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CHAPTER 1 INTRODUCTION

1.1 Lithium lon Batteries

Over the past decades, the energy storage has become a universal concern due to the
increasing demand for the fossil fuels, their fast depletion and growing environment concerns
leading to serious problems to human health[1-3]. Development of clean and sustainable energy
technologies including biomass, solar, wind, and hydro resources is crucial to address this
inevitable challenge. However, solar radiation, wind and waves are energy sources that are
seasonal in availability and thus, these sources require energy storage[4]. In this regard,
development of greener power sources in the form of electrochemical energy storage devices plays
an important role. Thus, batteries, fuel cells, photovoltaic devices and super capacitors that can
efficiently store and deliver energy on demand attract considerable attention as a promising route
for energy storage[5, 6]. Electrochemical energy storage (EES) devices especially batteries
become the promising technology through their technical advancement along with attractive
characteristics including high round-trip efficacy, flexible power, long cyclability, and low
maintenance[7]. Rechargeable batteries, such as redox flow batteries make the energy storage
technology viable and contribute towards integration of renewable resources into the grid to
balance the intermittent power supply. Rechargeable Li-ion battery (LIB) have become successful
energy storage device specifically for portable electronics due to its high gravimetric energy
density and power density. Figure 1 is the comparison of different battery technology in terms of
energy density per unit volume and weight. Being the lightest metal, Lithium gives high
gravimetric density and it is also considered as the most electropositive metal with much negative
electrochemical reduction potential, -3.04 V vs SHE which offers high energy density to the

batteries[7]. Thus, there was a tremendous development in the portable electronic devices enabling



the visualization of cellular phones and laptops achieved through the higher volumetric and
gravimetric energy density of a Li battery[8].Lithium batteries with layered Titanium sulfide
(TiS2) as cathode and metallic lithium as anode was first reported by Whittingham in 1976[9].
Later, Yoshino successfully built a prototype cell with carbon-based anode and LiCoO> (Lithium
Cobalt Oxide) as cathode in 1987[10] which is considered as the first generation lithium ion
batteries[11]. This battery design inspired the large-scale manufacturing of lithium ion batteries
in early 1990s and later was commercialized by Sony in 1991. There is a tremendous progress in
the Li ion battery field in past two decades, the introduction of lithium iron phosphate (LiFePQOa4)
by Goodenough (1996) and high capacity anode, C-Sn-Co by Sony (2005) are considered as some
of the milestones during the journey. However, significant challenges like cost-effectiveness,
safety, energy density, charge/discharge rates, and cyclability are some of the issues that limit their

development for the potential applications such as electric vehicles(EV)[12, 13].
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Figure 1.1 Comparison of different battery technology[7].



For lithium-ion batteries to meet the requirements in the field of electric vehicles and other
storage systems, it must be improved in terms of cost-effective and safety along with other
requirements such as cell cyclability, higher energy and power density, and ability to operate at

wide range of temperatures.

1.2 Working principle of a lithium-ion battery

An electrochemical cell or battery consists of two electrodes — anode and cathode, which
are separated by Separator and connected through the electrolyte. During the operation of the
battery, the electrolyte conducts the ionic component of the reaction through them while forcing
the electronic part to travel through the external circuit. A conventional lithium ion battery consists
of graphite anode and lithium metal oxide (commonly LiCoO2) will be cathode. Li ions get
intercalate and deintercalated into the solid electrode during the charging and discharging of the
battery. Like any other electrochemical system electrolyte conducts ions and electron travel
through external circuit. The electrochemical reaction occurs at the electrodes during charging will
be reversed during discharging of the battery i.e. these electrochemical reaction or highly

reversible in nature[14] [15, 16].

Q

~
Cu

Anode Electrolyte Cathode
(graphite) (LiCo0,)

J

Figure 1.2 Schematic illustration of the Li-ion battery (LiCoO2/Li+ electrolyte/graphite).



In a conventional Li ion battery (Figure 1.2), during charging the lithium ions will get
intercalate into the negative electrode and the positive material gets oxidized, while the negative
material will get reduced. During the discharge process, the reverse process happens. The

electrochemical reactions at the electrode and overall chemical reaction is as follows[6].

At the positive electrode:

XLi* + Li1«Co02 + xe" 5 LiCo02 (Ec = 0.6 V vs. SHE) (1.2)

At the negative electrode:

LiCs 5 Li1xCs + XLi* + Xe" (Ea = -3.0 V vs. SHE) (1.2)

Accordingly, the net cell reaction during charge-discharge processes is:

LiCe + Li1.xC002 < Li1xCe + LIC0O2 (Ecen = 3.6 V) (1.3)

The energy that can be drawn out of the battery will mostly depend on the basic
electrochemical reactions at both electrodes, even though there are several other factors
influencing its performance or rate capability. Few among those factors are the electrode design,
ionic conductivity of the electrolyte and separator characteristics are which influence the charge

transfer reaction, diffusion rates and magnitude of energy loss.

Electrochemical reaction kinetics play a major role towards the overall polarization. The
activation polarization is one related to the kinetics if the charge-transfer reactions happens at the
electrode/electrolyte interface. Secondly, the ohmic polarization which can be ascribed to the
resistance of each cell components and to the resistance due to contact issues between the cell
components. The concentration polarization comes next which is due to mass transport limitations

during the battery operations. The current-voltage characteristics during discharge is shown in the



figure, determining the cell capacity, the effect of the discharge-charge rate and overall information

on the state of the battery[17].

1.3 Challenges of Lithium lon Batteries

Although Li ion battery has a very impressive success story, there are still some notable
challenges in the development of next generation batteries. The battery performance is related to
the intrinsic material property of the anode and cathode. The information about Solid electrolyte
interface (SEI) which is one of the vital factors that decide the performance of the battery is not
sufficient. There is an urgent need for high capacity anodes and high potential cathodes and

electrolytes with wide electrochemical potential develop next generation batteries[13, 18, 19].

To improve the energy density of Li ion batteries, lot of potential anode and cathode are
discovered. There is a much amount of progress in the positive pole of the electrode, called cathode
which absorbs Li ions as the battery delivers its power. Scientist are developing smaller and thinner
cathode materials to improve Li ion mobility by shortening the distance between the electrodes.
But the results of the efforts are still under progress and remains challenging. Graphite based
electrode have been using as anode to avoid the dendrite formation during the charging of the
battery. Other materials such as , Sn and Si are also proposed as anodes in Lithium ion battery.
Theoretical capacities of Sn and Si are 960 mAh/g and 3579 mAh/g respectively which is higher
than that of graphite anode. However, the high-volume changes (~ 400 % and 257 % for Silicon
and Sn anodes respectively). Along with that, cheap and large-scale production of Si nanomaterial
is challenging. Pulverization of Sn based anodes leads to poor cycling performance. A composite

of Si and Sn is also explored as anode material in Li ion battery[20].



In case of cathode materials, existing candidates like LiCoO, and LiFePQO4 are expensive,
highly toxic and have very low capacity. The cell capacity is limited by the capacity of cathode.
Recent NMC (Ni-Co-Mn based metal oxides) cathode materials are highly attractive in the
industrial prospective, though the specific capacity is moderate. NMC cathodes also have Co and
Ni which are found to be very expensive and toxic. It is necessary to find out an affordable,

nontoxic, eco-friendly, possess high specific capacity and long-term durability[21].

Separator in battery prevent the contact between the electrodes which is permeable to the
ions to flow through the electrolytes[22]. These separators can be pierced by the dendrites which
grow across the electrodes and short-circuit the battery ending up in shortening the battery life.
When the capacity of the battery is attributed by the electronic and structural behavior of
electrodes, the poor cycle life is due to the side reactions happening at the electrode — electrolyte
interface. Thus, formulating an electrolyte which is chemically stable at the interface with respect

to its operating liquid is important[23].

The battery safety measures are as important as their performance, because even a small
failure which can leads to leaves a disaster to the manufacturer, Sony in 1992 and Samsung in the
case of galaxy mobile phones are some of the examples[21]. In the times of increasing demand for
EVs significant investment should be made on battery management systems to ensure safety. It is
required to develop non-flammable Li ion batteries which includes those based on aqueous or
ceramic electrolytes. Electrode (high voltage cathodes and high capacity anodes) electrolyte
interaction in terms of stability should be studied for developing next generation Li ion batteries.
Towards this, a better understanding of interaction between electrode materials and electrolytes is

required urgently. Higher the energy of a battery higher the chances of failure (low safety) of the



battery. Hence, before commercialisation it should be ensured that they meet all the standardised

safety requirements[21].

In addition to the technical challenges discussed above, there are other challenges on which

less attention was paid.
e Limited availability of Li sources makes it difficult to reduce the cost of Li ion batteries.
e Lack of development in recycling of Li ion batteries materials.

Therefore, it is high time for the development of those advanced battery technologies ( such as Na-

ion, Mg-ion, Ca-ion, Al-ion, and F ion batteries ) beyond Li-ion batteries.
1.4 Li-O2 and Li-S chemistry

Even though the Li ion battery technology is fully developed to an extent, the highest
energy storage that they can deliver is not high enough to meet the current requirement of emerging
applications, such as all electric vehicles. New technologies like Li-air (Li-O2) and Li- Sulfur (Li-
S) are getting more attention which have the potential to address the shortcomings of Li ion
batteries[1, 24, 25]. Both Li-O2 and Li-S are good enough to attaining an energy density greater
than 400 Wh kg, and the cathode material are less expensive, eco-friendly and highly abundant
than the conventional transition metal oxide cathode of li ion battery[26]. The Li-S and Li- O
systems share same anode and highly active cathode components such as sulfur and oxygen
respectively which undergo conversion reaction with lithium, having multiple steps and several
intermediates. the nature, reactivity and stability of the intermediate species are extremely
different for S and O reactions, which can be seen in their characteristic charge-discharge
polarization curves. The cycle life and rate capability of both the system are extremely

different[27]. Thus, the exploration of new materials for these chemistries is one of the challenges



that attracts the attention of the research community. There is tremendous research going on in the

field of Li-S and Li-O> batteries expecting their commercialisation in the future[28, 29].

Li-O> battery is an outstanding system when compared with the Li-S in terms of energy
density. However, highly reactive intermediates, high polarization, short cycle life and inconsistent
charge-discharge behavior dampened the glory of this system[30]. There is an intensive research
going on with new electrolyte formulations, new cell configurations and development of novel
electrocatalysts to decrease the cell polarization and increase cycle life of this alluring system[31-
34]. The inferences acquired on electrodes for fuel cells over the past few decades can be used as
a reference for the development of Li-O> batteries. Issue associated with the volatile electrolyte,
getting evaporated into the gas phases can lead to the battery failure. One of the other challenges
is tackling the formation of solid phases which has never occurred in a fuel cell, makes Li —O2/ S

battery chemistry unexplored[21].
1.5 Li-S batteries

Sulfur is one of the 5" most abundant elements in the earth crust and it offers high
theoretical capacity of 1672 mAhg™. Due to its high theorical capacity, abundance and ecofriendly
nature makes sulfur as the most suitable cathode for lithium-based technologies. A typical Li-S
cell consist of Li metal anode, organic electrolyte and sulfur containing cathode where electrical
energy will be stored. The open circuit potentials of Li-S battery is about 2.4 — 2.5 V[24, 35-37].
During discharge of the battery Lithium ions produced at the anode diffuse through membrane and
reduce the sulfur to lithium polysulfide at the cathode electrode. The electrochemical reactions

during discharge are given below.



At anode

Li— Li'+e (1.6)
At cathode

S+2Li*+2e — Li2S  (E°=~2.15VvsLi/Li") (1.7)

overall cell reaction

2Li+S — LizS (1.8)

1.5.1 Voltage characteristic of Li-S battery

The discharge process can be divided into four stages. In the first stage, the reduction of
cyclo-Sg produces high-order lithium polysulfides Li>Ss, which is soluble in organic electrolyte

and thus, dissolves in liquid electrolyte.
Sg+2Lit — LixSg (1.9

In stage 2, high-order lithium polysulfides (dissolved Li>Sg) reduces to lower order lithium

polysulfides Li>Sx (4 < x < 8), which are still soluble in the electrolyte.[35, 38] During this stage,

the cell voltage decreases linearly and the viscosity of the electrolyte solution increases.
Li2Ss +2Li * — Li2Ss nt+ Li2Sn (1.10)

In stage 3, the soluble LiPS gets reduced to the insoluble lithium disulfide (Li.S>) or lithium sulfide
(Li2S), which accumulates on the cathode surface, forming an insulating passivation layer. This

stage contributes to the major capacity of the Li-S cell.

2Li5Sn +( 2n-4)Li* — n LisS2 (1.11)
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LizSn + (2n-2)Li *— n LizS (1.12)

In the final stage, the insoluble Li>S; to insoluble Li>S and this is reflected by a steep voltage

decline in the discharge profile.

Li»S, +2Li * — 2Li,S

The two discharge plateaus at 2.3 and 2.1 V represent the conversions of Sg to Li>S4 and
Li>S4 to Li2S, respectively. The charge profile is complicated due to the redox shuttle of dissolved
LiPS and poor nucleation of elemental sulfur. During charge the as formed Li>S converted to Sg
via the formation of the intermediate lithium polysulfides. Typical charge discharge curve of Li-S
battery is shown in the figure. The initial sharp rise in the charge profile is due to the polarization
of the Li,S passivation layer on the cathode surface followed by a shallow dip which is due to the
depolarization by the oxidation of insoluble Li>S to soluble LiPS.. Thus, the two charge voltage
plateaus are attributed to the oxidation of short to long chain LiPS and long LiPS to elemental

sulfur respectively[35].
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Figure 1.3 Voltage profile of Li-S cell with the intermediate products[39].
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1.6 Problems and challenges

In the past few decades, Li-S battery chemistry has developed vigorously, and substantial
achievement has been realized. However, there are many scientific and technical problems

hindering their practical applications and they are the following.

1.6.1 Polysulfide shuttling effect

The dissolution of LiPS facilitates the electrochemical reaction of the insulating sulfur
species which can cause severe redox shuttle between the sulfur cathode and Li anode. This LiPS
shuttle results in low coulombic efficiency for charging and fast self-discharge for storage[40].
Soluble long chain LiPS formed during the charging process can diffuse to the Li anode surface
and are either electrochemically reduced or chemically react with lithium to generate short chain
LiPS. These formed short chain LiPS diffuse back to sulfur cathode and undergo oxidation to
regenerate long chain LiPS. These reactions cause problems like reducing charging coulombic
efficiency, Li anode corrosion and polarizing Li anode when the insoluble discharge products get

deposited onto Li surface[41].

Charger/Load

Lianode Separator S-C cathode

——

Lit

Li,S,

Carbon Sulbhur

Figure 1.4 Summary of the effects of polysulfide shuttle phenomenon[42].
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Significant progress has made on Li-S rechargeable battery field with the invention of
novel nanocomposites, electrolytes, and various cell configurations to address the above-
mentioned issue. A remarkable improvement in the field of Li-S battery have been triggered with
the invention of new electrolytes such as ether chains, glymes, polyethileneoxide etc[43-45].
Though the recent research shows prominent results, efforts are needed towards commercialization
of Li-S battery.

1.6.2 Sulfur cathode

There are many problems in the Li-S battery chemistry in relation to the sulfur cathode.
Sulfur being an electrical insulator, high amounts of conductive carbon is required to promise
reasonable utilization of sulfur active material and at least 70% of sulfur content is needed to
achieve high energy density Li-S battery. In addition, the insoluble discharge products like Li.S>
and Li>S on the cathode surface form a passivation layer on the electrode due to their insulating
nature which also reduces the utilization of sulfur active material. The Li2S species on the electrode
surface prevent the contact of unreacted sulfur with the reaction sites and leads to the low active
sulfur utilization and thereby low capacity[46]. Significant volumetric change about 79% by the
conversion process between elemental sulfur and lithium sulfur is considered as another problem
with Li-S battery cathode. The repeated dissolution and precipitation of sulfur active material can
degrade the structure of cathode leading to the fast capacity fade. Thus, with the impregnation of
sulfur into the porous carbon can help in buffering from the expansion which benefit in long
cycling stability[47]. Dissolution of long chain PS into the organic electrolyte leads to the
formation of voids in early stage of discharge is another problem with the existing Li-S electrode

chemistry. Also, the conventional binders for Li ion batteries like Poly(vinylidene fluoride) cannot
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be used here as they swell in the presence of organic electrolyte and there by cannot retain the

porous structure of cathode leads to the capacity fading in Li-S batteries[48].

1.6.3 Lithium anode

The main issues with the Li anode in the Li-S battery are the corrosion, low coulombic
efficiency, and rough morphology of Li plating, which are related to the reactions with dissolved
PS. These parasitic reactions with the Li metal anode can form passivation layer on the electrode
surface leading to the capacity fade. The reaction between the dissolved PS and Li anode is
considered as the most important factor in initializing thermal runaway in Li-S batteries at high
temperature[49].Another big problem with anode is the formation of needle shaped dendrites on
their surface which are due to the uneven coating of the Li ions while battery is charging.
Separators in battery prevent the contact between the electrodes which are permeable to the ions
to flow through the electrolytes[50]. These separators can be pierced by the dendrites which grow

across the electrodes and short-circuit the battery ending up in shortening the battery life.

'.:C Cathode

n 4 Separator

4 Li Anode

Figure 1.5 The formation of Li dendrites
1.6.4 Electrolyte

Electrolyte is the main key in determining the operation temperature range of Li-—S batteries

and influencing the dissolution and chemical stability of LiPS. The PS in the electrolyte will
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disproportionate into low soluble or insoluble short-chain PS and elemental sulfur, which can
precipitate out and clog the separator pores. Hence, in terms of the sulfur utilization and reaction
kinetics, a liquid electrolyte that can stabilize the PS is highly needed; on the other hand, this
stimulates the redox shuttle of PS. Electrolytes can also affect the coulombic efficiency and the
formation of a passivation layer on the Li anode. Therefore, the electrolytes for the Li-S battery
should have high ionic conductivity, moderate PS solubility, low viscosity, wide electrochemical
window, good chemical stability, and reliable safety[9]. However, there is no electrolyte serve all
these requirements and the practical solution is to optimize the electrolyte formula by a solvent
mixture and additives. Conventional salts used in Li-ion batteries cannot be used in Li-S batteries

and the one in Li-S should be chemically stable with PS which can form stable protective film on

Li surface.
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Figure 1.6 Degradation mechanism due to the electrolyte[42].
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Thus, Li-S battery faces many challenges which can be summarized as follows. The
insulative nature of the sulfur in the cathode (electrical conductivity is 1 x 10°*> S/m) which
diminishes the sulfur utilization. To improve the conductivity of the cathode, highly conductive
material like carbon are compounded with sulfur and employed as cathode. However, these carbon
hosts can decrease the energy density of the battery. The discharge products like Li2S; and Li2S
are electrochemically inactive which are responsible for irreversible capacity fading. Deposition
of these inert end products (Li>S2 and Li»S) on electrodes reduce the utilization of active materials
and diminution of specific capacity[35]. As mentioned above, the dissolution of polysulfides into
the electrolyte is a problem of Li-S battery where the dissolved polysulfides diffuse through
membrane to anodic compartment react with lithium and yields short chain polysulfides which
gets deposited onto the lithium anode surface [51, 52]. Adsorption of LiSx onto the cathode surface
and impregnating them into nanostructures are the possible ways to overcome the shuttle
effect[36]. Volume expansion is another challenge which leads to cracks in the conductive network
resulting in drastic fade in the battery performance. Most of the electrolytes used in Li-S batteries
are ether based and the polysulfide are highly soluble in the solvents (ethers) and could not
suppress the shuttling of polysulfides. The ethers are highly flammable, and the boiling point of
ether-based electrolytes are low which offer a great threat to the safety of the battery. Therefore,
the development of safer and efficient electrolyte is also essential for Li-S battery. Lithium dendrite
formation affects the safety of the battery by causing short circuit[53]. Therefore, protection of Li
metal is also crucial area to focus on for practical realization of Li-S batteries[38]. The heterogenic
anode materials can lead to the formation of dendrite on their surface which inversely effects the
Li battery performance in terms of safety and cycle life. The dendrite like growth limiting the

battery stability can be due to the continuous Li deposition and stripping which ends up in cell
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short circuiting, cell failure and later its explosion. Thus, researchers have taken tremendous efforts
towards suppressing the dendrite growth through various techniques like electrode modification,
implementing solid, different kinds of electrolytes including solid gel electrolytes, designing
different cell configurations. The mere kinetic performance of solid electrolytes due to their poor
conductivity and high interfacial resistance, leads to their limited implementation in commercial
batteries[12]. Thus, the electrochemical process inside lithium-sulfur batteries is a complex
process, and the various problems mentioned above must be addressed to realize the full potential

of Li-S battery[38].
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Figure 1.7 Schematic illustration of the challenges faced by Li-S batteries[54].
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1.7 Proposed strategies towards suppressing polysulfide shuttle effect and Li dendrite

formation

As discussed in the previous section, the uncontrolled growth of Li dendrites and fatal

effect of polysulfides shuttle limit the practical applications of Li-S batteries[55, 56]. Many efforts

have been taken towards addressing these two major issues[57]. Among them, restraining
polysulfides shuttle by confining sulfur in the porous hosts was one of the widely applied approach
where the generated intermediate polysulfides are immobilized either by physical adsorption

and/or chemical binding. Though enhanced cycling performance of Li-S batteries can be attained

through these the encapsulation approaches, it fails in the complete prevention of dissolution of
polysulfides particularly with the high sulfur loading cases due to the limited adsorption capacity
and binding sites[58, 59]. Protecting layer on the surface of Li metal can prevent the reaction
between polysulfides and Li metal along with inhibiting the dendrite growth[60]. However, excess
formation of solid-electrolyte interphase (SEI) layer on the Li metal surface lead to a high

resistance at the electrode-electrolyte interface causing poor rate performance.

