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1 Li-S Battery: An Overview, Working
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Chapter 1

1.1 Introduction

The battery is one of the most convenient energy-storage devices among the available devices.
It is generally classified into two types, (i) primary batteries and (ii) secondary batteries. The
primary batteries are non-rechargeable, while the secondary batteries can be rechargeable
multiple times. Both kinds of batteries are in use depending on the applications. The Li-ion
batteries (LIBs) are impacting the digital revolution of the 21 century, post-discovering
LiCoO: (LCO) as cathode material in 1980.[1,2] Later, it was replaced by LiNixMnyCo,0>
(NMC),[3,4] LiNixCoyAl:02 (NCA),[5] LiMn204 and LiFePO4[6,7] in LIBs for the portable
applications, such as electric vehicles (EV), even in large scale stationary devices. These
cathodes work on the principles of intercalation mechanism during the charging-discharging
process, and they deliver a capacity of ~250 mAh/g, and gravimetric energy density ranges
between 50 to 260 Wh/kg[8] (Figure 1.1).

The Li-S battery was discovered earlier in the 1960s,[9,10] much more cost-effective than
traditional LIBs. But, due to the series of challenges in controlling the lithium sulfides, which
form while the lithiation and de-lithiation process, it was not succeeded. Meanwhile, LIBs took
the lead in occupying the energy market. But, due to the increase in our demand for energy for
the near future, it requires energy storage devices with high energy density, and Li-S battery is
one of the promising devices. As increasing the demand for energy in the future, we are urged
to find alternative storage devices with high energy density and reduce the cost of the materials.
The Lithium-Sulfur (Li-S) batteries are promising due to Sulfur is one of the most abundant
materials on earth, its high theoretical capacity (1675 mAh/g), and Li-S batteries have a
theoretical energy density (~2600 Wh/kg). Since Li-S batteries offer a five-fold theoretical
capacity than conventional Li-ion batteries, it gives faith in replacing the widespread metal-rich
cathode of Li-ion batteries with highly cheap and one of the most abundant cathode materials.
The higher theoretical capacity also promises to achieve lightweight batteries/batteries with

maximum energy.

Sulfur is one of the most abundant elements and is widely available in the earth's crust, and can
be used as active material in batteries. However, it is limited due to its insulating nature and
requires blending with conductive materials. In addition, the volume changes occurred in Li-S
systems. Unlike Li-ion batteries, it undergoes conventional mechanisms, where the various
chain lengths of polysulfide form. Further, the forming intermediates of lithium polysulfides
are also insulating in nature and soluble in the electrolytes developed as of now, are more

challenging to create the system as reversible and more effective. However, considerable
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developments have been in progress with Li-S batteries in the past decade by refining the

conductive materials, separators, electrolytes, and solvents for commercial applications.

4007 N
= Li metal
ES (‘unsafe’)
< 300-
2
‘@
®
© 2001
>
jo)l
5]
i 1007
0 Lighter weight —»
T T T T T T
0 50 100 150 200 250

Energy desnity (Wh/kg)

Figure 1.1. Ragone plot with respect to gravimetric and volumetric energy densities.[8]

1.2 Working Principles of Li-S batteries
Li-S battery is an electrochemical energy-storage device where the electrical energy is stored
in elemental Sulfur as an electrode. A schematic diagram of the Li-S battery, with its

charge/discharge process, is shown in Figure 1.2a.

In general, Li-S batteries consist of Sulfur blended with conductive materials and a binder as a
cathode, which are coated onto the current collector (Aluminum foil), Lithium metal as an
anode, separator, and organic electrolyte in a mixture of organic solvents. Since the Sulfur is in
the charged state, the process begins with discharge. When discharged, the lithium metal anode
generates Li* ions and electrons. These Li* ions diffuse through the electrolyte towards the
cathode side, and electrons travel to the sulfur cathode by an external circuit, and elemental
sulfur will be reduced to Li>S with potential vs. Li*/Li, as shown in Figure 1.2b.[11] When
charged, Li* ions moved towards the anode side and reduced to lithium metal. The reactions
are,

Anodic reaction (-):
2Li — 2Li" + 2e" (eq.1)
Cathodic reaction (-):
S+ 2Li" + 26" — Li2S (eq.2)

The overall discharge reaction is,
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2Li + S — Li2S (eq.3)

The elemental Sulfur undergoes a reversible reaction (eq.3) during the charging process. The
theoretical capacity of elemental Sulfur and Lithium metal has been calculated from the below

formula:

nF
Q (theoretical capacity) = 7

Where Q is the theoretical capacity (mAh/g), n is the number of electron(s) transfer involved in
the redox reaction, F stands for Faraday constant (96485 C/mol), and M is molecular weight
(g/mol).

| b 3.0 S +16Li*+16¢— 8Li,S
l SEI  ,s]  Solid——Liquid —————— Solid

W‘
L12Ss Ww
Li2Se

shuttle

Potential (V vs.Li /Li)
(3% )
(3]
L

Sulfur Lithium Specific capacity (mAh g")

Figure 1.2. Schematic diagram of Li-S cell (a) and typical charge-discharge profile with the
state of Sulfur/LiPSs.[11]

So, the theoretical capacity of elemental Sulfur is 1675 mAh/g, and Lithium metal is 3861
mANh/g, which provides the theoretical capacity of 1167 mAh/g for Li-S cells.

1.3 Challenges of Li-S batteries

There are several challenges with Li-S batteries, the materials used as well as the system. The
elemental Sulfur, which is active material is highly insulative (~107% S/cm), and the LiPSs
(Li2Sh, 2 < n < 8) form as intermediate are also insulative and structural changes that occur in
the system are formidable. The intermediates leach out from the cathode, which is soluble in
ether-based electrolytes. Further, it deposits on the anodic part, which leads to the internal
resistance of the system. These above issues are the to the low utilization of active material,
capacity fading during cycling, and poor efficacy of the system. The Sulfur undergoes the
volumetric expansion of ~80 %,[12] and the Li dendrites form on the surface of the anode (Li

metal)[13] during the cycling process, which further leads to loss of capacity.
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1.3.1 Shuttle effect

At the earliest, Mikhaylik and Akridge evaluated the polysulfide shuttle behaviors in the Li/S
system.[14] The high-order lithium polysulfides (Li2Sn, 6 < n < 8), which form as an
intermediate product, are highly soluble in currently used ether-based solvents such as 1,3-
dioxolane (DOL) and 1,2-dimethoxy ethane (DME), which leads to poor efficiency. The major
reason is that there is no interaction between the Sulfur host and LiPSs. In general, the

polysulfide shuttle mechanism involves five steps[15]. They are,

(i)  Formation of high-order lithium polysulfides (Li2Sn, 6 <n <38),

(i)  Leaching of polysulfides from the host materials,

(iii) Dissolution of polysulfides into ether-based electrolytes,

(iv) Passage of polysulfides towards anodic compartment (Lithium) and

(v) Reaction of polysulfides with Lithium metal.

The polysulfides are negative in charge, migrating between cathode and anode, and deposit on

Lithium, leading to capacity loss.

1.3.2 Self-Discharge
Self-discharge is when the battery loses its stored electrical energy without any external circuit.
It is a battery characteristic; due to the chemical reactions in most batteries, there is a loss of

capacity with time at rest.

Unfortunately, Li-S batteries undergo self-discharge like Nickel-Cadmium Nickel-Metal
hydride batteries. As the dissolution of the elemental Sulfur and high-order, polysulfides are
inevitable in Li-S batteries, the self-discharge accelerates, resulting in decreases in open circuit

voltage and hence fading in capacity.[14,16-18]

1.4 Components of Li-S batteries
Li-S batteries consist of multiple components. They are (i) Cathode, (ii) Anode, (iii) Separator,

(iv) Electrolytes, (v) Solvents, and (vi) Additives.

1.4.1 Cathode

In Li-S batteries, the elemental Sulfur functions as active cathode material. Unfortunately,
Sulfur is insulative and alone does not hold on current collector due to weak interaction. So, it
requires a host material to provide conductivity as well as withhold the active material during
fabricating and cycling process. The porous carbon supported Sulfur composite was developed

by E. Peled et al.[19] to improve the contact efficiency, as results in increasing the volumetric
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energy density. Later Wang et al.[20] developed the porous carbon matrix for Sulfur composite
improved the cyclic performance significantly. In 2009, Nazar and co-workers[21] developed
highly ordered and nanostructured carbon materials from sucrose, and Sulfur was introduced
into it by a melt-diffusion method. This composite material exhibits about 80% of the
theoretical capacity (1320 mAh/g) of Sulfur.[21] This work provides the pathway to developing
the cathode for Li-S batteries. Later, various types of carbon with functionalization developed

with improved performances.[19,22-26]

1.4.1.1 Sulfur-Carbon composite materials

Conducting carbon materials have been used to prepare the composites, which not only act as
conductive additives but also support to prevent the shuttling effect and protect the anode.
Porous-conducting carbon-based materials are compatible with ether-based electrolytes and
exhibit reasonable stability.[22,23]

Porous Carbon: The porous carbon with a high surface area adequately offers physical
confinement, and it limits the dissoluble polysulfides and suppresses the shuttling factors. The
electrochemical activity of Sulfur-carbon composites is based on the nature of the carbon. The
porous carbons are generally classified into three categories according to their pore size (D) and
structural morphology.[27] They are (i) Macro porous carbon (D > 50 nm) derived from carbon
nanotube (CNT), carbon nanofiber (CNF), and spherical macropores are helped to the
penetration of the Sulfur and provide sufficient porosity for the electrolytes and ion diffusion
process.[28-30] (ii) Microporous carbon (D < 2 nm), the Sulfur encapsulates into the narrow
micropores and restricts the dissolution of polysulfides into the ether-based organic solvents
and dominant factor for the successful electrochemical reversibility.[22-24,31-33] (iii)
Mesoporous carbon (2 nm < D > 50 nm) tolerates the Sulfur penetration and improves the ion

transport, which results in high reversibility with the high Sulfur mass load.[34-42]

Hierarchical porous carbon: It is a multimodal pore size distribution of porous carbon (micro/
meso/macro-porous carbon). Hence, the existence of almost all of the porous carbons’
properties (physical and chemical) functions as successful electrode materials in energy storage
devices.[21,43] It is widely produced from renewable resources or wastes treated under thermal
and chemical processes.[44] The micropores provide a way to encapsulate the elemental Sulfur
and immobilize the active material. Microporous structure helps electrolyte immersion, while
mesopores select the active materials and it attracts the dissolved polysulfides, which suppress
the Li-S batteries from capacity fade.[21,25,44-47]
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Carbon Nanotubes (CNTSs): In general, Multi-walled carbon nanotubes (MWCNTS) offer a
high surface area and three-dimensional (3D) conducting network, which helps to adsorb the
polysulfides.[48] The Sulfur with MWCNT composites is potentially supported by absorbing
the electrolytes, which confine the polysulfides within the cathode compartment; as a result, the
Li-S batteries are protected from the capacity fade.[29,48,49] Further, MWCNTSs have been
modified with heteroatoms or functional groups to achieve better performances for Li-S
batteries. The composite using CoS2@NC/MWCNT and Sulfur has delivered a remarkable
discharging capacity of 1133 mAh/g at 0.1C and 607 mAh/g at 2.0C rates.[50]

Hollow carbon spheres: It is also known as carbon capsules, are generally synthesized using
hard templates as a result of carbon particles with a size of a millimeter or micron or nanometre.
These materials are desirable due to their properties, such as the ability to encapsulate the
Sulfur, chemical stabilities, surface functionality, and high surface/volume ratio.[51,52] The
hollow carbon spheres are doped with various metals to electrocatalyst the redox system in Li-
S batteries.[34,53-56]

Carbon Nanofibers (CNFs): The morphology of CNFs is similar to CNTSs in the absence of a
hollow cavity with a length of 5-100 microns and a diameter of 5-100 nm. Due to the high
electrical conductivity of CNFs, it has been widely used in Li-ion batteries and
Supercapacitors.[57-61] In the case of Li-S batteries, these CNFs are further modified with
metal/metal oxides and serve as Sulfur hosts as well as conductive additives while the metals
control the polysulfide shuttle.[53,62] It is generally synthesized through two methodologies,
(i) the precipitation of carbon by an annealing process in a controlled atmosphere and (ii)

electrospinning using carbon-containing liquids as a precursor.[63,64]

Graphene: Graphene is a well-known 2D (two-dimensional) carbon monolayer consisting of
sp? hybridized carbon with several fascinating properties such as light-weight, excellent
electrical and thermal conductivities, high mechanical strength (~1 TPa), tuneable surface area
and chemical stability.[65-67] It can be prepared through various techniques. In 2004, Geim et
al. demonstrated the preparation of monolayer graphene from raw graphite on an atomic
scale.[68,69] Later, graphene becomes one of the promising candidates for many applications,
especially in energy storage devices, due to the availability of raw components and its excellent
properties.[70-72] Since graphite and graphene are highly stable in a wide range of chemicals
and mechanical strength, they can be easily tuneable and introduce functionality through
mechanical[73-76] as well as a wet chemical process.[77,78] The traditional wet chemical
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process involves the chemical oxidation and functionalization process, which requires strong
acids and hazardous oxidizing agents. Though these are energy-saving processes with high
yields, but not eco-friendly due to the hazardous chemicals involved in the reactions.[79] Later,
the intercalation and oxidation of graphite/graphene were carried out through electrochemical
techniques, which are easily controllable methods.[80,81] Ester VVazquez et al. reported the
preparation of a few layered graphene layers from pristine graphite materials by mechanical
method (Ball-milled process) using melamine as an intercalator.[73] Since the less quantity of
chemicals/solvents used in this method is green and highly scalable, also the intercalator can be

tuned as required.

Graphene is a compatible candidate for the Sulfur host, and the functionalization/modification
of graphene protects the Li-S batteries from the shuttle effect, as results prevent the capacity
fading. The elemental Sulfur has been deposited/wrapped with Graphene/functionalized
Graphene (FG) by melt-diffusion or wet chemical process, which is demonstrated for Li-S
batteries with a high rate of charge/discharge.[82-87] The modified graphenes’ in the form of
Graphene oxides,[82,88-95] Graphene sponge,[96-98] Graphene aerogel,[99] exfoliated
graphene layers,[100] Graphene nanosheets,[101] mixture of Graphene/CNT,[102,103]
Graphene/Porous carbon,[104] N-doped,[105,106] N,S-doped,[98] Graphene/Metal or Metal
oxides,[107-109] Graphene/MOF[50].

1.4.1.2 Sulfur-Inorganic composite materials

The Metal-based materials could serve as electrocatalysts in a wide range of applications in
energy conversion and storage devices.[110-114] Even the Metals could act as an absorbing
agent, providing the pathway to use it as a supporting additive in Li-S batteries. Unlike porous
carbon, most metal-based materials could not serve as the Sulfur hosting materials unless the
presence of voids due to their low surface area. We must note that the redox potential should
not overlap between the 1.5 V — 3.0 V vs. Li*/Li° In contrast, the redox potential of Sulfur
appears, which would lead to structural changes in the catalysts and unwanted electrochemical
reactions in the systems. Also, density is an essential factor in case of metal-based materials;
the higher density of materials or more quantity affects the energy density of batteries, where

the energy density is indirectly proportional to the mass of loaded materials.[115,116]

Metal oxides: The Metal oxides could bind with the Lithium polysulfides, which form during
the cycling, trap at the cathode, and potentially prevent the Li-S systems from capacity decay.
A wide range of metal oxides is investigated for the Li-S batteries, such as TiO2, MnOz2, SiOz,
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Sn0,, SiO2, Al>O3, etc.[117,118] are, exhibited improved cycle life. The TiO2 yolk-shell nano-
architecture combined with internal void spaces demonstrated to Li-S batteries, where the void
spaces allow to penetrate the Sulfur while the metal oxide traps the polysulfides.[119] The
initial gravimetric capacity of 1030 mAh/g at 0.5 C rate with coulombic efficiency of 98.4%
for thousand cycles and less capacity decay of 0.033% per cycle has been observed. The 3-
MnO. has been synthesized by the green method, and Sulfur encapsulation was carried out
using poly-dopamine, inhibiting the soluble Lithium polysulfide shuttle.[120] Wang et al.
examined the interaction between Lithium polysulfides and Transition metal oxides through X-
ray photoelectron spectroscopic (XPS) techniques and theoretical studies.[121] It has been
concluded that the Metal oxides are reduced and change in the oxidation state of the metals,
which is proved by the shift in binding energy in XPS studies. Significant metal-sulfur
interactions were reported for the Coz04, while observed negligible for Fe2Oz and Mn3zOa.

Metal sulfides: In order to understand the crucial factors affecting the energy barrier for LiS
oxidation and polysulfide adsorption, a variety of metal sulfides have been studied. Metal-
Sulfides can produce lower overpotential compared to utilized carbon-based materials due to
evidence that the Lithium sulfides breakdown energy barrier is linked to the interaction between
isolated Li* ions and the Sulfur in sulfides. The interaction between Li>Ss and NizS2, SnSy, FeS,
CoS,, VS, and TiS, were demonstrated, and VS, TiSz, and CoS, comprised electrodes
exhibited the higher capacity, less overpotential, also less capacity decay as compared to other

metal sulfides based electrodes.[122]

Single-atom catalysts: Recently, single-atom catalysts (SACs) have experienced rapid growth
as a unique catalytic approach that has been used in numerous significant catalytic processes
with great success. The low precious metal content, good selectivity, and easily tuneable
features of SAC are advantages. SACs have been employed as electrocatalysts in several
applications.[123-127] SACs with separate metal centers and atomic size levels often have the
highest atom usage, unsaturated metal species, and distinctive electrical structures. As a result,
they were frequently employed as catalysts in the conversion and storage of energy. The SACs
are efficiently reduce the shuttle factors and accelerate the kinetics of the conversion in Li-S
batteries. Manthiram et al. reported that the Fe-Ni catalyst promotes the Lithium polysulfide
conversion with a low Electrolyte/Solvent (E/S) ratio of 4.5 pl/mgs.[128]
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1.4.1.3 Organic Framework/Sulfur composite

The Covalent-organic frameworks (COFs) and Metal-organic frameworks (MOFs) have
excellent attention to utilize in Evolution/Reduction reactions, energy conversion, and storage
applications due to their abundant porosity with pores and remarkable surface area. The
functional groups in the organic framework can be tuned as demand in certain
applications.[129-132] The COFs/MOFs substantially bonding with Sulfur species and are
involved in the potential electrochemical conversion reactions, also attract the
polysulfides.[133] The hybridized MOFs with a heteroatom(s) doped materials or other
chemicals which provide additional support to electrochemical reactions and polysulfide
adsorption.[33,134] For example, MOF derived Cobalt disulfide along with N-rich MWCNTSs
were reported with a high specific capacity of 1133 mAh/g at 0.1 C rate and a remarkable
capacity of 607 mAh/g at 2.0 C rate and cyclability with a decay rate of 0.078% per cycle.[50]

1.4.1.4 MXene/Sulfur composites

The MXenes have been discovered in the last decade and are widely researched work carried
out for energy-based applications.[135] The Mxenes are defined in a general formula,
Mn+1Xn T, (M = early transition metals, group 3 to 7, X = Carbon/Nitrogen, T = terminate
surface groups -0, -OH, and -F, which replace the Al while etching). The surface chemistry of
MXenes is an advantage to building Mxene-based materials. These Mxene family materials get
great attention because of their structural variety, metallic conductivity, catalytic activity, and
ability to adsorb the polysulfides. About 30 MXenes have been discovered to date, and limited
methods are only available to exfoliate them. Further, very few Mxene-based materials (Ti.C
and TisC) function in Li-S batteries as of now. These materials not only solve the fundamental
issue but also help achieve increased energy density, mass loading, long life span, and areal
capacity and reduce the E/S ratio.[136-138]

1.4.1.5 Polymer/Sulfur composites

The Sulfur species could be physically encapsulated with the conducting polymers and used
along with mesoporous carbon as a promising cathode, while the carbon weakly interacts with
polysulfides. The polyaniline with yolk-shell[139] and nanotube[140] structures have been
reported with improved performances; it helps to confine the elemental Sulfur as well as lithium
polysulfides and, as a result, reduces the volume expansion. The polymer-derived porous
carbons are used as Sulfur hosts, the pores and porosity act as “lithophilic” sites, and the
heteroatom present in these porous carbon act as “sulfiphilic” sites. Due to the presence of dual

active sites, unprecedented control over the polysulfide shuttles was observed.[141,142]
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1.4.1.6 Sulfur

The cathode part of Li-S batteries consists of elemental Sulfur confined with a conductive
additive due to its highly insulative nature of Sulfur. Sulfur appears pale yellow in color,
odorless, and brittle in nature. The majority of Sulfur is occurred from the earth as salts and is
extracted by the Frasch process, and about 25% of Sulfur is obtained as a by-product in
petroleum industries during the refining process. The Sulfur exists in the most significant
number of solid allotropes, with over 30 forms[143]. The well-known form of Sulfur is Sgin a
ring structure; besides this form, S, (n = 6-26) are also available.[144] In general, three broad
forms of Sulfur exist (i) orthorhombic, (ii) monoclinic, and (iii) amorphous. The orthorhombic
form is the most stable and naturally available among others; the monoclinic forms are obtained
at 96 °C to 119 °C and revert to orthorhombic with time when it cooled down to room
temperature. Amorphous forms exist while immediately cooled down to room temperature,

which is soft and elastic in nature.

