl. Energy,
2014, 119, 257-265.

R. A. Tufa, S. Pawlowski, J. Veerman, K. Bouzek, E.
Fontananova, G. di Profio, S. Velizarov, J. Gouldo Crespo, K.
Nijmeijer and E. Curcio, Appl. Energy, 2018, 225, 290-331.
M. Turek and B. Bandura, Desalination, 2007, 205, 67-74.

J. W. Post, C. H. Goeting, J. Valk, S. Goinga, J. Veerman,
H. V. M. Hamelers and P. J. F. M. Hack, Desalin. Water
Treat., 2010, 16, 182-193.

This journal is © The Royal Society of Chemistry 2023



Published on 10 January 2023. Downloaded on 3/26/2024 4:52:53 PM.

Lab on a Chip

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

M. Toupin, K. Malek and A. Mokrini, World Electr. Veh. J.,
2016, 8, 431-442.

F. Giacalone, M. Papapetrou, G. Kosmadakis, A. Tamburini,
G. Micale and A. Cipollina, Energy, 2019, 181, 532-547.
W.-S. Hsu, A. Preet, T.-Y. Lin and T.-E. Lin, Molecules,
2021, 26, 5469.

R. B. Sadeglian, O. Pantchenko, D. Tate and A. Shakouri,
Appl. Phys. Lett., 2011, 99, 173702.

Z.-H. Lin, W.-S. Hsu, A. Preet, L.-H. Yeh, Y.-H. Chen, Y.-P.
Pao, S.-F. Lin, S. Lee, J.-C. Fan and L. Wang, et al., Nano
Energy, 2021, 79, 105440.

S. Roundy, P. K. Wright and J. Rabaey, Comput. Commun.,
2003, 26, 1131-1144.

M. Pruvost, W. ]J. Smit, C. Monteux, P. Poulin and A. Colin,
Multifunct. Mater., 2018, 1, 015004.

K. E. Mueller, J. T. Thomas, ]J. X. Johnson, J. F. DeCarolis
and D. F. Call, J. Ind. Ecol., 2021, 25, 1194-1206.

C. Tristan, M. Rumayor, A. Dominguez-Ramos, M. Fallanza,
R. Ibanez and 1. Ortiz, Sustainable Energy Fuels, 2020, 4,
4273-4284.

F. Giacalone, P. Catrini, A. Tamburini, A. Cipollina, A.
Piacentino and G. Micale, Energy Convers. Manage.,
2018, 164, 588-602.

D. Brogioli, Phys. Rev. Lett., 2009, 103, 058501.

P. Sharma and T. S. Bhatti, Energy Convers. Manage.,
2010, 51, 2901-2912.

D. Brogioli, R. Ziano, R. A. Rica, D. Salerno, O.
Kozynchenko, H. V. M. Hamelers and F. Mantegazza, Energy
Environ. Sci., 2012, 5, 9870-9880.

S. Porada, R. Zhao, A. van der Wal, V. Presser and P.
Biesheuvel, Prog. Mater. Sci., 2013, 58, 1388-1442.

D. Brogioli, R. Ziano, R. Rica, D. Salerno and F.
Mantegazza, J. Colloid Interface Sci., 2013, 407, 457-466.

F. La Mantia, M. Pasta, H. D. Deshazer, B. E. Logan and Y.
Cui, Nano Lett., 2011, 11, 1810-1813.

M. Ye, M. Pasta, X. Xie, K. L. Dubrawski, J. Xu, C. Liu, Y.
Cui and C. S. Criddle, ACS Omega, 2019, 4, 11785-11790.

M. C. Hatzell, K. B. Hatzell and B. E. Logan, Environ. Sci.
Technol. Lett., 2014, 1, 474-478.

This journal is © The Royal Society of Chemistry 2023

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

View Article Online

Critical review

I. Hwang, D. Lee, Y. Jung, K. Park, Y.-G. Jung, D. Kim, G.-H.
Cho, S.-I. Jeon, Y.-K. Byeun, U. Paik, S. Yang and T. Song,
ACS Sustainable Chem. Eng., 2021, 9, 13514-13525.

D. Lee, J. S. Roh, I. Hwang, Y. Jung, H. Lee, I. W. Ock, S.
Kim, S. Sun, S. Yang, H. B. Park, U. Paik and T. Song, ACS
Sustainable Chem. Eng., 2022, 10, 7625-7634.

S. Ahualli, M. L. Jiménez, M. M. Fernandez, G. Iglesias, D.
Brogioli and A. V. Delgado, Phys. Chem. Chem. Phys.,
2014, 16, 25241-25246.

A. Siekierka, K. Smolinska-Kempisty and M. Bryjak,
Desalination, 2020, 495, 114670.

R. A. Rica, R. Ziano, D. Salerno, F. Mantegazza and D.
Brogioli, Phys. Rev. Lett., 2012, 109, 156103.

X. Kong, A. Gallegos, D. Lu, Z. Liu and J. Wu, Phys. Chem.
Chem. Phys., 2015, 17, 23970-23976.

M. Nasir, Y. Nakanishi, A. Patmonoaji and T. Suekane,
Renewable Energy, 2020, 155, 278-285.

D. Moreno and M. C. Hatzell, ACS Sustainable Chem. Eng.,
2019, 7, 11334-11340.

S. Ahualli, M. L. Jiménez, Z. Amador, M. M. Fernandez,
G. R. Iglesias and A. V. Delgado, Sustainable Energy Fuels,
2021, 5, 3321-33209.

Z. Zou, L. Liu, S. Meng and X. Bian, Energy Rep., 2022, 8,
7325-7335.

G. R. Iglesias, S. Ahualli, M. M. Fernandez, M. L. Jiménez
and A. V. Delgado, J. Power Sources, 2016, 318, 283-290.

F. Liu, T. F. W. Donkers, R. M. Wagterveld, O. Schaetzle, M.
Saakes, C. ]J. N. Buisman and H. V. M. Hamelers,
Electrochim. Acta, 2016, 187, 104-112.

D. A. Vermaas, S. Bajracharya, B. B. Sales, M. Saakes, B.
Hamelers and K. Nijmeijer, Energy Environ. Sci., 2013, 6,
643-651.

F. Zhan, Z. Wang, T. Wu, Q. Dong, C. Zhao, G. Wang and J.
Qiu, J. Mater. Chem. A, 2018, 6, 4981-4987.

H. Zhu, W. Xu, G. Tan, E. Whiddon, Y. Wang, C. G. Arges
and X. Zhu, Electrochim. Acta, 2019, 294, 240-248.

M. Réttger, T. Domenech, R. van der Weegen, A. Breuillac,
R. Nicolay and L. Leibler, Science, 2017, 356, 62-65.

B. Nath, Resonance, 2019, 24, 575-582.

Lab Chip, 2023, 23,1034-1065 | 1065



Appendix

A.2 Comparison of miniaturized mechanical and osmotic energy harvest-
ing systems

Wu, N., Derkenne, T., Tregouet, C., and Colin, A. Comparison of miniaturized mechanical and osmotic
energy harvesting systems. 118:109004.

In this appendix, we present the review article published on the miniaturized mechanical and osmotic energy
harvesting systems. It refers to the Chapter 1 of this thesis manuscript.
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ARTICLE INFO ABSTRACT

Keywords: 10T stands for Internet of Things. It refers to the network of physical objects or "things" embedded with sensors,
Energy harvesting for IoT softwares, and other technologies that enable them to connect and exchange data with other devices and
Olsm"““ energy systems over the internet. The IoT has the potential to transform many areas of our lives, including home
Electrets

automation, healthcare, transportation, manufacturing, etc. By collecting and analyzing data from connected
devices, businesses and organizations can gain insights that can help them make better decisions, improve
efficiency, and reduce costs. Naturally, IoT requires energy to work and many techniques have been developed
to limit the power consumption of the devices. These objects now need very little power to work, of the
order of the mW or the pW. However, the IoT devices need to run for long periods of time without being
replaced or recharged. This is especially important for devices deployed in remote or hard-to-reach locations.
In this framework, it is of great importance to develop energy harvesting systems for IoT. It is of prime
importance to use energy from their environment rather than relying on conventional power sources like
batteries or mains electricity. By reducing the need for disposable batteries, energy harvesting can help to
reduce waste and minimize the environmental impact of IoT devices. Energy can be found in ambient light,
temperature differences, vibrations, or electromagnetic radiation. In this review article we will focus on the
recovery of energy from mechanical vibrations and on the recovery of mixing energy: these methods have in
common to be based on material surface charges. We will detail different modes of operation: the realization
of sensors that do not need power, the realization of energy recovery generators which store energy for
sensor consumption, and finally the realization of energy recovery generators feeding directly sensors. We
will describe the different physical mechanisms of these processes. We will then illustrate them with examples
of outstanding achievements.

Triboelectricity
Piezoelectricity
Electrostriction

1. Introduction healthcare IoT market is expected to reach USD 158.07 billion by 2025,

growing at a CAGR of 30.8% from 2020 to 2025 [4]. The IoT industry is

The Internet of Things (IoT) refers to a network of intelligent objects a fast-growing and promising market with a wide range of applications
which are able to collect information, communicate, exchange data and opportunities.

and possibly react towards environmental changes [1-3]. In addition In terms of electrical consumption, the IoT-related energy is esti-

to the conventional electronic objects, such as computers, tablets, and mated to be around 200 TWh per year in 2025, which corresponds

smart phones, IoT could also connect ordinary physical objects of all to 0.7% share of the global electrical consumption [6]. Considering
scales which are embedded with sensors, and living objects as humans an estimation of 40 billion connected objects in 2025, the energy

and animals. The conception of IoT could facilitate automation process
and thus derive new services and applications. The IoT market has
maintained rapid growth in recent years, with its market size reaching
650 billion USD by the year of 2026, corresponding to a compound
annual growth rate (CAGR) of 16.7% [4]. In terms of application ) ) 4 . ; - .
areas, the IoT market is segmented into industries including healthcare, impractical. Such is the case for vibration and stress sensors inserted in
agriculture, automotive, manufacturing, predictive maintenance [5] bridge structures or for medical use. Thus, development of miniaturized
and smart cities. According to a report by MarketsandMarkets, the power supply systems for intelligent IoT objects remains a key issue [7].

consumption in IoT is estimated to be 0.6 mW per device, which
is considered as a rather low consumption. However, most of these
devices need to operate disconnected from the electrical grid for an
extended working time, in conditions where battery replacement is

* Corresponding author.
E-mail address: annie.colin@espci.psl.eu (A. Colin).

https://doi.org/10.1016/j.nanoen.2023.109004
Received 1 May 2023; Received in revised form 22 August 2023; Accepted 19 October 2023

Available online 21 October 2023
2211-2855/© 2023 Elsevier Ltd. All rights reserved.



N. Wu et al.

To tackle the above-mentioned power-supply problem, the first step
is to reduce power consumption. Various factors can affect IoT power
consumption. By choosing suitable hardware devices, i.e., microcon-
trollers, sensors, and wireless modules, it is possible to manage power
consumption and extend the device battery life. The communication
protocols used in IoT devices can also affect power consumption. For
example, compared with Wi-Fi and cellular connectivity, Bluetooth or
Zigbee consume much less power, which are certainly more suitable for
low-power applications. Additionally, sending data at high frequencies
would quickly drain the device’s battery: it is thus important to opti-
mize data transmission and minimize the frequency of data transfers.
In the last decades, significant progress was achieved in electronics
technologies for the development of ultra-low consumption devices. To
name of few, the Phoenix processor has a sleep power consumption of
only 3 pW in sleep mode and 200 nW in active mode [8], and Lin et al.
developed a temperature sensor which consumes only 220 nW [9].

The second step is to design self-powered IoT objects by integrating
energy harvesting systems to exploit energy sources in surrounding
environments. Such design could decrease or even eliminate the use
of batteries in IoT objects. In fact, large quantities of untapped energy
sources could be considered for IoT objects powering. These sources
either come from human activities or derive from ambient energies,
such as chemical energy (chemistry, biochemistry), thermal energy
(fatal heat, temperature gradients, variations), radiant energy (sun,
infrared, radio frequencies) and mechanical sources (vibrations, defor-
mations) [10]. The energy-harvesting process extracts energy from the
surrounding environment and converts it into electrical energy.

A natural idea is to miniaturize the existing mature technologies
for energy harvesting, such as wind technology. However, due to its
bulky and complex structure, the miniaturization remains difficult.
Considering the energy densities of untapped sources, outdoor solar
energy is the highest energy source with a power density of 15,000
pW cm~3 [10]. It drops to 100 pW cm~3 for indoor environments.
The theoretical limit of solar cell on a single junction is 29.1%. The
world record for solar-cell efficiency of 46% was achieved by using
multi-junction concentration cells [11]. Based on exotic materials such
as gallium arsenide, this technology remains until now economically
non-viable.

The second untapped environmental energy source is mechanical
vibrations which can be found almost everywhere, from human bodies
to industrial installations. The source of mechanical energy can be a
vibrating structure (a bridge, a building, a window in a noisy street) or
a moving object (a washing machine). Each vibration is characterized
by a frequency f and an amplitude of oscillations Y,. The mechanical
power generated by vibrations can be harvested using an inertial device
composed of a seismic mass m and a spring with an elastic constant
k. In such a device, the amount of power generated is proportional
to 2the3 Sube of the vibration frequency. The generated power writes
"”04# where ¢ is the damping factor [12]. Using this framework, we
can estimate the power of classical vibrations in daily life. For example,
common activities as walking corresponds to a source of mechanical
energy with a power of 67 W, breathing of 0.83 W, finger typing of
0.01 W. These values correspond to the energy consumption of the
IoT objects. A typical harvesting power density is of the order of 100
uW/crn3 [13].

Close to mechanical energy, osmotic energy is considered as the
third ambient environmental sources. When 1 cm?® of river water is
mixed with 1 cm® of sea water, an energy of 2.73 J is released.
Considering all the rivers and effluents running to the sea, a global
power of around 2 Terawatts is estimated, which corresponds to 75%
of the world’s electrical power consumption in 2021 [14,15]. The
current devices for the recovery of osmotic energy based on selective
membranes enable the recovery of 100 pW cm~2, which makes this
form of energy, nicknamed blue energy, the second most important
source of recoverable energy on a par with the energy recoverable from
mechanical vibrations. Thermal gradient, thermal variation, Infrared
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sources, radio frequency are energy sources present in our environment
but at lower available energy levels [16]. For this reason, and because
the corresponding harvesting technologies are less mature, we have
decided not to deal with them here. Mechanical vibrations and osmotic
energy seem to be suitable energy sources to power sensors. The poten-
tially recoverable values are in agreement with power demand of IoT
objects. In this review, we will focus on energy-harvesting systems both
for mechanical-vibration energy sources and osmotic energy sources.

They have indeed a lot in common since they are both based on
surface-charge effect. Several technologies have been developed for
converting mechanical waste energy. They present different advantages
or disadvantages, in particular according to the intended application.
A classic principle for converting mechanical vibrations into electricity
is to use electromagnetic generators. The operating principle of an
electromagnetic mechanical vibration energy sensor involves the use
of a magnet, a coil and a mass-spring system [17]. When the sensor
is subjected to mechanical vibrations, the mass—spring system under-
goes oscillations, causing the magnet and coil to move relatively to
each other. This relative movement induces a changing magnetic flux
through the coil in accordance with Faraday’s law of electromagnetic
induction. The changing magnetic flux induces an electromotive force
(EMF) in the coil, generating a voltage across it. This voltage can be
used to pass an electric current through a load, for example to charge
a battery or power electronic devices. Electromagnetic energy genera-
tion is a well-established technology, and the use of this transduction
mechanism in small-scale energy harvesting applications is the subject
of much research. Fundamental principles and analysis of generators
tested to date clearly show that electromagnetic devices do not lend
themselves to downscaling [18]. The normalized power measured for
an acceleration of 1 m s~2 is less than 0.5 yW cm~ and decreases for
smaller size [17]. For this reason, we have decided not to mention
these generators in the review and to focus on piezolectric device,
electrostrictive materials, electrets device and triboelectricity.

In all these situations, vibrations induce an alternative capacitive
current that requires rectification before use.

In the osmotic energy situation, selective membranes or highly
charged membranes are used to produce an ionic flux which is con-
verted at the electrode level into an electronic current. The electrodes
can be capacitive (generation of an alternative current) or faradaic
(generation of a continuous current). In this review, we will focus on
the development of energy-harvesting systems to power miniaturized
sensors based on material surface charge. In each case, we will describe
the main working principles, discuss the limitations and advantages,
and then illustrate the process by describing practical applications.
There are numerous reviews in the literature on each of these tech-
nologies (see [19-22] for triboelectric nanogenerators, [23-26] for
piezolectric device, [27-29] for electrostrictive materials, [15,30,31]
for osmotic energy). The originality of our work consists in presenting
4 different energy-recovery modes and comparing them.

2. Mechanical vibration energy harvesting using piezoelectric ma-
terials for sensor powering

2.1. Piezoelectricity

Piezoelectricity was discovered by Pierre and Jacques Curie in
1880 while studying quartz and tourmaline crystals [32]. Piezoelectric
materials have the ability to produce voltage when deformed due to
vibrations (direct effect). Conversely, they deform when subjected to
an externally applied voltage (inverse effect).

Piezoelectricity originates from the distribution of ions of certain
crystals. A piezoelectrical crystal has no center of symmetry [33,34]. In
the absence of deformation, the electric dipoles created by the charge
distribution cancel each other out exactly, which leads to the absence
of net charge on the crystal faces. When the crystal is compressed,
the absence of a center of symmetry of the lattice induces that the
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barycenters of the positive and negative charges no longer coincide.
In this case, the electric dipoles no longer cancel each other out, which
leads to the appearance of net positive and negative charges on the
opposite sides of the crystal.

There are 32 crystallographic classes, out of which 21 are non-
centrosymmetric (lacking center of symmetry). 20 of them exhibit
direct piezoelectricity, with the 21st one being the cubic class [35].
However, in most cases, these materials are not a perfect crystal. This
is always the case with polymers which are never in a monocrystalline
form. To obtain a piezoelectric response of these materials, it is nec-
essary to orientate the dipoles in the material at rest. This requires an
important process called “poling” during which the molecular dipoles
of the material are reoriented by exerting a high electric field in the
range of 5-100 MV m~! at high temperature (300 °C), followed by a
subsequent cooling.

The electro-mechanical behavior of piezoelectric materials can be
described by two constitutive equations.

S =[sE1T + [d1E (@)
D=[dT +["1E 2)

where S is the strain tensor, vector D is the dielectric displacement
vector in N m V-! or C m~2, [¢7] is the permittivity tensor, [sf] the
elastic compliance tensor, E is the applied electric field vector in V
m~!, and T is the shear stress. The superscripts 7 and E indicate
that the quantity is measured at constant stress and constant electric
field, respectively. [d] is the direct piezoelectric-effect matrix, [d'] is
the matrix which describes the converse piezoelectric effect. In this
situation, the superscript ¢+ determines the transposition matrix.

Axis 3 is generally chosen according to the direction of the rema-
nent polarization field. The axes 1, 2 and 3 form a direct trihedron.
The piezoelectric-effect matrix d has coefficients d;;. The first index
i corresponds to the direction of the electric field, i.e. the direction
perpendicular to the electrodes, the second index to the direction of
the mechanical action. The material can be used according to the
mode 33 or 31 depending on the mechanical stress is perpendicular
or parallel to the electrodes. Usually, the mode 33 show better per-
formances in term of electromechanical properties than the mode 31.
The electromechanical coefficient k;; is typically used to attest the
quality of the electromechanical conversion. For a mechanical strg:ss

perpendicular to the electrodes, k;; can be expressed as k,.zj = ;’:E.
The coefficient k%}. corresponds to the energy conversion ratio, i.e.]tljle
value of the stored electrical energy divided by the input mechanical
energy. A high coupling factor k;; does not necessarily quantify the
energy harvesting capability of a material. Instead, it is associated with
the efficiency of converting input mechanical or electrical energy into
stored electrical or mechanical energy and not energy harvested by
the circuit. Piezoelectric energy harvesters, on the other hand, need to
convert mechanical energy into useable, or output, electrical energy.
Based upon this analysis, Roscow et al. [36] defined under applied

strain the factor of merit as the ratio of the output harvested energy
2vy2

&2
divided by the input mechanical energy is given by : FoM = ’:T

There are 4 main classes of piezoelectric materials: ceramics (lead

zirconatate titanate (PZT) [37,38], BaTiO; [39], LiNbO; [40]), metal-
oxide single crystals (PMN-PT [41,42] a solid solution of lead-
magnesium-niobate (PMN) and lead titanate (PT)) polymers
(Polyvinylidene fluoride (PVDF) [43,44]) and composites (PZT polymer
composite [45,46], BaTiO; PDMS composite [47], flexible cellulose
nanofibril/
MoS, nanosheet composite [48]). Lead (Pb) based ceramics such as
PZT, exhibit high piezoelectric coefficients. However, their rigidity,
brittleness, and toxicity limit their applications [49]. Polymers are nei-
ther rigid nor brittle. However, they present much weaker piezoelectric
properties than other materials which exhibit huge polarization in their
crystalline structure. As an example, the k33 coefficients of the PZT-5H
ceramic is equal to 0.75 [50], that of the PVDF to 0.22 [51] and that
of the single crystal PMN-32PT with (001) orientation to 0.93 [50].
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Fig. 1. Piezoelectric material based energy harvesting system. (a) The piezoelectric
material is loaded between two electrodes. A force is applied on the material and
create charges at the top and the bottom of the material. An electronic current appears
to balance these charges. (b) The dipole created by the force is balanced by the charges.
The current intensity is zero. (c) the Force is released. The charges go back to their
initial position. An inverse electronic current is produced.
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Fig. 2. Production of electric current by a piezoelectric. (a) Piezoelectric ZnO nanowire
arrays placed between two electrodes coated with Platinum. (b) The pressure wave
creates a dipole and the appearance of charge on the electrodes. This leads to a
potential difference between the top and the bottom of the polarized sample and thus
to an electron flow which balances the charges and equalizes the electric potentials on
both sides. (c) the decompression causes the cancellation of the internal dipole and thus
the transfer of charges in the opposite direction. A current of opposite direction appears.
(d) The input signal for the generation of a sound wave and the output voltage from
the piezoelectric ZnO nanowire arrays due to the sound wave. The phase difference
between the signals is due to the impedance of the intrinsic capacitance and reactance
within the piezoelectric circuit.

Source: Figures and captions reproduced from [52] with permission from John Wiley
and Sons, copyright 2010.

2.2. Piezoelectric materials and piezotronics

In the applications linked to energy harvesting from mechanical
vibrations, the direct piezoelectric effect is used [23,53]. In order to re-
cover energy from vibrations, piezoelectric materials are integrated into
host oscillating structures such as cantilevers. The polarized material is
placed between two electrodes which are connected by an electrical
circuit.

The mechanical compression induces the appearance of charge on
the crystal and a flow of electrons from the electrode in the electric cir-
cuit. This flow stops when the electric field created by the distribution
of electrons in the electric circuit cancels the electric field created by
the compression of the material. At this stage the current is zero. When
the compression is released, the electric dipoles of the material are no
longer deformed. Thus the barycenter of positive and negative charges
coincide again and the charges disappear on the faces of the crystal.
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The electrons initially displaced in the electric circuit will then return
to their initial position. This will lead to an electric current of opposite
direction in the circuit. In the situation of piezoelectric materials,
there is no transfer of electrons from the piezoelectric material to the
external circuit and the system behaves like a simple capacitor. The
generated electric signal by the piezoelectric material under mechanical
vibrations is thus a alternating capacitive signal. The voltage may have
positive and negative minima, as well as areas of zero values (Fig. 1).
To exploit the harvested energy, a rectifier bridge is required to convert
the alternative signals into direct ones.

Wang et al. [54] introduced a new field coined piezotronics [55,56].
This field is based on piezoelectric materials that display semiconductor
properties. In those situations, electrical charges can be transferred
from the material to the electrode. We will start with the situation
where such a material is placed between two platinum electrodes. This
situation is illustrated in Fig. 2 where a ZnO-based device is used under
a sound wave. At the level of the electrodes, the ZnO-Pt contacts are
Schottky diodes. In the compressive mode, whatever the phase of the
displacement, one of the two diodes is polarized in the wrong direction,
which prevents the departure of the charges from ZnO. The generated
current is capacitive and alternating. There is no transfer of electrons
between the electrodes and the material in this situation. The system
behavior is close to the one involved in classical piezoelectric materials
as a simple capacitor.

The main breakthrough of piezotronics appears when the contacts
between the material and the electrodes involve an ohmic contact on
one side and a Schottky diode contact on the other. In this situation it
is possible to produce a direct current [57,58]. Wang et al. developed
a nanogenerator fabricated with vertically aligned arrays of zinc oxide
nanowires (ZnO NWs) placed under a zigzag metal electrode with a
small gap. Mechanical vibrations move the electrode up and down to
bend and/or vibrate the nanowires. Unlike the previous device, the
zinc nanowires are connected with a silver plate at bottom and with
a platinum plate on top. It is to mention that the ZnO-silver contact is
ohmic, while the ZnO-platinum contact is a Schottky diode.

When the platinum-covered tooth of the electrode deforms the
nanowire, the curvature of the piezoelectric material causes a dipole
to appear perpendicular to the main direction of the nanowire [54]
(Fig. 3). In the stretched area, the potential of the nanowire is higher
than the potential of the platinum metal. The Schottky diode is reverse
biased and no electrons are allowed to pass in the electrical circuit.
This phase corresponds to an electron displacement in the nanowire
from the stretched area to the compressed area perpendicular to the
main direction of the nanowire. When the tooth is placed deeper, the
nanowire twists more and the contact is made with the compressed
zone. The potential of this zone is lower than the potential of the
platinum, the diode allows the current to flow and electrons can
circulate in the closed circuit. Their passage tends to make the lateral
potential difference disappear which closes the Schottky diode again.
The current from the nanowire decreases and is cancelled. The global
measured current is the sum of these milli-currents all oriented in
the same direction. The output electricity generated is continuous and
stable. The output averaged power density is comprised between 1 and
4 Wm3 [59].

The output power of piezoelectric and piezotronic devices depends
both on intrinsic parameters, including the piezoelectric and mechan-
ical properties of the material and the resonance frequency of the
piezoelectric element, and extrinsic factors such as the features of
the mechanical vibrations (frequency, amplitude) and the mechanical
features of the host structure. This explains why in the literature,
the level of power output of piezoelectric energy harvesters varies
greatly from 100 yW cm=3 [60] to 10000 mW cm~3 (KNN/MNC
material [61]). In order to fix ideas, we propose in the following a series
of outstanding examples which enable the performance comparison
between piezoelectric systems and the other energy recovery systems.
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Fig. 3. (a) Schematic diagram showing the design and structure of the nanogenerator.
Aligned ZnO NWs grown on a solid/polymer substrate are covered by a zigzag
electrode. The substrate and the electrode are directly connected to an external load.
(b) Contact between the tooth covered with Platinum and the semiconductor ZnO
NW showing reverse biased Schottky rectifying behavior. The process in (b) is to
separate and maintain the charges as well as build up the potential. (c) Contact
between the tooth covered with Platinum and the semiconductor ZnO NW showing
reverse forward Schottky rectifying behavior. The process in (c) is to discharge the
potential and generates electric current. Figures and captions reproduced from [54]
with permission from The American Association for the Advancement of Science,
copyright 2006. (d) Measurement of the output current intensity in presence and
absence of ultrasound. Figures and captions reproduced from [59] with permission
from The American Association for the Advancement of Science, copyright 2007.

Using PZT-5H piezoceramics, Roundy et al. [62] reported an av-
erage outpower of 60 pW for a volume of 1 cm?® and an acceleration
of 2.25 m s72. Platt et al. [63] showed that by stacking 145 layers
of PZT in a 2 cm® volume, they measured an average outpower of
1.6 mW (800 W m~3) under a 900 N load and at a vibration frequency
of 1 Hz. PMN-25-PT single crystal [41] displays an outpower density
of 60 mW cm~3 (60000 W m~3) for a vibration of an amplitude of
150 pm and a frequency of 900 Hz. Under the same conditions, a device
containing PZT ceramics displays a 20-time-lower power density [64].

PVDF is the most frequently used piezolelectric polymer. Compared
with piezoelectric ceramics, PVDF has much lower piezolectric per-
formances. For comparison, Kendall [65] showed that under 2 Hz
excitation and 68 kg weight, a PVDF-based sole flexing system provides
an output power of 0.6 mW, while the same device with a PZT-based
sole could reach a power output of 5 mW. Wind energy harvesters using
PVDF films were studied as well. their performances does not exceed
2mW ecm~3 in 7 m s~! wind [66]. A way to improve polymer properties
is to make thin film stacks. Godard et al. [67] showed that a stack
of 10 thin layers of poly(vinylidene fluoride trifluoro-ethylene) screen
printed on a polymer substrate harvests up to 0.97 mW at 33 Hz with an
area of only 2.4 cm?2. The structure in N thin films allows to increase the
recovered energy by a factor N2 compared to the same overall polymer
thickness.
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Liao et al. [68] developed a fiber-based hybrid nanogenerator con-
sisting of ZnO NWs/carbon fibers and Au-coated ZnO-papers, which
can be used in converting mechanical energy into electricity. An output
current with a peak value of 35 nA was generated. The desired electrical
output is obtained by adjusting the external strain rate and the number
of devices connected in parallel or in series. The electrical energy
generated by the multi-fiber based NG was stored and used to light up
a LED. Qin et al. [69] obtained an instantaneous (not averaged) power
density of 5.1 mW cm~2 from one ZnO nanogenerator under a pressure
of 0.44 kg cm~2 and a fixed frequency of 1000 Hz.

Piezoelectric vibration energy harvesting has also gained significant
attention due to its compatibility with Microelectromechanical Systems
(MEMS) technology [70].

Park et al. [71] introduce a piezoelectric microelectromechanical
systems (MEMS) energy harvester that utilizes the d;; piezoelectric
mode. To enhance the piezoelectric properties of the sol-gel spin-
coated PZT (Lead Zirconate Titanate) thin film, a PbTiO3 seed layer
was implemented as an interlayer between the ZrO2 layer and PZT
thin films. The fabricated cantilever PZT film, featuring an interdigital-
shaped electrode, exhibited a remnant polarization of 18.5 C cm™2,
a coercive field below 60 kV cm™!, a relative dielectric constant of
1125.1, and a d4; piezoelectric constant of 50 pC N1,

The fabricated energy-harvesting device achieved an electrical
power output of 1.1 W when subjected to a vibration with an ac-
celeration of 0.39 g at its resonant frequency of 528 Hz, under a
load of 2.2 MQ with a 4.4 V peak-to-peak voltage. The corresponding
power density was calculated as 7.3 mW cm™3 g=2 (rescaled by the
acceleration 0.39 g), or a 1.1 mW cm~3. The experimental results
were compared with numerical calculations derived from dynamic
and analytical modeling equations. Additionally, a comparison was
made between the fabricated device and other piezoelectric MEMS
energy-harvesting devices.

In summary, this study presents the modeling, fabrication, and
characterization of a piezoelectric MEMS energy harvester utilizing the
ds3 piezoelectric mode. The implementation of a PbTiO; seed layer in
the device’s structure improved its piezoelectric properties. The fabri-
cated device demonstrated significant power generation capabilities,
as validated by experimental and numerical comparisons with other
similar energy-harvesting devices.

It involves using cantilever beams with one or two piezoelectric lay-
ers and an elastic layer to convert mechanical vibrations into electrical
energy. The configuration with two piezoelectric layers, known as a
bimorph, has the potential to generate larger electric power. However,
as the size of the cantilever-type vibration-energy harvester (VEH) de-
creases, it becomes more challenging to lower the resonance frequency
and achieve sufficient electric power for sensor node batteries.