An overview of different strategies to confine the polysulfides to prevent the polysulfide
shuttling process is discussed initially followed by the efforts taken to protect Li anode from

dendrite formation and relieving the consequent degradation and safety concern.

1.7.1 Strategies to prevent polysulfide shuttling process in Li-S batteries

(i) Porous carbon to entrap polysulfides

In the past decade, much efforts have been devoted to the physical confinement of lithium
polysulfides (LiPS) using carbonaceous materials[61]. Various 3D porous carbon materials

including hollow carbon spheres, carbon nanotubes, nanofibers and microporous carbons been
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used as host for sulfur to suppress the dissolution of LiPS into the electrolytes through their
nanostructured pores. The impregnation of sulfur within the 2D graphene nanosheets or conductive
polymers was also found to be an effective way to trap LiPS. Carbonaceous materials are also
capable for improving the electron conduction and providing pathways for easy Li+ diffusion
thereby enhancing the cycling performance of Li-S batteries. However, these non-polar
carbonaceous hosts with their weak interaction with polar LiPS species can only spatially confine
the LiPS resulting a rapid capacity fading over the long-term cycling. The eventual migration of
LiPS out of the carbon hosts will not only cause the loss of active materials, but also the
uncontrolled deposition of discharged products. This can lead to the cathode passivation and
deterioration. Thus, there is an urgent need of materials with stronger binding for LiPS, to achieve

stable cycling performance of the Li-S cell[62].

(if) Chemical approaches for polysulfide adsorption

Chemical adsorption benefits the strong chemical binding for LiPS with the sulfur host
materials and thus, improved cyclability can be achieved. Functionalization of carbonaceous
materials make them polar which can strongly interact with polar LiPS, is the most common
approach taken in this aspect. Graphene oxide (GO) is the most studied functionalized carbon
materials as sulfur hosts showed great improvement in cycling performance viz only 0.039% fade
in the capacity over 1500 cycles[63]. Metal oxides are intrinsically polar in nature and thus n
further surface modification is required. Mgo.sNio.4O and Al203 nanoparticles within a size regime
of ~50 nm was used as adsorbent additives in carbon/sulfur composites and the coulombic
efficiency, initial discharge capacity, and cycling stability were found to be improved[64]. Xiao et
al demonstrate the use of hybrid TiO2/graphene interlayer between the sulfur cathode and the

separator, serve as a polysulfide reservoir layer where TiO2 nanoparticles can chemically bind the
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dissolved polysulfides.[65] The mesoporous silica SBA-15 with high surface area (850 m2 g-1)
and large pore volume (1.2 cm3g™) when added as an additive into carbon/sulfur composite, initial
discharge capacity and cycling stability was enhanced due to the polysulfide absorption into the

silica pores suppressing their diffusion into the electrolyte[66].
(ii1) Non solvent electrolytes to suppress the solubility of polysulfides

There are many studies conducted to overcome the LiPS dissolution/ shuttle problem with
the development of novel electrolytes with suppressed LiPS solubility. The dissolution of LiPS
depends on the solvation of Li+ cations and the counter anions. Electrolyte with lower electron
donor ability are less likely to solvate Li+ ions and thus can suppress the LiPS solubility when
compared to conventional dilute ether-based electrolytes. Amide-based room temperature ionic
liquids (RTILs) comes under the few reported “nonsolvent” electrolytes and solvates of Li salts,
lithium bis(trifluoromethane) sulfonimide (LiTFSI), in conventional solvent systems. A recent
study on an electrolyte (ACN)2-LiTFSI complex which contain two moles of acetonitrile (ACN)
molecules are coordinated to one mole of Li+ cations form counter ion pairs with TFSI- anions

suppress the electrolyte reaction with lithium metal and have extremely low LiPS solubility[67].
1.7.2 strategies towards Li dendrite suppression:

Since the 1960s, these above-mentioned approaches to suppress dendrite growth can be

classified into the following categories.
(i) In situ stable SEI film

Solid electrolyte interface is the ionically conducting layer formed through the reaction
between the metal and non-aqueous electrolyte, which comes about in a range of ~2nm thickness.

During the charge process, due to the formation of dendritic Li, the surface area of the exposed L.i
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will be increased, and newly formed fresh Li will get exposed to the electrolyte which ends up in
repeated SEI formation. Repeated SEI formation consumes more Li from the electrolyte and leads
to the drying up of electrolyte. This will influence the cell resistance and coulombic efficiency
adversely. For a limited dendrite growth, ideal SEI should be formed which is highly ionic
conductive, dense, thinner and with a high elastic strength. To acquire these, we need to play with
the organic solvents, Li salts and functional additives, which is practically far in application to the

existing systems [68].
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Figure 1.8 Scheme of Li metal anode with and without chemical pretreatment[69].

(i) Ex situ formed surface coating

Choosing appropriate chemicals, we can treat the Li metal will end up in a stable protective
layer. During Li deposition or stripping, Li can be plated beneath these protecting layers hindering
the growth of dendrites. This layer will prevent the reaction between Li metal and non-aqueous
electrolyte which causes the dendrite formation, thus stabilizing the SEI formation. However, these
layers will get destroyed during cycling process which results in broken SEI, non-uniformity in
SEI and thus accelerates the dendrite formation[70]. Amorphous hollow carbon spheres are

deposited onto the Li metal anode using flash evaporation technique which had a high Young’s
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modulus. The carbon coating has a proper strong adhesion to the current collector which moves
up and down to accommaodate the Li ions which were plated or stripped on them. These methods
helped to enhance the columbic efficiency by 99% for more than 150 cycles. But still the repeated
cycling results in the breakdown of these protective making a rough SEI exposed to the liquid

electrolyte which accelerates the dendrite formation sue to the non-uniform Li metal anode

surface[71].
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Figure 1.9 schematic illustration of depositing physical coating a. without coating,[71] b. with
carbon nano spheres and c. ALD of Al203[72].

(iii)  Solid state polymer electrolyte

Solid state electrolytes have high modulus can effectively relieve the safety issues through
suppressing the Li dendrite growth. Dendrite suppression can be achieved if the shear modulus of
the electrolyte is twice higher than that of Li metal anode which is around 10("9) Pa. The solid
electrolytes have higher mechanical strength which is good enough to suppress the dendritic
protrusions[73]. Polymer electrolytes including poly ethylene oxide (PEO) will not go for any
interfacial reaction with Li and they are thermodynamically very stable with Li at higher
temperature. The gel electrolyte based on PEO, Poly (propylene oxide) (PPO), Poly (ethylene
glycol) (PEG), Poly (acrylonitrile) (PAN) etc. The mechanical mixing of polymers with filler

inorganic nanoparticles is most convenient method to improve the ionic conductivity, structural
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stability and anode surface contact. There are many studies including incorporation of ceramic
filler particles like SiO2, with varying particle size of the inorganic fillers towards a better
composite polymer electrolyte. The combination of ceramic fillers and polymer electrolytes can
construct excellent electrolytes with high ionic conductivity and good mechanical properties. A
3D polymer ionic conducting network with ceramic fillers were introduced through
electrospinning method for mechanically suppress the dendrite formation and to eliminate the
intrinsic SEI formation. However, some of the polymer-based electrolytes including PEO based
showed a significant reduction in their mechanical strength when the temperature is increased.
Thus, solid state electrolyte is having low room temperature conductivity i.e. in the range of 108

to 10° cm[74].
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Figure 1.10 hybrid solid state composite electrolyte[74].

(iv) Structured anode

The main issue with the Lithium Metal Batteries (LMBS) is the volume change. Li metal

anode will undergo infinite volume change during the Li plating / stripping process resulting in
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the reduction in the columbic efficiency, poor stability of the formed SEI, and finally the poor life
span of the batteries. So, with a proper matrix to accommodate the Li plating / stripping will help
to significantly mitigate the infinite volume change along with regulating the Li stripping/ plating

process towards suppressing Li dendrite growth[75].

Placing glass fibers with polar functional groups on the Li metal anode surface can
distribute the Li ions uniformly. The binding energy between the glass fiber and Li ions is higher
than that between the Cu foil and Li ions, which facilitates more adsorption of Li ions
compensating the interaction between the Li ions and protuberance of Cu foil or the previously
grown dendritic peaks. This method prevents the accumulation of Li ions which results in the

dendrite growth inhibition[76].

But it is very difficult to do the selection of lithophilic matrix and their ratio in the

composite anode which limit this method from practical applications.
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Figure 1.11 Controlled Li deposition in presence of polar fiber membrane[76].
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1.8 Scope of the study

We believe that suppression of dendrite formation and reducing the shuttle effect are the
key issues to realize the full potential of commercial Li-S battery. The optimization and designing
of high capacity electrode materials is also a crucial issue to make the Li-S batteries suitable for
the future requirements. These issues can be addressed only when we have a better mechanistic
understanding about chemical and electrochemical processes happening in the battery. Several
strategies have been developed to do so by several research groups around the world. Recently,
our group demonstrated utilization of electrocatalyst to improve the polysulfides reaction and trap
the polysulfides inside the cathode of Li—S battery[28, 29, 77].The electrocatalyst not only reduce
the energy barrier of electrochemical reaction but also act as an anchor for polysulfides and confide
them to cathode and reduce the shuttle effect. The fundamental understanding about
electrocatalytic reaction such as redox Kinetics, adsorption process of electroactive materials over
the electrocatalyst are essential to design appropriate electrode materials Li—S battery. Moreover,
It is well-known that Li metal is highly unstable in traditional organic liquid or polymer gel
electrolyte systems due to the formation of Li dendrites at the electrode/electrolyte interface. Over
multiple charge and discharge cycles the formation of dendrites at the interface results in: reduced
Li availability for the electrochemical reactions, disruption in Li transport through the interface
and increased safety concerns due to short circuiting. There is an urgent need to attain a profound
mechanistical understanding on how the interfacial chemistry and Li deposition is correlated, how
anode overpotential affect the cell characteristics etc. Our research will explore the use of a special

class of ionic liquids (ILs) with liquid crystal properties for the electrolyte of Li metal batteries.
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The research combines experimental development and characterization of the ILCs and analysis

of their potential as electrolyte for improving Li battery performance.

The objectives of this thesis work is addressing two of the major research issue 1) shuttle
effect and 2) dendrite growth, fill the knowledge gap thus enabling the mechanistic understanding
of electrode/electrolyte interface to design the target specific materials for Li-S batteries. To
address the shuttle effect, we considered an electrocatalytic driven approach for polysulfide
adsorption onto cathode surface. The fundamental understanding of this electrocatalysis sulfur
cathode is still lacking. We believe that, surface area and effect of conductivity of the
electrocatalyst have pivotal role unfortunately which are least researched areas. The research on
these areas can open a great demand to explore the novel concept of electrocatalysis driven Li-S
battery chemistry. We hypothesize that the major problem called polysulfide shuttle effect can be
addressed and thus improved electrochemical performance can be achieved through embedding
electrocatalyst with highly conductive and high surface area host materials. Second issues that we
are addresses in the thesis is lithium dendrite formation mechanism. Though the dendrite formation
is one of the oldest issues, fundamental understanding about how the interfacial chemistry and Li
deposition is correlated, how anode overpotential affect the cell characteristics etc are still have no
answers which are essential to address the dendrite formation. Here we explore the use of a special
class of ionic liquids (ILs) with liquid crystal properties as electrolyte of Li metal batteries which
can also suppress the dendrite formation. The research combines experimental development and
characterization of the lonic liquid crystals (ILCs) and analysis of their potential as electrolyte for

improving Li battery performance.
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CHAPTER 2 EXPERIMENTAL METHODS

2.1 Material Characterization Techniques for Electrocatalysts

2.1.1 X-ray diffraction spectrometer

X-ray diffraction (XRD) is a non-destructive analytical tool for the characterization of
crystal structure, chemical composition, and physical properties of materials. This technique is
based on elastic scattering of X-rays with high energy electromagnetic radiation having energies
ranging from about 200 eV to 1 MeV. XRD can also be used to determine the crystalline size and
orientation of powder samples. XRD works based on Bragg’s diffraction model. When
electromagnetic radiation with wavelength comparable to the atomic spacing incident on a
crystalline sample, the waves are scattered by the successive planes of atoms and will undergo
constructive interference and thus form a diffraction pattern. The waves are scattered by lattice
planes, which are separated by interplanar distance “d”. The path difference between waves
undergoing constructive interference gives a mathematical relationship, which is called Bragg’s

equation and can be written as: nA = 2dsin 0,

n — integer determining order

A — wavelength

d — spacing between planes in atomic lattice.

6 — angle between incident ray and scattered planes.

This is Bragg’s law which describes the condition for constructive interference from successive

crystallographic planes (hkl) of the crystalline lattice.

X-ray unit used in the present study is a fully automated Bruker AXS, D8 Discover
diffractometer using monochromatic CuKa radiation of A=1.5418A0 as a source at an energy of

8.04 KeV. The finely powdered sample is spread on a flat non-diffracting glass slide and then
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exposed to X-ray beam. The automatic arrangement was set on for the desired scanning speed and
the spectrum was recorded for 20 values from 0° to 90°. From the maximum of recorded
diffractograms, lattice parameter (a) and crystallite size can be acquired. Lattice parameter was
determined assuming cubic symmetry and planes were identified by matching with standard values

of International Centre for Diffraction Data (ICDD).

2.1.2 Scanning Electron Microscopy (SEM)

The scanning electron microscope (SEM) is used to detect the low kinetic energy secondary
electrons from solid surfaces. When an electron beam interacts with a solid, various types of
processes including electron scattering and excitation occurs, which produces (1) secondary
electrons, (2) backscattered electrons, (3) Auger electrons, (4) x-rays, (5) photons of various
energies. The fraction of energy deposited by an electron beam associated with different processes
is dependent on the sample. The secondary electrons are produced by the primary electron beam
as it enters a sample, and typically, they have kinetic energies < 50 eV, which are sensitive enough
to the differences in surface topology. Such secondary electrons form the basis of SEM. All the
produced signals are detected to reveal the information about the sample's surface morphology[70].
The electron beam is scanned, and the beam's position is combined with the detected signal to
produce an image of the sample surface. Generally, SEM can obtain images of resolution up to 1
nanometer. In the present studies, surface morphology analysis was performed using JSSM 7600

FE SEM.

2.1.3 Transmission Electron Microscopy (TEM)

TEM is a microscopic technique where the electron beam is transmitted through an ultra-

thin specimen, and an image is formed from the interaction of the electrons with the specimen.
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The as formed image is magnified and focused onto an imaging device, such as a fluorescent
screen or to be detected by a sensor such as a CCD camera. A TEM is composed of several
components, which include an electron emission source for the generation of the electron stream,
a vacuum system through which the electrons travels, a series of electromagnetic lenses, as well
as electrostatic plates. The latter two will allow the operator to guide and manipulate the beam as
required. Imaging devices are then used to create an image from the electrons that exit the system.

TEM images of samples in this present study was carried out with a JEOL-3010 instrument.

2.1.4 Optical Absorption Spectroscopy

Ultraviolet-visible spectroscopy (UV-Vis) is the analytical technique that can detect nearly
every molecule. Here, the UV-Vis light is passed through a sample and the transmittance of light
by the sample is measured. From the transmittance (T), the absorbance can be calculated as A=-
log (T) and the absorbance spectrum obtained shows the absorbance of a compound at different
wavelengths. The amount of absorbance at any wavelength depends on the chemical structure of
the molecule. In the work presented in this thesis, UV-Vis absorption spectroscopy has been used
to monitor adsorption behavior of polysulfides onto the catalyst surface and the absorption spectra

were obtained using Shimadzu UV-3600 UV- Vis- NIR spectrophotometer.

2.1.5 X-ray Photoemission Spectroscopy (XPS)

XPS is a highly surface sensitive analytical technique used to study the composition and
electronic state of the surface region of a sample. XPS is based on the principle called photoelectric
effect and photoelectron spectroscopy uses monochromatic source of radiation. In XPS, the photon
of energy is absorbed by an atom in a solid, leadsto ionization atom and emission of the core

electron. The Kkinetic energy distribution of the emitted photoelectrons is calculated, and
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corresponding photoelectron spectrum is obtained. In this work, XPS of electrode surfaces were
collected using a PHI Quantera spectrophotometer and deconvolution of spectra was carried out

with open source XPS peak fit 4.1 software.

2.1.6 Thermal studies

Thermo gravimetric analysis (TGA) is a technique to determine the change in weight of a
sample in relation to change in temperature. It is commonly used to identify the characteristics of
different materials, their degradation temperatures, absorbed moisture content, level of inorganic
and organic components, decomposition points etc. It involves the change in weight of a system
as the temperature gets increased, preferably at a linear rate. Thermal events like melting,
crystallisation does not affect the weight of the sample. But some events like desorption,
sublimation, oxidation, reduction, vaporisation etc. can bring change in the weight of the sample.
This technique can be used to to analyse the sample where volatile and gaseous products lost during
a reaction. A high precision balance with a pan having sample is placed in a small electrically
heated space with a thermocouple attached to measure the temperature. The atmosphere is purged
with inert gas to prevent oxidation or other similar reactions. TGA studies in the present study
were carried out using TA Instruments TGA Q500 in the temperature range from ambient to 900

°C at a heating rate of 10 °C per minute.