The Sulfur composites are generally synthesized through two methods. (i) In-filtration method,
and (ii) Wet chemical method. The In-filtration process has been demonstrated by mixing the
conductive additives such as porous carbon/Graphene-based materials and elemental Sulfur
with a defined ratio and thermally treating them under an inert atmosphere (Argon), which
allows encapsulation of the Sulfur in the molten state to the materials.[40] Also, it requires the
solvent (Carbon disulfide or Toluene) to encapsulate the Sulfur in this process. While the wet
chemical process, the Sulfur precursor solution was mixed with the dispersed conductive
additives in an aqueous medium in the presence of surfactants such as Triton X-100[33],
PVP[89], etc. Further, by adding the acid (HCI), the Sulfur was precipitated and wrapped with
the materials.

The ultrafine nano-sulfur particles were synthesized by the ball-mill method and decorated on
in-situ exfoliated graphene, which resulted in an increase in the electrical and ionic conductivity
as well as alleviated the volume expansion.[100] The orthorhombic form of Sulfur has been
widely used in Li-S batteries. Also, the novel phase of Sulfur (y-monoclinic phase) has been
synthesized and demonstrated in the Li-S batteries with carbonate-based electrolytes, a better
specific capacity of 800 mAh/g, and a decay rate of 0.0375% for over 4000 cycles was
achieved.[145]
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1.4.1.7 Binder

The binder plays a vital role in the battery electrodes. The conventional binders PVDF and
PTFE are widely used in Li-ion batteries and also function in Li-S batteries. Since the reaction
varies in both types of batteries, Li-S batteries could perform with better efficacy while using
the different binders or modifications in the conventional binders. Poly(ethylene oxide) (PEO)
and poly(ethylene glycol) (PEG) were used as binder or polymer coating to uplift the sulfur
utilization, electrochemical reversibility of Sulfur species, suppress the passivation of cathode
materials at the end of discharge, as a result in increased reversible capacity.[146] The
bifunctional PVP binders substantially provide strong Li-O interaction with Li>S and Lithium
polysulfides.[147] E. Peled et al. investigated the various binders in the cathode for Li-S cells
and achieved a capacity of 500 to 1400 mAh/g, depending on the binders used. The order of
functional group in the binder interacts with Lithium polysulfides, LiPAA > PVVP:PEI > PVP >
PVDF-HFP > PANI, which were confirmed from the reversible capacity.[148] The polar binder
with the amino functional group and the 3D network has been reported for high-energy-density
Li-S batteries. It shows a significant improvement in capacity retention (91.3%) over 600 cycles
due to this binder exhibiting high binding strength with polysulfide intermediates, which
effectively reduces polysulfide dissolution. Also, the enormous mechanical properties of amino
functional group (AFG) binder offer the buffer in a volume change of the cathode
materials.[149] The positively charged, PVP-based polycation binders are synthesized to
effectively adsorb the negatively charged polysulfide species.[150] Mainak Majumder et al.
reported the saccharide-based binder to regulate the consumption of electrolyte and polysulfide
dissolution.[151] The water-soluble multi-functionalized binders were remarkably helpful to
the Li" ion transfer.[152,153]

1.42 Anode

The anode plays a vital role in Li-S batteries because the cyclic stability of the system depends
on it. Due to the low potential, high capacity, and high energy density of Li metal, is an excellent
anode material for Li-ion and Li-S batteries. However, the Li metal reacts with the organic
electrolytes, which is unsafe for the rechargeable batteries. A limited numbers of alternate

anode materials are available and investigated for Li-S batteries.[13,154]

Lithium metal: The Li metal has a theoretical capacity of ~3860 mAh/g, extremely low
electrode potential (-3.04 V vs. standard hydrogen electrode (SHE)), and high volumetric
energy density (> 900 Wh/L).[155-157] Although it has excellent features, it still suffers with
dendrite formation and poor cycling efficiency, which directly results in the low cyclic stability
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and unsafety of Li batteries. The as-formed dendrites affect the passivation or solid electrolyte
interface (SEI) layer on the Li metal anode. Further, the affected SEI layers lead to creating
contact between fresh Li metal and organic electrolytes, which involves parasitic reactions, and
results in poor cyclic efficiency.[158-161]

In Li-S batteries, the collective intermediate products involve and are soluble in organic-based
electrolytes, leading to intense parasitic reactions on the anode and causing the degradation of
Li metal.[162] Therefore, Silica and Silicon carbides decorated 3D carbon fiber current
collectors were investigated for high-energy electrodes.[159] Also, to control the Lithium
dendrite formation, graphene sheets could serve as a current collector.[160] Still, the Li metal
could not function as an effective anode-type material, and it hindered the Li-S battery from

commercialization.

Carbon: The graphite facilitates the Li* ion intercalation/deintercalation, due to its layered
structure, so it successfully functions as an anode candidate for Li-ion batteries.[163] In Li-S
battery systems, the graphite is failed to be an anode candidate because of the incompatibility
of electrolyte systems. It undergoes for weak interaction between graphene planes in graphite,
while ether-based solvents are used to cause the surface stability of graphite particles.[164] In
2013, Briuckner et al. reported the hard carbon as a stable anode for 1300 cycles in Li-S full
cell.[165] Also, high Sulfur utilization has been observed with the low volume of electrolytes
in the ether solvent system, which promises carbon-based materials as an anode for Li-S

batteries.

Silicon: Silicon (Si) has been examined as one of the most desirable anode candidates for LiBs
due to enormous gravimetric (3600 mAh/g) and volumetric capacity values, abundance, low
cost, and environmental friendliness.[166,167] But, the Si materials get the volumetric
expansion of upto 300% due to mechanical failures during cycling, which cause the capacity
fading.[168] The Lithiated Si-based materials were developed to boost the electronic
conductivity and reduce the volumetric expansion. These Li metal-free, Silicon-Sulfur batteries

exhibited a reversible capacity of about 300 mAh/g for 100 cycles with safety.[169,170]

1.4.3 Electrolytes

The electrolytes play a crucial role in Li-S batteries because the Li* ion transport occurs between
the cathode and anode through it. The liquid phase electrolytes are commonly used in
rechargeable batteries due to ionic conductivity as compared to solids. But, the as-formed

lithium polysulfide intermediates are highly soluble in liquid electrolytes, causing the shuttle
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phenomena. Hence, solid electrolytes could solve this issue. Unfortunately, solid electrolytes

carry lack ionic conductivity.

Liquid electrolyte: Since the 1,3-Dioxolane (DOL) solvent was evaluated with high
conductivity, the liquid electrolyte was developed in various stages to utilize the maximum
amount of Sulfur.[171] Further, the ether-based solvent, Dimethoxy ethane (DME), was
developed along with the lithium salts such as Lithium trifluoromethanesulfonate (LiTFS),
Bis(trifluoromethane)sulfonimide lithium salt (LiTFSI), which are widely used. The mixture of
Triethylene glycol dimethyl ether (TEGDME) and DOL (TEGDME: DOL) were found to be a
better solvent system [172]; while TEGDME increases the solubility of Li salts, DOL helps to
decrease the viscosity of the system, result in an increase in the transportation of Li* ions. Also,
found negligible self-discharge behavior while using TEGDME as solvent.[173] A highly
concentrated electrolyte (7 M of LiTFSI) was found to be Li* ion transference number of 0.73,
which is even more than the lower concentration served in the Li batteries.[174] The highly
fluorinated electrolytes suppress the formation of Li dendrite growth and enormously reduce
the dissolution of high-ordered lithium polysulfides in the battery electrolyte system.
Additionally, it also provides the pathway to lean electrolytes.[175,176]

Carbonate-based electrolyte: Towards the commercialization of Li-S batteries, carbonate-
based electrolytes must be investigated because the ether solvents have significantly less boiling
point, which affects the safety. In case of carbonate-based electrolytes, lithium metal as an
anode can be replaced with graphite and etc. The difficulty in using these electrolytes is that the
intermediate polysulfides react with carbonate, which results in the loss of reversibility of
Sulfur.[177,178] Although a failure mechanism was found while using carbonate electrolytes,
the research works have been parallelly carried out related to tuning the Sulfur host[31,179],

developing the gel electrolyte membrane[20], and creating a new class of additives[180].

Solid-state electrolyte: The solid-state electrolytes are the predominant solution to control the
solubility of polysulfides and shuttle factors. Further, it could potentially suppress the Li
dendrite formation and metallic Li anode. But it is limited to the Li* ion transport (ionic
conductivity) in the systems.[181,182] The polymers like triethylene glycol dimethylether
(TEGDME) and polyethylene glycol dimethylether (PEGDME) were widely investigated for
solid-state Li-S battery systems because of their ionic conductivities and other physical
properties.[183] The conducting electrolyte (LiICF3SO3-TEGDME) has exhibited excellent
electrochemical performances, the delivering capacity of 500 mAh/g at an even higher rate,
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with an average potential of 2 VV and gravimetric energy density of 1500 kWh/g.[184] Li»S-
P2Ss glass-ceramic electrolytes were evaluated with elemental Sulfur and Copper(ll) sulfide
(CuS) as cathode material, obtained 650 mAh/g for 20 cycles.[185] Later, MoS; decorated Li>S-
P2Ss glass-ceramic electrolyte was developed with a high reversible capacity of 1020
mAh/g.[186] The solid electrolyte of Ta-doped garnet (LisslasZri4TagsO12, LLZTO)
developed along with Gold (Au) coating on the anode side to suppress the interfacial resistance,
and P2Ss-Li>S as an additive in liquid catholyte to boost the solubility of short-chain
polysulfides and utilize the maximum amount of Sulfur. 3.2 and 5.3 mgs/cm? of materials were
loaded for coin and pouch cells, respectively, achieved the gravimetric reversible capacity of
1088 mAh/g and 799 mAh/g, and the areal capacity of 3.5 mAh/cm?, 4.23 mAh/cm?,
respectively.[187] The bilayer (Polymer electrolyte, PEO+LIiTFSI, and LCO) were developed
to eliminate the flammable organic electrolytes, also resulting in less capacity loss.[188]

1.4.4 Additives

Although Li-S batteries were started in late 1960[189], it was suffered with huge capacity loss,
till discover the additive in the liquid electrolyte to protect the Li anode.[190] It has been proved
that N-O bond from Lithium nitrate (LiNO3) leads to form the in-situ stable SEI layers on the
surface of Li metal.[162,191] Further, it confirmed that a moderate concentration (0.4 M) of
LiNOs is required to achieve better cyclic stability, without imparting any impact on
suppressing the polysulfide dissolution process. Sheng S. Zhang proposed that although LiNOs
protects the surface of the metallic Lithium, it plays a negative role at the cathode by affecting
the carbon as a Sulfur host at a potential lower than 1.6 V, which cause the irreversibility of
polysulfide formations.[192] Further, the LiNOs catholyte for Li-S system was evaluated
andhighly reversible capacity was achieved upto cut off at 1.8 V, which corresponds to the
formation of insoluble Li.S;. While discharging to lower than 1.8 V, Li»S; reduces to Li»S, and
parallelly LiNOs reduces to irreversible species, which further stagnant the kinetics of
reversible electrode reactions.[193] This work proposes that deep discharge of Li-S batteries
must be avoided to achieve the improved cycle life, while using LiNO3 as an additive or co-

salts.

1.45 Separator

The polyolefin separators, polyethylene (PE), polypropylene (PP), and a combination of PE/PP
with a range of micrometer pore sizes have been commercialized for Li-ion battery
technology.[194] These are porous in nature, chemically stable, and economically low-cost.

However, only these properties are insufficient to reduce the polysulfide dissolution and shuttle

ACSIR-NCL 16 Kumar S



Chapter 1

effect. So, either functionalization of the polyolefin separator or the different separator with

barrier property against the polysulfides could protect from shuttle factors.

The above-mentioned Sulfur host materials in section 1.4.1 can be used to modify the
polypropylene separator, according to compatibility. In general, the slurry prepares with the as
selected materials, with or without carbon black and binder, and coats onto one-side of Celgard
separators. Further, it could be used with the coating towards the cathode part to reduce the

shuttle phenomena. Various types of material have been investigated for Li-S system.

The bifunctional separator (Super P carbon on PP separator) has been demonstrated with
elemental Sulfur cathode for Li-S batteries, and provides a discharge capacity of 1389 mAh/g
for initial cycles with dynamic stability, and 828 mAh/g for 200 cycles.[195] Further, the
heteroatom(s) doped carbon[54,196,197] or Graphene[198,199], inorganic
components[107,200-207], Organic frameworks[208-211], and polymers[212] were developed
for effective suppression of shuttle mechanism.
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2.1 Introduction

Battery systems with significantly improved energy density and power density over the existing
lithium-ion batteries are of great interest. Li-S batteries with theoretical specific capacity of
1675 mAh g and energy density up to 2600 Wh kg are attractive energy storage devices.[1-
11] Despite the promise, Li-S batteries are plagued with issues such as poor electrical
conductivity of sulfur (5 x 10°° S cm™), sluggish sulfur redox reaction and dissolution of
polysulfide in the battery electrolyte.[12,13] The poor electrical conductivity issue is tackled
by preparing carbon composite electrodes.[14-17] The sluggish redox reaction and dissolution
of polysulfide remain as challenges.[18-20] The two major approaches to circumvent the
dissolution of polysulfide, which is commonly known as the shuttle effect can be classified
into, (i) separator modification and (ii) electrode modification. First, the separator membranes
are modified with carbon allotropes, polymers and nanostructures. The modified membranes
repel the polysulfides and suppress the deleterious shuttle effect.[21,22] In the second
approach, porous structures of organic and inorganic materials have been used to confine the
sulfur. The pores that are used to load the sulfur also render the possibility of diffusion of
polysulfides from the confining material.[23-25] Thus, the confinement approach has its

limitations. Li-S battery metrics of various materials are summarized in Table 2.2.

Usually, the battery electrode is prepared by blending sulfur, polymer binder and conducting
carbon.[21] Neither the conducting carbon nor the binder is effective in suppressing the
polysulfide dissolution.[26-28] Thus, an additive is required. The additive should be a material
with properties to withhold the polysulfide from dissolving in the electrolyte. With its excellent
properties and easy synthesis, graphene seems to be an attractive candidate.[29] However, the
surface of graphene is hydrophobic; hence it is not suitable to withhold polysulfide.[30,31]
Therefore, modification of graphene is required. Doped graphene is an option.[32-37] It has
been used as additive in the Li-S batteries. All the doped graphene do not have the desired
effect. For example, pyridinic and graphitic nitrogen comprising graphenes are better
electrocatalysts than pyrrolic nitrogen-containing graphene.[38-40] The pyridinic and pyrrolic
nitrogens are Lewis base and they can attract Lewis acid such as polysulfides. However, it has
been shown that the pyridinic nitrogens are present either on the edges or at the defect sites of

graphene, which is a limitation. Thus, an approach that renders the possibility of preparing
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Scheme 2.1. Cartoon showing the steps involved in the preparation of DLC-G.
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Scheme 2.2. Chemical Structures of exfoliators (Anthracene, Melamine, 3-Thiopheneacetic
acid, Ni(Il) phthalocyanine) and DPP-12.
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graphene without defect but with pyridinic and graphitic nitrogen is essential. To accomplish
this paradoxical objective, we resorted to an approach that mechanically peels off graphene
from graphite in presence of exfoliator. The exfoliator molecules that adhere to the graphene
surface have been judiciously chosen to have desired dopant atoms. The graphene preparation
approach is mechanical; hence the graphene's basal plane is unaffected.[41-44] In the first set
of experiments, melamine (Scheme 2.1) was used as exfoliator. Graphite and melamine are
ball-milled in planetary ball milling equipment. After exfoliation, the samples were subjected
to thermal treatment. During this process, melamine undergoes thermal polymerization leading
to a cross-linked polymer that can act as a source of nitrogen-doped carbon.[45] Upon further
heating, we envisioned graphenes with a layer comprising pyridinic and graphitic nitrogen

(Scheme 2.1). We reiterate that a minimal amount of defects are anticipated in the basal plan
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of graphene because the exfoliation is mechanical. Dual doping can enhance
electrocatalysis,[46-48] hence we prepared graphenes with layers comprising S (Sulfur) and N
(Nitrogen) atoms. These modified graphenes are expected to electrocatalyze the sluggish
polysulfide redox reaction.[49] We understand that the N and S comprising graphene layer alter
the surface properties, but the interaction between polysulfide and graphene is weak. The sulfur
undergoes various structural changes; hence covalent immobilization is not an option.
Therefore, we need to rely on non-covalent, yet strong interaction. The negative charges on
polysulfide render the possibility to anchor them on graphenes’ surface non-covalently. In
order to achieve this objective, we must prepare graphene layer with positive charges. Our
approach, mechanical exfoliation, renders the possibility of embedding cations on the layer of
graphene. To embed cations on the layer of graphene, graphite was ball milled with Nickel
Phthalocyanine (Scheme 2.1). During the milling process, Nickel-Ph molecules adhere to
graphenes’ surface. Subsequent heating of the sample resulted in the formation of graphenes
with a carbon layer comprising nickel ions and nitrogens. The nitrogen-doped carbon layer is
expected to catalyze the sulfur redox reactions[50-52], concurrently the nickel ions are
expected to suppress polysulfide dissolution due to electrostatic polyvalent interaction.[53]
Indeed, the Nickel (Ni) ion and N containing carbon layer exhibit superior battery performance

that is reported in this research chapter.

2.2 Experimental Section

2.2.1 Materials

Graphite powder (Sigma-Aldrich, <20 um), Melamine (Alfa Aesar, 99%), Anthracene (Alfa
Aesar, 99%), Ni-Phthalocyanine (Sigma-Aldrich, Dye content ca. 85%), 3-Thiopheneacetic
acid (Sigma-Aldrich, 99%), Dimethylformamide (DMF, Merck, AR grade), Triton X -100
(Sigma-Aldrich, LR grade), Sodium thiosulfate (anhydrous, 99%), Hydrochloric acid (HCI,
Merck, AR grade, 37%), Super P carbon (Imerys Graphite & Carbon Switzerland Ltd.,
Switzerland), Poly(vinylidene fluoride) (PVDF, Kynar HSV900, Arkema Inc., USA), N-
Methyl-2-pyrrolidone (NMP, Merck, AR grade), Celgard 2325 (Polypore, USA),
Bis(trifluoromethane)sulfonimide lithium salt (LiTFSI, Sigma-Aldrich, 99.95%), Lithium
nitrate (LINOs, Sigma-Aldrich, 99.99%), 1,3-dioxolane (DOL, Sigma-Aldrich, 99.8%), 1,2-
dimethoxyethane (DME, Sigma-Aldrich, 99.5%) and Chloroform (Merck, AR grade) were
purchased and used without further purification.
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2.2.2 Instrumentations

The TEM images were recorded with Tecnai G2 20 S-TWIN transmission electron microscope
and HR-TEM images were recorded with a Jeol 1200 EX transmission electron microscope.
The carbon-coated copper grids (400 grids) were obtained from Ted Pella. E-SEM images were
recorded using Quanta 200 and FE-SEM imaged were recorded with Nova Nano 450, both the
instruments from the FEI company. The sample preparation for TEM and SEM were performed
by preparing the 1 mg of sample dispersed in DMF and drop cast on the carbon-coated copper
grid and silicon wafer are respectively. After the solvent evaporation, the substrates were kept
at 40 °C for 12 h and then performed the characterizations. The Raman spectroscopy
measurements were performed with the help of a LabRam spectrometer (HJY, France)
equipped with a laser wavelength of 632 nm. PANalytical instrument was operated using Cu
Ka radiation (A = 1.542 A) at a scanning rate of 2° min* and a step size of 0.02° in 20 with
operating voltage 40 kV and operating current 30 mA to acquire the X-ray diffraction spectra.
XPS measurements for the materials were done on Thermo Kalpha+ spectrometer using Al Ka
radiation with an energy of 1486.6 eV. All the spectra were charge corrected with reference to
Cls at 284.6 eV. The peak fittings were carried out using CasaXPS software.
Thermogravimetric analyzes were carried out on SDTQ600 TG-DTA analyzer in a nitrogen

environment with a ramp of 5 °C min™2.

