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Summary

It will not be overstated if it is admitted that Li-ion batteries are one of the greatest
achievement of the modern industrialized world. Li-ion batteries are everywhere
in gadgets, laptops and almost in every portable consumer electronics. But, future
energy storage demand for electrical mobility and smart grid asking for much
higher energy density, sustainable and cheaper solutions. Lithium-sulfur (Li/S)
technology has emerged as one of the promising solutions to such demands as it
can offer five times high energy density than that of state of art Li-ion technology.
Li/S system can be potentially regarded as a sustainable and cheaper technology
owing to abundancy and benignity of sulfur. However, the insulating nature of
sulfur and Li,S, free solubility of lithium polysulfides (LiPS) in the electrolyte,
shuttling of LiPS across separator and use of metallic lithium as anode challenge
the scientific community to offer some practical solutions for its commercialization.
The effort has to be done in various dimensions to realize stable and long-life Li/S
batteries.

In this dissertation, first the focus is given to design cathode materials that can
effectively host sulfur and its redox species. In addition to synthesizing effective
host materials that can efficiently interact with LiPS, the emphasis is also
maintained on practicability and industrial viability of the procedures. Literature
carries various reports in which highly sophisticated materials and complex
methodologies have been opted to show the longevity of sulfur cathodes using
lithium metal as the anode. However, these approaches have been questioned for
their industrial feasibility. So, in this dissertation, we have put forth multiple
approaches to realize efficient and long-life sulfur cathodes keeping in view
industrial viability. In the very first part of the thesis, a strong literature review has
been presented to better understand the present state of research in Li/S technology.
In the next three chapters, diverse strategies have been exploited to reach stable



sulfur cathodes. In the next chapter, two practical approaches have been established
to accomplish silicon anodes. In the last section, sulfur cathodes and silicon anodes
have been integrated in full cell configuration to accomplish lithium metal free
sulfur cells.

In the second chapter, two strategies have been put forth to produce microporous
and hierarchical porous carbon matrices. The microporous carbon has been
achieved by carbonization of B-cyclodextrin nanosponges. This preliminary work
lays the foundation to understand Li/S system. In the second strategy, elemental
doped high surface area hierarchical porous carbons have been realized by KOH
activation and carbonization of polypyrrole and polythiophene. Using these
nitrogen or sulfur-doped hierarchical porous carbons, the sulfur cathode has
delivered highly stable capacities for more than 300 cycles. In the third chapter,
three approaches have been proposed to prepare inorganic moieties decorated
carbon structures. In one strategy, Magnéli phase TiOx decorated carbon has been
synthesized by simultaneous carbothermal reduction and carbonization from
commercial TiO; powder. In another approach, electrochemically MnOx deposited
carbon structures have been exploited for high sulfur loading freestanding
electrodes. In the last approach, VN decorated nitrogen-doped carbon has been
achieved by a simultaneous in-situ ammonization and carbonization from
commercial V20s powder. All three strategies exhibited promising stable cycling
and rate capabilities performances with reduced capacity decay rate. In each case,
as-synthesized materials have been physiochemically characterized for their
distinct properties and ability to interact with LiPS.

In the fourth chapter, electroactive polymer covered carbon/sulfur composite has
been suggested. In this section, a practical inadequacy of previous reports has been
addressed where chloride-ion doped polyaniline had been proposed to limit LiPS
solubility. We offered an alternative and trivial solution by accomplishing formate-
ion doped polyaniline wrapped carbon/sulfur composite by in-situ oxidative
polymerization. The as-prepared cathodes exhibited very stable performance
around 800 mAh g! for more than 500 cycles at 0.2C. In the fifth chapter,
Si@void@CNF have been integrated with elemental doped hierarchical porous
carbon/sulfur to reach lithium metal free Li/S full cells. For the purpose, Si anode
has been lithiated and balanced in areal density to the sulfur cathode. The as-
assembled full cell has shown the promising capacity of 800 mAh g!' with 50%
stabilized capacity retention for than 100 cycles at 0.15C. So, the rational design of
porous carbon matrices has enabled to realize full Li/S cell.
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Chapter 1

Introduction: State of the art

1.1 Introduction to Li-ion battery (LIB) technologies

Continuous depletion of fossil fuels’ resources and ever-increasing environmental
concerns have challenged humanity to look for an alternative, sustainable and clean
energy solutions. The scientific community has been since then involved in the
problem, and vigorously explored solar, wind and wave energies to provide clean
alternatives to society. Researchers started successfully harvesting these energy
sources for both stand-alone facilities and national grids. But, powering the vehicles
and power tools directly from these sources is not possible to date, unless
researchers come up with the solution to store energy from these clean sources
directly or indirectly. Li-ion batteries (LIBs), owing to high energy and power
density, have materialized as an ultimate electrochemical energy storage choice for
portable devices, power tools, electrical vehicles, and smart grid applications [1].

Typically, LIBs are comprised of an intercalating positive electrode (cathode) made
of layered transition metal oxide (LiMO2) and a negative electrode (anode) made
of carbon graphite separated by a polyolefin separator soaked in an electrolyte that
1s a mixture of alkyl carbonate organic solvents (ethylene carbonate-dimethyl
carbonate (EC-DMC)) and a lithium salt (LiPFs). The reversible electrochemical
reactions at both electrodes are as follows:

LiMO, S Lip_x»)MO, +x Li* +xe7,0 <x < 0.5 ... at positive electrode
6C+yLit+ye” SLiyCs0<y<1... atnegative electrode

The LIB cathode materials are lithium containing transition metal oxides, where Li
ions can be diffused freely through the crystal structure. These oxides can be
categorized as one, two or three-dimensional based on crystal structures that are
also determinant of number of intercalation dimension. Various LIB cathode
materials are reported in Table 1.1 with their specific and volumetric capacities.
LIB anode materials are majorly dominated by graphite and hard carbon. Graphite
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is the most dominant anode material that is characterized by flat discharging profile.
Among graphite, modified natural graphite is leading followed by mesophase and
synthetic graphite. The theoretical gravimetric capacity of carbon anode materials
is limited to some 372 mAh g![2]. Another anode material is lithium titanium
dioxide LisTisO12 (LTO) with a lower capacity of 170 mAh g, yet it is a
commercial choice because of the zero-strain intercalation mechanism [3]. Silicon
and tin-based anode materials are in rigorous research because of their high
theoretical capacities (i.e. 3579 and 994 mAh g™! respectively) [2]. The gravimetric
or volumetric energy density (Wh kg™! or Wh L!) is one of the most important
criteria to evaluate the battery’s performance along with power density. LIB has
successfully revolutionized the era of portable devices. LIB based electrical
vehicles (EVs) also started diffusing into the market with some impact. Yet, there
are always debates about the sustainability, safety, and efficiency of the proposed
solution. LIBs impose a practical limit to the mileage of these vehicles on a single
charge. The energy density of LIBs is practically limited to 250-300 Wh kg™! at
pack level [4]. Secondly, LIB are always questioned for their safety and cost (300
$ kW h!), mainly because of cobalt [5, 6].

Table 1. 1: Representative LIB cathode materials; their crystal structures, capacities, and
median working potentials

Specific Volumetric

Crystal capacity capacity Median

structure

Compound (theoretical/ (theoretical/  voltage
experimental) practical)

LiCoO; (LCO) 274/148 1363/550 3.8
LiNiO» 275/150 1280 3.8
LiMnO» 285/140 1148 3.3
Layered LiNio,le’lo,st 280/170 - 3.6
(2D) LiNip33Mno.33C00.3302
strucutres | (NMC) 280/160 1333/600 3.7
LiNio.8Co0.15Al0.0502
279/1 1284/700 .
(NCA) 79/199 84/7 3.7
Li;MnOs 458/180 1708 3.8
Spinel LiMn2O4 (LMO) 148/120 596 4.1
(3D) LiC0204 142/84 704 4.0
structures
Olivine LiFePO4 (LFP) 170/165 589 34
(1D) LiMnPO4 171/168 567 3.8
strucutres | LiCoPO4 167/125 510 4.2
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1.2 Introduction to Li/S technology

As highlighted, typical Li-ion technologies cannot meet the high-energy demands
for systems such as smart grids and electrical transportation, as their energy density
is practically limited to 300 W h kg™!. Li-S batteries emerged as a prospective
solution to the issue due to their remarkably high specific energy value (2600 W h
kg! or 2800 W h L) that is > 5 times to the available Li-ion technology [7, 8]. The
reversible electrochemical conversion of sulfur (Sg) into Li2S through a series of
lithium polysulfides (LiPS) derives the high-energy Li-S system. Natural
abundance of elemental sulfur in the Earth’s crust makes Li-S technology an
attractive low cost alternative to Li-ion batteries. Sulfur cathode exhibits conversion
chemistry and stands prominent in the matrix of both insertion and conversion type
cathode materials because of high specific capacity (1672 mAh g!).

Vyi
7’

Potential vs. Li/Li" (V)

S Li
0 T T A T T 'I
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Figure 1.1: Specific capacities and operating potentials of different kind of cathode and
anode materials for present and future Li-ion battery technologies

1.2.1 Operational mechanism of Li/S batteries

A conventional Li/S cell is composed of a carbon/sulfur cathode, a Li or lithiated
anode and a liquid electrolyte placed in between two electrodes parted by a
separator.  Discharging involves both electrochemical and chemical
(disproportionation) reactions. The sulfur (Ss)-containing cathode typically
discharges in two plateaus; the first plateau (relatively smaller) appears at a voltage
around 2.3 V vs. Lit/Li, corresponding to Sg reduction to Li»Sg to Li2S¢. Then,
there is a transition between 2.3 and 2.1 V, which is associated to the conversion of
long chain PS (Li2S;,, n>4) to medium chain PS (Li2Sy, n<4). A second long plateau
occurs at 2.1 V vs. Li*/Li linked to the transformation of Li>S4 to Li»S; and finally
Li>S [9, 10]. The whole process is depicted in figure 3. Charging of sulfur cathode
takes place at 2.3 and 2.4 V to shift back to Sg from LiS again through a series of
LiPS. The reactions at the two electrodes can be simply represented as follows:

Anode: Li - Lit +e”



4 Introduction: state of the art

Cathode: 2Lit + S+ 2e” - Li,S
Overall Redox reaction: 16Li + Sg — 8Li,S
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Figure 1. 2: Schematic illustration of the working mechanism and limitations associated
with Li/S system
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Figure 1. 3: a) Typical charge and discharge voltage profile of Li/S system b) illustration
of different discharging events occurring at different voltages at the cathode

At open circuit potential (OCP, Q.), the potential difference arises from the
electrochemical potentials of lithium anode (J.) and Sg cathode (Q.) (figure 1.4a).
On discharging, Sg shows two reductions peaks in cyclic voltammetry to transform
into Li2S. Discharging brings sulfur cathode at lower electrochemical potential. On
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charging, oxidation of Li>S to Sg happens with a broad oxidation peak with a
shoulder around 2.4 V and battery is again at @ (Figure 1.4b).
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Figure 1. 4: a) Energy diagram of Li/S cell (sulfur as cathode and Li as an anode) with
events of charging and discharging, b) typical cyclic voltammetry profile of Li/S cell

1.2.2 Challenges to Li/S battery system

Li/S battery technology is presently facing several setbacks that result in poor cycle
life. Some of the drawbacks in Li/S technology include (i) low degree of sulfur
utilization, (i1) fast capacity fading, (iii) poor rate capability and (iv) low Coulombic
efficiency [10]. These limitations arise from all three active components (i.e. sulfur
cathode, a lithium anode, and electrolyte) of Li/S cell.

Limitations from the sulfur cathode

The terminus products of Li/S cell (i.e. Sg and Li»S) are very insulating in nature.
The literature reported conductivities are 5 x 107 S em™ and 10"° S cm™! for S
and LiS respectively. This makes essential the use of some conductive structures
to ensure electronic conduction pathways. Free solubility of intermediate LiPS
(L12Sn, n =4-8) in liquid electrolyte causes the elimination of active material from
the electrode surface. Dissolution of LiPS also causes the shuttle of sulfur species
to the anode where they chemically reduce to Li;S (figure 1.2) and result in
progressive decay of cathodic and anodic active materials [11]. There is an increase
in the volume of the cathode active material that causes morphological disruption.
If the volume change is not buffered, then there will be a lack of morphological
restoration and result in loss of active materials. This limitation obliges the use of
highly porous matrices that in turn demand a high amount of electrolyte for correct
operation [8, 10].

Limitations originated from the anode

At present, the non-availability of high capacity negative electrodes directs the use
of lithium (Li) metal as a counter electrode. Li can be considered as an ideal anode
material for high-energy storage system because of its exceptionally high
theoretical specific capacity (3860 mAh g!), low density (0.534 g cm™) and the
lowest negative electrochemical potential (—3.040 V vs. SHE). Nevertheless, Li
anodes are subjected to uncontrolled dendritic growth and poor Coulombic
efficiency (C-efficiency) [ 12]. Dendritic growth on the surface of Li results in short
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circuits and consequently, a big safety hazard is entitled. On the other side, this
dendritic growth also results in dead Li whose outcome is short cycle life. Poor C-
efficiency in such a system arises electrolyte degradation due to interaction with
active Li surface [12-14]. These issues either can be resolved by protecting the Li
surface, hindering the dendritic growth as well as preventing the electrolyte from
coming in direct contact with Li surface, or by developing new high capacity anodes
like silicon (Si) or SnO». Si anode theoretically exhibits very high theoretical
capacity (4200 mAh g') but the process of alloying into Lis2Si and de-alloying
results in abrupt morphological changes, thus quick loss of active material from the
electrode surface. SnO> based electrodes also show the reasonably high specific
capacity of 782 mAh g'! but these anode materials also require rigorous synthesis
and are subjected to fast decay as Si [13].

Limitations associated with the electrolyte system

Sulfur and its redox species one way or another are soluble in the electrolyte system,
thus resulting in undesirable products that constrain the correct operation of the
battery. So, the selection of electrolyte and additives plays a critical role in the final
performance of the device. Currently, the combination of binary organic solvents
with some lithium salt has been widely opted as an electrolyte to discern the
performance of Li/S batteries. The most relevant properties of electrolyte solvent
are their dielectric constant, viscosity, electrochemical stability, and donor number;
those, in turn, determine the LiPS solubility, mobility, and dissociation. So, the
most relevant solvent for Li/S should be with high donor number, low dielectric
constant to lithium salts and LiPS, stable towards the nucleophilic attack of LiPS
and highly viscous to reduce the LiPS solubility. Ether-based solvents fulfill these
criteria significantly. So, the most commonly employed electrolyte system is a
combination of linear and/or cyclic ethers such as 1,2-dimethoxyethane (DME),
diethylene glycol dimethyl ether (diglyme, DEGDME), tetraethylene glycol
dimethyl ether (tetraglyme, TEGDME), polyethylene glycol dimethyl ether
(PEGDME) and 1,3-dioxolane (DOL) etc with some Li salt such as LiTFSI or
LiClOg4 [15-18]. LiClO4 was not able to make its ways because of safety hazards.
In addition to these, LiNOs is also part of most electrolyte systems as an additive.
LiNO3z somehow is considered a solid electrolyte interface (SEI) promoter on solid
lithium surface to suppress the LiPS reactivity and inhibit the moss-like growth on
Li surface [19, 20]. The major drawback arises from this system is the solubility of
LiPS in it. LiPS are freely soluble in present-day electrolyte system, thus, they can
shuttle to across the system and results in the fast capacity fade. Shuttling of LiPS
give rise to continuous loss of active material at the anode as Li2S. The shuttle
phenomenon arises from concentration gradient within a cell that can be observed
as prolonged charging due to recurring redox reactions, thus effect in low
Coulombic efficiency [11, 21]. Poor rate capability performance also originates
from the electrolyte system, as soluble LiPS alters the electrolyte ionic conductivity
and impedes the mass transport. In addition to LiPS, there is the presence of radical
species, such as S;3”, that can reportedly react with carbonates based solvents
irreversibly [22], whilst reaction is not happening in solid state [17, 23]. Different
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electrolytes altogether exhibit different solubility towards sulfur and LiPS, hence
there is a noteworthy change in working behavior of the system. Ether-based
electrolytes are most widely accepted and preferred over other solvents sulfolanes
[18, 24] and tetrahydrofuran (THF) [25]. In dimethyl sulfoxide, sulfur can only be
reduced to S4> species that results in poor efficiency, while THF with 100%
efficiency exhibit thermodynamic instability towards bare Li metal. The
composition of different electrolyte systems will be discussed in the coming
section. Electrolyte to the sulfur ratio (E/S) is also one of the critical determinants
of Li/S cell performance [26]. High E/S greatly contributes towards the initial high
capacity values due to better solubility of LiPS but results in low energy density
and may cause faster capacity decay initially. On another hand, low E/S promotes
a stable performance but causes low sulfur utilization

1.3 Approaches to improve Li/S battery technology — A
critical review

Several methodologies are proposed to make Sg, Li>S [27] and LiPS accessible for
electrochemical reactions. Most of the research work is dedicated to designing the
cathode materials for Li-S system, where sulfur is typically embedded into
conductive (ionic and electronic) matrices. There exist two main strategies to
improve the performance of sulfur cathodes; the first involves the physical
confinement of sulfur, and the second is associated with chemical binding of LiPS.
Porous carbon matrices are studied as effective scaffold materials to entrap sulfur
and its species owing to their higher specific surface area, lightweight and
conductivity. The most frequently reported carbon matrices are microporous,
mesoporous carbons, carbon nanotubes, carbon nanofibers, and graphene.
Nevertheless, the non-polar character of carbon limits the chemical immobilization
of LiPS at the cathode. Other confinement methods involve the wrapping of
sulfur/carbon or sulfur nanoparticles in conductive polymers such as polyaniline,
polypyrrole, polyacrylonitrile. Here, LiPS are also physically immobilized to
alleviate the shuttling effect. However, in certain cases, sulfur is covalently bonded
to polymer structures. The recent investigations involve the use of sulfiphillic
frameworks such as metal oxides, metal chalcogenides, metal nitrides, metal
carbides, MXene, C3N4 [28] where the LiPS are chemically immobilized to the
positive electrode. Metal structures such as TiOx, SiO2, A1LO3, MnOx, MgO, V20s,
MoS, TiN are considered as effective media to adsorb sulfur and its species owing
to intrinsic polar hydrophilic surfaces. Such metallic compounds can interact with
LiPS via chemisorption or can exhibit acid-base interactions and/or form a surface-
bound active redox mediator [29, 30]. Other methodologies involve the induction
of interlayers, coating and/or modification of separators and selection of electrolyte
systems to lower LiPS solubility. Modified separators and interlayers proved
significantly effective in trapping and blocking LiPS to reduce the parasitic
reactions at the anode. Altering the chemistry of inactive binders, as previously
reported, could turn them into interactive matrices where LiPS can be detained
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through electrostatic interactions. Lastly, the protection of Li anode surface or
construction of a new type of anodes is pivotal in realizing the safe and long life
Li/S batteries.

1.3.1 Cathode configurations

Sulfur-based cathodes can be obtained using three different forms of active
materials including the allotropic forms of sulfur, Li>S or polysulfides. Various
strategies and configurations are opted to assemble sulfur cathodes include porous
structures, sponges, foams or aerogels, sandwiched, layered or stacked structures,
hollow spherical structures, core-shell/yolk-shell nanostructures, metal as
electrocatalyst or integrated strategies. Figure 1.5 shows the roadmap for d Li/S
cathode development along the course of research.

S/C composite
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Figure 1. 5: A roadmap opted for the development of positive sulfur electrodes for Li/S
system

Carbon-based assemblies

Carbon materials unarguably are the most employed structures as host materials for
sulfur cathodes owing to their intrinsic conductivity and design flexibility. Carbons
can physically host sulfur and its species in their porous structures, and provide
electronically conductive pathways to realize the electrochemistry of insulating
sulfur. Carbons have been exploited as sulfur cathodes with reference to dimension
possibilities, form and amount of porosity, kind and degree of functionality and
level of graphitization as illustrated in Figure 1.6 [31]. Sulfur cathodes have been
realized with zero-dimensional solid or hollow carbon spheres, one dimensional
(1D) carbon nanotubes (CNT) and nanofiber, two dimensional (2D) graphene or
three-dimensional (3D) carbon aerogels and sponge structures. Poor electronic
conductivity of sulfur inevitably urges the use of conductive carbon particles such
as carbon black or acetylene black to pursue the reversible electrochemical reaction
of sulfur. Carbon in such form will not directly lessen LiPS dissolution and shuttling
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at any level. However, the use of high surface area porous carbons can do the trick
by accommodating the sulfur and its species into the pores analogous to micro-
reactors thus effectively contribute towards lower LiPS dissolution, leading to the
suppression of shuttling phenomena. A pioneer work was done by Nazar group in
which they successfully cycled the sulfur cathode prepared by melt infusing sulfur
into CMK-3 highly order mesoporous carbon [32]. Mesoporous carbons have been
considered ideal because of their small dimensions that allow the physical
confinement of elemental sulfur and its species. Xiao and co-workers have
demonstrated that pore structure and volume have a little contribution to cathode
performance. This has been attributed to the fact that mainly the electrochemical
reactions take place at the interface between carbon and sulfur as shown in Figure
1.3b [33]. So, the large surface area appears the most decisive factor owing to higher
kinetics and intimate contact. However, microporous carbons are also considered
effective because of their very small dimension as sulfur can only be accommodated
in smaller sulfur allotropic forms such as Sz, S3, S4 [34]. Hierarchically porous
carbons offer the advantages of all dimension confinement capabilities
synergistically [35]. Level of graphitization determines the conduction proficiency
of carbon, hence ensures better sulfur utilization and high rate capability by
diminishing polarization. Carbon materials are characterized as a non-polar class of
materials, hence carbon surface shows no chemical interaction towards LiPS.
Carbon surfaces can be polarized by introducing heteroatoms such as O, N, S, and
B to realize the LiPS interactions. Introduction of oxygen poses a detrimental effect
because it reduces the conductivity and promotes side reactions with sulfur species.
However, nitrogen doped carbons have shown promising contribution towards the
enhancement of battery performance because of polar interactions with LiPS [36].
1D-carbon materials include carbon nanofibers (CNFs) [37-39] and CNTs [40-42]
have been surveyed as a host material for the sulfur cathode. These structures offer
a larger surface area, high conductivity, and mechanical strength. Hollow, porous
and surface modified CNFs structures were among studied materials while in the
case of CNTs defected and surface doped tubes have been examined. 2D graphene
and graphene oxide (GO) carbon structures have also been investigated by design
of various architectures. Although these 2D structures offer high plane conductivity
and larger surface area, yet they are not suitable as it is to contain LiPS unless
architected with spatial symmetry. Some of the examples are core-shell graphene
or GO/ sulfur composite [43, 44], unstacked double-layer templated graphene [45]
etc. GO offers the possibility of chemically interacting with LiPS, but on another
hand, it reduces the conductivity linked to graphene. Nitrogen-doped graphene
showed a greater potential as a host material for sulfur cathode [46]. 3D carbon
scaffolds also emerged as a prospective candidate to host sulfur. Such frameworks
are usually assembled using 1D and/or 2D carbon structures [47, 48]. Hybrid/
composite approaches such as rtGO/CNT, graphene/CNF have also been considered
with remarkable performance [39, 49, 50].
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Conducting polymers confinements

Conductive polymers such as polyaniline (PANi) [51, 52], polypyrrole (PPyr) [51,
53-55], poly(3,4-ethylenedioxythiophene) PEDOT [51, 56, 57], polythiophene
(PThio) [58], and polyacrylonitrile (PAN) [59] have also been investigated as host
materials for sulfur cathodes owing to their conductivity, physical confinement
capability and possibly chemical interactions originate from polar bonds. Various
reports have addressed the wrapping of carbon/sulfur composites with such
conductive polymers to take advantage from the synergy between them [54, 56],
while some others opted the coating of such polymers around bare sulfur
nanoparticles [51, 55]. Earlier investigations related to this group of cathodes were
limited to a small number of cycles mainly because of aggregation and dissolution
of elemental sulfur. However, recent reports have shown remarkable cycling
performance by designing the molecular level composite [60]. This is achieved by
decreasing the particle size to nano-dimension and consistent wrapping of those that
in turn suppress the LiPS shuttling. For example, Ma et al. have reported PANi/S
composites that were prepared by vapor phase infusion of sulfur into hollow PANi
sphere. They have successfully displayed 1000 charging and discharging cycles
with capacity retention of 602 mAh g' at 0.5C [61]. It can be deduced that
conductive polymers have not superseded their carbon or inorganic counterparts in
performance, but their scalable and moderate synthesis conditions have favored
their exploration.
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Figure 1. 6: Graphic illustration of various cathode configuration approaches to suppress
LiPS at the cathode
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Inorganic formulations: Metal compounds

Metal compounds have been studied intensively in last three years as promising
candidates to host sulfur in lithium-sulfur batteries. It is believed that these
materials bear sulfiphilic surfaces and contribute to surface enhanced redox
chemistry or capability to spatially locate Li>S. These compounds open the horizon
for new strategies to trap LiPS. Metal oxides such as TiOx, SiO2, AlbO3, MnOx,
VOx, NiO, Cu20, FeOy, CoOx, M0O3 are recognized as effective matrices to adsorb
sulfur and its species owing to intrinsic polar hydrophilic surfaces of oxides.
Morphologically these metal oxides occur as 2D materials but still show good
cyclic performance in Li/S batteries as sulfur species can be chemisorbed, exhibit
acid-base interactions and/or form a surface-bound active redox mediator. In
various studies, optimized Li/S cells using metal oxides show a very low capacity
degradation (i.e. less than 0.05% per cycle). Various interactions between metal
oxides and polysulfides have been pointed out in the literature using the
“Goldilocks” principle [30]. According to this principle, metal oxides or similar
materials such as graphene oxide that possess the redox potential above a threshold
(i.e. 2.4 V) would oxidize polysulfides to thiosulfates or sulfates and those with
redox potential less than 2.1 V have no redox interaction with polysulfides as
indicated in Figure 7. For example, a number of metal oxides (NiO, Cu20O, CoO,
Ti02, Ti407, Fe203, and Fe304) with redox potential lower than 1.5 V exhibits no
chemical reaction with LiPS. These metal oxides with low redox potential can retain
LiPS mostly with polar interactions. Nazar and coworkers reported two metal
oxides VO2 and CuO with redox potential between 2.4 and 3 V that can selectively
initiate the oxidation of polysulfides into thiosulfates (S203*"). Thiosulfates play a
vital role in chemically trapping soluble LiPS by catenating them as polythionate
complex as indicated in the following equation [30, 62]. These polythionates are
reclaimed on oxidation and perform their role during charging. Oxides with redox
potential above 3.4 V such as V205 or NIOOH over-oxidizes the polysulfides into
sulfates (SO4>"), which has no role in trapping the polysulfides. V20s can also be
used as metal oxide with only polar interaction by running the cell at lower voltage
window and avoiding the accumulation of inactive sulfates. Although V>0; has
lower redox potential, yet it can trigger thiosulfate formation because it is unstable
in an oxidation environment and possess 4+ or 5+ oxidation states of vanadium on
the surface [30].