2.1.7 Raman spectroscopy

Raman spectroscopy is a vibrational spectroscopic method based on the inelastic scattering
of a monochromatic excitation source. It is a powerful tool to examine the fine structure, atomic
bonds, and mechanical of materials. When the sample is irradiated with a monochromatic source,

most of the radiation is elastically scattered (Rayleigh scattering) whereas a small portion is in
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elastically scattered (Raman scattering). Raman spectrum of a molecule consists of stokes and anti-
stokes lines. When the molecule excited to higher unstable vibrational state returns to a different
one other than its original vibrational state, stokes lines are obtained.if the molecule initially in the
first excited vibrational state is excited to higher unstable vibrational state and returns to ground
state, then anti-stokes lines are generated. Stokes lines are those lines whose wavelengths are
longer than that of the incident light, whereas anti-stokes lines are those with wavelengths shorter
than the incident line. Raman studies were carried on Andor 500 series spectrometer with 532-nm

green laser excitation.

2.2 Characterization of lonic Liquid Crystal (ILC) electrolytes

All the combinations of ILC electrolytes with varying concentrations of additives will be
studied for their ionic conductivity and anisotropic nature using conductivity and DSC analysis.
Electrochemical impedance spectroscopy (EIS) studies will help us to elucidate SEI nature and
stability. NMR is conducted to understand the fundamental interactions between additives and the
salt/solvent of the electrolyte. Further, wide-angle X-ray diffraction (WAXD), small angle X-ray
scattering (SAXS) and polarizing optical microscopy (PLM) studies are used to determine the

crystal data and orientation of additive containing ILC electrolytes.

2.2.1 Nuclear Magnetic Resonance spectroscopy

The Nuclear Magnetic Resonance spectroscopy (NMR) is a technique based on the
absorption of electromagnetic radiation in the radiofrequency region by the nuclei of atoms.
Certain elements possess random nuclear spin, which generates a magnetic field. But in the
presence of an external magnetic field, nuclei align themselves either with or against it. The

external magnetic field creates energy transfer between the ground state and excited state at a
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wavelength that corresponds to radiofrequency. Hence, when the spin comes back to the ground
state, the absorbed radiofrequency energy is emitted at the same frequency level, which gives the
NMR spectra of concerned nuclei. That is NMR occurs when nuclei aligned with an applied field
are induced to absorb energy and change their spin orientation with respect to the applied field. It

is used to determine the content, molecular structure and purity of a sample.

2.2.2 Fourier transform infrared spectrometer

Fourier transform infrared spectrometer (FT-IR) is another vibrational spectroscopic
technique to which is widly used to identify the functional groups. the technique uses mid and
near IR frequencies. When IR radiation is passed through a sample, some radiation is transmitted,
and some absorbed by the sample. The Fourier transform converts the detector output to an
interpretable spectrum that have the patterns that provide structural insights. Here FT-IR analysis

was carried out using Varian/Digilab Excalibur 3100 High Resolution FT-IR with NIR.

2.2.3 Differential Scanning Calorimetry

The Differential Scanning Calorimetry (DSC) is a type of thermal analysis in which the
energy required to establish a zero-temperature difference between sample and reference material
is measured as a function of temperature. The instrument is used to study the thermal stability of
a material and to identify the structural transitions. In endothermic reactions, (such as melting,
vaporisation, boiling) more energy is needed to maintain a zero-temperature difference between a
sample and reference material where as in exothermic reactions, (such as crystallization) only less
energy is needed. DSC can also be used to measure heat capacities of condensed phases, which
makes it is an inexpensive and rapid analyzing tool for characterizing liquid crystal mesophases.

It provides in depth information on the phase transitions that a molecule undergoes when it is
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heated or cooled, such as transition temperatures and enthalpies. Thus, the kind of liquid crystalline
phase can be identified from this enthalpy, i.e. higher the enthalpy, higher the intermolecular
interactions in highly ordered LC phase. Here DSC analysis was carried out using TA Q20 where

the sample is heated and cooled from -20 to 200 °C.

2.2.4 Polarized light microscopy

Polarized light microscopy (PLM) is the standard tool that uses the principle of the
polarization of light to identify the phases and phase transitions of LCs. The anisotropy nature of
LCs causes the light polarized along the director to travel with a different velocity than the one

perpendicular to the director. Thus, LC will look bright under crossed polarizers.

2.2.5 Wide-angle X-ray diffraction (WAXD) and Small Angle X-ray Scattering (SAXS)

WAXD will help in identifying the mesophases, determining the LC phase structure,
explains the presence of long range ordered molecules. SAXS can be helpful to analyze the phase
transitions, smectic ordering of a liquid crystal, or to detect defects in the structure. This method
uses the elastic scattering of X-rays at angles between zero to 10 degrees, gives information about

the low orientational and high translational order of compounds.

2.2.6 Anisotropy conductivity measurement

Anisotropic ionic conductivity can be measured in both directions parallel and
perpendicular to the self-assembled layers using alternating current impedance technique.
Anisotropy in ionic conductivity of ILCs is analyzed by a pair of comb-shaped gold electrodes
(Cell A) and a pair of Indium tin oxide(ITO) plates (Cell B).The experimental setup was shown in
the figure 2.1. Firstly, gold was sputtered onto a glass plate in comb shape by leaving a 1mm

distance between the teeth, and their sidewise width was nearly 0.3mm. The thickness of the
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sputtered gold was about 0.8 um. The compound mixtures were filled in both the cells, and their
orientation is confirmed by a polarizing microscope. lonic conductivity parallel to the oriented
layer is measured using cell A and the one perpendicular to the oriented layer can be obtained by
using cell B. In Cell B, a pair of indium tin oxide (ITO) electrodes were separated with a thickness
of 30 um using a Teflon spacer. In both cases, the homeotropic alignment of sample mixtures can

be observed.

ITO

Figure 2. 1 Experimental set up to measure anisotropy

2.3 Electrochemical Testing

2.3.1. Cyclic voltammetry

Cyclic voltammetry (CV) is an electrochemical technique used for acquiring information
of both kinetics and thermodynamics details of electron transfer at the electrode/electrolyte
interfaces. CV involves sweeping the electrode potential between two preset values at a known

sweep rate. Basically, the potential of the working electrode is swept from the initial potential (Ei)
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till switching potential (Es) where an electrode process occurs, where direction of the scan is
reversed and swept back to final potential (Ef). The choice of potential window depends on the

stability range of the electrolyte.

2.3.2. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is the technique used to investigate the
electrical properties of materials and interfaces of electrochemical systems. EIS measurements
involve the perturbation of the electrochemical system by applying a low amplitude ac signal, and
the response can differ in phase and amplitude from the applied signal. Measurement of phase
difference and amplitude allows the analysis of the electrochemical process undergone by the
electrode in relation to contribution from diffusion, kinetics, double layer, etc. There are various
applications with EIS studies in membranes, ionic solids, solid state electrolytes, conducting
polymers and liquid/liquid interfaces. The EIS data is represented in complex plane plots as -Z"
vs. Z', normally called Nyquist diagrams. Lithium-ion conductivity is an important feature of a
component expected to be used as an active material within a lithium-ion battery. To examine the
ionic conductivity through battery materials, EIS represents a fast, easy, and standardized
technique. The impedance is the resistance encountered when current flow through a circuit
composed of resistors, capacitors, or inductors or any other combination of these. The cell was
excited with 5 mV AC signal and impedance was calculated in the frequency range from 100 kHz

to 10 mHz at open circuit potential using Biologic EC-lab impedance analyzer.

2.3.3 Chronoamperometry

Chronoamperometry (CA) is an electrochemical technique used to study the kinetics of

chemical reactions, diffusion processes, and adsorption. Here, a potential step is applied to
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the electrode and the subsequent current vs. time is obtained. CA measurement gives additional
qualitative and quantitative information about the electrolyte composition, speed of electrode
processes and the chemical reaction that occurs at the electrodes and in the electrolyte.

Chronoamperometric curves should be recorded at potential higher than the overpotential value.
2.3.4 Tafel plot

Tafel plot is widely used in electrochemistry to estimate the catalytic reaction parameters
by plotting logarithm current density vs potential(see Figure 2.2). The coefficient of charge transfer
can be obtained from the slope of the linear region, which is related to the catalytic activity of the
material. Exchange current density (io), related to the reaction kinetics, can be determined from the
Tafel plot by extrapolating the current density in the linear region. A high exchange current density
value signifies the smaller activation barrier, which requires a small over potential. The rate of an

electrochemical reaction to the overpotential can be obtained by the mathematical equation:
n=A4 X In (i/i,)
Where:
n is the overpotential, V
A is the so-called "Tafel slope”, V
i is the current density, A/m?

io is the so-called "exchange current density", A/m?
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Figure 2.2 Tafel plot: Electrochemical potential vs the logarithm of exchange current density.
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CHAPTER 3 UNDERSTANDING HETEROGENEOUS ELECTROCATALYSIS OF
LITHIUM POLYSULFIDE REDOX ON Pt AND WS2 SURFACES

3.1 Background and Motivation

Regardless of gaining high energies with Li-S batteries, technology is hampered by several
challenges which are already discussed in previous chapters such as structural & volumetric
changes, poor rechargeability due to the formation of insulating discharge end products
(Li2S2/Li2S), polysulfide (PS) shuttling effect, dissolution of soluble higher order polysulfides
LioSx (4 < x < 8) into the electrolyte during prolonged cycles, severe capacity decay, low
coulombic efficiency and limited cyclic life. Significant progress has been made towards
mitigating the above mentioned issues through developing efficient electrolytes[78-80], novel cell
configurations[81, 82], efficient separators[83, 84], cathode sulfur host materials[62, 85, 86] and
anode protective coatings[87, 88] etc. Cathode surface modification has been considered and
explored as an efficient approach among the strategies undertaken for soluble PS encapsulation.
In this scenario, porous carbon-sulfur cathode designs provide effective electronic conduction,
better soluble PS absorption and shuttling effect minimization [89-93]. However, intrinsic issues
such as physical confinement of PS and pore blockage due to the deposition of insoluble products
(Li2S2/Li2S) fetch severe capacity fade. The functionalization of cathode surfaces has been
considered as an effective approach for efficient retention of polysulfides through developing
strong covalent linkages[86, 94-96]. Despite remarkable success of these strategies, low surface
area with minimal areal sulfur loading and low electronic conductivity diminishes the Li-S cell
performance.

Accelerating the polysulfide redox reaction kinetics on the cathode surface was appeared
to be a viable approach along with the proven sorption method to seize the shuttling effects. Highly

conductive metallic oxides and hybrid host surfaces can trigger the reduction of adsorbed
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intermediate soluble PS to solid product Li.S and permit their controlled deposition[92, 97]. In
addition, the inclusion of sulfiphilic CoS, promotes the PS adsorption onto the surface and
significantly manipulates redox activity of liquid-liquid PS conversion resulting in prompt
deposition of solid Li-S[52]. This finding imparts the role of conductive surface in the formation
of solid end products during cycling and how it controls the Li-S redox reaction kinetics. However,
the conductive surface effect on mass transport and electron transfer rate involved in redox
reactions are not properly studied yet. Recently, our group has reported a new avenue explaining
the electrocatalysis of polysulfide reaction in Li-sulfur by using conventional conductive catalytic
surfaces such as Pt or Ni coated Al foil/high surface area matrix viz. graphene[77, 98].
Electrocatalyst having 3D porous structures can minimize the mass transport problems with a great
improvement in rate capability. The use of an electrocatalyst in the multistep sulfur redox process
has shown great potential in (i) trapping of polysulfides (ii) reducing the polarization (iii)
enhancing the specific capacity with long cycle life and (iv) exhibiting excellent reversibility.
However, the involvement of an electrocatalyst in each single step and their influence on the rate
of reaction is remaining unexplored.

Despite having a massive number of reports on the Li-S chemistry, mechanistic features of
sulfur redox reaction and its kinetics are still unclear[99-104]. It is elucidated that overall sulfur
redox reaction involves a multielectron process proceeding via formation/dissociation of many
intermediate polysulfides (Li2Sx, x = 2-8) through (electro) chemical/disproportionation reaction
at the cathode regime[105, 106]. It is essential to have a fundamental understanding of the surface
effect on Li-sulfur redox reaction kinetics which holds the key for advancing in the design of
pioneering cathode surfaces. In this context, here we evaluate the kinetics of sulfur redox chemistry

on different electrocatalytic surfaces (Platinum and WS) and their influences on reaction kinetics
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at different stages. To deduce the accurate diffusion and steady state kinetic parameters, we carried
out the three-electrode cyclic voltammetry with the advantage of maintaining a constant working
electrode potential. Potentiostatic experiments are performed to understand the surface dependent
PS adsorption, reaction kinetics and cell reversibility.

3.2 Experimental Methods

3.2.1 Preparation of lithium polysulfides (LiPS) (Li2Ss and Li2Ss): Stock solutions of LiPS
(0.6M) have been prepared with calculated stoichiometric amounts of LiS and Sulfur in
Tetraethelenglycol dimethyl ether (TEGDME) solvent and were heated at 90° C for 12hrs. For
electrochemical studies, we used a 2 mM Li;Sg solution with 1 M of lithium
bis(trifluoromethanesulfonyl) imide (LiTFSi) and 1 M of lithium nitrate (LiNO3) mixture as
supporting electrolyte. All the polysulfides solutions were prepared inside the Ar filled glove box
having oxygen and moisture level below 0.1ppm. For LiPS adsorption studies, 10 mM of lithium
polysulfide (Li>S4) solution was used.

3.2.2 Adsorption studies: In a typical process, 1 mg of carbon, Pt and WS, samples were dispersed
individually in TEGDME/ 10 mmolL™ Li,S4 solution mixture inside Argon filled glove box.
Solution mixtures were kept aside overnight to discern the color changes and then, the supernatant
solution was separated through centrifugation at 5000 rpm for 30 min. Finally, these samples were
used for ultraviolet-visible spectroscopy (UV-Vis) adsorption characterization.

3.2.3 Electrochemical studies (potentiodynamic): Three electrode cyclic voltammetric
experiments were performed to evaluate the catalytic surface effect involved in LIPS redox
reactions. The electrochemical cell was consisting of bare glassy carbon, Pt and WS; (40 pg/cm?
each) coated glassy carbon (GC) as working electrode, lithium foil as counter/reference electrodes

and 2 mM Li2Sg solution as catholyte dissolved in TEGDME containing 1M LiTFSi + 1M LiNO3
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mixture. Cyclic voltammetry studies were conducted using CH 760E bipotentiostat in the potential
window of 3.0 -1.5 V at a scan rate of 0.1 mV/s and the scan rate studies were carried out in the
range of 10 to 100 mV/sec.

3.2.4 Chronocoulometric method: To obtain adsorption parameters, individual coin cells were
first discharged galvanostatically at the current rate of C/20 till 2.1 V and interval time of 1 minute
was allowed for equilibration. After discharge, a potential of 2.1V was constantly applied for about
600 seconds and resultant transient plot Q vs t was used for analysis.

3.25 Li2S Nucleation studies: Carbon, Pt and WS, coin cells were first discharged
galvanostatically at 0.04 mA until 2.02 V to reduce all the higher order polysulfides. Then, the
analysis turned to potentiostatic mode after maintaining a potential of 2.05 V for 10 hrs. to measure
the kinetics involved in Li.S formation.

3.2.6 Electrochemical Impedance: Charge transfer measurements of Carbon, Pt and WS coin
cells against LiPS redox reaction were performed using Biologic EC-lab impedance analyzer.
Nyquist impedance spectra were recorded potentiostatically at different discharge/charge potential
in the range of 3.2 to 1.5 V with 15 minutes interval between each measurement. Prior to this, cells
were subjected to galvanostatic discharge/charge process till the corresponding potentials to
confirm the cathode surface has undergone different polysulfide redox reactions. AC frequency
between 1 MHz to 1 mHz with an amplitude of 10 mV was employed for impedance
measurements.

3.2.7 Coin Cell fabrication and electrochemical measurements (potentiostatic): coin cell
electrodes were prepared by mixing an appropriate mixing of bulk WS> or Pt individually with
conductive carbon (Super-P) and polyvinylidene fluoride (PVDF) binder in the weight ratio of 80:

10: 10. The mixture was ground well with N-methyl-2-pyrrolidone (NMP) as a solvent, until a
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mirror-polished thick slurry is obtained and then it is coated uniformly with a thickness of 40um
on thin aluminum foil using doctor blade film coater. The electrode coated Al foil was dried
overnight in a vacuum oven at 90 °C to evaporate the solvent and is cut into circular discs of having
12.7 mm dia. Standard 2032 coin cells were fabricated using individual coated materials as
working electrode, lithium metal as both counter cum reference electrode and celgard membrane
as a separator. Here, pre-calculated amount of 200 mM catholyte containing 0.00029 mg of sulfur
was used as active material along with the electrolyte consisting of 1 M of LiTFSi and 1 M LiNO3
in TEGDME.
3.3 Results and discussion
3.3.1 Electrocatalysis in LiPS reduction

In this work, we have systematically examined the electrocatalysis of LiPS redox activity
on different surfaces like Platinum (Pt), Tungsten disulfide (WS2) and Carbon using cyclic
voltammetry (CV). As shown in figure 3.1a, Li>Ss undergoes similar CV features at all the surfaces
and have three distinct redox process as marked I, 1, 111 and are discussed in detail as following:
First redox corresponds to the reduction of Sg/Sg? proceeding via 2e” and follows a similar trend
on all the surfaces, their corresponding CV parameters such as peak potentials (Epa, Epc), (anodic
peak (pa) and cathodic peak (pc)) peak current densities (lpa/lpc), peak separations (AEy), are listed
in Table 3.1. However, the peak potential (Epc1) was found to be anodically favored and an
increment in the current (ipc1) was observed on Pt and WS, when compared to carbon. The peak
positioning for carbon was found at 2.43 V which got anodically shifted to 2.46 and 2.47 V for Pt
and WS respectively. Moreover, the potential difference between the anodic and cathodic peak
(AEp = Epa - Epc), found to be decreased from 110 mV (carbon) to 70 mV (Pt) and got further

lowered on WS, surface (30mV). This result implies the dependence of Li>Sg redox activity on the



42

nature of the surface and confirms the surface involved electrocatalysis mechanism. In fact,
lowering the overpotential of LiPS redox is the best strategic way to minimize cell polarization

and increase the rate capability with long cycle life.

Surface Epc, Epa, V AEp, mV Ipc, Ipa, HA
Carbon 2.43,2.54 110 -0.30, 0.67
Platinum 2.46, 2.53 70 -0.40, 0.78

WS2 247,250 30 -0.36, 0.72

Table 3.1. Comparison of LiPS reduction (Epc)-oxidation (Epa) potential, Redox peak potential
difference (AEp) and current (lpc, Ipa) ONn different surfaces
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Figure 3.1. Evaluation of electrocatalytic activity: (a) Cyclic voltammogram of carbon, Pt and

WS> modified electrode and their corresponding Tafel plot for (b) ~2.6 V Li2Sg (reduction peak)
and (c) ~1.9 V (reduction peak). Scan rate: 0.1mV/sec.
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Figure 3.2. Cyclic voltammetric response of carbon, Pt, and WS, surfaces at different scan rate
(10-100 mV sect) in 2mM L.i,Ss solution.

To get more insights on Sg/Sg? redox properties, we carried out CV at different scan rates
(figure 3.2). A linear increment in Peak AEp potential with scan rate was observed on all the
surfaces which account for the irreversibility of the redox process. This could be ascribed to
intervene of the chemical charge transfer step and indicates that the reaction was controlled
apparently by mass transport of active species. It is further validated from the log values of ip vs
scan rate (v) giving a slope of 0.5 at all surfaces denoting the diffusion process (figure 3.3 a) and
is in good agreement with the previous reports[107, 108]. We calculated the diffusion coefficient
of LiPS (Dvizss) by using well-known Randles-Sevcik correlation as shown below (egn 1) and it is
found to be higher on both Pt (8.01 X 10°® cm?/sec) and WS, (7.96X 10°% cm?/sec) when compared
with that of GC (7.6 X 10 cm?/sec) surface. Despite of diffusion coefficient measurement in Li-S
coin cell giving an overall cell LiPS diffusion parameter, these values from the three-electrode

system are solely with respect to the cathode surface.
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Figure 3.3. log ip vs log v plot for (a) cathodic peak (ipc1) at 2.4 V, (b) cathodic peak (ipc2) at 2.1V,
(c) anodic peak (ipa1) at 2.6V. The scan rate employed between 10 - 100mV sec™.