2.2.3 Synthesis

Graphite exfoliation: The few-layer Graphene was prepared through a mechanical exfoliation
process using the planetary mill (FRITSCH, PULVERISETTE 6). The graphite powder was
exfoliated using various exfoliating agents such as Melamine, Anthracene and Ni-
Phthalocyanine (Scheme 2.2).

Sample 1-4: Graphite powder (1.5 g) and Melamine (7.5 g) were placed in an Agate ball mill
grinder (250 mL) with six balls (1 cm diameter). The ball milling conditions are mentioned in
Table 2.1 for respective samples. The as-prepared material was washed with a copious amount
of Dimethylformamide (DMF) for an hour to remove the excess amount of melamine present

in it and filtered and dried at 60 °C under vacuum for 16 h.

Sample 5-8: Graphite powder (1.5 g) and Anthracene (7.5 g) were chosen and followed the

same procedure and the milling conditions were mentioned in Table 2.1.

Sample 9-12: Graphite powder (1.5 g) and Ni-Phthalocyanine (7.5 g) were used and followed

the same procedure and the milling conditions were mentioned in Table 2.1.

ACcSIR-NCL 36 Kumar S



Chapter 2

Synthesis of G-M, G-M-T, G-A and G-NP: G-M was obtained by carbonizing sample 4 at
600 °C under inert atmosphere for 4 h with heat flow of 5 °C min™*. For G-M-T, Sample 4 (9
g) was further ball milled with 3-Thiophene acetic acid (4.5 g) for 60 min with the speed of
200 rpm, washed with DMF, filtered and dried at 60 °C under vacuum for 16 h. Then carried
out for carbonization at 600 °C under inert atmosphere for 4 h with heat flow of 5 °C min™. G-
A was obtained by carbonizing sample 8 at 600 °C under an Argon atmosphere for 4 h with
heat flow of 5 °C min™. For G-NP, Sample 12 was carbonized at 600 °C under inert atmosphere
for 4 h with the heat flow of 5 °C min™.

Synthesis of Sulfur composite materials: The Sulfur particles were synthesized by the wet
chemical process. In this method, 9 mL of Triton X -100 (1 wt %) was added into aqueous
Sodium thiosulfate (300 mL, 0.05 M) and the solution was heated at 70 °C, followed by 10%
HCI solution (30 mL) was drop-wise added into the above solution under vigorous magnetic
stirring. The suspension of various doped layer comprising Graphenes’ (DLC-Gs) (72 mg) in
100 mL of de-ionized water, was added drop-wise under magnetic stirring. After 15 min, the
solution was cooled down to room temperature, filtered under vacuum with a substantial

amount of de-ionized water, dried at 60 °C for 16 h.

2.3 Results and Discussion

Graphite was ball milled with melamine (exfoliator) at various revolutions per minute (RPM).
We also varied the duration of the ball milling. In another set of experiments, anthracene
(control molecule, Scheme 2.2) was used as an exfoliator (Table 2.1). To better understand the
role of heteroatoms anthracene has been choosen as a control molecule due to absence of
heteroatoms. After the ball milling, the samples were washed extensively with a DMF to
remove excess exfoliators. The results and discussions are divided into four sections. First, we
discuss the characterization of graphene with an exfoliator. In the next section, the preparation
and characterization of DLC-Gs are discussed. Subsequently, battery fabrication and testing
are discussed. In the fourth section, we will discuss the preparation and characterization of
DLC-G with Ni (Nickel) ions and battery performance using the same material.

2.3.1 Raman spectroscopy

After ball milling and washing, the samples were subjected to Raman spectroscopic analysis.
Intense G and 2D bands appeared at 1581 cm™ and 2676 cm™, respectively (Figure 2.1). D
band appeared at 1335 cm™ and D' shoulder appeared at 1616 cm™. The intensity of D and G

bands (Ip/lg) ratio provides information about the graphene layers.[41,54] High Ip/lg value is
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Figure 2.1. Raman spectra showing D, D', G and 2D bands for Graphite, G-A, G-M and G-
M-T.
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Table 2.1. Milling conditions and obtained Ip/lc and Ip/lp- from Raman spectra and d-
spacing from XRD pattern

Samplel? Milling conditions I/l Ip/1p: d-spacing
Sample 1 100 rpm, 30 min 0.57 1.3 3.34
Sample 2 100 rpm, 60 min 0.63 1.7 3.37
Sample 3 200 rpm, 30 min 0.72 1.3 3.36
Sample 4 200 rpm, 60 min 0.90 1.8 3.36
Sample 5 100 rpm, 30 min 0.27 1.5 3.48
Sample 6 100 rpm, 60 min 0.28 1.3 3.45
Sample 7 200 rpm, 30 min 0.55 1.5 3.48
Sample 8 200 rpm, 60 min 0.63 1.6 3.48
Sample 9 100 rpm, 30 min 0.10 0.7 3.38
Sample 10 100 rpm, 60 min 0.31 1.5 3.35
Sample 11 200 rpm, 30 min 0.51 0.9 3.36
Sample 12 200 rpm, 60 min 0.48 1.8 3.36

lBISamples 1-4 are (Graphite/Melamine), Samples 5-8 are (Graphite/Anthracene) and
Samples 9-12 are (Graphite/Ni-Phthalocyanine)

an indication of fewer layer graphenes. The highest Ip/lg of 0.90 was found while melamine

was used as exfoliator with RPM of 200. The duration of the milling was 60 min. All the
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parameters used for milling and the properties of resultant materials are listed in Table 2.1. The
In/lIp provides information about defects in the graphene. Ip/lp of 3.5 or lower indicates edge
and boundary defects with no SP? defects.[55,56] All the samples showed Ip/lp less than 3.5
indicating the formation of high-quality graphenes while using melamine and anthracene as
exfoliators (Table 2.1).

2.3.2 X-ray diffraction analysis

The above prepared samples were subjected to X-ray diffraction (XRD) analysis, which is an
effective method to identify the formation of graphene from graphite through the mechanical
exfoliation process. Graphene shows an intense peak at 26 of 26.6° that corresponds to 002
plane (Figure 2.2).[42] The d-spacing for graphite was found to be 3.347 A, which increased
to 3.377 A while using melamine as an exfoliator. This was further increased to 3.384 A while
using anthracene as an exfoliator. Thus, the exfoliators increase the distance between the layers

of graphene.

l Graphite

G-Anthracene

n ‘\ G-Melamine

l G-Melamine-TA

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (deg.)

Figure 2.2. XRD pattern for Graphite, G-A, G-M and G-M-T.

2.3.3 X-ray photoelectron spectroscopy

After heating, the samples were subjected to X-ray  photoelectron  spectroscopic  (XPS)
analysis. The XPS spectra of graphite showed the presence of sp? C (284.6 eV). We also found
a peak corresponding to -C-O- (285.6 eV). The small peak at 283.8 eV is due to disorederd
carbon (Figure 2.3a).[57] The G-A also showed these peaks indicating the absence of any new
heteroatoms due to the lack of them in anthracene. The XPS spectra of G-M showed N1s peak
at 399 eV and other characteristic peaks as found in G-A. As mentioned in the introduction
section, three types of nitrogens are present in doped graphenes. We anticipate those in the
DLC-G. In the case of G-M, the pyridinic nitrogen is lowest at 24.8%, and the pyrrolic nitrogen
is highest at 36.1%. In the case of G-M-T, the graphitic nitrogen is highest at 40.9%, and the
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pyridinic nitrogen is 13.5%. The high graphitic nitrogen in G-M-T may lead to better

electrocatalytic activity (Figure 2.3b).
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Figure 2.3. XPS spectra of pristine graphite, few-layer graphenes G-A, G-M and G-M-T (a),
deconvoluted peaks of the Nitrogen region for G-M and G-M-T (b), and Sulfur
deconvolution curves of G-M-T (c).
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Figure 2.4. XPS survey of G-NP (a), deconvolution peak of Carbon (b), Nitrogen (c) and

Nickel (d).

The G-M-T showed a peak at 165 eV that is characteristic of -C=S-C- moieties (Figure 2.3c).

These experiments have proven that the DLC-G with various dopants can be synthesized by

changing the exfoliator molecules. The XPS spectra of the G-NP (Figure 2.4a) confirmed the

presence of presence of sp? C (Figure 2.4b), pyridinic nitrogen (38.9%), pyrrolic nitrogen
(28.6) and graphitic nitrogen (32.4%) (Figure 2.4c), and Ni2p (Figure 2.4d).

2.3.4 Scanning electron microscope
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Figure 2.5. SEM imaging of G-A (a), mapping element (Carbon) on the same spot (b) and
mapping of element Carbon (c). Scale bar is 20 pm.

Figure 2.6. SEM imaging of G-M (a), overall mapping elements (Carbon and Nitrogen) on
the same spot (b), mapping of corresponding elements C(c) and N(d). Scale bar is 20 pm.

Figure 2.7. SEM imaging of G-M-T (a), overall mapping elements (Carbon, Nitrogen and
Sulfur) on the same spot (b), mapping of corresponding elements C(c), N(d), S(e). Scale bar
IS 20 pm.
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Figure 2.8. SEM imaging of G-NP (a), mapping of corresponding elements C(b), N(c) and
Ni(d). Scale bar is 20 pm.

The Scanning electron microscope (SEM) characterization confirmed the morphology of sheet
in the exfoliated graphene layer samples and atomic mapping was carried out to corroborate
the presence of heteroatoms in the samples. The G-A samples demonstrated the presence of

carbon throughout the sample (Figure 2.5).

In case of G-M, carbon and nitrogen were also present and they are distributed uniformly
throughout the sample (Figure 2.6). We noticed the presence of sulfur along with C, and N in
the samples of G-M-T (Figure 2.7). Further, found the uniform distribution of N and Ni ion
thorought the samples (Figure 2.8).

2.3.5 Transmission electron microscope

The TEM images showed a clear difference in morphology between the graphite and graphene.
The graphite comprises about 80 layers of graphene (Figure 2.9a). About ten and five layers
are found in G-M (Figure 2.9b) and G-M-T (Figure 2.9c), respectively. TEM imaging was
carried out for samples blended with sulfur. The sulfur loading did make the graphene opaque
(Figure 2.9d). The opaqueness is due to presence of a large amount of sulfur along with DLC-
G. We hypothesized that the DLC-G would withhold sulfur better than that of graphite. The
TEM image of G-NP showed about five layers of graphene in the samples of G-NP (Figure
2.9e).
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Figure 2.9. TEM image of Pristine Graphite (a) (scale bar is 20 nm), TEM images showing
the few layers of graphene G-M (b), G-M-T (c), G-M-T/S (d), and G-NP (e).
2.3.6 Thermogravimetric analysis
To test this hypothesis, the samples were subjected to TGA analysis. The sulfur loading was
85.8% while sulfur was blended with G-A. It increased to 87.2%, and 89.5% for G-M, G-M-T
and G-NP respectively (Figure 2.10a). Also, found and 89.4% of Sulfur loading in G-NP
(Figure 2.10b).
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Figure 2.10. TGA indicating the sulfur loading in G-A, G-M and G-M-T, (a) and G-NP (b).

2.3.7 Polysulfide adsorption test

We also carried out polysulfide adsorption experiment to find out the interaction between DLC-
G and polysulfides. A 5 mM Li2Se was prepared by following the reported procedure.[58,59]
5 mg of DLC-Gs were dropped into the 5 mM solution of Li>Se. The solutions were left
quiescent for 12 hrs. The color of the solution with G-A didn't vary significantly, indicating the

ACcSIR-NCL 43 Kumar S



Chapter 2

Q)
I
o
i

] Blank
- ety P — G-NP
33 # > 34
8 Blank G-A G-M G-M-T S Blank G-NP
3 5] ”W e e = 8 2 T
% DPP-12 as an % i DPP-12 as an
e internal standard .e internal standard
o Q
@ 1 173
O O
<C <
0-' T v L) v T T T v T ¥ T T T T T
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 2.11. UV-Vis spectra of Li>Se solution in absence (Blank) and presence of G-A, G-
M, G-M-T (a), and G-NP (b). The insert photographs show the color of Blank Li>Se solution
and the supernatant of adsorbed Li>Se¢ on DLC-Gs.

weak interaction between polysulfide and G-A. In case of G-NP, appeared colorless to the
naked eyes compared to other DLC-Gs indicating that the polysulfide is adhered to the positive
charge bearing G-NP (insert photograph, Figure 2.11a and b).

An aliquot of the polysulfide adsorption test solution of all the samples were taken to record
UV-vis absorption spectra. The absorption peaks corresponding to SeZ showed the lowest
absorption among all the DLC-G. In that solution, an internal standard Diketopyrrolopyrrole
(DPP) was added. To quantify the interaction, an aliquot was taken to record UV-vis absorption
spectra. The Li>Se solution showed three peaks at 263, 281 and 338 nm. The solution with DPP
(internal standard) showed two additional peaks at 510 and 547 nm. The UV-vis absorption
spectra of the aliquot solution are shown in Figure 2.11a. The absorption maxima (S&%)
decreased in the following order G-A > G-M > G-M-T. This trend indicates that the G-A has
weak and G-M-T has strong interaction with polysulfides. In case of G-A, there is no specific
interaction between the hydrophobic surface of G-A and negative charge bearing polysulfides.
On the other hand, polysulfide interacts with G-M due to Lewis acid base ineteraction. Incase
of G-M-T, Lewis acid base interaction and sulfur sulfur interaction is in operation. Due to the
strong interaction, polysulfide adhered well on to the surface of G-M-T. The extremely low
absorbance has been observed for G-NP (Figure 2.11b). It proves that the excellent polyvalent
interaction between the Ni cations of G-NP with that of polysulfides. This experiment
corroborates our hypothesis that the few layer graphene with heteroatom increases the

interaction between polysulfide and graphene.
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2.4 Electrochemical studies

2.4.1 Electrode preparation

The Sulfur composite materials were used for battery application. The slurry for the cathode
was prepared using the DLC-Gs, conducting carbon and PVDF are mixed with the mass ratio
of 60:30:10. The N-Methyl-2-pyrrolidone (NMP) was used as a solvent. The slurry was coated
onto carbon-coated aluminum foil, allowed to dry at room temperature and dried at 60 °C for
16 h.

2.4.2 Li-S cell fabrication

The above-prepared electrode was used as a working electrode, Li foil as counter and reference
electrode and Celgard 2325 as separator. 1.0 M LiTFSI in 1,3-dioxolane and 1,2-
dimethoxyethane (volume ratio 1:1) and 0.4 M LiNOs was used as an electrolyte. The 2032
type coin cells were fabricated in an Argon filled glovebox (MBRAUN, Oz < 0.1 ppm, H.0 <
0.1 ppm).

2.4.3 Cyclic voltammetry

The cyclic voltammetry was carried out using a multichannel Autolab MAC80038 instrument
with the potential range of 1.5 V — 3.0 V vs Li*/Li. The first peak appeared at 2.3 V, which
corresponds to the conversion of Sg to Li>Sy (4 < n < 8).[1] Subsequently, conversion of Li.>S,
to Li2S2/Li2S occurred at 2 V. In the reverse sweep, conversion of Li,S to Sg occurred at 2.4 V
(Figure 2.12a).[60] These are typical peaks observed in Li-S batteries. It is worth noting the
variation in peak current intensity (ip) as a function of cycle number. At the end of the 5th cycle,
the ip decreased by 25% while using G-A. The corresponding change was 10% while using G-
M as electrode. Based on this trend, we anticipated a lower change while using G-M-T as
electrode. Contrary to this expectation, the decrease in peak intensity was 29%, which is the
highest among the DLC-G. This indicates that the polysulfide dissolution has increased while
the electrodes are prepared with G-M-T. Although the absorption studies (Figure 2.11) indicate
strong interaction between G-M-T and polysulfides in quiescent solution, the polysulfide
dissolution is not suppressed during potential sweep. The i, was found to be 1.08x10° mA for
G-A, which increased to 1.15x10° mA for G-M and increased further to 1.87x107° mA for G-
M-T after fifth cycles. The significant increase in ip of sulfur redox in G-M-T based electrodes
is an indication of electrocatalysis. The cyclic voltammetry of the batteries fabricated using G-
NP, sulfur, binder and conducting carbon showed typical redox peaks expected of sulfur. The

decrease in peak current intensity (ip) after five cycles is 5.8% (Figure 2.12b). This i, decrease
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is the lowest among all the DLC-Gs studied in this work. The sharp peaks at 2.43 V in the

cyclic voltammogram also indicates the electrocatalytic property of G-NP. The electrocatalytic
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Figure 2.12. Cyclic voltammogram of Li-S battery comprising G-A, G-M, G-M-T (a), and
G-NP (b) with scan rate of 0.1 mV s,

activity is attributed to the presence of high percentage of pyridinic (38.9%) and graphitic
nitrogen (32.4%) (Figure 2.4).

2.4.4 Charge-discharge experiments

The batteries fabricated using DLC-G were subjected to charge-discharge experiments. The
experiments were carried out between 1.5 and 3 V vs Li*/Li. The discharge curve showed two
plateaus corresponding to the following reactions, Sg — Li2Sn (4 <n < 8), Li2Sh (4 <n <8) —
Li>So/ LioS at 2.3 V and 2.0 V, respectively.[1] The reactions corresponding to various regions
of the curve are shown in Figure 2.12. The specific capacity of the first cycle of the battery
with G-A was 372 mAh g* (0.2 h') (Figure 2.13a). Please note that the specific capacity is a
mere 22% of theoretical capacity (1675 mAh g%). This decreased to 186 mAh g* at 100" cycle,
decreasing 54% compared to the first cycle. A similar decrease in specific capacity as a function
of hundred charge-discharge cycles was observed for other C rates. The reduction in specific
capacity compared to the first charge-discharge cycle was 35% (1 h%), 14% (2 h') and 44% (5
h™). These experiments indicate the poor efficacy of DLC-G devoid of heteroatoms in Li-S
batteries. Furthermore, the polarization of the discharge curve means poor electrocatalysis
while using G-A as electrode material. In the case of G-M, the specific capacity of the first
cycle was 535 mAh g (0.2 h'1), which is 163 mAh g higher than that of G-A based batteries
(Figure 2.13b). We attribute the marginal performance increase to the presence of 24.8% of
pyridinic nitrogen in G-M. The decrease in specific capacity as a function of hundred charge-
discharge cycling was found to be 42% (311 mAh g* at 100" cycle). Thus, the performance of
N-doped layer comprising graphene (G-M) is better than G-A based batteries. The improved
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Figure 2.13. Charge-Discharge curves at 0.2 h™* showing specific capacity fading while
using G-A (a), G-M (b) in Li-S battery electrode, and Rate performance study of Li-S cell
using G-M (c).

performance is attributed to heteroatoms that are present in G-M. At higher C rates, the
decrease in specific capacity as function of hundred charge-discharge cycling was found to be
25% (1 ht), 14% (2 h'Y) and 31% (5 ht). So far, a battery is subjected to charge-discharge
cycling at a particular C rate for hundred cycles. To test a battery's efficacy as a function of
various C rates, rate performance studies were conducted. In this experiment, a battery was
subjected to charge-discharge cycling at 0.1 h'* and the C rate was gradually increased up to 5
hL. While increasing the C rate, the specific capacity decreases. At 5 hl, the specific capacity
decreased by 82% compared to 0.1 h™L. This result raises the question, is the massive decrease
due to sulfur dissolution? To test this, the battery that was discharged at 5 h™%, was subjected to
charge-discharge experiment at 0.1 h™%. In this experiment, specific capacity bounced back to
634 mAh g, which is very close to the specific capacity observed at the start of the experiment
(Figure 2.13c). Please recall the specific capacity at 5 h™* was 124 mAh g1, which was observed
in the previous experiment. Thus, the bounce-back of specific capacity at 0.1 h* indicates that

the polysulfide dissolution is low during charge-discharge experiments, while using G-M.

