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General Introduction

Most of the energy used on earth is originated from the sun. Primary energy sources
take many forms, including nuclear energy and fossil energy such as coal, oil and natural
gas. Other than these, energy resources also include renewable sources e.g., wind, solar,
geothermal and hydropower. These sources are then converted to electricity to serve the
humans. The constantly improving standards of living of the world’s population heavily
rely on energy consumption, which is increasing rapidly in proportion to the growth
in the economy as well as in the global population. When considering the increasing
population of our world, we could imagine extraordinary large energy consumption in
the near future. According to recent studies, the annual worldwide energy consumption
is currently estimated to be 13 trillion watts.[1] The world energy consumption will
grow by 48% between 2012 and 2040. Most of this growth will come from emerging
countries, such as China and India. Out of all energy resources, fossil fuels (oil, coal,
and natural gas) will still account for more than three-quarters of the world energy
consumption through 2040 (see figure 1). [2] However, most of the non-renewable fossil
fuel energy will be exhausted within the next 200 years.[3] Additionally, greenhouse
gas emission is rapidly becoming a serious problem of environmental pollution. The
conservation of natural resources and reduction of greenhouse gases are considered as
major challenges of the global economies and governments.[4] As the world population
keeps rising and our lifestyle demands more resources, humankind is forced to move
towards sustainable and renewable resources. In the recent years, various clean energies
have been explored as energy alternatives, such as solar and wind power.[5] These clean
renewable energy resources are highly time or region-dependent. It is essential, therefore,
to develop effective energy storage media in order to use such intermittent energy sources
in an efficient way.[6] Great efforts have been made in searching for viable solutions,
including Electrical Energy Storage (EES), load shifting through demand management,
interconnection with external grids, etc. Amongst all the possible solutions, EES has
been recognized as one of the most promising approaches. EES technology refers to the
process of converting energy from one form (mainly electrical energy) to a storable form

and reserving it in various mediums. Thereafter, the stored energy can be converted
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World energy consumption by source, 1990-2040
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FIGURE 1: World energy consumption of the year 1990-2040.

2]

back into electrical energy when needed.[7]

Among the different EES technologies, lithium-ion batteries (LIBs) is one of the most
promising candidates for energy storage due to their high operating voltage, high energy
and high power density.[8] Current Li-ion batteries do not yet meet the expectation of
tomorrow’s energy storage system. New batteries with significantly higher energy density
and long cycle life would have significant benefits. The enhancement of energy density of
LIBs can be achieved by developing either high capacity cathode and anode materials,
or high voltage cathode materials. The development of new electrode materials with
improved electrochemical performance is highly required. In the early 20th century,
the discovery of the allotropes of carbon (fullerene Cgp and carbon nanotubes) gave
a stimulus to the development of nanomaterials and made researchers ready to explore
more avidly the potential use of these materials, including Li-ion battery applications.[9]
From this perspective, the choice of electrode materials will play an important role
in the next-generation battery design. Electric vehicles manufacturers and renewable
energy storage facilities require an increase in both energy and power density of current
batteries technology. This is where nanomaterials are expected to provide a sizeable
increment in performance owing to their unique properties. In fact, nanomaterials are
potentially able to store more charge than conventional micron-sized materials because
they offer additional lithium storage sites. Also, nanosized materials can accommodate
with lithium ions in much shorter time than bulk structures, making quick charge and
discharge possible, thus providing the tremendous power density necessary to accelerate

a car and to store energy under peak conditions of wind and solar energy generation.[10]
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Outline of the thesis

Sulfur and silicon are both attractive electrode materials for next generation recharge-
able lithium ions batteries because of their abundance, high theoretical capacity, and
low cost. This thesis is mainly focused on the fabrication of nanostructured sulfur cath-
ode and nanostructured silicon anode, and then the assembly of the full cell based on
nanostructured electrodes for LIBs with improved energy and power densities, and cycle
life.

The manuscript begins with a general introduction, which gives an overview on the
importance of the electrical energy storage in the context of the world energy demands,

and is composed of five Chapters.

In the first Chapter, an introduction to generalities a LIB system and a brief history
of the LIB development are given. The operating principles of LIBs are also explained.
Summaries on the cathode and anode materials used in LIBs system are presented.
Finally, the challenges that are existing nowadays in LIBs and the solutions that are
offered by different nanomaterials are reviewed. The second Chapter offers an overview
on carbon nanotubes and their fabrication methods and presents the synthesis method
of vertically aligned carbon nanotubes on two different commercial substrates, allowing
for the design of the nanostructured current collector. The third Chapter is devoted to
the sulfur cathode electrode. It begins by a general background on Li/S batteries. Then,
it describes the experimental work for the nanofabrication of the sulfur electrode based
on carbon nanotube carpets and proposes further improvements of the sulfur electrode
by coating it with two different materials. The corresponding results obtained for the
electrochemical testing are reviewed. The fourth Chapter is focused on the silicon anode
electrode. It covers the literature background of silicon as anode material for LIBs. To
tackle the problems of silicon anode, such as poor cyclability and early capacity fading
due to significant volume variation during lithiation/ delithiation processes, nanostruc-
turation of the silicon anode based on silicon nanoparticles-decorated-carbon-nanotubes
was fabricated by two different techniques. The detailed experimental procedures and
the electrochemical performances are also presented. The fifth Chapter is devoted to
a metallic-lithium-free battery. The two electrodes based on hybrid nanostructured
cathode (S@VACNTS) and anode (SI@VACNTS) electrodes were assembled in order to
obtain the full cell. A first trial and a proof of our concept was demonstrated.

Finally, a general conclusion summarizes the overall work and provides some perspectives

for further research work related to such nanostructured electrodes.






Chapter 1

Introduction

1.1 A brief history

A battery is a system that converts chemical energy into electrical energy. The first
battery was created in 1800 by Alessandro Volta. It consisted of a column made with
superimposed discs of three different substances: two metals, such as Zn and Cu, and
pieces of wet cardboard soaked in salt water, placed in the same order. When connecting
the two metal discs at the extremities of the column, the apparatus produced a steady
electric current.[11] Batteries can be broadly divided into two categories; primary (or
disposable) batteries and secondary (or rechargeable) batteries, depending on whether
or not they can be charged. The primary batteries are not rechargeable and their
electrochemical reaction is irreversible, while the secondary batteries are built to be
charged and discharged for multiple cycles, i.e the electrochemical reaction is reversible.
In primary batteries category, one can find the “Daniel cell”battery developed in 1820
followed by “Leclanché”battery (Zn/MnOg) in 1866. In 1859, Gaston Planté invented
the lead-acid battery: the first rechargeable battery. These batteries are still widely
available today, equipping almost all of our thermal vehicles. Their main advantage is
their low cost, but they posses low specific energy and power density. To increase the
energy density, new types of secondary batteries have started to appear gradually during
the 20th century. Nickel-cadmium (Ni-Cd) technology was proposed in 1900 by Waldmar
Jungner. However, the hazardous nature of cadmium has raised major environmental
problems leading to the development, starting in 1975, of nickel-metal hydrides (Ni-MH)

systems which are less toxic and have a higher energy density.

The discovery of reversible lithium intercalation in titanium disulfide (TiSs2) [12, 13]
and molybdenum disulphide (MoS3) [14] led to the development of rechargeable lithium

batteries in the 1970s. However, various safety problems have been encountered on

5
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TABLE 1.1: Characteristics and performance of commonly used rechargeable batteries.

Battery type Lead-Acid Ni-Cd Ni-MH Li-ion
Voltage (V) 2.0 1.2 1.2 4.1
Specific energy (Wh/kg) 35 35 75 150
Energy density (Wh/L) 70 100 240 400
Cycle life 200-250 400-500 400-500 >1000

the first batteries which used a lithium metal electrode and a liquid electrolyte. Upon
continuous reversible charge and discharge cycles, dendritic Li forms on lithium surfaces
due to uneven Li plating and hence causing short circuits and battery failure; hence,
metallic lithium is not widely used as anode material in rechargeable batteries. Two
solutions have been proposed to overcome these problems. The first one was proposed by
Armand et al [15] and consists in replacing the liquid electrolyte with a solid electrolyte
made of polymers, which is then referred to as a Li-polymer battery. The second was
proposed in 1980 by D.W. Murphy [16] and B. Scrosati [17] and consists in replacing the
metallic lithium electrode with a host material which receives lithium reversibly. Later
in 1991, LIBs were commercialized and emerged for the first time by Sony Corporation.
Since then, LIBs have gained a huge interest and a rapid development and advancement

both in academic research and in business market.

1.2 Lithium-ion battery

Among a wide range of energy storage technologies, lithium-ion batteries, commonly
abbreviated as LIBs or Li-ion batteries, have gained considerable interest because of
their high specific energy, good cycle life, good power performance and lighter weight
[18] compared to other battery systems (see figure 1.1 and Table 1.1).[19] Owing to their
great characteristics, LIBs have been first widely applied in portable electronic devices.
According to the recent market investigations, the share of worldwide sales for Ni-Cd and
Ni-MH batteries are 23 and 14%, respectively. However, Li-ion portable batteries take up
to 63% of the battery market.[20] Recently, Li-ion batteries are being intensively pursued
in large-scale transportation applications especially in hybrid electric vehicles (HEV),
plug in hybrid electric vehicles (PHEV) and electric vehicles (EV). LIBs are starting to
be seriously considered as a solution to the intermittency problem in renewable energies,
e.g. solar and wind.[21] The energy and power density of LIBs are generally higher than
those of other rechargeable batteries such as lead acid, Ni-Cd or Ni-MH batteries (see
Table 1.1).
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FIGURE 1.1: Specific energy vs. specific power for different types of recharge-
able batteries.[22]

1.2.1 Why a Lithium-ion battery?

Lithium-ion systems are appealing for their use in batteries because of the lithium par-
ticularities. Lithium, the third element in the periodic table, is the most electropositive
element (-3.04V at 25°C vs standard hydrogen electrode (SHE)), generating a large
potential difference when paired with a positive electrode material (see Table 1.1) In ad-
dition, due to its small radius, 78 ppm, Li™ ion is the lightest amongst all metallic ions.
This characteristic gives it a great mobility during the intercalation/ deintercalation
processes in a material and during the migration inside the electrolyte. Additionally,
Lit™ ion can easily penetrate within the vacant sites of many crystalline meshes to form
a wide variety of compounds. Finally, and thanks to its low density (0.53 g cm~3), LIBs
present higher gravimetric and volumetric energy densities than other battery systems
(see figure 1.1).[19]

1.2.2 Mechanisms of charging and discharging

A Li-ion system is composed of an electrochemical cell including a positive electrode,
commonly named cathode and a negative electrode called anode separated by an elec-
trolyte which allows a good ion transfer and a poor electron conductivity. The cathode
materials are intercalation compounds of Li™ ion often made from a lithium metal oxide
whilst the anode materials, most of the time, consist of graphitic carbon. The elec-
trolyte is an organic solvent composed of a lithium salt, usually LiPFg, dissolved in a

mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC). A separator which
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is a porous polymer is placed between the positive and the negative electrodes to pre-
vent their contact, but still allowing the transport of Li™ ions. Throughout the working
process of the battery, redox reactions take place inside the cell. During the discharging
process, the LiT ions flow spontaneously from the anode, through the electrolyte, and
embeds into the cathode. This generates an electron flow from the negative to the pos-
itive electrode through the external circuit. During the charging process, the ionic and
electronic processes are reversed, i.e., the ions migrate from the positive to the negative
electrode. These two processes are referred as deintercalation and intercalation mech-
anisms of lithium. The lithium-ion battery is also known as a ”rocking-chair battery”,
since Li* ions migrate back and forth between the two electrodes during cycling without

being reduced to a metallic form (see figure 1.2).

Discharge process Charge process
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FIGURE 1.2: Schematic of a Li-ion battery operating during discharge and
charge processes. Left: discharging process; Right: charging process.

For example, in a commercial Li-ion battery composed of graphite (anode) and LiCoOq
(cathode), the reactions that take place during the discharging and charging processes
on the anode and cathode are the following;:

discharge

At the anode: Li,Cs = Cg+ ze” + zLit

charge

discharge

At the cathode: Li;_,CoOs + ze~ + zLiT =~ LiCoO»

charge

. . . discharge _
Overall reaction: Lij_CoOs + Li;C¢ = LiCoOs + Cg

charge

The performance of LIBs crucially depends on the nature and the characteristics (mor-
phology, structure and composition) of the electrode material considered for both elec-
trodes. The main parameters generally used to evaluate the quality of the electrode

material are the following:
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e Cell potential (V): is the potential difference between the positive and the negative
electrode which, in turn, depends on the composition of the electrodes. A larger
difference of the standard potential between cathode and anode is desired for a
full cell, since the output energy is the product of voltage and capacity. However,
this potential difference has to be within the potential window of the electrolyte

that is in use, in order to prevent electrolyte decomposition.

e Cell capacity: is the quantity of charge that a battery can deliver to a given current.
It is expressed in Ampere-hour (Ah). The performance of each electrode can be

L which corresponds to the

estimated by its specific capacity, expressed in Ah kg™
ratio of the capacity to the mass of the active material. The theoretical specific
capacity of an electrode depends on the number of electrons that can be exchanged
during the same charge or discharge process per mole of active material. It can be

calculated using the following equation:

F x ne™

—_— 1.1
3600 x M (1.1)

capacityiheo =

Where ne™ is the number of electrons transferred during the electrochemical re-
actions, F is the Faraday constant (96,485.33 C mol™!) and M is the molecular

weight of the active material (g mol™!).

e Coulombic efficiency: is the ratio of number of charges that enter the battery
during charging (charge capacity) to the number of charges that can be extracted

during discharging (discharge capacity).

e Gravimetric and volumetric energy density: are the energy per unit weight (gravi-
metric Wh Kg~!) or unit volume (volumetric Wh L~1).
Gravimetric energy density= (Specific capacity/ Kg) x Cell voltage
Volumetric energy density= (Specific capacity/ L) x Cell voltage

e Power density: is the battery power that represents the speed at which the energy
can be delivered to the load and it is expressed in (W/Kg or W/L) .
Power density= Energy density/ Time.

e Rate capability or (C-rate): is used to evaluate how fast Li* ions can be trans-
ferred. For example, C/2 means a current allowing a full charge or discharge in 2

hours.
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1.2.3 Electrode materials

As mentioned previously, the electrochemical performance of the LIBs is largely dictated
by the choice of the electrode materials. In general, the electrode materials are a mixture
of an active material, a conductive material and a binder cohered to the current collec-
tor (typically copper foil for anode and respectively aluminium foil for cathode). The
different electrode materials are classified according to their specific capacities and their
electrochemical potentials. The materials with a potential higher than 2V are defined
as a cathode material and those with a potential lower than 2V is defined as an anode
material. In order to obtain a battery with a high energy density, the two electrode
materials must have a high specific capacity and a large potential difference between
them. For a high specific capacity, the quantity of LiT ions inserted and extracted from
the electrode materials must be large during the charge and the discharge processes. For
obtaining a large potential difference, the negative electrodes must have a low reduction/
oxidation potential, typically as close as possible to that of the lithium, whereas the pos-
itive electrodes must work at a high potential. The potentials and specific capacities of

various electrode materials are summarized in figure 1.3.[20]
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FIGURE 1.3: Schematic illustration of electrode materials and their electro-
chemical performances in the current and the future Li-ion technologies.[20]
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1.2.3.1 Cathode materials

There are several possible types or families of materials that can potentially be considered
for the positive electrode of a Li-ion battery. The cathode materials can be divided into
three major categories:

1. Layered transition metal materials (LiMO2)

2. Spinel materials (LiM2Oy)

3. Olivine structured oxide materials (LiMPOy)

The schematic representation of their crystal structure is illustrated in figure 1.4.[23]

~ -
A &/A AA
AL y.

FIGURE 1.4: Crystal structure of layered LiMO- (left), Spinel LiM;0, (mid-
dle) and Olivine LiMPO, (right)[23]

e Layered transition metal materials (LiMO3)

The discovery of lithium cobalt oxide LiCoOy (LCO) was attributed to Goode-
nough’s team in 1980.[24] It was the first cathode material to be commercialized
by Sony Corporation in 1991 and is still used in many commercial LIBs.[25] The
structure of LCO consists of alternating cobalt dioxide CoOs and Li layers where
Li and Co are octahedrally coordinated. In such a layered structure, Li™ ions can
be easily extracted and inserted in the two dimensional path. The intercalation/
deintercalation of lithium ions occurs between 3.5 - 4.2V vs Li/Li™.[26] The theo-
retical capacity of LCO is 273 mAh g~! , however it can only deliver a practical
capacity of about 140 mAh g~! due to instability of the structure when more than
half of the Lit ions are extracted. In addition, LCO based Li-ion batteries are
rather expensive due to the high price and low abundancy of Co in comparison to

others environmental friendly transition metal ions, such as nickel [25] and iron
[27].
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Among the transition metal oxides, LiNiOs has drawn a great interest as an al-
ternative cathode for rechargeable LIBs. This is mostly because of its high the-
oretical specific capacity of 275 mAh g~![25], the relative low toxicity and the
low production cost as compared to other layered oxides. However, stoichiometric
LiNiOg is very difficult to be synthesized compared to LCO. LiNiOy requires an
utmost care in the synthesis process, else the resulting LiNiOg sample would suffer
from twin intricacies: off-stoichiometry and cation mixing.[28] In the former case,
Li;—;zNij1,092 would form rather than a stoichiometric LiNiOg during prepara-
tion. In the latter case, Ni?* tends to occupy the Li sites, which would cause a
cation mixing in LiNiOg. This ruins the ideally layered structure and disturbs the
LiT ions from undergoing the easy movement for intercalation and deintercalation

during cycling, thus resulting in a declined electrochemical performance.

e Spinel materials (LiM20y)

The first successful effort on reversible Li-ion intercalation on a spinel material,
lithium-manganese oxide LiMn2O4 (LMO), was proposed in the early 1980s by
Thackeray et al [29], as an alternative positive electrode material. Despite that
the manganese is considered as a cheap, abundant and environmentally friendly
element, the practical capacity of the LMO cathode is below 120 mAh g~!. Addi-
tionally, LMO based cells have a low cycle life due to the dissolution of Mn?* in
the electrolyte during cycling.[30] Several approaches have been proposed to sta-
bilize LMO electrodes, as for instance substitution of Mn with other cations such
as magnesium (Mg), chromium (Cr), iron (Fe) and copper (Cu) [31] and coating
of LMO with zinc oxide (Zn0).[32] However, more work is still needed in order to

commercialize this electrode material.

e Olivine structured oxide materials (LiMPO,)

From the olivine class of cathode materials for LIBs, lithium iron phosphate
LiFePO4 (LFP), was introduced in 1997.[27] LPF has gathered huge attention
and has also been already commercialized. It has been widely studied as a cath-
ode material due to several advantages: lower cost, availability, environmental
benignity and thermal stability compared to LCO. The material has a relatively
lower voltage of 3.4V vs Li/Li* but the voltage of LFP is well inside the electrolyte
stability window. The practical capacity obtained with LFP is close to the theo-
retical capacity which is 170 mAh g='. The main drawback of the LFP material
comes from its poor ionic and electronic conductivity. Several technologies have
been explored to overcome this problem, including minimizing the particle size up

to the nanoscale range and coating the LFP particles with a thin carbon layer.
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When these two methods are combined, the practical capacity of LFP approaches
its theoretical capacity at high rates.[33]

It is well known that the cathode materials are lacking in capacity, compared to anode
materials, and are hindering the performance of LIBs. Recently, it has been shown that
one of the most promising materials for the cathode electrode is the sulfur (S) element
due to its high specific capacity and energy density.[34] The electrochemical properties

of this element as cathode in Li-ion batteries are reviewed in Chapter 3.

1.2.3.2 Anode materials

Ideally, lithium metal should be an appropriate anode material for LIBs, mostly because
of its very high specific capacity (3862 mAh g~!), low molecular weight and being
the lowest negative electrochemical potential of all elements (-3.04V vs SHE).[35] The
drawback of using metallic lithium as a negative electrode relates to the safety of use
and reversibility issues. During the charging process, the morphology of the deposited
lithium layer is not flat and homogeneous on the anode, but instead it forms needle-like
structures called ”dendrites”.[36] These dendrites can pierce the separator and cause

short-circuiting, start a thermal runway reaction on the cathode and ensue explosions.

The anode materials can be divided into three main groups:

1. Intercalation/ de-intercalation materials. Amongst these materials, the most used
are the carbon based materials know as carbonaceous and the lithium titanate

materials (LigTi5012).
2. Alloy/ de-alloy materials, such as Si, Ge, Sn, Al

3. Conversion materials like transition metal oxides: nickel oxide (NiO), iron oxides
(Fe;Oy), molybdenum oxides (MoO,) and cobalt oxide (Co304).

1. Intercalation/ de-intercalation materials:

e Carbonaceous Materials

Carbonaceous structures are the most commonly used negative electrode ma-
terials in LIBs. Up to now, different types of carbon materials have been
tested and commercialized.[37] For instance, graphite which is the most com-
mon material used as anode, has the advantage of being a low cost and a
highly abundant material, has a high electrical conductivity and a relatively

high energy density because of its low intercalation potential between 0.2 and
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0.05V vs Li/Li*. During the battery operation, Li* ions are inserted into the
graphitic layers [38], forming the LiCg, which corresponds to a theoretical ca-
pacity of 372 mAh g~1.[37] In the half-cell reaction coupled with lithium, the
discharge process involves LiT ion intercalation into carbon, while in reverse,
the Li™ ion de-intercalation process corresponds to the charge step:

6 C+ Lit + e~ = LiCq

Since the lithium intercalation within graphite occurs at a very low potential,
the electrolyte solvent does not remain stable at this potential leading, thus,
to a reduction/decomposition of the electrolyte components. Consequently, a
Solid-Electrolyte Interphase (SEI) forms on the electrode surface.[39, 40] This,
in turn, causes an irreversible capacity that occurs during the first charge step
for all types of carbonaceous materials. The SEI layer grows mainly during the
first cycle, and is essential for the good operation of the graphite electrodes as
it prevents further electrolyte decomposition in subsequent cycles. However,
the graphite anodes have a low specific capacity preventing their use in large-

scale batteries.

e Titanium based anodes

Lithium titanate LiyTisO12 (LTO) is an alternative negative electrode mate-
rial to carbonaceous electrodes. The electrode reaction is presented below:

LiyTisO12 + 3 Lit + e~ = Li7Ti5Oq2

L and a lithium

It has a lower theoretical capacity than graphite (175 mAh g~
intercalation potential of about 1.55V vs Li/Li").[41] Thus, the relatively
low capacity and high lithium insertion potential lead to a low cell voltage,
and thus to a low energy density of the cell. But, there are several benefits
of using LTO as an active material for the anode. One advantage comes
from the high insertion potential which is well above the electrochemical
stability potential window of the electrolyte and, hence, no SEI is expected
to form to the same extent as with graphite. Another advantage is that
lithium plating does not occur even at high currents or low temperatures
which greatly improves the cycle lifetime. Lastly, LTO represents a zero strain
material that allows intercalation and deintercalation of Li* ions without any
volume change.[42] However, its electronic conductivity is low, thereby carbon
coating [43] and other doping methods [44] have been used in order to increase
the conductivity. This makes LTO a great candidate material for high power
applications.[45]

2. Alloy/de-alloy materials:

e Lithium-metal alloy materials




Chapter 1. Introduction 15

Lithium can be electrochemically alloyed with metallic and semi-metallic ele-
ments to form lithium-metal alloys. The reaction is usually described by the
following reversible process:

Li;M = M + xLit + e~

where, M represents the elements reacting with lithium, e.g., Si, Sn, Sb, Al,
Mg, Bi, In, Zn, Pb, Ag, Pt, Au, Cd, As, Ga and Ge. Only the first five ele-
ments have been widely studied due to their low cost and their abundance. [46]
Lithium metal alloys present a great interest due to their ability to store large
amounts of lithium, allowing them to have a theroretical capacity 2-10 times
greater than that of conventional graphite anodes.[47] (see Table 1.2)

TABLE 1.2: Comparison of the theoretical specific capacity, charge density, volume
change and onset potential of various anode materials.

Materials Li C LisTi5O19 Si Sn Al Bi
Lithiated phase Li LiC¢ Li7TisO12  LissSi  LigsSn LiAl  LigBi
Theoretical specific capacity —gq50 979 175 4200 994 993 385
(mAhg™)

Theoretical ~charge density )7 g3 13 9786 7246 2681 3765
(mAhem™?)

Volume change (%) 100 12 1 320 260 96 215
Potential vs. Li (V) 0 0.05 16 0.4 06 03 08

The main problem with these alloying materials, is the important volume
change during the lithiation/ delithiation processes. The significant volume
changes lead to severe cracking and pulverization of the electrode and sub-
sequent loss of electrical contact between the individual particles, which in
turn results in a severe capacity fading. In order to overcome those problems,
considerable research efforts have been devoted to preserve their structural
integrity. Onme of the earliest approaches involves replacing the bulk mate-
rial with nanostructured alloys. The unique nanostructure can alleviate the
generated mechanical strain due to the volume change as the Li*™ ion interca-
lated to and de-intercalated from the host electrode materials. Moreover, it
reduces the electronic and ionic transport pathways and provides additional
lithium storage sites.[48] The second approach is to form nanocomposites; for
example, metal nanoparticles coated with carbon or dispersed in a carbon
matrix. Carbonaceous materials have the benefits to accommodate the stress
associated with the volume expansion, and have good ionic conductivity.[49]
Owing to its highest capacity, silicon has been the main focus in Li-alloying
metals. The electrochemical properties of this element as anode in Li-ion

batteries are reviewed in Chapter 4.
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3.

Conversion Materials

Another extensively investigated category of anode materials for LIBs are transi-
tion metal oxides (M,O,, where M= can be: Fe, Co, Ni, Cu, Mn, Mo, Ru, etc.).
These metal oxides do not possess vacant sites to accommodate lithium, excluding
the possibility of an intercalation mechanism. The actual mechanism involves the
formation and decomposition of LioO, along with the reduction and oxidation of

metal nanoparticles. The conversion reaction can be represented as the following:
MO + 2 Lit +2e = LiyO + M

In 2000, Poizot et al. reported for the first time that lithium can be stored re-
versibly in transition metal oxides through a conversion reaction.[50] These metal
oxides can deliver a stable gravimetric capacity three times higher than that of
carbon, and show a high energy density because the oxidation state is completely
used and more than one electron is involved in the conversion reaction. However,
transition metal oxide anodes still face several issues that keep those materials far
from commercial application. The disadvantages include low Coulombic efficiency
at the first cycle, large voltage hysteresis between the discharge and charge process,
unstable formation of the SEI layer and poor cycling stability.[51] These limitations
of transition metal oxides could be possibly overcome by preparing nanostructured
transition metal oxides and transition metal oxide nanocomposites to improve the

electrochemical performance of transition metal oxide anodes.[52]

1.2.3.3 Electrolyte

Usually in a commercial Li-ion cell, the electrolyte consists of a lithium salt dissolved in a

solvent mixture that also contains small amounts of additives. The role of an electrolyte

is to transport Li™ ion between the anode and the cathode and to block the transport of

electrons. It is at the electrode/ electrolyte interfaces that the redox reactions governing

the proper operation of the battery take place. The electrolyte must satisfy the following

requirements [53]:

3.

4.

. High ionic conductivity o7; > 107% S cm™! and low electronic conductivity o, <

1079 S em™1,

. Transference number o7; %/ 0io1a1 &1, where o1 is the sum of the conductivities

of all the other ions in the electrolyte (or;t+0i01a1),
Chemical stability over ambient temperature,

A wide electrochemical window, that is stable in large range of potential (0~5V),
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5. Chemical stability with respect to the electrodes, including the ability to form a
passivating SEI layer rapidly, where the kinetic stability is required because the

electrode potential lies outside the electrolyte window,

6. High safety, low toxicity and low cost.

Nevertheless, obtaining all these requirements has been a challenging task up to date.
Carbonates are the most popular solvents used for commercial LIBs. They have an oxi-
dation potential, the "highest occupied molecular orbital (HOMO)” at 4.7V vs. Li/Lit
and a reduction potential, the ”lowest unoccupied molecular orbital (LUMO)” near 1.0
V vs. Li/Li".[53] The most commonly used electrolyte solvents are alkyl carbonates or
alkyl carbonate mixtures such as: ethylene carbonate (EC), dimethyl carbonate (DMC),
propylene carbonate (PC), diethyl carbonate (DEC) and ethyl methyl carbonate (EMC).

The structural formulae of alkyl carbonates are shown in figure 1.5.[54]
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Ethyl methyl carbonate (EMC)

FIGURE 1.5: Chemical formulae of the main carbonate solvents used in the
electrolyte in Li-ion batteries.

These alkyl carbonates, mixed with lithium salt hexafluorophosphate (LiPFg), are re-

garded as the basic standard electrolyte solutions for LIBs.

Recently, room-temperature ionic liquids (ILs) have been proposed as promising alter-
native solvents in electrolytes for the next generation of Li-ion batteries, mainly because

of their high oxidation potential (~ 5.3V vs Li/LiT), their low vapor pressure i.e non
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volatile, non-flammable nature, and good chemical electrochemical stability.[55] How-
ever, the main drawback in ILs is their high viscosity, which engender reduced conduc-

tivities and they are expensive.

Regarding the lithium salt, it provides the lithium source in the electrolyte for the inser-
tion/ extraction between the electrodes, while the solvents provide a medium for Li* ion
diffusion. Several lithium salts have been studied, such as lithium perchlorate (LiClOy),
lithium tetrafluoroborate (LiBFy), lithium hexafluoroarsenate(V) (LiAsFg), lithium bis-
trifluoromethanesulfonimide (LiTFSI) and lithium bis(oxalato) borate (LiBOB). LiPFg
still remains dominant as it best combines necessary properties/ characteristics: ionic
conductivity, dissociation constant, ionic mobility and anodic stability. Nevertheless, it
is expensive and forms hydrofluoric acid (HF) in contact with water. The electrolytes
must therefore be prepared from perfectly anhydrous solvents and under controlled at-

mosphere.