(8] (8] (8]
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Liang et al studied three different graphene metal oxides composite materials to
host sulfur for Li/S cells. Co20O3-graphene exhibited the fast capacity decay (i.e.
0.34% per cycle over 250 cycles) due to the polarization of oxide. Whilst V,0s-
graphene and VO:z-graphene Li/S cells show competitive performance for the initial
150 cycles with capacity retention of 76% and 74%. Afterward, their performance
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falls apart due to the utilization of polysulfides into sulfates by V2Os as mention in
the previous argument. On another hand, VO2-graphene Li/S cell continued cycling
for 1000 cycles with capacity decay of 0.058% per cycle. However, by tuning the
voltage window for V,0s spheres based S cathode from 1.8-3.0 V to 1.8-2.5 V, it
became possible to cycle the cell for 300 cycles with a capacity decay 0.048% per
cycle by avoiding the over-oxidation problem as shown in the figure [30]. In a
study, it has also been demonstrated that 6-MnO> nanosheets loaded with 75%
sulfur exhibited the specific capacity of 1300 mAh g™! and fades at 0.036% per cycle
over 2000 cycles. This milestone performance from MnO; cannot be referred to
chemisorption, instead, it is understood that MnQO; interacts with LiPS to produce
intermediates such as thiosulfates. As discussed earlier, these thiosulfates species
anchor the high order polysulfides by catenating to give rise to surface-bound
polythionate complexes, and a further reduction to Li>S and lower polysulfide is
achieved through disproportionation. This mechanism prevents the polysulfide
dissolution and shuttling for stable and long term cycling [62].

Surface coordination greatly influences the polysulfide binding to metal oxides. Yi
Cui et al revealed that conductive Magnéli phases TinO2:-1(3 < n < 10) such as
Ti407 has good binding capability for sulfur species at low coordinated Ti centers
in contrast to TiO; termed as Sulfiphilic. Magnéli demonstrated that the structure
of TinO2n-11s analogous to that of edge-shared TiOs octahedra in rutile except the
sharing of every nth octahedron due to the Ti reduction and the resulting oxygen
vacancies as shown in the figure. In Ti4O7, Ti atoms at surface show coordination
of'4, 5 and 6, where only 37.5% of atoms are coordinated to six (saturated bonding)
remaining 62.5% are bonded chemically in unsaturated mode. Secondly, Ti with
coordination number 5 in Ti4O7 is easily available for interaction as they lie in step
sites in contrast TiO> where they are on terrace sites. Thus, reduction of TiO:
imparts the electrical conductivity and provides the structure for strong interaction
of sulfur based species because of oxygen like valence characteristics. The initial
discharge capacity of TiO2—S, TicO11—S, and Ti4O7—S were reported 701, 713, and
1044 mAh g—1, respectively at 0.1C with C efficiency 96%. The capacity retention
for Ti6O11 and T14O7 was reported 89% and 99% respectively in comparison to TiO2
with retention lower than 58% for 100 cycles [63].

Transition metal sulfides such as TiS2, ZrS», VS, FeSz, NbS2, MoS2, SnS> were
also investigated as host materials for the sulfur cathode in Li/S batteries [64]. Metal
sulfides exhibit higher conductivity than that of metal oxides, even carries metallic
and half metallic phases. Seh et al. have reported 2D transition metal disulfides
such as TiS2, VS2, and ZrS; as effective host materials for LizS. In particular, they
have reported very good performance for TiS> encapsulated Li>S showing the
specific capacity of 503 mAh g Li,S under 4C with capacity decay less than
0.058% per cycle and high areal capacity of 3.0 mAh cm™ under high mass-loading
conditions (5.3 mgLi2S cm™). TiS, good performance as a host material for sulfur
is attributed to high conductivity and polar Ti—S bonds that can potentially interact
strongly with LiPS and Li,S. The results of the ab initio simulations point out strong
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Li—S as well as strong S-S interaction. The binding energy between Li>S and a
single layer of TiS> was estimated 2.99 eV that is 10 folds higher than that between
LizS and a single layer of graphene (0.29 eV). LixS@ZrS; and LixS@VS: core-shell
structures also exhibited high initial specific capacities of 777 and 747mAh/g Li>S
at 0.2C with capacity retentions of 85% and 86% respectively after 100 cycles,
which are much higher than bare Li>S cathodes (66% after 100 cycles) [65].

Pang et al exhibited a metallic cobalt sulfide Co9Sg as a host material with a
graphene-like interconnecting nanosheet architecture. The cathodes assembled
using Co9Sg showed excellent electrochemical performance with an initial
discharge capacity of 890 mAh g'! with a fading rate of 0.045% per cycle over 1500
cycles at C/2. This performance is delegated to metallic conductivity (290 S cm™)
due to the existence of peritectic phase in the Co—S phase diagram, and hierarchal
porosity of 3D structured CosSg nanosheets that imparts superior adsorptivity for
LiPS. The absorptivity of LiPS with Co9Ss is far superior to that of commercial
Super P and Vulcan carbon and twice to either of meso TiO> and TisO7. The
anchoring of LiPS was confirmed studying the binding energy on Co9Sg surfaces
via a combination of first-principles calculations and XPS studies [66]. M0S2.x/rGO
has also been investigated with promising electrochemical performance. It has been
demonstrated that sulfur deficient sites greatly contribute towards LiPS conversion
and catalyze LiPS conversion kinetics. Because of higher participation in reaction
chemistry, a very low quantity of MoS2.x/rGO has a greater influence on
electrochemical performance [67].

MXenes, a new class of 2D materials reported in 2011, are the stacks of 2D
transition metal carbides and carbonitrides of general formula M, +1 X, Tx , where M
stands for metal atom, X stands for C and/or N, n = 1, 2, or 3, and Tx represents
various surface terminations (OH, O, and/or F groups) [15]. These 2D structures
are intrinsically highly conductive and bear the chemically active surfaces to
interact with polysulfides by metal-sulfur interaction. Nazar et al demonstrated
MXene phase Ti2C with 70% sulfur loading as an effective host for Li/S batteries
without high surface area and well-ordered pores structure as required by other host
materials. It is reported that sulfur and its lithium species are strongly held at
metallic sites of highly conductive MXene phase Ti2C. 70 wt% S/Ti2C composite
cathodes show excellent cycling performance with specific capacity 1200 mAh/g
at C/5 and capacity retention of 80% is achieved over 400 cycles at C/2 current rate
because of the strong interaction of the polysulfide species with the surface Ti atoms
[68]. In a subsequent study, the same researchers claimed long term cycling
performance up to 1200 cycles with capacity retention of 450mAh/g and decay rate
of 0.043% for CNT-Ti2C, CNT-Ti3C, and CNT-Ti3CN host material [69].

Recently, transition metal nitrides and phosphides also exhibited note-worthy
electrochemical performances when integrated into sulfur cathodes. Hao et al.
reported electronic conductive TiN as efficient LiPS immobilizer via chemisorption
for high sulfur utilization and excellent rate performance [70]. In another
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investigation, VN/graphene composite has been realized for its strong LiPS
anchoring performance with low polarization and faster conversion kinetics [71].
Transition metal phosphides Ni;P, CozP, and Fe;P based sulfur cathodes showed
the higher sulfur utility and better cycling performance. It is illustrated that metal
phosphides not only can interact with LiPS but also catalyze the Li>S decomposition
[72]. Zhong et al. have revealed cobalt phosphide interaction mechanism with LiPS
that how surface oxidation greatly contributes towards strong LiPS adsorption [73].

Non-conductive metal-organic frameworks with superior polysulfides absorptivity
have been investigated to host sulfur directly or in synergy with other matrices. [74]

Table 1. 2: Representative Li/S cathode materials; their architecture, sulfur content, and
loading, and cycling performance

Category of Cathode Sulfur Cycling
cathode Material and content performance
architecture wt%) /
sulfur
loading
Carbon based | Amphiphilic -/ 1 838/670 (0.5C, 300) | [38]
matrices Hollow Carbon
nanofibers
Carbon 90/ 1.6 575/350 (0.5C, 80) | [42]
nanotubes
Graphene oxide | 50/ - 890/800 (0.2C, [44]
coated S 1000)
particles
Unstacked 64/0.8 1084/701 (1C, 200) | [45]
double-layer
templated
graphene
Ordered 40/>1 1000/600 (C/4, [34]
microporous 500)
carbon
Hierarchical 50/- 1193/ 883 (0.1C, [35]
porous carbon 50)
3D aerogel 27/- 2368/822 (0.06C, (48]
50)
rGO/CNT 68/1 1191/933.3 (1C, [50]
500)
CNF coaxially | 33/2-3 1047/694 (0.1C, 50) | [39]
wrapped with
Graphene
Polyaniline 62/- 1392/602 (0.5C, [61]
1000)
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Conductive Polypyrrole 70/1.5 1320/675 (0.125C, | [53]
polymer 150)
confinements | Polypyrrole 65/2.5-3 1102/712 (0.5C, [75]

300)
Polythiophene 72/- 1193/830 (0.05C, [58]
80)
PEDOT:PSS 78/1.5 1165/780 (0.5C, [51]
500)
Inorganic TiO2 67/0.4 458/371 (2C, 340) | [76]
moieties/ impregnated (Li2S)
metal hollow CNF
compounds T1407 48/ 1.5-1.8 | 850/595 (2C, 500) | [77]
nanoparticles
MnO; 71/3.5 890/662 (0.5C, 300) | [78]
nanoflakes in
hollow CNF
Nb2Os 48/ 1.5 1289/913 (0.5C, [79]
nanocrystals 200)
V203in 55/1.5 1286/912 (0.2C, [80]
hierarchical 250)
porous carbon
Co9Ss/C hollow | 62/ 1.5 & | 840/680 (0.5C, 300) | [66]
nanopolyhedra | 3 3 mg cm™
TiS; core-shell | 51/1 956/736 (0.5C, 400) | [65]
(Li2S)
MoS2.x/rGO 75/ 1.5 1160/628 (0.5C, [67]
600)
TiN 70/ 1.5 1012/660 (0.5C, [70]
nanoparticles 200)
VN/ rGO 56/3 1128/917 (1C, 200) | [71]
composite
NiP with N, P | 76/3.4 840/ 758 (0.5C, [72]
doped carbon 400)
CoP -/3 850/ 835 (1C, 200) | [73]
Ti>C nanosheets | 70/1 1200/960 (0.5C, [68]
400)
Ti:CN 83/1.5 890/450 (0.5C, [69]
nanosheet/ CNT 1200)
Cu-MOF / Cu- | 50/1.2 820/745 (1C, 500) | [74]

TDPAT
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1.3.2 Introduction of interlayers

As demonstrated in the previous section, sulfur cathodes are essentially porous, so
the loss of active material in the form of LiPS towards the anode is inevitable due
to chemical potential and concentration gradients. Manthiram group came up with
an idea of introducing additional traps for LiPS to limit the LiPs at the cathode as
much as possible. They termed these additional trapping layers between separator
and cathode as “interlayers” [81]. Interlayers are introduced either as a flexible
freestanding layer or as a coating on the polymeric substrate. Later approach was
opted to engineer the surface of the separator to reduce the weight of freestanding
interlayers and excess requirement of electrolyte, hence increase the energy density
of the cell that will be discussed in a subsequent section. In literature, the reported
materials as interlayers include MWCNTs, electrospun carbon nanofibers,
carbonized commercial papers, and micro and meso porous carbon papers.
Manthiram et al are the first to introduce an approach using free-standing MWCNT
thin film and microporous carbon paper as a reservoir for LiPS in 2012 [82, 83].
Manthitram and co-workers used a number of interlayer strategies that can both
physically and/or chemically contain LiPS at the cathode side. For example, in a
study electrospun meso-microporous carbon nanofiber freestanding interlayer was
investigated to mitigate LiPS migration [84], in another they used the activated
carbon paper bearing functional groups as an effective interlayer [85]. Wang et al
have demonstrated electroactive cellulose-supported graphene oxide as an effective
bifunctional interlayer [86]. Ma et al. have demonstrated free-standing polypyrrole
nanotubes film [75] and carbon paper anchored polypyrrole [87] as effective
bifunctional interlay to limit LiPS at the cathode. Han et al. reported Al2O3; atomic
layer deposited nanoporous carbon cloth that can both physically trap and
chemically interact with soluble LiPS [88]. Ultrafine TiO> decorated CNF sheet
was also reported as an effective interlayer to suppress LiPS shuttle [89]. The
strategies previously investigated are reasonably effective because of their ability
to reactive dead sulfur.

1.3.3 Separators modifications

Separator modification is advantageous from an industrial point of view, as it will
reduce the number of layers to assemble and reduce the requirement of the
electrolyte. However, modifications require relatively better engineering
approaches to achieve uniformly thick and well-distributed interlayer on
solvophobic separator surfaces. In this context, the studied carbon materials include
nanocarbon, MWCNT, graphene, graphene oxide and micro mesoporous carbon
[90]. Yao et al introduced a physical barrier to block LiPS by coating Ketjen black
carbon on PP separator [90]. Functional doped mesoporous carbon and graphene
were also considered as a coating material to chemically engage LiPS in electrolyte
solution because of their affinity with the heteroatomic system [91, 92]. Lu et al.
reported sulfonated reduced graphene oxide coated separator as ion selective
interlayer that can physically trap LiPS and chemically anchor LiPS with an
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electronegative sulfonic group [93]. Chung et al. studied boron doped CNTs coated
on a separator as an effective LiPS trapping interface [94]. Graphitic carbon nitride
(g-C3N4) are endowed with LiPS adsorption pyridinic-N sites and imparts
mechanical stability to a separator to stand with long cycling [95]. Ion selective and
electrically conductive polymers such as Nafion, lithiated Nafion, polydopamine
coated separators were explored to block LiPS at the cathode side. Recently,
polymers with intrinsic microporosity were also evaluated for their LiPS blocking
capabilities. Metal oxides such as Al,O3 [96] and V205 [97] were also considered
as interlayer by coating them on the conventional separator. Additionally, a number
of interlayer strategies were also investigated synergistically, for instance, Fan et al
proposed a novel interlayer material comprises of functionalized boron nitride
nanosheets and graphene [98]. Zhuang et al. proposed a rational design for a ternary
layer separator with polypropylene, graphene oxide, and Nafion to impede LiPS
shuttle [99]. Song et al. combined graphene and Al,O3 onto a PP separator, and
proposed a graphene/Al,O3/PP trilayer separator [96]. Although this approach
effectively stop the LiPS at the cathode side, yet it does not fully reactivate the
sulfur products for electrochemical reactions at the cathode.

Table 1. 3: Representative interlayer strategies; interlayers compositions, corresponding
sulfur content, and loading, and cycling performance

Class of Interlayer Material Sulfur Cycling
interlayer composition content performance
(wt%) / [initial/final
sulfur (mAh g) (C-
loading rate, cycles)]
Free- Free-standing 70 1446/962 (C/5, | [83]
standing MWCNTs interlayer 50)
interlayers Bifunctional 70 1367/1000 (1C, | [82]
microporous carbon 100)
interlayer
Electrospun micro 70/ 1 988/485 (1C, [84]
and mesporous CNF 300)
interlayer
Electroactive 63/1-1.5 920/600 (0.1C, | [86]
cellulose supported 100)
GO interlayer
Polypyrrole 80/2.5-3 1102/712 (0.5C, | [75]
nanotube film 300)
Polypyrrole 70 939/555 (0.5C, | [87]
anchored carbon 200)
paper
ALD AlOs3 carbon | 59/ 12 1136/766 (40 [88]
cloth mA g, 40)
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TiO; decorated CNF | 60/ 0.8 935/694 (1C, [89]
sheet 500)
Separator Ketjen balck coated | 70/1.5-2 1350/740 (C/2, | [90]
coatings spearator 500)
N and P dual doped | 70 1158/638 (1C, [92]
graphene 500)
sulphonated rGO 67/1.2-1.5 1300/802 (0.5C, | [93]
coated separator 250)
Boron doped CNTs | 70/2.4-2.5 849/509 (1C, [94]
coated separator 500)
g-C3N4 coated 54/1.7&5 | 1100/733 (1C, |[100]
separator 400)
V>0s layered 61.8/1.25 890/800 (C/15, | [97]
separator 250)
Boron nitiride 60 1100/558 (3C, | [98]
nanosheets/graphene 1000)
coated separptor
GO and Nafion 60/1.2 &4 | 1057/700 (.5C, | [99]
coated PP separator 200)
Graphene/AL,O3/PP | 60/ 0.75 1068/804 (0.2C, | [96]
trilayer separator 100)

1.3.4 Towards low PS solubility electrolytes and additives

As it is stated earlier that LiPS are freely soluble in a liquid electrolyte that not only
facilitates the electrochemical reactions but also causes shuttle mechanism.
Therefore, other electrolyte systems such as ionic liquids, liquid electrolytes with
poor solvation effect for LiPS, electrolytes with common ion effect, gel polymer
electrolytes and solid-state electrolytes are under exploration to mitigate the LiPS
shuttle effect. Sun et al. came up with an approach of using high carbon/oxygen
ratio ethers such as methyl tert-butyl ether and diisopropyl ether as cosolvents in
conventional electrolyte compositions [87]. They have demonstrated better
electrochemical performance than that of conventional electrolyte due to poor
solvation towards LiPS by these high C/O ratio ethers, maintaining the lithium salt
solubility. Dominko and his co-workers replaced TGDME with a fluorinated ether
1,2-(1,1,2,2-tetrafluoroethoxy)ethane maintaining DIOX as a co-solvent with one
molar LiTFSI, exhibited a better discharge profile and higher C-efficiency. They
attributed better performance to reduced LiPS solubility arising from poor Li"
solvation [101]. Chen et al. instead used another fluorinated ether bis(2,2,2-
trifluoroethyl) ether to realize better performance in full Li/S cell [102]. In another
study, the Dominko group used an ionic liquid (N,N-diethyl-N-methyl-N-(2-
methoxyethyl)ammonium  bis(trifluoromethanesulfonyl)imide) [DEME][TFSI]
along with DIOX and 1M LiTFSI to achieve low LiPS solubility system [103]. The
solubility of long-chain LiPS can be limited by selecting another type of electrolyte
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salt such as lithium trifluoromethyl-4,5-dicyanoimidazole (LiTDI). Replacing
LiTFSI in conventional electrolyte system with LiTDI lowers the Li>Sg solubility
by 83%, improve long term cycling and enabled to achieve higher C-efficiency
[104]. Some reports used LiPS catholyte or LiPS as co-salt to enhance the
performance of sulfur cathode [105], while Chen et al. achieved promising
outcomes using organosulfide electrolyte (dimethyl disulfide, DMDS) as cosolvent.
DMDS induce alternative reaction pathway by forming dimethyl polysulfides and
contribute greatly towards capacity and sulfur utilization [106]. This strategy is still
corrosive towards metallic Li anode similar to LiPS. Nazar and her coworkers have
proposed a combination of solvent-salt complex acetonitrile(ACN),-LiTFSI and
hydrofluorinated ether [107]. This system can redirect Li/S reaction pathways due
to sparingly solvation capability, in contrast, to fully solvation system. It is
demonstrated that this system effectively promotes the formation of medium and
short chain LiPS prior to the formation of crystalline Li>S because of
disproportionation reactions and avoid long chain LiPS. Hence, the cell comprises
of this electrolyte system exhibit lower overpotential and higher sulfur utilization
at 50 °C [108]. Yet, in another study, a novel combination of hydrophobic
sulfonamide solvent (N,N-dimethyl triflamide (DMT) or N,N-dipropyl triflamide
(DPT)) and a low ion-pairing salt (lithium salt of fluorinated alkoxy aluminates)
has been evaluated. This system acts as non-solvent at ambient but transforms to
sparingly solvating electrolyte at a higher temperature. Consequently, this
combination showed higher C-efficiency with LiNOs, low LiPS solubility and
relatively good rate performance [109]. Li" ion conducting solid-state electrolyte
can be promising as it can effectively separate metallic lithium surface from LiPS
and can enable the use of metal Li as an anode. P>Ss has been effectively used as
an additive in the solid-state electrolyte and it can effectively passivate Li surface
by forming LizPSs4 [110]. Xu et al. have reported superionically conductive
Li7P29Mno.1S10.710.3 as an optimal choice for all solid-state Li/S battery [111].

1.3.5 Inactive binder to interactive matrices

Conventional fluoropolymer binders such as poly (tetrafluoroethylene) PTFE or
poly (vinylidene fluoride) PVDF are regarded as an inactive ingredient of the slurry.
Although they are compatible and chemically stable, yet they are unable to
withstand huge volume changes because of structural rigidity and do not contribute
towards LiPS interactions. As polar and functional polymers can interact with LiPS,
so they can contribute towards the stability of cathode by binding LiPS in the
vicinity of the electrode surface. Such polymers that also bear high adhesion
capability can be utilized effectively as binders. A number of functional binders
such as polyethylene oxide (PEO) [112], polyvinyl alcohol (PVA), polyacrylic acid
(PAA) [113], polyethylenimine [114], poly(ethylene glycol) PEG formulations
[115] and cationic polyelectrolytes [116-118] have been explored with some
impact. Recently, an aqueous inorganic polymer binder with flame retardant
properties ammonium polyphosphate (APP) has also been reported. It has been
demonstrated that APP surpasses PVDF in a number of functional properties like
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strong LiPS affinity, high binding energy, high swell ratio, low polarization, flame
retardancy and water-based processability [119].

Table 1. 4: Representative binder for Li/S cathodes; type of polymer as binder, sulfur
content and loading, and cycling performance

Type of polymer
used as binder

Sulfur
content
wt%) /

sulfur

loading (mg

cm?)

Cycling
performance
[initial/final
(mAh g) (C-
rate, cycles)]

Organic Polyethylene oxide | 62/1.5 933/380 (0.1C, | [112]
polymers (PEO) 400)
Polyacrylic acid 60/1.5 804/325 (C/5, | [113]
(PAA) 50)
Polyethylenimine 60/8.6 1126/744 [114]
(PEI) (0.05C, 50)
Poly(ethylene 60/1.2-1.5 600/430 (1.5C, | [115]
glycol) diglycidyl 400)
ether with
polyethylenimine
Natural Carboxymethyl 23/1 900/938 (0.9C, | [120]
polymers cellulose (CMC) 500)
with sulfurized PAN
Chitosan 63/1-1.5 1145/680 (C/2, | [121]
100)
Gelatin 63 1137/642 (0.4 | [122]
mA cm?, 30)
Inorganic Ammonium 60/2-3 753/640 (0.5C, | [119]
Polymer polyphosphate 400)
Poly poly[(N,N-diallyl- 70/4-8 1244/731 [117]
electrolyte N,N- (C/5,250)
binder dimethylammonium
)
bis(trifluoromethane
sulfonyl)imide]
Core-shell 50/1 1400/1008 [118]
polyelectrolyte (100, 0.125 C)
binder

In addition to synthetics, a number of natural polymers like chitosan [121], gelatine
carboxymethylcellulose (CMC)

[122],

alginate

[123],

[120] and other

carbohydrates etc, are worth investigating because of their abundance in functional
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groups. A number of reports already indicated better performance of electrodes with
functional binders in contrast to conventional PVDF or PTFE [124].

1.3.6 Lithium anode protection

As pointed earlier, Li metal anode strongly hampers the commercialization of Li/S
technology because of its high reactivity drawing to the decomposition of the
electrolyte. Secondly, irregular stripping and plating on Li metal surface give birth
to dendritic Li growth that causing short circuit and continuous loss of active
material. Hence, Li anode contributes greatly towards the poor cyclability and urges
the use of excess electrolyte to realize reasonable cycling performance. Use of
unprotected Li metal as an anode in prototype cells is also a safety hazard and can
result in unexpected unpleasant events.

Lithium anodes protection is enabled by several strategies. For examples, the use
of electrolyte additives such as CsPF4, LiF etc. that can effectively play their roles
in suppressing the dendrite growth by inducing passivation layer. In former Cs"
cation is considered self-healing towards lithium tips by impeding the deposition of
Li" on outgrowth [125], while LiF plays the trick by lowering diffusion barrier at
the lithium-electrolyte interface. Other strategies involve the use 3D porous hosts
for lithium deposition, for example; use of 3D copper foil with sub-micron skeleton
[126], manufacture of rGO-Li composite by diffusion of melted Li [127, 128],
deposition of a graphene layer on top of lithium foil [ 129]. These approaches lower
the effective local current density owing to high surface area, impose more uniform
charge distribution that is less favorable for dendrite formation, and accommodate
Li deposits into void space. Li anode can also be realized in future energy storage
devices by designing all-solid-state Li/S cells.