In the next set of experiments, G-M-T was used to prepare the battery electrodes. The specific
capacity of batteries prepared using G-M-T was 1270 mAh g*, while charge-discharge
experiment was carried out at 0.2 h't (Figure 2.14a). This value is 898 mAh g higher than the
control experiment (G-A based batteries). The impressive performance enhancement is
attributed to the presence of 40.9% pyridinic nitrogen. The decrease in specific capacity as a
function of hundred charge-discharge cycling was found to be 39%. This data indicate the
improvement in battery performance imparted by doping the carbon layer with N and S. The
rate performance study was conducted by following the procedure adapted for G-M based
batteries. At 0.1 h'l, the specific capacity was found to be 1426 mAh g*. Upon increase in C
rate, the specific capacity decreased. The lowest specific capacity of 513 mAh g* was found

at 5 h™l. The decrease is 64%. After the charge-discharge experiments at 5 h, the batteries
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Figure 2.14. Charge-discharge profile at 0.2 h! rate (a), and Rate performance study (b) of
Li-S cell comprising G-M-T.

were cycled at 0.1 h™. The specific capacity was found to be 1083 mAh g (Figure 2.14b). This
is 75% of the specific capacity observed at the same C rate (0.1 h) during the start of the
experiment. Thus, the battery didn't recover fully probably due to polysulfide dissolution. Thus,
the polysulfide dissolution is higher in case of G-M-T based batteries compared to G-M based
batteries. This correlates well with the observation of decrease in peak current intensity in
cyclic voltammograms of G-M-T based batteries (Figure 2.12a).

In the charge-discharge experiment using G-NP comprised Li-S cells, the specific capacity at
the first cycle was 1345 mAh g (0.2 h'1). This specific capacity is 80% of theoretical maximum
(Figure 2.15a). At the 100" cycle, the specific capacity decreased to 1084 mAh g*. The
decrease is mere 20%. Unlike other DLC-G, the specific capacity of the first cycle remained
above 1000 mAh g at C rates of 0.2 h (1218 mAh g1). Furthermore, the decrease in specific
capacity as a function of hundred charge-discharge cycles varied as follows,13% (0.5 ht), 21%
(1 hh), 20% (2 h'Y), 7% (5 h'l). The lowest specific capacity of 815 mAh g was found for
batteries cycled at 5 h't. This impressive performance is due to polyvalent attraction between
Ni ions on the layer of graphene with polysulfide. Please note that the discharge curves don't
show any polarization due to electrocatalysis and suppressed dissolution of polysulfide. To
further test the efficacy of batteries comprising G-NP, rate performance experiments were
conducted. The specific capacity was 1279 mAh g* (0.1 h*!) at the start of the experiment,
which decreased to 324 mAh g (5 hY). Immediately after cycling at 5 ht, the experiment was
conducted at 0.1 h%. In this experiment, the specific capacity bounced back to 1214 mAh g*
(Figure 2.15b). The loss of specific capacity is a mere 6% while going from 0.1 h* to 0.1 h'?
through 0.2 h%,0.4h*,0.5h?, 0.6 ht, 1 h?t 2h?t 3htand5 h? The data corroborates our
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Figure 2.15. Charge-discharge profile at 0.2 h*! (a), and rate performance of Li-S cell
comprising G-NP (b).

hypothesis that the Ni ions on the layer of graphene withhold the polysulfide during the charge-

discharge cycling experiments.

To further study the cyclic stability of G-NP based batteries, they were subjected to five
hundred charge-discharge cycles. The G-NP based batteries' specific capacity decreased by
39% and the exact value of specific capacity was 748 mAh g (Figure 2.16a). Contrary to this,
G-M-T based batteries exhibited initial specific capacity comparable to that of G-NP based
batteries. However, at the end of five hundred charge-discharge cycles, the absolute specific
capacity was 156 mAh g, which is 4.7 times lower than that observed for G-NP based
batteries. The decrease is a massive 88% for G-M-T based batteries. In the case of G-M and
G-A based batteries, the initial specific capacity was low. Their specific capacity fading over
500 charge-discharge cycling is also comparable. G-M batteries show a slightly better
performance than the G-A based batteries. The performance enhancement in case of G-M-T
based batteries at the beginning of charge discharge experiment is impressive. But the fading
in specific capacity as a function of cycle number is very high. Thus, the overall battery
performance of G-M-T batteries is moderate. However, the overall performance of G-NP based
batteries is very impressive. From the available data, we computed Ragone plot by calculating
specific power and energy. The G-A and G-M based batteries showed very high specific power
but exhibited poor specific energy. Contrary to this, the G-M-T and G-NP based batteries
exhibited high specific energy. Specific energy equals the multiplication of cell voltage and
amount of charge stored. The cell voltage is very close for all the batteries. However, the
amount of charge stored is high for G-M-T and G-NP. Therefore, the batteries based on G-M-
T and G-NP also showed high specific energy (Figure 2.16b). In addition, the batteries with G-
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Figure 2.16. Plot showing variation in specific capacity for 500 cycles 0.2 h* (a), and
Ragone plot of Li-S batteries with various DLC-Gs (b).

NP exhibited high specific power (4437 W kg™) and the specific energy is 782 Wh kg™ (Figure
2.16b).

2.4.5 Symmetric cell assembly and Tests

In order to study the electrocatalysis of DLC-G, symmetric cells were fabricated. The working
and counter electrodes comprise DLC-G, conducting carbon and binder. The electrolyte
comprises Li2Se. A 0.2 M Li2Se solution was prepared by dissolving elemental sulfur and Li>S
(5:1 molar ratio) in a mixture of DOL and DME (volume ratio of 1:1) under vigorous stirring
at 50 °C. The symmetrical cells were fabricated using identical DLC-Gs. The cells were
assembled inside an Argon filled glovebox and cyclicvoltammograms (CVs) were recorded

between -1 and +1 V at a scan rate of 5 mV/s.
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Figure 2.17. Cyclicvoltammograms of symmetric cells comprising G-A, G-M, G-M-T (a),
and G-NP (b). The dashed plots are the experiments carried out without Li2Se.

The CV of G-A showed extremely weak oxidation (0.11 V) and reduction (-0.11 V) wave. G-
M also showed oxidation and reduction waves at 0.24 V and -0.24 V, respectively (Figure
2.17a). This indicate poor electrocatalysis by these two DLC-G(s). Indeed, the CV of
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Table 2.2. Li-S battery metrics of various materials

Materials Percentage Methodology Performance Ref
of Sulfur
(wt %)
DLC-G with Ni 89.4 Mechanical 1218 mAh/gat0.2 C This
cations and N/S exfoliation  and 748 mAh/g after work
500 cycles
Vertical graphene 85.7 Chemical 971 mAh/gat 2 C, [8]
on TiC nanofiber/S vapour 600 mAh/gat0.5C
deposition after 800 cycles
S@CoP/rGO 50-90 Hydrothermal 504 mAh/g after 1200 [61]
method and cycles
Gas-Solid
reaction
3D Nitrogen-doped 87.6 One-pot 792 mAh/g after 145 [62]
Graphene/S solvothermal cycles at 600 mA/g
process and 671 mAh/g after
200 cycles at 1500
mA/g
MOF-derived C0gSg 86.9 Chemical 736 mAnh/g after 500 [59]
on Graphene foam vapour cyclesat1 C
deposition
Nitrogen-doped 62 Double- 563 mAh/g after 600 [51]
tubular/porous template cyclesat 6 C
carbon channels on method
Graphene
N-doped porous 60 Hydrothermal 625 mAh/g at 2 C and [50]
carbon process remains at 461 mAh/g
layers/Graphene after 200 cycles
Boron-doped 59 One-pot 994 mAh/gat 0.2 C [36]
Graphene Aerogel hydrothermal after 100 cycles
method
rGO: 48 Vacuum 1255 mAh/gat 0.5 C [34]
poly(anthraquinonyl filtration and decay rate of

sulfide):Nano
Sulfur

0.0046% per cycles
over 1200 cycles

symmetric cells without Li>Se (dashed lines) in the electrolyte didn’t show oxidation and

reduction waves (Figure 2.17a). Thus, the oxidation and reduction waves in the CV of G-A and

G-M based symmetric cells originate from Li.Se. The CV of G-M-T showed a sharp oxidation
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peak at 0.12 V. This peak corresponds to the conversion of lithium sulfide to lithium
polysulfide and sulfur. Two peaks were observed during the reverse scan at -0.12 V and -0.29
V. The peak at -0.12 V corresponds to the conversion of Li;Se to short chain lithium
polysulfide. The peak at -0.29 V corresponds to the formation of lithium sulfide.[63]

In case G-NP based symmetric cells, two well defined oxidation and reduction peaks were
observed. The first oxidation peak centered at 0.09 V, indicates the oxidation of Li2S to Li>Se
and the second oxidation peak at 0.25 V is due to the conversion of Li.Se to sulfur. The two
reduction peaks observed at -0.09V and -0.25V are due to conversion of sulfur to Li>Se and
Li>Se to Li2S (Figure 2.17b).[63-66]

2.5 Conclusion

In conclusion, we have developed an approach to prepare graphene with few layers by
employing a mechanical exfoliation process. The process utilizes exfoliators during the
exfoliation of graphene from the pristine graphite. By judicious choice of exfoliator, DLC-G
with nitrogen and DLC-G with nitrogen and sulfur are prepared. The battery with DLC-G
comprising nitrogen and sulfur showed improved specific capacity compared to battery
comprising DLC-G with nitrogen alone. However, the polysulfide dissolution is not
suppressed. The DLC-G with Ni cations and nitrogen showed impressive specific capacity,
power, and energy density. This has been attributed to electrocatalysis facilitated by high
percentage of pyridinic nitrogen. The suppression of sulfur dissolution is attributed to

electrostatic polyvalent attraction between Ni cations and polysulfide.
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3.1 Introduction

The sulfur undergoes various structural changes during the charging and discharging of Li-S
batteries. In fact, it switches between cyclic sulfur and linear polysulfide. The charge also varies
between neutral and negative charge-bearing states. During this process, the sulfur, as well as
polysulfide, dissolve in the battery electrolyte. This leads to the deterioration of battery
performance upon charge-discharge cycling of the Li-S battery[1-4]. Various approaches have
been developed to confine the sulfur into a porous architecture, which in turn was expected to
suppress the polysulfides dissolution[5-8]. Some of these porous materials were able to retain
large quantities of polysulfides in the pores, which improved the charge-discharge stability.
However, it must be noted that the interaction between the pore walls and sulfur/polysulfide is
weak. Therefore, leaching is not controlled to a great extent[8-11]. Various other non-porous
materials have been synthesized to attract sulfur and polysulfide. They include metal carbides,
metal nanoparticles, and carbon materials[12-18]. Several hosts that have Lewis acid-Lewis
base interaction, glucose-sulfur interaction, electrostatic attraction, and chalcogen-sulfur
interaction have been designed and synthesized[19-24]. Among the non-covalent interactions,
polyvalent electrostatic attraction is stronger than most other interactions, hence they have been
explored in Li-S batteries. For example, a Nickel based metal-organic framework has been
used as a host in Li-S batteries[25,26]. We used Nickel phthalocyanine exfoliated Graphene as
a host[27]. In these cases, heteroatoms are also present in addition to the cation. The
heteroatoms can impart Lewis acid-Lewis base interaction[24,25,28-33].

To understand the impact of electrostatic interaction in suppressing sulfur/polysulfide
dissolution, we need to have materials that are devoid of any other type of interaction. At least,
the other interaction must be very weak. Polyvalent electrostatic attraction is much stronger
than monovalent and divalent electrostatic interaction. Therefore, we cannot use metal salts
alone as a host. The metal cations must be part of a host that leads to polyvalent electrostatic
attraction with negative charge-bearing polysulfide. Towards this objective, we have chosen
Graphene as a host because, we found that Graphene without heteroatoms is not an effective
host[27]. Therefore, we have chosen to decorate the graphene surface with metal cations. The

next question is how do we immobilize metal cations on Graphene?
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3.2 Experimental Section

3.2.1 Materials

The following chemicals were used as procured. Graphite powder (Sigma-Aldrich, <20 um),
NiSO4.6H20 (Sigma-Aldrich), CoCl,.6H20 (Sigma-Aldrich), Dimethylformamide (DMF,
Merck, AR grade), N-Methyl-2-pyrrolidone (NMP, Merck, AR grade), Super P carbon (Imerys
Graphite & Carbon Switzerland Ltd., Switzerland), Poly(vinylidene fluoride) (PVDF, Kynar
HSV900, Arkema Inc., USA), Li metal (Global nanotech), Celgard 2325 (Polypore, USA),
Bis(trifluoromethane)sulfonimide lithium salt (LiTFSI, Sigma-Aldrich, 99.95%), Lithium
nitrate (LINO3, Sigma-Aldrich, 99.99%), 1,3-dioxolane (DOL, Sigma Aldrich, 99.8%), and
1,2-dimethoxyethane (DME, Sigma-Aldrich, 99.5 %).

3.2.2 Instrumentations

The TEM images were recorded using Tecnai G2 20 S-TWIN transmission electron
microscope. The carbon-coated copper grids (200) were obtained from Ted Pella. The samples
for TEM imaging were prepared by dispersing 1 mg of material in DMF, drop-casted onto the
carbon-coated copper grid, and dried at 80 °C for 24 h. The Raman spectroscopy measurements
were performed with LabRam spectrometer (HJY, France) equipped with a laser wavelength
of 632 nm. The X-ray diffraction spectra were recorded with PANalytical instrument was
operated using Cu Ko radiation (A=1.542 A) at a scanning rate of 2° min-1 and a step size of
0.02° in 26 with an operating voltage 40 kV and operating current 30 mA to acquire the X-ray
diffraction spectra. The X-ray photoelectron spectroscopy measurements were done on Thermo
Kalpha+ spectrometer using Al Ka radiation with an energy of 1486.6 eV. All the spectra were
charge corrected with reference to C1s at 284.6 eV. The peak fittings were carried out using
CasaXPS software. And the thermogravimetric analyzes were carried out on SDTQ600 TG-

DTA analyzer in a nitrogen environment with a ramp of 5 °C min*.

3.2.3 Synthesis
Preparation of G-Co and G-Ni:

The graphite powder was exfoliated using Ni?* or Co?" salts as an intercalator. The Graphite
(0.5 g) and NiSO4 or CoCl> (2.5 g), were treated for mechanical ball-milling process in an
Agate ball mill grinder (250 mL) and six balls with diameter of 1 cm have been used. The
milling was carried out at 200 rpm for 60 min. The as-exfoliated materials were washed with
copious amount of DMF and dried at 120 °C under vacuum for 24 h.

Preparation of G-Co/S and G-Ni/S:
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The sulfur encapsulation was carried out using melt-diffusion method. The cation doped
graphene layers were dried well before the process. The elemental sulfur and cation doped
graphene (G/Co or G-Ni) (80:20 ratio) were grinded well and transferred into alumina crucible
and heated at 155 °C under an argon atmosphere for 16 h.

3.3 Results and Discussion

We envisioned that the cation-n interaction will facilitate the immobilization of metal cations
on the surface of Graphene[34,35]. Nickel salts were ball milled with the Graphite, which led
to the formation of few-layer Graphenes with Nickel cations adhering to the surface. Thus, the
resultant material comprises positive charges for polyvalent interaction with polysulfides. In
our previous work, Nickel cations with heteroatoms have been shown to perform well as hosts
in Li-S batteries. Is Nickel unique or does any cation work? To address this question, Graphite
was ball-milled with Cobalt salt. The Cobalt cations decorated Graphene has been used as a
host in Li-S batteries. Herein, we present the results that corroborate that the Nickel decorated
Graphenes are an efficient electrocatalyst for sulfur redox reaction. Please note that the metal
cation that is not comprising any ligand acts as an efficient electrocatalyst and suppresses the
polysulfide dissolution. Graphite was ball-milled with NiSO4 salt. We envisioned that the
Nickel cations will intercalate into the layers of Graphite. The intercalated cations are expected
to adhere on the surface of the Graphenes due to cation-rt interaction[34]. Furthermore, the
cations are expected to repel each other leading to the exfoliation of Graphene from Graphite.
After the ball-milling, the samples were washed with a copious amount of dimethylsulfoxide
and dried. This sample will be mentioned as G-Ni in the forthcoming discussions. Graphite

was also ball-milled with CoCl». This sample will be mentioned as G-Co.

3.3.1 Raman spectroscopy

Extensively washed and dried samples were subjected to Raman analysis.. For G-Ni and G-
Co, G and 2D bands appeared at 1570 cm™ and 2653 cm™, respectively. The D and D’ bands
appeared at 1330 cm™ and 1610 cm™, respectively (Figure 3.1). The ratio of intensities of D
and G bands (Ip/lg) provides information about the Graphene layers[35]. The Ip/lg for G-Ni
and G-Co are 0.45 and 0.35, respectively. On the other hand, Ip/lg is 0.08 for Graphite. The
high I/l observed in case of G-Ni and G-Co indicates the presence of few-layer Graphenes
in these two samples. The Ip/lp- provides information about the defects in the
Graphenes[35,36]. The Ip/lp> were found to be 1.05 for both G-Ni and G-Co. I/l less than
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3.5 indicates the absence of sp® and basal plane defects. This indicates that the Graphenes

exfoliated using metal salts are of high quality.
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Figure 3.1. Raman spectra showing D, D', G and 2D bands of Graphite, G-Co and G-Ni.

3.3.2 X-ray diffraction analysis
The d spacing of pristine graphite was found to be 3.31 A (Figure 3.2a), which increased to

3.34 A for G-Co (Figure 3.2b). The d-spacing further increased to 3.37 A for G-Ni (Figure
3.2c) due to Ni-Phthalocyanine.
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Figure 3.2. XRD pattern for Graphite, G-Co and G-Ni.

3.3.3 X-ray photoelectron spectroscopy

The X-Ray photoelectron spectroscopy (XPS) spectrum for G-Co, the XPS spectrum comprises
Co 2ps2 (781.7 eV) and Co 2p1s2 (797.6 eV). The C 1s spectrum demonstrates the spC (284.4
eV), spC (285.2 eV), C-O (285.7 eV) and C=0 (289.2 eV) and the Cl 2p spectrum exists the
Cl 2p312 (199.1 eV) and CI 2p3/2 (200.7 V) are shown in Figure 3.3.
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Figure 3.3. XPS spectra of G-Co (a), deconvolution curves of C1s (b), Co2p (c) and CI2p

(d) spectra.

For the G-Ni comprises the Ni 2p3» and Ni 2pi» spin orbits at 857.4 eV and 875.2 eV,
respectively. The XPS spectrum of C 1s shows the existence of sp?C (284.2 eV), sp°C (285.3
eV), C-0 (285.8 eV) and C=0 (288.9 eV). Also, the S 2p spectrum consists of S 2pz, (162.6
eV) and S 2p12 (169.6 eV) and the O 1s spectrum consists of SO4% (532.2 eV) and O-H (533.4
eV) as shown in Figure 3.4. The O-H peak is likely due to the moisture present in NiSOa.
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3.3.4 Transmission electron microscope

Transmission electron microscope (TEM) imaging was used to identify the number of
Graphene layers present in Graphite, G-Ni, and G-Co. In Graphite, eighty Graphene layers
were found (Figure 3.5a). In the case of G-Co, eight Graphene layers were found (Figure 3.5b).
The EDAX images indicate that the cobalt cations exist as clusters in various places (Figure
3.6a). In the case of G-Ni, five layers of Graphene were found (Figure 3.5¢). The EDAX images
indicate that the Nickel cations are present as large clusters. In fact, the clusters are significantly
larger than the cobalt clusters of G-Co (Figure 3.6b).