Additionally to lithium salt and solvents, the liquid electrolyte also contains additives
that are used for instance to improve formation of the SEI, stabilize LiPFg and protect
from overcharging. The most commonly used electrolyte additives appear to be viny-
lene carbonate (VC) and fluoroethylene carbonate (FEC). VC is an electrolyte additive,
which is commercialized for LIBs in order to increase the Coulombic efficiency and ther-
mal stability of graphite.[56] Its influence on the silicon electrodes have also proved to
be very encouraging, on thin films of amorphous silicon[57] and on nanostructured sil-
icon/ carbon (Si@QC).[58] Jaumann et al [58] reported that VC-additive increases the
Coulombic efficiency to reach 99% after the 20th cycle and also improved the lifetime of
nano-silicon anodes. The use of the FEC additive has been reported in several studies
of silicon electrodes for example, on thin films [59] and on silicon nanoparticles.[60] Choi
et al [59] were the first to use FEC-added electrolytes with silicon thin film electrodes.
They observed that the presence of FEC in the electrolyte resulted in a smoother SEI
layer on the silicon film. Lin and coworkers [60] investigated the presence of FEC-based
electrolytes for silicon nanoparticle anodes made by a conventional slurry. They reported
an outperformance of the electrode in the FEC-based electrolyte in terms of capacity
retention and Coulombic efficiency. The enhancement of the performance is due to the
better properties of the FEC-derived SEI formed on the surface of the silicon.

In the present work, different electrolytes have been used because for the positive elec-
trode (sulfur), it is well know that the carbonate-based solvents such as ethylene car-
bonate and diethyl carbonate react with polysulfides irreversibly.[61] An electrolyte solu-
tion containing 1 M LiTFSI in a 1:1 (volume ratio) 1,3-dioxolane: 1,2-dimethoxyethane
(DOL:DME) with the addition of LiNO3z was used in the electrochemical testing of
the sulfur electrode. Whereas, another electrolyte solution containing 1 M LiPFg in a

1:1 (volume ratio) ethylene carbonate: dimethyl carbonate (EC:DMC) and for certain
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experiments with the addition of FEC was used in the electrochemical testing of the
silicon material. In the full cell, the 1 M LiTFSI in a 1:1 (volume ratio) 1,3-dioxolane:
1,2-dimethoxyethane (DOL:DME) with LiNO3 was used.

Solid Electrolyte Interphase

The electrode/ electrolyte interphase is one of the most crucial parameters affecting the
LIBs electrochemical performance (i.e. cycling performance, rate capability, safety).[62]
In the early 1970s, Peled firstly suggested that the layer formed instantly by the contact
of the metal with the solution, acts as an interphase between the metal and the solution
and named it the SEIL[63] Negative electrodes such as graphite or silicon operate at
potential between 0-1V vs Li/LiT, whereas positive electrodes (e.g. LiCoOg, LiMnOy)
have an operating potential higher than 3V vs Li/Li*. No electrolyte components can
remain thermodynamically stable against reduction potential at negative electrodes and
against oxidation potential at the positive electrodes.[64] In the case of carbonaceous
electrodes, the formation of the SEI layer proceeds from the deposition of organic and in-
organic compounds during the first charge/ discharge cycle on the surface of the graphite
electrode. The formed SEI prevents further reduction and co-intercalation of the elec-
trolyte and allows only Li™ ion diffusion. Therefore, SEI acts as a protective surface

film making the carbon electrode stable even at potentials lower than 1V.

The existence of the SEI on the cathode is still highly debated. In the case of LFP or
transition metal oxides, they store LiT ion between 3.5-4.2V, which is still on the border
of oxidation stability limits for most electrolyte components. But, when the cathode
potential is above 4.2V (e.g., LiNig5Mn; 504, LiCoPOy,...), the existence of a surface

film on the cathode will become certain.[64, 65]

1.2.3.4 Current collectors

Aluminium (Al) and copper (Cu) are usually used as the current collectors at the cathode
and the anode, respectively. The collector materials require good electrical conductivity
and inertness to any electrochemical lithium reaction at the respective electrodes. Alu-
minium is extensively used as a current collector with lithiated transition metal oxides
for the positive electrode in commercial LIBs, as it is stable up to 4.3 V vs. Li/Li"
in most organic electrolytes.[66] Its low price and good electric conductivity due to the
high purity of Al metal expand the application potential for LIBs.[67] Aluminium was
shown in 1971 to alloy with lithium at low potentials vs. Li/Li*.[68] As a result, the use
of Al as negative electrode in Li-ion batteries has been hindered because the formation
of alloys always results in volume expansion.[67] Copper is used as a current collector

for the negative electrodes in almost all commercial LIBs. It has a high conductivity



Chapter 1. Introduction 20

and is readily available in many forms. At high potential (1.5V to 3.0V vs. Li/LiT), a
large cathodic peak was observed in the cyclic voltammogram curve, which corresponds
to the corrosion of Cu.[67] At low potential between OV to 1.0V, there is no peak cor-
responding to the Li-Cu alloy in this system since no apparent redox peaks appeared
near OV vs. Li/LiT. This makes Cu a good choice to be used as the negative electrode
current collector in LIBs.[67]

Nevertheless, break up of the metallic foil and detachment of the active materials from
the current collectors can be problematic for the future generations of LIBs. A current
collector should therefore be lightweight, thin, mechanically stable, durable under de-
formation stress and chemically stable.[69] Carbon nanotubes are potential candidates
as current collectors owing to their properties [70-73] which will be detailed in Chapter
2.

1.3 Advantages of nanomaterials structure

Micro-sized electrode materials are commonly used in commercial Li-ion batteries. The
electrode materials ought to have some specifications, such as high reversible capacity,
fast Li™ ion diffusion, ecological, long cycle life, low cost and improved safety hazards.
In solid-state, the diffusion coefficient of Li™ ions in most electrode materials is very low
(1077 - 107! cm?/s) [74] and, thus, the diffusion path length becomes important and
can easily become a limiting factor of the insertion/ extraction rate, and hence of the
charge-discharge rate performance. In order, to meet the future demands of EVs and
HEVs, the development of new strategies is required for LIBs. One of these strategies
is the miniaturization of the electrode materials. The use of nanostructured materials
instead of existing micro-sized materials are considered to be the most encouraging
strategy to overcome present limitations. Nanostructures can provide reduced distance
for Li* ion diffusion path length and can improve the intercalation/ deintercalation rate
of LIBs.[75]

The benefits as well as drawbacks of nanostructured electrode materials are summarized

as follows:

Benefits [76]

e Increase charge/ discharge rates due to short distance for Li* ion diffusion within

the particles,[75]

e Enhanced electron transport and thus alleviate the limitation of electronic conductivity,[77]
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e Nanostructured materials with high specific surface area permit a high contact

area between electrode and electrolyte, enabling high lithium exchange flux,[78]

e The nanometer-sized electrode materials can accommodate large volume expan-
sion/ contraction during cycling, preserving the integrity of the electrode and lead-

ing to stable cycling performance,[79]
e Enable reactions that cannot occur in micron-sized particles,[77, 80]

e Chemical potential for lithium ions may be modified leading to potential shifts.[75,
81]

Drawbacks [78]

e Difficult to synthesize and control the size or shape of the desired nanometer-sized

electrode materials,

e High surface area and high surface energy of nanomaterials also increase undesir-
able side reactions between electrode and electrolyte, which may result in a high

irreversibility and reduced cycle life,

e The packing density of nanomaterial-based electrodes is lower than that of micromaterial-

based electrodes thus reducing the volumetric energy density,

e Electron and Li* ion transportation through the nanoparticulate layers can be
restricted due to random walk limiting the battery performance and reducing the
electrical conductivity. Nanomaterials tend to form agglomerates during the elec-
trode fabrication process, making it difficult to uniformly disperse them in the

electrodes, and their nanoscale dimensions are rather difficult to control.

1.4 Ideal material

A wide variety of nanostructured materials with miscellaneous geometric shapes and
morphologies have been extensively explored, such as nanoparticles (0-D), nanowires
(NW), nanorods (NR) and nanotubes (NT) (1-D) and nano films (2-D). Despite the
benefits of nanostructured materials, particularly in case of 0-D nanoparticles, their
performance is still limited by many factors. Over several cycles, the intercalation/
deintercalation of Li™ ions induce a volume expansion and craking of the nanoparticles,
leading to a reduction in the cyclability and the battery life.[82] In addition, nanopar-
ticles tend to form agglomerates during the electrode fabrication process resulting in a

random paths of electrons and Li* ions through the nanoparticles. Moreover, the grain
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boundaries and voids in between the nanoparticles restrict the battery performance and
reduce the overall electrical conductivity.[75, 82]

1-D nanostructures are particularly attractive and are considered to be superior to
nanoparticles. The small diameter of 1-D nanostructure allows for better accommo-
dation of the large volume changes without initiation of mechanical degradation, such
as pulverization and fracturing that can occur in bulk or micron-sized materials.[83]
To get more advantages from 1-D nanostructures and to avoid poor electronic/ ionic
transportation by random paths, each 1-D nanostructure should be directly electrically
connected and thus preferably vertically aligned to the metallic macroscopic current col-
lector. Thus, a direct 1-D electronic pathway can be achieved which drastically improves
the charge transport during the charge and the discharge processes and prevents the re-
quirement of conductive additives or binders which add extra weight to the battery.[84]
However, the choice of the nanomaterial properties is crucial to avoid any resistance,
which may cause the failing of performance (e.g., capacity fading) of the LIBs.

What would then be the ideal 1-D nanostructured material that should be used?

The optimal 1-D nanostructured material should be very thin and light-weighted, should
ensure optimal Li* ions conductivity/ electrons transportation, preferably be vertically-
aligned and should have a direct electrical contact of each nano-object with the current
collector.

One of the best choices appears to be the carbon nanotubes (CNTs) which will be re-
viewed in detail in the next Chapter. Vertically aligned CNTs forest directly grown
on an appropriate current collector can provide a quasi-ideal highly conductive phys-
ical framework for subsequent formation of 1-D hierarchical nanostructures of various
natures, and enable, for example, the use of nanostructured high-capacity electrode

materials as Sulfur and/ or Silicon.



Chapter 2

Carbon nanotubes acting as

nanostructured current collectors

The present chapter is divided into two main parts: the first part gives a short and
general overview of the main characteristics and properties of the carbon nanotubes.
The second part describes the experimental approach used to obtain vertically aligned
carbon nanotube (VACNT) carpets on two different conductive substrates: aluminum
and copper. In particular, we present the main steps that were developed and optimized
for growing reproducible and controlled properties of VACNT carpets using a modified
Chemical Vapor Deposition (CVD) process. The benefit of growing VACNTSs directly
on a conductive substrate, such as copper and/or aluminum is to obtain a direct elec-
trical contact of each of the nanotubes with the substrate which makes them very good
candidates as current collectors in LIBs. This approach avoids the use of binders or
additives, optimizes the active material/ current collector interface and simplifies the

fabrication of the battery device.

2.1 Carbon allotropes

In its organic form, carbon has an extremely rich and varied chemistry, whilst in its
inorganic form it has various allotropes, including graphite, diamond, fullerene (e.g.,
buckyball Cgp), amorphous carbon (a-C), carbon nanotube (CNT) and so on.[85] The

structure of the different carbon allotropes is shown in figure 2.1.

Diamond and graphite are pure forms of carbon, but their physical properties are widely
different. Diamond is transparent and the hardest carbon structure.[86] It has a tetra-

hedral structure, i.e, each carbon atom is surrounded by four other carbon atoms with

23
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FIGURE 2.1: Structure of different allotropes of carbon: (a) Diamond, (b)
Graphite, (c) Cgp ( Buckminsterfullerene or buckyball), (d) Amorphous car-
bon, (e) Single-wall carbon nanotube or buckytube.

tetrahedral connections. The conductivity of diamond is extremely low due to the lack
of free electrons, since all the valence electrons are used to form the sp® bonds.[87] In
contrast, graphite is black, very soft and slippery. Its structure consists of Van der Waals
stacked graphene layers (a single, tightly packed layer of carbon atoms bonded together
in a hexagonal honeycomb lattice). It has high thermal and electrical conductivity. The
properties of graphite from its crystalline structure, for example its high electrical con-
ductivity is related to the m bonding between the carbon atoms in the graphene layers.
The softness and lubricating nature of graphite arises from the weak Van der Waals
forces binding the carbon sheets. The amorphous carbon (disordered carbon) having no
crystalline structure, results in a totally random distribution of sp? and sp® hybridized
carbon atoms.

A new era in carbon materials began in the middle of the 1980s when the discovery of
carbon nanostrutures triggered an ever-growing research interest. These carbon nanos-
tructures include: fullerenes - the most common one is the buckyball-like molecules
(i.e. fullerene Cgp) and the CNTs. Fullerenes were discovered in 1985 by Kroto et al
during the vaporization of graphite by laser irradiation, producing a remarkably stable
cluster consisting of 60 carbon atoms arranged in hexagons and pentagons.[88] Carbon
nanotubes were theoretically imagined and described as ”"rolled up” sheets of graphene.
The first observation of the tubular structure of some nano-sized carbon filament was in

1952 by Radushkevich and Lukyanovich.[89] Experimental evidence of the existence of
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CNT dates back to 1991 when lijima observed multiwalled carbon nanotubes (MWC-
NTs) using a transmission electron microscopy.[90] In 1993, Iijima et al [91] and Bethune
et al [92] simultaneously and independently reported the existence of CNT consisting of
a cylindrical graphene sheet called single walled carbon nanotubes (SWCNTs). Carbon
nanotubes stimulated an ever increasing interest from the whole scientific community;
physicists, chemists, and materials scientists due to their varied and astonishing prop-
erties (electronic, physical, mechanical) that can find potential use in wide range of

applications.

2.2 Carbon nanotubes

Carbon nanotubes have a cylindrical structure where each C shares a sp? covalent bond
with its three nearest-neighboring atoms. CNTs can be viewed as a graphene sheet
rolled up into a nanotube. CNTs have a typical diameter of 1-5 nm, about 100,000
times thinner than an average human hair, and they can be several hundred microns
long. CNTs may be broadly classified into SWCNTs and MWCNTs based on their
structure as shown in figure 2.2. A MWCNT constitutes of several cylindrical sheets,
generally between 2 and 50, each corresponding to a graphitic plane. Different possible
structures of MWCNTSs are described in literature. A CNT containing another tube
inside it is referred to the Russian Doll model, while a single graphene sheet wrapped
around itself manifold times is called the Parchment model.[93] The internal diameter of
the tube ranges between 1 and 40 nm and its external diameter ranges between 2 to 100
nm. Its length is of the order of microns, but can reach few centimeters. The distance
between the successive walls, determined for the first time by Iijima, is 0.34 nm, slightly
greater with respect to the graphite interplane distance (0.33 nm). This difference is not
only due to the constraints caused by the tube curvature, but also to the strengths of
Van der Waals forces between the sheets comprising the nanotube. A SWCNT consists
of a single graphene sheet rolled up and closed on itself. The way this sheet is rolled
determines the tubes helicity. Regarding its size characteristics, a SWCNT presents a
perfectly rectilinear tubular structure of nanometer diameter, between 1 and 50 nm,
and of micrometric length. Its exceptional physicochemical properties result from its
structural characteristics (cylindrical shape, helicity, nanometric size and aspect ratio

or length to diameter).
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SWCNT MWCNT

FIGURE 2.2: Schematic representation of a SWCNT and a MWCNT.

2.3 Physical properties

Carbon nanotubes have been widely studied and were found to possess several outstand-
ing properties, including high mechanical properties, excellent electrical conductivity,
and high thermal stability. Here we review the electronic, mechanical, thermal and elec-
trochemical properties of CNTs from the point of view of their possible use as a current

collector in LIBs.

2.3.1 Electronic properties

The electronic properties of the CNT's are related to their geometric structure. CN'Ts can
either be metals or semiconductors with different energy gaps, depending on the diameter
and the helicity (also called chirality) of the tubes.[94] In general, 1/3 of SWCNTs behave
as metals and 2/3 have a semiconductor behavior. Since MWCNTSs contain multiple
layers with different chiralities, the electronic properties are more complex. However,
the majority of MWCNTs present a metallic behavior. Because of their 1-D structure,
electronic transport occurs ballistically over long distances in a CNT [95, 96], indicative
of their high electrical conductivities. According to these reports, the electron crosses the
CNT (along the axis) without collisions and without dissipating energy. Experimental
results confirmed a low resistivity along the axis of the CNT of 2.6x10~7 Q.m at 300 K
for SWCNTs and 9.5x107° to 5.3x107® Q.m for MWCNTSs. The CNT can carry large
current density up to 101%A/cm?, whereas the maximum current densities for normal

metals are ~ 105 A /cm?.[97, 98] Therefore, the CNTs have an electrical resistivity close
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to that of copper (1.7x107% Q.m), for a much lower density that can vary around
2.0 g em ™3 as a function of the diameter and the number of walls. [99] CNTs are
thus excellent candidates for applications requiring lightweight combined with a good

electrical conductivity.

2.3.2 Mechanical properties

The structural properties of CNTs with strong o bonds between the neighboring carbon
atoms give the nanotubes an extremely high Young’s modulus and tensile strength.
Experimental and theoretical investigations show remarkable mechanical properties of
individual MWCNTs with Youngs modulus being over 1 TPa and a tensile strength of
10 - 200 GPa [100, 101], which is several hundred times more than that of steel, while
they are only one-sixth as heavy. The elastic response of a nanotube to deformation is
also exceptional: CNTs can sustain up to 15% tensile strain before fracture. Nanotubes
are shown to be very flexible, with the reversible bending up to angles of 110° for both
SWCNT and MWCNT.[102] Due to the extremely high strength of CNTs, they can

bend without cracking.

2.3.3 Thermal properties

Furthermore, CNTs have exceptional thermal conductivity and thermal stability.[103,
104] Berber et al [103] found the thermal conductivity of SWNT at room temperature to
be about 6600 W/m K, which is almost double of the thermal conductivity of diamond
(3320 W/m K). CNTs are also thermally stable up to 2800°C in vacuum and could
endure up to 750°C in air.[104]

2.3.4 Electrochemical properties

As it is well known, carbon nanotubes can be obtained by rolling up a defined projected
area within the hexagonal lattice of a graphene sheet in a seamless fashion, such that
all carbon-carbon (C-C) valences are satisfied and the direction in which the roll up
is performed transforms into the circumference of the tube. Due to the nature of 7-
orbital overlap in metallic CN'T chiralities, the electron conduction can occur via ballistic
transport (i.e. electrons can transfer with mean free paths on the order of microns along
the length of the nanotube unless scattered by a defect).[105] CNTs have a quasi-perfect
crystalline structure, offer enhanced electron transport and provide continuous paths for
LiT ions for the LIBs. In the case of decorated CNTs with metal nanoparticles, the CNTs

are able to transport the electrons to and from the metal nanoparticles when they are



Chapter 2. Carbon nanotubes acting as nanostructured current collectors 28

alloying and dealloying with lithium. It was demonstrated that decorated CNT's directly
grown on a current collector lead to a residual capacity which never exceeds a few pAh

after a few cycles, that is to say, CNTs are electrochemical stable and inactive.[72]

2.4 Carbon nanotubes based devices

As mentioned previously, CNTs exhibit unique and extraordinary characteristics in
terms of their electronic properties determined by their chirality and are envisioned
to a wide variety of applications in nanoscale electronics. Figure 2.3 summarizes the

implementation of CN'Ts by different industry sectors.

e Field emitters: CNTs have been shown to have good field (cold) emission charac-
teristics: emission has been observed at fields lower than 1 V/um, and high current

density of over 1 A/cm? have been obtained.[106]

e Sensors: Strong dependence of the properties of CNT's on surface modification, me-
chanical deformation, doping, coating, etc. make them a very attractive material
for chemical, biological, and physical sensors. Small changes in the environment

of the CNT can cause drastic changes into its electrical properties.[107-109]

e Transistors: CNT-based working transistor outperformed larger transistors made

with silicon.[110]

e Energy conversion and storage devices: CNTs are being used in electrochemi-
cal energy conversion, such as LIBs [111, 112], supercapacitors [113], hydrogen
storage.[114] The electrochemical properties of CNTs are dominated by their meso-
porous character. CNTs have a high rate of electron transfer and allow an easy

access of the ions to the electrode/ electrolyte interface.

CNTs have many others applications, such as in the aerospace industry[115], the sporting
goods (e.g., fabrication of baseball bats and skis), and the electronics related field such
as use for scanning probe microscopy tips or conductive inks as shown in figure 2.3.[116]
Due to their excellent characteristics, such as high surface to volume ratio, outstand-
ing mechanical and electronic properties and self-aligned structure (for CNT forest),
CNTs are probably the most studied nanomaterial so far, and have broad practical and

fundamental applications
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FIGURE 2.3: Global CNT request by different fields of application. [116]
2.4.1 CNT-based LIBs

A short overview and evaluation of the potential use of CNTs in LIBs are given in the
following paragraphs. Shortly, because of their high surface area, chemical and me-
chanical robustness and their high electron conductivity, CNTs match ideally with the
specifications needed in the fields of LIBs. CNTs are regarded as a potential material
candidate for use in both cathode and anode fabrication. For example, for the positive
electrode, CNTs can be used to enhance the conductivity and improve the mechani-
cal stability.[117] As for the negative electrode, CNTs could potentially be used as a
replacement for graphite.[118] Furthermore, CNTs are being investigated as a reinforce-
ment structure for the unstable silicon-anodes that could be used in the next generation
of batteries.[119] Their use as an additive for either the anode or cathode has several
advantages compared to other forms of carbon additives like carbon black or acetylene
black. For example, for the cathode formulation, MWCNTSs have been employed as
an additive with LCO [120] and LFP [121, 122] exhibiting ~ 10% improvement in the
reversible capacity of the as-fabricated electrodes as compared to ones incorporating
carbon black counterparts. Another example highlighting the outstanding properties of
CNTs, LMO-MWCNTSs composite material has been produced by Liu et al [123] using

a sol-gel method. Such nanocomposites showed high cycle stability with a remarkable
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capacity retention of 99% after 20 cycles while capacity retention of pure LMO nanopar-
ticles is only 9%. The 1-D structure of CNTs cannot only improve the electrical con-
ductivity, but also improve the Li* diffusion coefficient and the overall electrochemical

performance.

The specific capacities of CN'T's were usually reported to exceed the capacity of graphite.
For instance, the reversible capacity of SWCNTs synthesized by laser ablation is 600
mAh g=! and the specific capacity of SWCNTSs could be increased from 600 to 1000
mAh g~! by ball-milling, which is significantly higher than the ideal value of graphite
(372 mAh g~!).[124] The reasons are attributed to 1) Li* can not only be stored into
stable sites located in graphitic layers, but also on the surface of nanotubes.[125] 2)
the 1-D structure of CNTs can shorten the path lengths for LiT diffusion, meanwhile
keeping excellent electron transport along the tubes. Both factors are beneficial for the

improvement of LIB performance.

Additionally, CNTs not only have a higher capacity than graphite, but they can be used
as a support matrix in the case of a lithium-metal alloy material. Metal nanoparticles
such as Si [72] and Sn [126] can be deposited on the surfaces and onto the CNT sidewalls,
and then are able to form an alloy with the lithium without impeding the insertion/
deinsertion of lithium into the CNTs themselves. This method has many advantages.
First and foremost, this enables the anode electrode to take advantage of the high lithium
capacity that metals have to offer without confronting the pulverization problem and
breakdown of the electrode. This is because the highly conductive CNTs act as ”glue”
matrix for the metallic nanoparticles. When the nanoparticles start to form an alloy
with lithium and undergo a large volume change, the anode is able to remain structurally
intact because the highly conductive CNTs act as a flexible wire mesh, allowing the metal
particles to remain attached to the anode’s current collector. The CNTs are then able
to transport the electrons to and from the metal nanoparticles when they are alloying
and dealloying with lithium. Second, the CNTs are capable of storing any additional

lithium which is not alloyed with the metallic nanoparticles.[127]

Recently, new studies demonstrated the feasibility of using CNTs as current collectors

in LIBs. There are several advantages in using such an approach:

e CNTs are extremely lightweight, thin and with significantly lower densities than
copper (0.3-1.0 g cm™3 vs 8.9 g cm™3).[128]

e The porous structure of CN'T enables easier slurry infiltration, larger contact area,
better wetting, stronger adhesion, and lower contact resistance at the electrode/
CNT interface. CNT themselves are flexible and strong enough for insuring/ secur-

ing the structural integrity of the electrodes. Accordingly, any volumetric changes
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of the electrodes during electrochemical reaction and repeated mechanical defor-
mation in flexible LIBs can be better accommodated, leading to better cycling

stability, rate capability, and mechanical durability.[129]

e CNTs are much more chemically stable than metal current collectors; therefore,

long-term stability of LIBs with CNT current collectors is expected.[129]

Sooner or later, CNTs will play an important supporting role in high-performance LIBs,
not only by being involved directly in the lithium storage, but also by providing a

conductive network and a structural scaffold for traditional electrode materials.

2.5 Carbon nanotubes synthesis

At present, CNTs are manufactured by different methods in laboratories and industry.
The production of CNTs with a high degree of purity, large amount, low costs, and
reproducibility are still some of the biggest issues for the carbon nanotube community.
Three major methods are used for CNT synthesis today, laser or arc discharge carbon

vaporization, and chemical vapor deposition (CVD).

e Laser ablation: in this process, a target consisting of graphitic carbon doped with
catalyst (i.e. Co, Ni,...) is vaporized using a laser pulse at high temperatures
(1200°C) inside a tube furnace. The vapors are then flushed, using inert Ar,
towards the end of the tube which houses a water-cooled copper collector tip
where CNTs are formed and collected as the vapor condenses. Such a technique
is mostly used for obtaining high purity SWCNTSs, but their production yield is
very low.[130, 131]

e Arc discharge method: this method is based on an electric arc discharge that is
generated between two graphite electrodes in a chamber filled by an inert gas (Ar,
He). The arc is generated by running a DC current and voltage bias between the
electrodes that can reach very high temperature above 3000°C. The chamber is
kept at subatmospheric pressure (500 Torr). The carbon vaporizes at the anode
and deposits onto the cathode where CNTs form. If no transition metal catalyst
is used, bundles of MWCNTSs form in the inner region of the cathode. The CNTs
are mixed with nanoparticles, amorphous carbon and fullerene and need to be
purified for extraction. Catalysts such as Co, Ni, and Fe have been shown to
produce SWCNTs. This method produces a mixture of different unwanted forms
of carbon (including fullerenes, amorphous carbon, and some graphite sheets). The

CNTs need to be separated from the soot and the catalytic metals present in the
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crude product. CNTs produced using this method present a tangled morphology
with poor control over the length and diameter. CNTs are short with diameters
ranging from 1.2 - 1.4 nm (SWCNTs) and 1 - several nm (MWCNTSs).[132, 133]

Unfortunately, despite that these two methods produce high quality nanotubes,
they also suffer from many drawbacks which limit their use in large scale industrial
processes, i.e. both methods are energy extensive methods where a large amount
of energy is required to produce the arc or the laser used in the ablation processes.
Such a huge amount of energy uneconomical for large scale production. Moreover,
the nanotubes created by both processes are in highly tangled form and mixed with
different allotropic components of carbon or catalysts. Therefore, CNTs formed
need complex purification to get pure and assembled forms. The design of such
refining processes is difficult and expensive. All these disadvantages restrict their
wide application for producing CNTs at a large scale. For these reasons, the
CVD technique has been widely implemented as a preferred method for large scale

production.

e Chemical Vapor Deposition method: CVD technique is the most popular method
for producing CNTs, due to its low-cost and scalability for mass production. CVD
is a simple method to synthesize CN'T's under relatively low temperature and pres-
sure. This technique involves the decomposition of hydrocarbon gases in the pres-
ence of metal catalyst particles. During the CVD process, the hydrocarbon vapor
flow through a tube furnace. The gas precursor decomposes into hydrocarbon
molecules and then dissociates at the surface of catalyst to produce CNTs. The
growth of CNTs is affected by several parameters, such as the type of the carbon
precursor, the catalyst nature and size, the growth temperature and the growth
time. Consequently, the structural properties and the density of CNTs can be
adjusted to some extent by controlling such parameters. The CVD technique is
suitable for a large-scale industrial production of nanotubes. Another great ad-
vantage of CVD technique is in its ability to synthesize aligned arrays of CNTs
with controlled diameter and length.[130]

Depending on the application targeted, any of these three methods may be used
for CN'T's synthesis. There are numerous variations for these techniques operating
under different conditions, with different set-ups, and process parameters. Every
technique has various benefits and drawbacks regarding the quality and the type

of synthesized CNTs. An overview of these techniques is given in Table 2.1.

In the present study, we used CVD with hot-filament assistance in order to help decrease
the process temperature, while the local temperature around the hot-filament is kept
much higher, sufficient to break the gas precursor molecules and to prevent parasitic

amorphous carbon deposition.
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TABLE 2.1: An overview on the most common CNTs synthesis methods and their
advantages and disadvantges.

Method CVD Arc discharge Laser ablation
.- . . hite t t i -
Decomposition of hy- | Electric arc discharge Grafp 1o algen 15 va
. porized by laser irradia-
. drocarbon gases in the | generated between two | .. .
Basics . tion under flowing inert
presence of metal cata- | graphite electrodes un- .
. . atmosphere and high
lyst particle der an inert atmosphere
temperature
Yield up to 100% up to 90% up to 65%
. . t impl t . .
high purity, large scale casy 0 Hpiement, high purity, defect free
Advantages . . defect-free  nanotubes,
production, simple SWNTs
no catalyst
limited control over the | short, tangled nan- expensive.  low  scale
Disadvantages | structures, defects in- | otubes, random struc- P .
. production
corporation tures

2.5.1 Chemical Vapor Deposition method

Since their discovery, the growth mechanism of CNTs has been highly debated. Several

groups of experimentalists and theoreticians have proposed several growth mechanisms

which are often contradicting. Therefore, no single CNT growth mechanism is well estab-

lished till date. The widely-accepted general mechanism can be summarized as follows:

mainly, a hydrocarbon vapor comes in contact with hot metal catalyst nanoparticles,

and decomposes into carbon and hydrogen species; hydrogen return to the vapor phase

while resulting carbon gets dissolved into the catalyst. When the catalyst is saturated

with the carbon, the excess dissolved carbon precipitates out and crystallizes in the form

of a cylindrical shape.[131] There are two different mechanisms assigned for the growth

of CNTs:

e Vapor-Liquid-Solid mechanism (VLS): The catalyst particle form liquid alloy. The

carbon feedstock is cracked or broken down on the surface of the metal particle.