1.3.7 Alternative anodes

Regretfully, alternative anode strategies significantly lack in attaining the
researcher’s attention in Li/S full cell configuration. Yet, there are some mention-
worthy investigations conducted by some researchers. In the current scenario,
silicon surfaced as an optimal choice mainly because of its highest lithium storage
capacity on lithiation Li;5S14 among an existing lot of anode materials. But, Si anode
is subjected to an unfavorable increase in volume that is around 400% of the initial
on alloying. On reciprocating, dealloying of Lii5Sis leaves a huge quantity of active
material inaccessible for further lithiation. So, the pulverization and loss of
electrical contact of anode active material from the current collector result in low
C-efficiency and fast capacity fading. Secondly, the mechanical stresses arose from
volume changes give rise to cracks and SEI disruption, which result in continuous
depletion of the electrolyte. Thus, there is a dire need to design an anode
architecture that can absorb these volume changes without compromising on active
material and electrolyte. Several forms of nanostructured silicon such as
nanoparticles [130, 131], nanotubes, nanowires [132], nanoporous hollow silicon
[133, 134] have been employed to encounter with these volume changes. In
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addition, various conductive matrices have also been investigated including carbon,
graphite and conducting polymers [135, 136] to uphold the electronic contact in
form of various architectures such as core-shell [137, 138], yolk shell [139-142],
pomegranate [133, 143], sponges or hybrids. Various researchers have
demonstrated that architectures with free volume or void structures greatly
contribute towards the stability of Si anode by standing the volume changes. This
strategy also safeguards the stable SEI on carbon shell, thus contributes towards
low electrolyte depletion. Additionally, binders play a critical role to achieve better
electrochemical performance by keeping the structure intact both mechanically and
electrically. Various binding systems such as CMC/citric acid, crosslinked chitosan,
CMC crosslinked with poly(acrylic acid) have been proposed to target stable
electrochemical performance [144, 145]. Several mechanisms have been proposed
to comprehend this binder particle interaction but this interaction alone is not
enough to stand with these volume changes. Tin (Sn) has also been registered as
possible alternative anode material for Li/S batteries [146], as tin can alloy with 4.4
atoms of Li per atom of Sn providing relatively high specific capacity (i.e. 994 mAh
g). However, these Sn-based anodes are also subjected to higher volume changes.
These structural changes are usually buffered using carbon matrices. Other
approaches involve the use of lithium alloys to produce anodes.

Table 1. 5: Representative Silicon anodes; anode material and architecture, Si content
and loading, and cycling performance

Category of  Si Anode Materials Si loading Cycling

Silicon and architecture (mg cm?) performance

anodes

Carbons Electrospun core- 0.6 721 (5A g, [137]
shell nanoSi-fibers 300)
Double-shelled yolk | 1-1.2 720 (5A g, [140]
structured 1000)
silicon
Raspberry-like 0.7 5172 A g, [147]
hollow nanospheres 500)
with carbon shells

Polymers PAN:I cross-linked 0.3-0.4 1200 (1 A g, |[135]
network 1000)
PEDOT:PSS 0.4-1.5 19272 A g!, |[136]
Conducting 100)
Polymer

Metal hollow Si-Cu alloy 1010 (3.4 A g | [148]
nanotubes 1,1000)

Metal oxides | Si@TiO2 core-shell | 0.621 804 (0.1C, [149]
nanospheres 100)
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1.4 Characterization Methodologies opted to study Li/S
cathode materials and cells

Technique Principle Application

A thermal analysis
Thermogravimetry technigue involves the estimgtior} of active '
(TGA) recording of mass. material (i.e. S and Si)

changes as a function of

temperature and time

Basis on physical

adsorption of gas specify the surface area,
BET Analysis mollecules upon thff type of porosity and pore

solid surface to estimate volume of porous

specific surface area and matrices

porosity

Beam of highly

accelerated electrons is

directed onto the
Transmission specimen, and then Investigate the
Electron scattered and lost morphology of
Microscopy (TEM) | electrons were collected composite material

to image the

morphology of the

specimen.

A beam of highly

Field Emission
Scanning Electron
Microscopy
(FESEM)

accelerated electrons is
directed onto the
specimen, then
backscattered and
secondary electrons
were imaged to view the
topology of the sample.

Investigate the
morphology of
composite material

Energy Dispersive
X-ray Spectroscopy
(EDS)

An elemental analysis
technique involves the
exposure of accelerated
electron beam on a
sample that causes the
emission of X-rays
specific to atomic
structure.

To discern the elemental
composition of the
materials

To verify the distribution
of elements through
elemental mapping

X-ray photon
spectroscopy (XPS)

Surface chemical
characterization
technique in which
surface of the specimen

To investigate the bonds
and atomic composition
of the surfaces
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is irradiated with X-
rays, and then surface
emitted photoelectrons
were collected for
assessing their binding
energy and count, that is
linked to electronic
configuration under
ultra-high vacuum.

To determine the
chemical interactions
among various elements
of the composite

Fourier-transform
Infrared
Spectroscopy
(FTIR)

A chemical analysis
technique that involves
the adsorption of
infrared radiations
explicitly corresponds to
bonds present in the
molecules.

To determine the bonds
and interactions among
organic molecules

X-ray Diffraction
(XRD)

An analytical technique
in which X-rays are
directed to crystalline
structures and then
diffracted radiations
were detected. The
diffraction of radiations
relates to lattice spacing.

To evaluate the
crystalline structure of
materials

To determine the phase
composition of materials

Selected Area
Electron Diffraction
(SAED)

An analytical technique
in which electron wave-
particle duality
exploited, ordered atoms
in the path of electron
beam act as a diffraction
grating. The diffracted
electrons are detected to
assess the crystal
structure.

To confirm the
crystalline phases and
composition of the
materials

Inductive Coupled
Plasma- Mass
spectroscopy (ICP-
MS)

A mass spectroscopic
technique that involves
the ionization of sample
through the inductively
coupled plasma, then
ions were separated and
quantified using mass
spectrometer. It can
detect various elements

To determine the right
composition of elements
to ppm levels
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at part per quadrillion
concentration.

Mass spectroscopy
Gas

A mass spectroscopic
technique that involves
the heating of specimen
to separate the

=  To find out the elemental

chromatography individual elements and composition of materials
(MS-GO) then quantification
through a mass
spectrometer.
A scattering technique
in which specimen is
illuminated with a .
. = To discern the level of
monochromatic laser e
) graphitization of carbons
beam, the interacted and
Raman * To confirm the phase
scattered beam that "
Spectroscopy composition of

bears different
frequency owing to
inelastic interaction, is
recorded to construct
Raman spectra

amorphous and
crystalline material

Technique Principle

An electroanalytical
technique in which
steady electronic current
is extracted from, and

Application

* To investigate the
charging and
discharging behavior of

potential is ramped
linearly versus time to

added to an )
) electrode materials
. electrochemical system. }
Galvanostatic = To determine the cycle
. . ) The value of steady .

charging/discharging . life of electrode

current (C-rate) is ) )
(GO) . materials and capacity

estimated from )

. . fading rate
theoretical capacity. 1C . .
) * To investigate the C-
means 1 h requires fully -
. . . rate capability of
charging or discharging )
. electrode material

system to the theoretical

value.

A potentiodynamic = To discern the

. technique where oxidation and reduction

Cyclic Voltammetry . .
V) working electrode reactions

=  To examine the

reversibility of the
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study oxidation and lithiation and
reduction of species. delithiation processes

An electroscopic

. . .
technique in which a To point out the series,

Electrochemical small amplitude AC polarization and charge

Impedance signal is applied to
Spectroscopy (EIS) record AC frequency
dependent resistance

transfer resistances, and
Warburg impedance of
the system

measurement.

1.5 Concluding Remarks

Although Li/S system is considered one of the most promising technologies to be
commercialized in the near future, yet the system inadequacies have not been fully
addressed. The scientific community is now fully involved in taking the research in
Li/S to the next level. The number of publications, examining the Li/S system, has
enormously increased from the last 5 years with appreciable success. Most of the
early research work is related to sulfur cathodes where very high capacities have
been realized with appreciable capacity retention. The proposed studies involve the
complex and sophisticated synthesis of materials, which are comparatively difficult
to scale up and industrialize. Initial studies were also not focused on higher sulfur
loadings, so the purpose of high-energy Li/S system had not been met. Secondly,
the anode was ignored in previous studies, and almost all of the studies involve the
use of metallic lithium as the anode. Similarly, other constituents of the cell such as
electrolyte, separator were also overlooked. However, the commercialization of
Li/S technology has pushed the scientific community to offer simple and practical
solutions focusing on every aspect of the system. Additionally, there is also
significant progress in discerning the working mechanism of Li/S system applying
the advanced in-operando techniques. Irrespective of this progress, there is a big
margin to improve the technology to commercialization level. This is the reason
that European Union H2020 team had approved a project named ALISE (Advanced
Lithium Sulfur batteries for xEV) NMP-17-2014 under financial grant GA 666157.
The project is about to build Li/S technology that can deliver specific energy of 500
Wh kg! at the pack level.

In this project, the electrochemistry group at Polito is focused to offer simple and
feasible solutions to realize cathodes, electrolyte, and anodes. In this particular,
piece of work, the major focus is to come up with simple and practical approaches
to prepare sulfur cathodes and silicon anodes. Next three chapters are dedicated to
sulfur cathode materials where the novel materials have been synthesized and have
been physiochemically and electrochemically characterized. In the very next
chapter, the strategies have put forth to realize stable silicon anodes. In chapter 6, it
is attempted to realize the lithium metal-free Li/S technology.
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Chapter 2

Development of novel carbon host
materials for sulfur cathodes

In literature, various synthetic routes have been listed to produce porous carbon
matrices. They involve in one way or other; a) physical or/and chemical activation,
b) catalytical activation using either metal salt or organometal complexes, c)
carbonization of carbonizable and pyrolyzable polymer mixtures, d) carbonization
of aerogel matrices produced under supercritical drying conditions and e) pyrolysis
of biomass [150]. Most of these approaches bring about mesoporous materials. As
per IUPAC endorsements, porous carbon can be categorized into three classes; 1)
microporous materials with pores diameter < 2 nm, 2) mesoporous materials with
pores size in the range of 2-50 nm and 3) macroporous materials with pore diameter
> 50 nm [151]. To realize microporous carbon materials, either templating
approaches or biomass pyrolysis have been employed. Presence of templates such
as metal-organic frameworks requires their removal and subsequent washing.
While the pyrolysis of biomass is quite subjective to the origin and topography of
biomass sources. Secondly, the development of sulfur cathodes using carbon
matrices involves low active mass loadings and short cycle life.

In the first part of this chapter, it has been successfully demonstrated that
microporous carbons can be realized without templating, and the variations of
biomass sources can be eliminated. Ultra-microporous carbons have been achieved
by simple carbonization of cyclodextrin nanosponges. It has been demonstrated that
sulfur and LiPS can be dually confined by physical trapping in the micropores of
carbon and hampering their diffusion by the wrapping of rGO. In the second
argument, high surface area nitrogen and sulfur-doped hierarchical porous carbons
have been synthesized. Long term cycling points out towards the efficacy of doped
hierarchical carbons in physical housing and chemical binding of LiPS. For both
carbons, practical cathode loading (i.e. sulfur ~ 2 mg cm™) has opted, and simple
electrode fabrication techniques on aluminum foil have been adopted
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2.1 Ultra-microporous carbon (MPC) from hyper
crosslinked B-cyclodextrin nanosponges as sulfur host

A novel approach has been proposed to synthesize ultra-microporous carbon (MPC)
with pores diameter ranges from 5-11 A from hyper-crosslinked polymer B-
cyclodextrin (B-CD) nanosponges. After sulfur infiltration into MPC, the C/S
composite was wrapped by rGO to offer conductive pathways to access sulfur in
the micropores and hamper the leaching of LiPS. This preliminary effort to realize
stable sulfur cathodes has already been published in “Journal of Solid State
Electrochemistry” [152].

2.1.1 Development of MPC based on cyclodextrin nanosponges
and MPC based sulfur cathode

As stated, MPC was obtained from B-CD nanosponges and then sulfur was
infiltrated by solution impregnation and melt infusion method. Afterward, the
composite particles were covered with rGO to access and dually protect the sulfur
in the micropores of the carbon. Schematic of the implemented strategy has been
illustrated in Figure 2.1.

Bcyclodextrin
\T -+ .J— —_— L ;"w : F Iw

‘ Malt
i infusion

Microparous carbon

Figure 2. 1: Schematic depiction of the opted strategy to prepare rtGO wrapped MPC/S
composites.

Synthesis of MPC and MPC/S

Polymer B-CD also labeled as B-CD nanosponges were synthesized by a
crosslinking reaction using pyromellitic dianhydride (PY) following a methodology
previously reported [153]. The cross-linked nanosponges were produced by
reacting B-CD with PY in a molar ratio of 1:4. For the purpose, 2.7 mL of
trimethylamine (19.4 mmol) (Sigma Aldrich) was dispersed into 100 mL of
dimethyl sulfoxide (DMSO) (Fluka). Then, 11.35 g of anhydrous B-CD (10.0
mmol) (Roquette Italia SpA) and 17.45 g of PY (80.0 mmol) (Sigma Aldrich) were
added into the mixture solution. All the reactants were dissolved, and the mixture
was kept for 3 h to carry out the reaction at room temperature. Once the reaction
was finished, the solid product was separated and grounded in a mortar. The solid
mixture was Soxhlet extracted with acetone for 24 h. As obtained, PY B-CD
nanosponges were then pyrolyzed in a tubular furnace at 800 °C with a heating rate
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of 10 °C/min under nitrogen gas flux for 2 hours to obtain MPC as shown in Figure
2.2.

To obtain MPC/S composite, first sulfur (Sigma Aldrich) 1.5 g was dissolved in
DMSO at 90 °C. Then, 1 g of MPC was dispersed in the solution mixture under
continuous heating. The mixture was continuously heated for 6 h under magnetic
stirring to ensure MPC impregnation with sulfur. The temperature of the solution
was decreased to room temperature, which results in crystallization of sulfur into
macropores of carbon. The solid mixture was separated by centrifugation and was
washed with absolute ethanol. As attained, the carbon-sulfur composite is labeled
as (SI_CS). In order to obtain melt infusion of small sulfur allotropes (S2, S3, S4)
into the micropores, SI CS composite was subjected to a heating profile under
Argon stream in a tubular furnace. Initially, composite was subjected to 115 °C for
6 hours to melt the sulfur (Ssg), then temperature raises to 155 °C and holds for 12
h. At 155 °C, sulfur exhibit the lowest viscosity at which sulfur can break up into
linear small chain allotropes and adsorbed by micropores The melt infused MPC/S
composite (MI_CS) was crushed into powder using pestle and mortar.

Graphene oxide (GO, Graphenea Inc.) 0.14 g was reduced at 700 °C for 2 h under
Ha/Ar atmosphere. The obtained 0.06 g rGO was well dispersed in absolute ethanol
under sonication. 1 g of MI CS composite was also dispersed in rGO ethanol
dispersion under magnetic stirring for 5 hours. On removing the mechanical energy,
the whole dispersion settles down quickly, which demonstrates that rGO adheres to
the surfaces of MI CS composite particles through electrostatic interactions.
Ethanol was spewed out from the top to acquire rGO wrapped MI_CS composite
(rGO@MI_CS). rtGO@MI_CS composite was vacuum dried at 60 °C for 2 hours.

. — 115°C for 6 hrs
800 - 1000°C + 155°C for 12hrs
I ) MPC SI.Cs [ Y MI_CS rGO@MI_CSs
— — Af - - = —_— A — -
-
90°C
Polymer B-CD based S impregnation Meilt infusion of GO wrapping of
B-cyclodextrin microporous carben  of MPC using DMSQ  Impregnated sulfur CfS composite

Figure 2. 2: Schematic illustration of the production steps to prepare rGO@MPC/S
composites

Construction of rGO wrapped MPC/sulfur cathodes and cells

Cathodes were prepared by mixing 80% MPC/S composites, 10% Shawinigan
BlackABS50 carbon (CSW) and 10% polyvinylidene difluoride (PVDF). Slurries
were obtained by 12 h mechanical mixing in N-methyl-2-pyrrolidone (NMP).
Slurries were cast on clean aluminum foils on automatic film applicator using
doctor blade thickness of 200 pm. Cells were assembled in Ar-filled dry glove box
(Mbraun Labstar) using an ECC-STD electrochemical cell configuration (EL-Cell,
Gmbh). The geometric area of the electrodes was 2.54 cm?. The cathodes had sulfur
loading about 2 mg cm™. A lithium disc (18 x 0.2 mm, Chemetall s.r.1.) was used
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as the anode. A Celgard EH2010 (trilayer PP/PE/PP) and glass fiber 18 mm x 0.65
mm saturated in the electrolyte was used as the separator. In other cell
configuration, glass fiber separator is replaced by carbon fiber paper (GDL,
SIGRACET GDL24BC, SGL Technologies) to adsorb catholyte. The electrolyte
consisted of 1,2-dimethoxyethane (DME) and 1,3-dioxolane (DIOX) 1:1 (v/v) with
1 M lithium bis(trifluoromethanesulfonyl)imide (CF3SO>NLiSO,CF3, LiTFSI) and
0.25 M LiNOs. Cells were galvanostatically charged and discharged by an Arbin
BT2000 battery tester at room temperature. Cycling tests were performed for 1st 5
cycles at C/10 with the end of discharge at 1.8 V and end of charge at 2.6 V. Onward
cycling was carried out between 1.8 V and 2.6 V at C/5. The C-Rate is calculated
using a theoretical capacity of 1672 mAh g'. All capacities are based on the mass
of sulfur in the cathode.

2.1.2 Physicochemical Characterization

The morphology of as-synthesized B-cyclodextrin MPC and its sulfur composites
were examined using field-emission scanning electron microscopy (FESEM,
JEOL-JSM-6700F). Figure 2.3 reveals the structural and textural properties of MPC
from B-CD nanosponge. MPC exhibits a spongy structure that makes it absorptive
for sulfur. Sulfur shows a strong adsorbate-adsorbent interaction and can be
chemisorbed in microporous carbon at higher temperature [154]. Figure 2.4
illustrates the morphologies of SI CS, MI CS, and rGO@MI CS composites.
FESEM of SI_CS exhibits the homogenous distribution of sulfur (light grain) in the
composite, but it appears in the form of big chunks, which are loosely retained on
the surfaces. This can be explained based on the dimension of micropores with
reference to the dimension of sulfur (Sg) having a ring-like arrangement.
Micropores do not admit the ring like sulfur (Ss) molecules to accommodate
because of larger dimension, but chain like small sulfur allotropes can reside into
the micropores [155]. Sg crystallizes either orthorhombic a-sulfur form with sixteen
Sg molecules within the unit cell or monoclinic B-sulfur with six S8 molecules are
not confined into pores. FESEM micrograph of MI CS (Fig. 2.4b) indicates
negligible sulfur presence on the surface. In fact, sulfur liquifies at 115 °C but at a
little higher temperature 155 °C it demonstrates the minimum viscosity (0.066
poise) and starts reducing into lower molecular metastable allotropes such as Se, S4,
S3, and S, [156]. It is believed that physical captivity of smaller sulfur species in
micropores, let the smaller allotropes to exist in primitive form through various
cycles of charging and discharging. rtGO@MI CS (figure 2.4c) exhibits the
morphology of the carbon/sulfur composite wrapped with rGO. The planar
assemblies typical of graphene sheets can be observed being perpendicular to the
plane, randomly crumpled and interconnected, forming a disordered solid. From
figure 2.5, it can be observed that CS particles are very well enveloped by rGO.
This was attained via through dispersion of rGO and MI CS in ethanol under
sonication followed by mechanical stirring at temperature about 80 °C. On
removing the heat and agitation, there is literally a complete clearing out of
dispersion. rGO solubility in ethanol is around 0.91 pg ml™! with stable dispersion
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at room temperature [157], but an immediate vanishing of rGO from ethanol on
removing heat and stirring points out towards its strong hydrophobic interaction
with CS particles. Back-scattered FESEM imaging of tGO@MI_CS (figure 2.6¢)
exhibits a lack of contrast that also indicates of rGO wrapping around CS particles.
The absence of contrast from MI CS to rGO@MI_CS points out the coverage of
sulfur present on the surface of carbon by rGO.

Figure 2. 4: FESEM images of a) SI CS b) MI_CS ¢) rGO@MI _CS (images are at a
different scale to observe the typical structures present in the composites)

Figure 2. 5: FESEM images of a, ¢) bare MI_CS particles and b, d) rGO-wrapped
MI_CS particles

Energy dispersive X-ray spectroscopy (EDX) of the composites was also executed
on JEOL-JSM-6700F to examine the sulfur present in the structure of carbon
matrices. Sulfur mapping is acquired by imaging X-ray signals from CS
composites. In figure 2.7a, big sulfur chunks are present over or at the same level
as carbon. In the case of MI CS (figure 2.7b) and rGO@MI CS (figure 2.7¢)
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composites, sulfur can be revealed as diffused in the matrices with a minor amount
of sulfur inside the fractures of the surface. In rGO@MI_CS, the carbon appears
prevalent with sulfur diffused in the structure, which specifies that any sulfur at the
CS surface is enveloped by rGO.

Figure 2. 6: Secondary image and back-scattered contrast FESEM imaging of C/S
composites a) SI CS b) MI_CS ¢) rGO@MI_CS

Figure 2. 7: Sulphur mapping in C/S composites using EDS analysis for a) SI CS b)
MI_CS ¢) rtGO@MI_CS

The elemental analysis was carried out using a Flash EA 1112 series CHNS/O
Analyzer (Thermo Scientific). The samples were weighed in Tin capsules, placed
inside the instrument, and then dropped into an oxidation/reduction reactor
maintained at 900-1000 °C. All the organic and inorganic substances are converted
into elemental gases that, after further, reduction are separated in a chromatographic
column and finally detected. Elemental analysis of MPCs exhibited that the carbon
content is about 78 wt. % with significant amounts of O 19.92 % and no traces of
sulfur as presented in Table 2.1. Whereas the elemental analysis of C/S composites
has revealed sulfur contents around 63 wt. %, 59 wt. % and 49 wt. % for SI_CS,
MI _CS, and rGO@MI _CS, respectively as shown in Table 2.1. The porosity of
MPC and C/S composites was estimated by recording nitrogen adsorption
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isotherms at 77 K by exposing at a series of precisely controlled relative pressures
from 0 to 1 using an ASAP 2020 Micromeritrics Instrument. Prior to the adsorption,
the MPC and C/S composites were degassed at 150 °C and 50 °C (to avoid the
sublimation of the sulfur) respectively under vacuum (10 um Hg) for 12 h to remove
the adsorbates and residual moisture, and then sample was cooled to nitrogen
cryogenic temperature (77K). The specific surface area (SSA) of the samples was
estimated by Brunauer—Emmett-Teller (BET) method using Langmuir model
within the relative pressure range of 0.1 to 0.3, and the micropore volume and pore
size distribution were estimated using density functional theory (DFT) assuming a
slit geometry of the pores. The carbon obtained after the pyrolysis process was
characterized by nitrogen adsorption-desorption isotherms. The result exhibited
type I isotherm according to IUPAC classification that is the characteristic of
microporous materials. MPC showed a specific surface area of 560 m?g™!, with an
average pore volume of 0.15 cm®g™! and average pore diameter 5-13 A as shown in
figure 2.8. Contrary, the C/S composite showed very poor adsorption behavior,
SI CS, MI_CS, and rGO@MI_CS exhibited the specific area 11.24 m?g’!, 17.45
m?g! and 12.32 m?g! respectively.

Table 2. 1: Elemental analysis of MPC and C/S composites

%0
o o o (1)
Sample Z | % C % H % S evaluated

MPC 1.26 78.13 0.69 0.00 19.92
SI_CS 0.65 39.17 0.34 62.41 0.00
MI_CS 0.81 42.62 0.26 58.43 0.00

rGO@MI_CS 0.59 46.30 0.83 48.27 3.99
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Figure 2. 8: Isotherms from BET analysis of a) MPC b) SI_CS ¢) MI_CS d) rtGO@MI_CS
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Liang et al. have established in their study that sulfur can infiltrate into the
micropores of activated mesoporous carbon via solution impregnation [158]. It is
also revealed that micropore volume can be completely filled up even at lower
sulfur loadings about 37 wt %. This finding is quite consistent with the FESEM
images of SI CS (figure 2.4a and 2.6a) in our case, where a serious surface
deposition and aggregation of sulfur can be observed over the carbon surfaces.

The XRD patterns were recorded on a Panalytical X'Pert PRO diffractometer with
a PIXcel detector, using Cu Ka radiation, under the conditions of 26 = 10-100° and
20 step size = 0.03, to witness the presence of sulfur. Figure 2.9a exhibits the XRD
patterns of elemental sulfur, MPC and CS composites. The sharp diffraction peaks
characterize that sulfur exists in a crystalline state, while the broad diffraction hump
around 24° in the MPC diffractogram specifies the amorphous characteristic of
carbon spheres. It appears that XRD pattern for SI CS closely resembles that of
elemental sulfur without any diffraction hump from MPC. Whereas, MI_CS and
rGO@MI_CS composites have shown the amorphous peak of MPC along with
sulfur diffraction peaks that demonstrate that most of the sulfur has been
concentrated into micro and macropores of the carbon. The infusion of sulfur into
the porous carbon also ensure the improvement of electric conductivity of the
composite.
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Figure 2. 9: a) XRD analysis of sulfur, carbon, and carbon-sulfur composite b) illustration
of sulfur distribution in rGO wrapped microporous carbon from the characteristics EDS,
XRD and BET results

Presence of shallow sulfur on the carbon surfaces inhibits the intimate electronic
contact among carbon particles. For a comprehensive characterization of CS
composite, a sketch of the MI_CS with rGO synthesized material is provided in
figure 2.9b, which illustrates the distribution of sulfur in the porous network. It is
noteworthy that without performing any post-treatment after melt infusion, it is not
possible to get rid of sulfur on the surfaces. Indeed, S melt infusion in a microporous
carbon is generally accompanied by post thermal treatments to vaporize the
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superfluous sulfur on the outer surface of carbon spheres. Here, the idea is to
preserve such sulfur inside rGO to make it available for the electrochemical reaction
and limiting its dissolution as much as possible during cell cycling. In this case,
wrapping of MI CS with rGO can mask the sulfur present on the surfaces, thus
provide the conductive pathways and hinder LiPS dissolution.