To address this issue, Tsukamoto et al. [72] display a bimorph
VEH with a flexible 3D mesh structure. The purpose of this structure
is to control the bending stiffness, thereby simultaneously lowering
the resonance frequency and increasing the electric power output. The
device consists of two PVDF (Polyvinylidene fluoride) piezoelectric
layers bonded on both sides of a 3D mesh elastic layer, with a proof
mass attached at the tip. The sum of the line spacing and line length in
the mesh is 100 pm.

The study confirms the effectiveness of the bimorph VEH with a 3D
mesh structure as an elastic layer through various experiments. Firstly,
they demonstrate that the bending stiffness of the mesh harvester can
be controlled by adjusting the line spacing in the mesh. Secondly, in
vibration tests, it is observed that the resonance frequency of the mesh
harvester is lowered by 26% compared to a flat-plate VEH, and the
tip deflection is 1.3 times larger. Finally, the total output power of
the device is measured to be 20.4 uW, which is sufficient to power
low-consumption sensor nodes for Wireless Sensor Networks (WSNs).

All these figures are difficult to compare. Some powers are instan-
taneous and others are averaged, which is radically different because
of the particular shape of the electrical signal. Moreover, they are
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obtained under different conditions of solicitation. These works do not
present a energy conversion ratio which compares the recovered energy
with the energy injected into the system. Only a few authors indicate
the energy conversion rates in their work. For example, self poled
PVDF-WS, composite displays a record energy conversion of 25.6%
for piezolectric nanocomposites [73]. This value is closed to the one
obtained by Chang et al. [64] (25%) for thin films of PVDF fibers.
It is higher than the one reported for PVDF-DNA films (2.7%) [74],
for PVDF/AIO-rGO (aluminum oxides decorated reduced graphene ox-
ide incorporated PVDF based nanocomposite) Flexible Nanocomposite
(12%) [75] and PZT nanocrystals (5%) [42].

All these features show that piezoelectric and piezotronic nano-
generators are among the most efficient nanogenerators [76]. These
devices are unaffected by temperature and humidity [77] and can
produce alternating current in a range from pW (microwatts) to mW
(milliwatts) [78]. These nanogenerators require limited moving parts,
zero external voltage sources and are of low cost [79]. They can gen-
erate power output with voltage levels that can be easily conditioned
(i.e., converted to DC) [80] and sufficient for sensor powering demand.
In the last decades, many achievements have been made [81]. We
resume some significant examples in the section below.

2.3. Sensors powered by piezoelectricity

In the last decade, many self-powered sensors based on piezoelectric
nanogenerators have been developed [82]. It is possible to separate the
achievements made in three categories: devices that use the electrical
signal created by vibrations to probe their environment (Simple Au-
tonomous Sensor) [83], devices that store electrical energy and then
restore it to connected objects (Sensor powered by a Nanogenerator
With Storage System), and devices that directly power connected ob-
jects (Sensor powered by a nanogenerator without storage system). In
the following we will discuss these three categories.

2.3.1. Simple autonomous sensor

Deng et al. [84] designed a self-powered flexible piezoelectric sensor
(PES) based on cowpea structured PVDF/ZnO nanofibers (CPZN) for
remote gesture control in a human-machine interactive system. The
sensor exhibits excellent bending sensitivity of 4.4 mV deg™! in a
range of 44° to 122° and a fast response time of 76 ms. It does
not need to be powered. They incorporated this sensor in a chain of
devices allowing the remote control of a robotic hand. While the human
hand performs movements, these movements are detected and captured
by the piezoelectric sensor. The electrical signal is then transferred,
analyzed, and transformed into commands that guide the movement
of the robotic palm.

In the field of smart sports and high performance sports train-
ing, Tian et al. [85] designed a self-powered, lamellar crystal-rich,
baklava-structured PZT/PVDF piezoelectric sensor. This sensor has a
high sensitivity (6.38 mV/N) along with a short response time of 21 ms.
They used this composite to fabricate a ping pong racket which inte-
grates 36 different sensors distributed on the racket. During training, it
is possible to see the force of the impact and the centering of the ball
on the racket.

Piezoelectric biosensors/bioactuators [86] are developed with new
materials and advanced encapsulation methods to avoid the toxicity of
conventional lead-based piezoelectric materials. These materials such
as poly(lactic acid) polymer (PLLA) can be used in the human body for
biomedical pressure sensing applications. Curry et al. have implanted a
PLLA piezosensor inside the abdominal cavity of a mouse to monitor the
pressure of diaphragmatic contraction [87]. Liu et al. [88] developed
a PVDF piezoelectric sensor for respiration sensing and healthcare
monitoring.
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Fig. 4. (a) Schematic image and pictures of the hybrid energy harvester based on
PEG and EMG [90]. Figures and captions adapted from [90] with permission from
Elsevier, copyright 2020. (b) Schematic diagram of the integrated self-powered system.
An integrated system can be divided into five modules: energy harvester, energy
storage, sensors, data processor and controller, and data transmitter and receiver. (c)
The prototype of an integrated self-powered system by using a nanogenerator as the
energy harvester [89]. Figures and captions adapted from [89] with permission from
American Chemical Society, copyright 2011. (d) Godard et al. show that 2.4 cm? of
screen-printed multilayers of a piezoelectric polymer, P(VDF-TrFE), can harvest up to
1 mW at 33 Hz. They demonstrate that this is sufficient for an autonomous sensor
to communicate with a mobile phone independently of any other energy source [67].
Figures and captions adapted from [67] with permission from Elsevier, copyright 2020.
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2.3.2. Sensors powered by a nanogenerator with storage system

In 2011, Hu et al. [89] presented one of the first self-powered
connected objects. For this they covered a cantilever equipped with
electrodes of polymer substrate and textured ZnO films. Subjected to
vibrations which induce a deformation of 0.12% at a deformation rate
of 3.56% s~!, the 1 cm? device produces a power of 6 pW (see Fig. 4).
This power is not enough to power a connected object and requires a
storage system consisting of a rectification circuit and a capacitor (Type
1210, 22 pF + 10%, AVX). This system powers a sensor and a radio
frequency data transmitter. Thanks to this storage system, they were
able to autonomously transmit wireless signals at distances of 5-10 m.

Godard [67] et al. used a stack of 10 thin layers of poly(vinylidene
fluoride trifluoro-ethylene) connected to a rectifier circuit and a voltage
regulator (LTC3588-1, Linear Technology) to power a micro-controller
(Arduino Pro Mini) connected to a radiofrequency (RF) emitter (RN-
42 Blue-tooth module from Microchip). Temperature values recorded
by the microcontroller internal temperature sensor were successfully
transmitted via RF signal to a mobile phone for 10 s (see Fig. 4).

2.3.3. Sensors powered by a nanogenerator without storage system

This approach is more difficult. Despite the realization of many
piezoelectric nanogenerators that can produce powers of a few mW,
it is difficult to find complete devices integrating a nanogenerator and
a commercial Internet of Things (IoT) sensor in the literature. The main
reason is that direct plugging requires power of at least 5 mW, which
remains a complex aim to reach [90].

Jung et al. [90] succeeded in producing an average output power of
25.45 mW at 60 Hz and 0.5 G input vibration by coupling a piezoelec-
tric nanogenerator made of macro-fiber composite (MFC) piezoelectric
plates on the substrates and an electromagnetic nanogenerator. The
optimization of the coupling requires an electrical impedance matching
and the minimization of the mechanical damping (see Fig. 4). They
managed to use this device for direct power supply of a commercial IoT
sensor (CC2650 Bluetooth SensorTag, Texas Instruments Corp) without
the use of storage system.
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Hwang et al. [91] used a new generation of single crystal (1
— x)Pb(Mg; /3Nb2 /3)03 — xPbTiO; (PMN-PT) to prepare a piezoelec-
tric nanogenerator. This material exhibits an exceptional piezoelectric
charge constant of dy; up to 2500 pC N~!, which is almost 4 times
higher than PZT, 20 times higher than BaTiO; and 90 times higher
than ZnO. Using this material, they achieved a self-powered artificial
pacemaker with significantly increased electrical output current. No
battery is needed to store the recovered energy.

2.4. Summary and outlooks for piezoelectric materials

The previous results show that the piezoelectric nanogenerators
reported in the literature are capable of powering sensors. This allows
us to be very optimistic for their deployment for IoT objects, especially
in the field of building monitoring [76]. Wireless sensor networks
have become an essential part of building environment monitoring,
covering multiple functionalities including temperature, light usage,
object movement, humidity, air velocity in a ventilation duct and etc.
The real-time monitoring of these parameters enables an intelligent reg-
ulation and control of the building environment with reduced energy
demand. All these sensors require an electrical power between 0.5 and
100 pW.

It is possible to recover energy from environmental sources, such
as air flows in ventilation systems or the movement of people on the
floor. To provide a quantitative point of view, the reported powers
range from 37.4 to 800 pW in ventilation systems and from 66 pW to
55 mW for floors [76]. Even if it remains complex to remove the energy
storage system from the module, these piezoelectricity based systems
could significantly extend the classical battery systems and decrease the
energy cost of the IoT. Piezoelectricity based technologies have already
been applied by several companies around the world, as in the case of
Kinergizer and EnOcean [92].

Despite the great progress in piezoelectricity-based systems, there
are still technological challenges which require extensive research
works before the manufacture of matured autonomous IoT devices. The
key issue consists in the output power and the need for intermediate
energy storage. Future research works should dedicate more attention
to the management and modelization of energy generation and storage
exchange, the integration of bio-source materials and the technology
cost reduction [7].

3. Mechanical vibration energy harvesting using electrostrictive
materials for sensor powering

3.1. Electrostriction

Electrostriction is a mechanism that all materials possess. When
subjected to an electric field E, materials deform. Their deformation §
is proportional to the square of the electric field E and therefore does
not depend on the direction of the field.

The microscopic origin of this phenomenon comes from two phe-
nomena (see Fig. 5). First, when a material is placed in an electric
field, the charges of this material move with respect to their initial
position. This results in the appearance of a net charge on the surfaces
of the material, the charge on the upper surface balancing the charge
on the lower surface. The action of the field compresses the material.
This mechanism is at the origin of the breakdown voltage of capacitors
containing soft polymer dielectrics. The deformation is given by S =
—Ez% where Y is the young modulus of the material, ¢, the vacuum
permittivity and e, the dielectric constant of the material.

Second, some polymers exhibit intrinsic electrostriction properties
resulting from the change in their dielectric constant under the effect
of the electric field. The electrical field modifies the relative position of
the electric dipoles of the material. In this situation and for an uniaxial
compression, the deformation S is given by .S = %(1_”) E? where v is

v
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Fig. 5. Electrostriction origin. (a) Maxwell stress that originates from the Coulomb
interaction between oppositely charged compliant electrodes. (b) Intrinsic electrostatic
effect that originates from direct coupling between the polarization and the mechanical
response.

the Poisson coefficient, a; and a, parameters describing the evolution
of the dielectric constant as a function of the deformation.

These two deformations add up to describe the global response of
the material [93]. S = M3;E? = (m 22)E?. The coefficient
M3, is the electrostriction coefficient tinder an ur11ax1al compression
along the electrical field direction. We report here measured Ms;
values. We will see in the following paragraph that it is necessary to
define a figure of merit to compare the different materials between
them and that only this coefficient is not suitable to qualify the per-
formances. Muensit et al. [94] studied electrostrictive properties of
polyaniline(PANI)/polyurethane(PU) composites at low fillers concen-
tration. The intrinsic electrostriction modulus (M;; = —6.107' m? V-2)
increases by a factor of 1.6 compared to pure PU. Yin et al. [95]
investigated carbon black/P(VDF-TrFE-CFE) composites fabricated via
a simple blending method. The composite displays an increase of the
electrostriction modulus M;; = —2.4.1071® m?> V-2 by a factor 2
compared to the polymer. A huge electrostriction modulus (M;; =
—2.4.10~'* m? V—2) was reported by Yuan et al. [96] studying reduced
graphene oxide/composite.

3.2. Electrostrictive material

In order to recover energy from vibrations, electrostrictive materials
based variable capacitors are integrated into a host oscillating structure.
Unlike piezoelectric or triboelectric materials, electrostrictive materials
requires excitation from external voltage sources to be activated. A
capacitor consists of two electrodes separated by a dielectric material.
The capacitance of the capacitor is given for a flat capacitor by C = % =
ﬁ where Q is the charge stored by the capacitor and U the potential

difference across the capacitor, d the distance between the two elec-
trodes, ¢, the vacuum permittivity, and ¢, the dielectric constant of the
material. A variable capacitor is defined as a capacitor whose capacity
varies according to the mechanical vibrations. An example would be
the capacitance variation caused by the distance variation between two
electrodes in a capacitor.

By applying a variable capacitor, it is possible to design an energy
conversion process from mechanical energy towards electrical energy.
When the capacitor is polarized by a voltage U, it acquires a charge
Q, = C,U and an energy E = ——. Considering the situation where
the vibration initially moves the electrodes away from each other, the
capacitance of the capacitor decreases and reaches a value of C,. This
induces at fixed U a displacement of electron in the electric circuit
which connects the two electrodes so as to decrease the charge Q,
carried by the electrodes to O, = C,U. When the two plates come
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together again, an electron displacement in the opposite direction
occurs to increase the charge again and make it correspond to the value
Q,. The energy converted in a cycle in absence of losses with fixed U
is equal to E = %U 2(C; — Cy). By analyzing the electrical response of
an electrostrictive material subjected to vibration, Lallart et al. [28,97]
show that the maximum recoverable power is given by:

max

2
P, = ?”(M33Y)2A1E§cf512u 3)

where A is the surface of the material, / its thickness, f the vibration
frequency, S, the strain magnitude, E,. the applied electrical field, ¢,
the value of the dielectric constant, Ms; the electrostriction coefficient
under an uniaxial compression along the electrical field direction, Y
the young modulus of the material under compression. They define
a Figure of merit (FOM) F dependent only upon the properties of
t2}71!e electr(z)strictive material equal to: P,,, = FAIE} fS2 with F =
2 (MyY)2.

Fig. 6(c) displays the FOM F of materials from the literature.
Polyurethane displays lower performances than Nylon. PVDF is most
suited polymer for these applications. The FOM values are enhanced
when polymers are loaded with conductive particles. PVDF loaded
with carbon nanotubes has a higher figure of merit than pure PVDF.
PDMS-carbon black particles composite [100] exhibit the highest figure
of merit (F = 7 1078, Mg; = 8.46 107> m? V~2). The excellent
properties of composites are due to two reasons [28,100]. First, com-
posite materials exhibit a large increase of dielectric permittivity in the
vicinity of the percolation threshold. Second, the structure of a network
of particles close to percolation can also be used to create intrinsic
electrostrictive properties. Indeed, when a material close to percolation
is strained, a local variation of filler concentration can be induced.
Consequently, a variation of dielectric permittivity is observed. To be
effective, this concentration variation must not be too important and
lead to the creation of a percolation path in the sample which would
make the latter an electrical conductor.

As explained previously, electrostrictive materials are materials that
must be subjected to a voltage to be active. If these materials are
conductive, ohmic losses occur. The loss magnitude is characterized by
a loss factor == e © where o is the net conductivity, and w the electric pul-
sation. It is to mention that the losses are not taken into consideration
in the calculation of FOM. In order to limit these losses, it is possible
to add a thin insulation layer to the surface of the composites. Pruvost
et al. [100,102] show that this allows to decrease the loss factor by
a factor of 10 while maintaining the electrostrictive properties of the
material.

3.3. Energy harvested by electrostrictive systems

Electrostrictive materials used in variable capacitors can target ap-
plications ranging from small to very large scales, which is not the case
for piezoelectric materials. We recall that the frequency at resonance
varies as 1/ (\/ﬁ) where m is the mass of the system. Small frequencies
are therefore accessible to large devices.

In this context, applications to wave energy recovery have been
proposed. Bosch Company [103] makes a demonstrator model to con-
vert wave energy into electricity with a disruptive design. A float is
positioned on the surface of the ocean and is firmly anchored at the
bottom of the ocean. The two halves are connected with a thousand
sheets of dielectric polymers. Every 3 to 10 s, these sheets are deformed
by the movement of the waves and allow current to be generated.
Moretti [104] et al. demonstrated the ability of a dielectric elastomer to
convert the oscillating energy carried by water waves into electricity.
They build a harvester prototype using a commercial polyacrylate
film as electrostrictive polymer. In resonant conditions, their system
demonstrates a delivery power per unit mass of 197 W kg~!

At microscale, electrostrictive polymers can be used as an elec-
troactive composite based on reduced graphite oxide sheets in a PDMS
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Fig. 6. Illustration of two possible applications of an electrostrictive porous carbon black composite : energy harvestor or capacitive sensor (a) Electron microscope picture of a
cross-cut of a porous carbon black composite. (b) Energy harvestor: Harvested power of the composites with 8 CB wt% (green) and 10 CB wt% (pink) with insulating layer as a
function of the load resistance. Squares are experimental data and lines are theoretical predictions using equation. The strain frequency is 100 Hz and the applied voltage over the
composite Vdc = 32 V. (c¢) Energy harvestor: Comparison of the electromechanical performances at 100 Hz using the figure of merit (FoM) proposed by Guyomar et al. [97-99]
Thick lines have the same FoM. Black spots refer to materials from the literature [97-99]. Figures and captions reproduced from [100] with permission from Institute of Physics
Publishing Ltd., copyright 2018. (d) Capacitive sensor: Sensitivity measurements S after 100 cycles for three different pressure ranges (10 wt % CB). (e) Arterial signals measured
with the sensor. Figures and captions reproduced from [100,101] with permission from Springer Nature, copyright 2019.

matrix. Applying a sinusoidal acceleration (0.5 g, 15 Hz), Nesser
et al. [105] succeed in harvesting a power density of 6 pW cm™2 under
a static electrical field of 0.4 V pm~!. Cottinet et al. [99] measured a
280 pW cm~3 power density using a P(VDF-TrFE-CFE) polymer for a
transverse strain of 0.2% with a static electric field of 10 V ym~! at
100 Hz.

In the two previous studies, the ohmic losses are not evaluated.
These are probably very low in the case of polymers but can be very
important in the case of composites including conductive particles. In
order to limit the electrical conduction of systems that have structures
close to percolation, Pruvost et al. [100,102] used PDMS foams. During
the synthesis the conductive particles are localized in the drops of
an inverse emulsion of PDMS. After drying and cross-linking of the
continuous medium and for moderate water fractions, the particles
are trapped in the unconnected bubbles. This structure prevents the
creation of connected paths. By introducing these foams in a cantilever
structure and by using an thin insulating layer, they measure a 1
pW em=2 (75 pW cm~3) under a voltage of 200 V (thickness of the
layer 125 ym i.e E = 1.6 V um~1) and an acceleration of 7 g. For this
material the losses correspond to 1% of the harvested power.

From the data reported by Pruvost et al. [102], the conversion rate
of the injected mechanical power can be calculated. In this device, the
variation of the capacitance comes not only from the electrostrictive
properties of the material but also from the creation of a very low
capacitance when the electrodes of the capacitor are detached and
separated by the vacuum. The energy supplied to the system is the
kinetic energy of the upper part, and can be calculated from the mass
of the upper electrode (m = 3 g) the relative displacement speed of
the two electrodes (v = e x f = 1 x 1073x40 = 0.04 m s~') where f
is the oscillation frequency and e the size of the air gap. The kinetic
power is equal to 96 pW and the recovered power 7.5 pW leading to a
conversion factor of 8%. This is lower than the performances reported
by Lallart et al. who measured a conversion factor of 34% for P(VDF-
TrFE-CTFE) composite with bis (2-ethylhexyl) phtalate [95]. In this
situation, an electrical power density of 4.31 mW cm~3 was achieved
for the modified terpolymer working at a DC bias electric field of 30 MV
m~1.

3.4. Sensors powered by electrostrictive materials

As presented above, there are three ways to power sensors using the
energy around us: autonomous sensors, sensors powered by a nano-
generator with storage system, sensors powered by a nanogenerator
without a storage system. In the following paragraph we discuss these
applications.

3.4.1. Electrostrictive autonomous sensors

Electrostrictive materials have been widely used to fabricate capac-
itive sensors, whose working principle is mainly based on the variation
of capacitance. They are usually composed of two stretchable electrodes
between which is placed an elastomer dielectric film to form a well-
known parallel plate capacitor. Such sensors allow in particular the
local measurement of pressure or temperature and are excessively low
energy consumers compared with resistive sensors.

The sensitivity to pressure SP is given by P = prialis 7N where
C, is the initial capacitance, AC the variation of the capacitance, ¢ the
shear stress, ¢ the strain, and Y the young modulus. So to get a high
sensitivity, low young modulus are required. Dielectric polymers with a
low young modulus as PDMS are traditionally used. In this context, the
capacitive sensitivity of a pyramid-structured PDMS film was investi-
gated by Bao [106]. A sensitivity of 0.55 kPa~! was reported compared
to 0.02 kPa™! for an unstructurated film (see Fig. 7). Structured PDMS
has a high permittivity variation. Indeed, the air pockets are gradually
and reversibly replaced by polymer during the deformation process.
This leads to a variation of the dielectric constant by a factor of 2 or 3.

To increase the sensitivity of such devices without using additional
energy, Pruvost et al. [100,101] have proposed to use PDMS foams
whose bubbles are lined with conductive particles. Due to the elastic
behavior of the foam pores, a sensitivity ten times higher than pre-
viously reported is measured. The sensitivity exceeds 35 kPa~! for a
pressure lower than 0.2 kPa (see Fig. 6(d) and (e)). These materials
are inexpensive, easy to prepare, and have high capacitance values
that are easy to measure using inexpensive electronic devices. These
materials are part of the development of electronic skin systems [107].
Liu et al. [108] used an electrostrictive polymer to detect compres-
sive force. This sensor consists of a series of elements made of DE
membrane with out-of-plane deformation. Each element experiences

AC _

AC
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Fig. 7. (a) SEM images of the microstructured PDMS films. The pressure-sensitive
structured PDMS films can be molded at full-wafer scale (100 mm) with high uniformity
and fidelity on a variety of flexible, plastic substrates. (b) The microstructured PDMS
films are able to sense the application of very small pressures. Shown is the capacitance
change on placing and removing a bluebottle fly (20 mg) on an area of 64 mm2,
corresponding to a pressure of only 3 Pa [106]. Figures and caption from [106] with
permission from Springer Nature, copyright 2010. (c) Electrostrictive pressure sensor
attached on the liner of a knee prosthesis for an experimental evaluation [111]. (d)
Control interface with electrostrictive pressure sensors integrated into an automotive
steering wheel [112]. Figures and caption from [111,112] with permission from Society
of Photo-Optical Instrumentation Engineers (SPIE), copyright 2016 and copyright 2017.

highly inhomogeneous large deformation to obtain high sensitivity. The
sensitivities of the sensor element are about 105 pF N-!. Capacitive
sensors [109] are designed to monitor the pressure exerted on a chair
by a person, the pressure distribution on a shoe, and the pressure
exerted by a knee prosthesis on an amputee who could be seriously
affected by an arising decubitus [110,111].

These sensors can also be used for human machine interfaces. It is
possible to synchronize the current intensity with the pressure intensity
received in the sensor, so as to modulate the LED lighting [112].
This kind of device can be integrated into a car steering wheel for
the purpose of illumination or temperature control [112] (see Fig. 7).
Unlike conventional robots [113], soft robots can operate freely in
our environment because they cause less damage in case of impact.
Dielectric soft sensors are the sensors of choice that can be integrated
into soft robots. They can measure pressure but also deformation and
shear. The challenge is to use many sensors in parallel.

3.5. Sensors powered by a nanogenerator without storage system

Hyper Drive Corp has created a small electric power generator
utilizing an electrostrictive polymer, which has a mass of around 1 g
and a diameter of 8 cm . When the device central part is pushed by 4-
5 mm once every second, it generates roughly 0.12 W of power [114].
This amount of energy can power various LEDs, and through coupling
with a wireless system, it can turn remote devices on and off. The
generator only supplies electricity to the devices when it receives
mechanical energy, making it an effective switching system. Its uncom-
plicated design makes it simple to integrate into a wireless network.
Electrostrictive generators [115] attached to the soles of shoes can
produce electric power through deformation caused by walking. Adult
men, in experimental settings, were able to generate 0.8-1 W of power
by walking at a pace of one step per second.
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3.6. Summary and outlooks for electrostrictive materials

As shown in the previous paragraph, electrostrictive materials, par-
ticularly polymeric materials, have very important applications as au-
tonomous sensors. Unlike piezoelectric ceramics, electrostrictive poly-
mer materials are cheap and soft. They are therefore perfectly suited for
developing commercial sensor applications. The company StrechSense
established in 2015 developed a custom-made electrostrictive-material-
based pressure sensors and shear sensors [27]. In the case of medium
size devices the results obtained are better than the results of piezo-
electric materials. It seems to us that there are prospects in this axis,
especially in the recovery of energy from human movements. The
powers generated by these electrostatic devices are of one or two orders
of magnitude higher than the one obtained with piezoelectric materials.
0.8 W are reported for a shoe equipped with an electrostrictive polymer
generator [115] where as 5 mW are reported for a shoe equipped with
an piezoelectric ceramic generator [65].

4. Mechanical vibration energy harvesting using electrets for sen-
sor powering

4.1. Electrets

Electrets are dielectrics able to keep an electric field for years
thanks to charge trapping [116,117]. They are equivalent in electro-
statics to magnets in magnetostatics. Trapped “electric charge” can take
many forms. It may be excess charge on the surface or in the bulk
of the material, but it may also be polarizations in the bulk (fixed
aligned dipoles for polar dielectrics, or space charges for polar and
non-polar dielectrics), or a composition of both [118]. Electrets are
obtained by implanting electric charges into dielectrics. Theoretically,
dielectrics do not conduct electricity; therefore, the implanted charges
stay trapped inside. Electret research began in earnest when Mototaro
Eguchi [119] prepared one of the first electrets by cooling down a
molten mixture of Carnauba wax and resin with a little beeswax, while
applying an electric field of around 10 kV/cm to the mixture. Currently,
many techniques exist to manufacture electrets [120]: thermal charging
by heating up and cooling down in a constant electric field [119],
tribo-charging by contact or friction on metallic or dielectric objects,
corona-charging, electron or ion injections, liquid contact charging,
photo-charging and radiation charging. Tribolelectric contact is not
covered in this section. In view of the literature generated in recent
years on this subject and the advances made in this field, a special
section is devoted to triboelectric nanogenerators (TENG) and follows
this section [119].

Corana-charging is the most used technique. It consists of a point-
grid-plane structure whose point is subjected to a strong electric field:
this leads to the creation of a plasma, made of ions. These ions are
projected onto the surface of the sample to charge, and transfer their
charges to its surface. The key to all these steps is to find materials
that will keep the load they carry over time. Dielectrics are not perfect
insulators and implanted charges can move inside the material or can
be compensated by other charges or environmental conditions, and
finally disappear. A focal area of research on electrets concerns their
stability [121-123]. Nowadays, many materials are known as good
electrets, able to keep their charges for years: for example, PTFE (which
is one of the best insulating polymers with low conductivity of 10=22
Q71 em™!) and silicon dioxide (SiO,) whose stability is estimated at
more than 100 years [124,125]. As an electret, Teflon can contain
charge densities of 5.10~% C/m? [126].

The key issue in studying electret materials is to know how the
charge distribution in an electret influence the electric field around it.
The drop of electrical potential V¥, across the electret is linked to the
volume charge distribution p,(x) by V, = - 162 ‘ p,(x)dx where e, is
the thickness of the electret, ¢, the vacum permittivity, ¢, the relative
permittivity of the electret. To make a generator from an electret,
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Fig. 8. Electret-based converter with a simple load R.
Source: Figure reproduced from [127] with permission
from IOP Publishing, Ltd, copyright 2016.

it must be placed between two electrodes. By compensation, charges
will appear on the electrodes. Gauss’s theorem implies that the charge
carried by the electret is equal and of opposite sign to the sum of
those carried by the electrodes (Q,(r) + O,(*) + Q,) = 0 on Fig. 8).
The relative movement between the electret and the electrodes will
induce a permanent reorganization of the charges between the two
electrodes. An electric current will flow through the charge resistance
R connecting them (see Fig. 8). Its intensity is given by the Kirchhoff’s

law and writes: I(r) + 20 _ Ve where | @ = % and C,.(1)

RC,o(1) R
is the capacitance between the two electrodes. The average power P,
harvested by the resistor R (during a period of time T) is given by
P. = % /OT R(%)Zdt. The output power is exactly proportional to the

frequency f of the periodic displacement and to the electret’s surface
voltage squared (V2) [127,128].

4.2. Electrets nanogenerators

There are two typical devices for generating electricity from elec-
trets: rotating devices and conventional variable-capacity devices. From
a historical point of view, rotating devices were first introduced.

Jefimenko et al. [129] have developed a rotating electret generator
consisting of two electrets of different charge placed between two pairs
of conductive half-discs. Two electrodes are created by connecting each
half-disc of one pair to a half-disc of the other pair. In this generator,
charge transfer is due to the variation in charge displacement induced
on the two pairs of electrodes during rotation of the two oppositely
charged electret discs. Walker’s initial generator is a large one. Its
diameter is 152.4 mm. It produces a power of 0.025 W at a rotation
speed of 6000 rpm and a load resistance of 10 MQ. This generator has a
high internal impedance, which facilitates energy storage and provides
an important potential difference. An electret generator with a radius
of 45 mm was developed by Tada [130]. Maximum reported power
output from an electret generator was 1.02 mW. Tai et al. miniaturized
this set up [131]. Their prototype generates 25 pW with an electret of
radius 4 mm, thickness of 9 pm, effective charge density of —2.8-10* C
m~2 and rotational speed of 4170 rpm.

Currently, the most common and simple structure used is those of
a variable capacitor. In some devices, the electrodes are fixed and the
electret is moved between them. In other devices, the electret can be
attached to one electrode and move vertically or horizontally in relation
to another. By laterally moving an electret attached to one electrode
relative to another, Arakawa and al [132] obtain a power of 6 pW for
an oscillation of 1 mm amplitude at 10 Hz. The surface of the electret
is 9 cm?, the thickness of the electret is 20 um. The electret was made
by using a fluorocarbon polymer CYTOP.

By using a different type of sliding geometry (the two electrodes are
placed on the stator and the electret moves laterally in relation to it),
Lo and al [133] obtain a power of 17.98 uW at 50 Hz with an external
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load of 80 MQ. For low frequencies, the generator can harvest 7.7 pW
at 10 Hz and 8.23 pW at 20 Hz. The electret was made with a charged
parylene HTR thin-film polymer. The surface charge of the film after
corona charge implantation is as high as 3.69 C m~2. The size of the
device was 9 cm?.

An electret energy harvester was developed by J. Nakano, K. Ko-
mori, Y. Hattori, and Y. Suzuki [134] to capture the kinetic energy
generated by human motion. The electret layer in this device is com-
posed of a fluorinated polymer known as CYTOP EGG. The rotor
of the energy harvester features fan-shaped electret and guard elec-
trodes, while the stator has interdigital electrodes to collect the induced
charges. The rotor and stator are connected through a miniature ball
bearing, allowing free rotation around the center. The assumed pa-
rameters for the device include a rotational speed of 1 Hz, an outer
radius of the rotor measuring 20 mm, an innermost diameter of the
electrodes measuring 9 mm, an air gap of 100 um between the top and
bottom substrates, and a surface charge density of 1 mC m~2. The early
prototype achieved a power output of up to 3.6 pW at a rotation rate
of 1 revolution per second (rps).

Mahanty et al. developed [135] a flexible sponge-like nanogenerator
based on ZnO nanoparticles and etched porous electret poly (vinyli-
dene fluoride-hexafluoropropylene) (P(VDF-HFP)) film. This electret
possesses improved dielectric and ferroelectric properties than neat
P(VDF-HFP) film. The system has a significant remnant polarization
P,P = 1.9 uC ecm~2 (i.e., aligned dipoles). It does not require pooling or
Corana charging. The authors harvest a power density of 1.21 mW cm~2
and energy conversion efficiency of 0.3%.