The metal nanoparticle dissolves the carbon until it reaches saturation, at which
point a CNT extrudes.[134, 135]

e Vapor-Solid-Solid mechanism (VSS): The metal particle remains solid, the cracked

carbon diffuses through the catalyst and/ or around the surface, and CNT nucle-

ates on the side of the metal particle. Since carbon continually breaks down on

the particle, the tube continues to grow.[136, 137]

At the substrate surface, once the nanotube begins to grow by either VLS or VSS, the
CNT will undergo either tip growth or base growth mode (figure 2.4).[138] For the tip
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growth mode, the catalyst-substrate interaction is weak and the metal nanoparticle has
an acute contact angle with the substrate. The hydrocarbon can decompose on the top
of the metal nanoparticle, then carbon diffuse down through the metal and CNTs grow
out across the metal bottom, which pushes the metal particle to detach itself from the
substrate. The CNTs grow longer and longer until the metal is fully covered by an excess
of carbon. Concisely, the end of the nanotube remains attached to the surface and the
catalyst particle remains attached at the opposite end of the extruding nanotube (figure
2.4-a). In the base growth mode, the catalyst-substrate interaction is strong and the
metal nanoparticle has an obtuse contact angle with the substrate. In this case, the
initial decomposition of the hydrocarbon and the diffusion of carbon occur similar to
the previous mechanism, but the CNT precipitation fails to push the metal particle up.
As a result, CNTs are compelled to grow out from the top of the metal. Carbon first
crystallizes out to make a hemispherical dome which then grows up in the shape of a
graphitic cylinder. Subsequent decomposition of hydrocarbon takes place on the lower
peripheral surface of the metal particle, and the dissolved carbon diffuses upward to grow
the graphitic cylinder. Briefly, the catalyst particle remains attached to the surface and
the nanotube is extruded into the air or along the surface (figure 2.4-b). The catalyst
particles will result in a tip or a base growth depending largely on the sticking of the

nanoparticle to the substrate or the support material.

(@) Growth stops
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FIGURE 2.4: Growth mechanisms for CNTs: (a) tip-growth mode, (b) base-
growth mode.
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There are several parameters that impact over the CN'T structures synthesized using
the CVD approach [139]: the process temperature, the precursor gas, the vapor pres-
sure and the catalyst nature. The temperature is a crucial parameter in the growth
and remains very closely related to the other parameters governing the synthesis. It
plays a major role on the structure of the nanotube. Generally, CNTs can be synthe-
sized in a wide temperature range from 500 to 1100°C. The quality of graphitization of
the as-synthesized CNTs is affected by the process temperature. Generally, to obtain
a superior quality of graphitization of CNTs (i.e. less defects), the temperature of the
synthesis has to be increased. Depending on the carbon precursors and catalysts, there
is always a temperature range for successful CNT growth. In order to synthesize SWC-
NTs, high temperature above 700°C is required since at low temperature MWCNTs
are dominant.[140] Together with the temperature, the catalyst nanoparticle diameter

is another factor that impacts the CNTs diameter.[141, 142]

The gas precursor is another factor that has a great impact on the final carbon structure
and can induce generation of by-products due to a carbon excess feedstock. Basically,
the only condition that has to satisfy the feedstock gas is the presence of carbon in their
molecular composition. Many precursor gases can be used for the synthesis of CNTs,
such as methane (CHy) [143, 144], acetylene (CoHz) [145], ethylene (CoHy) [146], xylene
[147], eventually their mixture.[148] One of the obvious variations in the feedstock choice
is the reactivity. For instance, methane is much less reactive than ethylene or acetylene.
As a result, the decomposition of acetylene takes place at a relatively low temperature.
However, the high carbon content can lead to the deposition of amorphous carbon on
the sidewalls of the CNTs. Methane is one of the most simple carbon precursors. It is an
alternative to acetylene that prevents a carbon over deposition, but a higher temperature
is required during the synthesis of CNTs. The gas precursor is often injected in the
presence of a dilution gas e.g. Hy, NHg, Ar, No. The role of this additive is to avoid any
excess of amorphous carbon undesirable and potentially harmful to the catalytic activity
of the nanoparticles. Indeed, an accumulation of unstructured carbon in the vicinity of
the catalyst can lead to its poisoning. Additionally, in order to control the growth of
CNTs and the carbon supply, the vapor pressure is an important parameter.[149, 150]
The total vapor pressure is given by the sum of the partial pressure of each injected
gas, i.e. carbon feedstock precursor, reductive gas, and carrier gas. By changing the
vapor pressure, a surplus or deficiency of carbon occurs due to either too high or too
low vapor pressure, respectively. Therefore, a proper balance among each gas has to be
achieved. In the case of a too low vapor pressure of the gas precursor, CNTs will not
be formed. On the contrary, deposition of parasitic amorphous carbon and poisoning
of the metal catalyst can take place easily. Finally, for synthesizing CNTs, nanometer-

sized metal particles are required to promote the decomposition process of hydrocarbon
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precursors at a lower temperature than the spontaneous decomposition temperature of
the hydrocarbon. Generally, transition-metal nanoparticles are used as catalysts for the
growth of CNTs. Among the transition metal nanoparticles, Fe, Ni and Co, are the most
frequently used catalysts, due to the high solubility and high diffusion rate of carbon
atoms at high temperature. The high melting point and low equilibrium vapor pressure
of these metals also provide a widely suitable temperature range for a wide range of
carbon precursors. Different metals have been tested and have been demonstrated to
be adequate catalysts, e.g. Pd, Pt, Au, Al, Mg, etc.[138] Fe, Co and Ni are the most
effective catalysts to grow CNTs, because they have a strong adhesion with the growing

CNT and they allow to form CNTs with smaller diameters.[138]

2.6 Vertically Aligned Carbon Nanotubes

Typically, in case of using a high areal density of metal catalyst nanoparticles, every
growing nanotube will be surrounded by adjacent nanotubes. A self- alignment of the
growing CNTs can be achieved via a steric effect. During the growth process, the
Van der Waals forces between neighboring CNTs will force all tubes to grow vertically-
aligned and to form a forest structure.[151] Compared with non-aligned CNTs, when
implemented in a LIB cell, the vertical alignment of CNTs in the direction of the ion
diffusion can have positive effects for an increase in both the storage capacity and the
rate capability. Vertically aligned CNTs (VACNTSs) ensure better contact and adhe-
sion with the substrate, resulting in an increase in the ion diffusivity as well as an
improvement of the electron transport properties, which allow improvements in the rate
capabilities.[152, 153] Furthermore, the intimate contact between each of the VACNTSs
and the substrate provides a low resistance pathway allowing for an effective connectiv-
ity throughout the electrode.[153] Finally, VACNTSs exhibit a porous structure with a
large surface area, which may greatly facilitate the chemical transport and the interfacial
reaction.[154] These great properties (regular pore structure, high surface area and ex-
cellent conductivity) of VACNTs make them extremely attractive potential candidates
to act as electrode materials or as current collectors that can enhance the performance

of energy storage devices.

2.6.1 Synthesis of vertically aligned carbon nanotubes
2.6.2 Experimental setup

The VACNTSs were synthesized using a double hot-filament chemical vapor deposition
(dHF-CVD) technique. Thanks to this technique, it was possible to grow straight CNTs
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over a large area with excellent uniformity in diameter, length and density and at rela-
tively low growth temperatures. The dHF-CVD method efficiently allows a local thermal
decomposition of the precursor molecules (Hy and CHy) around the hot-filaments before
reaching the substrate withstanding the catalyst. Thanks to the hot filaments, the syn-
thesis of the CNT's occurs at relatively lower temperature than the conventional thermal
CVD process. Figure 2.5 shows the schematic of the dHF-CVD reactor that was used in
this work. All VACNTSs were synthesized using CHy4 as the carbon feedstock precursor.
CH,4 was diluted in Hy in order to etch parasitic amorphous carbon (a-C) during the
growth process and Ho has also been used to perform the catalyst pretreatment prior
to the growth of the VACNTs. As shown in figure 2.5, the two gases were introduced
through two different inlets. Tungsten filaments were placed at each gas inlet. The
filaments were powered independently in order to increase the temperature locally and
allow independent decomposition of the molecules. Consequently, the gas molecules were
decomposed at the gases inlet creating hydrocarbon radicals, and respectively hydrogen
radicals.[155]

] DC0-70V,0-20A
Hot-filament

Transfer chamber

.

Pump

Sample Holder Quartz tube Thermocouple

Cooling zone Process zone

FIGURE 2.5: Schematic design of the hot filament chemical vapor deposition
system.

The dHF-CVD reactor includes two different zones: a cold zone where the sample is
introduced and removed and a hot process zone where the growth happens (figure 2.6).
The schematics summarize the general steps of the growth of VACNTSs in this work.
In the first step, the sample was placed in the cold zone meanwhile the process zone
was being heated at 600°C. When the temperature and pressure reached target values,
the sample was translated into the hot process zone. Before growing the CNTs, a

pretreatment of the sample under pure, activated hydrogen was performed. The highly
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powered hot-filament at the Hs inlet was used. After finishing the pretreatment process,
without removal of the sample from the hot zone, the CNTs growth was performed by
injecting the CHy carbon precursor. The ratio between CH4 and Hs were adjusted for
the CNTs growth process. Finally, when the synthesis of VACNTSs was finished, the

sample was transferred again to the cold zone.

Temperature

3

4

Heating Cooling

Pretreatment 1IVACNT growth

» Time

Cooling zone Process zone Cooling zone

FIGURE 2.6: General procedure of the synthesis of VACNTs by dHF-CVD
approach.

2.6.3 Synthesis of VACNTs-based nanostructured current collector

This part of the Chapter is focused on the description of the experimental approach
that has been implemented for synthesizing VACNTs-based nanostructured current col-
lectors. In particular, a detailed description of the main steps developed for obtaining
a dense VACNTSs carpet on both aluminium and copper substrates is given. Figure 2.7
illustrates the main experimental steps we have developed and improved in our work for
the synthesis of dense carpets of VACNT on aluminum and copper substrates, which
will make it possible to obtain a nanostructured current collector. Commercial, thin
sheets of Cu and Al were used as substrates for the negative and the positive electrode,
respectively. Both substrates were used without any specific pretreatment (e.g. elec-
tropolishing) keeping the initial roughness of the surfaces. It is worth mentioning that
literature is very poor on the use of Cu and Al used as substrates for the synthesis of
VACNTSs. For both substrates, a 50 nm thick aluminum oxide (Al;O3) layer was evap-
orated under ultra high vaccum (1072 mbar). The AlyO3 layer acts as a barrier layer

between the catalyst Fe and the substrate, Cu (or Al), thus preventing the intermixing



Chapter 2. Carbon nanotubes acting as nanostructured current collectors 39

Evaporation

’

FIGURE 2.7: Schematical representation of the main stages of the synthesis
of VACNT on Al and Cu substrates.

e

of the Fe catalyst with the substrate, at high temperatures. This step is followed by
evaporation (in the same experimental set-up, without sample exposure to ambient air)
of 10-20 nm thick Fe catalyst layer on top of the alumina coating, with the substrates
heated at 300°C during the evaporation process. The heating process is essential for
different reasons: 1) insures the outgasing of all impurities from the substrates, 2) en-
ables the diffusion of the atoms on the surface of the predeposited alumina layer, and 3)
favors the adhesion of the multilayer structure with the substrates and also improve the
adhesion of the subsequent as-growth VACNTSs. The growth of CNTs on both type of
substrates is performed individually, but using similar dHF-CVD parameters. Initially,
the Cu or the Al substrates were inserted into the cold zone. As mentioned above, the

growth process included two steps:

1. Prior to the CNTs growth, the catalyst nanoparticle formation was achieved by a
catalyst pretreatment process under atomic hydrogen atmosphere. The tungsten
filament, located at the inlet of the gas source, was heated up to 2000°C by applying
a power of 180W. Hj gas (¢m,= 100 sccm) was forced during 5 minutes to flow
through the heated filament, generating atomic hydrogen at a reactor pressure of
50 mbar. Reduction of oxidized metal nanoparticles and dewetting of the catalyst

layer, i.e. a catalytic metal cluster formation, were attained.
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2. Subsequently the VACNT growth was performed using CH4/Hy gas mixture: ¢p,=
50 scem, P rigment= 180 W and respectively ¢cp,= 50 scem, P rigment= 205 W,

p= 50 mbar during a time varying from 5 min to 50 min.

The pretreatment step and the CNTs synthesis have been carried out at 600°C for the
two type of substrates (i.e. below the melting point of Al at 660°C). During the pre-
treatment step, at the process temperature, the Fe surface diffusion is strongly activated
while under the effect of the atomic hydrogen, creates trap sites on the Al,Oj layer
that uniformly hold the Fe atoms on the surface, resulting in the formation of a dis-

persed catalytic NPs layer of very small diameters and very high density.[156, 157] Figure

Before annealing =

Ficure 2.8: SEM and TEM observations on FIB cross-section lamellas of
Al,05@Fe layers assembly deposited onto the Al substrate before (top) and
after annealing (bottom) the sample. Top: left SEM image showing the area where
the FIB lamella was prepared with an inset of the obtained lamella; middle TEM image
illustrating the AloO3 and Fe layers on Al substrate; and right HRTEM image of the Fe
catalyst layer with an inset of its FFT evidencing its crystalline structure. Bottom: left
SEM image showing the area where the FIB lamella was prepared; middle TEM image
illustrating the Fe NPs formation on the AloO3 with sizes between 5-10 nm layer; and
right HRTEM image of an Fe NP with an inset of its FFT evidencing its crystalline
structure.

2.8 displays scanning electron microscope (SEM) and transmission electron microscope
(TEM) images on FIB cross-section lamellas of AloO3@Fe layers assembly deposited onto
the Al substrate before and after annealing the sample with the Fe catalyst layer for 5
minutes under Hy atmosphere. The left top and bottom panels show the SEM images on

the areas where the FIB lamella were prepared before and after annealing, respectively.
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The middle panels show the TEM images before (top) and after (bottom) annealing
and illustrate the formation of Fe NPs with sizes between 5-10 nm on the Al,O3 layer.
The right panels show high resolution TEM (HRTEM) images of the Fe catalyst layer
before annealing (top panel) and an Fe catalyst NPs after annealing (bottom panel),
with their FFT evidencing their crystalline structure. Subsequently, this layer of NPs
was exposed to a CHy/ Hg gas mixture for the synthesis of the densely packed VACNT
by steric effect. The use of the Hy gas during the VACNT growth, is essential to prevent
the deposition of amorphous carbon during the whole growth process.

The growth of VACNTS forests are influenced by several factors, such as temperature,
carbon precursor, gas pressure, gas flow rates and catalyst size and nature. Amongst
these parameters, the nature and size of the catalyst metal has been largely investi-
gated by the CNT research community with the applications targeted to the field of
electronics.[158] In the present study, we investigated the impact of the catalyst thick-
ness on the growth of the tubes. Under the same synthesis conditions, VACNTSs are
shown to grow densely if Fe with 10 nm thickness is deposited. For Fe layer less than
10 nm thick, however, the dense carpet fails to form, resulting in some CNTs randomly

spread on the surface of the substrate as shown in figure 2.9.

FiGURE 2.9: SEM image of random CNTs synthesized on Al and Cu sub-
strates during 30 minutes with starting Fe catalyst layer less of 10 nm thick.
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2.6.4 Electron microscopy: VACNTSs morphological and structural char-

acterization

Electron microscopy based techniques, such as scanning electron microscope (SEM) and
transmission electron microscope (TEM) were used to access information on the struc-
tural and morphological characteristics of the as-synthesized VACNTSs carpets. These
techniques are commonly used in material science and by the nanotubes research commu-
nity for obtaining structural and morphological properties at nanometer scale.[159, 160]
The length of the VACNT carpets was deduced from several SEM analyses on the dif-
ferent samples synthesized under the various growth conditions. Concerning the charac-
teristics of the tubes, HRTEM observations were mandatory for determining their crys-
talline structure, i.e. the numbers of graphitic planes and the defects density. HRTEM
analyses were performed for VACNTSs synthesized at the different growth conditions.
As previously mentioned, dense VACNTSs were obtained by hot filament assisted CVD
at a relatively low temperature compared to other reported studies.[161, 162] Different
temperatures and growth durations were studied and will be presented in following para-
graphs. For the fabrication of the nanostructured collectors, we chose the CNT carpets
obtained at 600°C for a growth duration of 30 minutes on both Al and Cu substrates.
Figure 2.10 shows typical SEM images in which the cross-sectional morphologies of the
as-grown tubes on the Al and Cu substrates is illustrated. A closer analysis of these two
SEM images allowed us to study the nanotube carpet characteristics, i.e density, verti-
cal alignment and length. As it can be perceived, under these growth parameters, we
can synthesize well aligned and dense carpets of nanotubes with a CNT length (carpet
thickness) up to 79 pm on Al substrate (see figure 2.10-a) and 51 pm on Cu substrate
(see figure 2.10-b). Moreover, we can observe that the tubes are tightly connected to
the Al and the Cu substrates underneath which is expected to be leading to a very good

conductivity when used as nanostructured current collector.

TEM observations at different magnifications were performed to study the tube char-
acteristics, i.e. crystalline structure, number of walls and defects density. Figure 2.11
illustrates the results of the TEM analyses performed on the VACNTs. The TEM ob-
servations were acquired by scratching the substrates containing the as-grown CNTs
and dispersing a small amount of them in ethanol. After few minutes sonication, a
drop of the solution was deposited onto a microscopy copper grid supported by a thin
holey carbon film. The TEM observations on different agglomerates of the nanotubes
reveal that the as-grown CNTs are very long with continuous graphitic planes (walls)
presenting a tubular morphology with small amount of detectable defects. Concerning
the number of the graphitic planes, a mixture of triple- and multi-wall CNTs, with an

outer diameter approximately between 5-10 nm and an inner diameter of 3 nm were
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FIGURE 2.10: Cross-sectional SEM images of VACNTSs carpets grown on Al
(left) and Cu (right) substrates during 30 minutes.

obtained, which is attributed to the size of the catalyst nanoparticles formed during the
pre-treatement step. The CNTs are homogenous on a centimeter scale surface on both
type of substrates with same parameters of synthesis. The HRTEM images presented in
figure 2.11 on different nanotubes synthesized under the same conditions illustrate the
very good crystalline structure for the tubes. From these TEM analysis, we can note
that, no, or very little amorphous carbon is present on the external walls of the tubes,

confirming the high purity of the as-grown CNTs even at low temperature.

2.6.5 Effect of the growth time on the length of the VACNTSs

The following section presents the results on the impact of the growth duration on the
length of the VACNT carpets. Figure 2.12 shows the experimental results regarding the
height of the CNT forest synthesized at different growth times. All growth conditions
are the same except the growth time. A linear relationship is obtained within 50 minutes
growth time range and the average growth rates are about 0.8ym min~' and 0.6 um
min~! for Al and Cu, respectively. The cross-sectional SEM images (figure 2.12) and
TEM analyses (figure 2.11) show the very good alignment, high density and cleanliness of
the CNTs obtained, i.e. absence of deposition of a-C or of an eventual high residual level
of catalytic particles. Furthermore, an average inter-tube distance of 5 nm is estimated.
With increased growth time, the VACNTs become longer. However, CNTs tend to stop
their growth at prolonged growth durations, especially for the Cu substrate. To explain
such growth stagnation, one popular hypothesis is the catalyst-poisoning. During the

growth process, the catalyst nanoparticles are losing their catalytic activity which results
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Al substrate

FIGURE 2.11: TEM observations on the CNTs synthesized on Al (top) and

Cu (bottom) substrates.Top: (left) low magnification TEM image on a dense area of

tubes on a holey carbon film; (middle) medium magnification TEM image illustrating

the tubes diameter size; and (right) HRTEM image of a CNT with 7 walls. Bottom:

(left) low magnification TEM image on a dense area of CNTs on a holey carbon; (mid-

dle) medium magnification TEM image illustrating the tubes diameter size; and (right)
HRTEM image on a CNT with 3 walls.

in the CNTs growth stopping. One explanation can be related to amorphous carbon
that is gradually accumulated and can cover the catalyst particle and thus blocks the
access of additional carbon precursor gas to the catalyst particles.

In our case, it can be observed that we have a tip growth mode which is reasonable
for high-density VACNTSs since carbon species may be unable to penetrate to the forest
bottom.[163]
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FIGURE 2.12: Cross-sectional SEM images of VACNTSs carpets grown on Al
and Cu substrates at different growth times.
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2.7 Conclusion

In this Chapter, the growth of dense, VACNT carpets has been studied and optimized
on two different substrates (thin commercial Cu and Al foils) by a hot filament assisted
CVD process. This study was performed in order to be enable the use of VACNTSs as
a current collector for both cathode and anode electrodes in LIBs. The VACNTSs have
regular porous structures which facilitate the transport of the ions and the nanotubes
composing such carpets are ensuring a conduction paths along the whole tube’s length.
Such CNTs in the form of aligned carpets have then well suited characteristics for use
in electrochemical energy storage systems, in particular in terms of discharge/ charge

rate and power.



Chapter 3

Cathode nano-fabrication

This Chapter is devoted to the nano-fabrication of the positive electrode of the LIB.
The first part presents a general background on Li/S batteries, and an overview of the
most relevant research realized in the last decade concerning the cathode of a Li/S bat-
tery. The second part is devoted to the experimental methods, including the main steps
that have been developed for the fabrication of the nanostructured electrode. Several
potential active materials have been considered and tested, such as sulfur, nickel and
iron. This chapter mainly focuses on the results obtained on the SQVACNTSs based
nanostructured electrodes.

Sulfur cathodes offer a very high theoretical capacity compared to other cathode mate-
rials. However, the use of sulfur as active material for cathode electrode faces several
challenges: development of methods allowing to achieve an increase in the active mass
utilization, suppression of the capacity fading over long cycle life and constrains of the
safety hazards related to the use of the lithium metal anode. The development of Li/S
battery is inhibited by its severe capacity fading, which is mainly caused by the high
solubility of polysulfides in organic electrolytes.

A new cell configuration for Li/S cells is proposed in figure 3.1. As it can be seen it is
composed of VACNTs (synthesized on an Al substrate) and sulfur nanoparticles coated
by a polymer and/ or metal oxide after their deposition on the VACNTSs. Good specific
capacities were obtained due to the highly conductive VACNT's nanostructured current
collector. As mentioned in the previous Chapter, VACNTs offer abundant electron path-
ways and traps for the dissolved active material. In addition, such electrode is free of
binders and carbon additives, which eliminates the use of traditional solvents necessary
during the regular electrode fabrication in Li-ion battery industry and reduce the dead

weight.

47
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% VACNTs

S or Ni NPs

FiGUuRrRE 3.1: Schematic illustration presenting the hybrid nanostructured
cathode nano-fabrication concept.

3.1 Concept of a lithium-sulfur battery

The concept of using elemental sulfur as a cathode electrode material was introduced
for the first time in 1962 by Herbet and Ulam.[164] However, since the commercializa-
tion of LIBs in 1991, the research on Li/S battery has stagnated. After 2008, the rapid
development of emerging renewable energy applications, e.g. electric vehicles, military
power supplies and stationary storage systems, required a higher demand for high per-
forming batteries.[22] Since 2009, Li/S batteries have received extensive attention as
one of the most promising candidates for the next-generation energy storage applica-
tions after Nazar et al [34] reported a Li/S battery with a significantly improved cycling
performance. Sulfur has one of the highest theoretical specific capacity of 1675 mAh
g~ ! among all existing positive electrode materials. The coupling of the high-capacity
electrodes, lithium (3840 mAh g~!) and sulfur (1675 mAh g~!), affords an average cell
voltage of 2.15V and a theoretical specific energy of 2570 W h kg=! (based on the
two electrodes), which is an order of magnitude higher than that of traditional LIBs.
Furthermore, sulfur is an abundant element, possess low environmental concern and
is extremely cheap, which may drastically decrease the final cost of the battery. Sulfur
forms polyatomic molecules with different structures, and the orthorhombic alpha-sulfur
(a-Sg) is the most stable allotrope at room temperature. In a Li/S system, the electro-
chemical reactions occuring involve lithium, lithium ions, sulfur and polysulfides ions.
Compared to Li-ion battery, a typical Li/S battery is based on lithium metal anode and
an elemental sulfur cathode both separated with a porous polymeric separator soaked

with a dilute ether-based electrolyte. The cell operation starts from discharge because
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sulfur is in the charged state (no LiT). During the discharge process at the negative
electrode, metallic lithium is oxidized, releasing lithium ions into the electrolyte to the
positive electrode and electrons go through the outer circuit. The oxidation reaction

taking place at the anode electrode is described as follows:
16Li° — 16Li™ + 16~ (3.1)
At the positive electrode, sulfur is reduced by accepting Li™ ions and electrons as follows:
Sg + 16~ — 8LiaS (3.2)

The overall reduction-oxidation reaction of Li/S system, at the voltage of 2.15V vs
Li/Li" is mentioned below:
16Li + Sg <> 8LinS (3.3)

Although the above reaction appears simple, the actual reaction occurring at the cathode
during discharge is far more complex than the intercalation reactions at transition metal
oxide cathodes in LIBs. Sulfur undergoes a series of electrochemical reactions [165] as

described below:

2LiT + Sg + 2™ <> 2LisSy (3.4)
2LiT + LigSg + 2¢~ ¢ 2LisSe (3.5)
2Li" + LiySe + 2e~ <> 2Lis S, (3.6)
2LiT + LigSy + 2¢” ¢ 2Lis S5 (3.7)
2Li" + LigSy + 2e~ < 2LisS (3.8)

It is worth mentioning that the operation of a Li/S cell depends on the successful evolu-
tion of each of these reactions and the physical properties of each of the species diverge
greatly. For instance, while Sg and LisS are solid and insoluble in common electrolytes,
each of the intermediate polysulfide reduction species are soluble in organic solvents
as well as ionic liquids and polymers. During cycling, the sulphides are sequentially

produced and consumed as shown in figure 3.2.[61]

Each polysulfide specie formed can diffuse from the positive electrode to the electrolyte
solution, reducing the overall quantity of the available active material resulting in a
decrease in the capacity of the battery. Furthermore, the species can migrate through the
electrolyte towards the metallic lithium anode; at that point the species can be further
reduced to a shorter polysulfide chain resulting in polysulfide shuttle. This reaction can

be represented as a parasitic reduction of useful energy as the species migrate and react
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FIGURE 3.2: Typical voltage vs. capacity plot for a Li/S cell explaining the
evolution of the polysulphide species.[61]

at each electrode, and is designated as one of the greatest challenges associated with Li/S
batteries. When the series of sulfur reduction intermediates undergo migration, they will
precipitate as solid LiaS once fully reduced. This species is completely insoluble and is

potentially impossible to regain use of those molecules.[61, 165]

The discharge and charge profiles are shown in figure 3.3. Based on the phase change of

sulfur species, the discharge process can be divided into four regions [166]:

e Region 1: A solid-liquid two-phase reduction from elemental sulfur to long chain
polysulphides (LisSg), which corresponds to the first upper voltage plateau at
2.3V vs Li/Lit (see Eq 3.4). In this region, LiySg dissolves into liquid electrolyte

to become a liquid cathode.

e Region 2: A liquid-liquid single-phase reduction from the dissolved LisSg to lower
chain polysulphides, during which the cell’s voltage declines (see Eqs 3.5 3.6).

e Region 3: A liquid-solid two-phase reduction from the dissolved low-order poly-
sulphides to insoluble LisSs or LisS, during which Egs 3.7 and 3.8 are competing
with each other giving a plateau at 2.1V vs. Li/Li", which provides the major
capacity of a Li/S battery.
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e Region 4: A solid-solid reduction from insoluble LisSs to LisS. This process is kinet-
ically slow and generally suffers from high polarization due to the non-conductive

and insoluble natures of LiySy and LisS (see Eq 3.8).

In figure 3.3, the first arrow points to the viscosity of the electrolytic solution concen-
trated by polysulfides. The second arrow represents a reduced polarization as a result of
the phase transition from the solid LiaSs and LisS to the dissolved polysulfides. Upon
charge process, the long plateau seen firstly corresponds to the oxidation of solid LisS
to polysulfides and the final short plateau, which is rather hard to define, represents
oxidation to Sg.[166] Nevertheless, there are still many discussions about the reactions
steps occurring during cycling. Different hypothesis were presented in the last years

which often includes several additional reactions and radical intermediates.
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FiGURE 3.3: Typical discharge and charge voltage profile at the first cycle of
a Li/S cell.[166]

3.1.1 Challenges in a Li/S battery

Despite the many advantages of Li/S batteries, there are several limitations that have
hindered the practical application of this cell. These challenges are described in details

as follows:

e Insulating active material: sulfur is an insulator due to its very low electrical con-
ductivity of 5 x 1073% S em~! at 25°C.[167] It requires an additional electronically

conductive material, such as carbon. High carbon content increases the electrical
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conductivity, but it also reduces the final volumetric and gravimetric energy den-

sities due to the presence of inactive mass.

e Polysulfides dissolution - shuttle phenomenon: the intermediate products from
the electrochemical reactions, (LigS, with 2 < x < 8), can easily dissolve in the
liquid electrolyte leading to loss of the active material.[168, 169] Upon discharge
and charge processes, the dissolved polysulfides species can freely migrate back
and forth between the anode and the cathode. This migration is a parasitic reac-
tion that gives rise to a characteristic mechanism of Li/S cell, so-called ”shuttle
phenomenon” described in the pioneer work of Mikhaylik et al.[170] At the pos-
itive electrode, high-order polysulfides are formed and then diffuse through the
separator to the Li anode side to get reduced into low-order polysulfides. These
low-order polysulfides can diffuse backward to the cathode side and be re-oxidized
to high-order polysulfides. This parasitic process takes place continuously, even
when the cell is reaching its theoretical capacity. This phenomenon leads to a self-
discharge, low Coulombic efficiency, as well as active material loss and rapid capac-
ity fading.[166, 170] Furthermore, the dissolution of lithium polysulfides causes an
increase in the viscosity of the electrolyte, consequently decreasing the ion mobility

between the electrodes.[171]

e Volume expansion - morphology change: the volume change of the positive elec-
trode is also an important issue in the Li/S battery system. The difference in the
densities between a-Sg (2.07 g cm™3) and LisS (1.66 g cm™3) [166] leads to a large
volumetric expansion (~ 80%) upon lithiation, which results in a rapid capacity
decay and low Coulombic efficiency.[172] Furthermore, when the cell starts to run,
the sulfur leaves the conductive network and dissolves into the electrolyte in the
form of soluble polysulfides. This leads to a pulverization and a disconnection of
the active material from the current collector, resulting in the loss of the active
surface area. The volume expansion and the significant morphology change are

strongly responsible for the failure of the battery.

e LisS and sulfur plating: the final solid LisS product formed at the end of the dis-
charge is highly insulating. It can easily form thick and insulating layers covering
the electrodes.[173] This plating behavior may lead to the formation of some inac-
tive areas over the electrode and also this insulating layer may not be completely
oxidized in the subsequent charge cycle, leading to inactive material losses because
it will not participate in the further reactions. Consequently, a capacity fading of

Li/S cell takes place.

e Lithium anode: Li metal is the standard negative electrode used in Li/S batteries.