2.1.3 Electrochemical Testing

This part of my work was really carried out at the very start of my Ph.D. when I
started working with this new system in my group. All electrochemical testing for
this electrode material has been performed on EL-cell. This work leads to the
conclusion that such an open electrochemical set up is not suitable for testing Li/S
system majorly because of electrolyte migration and LiPS solubility. From figure
2.10a, it can be observed that the 1% cycle discharge capacity of SI_ CS cathode is
about 510 mAh g at 0.1C. The characteristic two plateaus on discharge are not
distinguishable, and the cathode retains only about 60% of the initial discharge
capacity on second discharge. Such behavior can be attributed to shallow sulfur
mainly present on the surface of MPC, which quickly dissolves into the electrolyte
as LiPS. Whereas, two plateaus at 2.3 and 2.1 V are evident in the voltage profile
of MI_CS, figure 2.10b. The first voltage plateau is associated with the reaction of
Sg into S4>~, which is mostly related to cyclo-Sg localized on the carbon surface.
The second voltage plateau arises from the conversion of allotropic sulfur S>-4 that
is restricted in the carbon micropores. Higher capacity retention is observed in this
case, as the initial discharge capacity of MI_CS is 842 mAh g and 610 mAh g! at
the 2"¢ discharge at 0.1C. Now, sulfur is well confined into the porous structure
because of molecular captivity into the narrow micropores of carbon accomplished
by thermal treatment. It is also observed that the potential plateau at 2.4 V vs. Li"
/Li does not fully disappear after the first few cycles, further endorsing the
effectiveness of melt infusion to better retain sulfur into the carbon. Additionally,
it is believed that the electrochemical reaction of the sulfur cathode is constrained
inside the narrow micropores of carbon and correspondingly higher capacity
retention values can be attained. The rGO@MI _CS, in which the composite
material is wrapped by rGO, shows excellent electrochemical performances (figure
2.10c). In principle, a direct wrapping of S particles could lead to improved sulfur
cathode material. Melt diffusion of S is widely used to prepare CS composite taking
the advantage that the conductive network of graphene can contact sulfur particles
in “plane-to-point” mode. However, LiPS formed during discharge can still readily
diffuse out of graphene sheets with related “shuttle” effects. Thus, it is important to
obtain sulfur particles well coated and confined. The sulfur dual confinement
approach here proposed, with both MPC and rGO, helps minimize the dissolution
and diffusion of LiPS, demotes shuttle effect and accommodates volume
expansions during discharge. These factors have relevance on the performance of
rGO@MI_CS cathode, being the first discharge capacity of 1103 mAh g! (figure
2.10c). On the second cycle, the discharge capacity decreases to 897 mAh g! with
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capacity retention of 81 % after SEI layer formation. S utilization is higher in
rGO@MI_CS compared to MI_CS. At the 5" cycle at 0.1C the discharge capacity
is still 760 mAh g™!.

Figure 2.10d highlights the recent progress in the architecture of cell design that is
associated with the insertion of a carbon interlayer between the cathode and the
separator. This strategy can effectively suppress LiPS shuttle and ensure proper
functioning of cathode and anode simultaneously. As pointed out in the previous
chapter, there are different carbon modified multifunctional separators able to act
as interlayers to trap/block LiPS and limiting parasitic reactions. The positive effect
of an interlayer is to curtail LiPS shuttle towards lithium anode by trapping LiPS
between the interlayer and cathode, and even reversibly oxidized there into Sg/Li>S.
The interlayer has no adverse effect on the cathode but enhances the
electrochemical stability of the cell. However, the interlayer boosts the inert weight
of the cell, which should be lessened as much as possible considering the
application and the need to increase the energy density. Thicker interlayers are
preferred in case of cathodes with higher sulfur areal loading. Additionally, the
application of interlayers requires easy fabrication, compatibility with cell assembly
processes and low cost.
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Figure 2. 10: Charge and discharge capacity of a) SI CS b) MI_CS ¢) rGO@MI_CS with
GF d) rGO@MI_CS with CFP for the first two cycles at 0.1C

Here, it is demonstrated that there is a major improvement in electrochemical
performance of sulfur cathode using commercially available porous carbon papers
as interlayers. The results are shown in Fig. 2.10d. In this case, the rtGO@MI_CS
cathode is coupled with carbon fiber paper in place of glass fiber separator.
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rGO@MI_CS _CFP exhibited excellent capacity retention with a first discharge
capacity of 1108 mAh g'! that downgraded to 947 mAh g’ for the second cycle at
0.1C. This high capacity retention could be associated with suppression of LiPS
from composite surfaces at the cathode by the carbon fiber separator. The benefits
due to the use of the interlayer are evident by comparing the discharge capacities of
the cathodes at two different C rates (Table 2.2). The comparison between
rGO@MI_CS_GF and rGO@MI_CS_CFP shows that their initial performance is
equivalent, demonstrating 1103 mAh g ' and 1108 mAh g! at 0.1C, respectively.
However, the discharge capacity after 100 cycles at 0.2C is significantly lower for
rGO@MI_CS_GF resulting in 483 mAh g! compared to 723 mAh g! of
rGO@MI_CS CFP with the interlayer.
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Figure 2. 11: Long-term Galvanostatic cycling at 0.2C and Coulombic efficiencies of a)
SI CS b) MI_CS ¢) rtGO@MI_CS with GF d) rtGO@MI_CS with CFP

Next, the cycling performance of the three Li/S cathodes was studied (figure 2.11).
At 0.2C, an initial capacity of about 100 mAh g ' was measured for SI CS,
followed by a decrease to the relatively stable capacity of 70 mAh g ! after 50
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continuous cycles. Although 96% coulombic efficiency, within the next 50 cycles
the capacity dropped to 50 mAh g ! designating the poor performances of SI_CS
cathode. For the other two cathodes, relatively high capacities were observed. For
MI_CS, about 0.40 % decrease in the capacity from the first to the 100 cycle was
noticed at 0.2C (figure 2.11a). At the end of the cycling test, the retained discharge
capacity was about 200 mAh g'. As for rtGO@MI_CS cathode, better cycling
performance was realized (figure 2.11b) with 620 mAh g! at 50" cycle. There is an
increment in specific capacity for rGO@MI CS at 0.2 C that can be probably
ascribed to the activation of active material. Similar capacity trends have already
been observed and reported in the literature. Initial lower values of capacity can
also be due to incomplete soaking of the S cathode by the electrolyte. Whereas, a
rGO@MI_CS cathode with carbon paper interlayer (figure 2.11d) showed excellent
performance for prolonged cycling at 0.2C. A cell with this configuration showed
850 mAh g capacity that is stable for more than 100 cycles with about 0.1 %
capacity loss per cycle.

Table 2. 2: Discharge capacities of CS composites reported for different cycles with
different C-rate

T

1%t cycle at C/10 508.25 841.89 1103.01 1108.10
2" ¢ycle at C/10 214.72 603.09 897.04 946.95
5th cycle at C/10 157.89 447.06 746.87 909.37
6 cycle at C/5 92.90 342.24 626.05 846.82
10t cycle at C/5 95.66 298.39 547.50 839.36
50t cycle at C/5 70.11 271.01 621.48 808.61
100t cycle at C/5 | 49.23 203.43 482.97 722.71
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Figure 2. 12: Rate capability of the rtGO@MI_CS composite with CFP as an interlayer

rGO@MI_CS cathode with carbon paper interlayer has exhibited superior rate
capability with specific capacity more than 450 mAh g ~! at 1C (figure 2.12). In
addition, the electrode has demonstrated good capacity recovery when subjected to
different C-rates (from about 800 mAh g ! at 0.2 C to 600 mAh g ! at 0.5 C and
then back to 800 mAh g!) that signifies system high reversibility. This
substantiates the complexity of the Li/S system where the parallel efforts are
required to design an efficient cathode in combination with other strategies to limit
the shuttling of LiPS inside the cell.

2.2 Highly porous hierarchical heteroatom doped
carbons/sulfur cathodes

It has been established that mainly electrochemical reactions take place at the
interface between carbon and sulfur, so larger surface area is vital to achieving
faster kinetics and higher sulfur utilization [33]. Hierarchical porosity offers better
accessibility of electrolyte to sulfur but equally assists to limit bulk solubility of
LiPS. However, the non-polar nature of carbon delimits the LiPS adsorption at the
cathode. Doped carbon matrices provide enough bond polarity to interact with LiPS
[36].

2.2.1 Development of nitrogen/sulfur-doped carbon cathodes

In this study, it is decided to produce all-design aspects integrated carbon to host
sulfur. High surface area elemental doped hierarchical porous carbons have been
synthesized via combining KOH activation and carbonization using polymers as
precursor following previous reports [159, 160]. Here, nitrogen and sulfur-doped
high surface area hierarchical porous carbons were produced by simultaneous
activation and carbonization of polypyrrole and polythiophene respectively in a
single stage. Both polypyrrole and polythiophene were synthesized with the aid of
FeCls as oxidant with approximately 100% yield. Polypyrrole and polythiophene
were homogeneously mixed with KOH. Both mixtures were subjected to a
temperature of 800°C to achieve simultaneously chemical activation and
carbonization to obtain doped porous carbons as shown in figure 2.13.

Synthesis of nitrogen/sulfur-doped carbons

PPyr and PThio were synthesized with the aid of FeCls as an oxidant. In a typical
synthesis of PPyr, a solution of FeCl; in water (0.5M) was prepared by mixing 16.2
g of FeCl; in 200 ml of DI water. Successively 3 g of pyrrole was added drop by
drop to the solution under vigorous stirring. The solution was magnetically stirred
for 2 h to attain PPyr. While, in the synthesis of PThio, 3 g of 2-thiophenemethanol
in 20 ml of acetonitrile were added drop by drop, under vigorous stirring, to a
solution of 28.9 g FeCls in 100 ml acetonitrile. The resulting mixture was stirred
for 15h at room temperature to achieve PThio. The obtained polymers were
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separated by filtration on a fiberglass filter, washed with abundant DI water and
then with acetone. Finally, they were dried individually in the oven, at 120 °C,
overnight. The chemical activation and carbonization of PPyr and PThio were
performed by heating (at a ramp rate of 2.5°C/min) a KOH/polymer mixture under
nitrogen to a final temperature of 800 °C for 1h. In case of PPyr, KOH/PPyr weight
ratio was kept 4. 1.6 g of PPyr was ground in a mortar with 6.4 g of KOH until
obtaining a homogeneous mixture before proceeding to the activation in the tubular
furnace. On the other hand in case of PThio, KOH/PThio weight ratio was retained
2. 1.39 g of PThio were ground in a mortar with 2.78 g of KOH until obtaining a
homogeneous mixture before proceeding to the activation in the tubular furnace. In
order to wash the activated samples, HCI solution was prepared by mixing 50.58 g
of DI water with 5.62 g of HCI (37wt %). The samples were added to this solution
and magnetically stirred for 30 min. Afterward, 5.62 g of HCI1 (37wt%) were added
to the solutions which were stirred overnight. Successively, both solutions were
filtered over a fiberglass filter and washed with DI water until reaching a neutral
pH. Finally, the samples were dried in an oven, at 120 °C overnight. The as-
obtained carbons were labeled as PPyr C and PThio C.

Pyrrole Polypyrrole 2-thiophenemethanol Polythiophene
H FeCl
{/ \5 FeCl, N [\ OH_3’ i
N \ / N s °
H H Jq
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Figure 2. 13: Schematic illustration of the synthesis of N-doped and S-doped activated
carbons from polypyrrole and polythiophene using KOH as an activating agent

Construction of nitrogen/sulfur-doped carbon cathodes

PPyr C/S and PThio_C/S cathodes were prepared by mixing 65% elemental sulfur
and 35% of as prepared carbons. For the purpose, 1.05 g of sulfur (Sigma Aldrich)
was dissolved in CS» at room temperature. 0.45 g of PPyr C or PThio C was added
in the solution mixture. The solution mixture was magnetically stirred at room
temperature to eliminate most of CS,. The wet mixture was further mixed up with
pestle and mortar. Then, the as obtained dry powder was transferred to furnace tube
under argon stream, where the composite was heated to 155 °C for 10 h by raising
the temperature at rate of 1 °C min™!. The temperature was then raised to 250 °C to
remove shallow sulfur. The slurry was prepared by mixing 80% active material,
10% carbon black (TIMCAL Super C45) and 10% polyvinylidene fluoride (PVDF)
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in N-methyl-2-pyrrolidone (NMP). The homogenous mixing was attained by
mixing with mixer mill (MM400, Retcsh) at 20 Hz for 20 min. The slurry was cast
onto aluminum foil using a doctor blade to acquire sulfur loading (2 mg cm™).
Electrodes with diameter 15 mm were cut out of casted foils, and were dried at 50
°C under vacuum for 6 h.

2.2.2 Physicochemical Characterization

The morphology of as-prepared polymers (PPyr, PThio), carbons (C_PPyr,
C_PThio), sulfur-infused composites (S/C_PPyr and S/C_PThio) was examined
using field-emission scanning electron microscopy (FESEM, JEOL-JSM-6700F)
(figure 2.14). FESEM showed sponge-like construction for polypyrrole that is
shaped by interconnected nanoparticles (diameter~200 nm), while polythiophene
exhibited microspheres like morphology ranging from 0.2 tol.2 pum. These
morphologies are highly advantageous for pores development in currently opted
methodology, as they ensure large interfacial contact for the reaction between
polymer precursors and an activating agent (KOH). After carbonization, the
polypyrrole structure is fused and deteriorated into irregular porous carbon
structures. While polythiophene showed collapsed structures of irregular carbon
with large macropores with a little residue of carbon nanobeads. After sulfur
infusion into the carbon structures, there is no alteration in carbon morphology and
sulfur is not evident from imaging.

Figure 2. 14: FESEM images of polypyrrole (PPyr) (a) and polythiophene (PThio) (d),
PPyr based activated carbon (b), PThio-based activated carbon (e), sulfur-infused PPyr C
(c) and sulfur-infused PThio C (f)

To further probe the sulfur presence and uniform distribution in PPyr C/S and
PThio_C/S composites, EDS mapping was carried out (figure 2.15, 2.16). EDS of
the S/C_PPyr and S/C_PThio was also performed using JEOL-JSM-6700F to
investigate the sulfur distribution in the structure of the C matrix. Sulfur mapping
is acquired under FESEM by imaging the X-ray signals from the composite surface.
From EDS mapping of PPyr C/S composite, it can be observed that sulfur is well
distributed with appreciable nitrogen signals coming from doped nitrogen of carbon
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(figure 2.15). EDS mapping of PThio C/S composite also depicted the uniform
distribution of elemental sulfur, the strength of signals is an indicator of doped
sulfur presence at carbon sites (figure 2.16).
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Figure 2. 15: EDS elemental mapping of S/PPyr C composite
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Figure 2. 16: EDS elemental mapping of S/PThio_C composite

The microstructure and porosity of C PPyr and C PThio were analyzed by
recording nitrogen adsorption isotherms at 77 K by exposing at a series of precisely
controlled relative pressures from 0 to 1 with an ASAP 2020 Instrument
(Micromeritrics). Prior to the adsorption measurements, carbon matrices were
degassed at 120 °C under vacuum (10 pm Hg) for 12 h to remove the adsorbates
and residual moisture, and then the samples were cooled to nitrogen cryogenic
temperature (77K). The specific surface area (SSA) of the samples was calculated
by Brunauer—Emmett-Teller (BET) method using Langmuir model within the
relative pressure range of 0 to 1 and the micropore volume and pore size distribution
were estimated using Non-local density functional theory (NLDFT) assuming a slit
geometry of the pores. The microstructure and porosity of PPyr C and PThio C
were evaluated by nitrogen sorption isotherms (figure 2.17). The results obtained
as well as the yield of synthesis is reported in Table 2.3. PPyr_C exhibits significant
adsorption at low relative pressure (<0.1 P/Po) indicating micropores followed by
a nearly linear increase in adsorption in relative pressure range 0.1 to 0.4
representing mesopores. In fact, the PSD curve of PPyr C showed that the porosity
is formed by two well-defined pore systems: uniform micropores (=1.2 nm) and
small mesopores (=2.3 nm). Moreover, PPyr activated carbon showed a very high
surface area (2903 m? g'!) calculated for relative pressure range 0.04 to 0.2 and pore
volume 3.456 cm® g'!. PThio C instead gives type I isotherm according to IUPAC
classification with large nitrogen uptake at lower relative pressure (<0.1 P/Po)
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characterizing to greater microporosity. However, a sheer slope can be observed
between relative pressure range 0.1 to 0.3, representing very small dimension
mesopores. PSD curve of PThio C reported in Figure 2.17b is showing a
multimodal size distribution with three smaller peaks between 1 and 2 nm, and a
smaller peak in the mesoporous region at about 2.2 nm. PThio activated carbon also
showed the high surface area around 3000 m? g'! and pore volume 3.5 cm?® g'!. Both
carbons exhibit hierarchical porous carbon structures.

Table 2. 3: Yield and textural properties polypyrrole-derived activated carbons

Yield SBET Pore Volume Pore Size

Sample % m? g'! cm?® g’! nm
PPyr C 22 2903 3.456 1.2/2.3
PThio_C 28 3092 3.50 1.13/2.2
a) 3000 b) ozs
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Figure 2. 17: Nitrogen sorption isotherms (a) and pore size distribution (PSD) curves (b)
of polypyrrole and polythiophene-based activated carbons

XPS analysis has been performed to discern the presence of doping elements and
their chemical bonds contribution towards the carbon. XPS measurements of
C_PPyrand C_PThio were carried out using a Physical Electronics PHI5S800 (USA)
multi-technique ESCA system, with a monochromatic Al Ka X-ray radiation. For
testing, the samples were placed in an ultrahigh vacuum chamber at 2x10~'° Torr.
XPS spectra have shown the contribution from N and S in addition to C and O
respectively for polypyrrole and polythiophene-based carbons (figure 2.18). For
PPyr C, XPS has exhibited 1.96% nitrogen content on atomic weight percentage
that is contributing in the form of graphitic or quaternary N, pyridinic or pyrrolic N
and pyridinic N at binding energies about 401.3 eV, 399.6 eV, and 396.6 eV.
Graphitic N greatly contributes to the conductivity of the carbon matrix while
pyridinic and pyrrolic N provide binding sites for polysulfides [161]. On another
side, PThio C exhibited 4% sulfur content on atomic weight percentage as per XPS
analysis, where sulfur exists both in directly bonded form with carbon (-C-S-) and
bonded with carbon in oxidized form (-C-SOx) [159]. XPS spectra of carbon for
both types of activated carbon showed the existence of carbonyl and carboxyl
groups.
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Figure 2. 18: High-resolution XPS spectra of PPyr based carbon, C 1s (a) and N 1s (b) and
PThio based carbon C 1s (¢) and S 2p (d)

XRD patterns of elemental sulfur, PPyr C/S and PThio C/S are given in Figure
2.19a. The XRD patterns of elemental sulfur, S/C PPyr, and S/C PThio were
recorded on a Panalytical X'Pert PRO diffractometer with a PIXcel detector, using
Cu Ka radiation, under the conditions of 26 = 10-100° and 20 step size = 0.03, to
observe the presence of crystalline S8 in the composite structure. Both PPyr C/S
and PThio C/S composites are not conferring any peak that signifies elemental
crystalline sulfur, which in turn corroborating the assumption that sulfur is not
existing out of porous carbon structures. Instead, XRD spectra of activated carbons
exhibiting two wider peaks at 24° and 44°, demonstrating the graphitic features of
the carbons. Raman spectroscopy has been performed for sulfur, PPyr C/S and
PThio C/S to evaluate the presence of sulfur in composite and level of
graphitization of carbons (Figure 2.19b). Raman spectroscopy of PPyr C/S and
PThio C/S was carried out on Renishaw InVia micro- Raman spectrometer, with a
laser excitation wavelength of 514.5 nm and a laser spot size of ~20 um. Both
PPyr C and PThio_C exhibited D- band and G-band of carbon at 1350 cm™ and
1580 cm™! respectively, characterizing the presence of graphitic structures. ID/IG
value for both carbons averages around 0.9 representing the moderate degree of
graphitization, hence conductivity. In Raman spectra of PPyr C/S and PThio C/S,
sulfur is not revealing its signal that is also signifying the fact that sulfur is
infiltrated completely into the pores.

Thermogravimetric analyses (TGA) of S PPyr and S PThio were carried out on a
Mettler Toledo TGA/SDTA 851 instrument by heating the composite at 10 °C min-
1 from room temperature to 800 °C under argon. TGA analyses reveal the presence
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of 62% and 69% elemental sulfur for PPyr C/S and PThio_C/S respectively (figure
2.20).
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Figure 2. 19: XRD diffraction patterns (a) and Raman spectra (b) of elemental sulfur,
PPyr C/S and PThio_C/S composites
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Figure 2. 20: TGA analysis of PPyr C/S and PThio_C/S composites and their first order
derivative to assess the quantity of sulfur

2.2.3 Electrochemical Testing

For the half-cell testing of as assembled S/PPyr C and S/PThio_C cathodes, coin
cells (CR2032 type) were assembled in Ar-filled dry glove box (Mbraun Labstar
with Oz and H20 < 0.1 ppm) using lithium metal as the anode. The geometric area
of the electrodes was 1.76 cm?. A lithium disc (16 x 0.2 mm, Chemetall s.r.1.) was
used as the anode. A Celgard EH2010 (trilayer PP/PE/PP) 20 mm x 25 pum soaked
with the electrolyte was used as the separator. The electrolyte consisted of 1,2-
dimethoxyethane (DME) and 1,3-dioxolane (DIOX) 1:1 (v/v) with 1 M lithium
bis(trifluoromethanesulfonyl)imide (CF3SO.NLiSO.CF;, LiTFSI) and 0.25 M
LiNOs. Each cell contains no more than 20 pL of the electrolyte. Cells comprised
of sulfur cathodes were galvanostatically discharged to 1.8 V and charged to 2.6 V
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by an Arbin BT-2000 battery tester at room temperature. The C-rate is calculated
using a theoretical capacity of sulfur (i.e.) 1672 mAh g'!.

Both N and S doped hierarchical porous carbon/sulfur cathodes exhibited promising
half-cell electrochemical performances vs. lithium anode (figure 2.21). Sulfur-
infiltrated cathodes were subjected to a current density equivalent to 0.1C for the
first cycle, and further cycling was performed at C-rate 0.2C(i.e. 335 mA g!). At
the first cycle, PPyr C/S cathode showed a discharge capacity of 1448 mAh g!
very close to the theoretical capacity of sulfur (1672 mAh g'!) with CE above 100%
indicates the loss of lithium ion during discharging. While PThio C/S cathode
exhibited 1097 mAh g! with a CE again higher than 100%. So, it can be inferred
that doped hierarchical porous carbon consumes electrolyte in either SEI formation
or lithiate a portion of the sulfur in micropores to solid state Li>S through a direct
electrochemical reaction. From 2nd cycle performed at 0.2C C-rate, both cathodes
show a fall in specific capacities in part linked to the increase in current regime to
993 mAh g in case of PPyr C/S and 782 mAh g! for PThio C/S cathode. From
this cycle onwards, both cathodes reach a stabilized performance. In the case of
PThio_C/S, the specific capacity falls to 631 mAh g! for more than 250 cycles with
CE around 96.6%. There is a capacity loss of 19.3% for more than 250 cycles for
PThio C at 0.2C that corresponds 0.077% capacity loss per cycle. Whereas, in the
case of PPy C/S specific capacity values drops to 762 mAh g after 250 cycles
charging and discharging with CE of 99.5%. So, for PPyr C/S cathode specific
capacity values are substantially higher than that of PThio C/S cathode with
capacity decay 0.09% per cycle.

From the voltage profiles, it can be observed that both cathodes show a first
discharge plateau at 2.3 V related to the formation of long-chain LiPS. After a
transition between 2.3 and 2.1 V, a second long plateau appeared around 2.1 V.
Insignificant overcharging points out the effective suppression of LiPS shuttle.
Better electrochemical performance can be witnessed for N doped PPyr_C than that
of S doped PThio C, which can be attributed to higher conductivity, better pore
size distribution and a more efficient LiPS retention owing to nitrogen polar groups.
PPyr C/S cathode exhibits a flat lower plateau that indicates the uniform deposition
of Li2S and consequently higher sulfur utilization. A sloping plateau after 2 V can
be observed in both sulfur composites especially in case of PPyr C/S that is
particular to the microporous carbons. This behavior is linked to the adsorption of
LiS, on micropores [162]. However, after long term cycling, this behavior is
diminished to the normal steep fall in voltage after 2.1 V. Hierarchical pores ensure
better electrolyte access to infiltrated sulfur into carbon micropores, higher
electronic and ionic activity and facilitated electron/ion transfer at carbon-
electrolyte interface. N-doped carbon exhibited better sulfur utilization than that of
S-doped carbon. While both types of carbons offer a satisfying electrochemical
performance in terms of long-term stability attributable to elemental doping.
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Figure 2. 21: a) cyclic performance (squares: specific capacity, stars: Coulombic
efficiency) of S/C PPyr and S/C PThio composite, (b, c) voltage profile vs. specific
capacity of S/C_PPyr (b) and S/C_PThio (c)

2.3 Conclusion

In summary, we have proposed a novel carbon matrix derived from bio-based
material to host sulfur for Li-S battery application. For the first time, it was
successfully demonstrated that microporous carbons can be obtained from pyrolysis
of polymer B-cyclodextrin and exhibited a spongy structure that makes them
absorptive for sulfur. We have shown that to make S and Li,S available for the
electrochemical process, it is necessary to provide a suitable conductive network by
rGO wrapping the C/S composite. By using the proposed strategy, we are able to
reach 1108 mAh g at 0.01C and 626 mAh g at 0.2C with a capacity loss of 0.11
% per cycle for more than 100 cycles. In another cell configuration using carbon
paper as an interlayer, discharge capacity raised to 850 mA h g' at 0.2 C and
maintained it for 100 cycles with excellent rate capability and high Coulombic
efficiency. Dual layer cathode protection strategy could prove a step forward
towards commercial Li/S batteries for EVs using MPCs.
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In the second strategy, elemental doped high surface area hierarchical porous
carbons have been synthesized by the activation of polymers. As-prepared carbon
with twice amount of infused sulfur exhibited remarkable electrochemical
performance. Nitrogen-doped hierarchical porous carbon from polypyrrole showed
the specific capacity of 990 mAh g™! with capacity decay rate about 0.07% for more
than 300 cycles at 0.2C. Whereas, sulfur-doped hierarchical porous carbon
demonstrated the specific capacity of around 800 mAh g™ with capacity decay rate
0.09% for more than 300 cycles at 0.02C. Such a high capacity stable cathodes were
realized because of high surface area, hierarchical porosity, and elemental doping.
Elemental doping provides enough polarity to the matrix to interact with LiPS.
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Chapter 3

Development of metal compound
decorated carbon/sulfur cathodes

In this chapter, we presented multiple designs-integrated strategies to realize highly
stable sulfur cathodes. As highlighted earlier, metal oxides are considered as
effective matrices to adsorb sulfur and LiPS because of intrinsic polar surfaces.
Metal oxides can interact with LiPS via chemisorption or can exhibit acid-base
interactions and/or form a surface-bound active redox mediator. As metal oxides
are structurally 2D materials and exhibit limited specific surface area, so they have
the negligible capability to physically stock sulfur and its species in comparison to
carbon structures. So, carbon matrices decorated with metal oxide structures can
effectively synergies the physical hosting of LiPS along with chemical interactions
[163]. Here, three different strategies have been put forth to realize cathodes based
on this approach. These synthesis strategies are facile, easy to industrialize and
provide high loading sulfur cathodes.