The observed negligible difference (error bar £0.2) in diffusion coefficient values for

different surfaces can be because of the polysulfides getting diffused towards the surface either by

absorption or adsorption process.

D¥2=" i,/(2.99*10% n (nan) Y2 A CV'?> ... (1)
Where, iy - peak current(A), A- area (cm?), C- Concentration (mM), v-scan rate (mV/sec), D-
diffusion coefficient (cm?/sec), n —number of electrons and o-transfer coefficient. Due to the
irreversible features of Epc1, peak position was observed at a higher potential with a potential
dependent heterogeneous rate constant. Since diffusion and sweep rate parameters are directly
related to the peak potential, catalytic surface’s influence on the rate of the reaction can be
anticipated. Further, it is corroborated from the heterogeneous rate constant measurement by using

Nicholson equation as shown below (Eqgn 2). It is found that Pt and WS; exhibit higher rate constant
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value compared to the carbon surface which indicates the facile conversion of polysulfides.
K(Ep)=2.18 [DPnFV/RTI¥2 ()

Where, k (Ep) — potential dependent rate constant (cm?/sec), p- transfer coefficient, R- gas
constant (8.314 J Kt mol?), T-temperature (K). Here, the transfer coefficient value was taken as
0.5 based on the assumption that the peak current is gained from the reversible process[109]. To
get a complete understanding of the surface role on lithium-sulfur redox kinetics, we performed
Tafel plot measurement i.e. current vs. over potential relationship, as shown in figure 3.1b. Pt (180
mV/sec) and WS, (90 mV/dec) surfaces displays significantly lower Tafel slope value when
compared to the carbon (245 mV/dec). Hence, CV derived parameters such as peak potential
(AEp), diffusion coefficient and Tafel slope evidently reveal that the surface dependency on LiPS
redox reaction kinetics. It is widely known that the unsaturated coordinated planes (active sites)
and d-band characteristic present in transition metal/dichalcogenides is responsible for catalytic
activity and is proved in several electrochemical reactions. Similarly, aqueous polysulfide redox
process is activated by using catalytic surface in solar cell[110, 111], flow battery[112-114]
applications which support the surface involved electrocatalysis of sulfur redox process in the Li-

S cell.

Certainly, all the polysulfide anions are electron rich and that can share electrons with
empty d-band of metal via Lewis acid-base interaction, which could bring adsorption at any stage.
The liquid polysulfides dissolution is the major cause of shuttling and hence, it is anticipated that
the catalytic surface can involve in chemisorption with those LiPS and further in their redox
reaction activation. As predicted, the raise of faradic current at this region (2.05 Peak I1) on both
Pt and WS, when compared to the carbon denotes better electroactive species accessibility.

Furthermore, Epc2 peak potential shifts linearly more cathodic with scan rate and give slopes (log
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ipc2 VS log v) about 0.51, 0.7 and 0.68 for carbon, Pt and WS; surface respectively (figure 3.3b).
The slope above 0.5 indicates the domination of surface kinetics rather than diffusion and however,
slope value less than 1.0 represents the chemical reactions are still inevitable. To sum up, the
adsorption of intermediate soluble polysulfides on catalytic surface significantly reduces the
shuttling effect and resolves the major issue related to the capacity fade. The electron transfer rate
will be faster on adsorbed molecules than the non-adsorbed and hence strong interaction of LiPS
on catalyst surface may have an impact on subsequent reaction viz. liquid-solid conversion (Li2Sa4
to Li>So2/Li,S) reaction. It is noteworthy to mention here that most of the cell capacity is gained

from the charge transfer process of liquid Li>S4 to solid Li>S conversion.
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Figure 3.4: Cyclic voltammogram of Pt and WS, catalyst modified electrodes in 2 mM Li.Sg +
1M LiTFSi in TEGDME solvent (without LiNO3). scan rate: 0.2 mV sec™.

In the juxtaposition with above suggestion, Pt and WS> surface shows a continuous flow
of cathodic faradaic current after Li»Se-Li2S4 redox reaction which can be ascribed to the growth
of LiS. In addition, the continuous increase in cathodic current in successive cycles is from the
conversion reaction of Li2S4 to Li>S rather than from the irreversible reduction of LiNOs. This can

be proved by carrying out a controlled experiment without LiNO3 additives and shown in figure
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3.4. Hence, current originating from the irreversible reduction reaction of LiNO3 can be neglected
here. It is well known that the nucleation followed the growth of Li.S solely depends upon the
nature of the surface rather than the diffusion of active species. As mentioned previously, enhanced
LiPS (Li2Ss4) retention on the catalytic surface in conjunction with conductivity can efficiently
catalyze the kinetics of Li»S nucleation (reduced over-potential) which is followed by growth. On
the other hand, a very small faradaic current was observed at 1.7 V on the carbon attributing
towards the negligible charge/mass transfer occurring between electrode/electrolyte interfaces and
illustrating the Li»S transformation is diffusion limited. Furthermore, Tafel slope (as shown in
figure 3.1c) got significantly decreased from 440 mV/dec (Carbon) to 280 mV/dec (Pt) and 300
(WS2) confirming the electrocatalytic activity. The decreased overpotential and low Tafel value
indicate the significance of electrocatalysis driven reaction process in the presence of metal
surfaces. This can be due to the polar nature of active sites in Pt and WS, providing low surface
energy barrier for nucleation and growth of Li>S compared to the carbon (non-polar) which is in

good agreement with the previous reports on conducting substrates[52, 115].

The overall reduction process can be summarized as the following: WS> showed better
catalytic activity than Pt during the initial stages of reaction which is due to the weak interaction
of latter with the polysulfides. But in the subsequent regions, the oxidation of Pt surface encourages
stronger interaction of polysulfides and eventually ends up with Pt-sulfide bond formation. In
contrast, the inability of WS; to oxidize limits itself from retaining the initial activity throughout
the redox reaction process. This can be clearly inferred in cyclic voltammogram where the kinetics
of the first reduction process undergoes much faster on WS, surface, whereas successive reaction

(region 11 & I11) is accelerated on Pt surface.
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3.3.2 Electrocatalysis in LiPS oxidation:

It is widely postulated that the adsorption of sulfur on metal surfaces has a remarkable
effect on electrochemical reactivity. Despite sulfur induced inhibitions in catalytic activity, few
reports demonstrate that the sulfur layer significantly enhances the electrocatalytic activity of some
metals like platinum and thereby improving the reaction rate. The adsorbed sulfide anion on the
catalytic surface like Pt (111), (100) planes favors oxidation and consequential accumulation of
elemental sulfur/polysulfides, along with regeneration of the active sites[116, 117]. Similarly, it is
expected that the catalytic surface can also influence the Li.S oxidation kinetics. In agreement with
the literature, carbon, Pt, WS> surface shows one major anodic peak at ~2.6 V attributing towards
the conversion Sg? intermediate to stable sulfur (Sg). In addition to this, we found a new peak at
1.9 V during oxidation on Pt surface which is not reported elsewhere. To get more insights, we
carried out the Li»Sg redox reaction on bare polycrystalline Pt electrodes due to its high catalytic

activity (figure 3.5).
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Figure 3.5: Cyclic voltammetric response of polycrystalline Pt surface in 2 mM Li.Sg solutions

(Scan rate: 0.1 mV sec™)
Polycrystalline Pt surface exhibits similar CV behavior with well-defined peaks, proving
the dependency of adsorption and reaction kinetics on surface active sites. Instead, during the

reverse cycle, an oxidation peak appears at 1.9 V which is similar to the one observed on Pt and
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ascribed to the electro-oxidation of solid sulfides (S*) to S4> on the catalyst surface. Increasing of
S4% concentration indirectly accelerates the formation of S followed by its reaction with
available Li2S producing Ss® intermediates. Therefore, initiation of Li.S oxidation sequentially
promotes the kinetics of the oxidation process on the catalytic surface. However, WS, surface did

not show any such response at 1.9 V which can be due to the limited number of active sites.
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Figure 3.6: Tafel plot for LiPS oxidation peak (~2.6V)

Finally, anodic peak observed at ~ 2.6 V corresponds to the oxidation of Sg? to stable sulfur
(Ss) forms Anodic reaction peak positioning (ipa) was found cathodically shifted from a potential
of 2.54 V (carbon) to 2.53 V and 2.50 V for Pt and WS, respectively. In addition, current increases
linearly with the scan rate and the slopes calculated from the log v vs log (ipa) plot are found to be
0.41, 0.45 & 0.47 for Pt, WS and carbon surface respectively (figure 3.3c). Thus, the oxidation
kinetics are limited to diffusional process and found to be less than the typical value due to the
intervention of chemical reaction. Moreover, we calculated the diffusion coefficient from the plot
and found that Pt and WS, surface shows 1.47 X 10 cm?/sec and 1.35 X 10 cm?/sec respectively

which are higher than that of GC (1.148 X 10 cm?/sec). Tafel slope decreased from 78 mV/dec
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for carbon to 52 and 65 mV/dec for Pt and WS respectively (figure 3.6) which demonstrates the

involvement of electrocatalysis mechanism in Li.S oxidation.

From the above observations, it can be inferred that Pt and WS> surface shows similar
catalytic behavior towards polysulfide’s redox. However, their respective reaction mechanism is
expected to differ from each other. In the case of Pt, the surface tends to undergo oxidation (Pt**)
and reduction (Pt%) along with polysulfide’s reduction/oxidation during the operation. The
interaction between the Pt and PS leads to the Pt-sulfide bond formation at the end of discharge.
Subsequently during charging, oxidized Pt surface undergoes reduction while polysulfides getting
oxidized. Hence, polysulfides will go through electrochemical reversible adsorption/desorption
process on Pt surface which was reported in our earlier studies[77]. In contrast, the interaction
between WS; and polysulfides is purely based on charge transfer rather than direct bond formation.
Edge sites present in the WS, including W and S edges have unsaturated dangling bonds that tend
to interact with polysulfides more strongly and thus allows the polysulfide’s reduction/oxidation
on the surface.  In brief, three-electrode CV results reveal the role of catalytic surface in (i)
enhancing the polysulfide’s adsorption (ii) accelerating the liquid (Li2Se-Li2S4) to solid PS
conversion (iii) improving the Li>S oxidation Kinetics. These results are in good agreement with
the previous surface driven Li-S studies with various cathodes such as metal oxide, carbides and
sulfides. Furthermore, to prove our hypothesis and get more understanding of the electrocatalytic
surface effect on polysulfide’s redox kinetics, we performed three different potentiostatic

measurements by using two electrode coin cells (CR 2032) system.
3.3.3 Adsorption of polysulfide on catalytic interface:

Adsorption of LiPS is one of the dominant factors which determine the redox kinetics on

the catalyst surface and hence fundamental understanding of such properties is critical. As
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predicted in CV, catalytic surface accelerates the solid Li.S formation and then obviously one can
assume that the adsorption of Li»Se/Li>Ss holds the key factor for the same. To reveal the
adsorption driven electrocatalysis based Li-S system, we performed chronocoulometric test
accompanied with UV-vis spectroscopy. It is well known that the chronocoulometric method is
often used to recognize and quantify the adsorbed reactants on the surface from the intercept of
charge (Q) vs. t¥2 plot, so called surface coverage (I') [118, 119]. Here we estimate the surface
coverage of adsorbed LiPS (Li2S4) on various surfaces by measuring charge with respect to the
applied potential for about 600 seconds. The chronocoulogram wave obtained when the potential
of the working electrode stepped to 2.1 V is displayed in Figure 3.7a showing an increment in the
charge on Pt and WS, surfaces. Besides, surface coverage estimated from the intercept of Q vs t*2
(after subtracting the double layer charge by using equation 3) was found to be higher on Pt
(4.9x107" mol cm2) and WS, (6.5x10® mol cm™2) when compared to the carbon surface (3.68x10°
& mol cm) (figure 3.7b). The resultant surface coverage estimation demonstrated that the catalyst

surface is covered with adsorbed LiPS molecules.

Q=nFAT . 3)

Where Q - the charge, n - the number of electrons, F - the Faraday constant, A - the area of the
electrode (geometric) and I - surface coverage in mol cm. Furthermore, the adsorption capability
test was carried out using UV- Vis spectroscopy along with the visual inspection analysis. For the
static adsorption studies, a known amount of electrocatalyst was added in 10 mmol L of LizS4in
TEGDME followed by vigorous stirring for 1hr and the whole solution was kept undisturbed
overnight. In figure 3.7c, blank Li>S4 showed an absorption peak around 420 nm and the peak
intensity was found to decrease when added with the adsorbents in order of C <WS; < Pt

confirming the strong affinity of polysulfides towards the well-known catalysts. These results were
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in good agreement with the visual inspected camera images, showing a drastic color loss for Pt,
then WS; indicating the better adsorption of polysulfides onto these catalytic surfaces than carbon
(as shown in figure 3.7d). Adsorption behavior ascribed to the transfer of an electron from the
electron rich polysulfide species to the available vacant d-orbital on the metal surface. Also, these
findings can be explained as the facile charge transfer from negatively charged Li2S4* to the
positively charged metal/metal sulfide active sites compared to the neutrally charged carbon

surface resulting in high affinity.
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Figure 3.7. Adsorption characteristics of LiPS on catalytic surfaces: (a) chronocoulometric plot
Charge vs time (b) Charge vs t*2 (c) UV-Vis spectrum and (d) visual inspection of LiPS color
changes in presence of carbon, Pt and WS, materials.

3.3.4 Li2S2/ Li2S growth on the catalytic interface

Adsorption studies can validate the potential ability of catalytically active sites to hold
intermediate LiPS during the reaction, thus greatly hinders the shuttling effect. Pre-adsorbed LiPS
obviously undergo subsequent reactions in faster kinetics compared to the non-adsorbed. As

illustrated in CV curve (figure 3.1a), the electrocatalytic surface reduces the overpotential for Li>S
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nucleation and accelerates the conversion of liquid PS (Li2S4)-to-solid (Li2S) thereby gaining high
capacity. Previous reports elucidated that polar conductive/metal oxides provide low surface
energy that favors the electrodeposition of Li»S via nucleation followed by growth[115]. Also, we
recently reported that Li»S deposition preferentially occurs on catalytically active sites such as
edge planes compared to the basal by lowering the activation energy required for the
reduction[120]. However, the effect of the catalytic active site on nucleation followed by growth
and spatially controlled deposition of LiPS is persisting in its status of being unexplored. We have
performed potentiostatic discharge of Li»S4 at 2.05 V and monitored insoluble reduction products
(Li2S2/Li2S) for about 10 hrs (Figure 3.8a-c). Prior to doing this, we executed the typical discharge
up to 2.02 V with C/20 current rate to reduce all the higher polysulfides to Li>S4. In figure 3.8(a-
c), the shape of transient time vs. current differs from each other which reveals that the nucleation
and growth pattern is varying with respect to the surface. The current was reached higher in shorter
duration on the catalyst surfaces compared to the carbon confirming the early nucleation of Li>S
which supports the CV data. Also, the measured charge was found to be higher for catalytic Pt
(0.165 Q/cm?) and WS, (0.15 Q /cm?) surfaces than carbon (0.12 Q/cm?) which indicate the high
yield deposition of Li,S. Obviously, more Li>S deposition yields an impingement effect leading to
the Li>S growth termination[121, 122]. However, Li>S growth is controlled by two types of
mechanism viz., instantaneous, and progressive nucleation which depends upon the nature of the
substrate being used. In general, instantaneous nucleation followed by growth occurs in a three-
dimensional pathway whereas progressive nucleation leads a two-dimensional pathway over a

longer period.
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Figure 3.8. Li>S Nucleation and growth studies; (a-c) potentiostatic deposition of Li.S at 2.05 V
on carbon, Pt, WS> surface and their corresponding SEM images (a’-c’) [Image scale bar 1um;
13kx resolution]

To ascertain the type of nucleation and growth on the catalytic surface, we examined each

transient curve with developed Avrami theory and its correlated equation 4 & 5 are shown below.
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Dimensionless relation between i%/i%max VS. t/tmax predicts instantaneous Li>S nucleation
which proceeds on (t < t/tmax) both catalytic surface and that obviously leads to the 3D growth
(figure 3.9). But, progressive Li>S nucleation observed on the carbon surface restricts the growth

in 2D direction and allows limited deposition. Furthermore, morphological studies of 10hrs
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discharged cell were carried out to prove the Li2S growth which is shown figure 3.8a’-c’. SEM
images show similar faster growth of Li»S particles on both catalytic surfaces with larger particle
sizes. But limited Li.S deposition was observed on carbon even after potential applied for longer
duration and has a smaller particle size. In fact, larger particle size increases the interfacial contact
with the cathode surface, and it is highly beneficial for Li>S oxidation. This can be explained by
the following aspects (i) strong interaction between Li>S and catalytic active sites such as Pt (100),
(111) planes, unsaturated edge planes of WS (ii) higher conductivity of the surface that reduces
the activation energy and prompts the Li>S nucleation followed by 3D growth. This can be realized
in two folds’ higher discharge capacity gained on Pt and WS> surfaces with smaller surface area
compared to the carbon. This is well agreed with previous reports that conductive surfaces enhance
the liquid to solid PS conversion. Therefore, surface with catalytically active sites is capable of
tuning the Li>S growth mechanism with reducing nucleation overpotential and offers more

capacity close to the theoretical value from this region.
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Figure 3.9. LiS nucleation dimensionless t/tmax Vs. i%/i?max plot for carbon, Pt and WS; surface.

Despite accelerating the Li>S deposition, inherent problems such as insulating nature and
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their sluggish oxidation kinetics practically limit the cell reversibility and capacity retention.
Strong interaction between the LiPS and catalytic active sites anticipates the catalysis of Li.S
oxidation as well. Also, cathode surface should essentially have reversible behavior towards
adsorbed molecules which can regenerate the active sites for PS readsorption. To evaluate these
premises, we carried out potentiostatic electrochemical impedance spectroscopy to identify the

charge transfer properties of the surface during discharge-charge reactions.
3.3.5 Charge transfer at the catalytic interface:

It is well known that, extent of active material reduction (Li>Sg)/oxidation (Li2S) during
discharge/charge modifies the charge transfer resistance and ionic diffusion on the cathode surface.
Particularly, the insulating nature of charge-discharge products and the irreversible behavior of
chemically adsorbed polysulfides on the cathode surface significantly increases the impedance
leading to the capacity fade. Here, we monitored the Pt, WS, and carbon cell impedance at different
discharge-charge potentials as shown in figure 3.10a-c. The Nyquist plot reveals those potential
dependent changes of the semicircle in higher and medium frequency region and an inclined slope
line in low frequency region. To correlate obtained data, equivalent circuit fitting was performed
with appropriate parameters and the values are given in table 3.2. Electrolyte resistance R1 and
charge transfer resistance R> from the anode surface are found to be at the high frequency region
of impedance spectra. However, these resistances have undergone very negligible changes with
respect to the potential and thus their effects on the cathode surface’s activity is insignificant. On
the other hand, there were substantial potential dependent changes for the resistance, Rs (2" semi-

circle) in the mid frequency region which correspond to the charge transfer at the cathode interface.