Dendrite deposition of Li metal can be formed during cycling, which may cause



Chapter 3. Cathode nano-fabrication 53

short circuits in the battery resulting in cell death and safety issues. It is worth
noting that the dendrite issue has several particularities in case of the Li/S bat-
tery system. The soluble polysulfides generated during cycles can react with Li,
which could possibly suppress the growth of Li dendrite. Nevertheless, Li anodes
cycled in electrolytes with low solubility for polysulfides may still involve dendrite
generation. The other problem of the Li anode comes from the shuttle effect of
polysulfides. Soluble polysulfides migrating through the separator can react with
Li to form the insoluble sulfides (LizS9, Li2S). The gradual growth of insulating
sulfides on the Li anode during cell operation may seriously retard the rapid access

of Li, and result in poor rate capability.[174]

During the last decade, researchers have explored new strategies for the development
of Li/S batteries in order to overcome the aforementioned limitations. The following
section presents an overview of various approaches that have been employed for the
fabrication of sulfur cathode focused to improve their performances. Some of the issues

listed above are another major challenges and are beyond the scope of this thesis.

3.1.2 Cathodes for Li/S batteries

Most attempts to improve the electrochemical performance of Li/S batteries have been
focused on the positive electrode. To address the sulfur cathode challenges, rational
design of the electrode structure is necessary. Based on literature studies from the past
several years, the sulfur electrode structure should have the following characteristics
[165, 170, 175, 176]:

Sufficient space to accommodate sulfur volumetric expansion;

Small dimensions of the active material to avoid pulverization;

Short transport pathways for both electrons and LiT ions to achieve high capacity

and high power capability;

A large conductive surface area for deposition of insulating LisSo and LisS in order

to preserve the morphology of the electrode;

Minimize lithium polysulfide dissolution and shuttling in the electrolyte.

The difficulties associated with fulfilling all these requirements with one electrode design
explain why it is very challenging to realize sulfur electrodes with high specific capacity

and long cycle life. Nanostructuring the sulfur cathode can be an effective strategy
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to address the above-mentioned challenges. By making the sulfur electrode smaller, or
by encapsulating sulfur in nanostructured carbon, sulfur pulverization can be decreased
while polysulfide dissolution can be reduced. Nazar et al [34] firstly reported high specific
capacity that can be realized by impregnating sulfur into a highly ordered mesoporous

nano-sized carbon material in 2009.

3.1.2.1 Sulfur-carbon composites

Different approaches were developed associated to the selection of the conductive mate-
rial and the method of incorporating sulfur in the composite. Carbon black [175, 177,
178], microporous carbon [179, 180], mesoporous carbon [181, 182], hierarchical porous
carbon [34, 183], carbon nanotubes [176, 184—187], carbon nanofibers [188-190] and
graphene [191-193] have been employed as host for accommodating active sulfur and as
common conductive materials. Porous carbon substrates are considered as the suitable
matrix for the composite because of their absorbability of soluble polysulfides. The sul-
fur composite can be prepared by mechanical mixing [194], ball-milling [184], melting
route [34, 175], sulfur vaporization [195], etc. In their work, Schuster et al [183] have
synthesized a carbon/ sulfur spherical electrode which showed a high reversible charge

I and good cycling stability. Furthermore, the performance

capacity up to 1200 mAh g~
of the cell can be improved by removing the external sulfur on the surface or by adding a
thin coating of SiO,. Fu et al [196] used dissolved polysulfides as an active material and
a free-standing MWCNT paper as a host electrode. This system offers high reversible
capacities because the dissolved polysulfide can easily be fully employed compared to
the solid sulfur. The carbon properties reduce the charge transfer resistance of sulfur
cathodes significantly, capture the migrating active material at the end of cycles and

improve the cathode performance in the Li/S battery.[197, 198]

e Graphene composites:
Graphene, with its excellent conductivity, high surface area and good mechan-
ical property, has also been widely considered as additive for the cathode fab-
rication. In their study, Wang et al [199] reported graphene-sulfur composites
that have been synthesized by heating a mixture of elemental sulfur and graphene
nanosheets. Nevertheless, the results suggested that this approach is not very
effective in trapping polysulfides, since the composite does not have a closed struc-
ture and polysulfides diffused out easily. Since then, successive optimization of
the synthesis methods resulted in diverse configurations of the graphene-sulfur
composites: graphene-wrapped sulfur particles [187, 200], sandwich type compos-

ites [201], and sulfur coated graphene sheets.[202, 203] The flexible characteristic
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of graphene renders it suitable to be the sulfur host in the Li/S battery. The
graphene in the composites coating or wrapping the sulfur can suppress the loss
of active sulfur species due to the dissolution during cycling. The high electrical

conductivity of graphene can improve the active material utilization as well.

e CNTs/ sulfur cathode:
The MWCNTs are attractive candidates to be used as the electric conductor for
sulfur cathode because they could provide more effective electronically conductive
network than other conductive additives, such as carbon black, acetylene black and
graphite.[176] Furthermore, MWCNTs offer large chemically active surface, have
hierarchical porous structure, accommodate the volume change during lithiation/
delithiation processes and provide stable electrical and ionic transfer channels.[186]
According to the work in ref. [204, 205], CNTs with sulfur reinforce the electri-
cal conductivity of the cathode and effectively prevents the dissolution of lithium
polysulfide into the electrolyte. This indicates that the usage of sulfur as a cath-
ode material is improved during the lithiation/ delithiation processes. Another
benefit when CNTs are used as current collectors is that the porous structure al-

2 compared with classical Al based electrodes.

lows high loads of sulfur per cm™
Such collectors enhance the electronic conductivity of the cathode, by providing
better connection of sulfur particles to the 3-D conductive network. As a result,
the electrode resistance is reduced because of the facility of the electrons propa-
gation along the 3-D continuous conductive network. Dorfler et al [206] reported
an electrode based on binder free VACNT/ sulfur composite delivering discharge

capacity higher than 800 mAh g~! to respect of the composite electrode mass.

3.1.2.2 Sulfur-polymer composites

Besides carbon materials, conductive polymers have been employed for the modification
of sulfur cathodes. The polymers used in Li/S system are divided into two types: con-
ducting polymers and non-conducting polymers. Conducting polymers such as polypyr-
role (PPy) [207-209], polyaniline (PANI) [210, 211], polythiophene (PT) [212, 213] and
poly(3,4-ethylenedioxythiophene) (PEDOT) [214] have been used for sulfur coating, fa-
cilitating the electron transport and improving the active material utilization. Addi-
tionally, the polymer coating works as a barrier to retard the polysulfide dissolution in
the electrolyte. Non-conducting polymers, such as polyacrylonitrile (PAN) [215, 216],
polyvinylpyrrolidone (PVP) [214], polyethylene glycol (PEG) [217] and block copolymer
[218] were employed to offer a chemical gradient to suppress the out-diffusion of active
polysulfide anions. In general, polymers in Li/S batteries play a protective role to reduce

the capacity fading by localizing the soluble polysulfides at the cathode region, but a
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certain amount of carbon additives into the composition of the electrode is still needed

to enhance the sulfur conductivity and cyclability.[214, 216, 218]

3.1.2.3 Alternative composites

Not only carbon materials and polymers, but also other materials could be applied for
the sulfur composite synthesis. Various nano-sized metal oxides have been used as addi-
tives in sulfur composites, such as magnesium nickel oxide (MnNiO) [219, 220], alumina
(Alx03) [221], silica (SiO2) [222] and titanium oxide (TiO2).[223] These nano additives
function as adsorbing agents to improve cycle stability and reduce polysulfide shuttle.
In their work, Seh et al [172] designed a TiOg-sulfur yolk-shell nanoarchitecture that
exhibits prolonged cyclability over 1000 charge/ discharge cycles in Li/S batteries. The
yolk-shell structure can accommodate the large volumetric expansion of sulfur cathode
during lithiation and can minimize the dissolution of polysulfide. Despite that, the sulfur

loading needs to be further increased for practical use.

3.1.3 Li,S acting as the cathode material

Recently, lithium sulfide (LigS), the final product of sulfur lithiation, has received in-
creasing attention as a promising candidate for Li/S batteries. LisS as the starting
cathode material offers a high theoretical capacity of 1166 mAh g~!'. The use of LisS
cathode obviates the need for metallic Li anodes. The cathode can thus be paired with
various Li-free anode materials with large capacity and higher lithiation potential when
assembling the battery (e.g. silicon and tin).[224-226] As a result, the common problem
of Li anode, such as dendrite growth, might be eliminated. This approach also contribute
to a much enhanced battery safety. Nevertheless, the implementation of LisS cathode is
still impeded by several problems. LisS has hydroscopic property, which makes it highly
unstable in air.[227] The preparation and the storage of LisS should be implemented
with strict isolation from ambient environment. LisS has a high electronic resistivity
and poor ionic conductivity (1073 S em ™), which makes the cathode electrochemically
inactive. Cui et al [228] have found that, for micrometer-sized LisS particles, a large
potential barrier (~ 1 V) should be overcome at the beginning of charging process. To
improve the Li storage kinetics, a combination of LioS with electronic conductors, such
as carbon, is highly desired in preparing the cathode materials.[228] The last problem
results from the electrochemistry of sulfur. Given that LioS shares the same but reverse
electrochemical processes as sulfur, polysulfide dissolution and shuttle are also observed
on the cathode.[174] To overcome the problem, LisS is often encapsulated into porous

substrates to limit the active material loss during cycling.
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Yang et al [224] made a full cell with Li-free LisS cathode and Si anode. The cathode
comprised of a nanocomposite in which LisS fills the pores of CMK-3 mesoporous carbon
particles. The cathode was then paired with Si nanowires anode to assemble the full cell.
The nanostructured designs of both electrodes allowed overcoming the issues associated
with active sulfur loss and drastic Si expansion, contributing to a high specific energy
(630 Wh kg=!, based on LiyS mass only). However, if the masses of all electrode ad-
ditives (CMK-3, PVDF, Super P conductive carbon) are considered, the initial specific
energy was found to be 349 Wh kg—!, which is similar to that of commercial Li-ion
batteries (335 Wh kg~!).[224]

3.2 Synthesis methods for the cathode materials

3.2.1 Electrodepositon process

In recent years, electrochemical deposition or electrodeposition has become an estab-
lished technology for materials deposition for different applications and is considered to
be a clean technique while it has maintained its cost advantage over more traditional
methods such as sputtering or evaporation.[229] During this process, electrodeposits are
formed by the action of an electric current passing through an electrochemical cell, a
device that consists of two conductive electrodes immersed in an electrolyte; the work-
ing electrode (WE), consisting of the substrate where electrodeposition is planned, and
the counter-electrode (CE), necessary to complete the electrical circuit. Electrolytes for
electrodeposition are usually aqueous solutions containing positive and negative ions,
prepared by dissolving metal salts. The electric current that flows between the two con-
ductive electrodes in the presence of an external voltage is due to the motion of charged
species, via migration and diffusion, towards the surfaces of the polarized electrodes. At
the electrodes surface, the conduction mechanism must change from ionic to electronic,
an interface process mediated by the occurrence of electrochemical reactions that pro-
mote the reduction or the oxidation (redox reactions) of the ionic species. An essential
characteristic of electrochemical reactions is that the exchange of charges does not occur
between chemical species, as it does in a typical chemical reaction, but between chemical
species and the electrode. The electrochemical reaction that is most important for the
electrodeposition process is the one that occurs at the working electrode [230]; i.e.
M™ + ne” < M,

Where n is the number of the electrons involved in the reaction. When the reaction oc-
curs in such a way that M"" is reduced by receiving n electrons, its known as reduction
(metal deposition). In the reverse case, the reaction is called oxidation.

Generally, there are two different ways to electrodeposit a metal onto an electrode: 1)
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deposition under constant current, where a galvanostat method is used to automatically
vary the potential within a certain range to provide a constant current flow, and 2) de-
position under constant potential, so called potentiostat method, where a fixed potential
is applied while the deposition current is measured. The pulse electrodeposition process
(PED) brings a new approach in the electrodeposition of metals. Basically, it consists
in applying a short pulse in order to reduce the metallic ions. The cycle is completed
by a rest time (delay time) quite long to facilitate the recovery of the ionic concentra-
tion close to the electrolyte and the deposited material. The PED method allows more
homogeneous and uniform deposition of the material on the substrate.[231, 232]

In the present work, we used a three electrode configuration, including the WE, the
CE, and a reference electrode (RE) with a fixed and known potential that measures the
WE potential. The PED process was used with the deposition voltage and pulse shape
chosen depending on the desired metals to be deposited on the VACNTs. A simple pulse
shape, i.e. pulse regime/ rest regime as shown in figure 3.4, was employed for avoiding
a complicated electrodeposition behavior. In order to help refreshing the electrolyte
solution more easily and to help migration of metal ions on the substrate, metal ions
containing electrolyte was vigorously stirred.

Electrodeposition of various materials such as Ni, S and Si was carried out and the

results will be further discussed.
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FIiGURE 3.4: Applied pulse for the electrodeposition process
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3.2.1.1 Experimental setup for the electrodeposition of sulfur

The schematic representation of the three-electrode cell for electrodeposition is shown
in figure 3.5. The setup was supplied by a Bio-Logic potentiostat. In order to set the
electrodeposition parameters (pulse duration, rest time, potential, sweeps) the EC-lab

software was employed. Electrodeposition was carried out under potentiostatic mode.

Ag/AgCl

VACNT

9
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FIGURE 3.5: Schematic representation of the experimental set-up used for
the electrodeposition process.

Sulfur NPs were deposited on the VACNTSs as the active material for the positive elec-
trode at room temperature. The working-solution constituted of 0.1 mol.L ™! of sodium
sulfide (NagS) and 0.5 mol.L =1 of sulfuric acid (H2SOy4) aqueous solution. HaSO4 was
added to modify the pH of the solution to become acidic. This will prevent the NaoS
from attacking the Al substrate. The following reactions take place in the cell:

NasS + HoSO4 — NasSO4 + HsS

S?2--2e = S°

The WE constituted of VACNT carpets on Al. For the CE and the RE, graphite and
Ag/AgCl were used, respectively. A short pulse of 2V was applied between the WE and
the RE during 5 ms, followed by a longer rest time of 500 ms in the open circuit potential
(OCP). This potential corresponds to the potential that exists between both electrodes
immersed in the electrolyte. Therefore, the OCP establishes the zero potential with

respect to the chemical cell. The number of sweeps was varied between 50-500 in order
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to deposit and to adjust the size of the deposited NPs. The mass loading of S was found

to be 0.20 mg cm ™2, a value far from the necessary loading for commercial batteries.

3.2.1.2 SEM and EDS characterizations of S NPs obtained by electrodepo-

sition

In order to access morphological information of the SQVACNTSs assembly, SEM analyses
have been performed and are presented in figure 3.6. The SEM micrographs illustrated
in figure 3.6-a reveal that the S NPs deposition is rather inhomogeneous with NPs
deposited preferentially in the surface of the CNT carpet, and no deposition on the
CNT sidewalls took place. Taking a closer look at the surface of the CNT carpet, we
notice that there are only few areas where the S NPs form leaving several areas bare from
NPs. From the SEM micrograph, the particle size was found to range between 20 to 50
nm. The S presence was evidenced by performing energy dispersive spectra (EDS) (refer
to Appendix A-2) on the sample obtained from the SEM analysis in figure 3.6-b. The
EDS spectrum is presented in figure 3.7. The EDS analysis reveals the presence of sulfur
NPs in this area of the sample. The other peaks are attributed to the presence of C from
the CNTs, Fe from the catalyst, Al from the substrate, and O. We tried to optimize the
parameters of the electrodeposition, such as potential, number of sweeps and deposition
time, in order to obtain a better deposition, i.e. a homogeneous deposition of S on the
surface as well as on the sidewalls of the VACNT carpet.

Unfortunately, none of our trials have succeeded in obtaining a better deposition. One
of the reasons could be attributed to the concentration of NayS with respect to that of
HsSOy4 in the total volume of the solution, i.e. the concentration of NagS must exceed
the concentration of HoSO,4 by more than two times in order to compensate for the
quantity of S that escapes from the cell after being transformed to HaS gas. It is also
recommended to perform the electrodeposition process in a closed cell to minimize the

loss of S as much as possible.

3.2.2 PVD technique

Since the amount of S deposited using the electrodeposition method described in the
previous section is not homogeneous, we attempted to use a physical approach by using
the physical vapor deposition (PVD) method. This is a deposition process in which
atoms or molecules of a certain material are vaporized from a solid or liquid source,
transported in the vapor form through a vacuum or low-pressure gaseous environment,
and condensed on a substrate.[233] The PVD process can be used to deposit films of

different elements, alloys, and compound materials as well as some polymeric materials.
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FicUrE 3.6: SEM images of S NPs cathode on VACNT carpets.
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Ficure 3.7: EDS analysis of S NPs synthesized from an electrodeposition
process.

The typical film thickness that can be deposited using the PVD method ranges from a
few angstroms to thousands of angstroms. The PVD method has the advantage that
almost any inorganic material and many organic materials can be deposited using a

pollution-free deposition process. The PVD processes can be categorized as follows:

e Vacuum evaporation: material from a thermal vaporization source reaches the
substrate without collision with gas molecules in the space between the source and

substrate.

e Sputter deposition: a source of vaporized material is a surface (target) being ex-

posed to physical sputtering.
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e Arc vapor deposition: uses a high current, low voltage electric arc in a low-pressure
gas to erode the solid cathodic electrode by a moving arc or to melt and evaporate

the anodic electrode.

e lon plating: uses concurrent or periodic bombardment of the depositing film by
atomic-sized energetic particles to modify and control the composition and prop-

erties of the depositing film.

3.2.2.1 Sulfur Evaporation

Alternatively, the decoration of the VACNT carpets with sulfur was performed using a
new approach. It consists of a home-made evaporation system which was fabricated for
the purposes presented in this work as shown in figure 3.8. The system consisted of a
metallic ampoule with the CNTs substrate placed in the upper part of the ampoule and
the elemental sulfur in the bottom part. The ampoule was pumped down ~10~2 mbar
vacuum for about 30 minutes to remove potential impurities. Then, the sealed ampoule
was placed on a hot plate, so that its bottom part is exposed to direct heating. A ther-
mocouple, to measure the temperature, was placed on the upper and lower walls of the
ampoule. Sulfur was deposited directly onto the CNT carpets by thermal evaporation.
In order to minimize the temperature gradient on the opposite sides of the ampoule, the
temperature was raised up to 100°C from room temperature, and the heating system
was then switched off for few minutes. Thereafter, the ampoule was heated up to 200°C
and cooled back to room temperature. Knowing that the melting point of S is 115°C,

sulfur thus is evaporated and deposited to form NPs onto the VACNT side walls.

3.2.2.2 SEM characterization of SQVACNT obtained by evaporation

The sulfur deposition results have been verified by means of SEM observations (figures
3.9), evidencing the morphology of the SQVACNT obtained after evaporation of ele-
mental sulfur. From figure 3.9-a, we notice the formation of a thin sulfur film of 5um
on the surface of the CNT carpet. A zoom into a specific area, 3.9-b, clearly shows
that the CNTs are loosing some of their vertical alignment, due to the sulfur layer that
has been deposited on top of the tubes. Moreover, we notice that the evaporated sulfur

encompass the whole nanotubes.

3.2.2.3 GIXRD characterization of SQVACNT obtained by evaporation

In our work, GIXRD characterizations were carried out using a D8 Discover Bruker

diffractomer with Cu K, radiation source and an applied voltage and current of 40 kV
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FIGURE 3.9: Cross-sectional SEM images of SQVACNT obtained after evap-
oration of S.

and 40 mA, respectively (refer to Appendix B). The 20 scanned angle was chosen to
be from 10 to 60° with a step size of 0.03° 20 and a counting time per step of 20 sec-
onds. Different angles of incidence were used in order to get depth sensitive information.
Figure 3.10 shows the CNTs broad peak centered around 260=24°. Figure 3.11 presents
the GIXRD patterns of SQVACNT recorded with 2° and 8° angles of incidence. The
vertical red and blue lines in the graph correspond to elemental S (COD2310804) and
Al (COD4313210), respectively. After sulfur deposition, VACNTSs had no obvious peaks
except for the appearance of a large broad peak centered at 20=24°. The XRD analysis

of the evaporated sulfur exhibits a series of sharp and strong peaks with two prominent
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peaks at 20=22.9° and 27.6°, indicating a well-defined orthorhombic crystalline struc-
ture with space group Fddd, which are in excellent agreement with results reported in
literature.[210, 234, 235] Compared with the pattern of elemental sulfur (COD2310804-
red peaks), our XRD spectrum indicates that no new peaks are obtained. Consequently,
we can assume that no phase transformation of sulfur as well as no compounds forma-
tion occur during the preparation step. By changing the GIRXD angle of incidence to
2° (black line), we notice the absence of any peaks related to the crystalline Al,O3 at
35.15° and 57.49° or the Al substrate located at 38.47° and 44.74°. Changing the angle
of incidence to 8° (orange line), i.e. at a higher depth of the material, we observe the

appearance of the Al peak at 44.74°.
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FIGURE 3.10: A zoom of the GIXRD pattern of CNTs around 24°.

3.2.2.4 Cell assembly

In this work, all the battery electrochemical tests were performed in a coin-cell configura-
tion. The coin-cell is more adequate for laboratory uses since it is conceived to work for
small quantities of electrode material during the testing. The electrochemical properties
of the synthesized samples were evaluated with CR2032 format coin-cells. The coin-cells
were fabricated in a glove box under argon atmosphere in order to avoid any reaction
of the lithium metal and the electrolyte with air. Figure 3.12 shows a schematic rep-
resentation of the coin-cell. The external stainless steel casings, served as both current
collectors and a container of the battery, were separated by a plastic gasket to avoid any

electronic contact between them and to provide a perfect sealing of the cell. Metallic
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FiGURE 3.11: GIXRD patterns of SQVACNT.
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FIGURE 3.12: A schematic representation of a coin-cell.
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lithium, used as a CE, was placed on the negative case and covered with two separator
layers (16.5 mm in diameter): Whatman (fiber glass) 240 pm thick and Celgard 2400 25
pm thick polypropylene microporous layer. The Celgard separator was placed in contact
with the WE because of its smooth surface that does not leave any fibers on the WE
for any post-characterization of the electrode. The Whatman separator was placed in
contact with the CE and it is able to impregnate a sufficient volume of electrolyte so
that the amount of the electrolyte will not be a limiting point during long cycling times.
The liquid electrolyte was then poured onto the separators. The positive electrode was
placed on the Celgard separator and was covered with a stainless steel spacer. A stain-
less steel spring was placed on the spacer in order to provide sufficient pressure and
contact between all the components. Finally, the cell was sealed by a crimper coin cell.
The electrolyte was prepared in an argon-filled glove box by dissolving 1 M of lithium
bis(trifluormethane sulfone) imide salt (LiTFSI, 99% of purity, Sigma Aldrich) in a mix-
ture of solvents: 1,3-dioxolane (DOL, Sigma Aldrich) and 1,2-dimethoxyethane (DME,
Sigma Aldrich) in 1:1 volume ratio. To further improve the battery performance, 0.25 M
of lithium nitrate (LiNOs3, Sigma Aldrich) was added to the electrolyte as an additive.
LiNOg3 has shown to passivate the surface of lithium anode and, thus, reduce the redox

shuttle of the dissolved lithium polysulfides.[236, 237]

3.2.2.5 Electrochemical testing of SQVACNT nanostructured electrode

In order to test the stability of the electrochemical system, we performed successive
lithiation/ delithiation cycles using the galvanostatic mode, i.e. at constant current, to
follow the evolution of the potential and to determine the capacity stored and delivered
by the battery as a function of the number of cycles. The cycling was carried out using
a VMP3 Bio-logic potentiostat. In this part of the work, a half-cell configuration was
tested. The tests presented here were performed against lithium metal CE which has
a stable potential at 0 V and which makes it possible to have a quasi-infinite source of
lithium to test the limits of our material. In this half-cell, SQVACNT was the positive
electrode and the VACNTSs on Al foil were used as nanostructured current collectors.
The CNTs adhesion, substrate flexibility and mechanical stability were good enough to
allow for easy manipulation of the VACNT electrode and for cells assembly, even when
considering carpets of relatively long tubes. Since the terms of charge and discharge can
be sometimes confusing, the terms of lithiation (insertion of lithium in sulfur or silicon)
and delithiation (extraction of lithium) will be used throughout the thesis. The current
values and the cell capacities were calculated based on the theoretical specific capacity
of sulfur active material (1675 mAh g=!) and the weighted amount of sulfur in each

electrode.
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The SQVACNT/ Li half-cells were cycled between 1.5-2.8 V vs Li/Li™ at room tempera-
ture. Sulfur loading is definitely a key parameter for the Li/S batteries. To benefit from
the high gravimetric energy density of sulfur, large sulfur loadings must be generally
accomplished to compensate the mass of inactive battery materials. The loading mass
of sulfur was about 0.95 mg cm™2.
S@QVACNT cathode in the first, second and third cycles at a C/20 rate. Since CNTs

are electrochemically inert in the selected voltage range, the redox peaks can only be

Figure 3.13 shows the voltage-capacity curves of

ascribed to the reactions between lithium ions and sulfur. Three lithiation plateaus of
sulfur can be distinguished in the figure 3.13. The first cathodic plateau, located at
2.4 V, corresponds to the reduction of elemental sulfur to soluble polysulfides (LisS,,
2<x<8). The second cathodic plateau, around 2.1 V, can be assigned to further reduc-
tion of polysulfides to insoluble polysulfides (LisS or LisSs2). Moreover, a third cathodic
plateau around 1.68 V is observed which corresponds to the lithiation of small sul-
fur molecules that can be trapped in the pores of the CNTs.[179, 180] The small sulfur
molecules exist as short chain formation (S42~, S3?~) when sulfur diffuses into the pores.
Lithiated (small sulfur) reaction is considered to occur under solid phase leading to a
lower cathodic plateau (1.68 V) compared with the solution phase reaction (2.1 V).[238]
However, after the first cycle, the plateau-voltage shifts towards more positive direction
(around 1.71 V). The low voltage in the first lithiation scan is attributed to a large
strain/ stress due to large volume change requiring a large overpotential, while in the
second lithiation, the strain/ stress was reduced due to the introduction of large defects
in the electrode and pore size expansion of CNTs in the first lithiation, thus reducing
the overpotential and shifting the voltage to a higher value in the second lithiation.[239]
In addition, the small sulfur molecules electrochemical process is irreversible, i.e., the
plateau at 1.68 V almost disappears in the second and third cycles. The anodic plateau
around 2.4 V corresponds to the conversion of polysulfides to sulfur during the delithi-
ation process. However, this plateau is not well defined and can be attributed to an
incomplete conversion of the polysulfide chains to sulfur. This can be explained by the
contribution of the thick layer of sulfur mainly in the lithiation process. In addition,
the abrupt peaks at the beginning of the delithiation stage, as indicated by the green
circles in figure 3.13, are assigned to the serious polarization of the electrode, which
results from the low kinetics for the oxidation of LioSo and LisS to soluble long-chain
polysulfides.[240] During lithiation, the thick layer of sulfur completely transforms to
lithium polysulfides that dissolve into the electrolyte. Consequently, a large irreversible

capacity in the delithiation process is obtained.

The lithiation/ delithiation processes of SQVACNT with Coulombic efficiency is pre-
sented in figure 3.14. The first lithiation presents an impressive capacity of 1600 mAh
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FIGURE 3.13: Voltage capacity curves of SQVACNT at C/20 between 1.5-2.8
V vs Li/LiT.

g~ ! very close to the theoretical capacity, but a large irreversible capacity in the delithi-
ation process is observed (308 mAh g~!). After the first cycle, the capacity of lithiation
drops to 171 mAh g~! in the third cycle. Thereafter, a fast declining capacity is ob-

L. The capacity decay

tained. At 100 cycles, the lithiation capacity reaches 11 mAh g~
in the first five cycles is probably due to the dissolution of lithium polysulfides (LisS,,
4<x<8) in the electrolyte, leading to a self-discharge, low Coulombic efficiency, as well
as active material loss and rapid capacity fading. The high lithiation at the first cycle
may be attributed to CNTs reinforcing the electric conductivity of the sulfur. This can
be an indication that the CNTs provided a direct 1-D electronic pathway improving the

charge transport during the lithiation process.

3.2.3 Alumina coating of S@QVACNT nanostructured cathode

Dissolution of polysulfides is one of the crucial challenges of sulfur cathodes. The dis-
solved polysulfides will trigger shuttle effect which results in serious loss of the sulfur
active material and also corrosion of the lithium anode. Except of encapsulated sulfur
in a carbon host, coating is another popular strategy employed for sulfur cathodes to
prevent the dissolution of polysulfides. An ideal coating material should be uniform
and integrate to protect the sulfur cathode, ultrathin to allow Li* ions penetration and
should exhibit excellent mechanical properties to accommodate the volume expansion

of the sulfur cathode with long cycle life.
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FI1GURE 3.14: Cyclic behavior of S@QVACNT nanostructured electrode with
Coulombic efficiency at C/20 rate between 1.5-2.8V vs Li/Li".