3.1 Nanoscale Magnéli phase TinO2.-1 embedded carbon
matrices

Pure TiO, has been investigated in various studies for its capability to
chemically bind LiPS [164, 165]. Nazar et al. studied the effect of TiO; presence in
the carbon-sulfur cathode with significant improvement in discharge capacity
retention [165]. Zhang et al. reported titanium dioxide loaded carbon fiber paper
and Ti0O;-anchored hollow carbon nanofiber structure as freestanding cathodes with
the ability of physically/chemically trapped LiPS [164, 166]. In a recent study,
double oxides structures were exploited in which Si0; appears as a matrix to host
sulfur and TiO; shell create a physical and chemical barrier for LiPS to mitigate
shuttle phenomena [167]. As the metal oxides are a poor conductor, they severely
deter the coulombic efficiency and the high level of sulfur utilization.
Stoichiometric TiO2 shows very low electrical conductivity (i.e. 1071°S m™) [168].
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But, sub-stoichiometric phases of TiO;, chemical formula TinO2n-1, exhibit
remarkable improvement in electrical conductance owing to planar defects and
crystallographic shear planes [169-172]. These sub-stoichiometric oxides not only
exhibit the conductivity comparable to carbon structures but are also stable in
electrochemically oxidizing environments [173]. These Magnéli Phase TinO2n-1
materials are already acknowledged for several applications including
photovoltaics, photocatalysis, fuel cells, solar cells, and energy storage devices
[173-175]. Previously, Cui et al. and Lin et al. had demonstrated TiO> Magnéli
phases as a host material for Li-S batteries with some results, but both of them
involve complex and critical synthesis processes [176-178]. Moreover, they
involve the use of pure hydrogen to achieve oxygen deficient phases of TiO>. While
Nazar et al. reported Ti4O7/S composite loaded on carbon fiber paper as positive
electrode [179].First, these approaches are not industrially viable as they involve
pure hydrogen reduction environment, and require high reduction temperatures that
promote the sintering of nanoparticles [180]. Secondly, organotitanium synthesis
impedes the control on the shape of the Magneli phase nanoparticles as the shape
of raw TiOz is difficult to control [181]. Pure metal oxides cathodes are prone to
pulverization, and cell assembled from these cathodes also have a need for high
concentration of electrolyte to realize good performances that is not appropriate to
aim high gravimetric capacities. These setbacks can be alleviated by integrating
metal oxide nanoparticles into lightweight conductive carbon matrices.

3.1.1 Development of Carbon embedded Magnéli phase TinO24.1,
its sulfur composite, and cathode

In this work, we targeted to attain multiple design strategies integrated into a single
electrode. A cost-effective and sustainable approach has been opted to produce
carbon matrices loaded with Magneli phase TinO2n-1 nanoparticles as a host material
for the sulfur cathode. Electrically conductive Magneli phase TinO2n-1 nanoparticles
loaded carbon matrices were synthesized by simple heat treatment of the mixture
of TiO2 nanotubes and polyvinyl alcohol (PVA) at 1000 °C in the inert environment
using Ti metal as an oxygen getter. Carbon from PVA helps to achieve the
carbothermal reduction of TiO; along with the suppression of sintering and grain
growth in TiO: nanoparticles. The Following scheme summarizes the reactions
involved in the process.

Hydrothermal Acid carbothe.rmal
synthesis washing reduction
TiO, + NaOH —> Na,Tiz0,3 —> H,Ti;0, = Tio, > Ti 0,1

120°C/24 h H*] 1000°C/1 h

As-built cathode material allows achieving high sulfur loading along with effective
LiPS adsorption. Sulfur is introduced into the carbon matrix by simple thermal
infusion process. The cells were effectively charged and discharged for hundreds
of cycles at different C-rate. The post-operation analysis of 300 cycles discharged
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cathode was carried out to rationalize the origin of good performances.
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Figure 3. 1: Schematic illustration of the synthesis strategy for carbothermal reduction of
TiO; nanotubes to Magnéli phase Ti,O2n.1 nanoparticle-embedded carbon host matrices
(TinOZn-l NP@C)

Facile Synthesis of Magnéli phase TinO2n-1 embedded carbon

1 g of commercial anatase TiO> powder (Hombikat N100) is dispersed in 10 M
NaOH solution (15 ml) under stirring. The mixture is transferred in Teflon lined
autoclave (25 ml) for hydrothermal reaction. The hydrothermal reaction was carried
out at 120 °C for 24 h. The mixture was separated and washed with distilled water
five times. Collected mass was dipped in 0.1 M HCI solution for 12 h. Sample is
washed again with abundance of distilled water. The weight of as prepared
nanotubes was 1.076 gm. To perform carbothermal reduction and carbonization,
0.9 g of TiO; nanotubes were dispersed in 100 ml of distilled water under
sonication. In parallel, 2.3 g of PVA (molecular weight 146000-186000) from
Sigma Aldrich is dissolved in 400 ml water with continuous stirring at 90 °C. The
solutions were mixed together under stirring followed by heating to 90 °C for 12 h.
The water is evaporated under heating to achieve a solid mixture of the two
components. Carbonization and carbothermal reduction of PVA wrapped TiO:
nanotubes was carried out. Thermal synthesis involves the ramp temperature of
1000 °C for 1 hr at a heating rate 5 °C/min under an argon atmosphere with gas
flow >50 ml/min in a tubular furnace using pure Ti metal as an oxygen getter. The
weight of the composite was around 1.116 g and is black in color.

Construction of TinO2n-1 embedded carbon /sulfur cathodes

0.6 g of carbon decorated TinO2n-1 nanoparticles were mixed with 60% sulfur in
pestle and mortar. The mixture was transferred in an autoclave under an argon
atmosphere and sealed tight. Before putting inside the mixture was pressed into a
disc under high pressure. The vessel is transferred into an oven for 4 h at 120°C and
12 h at 155°C. The sulfur infiltrated sample was collected. Coin cells 2032 were
assembled in Ar-filled dry glove box (Mbraun Labstar). The geometric area of the
electrodes was 2 cm?. The cathode contained the different S/C composite materials
above described. A lithium disc (16 x 0.2 mm, Chemetall s.r.l.) was used as the
anode. A Celgard EH2010 (trilayer PP/PE/PP) 19 mm x 0.65 mm soaked with the
electrolyte was used as the separator. The electrolyte consisted of 1,2-
dimethoxyethane (DME) and 1,3-dioxolane (DIOX) 1:1 (v/v) with 1 M LiTFSI
and 0.25 M LiNOs. The sulfur to electrolyte (E/S) was kept 5-6 uL mg™! of sulfur.
For the purpose of post mortem analysis, an ECC-STD electrochemical cell
configuration (EL-Cell, Gmbh) was employed. Cells were galvanostatically
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discharged to 1.8 V and charged to 2.6 V by an Arbin BT-2000 battery tester at
room temperature. Cycling tests were performed at various C-rate. The C-Rate is
calculated using a theoretical capacity of sulfur (i.e.) 1672 mAh g'. Cyclic
voltammetry and electrochemical impedance spectroscopy measurements were
performed on CH instrument electrochemical workstation using three electrodes
configuration using Li/Li" as a reference electrode.

3.1.2 Physicochemical Characterization

The morphology of TiO> nanotubes, C@TinO2n-1 matrix, and sulfur-infused
Carbon@TinO2n-1 composite was examined using field-emission scanning electron
microscopy (FESEM, JEOL-JSM-6700F). Figure 3.2 elaborates the morphology of
as-prepared TiO> nanotubes (TiO2 NT), carbon matrices loaded with TinO2n-1
nanoparticles (TinO2n-1 NP@C), and sulfur-infused carbon matrices loaded with
TinO2n-1 nanoparticles (TinO2q-1 NP@C/S) under FESEM. It can be observed that
TiO2 NT exhibit the diameter around 10-15 nm with the lengths ranging 100-300
nm. FESEM images (Figure 3.2c, d) of TinOa.1 NP@C reveal that TinOozn-1
nanoparticles are well embedded into the carbon matrices taken under secondary
electrons (SE) and backscattered electron (BSE) acquiring mode. On carbothermal
reduction, white TiO> NT shifted their morphology to spherical black TinO2n-1
nanoparticles with a diameter <100 nm. As pointed out earlier, this transformation
of the morphology of oxides could be a result of oxygen extraction from lattice and
high-energy treatment of nanotubes. Meanwhile, the carbonization of PVA
provided the carbon matrices with TinO2,-1 nanoparticles housing inside. It can be
seen that the carbon matrix efficiently deter the sintering and grain growth of TiO»,
keeping the particles size < 100 nm. There is no significant change in morphology
after thermal infusion of sulfur into the composite (Figure 3.2e, f), which reflects
the homogenous distribution of sulfur into and onto the TinO2n-1 NP@C matrices.

“# 200 nm

200 nm

Figure 3. 2: FESEM images of (a) TiO2 NT (b) TixO2.-1@C, (¢) TinO20-1@C (secondary
electron image), (d) TixO2n.1@C (back-scattered electron image), () Sulfur-infused TinO2zn-
1@C/S, and (f) Sulfur-infused Ti,O2n.1 NP@C/S (SE)
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High-resolution transmission electron microscopy (HRTEM) analysis of typical
TiO2 NTs, TinO2n-1@C matrices and TinO2n-1@C/S composites are shown in Figure
3.3a-c, respectively. Bright field TEM imaging of TiO> NTs confirms a multi-
walled tube structure with an external diameter of ~10-15 nm and an internal
diameter of 5-8 nm. The NPs of TinO2n1@C have a diameter of ~ 25-30 nm, as
shown in Figure 3b and e. TinO2-1@C/S composites consist of TinO2n-1 NPs
embedded in the composite of C and S (Figure 3.3c). A high magnification TEM
image of the C/S composite, illustrating its layered structure, is shown in Figure
3.3f. Selected area electron diffraction (SAED) patterns of TiO2 NTs, TinO2n-1@C
matrices and TinO2,-1@C/S composites were acquired from the areas shown in the
inset images in Figure 3.3h-j, respectively. The SAED pattern for a typical TiO:
NTs, shown in Figure 3.3h, indicates a polycrystalline structure of rutile phase TiO>
(JCPDS No. 21-1276). The SAED pattern for typical TinO2n-1@C matrices consists
of a series of polycrystalline rings with d-spacings consistent with Ti9O17 (JCPDS
No. 50-0791). A series of polycrystalline rings with the same d-spacings were
observed in the SAED pattern for the TinO2n1@C/S composite, as shown in Figure
3j, indicating that the titanium oxide present in the NP@C matrices remains as
Ti9O17 during the preparation of the TinO2n1@C/S composite. The additional
diffraction spots present in the SAED pattern for the TinO2-1@C/S composite,
which is not found in the pattern for the TinO2n-1@C matrices, are due to the
presence of elemental S. The d-spacings for these diffraction spots are consistent
with orthorhombic S8 (JCPDS No. 08-0247).

Energy dispersive X-ray spectroscopy (EDS) of the composites and exhausted
cathodes was also performed using JEOL-JSM-6700F to investigate the sulfur
presence into the structure of C@TinO2n-1 matrix. In this cathode material, the sulfur
remained crystalline and stable under electron beam irradiation. EDS elemental
mapping confirms that sulfur is homogenously distributed throughout the
composite microstructure (Figure 3.4). Mapping of Ti indicates that nanoparticles
of Ti,O2n.1 are well dispersed in the composite just underneath the carbon shell, as
sharp boundaries cannot be defined. EDS signals for oxygen directly correspond to
the position of TinO2n-1 nanoparticles. Sulfur signals are comparatively weak over
regions where Ti and O signals are quite strong, which highlights that sulfur is
initially infiltrated into the carbon matrix and found as separate nanocrystallites, as
determined by selected area electron diffraction. Thus, in order to observe the
chemical interaction of LiPS with Ti,O2q.1 nanoparticles, we obtained EDS analysis
of cycled cathodes (vide infra, Figure 3.9). Thus, the pre-cycled composite is a
carbon matrix loaded with individual TiyO2s.1 nanocrystals with segregated high
areal loading of sulfur within the carbon matrix in close proximity.
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Figure 3. 3: TEM images of (a) TiO2 NTs, (b) TinO2n.1@C matrices and (¢) TinO2.1@C/S
composites. HRTEM images of (d) TiO2 NTs, (€) TinO2n-1@C matrices and (f) TinO2zn-
1@C/S composites taken at a magnification of 300 kx. SAED patterns of (h) TiO, NTs, (i)
T1,O2n-1@C matrices and (j) TinO2-1@C/S composites acquired from the areas shown the
inset images. The scale bar in the inset corresponds to 50 nm. (Blue corresponds to rutile
TiO,, green corresponds to TigOy7 and red corresponds to elemental S).

Figure 3. 4: EDS elemental mapping of sulfur-infused TiO2,.1@C/S matrix composite.

The microstructure and porosity of the TinO2n-1@C matrix and sulfur-infused
TinO2n-1@C/S composite was quantitatively determined by nitrogen adsorption-
desorption curves. The porous structures of C(@Ti,O2s-1 matrix and sulfur-infused
Carbon@TinO2n-1 composite were analyzed by recording nitrogen adsorption
isotherms at 77 K by exposing at a series of precisely controlled pressures from 0
to 1 with an ASAP 2020 Instrument (Micromeritrics). Prior to the adsorption
measurements, the C@TinO2.1 matrix and sulfur-infused Carbon@Ti,Ozn-1
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composite were degassed at 150 °C and 50 °C (to avoid the sublimation of the
sulfur) respectively under vacuum (10 pm Hg) for 12 h to remove the adsorbates
and residual moisture, and then sample was cooled to nitrogen cryogenic
temperature (77K). The specific surface area (SSA) of the samples was calculated
by Brunauer—Emmett-Teller (BET) method using Langmuir model within the
relative pressure range of 0 to 1 and the micropore volume and pore size distribution
were estimated using density functional theory (DFT) assuming a slit geometry of
the pores. Figure 3.5a demonstrates that the TinO24-1@C matrix has a high surface
area with a maximum pore size distribution at 5.0 nm. The isotherm in Fig. 3.5a
shows a type IV hysteresis curve indicative of a mesoporous material. The
hysteresis shape and the fact we observe no limiting adsorption at high P/Po is a
particular signature of a composite comprising slit-shaped pores [151]. This form
of porosity in the host material is critical for suppressing shuttling phenomena for
improved capacity retention. Moreover, the surface area is significantly reduced
from 192 m?%g to 1124 m*g for sulfur-infused TinO2n-1@C/S composite.
Importantly, this confirms that sulfur is properly and uniformly infused into pores
of the TinO2n-1@C matrix. Thermogravimetric analysis was carried out on a Mettler
Toledo TGA/SDTA 851 instrument by heating the composite at 10 °C min™' from
room temperature to 800 °C. Thermogravimetric analysis (TGA) from room
temperature to 800 °C at 10 °C min™! under nitrogen atmosphere confirmed that the
sulfur loading is ~60% (w/w) (figure 3.5b).
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Figure 3. 5: (a) Nitrogen adsorption-desorption isotherms for TinOn-1@C and TinOazn-
1@C/S. (Inset) corresponding pore size measurements. (b) Thermogravimetric analysis of
as prepared sulfur-infused TinOz.1@C/S matrix.

The XRD patterns were recorded on a Panalytical X'Pert PRO diffractometer with
a PIXcel detector, using Cu Ka radiation, under the conditions of 260 = 10-100° and
20 step size = 0.03, to observe the presence of TiO> sub-stoichiometric phases.
Reduction of TiO; into Magnéli phase TinO2n-1 significantly enhanced the electrical
conductivity from its rearrangement into the oxygen-deficient TinO2n.1 phases
(compared to anatase TiO2) and from an increase in Ti** species [169]. Maintaining
electrical conductivity to rival graphitic carbon is one benefit of the Magnéli phases,
whose surface chemistry also immobilizes LiPS during cycling. XRD data in Figure
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3.6a did confirm that hydrothermal synthesis of TiO> NT incorporates rutile phases
in pure commercial anatase Hombikat N100 TiO2 powder, with typical diffraction
patterns for nanostructured-layered materials. This polymorph of the material is
reported as TiO2-B with an edge and corner-sharing TiOg subunits in the lattice and
exhibits lower density than any of the pure phases of TiO2 [182]. Broadening of the
reflections in the diffraction pattern was also confirmed due to dimensional
confinement. The carbothermal-reduced form of TiO, comprised several reflections
corresponding to various Magnéli phases of TiO> by JCPDS indexing. The XRD
pattern agreement showed ~70% coincidence of the reflections with Ti4O7, TisO9
and TigO17 compared with JCPDS files 50-0787, 51-0641 and 50-0791,
respectively. The emergence of a characteristic peak for TisO7 at 20.78° was
observed in the XRD spectrum of TinO2n-1@C.

The interaction of LiPS with TiO> nanotubes and Ti,Ozn-1@C matrix was
investigated via a visual perception experiment under argon atmosphere. Solutions
of different LiPS were prepared by reacting Li>S and Sg into a mixture of DME and
DIOX over a period of 72 h, under continuous stirring in argon. Figure 3.6b shows
the particularly strong optical adsorption of LiPS onto TinO2:-1@C in contrast to
solutions of pure TiO> NT samples. The LiPS solution containing TiO2 NT showed
a substantial discoloration confirming that TiO> also has certain adsorption
capability for LiPS. This implies that the interaction of pure titania may not be
adequate for higher sulfur loadings, and low electronic conductivity also limits long
cycle life capability. On the contrary, we observe a strong discoloration of a
concentrated mixture of LiPS in the first 12 h by adding TinO2q-1@C into the
solution. The strong adsorption of LiPS by TinO2,-1@C can be attributed to physical
adsorption by porous carbon and in the case of Magneli Ti,O2n.1 Oxides, a strong
polysulfide interaction that fixes LiPS to the oxide surface.

To further probe the electronic and chemical environment, XPS analysis of TiO:
nanotubes, TinO2,-1@C/S composite, charged and discharged cathodes was
performed. X-ray photoelectron spectroscopy (XPS) measurements were carried
out using a Physical Electronics PHIS800 (USA) multi-technique ESCA system,
with a monochromatic Al Ko X-ray radiation. For testing, the samples were placed
in an ultrahigh vacuum chamber at 2x107!° Torr. Figure 5b show the Ti 2p core-
level photoemission from TiO> NT and TinO2-1@C/S composite. Both materials
exhibited two hyperfine split photoemission of titanium oxide compounds at 459
eV and 464.6 eV from Ti*" 2p**!2. However, TinO2n-1@C/S shows two additional
and well-differentiated lower intensity emissions at 461 eV and 457 eV from Ti"?
2p*? and 2p'? that correspond to a specific Ti-S bonding [172, 183]. In Magnéli
phase TinOzn.1, surface Ti"® and oxygen vacant sites can interact with oxygen and
oxides [184]. Likewise, as sulfur belongs to the same group, it also interacts with
Magnéli phase TinO2n-1 both in elemental and polysulfide form, which is what we
detected within the TinO2n-1@C/S composite. The S2p photoelectron emission
spectra of as-prepared cathodes and those after 300 charge-discharge cycles (Figure
3.6¢). In our case, the spatially localized composite contains a large starting areal
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sulfur loading (>2 mg cm™), and a high density of Magnéli oxide NPs dispersed
throughout the voids and pores in the carbon matrix. The oxides at the electrode
scale contain several oxides, all of which are conductive Magnéli oxides that
enhance the chemical affinity for LiPS binding during the cycling process.

In both cases, the broad core-level emission between 164-172 eV was deconvoluted
into two peaks centered at 170.2 eV and 167.7 eV, specifically associated with S-
O (SO2) and S-O (SO3), respectively [21, 185]. This chemical state is often
interpreted as electrolyte degradation, particularly associated with LiTFSI and
LiNOs electrolyte salts in the absence of TiO>. According to Umebayashi et al.and
Sayago et al. for adsorbed sulfur dioxide (SO2) molecules on a TiO» surface, the
typical photoemission from the S2p states are likewise located between 166 and
170 eV [186, 187]. In our case, this XPS signature related to surface-adsorbed SO»
/ SO3 molecules from electrolyte decomposition through Ti-O-S binding at the
surface of the Magnéli phase. This interaction is additional to the typical Ti-S
bonding in which sulfur atoms have their S 2p peak between 160.7 and 163.7 eV.
This might suggest that carbothermally reduced form of TiO: can trap soluble LiPS
by a mechanism similar to conversion to polythionate, previously described by
Nazar et al which increases the adsorption efficiency [30]. However, pure phase
Ti407 is claimed to adsorb PS on its hydrophilic surface only through Ti-S
interaction. Our measurements (Fig. 3.6c) shows that photoemission at ~163 and
162 eV originate from S-S and Li-S bonding in LiPS and the peak at 160 eV
corresponds to Ti-S bonding.
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Figure 3. 6: (a) XRD analysis of TixOum.1@C and TinO2n1@C/S composite (b)
Experimental illustration of LiPS adsorption onto Magnéli phases Ti,O2zn.1 NPs loaded in a
carbon matrix, in solution (c) XPS Ti 2p core-level photoemission spectra of TiO, NT,
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TinO2m1@C/S and (d) S 2p core-level photoemission from charged and discharged Ti,O2zn-
1@C/S cathodes.

Corresponding peaks derived from the Ti-S bond in the Ti 2p and S 2p spectrum
after discharge demonstrated the ability of Ti to bond LiPS. We also examined the
cathode by XPS after discharging and charging. As the ratio of relative peak
intensities of polysulfides (S-S and Li-S) to Ti-O-S decreases in the charged
cathode (Fig. 3.6¢) compared to the discharged one, we deduce that low order
polysulfides are oxidized during the charging process [188]. The Ti-S XPS spectra
show that the photoemission intensity associated with strong polysulfide adsorption
after charging (i.e. after a complete charge following 300 cycles) is reduced but still
present. This suggests that sulfur species maintain interaction with several Magnéli
phases of Ti202x.1 that co-exist within the cathode in NP form for at least 300 cycles.

Post operation analysis of a cycled sample was performed in order to further probe
the robustness of the sulfur-infused TinO2n-1@C/S cathode. The morphology of
fully charged cathode after 300 cycles at 0.2C was investigated by FESEM and
EDX analysis and confirms a pristine, intact microstructure and porosity of the
original composite (Fig. 3.9), which reflects the ability of our cathode samples to
mitigate any large morphological changes. Elemental mapping of the cycled
cathode is quite similar to the elemental distribution shown for the as-prepared
sulfur-infused TinO21-1@C/S composite. There is an additional signal from fluorine
comes from LiTFSI once SEI layer formation over the cathode is complete. There
is sulfur distributed all over the surface, even at regions where the Ti signal is quite
intense, conclusively showing a stable material system where sulfur interaction with
conductive Magnéli phase Ti2O24-1 occurs.

3.1.3 Electrochemical Testing

To test the electrochemical performance of sulfur-infused T1,O2,-1@C/S composite,
CR2032-type coin cells were assembled. The as-prepared composite was cast on Al
foil by mixing with PVDF and CSW carbon in a ratio of 8:1:1 with sulfur loading
of 2-2.3 mg cm™. The electrolyte to sulfur (E/S) ratio was kept 5-6 uL mg™!. Figure
3.7 shows the stable galvanostatic charging and discharging behavior of the
cathodes at a specific current of 334 mA g!, 836 mA ¢!, and 1672 mA g! (0.2C,
0.5C, and 1C, respectively) for 100 cycles. The initial discharge capacities of 1138
mA h g, 1100 mA h g!, 956 mA h g, 801 mA h g! and 700 mA h g! were
reached at specific currents 0.05C, 0.1C, 0.2C, 0.5C and 1C respectively. All
discharge voltage profiles show two characteristic discharge plateau. The first, at
2.3V, is linked to the reduction of sulfur to long chain LiPS, and the second at 2.1
V corresponds to the reduction into short-chain LiPS. Figure 3.7c demonstrates the
rate capability of the composite cathode at various specific currents. Compared to
sulfur-in-carbon electrodes, and the state of the art in conductive oxide host
cathodes, we find a high initial capacity with excellent rate-dependent response and
retention. Even at 1C, following consecutive 10-cycle tests, the cell retains a
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capacity ~650 mAh g and retains the capacity at each rate, while completely
recovering full capacity after switching back to the initial current rate.
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Figure 3. 7: (a) Cycling performance of TinOz.1@C/S NP composite Li-S cathode
electrodes at C-rates from 0.2C to 1C. (b) Corresponding discharge-charge profiles for each
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C-rate test. (¢) Rate response of the Ti,O2n-1@C/S NP composite at 0.1C, 0.2, and 1C. (d)
Corresponding discharge-charge profiles at 0.2 C up to 500 cycles. (¢) 500 cycle
performance and Coulombic efficiency and (f) Long term cycling behavior at a high C-rate
of 1C for 1000 cycles.

This indicates the robustness and efficiency of this cathode material even with an
order of magnitude higher sulfur loading and low E/S ratio in comparison to
previous oxide-based cathodes for Li-S batteries. We noted a small polarization
effect at higher rates that is also suggestive of encapsulation of Magnéli phase
TinO2n-1 NPs by conductive carbon and structural porosity for quick access of
electrolyte. Taking the advantages of higher electronic conductivity of Magnéli
phase titania and carbon, and that of nanostructured oxide nanoparticles, the sulfur-
infused TinO2n-1@C/S composite showed an initial specific capacity of 1050 mAh
g-1 at 0.2 C with capacity retention of 65% over 500 cycles (Figure 3.7d, e). The
long cycle performance of the cathode material was also evaluated at the higher rate
of 1C for 1000 cycles as shown in Fig. 6f. At 1C, cathode material exhibited an
initial capacity of 700 mAh g-1 with less than 0.06% capacity loss per cycle for
1000 cycles with Coulombic efficiency close to 99%. Thus, the cathode synthesis
strategy is very efficient in suppressing LiPS dissolution and shuttling by trapping
LiPS both physically and chemically and is capable of long cycle life stable
operation with high capacity, and excellent response to faster rates.