57

me—— 28004—*— Experimental data
a = = B —— Fitted data
v)_,«‘ Charge 2.6 V ] CPE, CPE, CPE;,
Lall
c " . 21600 ; i e W
=% ol Discharge 1.8 V | = R, R, R,
N I N 1200-
v 5
#° 800+
Discharge 2.1 V
A 4004
e Discharge 2.4 V
T T T T M 04 T T T
0 600 1200 1800 2400 3000 0 200 400 600 800 1000
7'(Q) 7'(Q)
' —a— Experimental data
b ¥ S 1801 Fitted data
J,J" 1504
f,ea »wv’ Charge 2.6 V 120
= —
g g ]
N Discharge 1.8 V| § 607
’.”H‘V Discharge 2.1 V 304
Ml)i.\charge 24V 0]
0 150 300 450 600 750 0 50 100 150 200 250 300 350 400 450
Z'(Q) 7' (Q)
__g—— 250042 Experimental data
c T  Cheree 3 6V —— Fitted data >
. ge 2.
" 2000
a @ 15004
o Discharge 1.8 V |}
N e e N 1000
'
pmmy Discharge 2.1 V 5004
‘“J Discharge 2.4 V 04
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 3000
7'(Q) 7'(Q)

Figure 3.10. Charge transfer properties: Nyquist impedance spectra of LiPS on (a) carbon (b) Pt
(c) WS: surfaces at different discharge/charge potential and their corresponding equivalent circuit
(right side). AC frequency employed between from 1MHz to ImHz with 10mV amplitude.

Typically, cathode charge transfer resistance is originated from the intermediate
polysulfide reaction followed by the morphological changes on cathode surfaces with respect to
the potential. As shown in table 3.2, Pt and WS; surface exhibits a slight decrease in the charge
transfer resistance during the discharge whereas carbon shows drastic reduction implying the
higher accessibility of the cathode interface. This can be due to the huge volume changes seen on
carbon which reduce their interaction with the polysulfides ending up inactive material dissolution.
But the presence of active sites on Pt and WS; surface helps in polysulfide adsorption avoiding the

volume changes resulting in slight Rz variation with respect to the discharge. Resistance R4
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corresponds to the formation and dissolution of Sg and Li2S during cycling. As clearly seen in
figure 3.10, R4 decreases drastically at the midway of discharge on all the surfaces indicating sulfur
utilization and the semi-circle reappeared in low frequency region on discharge completion
confirms the Li2S formation.

Table 3.2. Comparison of LiPS charge transfer resistance (Rz) variation during discharge/charge
on different surfaces

Carbon Platinum WS,
Potential R, R; R, R, R; R, R, R; Ry

Discharge 2.4 30 320 1780 14 393 78 45 337 1387
Discharge 2.1 18 278 980 13 328 450 38 309 380
Discharge 1.8 13 1144 2050 10 266 3738 56 251.6 3167

Charge 2.6 14 117.7 6291 13.2 374 3486 50 311.3 3278

Similar fashioned impedance changes can be expected upon the charging process to ensure
the cell reversibility. Yet again, R1 and Rz resistance undergo negligible changes when charging
progress as like the discharge one. More importantly, minimal changes in Rz resistance was
observed during charging on carbon surface at 2.6 V when compared with that of the discharge at
1.8 V. This observation indicates that irreversible interfacial change like volume expansion
reduces the polysulfide interaction with surfaces resulting in capacity fade upon cycling. However,
Pt and WS, surface showed the same negligible Rz variation confirming their availability for
further polysulfide interaction improving cycle reversibility. Thus, we prove the significance of
having a catalytic surface towards better polysulfide adsorption for enhanced redox kinetics and

improved cell reversibility.
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3.4 Conclusion

In this chapter, we demonstrated that the significance of electrocatalytic surfaces on
lithium-sulfur redox kinetics by electrochemical potentiodynamic and potentiostatic methods.
Catalytic interface reduces the redox overpotential and enhances the surface diffusion properties
of LiPS anions. Thorough analysis corroborates that enhanced adsorption of soluble LiPS at the
catalytic interface and assists the successive reactions rather than dissolution. More importantly,
catalyst exhibits a substantial activity towards LiPS liquid-to-solid conversion and directs the Li>S
nucleation process via instantaneous growth, which has a direct impact on high capacity gaining.
In-depth analysis further confirms that electrocatalyst plays a predominant role in accelerating the
kinetics of Li>S process among multistep LiPS redox reactions. Furthermore, impedance analysis

makes evident that the potential ability of catalytic active sites for improving the cell reversibility.
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CHAPTER 4 FACILE SYNTHESIS OF ELECTROCATALYTICALLY ACTIVE NBS:
NANOFLAKES FOR ENERGY-RELATED ELECTROCATALYSIS

4.1 Background and Motivation

Over the past decade, intense research efforts have been taken to stabilize the polysulfide
shuttle process in the Li-S battery system mainly by physically constraining the sulfur within the
pores of various carbon materials[51, 123, 124]. However, the low active material loading in these
electrodes and their poor polysulfides adsorption capabilities have limited success. These unsolved
concerns necessitate a critical need for a fundamental breakthrough to stabilize the polysulfide
shuttle effect. Recently, our group proposed an electrocatalytic driven approach to Li-S batteries,
where metals like Ni, Au and Pt were found to enhance reaction kinetics and stabilize the
polysulfide shuttle process[28, 29]. Even though this innovative approach taken on cell design has
improved the overall electrochemical performance, the high cost and limited availability of the
elctrocatalyst are surely constrained their practical applications. Hence, there is a great demand to
find cheap and efficient electrocatalysts with the aim of producing these promising energy-related
technologies commercially viable. In search of efficient and cost-effective electrocatalyst as an
alternative to those noble metals, two-dimensional transition metal dichalcogenides, XS, (X=Mo,
W) materials were found to be potential candidates as they are previously reported as catalysts in
hydro-desulfurization[125], solar cells[126], photocatalysis, hydrogen evolution reaction[127-
130] and for their stability towards sulfur chemistries[131]. XS, materials with their synergism
among metal d-orbitals and the unsaturated heteroatom (such as sulfur) resulted in an effective d-
band structure, imparting catalytic characteristics similar to the d-band of Pt. The catalytic
efficiency of these materials for a reaction was correlated to the number of exposed edge sites that
have unique chemical and electronic structure when compared to their respective basal planes

(0001) [132].Hence, it is crucial to design and improve the preferential catalytic active sites (edge
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sites) for efficient reaction kinetics. Considerable efforts were made to maximize the no of active
catalytic sites in XS, materials through various process including designing, modifying the
structure and morphology, through adopting various synthesis routes. Among the various
configurations including nanoparticles, porous structures, nanowires, and hybrid heterostructures
, atomically thin two-dimensional layered structure was emerged as an exciting area of catalytic
activity due to its highly exposed edge sites and high accessibility of large catalytic surface[133-
136]. There are a substantial number of literature studies which are exclusively on Group 6 TMDs
like M0S2, WS, MoSe, and WSe, when compared with other group TMD materials[137-140].This
limited study outside of the Group 6 TMDs urges for exploiting group 5 TMDs including VS,
VSez, NbS,, NbSe,, VTes, TaSy, etc. NbS; exhibits the same lamellar structural features of MoS>
and WSy, which allowed researchers to easily find an alternative promising catalyst to

MoS2/WS;[141].

The catalytic, intercalation, optical, and superconductivity properties along with its
abundance make NbS; a potential candidate among TMDs [142]. NbS; is unique with the lack of
one electron in the d bands which gives the compound its peculiar electronic and magnetic
properties[128, 143]. Also, like MoS;, NbS; has a prismatic 2H structure and is capable of forming
in the 1T metallic phase. As per reports, NbS> has four phases: two stoichiometric and two non-
stoichiometric — 2H NDbS> ,3R NbS; and 2H Nb1+S2 ,3R Nb1+xSz, respectively[144]. NbS: has
been fervently studied as a hydrodesulfurization catalyst in the fields of petroleum purification,
sensors, cathode materials and superconductors with a wide transition temperature range[145-
147]. But the difficulty in the preparation of stoichiometrically stable NbS, nanomaterials hinders
it from practical applications. The oxides like MoOs, WO3 can react with low pressure sulfur to

form corresponding sulfides; but, Nb2Os or NbO2 requires a high sulfur pressure around 6 atm and
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high temperature to form stable NbS, crystals which hold back from their simple synthesis
routes[148-150]. Also, the number of layers and the thickness of the NbS; crystals synthesized
cannot be controlled. Thus, it is a challenge to develop a facile synthesis route for few-layered
NbS, flakes[150]. Chemical vapor deposition involving the thermal decomposition of
organometallic niobium precursors is considered as a viable technique for the synthesis of nano-
NbS;[141, 151]. But through CVD, it is more likely to form Nb.Os and NbS as the end products
of these reactions. The limited previous studies on NbS> nanosheets hinders their exploration in
various applications. Thus, it is essential to develop a novel synthesis route for NbS, which
addresses these key issues. Still, the traditional hydrothermal and other wet chemical synthesis
routes have limited controllability on the composition and crystal structure of NbS;
nanomaterials[152, 153]. These well explored techniques may lead to perceptible changes in the
catalytic performance. In addition, the catalytic activity has an intrinsic correlation with the nature,
structure and composition of the catalyst. Crystalline nature is an indispensable parameter that can
affect the figures of merit namely Tafel slope, turn-over frequency (TOF) and stability of the
catalyst towards catalytic performance[153]. Thus, engineering the crystalline structure of NbS; is
the key factor for enhanced electrocatalytic activity. Lastly, it is indeed essential to develop a facile
route for the synthesis of highly crystalline NbS nanostructures for energy related electrocatalysis.
Towards this, initially, NbS; was synthesized and its catalytic activity towards hydrogen

generation is studied, then their Li polysulfide adsorption capability was examined.

The ongoing pursuit of hydrogen as a future energy carrier calls for hydrogen generation
catalysts[154]. Active sites in catalysts are normally formed by unsaturated surface atoms with
dangling bonds. Unlike the inert basal planes of Group 6 TMDs, the catalytically active basal

planes of Group 5 compounds can provide enhanced HER activity and thus can outpace any other
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recently known electrocatalysts[155-158].Group 5 TMDs, including NbS; with highly metallic
nature and a favorable AG, are touted to surpass Group 6 TMDs in terms of HER catalytic activity
without any further chemical modification, but it has not been experimentally proved yet. The
enhanced activity at the basal planes of NbS> is not clearly understood. Also, H binding on the
basal planes can be improved by increasing the surface area and conducting channels. Herein, we
experimentally explore the electrochemical HER activity of highly crystalline NbS, nanoflakes as
an improved electrocatalyst because of their low onset potential, high exchange current density,
and low Tafel slope. In addition, we show an improvement in the H, generation reaction Kinetics
through the addition of a graphene conductive matrix in between NbS; nanoflakes. Also, we aim
to further examine the ability of transition metal disulfides in the presence of high surface area
matrix like carbon cloth (CC) to adsorb LiPS by investigating bare CC, NbS,/CC and their
interaction with PS being an electrocatalyst for enhanced performance in Li-S batteries. Further,
the adsorption of LiPS onto the catalytic surface and the electrocatalysis driven electrochemical

performance of NbS» nanosheets loaded on CC were studied in detail.

4.2 Experimental methods
4.2.1 Synthesis of NbSz, NbS2/G

NbS; nanoflakes were synthesized using a tube furnace to anneal commercial powdered
niobium (1 g, Alfa Aesar, >99% purity) with elemental sulfur (3 g, Sigma Aldrich, >99% purity).
The precursors including sulfur and niobium were placed in the first and the middle zone of the
tube respectively as shown in Figure 4.1, which schematically illustrates the experimental setup.
A constant flow of argon was passed through the tube during the annealing procedure to prevent
niobium metal from oxidizing into niobium oxide. The temperature of the furnace was ramped up

to the set temperature in 100 minutes, and then kept at the temperature for 80 minutes before being
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allowed to naturally cool back to room temperature. The synthesis was done at various
temperatures of 750, 850, 950, and 1050 °C. The niobium to sulfur mass ratio used was 1 : 3.
NDbS2/rGO was synthesized by sulfurizing the mixture containing Nb with 20% of GO (prepared
through a modified Hummers method) under an argon atmosphere at a temperature of 1050 °C.

The synthesis parameters of NbS2/rGO were maintained the same as those for the synthesis of

NbS; flakes.
Argon =0 N . Argon
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Figure 4.1. Schematic representation of the synthesis of NbS, nanoflakes.
4.2.2 Loading NbS2 onto carbon cloth (CC)

For loading the semiconducting NbS, samples on carbon cloth for improving the
conductivity of the whole system, the prepared NbS> nanoflakes were sonicated in water: ethanol
(3:4 ratio) for 1 h. The disintegrated NbS> individual flakes were filtered through the carbon cloth
which was kept on the whatman filter membranes. The NbS; flakes got deposited onto the CC and

was used for further characterization and electrochemical measurements.
4.3 Results and Discussion

The crystal structures of NbS; synthesized at different temperatures were examined using
XRD. The composition of the material formed by annealing at varying temperatures confirms the
temperature dependent formation of pure phase NbS> and the corresponding XRD patterns of the

materials formed are shown in Figure 4.2a. The NbS; formed at a temperature of 750 °C contained
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slight traces of unreacted sulfur and Nb2Os. The mixture formed at 850 °C contained diffraction
peaks of both NbySg and Nb2Os. When the precursors were heated up to 950 °C, a composite
mixture of NbS; and Nb.Os was formed. But we also found here a highly intense peak of unreacted
organosulfur. Further when the temperature is increased to 1050 °C, NbS; is formed with highly
intense peaks which correspond to the highly crystalline nature of the as-formed NbS; from the
higher growth temperature. The sharp peak (003) shows the layer structured NbS; with layers piled
up with respect to the C axis. The diffraction peaks from the (104) and (015) planes correspond to
the disordered and randomly distributed NbS> nanosheets. The XRD data analysis indicates the
3R-type rhombohedral structure of NbS; at 1050 °C with lattice constants, a=b =3.330 Aand ¢

= 7.918 A (PDF: 03-065-3655).

Raman scattering measurements were carried out for NbS; nanoflakes synthesized at 1050
°C and the results are shown in Figure 4.2b. There are four major non-degenerate Raman active
modes, at around 290, 330, 386, and 450 cm™ representing E modes (E1 and E2) and A modes (As
and Ay), respectively. Raman spectrum with all the 4 active modes predicts that NbS; exists in the
3R phase. [141] The peaks at 386 cm™ and 450 cm™ are assigned to the A1 and A2 modes of 3R-
NbS; respectively. A sharper A1 mode at 386 cmrevealing the crystalline nature of the NbS;
nanoflakes. The broad peak observed at 158 cm is attributed to the existence of single crystalline
NbS: with defects that help in enhancing the conductivity towards better catalysis. Furthermore, E
modes at 330 (E2) and the shoulder peak at 290 (E1) correspond to the rigid layer modes whose
intensities are relative to the thickness of the layers. In our case, E mode peaks are less sharp which
indicates the presence of few-layered NbS, nanoflakes. To reconfirm the crystal phase and its
influence on conductivity, we calculated the optical bandgap from UV vis absorption spectra. The

absorption spectra were collected for the NbS> nanoflakes, which were initially dispersed in a
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4 . 1 ratio of water-ethanol mixture (Figure 4.2c and d). A characteristic excitonic absorption
shoulder around 400 nm was found (Figure 4.2c) and the bandgap calculated from the absorption
spectra using the Tauc method was found to be around 1.49 eV (Figure 4.2d), which suggests a
semiconducting behavior of 3R-NDbS». This observed finite optical indirect bandgap confirms the
nonmetallic behavior of the synthesized NbS, nanoflakes. The inset of Figure 4.2c shows the

photograph of the synthesized grey powder; the yield was high through this simple synthesis

technique.
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Figure 4.2. Characterization of NbS, nanoflakes. (a) XRD patterns of NbS; flakes synthesized at
different temperatures showing the formation of pure phase NbS nanoflakes. (b) Raman spectrum
showing the characteristic vibration modes of NbS». (c) UV vis absorption spectra of NbS; flakes
synthesized at 1050 °C (inset: photograph of the as-synthesized NbS; powder). (d) Tauc plot of
NDbS; nanoflakes showing an indirect bandgap of ~1.49 eV.
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We examined the morphologies of all the synthesized NbS, nanoflakes. Figure 4.3a—d
show the SEM images of the as synthesized NbS nanosheets at different temperatures, viz. 750,
850, 950 and 1050 °C. The morphological changes are obvious as the temperature increases which
confirms the structural formation of pure phase NbS, from the NbO/NbS mixture. At 750 °C, the
nanoflakes coalesced together and later at 850 °C they become flakier with fewer unreacted
precursors. At 950 °C, hexagonal platelets started forming and finally at 1050 °C, the flakes formed
with a uniform hexagonal platelet morphology whose lateral dimensions extended from a few nm
to 2 mm. This also confirms the temperature stability of the NbS, nanoflakes. At 1050 °C the
nanoflakes were found to be layered platelets with definite edges and clearly exposed basal planes
which can be correlated with the absence of restacking of the as-formed niobium sulfide

nanoflakes.

TEM monitoring of NbS; annealed at 1050 °C revealed the crystalline nature of the
synthesized nanoflakes (Figure 4.3e and f). The lattice fringes were highly ordered with a lattice
plane distance of 0.29 nm which corresponds to the (0 1 0) or (1 0 0) plane of highly crystalline
NDbS>. The as-synthesized NbS» nanoflakes were also found to be very thin and have a defect-free

structure.

The evolution of surface morphology depending on the growth temperature has been
studied. During the growth, as the temperature increased, the vapor pressure of sulfur got increased
up to 1 atm and the vapors of sulfur reacted with Nb particles to form NbS; nanoflakes. At a low
temperature, the formed coalesced NbS; flakes showed a smooth surface with sharp edges; but,
the Nb to NbS; transformation was incomplete. However, at a higher temperature, the flakes

formed were coarse and distinct and their edges were more precise.
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o

Figure 4.3. SEM images of NbS> nanoflakes. (a) 750 °C, (b) 850 °C, (c) 950 °C, and (d) 1050 °C

showing the morphological changes while forming the pure phase NbS, (e) and (f) are the TEM
images of the formed NbS; at 1050 °C.