The evaporation technique enables to grow a metal oxide thin film with precisely con-
trolled thickness. The evaporation of the thin film enables to penetrate through the
whole electrode and deposit very uniform layers on the substrate, which may give ef-
fective protection for the sulfur cathode. Further, the ultrathin film facilitates the Lit
ions penetration, which maintains the conductivity of the electrode network. AlsOg is
employed as coating materials for sulfur based electrodes. It has been widely accepted
that the shuttle effect could be alleviated by coating S-based composites with conductive
polymers [208, 211, 213, 241, 242], graphene [191, 243] and metal oxides. [172, 244, 245]
Different routes for metal oxide deposition have been recently proposed. Lee et al [244]
soaked S-infiltrated functionalized porous C in the solution of metal alkoxide precursors,
which initiated the formation of oxide coatings (either silicon oxide or vanadium oxide,
depending on the precursor) on the particles outer surfaces. Seh et al [172] produced
titanium oxide (TiO;) coatings on the surface of S nanoparticles via hydrolysis of a
solgel precursor. Yushin et al [245] reported that AloO3 coating by plasma-enhanced
ALD could improve the cycling performance of Li/ S batteries, owing to the suppressed
deposition of LisS on electrodes by AlsOg coating. Metallic oxides such as AloOg can
offer stronger chemical reactions with polysulfides and can effectively minimize the shut-
tle effect.[246]

Herein, the influence of evaporated AlsO3 coatings the performance of sulfur-based elec-
trodes is studied (denoted as Alo,O3@QSQVACNT).



Chapter 3. Cathode nano-fabrication 70

3.2.3.1 Evaporation of alumina barrier on SQVACNT cathode

In general, there are three steps in any PVD process: creation of an evaporant from the
source material, transport of the evaporant from the source to the substrate (item to
be coated), and condensation of the evaporant onto the substrate to form the thin film
deposit. There are two reasons why this process is best conducted under vacuum: first,
the process of evaporation involves significant amounts of heat, if oxygen were present,
any reactive metal would form oxides. Second, collisions with gas molecules during the
transport of evaporant from source to substrate would reduce the net deposition rate sig-
nificantly, and would also prevent growth of dense films.[247] The evaporation technique
we used rely on electron bombardment for heating the crucible. A tungsten filament is
heated by Joule effect and emits an electron flux. This flow is accelerated and directed
towards the material to be evaporated by an electric field. When absorbed by the evap-
orant, the electrons will transform their kinetic energy into thermal energy leading to
the local heating of the material and ultimately its evaporation. The experiments were
performed in an ultra-high vacuum (UHV) chamber at a background pressure of 10~°
mbar. When performing the deposition of alumina by using this method on SQVACNTS,
a very high electron flux was used in order to fasten the evaporation process of alumina
(only 3 to 5 minutes), so that parasitic evaporation of sulfur due to thermal effects is

avoided.

3.2.3.2 Electrochemical testing of Al,O3;@S@QVACNT nanostructured elec-

trode

To evaluate the electrochemical performance of the AlsO3@QSQVACNT electrode, the
coin cell was assembled using lithium metal as the CE. The electrolyte was a freshly
prepared solution of 1M LiTSFI salt dissolved in DOL:DME of 1:1 volume ratio con-
taining 0.25 M LiNOs. Lithiation and delithiation characteristics were galvanostati-
cally tested in the range of 1.7-2.45 V vs Li/ Lit at room temperature. The capacity
was calculated based on the mass of sulfur in the electrode, which was 1.45 mg cm™2.
Electrochemical performance of SQVACNT electrode with AlsOs coating is illustrated
in figure 3.15. Figure 3.15-a shows the galvanostatic lithiation and delithiation pro-
files of the AloO3@S@QVACNT electrode at a C/20 rate (1C= 1675 mA g~!). The
Al,O3@S@QVACNT electrode shows two apparent lithiation plateaus and two delithia-
tion plateaus in the first cycle, which agree well with the current peaks in the differential
capacity plot (see figure 3.15-b). The first lithiation cyle capacity of AloO3@QS@QVACNT

L If the theoretical capacity of sulfur is assumed to

was measured to be 1559 mAh g~
be 1675 mAh g~!, then the sulfur utilization of Al,O3@S@QVACNT is 93%. Bearing

in mind that the sulfur is uniformly coated on the VACNTSs and the active material is
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well dispersed over the entire electrode, it is reasonable to attribute the high degree of
sulfur utilization, low polarization, and enhanced capacity retention of the SQVACNTSs
electrode to the facile kinetics of the charge-transfer reaction due to highly conduc-
tive electron paths, which originate from the VACNTSs. The delithiation capacity of
the Al,O3@S@QVACNT in the first cycle was 1046 mAh g='. The irreversible capacity
in the first lithiation/ delithiation cycle is likely due to the dissolution of high-order
polysulfide intermediates and side reaction between dissolved polysulfide and carbonate
solvent, which coincide with the reported result in the literature. [179] The lithiation
and delithiation capacities of the AloO3@QSQVACNT electrode after the 40th cycle are
164 and 160 mAh g~!, respectively. These capacity values largely exceed those of the
S@QVACNT cathode, indicating the superior cyclability of the AloO3@QSQVACNT cath-
ode due to the coated AlyO3 layer which acts as electrolyte absorbent and limits the
polysulfides shuttle effect.[248]

Figure 3.15-b shows the differential capacity curve plotted with the first, second, tenth,
twentieth, thirtieth and fortieth cycles of the Al,O3@QSQVACNT@AI;Oj3 electrode. Dur-
ing the lithiation process, two reduction peaks positioned around 2.4 and 2.1 V were
observed, indicating a two-step reduction of elemental sulfur. The first reduction peak at
~2.4 V corresponds to the transformation of cyclo-octasulfur (Sg) to long-chain soluble
lithium polysulfides (LisS,, 4<x<8). The second peak at ~2.1 V is attributed to the
decomposition of the polysulfides to form insoluble short-chain lithium sulfides (LisSeo
and/ or LisS). During the delithiation process, two broad peaks at around 2.20 and 2.35
V were also identified, and are correlated to the oxidation of lithium sulfide to lithium
polysulfide and further oxidation to elemental sulfur, respectively.[176] In the second
lithiation, the cathodic peak at ~2.4 V vs Li/ Li* vanishes and only one peak at ~2.1 V
can be observed. The disappeared peak is probably to be attributed to the dissolution
or the reaction of high-order polysulfides with the electrolyte.[239, 249]

3.2.4 Polyaniline coating of SQVACNT nanostructured cathode

Polymer materials have been widely used for drug delivery and are effective in en-
capsulating and controlling the release of desired chemicals in the internal pore space
within the polymer matrix. Indeed, conductive polymers, such as polythiophene and
polypyrrole containing different tailored porosities and have been explored as matrices
to physically absorb and hold sulfur.[212, 213, 250] Wu et al [213] constructed a sul-
fur/ polythiophene composite with a core/ shell structure. The composite produced

1 and retained 69.5% of the capacity

a high initial discharge capacity of 1119 mA g~
after 80 cycles. These results show that a simple physical confinement and absorption

process is not sufficient in retarding polysulfide dissolution to provide an adequate cycle
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FIGURE 3.15: a) Lithiation/ delithiation profiles and b) the differential ca-

pacity plot of the Al;,O3;@S@QVACNT electrode obtained after one, two, ten,

twenty, thirty, and forty cycles between 1.7-2.45 V vs Li/ Lit at a C/20
rate.

life while still retaining high capacity. Several groups have explored polyacrylonitrile
(PAN)/ S systems.[215, 241, 251] It was reported that PAN becomes dehydrogenated
and cyclized at 450°C, and all sulfur reacts with PAN to form a heterocyclic polymer
interconnected with disulfide bonds on the side chain. The chemically bonded sulfur
showed good cycling retention of 90% up to 380 cycles, [251] but the capacity (470 mAh
g~ !) and operating voltage (lower than 2.0 V) were relatively low. Regardless, these
results show that organic disulfides bonded on the polymer chains have good electro-
chemical reversibility and the polymer backbone is stable during electrochemical cycling.
In this work, by combining the advantages of VACNTs and polyaniline, we developed
a novel electrode, sulfur supported by vertically-aligned carbon nanotubes and coated
with polyaniline (denoted as PANIQS@QVACNT), as cathode material for lithium-sulfur
battery.

3.2.4.1 Electrodeposition of polyaniline barrier on SQVACNT cathode

After the sulfur evaporation on VACNT, PANI barrier was electrodeposited in an elec-
trolytic bath, which contained aqueous solution of 0.2 mol L~! aniline and 1.0 mol L~}
hydrochloric acid.[252] The cycling voltammetry technique was employed here again for
electrodepositing the polyaniline layer on the surface of the SQVACNT electrode. The
WE was SQVACNT on Al, the CE was graphite and the RE was Ag/AgCl. The cyclic
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voltammogram was recorded at a scan rate of 50 mV s~!, a potential sweep between 0

and 1V vs Ag/AgCl and a number of 15 cycles were performed (figure 3.16).
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FiGure 3.16: PANI electrodeposition by CV technique on SQVACNT elec-
trode

3.2.4.2 SEM characterization of PANIQSQVACNT

The morphology of the PANI electroposited on SQVACNT electrode was observed by
SEM, and is shown in figure 3.17. The sulfur covers the entire VACNT carpet frame-
work and a layer of around 3 pm was deposited during the evaporation process. An
inhomogeneous layer of PANI with a thickness of around 1pum was electrodeposited on

top of the sulfur layer.

3.2.4.3 GIXRD characterization of PANIQS@QVACNT

Figure 3.18 shows the GIXRD collected data. A similar configuration of SQVACNT
was used in order to analyze the new as-fabricated electrode. The SQVACNTQPANI
exhibits the same XRD patterns obtained previously, corresponding to the standard
orthorhombic phase of sulfur (COD2310804). In literature, PANI has shown only a
broad peak centered at 20= 25°, i.e., it has a typical amorphous structure.[210, 234, 235]
It can be clearly seen that at an angle of incidence 2° (black line), i.e. grazing the surface

of the sample, the electrodeposited PANI does not modify the crystalline structure of



Chapter 3. Cathode nano-fabrication 74

FIGURE 3.17: Sectional view SEM image of PANIQS@QVACNT.

sulfur loaded on the VACNT carpets. At an angle of incidence 8° (orange line), we
observe a large broad peak around 26°, which corresponds to the CNTs. Moreover, we
observe the sharp peaks of sulfur and no new peaks are evidenced. This can indicate
that no phase transformation of sulfur occurs during the preparation step, as well as no
new compound is formed after the evaporation of S on VACNT and the electrodeposition
of PANI on SQVACNT. Even after the electrodeposition of PANI, the pattern remains
unchanged. This means that PANI does not affect elemental sulfur and we suppose no

new phase is formed during the electrodeposition process.
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FiGure 3.18: GIXRD patterns of PANIQSQ@QVACNT.
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3.2.4.4 Electrochemical testing of PANIQS@QVACNT nanostructured elec-

trode

Coin half-cells were used to evaluate the lithiation/ delithiation performance of the
PANIQS@QVACNT nanostructured electrode within 1.6-2.5 V potential range and a C/20
rate. The loading mass of sulfur was about 1.20 mg cm™2. Figure 3.19 shows the
cycle performance of the PANIQS@QVACNT electrode. It can be clearly seen in figure

I is obtained, which

3.19-a that an impressive first lithiation capacity of 1650 mAh g~
is 98% of the theoretical capacity of sulfur. The conductive VACNT carpets acting
as a nanostructured current collector, reduce the effective resistance from the highly
insulating sulfur cathodes. Therefore, the huge enhancement in the active sulfur mass
utilization can be attributed to the electrode surface at nanoscale contact with the
conductive network of the CNT carpets, which allows electrons to flow freely through
the cathode and accelerates the kinetics of the electrochemical reactions. In addition, the
use of conductive polymers to the cathode materials enhance the electrical conductivity,
as well as the mechanical properties of the electrode, which undergoes significant volume
changes upon electrochemical cycling. However, the lithiation capacity drop to 895 mAh
g~ !in the 2nd cycle and gradually fades in the later cycles. After 40 cycles, the lithiation
capacity drops to 113 mAh g~!. Although the capacity of such electrodes is lower after
several cycles, as compared to the first lithiation capacity, it is still higher than the
corresponding value obtained in case of electrodes consisting only of elemental sulfur
with CNTs. This improvement trend is due to the combination of VACNTSs and PANI
which appear beneficial for preventing polysulfides from dissolution and increasing the

electronic conductivity.

During the first cathodic reduction process of PANIQSQVACNT, one peak at around
2.4 V and a noisy broad peak around 2.0 V vs Li/Li* are observed. The peak at 2.4
V corresponds to the reduction of sulfur to high-order polysulfides (LisS,, 4<x<8),
while the broad one at around 2.0 V can be assigned to the reduction of higher-order
polysulfides to lower-order polysulfides (LizSe and/ or LisS). In the following anodic
oxidation process, two peaks at approximately 2.25 and 2.45 V are observed and can be
attributed to the conversion of lithium sulfides to polysulfides and sulfur as shown in
figure 3.19-b.
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FIGURE 3.19: a) Lithiation/ delithiation profiles and b) the differential ca-
pacity plot of the PANIQS@QVACNT electrode obtained after one, two, ten,
twenty, thirty, and forty cycles between 1.6-2.5 V vs Li/ Li™ at a C/20 rate.

3.2.5 Comparison of the performance of the PANIQS@QVACNTSs and
the Al,O;@S@QVACNTS nanostructured electrodes

The cyclabilities of the PANIQSQVACNTS and the AloO3@S@QVACNTSs nanostructured
cathodes are compared in figure 3.20. In the first cycle, the PANIQSQVACNT (trian-

I compared to 1559

gle) electrode shows a higher lithiation capacity of 1650 mAh g~
mAh g=! for the SQVACNT@AIl,O3 (square) electrode, maybe due to the conductive
nature of the polymer compared to the insulating nature of the alumina. The lithiation
capacities of the the PANIQSQVACNT and the Al,O3@QSQVACNT electrodes are 113
and 164 mAh g—! after the 40th cycle, respectively. However, after the tenth cycle, the
Al,O3@S@QVACNTS (square) electrode remains more stable during cycling and presents
a better lithiation capacity as compared to the PANIQSQVACNT electrode. This may
be explained either by the inhomogeneous electrodeposition of PANI layer or the 1um
thickness of PANI which may not be enough to absorb the dissolved sulfur. It should be
noted that the Coulombic efficiency of the AloO3@S@QVACNT (empty squares) electrode
was mostly above 96% after the first five cycles. By contrast, the Coulombic efficiency
of the PANIQS@QVACNT electrode (filled squares) fluctuated during the cycling and
only reached 95% after 37 cycles. From this electrochemical evaluation of both type
of cathode electrodes, it can be concluded that Al,O3@SQVACNT electrode exhibits a
better electrochemical performance with capacity retention and cycle life in compari-
son to PANIQS@QVACNT electrode. After 40 testing cycles, lithiation capacities of 113
and 164 mAh g~! are obtained for PANI@S@QVACNTSs and the Al,O3@S@VACNTS,

respectively and the Coulombic efficiency remained above 94%. The values of lithiation
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capacities are acceptable compared to that of commercial cathodes such as, LiCoOa,
LiNig.33Mng 33C00.3302 and LiNiggCog.15Al9.0502 which have a typical specific capac-
ity in commercial cells of 145, 170 and 200 mAh g~!, respectively.[25] Tentatively, we
can attribute the decrease in the specific capacity for both types of the electrodes to
the dissolution of the thick sulfur layer formed on VACNT carpets in the electrolyte.
The remaining sulfur nanoparticles on the VACNTSs are supposed responsible for the
obtained capacities of the half coin cell. Therefore, in order to obtain stable and higher
capacities during cyling, a better control of the evaporated sulfur i.e., formation of S
NPs only, is required. This study suggests that with a better control of the thickness of
the evaporated alumina or the electrodeposited PANI, we can make a promising progress
to develop high performance Li/S batteries. Certainly, VACNTSs nanostructured current
collector, thanks to their high specific surface area, light weight, flexibility, and robust-
ness, seemed to be particularly adapted to accommodate large amounts of sulfur in the
electrode, without hindering the cyclability which requires to be further improved by

appropriate development of better protective coatings.
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3.3 Nickel nanoparticles: an alternative material for the

nanostructured cathode

As previously mentioned in Chapter 1, LiNiOs is a very promising cathode material
since it has a high theoretical capacity and is relatively excellent in terms of economics
and environmental fingerprint, but its preparation is more difficult compared with other
cathode materials. The next section gives a detailed description of the main steps that

were followed for obtaining the nickel based nanostructured cathode electrode.

3.3.1 Experimental set-up

Nickel nanoparticles were deposited on the VACNTSs using a pulsed electrodeposition
process in a Watts bath which is a mixture of nickel(II) sulfate hexahydrate (330 g L~}
NiSO4.6H20), nickel(IT) chloride hexahydrate (45 g L=! NiCly.H50), and boric acid
(45 ¢ L= H3BO3). Nickel sulfate is the major source of the nickel ions in this solution,
while nickel chloride improves the anode corrosion and increases the conductivity and the
uniformity of nickel thickness distribution. Boric acid is added in the nickel containing
solution for buffering purposes. T'wo parameters mostly impact the quantity of deposited
nickel: the number of sweeps and the deposition voltage. Various deposition voltages
were investigated systematically for covering the sidewalls of the VACNTs.

The nanoparticles were deposited by the electrodeposition process in the Watts bath
solution and different electrodeposition voltages were tested, -4.5 V, -3.5 V, -2.5V and
-1.5V during 5 ms, and the rest time in the open circuit voltage was 90 ms. The total
number of pulses was set at 500. The WE was VACNT on Al, the CE was graphite and
the RE was Ag/AgCl.

3.3.2 Morphological and structural characterization of the NiQVACNT's

assembly

The obtained NiI@QVACNTSs nanostructured electrode are illustrated in figure 3.21. As
observed from the SEM images for all considered pulses, we have a rather homogenous
deposition with Ni nanoparticles covering all the surface and the side-walls of the VACNT
carpets. As shown in figure 3.21, the number of Ni NPs deposited on the VACNTSs
decreases with the decrease in the pulse voltage. These findings were confirmed by
different TEM analyses, shown in figure 3.22, performed on areas belonging to each
type of sample. The detailed analyses of the TEM images allowed us to estimate the
size of the deposited Ni NPs that we found it varies between 30 and 60 nm.
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FI1GURE 3.21: SEM images of the NI@QVACNTSs where Ni NPs were deposited

by PED. a), b), c¢) and d) top view of the SEM images obtained at -4.5, -3.5,

-2.5 and -1.5 electrodeposition voltage, respectively and a;, by, ¢c; and d; a
closer view on a specific area of a), b), ¢) and d).
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FicUure 3.22: TEM analyses of the Ni@QVACNTs where Ni NPs were de-
posited by PED. a), b), ¢) and d) TEM images obtained at -4.5, -3.5, -2.5
and -1.5 electrodeposition voltage, respectively.

Additionally, taking into account that the length of the VACNT carpets is quite impor-
tant, i.e 7-10pm, the question that can arise at this point is: how deep within the CNTs
side-walls the deposition is conformal. In order to find about, TEM analyses have been
performed on a cross-section FIB lamella prepared on a sample for which a deposition
pulse of -4.5V was used (see figure 3.23). The SEM image in figure 3.23-a shows that
the deposition of Ni NPs on the side-walls of VACNT carpet is homogeneous up to a
certain in-depth, about 5um, with the Ni NPs having a bigger diameter due to the FIB
preparation method that might favour the coalescence of the Ni NPs.

In order to study the structure and chemical character of the Ni NPs, detailed HRTEM
analysis together with a chemical analysis using both the EDX (energy dispersive X-Rays
) and EELS (electron energy loss spectroscopy) [253-256] techniques where performed
(refer to Appendix A-2) . By using both, the STEM-HAADF and energy filtered imaging
mode of the electron microscope, we evidenced a polycrystalline structure with small
grains presenting different orientations, which correspond to a metallic Ni structure with
a thin oxide layer at the surface with a NiO structure. This structure is the most stable
within the NiO bulk structures as reported in the literature.[257] Figure 3.24 illustrates

the chemical map of Ni NPs represented in a), with the elemental maps of O and C
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FIGURE 3.23: a) SEM and b) and c¢) TEM images on a FIB cross-section

lamella prepared on a Ni@QVACNTSs assembly obtained using an electrode-

position pulse of -4.5V illustrating the inhomogeneous deposition of the Ni
NPs up to a certain in-depth.

in b) and c), respectively on the K ionization edge using the three window method for
the extraction of the signal. The relative map illustrated in figure 3.24-d evidences the
metallic character of the Ni NPs with a thin O layer on their surface. This can be due to
the exposure of the samples to air during the different experimental manipulations. The
Ni decorated VACNT carpets need to be subsequently treated in order to form NiO,
nanoparticles.

O 2D elemental map Ni 2D elemental map Chemical map O Ni

Ficure 3.24: HR-TEM and elemental maps recorded using the EFTEM
imaging mode of the electron microscope evidencing the NiO structure for
all the Ni NPs deposited using the PED process.

It is worth mentioning that, for the NIOQVACNT assembly to be compatible for its
use as nanostructured electrode in Li-ion batteries, the active material, i.e. NiO, has to
present an advanced oxidation degree equivalent to NiOs which is not the case for our
NPs. Thus, in order to make them compatible for our purposes, we tried to modify the
oxidation degree of all NiO NPs deposited by PED by annealing all the NIOQVACNT
assembly at 500°C for 10 hours under water vapor atmosphere. The results after this

annealing process are summarized in figure 3.25. A closer investigation on the different
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NPs obtained after the annealing step shows that the Ni NPs present a core-shell struc-
ture with different outershell sizes ranging from 5-20 nm (see figure 3.25-b-c) specific to
two types of NiO populations. The EDX STEM-HAADF chemical analyses reveal that
for both types of Ni NPs, the oxidized shells are presenting the same oxidation degree
as before the annealing step. These findings were confirmed by the XRD measurements
(see figure 3.26-b) which show that the heating step was unfortunately not enough to
obtain NiOy NPs.

0O chemical map Relative map O/Ni

Ficure 3.25: HR-TEM and STEM-HAADF analyses of the different NiO

NPs after annealing at 500°C for 10h under water vapor atmosphere. The

TEM images in a) b) c¢) and d) reveal morphological and structural infor-

mation of the Ni NPs evidencing the presence of a small and thick shell

for the identified NPs. The STEM-HAADF chemical analyses is given in e)
and f).

To confirm the TEM analyses, figure 3.26 shows the X-ray diffraction spectra of NiO
sample before and after annealing in order to obtain NiOs. The XRD patterns shows
a significant amount of line broadening which is a characteristic of material in form of
nanoparticles. The dominant peaks of Ni (PDF 04-0850) are at 44.50°, 51.86° and 76.39°
while NiO (PDF 44-1159) exhibits prominent peaks at 37.26°, 43.29°, and 62.88°.[258]
The XRD was performed after the electrodeposition process as shown in 3.26-a. From

figure 3.26-a, the peaks of NiO and metallic nickel are clearly seen. After annealing, in
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figure 3.26-b, the peaks corresponding to metallic nickel disappear and that of NiO is
still evident but with a higher intensity.

a) Before annealing b) After annealing
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FIGURE 3.26: XRD patterns of NiI@QVACNT: a) after the electrodeposition
process and b) after annealing under water vapor atmosphere at 500°C for
10 hours.

3.3.3 Electrochemical testing of NiOQVACNTSs nanostructured elec-
trode

Even if we did not obtain the desired product (NiOs2), we tested the electrochemical
performance of NiO in a half coin-cell. The loading mass of the NiO was 0.5 mg cm™2.
Figure 3.27 shows the galvanostatic lithiation/ delithiation curves of the NIOQVACNT
nanostructured electrode. These electrochemical testing was carried out at the voltage
range of 2.5 to 3.4 V at a C/20 rate. In the first cycle, the lithiation capacity reached ~
200 mAh g~!. For the delithiation process, the first cycle did not reach 4.2 V which cor-
responds to the voltage range of NiOo, confirming our characterizations of the formation
of NiO instead of NiOg. Therefore, we performed a cut-off at 3.4 V. Within this voltage
range, we succeeded in performing electrochemical testing for NNOQVACNT nanostruc-
tured electrode, i.e. we showed that they are accessible electrochemically, and thus we
were able to validate the "nanostructuration approach” principle. Our as-fabricated
material (NiO) is more appropriate for an anode electrode use, because NiO has a high

1

theoretical capacity of 718 mAh g™, is nontoxic and low cost material.
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FiGure 3.27: Electrochemical performance of the NIO@QVACNT nanostruc-
tured electrode obtained after fifty cycles between 2.5-3.4V vs Li/ Lit at a
C/20 rate.

3.4 Conclusion

The set of results presented in this Chapter, dedicated to the implementation of the
experimental set-up for the fabrication of novel nanostructured cathodes for Li-ion bat-
teries, highlight the unique potential of the nanostructuration approach. The first part
of the Chapter presented the elaboration of the nanostructured cathode based on an
original approach which combines the use of sulfur nanoparticles as active material to-
gether with a coating layer of sulfur with an metal oxide and/ or polymer deposited on
the vertically-aligned cabon nanotubes that act as a nanostructured current collector
for rechargeable Li/S batteries. The electrode was free from any binder or conductive
additives which lowers the cost and toxicity associated with electrode manufacturing.
The SQVACNTS coating with PANT and/ or AlsO3 helped retaining the integrity of the
electrode structure during cycling and the current collector nanostructuration provided
numerous electrical and ionic pathways for the electrochemical reaction, facilitating the
mechanisms of lithiation and delithiation. Moreover, the external coating appear as a
potential solution for confining the soluble polysulfide intermediates formed within the
electrode structure during cycling because of the good electrolyte-absorption ability of
the PANIQSQVACNT or the Al,O3@QSQVACNT electrodes. Further work is required

to achieve better confinement and to avoid the irreversible loss of the active materials.
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These promising characteristics of the as-fabricated nanostructured cathodes exhibited
nonetheless a high specific capacity in the first cycle, very close to the theoretical capac-
ity of sulfur. The nanostructured electrode approach is a promising strategy for making
the rechargeable Li/S batteries a commercial reality in the future.

The second part of the Chapter was dedicated to the fabrication of the NNOQVACNT
nanostructured cathodes. The detailed analyses based on electron microscopy advanced
techniques on the obtained NIOQVACNT nanostructured electrode validated the PED
electrodeposition process. The combination of the STEM-HAADF EDX and XRD anal-
yses, however pointed out a low oxidation degree for the Ni NPs. Unfortunatelly, the
different approaches used to obtain the targeted metallic dioxide (MO3) were not suc-

cesful during the time of this thesis.






Chapter 4

Anode nano-fabrication

Following the Chapter 3 which was dedicated to the experiments performed for the
nano-fabrication of the positive electrode of the Li-ion battery, the present Chapter is
dedicated to the nano-fabrication of the negative electrode of the Li-ion battery. The
Chapter begins with a brief overview of the silicon material as potential candidate to be
used as an anode material in LIBs. Thereafter, the details regarding the nanofabrication
techniques developed for synthetizing SIQVACNT nanostructured electrodes, which to
a good extent enabled us to have control over the silicon loading (mass) and the total
surface area, will be discussed. The last part of the Chapter will be dedicated to the
results obtained during the electrochemical testing performed under different conditions
to evaluate the suitability of SIQVACNT electrodes for use as Li-ion anodes. In particu-
lar, the ability of SIQVACNT nanostructured electrode to accommodate silicon volume
changes upon cycling is examined.

The nano-fabrication of materials has been identified as a viable solution to implement
high capacity storage materials that are mechanically stable for long term cycling.[259—
261] Nanomaterials also exhibit other properties that may be beneficial for use in elec-
trochemical storage. The nanostructured active materials enable electrode reactions to
occur, which cannot take place for micron-sized materials, decrease the diffusion length
of LiT ions during cycling which remarkably improves the rate capability of the electrode
material. In addition, the nanostructured Li-alloy materials render the phase transitions
that accompany alloy formation more facile, accommodate the volume expansion during
lithiation and reduce fracturing of the electrodes. Furthermore, many nanomaterials can
offer enhanced mechanical support and electrical percolation within a network.

In brief, the approach chosen for the nano-fabrication of SIQVACNT electrodes comprise
the growth of vertically aligned carbon nanotube carpets followed by their decoration
with silicon nanoparticles. The schematic illustration of the preparation process is shown

in figure 4.1. VACNTSs are first grown on a Cu substrate using a CVD technique, where

87
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Fe is used as a catalyst and methane serves as the carbon source for the growth of CNTs.
The deposition of the silicon is performed by a CVD technique using a SiHy/Hs mixture

of gases.

Electrodeposition vs CVD

FIGURE 4.1: Schematic illustration showing the nano-fabrication of the hy-
brid nanostructured anode.

4.1 Advantages and disadvantages of silicon as active ma-

terial

Silicon is the second most abundant element (27.7%) in the earth crust after oxygen.[262]
Si is well known for its semiconductor properties and its use in solar cells, computer chips,
etc. Sihas drawn attention as a promising candidate for use as a anode material in LIBs.
It has the highest theoretical capacity of 4200 mAh g~! for lithium insertion at fully
lithiated phase (Li22Sis, that is significantly higher than that of commercialized graphite
(372 mAh g~!). However, the fully lithiated phase of Si at room temperature, Li;5Siy,
leads to a maximum capacity of 3579 mAh g=1.[263, 264] The delithiation potential of
the Si is around 0.4V vs Li/Li", slightly above that of graphite. The potential difference
with the cathode will therefore be lower than for a cell using a graphite electrode, which
is detrimental to the energy density. This loss is largely compensated by the huge
excess of capacity obtained by using this material as compared to graphite. The fact
that the working potential of a Si based anode is somewhat higher than the lithium
reduction potential can also be seen as an advantage because it reduces the risk of lithium
deposition on the surface of the electrode during fast charging, and thus contributes to

improving the safety of the battery. However, the main drawback for the use of Si as a
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Li-ion battery electrode resides in the considerable volume variation which is associated
with the formation of Li,Si alloys as illustrated in the graph of figure 4.2.[265] A volume
increase of the order of 300% is observed for the alloys rich in lithium with respect to

the initial volume of Si (before alloying).