The cathodes were also cycled voltammetrically (in the three-electrode
configuration using Li+/Li as a reference electrode, Figure 3.8) at a voltage scan
rate of 0.01 mV s’ between 1.5 and 3.0 V to examine the redox characteristics of
the cycling process and material electrochemistry. Two distinctive and
characteristic cathodic peaks can be observed at 2.35 V and 2.15 V while during
oxidation a single large anodic peak appears at 2.45 V. The narrow linewidth of the
current (reaction rate) peaks and their consistency confirm good electrical contact
and insignificant overcharging behavior. Impedance spectroscopic data in Fig. S3
of the as-assembled cell at open circuit potential, and after five cycles of charging
and discharging, also corroborate the CV and overall cell testing findings.
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Figure 3. 8: (a) First 3 cycles by the CV of Sulfur infused TinO2.1 NP@C/S matrix cathode.
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Solid-state Li* ion diffusion is also enhanced on cycling due increase in active sites
for interfacial electrochemical reaction. This determines the uniform distribution of
sulfur, which is further confirmed by EDX mapping of exhausted electrodes, and
faster Lit+ ion transport into the electrode due to the stable SEI as pointed out in
XPS analysis.

Figure 3. 9: (a-c) FESEM investigation of the surface of Sulfur infused Ti,Oz.1 NP@C/S
cathode after 300 cycles. (d) EDX maps of the exhausted cycled Ti,O2.1 NP@C/S cathode
material confirming a similar elemental distribution compared to pristine as-synthesized
material prior to galvanostatic cycling.

3.2 Electrochemically MnOx deposited carbon fiber (CF)
substrates as freestanding sulfur cathodes

Various approaches have been proposed to realize stable sulfur cathodes. However,
low sulfur loading in all those cases made them impractical for the industry. Here,
we came up with a novel idea to produce high sulfur loading freestanding cathodes
that can be easily integrated into present technology practiced by industry. In the
present approach, various MnOx deposited carbon structures will be investigated to
achieve sulfur loading around 5 mg cm™ with good electrochemical performance.
This will not only allow to get rid of inactive mass arising from the Al current
collector but also reduce the preparation steps.

3.2.1 Development of MnOx deposited CF freestanding sulfur
cathode

Electrochemical depositions of MnO»> is widely employed on various substrates to
realize pseudocapacitive behavior in supercapacitors [189, 190]. It is also a well-
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known fact that annealing of electrodeposited manganese hydroxide films at
different temperature and environment results in manganese oxide films with
various oxidation states [191, 192]. This perspective has been exploited to realize
freestanding sulfur cathodes using MnOx deposited carbon structures. This also
provides an opportunity to reach the right oxidation state of Mn in the form of oxide
to efficiently trap LiPS to realize long life Li/S batteries.

Production of CF cloth and electrochemical deposition of MnQOy
Two different assemblies of carbon materials have been selected to construct
freestanding sulfur cathodes. Cellulose carbon cloth (CCC) was produced by
carbonization of cotton fabric. For the purpose, cotton cloth was rinsed with acetone
to remove residual fats and wax. Then cotton cloth was carbonized at 1000 °C for
1 h with a heating rate 5 °C min™'. Electrochemical deposition of MnOx was carried
out through anodic chronopotentiometry. The deposition bath was comprised of 0.1
M Mn(CH3COO); and 0.1 M Na»SO4. The deposition was performed at a current
density of 0.05 mA cm™.

Commercial carbon fiber paper (known as a gas diffusion layer, GDL) was also
used as a carbon substrate to prepare high sulfur loaded freestanding sulfur
cathodes. Electrochemical deposition of MnOx was carried out through anodic
chronopotentiometry (figure 3.10). The deposition bath consisted of 0.1 M
Mn(CH3COO), and 0.1 M NaySOg4 solutions. The deposition was performed at a
current density of 0.03 mA cm™.
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Figure 3. 10: Typical Voltage-time profile for electrochemical deposition of MnOOH
through anodic chronopotentiometry

Activated carbon nanofibers (CNF-Act) sheets were produced by electrospinning,
followed by CO> thermal activation and carbonization. Electrospinning baths were
prepared by dispersing 10% by weight polyacrylonitrile (PAN) (MW 150000,
Sigma Aldrich) in dimethylformamide (DMF). The electrospinning was performed
on a high voltage (29.9 kV) three syringes electrospinning setup (MECC Co. LTD.,
model NF-103) at flow rate 2-3 ml h™! with a needle to collector distance of 17 cm
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and collector cylinder rotating at speed of 300 rpm. The relative humidity was
maintained at 65% with a temperature around 25 °C. Thermal annealing of as-spun
mats was carried out in two steps; stabilization and activation/carbonization. In
stabilization step, the mat was subjected to 280 °C for 5 h in air at a heating rate 1
°C min’!. Then a second heating and activation step was conducted at 950 °C with
a dwelling time of 1 h and a heating rate of 5°C min™' under CO, flux.
Electrochemical deposition of MnOx was carried out through anodic
chronopotentiometry. The deposition bath was comprised of 0.1 M Mn(CH3COO),
and 0.1 M NaxSOs. The deposition was performed at a current density of 0.03 mA
cm. To realize different oxidation states of Mn, the as-deposited were subjected
to 100 °C, 300 °C, 400 °C and 450 °C under air and 400 °C under argon.

Construction of freestanding high loading sulfur cathodes and

cells

For the preparation of freestanding carbon structures sulfur cathodes, 15 mm
diameter discs were punched out of deposited carbon substrates. Then sulfur was
dissolved in CS;, and then the obtained solution was added dropwise on punched
cathodes to reach required loading. The impregnated sulfur cathodes were subjected
to 80 °C to remove residual moisture and CS: on glass slides. It is worth noting that
CCC and GDL substrates have kept intact their structural stability. But, CNF-act
has gone brittle and fragile. In most of the cases, cathodes get adhered to glass
surfaces and it becomes critical to remove them for further investigations. So, it is
decided to drop CNF-act substrate as a possible structure for freestanding cathodes
irrespective of high surface areal property. The as-prepared cathodes were
assembled against lithium foil with E/S ratio around 7-8 pL/mg of S. As prepared
cells were charged and discharged between 1.8 and 2.6 V at 0.05C for the 1% cycle
and then onward cycling was performed at 0.2C.

3.2.2 Physicochemical Characterization

FESEM of as electrochemically deposited MnOx films has revealed dendritic
growth of nanoflakes like sea urchin (Figure 3.11). The films are highly porous and
uniformly distributed all over the surface of CCC. This morphology not only
imparts the spaces to accommodate sulfur and LiPS but also provide a very high
surface area to interact with LiPS. Here, it important to mention that almost all the
films showed similar morphologies but high charging effects during FESEM
imaging capturing does not let all the morphologies to picture. The morphology is
in accordance with our understanding of the overpotential (current density) in the
course of an electrochemical deposition that strongly influences the nucleation. As
per Faraday's law, the rate of electrochemical reaction at the electrode is
proportional to the extent of electric charge. Hence, the deposition rates can be
predicted for different current densities by following relation [189].
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where V is deposition rate, ix is current density, ng is current efficiency, E is the
electrochemical equivalent for Mn (0.29282 g (Ah)!) and p is the density of Mn
(7.21 g cm™). This reveals that the deposition rate has a strong correlation with
current density and current efficiency.

Figure 3. 11: SEM images of electrodeposited MnOx films on CCC treated at various
temperatures and atmospheric conditions; a,b) 100 °C in air, ¢,d) 300 °C in air, e,f) 400 °C
in air, g,h) 400 °C in argon i, j) 450 °C in air k,1) FESEM 300 °C in air

TEM analysis also revealed the similar flake morphologies in case of 100 °C air-
dried sample but in other cases in which calcination was performed at high
temperature (figure 3.12). The films lose their deposited morphologies during the
sample preparation due to the crushing of samples to particulate the sample.
However, TEM reveals the scale of morphological elements to a few nm that is
indirect evidence of high surface to realize effective interaction among MnOx
elements and LiPS.
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" % :

Figure 3. 12: HRTEM images of variou déposited MnOx films; b,c) 1 °C
400 °C air g,h,f) 400 °C argon

air d,e,f)

XRD analysis has revealed the existence of various phases of MnOx on diverse heat
treatments [193, 194]. The different phases can be identified in figure 3.13 for all
deposited films that are exactly in a match with XNEAS analysis. X-ray absorption
near-edge structure (XANES) spectroscopy has been carried out to track the
oxidation state of Mn in deposited films. Figure 3.14 shows the measured spectra
for the references compounds (Mn, MnO, MnO, Mn;03) and samples of Mn oxides
named MnOx-100C-Air, MnOx-300C-Air, MnOx-400C-Air, and MnOx-400C-Ar.
All measurements were performed on X-Ray Absorption Spectrometer R-XAS
from Rigaku and the obtained absorption spectra were treated by standard methods
using Athena software. Valence states of Mn in the mixed-valence layer and tunnel
structure manganese dioxides (MnOy), usually referred to as phyllomanganates and
tectomanganates, can be estimated by X-ray absorption near-edge structure
(XANES) spectroscopy. By the use of Mn oxide standards with known oxidation
states and performing a calibration curve between the valence band and, for
example, edge energy shift. In the present case, we use the method described by
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Manceau et al. to estimate the valence state of four MnOx samples (figure 3.15)
[193, 195].
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Figure 3. 13: XRD diffraction patterns of various as-deposited MnOy films
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Figure 3. 14: a) Mn K edge XANES spectra for Mn reference compounds, energy edge
position change with increasing valence value. b) Mn K edge XANES spectra for measured
samples.
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Figure 3. 15: The calibration curve and the obtained valence state for the four measured
samples.

XPS spectra were measured using as source an Al anode (1486.61 eV), a power of
100 W and a potential difference of 10 kV. The Cls signal equal to 285 eV was
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taken as internal calibration. The MnCOj3 sample had to be measured using the load
compensation source (Flood Gun). The analysis was carried out using the CASA
XPS software. The spectra of Mn2p (633 eV-662 eV) and Ols (538 eV -523 eV)
were measured. Additionally, the Mn3s signal (94 eV-76 e¢V) was measured.
Deconvolutions were carried out in order to identify and quantify the species. The
survey spectra of the samples showed Mn, O, C as the major surface elements.
Figure 3.16 shows the XPS spectra corresponding to Mn2p3/2 with the
deconvolutions corresponding to each species of Mn. In all cases, the binding
energy values for each component are contained by the ranges reported in the
literature [194, 196].
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Figure 3. 16: XPS spectra Mn 2p3/2 of MnOx samples.

Figure 3.17 shows the Mn 3p3/2 spectra measured for the MnOx samples that
received different thermal treatments in the air. In them, the width values are
reported at the average height of the different components (FWHM). It is observed
that as the temperature of the heat treatment increases, the widths of the peaks
progressively increase [193, 194].
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Figure 3. 17: XPS spectra Mn 2p3/2 of MnOx samples that had different thermal
treatments in the air.
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The relative percentages of each of the Mn species present, calculated according to
the relative areas of each peak, are listed in Table 3.1. Comparing the samples
treated in air, it is observed that increasing the temperature of the treatment
increases the % of Mn (II) (starting reagent of the synthesis process) and decreases
the% of Mn (IV) present. Regarding the sample that during the heat treatment was
kept under Ar atmosphere, a higher percentage of Mn (IV) is observed compared
with the sample subjected to the same temperature but in the air.

Table 3. 1: Relative percentage of each of the Mn species present in the samples

Mn2p3/2

Sample Mn(1I) (%) Mn(III) (%) Mn(V) (%)

100°C air 5,08 37,54 57,38
300°C air 9,38 47,77 42,85
400°C air 12,87 54,36 32,77
450°C air 17,96 51,37 30,67
400°C Ar 10,99 53,02 36,00

Additionally, the corresponding Mn3s orbital signal was studied since it is also
useful to estimate the oxidation state of Mn. The separation between the peaks
corresponding to internal electrons originates due to the interaction of them with
unpaired electrons of the valence band.

Table 3. 2: Results of XPS of Binding Energy and energy separations for the 3s orbital of
Mn.

Average oxidation
peak 1/eV  peak 2/eV  AE/eV state*

100°C air 89,00 83,94 5,06 3,31
300°C air 88,89 83,76 5,13 3,20
400°C air 88,75 83,23 5,52 2,81
450°C air 88,79 83,20 5,59 2,72
400°C Ar 88,89 83,42 5,47 2,67
MnO: (control) 89,30 84,63 4,67 4
MnCO; (control) 89,42 83,20 6,22 2

This process takes place after irradiating the sample and "plucking" electrons from
it. The separation AE between the peaks Mn3s will be proportional to two factors:
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1) the energy of the electronic interaction mentioned, 2) the total spin given by the
unpaired electrons in levels 3s and 3d. Taking this last point into account, the greater
the oxidation state of Mn, the greater the total spin and the smaller the AE separation
between the Mn3s two peaks. The measured AE results are shown in Table 3.2. It
is observed that the values of AE measured for the samples take intermediate values
between those measured for the patterns of Mn (1) and Mn (IV) (MnCO3 and MnO»
respectively). For each sample, the average oxidation state * for Mn was estimated
according to previously published information. The spectra requested for the three
samples were measured. The deconvolutions were carried out and the species were
identified and quantified in a relative manner according to the literature. With the
information of the Mn3s spectra, an average oxidation state was estimated for each
of the samples according to the literature [194, 196].

3.2.3 Electrochemical Testing

All as prepared freestanding cathodes were subjected to Galvanostatic charging and
discharging. Figure 3.18 exhibited the long-term cyclic performances of various
MnOx deposited CFP cathodes. MnOx calcined at 300 °C in air exhibited the 1200
mAh g'! capacity for the first cycle at 0.05C that decreased to 1050 mAh g at 0.2C
for next cycle. Onward cycling showed a decrement to 850 mAh g! within 50
cycles followed by a short circuit. This indicates that very high sulfur loading, and
then improper hosting of LiPS lead to uneven plating of Li that results in a short
circuit. Similar effects have been recorded for the MnOx film calcined at 250 °C in
Hy/Ar.
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Figure 3. 18: Long-term Galvanostatic charge-discharge cycling performance of
freestanding MnOx deposited carbon fiber paper as a sulfur cathode
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But, these cathodes showed brown film deposits that are not perfectly adhered,
causing a lot of material to peel off without any harsh handling. This results in an
uneven deposit on CFP, which is also evident from the fluctuating cycling behavior
of cathode. While cathodes treated at 400 °C in air and argon identified as a-MnO>
and Mn304 exhibited excellent cycling performances. Both cathodes showed stable
cycling at such a high loading for 100 cycles around 1000 mAh g™ for MnO, and
1100 mAh g for Mn304. This performance also points out that the Mn3;O4 can
interact even better with LiPS than that of MnO». Corresponding voltage capacity
profiles have been demonstrated in figure 3.19. All four cathodes exhibited typical
plateaus for oxidation and reduction of sulfur. It can be observed that MnOy films
obtained at 400 °C in air and argon showed minimal overpotential and stable
capacity retention. MnOx calcined at 300 °C in air showed a higher overpotential
and one at 250 °C in Ho/Ar exhibited the highest of all. In the latter case, such a
high overpotential can be due to broken or damaged film as discussed above can be
seen in the case of MnOx_250°C_H,+Ar (Fig. 3.19d).
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Figure 3. 19: Charge and discharge profiles of various synthesized freestanding MnOy
deposited carbon fiber paper as a sulfur cathode a) MnOx_400°C_Ar b) MnOy_400°C_Air
¢) MnOx_300°C_Air d) MnOx_250°C_H,+Ar

MnOx on CCC sulfur cathode exhibited much better performance than that of
MnOx on CFP. The better performance from these electrodes could be either related
to the flexibility of the carbon matrix or higher surface area and porosity.
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Figure 3. 20: Long-term Galvanostatic charge-discharge cycling performance of
freestanding MnOx deposited carbonized cellulose cloth as a sulfur cathode

Here, MnOx calcined at 400 °C in argon showed the best performance (Figure 3.20,
blue curve). So, it can be inferred that Mn3O4 may strongly interact with LiPS than
that of other oxide forms. Initially, all cathodes exhibited lower capacity followed
by an increase and stabilization. This could be related to saturating of the matrix
and formation of effective SEI layer formation that causes an increase in capacity
and stabilization. All other cathodes showed more or less comparable
electrochemical performances with a little variation in attained specific capacities.
However, the cathode without MnOx deposition showed a very lower specific
capacity and rapid capacity degradation (figure 3.20, green curve). It can also be
observed from figure 3.21e that overpotential is quite high, which kept on
increasing with the passage of every cycle. This increase in overpotential could be
due to surface deposition of Li>S that imparts resistivity on interfaces.
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Figure 3. 21: Charge and discharge profiles of various synthesized freestanding MnO
deposited carbonized cellulose cloth as a sulfur cathode a) MnOx-400°C_Ar b) MnOx-
300°C_Air ¢) MnOx-450°C_Air d) MnO4-400°C_Air e) w/o MnOy deposition

3.3 Vanadium Nitride (VN) decorated Nitrogen-doped
carbon-graphene/ Sulfur Cathodes

It has already been discussed in the literature that nitrides can also be prospective
candidates as inorganic moieties that can interact with LiPS to extend the cycle life
of Li/S cells. But, preparation of nitrides is mostly a complex and hazardous process
because of the involvement of ammonia to carry out a nitridation process. Although
very few reports have shown some remarkable performances using nitrides as LiPS
host, complex synthesis and special precursors make them really limited to be opted
by industry [197, 198]. In this subject, a novel and hassle-free approach have been
acquired to reach vanadium nitride using commercial V>Os powder as a precursor.

3.3.1 Development of VN decorated N-doped carbon-rGO / sulfur
composite cathode

In order to acquire VN decorated on carbon matrices, simultaneous in-situ
ammonization and carbonization have been aimed. For this purpose, commercial
V205 powder has been mixed with hydrogen peroxide (H20:) solution followed by
mixing of graphene oxide solution to attain a gel. The gel was dried and reduced
under argon at 700 °C to achieve rGO and VOx (V205 reduced state). This mixture
was blended with dicyanamide to carry out in-situ ammonization followed by
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carbonization. The final mixture was subjected to 550 °C under argon to release
ammonia for reaction with VO and C3Ny structure. On raising the temperature to
800 °C, the carbonization was realized with a significant amount of nitrogen doping
along with VN.

Synthesis of Vanadium Nitride (VN) decorated Nitrogen-doped

carbon-graphene

0.5 g of vanadium pentoxide (V20s, Sigma Aldrich) was dispersed in 5 mL
deionized water (DI, 18 MQ at 25 °C). The mixture was added to 25 mL graphene
oxide aqueous dispersion (4 mg/mL) from Graphenea to attain homogeneous
mixture. 20 ml of H2O> solution (50 % v/v, Sigma Aldrich) was introduced in
V205/GO mixture dropwise at 0 °C under vigorous stirring. The reaction was
carried out for 6 h upholding the temperature around 0 °C to achieve hydrogel. This
ensures the separation of V2Os sheets and insertion of GO sheets among them. V205
on reacting with H»O:> turns into hydrogen diperoxodioxovanadate (III)
H3[VO2(02)2]. The hydrogel was dried out at 90 °C to obtain xerogel weighing 0.68
g. The increase in weight than the sum of individual weights of precursors points to
the occurrence of the reaction. As-obtained xerogel was subjected to reduction at
700 °C for 2 h under 3% H/Ar gas mixture with heating rate 5 °C/min. On
reduction, the mixture wright was reduced to 0.467 g that corresponds to the
conversion of GO to rGO and reduction of H3[VO2(02):2] to VOx.

5 g of dicyandiamide (Sigma Aldrich) was dissolved in 25 ml DI water under
continuous stirring and heating, then 0.233 g of the as-synthesized reduced mixture
was added to the solution. The dried gray colored mixture was reached by heating
mixture at 90 °C. The gray mass was heated first at 550 °C at a heating rate of 2.5
°C/min for 1 h under nitrogen flux. Then, the temperature was raised to 800 °C at
1 °C/min for 2 h to get a black mass. The weight of the obtained composite was
around 0.255 g. The reaction involves the in-situ ammonization and carbonization.
The heating of dicyandiamide to 550 °C involves a solid condensation reaction to
C3N4 with the intermittent release of ammonia. Further, raise in temperature causes
the synergetic release of nascent nitrogen species from C3N4 and reduction of VOx
to realize VN decorated N-doped carbon composite. The as-synthesized VIN/N-
doped carbon composite is labeled as VNNC.

Construction of Vanadium Nitride (VN) decorated Nitrogen-

doped carbon-graphene sulfur cathodes and cells

Sulfur infiltrated VNNC composite was prepared in a weight ratio of 70:30. For the
purpose, 140 mg of sulfur was dissolved in 1 mL of CS;. Then, 60 mg of VNNC
composite was added into the solution and was stirred to homogenize it. The
mixture was dried under ambient condition and mortared to further homogenize the
mixture. This mixture was transferred to heat furnace to reach melt infused
composite. The mixture was heated at 155 °C for 10 h at heating rate 1 °C/min
under argon flow. The final weight of sulfur-infused VNNC composite was around
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180 mg and labeled as VNNC/S. The slurry was prepared by mixing, 80%
VNNC/S, 10% carbon black (TIMICAL Super C65) and 10% PVDF in NMP using
mixer mill (MM400, Retcsh) at 20 Hz for 20 min. The sulfur loading was around
1.2-1.5 mg cm™. 15 mm discs were cut out for coin cell assembling and dried at 50
°C for 4 h under vacuum. The coin cells 2032 were assembled using as-prepared
cathodes versus metallic lithium anode using EH2010 (PP/PE/PP) separator with
E/S ratio 10 pL mg™!. The electrolyte composition was as usual DME: DIOX (1:1,
v/v) with 1 M LiTFSI and 0.25 M LiNOs.

3.3.2 Physicochemical Characterization

Morphological characterization of VNNC and VNNC/S has been carried out on
FESEM, JEOL-JSM-6700F. It can be observed that nitrogen-doped carbon exists
in the form of aerogel with VN particles at the nano dimension dispersed across the
matrix (figure 3.22). However, some lumps of VN can be observed due to
aggregation. VNNC/S composite also exhibited a similar morphology with a
stuffing effect that is due to the presence of sulfur melt infused into the structure of
VNNC aerogel.

Figure 3. 22: a,b) SEM images of VN/N doped carbon-graphene matrix; c¢,d) sulfur-
infused VN/N doped carbon-graphene composite.

TGA analysis of VNNC/S was performed on Mettler Toledo instrument from 0 to
800 °C in an argon atmosphere at a heating rate of 10 °C min™'. VNNC/S material
exhibited a mass loss around 300 °C that corresponds to evaporation of sulfur.
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There is a 67% loss in mass that equals the mass of sulfur in the composite as
indicated in figure 3.23a.
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Figure 3. 23: a) Thermogravimetric analysis of as prepared sulfur-infused VN/N doped
carbon-graphene matrix

XRD analysis of commercial V205, VxOy/rGO intermediate and VNNC were
performed on a Panalytical X'Pert PRO diffractometer with a PIXcel detector, using
Cu Ka radiation, under the conditions of 26 = 10-100° and 26 step size = 0.03.
Commercial V205 from Sigma Aldrich exhibited a typical pattern of crystalline
V>20s. While intermediate VxOy/rGO composite showed a typical pattern of V203
on rGO. The peak pattern exactly matches to JCPDS index 98-000-1870 that stands
for Karelianite (V203). The hump around 24° can be clearly observed that
represents rGO in the composite. The XRD pattern of VNNC showed typical 5
diffraction peaks that relate to cubic VN (1/1) on JCPDS index 98-002-2321. The
XRD confirmed the presence of pure VN in composite without any residue from
vanadium oxide precursor, which confirms the complete in-situ ammonization of
VOx precursor (figure 3.24).
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Figure 3. 24: a) XRD pattern of intermediate VOx/rGO complex, VN/N doped carbon-
graphene matrix, sulfur-infused VN/N doped carbon-graphene composite b) Raman
spectroscopy of VN/N doped carbon-graphene matrix, sulfur-infused VN/N doped carbon-
graphene composite
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The visual assessment test was performed to observe the LiPS and VNNC
interaction. For the purpose, 8 mg of solid Li»Ss (prepared by mixing commercial
Li2S and Sg in THF in required molar ratio) was dissolved in 20 mL of electrolyte.
Then the colored solution was split into two different bottles (Figure 3.25). One was
kept for control, and in another bottle, 10 mg of VNNC was introduced. The mixture
was mixed for approximately 1 h, and then it was left static for 16 h. After 16 h, the
bottle with VNNC was literally faded in color to virtually transparent. Moreover,
the mixture was really without any indication of LiPS after 48 h of rest. This speaks
about the strong interaction of LiPS with VN. To understand better the interaction,
the electronic and atomic environment has been probed through XPS. For this
purpose, XPS of pristine VNNC and VNNC interacted with LiPS has been carried
out on a Physical Electronics PHIS800 (USA) multi-technique ESCA system, with
a monochromatic Al Ka X-ray radiation. For testing, the samples were placed in an
ultrahigh vacuum chamber at 2x107!° Torr. From XPS spectra of VNNC, a 2p
doublet can be observed for vanadium with three distinctive peaks of V¥, V4" and
V>* for V-N, V-N-O, and V-O respectively. While in the case of VNNC/Li2S6, two
additional peaks can be resolved at 515.25 eV in V2p*? band and 521.33eV for
V2p'”2, those correspond to V-S binding [199-201]. Moreover, for S2p in addition
to bridging and terminal sulfur peaks coming from LiPS, two other additional peaks
at 168.2 eV and 159.88 eV can be observed. These two peaks correspond to the
oxidized form of sulfur (polythionate) due to interaction with polysulfide [202] and
V-S peak arising from LiPS direct interaction with VN.
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Figure 3. 25: a) Experimental demonstration of LiPS adsorption capability of VN-N doped
carbon composite b) XPS analysis of VN/N doped carbon-graphene matrix and LiPS
adsorbed VN/N doped carbon-graphene matrix.
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3.3.3 Electrochemical Testing

As prepared VNNC/S cathodes were evaluated for their electrochemical
performance vs. metallic lithium anode. The VNNC/S cells were subjected to
Galvanostatic charging and discharging at various C-rates. Each cell was subjected
to the first cycle between 1.8 and 2.6 V before at 0.1C and then subsequent long
cycling was carried out between 1.8 and 2.6 V at various C-rates to investigate the
stability of as prepared VNNC/S cathodes. It can be observed that for the first cycle
at 0.1C, VNNC/S cathode has delivered the specific capacity around 1300 mAh g’
!in both cases as depicted in figure 3.26a. Then, one cell that has been cycled at
0.2C, showed the first cycle capacity about 1013 mAh g!. Even after 200 cycles,
the capacity retention was 64 % that is 630 mAh g'!. In the second case, when the
cell was subjected to 0.5C C-rate, the first cycle capacity was 814 mAh g'!. On
further cycling, the retained capacity was 503 mAh g after 200 cycles that is 62%
of initial capacity at 0.5C. At 0.5C, the capacity retention was about 50% of initial
capacity even after 500 cycles of charging and discharging with Coulombic
efficiency of 98.5%.