The power densities recovered are of the order of 1 mW cm—2
i.e. 10 W m~2. As we shall see later, they are slightly higher than that
recovered by triboelectric materials.

Microelectromechanical systems (MEMS) is the most suitable tech-
nology to realize IoT-sensing nodes because it enables integrated fab-
rication of sensors-actuators, electronic circuits for information pro-
cessing and radio frequency communication, antennas, and energy
harvesters on a single chip or in a package [70].

Honma et al. [136] developed an electrostatic induction-type MEMS
energy harvesters. For this purpose they use silicon micromachined
comb-electrode oscillators. The fixed electrodes are covered by an elec-
tret. Their surface is coated with a negatively charged silicon oxide. The
charges are bound with the positive charge at the silicon oxide/silicon
interface at the rest position. When the movable electrode (which has
not been covered by a silicon oxide coating and which does not bear
negative charges) is inserted into the fixed ones, the electrical flux
between the negative and positive charges are rearranged in part, and
the released electrons flow out, thereby converting the mechanical
work into the electrical energy (Fig. 9(a) and (b)). A total of 900 pairs of
comb electrodes are integrated into a 30 mm X 20 mm chip (Fig. 9(c)).
The resonant frequency of the device was specifically designed at
125 Hz to capture environmental vibrations, which were identified as
the desired energy source through experimental characterization. When
the electret film was polarized to —200 V, the maximal achievable for
power for improved geometries was measured to be only 70 pW at an
acceleration of 0.05 g.

A new type of in-plane MEMS electret energy harvester has been
developed by Qianyan Fu and Yuji Suzuki [138]. This harvester utilizes
combined electrodes of overlapping-area-change and gap-closing types
to achieve significant power output under both low and high vibration
accelerations. The researchers have successfully fabricated an initial
prototype using the single layer silicon-on-insulator process. To ensure
uniform surface potential, soft-X-ray charging is utilized to establish
approximately 60 V on vertical electrets located on the sidewall of the
comb fingers. The harvester has demonstrated an output power of up
to 1.19 pW at a frequency of 552 Hz and an acceleration of 2.15 g,
resulting in an impressive effectiveness of 27.2%.

Lu et all [139] present the first instance of a fully flexible electret-
based e-KEH. The proposed electret utilizes PVDF-PTFD nanofibrous
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Fig. 9. (a) Detailed view of the electrostatic induction. The surface of the fixed
electrode is coated with a negatively charged silicon oxide. The charges are bound
with the positive charge at the silicon oxide/silicon interface at the rest position. (b)
When the movable electrode is inserted into the fixed ones, the electrical flux between
the negative and positive charges are rearranged in part, and the released electrons flow
out, thereby converting the mechanical work into the electrical energy. (c) Schematic
illustration of electrostatic induction type VDRG. High-density comb electrodes are used
to increase the areal mechano-electric coupling. A mass is attached on the movable
electrode to increase the mechanical quality factor.

Source: Figure and Captions reproduced from [137] with permission from National
Institute for Materials science in partnership with Taylor & Francis Group, copyright
2019.

material, covered with a layer of Parylene C. This arrangement offers
several advantages, including faster stabilization of surface potential
compared to a flat Parylene C thin film, as well as enhanced charge
storage stability. During a pressing operation with a maximum force
of 0.5 N and a 3-layers electret configuration, the device’s capacitance
increases significantly from 25 to 100 pF.

When operated with an optimal resistive load of 16 MQ and manu-
ally pressed, the device demonstrates impressive performance metrics.
It achieves a peak instantaneous power output of up to 45.6 pW and
an average energy output of 54 nJ per stroke. These values translate
to a peak instantaneous power density of 7.3 pW cm~2 and an average
energy density of 8.6 nJ cm~2 per stroke.

Over the span of 450 manual strokes, the prototype effectively
charges a 10 nF capacitor to 8.5 V using a full-wave diode bridge. In a
separate experiment involving a 1 pF capacitor, a pressing movement
frequency of 10 Hz driven by a vibrator with a maximum force of 0.5
N results in an energy delivery rate of 9.9 nJ per stroke.

4.3. Sensors powered by electrets

Stand-alone sensors were produced using electrets [140]. Zhu and
colleagues [141] have presented their findings on a flexible comb-
electrode triboelectric-electret coupling nanogenerator. This nanogen-
erator incorporates a separated friction microfiber object, enabling
self-powered tracking of position, motion direction, and acceleration,
as well as energy harvesting capabilities. The power generation occurs
through the coupling of electrostatic and triboelectric effects among the
separated triboelectric object, a polytetrafluoroethylene (PTFE) film,
and interdigital electrodes. Under an acceleration of 1 m s~2, the PTFE
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film charged with corona exhibited three times higher short-circuit
current (I,.) and six times higher open-circuit voltage (V,.) compared
to the uncharged PTFE film. This indicates a significant increase in
power generation. The device demonstrates promising potential as a
self-powered acceleration tracking sensor, thanks to the stable voltage
output during the friction process between the separated components
and the numerical relationship between I,, and increased accelerations.

Chen et al. [142] have developed a pressure sensor capable of
achieving both high sensitivity and a wide pressure range presented
in Fig. 10. To enhance sensing performance, they designed a hierar-
chical elastomer microstructure (HEM) consisting of two-stage conical
polydimethylsiloxane (PDMS) structures with heights of approximately
900 pm and 450 pm. These structures serve as supporting elements to
create a highly compressible and adjustable gap. This is crucial because
the natural air gap in flexible conformal sensors, without supporting
structures, is often small and challenging to control. Such limitations
can restrict the sensor’s pressure sensing range and sensitivity. The
PDMS structures in the HEM are covered with two ultrathin films.
The first film is a fluorinated ethylene propylene (FEP)/Ag film with a
thickness of around 12.5 pm, and the second film is an Ag/polyethylene
terephthalate (PET) film measuring approximately 8 pm. Before as-
sembling the device, the polymer side of the FEP/Ag film is treated
with negative corona charging to transform it into an electret. The
charge stability of the FEP electret initially decays rapidly within the
first ten days but then stabilizes at approximately —1.1 mC m~2. The
Highly Sensitive Pressure Sensor operates similarly to traditional self-
powered pressure sensors based on electrostatic nanogenerators. When
external pressure is applied, the deformation of the PDMS elastomer
causes electrons to flow from the bottom electrode to the top electrode
in a short-circuit state. Upon pressure release, the PDMS elastomer
rebounds, causing reverse charge flow. This cyclic compression and
release generate a potential difference between the electrodes, driving
charges to flow in an external circuit. The resulting hierarchical self-
powered pressure sensor (HSPS) exhibits impressive characteristics. It
achieves a high sensitivity of 7.989 V kPa~!, a wide working pressure
range of 0.1-60 kPa, a fast response time of 40 ms, and a high signal-
to-noise ratio of 38 dB. Additionally, the HSPS demonstrates excellent
stability, making it suitable for various applications, including pulse,
artery, heart condition, and blood pressure monitoring.

Electrets have gained significant attention in numerous biomedical
applications, including bone regeneration, wound healing, nerve regen-
eration, drug delivery, and wearable electronics, due to their excellent
performance, strong resilience, reliability, extended charging lifespan,
and capacity to deliver internal electrical stimulation. Yu et al. [143]
developed a novel electret-based bio-nanogenerator specifically for
electrically stimulated osteogenesis. The fabrication process involved
utilizing a two-component-dispersed coaxial electrospinning technique
to create porous aligning nanofibers. These nanofibers functioned as
a surface charge self-recovery electret mat, enabling energy conver-
sion. Upon implantation, the electret mat interacted with interstitial
fluid and the host’s stimulated objects, forming a host-coupling bio-
nanogenerator (HCBG). During movement of muscle groups, the HCBG
effectively harvested biomechanical energy and established an electri-
cal stimulation environment to trigger osteogenesis. The performance
of the HCBG was comprehensively evaluated both theoretically and
experimentally under various conditions. Remarkable enhancements in
osteogenic differentiation in vitro and successful bone repair in vivo
were observed. Furthermore, the study delved into the mechanism
of calcium ion-induced osteogenesis under electrical stimulation. This
research introduces the concept of host coupling for implantable self-
powered energy conversion systems and represents an exploratory step
towards the field of tissue regeneration therapy.
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Fig. 10. (a) Schematic structure of pressure sensor and the illustration of the pressure
sensor for real-time continuous cardiovascular monitoring. (b) SEM image of the hier-
archical structure. (c) The pressure sensor is capable of multifunctional cardiovascular
motoring (d) Radial arterial pulse waves of a 30 years old healthy female. Inset is
the enlarged view of each cycle. Figure and Captions reproduced from [142] with
permission from Elsevier, copyright 2020.

4.4. Conclusions and outlooks for electrets

Electrets have been extensively studied and proven to possess sev-
eral advantages, including permanent polarization, low cost, stable
performance, and good biocompatibility. Moreover, they have the abil-
ity to generate endogenous electrical stimulation when exposed to an
external electric field. However, there are key issues that need to be
addressed to further advance the development of electrets. Charging
electrets is an issue. Various charging methods, such as corona charg-
ing, soft X-ray irradiation, thermal charging, contact charging, and
electron beam injection, have been developed. It is first required to
simplify the charging method that hinder industrial-scale production.
Charge density is a crucial parameter for assessing the charge storage
capacity of electrets. Currently, most electret charges are stored on the
surface of dielectric materials and often lack sufficient charge density
to meet practical application requirements. To enhance charge density,
future development could focus on promoting charge generation inside
the dielectric material. This could be achieved through the fabrication
of solid porous electrets or hydrogel electrets with a network structure.
Last but not the least, long-term stability is a crucial factor for the
practical application of electrets. The charge stored in electret mate-
rials tends to decay over time, leading to a decrease in performance.
Therefore, it is important to develop strategies to improve the long-
term stability of electrets, such as exploring new dielectric materials
with enhanced charge retention properties or incorporating stabilizing
additives.

It is essential to address these challenges in order to drive the
further progress of electrets, unlocking their full potential in various
applications.

5. Mechanical vibration energy harvesting using triboelectric ma-
terials for sensor powering

5.1. Triboelectricity

Due to external mechanical energy, two different materials may be-
come electrically charged after being into contacts. This phenomenon,
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called tribo-electrification, may be used to produce electricity. During a
contact-separation phase, two materials, if connected by electrodes and
an electric circuit, will produce electric currents. This process relies on
two mechanisms: contact electrification and electrostatic induction.

5.1.1. Contact electrification

Although known since antiquity, the microscopic origin of tribo-
electrification is still under debate. The charge transfer might originate
from three different processes: electron transfer, ion transfer [144,145],
and material abrasion and deposition of charged debris [146] on both
sides of the material. As we will see in the following, the main picture
that is currently emerging links these phenomena mainly to electron
transport [147]. In the case of metal-metal contact, electrons are
transferred [148]. Before contact, the levels of the vacuum are aligned,
while after the contact, the Fermi levels are aligned. To reach this
equilibrium, electrons of the metal which has the highest Fermi level
(noted as A) will go to the metal which has the lowest Fermi level
(noted as B). Therefore, the interface on the side (A) is positively
charged, while the interface on the (B) side is negatively charged. At
the equilibrium, since the Fermi level are equal, a contact potential
is established as: Vo = ¢p — ¢4 where ¢pp = E,,. — Epp and ¢, =
E,. — Ep 4 with E,,. the vacuum energy, Er , and Ef p the Fermi
energy of metal A and B, respectively. After contact, a charge remains
trapped on the metals. This charge is equal to QO = CoV, where Co
is the capacitance of the contact at separation x, where tunneling
effect disappears. As x, is small, the potential at x, is roughly equal
to the contact potential V.. At first sight, O might depend on the rate
at which the metals are separated. This dependence is very low and
not significant for practical purposes. The time scale involved in the
decay of the charge is equal to = = RC where R is the resistance
of the contact and C its capacitance at distance x. For distances x
below x,, the characteristic time is very short as R is low and C varies
slowly as a function of the separation. The system goes very fast to
equilibrium and charges go back to metal A. For distances x higher than
x,, the tunneling resistance is infinite whereas C still varies slowly. The
characteristic time involved in the metal separation becomes shorter
than 7: charges are trapped and remains fixed beyond this point. This
picture has been validated experimentally. The trapped charge varies
linearly with the contact potential both measured by the traditional
Kelvin technique [148].

Concerning metal-ceramic tribo-electrification, experimental evi-
dences of electron transfers have been reported. The analysis of the
decay of the charge trapped in the materials after contact electrifica-
tion, [149] evidences electron thermionic emission on ceramic materi-
als such as SiO, or Al,0; [149] (see Fig. 11).

It is possible to account for the electrification of a ceramic-metal
contact by using an energy band diagram. The energy levels of a metal
are characterized by a Fermi energy. The energy levels of a dielec-
tric are characterized by its conduction band and its valence band.
To understand electronic transfer, it is necessary to consider specific
surface states that have an energy in the band gap. At the contact
with the metal, the valence and conduction bands of the dielectric are
deformed. If the edge of the valence band is below the Fermi level,
electrons of the metal will be able to populate surface states of the
dielectric, they leave the metal and make appear a positive charge
on it. This phenomenon is accompanied as before by the appearance
of a contact potential between the dielectric and the metal which is
responsible for the capture of charges. The energy band model explains
the electrification of metal-metal and metal-dielectric contacts, but
fails to describe the contact between two polymers, as there are no
quantified energy in polymers. To explain the case of polymer—polymer
contact, we suppose that an atom is a potential well in which the
outer-shell electrons are loosely bounded [150] (see Fig. 12).

Before the contact, the electron clouds have different energies E 4
and Ez. However, electrons cannot be transferred from one material
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Fig. 11. Surface state models for explaining the regulation of the potential barrier
height of materials during CE, depending on the work function or contact potential
difference of the contacted materials. Charge transfer between a dielectric (with initial
negative charges) and a metal when En of the former is (a) as high as, (b) higher
than, and (c) lower than Ef of the latter. Charge transfer between dielectric A (with
initial negative charges) and dielectric B when En of the former is (d) as high as, (e)
higher than, and (f) lower than that of the latter. EVAC, vacuum level; EC, conduction
band; EV, valence band; En, neutral level of surface states; W, potential barrier; @,
work function; and EF, Fermi level.

Source: Figure and Captions reproduced from [149] with permission from John Wiley
and Sons, copyright 2019.

to the other because of the potential wells and the value of the ex-
traction energy. However while in contact, the electron clouds overlap.
The extraction energies disappear, and the electrons transfer from the
material where the energy is the highest to the one where the energy
is the lowest. This transfer is strengthened by the mechanical energy
that presses the contact. After separation, the charges remains as static
charge on the material surface.

Although electrons are or can be clearly involved in the electrifica-
tion of metal-metal, metal-dielectric and that the previous model can
be generalized to polymer—polymer contacts [151], some electrification
between two polymer surface clearly seems to rely on the transfer of
ions or matter. Using Kelvin force microscopy, Baytekin and al. [146]
showed that after electrification between two polymers, each surface
bears nanoscale areas of different charges that they dubbed charge
mosaics. They argued that contact charging could involve heterolytic
bond breaking and that the creation of the charge mosaics comes from
the transfer of patches of charged material between contacting surfaces.
Everyday life surfaces do not exist in a world without humidity. It is
thus necessary to take into account the role of atmospheric humidity
and the presence of layers of water adsorbed on surfaces to understand
the mechanisms at play. In studies of polymers containing covalently
bonded and mobile ions, Diaz and coworkers [144,145] showed that
the maximum trapped charge was obtained at 30 percent relative hu-
midity. At high humidity, the presence of a large water layer increases
the surface conductivity and thus the departure of accumulated charges
to the bulk. In the absence of humidity, the lack of electrification
of the contact suggests that the charges transported are ions. The
presence of a water bridge and the high dielectric constant of water
indicate that during contact, the mobile ions are distributed evenly in
the water bridge. The charge separation takes place when the water
bridge breaks into two thin films. The counter-ions released by the
polymer with the most mobile counter-ions near the second surface
are trapped by the separation. Both surfaces achieve a charge. This
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Fig. 12. The overlapped electron-cloud model proposed for explaining CE and charge
transfer between two atoms for a general case. (al,bl) Interatomic interaction potential
between two atoms when the force between the two is attractive and repulsive,
respectively, by applying an external compressive force. Experiments found that
electron transfer occurs only when the two atoms are in the repulsive interaction, for
example, in the case when the two atoms have strong electron-cloud overlap. (a2,b2)
Schematic of the electron cloud and potential energy well model of two atoms belonging
to two materials A and B when they are separated and in close contact, respectively.
Electron transition from A atom to B atom is possible due to the lowered potential
barrier by the external force, resulting in the occurrence of CE. This is simply referred
to as Wang transition for CE.

Source: Figure and Captions reproduced from [150] with permission from John Wiley
and Sons, copyright 2020.

mechanism allows to understand what happens for neutral polymers
without mobile counter ions. Anions in general and the hydroxide ion
in particular tend to adsorb at the water/solid or water/air interfaces.
This leads to the appearance of a negative surface potential more or
less large depending on the absorption. When two different polymers
are brought into contact, a rapid equilibrium of the hydroxide ions
takes place, the polymer with the stronger affinity for the hydroxide
ions covering itself with a greater quantity ion. The rupture of the
liquid film leads, as in the previous case, to a surface separation. This
mechanism is corroborated by the correlation between surface charge
during electrification and zeta potential of the polymer [152].

To conclude, there is no single picture of contact electrification.
At least four mechanisms may be involved:the transfer of electrons
between metal-metal and metal-dielectric, the transfer of counter-ions
from ionic layers, the transfer of hydroxide ion and the breakage of co-
valent bonds. However, electron transfer seems to be the predominant
mechanism [153].

5.1.2. Electrostatic induction

The production of electricity in triboelectric materials originates in
an electrostatic induction phenomenon. In order to take into account
the charges created by the contact, Wang introduced in 2017 [147] an
additional polarization term P; in the definition of the displacement
vector D.

D=¢,E+P+P C))

The first term P is due to the existence of an external field and the
second P, to the existence of the charges that are independent of
the external electrical field and come from the contact electrification.
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In this framework, the displacement current density J writes J =

do—? = eoe,"d—? + %. By integrating J on the surface the displace-
ment current I, = % can be found. It writes [19,154,155]: I, =
dicg |, o
dH " o

Aoy == T, 0, where A is the contact surface, % the variation
of the con{act/;eparation between the two material (% depends upon
the nature of the mechanical solicitation i.e. sliding or compressing),
d, (respectively d,) the thickness of the material 1 (respectively 2),
€, (respectively ¢,) the dielectric constant of material 1 (respectively
2), ¢y the permittivity the vacuum, z the distance between the two
triboelectric materials. The dielectric constants ¢; and ¢, are intrinsic
properties of the materials, 6 depends upon many factors and notably

of the surface chemistry and structure.
5.2. Triboelectric materials

The triboelectric properties of materials are represented by their
triboelectric surface charge density (TEDC after undergoing a tribo-
electrification process (contact/separation or sliding) with a reference
material (mercury and contact/separation in [156]). A triboelectric
table is set up which classifies materials according to their TEDC versus
mercury.

Chemical-Resistant Viton Fluoroelastomer, Rubber Acetal, Flame-
retardant garolite, Garolite G-10 Clear cellulose display the highest neg-
ative TEDC close to —150 pC m~2. Delrin® Acetal Resin, Wood (marine-
grade plywood) Wear-resistant slippery garolite, Super-stretchable and
abrasion-resistant natural rubber, Oil-resistant buna-N rubber and
Food-grade oil-resistant buna-N/vinyl rubber display the lowest neg-
ative or even positive value comprised between —10 pC m~2 and +10
uC m~2. This table cannot quantitatively predict the charge that will
be recovered in a contact between two different materials. However, if
the contact mode is the same as the one used to establish the table, two
materials displaying highly different charges with mercury will give
rise to a high contact charge. On the contrary, two materials with close
TEDC values result in a low charge. Moreover, the amplitude of the
charge is qualitatively related to the relative positions of the materials

2
in the table [156]. Note that the term (d;—fo + m) / (M 4 oy z)

€ €] €

which represents electrostatic induction is roughly the same for all the
classical materials. Finally, apart from the material, the performance
of a triboelectric device depends on the ‘Z—’f term, which is dominated
by the mechanical structure of the device and by the loss from the
frictional force [157]. Working in non-contact mode or transforming
linear motion into rotational motion (due to lack of space) is one way to
improve the process. Many studies focused on modifying and increasing
the surface charge. A solution for surface charge increase is to enlarge
the effective surface during contact. Kim et al. [158] obtained a contact
charge of 788 uC m™2 by using a gold electrode covered with gold nan-
odots for effective surface increase. While increasing effective surface
by roughness, the second material must also be soft and flexible (elastic
materials or liquid metal) in order to cover the created roughness.

Cheng et al. coupled a triboelectric nanogenerator (TENG) in con-
tact mode with a variable capacitor [160]. They used the TENG and a
rectifier circuit to charge the capacitor. The latter subjected to vibra-
tions transmits an electric current. This technique allows to work with
important electric charges. Indeed, as there is no contact between the
two surfaces of the capacitor, it is more difficult to create an electric
field that leads to the ionization of the air. They obtained a maximum
effective charge density of 490 uC m—2.

Liu et al. [161] coupled a TENG in contact mode with a generator
and a fixed value capacitor. They achieve charge excitation through
applying voltage to the main TENG, and an alternating current is
produced by using a fixed value ceramic capacitor to store charges.
Charges as high as 1.25 mC m~2 can be achieved. Other strategy
concerns surface chemical modifications and insertion of charge trap
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layer (mixture of carbon nanotube and polymer for example in the
material bulk [162]).

An important strategy concerns the use of an intermediate storage
layer. Chun et al. reported [159] a TENG device composed of three
layers : a top layer made Aluminum/polydimethylsiloxane, a bottom
layer made of Aluminum and an inserted electric double layer made
of Aluminum coated by gold nanoparticles. They obtained a power
density of 480 W m~2 for a load resistance of 10 MQ. The device
of centimeter size (2 cm x 2 cm) was operated in contact/separation
mode at a frequency of 3 Hz under a force of 60 N and an amplitude
of displacement of 1.5 cm. The conversion rate of the injected energy
into recovered energy is equal to 0.224. The principle of the process is
given in Figs. 13 and 14. When a force is applied to the nanogenerator,
the porous film and the intermediate layer are brought into contact.
Positive charges appear on the surface of the intermediate layer and
negative charges on the porous film. When the force is continued to
be applied, the two layers come into contact with the ground and then
with the bottom layer. When the force is withdrawn, the three layers
separate simultaneously. The positive charges of the intermediate layer
induce the flow of electrons from the ground to the intermediate layer
and the negative charges of the porous film induce a movement of
electrons from the upper electrode to the lower electrode. After the first
cycle, the upper electrode is positively charged and the porous film is
negatively charged, while the lower electrode is negatively charged and
the intermediate layer is neutral (see Fig. 13). When an external force
is again applied to the nanogenerator, the displacement of the nega-
tively charged porous film electrostatically induces positive charges on
the middle layer surface, while negative charges are induced on the
opposite layer surface. When the force is further applied, the negative
charges on the middle layer induce positive charges on the bottom
layer, resulting in a flow of electrons through the external circuit. Then,
the middle layer contacts the ground point and the electrons flow to
ground, resulting in a current in the circuit connected to ground. When
the force is removed, the three layers separate simultaneously. The
electrons go from the ground to the central layer (see the 4 electrons
drawn in blue in Fig. 14 the red line). An important flow of electrons
is set up from the top electrode to the bottom one (see the 8 electrons
drawn in red on Fig. 14 the red line). Such working principle is different
from the charge generation mechanism of a conventional TENG. And
it accounts for a considerably higher electrical potential, ideally twice
higher, compared to a conventional TENG (see Fig. 14). Using this
same approach with a silver particle layer, a polystyrene layer and
a fluoropolymer layer, Kim et al. [163] produced a power equal to
818 mW m~2.

Xu et al. [164] used a structure with three layers to get high density
energy. A charge pump is devised to pump charges into the floating
layer. A charge pump is devised to pump charges into the floating layer
simultaneously. This device can achieve ultrahigh effective surface
charge density of 1.02 mC m~2.

5.3. Triboelectric nanogenerators (TENG)

The triboelectricity mechanism is successfully used to produce elec-
tricity through TriboelEctricity NanoGenerators (TENG).

5.3.1. TENG working principle and modes

There exists 4 basic working modes of TENGs (see Fig. 15): contact—
separation (CS) mode, single electrode (SE) mode, sliding (S) mode and
freestanding triboelectric-layer (FT) mode.

The CS mode uses a displacement perpendicular to the two materi-
als. When the two materials come into contact they become charged.
The CS mode involves a closed circuit. In a closed circuit (i.e. if the two
materials are connected by an electrical circuit), the negative charges
present in material A induce a displacement of electrons from the
electrode connected to A to the electrode connected to material B. This
flow of electrons stops when the electrode connected to B acquires a
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the contact surface between the two materials decreases, unbalanced
electrical charges appear within the two materials. To compensate for
these charges, a movement of electrons takes place from one electrode
to the other. A reverse movement takes place when the contact surface
between the two materials increases. The free standing mode (FT) is a
mode comparable to the (S) mode. It involves two materials in contact
and a displacement along the plane of the materials. However, as in the
SE mode, the two materials are not electrically connected. Instead, the
bottom material is cut in two and the electron current flows through

N. Wu et al.
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Fig. 13. Working mechanism for the generation of output voltage and current in the TENG under external force. First cycle.
Source: Figure reproduced from [159] with permission from Springer Nature, copyright 2016.
i) First contact iii) Electrostatic induction
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Fig. 14. Working mechanism for the generation of output voltage and current in the TENG under external force after the first cycle.
Source: Figure reproduced from [159] with permission from Springer Nature, copyright 2016.
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charge equal in absolute value and opposite to the charge carried by
the material B.

The single electrode (SE) mode is comparable to the (CS) mode
but operates in an open system. The two materials are not electrically
connected. When they separate, the material that is not connected
to the ground carries charges. The material that is connected to the
ground has charges and an electron flow is established between the
ground and the material. When the two materials come closer together,
a reverse flow is established. The sliding mode (S) involves a movement
parallel to the surface of the materials. The materials are in contact
and the electrodes covering them are electrically connected. When
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the electrodes covering the two identical materials at the bottom. Most
applications are not limited to a single mode but use these modes in a
coordinated way.

5.3.2. TENG performances

It is difficult to compare the performances reported in the different
works in the literature, since the excitation conditions are often very
different, especially in terms of applied force and frequency. A figure
of merit was calculated and developed by Zi et al. [165]. The figure of
merit FOM,, allows to compare the performances of TENGs taking into
account their environment. In sliding mode, it is defined by FOM,, =

2e0E, . . e .

%, where A is the triboelectrification area, x,,, the maximum
max

displacement. E, is given by E, = lQmax(VOCV,max + V) ) where

2
O,4x is the maximum short circuit transferred charge, Vpcy yax iS

the maximum absolute achievable voltage at 0 = 0 and V”’l . 18 the
maximum absolute achievable voltage at Q,,,,. This figure of merit is
unfortunately little used. To compare different results presented below,
we must therefore keep in mind that the experimental conditions,
especially the excitation conditions, are different.
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Fig. 16. (a) Schematic of a 16 x 16 TESM. Insets: Partially enlarged tilted view and cross-sectional view of the structural design of the top and bottom, respectively. (b) Scanning
electron microscopy (SEM) image of the etched PDMS surface microstructure. (c) Photograph of a fabricated 16 x 16 TESM with good flexibility (d) Schematic of the pressure

mapping process.

Source: Figures and Captions adapted from [166] with permission from John Wiley and Sons, copyright 2016.
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Fig. 17. (a) (b) The output voltage of C PANI TENG based nanosensor at room temperature in air and NH3 with various concentrations (from 500 ppm to 10,000 ppm), (c)
The relationship between the response of the C PANI TENG ((Vair-Vgas)/Vair) and the concentration of NH3. Inset is the response curve with NH3 concentration ranging from
500 ppm to 10,000 ppm. (d) Schematic illustrate and photograph of the designed PANI based TENG with an arch-shaped structure. Figures and captions adapted from [168] with

permission from Elsevier, copyright 2018.

By integrating a mechanical spring-based system in a TENG made
with a copper plate and a PTFE film as triboelectric layers, Wang
et al. [167] succeeded in obtaining an average power density of
2 mW m~2 under the experimental conditions of a frequency of 3.5 Hz,
under a force of 0.6 N, a displacement amplitude of 2 cm, for a load
resistance of 10 MQ. The conversion rate of the injected energy into
recovered energy is equal to 0.18.

Pruvost et al. [102] obtained an average power density of 2.25 mW
m~2 for a frequency of 40 Hz under a force of 0.012 N, an amplitude of
displacement of 0.5 mm for a load resistance of 10 MQ. The conversion
rate of the injected energy into recovered energy is equal to 0.10.
The experimental results reported in the above-mentioned works do
not take into account the electrical conversion. therefore, they do not
discuss the problem of impedance matching.
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As notice before, Chun at al. [159] obtained a power density of
480 W m~2 for a load resistance of 10 MQ using a TENG device
composed of three layers Using this same approach with a silver particle
layer, a polystyrene layer and a fluoropolymer layer, Kim et al. [163]
produced a power equal to 818 mW m~2.

Zhang et al. [171] obtained a power density of 307 W m2 je
30 mW cm2 for a load resistance of 5 MQ using a all-green de-
vice made of cellulose-based material and commercial cellophane as
tribological layers and graphite sheets as electrodes. To get these
performances, the device of centimeter size (5 cm X 5 cm) was operated
in contact/separation mode at a frequency of 5 Hz. A 98 W m~2 power
density was obtained on a 3 cm X 3 cm on a TENG connected to a
linear motor at a contact speed of 1 m s~1. The device shows similar
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Fig. 18. A weaving constructed self-powered pressure sensor (WCSPS) for self-powered measurement of human Pulse Wave Velocity and Blood Pressure. (a) Schematic illustration of
the flexible weaving constructed self-powered pressure sensor. (b) A SEM image of plasma-etched PTFE nanowires. The scale bar is 2 pm. (c) A photograph showing an as-fabricated
WCSPS, which is flexible, lightweight, and can be easily wrapped onto a curved surface. The scale bar is 5 mm. (d) Schematic diagram of the cross-sectional view of a single unit
of the WCSPS. The right side illustrates the two conditions that when the device is in its original state (h1) and when the external pressure was applied (h2). (e) An illustration
showing the electrical signal generation process of the WCSPS [169] (f) The real-time health monitoring of middle-aged and aged people.

Source: Figures and captions adapted from [169] with permission from John Wiley and Sons, copyright 2018.
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Fig. 19. (a) The structure of the D-TENG and the U-TENG. (b) Work mechanism of the D-TENG. (c) Work mechanism of the U-TENG. (d) Open-circuit voltage comparison of the
D-TENG and the U-TENG. (e) Transfer charge quantity comparison of the D-TENG and the U-TENG (f) Flow chart diagram of applications of U-TENG as blue energy harvester.

Figure reproduced from [170] with permission from Elsevier, copyright 2019.

performances than fluoropolymer based TENGs [172] (power density
6 W m~2 for a load resistance of 1 MQ with an output current of 1.5 mA
under 6 N of pushing force at 5 Hz). This device is not sensitive to
humidity.