ACcSIR-NCL 64 Kumar S



Chapter 3

80 layers

Figure 3.6. TEM imaging and mapping of G-Co and (a) TEM imaging and mapping of G-
Ni (b).
3.3.5 Thermogravimetric analysis
Further, we proceeded to study the efficacy of sulfur loading on G-Co and G-Ni. The TGA
experiment indicates the sulfur loading is 69.1% in the case of G-Ni and 62.8% for G-Co
(Figure 3.7Figure 2.10).
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Figure 3.7. Thermogravimetric analysis of G-Co/S and G-Ni/S.

3.3.6 Polysulfide adsorption test

In order to study how efficiently the G-Co and G-Ni absorb polysulfides, a 5 ml solution of
Se>” was added to 1 mg of G-Co and G-Ni. The de-coloration occurred in case of G-Ni,
compared to others (insert photograph, Figure 3.9). Further, UV-vis absorption spectra were
carried out to relatively quantify the amount of Li»Ss in the solution. The UV-vis absorption
spectra of S¢>* solution exhibited two peaks at 263 nm and 280 nm (Figure 3.9). As an internal
standard, diketopyrrolopyrrole (DPP) (Figure 3.8) was added. This molecule exhibits
absorption maxima at 509 nm and 547 nm. The UV-vis absorption spectra of the aliquots taken
from all the vials showed the same absorbance. However, the aliquots taken after 24 hrs
exhibited significantly different absorbance. The absorbance decreased in the following order
Se* > (Se>+ Graphite) > (Se* + G-Co) > (Se> + G-Ni). Thus, the Nickel cations show better
adsorption of polysulfide compared to Cobalt cations. Please note that the absorbance of DPP
remained constant, indicating the variation in the absorbance of Se>” is due to the absorption of
the polysulfide on Graphite and exfoliated Graphenes such as G-Co and G-Ni. One of the

objectives of this work is to study the electrocatalytic activity of metal cations.

CiaHas
N / |
74 S
N
C12H25

W

Figure 3.8. Chemical structure of Diketopyrrolopyrrole (DPP).
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Figure 3.9. UV-Vis spectra of Li>Se solution (Blank) with Graphite, G-Co and G-Ni. The
insert shows the de-coloration of the solution due to attraction between Li»Ss and G-Ni.

3.4 Electrochemical studies

3.4.1 Electrode preparation

The slurry was prepared using sulfur encapsulated cation doped Graphene (G-Co/S or G-Ni/S)
as an active material, Super P carbon and PVDF with the ratio of 7:2:1 in N-Methyl-2-
pyrrolidone (NMP) solvent, grinded well and coated onto the carbon-coated aluminum foil and
dried at 60 °C for 16 h.

3.4.2 Li-S cell fabrication

The Li-S cells were fabricated using the above-coated electrode as working electrode, Lithium
metal as reference, and counter electrode. 1 M LiTFSI as an electrolyte and 0.2 M LiNO3 as an
additive in 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) (1:1 volume ratio) were
used, and Celgard 2325 (Thickness 25 pum) as separator. The coin cells (2032 type) were
fabricated in an argon filled glovebox (MBRAUN, Oz < 0.1 ppm, H20 < 0.1 ppm). All the
electrochemical chemical testings were carried out with potential window of 1.7 — 2.8 V at 25
°C.

3.4.3 Cyclic voltammetry

Li-S batteries were fabricated using the exfoliated Graphenes, Sulfur, conducting carbon, and
binder. The cyclic voltammetry techniques were carried out using multichannel Autolab
MACB80038 instrument at a scan rate of 0.1 mV/s. In the forward scan of the battery comprising
G-Co, two peaks were observed at 2.38 V and 2.41 V (Figure 3.10). These two peaks
correspond to Li>S/Li2S2 — Li2Sn (n = 4 to 8) and Li2Sh (n = 4 to 8) — Li2S/Ss. In the reverse

scan, two peaks were observed at 2.04 V and 2.37 V (Figure 3.10). Similarly, two peaks were
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observed at 2.4 V and 2.33 V during the forward scan and two peaks were also observed at
2.04 V and 2.34 V in the reverse scan while using G-Ni as electrode material (Figure 3.10).
Usually, in the forward scan, one peak is observed due to poor electrocatalytic activity of the
host material. In fact, we did observe only a single peak while using doped Graphene as
electrode[27]. The two well-defined peaks in the forward scan while using G-Co and G-Ni as

electrodes is an indication of efficient electrocatalysis of Sulfur redox reaction.
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Figure 3.10. Cyclic voltammogram of Li-S cell with scan rate of 0.1 mV/s using G-Co/S
and G-Ni/S.

3.4.4 Charge-discharge experiments

The Li-S battery prepared using G-Co was subjected to charge-discharge experiment. At 0.1
C, the specific capacity at the first cycle was 998 mAh/g. This is significantly higher than
Graphene without metal ions. Upon charge-discharge cycling, the specific capacity decreased
to 375 mAh/g at the 100" cycle (Figure 3.11a). The retention of specific capacity is 38%. Upon
increasing the C rate, the specific capacity at the first cycle also decreased. The decrease in the
specific capacity at the first cycle decreased in the following order, 0.1 C (998 mAh/g) > 0.2 C
(912 mAh/g) > 0.5 C (885 mAh/g) > 1 C (528 mAh/g) > 2 C (494 mAh/g) (Figure 3.11b). At
the 100" charge-discharge cycle, the specific capacity retention is as follows, 0.1 C (38%) >
0.2 C (37%) < 0.5 C (46%) <1 C (72%) <2 C (74%). From this data, it is clear that the fading
is significantly lower upon increase in C rate. However, we must also keep in mind that the
initial specific capacity is low at higher C rates. The rate performance of the Li-S battery was
studied by changing the C rate of charge-discharge of a battery. At 0.1 C rate, the specific
capacity was 940 mAh/g, which decreased upon increase in C rate. At 2 C rate, the specific
capacity was 356 mAh/g. Subsequently, the battery’s performance was studied at 0.1 C. The
specific capacity increased to 714 mAh/g, which is ~230 mAh/g lower than the specific

capacity observed at 0.1 C measured at the start of the experiment (Figure 3.11c). The
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degradation of battery performance is due to the dissolution of sulfur/polysulfide in the
electrolyte. The batteries were subjected to 500 charge-discharge cyclings. The specific
capacity retention of the batteries as a function of C rates are 19% (0.2 C) 26% (0.5 C) 48% (1
C) 45% (2 C) (Figure 3.11d). The specific capacity retention is not impressive.
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Figure 3.11. Charge/discharge profile of Li-S cell with G-Co/S at 0.1 C rate (a) and first
cycle at various rates (0.1 C, 0.2 C,0.5C, 1 C and 2 C) (b), Rate performance studies (c),
and percentage retention with respect to various C rates of Li-S battery using G-Co (d).

In the next set of experiments, Li-S batteries were fabricated using G-Ni as the host material.
At 0.1 C, the specific capacity was 1022 mAh/g, which is higher than that was observed for
batteries prepared using G-Co as the host material. At 100" cycle, the specific capacity
decreased to 926 mAh/g (Figure 3.12a). The specific capacity retention is 91%, which is
impressive. Furthermore, we measured the specific capacity of the battery at various C rates.
The specific capacity at the first cycle as a function of various C rates varied as follows, 0.1 C
(1022 mAh/g) > 0.2 C (996 mAh/g) > 0.5 C (960 mAh/g) > 1 C (797 mAh/g) > 2 C (738
mAh/g). At 100" cycle, the specific capacity retention as a function of C rates is 0.1 C (91%)
> 0.2 C (78%) > 0.5 C (68%) < 1 C (75%) > 2 C (73%) (Figure 3.12b). From this data, it is
clear that the specific capacity retention is comparable as a function of C rate variation except
at 0.1 C. We proceeded to study the rate performance characteristics of the battery. The specific
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capacity at 0.1 C was 1153 mAh/g, which decreased to 554 mAh/g while the battery was
subjected to charge-discharge at 2 C rate. Subsequently, the battery’s specific capacity was
measured at 0.1 C. The specific capacity was found to be 991 mAh/g, which is comparable to
the specific capacity measured at 0.1 C at the start of the experiment (Figure 3.12c). From this
experiment, we conclude that the sulfur/polysulfide dissolution is insignificant while using G-
Ni as a host material. Considering the battery’s impressive performance, we studied the
battery’s stability as a function of 500 charge-discharge cyclings. The specific capacity
retention at 500" cycle was 57% at 0.1 C. The specific retention was 49% and 38% for 0.2 C
and 2 C, respectively (Figure 3.12d).

d 29 b =
—a— 1stcycle 29 2.0C1.0C0.5C0.2C0.1C

i —— 10th cycle <

< 2} ——25th cycle =5

5 ——50th cycle 4 Fj :

o ——100th cycle / I

g =z

*qe; 2.0 ; 1 E 2.

5] 3R g

o 1 7 | . \ : ; X ‘\ ) 1 7 n N f 3

0 200 400 600 800 1000 0 200 400 600 800 1000

C Specific capacity (mAh/g) d Specific capacity (mAh/g)
81500 -llIIIIl-.lll.-l.l"llllI--lu---l"““- 100’\? e 2.0C 026 0.1C
= —=— Charging < g

<é: 1200 -.0"1'5:. —+ Discharging  0.1C | 40 ? = 2.6

—= 02¢C [TYO 5 =

2 ook "smeq 0.3C © -

S svasq 05C 10 £ 423

a L] Do

8 600} il 0 S S

Q0 g £ 20

= e} -+

{';’_ 300 420 g n?

cD 0 1 1 L L 1 1 1 O O 1 .7 -I : - :

0 5 10 15 20 25 30 35 0 200 400 600

Cycle number Specific capacity (mAh/g)

Figure 3.12. Charge/discharge profile of Li-S cell using G-Ni at 0.1 C rate for 100 cycles
(a) and first cycle of different rates (0.1 C, 0.2 C,0.5C, 1 C and 2 C) (b), Rate performance
studies of Li/S cell using G-Ni/S (c) Charge/Discharge profiles of Li-S cells at 500" cycle
using G-Ni/S with different rates (0.1 C, 0.2 C and 2 C) (d).

Thus, the specific capacity retention, as well as the specific capacity of the batteries fabricated
using G-Ni is better than G-Co. The other question is, does the adherence of metal cations on
Graphene improve battery performance? For example, if the nickel salt is blended with
Graphite (situation prior to ball milling of Graphite with nickel salts), will the battery perform

as good as G-Ni? To test this, Graphite was mixed with NiSO4 and this sample will be
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mentioned as Graphite-Ni. Li-S batteries were fabricated using Graphite-Ni. All other

experimental parameters are similar to the Li-S battery fabricated using G-Ni. The specific

capacity of the battery was measured at two C rates. At 0.5 C, the discharge capacity of the

first cycle was 470 mAh/g (Figure 3.13), which is half of that observed for batteries fabricated

using G-Ni. At 100th cycles, the specific capacity decreased to 234 mAh/g, which is about

three times lower than that was observed for G-Ni based batteries. At 1 C rate, the specific

capacity of the first cycle for Graphite-Ni batteries was 382 mAh/g (Figure 3.13), which is half

that of the batteries with G-Ni batteries. A similar trend was observed at 100th cycles. Thus, it

is essential to ball-mill Graphite with metal salts and obtain metal cation adhered Graphene to

facilitate polyvalent interaction and electrocatalysis.
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Figure 3.13. Charge/Discharge profiles of Li-S cells at 0.5 C (a) and 1 C (b) rate using
Graphite-Ni (graphite and NiSO4 mixed)/Sulfur composite.
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Figure 3.14. Ragone plot for Li-S cell using G-Co and G-Ni comprised sulfur electrodes.

The Ragone plot was computed with the specific energy and specific power (Figure 3.14). The
G-Ni based batteries exhibited maximum specific energy of 409 Wh/kg and a maximum

specific power of 526 W/kg.

3.4.5 Symmetric cell assembly and Tests

Further, to study the electrochemical aspect, symmetric cells were fabricated using either G-Ni
as electrodes or G-Co as electrodes. This method has been well-established in the literature to
study the electrocatalysis of sulfur[37-39]. The cyclic voltammogram of the cells was recorded
between -1 V and +1 V (Figure 3.15). The first oxidation peak at 0.09 V for G-Ni and at 0.35
V for G-Co correspond to the conversion of Li>S to Li>Se. The second extremely weak
oxidation peak at 0.53 V for G-Ni and at 0.56 V for G-Co correspond to the conversion of Li>Se
to Ss. In the reverse scan, the first reduction peaks at -0.07 V (G-Ni) and -0.38 V (G-Co) are
due to reduction of Sg to Li»Se. The second reduction peak at -0.55 V (G-Ni) and -0.76 V (G-

Co) are due to reduction of Li»Se to Li2S.
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Figure 3.15. Cyclicvoltmmogram of symmetric cells comprising G-A, G-M, G-M-T (a), and
G-NP (b). The dashed plots are the experiments carried out without Li2Se.

3.5 Conclusion

In conclusion, we prepared cation-decorated Graphenes by ball milling NiSO4 and CoCl». The
Nickel decorated Graphene (G-Ni) was found to attract polysulfide effectively, indicating its
ability as a good host in Li-S battery. The cyclic voltammogram corroborated the
electrocatalytic activity of G-Ni. The batteries fabricated using G-Ni exhibited a maximum
specific capacity of 1022 mAh/g. The battery retained 91% of its initial specific capacity upon
100 charge-discharge cycles and 57% at the 500" cycle. The data clearly proved that the Nickel
cations are capable of electrocatalysing the sluggish Sulfur redox reaction and suppressing the

polysulfide dissolution in the battery electrolyte.
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4.1 Introduction

Li-S batteries have received great attention due to their attractive specific capacity and energy
density, cost effective and environment friendliness.[1-4] However, these Sulfur based
batteries unable to replace the conventional batteries due to inadequate utilization of active
sulfur and continuous capacity decay.[5] Unlike LIBs, the Li-S batteries undergo the
conversation mechanisms of active material, and the Sulfur converts into Lithium polysulfides
(LiPSs) (Li2Sn, n = 2 to 8).[1] These polysulfides are highly soluble in in liquid electrolyte,
activates the so called “shuttling effect” and degrades the Li counter electrode. Moreover Sulfur
and its discharge products are electrically insulating which creates internal resistance and
consequently slows down the conversion Kkinetics.[6-9] To overcome these challenges, wide
range of catalytic materials were introduced.[10] Since, Nazar et al. developed the carbon
matrices as host for elemental Sulfur,[11] a wide range of research has been carried out in the
conducting additives. The recent research is mainly focused on developing the Sulfur host to
withhold the polysulfides.[12-15] The micro/meso porous carbon materials are effective host
for the Sulfur.[16-20] Porous organic polymers, MOFs and COFs are developed as conductive
materials for Li-S batteries.[21-23] The polymer-based materials are used as host/binders to
suppress polysulfide dissolution. The graphene-based materials such as exfoliated
graphene,[24-27] graphene oxide (GO),[28,29] heteroatom functionalized graphene,[30-33]
metal decorated graphenes[34] are widely investigated for Li-S batteries. The heteroatoms (N,
S, B, and P) decorated carbon matrices are prevent the polysulfide dissolution in
electrolytes.[35-39] These heteroatoms are insufficient to hold the polysulfides in large
quantity, hence the metal based materials are focused as an alternative promising
materials.[21,40-45] The metals are inherently Lewis-acids (soft acids) and preferably interacts
with Sp>. In addition, metal oxides and metal sulfides are enhance the cyclic performance,
conversion kinetics by trapping the polysulfides.[21,46-50] We have also thoroughly examined
in our previous chapters where Ni stands superior to reduce polysulfide dissolution. The
question arises whether nickel is unique or other transitional metals also have such behaviour.
To answer this, we designed different transition metal decorated phthalocyanines (M-Phs) as
sulfur host. M-Phs are known to have obvious catalytic property and high chemical stability.
Kim et.al. adopted Co centered fluorinated phthalocyanine as catalytic material to improve

specific capacity in Li-S battery.[51]

Therefore, we have chosen various metals (M=Fe, Co, and Ni) incorporated into the

Phthalocyanine core. Scheme 4.1 But, Phthalocyanines do not offer the pores in it. So, these
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Metal-Phthalocyanines (M-Phs) are carbonized to attain a porous nature. We anticipate that the
Lewis-acidic behaviour of these metals, along with ring-structured carbon from the
Phthalocyanines, could efficiently withhold the LiPSs.[49]

Fe(ll) phthalocyanine Co(ll) phthalocyanine Ni(ll) phthalocyanine

Scheme 4.1. Structures of Metal-Phthalocyanines (Fe, Co, and Ni).

4.2 Experimental Section

4.2.1 Materials

The following chemicals were procured and used without any purification. Nickel-
Phthalocyanine  (Sigma-Aldrich),  Iron-Phthalocyanine  (Sigma-Aldrich),  Cobalt-
Phthalocyanine (Sigma-Aldrich), Dimethylformamide (DMF, Merck, AR grade), N-Methyl-2-
pyrrolidone (NMP, Merck, AR grade), Super P carbon (Imerys Graphite & Carbon Switzerland
Ltd., Switzerland), Poly(vinylidene fluoride) (PVDF, Kynar HSV900, Arkema Inc., USA), Li
metal (Global nanotech), Celgard 2325 (Polypore, USA), Bis(trifluoromethane)sulfonimide
lithium salt (LiTFSI, Sigma-Aldrich, 99.95%), Lithium nitrate (LiNOs, Sigma-Aldrich,
99.99%), 1,3-dioxolane (DOL, Sigma Aldrich, 99.8%), and 1,2-dimethoxyethane (DME,
Sigma-Aldrich, 99.5 %).

4.2.2 Instrumentations

The X-ray diffraction spectra were recorded with a PANalytical instrument was operated using
Cu Ka radiation (A=1.542 A) at a scanning rate of 2° min™* and a step size of 0.02° in 20 with
an operating voltage of 40 kV and operating current 30 mA to acquire the X-ray diffraction
spectra. The X-ray photoelectron spectroscopy measurements were done on a Thermo Kalpha+
spectrometer using Al Ka radiation with an energy of 1486.6 eV. All the spectra were charge-
corrected with reference to C1s at 284.6 eV. The peak fittings were carried out using CasaXPS
software. The FESEM imaging and EDAX were recorded with Nova Nano 450, FEI company.
The samples for FESEM imaging were prepared by dispersing 1 mg of material in DMF, drop-
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casted onto the Silicon wafer, and dried at 80 °C for 24 h. And the thermogravimetric analysis
was carried out on an SDTQ600 TG-DTA analyzer in a nitrogen environment with a ramp of

5 °C min’ for all the samples.

4.2.3 Synthesis
Preparation of Fe-Ph, Co-Ph, and Ni-Ph:

The Fe-Phthalocyanine, Co-Phthalocyanine, and Ni-Phthalocyanine (500 mg each) were
placed separately into the Alumina ceramic boat, and carbonization for all the samples carried
out by thermal treatment at 950 °C with the ramping of 5 °C/min under an Argon atmosphere
for 4 h. Further, it allowed it to cool down to RT. The samples were collected and labelled Fe-
Ph, Co-Ph, and Ni-Ph, respectively.

Preparation of Fe-Ph/S, Co-Ph/S and Ni-Ph/S:

The elemental Sulfur was introduced into the above carbonized M-Ph materials via the melt-
diffusion method. The Sulfur was grinded well with Fe-Ph, Co-Ph, and Ni-Ph, individually,
with a mass ratio of 8:2, till a uniform mixture was obtained. Further, it was transferred to an
alumina crucible and thermally treated at 155 °C under an argon atmosphere for 16 h. The
materials were collected, labelled as Fe-Ph/S, Co-Ph/S, and Ni-Ph/S, respectively, and stored

in adry place.