350

A
300 A

250

200

150 A

100

Volume variation (%)

50

X in LiXSi

FIGURE 4.2: Volume variations of different compositions of Li,Si alloy with
respect to silicon.[265]

Such structural variations in the Si anodes have several serious consequences as explained

below and schematically illustrated in figure 4.3 [18]:

e Anode material pulverization: the large volume expansion/ contraction during
lithium insertion/ extraction induces large amounts of stress. This cause cracking
and pulverization of the Si material, which leads to a loss of electrical contact
between the resulting Si particles. This mechanism could explain most of the

capacity fading for usual Si anodes (figure 4.3-a).

e Morphology and volume change of the whole Si electrode: the volume changes and
contact loss between the Si particles affect the morphology of the entire electrode
and ultimately causes the active material to peel-off from the current collector.
These particles can no longer participate in cyling, resulting in failure of the cell.

This problem adds another challenge for the full-cell design.

e Instability and irregularity of the SEI: in order to achieve a LIB with good cy-

clability, a stable and continuous SEI layer is considered critical. In the case of
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graphite electrodes, the SEI is formed in the first cycle and then acts as a surface
passivation to avoid the subsequent degradation of the electrolyte and the irre-
versible consumption of ions. The SEI layer needs to be dense and stable, and
it should be ionically conducting and electronically insulating in order to prevent
further side chemical reactions from occurring. In the case of Si electrodes, the
formation of this passivating SEI film on the Si surface has been confirmed by
Fourier transform infrared Spectroscopy (FTIR) [266] and by X-ray photoelectron
spectroscopy (XPS).[59] This SEI layer was not found to be sufficiently stable and
does not act as a perfect surface passivation. The SEI stability at the interface
between Si and the liquid electrolyte is a critical factor to obtain longer cycle life.
The huge volume change of Si makes it very challenging to form a stable SEI. As
shown in figure 4.3-b, Si particles expand out towards the electrolyte upon lithia-
tion and contract during delithiation. The SEI formed in the lithiated (expanded)
state can be cracked as the particles shrink during delithiation. This re-exposes
the fresh Si surface to the electrolyte and the SEI forms again, resulting in thicker

and thicker SEI upon charge/ discharge cycling.

Many Cycles
(a Lithiation

) 2w
® -

® siicon particles [l Lithiated sliicon SEI I Current Collector

FIGURE 4.3: Si electrode failure mechanisms: (a) Anode material pulveriza-
tion. (b) Morphology and volume changes of the whole Si electrode. (c)
Continuous SEI growth.[18]
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4.2 Mechanisms of lithiation and delithiation of silicon

The electrochemical reactions of lithium with different anode materials are not similar.
In graphite carbon anode, the electrochemical reaction takes place as Li™ ions are inter-
calated and extracted between the graphite layers, inducing minimal structural changes.
In silicon anode, the electrochemical reaction takes place as Li* ions alloy and deal-
loy with the electrode material, severely changing the crystal structure of silicon. It is
found that the reactions follow the equilibrium Li-Si phase diagram at high temperature,
forming different intermetallic compounds and showing multiple voltage plateaus in the
galvanostatic voltage curve (black line in figure 4.4). However, at ambient temperature,
there is only a two-phase region at about 0.1V during the first lithiation and a plateau

at 0.45V during the first delithiation (green and red lines in figure 4.4).[18] The electro-
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FIGURE 4.4: Si electrochemical lithiation and delithiation curve at ambient

temperature and high temperature. Black line: theoretical voltage curve at

450°C. Red and green lines: lithiation and delithiation of crystalline Si at
ambient temperature, respectively.[18]

chemical reaction of Li with Si at room temperature has been studied extensively during
the past decade, due to the potential use of silicon as an anode material in high energy
density LIBs. Recent studies of crystalline Si (¢-Si) [264, 267, 268], sputtered amorphous
Si [269], and active/ inactive Si alloy anodes [268] have explained many of the features
in the voltage curve of crystalline silicon. The current knowledge of the electrochemistry
of bulk crystalline Si is summarized in the voltage curve shown in figure 4.5. The initial

lithiation of crystalline Si results in a low voltage plateau (I in figure 4.5) corresponding
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to a two-phase region in which lithiated amorphous Si is formed (a-Li;Si).[264, 267, 268]
A detailed in situ XRD study by Li and Dahn [264] has recently shown that the capacity
of this plateau is about 3250 mAh g—!. At this capacity all the crystalline Si has reacted
completely to form a-Li,Si. At higher capacities, Li and Dahn observed the formation
of the Li;5Siy phase (II in figure 4.5). Lij5Siy is the highest lithiated phase achievable
for the ambient-temperature lithiation of bulk Si and corresponds to a capacity of 3579
mAh g~1.[264, 268] From X-ray data, the calculated density of this phase was 1.179 g
cm~3.[268] This means that when Si is fully lithiated to Li;5Siy it undergoes a volume ex-
pansion of 280% and has a maximum theoretical volumetric capacity of 2190 mAh cm™3.
The delithiation of Lij5Siy results in a plateau corresponding to a two-phase region in
which delithiated amorphous Si is formed (IIT in figure 4.5).[264, 268] If this phase is
then lithiated, the voltage curve follows two sloping plateaus, indicative of single-phase
regions (IV in figure 4.5). The reasons why the lithiation of amorphous Si results in two
plateaus are so far not fully understood. If the lithiation of the amorphous Si is limited
to above 50mV, the Si remains amorphous and two sloping plateaus are also present
during delithiation (V in figure 4.5). Allowing the voltage to drop below 50mV (VI in
figure 4.5) results in the crystallization of the Lij5Sis phase, indicated by a small peak
in the differential capacity (VI in figure 4.5) and its characteristic plateau during the
subsequent delithiation (VII in figure 4.5).[268]
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FIGURE 4.5: Voltage curve of a crystalline Si electrode cycled in a way to
illustrate the electrochemical conversion of crystalline Si to amorphous Si,
amorphous Si to crystalline Li;5Si4, and Li;5Sis back to amorphous Si.[268]
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Amorphous-Si (a-Si) is commonly employed directly as the starting material in many
negative electrodes for LIBs. The reaction of a-Si with Li is different from crystalline Si.
Based on electrochemical measurements, researchers have generally assumed that a-Si is
lithiated via a single-phase reaction.[270] Galvanostatic lithiation of a-Si reveals a sloping
potential profile, as opposed to the flatter potential profile during lithiation of c-Si. As
an example, figure 4.6 shows galvanostatic potential profiles for half cells with three
different active materials in the working electrode: single-crystalline Si nanowires (NWs),
amorphous Si NWs, and polycrystalline Si NWs.[271] Both single- and polycrystalline
Si feature a relatively flat lithiation potential beginning at about 160mV vs. Li/ LiT,
which is the mark of a two-phase reaction since it signifies a constant activity of Li in the
lithiated phase. Besides, lithiation of a-Si begins at about 300mV, and the trace slopes
downward to eventually meet the crystalline curves. This sloping profile traditionally
suggests a single-phase reaction, since the Li activity is not constant in the lithiated
phase. However, recent in-situ TEM experiments [272] have revealed more complex two-
phase lithiation behavior. Although there is not yet a commonly accepted mechanism,
Wang et al [272] reported that the lithiation occurs by the movement of a sharp phase
boundary between the a-Si and an amorphous Li,Si (a-Li,Si, x ~ 2.5) according to their
in-situ experiment. Such amorphous-amorphous interface exists until the remaining a-Si
is consumed. Then a second step of lithiation starts without a visible interface which
results in the final product of a-Li,Si (x ~ 3.75). The distinction between the single-
phase and two-phase lithiation behavior is important since the two different reaction

mechanisms theoretically cause different stress evolution and fracture mechanisms.

4.3 Nanostructured silicon anode

Tremendous efforts have been devoted for developing Si anodes for LIBs in various forms
in order to overcome the aforementioned issues and thus obtain better capacity reten-
tion and cycle life. Among all the approaches, nanostructuring is the most promising
method, although it is still far from practical application. During the last decades, an
explosion of research activity has been focused on designing nanostructured Si anodes for
LIBs with the purpose of preventing fracture and mechanical degradation with cycling.
Researchers have found that Si nanomaterials exhibit a better cycle life than micron-
scale particles. This is most likely due to better accommodation of lithiation-induced
strain, without fracture. In addition, shorter diffusion lengths in nanostructured materi-
als lead to facile kinetics. Silicon nanostructures (without binders, conductive material,
or other additives), such as nanowires [48, 84, 273, 274], nanotubes [275-278], nanopar-
ticles [279, 280], thin films [281, 282] hybrid structures [70-73, 283, 284], etc have been

designed and tested as negative electrodes and have brought major breakthrough in
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FI1GURE 4.6: First cycle galvanostatic curves for single-crystalline Si NWs,
amorphous Si NWs, and polycrystalline Si NWs.[271]

the field, allowing the achievement of high capacity and good cyclability of the battery.
However, improvements in cycle life and electrode material design are still necessary to
meet the goals for renewable energies. A brief description of different nanostructured Si

materials used as anodes is given below:

e Silicon nanowires: Silicon nanowires (SiNWs) have attracted a great deal of at-
tention for aplications in LIBs anodes due to several advantages. Their structure
allows for the accommodation of the important volume changes during repeated
lithiation/ delithiation without cracking, offers direct 1-D electronic pathway for
rapid charge transport and affords effective lithium insertion and extraction due
to the contact of Lit ions over large specific surface area. Additionally, direct
synthesis of the SINWs on the current collector improves the electrical conduction
of the electrode. For example, SINW anodes synthesized via VLS process have
been found to accommodate the volume changes caused by lithium insertion and
extraction.[84] As shown in figure 4.7, the VLS-grown NWs undergo reversible
lithium insertion and extraction without significant pulverization or detachment
from the current collector. The VLS-grown SiNW anodes maintained reversible
capacity of 2000 mAh g~! after 80 cycles as reported in later studies.[84] Peng et al
[273] have prepared self-aligned SiNWs fabricated by facile metal assisted etching

of Si as anode for LIBs. This method has several advantages over the VLS process:
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low cost, large surface area, and facile procedure. The SiINWs anodes showed a
discharge capacity of about 0.5 mAh.cm™2 in the third cycle and cycling stability
for 9 consecutive cycles. However, due to difficulties in estimating the weight of
the SINWs on the substrate, the reported capacity could not be compared with
that obtained for SINWs synthesized by VLS technique. In addition, because the
nanowires were attached to the Si substrate, a lower electrical conductivity be-
tween the anode and the current collector was expected and the substrate might
have pulverized and cracked after repeated cycling. These disadvantages limit the
practical applications of the metal assisted method for the preparation of LIB

anodes.

Nanowires

: Facile strain
Efficient 1D relaxation

electron transport

Good contact with current collector

FIGURE 4.7: Schematic of SiNWs electrode assembled on the current
collector.[84]

e Si nanotubes: Silicon nanotubes (SiNTs) are attractive nanostructures for Li-ion
battery applications due to the hollowness that offers additional space for the
expansion during the lithiation/ delithiation processes, preventing the mechanical
pulverization of Si. Park et al [275] prepared SiNTs by reductive decomposition
of a Si precursor in an alumina template and etching, which increased the surface
area accessible to the electrolyte and allowed the Li* ions to intercalate inside and
outside the tube. The fabricated SiNTs showed reversible discharge and charge
capacities of 3648 and 3247 mAh g—!, respectively, with a Coulombic efficiency of
89% at the first cycle. Wu et al [276] created double walled SiNTs with a hollow
tube of Si coated in a mechanically confining silicon oxide outer layer. During

lithiation, the inner silicon layer expanded inward, filling the empty core of the
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tube. The researchers reported a capacity of 940 mAh g~! at the high rate of 12 C,
and an 88% capacity retention after 6000 cycles at 10C. The loading reported for
these electrodes, however, was 0.02-0.1 mg cm ™2, which is far from the necessary
loading for commercial batteries. In addition, their synthesis method generally
involves complicated and costly synthesis routes in order to create the necessary

void space, rendering them impractical for commercial use.

e Si thin film: Methods such as CVD [285], magnetron sputtering [286], pulsed laser
deposition [287], and vacuum evaporation [288] have been employed to fabricate
Si thin film anodes for LIBs. The assembly of ultrafine Si materials into a contin-
uous film constitutes an effective approach to overcome the volume change issue,
enhance the contact area, and suppress the movement of free Si particles. Studies
have been conducted on Si thin film anodes in order to evaluate the lithium inser-
tion mechanism [289], the stress evolution within the anode upon cycling [286, 290]
and surface film formation.[291] Even though the reversibility and capacity reten-
tion of the Si thin film anodes have been enhanced, cracking and pulverization
were still observed on thin film Si anodes after prolonged repeated lithiation/

delithiation.

e Hybrid structures: Among all these different approaches, the concept of combin-
ing silicon particles and carbon nanotubes has been scarcely explored. Kumta
and co-workers have exploited the combined merits of two materials: silicon and
CNTs by synthesizing arrays of vertically aligned silicon/carbon nanotubes.[70]
The performance of this hybrid structure, that was scrapped off from a quartz
substrate and included additives, exhibited a capacity of about 1000 mAh g~*

at C/10 rate at the end of the 100 th cycle. In another study, Kumta et al [71]

found the capacity of Si/CNTs directly synthesized at the surface of the current

collector to be 800 mAh g~! at a current density of 400 mA g~!

Kumtas team fabricated a novel electrode based on Si-coated- MWCNTs collected

on a copper foil. At the end of the 50th cycle, the capacity reached 2000 mAh

g~! at current density of 300 mA g=1.[73] Du et al [283] synthesized MWCNT@Si

nanocomposites by magnesiothermic reduction of pre-synthesized MWCNT@SiO4

. More recently,

nanocables. After 70 cycles at current density of 400 mA g—!, the anode, i.e. the
active material, acetylene black and the binder, exhibited a capacity of 520 mAh
g~!. Mangoloni et al [284] combined functionalized silicon quantum dots with
carbon nanotubes and a polymer to form a liquid dispersion that was coated onto
copper foil, followed by annealing. This electrode structure delivered a capacity
around 1000 mAh g=! for 200 cycles. In 2012, Gohier et al [72] at the labora-
tory of physics of interfaces and thin films (LPICM) reported a hierarchical hybrid

nanostructure based on vertically aligned carbon nanotubes directly grown onto
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stainless steel foil on which silicon nanoparticles were deposited via CVD process.
This kind of electrode exhibited an optimum rate capability compared to those
found in literature so far. An impressive electrochemical performance was reached
at a high C rate, up to 15 C. The capacity of VACNTs/Si was 760 mAh g~ at
15 C, although the electrode loading mass was far from the expectancy for use
in commercial LIBs. This electrochemical performance highlights the potential of
such a hierarchical nano-architectured anode. Owing to the impressive results ob-
tained by Gohier et al, we decided to perform additional research studies in order

to gain a deeper insight on this hybrid structure.

4.4 Electrodeposition of Silicon

Since the silicon deposition potential is outside the permissible range when using an
aqueous solvent, the electrodeposition has not been a preferred route in the search for
new silicon production processes until now. Silicon is deposited only at a very high
negative potential (-2.6V relative to a ferrocene/ ferrocinium (Fc/Fc™) reference elec-
trode) which is much lower than the limit of reduction of an aqueous solvent due to the
hydrogen reduction. However, with the emergence of new ionic liquid solvents (green
solvents) [292, 293] belonging to the category of molten salts, this process of elaboration
is no longer impossible to implement. These solvents possess a large electrochemical
window which makes it possible to produce silicon by electrodeposition on a large scale
and with good quality control of the deposited material.

The ionic solvent used here for the deposition of silicon is 1-Butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl) imide ([BMP|Tf;N) or (P14) (Solvionic S.A.). It is stable
in the presence of water and air, but must be handled in a glove box in order to not
reduce its electrochemical window of 5.5 V [-3.5; 42 V].[294, 295] The ionic liquid Py 4 is
composed of a bis (trifluoromethylsulfonyl) imide (C2FgNO4S2) anion and a 1-butyl-1-
methylpyrrolidinium (CgHgoN) cation. These two ions define the physical properties of
the solvent (conductivity, viscosity, melting temperature, etc). The main morphological
difference between an ionic liquid and an aqueous solvent lies in the size of the ions
composing this solvent. The cations and anions of our ionic solvent are of a size much
greater than the ions usually encountered in the aqueous solvent, are not planar and
occupy a large volume compared to other types of ions. This can be problematic in
electrochemical deposition if one of the ions easily adsorbs onto the substrate [296] and
blocks the Si deposition sites. For ionic liquids and in order to produce pure Si, we must
pay particular attention to the purity of the solvent, which must not contain any water
molecules. We have already mentioned in the introduction that the electrochemical win-

dow of the solvent could be reduced if it contained molecules of water. If this window is
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decreased, it may no longer contain within the Si reduction potential and thus prevent
the deposition. Moreover, a peak of water reduction, between -0.6 and -1.4V vs. Pt,
may occur when the solvent is not pure.[297] This reduction dominates over that of Si
due to the lower potential at which it occurs, thus influencing the morphology of the
electrodeposited Si NPs.[297]

For the deposition of nanostructured Si by electrodeposition, silicon tetrachloride (SiCly),
99.998% pure (Sigma-Aldrich) is used as Si precursor. This type of precursor containing
chloride ions must be used under controlled atmosphere. Indeed, silicon tetrachloride
reacts strongly with water according to the following reaction:

SiCly + 2H20 — SiOg + 4HCI

This reaction is thermodynamically favored and instantaneous resulting in a release of
heat as well as acid vapors, it is therefore very dangerous for the human. For safety, the
precursor was handled under controlled atmosphere in an argon glove box containing
less than 1 ppm of water and oxygen. The SiCly vapor pressure is 560 hPa (37.7 °C)
[298], so this precursor is highly volatile and we preferentially achieve the mixture by
adding SiCly to the ionic liquid so that it is diluted in the solution preventing it from
evaporation.

Silicon NPs were deposited on the VACNTSs as the active material for the negative elec-
trode at room temperature. The working-solution for the electrodeposition consisted of
1 mol.L =1 of SiCly in 1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl) imide.
The following reduction reaction occurs in the cell:

Si*t +4e” — Si°

In the present work, we used a three-electrodes configuration represented in figure 4.8
in which the electrodes are set as follows: VACNTSs grown directly on a Cu substrate
was used as the WE, platinum wires were used as the CE and a pseudo-reference elec-
trode. The pseudo-reference electrode, which can be a silver (Ag) or platinum (Pt)
wire, is chemically inert and its potential is adjusted to the potential prevailing in the
solution provided that at least one couple is present. The pseudo-reference potential
is determined by comparison with another reference electrode. Here we can determine
the reference potential of platinum wire in our environment by comparing them to the
experiments conducted by Endres et al [299] under the same conditions. The platinum
wire in this medium therefore has a reference potential equivalent to that of the ferrocene
/ ferrocinium pair because the silicon deposition potential is equivalent in both cases
for the same solvent and the same concentration of Si (IV) (-2.6 to -2.8V vs. F¢/Fc™ or
Pt).

Two electrodeposition methods were used to deposit the Si NPs, cycling voltammetry

(CV) and PED, using the same solution and concentration of silicon.
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FI1GURE 4.8: The set-up of the fabricated cell used for the electrodeposition
of silicon.

4.4.1 Cycling voltammetry technique

Cycling voltammetry (CV) is an electro-analytical measurement technique that is of-
ten used to investigate mass transport and rate-limiting step associated with diffusion-
controlled processes (refer to Appendix C-1).[300] Typically, during the electrodeposition
using this method, current versus potential responses are acquired, that have the shape
characteristic of a diffusion-controlled reaction of the species dissolved in solution and
contain several discernible features that relate to the anodic and cathodic reactions

occurring at the working electrode.

In our experiments, silicon NPs were deposited in a concentrated solution of 1 mol. L1
on VACNT carpets at room temperature while continuously stirring the solution to ob-
tain a homogeneous deposition. The cyclic voltammograms were recorded at a scan rate
of 10 mV s~! during 6 cycles. Figure 4.9 shows a cyclic voltammogram curve acquired
using a solution composed of 1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)
imide on VACNT carpets that contains SiCly. As observed in the CV curve obtained at
a scan rate of 10 mV s~! using platinum as pseudo-reference electrode, two peaks can
be identified. The first peak, around -2.8 V, corresponds to the reduction of Si** ions
and the deposition of Si NPs. The second peak at around -1.8 V vs. Pt corresponds
to the presence of water in the solvent. The substrate was washed with acetonitrile in

order to remove all residues from the ionic liquid. A gray-white deposit is observed on
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the working electrode. As it will be shown in the next section, the physico-chemical
characterizations carried out on such a deposit will confirm the presence of Si NPs, thus

validating the success of the electrodeposition method.
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FIGURE 4.9: Cyclic voltammogram carried out on a VACNTSs carpet at room
temperature and Si (IV) concentration of 1 M (The CV scan was acquired
at a scan rate of 10 mV s~ ! using platinum as pseudo-reference electrode).

4.4.1.1 SEM and TEM characterizations of Si NPs obtained by CV

SEM and TEM analyses were performed to check the homogeneity of the deposition
process and to access the morphological and structural information of the electrode-
posited Si NPs. Representative top and cross-sectional SEM images of the SIQVACNT's
are shown in figure 4.10 where we can clearly see the success of the deposition method
for the decoration of VACNTSs despite the implementation of an ionic liquid solution.
However, the deposition is rather inhomogeneous with a thick Si layer covering the tubes
which is composed of agglomerated Si aggregates with sizes between 50 and 200 nm as
shown in figure 4.10-a. The SEM investigations on the cross-sectional orientation of the
samples, see figure 4.10-b, shows the presence of Si NPs covering the sidewalls of the
VACNTs. TEM investigations revealed that the Si NPs have a small size and are firmly
attached to the VACNT walls, thus providing a good electrical contact for the device.
In addition, the SIQVACNTSs electrode has good chemical and mechanical stability.
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FiGUrE 4.10: SEM and TEM images of the SI@QVACNTSs deposited by CV.
a) Top-view and b) Cross-sectional view and ¢) TEM image illustrating the
presence of small Si NPs on the tube sidewalls.

4.4.1.2 Electrochemical performance

The electrochemical performance of the nanostructured SIQVACNTS electrode was per-
formed in a half-cell with the SIQVACNTSs assembly used as the positive electrode vs
Li/ Li*. Similar to the cathode in Chapter 3, the terms of lithiation and delithiation
will be used throughout this Chapter. Electrochemical tests were carried out using a
coin cell configuration, CR2032, and have been assembled in an argon-filled glove box in
which oxygen and HoO concentrations were kept below 1 ppm. Lithium metal foil was
used as CE and was separated from the WE with two separators. The electrolyte was
homemade and composed of 1 M lithium hexafluorophosphate (LiPFg) salt in ethylene
carbonate (EC) and dimethyl carbonate (DMC), with a 1:1 volumetric ratio and for
certain experiments with the addition of an additif FEC (5wt%). The mass of Si NPs
deposited by the CV technique was measured by taking the difference of the mass of
the CNT before and after electrodeposition and was found to be 0.43 mg cm~—2. We
firstly used an electrolyte without an FEC additif. In figure 4.11-a, the galvanostatic
lithium-insertion/ extraction curves of SIQVACNTS electrodes are plotted between 0.02
and 1.5 V at a rate of C/3. The first lithiation cycle achieves a capacity of 6793.36 mAh
g~ !, which quickly decays to 1638.81 mAh g~! after 20 cycles. The first delithiation
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1 and remains stable after 20 cycles. The curve

cycle attains a value of 1511.73 mAh g~
splits into two parts: half the capacity recovered between 1.5V and 0.2V vs Li/Li* corre-
sponding to the SEI formation which is also indicated in the broad peak of figure 4.11-b
at around 0.6V and the other half of the capacity is attributed to the lithium alloying
process. It is known that a broad irreversible peak between 0.6 and 1 V corresponding
to the SEI layer formation appears in the first cycle as shown in the red curve of figure
4.11-b. However, this broad peak remains visible until the 20th cycle and it is not yet
well understood. In addition, the peaks corresponding to the lithiation and delithiation
of amorphous silicon are not clearly visible in figure 4.11-b. Despite that the Si peaks
are not visible, the obtained specific capacities in figure 4.11-a can only be attributed
to the alloying and dealloying process of Si and not to the intercaltion of Li into CNTs.
It can be explained by the absence of a peak at 0.10 V corresponding to intercalation
of Li into CNTs, suggesting an ignorable effect on the intercalation reaction kinetics of

Li* ions into CNTs [301], and to the relatively lower mass of the CNTs (0.11 mg cm~2)
compared to the deposited Si NPs.
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Ficure 4.11: Galvanostatic lithium-insertion/ extraction curves of

Si@QVACNTs electrodes between 0.02 and 1.5 V at a rate of C/3. a) Voltage
vs. capacity plot and b) the differential capacity with the cell potential plot.

4.4.2 Pulse electrodeposition technique

Pulse electrodeposition (PED) technique is a second approach used for the decoration
of VACNTs with Si nanoparticles. Contrary to the previously described technique, the
CV method, short pulses will be applied during the electrodeposition. Similar to the
CV method, the solution used in the present study was 1-Butyl-1-methylpyrrolidinium
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bis(trifluoromethylsulfonyl) imide with SiCly. Here again, the WE consisted of VACNT
carpets grow on a Cu substrate, the CE was a platinum wire and the pseudo-RE was a
platinum wire. A short pulse of -3 V was applied between the WE and the pseudo-RE
during 5 ms, followed by a longer rest time of 90 ms in the open circuit potential (OCP).
The PED was performed at various sweeps (2000, 3000, 6000, 8000) in order to obtain
a high mass of Si and to adjust the size of the deposited NPs. The same pulse shape as
in figure 3.4 was used here. The reduction and deposition of Si** ions occur during the
pulse on time. During the rest time (off time), there is no current passing through the

cell and hence, there is no reduction/ oxidation taking place at the electrodes.

4.4.2.1 SEM characterization of Si NPs obtained by PED

The influence of the number of pulses on the morphology of silicon electrodeposits is
illustrated in figure 4.12. In this case, all the experimental conditions were kept the same
while only changing the number of pulses. Figure 4.12-a,b, and ¢ show the morphology
of the SIQVACNTS after pulse electrodeposition at different number of pulses; 2000,
3000, and 6000, respectively. It can be seen that the distribution of the Si NPs is not
homogeneous on the surface of the VACNT carpets and that the Si NPs form a colony
on certain areas on the surface. Moreover, it can be noticed that the number of Si
electrodeposits increases with increasing the number of pulses and the average particle
size of the Si NPs increases from 50 to 180 nm with increasing the number of pulses.
From figure 4.12-d and dy, it is evident that the Si NPs are dispersed all over the surface
of the CNT carpets.The bright areas in figure 4.12-d indicate a higher density of Si NPs.

4.4.2.2 Electrochemical performance

As for the nanostructured anode fabricated using the CV technique, the electrochemical
caracterization of the anode fabricated using the PED method was achieved in a half
cell using an electrolyte without any additif. The mass of Si NPs deposited by the PED
technique with 8000 pulses was found to be 0.08 mg cm™2. Figure 4.13-a illustrates the
voltage-capacity plots of SI@QVACNTSs nanostructured electrodes obtained by PED. The
first specific lithiation and delithiation capacities are 1131.6 and 265 mAh g~!, respec-
tively, and the initial Coulombic efficiency is 23%. The first cycle irreversible capacity
loss mainly originated from the reduction of the electrolyte, resulting in the formation of
the SEI film on the surface of the SIiQVACNTS, or from irreversible LiT insertion into the
active material. After 20 cycles of galvanostatic lithiation and delithiation, the anode

which was produced using 8000 pulses, exhibited 204.5 and 194.2 mAh g~! of lithiation

and delithiation capacities, respectively and 95% Coulombic efficiency. One can notice a
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FIGURE 4.12: SEM images of the SI@QVACNTSs where Si NPs were deposited

by PED. a), b), ¢) and d) top view of the SEM images obtained after 2000,

3000, 6000 and 8000 pulses, respectively and a;, by, c; and d; a closer view
on a specific area of a), b), ¢) and d).
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huge capacity loss directly after the first cycle which can be attributed to the small mass
of the silicon active material deposited by PED. The plot of the differential capacity vs
the potential of the cell is presented in figure 4.13-b. The peak at 0.6 V corresponds to
the formation of the SEI layer. Unfortunately, the silicon peaks do not appear in the

plot confirming the low capacities obtained during the cycling.
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FIGURE 4.13: Galvanostatic lithium-insertion/ extraction curves of

Si@VACNTSs electrodes between 0.02 and 1.5 V at a rate of C/20. a) Volt-

age vs. capacity plot and b) the differential capacity with the cell potential
plot.

4.4.3 Comparison of the performance of the CV and PED techniques

Figure 4.14 shows the cycle performance of the SIQVACNTSs electrodes obtained by the
CV (square) and by the PED (triangle) techniques at a C/20 rate between 0.02 and
1.5 V. The lithiation specific capacity of the as-fabricated SIQVACNTSs nanostructured
electrode obtained by the CV method delivers a higher capacity (2000 mAh g~!) during
the 20 cycles compared to that obtained by the PED method (200 mAh g=!). The
Coulombic efficiency is shown in blue filled squares (CV) and empty squares (PED)
in figure 4.14. While being low during the first three cycles, the Coulombic efficiency
reaches a stable value of around 97% starting from the 16th cycle for the two methods.
During the first three cycles, the Coulombic efficiency of the CV method is slightly lower
than that of the PED. Starting from the 6th cycle, the CV efficiency becomes higher
than the PED efficiency. This can be explained by the higher mass of Si NPs in the CV
method and a higher adhesion of the Si NPs on the sidewalls of the CNTs (see figure
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4.10) in comparison to the PED method where the Si NPs were deposited mainly on the
surface of VACNT carpets (see figure 4.12).
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FIGURE 4.14: Comparison of the cycling performance of SIQVACNTSs elec-
trodes obtained by CV and PED techniques between 0.02 and 1.5 V at a
rate of C/20.