From the voltage profile, typical behavior of sulfur cathodes can be depicted. There
exist two distinct plateau at 2.3 and 2.1 V for discharging curves, while during
charge the major plateau appears at 2.4 V. The existence of typical plateaus points
out the conductivity and suitability of the chosen morphology or architecture. To
further evaluate the rate capability performance of the VNNC/S cathode, the cells
were exposed to various C-rates ranging from 0.05C to 2C. The values of specific
capacity have been recorded approximately as 1400 mAh g at 0.05C, 1000 mAh
glat 0.1C, 800 mAh g at 0.2C, 700 mAh g at 0.5C, 600 mAh g at 1C and 500
mAh g' at 2C (figure 3.26d). The cell exhibited appreciable recovery when
subjected back to lower C-rate after 10 cycles charging and discharging at 2C as
shown in the figure 3.26c. This indicates the material responsiveness in term of its
capability to function as an efficient host material for sulfur and LiPS. A little
polarization can be observed as a little increase in overpotential at high C-rates (2C).
This behavior is comprehensible when the insulating sulfur loading is about 70%
of the matrix. However, even at 2C cathode material continued to exhibit typical
plateaus, although they exist at wider voltage.

To examine VNNC/S cathodes’ electrochemical behavior, cyclic voltammetry
(CV) has been performed. Three CV cycles have been performed between 1.5 and
3 Vat 0.01 mV sec-1. During sweep from 3 to 1.5 V, two sulfur reduction peaks
can be observed at 2.3 and 1.9 V. One peak at 1.9 V is a broader one with a little
shoulder around 2V, but for two subsequent cycles it shifts 2 V and becomes
symmetric. While during the sweep from 1.5 to 3 V, a strong oxidation peak pivot
around 2.5 V with a strong shoulder peak around 2.6-2.7 V. This shoulder also
narrow down for the next two cycles around 2.6 V (figure 3.27). CV of VNNC/S
points out some contributions from irreversible reactions during first cycle, which
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can be correlated to SEI layer formation. This exactly corresponds to first cycle
Galvanostatic charging-discharging where VNNC/S cathode always exhibits a
much greater capacity value than that of succeeding cycles. Consistency among the
CVs of 2nd and 3rd cycles also demonstrates the stabilization of the system.
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Figure 3. 26: (a) Cycling performance of VNNC/S composite Li-S cathode electrodes at
C-rates from 0.2 C to 1 C. (b) Corresponding discharge-charge profiles at 0.2 C up to 500
cycles. (c) Rate response of the VNNC/S composite at 0.1C, 0.2, 1C and 2C. (d)
Corresponding discharge-charge profiles for each C-rate test. and (¢) Long term cycling
behavior at a high C-rate of 1 C for 850 cycles with Coulombic efficiency.
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Figure 3. 27: First 3 cycles by the CV of VNNC/S cathode.

3.4 Conclusion

In summary, a facile production strategy has proposed to synthesize Magn¢li Phases
TiO2 nanoparticles loaded carbon matrices as an efficient sulfur host material. As
synthesized host material can effectively limit the dissolution and shuttling of LiPS
by synergetic entrapment of carbon matrix and Ti,O2n-1 nanoparticles to achieve
extended cycling life. The porous carbon matrix serves to physically entrap sulfur
and LiPS, while Magneli Phases TiO2 nanoparticles assist to chemically bind LiPS
on their surface. The novel architecture of host material offers better capacity
retention (i.e.) 65% and 54% at 0.2C and 1C for more than 500 and 1000 cycles
respectively. Moreover, the intensive characterization of the synthesized host
material and aged cathodes provides an insight that sulfur species are adsorbed by
the surface of TinO2n-1 nanoparticles along with conventional physical entrapment
by carbon. The current strategy offers a facile and scalable manufacturing process
to design an efficient host material for high-performance Li/S batteries.

In the second approach, various electrochemically deposited MnOx carbon
structures have been explored as high sulfur loaded freestanding cathodes. It has
been successfully demonstrated that achieving the right phase of MnOx, which can
interact with LiPS. It is possible to achieve high performing stable electrochemical
performance even at high loading of sulfur. The role of carbon substrate is twofold;
first, it is acting as a support to carry sulfur and MnOx deposits, secondly, it acts as
a matrix that physically traps LiPS. It has been established that the Mn3O4 phase
can better interact with LiPS, thus showed higher specific capacity values and better
stabilities.

In the third strategy, vanadium nitride in nitrogen-doped carbon matrix has been
produced via in-situ ammonization and carbonization. VNNC showed very strong
interaction with the LiPS. High rate capability is reported for sulfur cathodes
assembled with this VNNC. Very stable performance has been recorded for
hundreds of cycles at various C rates. Both nitrogen-doped carbon and VN has
imparted conductivity and ability to interact with LiPS. Cells assembled with
VNNC/S cathode has been cycled at 0.2C showed first cycle capacity about 1013
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mAh g'!. Even after 200 cycles, the capacity retention was 64 % that is 630 mAh g’
! Interestingly at higher C-rates, VNNC/S cathodes exhibited even better stabilities.
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Chapter 4

Development of functional
polymers coated sulfur cathodes

In literature, different functional polymers have been addressed as either coating
materials or binders to enhance the performance of sulfur cathodes [114, 117].
Functional polymers are macromolecules with unique characteristics. These
distinctive characteristics mainly attributed to the presence of chemical functional
groups that are different from backbone chains. Such chemical diversity imparts
high reactivity and peculiar interactions. Such polymers also bear self-assembling
phenomena that greatly contributes towards the supramolecular and order
structures. Polymers with functional or interactive groups can greatly improve the
performance of sulfur cathode as well as can contain soluble LiPS to the electrode
surface. Conductive polymers — a class of functional polymers - can be either
electron conducting, proton conducting or ion conducting. Conductivity to such
polymeric systems has been imparted by conjugating bonds and/or ionic functional
groups. As they contribute towards conductivity and can interact with LiPS, so they
can be architecture to design active materials for the sulfur cathode. Conductive
polymers likewise are flexible, so they can withstand with volume changes and
greatly moderates the pulverization of cathode materials. As discussed previously
that simple porous carbon matrices do not interact with sulfur and its species; these
can be easily isolated from the conductive surface of carbon and then no more
available for further reactions. On another hand, conductive polymers with a proper
architecture such as core-shell or yolk-shell can ensure intimate contact. This, in
turn, increases the sulfur utilization and promise much better life cycle
performances. Lastly, most of the conductive polymers bear functional groups and
polar linkages that can recover the evaded LiPS back to electrodes to keep alive
their contribution [51, 53, 58].
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4.1 Formate-ion doped Polyaniline (PANi-COOH)
enveloped mesoporous Carbon/Sulfur Composite

Various conductive polymers such as polyaniline, polypyrrole, polythiophene, and
PEDOT:PSS have been previously reported as discussed in the review section.
Interestingly, a number of research reports have indicated the use of HCI doped
PANI as an active material to construct sulfur cathodes [52, 61, 203, 204]. Before
conceiving the inadequacy of the said reports, it is important to address the
chemistry of PANi and Al foils. PANI1 is a conductive polymer, typically obtained
by oxidative polymerization of aniline. It can exist in three different forms, depends
upon the oxidation states. Those states are leucoemeraldine (white/colorless),
emeraldine (blue: undoped/ green: doped in form of salt) and pernigraniline
(blue/violet), in which leucoemeraldine is fully reduced form and pernigraniline is
fully oxidized form as indicated in Figure 4.1. Doped emeraldine form, also termed
as emeraldine salt, is the most conductive form and achieved by coupling with
protonated acids. HCI is the most widely employed acid to target emeraldine salt

[205].
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Figure 4. 1: Chemical structures of different redox forms of polyaniline [206]

Aluminum metal is highly reactive and prone to corrosion. But the formation of
oxide layer passivates the metal for further reactions. There already exist a number
of reports; those ascribe the fact that aggressive anions such as chloride (CI") ions
can induce the pitting corrosion in aluminum. In the presence of CI, the passive
oxide film becomes unstable and disintegrates locally causing oxide film
breakdown and pitting corrosion [207]. We also observed that chloride ion persists
in PANI coatings obtained through HCI doping and causes the pitting corrosion of
Al current collector as shown in Figure 4.2. Even on repeated washing of chloride
ion doped PANi with deionized water, the pitting corrosion phenomena continues,
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although there is a little degree of reduction in the level of corrosion. Very few
reports smartly avoided this problem either using carbon paper as a current collector
or shaping freestanding cathodes [208]. But, the use of carbon paper demands the
high use of electrolyte to realize better electrochemical performances. In order to
address this shortcoming of previous reports, formic acid (HCOOH) has been
chosen to dope PANI instead of HCl. Formate ion doped PANi also allows the
casting of composite on Al foil using conventional methods. Compared with its
KIJBC/S composite counterpart, the formate ion doped PANi wrapped KIBC/S
composite delivered much improved cyclability owing to the presence of internal
void space inside the polymer shell to accommodate the volume expansion of sulfur
during lithiation.

Figure 4. 2: Backside of HCI doped PANi@C/S composite coated Aluminum foils a) 3
times DI water and 3 times alcohol washed b) extensively washed with the bulk of DI
water

4.1.1 Development of Formate-ion doped PANi enveloped C/S
composite and cathodes

A cost-effective, facile and scalable approach is opted to synthesize PANi wrapped
carbon-sulfur (C/S) composite. Commercial Ketjen Black Carbon (KJBC) particles
are the core structure of the composite positive electrode material in which sulfur
is confined by melt infusion process. Conductive polyaniline (doped PANi) was
synthesized by a chemical method through in situ low-temperature oxidative
polymerization of aniline on KIBC/S composite particles using formic acid as a
dopant. PANi synthesized in formic acid medium demonstrated higher electrical
conductivity (7.5 S cm™) than the polyaniline synthesized in of hydrochloric acid
medium (0.143 S cm™) as well as greater doping degree [205].
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In-situ synthesis of PANi to wrap C/S composite by oxidative

polymerization

Sulfur (Sigma Aldrich) and Ketjen black EC-300J (KJBC, AkzoNobel) were mixed
in the ratio of 80:20 in CS; (Sigma Alrich) to obtain a homogenous mixture. The
mixture was then heated to 155 °C at 1 °C min™! for 12 h to achieve the infusion of
sulfur. For comparison, another batch of KJIBC/S composite was prepared in the
ratio of 70:30. The melt infused C/S composite was crushed into powder using
pestle and mortar as cathode and core material for the next set of experiments.

1 g of KIBC/S (80:20) composite was poured into 12.5 ml formic acid solution (>
95%) under vigorous stirring. Then, 0.5 ml aniline (Sigma Aldrich, purity 99.5 %)
was added into the mixture. After 12 h stirring, the mixture was subjected to 10 min
sonication to disaggregate the composite particles. The temperature of the mixture
was maintained to 2 °C using an ice bath. 1.22 g of ammonium persulfate (APS,
(NH4)2S04) was dissolved separately in 17.5 ml of formic acid solution. APS
solution was added into the former mixture dropwise in 30 min. The reaction was
carried out for 2 h under vigorous stirring about 2 °C. The solid mixture was
separated by centrifuge. Then, washed with DI water and absolute alcohol three
times each. After that mixture was dried at 50 °C to remove residual solvents. The
weight of dried composite labeled as PANi@KJBC/S was around 1.3 g.
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Figure 4. 3: Scheme for the preparation of PANi wrapped KJBC/S composite

Construction of PANi wrapped carbon /sulfur cathodes and cells
KJBC/S and PANi@KIBC/S were prepared on bare aluminum foil. For the
purpose, all composites (80%) were mixed with 10 % carbon black (TIMCAL
Super C45) and 10 % PVDF in NMP. The slurry was prepared by mixing the
mixture on mixer mill (MM400, Retcsh) at 20 Hz for 20 min. All slurries were cast
on Al foil using a doctor blade with clearance around 200 um on automatic film
applicator. The slurries were ambiently dried and 15 mm diameter cathodes were
punched out. The cathodes were shifted to argon glove box after 4 h drying at 50
°C under vacuum. The sulfur loading for as-prepared series of cathodes was around
1.5 mg cm™. The coin cells 2032 were assembled in the argon-filled glove box using
EH 2010 microporous separator. The lithium foil was used as counter electrode and
E/S ratio was maintained around 7 pL mg'. The electrolyte composition was as
usual DME: DIOX (1:1, v/v) with 1 M LiTFSI and 0.25 M LiNOs.
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4.1.2 Physicochemical Characterization

As mentioned formerly, HCI doped polyaniline (PANi-HCI) theoretically is not
appropriate to be used in the conventional Al foil coating process. This also has
been demonstrated by coating Al foil with PANi-HCI coated KIBC/S composite.
Al foil is severely corroded after the coating using normally five times washed
composite with DI water and absolute alcohol; even the intensively washed PANi-
HCI coated KJBC/S sample has shown the pitting corrosion of the foil under
ambient conditions. To achieve PANi-HCl wrapped KJBC/S composite, in-situ
oxidative polymerization of aniline has been carried out using the IUPAC
recommended procedure [209]. While PANi-HCOOH wrapped KJBC/S has been
achieved the above-mentioned protocol. After coating the Al foil with as prepared
composite has shown no corrosion at all. So, PANi-HCOOH wrapped KJBC/S can
be easily opted by industry using the established battery electrodes manufacturing
processes. After in-situ oxidative polymerization of aniline around KIJBC/S
particles, there is approximately 30% increase in the weight of composite that can
be directly linked to the weight of PANi-HCOOH. In parallel, PANi-HCCOH has
also been polymerized without KJIBC/S composite to estimate yield, conductivity,
and other parameters.

From the morphological analysis of the KIBC/S and PANi@KJBC/S under
FESEM, it can be inferred that KJIBC/S is well wrapped with plastic like material.
In figure 4.4a, c, particulate morphology of KJBC/S composite can be observed.
While, figure 4.4b, d reflects the coating of KJBC/S aggregates with some
polymeric material that is PANi-HCOOH in the present case. Theses aggregates
arise from the wrapping of various chain length PANi macromolecules. But, in
nanoscale, it can be observed that KJIBC/S particles are individually covered by
PANI and then aggregates to a micron in size because of chain growth.
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Figure 4. 4: FESEM micrographs of a, ¢) KIBC/S b, d) PANi@KJBC/S

TGA of the KIBC/S and PANi@KJBC/S has been carried out under argon flow
from room temperature to 800 °C to assess the amount of sulfur (figure 4.5). After
melt infusion, KIBC/S composite has shown the presence of 75% sulfur. While
PANi@KJIBC/S has exhibited 56% presence that also complements to the
theoretical weight calculation after a 30% increase in the weight of the composite.
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Figure 4. 5: TGA and DTG of a) KIBC/S composite, b) PANi@KJIBC/S composite

XRD analysis of KIBC, PANi-HCOOH, KJBC/S and PANi@KJBC/S has been
carried out as shown in figure 4.6. KIBC has given usual diffraction halo around
24° and 44° (20). PANi-HCOOH exhibited the presence of crystalline phase with
three peaks at 15, 20, 25° that revealing of ordered structures. While KJIBC/S and
PANi@KJBC/S composites exhibited the peaks arising from crystalline sulfur (Sg).
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Figure 4. 6: X-ray diffraction patterns of Ketjen Black Carbon (KJBC), Formate-ion doped
PAN;I, KJBC/S composite, and PANi@KJBC/S composite

XPS analysis has been carried out for corroded Al coated with PANi-Cl composite,
PANi-HCOOH composite, and of PANi-HCOOH KJBC/S electrode both in
charged and discharged states (figure 4.7). For XPS survey of corroded Al a
significant amount of residual atomic chlorine in the form of chloride ion can be
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observed. The level of pit corrosion is so aggressive that the signal went across the
Al foil provided us with carbon, sulfur and nitrogen signals from the composite.
Oxygen signals are too high that 48% of oxygen has been observed for Al foil. From
XPS survey spectra of PANi-HCOOH@KJIBC/S composite, as expected nitrogen,
carbon, oxygen and sulfur signals can be observed. Sulfur just is giving 4.1% based
on atomic wt%, which indicates that sulfur is either existing inside carbon pores or
protected underneath polyaniline.
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Figure 4. 7: XPS spectra of corroded Al coated with PANi-Cl composite and PANi-
HCOOH composite

4.1.3 Electrochemical Testing

To test the as-prepared cathodes, they were subjected to Galvanostatic charging and
discharging between 1.8 and 2.6 V. First cycle was performed at either 0.05C or
0.01C and onward cycling was performed at 0.2C. PANi@KJBC/S cathodes
showed initial discharge capacity about 1400 mAhg'! at 0.05C for the first cycle.
At0.2C, it showed the specific capacity of 810 mAhg™! that depreciates to 750 mAh
gl after 300 cycles and 705 mAh g! after 500 cycles (Figure 4.8). While S80/KJBC
composite showed an initial discharge capacity of 778 mAh g'! that degrades to 570
mAh g after 300 cycles of charge and discharge at C/5. S70/KJBC composite
cathode exhibited high initial discharge capacity of 896 mAh g! that downgrades
to 655 mAh g! after 300 cycles. The capacity degradation per cycle for
PANi@KIBC/S, S80/KJBC and S70/KJBC can be calculated as 0.024%, 0.09%
and 0.09% at 0.2C respectively. It can be deduced that KIBC/S composites exhibit
relatively lower specific capacities and higher degradation rates owning to escape
of LiPS into the electrolyte. Higher the sulfur loading, lower the specific capacities
were observed. But, in the case of PANi@KJBC/S composite, the degradation rate
is 4-5 times lower because of polymer shell protection that encloses the LiPS in a
closed cell and limits the discharge of LiPS. The reduction of LiPS dissolution in
bulk electrolyte arises from both physical barrier and chemical interactions due to
the presence of a polar bond in PANi.

From the discharge profiles of all three different cathodes, two distinguishable
plateaus; the small one is occurring between 2.2 to 2.3 V and the large plateau is
appearing around 2 V (Figure 4.9). It can be observed from figure 4.9a that
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S80/KJBC exhibited the highest level of overpotential and lowest specific capacity
mainly due to the presence of a higher proportion of insulating sulfur than that of
S70/KIBC composite. While PANi@KJBC/S composite showed a reduction in
polarization and then stabilization. This phenomenon repeatedly reported in the
literature for very few initial cycles because of incomplete wetting of electrode
elements. The stabilization of the system is realized by protecting the SEI layer that
is achieved in initial cycling. Polyaniline coating allows the buffering of volume
changes to protect the SEI layer from disruption. This also allows these cathodes to
last longer.
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Figure 4. 8: Long-term Galvanostatic cycling performance (squares: specific capacity,
stars: Coulombic efficiency) a) comparison of cycling performances of PANi@KJBC/S,
S80/KJBC and S70/KJBC for 300 cycles, b) cycling performance of PANi@KJBC/S
cathodes for 500 cycles

Rate capability tests were carried out on PANi@KJBC/S and S70/KJBC cathodes
(Figure 4.10). A similar trend has been observed for low C-rate C/20, C/10, and
C/5. But at higher C-rate, even at C/2, S70/KJBC cathodes have delivered the
capacity value of 150 mAh g!. In contrast, PANi@KJBC/S cathodes exhibited the
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specific capacity of 600 mAh g at C/2 and 350 mAh g! at 1C. The high C-rate
capability of PANi@KJBC/S cathode could be attributed to higher conductivity of
PANi that enable the lower polarization resistance and better electrochemical
performance.

3,07 - - - - - 3,0 — : : : : :
) 1st cycle 50th cycle b) ’ st oyl s0th cycle
—— 2nd cycle —— 100th cycle 2nd cycle —— 100th cycle
2,8 ——sthcycle —— 150t cycle T 2,8 - — s5thcycle —— 150th cycle b
—— 10th cycle —— 200th cycle —— 10th cycle —— 200th cycle
26— 25th cycle —— 300th cycle C/5 c/10 | 26| —25theycle 300th cycle C/5 C/1o |
2. s
o 24} 1o 24f :
> >
1] 1]
= 22+ 12 22} i
o o’
> >
2,0+ g 2,0} i
1,8 n L L L L L ] 18¢ L L L L L L ]
0 200 400 600 800 1000 0 200 400 600 800 1000 1200
agn . -1 agn . -1
Specific capacity [mAh g ] Specific capacity [mAh g_]
3,0 T T T T T T T
1st cycle 50th cycle —— 400th cycle
) — 2nd cycle —— 100th cycle
2,8 -\ ——5th cycle —— 150th cycle E
—— 10th cycle —— 200th cycle
26l |— 25th cycle —— 300th cycle C/5 C/20 |
=
o 24 1
o
2 2,2
G ]
>

N
=)

=Y
©

0 200 400 600 800 1000 1200 1400
Specific capacity [mAh g_]

Figure 4. 9: Voltage capacity profiles of all three electrodes during long-term cycling test
a) S80/KJBC b) S70/KJBC and c) PANi@KIBC/S
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Figure 4. 10: C-rate capability test of S70/KJBC and PANi@KJBC/S composites a)
Galvanostatic cycling performance and corresponding Coulombic efficiency at various
current rates b) Voltage capacity profiles of charge and discharge at various currents

The CV has been performed on PANi@KJBC/S cathodes (Figure 4.11). It can be
observed that in cyclic voltammetry typical oxidation and reduction peaks were
appeared. Reduction of sulfur cathode gave two peaks at 2.25 and 1.95 V, whereas
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oxidation of sulfur provided with an oxidation peak around 2.4 V with a shoulder
around 2.5 V.
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Figure 4. 11: first cycle of PANi@KJBC/S composite cathode by CV
4.2 Conclusion

In this section, a practical inadequacy of previous reports has been addressed where
chloride-ion doped polyaniline had been proposed to limit LiPS solubility. We
offered an alternative and better solution by accomplishing formate-ion doped
polyaniline wrapped carbon/sulfur composite by in-situ oxidative polymerization.
The as-prepared cathodes exhibited very stable performance around 800 mAh g!
for more than 500 cycles at 0.2C with capacity fading rate around 0.024%. Rate

capability performance of the PANi wrapped C/S composite is remarkably better
than that of the bare composite.
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Chapter 5

Development of Si-based anodes
for Li/S batteries

In the review section, it has been demonstrated how the use of metallic lithium
shortens battery life. Li anode deters the cell life either by continuously consuming
electrolyte due to exposure of highly reactive surface or by the formation of Li
dendrites. Formation of dendrites can easily shorten the two electrodes and results
in an unexpected event such as an explosion or fire. Hence, the use of metallic Li
in batteries is a big safety hazard [13]. This provides a great motivation to design
safer Li-ion/sulfur batteries, by switching metallic Li anode with other insertion or
alloying type negative electrodes. Choice of the negative electrode for Li/S could
be Si, tin (Sn) or graphite. Undoubtedly, Si stands out among the choices mainly
because of its highest specific capacity [14]. Secondly, Si anode can be cycled in
the ether-based electrolyte as preferred for sulfur-based cathodes. Carbonate-based
electrolytes are reactive towards LiPS as discussed previously, so they cannot be
utilized either in Li-ion/sulfur system.

Lithium free full cell can be approached either by using lithium sulfide (Li2S) vs. a
Si anode or by choosing pre-lithiated anode vs. sulfur Sg cathode. In the former
solution, we have to deal with highly reactive and unstable Li>S to synthesize sulfur
cathode. In the later one, Si anode should be pre-lithiated either chemically or
electrochemically before pairing it to Sg cathode. Before realizing a full cell, one
should have to be focused on fabricating stable Si anodes. Si anodes itself come up
with huge volume variations and short cycle life. In the first part of the chapter, we
have presented two possible solutions to realize stable anodes. In the first part of
the chapter, we reported Si nanoparticle anodes fabricated with an all-designs
integrated strategy. SINP incorporated carbon nanofibers anodes with void spaces
have been reported that can be effectively cycled at double capacity than alone
carbon anodes. In addition to novel material architecture, a special binder system
has been opted to attain stability. In the second part, a very simple approach has
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been put forth using commercially available conductive polymer PEDOT:PSS as a
binder and a conductive additive. It has been demonstrated that how conductive
polymer and other conductive additives contributes towards Si electrode stability.

5.1 Silicon nanoparticles (SINP) incorporated carbon
nanofibers (CNF) based anodes

Electrospinning provides an opportunity to synthesize nanofibers lodged with
various nanoparticles in bulk. Various researchers opted the similar strategy to
produce nanofibers loaded with Si nanoparticles with some appreciating
results[210, 211]. Nevertheless, their performance is limited as is the case with
other core-shell structures [137, 210]. Contrary, various researchers have revealed
that architectures with free volume or void structures greatly contribute towards the
stability of Si anode by standing with the volume changes [140]. This strategy also
safeguards the stable SEI on carbon shell, thus also contributes towards low
electrolyte depletion. Various approaches have been proposed to achieve these void
structures at lab scale. These approaches come with their intrinsic limitations to
scalability because of complex nanoscale synthesis and reproducibility. Secondly,
HF washing of as produced particulate nanostructures is a quite challenging task to
remove sacrificial SiO2. Additionally, binders play a critical role here to achieve
better electrochemical performance by keeping the structure intact both
mechanically and electrically [144]. Various binders have been proposed to target
stable electrochemical performances, however, this binder-particle interaction
alone is not enough to stand with these volume changes because of phase
separation.