4.3 Results and Discussion

The M-Phs consist of Metals in the central cavity of the phthalocyanine framework contributes
to enhance the electrocatalytic activity of the sluggish redox reaction of elemental Sulfur and
LiPSs. The phthalocyanine framework consists of four Nitrogen atoms with lone pairs of
electrons, which have affinity toward LiPSs, and alleviate the dissolution of LiPSs.[51,52]
Each of the metal(ll) ions are individually bonding with phthalocyanine frameworks, which
prevents the aggregation of metal(ll) ions. Metal nanoparticles (NPs) are widely used in Li-S
systems to prevent the PSs dissolution in the electrolyte.[45] Unfortunately, loading the high
amount of elemental Sulfur in these metal NPs are challenging. It is envisioned that Our
carbonized phthalocyanines help to load the Sulfur and Metal(ll) ions at the centre[53] and

facilitate the electrochemical conversion reactions of Sulfur and LiPSs.

4.3.1 X-ray diffraction analysis
The X-ray diffraction (XRD) pattern of Fe-Phthalocyanine, Co-Phthalocyanine, and Ni-
Phthalocyanine shows the presence of -phase (Figure 4.1a).[54,55] Further, the XRD analyses
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were carried out post-carbonization process (Figure 4.1b). All the M-Ph powders were
demonstrated (Figure 4.1a) almost the similar 002 phase and observed the better packing for

pyrolized samples are shown in Figure 4.1b.

a Fe-Ph powder b Fe-Ph
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| NP powdr o, AV
3l 5
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£ H L 2 Ni-Ph
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Figure 4.1. XRD pattern for Fe-Ph, Co-Ph, and Ni-Ph powders (a), and carbonized Fe-Ph,
Co-Ph, and Ni-Ph samples.

4.3.2 X-ray photoelectron spectroscopy

The X-Ray photoelectron spectroscopy (XPS) spectra were recorded for the carbonized
samples of Fe-Ph, Co-Ph, and Ni-Ph. The Fe-Ph sample demonstrates the Fe 2pz» (711.5) and
Fe 2p12 (723.1 V) orbits, with the existence of sp>C (284.3 eV), sp°C (284.9 eV), C-O (286.5
eV) and C=0 (289.8 eV). Further, N 1s deconvolution spectra exhibit the Pyridinic N (23.48
%), Pyrrolic N (43.03 %), and Graphitic N (33.49 %) at 398.2 eV, 400.1 eV, 402 eV,
respectively, as shown in Figure 4.2. In case of Co-Ph, the deconvoluted spectrum of C 1s
exhibits the sp?C (284.3 eV), sp®C (285.0 eV), C-O (289.5 eV), and C=0 (287.2 eV), combined
with Co 2ps2 (780.7 eV) and Co 2p12 (796.5 eV) orbits, and Pyridinic N (30.15 %) Pyrrolic N
(47.52 %), and Graphitic N (22.33 %) at 398.2 eV, 400.1 eV, 402.5 eV, respectively (Figure
4.3).

Further, Ni-Ph demonstrates the Ni 2ps» (873.5 eV) and Ni 2p12 (855.7 eV) orbits, with the
presence of sp?C (284.3 eV), spC (285.3 eV), C-O (286.5 eV) and C=0 (289.2 eV), and N 1s
deconvolution spectra show the presence of Pyridinic N (29.17 %), Pyrrolic N (37.48 %), and
Graphitic N (33.35 %) at 398.4 eV, 400.2 eV, 400.8 eV, respectively (Figure 4.4).
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Figure 4.2. XPS survey of Fe-Ph (a), deconvolution curves of C1s (b), N1s (c), and Fe2p (d)
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a 1.2x10°
QOverall

b 8.0x10"

w
= 9.0x10°% < -
= 3 4
3 © 6.0x1071
2 6.0x10° = 4
@ il @ 4.0x10*
e s it 2
- =
£ 3o | = 2.0x10*
0.04 0.0
1200 1000 800 600 400 200 O 202 290 288 286 284 282 280
Binding energy (eV) Binding energy (eV)
C 3x10° d 4x10°
2
- Nis Co2p Co2p,,
; = 3x10°
3 20 5 780.7
2 2> 3
® g 2x10 Co2p
= 3 = 12
% 1x10° % 796.5
= = 1x10°
0] Py 0
408 405 402 2399 396 393 810 800 790 780 770

Binding energy (eV)

Binding energy (eV)

Figure 4.3. XPS survey of Co-Ph (a), deconvolution curves of C1s (b), N1s (c), and Co2p

(d) spectra.
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Figure 4.4. XPS survey of Ni-Ph (a), deconvolution curves of C1s (b), N1s (c), and Ni2p
(d) spectra.

4.3.3 Scanning electron microscope

Figure 4.5-4.7 shows the morphologies of Fe-Ph, Co-Ph, and Ni-Ph. As Metal-Phthalocyanines
contain the maximum backbone of carbon atoms, the highest percentage of carbon is present
in all the materials, which is calculated from energy-dispersive X-ray spectroscopy (EDAX)
analysis (Figure 4.8). Also, found that the Nitrogen and the respective metals are distributed
evenly, confirmed by mapping analysis (Figure 4.5-4.7). The percentages of metals (Fe, Co,
and Ni) present in the samples are 6.93 %, 4.15 %, and 4.13 %, respectively (Table 4.1).

y

Figure 4.5. FE-SEM imaging of Fe-Ph and mapping of C, N, and Fe.
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Figure 4.8. Energy-dispersive X-ray spectroscopy (EDAX) analysis of samples Fe-Ph (a),
Co-Ph (b), and Ni-Ph (c).

Table 4.1. Chemical compositions of elements in M-Phs obtained from EDAX analysis

Samples Percentage of elements (Atomic wt %)
Carbon Nitrogen Metal*
Fe-Ph 84.19 8.89 6.93
Co-Ph 77.41 18.44 4.15
Ni-Ph 64.52 31.35 4.13

* Iron (Fe) for Fe-Ph, Cobalt (Co) for Co-Ph, and Nickel (Ni) for Ni-Ph.
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4.3.4 Thermogravimetric analysis

The Sulfur loaded M-Phs are subjected to thermogravimetric analysis (TGA) to quantify the
Sulfur present in them. As shown in Figure 4.9, the percentage of Sulfur is 69 %, 73.2 %, and
78.1 % in Fe-Ph, Co-Ph, and Ni-Ph, respectively.

100
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Figure 4.9. Thermogravimetric analysis of Fe-Ph/S, Co-Ph/S, and Ni-Ph/S.

4.4 Electrochemical studies

4.4.1 Electrode preparation

The slurry was prepared by using M-Ph/S (Fe-Ph/S or Co-Ph/S or Ni-Ph/S) as an active
material with Super P carbon, and PVDF with the mass ratio of 7:2:1 and N-Methyl-2-
pyrrolidone (NMP) as solvent, grinded well, and coated onto the carbon-coated aluminum foil
and dried at 60 °C for 16 h.

4.4.2 Li-S cell fabrication

The Li-S cell fabrication was carried out using the M-Ph/S comprised electrodes as working
electrodes, and Lithium metal foil served as reference and counter electrode. 1 M
Bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) as an electrolyte and 0.2 M LiNO3 as
an additive in 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) (1:1 volume ratio) were
used, and Celgard 2325 (Thickness 25 um) as a separator. The 2032-type coin cells were
fabricated in an argon-filled glovebox (MBRAUN, Oz < 0.1 ppm, H20 < 0.1 ppm). All the
electrochemical chemical tests were carried out with a potential window of 1.7 — 2.8 V at 25
°C.
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4.4.3 Cyclic voltammetry

The above fabricated Li-S cells consisting of M-Ph/Ss (Fe-Ph/S or Co-Ph/S or Ni-Ph/S) were
subjected to cyclic voltammetry techniques. The experiments were carried out using a
multichannel Autolab MACB80038 instrument at a scan rate of 0.1 mV/s. For Fe-Ph/S
comprised Li-S cells, the two reduction peaks have appeared at 2.26 V and 2.05, are responsible
for the electrochemical conversion of elemental Sulfur to Li>S, (n = 4 to 8), and further
conversion to Li>S2/Li»S, respectively. A single oxidation peak has been observed at 2.43 V,
which indicates the reversible conversion of Li>S2/Li2S to Li>Se/Ss, as shown in Figure 4.10a.
In case of Co-Ph/S-based Li-S cells (Figure 4.10b), the two reduction peaks at 2.28 V and 2.01
V, which indicates the reduction of Sulfur. In the forward scan, two distinguish peaks were
observed at 2.36 V and 2.41 V, which are responsible for Li>Sz/Li>S — Li2Sn (4 <n < 8) and
Li>Sh (4 <n < 8) — Sg. These two oxidation peaks are the indication of efficient conversion of

LiPSs to Sulfur due to the electrocatalytic activity of the material.

About 75% of the overall capacity of Li-S batteries obtain from the conversion of Li>S4 to Li»S.
As a result, Li>S liquid-solid precipitation process is essential for both its sulfur usage and
specific capacity.[45] For Ni-Ph/S comprised Li-S cells, the two reduction, and two oxidation
peaks occurred at 2.33 V, 2.05, 2.33 V, and 2.38 V, respectively (Figure 4.10c). These peaks
are profound in Ni-Ph-S as compared to Fe-Ph/S and Co-Ph/S. It provides an indication about
the electrochemical conversion reactions in Li-S cells based on Ni-Ph/S is efficient as well as

maximum utilization of Sulfur.
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Figure 4.10. Cyclic voltammogram of Li-S cells comprising Fe-Ph/S (a), Co-Ph/S (b), and
Ni-Ph/S (c) with a scan rate of 0.1 mV/s.

ACcSIR-NCL 89 Kumar S



Chapter 4

4.4.4 Charge-discharge experiments

The cyclic charge-discharge experiments were carried out for the Li-S cells comprised of M-
Ph/S (Fe-Ph/S or Co-Ph/S or Ni-Ph/S). The Fe-Ph/S-based cell delivered a specific capacity of
877 mAh/g for the first cycle at the rate of 0.5 C. The capacity of this cell gradually faded to
793 mAh/g, 771 mAh/g, and 747 mAh/g on its twenty-fifth, fiftieth, and hundredth cycles,
respectively, as shown in Figure 4.11a. The obtained specific capacity of this cell is only half
of its theoretical capacity at first cycle. It indicates that Sulfur utilization is bisected in Li-S
cells using Fe-Ph/S. The Co-Ph/S loaded Li-S battery exhibits a discharge capacity of 1038
mAh/g at 0.5 C rate (Figure 4.11b), with coulombic efficiency of 98 % for the first cycle, which
is considerably higher than the batteries based on Fe-Ph/S. Further, 887 mAh/g and 771 mAh/g
have been observed for the fiftieth and hundredth cycles. These losses of specific capacity
indicate the lithium polysulfide dissolution and shuttle in the anode compartment.

Further, Ni-Ph/S-based Li-S cells were examined for charge-discharge experiments. At 0.5 C
rate, it delivered the specific capacity of 1067 mAh/g for its first cycle (Figure 4.11c). Almost
the same capacity (1061 mAh/g) was noticed at the tenth cycle. Further, the retention in specific
capacity of 98 %, 96 %, and 88 % was observed at the twenty-fifth, fiftieth, and hundredth
cycles. The discharging specific capacity of 939 mAh/g occurred at the hundredth cycle, which
was even higher than the efficacy of Li-S cells using Fe-Ph/S at the first cycle. Also, ~99 %
coulombic efficiency was observed for Li-S cells using Ni-Ph/S.
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Figure 4.11. Charge/discharge profile of Li-S cells comprised using Fe-Ph/S (a), Co-Ph/S
(b), and Ni-Ph/S (c) at 0.5 C rate.

Further, Li-S batteries using Ni-Ph/S were tested with different current rates of 0.1 C, 0.2 C,
1.0 C, and 2.0 C. The cell, at 0.1 C rate, exhibited the 1217 mAh/g of specific capacity for the
first cycle, which is 72.7 % of the capacity of actually loaded Sulfur. The coulombic efficiency

was 99 % for the above cell, as shown in Figure 4.12a. Later, 954 mAh/g was obtained at the

ACcSIR-NCL 90 Kumar S



Chapter 4

a 2s b
29
< L 13; y0|e| —— 1st cycle
o S < —— 10th cycle
= 95} —25thcycle < 25th eyl
= —— 50th cycle T 26} cycle
B — 100th ] o — 50th cycle
@ o - —— 100th cycle
= 23r 2 23}
£ 5
G =
5 20} % 2ok
= o
17k : . . \ . A 7t
00 2000 400 °00 - 800 1000 1200 0 200 400 600 800 1000 1200
C Spedilic capaciy (mAN) d Specific capacity {(mAh/g)
2.9
= 1st cycle 1st cycle
< —— 10th cycle > —— 10th cycle
= 26f —25thcycle = o[ 25th cycle
= —— 50th cycle o —— 50th cycle
- —— 100th cycle - —— 100th cycl
¢ 23} 2 23t
S s
= z
@
% 20} = 20
a o
1‘7 -I 1 L L L 17 _' 1 L L 1
0 200 400 600 800 1000 0 200 400 600 800
Specific capacity (mAh/g) Specific capacity (mAh/g)

Figure 4.12. Charge/discharge profiles of Li-S cells using Ni-Ph/S-based material at the
current rates of 0.1 C (a), 0.2 C (b), 1.0 C (c), and 2.0 C (d).
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Figure 4.13. Cyclic performances of Li-S cells at 0.5 C, using Fe-Ph/S, Co-Ph/S, and Ni-
Ph/S based electrodes.

100" cycle. At 0.2 C rate, the specific capacity of 1165 mAh/g and 960 mAh/g were noticed at
1% and 100" cycles. The significant retention capacity observed at the 100" cycle is 83 %
(Figure 4.12b). Also, the cells at 1.0 C (Figure 4.12c), and 2.0 C (Figure 4.12d) rates, were
demonstrated an excellent discharging specific capacity of 979 mAh/g and 815 mAh/g for the
first cycle, respectively. For the same rates, 822 mAh/g and 553 mAh/g were obtained at the
100" cycle. The cyclic stability at 0.5 C rate for all the M-Phs/S based batteries were displayed
in Figure 4.13.
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4.5 Conclusion

In this chapter, we have chosen the transition metal-phthalocyanines (Fe, Co, and Ni), which
are successfully pyrolyzed to attain the carbonized M-Phs. These materials exploited as cathode
host for elemental Sulfur in Li-S battery systems The porous nature of M-Phs accommodate
the elemental Sulfur through the melt diffusion method. The metal cation prevents the battery
from capacitive decay by detaining the polysulfide. Among all M-Phs, Nickel based material
exhibited the best electrochemical reversibility of polysulfide conversion reactions with better
kinetics. The Ni-Ph/S-based electrodes delivered the 1067 mAh/g at the initial cycle, while Fe-
Ph/S and Co-Ph/S-based cells delivered at the rate of 0.5 C, 877 mAh/g and 1038 mAh/g,
respectively. Further, Ni-Ph/S cells exhibited a remarkably high specific capacity of 939
mAh/g at hundredth cycle, while others delivered poor efficacies.
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5.1 Summary

Graphene-based materials are versatile for energy storage systems. In chapter 1, discussed the
significance and working principles of Li-S batteries. The factors of challenges in the systems.
A detailed description had given of the components of Li-S batteries and reviewed the
development achieved in the cathode part in the last decade. The types of Sulfur hosts
developed to dates, such as carbon-based materials, inorganic composites (metal and metal
oxides), organic frameworks, MXenes, and polymer materials, are discussed in detail. The
other battery components, such as binder, anode, electrolytes, additives, and separator, are

discussed in this chapter.

In chapter 2, we attempted the heteroatom(s) graphene materials as Sulfur hosts for Li-S
batteries. The ball-milling approach was used to synthesize the few-layer graphene layers from
pristine graphite. The melamine, 3-Thiopheneacetic acid, and Ni-Phthalocyanine were used as
an intercalator. Anthracene was used for control experiments. In case of Ni-Phthalocyanine,
we could obtain approximately four-layer graphenes’. Then, these graphenes were thermally
treated to obtain the doped layer comprising Graphenes’ (DLC-G). The elemental Sulfur was
incorporated into these materials via a wet chemical process using Triton-X-100 as a surfactant.
We could achieve a Sulfur loading of 86-90 % for all the materials. The G-NP comprised
electrodes were delivered the 1218 mAh/g at the initial cycle and 748 mAh/g at the five
hundredth cycle. Among all, G-NP based batteries exhibited tremendous energy and power
densities. It is due to the presence of Ni cation and pyridinic nitrogen. The electrocatalytic
activity of all the DLC-Gs were examined by polysulfide adsorption test and cyclic

voltammogram of symmetric cells.

In third chapter, Graphene supported metal ions (Ni?* or Co?*) were designed and synthesized
using the ball-milling method. The NiSO4 and CoCl; served as exfoliators and the source for
metal ions. These metal ions decorated Graphenes were examined for polysulfide adsorption
studies and found that the G-Ni effectively attracted the polysulfide as compared to G-Co. The
Sulfur loading was carried out via the melt diffusion method and obtained 62.8 % and 69.1 %
for G-Co, and G-Ni, respectively. The G-Ni comprised Li-S batteries demonstrated the
maximum specific capacity of 1022 mAh/g. Further, 91 % and 57 % retained capacity were
observed at the hundredth and five hundredth cycles. We have proved that the Ni cation
decorated Graphene effectively electrocatalyzed the sluggish Sulfur redox reactions and

alleviated the polysulfide shuttle mechanisms.
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In chapter 4, we chose the Metal-Phthalocyanines (Fe-Phthalocyanine, Co-Phthalocyanine, and
Ni-Phthalocyanine), which were successfully carbonized to achieve the metal-decorated
carbons. The Sulfur encapsulation was carried out for these samples through the melt-diffusion
method, acquiring the 69.0 %, 73.2 %, and 78.1 % for Fe-Ph, Co-Ph, and Ni-Ph samples,
respectively. Followed by, the Li-S cells were fabricated using these M-Phs and examined for
cyclic voltammetry techniques. We observed the distinguish two reduction and two oxidation
peaks for Co-Ph, and Ni-Ph comprised cells, while Fe-Ph based cells showed a single oxidation
peak. It indicated the improved Kinetics for the sluggish redox reactions and improved the
utilization of active materials. Also, noticed that the Ni-Ph based cells exhibited the highest
peak current density as compared to other M-Ph comprised systems. Also, it delivered the
specific capacity of 1067 mAh/g at the initial cycle and 939 mAh/g (78.4 % of retention
capacity) at the hundredth cycle.