A high electrocatalytic activity can be achieved either by increasing the number of exposed
active sites, improving the conductivity of the material, or incorporating a cocatalyst[157, 159,
160]. Here, the addition of graphene oxide (GO) to the Nb precursor and its further annealing in
the presence of sulfur under an argon atmosphere at 1050 °C resulted in the thermal reduction of
GO along with the sulfurization of Nb to form the NbS>—rGO composite. The prepared NbS,—rGO
composite was characterized with microscopic techniques and the results are shown in Figure 4.4.
The NbS> nanoflakes were found to be uniformly dispersed on the graphene surface and retain

their crystalline nature.
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Figure 4.4 a) TEM image of NbS2/rGO composite. b) SEM images of NbS2/rGO composite

XPS of NbS,/rGO was carried out to estimate the oxidation states of Nb and S and the
presence of C as shown in Figure 4.5. It was found that Nb exists in the +4 oxidation state, which
can be clearly determined from the binding energies of Nb 3ds at 206.55 eV and Nb 3ds> at 203.8
eV. These results match well with the previous reports and thus confirm the formation of NbS;
nanoflakes in the presence of carbon. Also, the oxidation state of Nb(+4) is well maintained during

the reduction of GO which brings about charge balance during the one-pot synthesis of the

NbS,/rGO composite.
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Figure 4.5. XPS of NbS2/rGO composite towards HER
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Moreover, the spectrum showed wot peaks at 162.5 eV and 163.6 eV which correspond to the S
2p3z2and S 2p12 components of NbS», respectively. The peaks at 284.8 eV and 285.2 eV correspond

to the sp? graphitic carbon and sp® carbon of reduced graphene oxide in the NbS2/rGO composite.
4.3.1 HER studies of NbS2 nanoflakes and NbS2/rGO

Embedding NbS> nanoflakes in the graphene matrix is expected to enhance the
electrochemical hydrogen evolution through the utilization of the high surface area and
conductance of graphene [161-163]. Linear sweep HER measurements have been performed for
the NbS; based electrocatalyst at a scan rate of 2 mV s with a conventional 3-electrode setup.
Figure 4.6a compares the IR corrected HER linear polarization current obtained on NbSp,
NbS,/rGO and platinum—carbon (Pt/C) modified GC electrodes. The NbS2/rGO surface showed a
lower HER onset overpotential, n= 0.35 V whereas bare NbS; exhibited 0.42 V vs. the RHE (Pt/C
showed 0.025 V). Following the hydrogen reduction onset, a sharp increment in current was
observed on both surfaces and NbS,/rGO achieved 10 mA c¢m 2 current density at 0.5 V vs. RHE
whereas the NbS; surface required 0.55 V vs. RHE, showing the role of the conductive surface in
the enhancement of catalytic activity. For a better electrocatalytic activity comparison, Tafel slopes
(m=b log j + a) were derived (Figure 4.6¢) from the linear region of the curves and a smaller Tafel
slope value of 72 mV per decade on the NbS,/rGO surface compared to NbS, (103 mV per decade)
was found. From the slope values, it is quite difficult to ascertain the HER mechanism on the NbS;
surface since the reaction on the TMD surface is not well established. However, there are three
possible reaction steps proposed for the HER in an acidic medium; the first reaction step involves
the discharge step (Volmer reaction), which is either followed by atom—atom combination (Tafel
reaction) or ion—-atom recombination (Heyrovsky reaction)[164, 165]. It is elucidated that if the

Tafel slope is 30 mV per decade, the HER proceeds via the VVolmer—Tafel mechanism or if it is
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above 40 mV per decade, it follows the Volmer—Heyrovsky mechanism. Herein, the HER on both
surfaces with Tafel slopes above 40 mV per decade suggests the involvement of the VVolmer—
Heyrovsky mechanism. Furthermore, the exchange current density (jo) calculated from the
intercept for NbS,/rGO was found to be 3.16 *10* A cm whereas, NbS; exhibited a value of 5.52

*10° A cm suggesting the presence of more active sites on conductive networks.
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Figure 4.6. Electrochemical HER performance of NbS nanoflakes compared with NbS,/rGO. (a)
Linear sweep voltammogram curves of NbS»/rGO nanoflakes compared with NbS; and Pt/C. (b)
EIS spectrum showing the change in R¢t for NbS2/rGO when compared to NbS; nanoflakes alone
(partial magnification of EIS spectra is shown in the inset). (c) Tafel plot for the HER performance
of NbS; flakes and NbS,/rGO (d) Schematic representation of hydrogen evolution on NbS;

nanosheets.
To further corroborate the activity, interfacial charge transfer resistance (Rct) values for
NbS2/rGO and the NbS; surface were measured using electrochemical impedance spectroscopy at

open circuit potential (Figure 4.6b). The NbS2/rGO shows a charge transfer resistance value of
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200Q whereas the NbS; electrode shows 5000Q. This significant reduction in the Rct of NbS2/rGO
clearly evidenced that incorporation of a conductive graphene support will aid in efficient charge
transport. The higher activity and greater decrease in the charge transfer resistance of graphene
supported NbS (shown in the inset of Figure 4.6b) are ascribed to the solid electronic coupling
between them, making more edge active sites available for catalysis. The schematic representation
of the evolution of hydrogen on the basal plane of the NbS, nanoflakes is given in Figure 4.6d.
Furthermore, the stability of the electrode materials is one of the key parameters in determining
the efficiency of electrocatalysts. Cyclic voltammetric experiments were performed in the potential
range between -0.3 and 0.2 V in acidic medium to evaluate the catalyst stability. Even after 500
cycles both the electrodes are able to retain their catalytic activity with a negligible decrease in the
cathodic current (Figure 4.7). The stability of the NbS2/rGO was again analyzed using the SEM
technique and we found that both NbS, and graphene have a stable morphology even after 500
cycles. In Figure 4.7b (inset), we can see disintegrated NbS; flakes with rigid edges without any
morphological changes along with rGO confirming the stable HER performance. This

disintegration might have occurred due to the sonication assisted sample preparation of HER

catalysts.
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different potential scanning rates.

Besides charge transfer kinetic measurements, to corroborate the superior HER performance of

NDbS2/rGO compared to bare NbS,, we estimated the effective surface area using a simple cyclic

voltammetry method (Figure 4.8).
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double layer capacitances of both the NbS; and NbS2/rGO electrodes are given.
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From Figure 4.9, the slopes of the plot where half of the positive and negative current
densities plotted against the different voltage scan rate give the electrochemical double-layer
capacitances, Cqi. NbS2/rGO exhibits a Cqi value of 2 mF cm, larger than that of NbS; nanoflakes
alone which reveals the enhanced surface area of the NbS»/rGO composite through the rGO

incorporation helping it to expose a more active area for better HER performance.
4.3.2 Lithium Sulfur Battery studies of NbS2 nanoflakes and NbS2/CC

The high catalytic activity of NbS; nanoflakes makes them a potential candidate for LiPS
adsorption. Towards this, we loaded the carbon cloth with this catalytically active NbS» nanoflakes
through the filtration method. To expose the preferable sites on the catalyst surface, the coalesced
NbS; nanoflakes were undergone sonication to disintegrate into single flakes. These
morphological changes are analyzed using SEM and are shown in Figure 4.10. Figure 4.10a shows
the SEM image of as synthesized NbS; nanoflakes which are found to be thin layered with definite
edges which can be associated with the absence of restacking. However, the bunches of NbS>
flakes were got fragmented into single flakes upon sonication in water: ethanol (4:3) mixture, as
shown in figure 4.10b. Single individual flakes can make more active surfaces available for LiPS
adsorption thereby improving the overall redox kinetics. These fragmented flakes were deposited
uniformly through the filtration method which is shown in figure 4.10d and the smooth surface of
CC fibers can be seen is in SEM image of bare CC (figure 4.10c). The NbS> deposited CC was

taken further for electrochemical Li-S battery measurements.

To reveal the electrochemical performance of the NbS>/ CC composite, bare NbS; and bare
CC, galvanostatic charge discharge was carried out by fabricating 2032-coin cells using them as

cathode vs. metallic lithium as anode.
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Figure 4.10. Morphological characterization of NbS> nanoflakes, NbS>/CC: (a) SEM image of
NDbS: flakes, (b) the fragmented single NbS: nanoflakes after sonication process, (c) SEM image
of bare CC, and (d) fragmented NbS; flakes on CC after deposition

Figure 4.11 a and b shows the charge discharge behavior of these NbS>/CC and bare CC
electrodes at a current rate of 0.1C (based on sulfur mass in the cell) respectively. The discharge
curves showed the typical discharge plateaus at 2.35 V and 1.97 V corresponding to the formation
of soluble higher order polysulfides and their dissociation to low order insoluble Li>Sx
respectively. During the charging process, a reversible conversion reaction occurred at 2.3V,
which can be assigned to the transition of lower LiPS to high order PS. There were no significant
changes observed in the charge discharge profiles of the NbS,/CC and bare CC electrodes.
NbS,/CC composite with its improved conductivity along with the ability of NbS; to catalyze the
LiPS during charge discharge helped in excellent reversibility and improved capacity, which took
them a step ahead of bare NbS; and carbon electrodes. The NbS>/CC electrode exhibits a stable

charge-discharge capacities of 810 mAh g* at a C-rate of 0.1 C whereas the bare CC showed a
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capacity around 600 mA h g* over 25cycles, which exposes the strength of catalytic NbS; on CC
electrode to adsorb and increase the LiPS redox reaction Kkinetics along with the improved
conductivity from CC. Figure 4.11c shows the cyclic life of both the electrodes and confirms the
capacity retention is good for both which supports the need for a conducting matrix for enhanced

electrochemical performance.
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Figure 4.11. Electrochemical behavior: (a) and (b) charge—discharge profiles of bare CC and
NbS2/CC at 0.1 C rate, respectively, (c) cycling study of electrocatalytically active NbS2/CC and
bare CC as working electrode versus Li/Li* with catholyte consisting of 0.2 M Li.Sg at 0.1 C rate,
and (d) comparison of charge discharge curves of NbS,/CC and bare CC for analyzing the

polarization behavior.



77

3.2
3.04
2.84
2.64
2.4-
2.2-
2.0
1.84
1.64

Voltage (V)

=

— Cycle 1

—Cycle 5

= Cycle 10
Cycle 25

1.4 :

Figure 4.12. Charge—discharge profiles of bare NbS; at 0.1 C rate

Figure 4.12 shows the charge discharge behavior of bare semiconducting NbS; flakes
which undergo huge capacity fade upon cycling explaining the inability to hold the PS, its
reversible conversion (from liquid LiPS to solid and vice versa). Notably, we can understand the
effect of conducting surface towards PS adsorption, mass transport and electron transfer capability

etc. Also, the excellent coulombic efficiency can be seen for the NbS2/CC electrodes when
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compared with that of CC alone (Figure 4.13).
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The potential difference between the charge discharge plateaus reflects the polarization of
the electrode which in turn related to the reaction kinetics of the whole system. Here the potential
difference between the plateaus is measured and found that the potential difference becomes larger
for bare carbon, i.e 0.57 V when compared to that of NbS,/CC (0.39 V). This low polarization
suggests better reaction kinetics which is due to the improved electrical conductivity and efficient

contact between the NbS, on CC.

This synergistic effect of the catalytic and conducting surface towards better PS adsorption
and kinetics are reconfirmed with AC impedance measurements. Electrochemical impedance of
both bare CC and NbS,/CC was measured to confirm the enhanced electrical conductivity,
structural stability and Li ion diffusion as we designed our approach (Figure 4.14a). Clearly, the
presence of CC with NbS» nanoflakes contribute towards the improved electrical conductivity, Re
from 136 Q (bare CC) to 93 Q. Also, from the impedance data, it can be inferred that the porosity

and structure of CC is well maintained.
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Figure 4.14. Electrocatalytic properties: (a) AC impedance measurements of NbS»/CC and bare
CC electrode and (b) comparative cyclic voltammograms of NbS,/CC and bare CC as a working

electrode versus Li/Li* in 0.06 M catholyte solution at scan rate of 0.1 mV/s
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Again, electrocatalysis of LiPS redox activity at different electrode surfaces was measured
using potentiodynamic cyclic voltammetry technique. From figure 4.14b, LiPS reduction peak
potential of NbS»/CC was found to be 2.3V which gets anodically shifted from 2.29V when
compared to that of carbon. In addition, the anodic and cathodic peak potential difference of each
catalytic surface gives major information regarding the advantage of having an electrocatalytic
surface towards polysulfide redox activity. The reduction in the peak potential difference values
minimizes the cell polarization, increases the rate capability and cycle life. Here, the difference
between anodic and cathodic peak potentials for NbS,/CC was 380 mV, which is lower than that
of Carbon (410 mV) attributing towards a catalytic nature of NbS,/CC. Similarly, LiPS oxidation
peak potential was cathodically favored for NbS,/CC (2.68 V) while compared with carbon (2.7
V) which again confirms the influence of catalytic surface towards better polysulfide catalysis.
The CV derived parameter like peak potential difference clearly attribute to the surface
dependency on LiPS redox kinetics[114, 131]. Polysulfide interaction with metal sulfides purely
depends on the charge transfer mechanism rather than the direct bond formation. The unsaturated
dangling bonds present in the edge sites of NbS2 will interact more with the polysulfides which
will allow the polysulfide redox reactions on their surface. In the earlier chapter, we have proved
that the metal sulfide can act as a catalyst that enhances the polysulfide adsorption, accelerates the
liquid to solid PS conversion and improves oxidation kinetics of Li,S[28, 29, 166]. Thus, aqueous
PS redox can be activated by the catalytic surface which experimentally proves our concept of the

surface involved electrocatalysis driven sulfur redox process in the Li—S battery system.

4.4 Conclusion

In this chapter, we demonstrate an easy and novel route synthesis of NbS; using Nb powder

and S sources under a controlled atmosphere. The NbS, nanoflakes were well-characterized and
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found with 3R polymorph with rhombohedral crystal structures. The optical bandgap was
measured and found to be ~1.49 eV confirming the semiconducting nature of 3R-NbS,. With its
flakey morphology and a large number of exposed active sites along with the electrical coupling
with the graphene, the NbS-graphene hybrid showed an enhanced HER activity with a small onset
potential ~0.15 eV, Tafel slope of 84 mV/decade, and a large cathodic current. Thus, this novel
one-pot synthesis of an NbS,/G hybrid composite opens the potential of NbS> as a good
electrocatalyst. Also, we have successfully explained the role of conducting and catalytic surfaces
for improving the lithium-sulfur redox kinetics while effectively adsorbing the LiPS onto them.
Thus, the catalytic surface holds the LiPS from dissolution, reduces the redox overpotential and
improves the diffusion properties of PS anions, which ends up in high capacity gaining and
enhanced cell reversibility. The improvement in conductivity through the incorporation of carbon
cloth along with the catalytic behavior of NbS; helped to give a stable capacity of 810 mAh g* for
NDbS,/CC electrodes. Impedance analysis supported the results by exhibiting a lower charge

transfer resistance attributed to the better conductivity of the electrode.
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CHAPTER 5 IONIC LIQUID CRYSTALLINE ELECTROLYTE TO SUPPRESS
DENDRITE GROWTH IN Li METAL BATTERIES: AN EFFECT OF ANISOTROPIC
MASS TRANSPORT

5.1 Background and Motivation

Research on rechargeable Li metal-based batteries has been amplified as Li metal can
deliver a specific capacity of ~3862 mAh g, which positions it as a promising component in
portable energy devices, electric vehicle systems, robotics and other grid storage technologies[12,
167-169]. However, the demand for portable energy storage devices with high energy density
remains a challenge. In this scenario, Li-O2 and Li-S batteries are capable of delivering ultra-high
energy densities and considered as next generation energy storage systems[170]. Unfortunately,
the intrinsic issues instigated by electrode/electrolyte interactions causing problems in terms of
safety and cyclability in these batteries, hindering their practical implementation in certain
applications[14, 171]. In particularly, the heterogeneous anode materials can lead to the formation
of dendrites on their surface, which has a longstanding negative affect on the Li battery (LiB)
performance in terms of safety and cycle life[73, 172]. The effects on battery cycle stability can
be due to increased interfacial resistance and poor Coulombic efficiencies which lead to cell short
circuiting, cell failure, and explosion[73, 173]. Hence, prevention of dendrite formation is
necessary to employ Li metal as an anode in batteries.

At the Li metal/electrolyte interface, Li-ions will react with electrons during the charging
process and electrochemically get reduced and deposited onto the Li metal anode[18, 174].
Impurities and protrusions on the anode surface will cause the nucleation of dendritic Li structures
with faster kinetics and inconsistent deposition[175]. Li mass transport is the main factor for the
dendrite growth, which depends on many physical processes such as advection, ion migration and
reactions at the electrode / electrolyte interface[176, 177]. Large variations in the Li+ ion

concentration gradient across the surface of the anode also appear to encourage the deposition and
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Li dendrite formation. Researchers have taken tremendous efforts to suppress dendrite growth
through various techniques such as electrode modification, controlling the Li morphology,
designing different cell configurations by introducing protective layers and conducting scaffolds,
implementing different kinds of electrolytes including solid-state, gel electrolytes, and more[172,
173].The limited success of these strategies call for a better approach towards dendrite suppression.
Recently, theoretical studies based on liquid crystals propose that their anisotropic properties can
control the Li-ion mass transport and paves the way for dendrite growth suppression[174]. Also,
modelling and simulation studies recommend that an electrolyte that enables high ionic
conductivity and lithium transference number (tLi+) near to unity at the reaction sites can reduce
the concentration gradient and thereby the dendrite growth[178, 179]. Among several electrolytes
explored, lonic liquid Crystals (ILCs) are promising due to their exceptional efficient 1D, 2D and
3D anisotropic ion-conduction pathways and have the capability to form robust solid electrolyte
interfaces (SEI) with reduced resistance because of their liquid-like mobility[180-185]. Recently,
rod like ILCs consisting of cyclic carbonate derivative moiety and Lithium bis
(trifluoromethylsulfonyl)imide (LiTFSI) have been studied in Li-ion batteries[186]. However, till
date, there are no reports on how an anisotropic property of ILC could influence dendrite growth
on Li anode.
5.1.1 Liquid Crystals and lonic Liquid Crystals