4.5 Chemical Vapor Deposition technique

Chemical vapor deposition is another established strategy especially suitable for prepar-
ing Si NPs on various substrates. Gaseous silicon reactants, such as silane (SiHy), silicon
tetrachloride (SiCly), etc. are generally used in the CVD growth. This gas is then trans-
ported to the substrate which is positioned in a furnace in which the temperature and
pressure can be controlled. Under certain conditions, the gas can then be dissociated at
the surface of the sample and thus cause the formation of a deposit of Si. The dissoci-
ation of the gas may occur under the effect of temperature ranging from ~ 300 up to

well above 1000°C depending on the gas precursor employed.[302]

4.5.1 First approach

The deposition of Si NPs was carried out using chemical vapor deposition with SiHy

gas at 500°C and 7 mbar in order to produce amorphous silicon on for 4-6um VACNT
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carpets. An advantage of amorphous silicon over crystalline silicon is that the latter
tends to experience solid-state amorphization during the first Si lithiation cycle, which
can lead to fracture and promote capacity fade.[303] Silane decomposes according to the
following reaction:

SiH, — Si + 2H,

At this low temperature, the kinetic energy for each silicon atom is too low to form
crystalline structure. As a result, amorphous silicon preferably forms at temperature
below 650°C.[304]

The sample was loaded into the reactor preheated at 500°C and the furnace was purged
with Ho gas. After 5 minutes of heating the sample, the SiH, gas was introduced into the
reactor and a tungsten filament placed at the Ha gas inlet was heated at 72W (approx.
1000°C) in order to etch the excess silicon on the surface of the CNTs. This can help
the Si NPs to embed easily the CNTs. The gas flow rates were 30 sccm and 10 scecm for
Hy and SiHy, respectively. The pressure was maintained at 7 mbar and the synthesis
duration were chosen to be 15 minutes, 25 minutes and 35 minutes. The loading mass
of the Si active material was accurately determined by weighing the change of the mass,

using a quartz crystal microbalance, before and after Si deposition.

4.5.1.1 SEM and TEM characterizations of Si NPs obtained by CVD

Figures 4.15-a, b and ¢ show the cross-sectional SEM images of the SIQVACNTSs nanos-
tructured electrode obtained at three different deposition durations: 15 minutes, 25
minutes and 35 minutes, respectively. A closer view on each sample (figure 4.15-a1, by
and cq) clearly show that increasing the deposition time, the size of the Si NPs increases

until a thin film is formed and covers the CNT sidewalls at 35 minutes of deposition.

TEM observations of the three synthesized nanostructured electrodes, presented in figure
4.16-a, b and c, reveal a homogenous deposition of the Si NPs mainly on the CNT side-
walls and a changing morphology with deposition time. We observe that after 15 minutes
of deposition, Si NPs form on the nanotube sidewalls with an ellipsoidal morphology and
a homogenous size between 10-20 nm. Regarding their preferential localization on the
sidewalls of the tubes, we believe that this is related to the presence of defects within
the external tube graphitical structure. These defects can be considered as anchorage
points for the silicon precursor that nucleates as Si seads and starts growing during the
SiH4 gas decomposition. If the growth process lasts 25 minutes, we observe that the size
of the Si NPs increases up to 40 nm (see figure 4.16-b;) and the nanoparticles are more
dense all around the carbon nanotube presenting a rather spherical morphology. When

the deposition time is increased up to 35 minutes, we have a formation of a Si shell all
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15 minutes 25 minutes 35 minutes

FIGURE 4.15: SEM images of SI@QVACNTSs hybrid structure obtained by
CVD with a deposition time of a) 15 min, b) 25 min and c¢) 35 min. a;), b;)
and c;) are higher magnification images of a), b) and c), respectively.

around the carbon nanotube (see figure 4.16-c;). The electrochemical performance of

each nanostructured electrode is presented in the following section.

4.5.1.2 Electrochemical performance

The SIQVACNT nanostructured electrodes fabricated by the CVD technique described
above were cycled against metallic lithium using a coin cell configuration and this time
an electrolyte with FEC additif was used. The mass of deposited Si was determined by
weighing measurements before and after Si deposit on a VACNT carpets. The mass of
Si for the lighter and higher loaded electrodes corresponding to 15 minutes and 25 min-

utes deposition were found to be 0.20 mg cm ™2 and 1.2 mg cm ™2

, respectively. Figures
4.17-a and 4.18-a show the lithiation/ delithiation voltage vs. capacity profiles for the
15 minutes and 25 minutes of Si deposition on VACNT anodes after the 1st, 2nd, 10th,
100th and 400th cycles at a rate of C/10, respectively. It can be clearly seen that lithi-
ation during the first cycle resulted in a very high capacity of 3499.8 mAh g~ for the
anodes prepared at 15 minutes and 3858.2 mAh g~! for the 25 minutes deposition time
which are close to the expected theoretical capacity 3580 mAh g~! determined from the
silicon content. During the subsequent delithiation, a capacity of 3442.6 mAh g~! for
the 15 minutes and 3571.8 mAh g~! for the 25 minutes deposition anodes were obtained,

resulting in a first cycle irreversible loss of only 2% and 8% for the 15 and 25 minutes,

respectively. Such irreversible loss values are better than the commercially available
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15 minutes 25 minutes 35 minutes

FIGURE 4.16: TEM analysis of the SIQVACNTSs hybrid structure obtained

by CVD with a deposition time of a) 15 min, b) 25 min and c¢) 35 min. a;),

b;) and c¢; are higher magnification TEM images of the samples obtained

for the three different deposition durations illustrating the morphology and
the localization of the deposited Si NPs.

graphite based anodes.[305] In addition, the remarkably low first cycle irreversible loss,
it is much better compared to other silicon anode reports [70, 72, 73, 84, 306, 307] and is a
signature of the unique hierarchical electrode design comprising of nanoscale Si deposits
and coverage of the VACNTs prompting favorable lithium ions and electrons transport
resulting in a low irreversible loss between lithiation and delithiation processes. The low
first cycle irreversible loss is of great importance regarding the efforts to commercialize
silicon anodes in a full Li-ion cell, by helping to efficiently balance the weights of anode
and cathode. The two large capacities obtained presume that all of the Si deposited on
the aligned CNT is electrochemically active and, thus, suggest the efficacy of the current
approach employed in this work. The very high first lithiation capacities, for the 15 and
25 minutes anodes, also suggest that the SIQVACNT electrode is mainly composed of
silicon, owing to the low density of the CNTs. The VACNT carpet can be considered to
not contribute to any significant capacity. Hence accordingly, in the current work, the
CNTs were not accounted for calculating the theoretical capacity of the electrode. The
plots of the differential capacity with the cell potential for the corresponding cycles for
the hybrid nanostructures obtained after 15 and 25 minutes of Si deposition are shown
in figure 4.17-b and figure 4.18-b, respectively. During the 1st lithiation cycle, a peak at
0.227 V and a peak at 0.205 V are observed in figure 4.17-b and figure 4.18-b followed by
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a sharp peak at 0.023 V and 0.055 V for the 15 minutes and 25 minutes of Si deposition,
respectively. The peaks at 0.227 V and at 0.205 V correspond to the long flat plateau
in the first lithiation voltage profile in figures 4.17-a and 4.18-a, which are widely con-
sidered by several researchers as the lithiation of amorphous silicon and the presence of
a two phase region. These phases correspond to the unlithiated amorphous silicon and
partially lithiated silicon phases (Li,Si) that co-exist until the voltage reaches 0.1 V,
wherein complete lithiation of the parent amorphous silicon phase occurs, and become
amorphous Li,;Si phase.[71, 274, 307, 308] Below 0.1 V, further lithiation of Li,Si phase
continues to occur and is represented by the peak at 0.023 V. The formation of crystalline
intermetallic phases is not expected due to the sluggish kinetics.[84, 263, 264, 269, 309]
When cycled at an extremely slow rate of C/100, Li and Dahn [264] reported the forma-
tion of LijsSiy phase at ~60 mV during first lithiation. However, similar to Moni and
Kumtas recent report [309], this phase formation is not observed in this work, possibly
due to the fact that the electrode was cycled at a moderate current rate (C/10), which
may likely bypass the formation of Lij5Siy phase.

During the delithiation step, two major peaks are observed: one at 0.304 V and another
at 0.459 V in figure 4.17-b and one at 0.288 V and another at 0.449 V in figure 4.18-b,
which correspond to the phase transition between amorphous Li,Si alloys and the forma-
tion of amorphous silicon, respectively.[274, 308] However, in the 2nd and the subsequent
cycles, the lithiation of amorphous silicon to form the Li,Si alloys is slightly shifted to
higher potential values and is consistent with other reports in the literature.[307, 308]
The differential capacity curves for the lithiation and the delithiation reactions super-
impose very well till the 400th cycle indicating that there are no additional reactions
occurring while cycling the hybrid nanostructures.

As the cycle proceeded in both figures 4.17-b and 4.18-b, the peaks diminished gradu-
ally. The same trend was observed in both voltage vs. capacity plots where the capacity
decayed with increasing cycle numbers (see figures 4.17-a and 4.18-a). Moreover, the
capacity of the heavily loaded (25 min) electrode decayed faster than that of the lighter
loaded (15 min) one, although the heavily-loaded one had relatively higher initial ca-
pacity. This suggests that the electrode having more active material, i.e. Si, possessed
higher initial capacity but experienced faster capacity decay. The capacity fading might
be due to two main possible reasons, such as thicker SEI layer residing in the SIQVACNT
electrodes, leading to inhibition of Li transport and to increase of the internal impedance

[310] and loss of active material due to SIQVACNT structural deformation.

Unfortunately, the electrode obtained after 35 minutes of Si deposition (with 4.5 mg
ecm~2 of silicon) could not be cycled due to the thick layer of Si on top of the CNTs

which resulted in severe cracking of the electrode during coin-cell mounting.
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cell potential plot of lighter loaded SI@QVACNTSs nanostructured electrode.
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potential plot cycled in the potential window of 0.02-1.5 V vs Li/ Lit at a

rate of C/10.
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The lithiation/ delithiation capacities plot for 400 cycles of the lighter and higher loaded
Si@VACNT nanostructured anode are shown in figure 4.19 (left panel). The first lithi-
ation and delithiation capacities are 3499.8 and 3442.6 mA g~! | respectively, with an
initial Coulombic efficiency of 98%, corresponding to an irreversible capacity loss of 2%
for the lighter loaded electrode (15 minutes of Si deposition). In the subsequent cycles,
the Coulombic efficiency, however reaches 99.95% and remains relatively stable. The
specific capacity of the SIQVACNT anode decreases between 1 and 200 cycles, exhibit-
ing an average fade rate of ~ 0.41% per cycle. When the capacity drops to around 650

1 where it remains

mAh g~!, furthermore it gradually stabilzes to about 450 mAh g~
stable until 400 cycles. At C/10 rate, retention of ~450 mAh g~! specific capacity in-
dicates the promising nature of this SI@QVACNT nanostructured anode which show a
higher capacity compared to the theoretical capacity of graphite even after 400 cycles.
The cycling stability plot for 400 cycles for the higher loaded SIQVACNT nanostructred
anode is shown in figure 4.19 (right panel). The first lithiation and delithiation capaci-
ties are 3858.2 and 3571.7 mA g~! |, respectively, with an initial Coulombic efficiency of
92%, corresponding to an irreversible capacity loss of 8% for the higher loaded electrode
(25 minutes of Si deposition). The electrode exhibits an average fade rate of ~ 1.8%
between the second and 100th cycle. At the end of 100 cycles, a capacity close to 300
mAh g~! is obtained when cycled at the C/10 rate. This capacity continues to decrease
until it reaches a value of 56 mAh g~! at 400 cycles. This severe capacity fading can be
explained by the excessive amount of silicon present on the VACNTSs which might have

caused cracking and pulverization of the electrode.
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Si@VACNT electrode during 400 cycles. Left: lighter loaded electrode and Right:
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4.5.1.3 Rate capability

It should be noted that the recovered capacity depends on the current applied. Indeed,
a high current makes it possible to lithiation or delithiation of the electrode faster. How-
ever, the transport of Li* ions within the electrode and the transport of electrons to the
current collector can become limited when the current density becomes too high, which
translates into a recovered capacity less than the theoretical capacity of the material.
A rate capability consists in recording the capacity of the electrode at different current
regimes. The current is expressed as C/n, where n is the number of hours required for
full lithiation or delithiation of the battery. Thus, the 1C regime is the current which
must be applied to insert or extract 3.75 Li for a Si in one hour, which corresponds to
3.58 A g~!. The rate capability is achieved by applying a low current and gradually

increasing it. Several cycles are usually performed at each regime.

In order to investigate the performance or the amount of charge stored in SIQVACNT
electrodes, galvanostatic measurements were performed at various rates from C/20 to
8C and the loading mass of Si NPs on the VACNT carpets was 0.30 mg cm~2. Fig-
ure 4.20-a displays the specific capacities of the electrode obtained as a function of the
lithiation/ delithiation rate, and demonstrates a very good cyclability. Specific delithi-
ation capacities of 2800, 2650, 2497, 1945, 894, 2305 mAh g~! were obtained at C/20,
C/10, C/2, 2C, 8C and C/20 rates, respectively. The specific delithiation capacity de-
creased gradually with increasing the C rate. However, the SIQVACNT capacities are
found to be 2 up to 7-fold higher (depending on the C rate) than the practical capac-
ity achieved with graphite electrodes. Furthermore, it is possible to recover the initial
capacity value after lithiation/ delithiation measurements at high C rates, indicating a
very good reversibility and no degradation of the SIQVACNT nanostructured anodes
when cyled at high rates. These outstanding performances validate our nano-fabricated
hybrid electrode approach and demonstrate the high rate capability of the hierarchical
hybrid nanostructured anodes. Comparing with the literature [70, 71, 73, 283] for an
analog hybrid structure (CNTs and Si), we obtain great initial lithiation/ delithiation
capacities when cycling at a moderate rate (2800 mAh g=!). Also at higher rates we
measure higher capacities when comparing to the analog hybrid structures and even
to the commercial anode (graphite) in LIBs. An impressive Coulombic efficiency was
obtained in the first cycles, around 95%, corresponding to an irreversible capacity loss
of only 5%, due to our VACNT carpets which ensure an excellent electron transport to
and from silicon nanoparticles, thus validating the potential of our fabrication of the
nanotructured current collectors. At the end of the cycling, the Coulombic efficiency
increases to 98%. Figures 4.20-b,c and d show the differential capacity versus potential

for the C/20 at the beginning of the cycling, at 8C rate and at the end of the cycling,
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returning to C/20 rate. We clearly observe the peaks of lithiation and delithiation cor-
responding to the amorphous silicon at a C/20 rate. However, at higher rate, we observe
one peak for the lithiation and another for the delithiation. The absence of one peak
for each of the lithiation and the delithiation processes can be explained as follows: due
to the very high rate of cycling, the Si NPs do not have enough time to go through a

phase transition, which leads to the disappearence of one of the peaks.
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Plots of differential capacity versus cell potential of the hybrid SIQVACNT
nanostructure anode.

4.5.2 Second approach

As seen from the above presented approach, in order to increase the mass of silicon
deposited on the electrode, an increase in the deposition time of silicon on 4-6um height
VACNTSs was performed. This approach revealed that with the increase in the deposition
time, the SIQVACNT structure only accommodates the low silicon loading, however it
struggles with the high silicon loading which could not be electrochemically tested. Since
silicon is known for the highest specific capacity and greatest volume change during
cycling, the amount of Si loading not only affects the cycling performance (e.g., specific

capacity of our electrode, Coulombic efficiency), but also the electrode integrity. As an
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attempt to improve this, a different approach was studied. It consists of the growth
of longer CNTs in order to increase the number of Si NPs deposited all over the side-
walls while keeping a low areal (in respect of nanotube’s area) density. In this case,
we can obtain a higher mass of silicon and deposition of true Si NPs, instead of a
thick silicon layer that encompass the tubes, thus avoiding the cracking of the electrode.
Different samples of VACNT carpets were prepared under the same growth conditions,
as described in Chapter 2, except for the CNTs growth duration. The first sample was
prepared with a growth time of 10 minutes, the second with 20 minutes and the third
with 30 minutes. The VACNT carpets obtained have a tube length of 7, 13 and 25 pm
for the 10, 20 and 30 minutes, respectively. Silicon deposition was performed by CVD
process where the grown VACNTSs were loaded at the same time into the reactor. The
deposition was carried out at 550°C with a mixed flow rate of 10 sccm SiH4 and 30 sccm
Hs, and a tungsten filament power of 72W. The pressure was set at 7 mbar and the
synthesis duration was 15 minutes. The mass of silicon was determined by measuring
the mass of the substrate each time before and after the silicon deposition using a quartz

crystal microbalance.

4.5.2.1 SEM and electrochemical characterizations of Si NPs obtained by
CVD

Figure 4.21 presents the SEM images of the hybrid SIQVACNT nanostructures, which
distinctly show the Si NPs attached to the CNTs (see figure 4.21-a;-bj-c1). The overall
configuration of the CNT carpets remains intact after silicon deposition, as shown in
figure 4.21-a-b-c. It is clear that the CNT surface provide the desired sites for Si NPs
to nucleate and grow during the subsequent SiH4 decomposition step. We observe that
the silicon particles covered the CN'Ts homogeneously, despite the length of the tubes.
With an increase in the length of the carpet, the mass of silicon increases: 1.50, 2.56

and 4.11 mg cm™2 for 7, 13 and 25 um of CNTs, respectively.

The electrochemical characteristics of the three samples with different loading mass were
cycled against metallic lithium using a coin cell configuration at C/20 rate and were
compared in figure 4.22-a. An areal capacity of around 1.6 mAh cm™2 is obtained for
sample 1 with a silicon mass of 1.50 mg cm ™2 that is stable during the subsequent cycles.
This capacity can be compared to or even better than the surface capacity obtained for
silicon nanowires (~ 0.9 mAh cm~2).[311] Sample 2 corresponds to a deposited mass of
2.56 mg cm ™2, and shows a surface capacity of 5.5 mAh cm™2. We observe an increase
in the lithiation capacity starting from the second cycle which can be attributed to
the activation of more silicon atoms reacting with lithium.[70] This capacity is 1.4 times

higher than that of commercial graphite based electrode. Sample 3 with a deposited mass
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2

of 4.11 mg cm~? gives a surface capacity of 12.6 mAh cm~2. Unfortunately, because

they were assembled in coin cells recently, at the time when this manuscript was written,
the SIQVACNT are still in their first cycles, which prevents as from showing any results

on further cycles. The presented cycles show no obvious capacity decay.

Si measured mass
1.5 mg/cm?
5.37 mAh/cm?

Si measured mass
2.56 mg/cm?
9.16 mAh/cm?

Si measured mass
4.11 mg/cm?
14.71 mAh/cm?

FIGURE 4.21: SEM images of SIQVACNT anode with different lengths of
VACNT. a) 7um, b) 13um and c¢) 25um. a;), b)) and c¢; are higher magnifi-
cation images of a), b) and c), respectively.

To highlight the excellent cycling performances of our electrodes and to provide a com-
parison, our hybrid nanostructures were compared to a forest of silicon nanotrees [311], a
commercial graphite electrode whose maximum surface capacity at low speed is slightly
greater than 4 mAh cm™2 and silicon composite electrodes derived from the recent liter-
ature [312] and deposited on a current collector which is a copper foam, which makes it
possible to achieve these high loading masses while retaining interesting electrochemical
performances.

In order to compare to a commercial graphite electrode, we use the tests performed by
the author in ref [311]. The graphite electrode was taken from a commercial battery
of type NCR18650PF of the brand Panasonic, displaying an energy of 2900 mAh. It
corresponds to the state of the art electrode in terms of energy density. A small sample
of the negative electrode was then cut and reassembled in a coin cell, against a metal

lithium counter electrode. The electrolyte used was a commercial one, very similar to
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that used for cycling nanotrees of silicon electrodes, but with an EC/ DEC/DMC ternary
electrolyte (2/1/2) instead of the EC/DMC binary. The electrochemical windows used
for the cycling of this electrode were 0 V for lithiation and 1 V for the delithiation.
A capacity of about 4 mAh cm™2 was obtained at very low C rate, as expected. The
electrode was capable of maintaining this capacity without significant loss up to C/10
rate, but for a C/2 rate the capacity decreased up to 1.3 mAh cm~2.

The comparison was also carried out with high loading masses silicon-based electrodes.
These are results published recently by Mazouzi et al [312] and correspond to the best
silicon based electrodes fabricated so far. Two examples from this work are presented
in 4.22-b. Mazouzi et al. carried out these tests by limiting the maximum capacity to
1200 mAh g~!. Despite this limitation, the surface capacity remains lower than that of
our most loading mass electrode.

Comparing to the literature [311-313] dealing with nanowires, hybrid structure (Si and
CNT) and silicon composites based electrodes, our silicon nanostructure based electrodes

show, to the best of our knowledge, the best surface capacity of 12.6 mAh cm~2.
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4.6 Conclusion

It has been proven in literature that nanoparticles with smaller diameters show a higher
specific capacity and better capacity retention because of the reduced tendency for par-
ticle cracking. However, the particle-based anode material is also hindered by electro-
chemical aggregation and electrode destruction after repeated expansion/ contraction.
To address these issues, nanoparticles were dispersed into matrices so that stress gener-
ated from volume expansion during lithiation could be quickly released. The matrix did
not experience huge volumetric change which might buffer the huge expansion of silicon,
maintaining the structural integrity of the electrode and enhancing the electric conduc-
tivity and cycling stability. In our approach a hierarchical nanostructure SIQVACNT
was directly synthesized onto the copper current collector through a simple two-step
CVD process, removing the use of polymer binder or carbon additives. The direct syn-
thesis of the VACNT on the current collector ensured that every tube is electrically
end-connected onto the current collector, thus provided an overall nanostructured cur-
rent collector and maximized the electron and the Li* transport.

The SiQVACNT with loading up to 4.11 mg cm™2 of silicon could be fabricated and
showed an excellent surface capacity of 12.6 mAh cm ™2, the highest value for nanostruc-

tured silicon anodes obtained so far.



Chapter 5

Towards a full battery based on

nanostructured electrodes

5.1 Motivation

Half cells use pure lithium foil as the counter electrode, because it provides an essential
source of unlimited amount of Li™ ions to the system. However, this overabundance of
Li™ ions can cause plating at the anode, short circuiting, and might lead to overheat-
ing, fire, or even explosion. Due to these safety concerns, metallic lithium foil is not
appropriate for commercial LIBs. In order to avoid the use of elemental lithium and to
make a safer Li-ion battery, a high capacity anode material, such as silicon, i.e. different
than metallic lithium, can be used where the source of lithium will be provided in the

cathode, i.e. sulfur when its lithiated (Li2S).

In the previous Chapters, we have evaluated the properties and the electrochemical
performances of sulfur cathode and silicon anode for LIBs application. Separate half-
cell tests have showed superior high capacity and good cyclability when they are coupled
with lithium metal foil. Now, it is the appropriate time to integrate sulfur and silicon
into a full battery by combining SIQVACNT anode with SQVACNT cathode.

5.2 Half-cell test of SIQVACNT anode

The challenge faced by Si-S battery is the choice of electrolyte. Currently, the optimized
electrolyte for Siis LiPFg dissolved in EC-DMC-FEC mixed solvent, and for Li-S battery
is LITFSI dissolved in (DME-DOL) system. The question that arise is which type of

electrolyte is better to use, or whether it is required to develop new electrolyte system
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which will need comprehensive dedicated research”.

To this end, we tested the SIQVACNT in the same electrolyte used for S in order to find
out whether it is compatible. In our experiments, SIQVACNT electrodes were tested
in a half-cell configuration with lithium foil counter electrode and the same electrolyte
employed in the SQVACNT/ Li half-cells. SI@QVACNT was cycled between 0.02 and 2
V at a rate of C/20 against a metallic lithium foil, and the electrolyte was 1 M LiTFSI
in DOL/DME (1:1) + 0.25 M LiNOs. The areal weight of the Si anode electrode was

0.62 mg cm™2.

Assuming a specific capacity of 3580 mAh g~! for Si, we expect a
theoretical capacity of the electrode to be 2.21 mAh cm™2. Figure 5.1 shows the initial
five lithiation/ delithiation cycles of the Si anode in a Si/Li half-cell at a rate of C/20.
It can be observed that the first lithiation capacity reaches the calculated theoretical
capacity (2.91 mAh ecm™2), following a potential profile which is a characteristic of
amorphous silicon. After the first lithiation and delithiation cycle, the specific lithiation

and delithiation capacity decreases to a constant value of 1.32 mAh cm ™2

, corresponding
to 45% of the theoretical areal capacity of the anode. The higher capacity observed in
the first lithiation is attributed to SEI formation on the Si surface. The voltage profile
is similar to that in a LiPFg/ EC/ DEC electrolyte suggesting similar chemistry, except
for the plateau at 1.4 V which can be attributed to the SEI formation. Silicon anodes

have been proven to work in this type of electrolyte.[224]
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Si@VACNT electrode in the same electrolyte employed for sulfur electrodes.
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5.3 Lithiation of Al,O;@QS@QVACNT

Sulfur as a cathode material has many benefits, such as abundance, low cost, high energy,
and environmental benignity. Because of the lack of lithium in the sulfur cathode before
cycling, lithium metal is usually used as the anode which has safety issues, impeding
the commercialization of Li/S batteries. In this regard, lithium sulfide (LisS), the fully

1 is a more desirable

lithiated state of sulfur with a theoretical capacity of 1166 mAh g~
cathode material compared to sulfur as it could allow lithium-free anodes to be used,

such as graphite, Si, Sn, and metal oxides.[224, 314-317]

In order to convert S into LisS, three different approaches can be used:

e Organic lithium salts (e.g. n-butyl-lithium): These metal organic salts are usually
air-sensitive and toxic, and can only be used in a well-protected environment for

safety concern.

e Commercially available LisS: commercially available lithium sulfide consists of 30
to 100 pm sized particles and has no electrochemical activity due to the large
particle size, and is not suitable for battery application due their prices which are
400 times higher than for elemental sulfur. In addition, LisS is usually delivered

with other lithium salt impurities.[318]

e Lithiation of the S electrode: It is an easy and a cheap approach to obtain lithium
sulfide. It consists of assembling the as-fabricated electrode AloO3@QS@QVACNT in

battery (for example a coin cell) against metallic lithium foil.

5.4 Towards the full-cell

The Al;O3@SQVACNT was lithiated for one cycle at a rate of C/20 with a cut-off at
1.7 V in a coin-type half cell and was then disassembled in a glove box for further use.
It should be noted that the lithium present in the electrode contributes non-negligible
to its mass. Therefore, it is the total mass of the electrode material and not just the
mass of sulfur which must be taken into account in determining the specific capacity of
the electrodes. The mass loading of sulfur in the electrode was 0.75 mg cm™2. After

2

lithiation, we measured a mass of 1 mg cm™2 corresponding to LisS.

The prelithiation is meant to intercalate Li into the electrode active material by putting
extra Li in the electrodes prior to electrochemical testing. It has the advantage of
compensating the Li loss due to SEI formation in the first cycles and reduction of

the initial irreversible capacity loss to some extent. The prelithiation of SIQVACNT
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electrodes was carried out in a glove box before the assembly of the full-cell. The
SiIQVACNT electrode was pressed against a metallic lithium foil after having carefully
deposited a drop of electrolyte (LiPFg EC:DMC + FEC 5wt%) on its surface to allow
the conduction of the lithium ions.[319]

In the full-cell, the silicon mass in the anode was balanced with the mass of LisS in the
cathode. The cycling of LipS/Si full-cell was investigated using AloO3@QLioSQVACNT
cathode and SiQVACNT anode of theoretical capacities of 1.15 and 1.60 mAh cm™2,
respectively between 1.3-2.6V at a C/20 rate.

Figure 5.2 shows the voltage profile of the first charge and discharge cycles for a LisS/Si
battery at a rate of C/20, which corresponds to 58 mA g~! with respect to LisS. The
average discharge voltage of the LipS/Si full-cell is ~1.7 V| since the silicon anode has
an average discharge potential of ~0.4 V versus Li/LiT. The first charge and discharge
capacities reach 365 and 486 mAh g—', respectively. However, from the second cycle

the capacities drop to reach 3 mAh g~!.

Although no additives were used, an initial
specific energy of 353 Wh kg~! for the full cell was obtained. This value is similar to
that of commercial Li-ion batteries (364 Wh kg~1). To calculate this practical value for
the LiCoOs /graphite system, equation 5.1 was used with the following values: cathode

1 1

capacity: 140 mAh g™, anode capacity: 330 mAh g~ operating voltage: 3.7 V.

_ CexCy

F=_—c">~a
C.+C,

(Ve = Va) (5.1)

Despite its non optimized configuration, the sulfur-silicon lithium-ion battery developed
here offers a good performance in the first cycle. Compared with the specific capacities
of the half cell for sulfur and silicon, the specific capacity of the LiaS/Si full cell decays
faster. This could be caused by the following factors: 1) in full cells, there is a limited
supply of Li™ ions, which can be irreversibly lost in side reactions. However, Li* ions
that would be lost in a full cell configuration can be restored by the Li metal counter
electrode in half cells, which is a virtually unlimited source of Li* ions. 2) unsatisfactory
mass balance of the two electrodes, and 3) deposition of polysulfide on Si consumes both

the cathode and anode, leading to a fast capacity decay.

The full cell test has shown preliminary results of the LipsSQVACNT/ SIQVACNT full
battery with promising performances. However, there are still many unsolved issues,
such as the stability in the capacities during cycling. Great efforts in optimizing both

electrode materials as well as suitable electrolyte system are essential.
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FIGURE 5.2: a) Charge/ Discharge capacities of the full cell during the first
cycle. b) Areal capacities of the full cell.






General Conclusion and

Perspectives

The energy storage market was increasing steadily over the last decades. The global
increase of energy consumption, environmental pollution associated with the emission
of CO4 and depletion of fossil fuels have driven the development of alternative energy
technologies based on renewable sources. Rechargeable lithium-ion batteries (LIBs) are
considered as one of the most promising candidates for their high energy density and
high operating voltage. Despite their widespread use, rechargeable LIBs face various
materials and interfaces challenges that for the moment, exclude them from high power

and high performance applications.

The work presented in this manuscript explored a very promising and original approach
for the implementation and development of a new fabrication technique for the LIB elec-
trodes based on the bottom-up nanostructuration principle. Applied to different active
materials, in particular, sulfur and silicon nanoparticles, the emphasis was to fabricate
and cycle each electrode separately (sulfur nanoparticles-decorated-carbon-nanotubes
for the cathode and silicon nanoparticles-decorated-carbon-nanotubes for the anode)
and evaluate its performance in front of metallic lithium. One of the challenges was to
assemble the complete nanostructured battery based on the fabricated nanostructured

electrodes and test its performance.