An important problem is hindered in the reported powers above. It
is complex to recover these powers in output circuits. The capacitance
of a TENG is of the order of 100 pF. Such characteristics result in a
low energy transfer efficiency, both for battery charging and electronic
device powering. It is to notice that electronic devices generally have a
much lower impedance (100 of pF). To recover energy, a simple recti-
fier circuit with diodes is not enough. In order to transfer a maximum
amount of energy, it is important to insert an electronic stage between
the battery or the supercapacitors that allows to adapt the impedance.
This can be achieved by using N capacitors in series on charge and in
parallel on discharge (basic switched capacitor convertor) or a fractal
design based switched-capacitor-convertor (FSCC) [173]. In the last
situation, a energy transfer of 94% with an impedance reduction of
750 has been demonstrated. The use of an original system with two
stages has also been proposed by Wang et al. [174]. In the first stage the
energy is transferred to a low capacitance capacitor with a conversion
ratio of 0.75% through a rectifier circuit. Then, the low capacity
capacitor is connected, thanks to two automatic electronic switches, to
a coupled inductance circuit that allows impedance matching [175].
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5.4. Sensors powered by triboelectricity

TENG technology can be used for both power supply and sensing
in IoT applications [176]. There are already many insightful reviews
with numerous examples [47,177-180]. Our goal here is not to be
exhaustive but to show some examples of applications. It is to be noted
that the literature on this activity is much more important than on the
piezoelectric or electrostrictive themes.

5.4.1. TENG as sensor in IoT applications

Various autonomous physical signal sensors have been designed
using the principle of triboelectricity [22]. As explained in the previous
paragraphs, pressure measuring presents wide applications in medical
monitoring, building monitoring, hand held control of connected ob-
jects, and sensory robotics. In this context, many triboelectricity based
pressure sensors have been developed.

Wang et al. [166] reported a self-powered touch pad with 36 x 20
pixels using a triboelectric generator (see Fig. 16). A PDMS film serves
as an electrofication layer that generates a triboelectric effect upon
contact with the silver nanoprinted electrodes. The system is durable
and presents excellent performance with a pressure sensitivity exceed-
ing 0.06 kPa~!. The response time is less than a few milli seconds. A
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stylus writing on the touch pad with a velocity of the order of 50 mm
s~1 can be easily detected. Cui et al. [168] reported a self-powered
NH; nanosensor based on TENG (see Fig. 17). PANI nanofibers are a
common NH; sensing material. The adsorption of NH; can transform C-
PANI nanofibers into N-Nani nanofibers. The triboelectric properties of
the two fibers are very different due to dissimilar electrical conductivity
properties. The authors constructed a conventional device by inserting
a PANI fiber film and a PVDF film into two electrodes. These signals
are obtained at a frequency of 3vHz under the action of a linear motor
that simulates the environment. The TENG is solicited in contact mode.
The C-PANI-TENG has a much higher output performance than the N-
PANI-TENG. The peak short-circuit current value and output voltage of
C-PANI-TENG reach 45.70 pA and 1186 V, respectively, which are one
hundred times higher than those of N-PANI-TENG (0.26 pA and 6.70
V). Tracking these measurements after calibration provides a measure
of gas concentration. The system is durable and shows no variation after
15,000 cycles. In the presence of NH;, the output voltage of the TENG
decreases rapidly to a relatively stable value within 40 s (response
time). If pure air is injected again, the voltage rises again within 250
s. The longer recovery time is due to a lower desorption rate of NH;
molecules on the PANI compared with its absorption rate. The sensor
works for NH; concentrations between 500 ppm and 10000 ppm.
TENGs present also wide applications as biomedical sensors. Numer-
ous research works have been performed in this direction in the last
decades. It is based on the energy harvesting of vital signals (heart
sounds, blood pressure, breathing) to analyze patient’s health state or to
its reactions to an aggressive environment. These devices are designed
to be worn directly on the skin or integrated into textiles. In the same
spirit CO, sensors have been developed [153,181]. Cardiology is one
of the most popular applications for TENG biomedical sensor which
can measure heart pulse or monitor arterial pressure. In 2015, Yang
et al. [182] developed a sensor made by a TENG, encompassing a
polytetrafluoroethylene (PTFE) membrane layer and a nylon layer as
the triboelectric pairs. The nylon layer was covered by an indium tin
oxide (ITO) electrode. Yang et al. utilized this sensor to monitor human
arterial pulse waves in real-time at the carotid, wrist, and chest. The
device has a low detection limit of 2.5 Pa and a high sensitivity 51 mV
Pa~l. Bai et al. [183] placed a fluorinated ethylene propylene mem-
brane and a latex membrane where between two copper electrodes to
build a TENG. This very simple device was used to monitor respirations
and heart beat for security surveillance.

Others TENGs have been developed to monitor the shape of the
heart wave and not simply the rate of the heart wave. It is not a
easy task to measure blood pressures, which remains one of the most
important vital signals for disease evolution monitoring and patient
condition tracking. To achieve this goal, Meng et al. [169] designed a
pressure sensor based on a TENG realized in simple contact mode (see
Fig. 18). Plasma etched polytetrafluoroethylene(PTFE), polyethylene
terephthalate (PTE) and indium tin oxide (ITO) electrode serve as
triboelectric materials. At the constant frequency of 2 Hz, the pres-
sure sensitivity of 45.7 mV Pa~! is achieved in the lower-pressure
(<0.71 kPa) region. The authors measured the shape of the arterial
signal on two points of the body. They deduced from the temporal
shift of the signals an important parameter the pulse wave velocity
(PWV) which depends linearly on the arterial pressure. This calibration
requires the use of studies on patient cohorts. In a simpler way, it allows
to track the condition evolution of a given patient.

Yi et al. [184] produced a stretchable rubber based TENG made
of a layer of elastic rubber and a layer of Aluminum. The respiration
movements cause the stretching of the elastic rubber and provide a
change of triboelectric charge distribution and density on the rubber
surface relative to the Al surface. This leads to a change of triboelectric
charge distribution and a detectable alternating charge flow.
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5.4.2. Sensors powered by a TENG with a storage system

Liu et al. [170] developed a triboelectric system based on contact
between seawater and a triboelectric material. The authors constructed
a triboelectric device (coined D-TENG) from a thin PFE foil and an
aluminum electrode placed between two Kapton and PVC insulators.
On top of the device an aluminum U-shaped electrode is connected to
the aluminum plate. This device is coined U-TENG. In a conventional
device without aluminum on top (D-TENG), the sea water arrives on the
PET film which has a negative charge acquired during the first contacts
with the sea water. This charge is balanced by positive charges on the
aluminum. The seawater partly screens the negative charges of the PET.
Electrons come from the earth to compensate. At equilibrium, there are
more charges on the aluminum that are compensated by less persistent
charges not balanced by seawater. When the seawater withdraws, the
reverse process starts. If an aluminum electrode is placed above the
device, the electrons no longer come from the earth but from this
electrode. They maintain a strong negative charge on the high part of
the device and thus fill completely the positive charge on the aluminum
part. This device thus makes it possible to exacerbate the operation of
TENG (see Fig. 19). Open-circuit voltage increases from 73.1 V to 283.1
V, transfer charge quantity increases from 28.4 nC to 2.8 puC and short-
circuit current increases from 0.4 pA to 10.8 pA using this strategy.
Based on this system, the authors present a WIFI data transmission
system that is powered by the energy stored in the capacitors. This wire-
less signal transmission system is important for further seashore IoT
applications, inspectors can obtain information from distributed signal
transmitting station when they take an inspection tour of seashore area.

5.4.3. Sensors powered by a TENG without a storage system

Wang [174] first applied TENGs to human signal energy harvesting.
He developed a multilayer contact-mode TENG made of aluminum
and fluorinated ethylene propylene films. Integrated into the soles of
shoes, the walking of a human being can drive this TENG to generate
a charge of about 2.2 mC and an output voltage of about 700 V.
By using an impedance matching system, they manage to charge a
battery. The performances obtained are remarkable. (see Fig. 20). With
a light palm tap at 1.6 Hz as the only power source, this device
delivers 1.044 mW of direct current (7.34 W m~3). There is neither
battery in the system, nor storage system. The device can be used as a
standard infinite life power source to continuously power many conven-
tional electronic devices, such as thermometers, electrocardiographs,
pedometers, wearable watches, scientific calculators, and wireless radio
frequency communication systems. TENGs are particularly suited for
IoT applications.

Kim et al. [163] reported a TENG for a self-powered security IoT
system. The device includes a silver nanowire layer, a polystyrene layer,
and a fluoropolymer contact layer. The presence of the transparent
polystyrene layer acts as an intermediate charge storage layer and
increases the power density of the ST-TENG to 818 mW m~2. The
11 cm x 11 cm size system is included in a floor. The passage of a
passer-by allows to generate an electric signal strong enough to send
messages to a data acquisition board. Then, the data acquisition board
reads and converts the transmitted analog electric signal to a digital
signal by ADC conversion, and the board wirelessly sent the signal of
the invader to the smartphone. All this connection is done through
a simple AC-DC conversion bridge and capacitors without the use of
batteries. The power generated by this device is important enough to
avoid the use of complex energy transfer systems.

5.5. Conclusions and outlooks for TENG

The development of triboelectric nanogenerators has reached an
exponential increase since the beginning of the century. All currents
generated by a TENG type nanogenerator show alternating charac-
teristics, which require a rectification process before use. The power
densities obtained by the TENG reach an order of 0.1-1 mW cm? under
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Fig. 20. (a) System diagram of a TENG-based self-powered system. (b) Working mechanism of an attached-electrode contact-mode TENG. (c) Structure of the designed multilayer
TENG. (d) Photo of an as-fabricated TENG. (e) Short-circuit current output and (f) open-circuit voltage output of the as-fabricated TENG.
Source: Figure reproduced from [174] with permission from Springer Nature, copyright 2015.

moderate forces. Such performance is lower than that reported for
piezoelectric materials, which is around 1-10 mW cm? under the same
solicitations. However, triboelectric devices have many advantages.
There are almost unlimited candidates of materials due to the nature
of triboelectric effect [22]. It is possible to integrate materials of low
cost and of biosources. TENG devices are mechanically reliable. They
endure over thousands to millions of cyclic impacts without significant
failures of the structures or decay of the output performance [22]. The
challenges concerning TENG devices are the control of humidity and
the reduction in size of the devices. Existing devices are of medium
size due to limited power density.

6. Osmotic energy harvesting systems

There is an energy in nature whose resources are practically equal
to those of mechanical energy.: the energy of mixing or the osmotic
energy. The osmotic energy (also named as Blue energy) [185,186]
is an underestimated energy source which presents major advantages
both in its large energy potential and in its wide availability in all
scales. Osmotic energy harvesting harnesses the energy released during
the mixing procedure of solutions of different salinity [187] or of
different solute concentrations. The potential of blue energy can be
estimated by the theoretical calculations of Gibbs free energy AG,,,.
According to research works, a global power of 2.4-2.6 Terawatts
is estimated for blue energy potential, considering all the rivers and
effluents running to the sea [188]. This feature takes into account only
the mixing of solutions of different salinity.

As illustrated in Fig. 21, three major osmotic energy harvesting tech-
nologies, including pressure retarded osmosis (PRO), reverse electro-
dialysis (RED) and Capmixing, can be used to harvest osmotic energy.
Briefly speaking, PRO is a semi-permeable membrane based technol-
ogy where water flux driven by osmotic effect results in the volume
increase of the pressurized concentrated solution chamber. The me-
chanical energy is then used to propel the turbine systems for electricity
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Fig. 21. Schematic representation of a salinity gradient power generation facility.
Source: Figure reproduced from [189] with permission from American Chemical
Society, copyright 2016.

generation [190,191]. Similarly, RED is also a membrane-based tech-
nology. Ion-exchange membranes (IEMs) are used to create an ionic
flux under osmotic effect, which is then converted into electric cur-
rent by redox reactions at electrodes [192,193]. Capmixing systems
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designs a precise and engineered cycle to use double layer expansion
on capacitive electrodes for osmotic energy harvesting [194]. Apart
from large volume mixing of river and sea water at natural estuaries,
which is limited by the salt solubility in the water (about 350 g/L), it
is also possible to exploit systems with pH gradient. As reported by
Kim et al. the mineralizing of CO, gas in industrial alkaline wastes
(NaHCO; solutions) could effectively modify the pH in solution [195].
It is thus possible to establish a pH ratio across two compartments
of CO, and air-parged alkaline solutions separated by a non-selective
membrane. The use of MnO, electrodes in the system could efficiently
develop a pH-gradient dependent potential difference. This is realized
due to a reversible redox reaction through intercalation/deintercalation
or adsorption/desorption of protons. It is reported that a power density
of 0.82 W m~2 is achieved in such system [195].

Osmotic energy exists widely in other forms at much smaller scale
range. An example could be the biological salinity gradients of physio-
logical fluids established across cell membranes or organs. Accordingly,
we can also imagine miniaturized osmotic energy harvesting systems in
small-scale applications including analytical sensor devices [196], ionic
circuits [197] and biomedical applications [198,199]. In this review,
we mainly focus on miniaturized blue energy harvesting systems. Con-
sidering the complex accessory equipment (pump and turbine systems
for PRO systems and hydraulic circuits for flow sweeping in Capmixing
systems), RED systems remain the easiest method for miniaturized sys-
tem powering. Thus we will restrict our discussions on RED systems. In
the following sections, we will firstly begin with a detailed description
of RED working principle and its current performances. This will be
followed by a summary of miniaturized RED applications, along with
the developing trend in the field.

6.1. How to generate electric power from osmosis

Blue energy recovery devices use selective membranes. We will first
recall the operating principles of these membranes.

6.1.1. Membrane potential and selectivity

Ion exchange membranes (IEMs) possess fixed charges and are gen-
erally classified into 3 categories: cation exchange membranes (CEMs),
anion exchange membranes (AEMs) and bipolar membranes [200].
Negatively charged chemical groups of strong or weak acids, includ-
ing sulphonate (803‘), phosphorate (PO;), carboxyl groups (COO™),
are used in CEMs. AEMs, on the contrary, possess positively charged
groups, such as ammonium (—NR;'), primary amine (-NH,), and etc. In
addition to CEMs and AEMs, bipolar membranes possess both positive
and negative chemical groups and are widely applied in water splitting
procedures [201].

When an IEM is placed in middle of two solutions chambers of
different concentrations (c,,, ; and c,, g) as illustrated in Fig. 22, an
electrical potential difference ¢,, for a chemical species i is established.
In order to explain ion transportation, here we define the electrochem-
ical potential 4; (J/mol) as the combination of chemical potential term
u; (J/mol) and electrical potential term ¢ (V).

i =u+z;Fp= ,u? + RTIn(y;c;) + z; Fp 5)

where z; is the ion valence, F the Faraday constant, R the gas con-
stant, T temperature, y; activity coefficient of species i, and ¢; the ion
concentration. According to Donnan equilibrium, the electrochemical
potential at the solution-membrane interface is identical [202]. Thus it
is possible to establish the equation below:

10+ RTIn(y; y¢; ) + 2, Fy = p0 + RTIn(y, e, ) + 2, F by, 6)

where subfix s and m represents the physical parameters in solution and
in membrane, respectively. This leads to,
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Fig. 22. Schematic representation of concentration ¢, and potential ¢, profile in the
bulk solutions, the stagnant diffusion layers (SDLs), and in an ion exchange membrane
(IEM) in open-circuit conditions.

This potential difference A¢,, is known as Donnan potential. According
to Eq. (7), we have:

z;F

. L —A
Cim & € sexp( RT ép) (8)

According to the definition of Donnan potential established above,
we can deduce A¢p > 0 for CEMs and A¢;, < O for AEMs. As co-
ions and counter-ions have opposite charge valences, the exponential
part is correspondingly greater than 1 for counter-ions and less than
1 for co-ions [203]. This simple calculation explains the important
concentration difference of co-ions and counter-ions in IEMs under
Donnan exclusion effect. When IEM is placed between two chambers (1
and 2) of different salinities, two Donnan potentials appear separately
at the both solution-membrane interfaces. The concentration difference
established across the IEM could also result in a diffusion potential
®4ir - This occurs due to the differences in ionic mobility in the IEM,
which leads to a charge separation phenomenon [204,205]. Similarly,
stagnant diffusion layers (SDL) could establish on either side of the
membrane, which leads to diffusion electrical potentials [206,207].
Such phenomenon (concentration polarization effect) derives from the
limitations of ion transportation at solution-membrane interfaces, and
leads to an important effective potential drop [208-211]. Combining
these above-mentioned terms will lead to the membrane potential
difference ¢,,, as illustrated in Fig. 22.

)

In the case of a rigorously selective membrane, zero co-ion flows
present in membrane phase. Due to the electroneutrality condition,
the diffusion potentials vanishes. Thus, the membrane potential is
simplified as:

_RT
T zF

G =Abp 1 —APpo + Daifpm + Pairf1 + Pairra

In(L2502
Yi,16i1
However, in real applications, membranes are never perfect. Dlu-

golecki et al. suggested a simple method for apparent selectivity mea-
surement [212]. The experimental setup consists of a membrane placed
in the middle of a saltwater chamber and a freshwater chamber with
fixed concentration. The overall electrical potential established across
the membrane E,,, can thus be measured at steady state. Then the
perm-selectivity of the counter-ion is defined as

Eexp
a ®, a1
It is to notice that an ideal selectivity is obtained when « is of unit
value. In the case where selectivity is zero, the membrane is completely
non-selective. The selectivity of membranes come from their morphol-
ogy. The morphology of [IEM membranes is quite complex. For example,

the structure of Nafion membranes encompasses a connected network

Lo (10)
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of hydrophilic clusters in a hydrophobic and semi-crystalline perfluo-
rocarbon phase [213]. The structural nature of the ionic domains, such
as the size, shape, and spatial distributions of the clusters is still under
debate. The size of the channels in the connected network is assumed to
be less than 0.5 nm. These channels are covered with surface charges
coming from the sulphate group SO; in the Nafion situation. Due to
the charge neutrality, counterions are attracted by the surface charges,
leading to the formation of Electric Double Layer (EDL) composed of
Stern layer and Gouy-Chapman layer [214,215]. The thickness of EDL
is characterized by the Debye length, which indicates the spatial range
of unscreened ionic charges under electrostatic effect [216]. Typically
for water at room temperature, the Debye length is estimated at 0.3 nm
for a salt concentration of a 1 M [217]. Considering that the pore size
in IEMs is comparable to Debye length, the surface charge thus governs
the transportation of ions in this case. In fact, the permselectivity could
be intuitively explained from an electrostatic point of view : counter-
ions are attracted by the fixed charges in membranes while co-ions are
electrically repulsed The selectivity decrease is generally related to the
existence of co-ion flux and water flux across the membrane [218]. A
highly selective membrane is therefore a membrane with very small
pore holes. The use of membranes in osmotic energy recovery devices
requires the use of membranes that allow a large number of ions to
pass through them, thus very permeable membranes. There is therefore
a trade off to be found between permeability and selectivity.

This problem seemed to be solved for a while by the introduction
of highly charged large hole membranes. Studies on single nanopores
of a few tens of microns seemed to imply that gigantic powers could
be obtained by using this type of membrane [219]. It is reported
that a power density of 4 kW/m? is achieved with such nanofluidic
system [219]. Gao et al. [220] showed that this way was a dead
end. Collective effects prevent the scaling up of this process. When
cations (or anions) are brought in excessively from one side of the
membrane, there is a diffusion movement of the anions to cancel the
electric charge. This creates a heterogeneous concentration distribution
in the system called polarization concentration. This has the effect of
decreasing the concentration difference on both sides of the membrane
and therefore of strongly decreasing the membrane potential. When a
single nanotube is considered the ions can diffuse from an infinite 3D
space. When several nanotubes are close to each other, the polarization
zones interact and the phenomenon is very important. This explains the
failure of the scaling.

6.1.2. Working principle of RED

RED devices take advantage of the potential difference that appears
on an ion exchange membrane when it separates two saline solutions
of different concentrations. A series of pairs of cationic and anionic
exchange membranes are placed in salt gradients. Under the effect
of the saline gradient and the apparition of the potential difference,
the ions migrate from the most concentrated solutions to the most
diluted solutions. With the membranes being selective, an ionic flux is
established. This is converted into an electronic flux at the electrodes
by Faradaic reactions. The maximal gross power density produced
under Faradaic conversion (i.e., the power density neglecting the vis-
cous losses 2due to pumping and the process efficiency) is given by
P = 4SE]’€“€“, where E, ., is the open-circuit voltage, R, is the
inner resistance of the cell and S is the surface of the membrane. E,.,
is the sum of the membranes potentials and of the electrodes drop
potentials. The larger the membrane surface there is in a device, the
higher power is generated. R, refers to the resistance of the cell and
can be divided into two primary components. The first component,
known as the ohmic component, pertains to the conductivity of the
cell’s components (such as the membrane, solutions, spacers, etc.). The
second component, known as the non-ohmic component, is influenced
by changes in concentration inside the cell. This non-ohmic component
is caused by the polarization effect that occurs near membranes and by
variations in salt concentration along the water channel [15].
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6.1.3. Power produced using RED

Pattle et al. [221] used over 45 membranes in their RED system,
but only achieved a mild power density of 0.2 W m~2 due to the
low efficiency of their stack. As a result, numerous studies have been
conducted to increase the output power density of RED systems. Dhu-
gotecki et al. [212] investigated the performance of various membranes
commonly used in RED and predicted that a power density of 6 W m~2
could be achieved using commercial IEMs. Turek et al. [222] achieved
a power density of 0.84 W per square meter of membrane with a high
salinity gradient (approximately 200), while Veerman et al. obtained a
power density of 0.9 W m~2 with a salinity difference of 30 g L-! and
1 g L1 of NaCl for the concentrated and diluted solutions, respectively.
However, the high cell resistance of RED systems hinders their electrical
performance [223]. Vermaas et al. [224] reported that decreasing the
spacer thickness from 485 pm to 100 pm can reduce the ohmic resistance
of the system by 4, and with this improvement, they achieved a gross
power density of 1.8 W m~2 using only 5 pairs of IEMs. Nonetheless,
thinner spacers were found to lead to a higher pressure loss. In this
study, they achieved a net power density of 1.2 W m~2, which remains
the highest documented experimental net power density to date.

Increasing the salt concentration and the temperature increases
these performances. Using a single membrane and capacitive elec-
trodes, Brahmi et al. [225] reports a net power density output of
2 W m~2 was reported, with a concentration ratio of 300 (0.017 M and
5.13 M). For a concentration ratio of 500 (salted water 5 M, fresh water
0.01 M), Daniilidis et al. [226] measure a gross power of 4 W m~2 at
25°C and 7 W m~2 at 60 °C. The powers that we have just reported are
powers of the order of 1 W m~2 ie 100 pW cm~2. They are therefore
compatible with IoT type applications. We will see in the next frame ap-
plications along this line. Unlike the previous principles, the RED does
not draw its energy from a mechanical signal. The current produced
does not therefore allow the analysis of a pressure signal or the analysis
of a vibration or a shock. It is therefore not possible to build pressure
sensors or deformation sensors from reverse electrodialysis devices. The
only possible approach is to build energy producing devices that will
allow to power sensors. The plan of the review will therefore differ from
the previous paragraphs. We will simply focus on small-scale power
generating systems and their application to sensors.

6.2. Harvesting devices

6.2.1. Miniaturized RED systems

One of the major advantages of RED technologies is its potential
in both scaling up and miniaturization. Emerging researches focus on
the development of mini-RED stacks in order to power future wearable
devices, implantable sensors, bio-compatible and clinical implant sys-
tems, etc. To realize mini-RED devices, researchers can always find an
exquisite and highly efficient example from nature: the electric organ
of eels [227]. The electric organ is composed of long and thin cells
separated by ion gradients [228]. The adjustment of K* channels and
Nat channels could efficiently switch between rest stage (where zero
voltage is generated) and firing stage (where a voltage of 150 mV
appears across one single cell) [229], as illustrated in Fig. 23(a) and
(b).

Inspired by electrolyte in an electric eel which can generate po-
tentials of 600 V, Xu and Lavan proposed in 2008 the artificial cell
conception for biological ion concentration gradient harvesting [230].
Based on the model established for natural electrogenic cell, they pro-
posed methods for constructing artificial cells which have higher power
density output and energy conversion efficiency according to their
theoretical calculation. Also inspired by electric-eel organs, Schroeder
et al. realized an excellent design of scalable stacking of miniature poly-
acrylamide hydrogel compartments coupled with series of alternative
cation- and anion-selective hydrogel membranes [229]. Such design
consists of a mini-RED repeating module composed of concentrated
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Fig. 23. Morphology and mechanism of action of the eel’s electric organ and the artificial electric organ. (a), Electrophorus electricus. The top inset shows the arrangement of
electrocytes within the electric organs of Electrophorus electricus. The bottom inset shows ion fluxes in the firing state. (b), Mechanism of voltage generation in electrocytes. (c),
Artificial electric organ in its printed implementation. (d), Mechanism of voltage generation in the artificial electric organ.

Source: Figures and captions reproduced from [229] with permission from Springer Nature, copyright 2017.

salinity hydrogel, cation-selective gel membrane, diluted salinity hy-
drogel and anion-selective gel membrane (Fig. 23(c) and (d)). While
stacking these modules in series up to 2449 units, an open-circuit
potential of 110 V, along with a power density of 27 mW m~2 per
tetrameric gel cell is reported. The afore-mentioned work was followed
by a similar ionic hydrogel battery in a microfluidic version realized
by He et al. [231] They designed typical well arrays and microfluidic
channels to enable fast hydrogel assembly within several minutes.
This microfluidic design avoids the time-consuming step for hydrogel
assembling and provides a further insight for the wide application of
power supply for soft and wearable devices.

To fulfill the power supply demand of small scale devices, minia-
turized batteries are being extensively studied. In the work of Banan
Sadeghian et al. miniaturized RED systems with a diameter of 5 mm
are developed for energy generation [232]. Such system is coupled
with a microfiltration AEM and copper electrodes. To avoid the use
of pumping systems, the solution in the reservoir is not refreshed. This
miniaturized system is reported to obtain a maximum energy density
of 0.4 mJ cm~3 with an operation time of 3 h when connected with
a 2 kQ resistor. Considering the low energy efficiency estimated at
0.44%, system optimization is required to open up its application field.
Tsai et al. reported a circular microchamber system containing a home-
made Nafion microchannel with a typical surface of 23 x 500 pm?
and a channel length of 1-3 mm [233]. Ag/AgCl electrodes and KCIl
solutions of a concentration ratio of 2000:1 are used in the experiment,
resulting in a maximum power density of 755 mW m~2. Chang et al.
reported a pump-less paper-based RED system for power supply [234].
The unique design avoids the use of traditional pumping systems. In
fact, both concentrated solution and diluted solution are driven into the
paper-based system under capillary effect. Based on a specific channel
design, the injection flow rates are maintained at a constant level.
This unique design reduces the system cost and enables an practical
integrated power supply device. Despite the low power density (275
nW cm~2) reported in the work, such system presents a rather high
operating time (1 h), which presents potentials in powering disposable
and cost-less analytical devices.

22

Lin et al. developed a hydrogel-based RED system, comprising two
agarose hydrogel chambers with different potassium chloride concen-
trations and a cation-selective gellan gum membrane [237]. The RED
system is fully designed with bio-compatible materials and presents
a open-circuit voltage of 177 mV. In this work, the first TENG-RED
combined system is reported. An auxiliary TENG system based on
Chitonsan/glycerol and PTFE materials as tribo-layers is developed. The
TENG system serves as the charging component while connected with
a full-wave rectifier. A maximum charging voltage of RED system is
reported at 350 mV.

Informative signals are delivered by electrons in a traditional elec-
tronic circuit. However, in biologic systems, information transmission
is realized by ions and molecules. The concept of iontronics is po-
sitioned between these two systems, where only ions are used for
signal transmission in polyelectrolyte gels or electrolytes in aqueous
solutions [238]. Currently, various ionic components are extensively
studied to complete the iontronic toolbox [197,239,240]. The develop-
ment of iontronics aims to realize biocompatible information processors
to open up the possibility of biological communications directly with
living organs [240]. Hopefully, based on this neuron-like and biocom-
municable system, an aqueous computer could be developed in the
future.

One of the essential obstacles is to design stable and bio compati-
ble power supply systems. The integration of conventional electronic
power generators requires the use of electrodes, where faradaic re-
actions and interfacial resistances could hinder its practical use. In
this case, miniaturized electrodeless RED systems become an excellent
candidate to power ionic circuits. Han et al. firstly reported a RED-
driven complete iontronic circuit as a polyelectrolyte diode [235].
As illustrated in Fig. 24(a), a 25-IEM-packed RED system serves as
the power supply of an ionic diode composed of a pair of posi-
tively charged poly(diallyldimethylammonium chloride) (pDADMAC)
and negatively charged poly(2-acrylamido-2-methyl-1-propanesulfonic
acid) (pAMPSA) prepared on a microfluidic chip. A flexible and ion-
conducting tube is used for the connection between RED and chip.
Experimental results demonstrate the forward bias state and reverse
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Fig. 24. Miniaturized RED-integrated ionic devices, analytical sensors and biomedical applications. (a), Illustrative schematic of ionic circuit powered by RED. Voltage generated
from RED is applied to microfluidic polyelectrolyte diode directly via tubes filled with electrolyte. Figure and captions reproduced from [235] with permission from Springer
Nature, copyright 2017. (b), Schematic Design of the RED-Powered Biosensing System. Figure and captions reproduced from [196] with permission from American Chemical
Society, copyright 2018. (c), Schematic diagram of ssRED composition, its working principle and the activation process. Entry of water through inlets and dissolution of solid salts
in high concentration chambers activate the ssRED. Figure and captions reproduced from [236] with permission from Royal Society of Chemistry, copyright 2018. (d), Schematic
representation of the electrodeless RED patch attached on the mouse skin. Figure and captions reproduced from [198] with permission from John Wiley and Sons, copyright 2018.

bias state of the ionic diode powered by miniaturized RED system. The
combination of 2 ionic diodes enables the creation of a logic OR gate,
which is also experimentally demonstrated in the work.

Miniaturized RED systems could become an excellent candidate
for power supply of disposable bio-sensors and microfluidic analytical
devices. They possess the advantages of direct ionic flow creation, along
with an instant electrical potential difference establishment and IEM
stack based scaling up potential, which could be directly integrated into
analytical devices to provide electrical energy.

The electrochemiluminescence (ECL)-based bioanalysis platform is
a powerful analytical tool while combining with bipolar electrodes
(BPE). While faradaic reactions appear on bipolar electrodes under
external voltage, the ECL signals could provide information concerning
the quantitative analytes on BPE surface. As demonstrated in Fig. 24(b),
Baek et al. introduced the use of patch-type mini RED systems to power
such platform in an electrode-less and environment-friendly way [196].
The direct ionic flow creation by RED system could avoid the voltage
drop and faradaic reaction problems in conventional battery power
supply. An integrated analytical system for glucose detection, coupled
with RED stack powering system, was demonstrated in their work. The
work of Yeon et al. has further promoted the development of disposable
solid salt RED (ssRED) power source [236]. They designed a one-shot
water-activated RED source where two kinds of salts (Ag,SO,/BaCl,)
are used alternatively in high concentration chambers (Fig. 24(c)). The
activation step requires simply the addition of water into the chambers.
As CEMs and AEMs are used alternatively, ions in high concentration
chambers penetrated into diluted chambers become insoluble precipi-
tations (AgCl or BaSO,) through metathesis reactions. This ensures a
stable concentration ratio, thus a longer operation time of the system.
The integration of such system with above-explained BPE system and
Ionic diodes are well demonstrated in their work.