5.2 Future Directions

In this thesis work, we have developed heteroatom(s) and/or transition metal or metal ion
decorated materials as hosts for elemental Sulfur. In all the cases, Nickel illustrated materials
exhibited better capacity with improved cycle life due to the electrocatalytic as well as potential
towards the efficient withholding of the polysulfides. Furthermore, these soluble polysulfides
also could arrest at the separator by modifying it. The monolayer polypropylene (Celgard 2400
type) separator contains a uniform micropore structure. The thickness of the Celgard 2400
separator is 25 um, and the calculated porosity is 41 %. This membrane is known for better Li*
ion transportation, which helps in Li-ion batteries. Unfortunately, in Li-S battery systems, the
formed intermediates migrate toward the anode compartment with ease and lead to the
permanent loss of active materials. Therefore, the separator modification is imperative.
However, the LiPSs are negatively charge-bearing species; the metal-based materials could
serve to attract the polysulfides, which are leach out from the cathode compartment. The
Nickel, Palladium, Zinc, and other transition metals decorated materials could be used to
modify the PP separator, and it would be a potential candidate to further suppress the

polysulfide dissolutions.
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Li-S batteries have a great attraction due to its theoretical specific capacity of 1675 mAh g* and energy
density up to 2600 Wh kg* are attractive energy storage devices. Overall, this thesis contains five
chapters. The contents of the chapters are briefly highlighted in below. Chapter 1 of this thesis focuses
on overview of Li-S batteries. The working principles and challenges are explained in details. The
components of Li-S batteries, especially the developments on cathode materials are discussed. Chapter
2 deals with graphene with doped layer to electrocatalyze the sluggish sulfur redox reaction. The doped
layer comprises heteroatoms such as either N or N and S. The doped layer also comprises cations of Ni.
We have chosen a "doped layer on Graphene" over "doped Graphene" to avoid defects in the basal
plane of graphene. We found the doped layer comprising Graphene (DLC-G) to electrocatalyze the
polysulfide redox reaction. We found that cations in the layer electrostatically attract the polysulfides
due to the polyvalent interaction. While using this material in the Li-S batteries, the specific capacity,
energy density and power density were found to be 1345 mAh g?, 782 Wh kg? and 4437 W kg*,
respectively. Chapter 3 deals with Nickel cations with other heteroatoms as a host in Li-S batteries.
However, metal salts can either exhibit monovalent or divalent attraction with polysulfides. Those
interactions are weak and we must have polyvalent interaction. Towards this objective, we have
designed and synthesized a material that comprises multiple divalent cations that is also devoid of
heteroatoms. The material was prepared by ball-milling Graphite in presence of either nickel sulfate or
cobalt chloride. The Li-S batteries showed a maximum specific capacity of 1022 mAh/g. Among the
metal cations, nickel cations showed better performance than cobalt cations. Thus, we demonstrate that
metal cations immobilized on Graphene can efficiently electrocatalyze sluggish sulfur redox reaction
and suppress the polysulfide dissolution. Chapter 4 deals with the investigation of the carbonized
Transition metal-phthalocyanine as a host for elemental Sulfur. Due to presence of different metals
(M=Fe, Co and Ni) on the carbonized phthalocyanine. Among all M-Phs, Nickel based material
exhibited the best electrochemical reversibility of polysulfide conversion reactions with better kinetics.
The Ni-Ph/S cells exhibited a remarkably high specific capacity of 939 mAh/g at hundredth cycle, while
others delivered poor efficacies. Chapter 5 deals the key results of the all chapters. It also provides a
concise summary of major findings of the work that has been presented in the thesis and future

directions to achieve the better performances for Li-S cells.
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Abstract: The Lithium-ion batteries based on Organic molecules are attractive due to the
possibility of fabricating lightweight batteries with high energy and power density, long
life and environmental friendliness for mobile applications and flexible devices.
However, the organic lithium batteries have high capacity and large serial-parallel
numbers which coupled with such problems as safety, durability and cost. Often, the
experimental specific capacity is very low during charging and discharging process as
compared to theoretical capacity while discharging the battery at moderate and high C
rates. To prevent this problem, we designed as many as maximum active sites with
Perylene based small conjugated organic molecule. The fabricated Li-ion battery using
Perylene hexa lithium salt exhibits 100% coulombic efficiency and specific capacity
while discharging at 5 C. The control experiments confirm our hypothesis of using the
maximum number of active sites in smaller organic molecule improve the performance

of organic lithium battery.
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(1) sluggish redox of polysulfide, (ii) dissolution of polysulfide in electrolyte and (iii)



crossover of sulfur complexes to the lithium electrode. To circumvent these issues, we
report a rationally designed cathode material based on graphene. The modified graphene
render the possibility of very high sulfur loading (87 wt%). The cathode exhibits high
initial specific capacity of 900 mAh/g at 2C rate with insignificant decay even after 100
cycles. The battery exhibits a specific capacity of 650 mAh/g at 5C rate with ~95%
Coulombic efficiency. Control experiments indicate that N and S comprising skin is

essential to improve the battery performance.

Poster presentation in MACRO Meet-2022, SPSI MACRO International Conference on
Polymer Science and Technology, 2nd-4th November 2022, organized by NCL-Pune.
Topic: Concurrent Polyvalent Interaction and Electrocatalysis to Improve Lithium-
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Abstract: Batteries with improved efficiency are desired. Li S batteries are attractive due
to their high specific capacity and energy density. However, sluggish sulfur redox
reaction and polysulfide dissolution are significant challenges in Li S batteries. In this
work, we report graphene with doped layer to electrocatalyze the sluggish sulfur redox
reaction. The doped layer comprises heteroatoms such as either N or N and S. The doped
layer also comprises cations of Ni. We have chosen a “doped layer on graphene” over
“doped graphene” to avoid defects in the basal plane of graphene. We found the doped
layer comprising graphene (DLC G) to electrocatalyze the polysulfide redox reaction.
However, the interaction between the doped layer and polysulfide is still weak, hence the
dissolution is not suppressed. To circumvent the polysulfide dissolution, graphene with
cationic layer was prepared. We found that cations in the layer electrostatically attract the
polysulfides due to the polyvalent interaction. Thus, the dissolution is suppressed. While
using this material in the Li S batteries, the specific capacity, energy density and power
density were found to be 1345 mAh g-1, 782 Wh kg-1 and 4437 W Kkg-1, respectively.
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Batteries with improved efficiency are desired. Li—S batteries are
attractive due to their high specific capacity and energy density.
However, sluggish sulfur redox reaction and polysulfide
dissolution are significant challenges in Li—S batteries. In this
work, we report graphene with doped layer to electrocatalyze
the sluggish sulfur redox reaction. The doped layer comprises
heteroatoms such as either N or N and S. The doped layer also
comprises cations of Ni. We have chosen a “doped layer on
graphene” over “doped graphene” to avoid defects in the basal
plane of graphene. We found the doped layer comprising

1. Introduction

Battery systems with significantly improved energy and power
density over the existing lithium-ion batteries are of great
interest. Li—S batteries with a theoretical specific capacity of
1675 mAhg™' and energy density up to 2600 Whkg™' are
attractive energy storage devices."? Despite the promise, Li—S
batteries are plagued with issues such as poor electrical
conductivity of sulfur (5x107°Scm™), sluggish sulfur redox
reaction and dissolution of polysulfide in the battery
electrolyte.”’ The poor electrical conductivity issue is tackled by
preparing carbon composite electrodes.” The sluggish redox
reaction and dissolution of polysulfide remain as challenges.”
The two major approaches to circumvent the dissolution of
polysulfide, which is commonly known as the shuttle effect can
be classified into, i) membrane modification and ii) electrode
modification. First, the separator membranes are modified with
carbon allotropes, polymers and nanostructures. The modified
membranes repel the polysulfides and suppress the deleterious
shuttle effect.®” In the second approach, porous structures of
organic and inorganic materials have been used to confine the
sulfur. The pores that are used to load the sulfur also render
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graphene (DLC—G) to electrocatalyze the polysulfide redox
reaction. However, the interaction between the doped layer
and polysulfide is still weak, hence the dissolution is not
suppressed. To circumvent the polysulfide dissolution, gra-
phene with cationic layer was prepared. We found that cations
in the layer electrostatically attract the polysulfides due to the
polyvalent interaction. Thus, the dissolution is suppressed.
While using this material in the Li—S batteries, the specific
capacity, energy density and power density were found to be
1345 mAhg™', 782 Whkg™' and 4437 Wkg™', respectively.

the possibility of diffusion of polysulfides from the confining
material® Thus, the confinement approach has its limitations.
Li—S battery metrics of various materials are summarized in
Table S1 (Supporting Information).

Usually, the battery electrode is prepared by blending
sulfur, polymer binder and conducting carbon.® Neither the
conducting carbon nor the binder is effective in suppressing
the polysulfide dissolution.” Thus, an additive is required. The
additive should be a material with properties to withhold the
polysulfide from dissolving in the electrolyte. With its excellent
properties and easy synthesis, graphene seems to be an
attractive candidate."” However, the surface of graphene is
hydrophobic; hence it is not suitable to withhold polysulfide."
Therefore, modification of graphene is required. Doped
graphene is an option."? It has been used as an additive in the
Li—S battery electrodes. All the doped graphene do not have
the desired effect. For example, pyridinic and graphitic nitrogen
comprising graphenes are better electrocatalysts than pyrrolic
nitrogen-containing graphene."” The pyridinic and pyrrolic
nitrogens are Lewis base and they can attract Lewis acid such
as polysulfides. However, it has been shown that the pyridinic
nitrogens are present either on the edges or at the defect sites
of graphene, which is a limitation. Thus, an approach that
renders the possibility of preparing graphene without defect
but with pyridinic and graphitic nitrogen is required. To
accomplish this paradoxical objective, we resorted to an
approach that mechanically peels off graphene from graphite
in presence of exfoliator. The exfoliator molecules that adhere
to the graphene surface have been judiciously chosen to have
desired dopant atoms. The graphene preparation approach is
mechanical; hence the graphene’s basal plane s
unaffected."*'® In the first set of experiments, melamine
(Scheme 1) was used as exfoliator. Graphite and melamine are

60 © 2021 Wiley-VCH GmbH
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Scheme 1. Cartoon showing the steps involved in the preparation of DLC—G.

ball-milled in planetary ball milling equipment. After exfolia-
tion, the samples were subjected to thermal treatment. During
this process, melamine undergoes thermal polymerization
leading to a cross-linked polymer that can act as a source of
nitrogen-doped carbon."” Upon further heating, we envisioned
graphenes with a layer comprising pyridinic and graphitic
nitrogen (Scheme 1). We reiterate that a minimal amount of
defects are anticipated in the basal plan of graphene because
the exfoliation is mechanical. Dual doping can enhance
electrocatalysis,"® hence we prepared graphene with layers
comprising S and N atoms. These modified graphene samples
are expected to electrocatalyze the sluggish polysulfide redox
reaction."”” We understand that the N and S comprising
graphene layer alter the surface properties, but the interaction
between polysulfide and graphene is weak. The sulfur under-
goes various structural changes; hence covalent immobilization
is not an option. Therefore, we need to rely on non-covalent,
yet strong interaction. The negative charges on polysulfide
render the possibility to anchor them on the surface of
graphene non-covalently. In order to achieve this objective, we
must prepare graphene layer with positive charges. Our
approach, mechanical exfoliation, renders the possibility of
embedding cations on the layer of graphene. To embed cations
on the layer of graphene, graphite was ball milled with Nickel
Phthalocyanine (Scheme 1). During the milling process, Nickel
Phthalocyanine molecules adhere to the surface of graphene.
Subsequent heating of the sample resulted in the formation
ofgraphene with a carbon layer comprising nickel ions and
nitrogen. The nitrogen-doped carbon layer is expected to
catalyze the sulfur redox reaction,”™ concurrently the nickel
ions are expected to suppress polysulfide dissolution due to
electrostatic polyvalent interaction.”" Various interactions have
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been used to suppress polysulfide dissolution in Li—S batteries.
Electrostatic polyvalent interaction, which is a very strong
interaction hasn’t been used in Li—S batteries. Probably due to
the difficulty in using cations that can have polyvalent electro-
static attractions with polysulfide. Herein, we report a method
to immobilize cations on graphene that interact with poly-
sulfide due to polyvalent electrostatic attraction. Indeed, the Ni
cation and N containing carbon layer based graphene exhibits
superior battery performance that is reported in this research
work.

2. Results and Discussion

Graphite was ball milled with melamine (exfoliator) at various
revolutions per minute (RPM). We also varied the duration of
the ball milling. In another set of experiments, anthracene
(control molecule, Scheme 1) was used as an exfoliator
(Table S2, Supporting Information). Anthracene has been
chosen as a control molecule due to the absence of
heteroatoms. After the ball milling, the samples were washed
with a copious amount of DMF to remove excess exfoliators.
The results and discussions are divided into four sections. First,
we discuss the characterization of graphene with an exfoliator.
In the next section, the preparation and characterization of
DLC-Gare discussed. Subsequently, battery fabrication and
testing are discussed. In the fourth section, we will discuss the
preparation and characterization of DLC-Gwith Ni ions and
battery performance using the same material. After ball milling
and washing, the samples were subjected to Raman spectro-
scopic analysis. Intense G and 2D bands appeared at 1581 and
2676 cm™', respectively (Figure 1a). D band appeared at
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Figure 1. Raman spectra showing D, D', G and 2D bands of exfoliated graphene (a) and XRD pattern of exfoliated graphene (b). XPS spectra of pristine
graphite, few-layer graphene G—A,G—M and G—M-T (c) and deconvoluted peaks of the nitrogen region for G-M and G—M-T (d).

1335cm™' and D’ shoulder appeared at 1616 cm™'. The
intensity of D and G bands (/p/lg) ratio provides information
about the graphene layers."**? High I/l value is an indication
of fewer layer graphenes. The highest /y/l; of 0.90 was found
while melamine was used as exfoliator with RPM of 200. The
duration of the milling was 60min. All the parameters used for
milling and the properties of resultant materials are listed in
Table S2. The Ip/l, provides information about defects in the
graphene. I/l of 3.5 or lower indicates edge and boundary
defects with no SP* defects.” All the samples showed Ip/I;, less
than 3.5 indicating the formation of high-quality graphene
while using melamine and anthracene as exfoliators (Table S2).
The samples were subjected to XRD analysis, which is an
effective method to identify the formation of graphene from
graphite through the mechanical exfoliation process. Graphene
shows an intense peak at 26 of 26.6° that corresponds to 002
plane (Figure 1b)."™ The d-spacing for graphite was found to
be 3.347 A, which increased to 3.377 A while using melamine
as an exfoliator. This was further increased to 3.384 A while
using anthracene as an exfoliator. Thus, the exfoliators increase
the distance between the layers of graphene. With this
information in hand, we proceeded to synthesize DLC—G. The
exfoliated graphene was heated at 600°C in an inert atmos-
phere. Henceforth, the graphene prepared with anthracene as
an exfoliator will be mentioned as G—A. The graphene prepared
using melamine as an exfoliator will be mentioned as G—M. The
G—M comprises nitrogen atoms in the layer. To prepare N and S
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comprising DLC—G, the melamine exfoliated graphene was
treated with 3-thiophene acetic acid (TAA) (Scheme 1). The
carboxylic acid functionality of TAA interacts with pyridinic and
amine moieties of melamine. Thermal treatment of this sample
is envisioned to yield N and S comprising DLC—G. This sample
will be mentioned as G—M-T in all the forthcoming discussions.

After heating, the samples were subjected to XPS analysis.
The XPS spectra of graphite showed the presence of sp® C
(284.6 eV) (Figure 1c). We also found a peak corresponding to
—C—0O— (285.6 €V) (Figure 1c). The small peak at 283.8 eV is due
to disorderd carbon.?® The G-A also showed these peaks
indicating the absence of any new heteroatoms due to the lack
of them in anthracene. The XPS spectra of G—M showed N1s
peak at 399 eV and other characteristic peaks found for G—A.
The G—M-T showed a peak at 165 eV that is characteristic of
—C=S—C— moieties (Supporting Information, Figure S1). These
experiments have proven that the DLC-Gwith various dopants
can be synthesized by changing the exfoliator molecules. As
mentioned in the introduction section, three types of nitrogens
are present in doped graphenes. We anticipate those in the
DLC—G. In the case of G—M, the pyridinic nitrogen is lowest at
24.8%, and the pyrrolic nitrogen is highest at 36.1% (Fig-
ure 1d). In the case of G—-M-T, the graphitic nitrogen is highest
at 40.9%, and the pyridinic nitrogen is 13.5%. The high
graphitic nitrogen in G-M-T may lead to better electrocatalytic
activity. Atomic mapping was carried out to corroborate the
presence of heteroatoms in the samples. The G—A samples
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showed the presence of carbon throughout the sample
(Supporting Information, Figure S2). In the case of G—M, carbon
and nitrogen were also present and they are distributed
uniformly throughout the sample (Supporting Information,
Figure S3). We noticed the presence of sulfur in the samples of
G—M-T (Supporting Information, Figure S4). The TEM images
showed a clear difference in morphology between the graphite
and graphene. The graphite comprises about 80 layers of
graphene (Supporting Information, Figure S5). About ten and
five layers are found in G—M (Figure 2a) and G—M-T (Figure 2b),
respectively. TEM imaging was carried out for samples blended
with sulfur. The sulfur loading did make the graphene opaque
(Figure 2c). The opaqueness is due to the presence of a large
amount of sulfur along with DLC—G. We hypothesized that the
DLC-Gwould withhold sulfur better than that of graphite. To
test this hypothesis, the samples were subjected to TGA
analysis. The sulfur loading was 85.8 % while sulfur was blended
with G—A. It increased to 87.2% and 89.5% for G-M and G—M-
T, respectively (Figure 2d). Thus, the doped layer on the DLC-
Gincreased the sulfur loading. We also carried out polysulfide
adsorption experiment to find out the interaction between
DLC-Gand polysulfides. A 5 mM Li,S¢ was prepared by following
the reported procedure.” In that solution, an internal standard
diketopyrrolopyrrole (DPP) was added. From the stock solution,
5 mL was distributed into various glass vials. To that solution,
5 mg of DLC-Gwas added and the solution was left quiescent
for 12 hrs. The color of the solution with G—A didn't vary
significantly, indicating the weak interaction between poly-
sulfide and G—A. To quantify the interaction, an aliquot was
taken to record UV-vis absorption spectra. The Li,S¢ solution

showed three peaks at 263, 281 and 338 nm. The solution with
DPP (internal standard) showed two additional peaks at 510
and 547 nm. The UV-vis absorption spectra of the aliquot
solution are shown in Figure 2e. The absorption maxima
decreased in the following order G—-A>G—M>G—M-T. This
trend indicates that the G—A has weak and G—M-T has strong
interaction with polysulfides. In case of G—A, there is no specific
interaction between the hydrophobic surface of G—-A and
negative charge bearing polysulfides. On the other hand,
polysulfide interacts with G—M due to Lewis acid base
ineteraction. Incase of G—M-T, Lewis acid base interaction and
sulfur sulfur interaction is in operation. Due to the strong
interaction, polysulfide adhered well on to the surface of G—M-
T. This experiment corroborates our hypothesis that the layer
with heteroatom increases the interaction between polysulfide
and graphene. With this information in hand, we proceeded to
fabricate Li—S batteries. The cells were used to record cyclic
voltammetry between 3 and 1.5V vs. Li*/Li. The first peak
appeared at 2.3 V, which corresponds to the conversion of Sg to
Li,S, (4 <n< 8).1" Subsequently, conversion of Li,S, to Li,S,/Li,S
occurred at 2 V. In the reverse sweep, conversion of Li,S to Sg
occurred at 2.4V (Figure 3a).?® These are typical peaks
observed in Li-S batteries. It is worth noting the variation in
peak current intensity (i;) as a function of cycle number. At the
end of the 5th cycle, the i,decreased by 25% while using G-A.
The corresponding change was 10% while using G-M as
electrode. Based on this trend, we anticipated a lower change
while using G—M-T as electrode. Contrary to this expectation,
the decrease was 29 %, which is the highest among the DLC—G.
This indicates that the polysulfide dissolution has increased
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Figure 2. TEM images showing the few layers of graphene G—M (a) and G—M-T (b). TEM image of sulfur loaded G—M-T (c). TGA indicating the sulfur loading in
G—A,G—M and G—M-T (d). UV-Vis spectra of Li,S¢ solution in presence and absence of DLC—G(e). The insert is the photograph of Li,S, solution in presence of

DLC—Gs.
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Figure 3. Cyclic voltammogram of Li—S battery comprising various DLC-Gat a scan rate of 0.1 mV's

Articles Europe ,
Batteries & Supercaps doi.org/10.1002/batt.202100229 Soories Publishig
a b 1
(@) = 24{—G-AS LS, /LiS—>LiS,/S, (_) e e
A e " 3 5] zno
= ] 4 cycle
> 1.61—G-M-T/S +J T —e—75th cicle
) ) —a— 100th cycle -
c 0.81 L 244
) -
S =
£ 00 <21,
g 1 ol
5 -0.8+ N S;,~LiS, (4<n<8)| E 4g|
© o 1US, @<n<8 LS, ILiS g B
15 18 21 24 27 30 154 . b % . _
Potential (V) vs Lit/Li 0 100 200 300 400
(©) @ Sp. Capacity (mAh/g)
— ] 4 -a—-Ch. Sp. Capacity 4| —GA
_2’ ULy 2;2; —o-Disc. Sp. Capacity A2l —GM
<C 1250 ¥ -1 — G-M-T
fo2h 01h’| = 4]
g 1000 %0.4 n' § e $ 20)(10
> (g 0.5 hO oh =
‘C _ k AI&I{“ 1 1 h'y 4 9
T it | S
& 5004 o ) )
. -2.0x10™
(% 250
0 T T T T T T -4 T T T T T
6 10 20 30 40 s *¥OUTITTIE 00 05 10
Cycle number Potential (V)