Due to their large surface area, high electrochemical accessibility, good electrical con-
ductivity, and well-aligned directional structures, vertically aligned carbon nanotube
(VACNT) carpets were the basic materials used for the fabrication of the electrodes.
VACNTsS help to improve the charge or ion storage and delivery in energy devices. The
first part of the work was to achieve and control the synthesis of VACNTs on two differ-
ent substrates, aluminum (Al) and copper (Cu). The VACNTSs have been synthesized
by hot filament-assisted chemical vapor deposition, directly on the current collector Al
and/ or Cu. Dense and vertically aligned carbon nanotubes with different lengths were

successfully prepared at low temperature (600°C). The VACNTSs length was controlled
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by modifying the growth time at fixed experimental conditions. The height of the nan-
otubes is an important parameter to be taken into account since to the specific surface
area of the VACNT structure is proportional to it. By adjusting properly the growth
parameters, mainly the growth time, we were able to synthesize VACNTs with varied
lengths between 7 to 47 pm and diameters ranging from 2 to 5 nm. This synthesis tech-
nique has the advantage of providing direct contact of each nanotube with the Al and/
or Cu macroscopic current collector, allowing for the design of the nanostructured cur-
rent collector. The transport of electrons and ions was ensured throughout the electrode

without the need of binders or conductive additive.

The second and most important part of the work concerns the cathode and anode
nanofabrication. As a first step, the design and fabrication of the nanostructured cath-
ode, based on sulfur as active material, was achieved. Sulfur has a theoretical specific
capacity of 1675 mAh g—!, that is five times higher than those of traditional transition
metal oxides or phosphate. In addition, sulfur has other advantages, such as low cost
and environmental safeness. However, sulfur has its own drawbacks such as low electrical
conductivity, dissolution of polysulfides in the electrolyte and volume expansion of sulfur
during cycling. These problems lead to poor electrochemical performances and low cycle
life. To overcome these problems associated with sulfur, the use of nanomaterials and a
good conductive material into the electrode are crucial. A series of experimental designs
were carried out in this study to fabricate various nanomaterials, to construct and to
improve the performances of sulfur cathodes for Li/S batteries. Sulfur nanoparticles (S
NPs) were deposited on the VACNT carpets using two different methods: electrodepo-
sition and physical vapor deposition (PVD). These two methods are considered to be
a simple way to fabricate the sulfur electrode with the use of low cost and commer-
cial products. The electrodeposition process was carried out by using a three electrode
configuration in a working-solution composed of sodium sulfide and sulfuric acid aque-
ous solution. Since the electrodeposition of the S NPs was not homogeneous on all the
VACNT carpet length, a second method based on a home-made ampoule system was
used to improve the deposition of the S NPs. We observed that, after the sulfur evapora-
tion, ~1.0 mg cm ™! of sulfur loading mass was deposited on the VACNTSs. A thin sulfur
film on the surface of the VACNT was formed as well as evaporated S NPs encompass the
whole nanotubes. The electrochemical performances of the obtained SQVACNT elec-
trode were tested in a half coin cell. An impressive capacity of lithiation was obtained
in the first cycle, very close to the theoretical capacity of sulfur. However, this capacity
dropped during cycling due to the dissolution of soluble lithium polysulfides. Therefore,
optimization of the electrode fabrication was indispensable. To achieve successful Li/S
batteries, it is essential to trap the intermediate polysulfides effectively to improve the

cycle life of the sulfur electrode. Coating is an attractive approach for sulfur cathodes
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to prevent side-reaction shuttle effect. Metal oxide and conducting polymer have been
employed in this work to adsorb lithium polysulfides in order to improve the elctrochem-
ical performance of the Li/S batteries. Thin alumina (AlyOs3) coating material for sulfur
electrodes was successfully evaporated by a home-made evaporator and the polyaniline
(PANI) polymer was deposited by an electrodeposition process. This approach, with
AlyO3 and PANI coating, demonstrated a significant improved cycle stability of sul-
fur cathodes. The study clearly claimed thickness effect of the coating layers on the
electrochemical performance of sulfur cathodes. The two electrodes Al,O3QSQVACNT
and PANIQSQVACNT have shown high initial lithiation/ delithiation capacities and at
the end of cycling they still presented a good specific capacity compared to commercial
cathodes.

Besides the SQVACNT electrode, nickel-based-nanostructured cathode was fabricated
in the attempt to obtain LiNiOy material. Nickel nanoparticles (Ni NPs) were deposited
by a pulse electrodeposition process (PED) in a Watts bath. A homogeneous deposition
was obtained on the surface and to a certain in-depth of the side-walls of the VACNTSs.
The XRD and TEM analyses revealed the formation of NiO, particles. The Ni NPs
were first heated under water vapor atmosphere in order to transform them to NiOs
particles. Those particles should then be lithiated to be compatible for their use as a
cathode in LIBs. However, after we characterized the post-heated sample, we found
that the particles remained NiO, and fully oxidized to NiOy. This prevented us from

performing further investigations on this Ni-based material.

As a second step in this work, the nanofabrication of the anode was achieved. Silicon
has the highest theoretical specific capacity for lithium storage (3580 mAh g~!, over 10
x higher than conventional graphite at 372 mAh g—!), and is considered as a promising
anode material to achieve high energy density required by rechargeable battery systems
in the near future. There are two main challenges that impede applications of silicon
as anode for LIBs: large volumetric change for silicon lithiation and delithiation (over
300 % volume change) and the solid electrolyte interphase (SEI) on silicon anodes.
Silicon nanostructures have shown great potential to maintain a high capacity while
accommodating repetitive volumetric change for alloying and dealloying reactions. In
this work, silicon nanoparticles (Si NPs) were deposited on VACNT carpets by two
different approaches: electrodeposition and CVD with the aim of creating high capacity,
long life anodes for LIBs. The electrodeposition processes were established using two
different methods, cycling voltammetry (CV) and PED. By applying both CV and PED
techniques, the deposition of Si NPs on VACNT carpets was inhomogeneous. The
electrochemical performances of the SI@QVACNT obtained by CV were higher than the
PED technique due to higher mass and better adhesion of the Si NPs.
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In the second approach, the CVD method was used for the decoration of the VACNTs.
Si NPs were deposited at different deposition duration, temperatures, and on VACNTs
with different lengths. The first study was done on 4-6 um VACNTSs and at 500°C by
varying the deposition time. After 15 minutes of deposition, Si NPs were formed on the
side-walls of the tubes with an ellipsoidal morphology and a homogenous size between
10 to 20 nm. Increasing the deposition time to 25 minutes, the size of the particles
increased up to 40 nm, and to 35 minutes, the formation of a silicon shell around the

CNTs was seen. The loading mass of Si were 0.20, 1.2 and 4.5 mg cm ™!

corresponding
to 15, 25 and 35 minutes deposition duration, respectively. For the electrochemical
performances, the electrodes synthesized at 15 and 25 minutes were cycled in a half
coin cell up to 400 cycles. The lighter loaded electrode (15 minutes) exhibited a better
cycle life compared to the higher loaded electrode (25 minutes). This implies that the
Si@QVACNT structure only accommodates low silicon loading, but still struggles with
high silicon loading. However, the lighter loaded SIQVACNT electrode exhibited an
impressive rate capability of 894 mAh g~!, achieved at 8C rate, indicating that the

as-fabricated electrode sustain very high C rates without structural damaging.

In order to obtain higher mass of silicon, different lengths of CNTs have been decorated
with Si NPs using the same deposition time (15 minutes) and temperature (550°C).
From the SEM analyses, we observed that the Si NPs covered the overall VACNTSs in a
homogeneous manner. We could establish that with the increase in the carpet length,
the mass of silicon increased as follows: 1.50, 2.56 and 4.11 mg cm™2 for 7, 13 and
25 um of CNTs, respectively. These loading masses correspond to an areal capacity of
1.6, 5.5 and 12.6 mAh cm™? obtained from experiments. The 12.6 mAh cm™2 obtained
value is three times higher than the areal capacity of commercial graphite and that of
nanostructured silicon-based anodes found in literature.

A hierarchical-hybrid electrode nanostructure aims to improve the cycling performance
of Si-based electrodes by accommodating silicon volume variations using the merits of
VACNT carpets. These findings will hopefully contribute to bringing electrodes with
higher Si content to the market, enabling batteries with improved energy density, cost

and safety, all of which are essential for a society based on renewable energy sources.

The third part demonstrates a new type of rechargeable LIB containing LisS and Si
as the active materials in the cathode and anode, respectively. The theoretical specific
energy of this new battery is four times that of state-of-the art battery technology.
Additionally, this new battery system will avoid the intrinsic safety issues associated

with the use of metallic lithium in Li/S batteries.

Perspectives:
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Several perspectives are interesting to be explored in order to extend this work.

Regarding the cathode materials, there is still plenty of room for the improvement of
the electrochemical performances of the as-fabricated electrodes. The development of
Li/S batteries is an important direction for the elaboration of secondary high energy

batteries. Some suggestions concerning the Li/S battery are presented below:

e Improvement and control of the sulfur evaporation (in our case using the ampoule

technique) in order to better control the formation of the sulfur layer.

e SQVACNTS coating (with alumina in our case) is a promising route in our opinion.
The use of a cold source for the alumina coating will avoid the evaporation of S NPs

encountered with the high temperature used in the previous evaporation method.

e Finally, increasing the S NPs loading mass remains one of the most important
perspective. Therefore, the deposition of S on longer VACNTSs can provide a

higher loading mass.

e Perform in-depth studies on the chemical or physical methods that will allow us to
obtain NiOy NPs for the possible incorporation of nickel based cathode in LIBs.
For instance, perform the annealing step of the Ni NPs under oxygen atmosphere

that might help in the formation of NiOy particles.

Concerning the anode, silicon is a promising anode material to increase the capacity of
LIBs. Owing to its theoretical capacity of 3580 mAh g~!, it is essential to improve the
cycling performance and the cycle life of SIQVACNT nanostructured electrode in order
to be able to commercialize it.

Future works can be envisioned:

e Investigate the cycle life of the SIQVACNT electrode with higher-loaded mass

under which the capacity remains stable.
e Perform the rate capability for the higher loaded SIQVACNT electrode.

e Design and explore a new approach based on the deposition of Si nanowires on the
sidewalls of the CN'Ts instead of Si NPs.

Since this work presented the first trial of using a full cell based on LisSQVACNT as
cathode and SIQVACNT as anode, we believe that extensive work has still to be done
in order to optimize the full cell performances (energy and power densities) at low and
elevated temperatures. Furthermore, the thermal stability of the system needs to be

characterized, as it is crucial for safety.
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Finally, for all the systems, it is essential to establish a correlation between the struc-
ture of nano-composites (NPs dispersal and location) and the performances of the device
(their properties and their stability during cycling). One solution for doing that relies
on the implementation and the development of new in-situ and in-operando TEM ob-
servations and analyses that will give a "direct vision” on the electrochemical processes

that occur during the nanostructured electrode synthesis.
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A.1 Scanning electron Microscopy

Scanning Electron Microscopy (SEM) is an important tool used to for observing and
analyzing the topography of the surface of a material. The principle of SEM is to use
a focused beam of high energy electrons, the beam hits the specimen surface, gener-
ating different types of signals including secondary electrons, back-scattered electrons,
transmitted electrons, and characteristic X-rays (fluorescence). The signals that derive
from electron-sample interactions can be used to reveal information about the sample’s
morphology. The secondary electrons are used for the observation of the samples. By
scanning the sample and collecting the secondary electrons that are emitted, an image

displaying the topography of the surface is created.

A.2 Transmission electron Microscopy

Transmission Electron Microscopy (TEM) has become a powerful characterization and
observation technique, allowing for the exploration of matter at very high spatial resolu-
tion, down to atomic level, due to the use of fast electrons with wavelengths in the order
of some hundredth of Angstrom. The characterization include: morphology, size distri-
bution, crystalline structure, strain, defects and chemical information. The principle of
TEM is based on the interaction between a strongly accelerated electron beam and the
materials-samples; an interaction which is rather strong and generates a multitude of
signals: passed or transmitted electrons if the sample is thin enough, electrons scattered
elastically, inelastically or backscattered, photons X. By analyzing these signals, we can
obtain a multitude of information on samples, concerning their shape, surface topog-

raphy and possible porosity or crystallographic structure. TEM samples must be very
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thin (typically, sample thickness is less than 200 nm, depending on their composition

and the expected information from TEM characterization).

Figure A.1-a illustrates a simplistic representation of a transmission electron microscope
with in figure A.1-b the various signals produced by the possible interactions between
electrons and the material.[320] An electron beam is first generated in the part called
electron gun or accelerator. The most common types of TEM have thermionic guns
capable of accelerating the electrons through a selected potential difference in the range
of 60-200 kV. The appropriate electron energy depends upon the nature of the specimen
and the information required. For instance, if the specimen is relatively thick a very high
resolution is required, it is an advantage to use much higher electron energies. Below
the electron gun are two or more condenser lenses. They demagnify the beam emitted
by the gun and control its diameter as it illuminates the specimen. This enables the
operator to control the area of the specimen which is illuminated by the beam and thus
the intensity of illumination. Below the condenser lies the specimen chamber. A very
small specimen must be held in precisely the correct position inside the objective lens,
but should also be capable of being moved several micrometers and tilted by large angles.
The role of the objective lens is to form the first intermediate image and diffraction pat-
tern, one or other of which is enlarged by the subsequent projector lenses and displayed
on the viewing screen. The first image produced by the objective lens usually has a
magnification of 50-100 times. This is further magnified by a series of intermediate and
projector lenses and is finally projected onto the fluorescent screen. Some specialized
microscopes have an energy filter below the specimen, which can be tuned to allow the
passage of only elastically scattered electrons or electrons which have suffer a particular
energy loss. This has advantage in, for example, high resolution electron microscope,
since inelastic scattering degrades image quality.[321]

Nowadays the last generation electron microscopes have two different illumination modes:
the Bright Field mode (BF) which corresponds to the conventional microscopy and the
Scanning Transmission Electron Microscopy mode (STEM). Contrary to the TEM mode
which uses a parallel beam for the image formation, in the STEM mode the electrons
are focused in a small probe which rasters the sample and in each point different signals
are collected by two types of detectors, i.e. the transmitted electrons using an in-axis
detector and the electrons scattered under various angles using an off axis detector. In
STEM mode the images resolution strongly depends on the probe size and on the shape
of the studied object. The size of the probe is strongly related to the alignements of the
microscope which must supply a concentrated enough and intense beam to have a good

signal to noise ratio in the reordered images.

Some imaging modes used in this work are listed below:
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FIGURE A.1l: a) A simplistic representation of a transmission electron micro-
scope with in (b) the various signals produced by the possible interactions

between electrons and the material.

[320]

High-resolution TEM (HR-TEM): The imaging mechanism of HR-TEM is
phase contrast, which uses the interference of the transmitted beam and diffracted
beams to form images at atomic level. HR-TEM is useful for the imaging of atom

arrangements in projection.

High angle annually dark field (HAADF)-STEM imaging: HAADF-STEM
imaging collects incoherently scattered electrons at high angles to form images,
which gives contrast dependent on atomic number and specimen thickness. It is
also called Z contrast.

When we use accessories to study the chemical composition of an object, we speak
about analytical electronic microscopy. If we consider the plan illustrated in fig-
ure A.1-b the analytical electron microscopy uses X-rays and electrons scattered

inelastically.

Energy-dispersive X-ray spectroscopy (EDX or EDS): is a powerful-yet
easy to use-technique that is ideal for revealing what elements, and by inference
chemical compounds, are present in a particular specimen. Basically, EDS consists
of detecting the characteristic X-rays produced by each element after bombarding

a sample with high energy electrons in an electron microscope.[322]
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e Electron energy loss spectroscopy (EELS): Only electrons with particular
energy losses ("energy windows”) are chosen by energy slit to form images. Since
the energy losses are characteristic of the elements in the sample, EFTEM can
be used for elemental/ chemical mapping. It can also be used to improve the
contrast in images and diffraction patterns by removing inelastically scattered
electrons.[253-256]
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B.1 X-ray diffraction

The X-ray diffraction (XRD) is a non-destructive and most commonly used technique
which can reveal information on the crystallographic structure and the chemical com-
position, and the physical properties (thickness, roughness and density) of a sample.
X-rays are generated from an X-ray tube when the anode material (here copper as usu-
ally used) is irradiated with a beam of high-energy electrons. The high-energy electrons
are accelerated by a high voltage electric field. X-ray radiation is a type of electromag-
netic wave with wavelengths of the order of 10-10 m.[323] Therefore, the X-rays can
be scattered by each set of lattice planes at a characteristic angle, and the scattering
patterns are related to the crystal structure of the given material. This is because each
material has a set of unique d-spacing, which correspond to the XRD pattern. The

Braggs law presents the diffraction condition from planes with a given d-spacing:

nA = 2dsinf (B.1)

Where n is an integer, A is the wavelength of the incident X-ray beam, d is the distance
between atomic planes in a crystal, and 6 is the angle of the incidence. In simple
structures, the peaks in an X-ray diffraction pattern are directly related to the atomic
distances through equation B.1. Figure B.1 shows an incident X-ray beam interacting
with the atoms arranged in a periodic manner. The atoms, represented as spheres in the
diagram below, can be viewed as forming different sets of planes in the crystal. Here, the
Braggs law illustrates that a set of parallel planes with index (hkl) and the interplanar
spacing dpx; produces a diffracted beam when X-rays of wavelength A impinge upon
the planes at an angle 6 and are reflected at the same angle. XRD patterns are unique

for compounds in terms of crystal structures and components. With the help of a
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comprehensive database, the phase component along with the crystal structures of a

sample can be identified.

FIGURE B.1: Schematic illustration of the Braggs law.[323]

The Bragg-Brentano geometry (symmetric 6-6) is classically used for XRD analysis of
powder or bulk sample. In this reflection geometry, the divergent and diffracted beams
are focused at a fixed radius from the sample position. In the case of thin layers, the
penetration depth of X-rays mostly exceeds the thickness of the layer. This causes a
large fraction of the intensity to reflect from the substrate rather than the film itself
when 6-0 configuration is utilized. This technique is known as the grazing incidence
X-ray diffraction (GIXRD), and it makes it possible to obtain depth-resolved structural
information by probing the sample under different angles of incidence. The incident
angle, denoted by w, is fixed at a small angle (exceeding the critical angle of total
reflection, typically between 0.3° and 3°). During the measurement, w is kept constant
while the detector is moved along the 26 circle so that the angle between the sample
surface and the outgoing beam is 260-w. The incident beam travels on the film surface of
interest, reinforcing its diffraction pattern, while the signal from the substrate is reduced
or avoided due to the small angle of incidence w (see figure B.2). This distinguishes

GIXRD from the symmetric 6-0 configuration but both are coplanar configurations.[324]
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C.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is an essential technique to study the electrochemical reac-
tions (oxidation and reduction) of the batteries. It is an electrochemical technique in
which the potential of the working electrode is scanned between two potential limits at
a certain scan rate. The current is recorded and the voltammogram is the representa-
tion of the current vs. the applied potential. The potential is applied with respect to
a reference electrode and the current is measured between the working electrode and
the counter electrode. CV scan starts with a current at zero flow. During the sweep
scan, the analytes that can reduce (oxidize, depending on sweep direction) will produce
a current over a range of potential. This technique is very useful for studying electro-
chemical processes (i.e. reduction and oxidation reactions) which occur in a battery and
it provides information about the potentials at which the reactions take place within a

given electrochemical window.[300]

C.2 (Galvanostatic cycling

For Li-ion batteries, Galvanostatic Cycling with Potential Limitation (GCPL) is a
commonly used technique to determine the specific capacity, cycling performance and
Coulombic efficiency of electrode materials. The capacity is generally derived from the
current (A or mA) and the time (h), and the unit of capacity is Ah or mAh. GCPL
measurements are normally conducted by applying a constant current density defined
as C-rate. The lithiation/ delithiation capacity can be calculated by the equation given
below:

Q=1xt (C.1)
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where I is the current density and t is the time of completion of one cycle.[300]



Résumé de la these

Grace a leurs hautes densités d’énergie et de puissance, les batteries Lithium-Ion (LIBs)
sont I'un des meilleurs candidats pour le stockage d’énergie & grande échelle dans les
systemes d’énergie renouvelable et les véhicules électriques. Cependant, 1’état actuel
de la technologie lithium-ion ne répond pas aux exigences de puissance et de sécurité
d’usage requises pour ces applications. Il est bien connu que la performance d’une LIB
dépend fortement du choix des matériaux d’électrode. Afin de développer des batteries
a fortes densités d’énergie et de puissance, des matériaux d’électrode innovants doivent
étre développés pour répondre aux criteres suivants: forte abondance naturelle, faible
colt, respect de I’environnement, grande capacité de stockage et une bonne cyclabilité.
Le soufre (S) et le silicium (Si) sont tous les deux les matériaux théoriquement les plus
prometteurs respectivement pour la cathode et ’anode car ayant les capacités théoriques
les plus élevées (1675 mAh g1 et respectivement 3580 mAh g~!). Néanmoins, leur util-
isation pratique dans les LIBs est limitée & ce jour. En effet, le Souffre présente un
caractere isolant et est sujet a la dissolution des polysulfures dans I’électrolyte généré
pendant le cyclage. Le Silicium quant a lui subit d’importantes variations de volume
lors du cyclage qui impactent la durée de vie de ces électrodes. L’un des moyens de
surmonter ces défis est d’utiliser des matériaux nanostructurés.

Cette these est consacrée a la fabrication ascendante (bottom-up) de matériaux nanos-
tructurés hybrides hiérarchisés & base de nanotubes de carbone alignés verticalement
(VACNTS) décorés par des nanoparticules (NPs). En fonction de leur utilisation comme
cathode ou anode, des nanoparticules de S ou Si ont été déposées. En raison de leur
structure unique et de leurs propriétés électroniques, les VACNTSs agissent comme une
matrice de support et un excellent collecteur de courant, améliorant ainsi les voies de
transport électroniques et ioniques. La nanostructuration et le contact du soufre avec
un matériau hote conducteur améliore sa conductivité, tandis que la nanostructuration
du silicium permet d’accommoder plus facilement les variations de volume pendant les
réactions électrochimiques. Dans la premiere partie de la these, nous avons synthétisé des
VACNTSs par une méthode de dépot chimique en phase vapeur (HF-CVD) directement

sur des fines feuilles commerciales d’aluminium et de cuivre sans aucun prétraitement
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des substrats. Dans la deuxieme partie, nous avons décoré les parois latérales des VAC-
NTs avec différents matériaux d’électrode, dont des nanoparticules de S et de Si. Nous
avons également déposé et caractérisé des nanoparticules de nickel (Ni) sur les VACNTs
en tant que matériaux alternatifs pour I’électrode positive. Aucun additif conducteur ou
aucun liant polymere n’a été ajouté a la composition d’électrode. La décoration des nan-
otubes de carbone a été effectuée par deux méthodes différentes: méthode humide par
électrodéposition et méthode seche (par dépot physique en phase vapeur (PVD) ou par
CVD). Les structures hybrides obtenues ont été testées électrochimiquement séparément
dans une pile bouton contre une contre-électrode de lithium. A notre connaissance, il
s’agit de la premiere étude de I’évaporation du soufre sur les VACNTSs et de la structure
résultante (appelée ici SQVACNTS). Des essais préliminaires sur les cathodes nanostruc-
turées obtenues (SQVACNTSs revétus d’alumine ou de polyaniline) ont montré qu’il est
possible d’atteindre une capacité spécifique proche de la capacité théorique du soufre.
La capacité surfacique de SQVACNTS, avec une masse de S de 0.76 mg cm™2, & un
régime C/20 atteint une capacité de 1.15 mAh cm™2 au premier cycle. Pour les an-
odes nanostructurées au silicium (SiQVACNTS), avec une masse de Si de 4.11 mg cm ™2,
on montre une excellente capacité surfacique de 12.6 mAh cm ™2, valeur la plus élevée
pour les anodes a base de silicium nanostructurées obtenues jusqu’a présent. Dans la
derniere partie de la these, les électrodes nanostructurées fabriquées ont été assemblées
afin de réaliser la batterie complete (LiaS/Si) et sa performance électrochimique a été
testée. Les capacités surfaciques obtenues pour les électrodes nanostructurées de S et
de Si ouvrent la voie a la réalisation d’une LIB a haute densité d’énergie, entierement
nanostructurée, et démontrent le grand potentiel du concept proposé a base d’électrodes

nanostructurées hybrides hiérarchisées.
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Titre : Fabrication d’électrodes nanostructurées hybrides hiérarchisées a base de nanotubes de
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Résumé : Cette thése est consacrée a la fabrication ascendante (bottom-up) de matériaux nanostructurés hybrides
hiérarchisés a base de nanotubes de carbone alignés verticalement (VACNTS) décorés par des nanoparticules (NPs). En
fonction de leur utilisation comme cathode ou anode, des nanoparticules de soufre (S) ou silicium (Si) ont été déposées. En
raison de leur structure unique et de leurs propriétés électroniques, les VACNTSs agissent comme une matrice de support et
un excellent collecteur de courant, améliorant ainsi les voies de transport électroniques et ioniques. La nanostructuration
et le contact du S avec un matériau hote conducteur ameéliore sa conductivité, tandis que la nanostructuration du Si
permet d’accommoder plus facilement les variations de volume pendant les réactions électrochimiques. Dans la premiére
partie de la thése, nous avons synthétisé des VACNTs par une méthode de dépot chimique en phase vapeur (HF-CVD)
directement sur des fines feuilles commerciales d’aluminium et de cuivre sans aucun prétraitement des substrats. Dans
la deuxiéme partie, nous avons décoré les parois latérales des VACNTs avec différents matériaux d’électrode, dont des
nanoparticules de S et de Si. Nous avons également déposé et caractérisé des nanoparticules de nickel (Ni) sur les VACNTs
en tant que matériaux alternatifs pour 1’électrode positive. Aucun additif conducteur ou aucun liant polymére n’a été
ajouté a la composition d’électrode. La décoration des nanotubes de carbone a été effectuée par deux méthodes différentes:
méthode humide par électrodéposition et méthode séche (par dépét physique en phase vapeur (PVD) ou par CVD). Les
structures hybrides obtenues ont été testées électrochimiquement séparément dans une pile bouton contre une contre-
électrode de lithium. A notre connaissance, il s’agit de la premiére étude de I’évaporation du soufre sur les VACNTS et
de la structure résultante (appelée ici SQVACNTS). Des essais préliminaires sur les cathodes nanostructurées obtenues
(S@QVACNTS revétus d’alumine ou de polyaniline) ont montré qu’il est possible d’atteindre une capacité spécifique proche
de la capacité théorique du soufre. La capacité surfacique de SQVACNTS, avec une masse de S de 0.76 mg cm 2, a
un régime C/20 atteint une capacité de 1.15 mAh cm™2 au premier cycle. Pour les anodes nanostructurées au silicium
(Si@VACNTS), avec une masse de Si de 4.11 mg cm ™2, on montre une excellente capacité surfacique de 12.6 mAh cm™2,
valeur la plus élevée pour les anodes & base de silicium nanostructurées obtenues jusqu’a présent. Dans la derniére partie
de la these, les électrodes nanostructurées fabriquées ont été assemblées afin de réaliser la batterie compléte (Li2S/Si) et
sa performance électrochimique a été testée. Les capacités surfaciques obtenues pour les électrodes nanostructurées de S
et de Si ouvrent la voie a la réalisation d’une LIB & haute densité d’énergie, entiérement nanostructurée, et démontrent le
grand potentiel du concept proposé & base d’électrodes nanostructurées hybrides hiérarchisées.

Title : Fabrication of hierarchical hybrid nanostructured electrodes based on nanoparticles
decorated carbon nanotubes for Li-Ion batteries

Keywords : Energy storage, lithium-ion battery, nanomaterial, nanostructure, cathode, anode

Abstract : This thesis is devoted to the bottom-up fabrication of hierarchical hybrid nanostructured materials based
on active vertically aligned carbon nanotubes (VACNTSs) decorated with nanoparticles (NPs). Owing to their unique
structure and electronic properties, VACNTS act as a support matrix and an excellent current collector, and thus enhance
the electronic and ionic transport pathways. The nanostructuration and the confinement of sulfur (S) in a conductive
host material improve its conductivity, while the nanostructuration of silicon (Si) accommodates better the volume change
during the electrochemical reactions. In the first part of the thesis, we have synthesized VACNTSs by a hot filament chemical
vapor deposition (HF-CVD) method directly over aluminum and copper commercial foils without any pretreatment of
the substrates. In the second part, we have decorated the sidewalls and the surface of the VACNT carpets with various
LIB’s active electrode materials, including S and Si NPs. We have also deposited and characterized nickel (Ni) NPs on
CNTs as alternative materials for the cathode electrode. No conductive additives or any polymer binder have been added
to the electrode composition. The CNTs decoration has been done systematically through two different methods: wet
method by electrodeposition and dry method by physical vapor deposition (PVD). The obtained hybrid structures have
been electrochemically tested separately in a coin cell against a lithium counter-electrode. Regarding the S evaporation
on VACNTs, and the SQVACNTS structure, these topics are investigated for the first time to the best of our knowledge.
Preliminary tests on the obtained nanostructured cathodes (SQ@VACNTSs coated with alumina or polyaniline) have shown
that it is possible to attain a specific capacity close to S theoretical storage capacity. The surface capacity of SQVACNTS,
with 0.76 mg cm™2 of S, at C/20 rate reaches 1.15 mAh cm™? at the first cycle. For the nanostructured anodes Si@VACNTS,
with 4.11 mg cm ™2 of Si showed an excellent surface capacity of 12.6 mAh cm ™2, the highest value for nanostructured silicon
anodes obtained so far. In the last part of the thesis, the fabricated nanostructured electrodes have been assembled in a full
battery (Li2S/Si) and its electrochemical performances experimentally tested. The high and well-balanced surface capacities
obtained for S and Si nanostructured electrodes pave the way for realization of high energy density, all-nanostructured
LIBs and demonstrate the large potentialities of the proposed hierarchical hybrid nanostructures’ concept.
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