Miniaturized RED systems are also widely used in skin-wearable
biomedical devices. As presented in the work of Kwon et al. patch-
type RED stacks are designed to power active transdermal drug delivery
platforms [198]. The electrodeless design of RED patches present ex-
cellent advantages in biocompatibility and cost reduction. By adjusting
the inserted number of membrane stacks, a controllable voltage is
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applied on the drug delivery platform to pump ionic drugs to penetrate
the skin, as described in Fig. 24(d). Experimental results proved the
feasibility of such systems for in vitro drug delivery of 3 represen-
tative drugs. Such design could be generalized and integrated for
other portable biomedical devices. Pakkaner et al. reported a miniatur-
ized RED driven biopower cell designed for auto-powered implantable
medical devices [199]. The power supply is designed to harness the
concentration gradient in physiological fluids in renal artery and vein
for example. This fluidic device is designed with alternative CEMs and
AEMs with a concentration ratio of 7.2 g/L and 9.0 g/L and is kept at
37 °C in order to imitate in vivo conditions. The same group reported
an effective way for performance amelioration of the biopower cell: an
additional salt-cartridge for concentration ratio boost [241]. Polysul-
fone (PSf) hollow fiber membranes saturated with NaCl solutions are
prepared as salt cartridge. A diluted stream is divided into diluted sub-
stream, which is pumped directly into freshwater chambers, and a feed
acceptor stream, which passes through the salt cartridge for salinity
increase and serves as saltwater chamber reservoirs. A 3-fold increase
of OCV of the cell is reported for the salt-cartridge boosted biopower
system. It is to mention that although these two works present excellent
potentials for miniaturized systems for biomedical applications, the
feasibility of practical RED-driven implantable devices is yet to be
verified by in vivo experiments.

6.2.2. Perspectives for RED

Considering the high energy density and the commercial viability of
conventional batteries, it is possible to imagine miniaturized batteries
to power small-scaled devices [242]. The tiny batteries widely used
at the moment include zinc-air, zinc-silver oxide or lithium-manganese
dioxide cells [243]. However, they present major disadvantages due to
the necessary battery components of electrodes, electrical connectors
and electrolyte. They are difficult to miniaturize due to the limitations
of caustic KOH or lithium in batteries and the hazardous chemical
products which presents safety problems during integration.

On the contrary, RED systems present major advantages in their
small size, their electrode-related cost and redox reaction elimination,
and their improved biocompatibility. This enables the integration of
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Table 1
Comparison of the different nanotechnologies for energy harvesting.
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Technology Piezoelectricity Electrostriction

Electrets Triboelectricity Osmotic energy

Energy source Mechanical Mechanical

Mechanical Mechanical Osmotic

Advantages Mature technology, easy to scale Low cost, low weight, Low cost, stable Low cost, implantable Direct current,
down by using nanomaterials compatible with performance, device, bio-compatible bio-compatible
microfabrication permanent systems systems
polarization and good
biocompatibility
Limitations Rectification of the current Rectification of the Rectification of the Rectification of the Technology
required, pooling, toxic current required, need current required, current required, currently under
compound (Lead, Perfluorated pre-charge or biasing material have finite humidity, low output development,

polymers), ceramics are brittle,
need relatively large forces to
deform piezoelectric materials

voltage, large strain
required

lifetime due to slow
loss of charges

impedance, energy
difficult to store

currently high cost

RED systems in sensors, wearable analytical devices and biomedical
implants. Different from TENG systems where capacitive currents are
generated, RED systems provide a direct ionic flow, along with an open-
circuit voltage established across the membrane stack. The RED-driven
ionic flow could be used to power iontronic circuits which remain an
emerging hot topic today targeting the final goal of bio-communication
and processing. In addition, miniaturized pump-free RED systems could
also serve as energy storage systems due to the reversible procedures of
electrodialysis, where desalination occurs under electricity application,
and reverse electrodialysis where salt mixing is harnessed for electricity
generation. In this point of view, the combination of RED and TENG
system could be imagined as in the work of Lin et al. [237].

In fact, as it is always possible to adapt the number of IEM stacks to
reach the power output demand, what hinders the application of mini-
RED systems would be the operation lifespan. In the work of Yeon et al.
a loss of 10% of current efficiency is reported over several hours [236].
And in the case of a biosensor powered by a RED system, the operation
time is estimated to be 15 s [196]. It is thus important to develop
functional mini-RED with an elongated working time so that the device
could be integrated in implantable systems.

For miniaturized RED stacks, the cost mainly comes from the
CEM/AEM membrane stacks in the system. In order to power sensors
and ionic circuits, a typical mini-RED of 5-20 membrane stacks is used
in the literature, which corresponds to a membrane area of 10-40 cm?2.
The commercial membrane price is estimated to be around 1000 €
m~2 for the widely used commercial brand Nafion. This indicates that
the cost of a mini-RED would be around 1-4 €, which corresponds to
the typical price of a disposable 1.5 V lithium battery. Considering a
price reduction in the membrane research field, the price of a mini-RED
could possibly be reduced to less than 1€. In this case, we can imagine
economically viable and disposable mini-RED powered systems.

7. Summary and comparison between the different energy har-
vesting modes

In this work we have reviewed five modes of energy production to
power IoT sensors based on mechanical energy sources and osmotic
energy sources. These systems have their advantages and disadvantages
(see Table 1). The four presented systems for collecting energy from
vibrations have similarities. In the three cases (piezoelectric materials,
electrostrictive materials, electrets and triboelectric materials), it is
possible to use these materials as simple sensors or as materials that
produce electric current. It should be noted that unlike piezoelectric
materials, electrets and triboelectric materials, electrostrictive mate-
rials require a voltage source to polarize them. Although this source
does not consume any energy, it is an obstacle to the development of
electrostrictive materials.

In all three cases, an alternating electric current is produced. This
current must be rectified so that it can be used to charge a battery.
Electrostrictive materials need large deformation to perform well, this
is not the case for electrets, piezoelectric and triboelectric materials
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which are adapted to smaller deformations [29]. Note that piezoelectric
materials may require high forces. Another important disadvantage
of electrostrictive materials is the need to work in the presence of a
high voltage. They must be placed in a capacitor with a high potential
difference to function, which significantly limits their applications in
the IoT field. The techniques based on electrostrictive materials are thus
behind the three other types of materials.

The piezoelectric systems are systems that put forward an higher
power density compared to electrets and triboelectric systems, they
are therefore suitable for miniaturized systems. Totally autonomous
systems have been realized [90]. However, piezoelectric materials have
their own important disadvantages. Ceramics piezoelectric materials
usually contain toxic products (such as lead) and are brittle. Plus, they
require high forces. However recent results obtained on polymers [67]
are intriguing because of the high power they managed to produce:
this could open new routes for energy-harvester design. However,
these polymers are mainly perfluorinated products of restricted use in
Europe. These products are classified as eternal pollutants due to their
non-biodegradable character.

Triboelectric systems have the advantage of being less expensive
and mechanically reliable. These points compensate for the lower
power carried over compared to piezoelectric systems. The mechanisms
of triboelectricity are being better understood, thanks to the work of
Professor Wang’s team [147,153]. These devices are particularly well
adapted for medium size energy recovery systems. It must also be noted
that the materials used are not very expensive and can be biosourced.
Fully autonomous systems have been developed in many fields. Among
them, major research efforts are devoted to harvesting energy from
human movements (such as breathing and walking) without disturbing
the movement or bothering the user. Triboelectric nanogenerators offer
a broad selection of materials and structural designs, thanks to their
various operational modes. Implantable and absorbable triboelectric
nanogenerators can be designed using natural materials, while wear-
able and conformal triboelectric nanogenerators can be made using
elastic electrode materials [246]. Moreover, TENGs with distinct struc-
tures can be custom-designed to match specific regions of the human
body that require suitable binding sites [247].

In the last part, we present more preliminary works concerning
the recovery of osmotic energy. These works have not yet reached
the maturity of the studies on the recovery of mechanical energy
but remain promising. Unlike previous systems, reverse electrodialysis
devices produce a direct current that does not need to be rectified.
After maturation, osmotic energy would become an important energy
source because of all its possibilities and particularities. Small-scale
applications already begin to spread over biology and chemistry ap-
plications. Compared to other types of sensors and nanogenerators that
already existed, it offers a new type of solution for energy harvesting.
Several research examples are mentioned above for directly using the
ionic current or the potential to enhance a designed behavior. Some
researchers are even thinking about using ionic current and diode-
like effect [248] of semi-permeable membranes to create logic circuit.



N. Wu et al.

Table 2
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Comparison of the harvested power for different technologies. The large variety of harvested powers is difficult to interpret since there is no standard conditions or protocol

(frequency, amplitude) which would enable a rigorous analysis.

Technology Reference Power or energy density Volume (V) or Area Frequency of the
by unit surface or volume (A) of the device vibrations
Piezoelelectricity [62] 70 pW cm3 V=1cm? 100 Hz
Piezoelelectricity [63] 800 pW cm3 V =2cmd 1-10 Hz
Piezoelelectricity [41] 55000 pW cm~3 V=1cm? 900 Hz
Piezoelelectricity [65] 77 pW cm2 A = 65 cm? 1 Hz (sole, PZT)
Piezoelelectricity [65] 9 pW cm~2 A = 65 cm? 1 Hz (sole, PVDF)
Electrostrictive materials [105] 6 pW cm™ V=1cmd 10 Hz
Electrostrictive materials [98] 0.002 pW cm~3 V =4 cm? 20 Hz
Electrostrictive materials [102] 1 pW cm~2 A = 7.5 cm? 40 Hz
Electrostrictive materials [115] 16600 pW cm~2 A = 60 cm? 1 Hz (sole)
Electrets [135] 1210 pW cm™2 A = 3.6 cm? 5 Hz
Electrets [136] 62.5 yW cm~3 V=11 cm? 125 Hz
Electrets [138] 1.2 pW cm~2 A =1 cm? 552 Hz
Triboelelectricity [167] 0.2 pW cm™2 A =10 cm? 2-5 Hz
Triboelelectricity [102] 0.3 pW cm2 A = 7.5 cm? 40-60 Hz
Triboelelectricity [159] 48000 yW cm~2 A =4 cm? 3 Hz
Triboelelectricity [158] 81.8 pW cm2 A = 25 cm? 1 Hz
Triboelelectricity [171] 30 700 pW cm~2 A = 25 cm? 1-10 Hz
Triboelelectricity [174] 3.3 pW cm2 A = 300 cm? 1 Hz (sole)
Triboelelectricity [244] 16.6 pW cm™2 A = 300 cm? 1 Hz (sole)
Osmotic energy [225] 220 pW cm~2 A = 3 cm? -
Osmotic energy [232] 0.004 pW cm~3 A = 0.2 cm? -
Osmotic energy [245] 2750 pW cm™2 A =0.1 cm? -

It could lead in the coming years to a new type of information and
calculation support and even to the ionic computer.

A simple price evaluation of mini-RED devices estimates a cost
around 1 €. This considers the current membrane price and RED
performances. The later is very low mostly due to concentration polar-
ization phenomena. As explained, researchers start to study this effect
with simulations and electrical measurements. This open problem is
maybe a greater challenge to work on. Between single-pore devices
and commercial porous membrane, a power density of the order of 10°
W m~2 is reduced by 6 orders of magnitude. If a way of suppressing or
at least reducing the concentration polarization is found, the mini-RED
device price could be reduced by the same 6 order of magnitude. That
would make the osmotic energy an incomparably dense and easy way
to generate ionic or electric current.

Most of the nanogenerators presented here collect energy efficiently.
It should be noted that all these systems are a long way from com-
mercialization. Comparing these different techniques remains difficult.
Different parameters are needed to judge the efficiency of a device. At
the application level, power density per volume or per surface is the
parameter of choice.

Table 2 compiles recovered power values. An initial analysis can
focus on the performances measured, even if they are under very
different conditions. The best performance in the literature concerns
piezoelectric crystals [41], and generally speaking, the best perfor-
mances are achieved with the different piezoelectric materials. Electrets
have capacities very close to those of triboelectric materials However,
this classification is strongly influenced by the framework of the experi-
ments carried out. Even the indicated volume or surface is not the same
for the various work : some authors refer to the whole device, while
others refer only to the volume or surface of the active material. As
an example, while the devices of ref [225,245] work under continuous
flow, the device of [232] works with finite volumes of solutions without
flow.

To be able to compare systems with each other, you need standard-
ized examples of use. There is an example of an emblematic device
that allows the comparison of the recovered powers: the sole of a shoe.
In this context, the results obtained with electrostrictive polymers are
two orders of magnitude higher than the other systems [29]. 0.8 W
are generated with an electrostrictive sole [115] while 5 mW are
generated with a piezoelectric sole [65] and between 1 mW [174]
and 5 mW [244] with a triboelectric sole. When the devices are at

25

smaller scales and the solicitations are less important, the perfor-
mances regrouping the piezoelectric and the triboelectric materials can
for example exceed the results of performing electrostrictive materi-
als [102]. Here we make an important point. The size of the device
that can recover energy is an important parameter for choosing the
material. In the case of large devices undergoing strong deformation,
electrostrictive materials are preferable. Conversely, for smaller objects
(cm? size), piezoelectricity, triboelectricity or even osmotic energy are
recommended.

8. Perspectives

The analysis we have just carried out enables us to outline the
prospects for energy recovery for the IOT. We think that the 3 fol-
lowing axis are key points: Performance characterization, Performance
enhancement, Industrial manufacturing processes. In the following we
will detail these points.

8.1. Performance characterization

To take this approach further, a common standard is needed to
quantify, compare and evaluate the performance of nanogenerators. As
presented in the text, three merit factors have been presented in the lit-
erature [97,165,249]. The definition of these respective factors of merit
highlights the important parameters of both mechanisms (triboelectric
charge for TENG, dielectric constant for electrostriction, piezoelectric
coefficients). They provide guidelines for comparing and qualifying
materials within the same framework, but are not sufficient to compare
techniques between them. It is difficult to define standard experiments,
as the different modes of loading (sliding contact, frontal contact for
triboelectrics, rotation for electrets) can have a significant influence on
the value of the harvested power. However, a few standard experiments
where the force applied to the system is well controlled seem necessary.
This could involve, for example, experiments with a cantilever whose
size and frequency of displacement could be controlled and varied. This
type of experiment is suitable for electrets, piezoelectric, triboelectric
and electrostrictive materials. Beyond these standard tests, we believe
that the best way is to define and use an efficiency parameter # defined
as the ratio of the output energy E,, by the input energy E,,,, n = Eou

out E!m :

Some data are displayed in the literature or in this article [165], but this
approach has to become the rule. This parameter must be calculated in
the presence and absence of energy storage.
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8.2. Performance enhancement

One of the most important criteria is the increase in power. At the
present stage of research, it seems that variations in materials will
only allow incremental increases in power. It seems to us that the
breakthrough must come from the coupled use of different energy re-
covery mechanisms. By hybridizing these different technologies [250]
significant progress can be made. Lagomarsini et al. have developed
an electrostrictive device [251] that does not require an external po-
larization voltage. Instead, they utilize the charge generated by the
piezoelectric material when subjected to external mechanical excita-
tion as the polarization source for the Dielectric Elastomer Generator
(DEG). They have created two distinct prototypes: one employing a
piezoelectric ceramic as the polarization element of an acrylic-based
DEG, and the other using a piezoelectric polymer. To ensure perfect
mechanical and electrical synchronization, a smart frame is incorpo-
rated. These prototypes demonstrate a noteworthy level of scavenged
energy density, reaching up to 1 pJ g~ and 0.39 pJ g1, respectively.
Moreover, compared to existing solutions in the literature, these devices
are compact and eliminate the need for external polarization voltage.
The use of devices drawing on different energy sources can make it
possible to take better advantage of the environment. To overcome the
weather-dependent limitations of solar cells, it is possible to integrate
a solar cell with a TENG (triboelectric nanogenerator). This will permit
to continually harness energy from the environment. The TENG in
the device developed by Zhang et al. [252], made of a transparent
and flexible polymer material, serves both as a component of the
triboelectric nanogenerator and as a protective coating for the solar
cells.

8.3. Industrial manufacturing processes

Most of the energy recovery systems presented in this review are
unique systems developed in laboratories. If we are to make progress in
this field, we need to move on to the industrialization of these systems.
This requires the implementation of large-scale production protocols
(roll-to-roll techniques for manufacturing materials), the search for
inexpensive, non-toxic materials available in large quantities, and the
implementation of material and quality control protocols. In this con-
text, the MEMS approach is surely the most advanced, since it can
benefit from electronics standards. Accelerated system ageing tests need
to be introduced. Conditions of resistance to humidity, heat and cold
must be clearly identified. This approach must also define marketing
standards and norms, and enable buyers to understand how much
power they will be able to recover according to the demands made on
them. Without this, the market will remain a niche market.
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Appendix

A.3 A Strategy for power density amelioration of capacitive reverse elec-

trodialysis systems with a single membrane

Nan Wu, Youcef Brahmi, and Annie Colin. A Strategy for Power Density Amelioration of Capaci-
tive Reverse Electrodialysis Systems with a Single Membrane. Environmental Science & Technology,
57(40):14973-14982, 2023.

In this appendix, we present the research article published on the boosting strategy for power density performance

amelioration of CRED system. It refers to the Chapter 2 of this thesis manuscript.
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ABSTRACT: Blue energy refers to the osmotic energy released capacitive

while combining solutions of different salinity. Recently, single- concentration cell
membrane-based capacitive reverse electrodialysis cells were
developed for blue energy harvesting. The performance of these

cells is limited by the low ion-electron flux transfer efficiency of the %
capacitive electrodes in the current operating regimes. To optimize
it, we point out an original boosting strategy of using a secondary
voltage source E, placed in series with the capacitive concentration
cell. The net recovered power is defined as the difference between
the power dissipated in the load resistor and the power supplied by
the secondary voltage. Experimental results indicate a maximum
power density of 5.26 W-m™> (where the salinity difference is 0.17
and 5.13 M), which corresponds to a 59.8% increase compared with
its power density of 3.29 W-m™> without boosting strategy. A good
agreement on power density is reached for theoretical simulations and experimental results. Influential factors are systematically
studied to further reveal the boosting strategy.

‘Efficient Regime’

Approaching
Theoretical Limit

‘nefficient Regime’

Low power density

KEYWORDS: Renewable energy from oceans, Osmotic energy, Capacitive device with a single membrane

B INTRODUCTION

Facing the worldwide environmental problems and the threat
of long-term climate change, people call for an effective energy
transition toward alternative and renewable energy resour-
ces.' > According to a report by the think tank Ember®
released in March 2022, solar and wind have crossed 10% of

the overvoltages at the electrodes, and the process efficiency) is

2
OCV

. E
given by P .= "

, where Eqcy is the open-circuit voltage,

cell

R,y is the inner resistance of the cell, and S is the membrane
surface.
To reduce the cost of the device, Vermaas et al. proposed to

the global electricity share. Despite their strong growth,
diversifying renewable energy sources remains a challenge. In
this context, the blue energy released during the mixing of
solutions of different salinity is a promising avenue to
explore.” " Considering the suitability, sustainability, and
reliability of the exploitation, the blue energy power is
estimated as 700 kWh/year, which corresponds to 2.5%
share of global electricity consumption in 2021."

Proposed by Pattle in the early 1950s,'" Reverse Electro-
Dialysis (RED) is one of the most promising techniques for
blue energy harvesting.'”'* RED devices recover the Donnan
potential appeared across ion exchange membranes placed
between solutions of different salinities.' ”'> Under an osmotic
effect, ions migrate from concentrated solutions to diluted
solutions.”'® With the membranes being selective, an ionic flux
is established.'”” In a standard RED configuration, the
conversion of ionic flux toward electronic flux is realized by
Faradaic electrodes with redox reactions.'® The maximal gross
power density produced under Faradaic conversion (i.e., the
power density neglecting the viscous losses due to pumping,

© 2023 American Chemical Society

\ 4 ACS Publications

use capacitive electrodes in reverse electrodialysis systems
(CRED)." Carbon-based capacitive electrodes eliminate the
loss due to overpotential at the faradaic electrodes and are less
expensive than conventional faradaic systems.””*' Their use
eliminates oxidation—reduction reactions at the electrodes and
provides a more sustainable, environmental-friendly, and
economical approach.”>** In this spirit, Zhu et al.** developed
capacitive concentration cells with a single selective membrane.
They obtained an average power density of 0.95 W-m™ for a
salt concentration of 0.017 and 0.513 M for fresh water and
salt water, respectively. These results are impressive compared

with Capmixing devices (less than 400 mW-m~2)*>** and are
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Figure 1. Theoretical analysis of power density performance for the ideal circuit, R-C circuit, and R-C circuit with a booster system, respectively.
We illustrate the electrical current curve and power curve within the fixed period T for each case. The power performance loss is due to the current
decay in R-C circuits, which fails to satisfy the condition T < 7 in the “ineflicient regime”. The use of an additional booster system enlarges the

time window and shifts the working regime toward “efficient regime”

comparable to the results obtained in the RED experiments
under the same salinities.”®

Using the same approach, we developed earlier a novel cell
design composed of a single selective membrane and two
inexpensive capacitive electrodes.”” A net power density output
of 2 W-m™ was reported, with a salinity ratio of 300 (0.017
and 5.13 M). However, it is worth noting that the power
density performance of such capacitive systems remains 60 to
70% below the maximum theoretical value P_,. This
phenomenon is due to the capacitive response of the
electrodes. It seems thus essential to optimize the collection
of the ionic current and its transformation into an electric
current for capacitive electrodes. In this work, we provide a
novel boosting strategy of using a secondary voltage source to
promote the power density performance of capacitive
concentration cells. A maximum power density of 526 W-
m™2 is achieved in this work, which corresponds to an increase
of 59.8% of its performance without booster. The power
density obtained under the boosting strategy approaches the

2
theoretical value of an ideal cell P, = f;’%. This novel path
cell

would accelerate the maturity process of capacitive concen-
tration cell systems. The article is as follows. We recall first the
working principle of the capacitive concentration cell and its
power density performance measurements. Based on this
capacitive cell, we present our boosting strategy and explain
why the use of a secondary voltage will increase the efficiency
of capacitive electrodes. Experiments and modeling are then
displayed to confirm our proposal.

B CAPACITIVE CONCENTRATION CELL: WORKING
PRINCIPLE AND OUTPUT POWER

The general principle of the capacitive concentration cell with
a single membrane is illustrated in Supporting Information
(see section S1) and has been described at length by Brahmi et
al”” A cationic ion-exchange membrane (CEM) is placed in
the middle of the cell between two compartments of different
salinity. This membrane allows the passage of cations and
blocks the anions and water molecules.”®” Thanks to this
selectivity, an electrical potential difference appears between
these two solutions of different salinity. In open-circuit cases,

the cell voltage Eqcy is the sum of Donnan potential E_,, and
electrode potential E.. E.. results from the ion adsorption
on the electrodes and depends upon the value of the local salt
concentration.-When the circuit is closed, due to the potential
drop, an electric current circulates. The presence of
capacitance causes the electric current to decay over time.
The produced electric current stops when the capacitor is fully
charged. At this stage, the potential difference across its
terminals balances the membrane potential E ., and the
potential created by the adsorbed layers E,.. It is then
necessary to switch the fresh water and salt water supplies in
order to reverse the membrane and electrode potential to
unblock the electricity production. This generates an electric
current in the opposite direction.

Based on electrochemical characterizations (Open-circuit
voltage OCV measurement and chronopotentiometry CP
studies, Supporting Information), it is possible to measure
the open-circuit voltage Eqcy, cell inner resistance R, and its
capacitance C and establish an equivalent R-C circuit for this
capacitive concentration cell (Figure S2 (B), Supporting
Information). To measure the power density output of the
cell system, a resistor is directly connected to electrodes in
order to close the circuit. The power density output P, of the
cell in a complete switching period is defined as follows:P=

2
ﬁx / T Eod” 4t refers to the effective surface of the ion-

- 0 load
selective membrane; T is the half period of the salt
concentration signal.

As illustrated in Figure 1, an ideal battery is featured by an
electromotive force equal to Eqcy, an internal resistance R,
and ideal electrodes with no overpotential and no resistance.
While enclosed by a load resistance Ry, such a system

. . Edcy . .
delivers a maximum power of 2% in the situation of Ry =

cell
Ry, Indeed, we’re looking to supply power to the load
resistance and not to the internal resistance, which means that
we must have R < Ry,,4 In the situation where the electrodes
are ideal (faradaic without overvoltage and no resistance), the

current intensity is constant, as described by the following

B It is therefore the maximum for the

load T
smallest R 4. Combining both conditions leads to R4 = Ry,

equation: I=

cell
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where R is the resistance that allows to recover the
EZ,
4Reat
electrodes, the concentration cells behave differently. As
demonstrated in Figure 1, an additional capacitor is added
into the equivalent circuit, forming a typical R-C circuit. In this
case, the current intensity I(t) varies upon time. The effective
electromotive force E. equals the difference between the
electromotive force of the battery and the potential difference
across the capacitor of the capacitive electrode E =

maximum power P =

While equipped with capacitive

E. — %. For R-C circuits, the electrical characteristic time
7 = (Rey + Riaa)C represents the time required for the
capacitor charging or discharging. It plays an important role in
electrical performances of the capacitive concentration cells.
For operation time T that is much less than the characteristic
time 7, the capacitor does not have sufficient time for charging.
Thus, the effective electromotive force E.4 remains close to
E.,- We name this case an “eflicient regime”. While the electric
capacitor charge remains low in this regime, the current
EOCV
R+ Regt’

The efficient regime reaches the situation of an ideal cell. Thus,
the maximum power is obtained when R4 = R,y The
recorded density power at Rj¥ 4 remains constant with time and

intensity maintains a rather high value close to I=

2
— Bocy

equal to P, . For T comparable to or even higher than

cell

7, we can no longer neglect the capacitor charging process. The
system behaves in a so-called “inefficient regime”. As described
by the definition of effective electromotive force, E.g the
presence of a capacitor reduces the electromotive force and
therefore reduces the power dissipated in the load resistor. In
addition, the optimal resistance Rff,4 is higher than that in the
previous case. This is due to the decay of current intensity over
time. The previous balance between the voltage divider and
electrical current results in an optimal condition of R 4 = R
for ideal cell performance optimization. For capacitive
concentration cells, the load resistor Ry ,q has an impact on
the electrical characteristic time 7. A higher load resistance
could prevent current decay in RC circuits and thus is
beneficial for power density amelioration. This additional
factor tilts the balance toward a higher optimal load resistance.
In summary, Rif,4 is therefore greater than Ry in the situation
of capacitive electrodes. The recorded density power varies
EéCV

with time and is less than P, = n

cell

B BOOSTING STRATEGY

Based on the analysis, it is clear that capacitive systems present
systematic lower power density performances compared with
ideal cells. The performance gap is due to the capacitive
current decay response of a typical R-C circuit. However, it is
possible for capacitive systems to behave as ideal cells and
reach the maximum theoretical value of P, .. The key issue is
to ensure the condition T < 7, so that the capacitive system
operates at an “efficient regime”.

For capacitive concentration cells, a trivial way to satisfy the
condition is to shorten the switching period T. However, such
a method is constrained in practical use. While making a water
compartment switch, the saltwater reservoir (freshwater
reservoir) will be replaced by freshwater flows (saltwater
flows). The uncontrolled mixing procedure will lead to a
decreasing energy harvesting efliciency and remains an

inevitable dynamic transition. The filling time is given by
Ty = % where Q is the flow rate, w is the cell width, and L is

the cell length. To ensure energy harvesting efficiency, it is
essential to ensure 75 << T. A fast filling time does not lead to
a long constant for discharge but ensures the efficiency of the
process by suppressing the period where the electrical potential
is not well-defined. This can be achieved by decreasing e and
increasing Q. This approach has its limits, as it leads to an
increase in viscous losses.”” On an industrial cell, this
constraint can be suppressed by keeping e to 1.4 mm, w to 1
m, and L to 12.5 cm. This results in a filling time of 9 s, which
is shorter than the concentration inversion time of 90—100 s.
We anticipate that boosting will make it possible to use very
long inversion times while maintaining efficient power
production.

Another way of increasing the efficiency of capacitive
electrodes is to use suyercapacitors, i.e., capacitors with very
high capacitances.”**”" In this case, the electrical character-
istic time 7 is prolonged to satisfy the condition T < 7. From a
practical point of view, to recover maximum power, T < 27 is
required. Assuming T = 90 s and taking T = 0.1 X 27 as a
criterion, this leads to a characteristic time of 450 s. For a
capacitive cell of 1 m?, the resistance is estimated at 9.6 X 107*
Q. The cell capacitance must be 468 750 F-m~?, i.e., 46.8 F-
cm™2 It is difficult to achieve such a high capacitance density
in conventional systems.

In this work we present a novel strategy to ensure an
efficient regime for capacitive concentration cells. Our boosting
strategy consists of connecting the capacitive cell to a
secondary source of voltage E,. In this case, the net power
output is defined as the difference between gross power
dissipated in the load resistor and the additional power
supplied by the secondary source Py .. = Rioaal(t)* — Eol(t),
which is equal to the power supplied by the battery minus the
power stored in the capacitor and the power dissipated in the

10a) _ p I(t)*. We underline

C cell

that P, is the net power delivered by the battery, which is
effectively produced by the circuit and can be stored. The
power consumed by secondary source Eyl(t) was taken into
account and subtracted.

A closer look at the expression of net power Py _.. shows that
the secondary electromotive force acts as if it were lowering the
effective value of the load resistor (Figure 1). It is thus possible

internal resistance EqcyI(t)—

E
to define an effective load resistance as R 4= Rj 4 — Tf) If the

E
% the power

JO
harvested in the load resistance is less than the power given by
the secondary source of voltage. The balance of the circuit is
negative. If the effective load resistance is positive, i.e.,

Rload >

effective load resistance is negative, i.e., R ,q <

%, the power harvested in the load resistance is
higher than the power given by the secondary source of
voltage. The balance of the circuit is positive, and a net energy
is produced. We produce in the load resistance an energy that
is higher than the energy given by the secondary voltage. This
situation can be analyzed in more detail by continuing the
analogy with classical capacitive electrodes without a secondary

voltage. The net power recovered is that which would be
E

Lo
I(t)
in a circuit made up of a battery with an electromotive force
E,., an internal resistance R, and an electrical characteristic

recovered by an effective resistance equal to R,z= R, .4 —

https://doi.org/10.1021/acs.est.3c05835
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Figure 2. llustration of the capacitive concentration cell coupled with a booster system in two working phases. (a) Phase 1: 0 < < T and (b) phase
2: T < t < 2T. For each phase, we illustrate the temporal measurement of E, 4 and E,, within a fixed period T. An equivalent circuit is established for

each phase based on electrochemical characterizations, respectively.

time equal to 7 = (Rieq + Re)C. We're looking to supply
power to the effective resistance and not to the internal
resistance, which means that we must have R < Ry ie,

R + T:) <Ry,.4- This criterion differs from the one in the

absence of boosting. It will lead to an increase in the value of
the optimal load resistance R4 and, therefore, to an increase
in the characteristic time 7 for resistances close to this optimal
resistance. The time window governing the efficient regime

(i.e, t < 7) is enlarged. In this regime, the intensity is almost

constant I(t) ~ I(0)= fz";f‘;". The maximum recovered net
cell eff

power is reached for RJ = Ry, i.e., for Rf;ad=
Rceu(l + 2EE° ) and is given by R(0) =
ocv

2
Ry,,41(0)* — E,I(0) =f§—c‘;. For resistances which values are

close to the optimal resistance R ;, the characteristic electrical
EO

time 7 is close to 2R ;CX (1 + ) Note that the gross

OCcvV
ower recovered in the load resistor is R, 4> and not R >
P load ft

2
Eocv

corresponds to the extra power recorded. Although

cell
additional energy consumption is required in boosting, due to
the efficiency increase, our system not only recovers the
additional energy provided by the booster system but also
presents higher net power density output. A rigorous
calculation is presented in the Supporting Information.

In short, to increase the efficiency of capacitive electrodes,
the key issue is to ensure condition T < 7. The trivial solution
of decreasing the switching period T is restricted by the
dynamic filling regime during the water switch. The use of
supercapcitors seems quite difficult due to the high capacitance

14976

required. To enhance the power density performance, we
suggest the use of a secondary source to enlarge the time
window and force the capacitive electrodes into the so-called
efficient operating regime.

In the following part, we will present the feasibility of using a
secondary source for power density enhancement on capacitive
concentration cells by experimental results.

B RESULTS

Booster System. An alternating voltage power supply
(called a booster system) synchronized to the switching period
of the cell is placed in series with the cell to promote the power
output. The materials and methods are described in the work
of Brahmi et al”’ and in section S2 of the Supporting
Information. The electrical potential signal delivered by the
power supply corresponds to a rectangular wave with its
maximum voltage equal to E, and its minimum voltage —E,. As
illustrated in Figure 2, the electric potential signal is
synchronized in such a way that the signs of E 4 and E,
remain the same.