! (a). Charge-discharge curves at 0.2 h™', showing specific

capacity fading while using G—A in Li—S battery electrode (b). Rate performance study of G—M-T based Li—S battery (c). Plot showing the cyclic

voltammograms of symmetric cells with various DLC—G(d)

while the electrodes are prepared with G—M-T. Although the
absorption studies (Figure 2e) indicate strong interaction
between G—M-T and polysulfides in quiescent solution, the
polysulfide dissolution is not suppressed during potential
sweep. The i, was found to be 1.08x 107> mA for G—A, which
increased to 1.15x 107> mA for G-M and increased further to
1.87x107° mA for G—M-T. The significant increase in i, of sulfur
redox in G—M-T based electrodes is an indication of electro-
catalysis. The batteries fabricated using DLC-Gwere subjected
to charge-discharge experiments. The experiments were carried
out between 1.5 and 3 V vs. Li*/Li. The discharge curve showed
two plateauscorresponding to the following reactions, Sg—
Li,S,(4<n<8), Li,S,(4<n<8)—Li,S,/Li,S at 23 and 2.0V,
respectively.” The reactions corresponding to various regions
of the curve are shown in Figure 3a. The specific capacity of the
first cycle of the battery with G-A was 372 mAhg™ (0.2 h™")
(Figure 3b). Please note that the specific capacity is a mere
22% of theoretical capacity (1675 mAhg™'). This decreased to
186 mAhg™' at 100" cycle, decreasing 54% compared to the
first cycle. A similar decrease in specific capacity as a function
of hundred charge-discharge cycles was observed for other C
rates. The reduction in specific capacity compared to the first
charge-discharge cycle was 35% (1 h™"), 14% (2h™") and 44%
(5h7"). These experiments indicate the poor efficacy of DLC-
Gthat is devoid of heteroatoms in Li—S batteries. Furthermore,
the polarization of the discharge curve means poor electro-
catalysis while using G—A as electrode material. In the case of
G—M, the specific capacity of the first cycle was 535 mAhg™'
(0.2 h™"), which is 163 mAhg™" higher than that of G-A based
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batteries (Supporting Information, Figure S6). We attribute the
marginal performance increase to the presence of 24.8% of
pyridinic nitrogen in G—M. The decrease in specific capacity as
a function of hundred charge-discharge cycling was found to
be 42% (311 mAhg™" at 100™ cycle). Thus, the performance of
G—M (N doped layer comprising graphene) is better than G—A
based batteries. The improved performance is attributed to
heteroatoms that are present in G—M. At higher C rates, the
decrease in specific capacity as a function of hundred charge-
discharge cycling was found to be 25% (1 h™), 14% (2 h™") and
31% (5 h™). So far, a battery is subjected to charge-discharge
cycling at a particular C rate for hundred cycles. To test a
battery’s efficacy as a function of various Crates, rate perform-
ance studies were conducted. In this experiment, a battery was
subjected to charge-discharge cycling at 0.1 h™' and the C rate
was gradually increased up to 5h™". While increasing the C
rate, the specific capacity decreases. At 5h™', the specific
capacity decreased by 82% compared to 0.1 h™'. This result
raises the question, is the massive decrease due to sulfur
dissolution? To test this, the battery that was discharged at
5 h™", was subjected to charge-discharge experiment at 0.1 h™".
In this experiment, the specific capacity bounced back to
634 mAhg™', which is very close to the specific capacity
observed at the start of the experiment (Supporting Informa-
tion, Figure S7). Please recall the specific capacity at 5h™' was
124 mAhg™', which was observed in the previous experiment.
Thus, the bounce-back of specific capacity at 0.1 h™' indicates
that the polysulfide dissolution is low during charge-discharge
experiments, while using G—M.
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In the next set of experiments, G—-M-T was used to prepare
the battery electrodes. The specific capacity of batteries
prepared using G-M-T was 1270 mAhg~', while charge-
discharge experiment was carried out at 0.2 h™' (Supporting
Information, Figure S8). This value is 898 mAhg™" higher than
the control experiment (G—A based batteries). The impressive
performance enhancement is attributed to the presence of
40.9% pyridinic nitrogen. The decrease in specific capacity as a
function of hundred charge-discharge cycling was found to be
39%. This data indicate the improvement in battery perform-
ance imparted by doping the carbon layer with N and S. The
rate performance study was conducted by following the
procedure adapted for G-M based batteries. At 0.1 h™', the
specific capacity was found to be 1426 mAhg™'. Upon increase
in C rate, the specific capacity decreased. The lowest specific
capacity of 513 mAhg™' was found at 5h™'. The decrease is
64%. After the charge-discharge experiments at 5h™', the
batteries were cycled at 0.1 h™". The specific capacity was found
to be 108 mAhg™' (Figure 3c). This is 75% of the specific
capacity observed at the same C rate (0.1 h™") during the start
of the experiment. Thus, the battery didn't recover fully
probably due to polysulfide dissolution. Thus, the polysulfide
dissolution is higher in case of G—M-T based batteries
compared to G—M based batteries. This correlates well with the
observation of decrease in peak intensity in cyclic voltammo-
grams of G—M-T based batteries (Figure 3a). To study the
electrocatalytic properties of DLC-Gbased batteries, symmetric
cells were fabricated. The working and counter electrodes
comprise DLC—G, conducting carbon and binder. The electro-
lyte comprises Li,Se.The cyclic voltammograms (CV) were
recorded between —1 and + 1V at a scan rate of 5mVs™'. The
CV of G-A showed extremely weak oxidation (0.11V) and
reduction (—0.11V) wave. G-M also showed oxidation and
reduction waves at 0.24 and —0.24V, respectively (Figure 3d).
This indicate poor electrocatalysis by these two DLC—G. Indeed,
the CV of symmetric cells without Li,S, in the electrolyte didn't
show oxidation and reduction waves (Figure 3d). Thus, the
oxidation and reduction waves in the CV of G-A and G—M
based symmetric cells originate from Li,S¢. The CV of G—M-T
showed a sharp oxidation peak at 0.12 V. This peak corresponds
to the conversion of lithium sulfide to lithium polysulfide and
sulfur. Two peaks were observed during the reverse scan at
—0.12 and —0.29 V. The peak at —0.12 V corresponds to the
conversion of Li,S¢ to short chain lithium polysulfide. The peak
at —0.29 V corresponds to the formation of lithium sulfide.””!

To test the hypothesis that DLC-Gwith Nickel ion and N as
an efficient electrocatalyst, graphene was prepared by ball
milling graphite with Nickel phthalocyanine. The sample was
subsequently heated to get DLC-Gwith Ni ion and N. This
sample will be mentioned as G-NP in the forthcoming
discussions. The XPS spectra of the sample confirmed the
presence of pyridinic nitrogen (38.9%), pyrrolic nitrogen (28.6)
and graphitic nitrogen (32.4%) (Supporting Information, Fig-
ure S9). The TEM image showed about five layers of graphene
in the samples of G-NP (Figure 4a). The elemental mapping
showed Ni ion and N are uniformly distributed throughout the
sample (Supporting Information, Figure S10). The G-NP was

Batteries & Supercaps 2022, 5, 60-69 www.batteries-supercaps.org

blended with sulfur and the sample was subjected to TGA
analysis. The sulfur content was found to be 89.4%, which is
the highest among DLC—G(Figure 4b). To test whether the G-
NP has attractive interaction with polysulfides, 5 mg of G-NP
was dropped into the 5 mM solution of Li,Ss. The solution was
left quiescent for 12 hrs. The solution appeared colorless to the
naked eyes indicating that the polysulfide is adhered to the
positive charge bearing G-NP. An aliquot was taken to record
UV-vis absorption spectra. The absorption peaks corresponding
to S¢& showed the lowest absorption among all the DLC—G-
(Figure 4c). This corroborates our hypothesis of polyvalent
interaction between the Ni cations of G-NP with that of
polysulfides. In order to study the electrocatalysis of DLC—G,
symmetric cells were fabricated. In these cells, the working and
counter electrodes are prepared with same material. The cyclic
voltammograms were recorded at a scan rate of 5mVs . In
case G-NP based symmetric cells, two well defined oxidation
and reduction peaks were observed (Figure 4d). The first
oxidation peak centered at 0.09V, indicates the oxidation of
Li,S to Li,Ss and the second oxidation peak at 0.25V is due to
the conversion of Li,Sg; to sulfur. The two reduction peaks
observed at —0.09 and —0.25 V are due to conversion of sulfur
to Li,S¢ and Li,Ss to Li,S (Figure 4d).*”® From these experi-
ments, we can conclude that the G-NP is an efficient electro-
catalyst. The batteries were fabricated using G-NP following the
procedure used for other materials in this work. The cyclic
voltammetry of the batteries fabricated using G-NP, sulfur,
binder and conducting carbon showed typical redox peaks
expected of sulfur. The decrease in peak current intensity (i,)
after five cycles is 5.8% (Supporting Information, Figure S11).
This i, decrease is the lowest among all the DLC-Gstudied in
this work. The absorption solution studies and cyclic voltamme-
try studies of batteries confirm the suppression of polysulfide
dissolution due to polyvalent electrostatic attraction between
G-NP and polysulfides. The sharp peaks at 2.43 V in the cyclic
voltammogram also indicates the electrocatalytic property of
G-NP. The electrocatalytic activity is attributed to the presence
of high percentage of pyridinic (38.9%) and graphitic nitrogen
(324%). In the charge-discharge experiment, the specific
capacity at the first cycle was 1345 mAhg™' (0.2 h™"). This
specific capacity is 80% of theoretical maximum (Figure 5a). At
the 100" cycle, the specific capacity decreased to
1084 mAhg™". The decrease is mere 20%. Unlike other DLC-G,
the specific capacity of the first cycle remained above
1000 mAhg™' at high C rates such as 2h™' (1218 mAhg™).
Furthermore, the decrease in specific capacity as a function of
hundred charge-discharge cycles varied as follows,13%
(05h7"), 21% (1h™), 20% 2h™"), 7% (5h™"). The lowest
specific capacity of 815 mAhg™' was found for batteries cycled
at 5h™". This impressive performance is due to polyvalent
attraction between Ni ions on the layer of graphene with
polysulfide. Please note that the discharge curves don't show
any polarization due to electrocatalysis and suppressed dis-
solution of polysulfide. To further test the efficacy of batteries
comprising G-NP, rate performance experiments were con-
ducted. The specific capacity was 1279 mAhg™' (0.1 h™") at the
start of the experiment, which decreased to 324 mAhg™'
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(5 h™"). Immediately after cycling at 5 h™', the experiment was
conducted at 0.1 h™'. In this experiment, the specific capacity
bounced back to1214 mAhg™" (Figure 5b). The loss of specific
capacity is a mere 6% while going from 0.1 to 0.1 h™' through
0.2, 0.4, 0.5, 0.6, 1, 2, 3 and 5 h™". The data corroborates our
hypothesis that the Ni ions on the layer of graphene withhold
the polysulfide during the charge-discharge cycling experi-
ments. To further study the cycling stability of G-NP based
batteries, they were subjected to five hundred charge-
discharge cycles. The G-NP based batteries’ specific capacity
decreased by 39% and the exact value of specific capacity was
748 mAhg™" (Figure 5¢c). Contrary to this, G-M-T based bat-
teries exhibited initial specific capacity comparable to that of
G-NP based batteries. However, at the end of five hundred
charge-discharge cycles, the absolute specific capacity was
156 mAhg', which is 4.7 times lower than that observed for G-
NP based batteries. The decrease is a massive 88% for G—M-T
based batteries. In the case of G-M and G—A based batteries,
the initial specific capacity was low. Their specific capacity
fading over 500 charge-discharge cycling is also comparable.
G—M batteries show a slightly better performance than the
G—A based batteries. The performance enhancement in case of
G—M-T based batteries at the beginning of charge discharge
experiment is impressive. But the fading in specific capacity as
a function of cycle number is very high. Thus, the overall
battery performance of G—M-T batteries is moderate. However,
the overall performance of G-NP based batteries is very
impressive. From the available data, we computed Ragone plot
by calculating specific power and energy. The G—A and G-M
based batteries showed very high specific power but exhibited
poor specific energy. Contrary to this, the G—-M-T and G-NP
based batteries exhibited high specific energy. Specific energy
equals the multiplication of cell voltage and amount of charge
stored. The cell voltage is very close for all the batteries.
However, the amount of charge stored is high for G-M-T and
G-NP. Therefore, the batteries based on G—M-T and G-NP also
showed high specific energy (Figure 5d). In addition, the
batteries with G-NP exhibited high specific power (4437 Wkg™)
also. The specific energy is 782 Whkg™' (Figure 5d).

3. Conclusions

In conclusion, we have developed an approach to prepare
graphene with a layer comprising heteroatoms by employing a
mechanical exfoliation process. The process utilizes exfoliators
during the exfoliation of graphene from the pristine graphite.
By judicious choice of exfoliator, DLC-Gwith nitrogen and DLC-
Gwith nitrogen and sulfur are prepared. The battery with DLC-
Gcomprising nitrogen and sulfur showed improved specific
capacity compared to battery comprising DLC-Gwith nitrogen
alone. However, the polysulfide dissolution is not suppressed.
The DLC-Gwith Ni cations and nitrogen showed impressive
specific capacity, power and energy density. This has been
attributed to electrocatalysis facilitated by high percentage of
pyridinic nitrogen. The suppression of sulfur dissolution is
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attributed to electrostatic polyvalent attraction between Ni
cations and polysulfide.

Experimental Section

Chemicals and materials

Graphite powder (Sigma-Aldrich, <20 um), Melamine (Alfa Aesar,
99%), Anthracene (Alfa Aesar, 99%), Ni-Phthalocyanine (Sigma-
Aldrich, Dye content ca. 85%), 3-Thiopheneacetic acid (Sigma-
Aldrich, 99%), Dimethylformamide (DMF, Merck, AR grade), Triton
X-100 (Sigma-Aldrich, LR grade), Sodium thiosulfate (anhydrous,
99%), Hydrochloric acid (HCl, Merck, AR grade, 37%), Super P
carbon (Imerys Graphite & Carbon Switzerland Ltd., Switzerland),
polyvinyldifluoride (PVDF, Kynar HSV900, Arkema Inc., USA), N-
Methyl-2-pyrrolidone (NMP, Merck, AR grade), Celgard 2325
(Polypore, USA), Bis(trifluoromethane)sulfonimide lithium salt (LiTF-
Sl, Sigma-Aldrich, 99.95%), Lithium nitrate (LiNO;, Sigma-Aldrich,
99.99%), 1,3-dioxolane (DOL, Sigma-Aldrich, 99.8%), 1,2-dimeth-
oxyethane (DME, Sigma-Aldrich, 99.5%) and Chloroform (Merck, AR
grade) were purchased and used without further purification.

Exfoliation of graphite

The few-layer Graphene was prepared through a mechanical
exfoliation process using the planetary mill (FRITSCH, PULVERISETTE
6). The graphite powder was exfoliated using various exfoliating
agents such as Melamine, Anthracene and Ni-Phthalocyanine
(Scheme S1).

Samples 1-4

Graphite powder (1.5g) and Melamine (7.5g) were placed in an
Agate ball mill grinder (250 mL) with six balls (1 cm diameter). The
ball milling conditions are mentioned in Table S2 for respective
samples. The as-prepared material was washed with a copious
amount of Dimethylformamide (DMF) for an hour to remove the
excess amount of melamine present in it and filtered and dried at
60 °C under vacuum for 16 h.

Samples 5-8

Graphite powder (1.5g) and Anthracene (7.5g) were chosen and
followed the same procedure, and the milling conditions were
mentioned in Table S2.

Samples 9-12

Graphite powder (1.5g) and Ni-Phthalocyanine (7.5g) were used
and followed the same procedure and the milling conditions were
mentioned in Table S2.

Synthesis of G-M, G-M-T, G-A and G-NP

G—M was obtained by carbonizing sample 4 at 600°C under an
Argon atmosphere for 4 h with the heat flow of 5°Cmin~". For G-
M-T, Sample 4 (9g) was further ball milled with 3-Thiophene acetic
acid (4.5g) for 60min with the speed of 200 rpm, washed with
DMF, filtered and dried at 60°C under vacuum for 16 h. Then
carried out for carbonization at 600 °C under an Argon atmosphere
for 4 h with the heat flow of 5°Cmin~'. G-A was obtained by
carbonizing sample 8 at 600 °C under an Argon atmosphere for 4 h

© 2021 Wiley-VCH GmbH
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with heat flow of 5°Cmin~". For G-NP, Sample 12 was carbonized
at 600°C under an Argon atmosphere for 4 h with the heat flow of
5°Cmin".

Synthesis of sulfur composite materials

The Sulfur particles were synthesized by the wet chemical process.
In this method, 9 mL of Triton X-100 (1 wt%) was added into
aqueous sodium thiosulfate (300 mL, 0.05 M) and the solution was
heated at 70°C, followed by 10%HCI solution (30 mL) was slowly
added into the above solution under vigorous magnetic stirring.
The suspension of doped layer comprising graphene (DLC-G)
(72 mq) in 100 mL of de-ionized water, was added drop-wise under
magnetic stirring. After 15min, the solution was cooled down to
room temperature, filtered under vacuum with a copious amount
of de-ionized water, dried at 60 °C for 16 h.

Material characterizations

The TEM images were recorded with Tecnai G2 20 S-TWIN
transmission electron microscope and HRTEM images were
recorded with a Jeol 1200 EX transmission electron microscope.
The carbon-coated copper grids (400 grids) were obtained from
Ted Pella. E-SEM images were recorded using Quanta 200 and
FESEM imaged were recorded with Nova Nano 450, both the
instruments from the FEI company. The sample preparation for
TEM and SEM were performed by preparing the 1 mg of sample
dispersed in DMF and drop cast on the carbon-coated copper grid
and silicon wafer are respectively. After the solvent evaporation,
the substrates were kept at 40°C for 12 h and then performed the
characterizations. The Raman spectroscopy measurements were
performed with the help of a LabRam spectrometer (HJY, France)
equipped with a laser wavelength of 632 nm. PANalytical instru-
ment was operated using Cu K, radiation (A=1.5424) at a
scanning rate of 2°min~' and a step size of 0.02° in 26 with
operating voltage 40 kV and operating current 30 mA to acquire
the X-ray diffraction spectra. XPS measurements for the materials
were done on Thermo Kalpha+ spectrometer using Al K, radiation
with an energy of 1486.6 eV. All the spectra were charge corrected
with reference to Cls at 284.6 eV. The peak fittings were carried
out using CasaXPS software. Thermogravimetric analyzes were
carried out on SDTQ600 TG-DTA analyzer in a nitrogen environ-

ment with a ramp of 5°Cmin~".

Electrochemical measurements

The sulfur composite materials were used for battery application.
The slurry for the cathode was prepared using the DLC—G, Super P
carbon and PVDF are mixed with the mass ratio of 60:30:10, in N-
methyl-2-pyrrolidone (NMP) solvent. The slurry was coated onto
carbon-coated aluminium foil, allowed to dry at room temperature
and dried at 60°C for 16 h. The above-prepared electrode was used
as a working electrode, Li foil as counter and reference electrode
and Celgard 2325 as separator (Thickness 25 pm). 1.0 M LiTFSI in
1,3-dioxolane and 1,2-dimethoxyethane (volume ratio 1:1) and
0.4 M LiNO; was used as an electrolyte. The 2032 type coin cells
were fabricated in an Argon filled glovebox (MBRAUN, O,<

Symmetrical cell assembly and tests

A 0.2 M Li,S¢ solution was prepared by dissolving elemental sulfur
and Li,S (5:1 molar ratio) in a mixture of DOL and DME (volume
ratio of 1:1) under vigorous stirring at 50 °C. The symmetrical cells
were fabricated using identical DLC—Gs. The cells were assembled
inside an Argon filled glovebox and CV tests were conducted for
the symmetric cells with potential window of —1 to1V at 5mVs™".
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