Liquid Crystals (LCs) are a state of matter with unique combinations of flow-like liquid
and long-range orderly oriented molecules [187-189]. The driving force to form such an unusual
liquid-crystalline phase (mesophase) is interactions between the dissimilar molecules or charged
species in a regular manner (dipole-dipole interactions, van der Waals interactions, n-n stacking

etc.)[190, 191]. LCs are made of rigid aromatic core with flexible aliphatic tails. The shape of the
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liquid crystalline molecule can determine the type of mesophase formed. The most of the known
mesogens are rod-shaped or calamitic (Figure 5.1a), others are disc-shaped or discotic mesogens
(Figure 5.1b) and bent-core or banana-shaped (Figure 5.1c). the molecular anisotropy is the key
driving forces or factor for mesophase formation[192]. Symmetry of mesophase, the molecular
arrangement can be of two orders : orientation and position order, which determines the type of
mesophase. Accordingly, there are nematic (N) phase where molecules show orientational order,
smectic (Sm) and columnar (Col) phases that shows both orientational order and long-range
positional in one or two dimensions, respectively[187, 191-193]. Phases with both orientational
order and 1D positional order along the director fi are known as smectic phases which have layered
mesophases that differ in the in-layer molecular arrangement. All these mesophases have two
factors in common and they are order and anisotropy. The variation in these common factors make
them a prominent candidate in many applications in the field of displays, actuators, sensing, micro-
optics and various other fields[193].
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Figure 5.1. Schematic representation of LC phases[192].
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Moreover, such a class of materials unveils ionic character with charge transport properties
like ionic liquids. Hence, LCs known as ionic liquid crystals (ILCs) which exhibit synergistic
properties of liquid crystals (anisotropy) and ionic liquids (fluid-like flow) have gained tremendous
research attention in several applications. including energy storage devices[182]. lonic liquids
(ILs) and lonic liquid crystals (ILCs) have attracted much attention in recent years because of their
potential capability to make a breakthrough in electrochemical device field. lonic liquids are the
molten salts with a low melting point (below 100°C) and are composed of bulky organic cation
and weak inorganic or organic anion[194]. They are brilliant properties like negligible vapor
pressure, high thermal stability, high ionic conductivity, wide electrochemical stability window
and are nonflammable [191, 193]. Being made of ion pairs with non-covalent interactions, I1Ls will
make them suitable for many fascinating applications. They have been used as an interesting class
of alternative electrolytes for existing energy storage devices. Typically, ILs contain the bulky
asymmetric cationic centers like nitrogen, oxygen, sulphur, phosphorous atoms and weakly
coordinating counter anions, such as halides, hexafluorophosphate (PFs), tetrafluoroborate
(BF4"), bistriflimide [(CFsSO2)2N]", etc. as shown in figure 5.2. Common cations such as
imidazolium, pyridinium, pyrrolidinium, and piperidinium are well investigated[193]. Structure of
ILs determine its temperature limits, functional properties, and self-assembly ability. Cations,
anions, and side chain of ILs contribute towards their self-assembly process. The organic cations
and anions present in ILs are stabilized by resonance with the highly delocalized charges in them.
Compared to ILs, ILCs with synergistic properties of both ionic liquids and liquid crystals, makes
them more viable for flexible electronics as safe electrolyte. The important parameters like the
type of cationic core, the length and nature of a substituted aliphatic chain and the counter ion

determine the type of ILCs and their properties. Mesophase can be induced in ILCs through the
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response to the thermal, concentration, potential, magnetic, light, mechanic stimuli etc. And this
is accompanied with the formation of ion conducting 1D, 2D or 3D channels due to the controlled
self-assembly. lonic conductivity showed by ILCs has received significant in day today research
and various applications. With the temperature increase, 3D ordered crystalline phase transforms
into 2- or 1D ordered LC phases, where more freedom for the transport of charge carriers are
guaranteed resulting in higher conductivity. There are temperature and concentration depended LC
phase formation, and those class of LCs can be categorized as thermotropic and lyotropic LCs
respectively. The enhancement in with temperature is attributed to the thermotropic phase
transitions which further envisioned from the temperature-dependent variation of charge diffusion
coefficient (D) values. Likewise, lyotropic liquid-crystalline phase formation is studied through

conductivity measurements and rheological analysis[195].
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A wide range of thermotropic liquid crystalline (mesophase) materials have been reported
primarily inspired by results from classical LCs and ILs. Firstly, alkali metal soaps with halides
were studied[196], followed by N-alkylammonium[197], N-alkylimidazoilium and N-
alkylpyridinium salts which have also been found to exhibit thermotropic liquid crystalline
behavior[198-200]. The majority of early studies have heavily focused on concentrated halide
species as anions (CI-, Br and I") with some others, notably metallomesogens [MCl4]*>~ (M=Co,
Ni), [ZnBrs]*", [C12H250S0s]™ and tartrates[201-204] also considered. As far as the cation is
concerned, imidazolium and pyridinium-based materials have been presented to be versatile for
obtaining self-assembled ion-conduction pathways and hence projected their potential application
in energy devices[191, 205-208]. Several attempts have been made to induce and stabilize
mesophases of ILCs by modifying the structure of cations[208]. Further, new class of ILC
electrolyte systems have been identified with 2D pathways for I/I* ~ redox couple transportation
consisting of a carbonate-based mesogen and an IL that self-assembles into a two-component LC.
ILCs have also been attempted for use as an electrolyte for Li-ion batteries[186]. ILCs have great
potential and are on-par with other similar electrolytes based on polymeric, solid inorganic
materials as backbone and also conventional room temperature ILs (RTILs). The polymer and
inorganic solid electrolytes possess sufficient rigidity and anisotropic nature to effectively prevent
lithium dendrites formation, but poor ionic conductivities and large electrode-electrolyte resistance
make them incompatible for Li batteries. RTILs, though they have better ionic conductivity than
solid electrolytes, they fall short on anisotropic properties to prevent dendrites. On the other hand,
ILCs are exceptional in their efficient 1D, 2D and 3D anisotropic ion-conduction pathways and
capability to form electrode-electrolyte interfaces (SEI) with reduced resistance because of their

liquid-like mobility. Among the different phases of ILCs, mesophase (co-existence of crystallinity
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and liquid like-flow) has lower activation energy for ionic mobility than that of the isotropic phase.
This represents that the orderly arranged LC molecules provide efficient conduction pathways and
definite pores for migration of ionic species. Therefore, achieving mesophase at ambient
temperatures with sufficient ionic conductivity is a fundamental aspect to ILCs applications in Li
batteries.

Here, we develop a novel imidazolium based thermotropic ionic liquid crystalline material
derived from a long-alkylated phenol, 3-Pentadecyl phenol (3 PDP). The synthesized ILC was
characterized, revealing its bent core structure with self-assembled molecules exhibiting high ionic
conductivity at both RT and elevated temperatures. We report that these ILCs with their anisotropic
properties can act as a pseudo separator-cum-electrolyte and control the Li ion concentration
gradient at the electrolyte-anode interface, which helps in controlling Li ion mass transportation
and thereby suppressing dendrite growth. To complement the experimental results, numerical
simulations were performed to explore the mechanism of dendrite suppression based on the
material properties of the ILC electrolyte.

5.2 Experimental Section

5.2.1 Synthesis Methods

5.2.1.1 Preparation of 1-(12-bromododecoxy)-3-pentadecyl benzene (BDDPB)

3g of 3-pentadecyl phenol is accurately weighed out in a round bottomed flask containing
1g of 1, 12-dibromododecane. Then the mixture is stirred magnetically for 1 hour at 70 °C for the
complete dissolution to make a pure phase orange colored composite. KOH (1g) is weighed,
powdered, and added to the reaction mixture to be continuously stirred for 48 hours. The progress
of the reaction is monitored every 12 hours by conducting Thin Layer Chromatography (TLC)

using 5% ethyl acetate in hexane. After confirming the completion of the reaction, the solid residue



88

is filtered off using a filtration set up and then purified by passing through a silica column with
different weight percentages of ethyl acetate in hexane solution. The product is then Rota vapored

to get a slight yellowish powder and used for the second step.

5.2.1.2 Preparation of 3-(12-(3-pentadecylphenoxy) dodecyl)-1-methylimidazole 3-3ium
hexafluoro-phosphate (PDDMHP)

1g of BDDPB is added to 2g of 1-methyl imidazole at 0° C under vigorous stirring
conditions and then further heated to reflux at around 75° C for 48 hours, then cooled to room
temperature. The solid residue is washed with diethyl ether several times to remove unreacted
reactants from the compound. The white solid precipitate is collected and dried under vacuum to
obtain the product in good yield. Bromide salts are highly moisture sensitive, so to make them
environmentally stable they are diluted with distilled water and further converted into
corresponding hexafluorophosphate salt by a simple anion metathesis reaction using a large
amount of sodium hexafluorophosphate. An aqueous solution of bromide salt is stirred
magnetically for 12 hours with a high molar solution of sodium hexafluorophosphate, which is
added drop wise. The ILC with hexafluorophosphate salt is precipitated and later filtered and
washed with water to remove unreacted bromide salts and excess sodium salts. It is dried under
vacuum for 12 hours to obtain PDDMHP in dry form. Thus, overall synthesis procedure involves
O-Alkylation of 3-PDP followed by quaternization with 1-methyl imidazole to synthesize this

imidazolium based ionic liquid crystals.

5.2.2 Characterization of ILC electrolytes

ILC electrolytes were characterized for their ionic conductivity and anisotropic nature
using Electrochemical impedance spectroscopy (EIS) and Differential scanning calorimetry (DSC)
analysis. *H NMR was carried out to confirm the formation of targeted LC. Further, wide angle

X-ray diffraction (WAXD), small angle X-ray scattering (SAXS) and polarizing optical
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microscopy (PLOM) studies were used to determine the crystal data and orientation of additive
containing LC.
5.2.3 Anisotropy conductivity measurements

Anisotropic ionic conductivity was measured in both directions parallel and perpendicular
to the self-assembled layers using the alternating current impedance technique. Anisotropy in ionic
conductivity of LCs was analyzed by a pair of comb shaped gold electrodes (Cell A) and a pair of
Indium tin oxide (ITO) plates (Cell B). First, gold was sputtered onto a glass plate in a comb shape
by leaving a 1mm distance between the teeth and a sidewise width of approximately 0.3 mm. The
thickness of the sputtered gold was about 0.8 um. The compound mixtures were filled in both the
cells and their orientation were confirmed by a polarizing microscope. lonic conductivity parallel
to the oriented layer was measured using cell A, and the one perpendicular to the oriented layer
was obtained by using cell B. In Cell B, a pair of indium tin oxide (ITO) electrodes were separated
with a thickness of 30 um using a Teflon spacer. In both cases, homeotropic alignment of sample
mixtures were observed.
5.2.4 Interfacial Mesoscale Modeling

The numerical simulations use a multiphase reactive transport model based on smoothed
particle hydrodynamics (SPH) which is a Lagrangian particle-based method. SPH was first
developed for astrophysical problems and has been adapted to solve fluid dynamics, multiphase
flows, and reactive transport by discretizing the continuity equations[174, 209-211]. The model
used for the studies presented in this work are based on previous modeling of dendrite growth[174,
212, 213]. The details of the model equations and implementation can be found in Tan et al
2016[174]. This model was developed using an open-source software called Large-scale

Atomic/Molecular Massively Parallel Simulator (LAMMPS)[214].
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5.2.5 Electrochemical measurement

The electrodeposition of Li in the LC based electrolytes using galvanostatic cycling of Li|
LiTFSI-LC| Li symmetric lithium cells in which lithium striping process was carried out under
constant current which resembles conventional Lithium metal battery. The symmetric cells were
fabricated using CR2032 cells with Li electrodes of 10 mm in size on both sides of the separator
made of Teflon with a hole of 1.6 mm diameter at the center facilitating the ionic mobility between
the Li electrodes without allowing any other side reactions. The prepared novel ILC electrolyte
with optimized amount of LiTFSI was filled in the hole of separator. Symmetric cell cycling from
-1to 1 V was conducted on Arbin electrochemical workstation with a current density 0.1 mAcm™?
at 60 °C. The charging and discharge times were restricted to 3 hours. The control experiment with
electrolyte containing LiTFSI and PC were also carried out for comparison studies.
Electrochemical impedance spectroscopic (EIS) studies were conducted in the frequency range 1
Hz to 1 MHz using a Bio-logic electrochemical workstation.
5.3 Results and discussion

Details pertaining to the synthesis of 3-(12-(3-pentadecylphenoxy) dodecyl)-1-
methylimidazole_3-3ium hexafluoro-phosphate (PDDMHP) is explained and provided in the
supporting information. Formation of the targeted compound is schematically represented in

scheme 5.1 and confirmed by Proton Nuclear magnetic resonance (*H NMR) analysis.

g T e
e & Reflux/ 70° 0 KPFe/H,0 iy
g ey o RS
L\? 48hrs. | 6 hrs. L“fﬁm
if\’» ’l: CisHsy
L'/&\ CysHsy ‘\\"/"\CISH31

Scheme 5.1 Schematic representation of synthesis of thermotropic ILC, PDDMHP.
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In the NMR spectrum (Figure. 5.3) of PDDMHP, the triplet at a & value of 0.9 ppm is
corresponding to the terminal methyl protons of the pentadecyl chain. Peaks in between 1 and 3
ppm are ascribed to the methylenic protons present in the pentadecyl side chain and dodecyl spacer
chain. Methylenic protons present adjacent to the electronegative O° and N~ atoms give
characteristic triplets at 3.9 and 4.2 ppm, respectively. A sharp singlet at 3.8 ppm is due to the
protons of the methyl groups attached directly to the imidazolium ring. Aromatic protons in the
phenyl ring give characteristic peaks in between 6.8 and 7.2 ppm, whereas the protons in the
imidazole ring produce peaks at 7.8 and 9.2 ppm. Thus, tHNMR analysis clearly confirmed the

formation of an imidazolium based ionic liquid crystal.
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Figure 5.3. NMR Spectrum of PDDMHP

Further, Fourier transform infrared spectrometer (FT-IR) analysis was carried out to

confirm the functional group present in the as synthesized compound and the corresponding
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spectra is shown in Figure 5.4. The presence of an alkyl chain having symmetric and asymmetric
C-H stretching vibrations, which can be observed as multiple peaks in the range of 2800 — 3000
cm™. The peaks from 3000 to 3200 cm™ correspond to C-H vibration modes of aromatic rings. C-
C stretching, and C-N bending vibrations can be observed from the peaks in the range of 1600 —
1585 cm™. The peak at 1455 cm™ contributes to C-H alkyl deformation, where a peak at 1189 cm’
!indicates the C-N stretching vibration. C-O-C stretching of alkyl aryl ether is visible with the
presence of a peak at 1158 cm™. Finally, P-F stretching vibrations of PF® anion is observed at 820

cm™,
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Figure 5.4. FT IR spectrum of PDDMHP.

To validate the synthesized imidazolium based ILCs exhibited a thermotropic mesophase,

we have performed differential scanning calorimetry (DSC) thermograms measurements. To
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analyze the thermotropic phase transition of the synthesized compound, the sample is heated and
cooled from -20 to 200 °C. On a heating ramp, PDDMHP displays a transition from crystalline to
liquid crystalline phase, i.e. Smectic A (SmA) at a temperature of 55 °C and an isotropic phase at
165 °C (Figure 5.5a). On cooling from the isotropic melt, PDDMHP transforms to smectic A phase
again at 165 °C and returns to its crystalline nature at 25°C. These features can be observed clearly
in the DSC spectrum shown in Figure (5.5a). The phase transition temperatures and enthalpy
changes of PDDMHP are derived from DSC traces and are listed in Table 5.1. Though the precise
phase cannot be identified using DSC, the level of enthalpy change involved at the phase transition
gives an estimate of the type of phase involved[215, 216]. The structural changes, which occur
during the temperature variation, reflect the enthalpy changes. The enthalpy changes of liquid

crystalline to an isotropic liquid transition indicate that the LC phase is smectic A (SmA)[217].

Phase transition Phase transition AH
temperatures (kJ/mol)
Cryst-SmA 55 °C 65.69
SmA - Iso 165 °C 0.72

Table 5.1. Phase transition temperatures (°C), enthalpy changes (kJ/mol) of the PDDMHP

Furthermore, the type of mesophase that the compound exhibits is confirmed by using
optical polarizing microscopy in conjunction with DSC analysis. The images (Figure 5.5b) are
taken while cooling from the isotropic phase starting at 165 °C. During cooling, the randomly
aligned or disordered ionic liquid crystal molecules are aligned together to form supramolecular
organized liquid crystalline phases by several noncovalent interactions such as electrostatic, ionic
assembling and Van der Waal’s interactions, helping to form a mesophase in the compound with
different extents of order. The images show that liquid crystals are in the smectic A phase at

temperatures ranging from 55 to 165 °C and are shown in Figure (5.5b).
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Figure 5.5. (a) DSC heating and cooling scans of PDDMHP showing thermotropic behavior.
(b) PLOM images showing the SmA phase of the PDDMHP. (c) WAXD patterns of
PDDMHP at different temperature (d) SAXS pattern of PDDMHP.

Wide angle X-ray diffraction (WAXD) was carried out at different temperatures to
examine the phase transformation of the synthesized compound and is shown in Figure 5.5¢c. At
room temperature, PDDMHP was highly crystalline due to the strong ionic interactions between
the charged counterparts and long alkyl chains. PDDMHP was heated to form amorphous phases
without any characteristic peaks, showing a complete transformation to the isotropic phase above
170 °C. On cooling from the melt, the quasi-crystalline nature reappeared with a few of the
reflections at a temperature below 100 °C, confirming the recrystallization of the melt to an

anisotropic liquid crystalline phase. The high intensity peaks at the LC and crystalline phases are

attributed to the stacking of imidazolium cations. Emergence of moderately crystalline peaks when
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the isotropic melt is cooled below 100 °C could be corroborated to the formation of the anisotropic
LC phase. This observation is in well agreement with the DSC analysis. Thermotropic liquid
crystalline phase formation of the compound is followed with Small-angle X-ray scattering
(SAXS) analysis (Figure 5.5d). At room temperature, the SAXS pattern of PDMHP displays two
peaks with d-spacing values of 39 A and 19.6 A owing to the crystalline order of the ionic liquid
crystal. Increasing the temperature to 50 °C, the liquid crystalline phase begins to emerge, and in
addition to the peaks mentioned before, an additional shoulder initiates at a lower scattering vector.
SAXS analysis of the compound at 140 °C clearly illustrates the formation of a liquid crystalline
phase as the crystalline peaks completely disappear and a sharp self-assembly peak with a d-
spacing of 43.9 A persists. This sharp peak corresponds to the self- assembly of PDMHP by means
of non-covalent interactions such as alkyl chain interdigitation, van der Waal’s interactions and
ion-lone pair interactions.

The expected layered 2D conduction pathways allow ion transportation in both parallel and
perpendicular directions. This is confirmed by carrying out anisotropic ILC measurements in both
directions for ILCs at varying temperature. The ionic conductivity value of each cell (gold
electrode and Indium tin oxide (ITO) based electrode) is different at each temperature (SmA
phase), explaining the anisotropic nature of these ILCs (Figure 5.6a and 5.6b). Both gold and ITO
electrode cell configurations are shown in figure 5.6¢. The ionic conductivity (IC) between the
gold teeth (parallel to the smectic layer) is found to be one order of magnitude higher when
compared to that between ITO plates perpendicular to the layer. The IC values at various

temperatures in both directions are summarized in the figure 5.6d.
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To further use LCs as an electrolyte for LiBs, the synthesized compounds are mixed with
an optimized amount of lithium bis (trifluoromethyl sulfonyl) imide (LiTFSI) salt. This is to form
2D ion conducting pathways through ion — dipole interactions between the imidazole group and
Li ions in the salt.1*8 2281 |t js expected that the concentration of salt has an impact on liquid-
crystalline behavior, along with its viscosity and ionic conductivity. To verify, lithium composites
of different ratios of 9:1, 3:1 and 1:1 respectively were prepared by solvent evaporation of a
corresponding solution in tetrahydrofuran. lonic conductivities of these electrolytes were
measured repeatedly in ambient atmosphere by AC impedance spectroscopy over a frequency

range of 1 Hz to 1 MHz at 60°C with amplitude 10 mV to ensure the reproducibility. Figure 5.7

shows the resultant electrochemical impedance Nyquist plot and corresponding equivalent circuit.
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Figure 5.7. Electrochemical impedance Nyquist plot of different composition of
PDDMHP with LiTFSI and corresponding equivalent circuit.

The solution resistance from the fitted impedance spectra is measured and ionic

conductivity is mathematically calculated and plotted against temperature (1000/T) (Figure 5.8a)

[219, 220].

The expression for ionic conductivity calculation is :

o =(1/Rs)(U a) where | is the thickness of the samples and a is the area of the electrode.
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The measured lonic conductivities in the order of 10 S cm™ are obtained in the SmA phase
and are shown in Table 5.2. There is an increase in ionic conductivity as the temperature is
increased and when the material transforms to the liquid crystalline phase, SmA phase which can
be due to the oriented conductive pathways creation. The higher conductivities at elevated
temperatures, at SmA phases (<60°C) are due to the lower viscosity and broader 2D conducting
pathways??!l (Figure 5.6b). This 2D arrangements of the ion conducting groups can provide
opportunities for lithium ions to travel in both X and Y-directions, overcoming the defects
confronted throughout the pathways while continuing directional movement. Among the different
compositions of LC and Li salt, 9:1 ratio shows high ionic conductivity. The optimized amount
of LiTFSI was found to be 9 equimolar (the molar ratio of PDMHP to LiTFSI was 9:1) and this

mixture was selected as electrolyte for further electrochemical measurements.