Here, for power density measurement of the cell-booster
system, an electrical resistor is directly connected to the cell-
booster system to enclose the circuit. A potentiostat is placed
in parallel with the resistor for the temporal voltage
measurement Ej ;. Therefore, as presented in Figure 2, in a
cell-booster system circuit, the voltage applied on the resistor
E}o.q remains always the sum of E; and E_.

Thus, the power density directly measured for the resistor is
considered as the gross power density Py, g

1 2T o a(8)
— / load( ) dt
82T Jo Rload (1)

B b-gross

https://doi.org/10.1021/acs.est.3c05835
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Figure 3. Power density characterization curves for a capacitive cell coupled with a booster system. (a) Power density measurements of Py grosss
Py poosv and Py, as a function of time within a fixed switching period T. Here the load resistance Ryy,q is fixed at 75 Q. (b) Gross power density
curve Py g, and boosting power density curve P, 1, as a function of load resistance Rjyqq. (c) Net power density curves as a function of Ry ,4 for a
capacitive cell with Py, and without P, as a booster system, respectively. The maximum net power density with booster system surpasses that
without a booster system. The experimental conditions in (a—c) are as follows: salinity ratio of 30 (fresh water 0.17 M and salted water 5.13 M),
flow rate of 10 mL-min~}, switching period of 45 s, CEM of Nafion 117, and the boosting voltage E, is set as 550 mV.

We recall that S refers to the effective surface of the ion-
selective membrane.

To obtain the net power density, it is necessary to remove
the additional input energy provided by the booster system,
which is calculated as follows

b-boost —

fo Ey(1)I(t) dt o

where E, refers to the boosting voltage applied in the
chronoamperometry (CA) mode by the potentiostat. I refers
to the measured boosting current of an electrical circuit. Thus,
the net power density of the boost-cell system is calculated as
follows.

$0.2T

Pb-net(EO) = Pb—gross - Pb—boost

1 2T E t 2 1
/ Ioad( ) dt
0

T S02T S02T

f T E(OI) dt

Rload

()

In Figure 3 (a), power density measurement curves of
Py grosy Po-boosyy and Pype as a function of time are illustrated.
To obtain the maximal power density of the cell-booster
system, it is important to describe the variations of Py 4o, and
Py poost as a function of a series of load resistors Ry,,4. Figure 3
(b) presents the power density curves as a function of electrical
resistances for Pp, g and P pooq It is clear that Py first
presents a sharp increase at lower electrical resistances, then
reaches its maximum at an optimal resistance, and starts the
declination for higher electrical resistances. However, Py o
remains monotonic, decreasing as a function of resistance.
According to the definition equation mentioned above, it is
possible to calculate the net power density Py, received in a
cell-booster system circuit.

Figure 3 (c) illustrates the net power density curve as a
function of resistance for a cell coupled with a booster system
Py .. and without a booster system P, in the case where the
concentration is fixed at ¢y = 5.13 M for the salt water
compartment and ¢, = 0.17 M for the fresh water
compartment. The water flows are injected at a fixed flow
rate of 10 mL-min~" into the cell with a fixed switching period
of 45 s. A cell-booster circuit is enclosed with a boosting
voltage of S50 mV.

14977

For a cell-booster system, P, .. remains negative for low
resistances. However, it reaches its maximum at a higher
optimal resistance and decreases for higher resistances. It is
interesting to notice that the maximal power density recorded
in the load resistance surprisingly surpasses that of a pure cell
system in the situation of a booster cell system. In this
example, the capacitive cell coupled with a booster system
could reach a maximum power density of 3.35 W-m ™2, which
corresponds to a 45.4% increase compared with its maximal
power density of 2.30 W-m > without a booster system. These
results are in perfect agreement with the explanation given in
the previous section.

Modelings. Theoretical Models. A theoretical and
mathematical model is proposed based on the equivalent
circuit of the system to model the curve. Details of the model
and its resolution are given in Supporting Information (see
section S3). Here we only give the exact modeling framework
and assumptions. As presented in the first section, according to
an analysis of the electrochemical impedance spectroscopy, an
R-C model is proposed as a simplified fitting model for the
cell-booster system.”” The system inner resistance R,y and
capacitance C can be quantitatively characterized by
chronopotentiometry (CP) measurements using a potentiostat.

As the cell coupled with a booster system serves as an
alternating voltage supply, it is modeled as a constant voltage
source of an alternating polarity with a fixed switching period
2T. The equivalent circuits in positive periods and in negative
periods are illustrated in Figure 2.

E,em(t) is the potential drop over the membrane, E,,.(f) is
the electrical potential due to the salt adsorption on the
electrodes, Ey(t) is the boosting secondary voltage, and R_;(¢)
is the resistance of the cell (including the ohmic and non
ohmic resistance of the solvent, the membrane, the carbon felt
and the current collector). C is the capacitance of the cell. It
comes from the capacitances of the two electrodes. As the
electrodes are slightly different, they carry different capaci-

tances, C, and C,, respectively. C is given by %= CL + CL The
1 2

temporal variation of R (), C, E,em(t), and E..(t) are due to
the temporal variation of the ion concentration profile
including osmotic potential, diffuse layer establishment, cell
filling process after water compartment switching, etc. (see
Supporting Information). Note that as capacitances are
different, the charges they carry are different, and the kinetics
of charging are different. As a result, the cell's characteristic

https://doi.org/10.1021/acs.est.3c05835
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Figure 4. Evolution of the net harvested power density Py as a function of the load resistance Ry,,4 under a series of boosting voltage E;. The
solid lines correspond to modeling results with fitting parameters fixed at E ., = 144 mV, R g = 6 €, and C = 1.2 F in the case of (a—c), and E_, =
148 mV, Ry = 6 Q, and C = 1.4 F in the case of (d). Experimental dots are presented for various boosting voltages E, in the following conditions:
salinity gradient of 30 (fresh water concentration 0.17 M, salted water concentration 5.13 M), flow rate of 10 mL-min~!, and CEM of Nafion 117. A
quantitative agreement between theoretical and experimental data is found in (b—d) with a switching period T of 43, 60, and 90 s, respectively. An

experimental-theory gap is found in (a) with a switching period T of 30 s.

charging time may differ between the two filling phases, as each
electrode reacts differently to the change in salinity.

In the following, we will assume that these characteristic
times and the filling time of the cell are negligible compared
with the switch half period T. Thus, these functions will be
modeled simply by window functions: for 0 < t < T, E,,...,(¢) +
Eqec(t) = Eocy and for T < t < 2T, Epyey () + Eqec(t) = —Eocy-
In this framework, R () does not depend upon ¢

For a pure cell-resistor circuit in the absence of boosting, the
theoretical equations are written as follows.

For0 <t < T:

q(t)

Riq + Re)I(t) + —= =E
(Rioad WI(t) C ocv (4)
For T <t < 2T:
q(t)
Riad + Reap)I(t) + — = —E
(Rioad WI(t) C ocv ()

We apply a secondary voltage in phase with the change of

concentrations. Thus, for 0 < t < T, Ey(t) = Eg and for T < t <

2T, Eo(t) = —E,. Thus, while adding a booster system into the

circuit, the theoretical equations are written as follows.
ForO0<t< T:
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q(t)

(Rload + Rcell)I(t) + T = EOCV + EO

(6)
For T <t < 2T:

q(t)

(Riaa + ReaI(t) + Eocv — Eq

7)

Comparison of the Model with the Experimental Data. A
comparison of this model with the experimental data in the
absence of boosting is displayed in Figure S1 (e) in Supporting
Information for various concentration reversal periods (T = 30
s, T=45s, T=60s,and T = 90 s). A perfect agreement is
found for all of the periods, while no fitting parameters are
used. The validity of this simple model is based on the
assumption that Eqcy is a window function and that the cell
resistance is constant over time. In our experiments, this is
correct because the filling time of the cell, the equilibrium
times of the membranes, and the potentials of the adsorbed
layers are small compared to the period of concentration
inversion T.

In the case of boosting, a model-experiment data
comparison of the net power density of the capacitive
concentration cell is illustrated in Figure 4. No fitting
parameters are used. The calculation is based on character-
ization of the cell features, including open-circuit voltage Egcy,

https://doi.org/10.1021/acs.est.3c05835
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Figure S. (a) The gain of the harvested power density as a function of the boosting voltage E,. The experimental conditions are as follows: salinity
ratio of 30 (fresh water concentration of 0.17 M and salted water concentration of 5.13 M), flow rate of 10 mL-min™", switching period of 60 s, and
CEM of Nafion 117. (b) Simulation results of gain as a function of the boosting voltage E, and the salinity gradient for a fixed concentration of salt
solution (5.13 M) and T = 45 s. (c) Impact of the salinity gradient on power density gain for a capacitive salinity-gradient cell coupled with a
booster system. The concentration of salt solution and the period are fixed at 5.13 M and 45 s, respectively. (d) Net power density measured for
other types of CEMs, including Nafion HP, Nafion 117, and Fumasep FKS-30. The experimental conditions are as follows: salinity ratio of 30
(fresh water concentration of 0.17 M and salted water concentration of 5.13 M), flow rate of 10 mL-min™’, and a switching period T of 45 s.

cell resistance Ry, and cell capacitance C. The solid lines
describe the theoretical prediction of the power density profile
realized by the model mentioned above, and solid dots
represent the experimental data realized in laboratory experi-
ments.

For T higher than or equal to 45 s, experimental results fit
well with the theoretical model prediction for various boosting
voltages, indicating an excellent theoretical description of the
cell-booster system. Note that we did not modify the
characteristics of the cell to achieve this agreement. This
means that the boosting voltage does not influence the
polarization phenomena that occur in the cell in a significant
way. We did not have to change the value of the ohmic or
nonohmic part of the cell resistance. The maximal power
density correlates positively with the boosting voltage. As
explained before, each maximal power density is related to an
optimal electrical resistance. The optimal resistance value
increases as a function of the boosting voltage. Note that the
data displayed for T = 90 s in Figure 4 (d) are obtained with a
cell displaying different electrical features, ie., different cell
resistance, and a different capacity from the one used in Figure
4 (a—c). It is thus not possible to compare the numerical
values between them. However, a quantitative model-experi-
ment agreement is also validated in this case.

For T equal to 30 s, the model does not capture the boosting
process, whereas it does in absence of boosting. We believe
that these disagreements come from the incomplete modeling.
A detailed explanation of this point is available in the
discussion part.
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Discussions. We now focus on the details of the evolution
of the harvested power as a function of several cell parameters.
To optimize the power density output of the cell-booster
system, a systematic study is carried out in the following to
evaluate the impacts of several parameters on the power
density output.

Switching Period T. An important influential factor is the
switching period T of the cell-booster system. In the presence
or absence of boosting, the model predicts that the shortest
periods lead to the highest powers. In the absence of boosting,
the recovered power decreases as a function of the
concentration reversal period in the studied period range, in
perfect agreement with the model (see Figure 4). In the case of
boosting, the power measured for periods greater than 45 s
decreases with the value of the period, as in the case without
boosting. The model is in perfect agreement with the data for
T = 4S5, 60, and 90 s. However, the harvested power density is
measured to be systematically lower in the case of T = 30 s
than for T = 45 s, for all different boosting voltages E,. In the
case of T = 30 s, a power density decrease is even noted for a
boosting value of 200 mV compared to a system without
booster system (see Figure 4).

The fact that we do not measure a higher power density for a
period T = 30 s originates from the neglected processes during
model establishment. The filling time of the cell is not taken
into account for the modeling. We recall that the filling time is
around 2 s. To understand this point, we report in the
Supporting Information a numerical model that takes into
account the equilibration of cell potentials during mixing by
introducing a characteristic time scale for mixing. This

https://doi.org/10.1021/acs.est.3c05835
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numerical analysis shows that the mixing phase affects the
process in the presence and absence of boosting and reduces
the power recovered. It also shows that the process without
boosting is less affected by the mixing phase. In other words, it
shows that good agreement can be expected with the simple
model without taking mixing into account for T = 35 s in the
absence of boosting. Periods longer than 50 s are required in
the presence of boosting. A detailed explanation is available in
Supporting Information section S3.

Boosting Voltage E, The boosting voltage E, is the
additional voltage injected by the booster system. To study its
impact on the power density, we measure the power density as
a function of electrical resistances for various boosting voltage
E, at a fixed switching period T. We limit our study to a low
boosting voltage (below 1 V) to avoid water hydrolysis.

The gain increases at a low boosting voltage and then
saturates. This phenomenon is fully described by the model
(see Figure S (a)) and comes directly from the electrical
equations of the system.

Salinity Gradient. 1t is interesting to note that the salinity
ratio can have two paradoxical effects on the power density
output (see Figure § (b)). An increase in salinity ratio raises
the ionic flux across the membrane induced by the osmotic
effect, thus resulting in a higher open-circuit voltage of the cell.
As the power density is positively associated with open-circuit
voltage in squares, a higher salinity ratio can effectively lead to
a higher power output of the system. Meanwhile, the decrease
in the salt concentration of the fresh water compartment
indicates an electrical resistance increase of the entire cell
system, which limits the power output. In the case of a cell-
booster system, the simulation prediction indicates that
boosting principle is much more efficient for cells with lower
electrical resistances (Figure S (b)). The gain is higher when
the salt concentration is set to 5.13 vs 1.7 M. This simulation is
based on the theoretical model explained above and the cell
parameters measured by the OCV and CP experiments (Table
S1, Supporting Information).

Such a phenomenon is verified by experimental results (see
Figure S (c)). When the salt concentrations are set to 5.13 M
vs 0.17 M, the period at T = 45 s and the boosting voltage at
800 mV, the gain can reach 64%, corresponding to a maximum
power density of 3.77 W-m™2. By changing the concentration
of the diluted solution to 0.017 M and for the same conditions,
this system generated a maximum power density of 429 W-
m~2, which corresponds to only 20% increase compared with
its maximal power density of 3.53 W-m™> without the booster
system (Table 1). This can be explained by the fact that, in the
second case, the resistance of the cell and the salt ratio are
higher than in the first one.

Other Cation-Selective Membranes. The boosting strategy
is proven to be applicable to other commercial cationic
membranes according to our research results. Here three
examples of commercial ion-exchange membranes are

Table 1. Net Power Density Performances of Capacitive
Concentration Cell with Different Commercial CEMs under
Boosting Strategy of E, = 0.8 V

Materials By (V) Ry () Py (Wm™?) Py (Wm™)
Fumasep FKS-30 0.157 6.08 2.75 4.01
Nafion HP 0.158 4.92 3.29 5.26
Nafion 117 0.145 5.4 2.3 3.8

presented, including Nafion 117 (Chemours), Nafion HP
(Chemours), and Fumasep FKS-30 (Fumatech). The exper-
imental results displayed on Figure S (d) are all achieved in the
following conditions: salinity ratio of 30 (fresh water
concentration of 0.17 M and salted water concentration of
5.13 M), flow rate 10 mL-min"!, and switching period fixed at
45 s, boosting voltage E;, = 0.8 V.

Economical Analysis. In this paper, we propose a novel
boosting strategy by using a secondary voltage source in order
to enhance the power density output of capacitive RED
processes.

This boosting principle is general and applicable to all types
of cationic membranes. It remains efficient even at important
salt concentrations. It should be noted that the use of this
process is relevant for systems with a small number of
membranes that must be electronically connected in series.
The potential difference to be applied to a system with a high
number of membranes could exceed the electrolysis potential
of the water, which would be detrimental to the process. It is
inevitable to use long switching periods T when scaling up the
cell system as a higher filling time is required. Without a
booster system, the long switching periods T could easily
surpass the characterization time 7. This could become
troublesome since the current decays remarkably over time
and the average power density decreases significantly with a
prolonged switching period. The boosting principle helps to
increase the characteristic time 7, which maintains a constant
value of current during the switching period for the capacitive
systems and leads to a high power density output. To end our
analysis, we discuss the economical aspect of this process (see
section S4 of the Supporting Information for more details).

The economical analysis of RED unit of 200 kW power
realized by Post et al. in 2010 indicates an electricity MWh cost
of 104 euros.”” This figure is in line with current electricity
production costs (solar energy 40 €/MWh, wind off shore 120
€/MWh™). The calculation includes the cost of membrane,
piping, and pumps and a filtration process with a membrane
price estimation at 2 €/m?, which is 500 times over optimistic
compared with the price of Nafion membranes at 1000 €/m? at
the moment. An analysis more in line with reality leads to the
introduction of a membrane cost of 10 euros per m” This
modification induces a production cost of 173 €/ MWh.

In this context, our study allows us to take a small step
forward. We were able to produce S W-m ~2 with salinity fluids
of 300 and 10 g'L™". These are not the conditions found at
river mouths but, rather, in desalination plants, where solutions
are already filtered. In this case, filtration process related costs
are eliminated, while boosting related costs, including valves
and electronics, are added into economical analysis. Based on
the current price and power density performance of two
membranes Selemion CMVN (AGC) and Celgard 3401
(Celgard) under boosting strategy, our economical analysis
suggests a cost of 5 to 9 times higher than the limits of
profitability of 100 €/MWh (Table S2, Supporting Informa-
tion). They are set to fall as a result of scaleup and market
expansion. The development of blue energy techniques
requires the discovery of efficient membranes that are selective
and avoid mixing. At this stage, the discoveries of recent years
give grounds for optimism.””*> Sulfonated poly(ether ether
ketone) (SPEEK) membranes are of interest.’*™>° These
articles claim that they will cost less than 10 € per m* and that
they are selective. Note that they have not yet been
commercialized. Following our analysis, their use will reduce

https://doi.org/10.1021/acs.est.3c05835
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the cost to 81 € per MWHh, if their supposed price is
maintained.

In the future, we believe that the economic viability of
CRED processes depends on innovations that combine
different techniques.”*~** In practical use, we can also imagine
the use of a faradaic concentration cell (RED) system as a
booster system. To deliver an alternating boosting voltage E,, a
periodic water chamber switch is required. It is then necessary
to synchronize the water chamber switching period of
capacitive and faradaic systems to apply boosting strategy.
Beyond the scope of energy production, CRED with a single
membrane could have an important role to play in the storage
of renewable energies*’ or in the valorization of CO,.**
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In this appendix, we present the research article published on the impact of divalent ion mixing on CRED system.

It refers to the Chapter 3 of this thesis manuscript.
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In recent years, the energy generated by the salinity gradient has become a subject of growing
interest as a source of renewable energy. One of the most widely used processes is reverse
electrodialysis (RED), based on the use of ion exchange membranes and Faradaic electrodes.
However, the use of real salt solutions containing mixtures of divalent and monovalent ions in the
RED process results in a significant loss of recovered power, compared with salt solutions containing
only monovalent ions. From an original point of view, in this work we study and explain the influence
of divalent ions and complex solutions in reverse electrodialysis devices equipped with capacitive
electrodes with a single membrane (CREDSM). We show that CREDSM mitigates the impact of
divalent ions. From a quantitative point of view, the power recovered in a Faradaic cell drops by
more than 75% when the solutions contain 50 % molar fraction of divalent ions and by 33 % when the
solutions contain 10 % molar fraction of divalent ions. For similar low-cost membranes with fairly low
selectivity, recovered power drops by only 34 % when solutions contain 60% moles of divalent ions in
CREDSM. We show that only the membrane potential, which makes up half of the cell’s open circuit
potential, is affected. The potential of capacitive electrodes which counts for half of the potential cell
does not decrease in the presence of divalents. For the same membrane under the same conditions,
we estimate a loss of 62% in a RED device Furthermore, the membrane is not poisoned by divalent
ions because we periodically change the electrical current direction, by means of switching the feed
waters. CREDSM devices do not show any variation in membrane resistance or membrane selectivity.
The techno-economic analysis suggests further valorization of salinity gradients in industrial
operations.

In the face of global environmental challenges and the looming threat of persistent climate change'?, there is a
growing demand for a decisive shift towards alternative and sustainable energy sources to mitigate these issues®>.
Despite the impressive progress of solar and wind energy, the diversification of renewable energy resources
remains a complex objective. In this context, the exploitation of blue energy generated by the mixing of solu-
tions with varying salinities presents a promising avenue for exploration®-®. Considering factors such as viability,
sustainability, and reliability, the potential of blue energy is estimated to generate more than 600 TWh per year?,
which is equivalent to approximately 2.5% of the global electricity consumption in 2021. These promises have led
European Commission to recognize blue energy as a renewable energy source for the past 2 years. However, it’s
worth pointing out that this technology is still confined to research, even if a few industrial pilots have existed,
exist or are under construction'’.

Introduced by Pattle in the early 1950s'! and developed as an energy production method by Loeb'?, Reverse
Electrodialysis (RED) stands out as one of the most promising methods for harnessing blue energy'*'*. RED
devices capitalize on the Donnan potential difference across ion exchange membranes positioned between solu-
tions of differing salinities'>®. This osmotic phenomenon propels ions to migrate from concentrated to diluted

1ESPCI Paris, PSL Research University, MIE-CBI, CNRS UMR 8231, 10, Rue Vauquelin, 75231 Paris Cedex 05,
France. “Total Energies, PERL - Péle d’Etudes et de Recherches de Lacq, 64170 Lacg, France. *email: annie.colin@
espci.psl.eu
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solutions®!”. By leveraging selective membranes, an ionic flux is established'®. In a standard RED setup, the
conversion of this ionic flux into electronic flux is achieved through Faradaic electrodes that undergo redox
reactions®.

Post et al. reported in 2009 the impact of multivalent ion mixing on energy performance of RED system?.
They observed a significant stack voltage drop, due to the presence of multivalent ions. The cell potential drops
by 20% (from 0.85 V to 0.6 V) when the dilute solution changes from 3 mmol/L sodium chloride to 3 mmol/L
sodium chloride and 4 mmol/L magnesium sulphate while the concentrate consisted of 0.45 mol/L sodium
chloride and 0.05 mol/L magnesium sulphate is kept constant.

Similarly, Vermaas et al.! reported that the introduction of MgSO4 in feed solutions in RED systems led to a
reduction in stack voltage, leading to a detrimental power density decrease of more than 50 % in the situation
when a molar percentage of 25% or more was accounted for by MgSOy for both feed water streams. The total salt
concentration of the concentrated solution was 0.508 M in all cases,whereas the total salt concentration of the
dilute solution was always 0.017 M. The remaining amount of dissolved salt was NaCl. The negative effect due
to the presence of multivalent ions is confirmed in various research works?"?%.

To go beyond lab-scale experiments, pilot scale experiments were carried out with real-world solutions. All
the works report a significant power performance drop of over 50% due to the presence of multivalent ions?*~%*.
Veerman et al.? studied a RED module for salinity gradient energy extraction made of 20 membranes pairs of
FKS-75 and FAS-75. When only sodium chloride was included in the feed stream of typical composition of 0.5
M for the artificial sea water and 0.02 M for the artificial river water , the harvested power density was equal to
0.743 W m~2 of membranes. It decreases to 0.5 W m~2 when 0.06 M is added to the more concentrated brine
and 0.0024 M to the more dilute one. This corresponds to a power decrease of 33 % when a 10% molar fraction
of MgCl, is added. Using such an approach, Tedesco et al. built a pilot plant with 400 m? of low cost membranes
(selectivity 0.6) which reaches almost 350 W of gross power capacity using real brine and brackish water?®. This
corresponds to a power density of 0.875 W per m? of membranes. Tedesco et al. pointed out a significant power
diminution due to the divalent ions presence in seawater. In fact, the produced power is doubled when divalent-
free artificial solutions are used®. Following the techno-economic analysis of Giacalone et al.” with a power
density of 0.875 W/m? of membranes, we estimate a cost of 1200 € per MWh if the brackish water is filtered.
This cost remains high compared to the solar energy (40€ per MWh) and wind energy (120€ per MWh). In
fact, one of the major cause of the RED system’s high cost relies in the low power density production, which is
significantly reduced in real-life feed solution due to the presence of divalent ions, particularly Mg?* and Ca*.
Divalent ions have a negative effect on RED. The second reason why the open circuit potential is lower is that
the ratio of the activity coeflicients of divalent ions is lower than that of divalent ions. The activity of monovalent
ions is generally higher than that of multivalent ions, and this effect is more pronounced in seawater due to the
higher ionic strength of the solution.

Four major process are at the origin of this decrease?®: decrease of the open circuit potential, uphill transporta-
tion, increase of the resistance of the membrane, and loss of the selectivity of the membrane. From a thermody-
namic point of view, the membrane potential decreases when divalent ions are introduced. Firstly, the membrane
potential scales as the valence of the ion at the power minus one. Secondly, the ratio of the activity coeflicients of
divalent ions is lower than that of divalent ions. Because of the valence of the ion, the electromotive force of the
monovalent ions is larger than that of the divalent ions. This causes a reversed transportation of multivalent ions
against the concentration gradient called uphill transport. The salinity difference is decreased and the harvested
power is lower. Uphill transport of divalent ions Mg?*+ was evidenced experimentally by Avci et al. using Ion
Chromatography analysis conducted on inlet and outlet streams of the RED system>>*.

Additionally, multivalent ions have larger radii, charges and dehydration energies. Their transport across
membranes is slowed down, leading to the trapping of multivalent ions in the membrane due to electrostatic
bridging of ionic charges with fixed membrane charges. As a result, the electrical resistance of the membrane
increases and selectivity decreases. The decrease in selectivity is aided by another phenomenon. Multivalent ions
drag along co ions with the same charge as the membrane, reducing the membrane’s selectivity’'. Fontananova
et al. conducted systematic studies to evaluate the common ions as Mg?*+, Ca?* and SO; . They identified a
strong negative effect of divalent ions on both ionic resistance and permselectivity of ion exchange membranes.
Oh et al. confirmed that as divalent ions of small hydrated radius presents higher electrical resistance in CEMs*.
Gomez-Coma et al. studied experimentally the effect of multivalent ion species on membrane resistance**. Other
possibilities for reducing membrane fouling and avoiding loss of selectivity are to frequently change the direction
of the electric current, for example by applying short electric pulses as reported by Cifuentes-Araya et al.*® or by
changing the feed water as reported by Allison*.

To diminish the power density drop, the use of monovalent ion selective membranes is proposed and sug-
gested in numerous works*’~*. However, considering the complexity and the high cost of these membranes, an
efficient and cost-effective method is required to mitigate the multi-valent ion impact on RED system perfor-
mance. The second method is to apply a coating with an opposite fixed charge to that of the membrane but once
again the cost is not commensurate with the results obtained*.

In this article, we study the role of divalent ions in a single-membrane capacitive reverse electrodialysis cell
(CREDSM). To the best of our knowledge, this study has never been carried out in such conditions. The origi-
nality of our work is to show and explain that the presence of divalent ions in brines affects the performance
of CRED-type devices less than RED-type devices. From a quantitative point of view, the power recovered in
a Faradaic cell drops by more than 75% when the solutions contain 50% molar fraction of divalent ions (see
Figure 7 in Vermaas’ work') and by 33% when the solutions contain 10% molar fraction of divalent ions (see the
results of Veerman?).

For similar low-cost membranes with fairly low selectivity, recovered power drops by only 34% when solu-
tions contain 60% moles of divalent ions in CREDSM-type devices. We propose an explanation for this better
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performance. According to theoretical and experimental results, we identify uphill effect as the only impact fac-
tor for the power loss of CREDSM system in presence of divalent ions. Furthermore, CREDSM cells used with a
single membrane have little effect on their cell potential because the cell potential is the sum of the cell potential
and the electrode potential. The latter, purely capacitive, is not affected by ions. This point has less impact for a
RED cell, which contains several membranes for only two faradic electrodes. The membrane poisoning related
issues, including additional membrane voltage drop and cell resistance increase, are suppressed by the reversal of
water chambers in CREDSM system. Before concluding, we present a life cycle assessment and techno-economic
analysis to gauge the extent of progress needed to transition blue energy into viable renewable energy. Addi-
tionally, we examine specific scenarios where RED devices demonstrate effectiveness and commercial viability.

Results

Working principle of a capacitive cell with a single membrane

To enhance cost-effectiveness of RED devices, Vermaas et al. suggested the integration of capacitive electrodes
within reverse electrodialysis systems (CRED)*!. They showed that the power density of CRED is roughly the
same when compared to stacks with conventional Ti/Pt electrodes and the Fe(CN)g_ *~ electrode rinse system.*!.
Equipping a RED cell which contains several membranes with capacitive electrodes does not produce more
energy. This substitution obviates oxidation-reduction reactions at the electrodes, yielding a more ecologically
friendly and economical approach*>-#.

Following this approach, Zhu et al.*® pioneered the development of capacitive concentration cells employing
a single selective membrane CREDSM. Remarkably, they achieved an average power density of 0.95 W m~2 for
salinity levels of 0.017 M and 0.513 M in fresh water and salt water, respectively. These results stand in stark con-
trast to the performance of Capmixing devices (producing less than 400 mW m~2)**%’, and they are comparable
to outcomes from RED experiments with faradaic electrodes involving the same salinity gradients*®.

In a similar vein, we have pursued an analogous approach, devising a novel cell configuration comprised of
a single selective membrane and two cost-effective capacitive electrodes®. This design yielded a net power den-
sity output of 2 W m~2, achieved with a salinity ratio of 300 (0.017 M and 5.13 M) and of 5.26 W m~2 without
boosting strategy™. All these results have been obtained in absence of divalent ions.

Let us go deeper in the working principle of these devices. The general principle of the CREDSM is illustrated
in Figure 7 (Cell preparation, see Methods). A cationic ion-exchange membrane (CEM) is placed in middle of
the cell between two compartments of different salinity. This membrane allows the passage of cations and blocks
the anions and water molecules®*2. Thanks to this selectivity, an electrical potential difference appears between
these two solutions of different salinity. In open-circuit cases, the cell voltage Eocy is the sum of the Donnan
potential E.,, and of electrode potentials E,j... The Donnan potential is given by the Nernst equation, corrected
for the activity of the feed waters and the apparent permselectivity of the non-perfect membrane. It is given by :

RT i

E, =
z;F ain

where E,, represents the electromotive force across the membrane (in volts, V),R stands for the universal gas
constant (8.314 ] mol~! K~!), T'is the temeperature, z; represents the valence of the ionic species i (dimension-
less), F is the Faraday constant (96,485 C mol™!), and a; signifies the activity of ionic species i in the feed water
(in molarity, M).« is the selectivity of the membrane, « = 1 corresponds to a perfect selective membrane. In
the situation of a cation exchange membrane, @ = 1 corresponds to a membrane that allows the free passage of
cations but blocks all the anions. The subscripts 1 and 2 indicate the side of the membrane. Equation 1 illustrates
that a salinity ratio of monovalent ions (such as Nat, CI") results in twice the voltage generated by an equivalent
salinity ratio of divalent ions (such as Mg”, S04 %), assuming constant activities and apparent membrane
permselectivity.

E,jec results from the ion adsorption on the electrodes and depends upon the debye lenght and thus upon the
value of the local salt concentration. When the circuit is closed, the potential drop between the two electrodes
includes the ohmic ionic dissipation both in the membrane and in the electrolyte, as well as the non-ohmic dis-
sipation in the polarization layers built up around the membrane and the electrode. The closing of the circuit also
involves the ohmic potential difference in the load resistance and the capacitive potential jump at the electrodes.
The presence of capacitance causes the electric current to decay over time. When the capacitor is fully charged,
the potential difference across its terminals balances the membrane potential E,,, and the potential created by
the adsorbed layers E,j... As a result, the produced electric current stops. It is then necessary to switch the fresh
water and salt water supplies in order to reverse the membrane and electrode potential to unblock the electricity
production. This generates an electric current in the opposite direction.

Divalent ion mixture influence on cell voltages

We will study a highly selective membrane, Nafion (Nafion™ HP, Chemours). We will then display some data on
two others less expensive and less selective commercial membranes, Fumasep (FUMASEP™ FS720, Fumatech)
and sPEEK (FUMASEP™ E-620 (K), Fumatech).

In order to perform insight studies of the impact of divalent ion mixing on electrical voltages, we conducted
measurements to study separately the membrane voltage E,, and capacitive electrode related voltage Eocv—.. This
is realized by open-circuit voltage (OCV) measurements both in capacitive and faradaic cells. In the capacitive
situation, Eocv— is twice the sum of the membrane potential E,, and of the electrode potentials E,j,—. In the
faradaic situation, Eocy—f is the sum of the membrane potential E,, and of the Ag/AgCl electrode potentials
Eelec—f. Eelec—f is measured separately in a simple set-up containing two electrodes immersed in two beakers con-
taining solutions of different concentration and linked by a salt bridge. As E,,, does not depend upon the nature
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of the electrode, it is then possible to deduce E,j.—. = Eocv—c — Em from the measurement of the open circuit
potential performed on a cell equipped with the membrane and capacitive electrodes. A detailed explanation
for the voltage measurement and calculation method is available at Methods section.

We carried out a series of 16 experiments with NaCl solutions mixed with MgCl, and CaCl; solutions. The
compositions of the different solutions used are given in the Table 7. Compared to solutions with only NaCl,
part of the NaCl was replaced by MgCl, or CaCl,, in order to maintain the molarity of the inflowing feed (and
hence the conductivity, to a certain degree) constant. The results obtained concerning different electrical voltages
under the influence of divalent ion mixing are displayed in the Table 1, 2 and Figure 1.

Data obtained in the absence of divalent ions are comparable to measurements obtained previously in the
literature®. In these situations, Ey, corrected by measured Ag/AgCl electrode potential are 0.107, 0.074 and 0.05
V for Ra value of 100, 30 and 10 respectively. The membrane potential is given by Ejem = OlRTTlH( VHLCCIZ;LH ). is
the selectivity of the membrane, @ = 1 corresponds to a perfect selective membrane, that allows the free passage
of cations but blocks anions. Activity coeflicients yy, y are obtained with the extended Debye-Hiickel equation .

—0.5122/(I)
1+ /)

where I is the ionic strength I = 0.5 Zziz C;and A stands for the diameter of the hydrated ion (in pm). Some values
for A are: Na™: 450 pm, Mg?*: 800 pm, Ca*: 600 pm. Based on previous values, the selectivities o are calculated
to be 0.99, 0.99 and 0.99 for Ra value of 100, 30 and 10 respectively.

In presence of divalent ions, the membrane voltage decreases compared with solutions composed of pure
mono-valent ions, as illustrated in Figure 1. As the molar fraction of divalent ions increases, the membrane volt-
age shows significant further decrease. For a fixed salinity ratio of 100 (30 or 10, respectively) , the membrane
potential decreases from 107 mV to 86 mV (75 mV to 63 mV in the case of ratio 30, and 50 mV to 23 mV in the
case of ratio 10, respectively) for a molar fraction of 0.4 of CaCl, and a total salt concentration of 1.71 mol L™!
(0.51 mol L™, 0.17 mol L™, respectively). The nature of divalent ions does not change E,, and E,j,.. There are no
major difference between the case of MgCl, and CaCl,. In presence of MgCl,, the drop of potential is comparable
to that in presence of CaCl,. For a NaCl salt fraction of 0.4, Ra=30, the membrane potential is equal to 54 mV
in presence of MgCl, and to 57 mV in presence of CaCl,. We have supplemented this series of measurements
with membrane potential measurements when divalents are only present in the dilute solution (see Table 2).

The potential of the electrodes behaves differently (see last column of Table 1). It seems less affected than
membrane potential by the presence of divalent ions. It depends little of the amount of divalent added and on
the nature of the ions. These results have important implications for cell potential. The cell potential consists
the sum of the electrode and membrane contribution. While the molar fraction of NaCl drops from 1 to 0.4,
the voltage contribution of membranes E,, shows a significant drop of 19.6%, 27.0% and 54.0% for salinity ratio

log(y) = 2
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Figure 1. Electrical voltage over membrane E,, and over capacitive electrodes E,j,._. as a function of NaCl
molar fraction. (a), (b) and (c) represents the variation of voltage of mixing between NaCl and CaCl, for salinity
ratio of 100, 30 and 10, respectively. (d) represents the mixing case of NaCl and MgCl; for a salinity ratio of 30.
As molar fraction of divalent ions gets higher, E,, drops significantly while E,j,._. remains constant.
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Salinity ratio | Eocv—¢ (V)
NaCl fraction | CaCl, fraction | Ra 2(Em + Edtec—c) (V) | Eocv—f (V) | Edec—f (V) | Em (V) | Eetec—c (V)
1 0 100 0.355 0.203 0.096 0.107 0.071
0.8 0.2 100 0.349 0.194 0.094 0.100 0.074
0.6 0.4 100 0.327 0.184 0.091 0.093 099 0.070
0.4 0.6 100 0.310 0.176 0.090 0.086 0.069
1 0 30 0.272 0.151 0.074 0.077 0.059
0.8 0.2 30 0.251 0.141 0.073 0.068 0.058
0.6 0.4 30 0.227 0.128 0.071 0.057 099 0.057
0.4 0.6 30 0.209 0.117 0.063 0.054 0.051
1 0 10 0.195 0.101 0.051 0.050 0.048
0.8 0.2 10 0.173 0.095 0.049 0.047 0.040
0.6 0.4 10 0.153 0.086 0.048 0.038 098 0.039
0.4 0.6 10 0.130 0.070 0.047 0.023 0.042

Table 1. Electrical voltage measurement split-up table for mixing between NaCl and CaCl,. The electrical
voltages measured by experiments consist of open-circuit voltage of a capacitive cell Eocy—. (which
corresponds to 2(Ey;, + Eec)), open-circuit voltage of a faradaic cell Egcy s, and electrical voltage on faradaic
electrodes Egjoc . Based on these measurements, it is possible to deduce the electrical voltage across the
membrane E,, and the electrical voltage on capacitive electrodes E..—.. The measurements are conducted

by using solution mixing between NaCl and CaCl, of different molar fractions (1, 0.8, 0.6 and 0.4 for NaCl
molar fraction) for salinity ratios of 10, 30 and 100, respectively. The measurement uncertainties mainly come
from the electrode potential contribution in faradaic system Eej,c—f with a error bar estimated as 1 - 3 mV for
different experiment series.

Salinity ratio | Eocv—c (V)

NaCl fraction | MgCl, fraction | Ra 2(Em + Eetec—c) (V) | Eocv—f (V) | Eetee—f (V) | Em (V) | Eeloc—c (V)
Mixing of NaCl-MgCl; in both solutions

1 0 30 0.265 0.145 0.070 0.075 0.057

0.8 0.2 30 0.252 0.139 0.067 0.072 0.054

0.6 0.4 30 0.230 0.131 0.070 0.061 0.054

0.4 0.6 30 0.212 0.120 0.065 0.055 0.051

Mixing of NaCl-MgCl; only in the diluted solution

1 0 30 - 0.144 0.070 0.074 /
0.8 0.2 30 - 0.142 0.069 0.073 /
0.6 0.4 30 - 0.139 0.069 0.070 /
0.4 0.6 30 - 0.131 0.069 0.062 /
0.2 0.8 30 - 0.120 0.069 0.061 /

Table 2. Electrical voltage measurement split-up table for mixing between NaCl and MgCl, for a fixed salinity
ratio Ra of 30. Two scenarios are investigated here: The mixing in both concentrated and diluted solutions, and
mixing only in the diluted solution. The measurement uncertainties mainly come from the electrode potential
contribution in faradaic system Ecj,cs with a error bar estimated as 1 - 3 mV for different experiment series.

Ra of 100, 30 and 10, respectively. In the same situations, the voltage contribution of electrodes Ej.—. shows a
drop of 3%, 16% and 12.4% for salinity ratio Ra of 100, 30 and 10, respectively. While the molar fraction of NaCl
drops from 1 to 0.4, this induces for a capacitive cell a decrease of the total cell voltage Eocy —. of 12.8%, 23.4%,
and 33.6% for salinity ratio Ra of 100, 30 and 10, respectively. This decrease is thus much less important than
the one occurring for the membrane potential.

We complete this study with some measurements established on less selective membranes. The measured
features are displayed on Table 4. The FUMASEP™ FS720 and FUMASEP™ E-620 (K) membrane have a lower
initial selectivity than the Nafion membrane respectively 0.87 and 0.74 . When divalents are added, the OCV
potential measured in a CREDSM falls by a similar amount to that of the Nafion membrane respectively 26.5 %
and 26.4 % compared to 30 %.

To conclude this paragraph, it should be noted that these figures are achieved in a cell where fluxes are per-
manently exchanged, which is not the case in faradaic cells. We'll come back to this point later.
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NaCl-CaCl, NaCl-MgCl,
NaCl MgCl,
NaCl fraction | CaCl, fraction |R(2cm?) | C(Fcm™2) |fraction | fraction R (2cm?) C (Fcm™2)
1 0 41.2 0.38 1 0 41.2 0.38
0.8 0.2 37.6 0.43 0.8 0.2 34.7 0.44
0.6 0.4 34.06 0.46 0.6 0.4 31.6 0.46
0.4 0.6 31.14 0.47 0.4 0.6 30.8 0.48

Table 3. R-C characterization result table for the capacitive cell system with a fixed salinity ratio of 30 of
different divalent ion fraction.

Membrane Salinity ratio | NaCl fraction | MgCl, fraction | R(2 cm?) |C(Fem™2) |Em(mV) |«
FUMASEP™ F$720 30 1 0 38 0.4 68 0.87
FUMASEP™ FS$720 30 0.4 0.6 34 0.42 50
FUMASEP™ E-620(K) | 30 1 0 44 0.375 57.9 0.74
FUMASEP™ E-620(K) | 30 0.4 0.6 45 0.38 426

Table 4. Characterization of FUMASEP™ FS$720 and FUMASEP™ E-620(K) membrane in presence of
divalent ions.

Divalent ion mixture influence on electrochemical properties

In order to characterize changes in cell resistance R,y and cell capacitance C as a function of the nature of the
salt solutions, we carried out impedance spectroscopy measurements (see Methods section). As an equivalent
R-C circuit can be established for the capacitive cell, for each solution mixture, it is possible to measure the
corresponding inner cell resistance and its capacitance by using the Nyquist plot plotted by the PEIS method.
Here, by using the impedance result measured at 10 mHz, we characterized R and C for different divalent mix-
ing scenarios. The electrochemical measurement results are illustrated in the Table 3 for two different mixing
scenarios: NaCl-CaCl, and NaCl-MgCl, with a fixed salinity ratio of 30. It is clear that while the quantity of
divalent salts in the mixing is increased, the cell resistance decreases slightly. We believe that this is related to the
increase of molar concentration of chloride ions inside the solution. This behavior is also verified by Fumasep-
type membranes. We note no increase of the cell resistance in all the cases which suggests that the membrane
resistance does not increase much.

Divalent ion mixture influence on energy performance

It is important to characterize the energy performance of the capacitive cell. We will firstly explain the power
density characterization method for a simple capacitive cell using pure mono-valent ion based solutions. In
general, we connect a load resistor directly to the CREDSM system. We measure the voltage drop on the load
resistor Ej,,4(t) as a function of time by using the OCV mode in a pontetiostat, as illustrated in Figure 2a. Based
on these measurements, it is possible to determine the instantaneous power density output on the load resistor

2
P(t) = %, as illustrated in Figure 2b.

The mean gross power density Pgross (t), which is the power density without compensating for pumping losses,
is a function of time. It is assessed by averaging the signal recorded across the resistance over a time interval of

T;. S denotes the area of the membrane. The expression is as follows:

T 2
1 / * Eload(u) dl/l (3)
S Jt Ripad

P t) =

gross( ) T, -
A priori, Pgross(t) depends on time t. In fact, in all our experiments, this power does not depend on time, as
shown in the Figure 3b for a few experiments. Figures 2c ,d show the value of stationary power, which is meas-
ured from the first cycle.

It's noteworthy that these measurements constitute direct assessments that mirror real-world scenarios. To
assess the influence of divalent ion mixing in the capacitive cell, we measure the harvesting power in various
salinity gradients with different divalent ion mixing fraction. For each mixing case, the experimental results are
presented by dots in Figure 2. The measured power densities show classic variations according to the load resist-
ance. Maximum power recovery decreases from 1.15 W m~2 to 0.8 W m~2 (respectively 0.75 W m~2) when the
CaCl,; (respectively MgCl,) proportion in the brine increases from 0 to 60%. The modeling of the data will be
discussed in the following sections.

The same experiments were carried out on the Fumasep (FUMASEP™ FS720, Fumatech) and sPEEK
(FUMASEP™ E-620 (K), Fumatech) membranes. The results are shown in Figure 3a, some features are given in
Table 4. The addition of divalent causes the maximum power to drop. Note that the power values were measured
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Figure 2. Power density measurement curves. (a) Instantaneous voltage measurement as a function of time for
a mixing solution of NaCl and CaCl, of different fractions. A load resistor of 10 €2 is connected to the capacitive
cell. The voltage drop on the load resistor Ej,,4 is measured by a potentiostat. As the solution reversal is realized
for a fixed period Ts = 45 s, an alternating electrical signal is measured. (b) The instantaneous power density
P dissipated on the load resistor corresponding to the measurement in (a) for a series of mixing fractions. (c)
The temporal averaged power density Pgross as a function of load resistance for divalent ion mixing of NaCl and
CaCl, for a salinity ratio of 30. The solid lines represent the theoretical prediction based on the R-C equivalent
circuit. The dots represent the experimental data obtained for a capacitive salinity gradient cell. (d) The temporal
averaged power density Pgyoss as a function of load resistance for divalent ion mixing of NaCl and MgCl, for a
salinity ratio of 30. The number presented in the legend corresponds to the molar fraction of NaCL

over 8 hours and no variation was measured over time. The power remains constant, as shown in the figure (see
Figure 3b). The modeling of the data will be discussed in the following sections.

Membrane poisoning in Faradaic RED cell

In order to be able to compare the CREDSM and RED devices, it is necessary to carry out new experiments on
the membranes we use. The effects of divalents are highly membrane-dependent, and it is not possible to be
satisfied with the information available in the literature. To do this, it would be possible to compare the power
generated. We have not chosen this approach, however, as it would be complex to construct capacitive cells and
Faradaic cells with the same efficiency coeflicients, i.e. to recover the same share of the maximum accessible
potential. To understand the mechanisms involved, we preferred to focus on how divalent ions modify the
intrinsic properties of the membrane.

To probe this more precisely, we close the circuit with the Ag/AgCl electrodes on a resistor which value is
closed to Rj. An ionic current passes through the membrane during the experiment. This phase lasts 20 min-
utes. The current remains constant in the case of the Nafion membrane, drops in the case of the FUMASEP™
FS720 and FUMASEP™ E-620 (K) membranes . We then measure the membrane potential in the Ag/AgCl cell
using the OCV measurement. This measurement slightly disturbs the state of the membrane because it requires
areversal of flow. Two flow reversals are used to limit the impact of the measurement on the results. This allows
us to calculate membrane selectivity before and after measurement. E,, in presence of divalent varies from 57.9
mV to 56.4 mV in the case of Nafion over 20 minutes, from 50 mV to 42 mV in the situation of FUMASEP™
FS720 and from 42.6 mV to 35 mV in the situation of FUMASEP™ E-620 (K) . We find that the selectivity of
the Nafion membrane is unaffected. The selectivity of the FUMASEP™ FS720 membrane decreases by 16% and
the one of FUMASEP™ E-620 (K) by 17.8%.

Experiments dealing with real solutions

To complete our study, we designed a series of experiments to test the feasibility of CRED in applications, where
complex solution mixtures are used. These imaginary scenarios serve as proxies for some real-life applications,
as detailed below, or allow to test some bottlenecks expected in these applications.
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Figure 3. Power density performance characterization. (a) The temporal averaged power density Pgross as a
function of load resistance for artificial NaCl (blue dots) or NaCl (40%) - CaCl, (60%) mixed solution (red

dots) of 30 g L "!vs 1 g L ~L. The solid lines represent the theoretical model, the dots represent the experimental
results. The result is measured for a CRED system with a FUMASEP™ FS720 membrane with a effective
surface of 2.24 cm?. The figure in the legend refers to the NaCl molar fraction in the mixing. The power density
presents a drop of around 30 % in artificial NaCl (40%) - CaCl, (60%) mixed solution of 30 g L “lys1 gL -1,

(b) Mean gross Power density measurement Pgyoss(t) (see definition Equation 3) of a capacitive salinity gradient
cell during an operation duration of 500 min for three different cases. Note that while instantaneous power is

a periodic signal due to the capacitive process, power averaged over a period is not. Case 1: the use of artificial
NaCl (80%) - CaCl, (20%) mixed solution with a salinity ratio of 30 g L "' vs 1 g L ~!). The membrane used here
is Nafion 117 with a load resistor of 10 €2. Case 2: the use of production water (equivalent NaCl concentration
107 g L") with a salinity ratio of 30. The membrane used here is Nafion 117 with a load resistor of 10 Q2. Case
3: the use of artificial NaCl (40%) - CaCl, (60%) mixed solution with a salinity ratio of 30 gL “lys1 gL ~1). The
membrane used here is FUMASEP™ FS720 with a load resistor of 30 2. In all cases, we fix the switching period
as Ts = 45s. The power density variation after 10h of operation is within 6%.

In the first scenario (Figure 4a) we consider produced water from an oil well mixing with seawater. Here
we used synthetic production water and synthetic seawater prepared in a laboratory from data provided from
a field (see composition in®?). The obtained power density 0.35 W m™2 was similar to what what was obtained
with NaCl solutions at similarly low salinity ratio of around 4. The amount of osmotic energy is low due to the
small difference in salinity. We could conclude that although our results show the feasibility of energy harvesting
from production water, unaffected by the presence of divalent ions, advantage of further development of this
application is site dependent.

In the second scenario we used real water from the evaporation ponds at the Dead Sea, mixed with the same
solution diluted by 30 times (Figure 4b). The extreme salinity conditions of this test could be relevant to projects
like the Red sea-Dead sea conveyance, or similar. Remarkably, the high power density of over 2 W m~2 indicate
the unprecedented feasibility of such application. According to our experimental analysis, the total dissolved salts
content in the dead sea solution is on the average 324.9 g L~!. The dominant cation is Mg (62.3 g L"), followed
by Na (32.2 g L), Ca(27.5 g L) and K (9.3 g L~!). We demonstrated that even in the case where divalent
ions (Mg and Ca presenting around 55%) dominate, the measured power density obtained in a capacitive cell is

(a) Synthetic sea water / production water (b) 3 Dead sea water (C) 4 Salt carvern
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3
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Figure 4. Power density curves for real solutions. (a) Power density measurement for the case of synthetic
seawater and production water with a salinity ratio of 4. (ESPCI Paris) Power density measurement for the
case of Dead sea water with a salinity ratio of 30. (c) The case of salt cavern with highly concentrated sea water
corresponding to a pure NaCl salt solution of 300 g L~! coupled with an artificial river water. The salinity ratio is
300. All the detailed solution composition is available in the method section. In all cases, the switching period is
fixed as Ts = 45 s.
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comparable to the value 2.2 W m™2 obtained in a pure solution composed of NaCl salts with similar concentra-
tion gradients (300 g L™ ! vs. 10 g L™}) as reported by Wu et al.*.

In the third scenario (Figure 4c) we imagine creation of salt caverns, either for salt mining or for subsequent
hydrogen storage. The caverns are created by dissolution in water, of salinity available on site, injected into the
salt deposit. The concentrated solution is therefore saturated brine, mostly composed of NaCl 300 g L~ !, and the
diluted solution is fresh (used) water or river water, replaced here for simplicity by a 1 g L™! artificial mixture
solution of composed of NaCl (40%) and CaCl, (60%). In this case, 2 maximum power density of 3.2 W m~2is
obtained. The power density shows limited decrease compared with NaCl pure solutions of 300 g L™ 'and 1 g L™/,
which shows a maximum power density of 4 W m~2 in the capacitive cell. This scenario also resembles that of a
facility constructed between the Great Salt Lake, utilizing water from the lake along with treated wastewater, or
a facility situated within the Ettore e Infersa saltworks in Marsala (Trapani, Italy). The Italian location provides
freshwater from a coastal well and nearly saturated brine**>*%’.

In our study, the experiments performed with water production and sea water are close to the result obtained
with equivalent monovalent ion based solutions as the divalent ions are of low molar fraction (6.7 % in the case
of production water and 0.4 % in the case of sea water®). For most real sea water solutions, divalent ions are
of low molar fraction, as in the example of Mediterranean sea water which contains 3.7% of Mg** and 1.2% of
Ca** and 33% of Na™?’). When it comes to Dead Sea water, it is actually dominated by the presence of divalent
ions. However, according to our experimental studies, capacitive system presents minor performance decay in
this case. We believe that the same results will be obtained when river water containing high levels of divalent
ions is taken into account (see Figure 1d). For example, the Amazon river water contains 2.4% of Mg?* and 15%
of Ca?* and 3.1% of Na*?.

We conclude that, within a capacitive cell system, the composition of the brine has a limited impact on per-
formance. We highlight that these performances might be enhanced using an external voltage source®.

Discussion

To fully understand the mechanisms involved, it is necessary to present a model of the results. The first subsec-
tion deals with open-circuit potential measurements. The second subsection of this paragraph deals with power
measurements. The last subsection takes advantage of these modelings to explain the measured performances.

Cell open voltage modeling

The preceding measurements show us that divalent ions affect mainly the value of the cell performance of our
device and more precisely the open circuit voltage. At this stage, it’s important to understand which phenomena
induce the drop in potential: is it simply due to the uphill effect where divalent ions migrate into the concentrated
compartment as a result of their charge, or is it a phenomenon linked to the variation in membrane selectivity
and membrane poisoning? Vermaas et al.'has developed a model to quantify the first point, and comparing our
data with this model will enable us to answer the question. In their analysis, they propose that the open-circuit
equilibrium membrane potential is equal to a potential that cancels out the displacement of divalent ions. This is
only possible if a local transfer of matter takes place, inducing a different concentration in the layer of matter near
the membrane. More precisely, ion transport across a membrane is a complex phenomenon when monovalent
and multivalent ions exist on both sides of an ion exchange membrane. In such situations, ions are exchanged
across the membrane to achieve chemical potential equilibrium on both sides. When solutions of NaCl and MgCl
are present on either side of a cation exchange membrane (CEM) at varying concentrations but with the same
ratio, the electromotive force Egcy resulting from the difference in concentration of Na¥ is greater than that of
Mg2+ due to the valence of the ions. We recall that Egcy = O%Tlog 4l Asga result, Mg2+ ions are transported
from the dilute to the concentrated solution, while twice as many Na*fons move in the opposite direction. This
exchange ensures electroneutrality on both sides of the membrane and is described in the literature as uphill
transport, corresponding to the movement of Mg?* against the concentration gradient. Using Equation 1 and
assuming that the apparent permselectivity is equal for both ionic species, this stationary situation is reached
when the ion activities at either side of the membrane obey:

C(RT ANgt+.1 OlRT aMg2+,l
lo — = lo (4)

ZNa+ F ANg+ 2 ZMg2+F aMgz+,2

This leads us to :
RT
Ep = ORL 1pp MNat1 5)
ZngtF 7 angt 2

aNa+,2 =VNat+,2(CNat+2 +2]/V2) (6)
ANat+,1 =VNat,1 (CNuﬂl —-2J/V1) (7)
YNat 1 (ENat1 — 2]/ V1) Vgt (Cpgat +]/V1))(1/2) )

YNa+2(CNat2 + 2]/ V) Yug+2(Cpger 2 — T/ V2)

Scientific Reports |

(2024) 14:16984 | https://doi.org/10.1038/s41598-024-67690-7 nature portfolio



www.nature.com/scientificreports/

E_(V)

0.05

] is the molar transport (mol) of Mg?+ towards the seawater compartment, and V; and V; are the volume of the
compartments. Activity coefficients in the lower concentration range are obtained with the extended Debye-
Hiickel equation.

Figure 5 shows a comparison between the model and membrane potential measurements. An excellent agree-
ment is found between measurements and simulation. This agreement shows that the selectivity of the Nafion
membrane is not affected when it is used in a capacitive device where the ionic current changes of direction on
each half period. In the case of Nafion, no loss of selectivity was neither measured when the ionic current flowed
in the same direction for 20 minutes i.e . In all likelihood, Nafion’s loss of power is limited to the uphill effect.

In the case of membrane with a poisoning effect as FUMASEP™ FS720, the selectivity is equal to 0.87 in pres-
ence of NaCl. The membrane potential drops from 68 to 50 mV in presence of 0.6 Mol MgCl,. This corresponds
to a ratio equal to 0.73. The potential of the Nafion membrane drops from 75 mV to 55 mV. This corresponds also
to a ratio equal to 0.73. The fact that the two figures are the same shows that the selectivity of the FUMASEP™
FS720 membrane is not affected by the divalent ions in the CREDSM. We recall that no variation of the open
potential is measured for more than 8 hours in the CREDSM. It’s not the same thing when a direct ionic cur-
rent flows through the membrane for 20 minutes as in the Faradaic cell. The membrane potential falls to 42 mV,
which corresponds to a loss of selectivity of 16%. Same results are obtained with the FUMASEP™ E-620 (K). In
the CREDSM the membrane potential is equal to 43 mV in presence of divalent ions and to 58 mV in absence
of divalent. This corresponds to a ratio 0.74, same figure than previously , suggesting that the permselectivity is
not affected by the divalent ions in the CREDSM. In the Faradaic situation the membrane potential falls to 35
mV, which corresponds to a loss of selectivity of 17.8 %.

To conclude this section, the voltage drop in CREDSM is fully explained by the uphill effect model. How-
ever, in faradaic RED system, we observe additional contribution of voltage drop related to the selectivity loss
in membrane.

Harvested Power Modeling

Another important point is to verify if the measured cell characteristics, including E,, and R, are sufficient to
explain the recovered power losses. To check this, we will compare the results with a R-C model that we have
validated in previous studies when the cell filling time is small compared to the period. Details can be find in the
work of Brahmi et al.*’ and in the method section. This modeling predicts that the power is given by:

_ 2 CBbcyRiad Ts )
ST Rioad + Reetl 2(Ripad + Reen)C

)

Py

The theoretical prediction is presented by solid lines in Figure 2c and d, it does not involve any fitting param-

eters. It is demonstrated that experimental power density performances are perfectly described by the classical
modeling. For each brine solutions, we have used the measured resistance and capacitance values.

Based on the R-C model derived from the equivalent circuit, it is possible to describe the power density

performance of CRED based on the electrochemical characteristics obtained, in the situation of both Nafion
and FUMASEP™ F$720.

O 1 1 1 L L 1 L L
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Molar fraction of divalent ions Molar fraction of divalent ions

Figure 5. Theoretical interpretation of the membrane voltage E,, decreases as a function of divalent ion molar
fraction. (a) Theoretical prediction (solid lines) and experimental data (dots) of E,, of different salinity ratio Ra
of 100, 30 and 10, respectively, for a mixing between NaCl and CaCl,. (b) Membrane voltage E,, decrease in two
different cases: mixture in both concentrated and diluted solutions, and mixture only in the diluted solution. The
feed solution used here is a mixture of NaCl and MgCl, or NaCl and CaCl, with a fixed salinity ratio Ra of 30.
Green squares refer to the case where the MgCl, is present only in the river water. Black dots refer to the case
where NaCl and MgCl; are present in both feeding solutions. Red dots refer to the case where NaCl and CaCl,
are present in both feeding solutions.
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Analysis of our results

The reduction of the harvested power density due to divalent ions is being mitigated when a CRED cell is used.
Divalent ions affect the properties of RED devices for two main reasons. The first is the uphill phenomenon,
which modifies the membrane potential. This phenomenon is of course common to RED cells with capacitive
electrodes and CRED cells. This phenomenon only applies to the membrane potential, not to the electrodes. The
CREDSM cells consist only a single membrane and two electrodes. They can be placed in series by repeating this
electrode-membrane-electrode unit. In this way, the basic capacitive cell potential is the membrane potential plus
the electrode potential. As the latter is not affected by the presence of divalent ions, the potential of a series of
single-membrane capacitive cells is less affected than that of a RED cell. The reduction in open-circuit potential
is half that of a RED cell. The fact that the impact of divalents is limited in capacitive devices therefore stems
primarily not from the capacitances themselves, but from the fact that it is possible to sum the electrode poten-
tials by creating single-membrane cells. It should be remembered that, because of the overpotential on faradaic
electrodes, it is not possible to use a single-membrane faradaic cell efficiently. Furthermore, putting faradaic
cells in series would raise the problem of high electrode costs and the use of large quantities of toxic electrolytes.

Under these conditions it is possible to calculate the power loss in the presence of divalent ions in the
CREDSM and compare it to the RED if there is no loss of membrane selectivity. It should be remembered that
the loss of selectivity only occurs on membranes with low selectivity and during a direct ionic current. Assum-
ing that the anionic membrane follows the same trends as the cationic membrane, the open-circuit voltage in a
RED device of n membranes equals to #n.E,,. To simply the calculation, we take the case of a single membrane.
The open circuit voltage in a RED device will drop from 107 mV to 86 mV for a salinity ratio of 100, from 77 mV
to 54 mV for salinity ratios of 30 and from 50 mV to 23 mV for salinity ratios of 10 when the molar fraction of
Na decreases to 0.4. In a CREDSM for salinity ratio Ra of 100, the open circuit voltage will drop from 178 mV
to 155 mV for a salinity ratio of 100, from 132 mV to 105 mV for salinity ratios of 30, from 98 mV to 66 mV
or salinity ratios of 10 when the molar fraction of Na decreases to 0.4. These figures lead to a decrease of power
of 35.4 % for a salinity ratio of 100, of 50.8 % for a salinity ratio of 30, of 78.8 % for salinity ratio of 10 when the
molar fraction of Na decreases to 0.4 in a RED device. In comparison, the drop in power in a CREDSM is equal
to 24.2 % for a salinity ratio of 100, of 36.7 % for a salinity ratio of 30, of 54.6 % for salinity ratio of 10 when the
molar fraction of Na decreases to 0.4. These figures are obtained with the measurement realized by Nafion HP
membrane. The results are summarized in Table 5.

The second reason relates to membrane poisoning. Membrane poisoning is influenced by the chemical com-
position of the membranes. It is relatively rare in Nafion-type membranes but quite common in FUMASEP mem-
branes. This is probably due to the very high surface charge of Nafion membranes, which enables them to avoid
poisoning by divalent ions®. It leads to a reduction in membrane selectivity, a reduction in electrical potential
membrane . The fact that the capacitive process is an alternative process prevents divalent ions from adsorbing
permanently to the membrane, which is not the case with continuous processes. The improved properties of
CREDSM compared with RED are once again an indirect effect of the alternating flow of the two solutions. It
should be noted that this strategy could be applied to RED, as proposed by Vermaas. From a numerical point of
view, assuming that the anionic membrane follows the same trends as the cationic membrane, the open circuit
voltage in a RED device will drop from 68 mV to 42 mV for a salinity ratio of 30 when the molar fraction of
Na decreases to 0.4 along with the selectivity decrease. In a CREDSM for salinity ratio of 30, the open circuit
voltage will drop from 125 mV to 101 mV for salinity ratios of 30 when the molar fraction of Na decreases to
0.4. Under these conditions, the power generated by a RED device will fall by 34 % and the power generated by
a CREDSM device by 62 %.

The overall underlying mechanism is illustrated in Figure 6.

Life cycle analysis and Techno-economic analysis

Our study shows that capacitive cells can achieve significant power levels compared with the literature when real
solutions are used. At this point, it becomes important to ask where blue energy technology stands from an eco-
nomic and ecological point of view. The current literature can be confusing. Some articles mention the enormous
power measured on a single nanotube and extrapolate the enormous power that can be recovered™, while others
write that these techniques will never be marketable and is even not suited for the ecological transition®”*. We
believe that the situation is halfway between these statements.