Composition o (S/cm?)
LC/LiTFSI, 1:1 1.37*10*
LC/LiTFSI, 3:1 1.72*10*
LC/LiTFSI, 9:1 1.85*10*

Table 5.2. lonic conductivities of different lithium composites containing PDDMPH and LiTFSI
at different ratios of 9:1, 3:1 and 1:1 respectively.

lon conductivity measurements are followed by lithium transference number (tLi*) studies
we carried out to find the suitability of these electrolytes for better Li-ion battery performance.
The Li transference number (tLi") is calculated at RT and 60 °C via electrochemical impedance
spectroscopy (EIS) before and after the chronoamperometric technique (CA) test. In Figure 5.8b,
Chronoamperometry and EIS results of both the cells with and without LC are shown. At room

temperature, tLi* is found to be 0.062 whereas at elevated temperature (100 °C), it increases to
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0.32. As per previous reports, it is expected that with a higher tLi* value, the concentration gradient
will be reduced by removing the anion depletion induced electric fields near the electrode/
electrolyte interface, which limits the nucleation of Li dendrites[222]. According to Monroe and
Newman’s simulation studies, when tLi+ approaches unity, the ion concentration gradient near the
Li anode is suppressed by extending the sands time i.e. stopping or delaying the dendrite
growth[222, 223]. The synergistic effect of higher ionic conductivity and tLi+ values for parallel
Li-ion conduction thus controls the concentration gradient near the electrode surface through
effectively regulating Li ion mass transfer, which eventually inhibiting the dendrite formation and
their growth. This is further evidenced by both the experimental and the interfacial computational

simulations as given below.
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Figure 5.8. (a). DSC measurements of optimized LiTFSI/PDDMHP. (b) Electrochemical
stability of formulated ILC based electrolyte. (c). lonic conductivity of optimized
LiTFSI/PDDMHP. (d). Li transference number measurement: Chronoamperometry profile for
PDDMHP as electrolyte in symmetric Li/ (LiITFSI/PDDMHP) / Li cell with an applied voltage
of 10mV, Nyquist plot for symmetric Li/ (LiTFSI/PDDMHP) / Li cell before and after
polarization.
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To corroborate the ILC property after adding LiTFSI salts, we have performed DSC
measurement on the LC-LiTFSI (9:1) mixture, as shown in figure 5.8c. These thermotropic ILCs
have a wide liquid crystalline window that provides the potential of utilizing their anisotropic
nature over a wide range of temperatures. A DSC measurement confirmed that the mixture is still
in the LC phase, with small changes in its anisotropy or mesophase window (Figure 5.8c). With
the incorporation of Li salt (LiTFSI) to this ILC, there is a slight decrease in the anisotropic
window, although it still extends up to 140 °C. The smectic A phase transitions have undergone
small changes with the incorporation of LiTFSI. This is attributed to the fact that the in-plane
packing of mesogens within the smectic layer is disturbed by the addition of bulky LiTFSI salts.
Also, the LC electrolyte is expected to show higher ionic conductivity and is chosen as an
electrolyte for electrochemical measurements. The isotropization temperature decreases for the
mixture containing ILC and LiTFSI in a 9:1 molar ratio, although the SmA phase is still present
over a wide temperature range. The SmA phase with higher molecular motion exhibited higher
molecular conductivity as expected at an elevated liquid crystalline temperature, making them
preferable for use as electrolytes in LiBs. As previously mentioned, the ionic conductivity is
satisfactorily enhanced to 10E-4 at a temperature of 60 °C due to the lower viscosity and highly
efficient oriented ion conducting pathways of the SmA phase. Thus, while using this ILC: LITFSI
mixture ina 9:1 molar ratio, can act as an electrolyte with its persisting anisotropic nature enabling
controlled Li ion mass transport.

Electrochemical stability of the ILC- LITFSI composite based electrolyte is evaluated using
cyclic voltammetry using Li/Li* symmetric cells at an elevated temperature of 100°C where the
SmA — anisotropic phase is observed (Figure 5.8d). The measurement was conducted in a potential

range from 0 to 5 V versus Li/Li* at a scan rate of 0.025 mVs™tand the voltammogram is shown
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in Figure (5.8d). There is a small current near the 0 V versus Li/Li* during the anodic and cathodic
sweep, which is due to the Li deposition and dissolution. There is no significant electrolyte
decomposition at higher voltage, which suggests stable Li transportation, and electrochemical
reactions at the electrodes in the presence of an ILC electrolyte in a wide potential window. Thus,
the electrolyte mixture with an optimized molar ratio of ILC and LiTFSI shows a higher
electrochemical stability without any decomposition at a higher voltage range, indicating the
efficient transport of Li ions between the electrodes without undergoing any electrochemical
reactions. This can be attributed to the presence of mesogens acting as an ion conducting moiety.
Electrochemical cycling performance

After formulating the electrolyte, dendrite suppression studies have been carried out where
the anisotropic nature of the ILC believed to be regulate the ion concentration gradient at the
interface. The electrodeposition of Li in the ILC based electrolytes was investigated using
galvanostatic cycling of Li| LC-LiTFSI| Li symmetric lithium cells in which the lithium striping
process is carried out under constant current 0.032 mA. The symmetric cells contain Li counter/
reference and working electrode on both sides of a hollow teflon spacer filled with ILC electrolyte.
Symmetrical Li/Li cells with and without ILC as an electrolyte are tested at a current density of
0.1 mA cm2and a temperature of 60 °C to evaluate the long-term electrochemical cycling stability
of the Li electrodes. Li/ ILC-LiTFSI /Li showed a stable Li plating / stripping behavior in the
presence of an anisotropic electrolyte with a gradual increase in polarization, which can be clearly
seen in the voltage hysteresis. The difference between Li stripping and plating voltages represents
the voltage hysteresis and is principally determined from the applied current density, electrode/
electrolyte interfacial properties and charge transfer resistance. A symmetrical Li/Li cell

containing LiTFSI/Propylene Carbonate (PC) as an electrolyte show a stable voltage hysteresis
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without any irregular oscillations when compared with the cell having ILC; however, a dendrite
induced internal short circuit is seen after 400 h (Figure 5.9). In contrast, the cell with the ILC
electrolyte is able to cycle stably for more than 800 hours as the anisotropic electrolyte medium
can improve the Li* mass transport between the major dendrite growth sites, and thereby form

dendrites in a uniform and compact way.
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Figure 5.9. Electrochemical characterization of symmetric Li/ (LiTFSI/PDDMHP) /
Li and Li/ LiTFSI/ Li cells. (a) potential profiles during galvanostatic cycles with a
current density of 0.1 mA cm. Zoomed in view of selected cycles are shown below.
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Simulation of the Interfacial Reactive Transport

To understand the local transport mechanisms that lead to dendrite suppression in the ILC
electrolyte, a numerical model is developed to study the reactive transport near the electrode-
electrolyte interface. A Lagrangian particle-based modeling method known as smoothed particle
hydrodynamics (SPH) is used to investigate how changes in local ion transport properties affect
the growth of dendrites. To approximate the ILC electrolyte, a pseudo-separator like structure is
simulated. Based on the experimental characterization of the ILC electrolyte, it is assumed ILC
supra molecules in the electrolyte have a semi-ordered structure that can be approximated as a
separator of rod-like particles. Rod-like particles on the order of a few microns in length are
dispersed throughout the electrolyte in different orientations. The effects of particle orientation are
varied from completely parallel to the anode surface, to randomly oriented (Figure 5.10a).
Simulations are used to elucidate how the ILCs effect local transport and dendrite growth. Dendrite
growth increases as the supramolecules align perpendicular to the anode surface. While a random
orientation or alignment favoring the direction parallel to the anode reduces the dendrite growth,
as seen in Figure 5.10a. This can also be seen in the contour plots of local mass flux in Figure
5.10b and the growth rate of Figure 5.10c. The anisotropic mass transport effect is proposed as a
novel concept towards dendrite growth suppression in Li batteries and the corresponding
schematic is shown in Figure 5.10d. The concentration gradient near the anode-electrolyte
interface can be controlled by inducing these directional properties in Li ion batteries with the help
of anisotropic ILCs[193]. From the numerical models of Figure 5.10b, it can be seen that the ILC
supramolecules restrict local mass transport near the electrode interface. This leads to slower
dendrite growth. The parallelly aligned liquid crystalline molecules with their layered structure

control the Li ion mass transfer, which in turn affects the Li ion concentration in the vicinity of the
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electrode. The Li ion concentration gradient near the electrode/ electrode interface is the major
reason for dendrite growth after nucleation. This lesser ion concentration gradient is reflected in

the uniform SEI formation, which controls the dendrite growth rate.
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Figure 5.10. (a) Simulations domains for structures parallel, misaligned parallel, random, and
perpendicular to the anode. (b) Local mass flux through the separators as dendrite grow into the
separator from the anode (at y=0). (c) Growth rate of dendrites over time for each separator

structure. (d) Graphical representation of the proposed mechanism.

The effects of local transport mechanisms on dendrite growth are also seen in the numerical
models of the interface as seen in Figures 5.10b. The concentration gradients drive the transport
of Li near the interface. Along the surface of the anode (bottom of fig.5.10 a-b), the gradient goes
toward zero in the cases of parallel, random, and misaligned parallel structures. This is due to the
high tortuosity through these structures. In the case of the perpendicular structure the tortuosity is

roughly one and the separator has little effect on the local mass flux. The lower mass flux along
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the anode leads to suppression of dendrite growth and longer battery lifetime. The low mass flux
indicates an even distribution of Li concentration across the anode surface, which leads to a more
even Li deposition. This allows for slower and more uniform growth, resulting in less harmful
dendrites. In the presence of an anisotropic electrolyte medium, major dendrites form at the
interspace between the initial dendritic nucleation sites, while the already formed dendrites are
suppressed. This is supported by the numerical models as seen in the parallel and random cases of
Figure 5.10b. In the anisotropic case, the Li ion diffusion to the major dendrite growth region
decreases and hinders the replenishment of Li+ ions in that region, prompting Li+ ions to deposit
in the adjacent dendrite free regions and thus leads to the formation of more compact and flat
dendrites. Thus, this thermotropic ILC electrolytes with their ability to orient themselves in
different directions to control Li mass transport and thereby dendrite growth can act as pseudo
separator.
5.4 Conclusions

In summary, we have shown that the synthesis of anisotropic liquid crystalline electrolytes
and its efficacy in mitigation of dendrite growth characteristics through reduce the Li ion
concentration near the dendrite tip. The numerical models have demonstrated the mechanism of
ILC electrolytes in dendrite suppression and for better Li diffusion control. This anisotropic mass
transport effect can suppress the dendrite growth without sacrificing battery performance. New
thermotropic ILC with SmA phase for a wide temperature window containing 2D ion conducting
pathways have been prepared and well characterized using various microscopic and spectroscopic
techniques. The anisotropic ion conductivity was probed by conducting EIS measurements using
both gold electrodes and ITO electrodes in both parallel and perpendicular directions

consecutively. The PDDMHP: LiTFSI in the 9:1 molar ratio has been tested for dendrite studies
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and showed a highly ionic conducting pathways and near unity tLi* can greatly reduce the Li ion
concentration at the anode surface and retard the dendrite formation and growth. This is further
exemplified through continuous lithium plating/stripping around 850 hrs. with negligible changes
polarization at extended cycling, suggesting the compact and robustness of an anisotropic ILC
electrolyte mitigating dendrites formation. The demonstrated results reveal that the anisotropic
ILCs are promising LIB electrolytes for long cell cycle life while ensure safety by controlling

dendritic parasitic reactions in the cells.
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CHAPTER 6 SUMMARY AND FUTURE OUTLOOK

Lithium—sulfur batteries with their high theoretical energy density and environmental
friendliness received much attention in the past decade. However, the uncontrollable growth of
lithium dendrites in the Li metal anode during repeated Li plating/ stripping processes commonly
causes rapid capacity decay and serious safety issue of Li—S batteries. Also, on the sulfur cathode,
a series of highly soluble lithium polysulfides (Li2Sx, 4 < x < 8) intermediates are unavoidably
produced and shuttled between the electrodes, which would react with lithium anode, following
the fast self-discharge and rapid capacity fading of Li-S batteries. Thus, in order to address these
problems from both anode and cathode side, there is a high need of effective strategies. Towards
this, we proposed electrocatalysis principles into Li-S battery configuration to stabilize polysulfide
shuttle process and to improve the rate capabilities. As a proof of concept, we have studied LiPS
conversion reactions with different electrocatalysts such as Pt, WSz, NbS; etc. where we
demonstrated the significance of electrocatalytic surfaces on lithium-sulfur redox kinetics by using
electrochemical potentiodynamic and potentiostatic methods. Thus, we concluded that the
catalytic interface reduces the redox overpotential and enhances the surface diffusion properties of
LiPS anions. Thorough and systematic analysis validates the enhanced adsorption capability of
soluble LiPS on the catalytic interface and the successive electrochemical reactions rather than
polysulfide dissolution. More relevantly, we summarize that the catalyst exhibits a substantial
activity towards LiPS liquid-to-solid conversion and directs the Li>S nucleation process via
instantaneous growth, which had a direct impact on high capacity gaining. In-depth analysis
confirmed that the electrocatalyst plays a major role in accelerating the Li>S process kinetics
among multistep LiPS redox reactions. The improvement in conductivity through the integration

of carbon cloth along with the catalytic behavior of NbS; aided to give a stable capacity of 810
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mA h g for NbS,/CC electrodes. Additionally, our study gave evidence to the potential ability of
catalytic active sites for improving the cell reversibility. Regarding the Li metal anode issue, our
research explored the use of a special class of ionic liquids (ILs) with liquid crystal properties for
the electrolyte of Li metal batteries towards the dendrite suppression. we showed the synthesis of
anisotropic liquid crystalline electrolytes and its efficacy in mitigation of dendrite growth
characteristics through reduce the Li ion concentration near the dendrite tip. We also carried out
numerical models demonstrating the mechanism of ILC electrolytes in dendrite suppression and
better Li diffusion control. Thus, we concluded that the anisotropic mass transport effect can
suppress the dendrite growth without sacrificing battery performance. Towards this, a novel
thermotropic ILC with SmA phase for a wide temperature window containing 2D ion conducting
pathways have been prepared and well characterized using various microscopic and spectroscopic
techniques. The anisotropic ion conductivity was investigated by conducting EIS measurements
using both gold electrodes and ITO electrodes in both parallel and perpendicular directions
consecutively. The ILC: LiTFSI in the 9:1 molar ratio has been tested for dendrite studies and
showed a highly ionic conducting pathways and near unity tLi* which reduced the Li ion
concentration at the anode surface and slowed down the dendrite formation and growth. This
potential ability of ILC is further exemplified through continuous lithium plating/stripping around
850 hrs. with negligible changes polarization at extended cycling, suggesting the mitigation of
dendrites formation. Thus, our study confirms that the anisotropic ILCs are promising LIB
electrolytes for long cell cycle life while ensuring safety by controlling dendritic parasitic reactions

in the cells.

Kinetic issue of the sulfur cathode is addressed by heterogeneous polysulfide

electrocatalysis, which aims to accelerate the cathode redox kinetics by reducing the activation
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energy barriers. This polysulfide electrocatalysis improved the overall battery performance by
reducing the polarization, improving the rate response, and extending the cycle life. All these
efforts greatly enhanced the Li-S battery performance, and thus, the same approach could be
implemented to other metal polysulfide batteries such as Na-S, Mg-S etc. to achieve high energy
density and power density battery systems. The performance promotion is realized in the
laboratory scale under ideal conditions, can be used to provide guidance towards the practical
pouch cell level. Additionally, in-depth studies on the novel Li—S chemistry will provide fresh
insights and enlighten other key energy-related processes based on multielectron and multiphase
electrochemical reactions. Towards the dendrite suppression in Li-S batteries, ILCs act as
promising electrolytes. However, details on their ionic conductivity over the range of temperature,
electrochemical stability and feasibility are yet to be reported in-detail. Thus, ILCs are highly
desirable to explore, design, and/or optimize electrolytes for general Li metal batteries to address
the issues of Li dendrite growth and stabilize their electrochemical performance, such as specific
capacities, cycle life and rate capabilities. In addition to Li-S batteries, dendrite growth is also a
problem for other battery chemistries, such as Li-ion, Li-O2, NaS and NiCd, and for many metal
and electronic fabrication processes, such as solidification and electroplating. If anisotropic
transport properties are shown to improve the performance of batteries, then similar principles can
be used to increase the performance of other batteries. Also, the effect of different cations, alkyl
chain length on the extent of anisotropy and their effect on dendrite growth should be studied
which will finally help in the development of RT ILC based electrolyte. Though we were able to
individually address the major issues with the Li-S battery chemistry, it is still a big challenge to
explore a bifunctional material for simultaneously inhibiting lithium dendrites and polysulfide

shuttle in Li—S batteries.
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Lithium — Sulfur (Li-S) batteries have received much attention and considered as a
promising candidate for next generation energy storage devices because of their high theoretical
energy density (=2600 Wh kg!) and environmental friendliness. However, the uncontrollable
growth of lithium dendrites in the lithium metal anode and the fatal effect of polysulfide shuttle
hinder their practical applications. The formation of dendrites during repeated Li plating/stripping
processes results in: reduced Li availability for the electrochemical reactions, disruption in Li
transport through the interface causing rapid capacity decay and increased safety concerns due to
short circuiting. Polysulfide shuttle is a common phenomenon in Li-S batteries where the soluble
intermediate polysulfide species (Li2Sx, 4 < X < 8) are inevitably produced and shuttled between
cathode and anode, and react with the Li-metal to form insoluble Li»S and Li>S on the surface of
anode, resulting in surface passivation of Li metal anode, fast self-discharge and rapid capacity

fading in Li-S batteries. Thus, the major problems from both anode and cathode side are needed

to be addressed, preferably by employing effective strategies. These issues can be addressed only
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when we have a better mechanistic understanding about chemical and electrochemical processes

occurring in the Li-S battery.

In the past decade, several strategies have been developed around the world and recently,
our group demonstrated utilization of electrocatalyst to improve the polysulfides reaction and trap
them inside the cathode of Li—S battery[28, 29, 77]. The electrocatalyst reduces the energy barrier
of electrochemical reaction and also act as an anchor for polysulfides and confide them to the
cathode reducing their shuttle effect. Herein, we carried out fundamental electrochemical studies
on the sulfur -electrocatalyst interface to develop a suitable catalytic cathode. The potentiodynamic
and potentiostatic methodologies are used to infer diffusional, adsorption and the kinetics behavior
of polysulfides with respect to catalytic and non-catalytic interfaces. In this context, we evaluated
the kinetics of sulfur redox chemistry on different electrocatalytic surfaces such as Pt, WS, and
NDbS: and their influences on reaction kinetics at different stages. Also, we have demonstrated the
influence of catalyst on solid-to-liquid & liquid-to-solid polysulfides reaction kinetics and their
effect on Li>S nucleation ending up in gaining of high capacity during the discharge process. In
addition, we have explained in detail the impact of catalytic interface on cathode surfaces as well
as on the reversibility of sulfur redox chemistry. We studied the synergistic effect of electrocatalyst
NDbS: and conductive carbon substrate in Li-S battery performance. The other issue that we address
in the thesis is lithium dendrite formation in Li-S batteries. Though the dendrite formation is one
of the oldest issues, fundamental understanding about how the interfacial chemistry and Li
deposition is correlated, how anode overpotential affect the cell characteristics etc. are still have
no answers which are essential to address the dendrite formation. Here, we demonstrate a novel
strategy using a special class of ionic liquids (ILs) with liquid crystal properties called lonic Liquid

Crystals (ILCs) as electrolyte cum pseudo-separator to detain the dendrite growth with their
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anisotropic nature controlling the Li-ion mass transport. The thermotropic ILC with two-
dimensional Li-ion conducting pathways have been synthesized and well characterized. Detailed
microscopic and spectroscopic analysis elucidates that the ILC is formed with Smectic A phase
and can be utilized for wide temperature window operation. The electrochemical results
corroborate the efficacy of ILC electrolytes in mitigating dendrites formation even after 800 hrs.
and further substantiated by numerical simulation and deduced the mechanism involved in
dendritic suppression. Thus, the research combines experimental development, characterization of
the lonic liquid crystals (ILCs) and analysis of their potential as electrolyte for improving Li

battery performance supported by the numerical models.
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