Let us first comment on the ecological footprint of the blue energy. A study of the life cycle analysis of our
process is outside the scope of this article. However, before making an economic analysis of our process, we
would like to remind a few points. Mueller et al.* display in 2021 the the first comprehensive life cycle assess-
ment (LCA) of reverse electrodialysis (RED). They conduct a LCA of IMWh RED plant using natural waters or
concentrated brines and compare the results to existing renewable energy technologies, including wind and solar
photovoltaics. They studied 9 impact categories: acidification, ecotoxicity eutrophication, global warming, ozone
depletion, photochemical oxidation, carcinogenics, non carcinogenics, and respiratory effects. In all the cases,
the environmental impacts from RED are found to be comparable to, and sometimes lower than, established
renewable energy technologies. The single drawback deals with eutrophication, ecotoxicity, and carcinogenic
impacts which are slightly larger for RED than other technologies under the natural water scenario and not the
brine one. Processes associated with membrane manufacture are primary contributors to these impact catego-
ries. We anticipate that these impacts may be thus decreased by using biosourced membranes such as cellulose
membranes in the natural water situation. The authors conclude by saying that RED performs as well as or better
than other renewable energy technologies in terms of ecological impact. The footprint is not analyzed in this
article, but it is comparable to or better than that of photovoltaic plants. Indeed, despite a power density 30-50
times lower than that of photovoltaic energy, it is possible to produce the same power as a photovoltaic plant on
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Figure 6. Schematic illustration of the divalent impact mitigation mechanism of CRED system. The diagram
summarizes the mechanisms that induce power loss in the presence of divalent ions. In the CREDSM context,
only the uphill mechanism affects membrane potential. Electrode potential remains unaffected. This reduces
the impact of divalents on the cell potential, which is the sum of the membrane potential and the electrode
potential. Flow reversal prevents membrane poisoning. For a molar fraction of 0.6 of MgCl,, this results in

a 34% reduction in power. Under the same conditions and for a poorly selective Fumasep-type membrane,
membrane poisoning and the cell potential, which is affected twice by the uphill phenomenon, lead to a 62%
power density reduction.

NaCl solution 98 mV 132 mV 178 mV
CREDSM NaCl-CaCl, mixing, fraction 0.4 66 mV 105 mV 155 mV
Power density drop 54.6% 36.7% 24.2%
NaCl solution 50 mV 77 mV 107 mV
RED NaCl-CaCl, mixing, fraction 0.4 23 mV 54 mV 86 mV
Power density drop 78.8% 50.8% 35.4%

Table 5. Comparison of power density drop prediction under divalent ion mixing cases of NaCl and CaCl,
for a fraction of 0.4 of NaCl. The voltage values for CRED system corresponds to the open-circuit voltage Eqc,.
The voltage figures for RED system corresponds to a single membrane voltage E,,, as a simplified case for RED
stacks. The calculations are realized for Nafion HP membrane.

smaller surfaces, because RED cells can be stacked on top of each other. Taking into account a thickness of 0.4
mm for two membranes and two liquid compartments (i.e. for the cell repeat pattern) and a density power of 1
W m™2, it is possible to estimate the power of a I m x 1 m? cell at 5 kW. The basic RED modules will therefore
take up 20 times less space than the basic photovoltaic modules, whose density power is estimated at 100 W m~2,
Discharges of saltwater solutions are not analyzed in this article, and at this stage there are no studies to show
how the fragile ecosystem that makes up an estuary can be affected by withdrawals and discharges of saltwater
mixtures. Without getting too far ahead of ourselves in this not-so-simple debate, it is nevertheless important
to note that osmotic energy devices mix seawater and river water. It may therefore be possible for the estuary,
which does the same, to discharge this water at a point where the salinity is close to that of the mixture. Finally,
this impact is less significant when the brine systems studied are industrial brines. In this case, the problem of
discharge is already part of the process. All these points are very positive and lead us to ask why RED technology
is failing to emerge. One crucial point is the cost. High-performance membranes are expensive membranes. It
is important to analyze this point in greater detail and to compare our work with existing results. To do this, we
will draw on a techno-economic analyses carried out on RED systems?”5%61,

Post estimated the cost of a RED device in 2010 for a system producing 200 kW. The calculation includes
the costs of construction and membrane (200 000 € ), filtration (320 000 € ), liquid pumping and maintenance
(370 000 € ). The fluids pass through the system only once, at a speed 1 cm.s~! comparable to our experiments.
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(a)

Post scenario | A scenario | B scenario
Membrane cost (€) 254 000 6 000 000 1500 000
Piping, fittings and pumps (€) | 406 400 406 400 406 400
Valves (€) 0 150000 150000
Filtration (€) 469 900 0 0
Total (€) 1130300 6 556 400 2056 400
Annual Costs (9%) (€) 101 727 590 076 185076
Total (€) 1232027 7 146 476 2241476
Net Power (kW) 200 320 320
MWh cost (€) 111 399 125

Table 6. Cost break-down for a membrane reverse electrodialysis unit (membrane surface 100 000 m?).
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Figure 7. Schematic illustration of the capacitive cell. (a) The capacitive system assembly illustration. (b)

The working principle of the CRED system. The periodic water solution reversal is necessary to ensure the
continuous electricity production. The eventual electrical signal delivered by the CRED system will be periodic
and alternating.

The calculation takes into account a membrane price of 2 euros per m? and a power of 2 W per m2. Membrane
lifetime is 7 years, with production running 8000 hours a year. 9% of the construction and functioning cost are
considered to be the exploitation cost over 7 years. Taking inflation into account, this corresponds to a current
cost of 1 232 027 euros . This results in a production cost equal to 0.111 € per kWh, i.e. 111 euros per MWh.
This figure is in line with current electricity production costs (solar energy 40 € per MWh, wind oft shore 120
€ per MWh®). In this calculation, the price of the membrane is certainly underestimated while the production
power is overestimated. More realistically, on the basis of our experimental results, we can envisage several dif-
ferent cases and display two other scenarios in the table. We have measured a power of 3.2 W m™* for a ratio of
300 between a high salinity solution and a fresh water solution in presence of magnesium and calcium. This case
mimics that of a plant built between the Great Salt Lake and using water from the lake plus treated wastewater or
a plant located in the Ettore e Infersa saltworks in Marsala (Trapani, Italy). The Italian site supplies fresh water
from a well on the coast) and almost saturated brine’®*”*. These cases are very interesting because all these brines
do not require filtration. Algae and microorganisms do not grow in such high salinities and the desalination
effluents, treated water effluents or water from a shoreline well are rather clean®*. We propose an analysis based
upon a power density of 3.2 W m~2 (equal to our previous measurement) and two cost of membranes.The cost
of membrane is difficult to estimate. Post’s calculation takes into account a membrane price of 2 euros per m?
. If's important to note that no membrane currently achieves this cost price. It ’s also important to note that the
price we pay for a lab scale membrane differs from the commercial price in case of industrialization of the RED
process. Because we are interested in real-world greenhouse applications, we will use the commercial price in our
cost analysis. Taking into account a lab-scale to commercial cost ratio of Fujifilm membrane equal to 2.8 (based
on the lab-scale to commercial cost ratio of the Neosepta membranes), Ahdab et al.®* propose to use a cost equal
to 58 € per m? for a Fujifilm membrane. We assume the commercial cost will be same for FUMASEP*FS720

Scientific Reports |

(2024) 14:16984 | https://doi.org/10.1038/s41598-024-67690-7 nature portfolio



www.nature.com/scientificreports/

NaCl - CaCl; solution composition

Concentrated solution Diluted solution Ratio ;
NaCl NaCl | NaCl CaCl, |CaCl, NaCl | NaCl CaCl, |CaCl, Experiment
Molar fraction |gL~! |molL™' |gL™! molL™! |gL™! [molL™! |gL! mol L~ | Number
1 100 1.711 0 0 1 0.017 0 0 10051
0.8 80 1.369 50.311 0.342 0.8 0.014 0.503 0.003 10052
0.6 60 1.027 100.623 | 0.684 0.6 0.010 1.006 0.007 100;3
0.4 40 0.684 150.934 | 1.027 0.4 0.007 1.509 0.010 100;4
1 30 0.513 0 0 1 0.017 0 0 30;5
0.8 24 0.411 15.093 0.103 0.8 0.014 0.503 0.003 30;6
0.6 18 0.308 30.187 0.205 0.6 0.010 1.006 0.007 30,7
0.4 12 0.205 45.280 0.308 0.4 0.007 1.509 0.010 30;8
1 10 0.171 0 0 1 0.017 0 0 10;9
0.8 8 0.137 5.031 0.034 0.8 0.014 0.503 0.003 10;10
0.6 6 0.103 10.062 0.068 0.6 0.010 1.006 0.007 10;11
0.4 4 0.068 15.093 0.103 0.4 0.007 1.509 0.010 10512
NaCl - MgCl, solution composition

Concentrated solution Diluted solution Ratio ;
NaCl NaCl | NaCl MgCl, |MgCl, |NaCl |NaCl MgCl, | MgCl, | Experiment
Molar fraction |gL~! |molL™! |gL™! molL™! |gL! [molL™! [gL™! |molL! | Number
1 30 0.513 0 0 1 0.0171 0 0 30,13
0.8 24 0.411 20.872 0.102 0.8 0.014 0.695 0.003 30,14
0.6 18 0.308 41.745 0.205 0.6 0.010 1.389 0.007 30;15
0.4 12 0.205 62.618 0.308 0.4 0.007 2.084 0.010 30,16

Table 7. Brine composition.

membrane. Note that the lab scale price for a FUMASEP?E-620 (K) membranes is 57 € per m2%*, We therefore
propose a scenario A based on a construction cost of 60 € per m? for the membranes in the cell. This cost takes
into account the cost of the membrane and the carbon felt.

In another realistic techno-economic analysis, Giacalone et al.*” consider that the price of highly selected
membrane is 15 € per m2. This price is in line with the recent development of sulfonated poly-ether-ether-
ketone, sSPEEK membrane. Owing to the low cost of raw material (61.5 € /kg for PEEK polymer), Zhu® and
Yuan® estimate the cost of sSPEEK membrane to be as low as 12€ per m2, which is at least 20 or 30 times lower
than that of commercially available Nafion membranes. We will thus propose a B Scenario based over a cost of
15 €per m?for the membrane and the carbon felt. The results are summarized in Table 6.

The viscous loss is estimated at 0.2 W per m? of membranes. We have previously measured similar viscous
losses in our devices (0.1 W m™2). We thus take into account the same cost of viscous loss and filtration when
required. To this figure we need to add the power required to reverse the flows. To estimate the cost of valves
additionally used in the capacitive system, we estimate the cost at around 35% of the cost related to piping, fit-
tings and pumps.

This analysis shows that the very salty solutions is economically viable and comparable to other renewable
energies 111 € per MWh, if we consider a membrane plus felt price of 15 € per m?. It remains however high,
399 € per MWh, in the situation where the price of the membrane plus felt equals 60 € per m?2. Note that the
obtained values are better than the one predicted following the results of Tedesco> and the analysis of Giacalone?”
because the power density is higher (3.2 W m~2), we have considered no filtration and the plant is different as it
encompasses 100 000 m? of membranes. The main contribution of our work is the fact that we are able to limit
the role of the divalent ions. Considering the Dead sea water scenario (a plant built between the Dead sea and
a desalination plant”’) and following the same analysis, the cost will be reaching 200 € per MWh. This was the
scenario 2 of our study. Lastly, considering sea water mixed with river water, the harvested power remains slightly
higher than 1 W per m? and leads to a cost of 400 € per MWh which is too high even in the situation of SPEEK

membranes. It will correspond to a cost of 1276 € per MWh for a membrane cost of 60 € per m?.

1'27

Conclusion

In this work, we evaluate the electrochemical characteristics and energy performance of CRED system under the
impact of divalent ions. Different from RED systems where significant power density drop is reported, CRED
system present limited power density drop . It is demonstrated in different mixing ratios and even real-world
solutions that CRED systems are efficient in mitigating the impact of divalent ions. We reveal the underlying
mechanism of the minor power density loss of CRED system related to divalent ions. The model-experiment
comparison suggests the fact that the open-circuit voltage drop in CRED system can be thoroughly explained by
the uphill effect and by the variation of the membrane potential due to thermodynamic considerations (activity
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of the divalent ions, factor 2 on the Nernst equation). The membrane poisoning issues extensively reported in
RED systems, which have a huge impact on membrane selectivity and cell resistance, are not in presence in CRED
system. While membrane poisoning occurs within less than in a hour in RED systems, CRED system mitigates
the membrane poisoning issues simply by the intrinsic water chamber reversal process in its working regime.
This enables a stable power density output over 500 cycles (8 hours), as demonstrated in our research results.
Comparing with the expensive and complex design of monovalent selective membranes, the water chamber
switch process is cost effective and easy to implement in RED systems. It is surely an efficient method to be
generalized in faradaic RED systems.

In addition, as demonstrated in the experimental results, divalent ions have significant impact on membrane
related potentials but limited impact on capacitive electrode related potentials. In the scale up process of RED
systems, only cationic and anionic membranes are stacked to increase the overall cell voltage. As the majority
of the cell voltage contribution is related to the membrane stack, the overall voltage is severely influenced by
the divalent ion mixing. However for the scale up of CRED system, the repeating unit comprises a selective
membrane and a pair of capacitive electrodes. The electrode related voltage contribution is comparable to that of
membrane stack. This indicates a limited open-circuit voltage drop in CRED stacks compared with RED systems.

From an economical point of view, we come to the same conclusion as Giacalone et al.?’”. We demonstrate the
potential for brine and freshwater RED plants to become financially sustainable when using highly concentrated
brine from a natural lake or sea and treated freshwater. The novelty of our work lies in having obtained these
results from experiments where divalent ions are present and not from simulation. We recall that the presence of
divalent ions is a key question in the conclusion of Giacalone et al. and that of Tedesco et al.?°. We have also shown
that the process is not cost-effective for freshwater and river estuaries. However, costs using SPEEK membranes
are 4 times higher than the cost of renewable energy sources. The difference is substantial enough to hinder the
direct application of the results, yet minor enough to encourage continued investigation into the process.

Methods

Capacitive cell: description

The experiments are performed in a capacitive cell. A configuration akin to that detailed in the prior study by
Brahmi et al.* is emﬁwoyed here (Figure 7a). The cell exhibits symmetrical geometry, featuring an ion-exchange
membrane (Nafion'*117, Chemours) sandwiched between two water compartments containing varying salt
concentrations. The membrane, with a dry thickness of 183 j4m, ensures an average conductivity exceeding
0.1 S.cm™! and a total acid capacity ranging between 0.95 and 1.01 meq.g~". The effective surface area of the
ion-exchange membrane used in our experimentation measures 5.5 cm? unless precised. Carbon felt capacitive
porous electrodes (Kynol Activated Carbon Felt) are separately positioned within gaskets on either side of the
membrane. The graphite current collectors are situated at a distance of 1.4 mm from the membrane and are
directly linked to the carbon felt capacitive porous electrodes. The entire assembly is securely sealed by stainless
steel endplates and held together using eight bolts torqued to 2 N.m. Note that after the cell has been clamped,
there is no space between the electrodes and the capacitive tissue. Saline solutions flow into the pores of the
capacitive tissue. Two ports facilitate water inlet and outlet, driven by a peristaltic pump (Longer Multichannel
Peristaltic pump) operating at a consistent flow rate of 10 mL.min~!

While concentrated solution and diluted solution are injected continuously into the capacitive system, a cati-
onic flow is generated from the concentrated part towards the diluted part under the osmotic effect. The cation
exchange membrane blocks the anions and water molecules from free passing. In order to generated electricity,
it is necessary to convert this cationic flux into a flux of electrons. In a capacitive system, ions are adsorbed onto
the capacitive electrode, inducing the movement of electrons in the outer circuit. Due to charge accumulation
inside the capacitive electrodes, the system reaches eventually a saturation regime where the fully charged capaci-
tor blocks the creation of cationic flux (Figure 7b). To deblock the saturated regime of capacitive charging, an
automated 4-port valve switches water compartments at fixed intervals of Ts. By doing the solution reversal in
the chamber, one can reverse the direction of both ionic and electronic flux, thus discharging the accumulated
charges in capacitive electrodes and restart the charging process in a reversed direction. This repeated transition
within a fixed period Ts unblocks the saturation state, enabling the cell to deliver periodic alternating current. A

detailed model can be found in the work of Wu et al.*°.

Preparation and composition of the salted solutions
NaCl, MgCl,, CaCl; and KCl were purchased from Sigma Aldrich. In this study, we prepared solution mixtures
of different concentrations. The compositions of these solutions are described in Tables 7 and 8.

Measurement of the open circuit voltage
To evaluate the inherent potential of the circuit, we initially link the two cell electrodes. One compartment is
filled with a high salt concentration while the other contains a low salt concentration. We then wait for equilib-
rium to be established.

Modeling the temporal progression of the potential necessitates understanding the behavior of both the
electrodes and the membrane. Across the entirety of the circuit, there is no voltage drop. This can be expressed
as follows:

Rioag] + Reenl + % = En(t) + Eetee—c(t) (10)
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Scenario 1: Production water / seawater

Salinity | NaCl equivalent | NaCl | KCl CaCl»,2H,0 | MgCl,,6H,0

Ratio gL™! gL™! |gL~! |gL™! gL™!
Production water 4.28 107 93.9 0.628 | 11.25 9.32
Sea water 4.28 25 23.63 0.77 0.11 0.20

Scenario 2: Dead Sea water / x30 diluted

Salinity | NaCl equivalent | Na K Ca Mg

ratio gL™! gL™! |gL~! |gL! gL™!
Dead Sea water 30 324.87 32.177 | 9.27 27.503 62.23
Diluted Dead Sea water 30 10.83 1.073 0.309 | 0.917 2.074

Scenario 3: Salt caverns

Salinity | NaCl equivalent | NaCl | KCl CaCl,,2H,0 | MgCl»,6H,0

Ratio gL™! gL™! |gL~! |gL™! gL™!
Salt cavern extraction water 300 300 300 0 0 0
River water 300 1 0.4 0 1.509 0

Table 8. Experiments reproducing possible applications: compositions of solutions.

Here, E,,(t) represents the voltage drop across the membrane, E.j._.(t) signifies the voltage drop across the
capacitive layer, I denotes the current intensity, and R,y is the ohmic resistance of the cell, which encompasses
the resistance of the solvent, carbon felt, and current collector.

Changes in the concentrations of ions over time cause the temporal evolution of E,j,._.(¢) and E,, (). These
variations stem from cell filling and the creation of a diffuse ion layer near the electrodes when altering the salt
concentration.

Att = 0, the system is in a stable state with I(0) = 0and q(0) = qop = C(E;,(00) + Egjec—c(00). For t less than
0, the sum of membrane and capacitive layer potentials is given by E,,(00) + Egjec—.(00); att = 0, the flow in
both compartments reverses and the signs of membrane and capacitive layer potentials change. Upon reaching
steady state after reversal, membrane and capacitive layer potentials are determined by —E,,(00) — Egjec—c(00).

The solution to Equation 10 is straightforward. We arrive at:

du /t _Em(s) + Eglec—c(5)
0

q= expi,{ol RC R expff()s }‘(i% ds + 40 expf.fot Ig% (11)

X t s du
A :$ exp— i B / _En©) F Betec=c9) - 5 e g (12)

0 R

q0
RC(t)

exp™ fo[ %‘ . Ewm(t) +lfelecfc(t)

I(t) =A(t) — (13)

qo = C(En(00) + Egjec—c(00)).

This leads to RI(00) = Egcv—c = —2(E;;(00) + Egjec—c(00)). To conclude, as noted in the main text, the
open-circuit measurement for a capacitive cell corresponds to twice the steady-state membrane potential and
capacitive layer values.

Experimentally, to measure OCV, we continuously feed the compartments with solutions of different salini-
ties for 300 s, then reverse the flows for 300 s. This process is repeated 5 times. We record the evolution of the
open-circuit voltage signal. The cell delivers no electrical current, and only ionic flows are responsible for the
measured signal. The signal stabilizes in less than 100 seconds after the flow reversals. The signal is averaged over
the 50 seconds preceding the change in concentration. OCV is measured by taking the quater of the difference in
signals when saltier water flows into the right-hand compartment and when saltier water flows into the left-hand
compartment. The absolute values of the two measurements may differ slightly (by plus or minus 5%) if the two
electrodes are not the same. In this situation, we measure the electrode potential plus the electrode membrane.
It should be noted that these values are flow-dependent, due to the non-perfect selectivity of membranes.

Measurement of the membrane potential voltage
To gain insight into the individual impact of the membrane and the electrodes on the potential, we conducted
separate measurements of the open-circuit potential of the membrane, denoted as E,,. These measurements
were performed while subjecting the membrane to salt gradients, utilizing custom-made Faradaic Ag/AgCl
electrodes. The experimental procedure is the same for Faradaic and capacitive electrodes. In an open circuit,
Faradaic electrodes are not subject to polarization phenomena (no current-induced polarization, no resistive or
capacitive effects of Debye layers®” %, as no current flows through them.

For a Faradaic cell, the OCV voltage corresponds to the sum of the membrane voltage and the Faradaic
electrode voltage.
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EOCV—f =Em+ Eelec—f (14)

Thus in order to obtain the membrane voltage E,,, it is necessary to measure the Faradaic electrode related voltage
Egjec—f- In our experiment, we immersed the two home-made Ag/AgCl electrodes into concentrated solution
and diluted solution in two beakers separately. The solutions used in experiments follows the same experimental
conditions as mentioned above for Eocy - and Eocy—f measurements (solutions of different saliniy ratios with
different divalent molar mixing fractions). The whole circuit is closed by the use of a home-made salt bridge (KCI
saturated). Then the electrode potential difference E,j,. is measured by using a potentiostat.

The capacitive cell assembly is described above and we measure the open-circuit voltage Eocy — for solutions
of different salinity ratio with different mixing molar fraction. As explained above, the OCV voltage of a capaci-
tive cell corresponds to twice the sum of the membrane voltage and capacitive electrode voltage.

Eocv-c = Z(Em + Eelec—c) (15)

Following the above two equations (Equation 14 and Equation 15), we can easily calculate the membrane voltage
E,, and capacitive electrode voltage Ejoc—-.

Measurements of the impedance of the cell

Each compartment of the cell is supplied with a different saline solution under a constant flow rate. The circuit is
open, and we wait for steady-state. We then apply 10 mV oscillatory perturbations over the open-circuit voltage.
We use a logarithmically spaced frequency range from 200 kHz to 10 mHz for a fixed salinity ratio of 30 g L™!vs.
1 g L™ ! situation with different divalent ion mixing fraction. A Nyquist plot can be plotted corresponding all to a
sweep over a frequency range from 200 kHz to 10 mHz. Note that the exact value of the impedance depends on
the tightening. Here, we used the impedance data measured at 10 mHz to characterize the cell inner resistance
and capacitance. Variations of 0.5 (Q cm?) in real part are measured on consecutive experiments despite the care
taken to make the clamping procedure repeatable.

Measurement and modeling of the harvested power

The system under consideration embodies a capacitive configuration. To restore current, a cyclic process reminis-
cent of cap mixing procedures is employed, where distinct brine flows with varying concentrations are directed
into the two compartments. The experimental apparatus incorporates a rotary valve that permits the passage of
highly concentrated saltwater into the first compartment for a duration of Ts, succeeded by the circulation of fresh
water for an equivalent T duration. This procedure is reversed in the second compartment. Here, T represents
the half period of the salt gradient. The direction of the current shifts with each cycle, which is a distinctive trait
of capacitive currents. The use of capacitive electrodes prompts a reevaluation of the methodology employed for
measuring the recovered power. The mean gross power density Pgross (that is, power density without compensat-
ing for pumping losses) is assessed by averaging the signal recorded across the resistance over a time interval of
2T;. The parameter A denotes the area of the membrane. The expression is as follows:

1 Rt
Pgrass = / load( )dt (16)
2T - A 0 Ripad

It’s noteworthy that these measurements constitute direct assessments that mirror real-world scenarios. These
experiments are conducted across various salinity gradients, oscillation periods, and flow rates.

In a previous work*’, we developed a theoretical model that can account for the measured power and that
describes the experimental values well when the cell filling time is small compared to the period. Details about
the modeling can be find in the work of Brahmi et al.*”. We recall here only the main point of the theoretical
approach. According to an analysis of the electrochemical impedance spectroscopy, a R-C model is proposed as
a simplified fitting model for the cell-booster system*. The system inner resistance R and capacitance C can
be quantitatively characterized by Potentiostatic electrochemical impedance spectroscopy (PEIS) measurement
using a potentiostat. .y, (¢) is the potential drop over the membrane, E,,.(¢) the electrical potential due to the
salt adsorption on the electrodes, R, (t) the resistance of the cell (including the ohmic and non ohmic resist-
ance of the solvent, the membrane, the carbon felt and the current collector). The temporal variation of R (¢),
Ceeli (t) Emem (t) and Ej(t) are due to the temporal variation of the ion concentration profile including osmotic
potential, diffuse layer establishment, cell filling process after water compartment switching and etc. In the fol-
lowing we will assume that these characteristic times and the filling time of the cell are negligible compared with
the switch half period T;. Thus, these functions will be modeled simply by window functions:for 0 < t < T,
Epem (t) + Eppee(t) = Eocy and for Ty < t < 2T, Epem (t) + Eepec(t) = —Eocy. In this framework, R, (t) and
C do not depend upon t.We recall that T is the switch half period.

Following these conditions, we establish the theoretical model for a pure cell-resistor circuit in absence of
boosting by the equations below:For 0 < t < T

q1(b)
(Rioad + Ree)I(t) + C = Eocv (17)
ForTs <t < 2T
q1(t)
(Rioad + Ree)I(t) + C = —Eocv (18)
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We solve analytically these equations and calculate the electrical power recovered by the load resistor.We find:

2
LCEOCleoad tan Ts

= ) (19)
ST Rioad + Reell 2(Ripad + Reen)C

Py,

Conductivity measurement of effluents

To verify the extent of salt mixing inside the CREDSM system, we conducted conductivity measurements dur-
ing the experiment. Solutions samples are taken in 3 different scenarios to conduct further tests of conductivity.
We take solution samples of concentrated part and diluted part before their injection into the CREDSM system.
These results are considered as a comparison baselines. Then solution samples of concentrated part and diluted
part are taken after their mixing inside the CREDSM system under Open-circuit mode and closed-circuit mode,
respectively. The conductivity measurements are realized by a conductivity meter (SevenDirect SD30, Mettler
Toledo). On our device CREDSM, the variation of the conductivity depends upon the nature of the membrane.

In the Nafion HP situation, for feed solutions composed of 80%NaCl - 20% CaCl, of 30g/L and 1g/L, we
observe a major conductivity increase of 0.54% in diluted solution and no significant conductivity variation in
concentrated solution in Open circuit mode. While the CREDSM is connected to a load resistor to form a closed
electrical circuit, a larger conductivity increase of 5.14% is observed in diluted solution. Still we do not observe
any conductivity variation in the concentrated solution.

In the Fumasep FS720 situation, for feed solutions composed of 80% NaCl - 20% CaCl, of 30g/L and 1g/L,
we observe a larger conductivity increase of 4.86% in diluted solution and no significant conductivity variation
in concentrated solution in Open circuit mode. While the CREDSM is connected to a load resistor to form a
closed electrical circuit, a larger conductivity increase of 11.66% is observed in diluted solution. Still we do not
observe any conductivity variation in the concentrated solution.

In OCV mode, the conductivity variation is purely due to the imperfection of the membrane selectivity. The
mixing observed is thus uncontrolled loss. However, in closed circuit mode, the mixing originates both from
the uncontrolled loss and the useful mixing which results in the electricity production. From the above results,
it can be deduced that Nafion HP membrane presents higher selectivity than Fumasep FS720. The extent of
mixing in the CREDSM system is rather small, with a conductivity variation of 5% for Nafion HP and 10% for
Fumasep FS720.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
request.
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RESUME

Face aux problemes de réchauffement climatique, trouver des ressources énergétiques propres et durables pour rem-
placer les combustibles fossiles conventionnels est d’'une importance capitale. Lénergie osmotique demeure une
ressource énergétique inexploitée avec un potentiel significatif. Dans ce travail, nous parvenons a une conversion efficace
de I'énergie osmotique en électricité grace a un processus de mélange bien contrélé utilisant un systéme d’électrodialyse
inverse capacitif (CRED). Il est démontré qu’un écart substantiel de densité de puissance existe entre le systéme CRED
et la valeur maximale théorique, principalement en raison de I'efficacité de conversion faible du flux ionique-électronique
dans les électrodes capacitifs. Pour pallier cette limitation, nous proposons la stratégie de boosting pour optimiser le
régime de fonctionnement du systéme CRED. Des expériences et des modélisations confirment une amélioration de la
performance énergétique du systéeme CRED. Pour avancer vers des applications réelles, nous évaluons les performances
du systeme CRED sous des solutions composées de mélanges ioniques complexes. Contrairement a la chute significa-
tive de la densité de puissance observée dans les systemes RED classiques, le systeme CRED ne présente qu'une
Iégére diminution lorsqu’il est soumis a des solutions avec un mélange d’ions divalents. Ce phénomene est attribué au
renversement périodique des solutions dans les compartiments, qui atténue I'effet d’empoisonnement de la membrane.
Ce résultat est ensuite validé par des tests a long terme avec des solutions réelles. Pour généraliser le systeme CRED
dans un spectre plus large, nous proposons une cellule de gradient de pH avec des électrodes de MnO, a pseudo-
capacité. Elle utilise I'’énergie osmotique établie dans un processus de capture de CO, basé sur un électrolyte et vise a
réduire le colt global du processus de capture de carbone. La cellule de gradient de pH présente une augmentation inat-
tendue de la densité de puissance sous la stratégie de boosting. Cela est di a la contribution de tension supplémentaire
des électrodes en raison du changement de couverture fractionnelle li¢ aux réactions d’'oxydoréduction. Cependant, elle
reste dans le cadre du régime capacitif et est bien décrite par une modélisation CRED adaptée.

MOTS CLES

Energie bleue, Gradient salin, Electrode capacitive, lon divalent, Densité de puissance

ABSTRACT

Given the global warming issues, finding clean and sustainable energy resources to replace conventional fossil fuels
is of paramount importance. Osmotic energy remains an untapped energy resource with significant potential. In this
work, we achieve efficient conversion of osmotic energy into electricity through a well-controlled mixing process using a
capacitive reverse electrodialysis (CRED) system. It is demonstrated that a substantial power density gap exists between
the CRED system and the theoretical maximum value, primarily due to the low ionic-electronic flux conversion efficiency
in capacitive electrodes. To address this limitation, we propose the boosting strategy to optimize the working regime of
the CRED system. Both experiments and modeling confirm an enhanced energy performance of the CRED system. To
advance towards real-world applications, we assess the performance of the CRED system under solutions composed of
complex ion mixing. In contrast to the significant power density drop observed in classic RED systems, the CRED system
exhibits only a minor decrease when subjected to solutions with divalent ion mixing. This phenomenon is attributed to the
periodic water chamber reversal, which mitigates the membrane poisoning effect. This result is further validated through
long-term testing with real-world solutions. To generalize the CRED system into a broader spectrum, we propose a pH
gradient cell with MnO, electrodes of pseudo capacitance. It uses the osmotic energy established within an electrolyte
based CO, capturing process and aims to reduce the overall cost of carbon capturing process. The pH gradient cell
presents unexpected power density increase under boosting strategy. This is due to the additional electrode voltage
contribution due to fractional coverage change related to redox reactions. However, it stays in the framework of capacitive
regime and remains well described by an adapted CRED modeling.

KEYWORDS

Blue energy, Salinity gradient, Capacitive electrode, Divalent ion, Power density
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