5.1.1 Development of SINP@SiO2@CNF and SiNP@void@CNF
composite materials and anodes

To structure stable Si anodes, all designs integrated strategy has opted. As
pointed earlier that Si anode with void spaces offer better performances, so for the
purpose, Si nanoparticles with SiO> shell were electrospun with polyacrylonitrile
(PAN) solution. As obtained electrospun nSi@SiO2@PAN nanofiber sheet was
stabilized by oxidation at 280°C followed carbonization at 1000 °C. Carbonized
nanofiber sheets embedded with nSi were conveniently washed with HF solution to
realize void configuration like that of yolk-shell as demonstrated in Figure 5.1. To
achieve stable and interactive binding system, alginate was preferred over a series
of binders. The binder system used to study are alginates, gelatine, chitosan, PAA,
and PVDF. Alginate binding matrix was further stabilized using citric acid as a
crosslinking agent. Three-dimensional crosslinking networks was obtained by
treating anode spread at 150 °C under high vacuum condition.
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Figure 5. 1: Schematic representation of as-configured Si anodes with all designs
integrated strategy (i.e. Si nanoparticles with void spaces in CNF (SVCNF) and cross-
linked alginate binder) and proposed a functioning mechanism

Electrospinning and carbonization of Polyacrylonitrile (PAN) and

SINP composites

For the preparation of electrospinning baths, polyacrylonitrile (PAN) (MW 150000,
Sigma Aldrich) 10% by weight was dispersed in dimethylformamide (DMF).
Additionally, nano silicon (<100nm, Sigma Aldrich) was added 15% on the weight
of PAN to the mixture labeled as SSCNF. In a typical procedure, 8 g of PAN was
dissolved in 70 g DMF by mechanical stirring 12 h at 60°C. In other 10 g of DMF,
1.2 g of nano-Si particles were dispersed by sonicating for 30 min. Then two
solutions were mixed under continuous stirrings for another 12 h to obtain a
homogenous mixture. The mixture was again subjected to 30 min sonication just
before the start of the spinning process. The electrospinning was carried out on a
high voltage (29.9 kV) three syringes electrospinning setup (MECC Co. LTD.,
model NF-103) at flow rate 2-2.2 ml h!. The relative humidity was maintained at
65% with a temperature around 25 °C. The needle to collector distance was kept at
17 cm, and the collector cylinder was rotating at a speed of 300 rpm. Thermal
treatment of as-spun mats was carried out in two steps; stabilization and
carbonization. In stabilization step, the mat was subjected to 280 °C for 5 h in air at
a heating rate 1 °C min™!. This step also contributes to achieving a thick SiO» shell
around Si nanoparticles. In the second step, carbonization was performed at 1000
°C for 1 h at a heating rate 5 °C min™'. In the same way, carbon nanofibers (CNF)
mat was produced without Si to estimate the carbon contribution in electrochemical
performance. To exhaust the thick silica shell around the silicon particles,
nSi@CNF mats were immersed for 30 sec in 10% HF solution. After dipping in HF
solution, the sheet of nSi@void@CNF was simply washed with an excess of
deionized (DI) water. The as-obtained sheets were labeled as SVCNF.
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Construction of SINP@SiO2@CNF and SiNP@void@CNF

anodes

SSCNF and SVCNF anodes were constructed using mortared active material 85%
along with 8% carbon black (TIMICAL Super C65) and 7% alginate/citric acid
(7:3) mixture (Sigma Aldrich). The slurry was prepared by mixing all the
constituents in water using a mixer mill (MM400, Retcsh) at 20 Hz for 30 min. The
slurry was cast on copper foil using doctor blade thickness 200 pm with automated
film applicator. The spread was dried for 12 h at ambient conditions and then was
annealed at 150 °C for 2 h under strong vacuum. The loading was around 2.8 mg
cm™? with a thickness of about 80 um. Similarly, pristine CNF anodes were
prepared by mixing 80% grounded CNF, 10% carbon black and 10% alginate.
Silicon anodes were also prepared by mixing 30% nano-Si, 60% carbon black and
10% alginate. For CNF and nSi anodes, no curing treatment was performed. The
electrodes with a diameter of 15 mm were cut out from casted foil and dried at 80
°C for 6 h before transferring to the glove box for assembling the coin cells.

5.1.2 Physicochemical characterization

The morphology of SSCNF and SVCNF was examined using field-emission
scanning electron microscopy (FESEM, JEOL-JSM-6700F). Morphological
characterization of as-spun carbonized SSCNF sheet through FESEM imaging
reveals the uniform distribution of SiNP along CNF structure. It can also be
observed that nano-Si is also well confined in carbon structure with minimal
agglomeration and surface adhered SiNP (Figure 5.2). On washing SSCNF with HF
solution by simple immersion and drying technique, there is no unexpected change
in the morphological structure of as-obtained SVCNF structures. Apparently, the
SVCNF exhibited the same external morphology as that of SSCNF. However, on
higher magnification, the SVCNF showed some hollow three-dimensional
structures as highlighted in Figure 5.2d. This apparent change in structure could be
a signal to void structures.

To further explore the internal morphological elements, TEM imaging and EDS
mapping of SSCNF and SVCNF were carried out. The TEM analysis of SSCNF
and SVCNF was conducted using a JEOL JEM-2100 TEM. EDS analysis of
SSCNF and SVCNF was conducted on JEOL JEM-2100 TEM. Figure 5.3a-c shows
the TEM images of SSCNF, it can be observed that SINP are well embedded in
CNF carbon structure like that of core-shell structures. However, amorphous SiO»
can be detected between the carbon shell and the Si core (Figure 5.3c). This
observation was also established by performing the EDS mapping of the selected
zones (Figure 5.4). Zone 1 showed merely carbon signals, while zone 2 exhibited a
strong oxygen signal along with weak Si signal and zone 3 exhibited the opposite
trend strong Si signals with weak oxygen one. In the third zone appearance of the
oxygen signal is because of the core-shell architecture of SiO, shell. TEM images
of SVCNF have demonstrated the presence of void structure around the SiNP like
that of yolk-shell structures (Figure 5.3d-f). On HF washing, SiO» shell was washed



5.1 Silicon nanoparticles (SiNP) incorporated
carbon nanofibers (CNF) based anodes 95

away leaving elemental SiNP. This observation can be deduced firstly by
witnessing the reduction in diameter of SiNP. Secondly, the absence of oxygen
signal also established the argument, as EDS mapping of SiNP just provided with
C and Si signals (Figure 5.5).

Figure 5. 2: FESEM images of as-spun SSCNF anode sheet (a,b) and just washed SVCNF
anode composite (c,d)

Figure 5. 3: TEM imaging of SSCNF (a,b,c) and SVCNF (d,e,f) revealing the structural
and morphological elements of the Si anode composites
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Silicon and silica content of the composite was evaluated by carrying out TGA and
ICP analysis of the composites. Thermogravimetric analyses of SSCNF and
SVCNF were carried out on a Mettler Toledo TGA/SDTA 851 instrument by
heating the composite at 10 °C min™' from room temperature to 800 °C under air
(Figure 5.6a). Inductive coupled plasma mass spectrometry of SSCNF was
performed on ICP-MS 7500cx, Agilent Technologies to precisely estimate the
silicon and silica content. The oxidation of CNF around 600 °C results in solid
content around 36% that is comprised of both Si0O; shell and metallic Si core. While
the combustion of SVCNF results in the solid content of around 18% that is metallic
Si. Rising the temperature beyond 700 °C in both cases comes up with the rise in
solid content that is linked to the oxidation of Si to SiO>. From TGA analysis, it has
been deduced that SSCNF has a total solid content of 36% in which 18% is metallic
Si and the remaining 18% is SiO,. These outcomes were further established by
performing ICP analysis of SSCNF. By ICP measurement, it is detected that
35.93% Si02 matrix in SSCNF comprised of 16.80% metallic Si (Table 5.1). FTIR-
ATR measurements of pure alginate and CA crosslinked alginate are performed on
the FTIR instrument to investigate new bonds formation. FTIR-ATR of sodium
alginate (heat-treated at 150 °C) has shown peaks around 3266, 1598 and 1012 cm™!
those can be attributed to OH, C—-O—-O—, C—O—C groups respectively. FTIR of citric
acid crosslinked alginate confirms the esterification mechanism by demonstrating
additional bands around 1710 and 1213 cm™! (Figure 5.6b). The appearance of peaks
at 1710 cm™ typically reveals the formation of ester carbonyl groups and at 1213
cm! associated with C-O-C stretch. After citric acid modification, broad peak OH
peaks around 3340 cm™! has slightly suppressed, which indicates the esterification
of OH groups.

Figure 5. 4: EDS mapping of SSCNF material to identify the composition of various
localities in composite



5.1 Silicon nanoparticles (SiNP) incorporated
carbon nanofibers (CNF) based anodes 97

AR

Figure 5. 5: EDS mapping of SVCNF to confirm the presence of pure Si hosted in the void

100 ) L ! I T T T
a) b) ]
i —— Alginate, 150 °C E E
80 = |  ——Alginate-ca,150°c  Sf| [ =
701 =3l SIS 1
— © -
o
S 60} Py Vi
% 50 L —_SSCNF g CH stretch %_C\o
D 0l — @
S 40 SVCNF 8
2 30t ]
@
20 + L0
10+ 5 < -OH stretch Ziretch
1 1 1 L 1 1 L 1 1 1 L Ic-o sireﬂch 1
100 200 300 400 500 600 700 800 4000 3500 3000 2500 2000 1500 1000 500
T(°C) Wavenumber [cm™]

Figure 5. 6: a) TGA analysis of SSCNF and SVSNF composites b) FTIR spectra of pristine
alginate and CA crosslinked alginate

Table 5. 1: ICP analysis of SSCNF

Composite
Material

% Si p/p % SiO2 p/p

SSCNF 16.80 35.93

To observe the phase characteristics of SINP and that of CNF, XRD analysis
and Raman spectroscopy of the composites was performed. The XRD patterns of
SSCNF and SVCNF were recorded on a Panalytical X'Pert PRO diffractometer
with a PIXcel detector, using Cu Ka radiation, under the conditions of 20 = 10-100°
and 20 step size = 0.03, to observe the presence of crystalline Si in the composite
structure. XRD analysis of SSCNF showed all three contributions arising from
graphitic carbon, amorphous SiO», and crystalline Si, whilst XRD pattern of
SVCNF exhibiting contributions coming from graphitic carbon and crystalline Si.
Typical diffraction pattern arising from a cubic crystal structure of silicon can be
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observed in Figure 5.7a for both SSCNF and SVCNF. XRD pattern of SSCNF has
exhibited a broader halo because of the contribution both from SiO> (i.e. 26~22°)
and carbon (i.e. 26~24°). XRD pattern of SVCNF instead has a narrower halo about
24° that is characteristic of carbon. Raman spectroscopy of all SSCNF, SVCNF,
and CNF has provided two carbon characteristic Lorentzian peaks, one is around
1340 cm™ disorder “D” band and other is around 1580 cm™ graphitic “G” band
(Figure 5.7b). ID/IG ratios of all matrices were estimated by fitting the spectra with
Lorentz function to assess the degree of graphitization [212]. This confirms the
induction of small order graphitic structures into the CNF. ID/IG value of SSCNF
and CVCNF is fractionally greater than that of CNF. A little higher degree of
defects in SSCNF and SVCNF could be induced by metallic particles. Raman
spectra of both SSCNF and SVCNF showed a strong Si characteristic peaks around
520 cm™!, along with two weaker Si peaks about 300 cm™ and 970 cm™.
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Figure 5. 7: a) XRD pattern of SSCNF and SVCNF b) Raman spectra of CNF, SSCNF,
and SVSNF

5.1.3 Electrochemical Testing

For the half-cell testing of bare nSi, SSCNF, and SVCNF, coin cells (CR2032 type)
were assembled in Ar-filled dry glove box (Mbraun Labstar with Oz and H>O < 0.1
ppm) using lithium metal as the anode. The geometric area of the electrodes was
1.76 cm?. A lithium disc (16 x 0.2 mm, Chemetall s.r.1.) was used as the anode. A
Celgard EH2010 (trilayer PP/PE/PP) 20 mm x 25 um soaked with the electrolyte
was used as the separator. The electrolyte consisted of 1,2-dimethoxyethane (DME)
and 1,3-dioxolane (DIOX) 1:1 (v/v) with 1 M LiTFSI and 0.25 M LiNOs. Each cell
contains no more than 20 pL of the electrolyte. Cells were galvanostatically
discharged to 10 mV and charged to 2 V. First cycle was performed at 180 mA g!
(0.05C) and subsequent cycling was carried out at current rate 716 mA g (0.2C)
based on Si. For Si anodes, C-rates are calculated using a theoretical capacity of
silicon corresponds to LiisSis (i.e.) 3579 mAh g'!. Initially, all Si anodes including
SVCNF, SSCNF, and bare nSi exhibited very high first cycle discharge capacities
at a current density of 178 mA g!. In the case of SVCNF and SSCNF, first cycle
discharge capacities are more than theoretical values of Si with the coulombic
efficiency (CE) of ~60%. The additional contributions for the first cycles of both
cathodes are coming from irreversible SEI layer formation and electrolyte
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decomposition that can be witnessed from voltage profiles of first cycles (Figure
5.8c, d). While bare nSi anode delivers the discharge value of 3445 mAh g™! for the
first cycle with CE around 65%. For the second cycle, there is a sharp decrease in
specific capacity value of SSCNF cathode to 2600 mAh g™! while SVCNF anode
showed a marginal decrease with a specific capacity value of 3800 mAh g™! both
with CE of about 91%. The sharp decrement in specific capacity value can be
attributed to silica shell in SSCNF, which got irreversible lithiated in the first cycle.
Contrary, SVCNF anodes with pure Si particles housing in void structures maintain
their characteristic electrochemical behavior.
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Figure 5. 8: a) Cyclic performance (squares: specific capacity, stars: Coulombic
efficiency) of nSi, SSCNF, and SVCNF anodes vs. lithium foil on basis of silicon
contribution, b) half-cell performance of CNF, SSCNF, and SVCNF on the basis active
material loading, voltage profile of ¢) SSCNF anode, d) SVCNF anode with nominal
contribution of first cycle SEI formation



100 Development of Si based anodes for Li/S batteries

From the second cycle onwards, all Si anodes were subjected to a current density
of 716 mA g'. The coulombic efficiency for both SSCNF and SVCNF improved
over the span of 10 to 15 cycles and reached to ~99%. For the third cycle, at high
current density, SSCNF and SVCNF showed the specific capacity of 2092 and 3529
mAh g! respectively. On long term cycling SSCNF after attaining a peak value of
capacity (i.e. 2130 mAh g!) around the 60th cycle, there is again downgrading
behavior (Figure 5.8a). This performance was recorded in a repeated set of
measurements more or less with the same values. This phenomenal behavior can be
explained based on morphological elements of SSCNF anodes. Initially, thick silica
shell gets lithiated and causing the SiO; to pulverize into particles to expose the Si
core. Lithiation of Si core causes a rise in the specific capacity value and more
vivid Si lithiation peaks in dQ/dV plots (Figure 5.8e). But the confined architecture
of SSCNF anodes cannot withstand with volume changes and the active material
start disintegrating that causes a gradual loss in capacity. On another hand, SVCNF
showed a steady loss in capacity over a span of 40 to 50 cycles, from which onwards
it is stabilized with the specific capacity value of 2200 mAh g™ The initial gradual
loss in capacity can be designated to loss of active material that is not flawlessly
trapped during the electrospinning process. Once SVCNF anode loses their
improperly confined active material, there is no more sweeping change in specific
capacity values. dQ/dV plot for SVCNF showed well-defined lithiation peaks at
0.24 V and 0.09 V and delithiation peaks at 0.25 V and 0.5 V. Although SSCNF
also showed more or less similar peaks but there are disparities that could arise from
structural disintegration of materials. Pure nSi anode, rapidly depletes their
capacity within first 20 cycles from 2309 mAh g to 394 mAh g! with very low
CE values. The specific capacity values were calculated for both SSCNF and
SVCNF anode based on active material loading considering the 18% Si contribution
in both cases, overlooking the contribution of silica in case of SSCNF. In parallel,
pure CNF anodes were also galvanostatically cycled to find the contribution of
carbon in overall composite. It can be observed that CNF anodes themselves
contribute the specific capacity value of 220 mAh g™ at maximum. While SVCNF
and SSCNF showed specific capacity values of 450 mAh g!' and 390 mAh g on
the basis of active mass (Si/CNF) even after 100 cycles of charging and discharging.
SVCNF anodes with pristine alginate polymer as binder also exhibited comparable
electrochemical performance (Figure 5.9a) because of material architecture to
adsorb the volume changes but relatively with lower capacity and variability in
cycling behavior. But, the stable performance of SVCNF with CA crosslinked
alginate binder can be associated with better electronic contact and higher
mechanical stability of the matrix to the current collector. Further, SVCNF anodes
built with CA crosslinked alginate also exhibited the stable charging and
discharging behavior at a high current rate of 1.8 A g'! with capacity retention about
1800 mAh g! for more than 200 cycles (Figure 5.9b).

EIS of SSCNF and SVCNF anodes against Li has been measured using both LP30
electrolyte and ALISE electrolyte. It can be observed that charge transfer resistance
for both type of anodes with ALISE electrolyte is almost half to that of LP30
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electrolyte based cells. Interestingly, Warburg resistance is greater for SSCNF
anodes to that of SVCNF anodes for both types of the electrolyte.
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Figure 5. 9: a) a comparison of Galvanostatic performance of SVCNF anodes constructed
using pristine alginate and CA crosslinked alginate b) long term cycling performance of
SVCNF anode at current rate 1786 mA g! in comparison to cycling performance SSCNF
and nSi anode at current rate 716 mA g

5.2 Electroactive polymers based Si/CNT and Si/rGO
anodes

Most of the previous work on silicon anodes involve complex syntheses and
unusual electrode preparations. Pulverization of Si anode is largely sorted out using
the nanostructured form of Si active materials such as nanoparticles, nanowires,
nanoporous hollow Si. By opting the proper binding system, Si lithiation and
delithiation can be realized even without opting the complicated architectures.
Research work on binders mostly involves the preparation of 3D crosslinked
network that can withstand mechanical stresses [144]. Moreover, the binding
system should be physically and chemically compatible with the manufacturing
process, active materials, conductive additives, and electrolyte. For example,
minimal swelling of binders in the electrolyte and enough interaction among binder
and other components to ensure proper adhesion and conductive pathways. A range
of polymers has been investigated as a possible binding matrix to meet the
aforementioned requirements. A variety of synthetic polymers such Nafion,
polyacrylic acid (PAA), styrene butadiene (SBR) and polyamide-imide; various
biopolymers such as alginate, carboxymethylcellulose (CMC) and cyclodextrins;
or a combination of them such as CMC/SBR have been successfully demonstrated
[145]. These binding systems have effectively imparted the elasticity to the matrix
without compromising structural integration of the matrix. These binders are
usually electronically inert, thus contribute towards inactive mass loading. So,
replacing these binders with the electroactive binding system can greatly suppress
the physical separation between various components of anodes. The
accomplishment of a continuously conductive phase can significantly help in
minimizing the capacity loss due to pulverization. A number of studies have already
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been reported using conductive polymers such as polyaniline, polypyrrole,
PEDOT:PSS as a binding network to achieve Si anodes [135, 136].

5.2.1 Development of Si anodes using PEDOT:PSS as a binder
with various carbon additives

Poly(3,4-ethylenedioxythiophene)/poly-(styrene-4-sulfonate) PEDOT:PSS
has been chosen as a binding matrix owing to its excellent adhesive properties
[213]. Additionally, it is a good conductor particularly when a higher degree of
doping has been reached. It exhibits good chemical stability towards a range of
electrolyte systems, and electrochemical stability in a potential range of Si and S
electrodes.
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Figure 5. 10: Molecular structure of PEDOT:PSS
Construction of PEDOT:PSS based tri-component Si anodes

To construct Si anode, Clevios PH 1000 (an aqueous based 1.1% w/v
PEDOT:PSS solution) from Heraeus was used. SiNP in powder form was acquired
from Tekna Advanced Materials; Inc (mean diameter: <100 nm, plasma
synthesized) with oxygen content < 3 %. Graphene oxide dispersion was purchased
from Graphenea and reduced to rGO at 700 °C for 2 h under 3 % H/Ar. Multiwalled
carbon nanotubes (MWCNT, 95 % purity) were acquired from Nanocyl while
formic acid (FA, 95 %) as a secondary dopant for PEDOT was acquired from
Sigma-Aldrich. In the case of nSi/rGO/PEDOT:PSS and nSi/CNT/PEDOT:PSS tri-
component composites, first conductive additive rGO or CNT was mortar mixed
with silicon nanoparticles to attain homogeneous mixture. The slurry was prepared
by mixing as mortared mixtures or Si nanopowder in PEDOT:PSS solution with
FA 50 pL using mixer mill (MM400, Retcsh) at 20 Hz for 60 min. The
compositions of mixtures were maintained as described in Table 5.2. The viscosity
of the slurry was adjusted using DI water in required quantity. The resulting slurries
were cast into films on Cu foils using a doctor blade apparatus on automated film
applicator. The doctor blade clearance was altered from 25 to 100 pm to change the
thickness and loading of casted films. The casted films were dried at 80 °C for 6 h
and 15 mm diameter electrodes were punched out for coin cell testing. Electrodes
were then heated at 110 °C under vacuum for 3-4 h to evaporate spare FA and
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residual water. Here, it is mentioned worthy that FA boils at 100.8 °C at standard
pressure.

Table 5. 2: Various compositions and thicknesses of nSi and PEDOT:PSS with and without
conductive agents

Composition Thickness (um)
nSi/PEDOT:PSS 80:20 25,50
nSi/rGO/PEDOT:PSS 50:30:20 25,50
nSi/CNT/PEDOT:PSS | 50:30:20 25,50

For the testing of as prepared anodes, three different electrolytes have been selected.
a) Conventional Li-ion electrolyte (LP30) with the composition of ethylene
carbonate (EC) and dimethyl carbonate (DMC) mixed in ratio 1:1 by volume with
1 M LiPF¢ and 1% vinylene carbonate (VC). b) Typical Li/S cell electrolyte
(ALISE) with the composition of dimethoxymethane (DME) and dioxolane
(DIOX) mixed in a ratio of 1:1 by volume with 1 M LiTFSI and 0.25 M LiNO:s. c)
An ionic liquid based electrolyte (ILS) with 1.2 M LiTFSI in 1-Methyl-1-
propylpiperidinium bis(trifluoromethylsulfonyl)imide (PIP13TFSI) and diethylene
glycol butyl ether (DEGBEE) with 4% fluoroethylene carbonate (FEC).

5.2.2 Physiochemical characterization

A well-spread slurry coating was acquired for all nSi/PEDOT: PSS
compositions and coating thicknesses without flaws. Figure 5.11 depicts the
electrodes coated with 50 pum doctor blade clearance for nSi/PEDOT:PSS,
nSi/rtGO/PEDOT:PSS and nSi/CNT/PEDOT:PSS slurries. FESEM analysis of
coated electrodes was performed on FESEM instrument to evaluate the
morphological elements such as the degree of aggregation, distribution of various
constituents (figure 5.12).
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Figure 5. 11: Snapshots of the anodes acquired by doctor blade coating with 50 um
clearance on Cu foils for a) nSi/PEDOT:PSS b) nSi/rGO/PEDOT:PSS c¢)
nSi/CNT/PEDOT:PSS

Figure 5. 12: SEM images of various as prepared Si anode a,b) nSi/PEDOT:PSS; c,d)
nSi/rGO/PEDOT:PSS; e,f) nSi/CNT/PEDOT:PSS

5.2.3 Electrochemical Testing

Electrochemical characterization of as produced Si anodes has been carried
out against Li metal counter electrodes. Half-cell Galvanostatic cycling was
performed in coin cell configuration under varied conditions to arrive the stable
electrode performance. In the first set of experiments, nSi/PEDOT:PSS,
nSi/CNT/PEDOT:PSS and nSi/rGO/PEDOT:PSS anodes produced with 50 pm
doctor blade clearance were subjected to long term cycling using ALISE electrolyte
and an EH2010 polymer separator. It can be observed that nSi/CNT/PEDOT:PSS
exhibited a relatively stable performance than the other two configurations.
nSi/CNT/PEDOT:PSS showed an initial discharge capacity of 3600 mAh g! at
C/10 that drop down to 2700 mAh g for the next four cycles (figure 5.13a). At
C/5, nSi/CNT/PEDOT:PSS exhibited capacity around 2300 mAh g that drops
down to 1250 mAh g! at 70™ cycle. While nSi/PEDOT:PSS also exhibited the
initial capacity of 3600 mAh g at C/10 that is drop down to 1200 mAh g'! just after
the next four cycles at C/10. At C/5, nSi/PEDOT:PSS anode showed the 650 mAh
g! that drops down to <200 mAh g within next 15 cycles. On another hand,
nSi/rGO/PEDOT:PSS anode presented the relatively higher specific capacity value
about 4000 mAh g that is dropped gradually to 2500 mAh g!. At C/5,
nSi/rGO/PEDOT:PSS anodes gave the specific capacity value of 2200 mAh g™! that
downgrades to 400 mAh g! within 50 cycles. Hence, nSi/CNT/PEDOT:PSS has
only been chosen for the next electrochemical performance investigation. From
figure 5.13b, it can be deduced that nSi/CNT/PEDOT:PSS anodes produced with
different doctor blade clearance demonstrated a little different electrochemical
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performance. Both anodes with different thicknesses exhibited almost similar
capacity fade performances but anode with lower loading gave higher specific
capacity values.

Electrochemical performance of nSi/CNT/PEDOT:PSS varied on the change of
separator. In the presence of glass fiber separator, nSi/CNT/PEDOT:PSS showed
relatively higher specific capacity values and more stable performance for the initial
60 to 70 cycles and then performance degrades quickly. While, in the case of
polymer EH2010 separator, nSi/CNT/PEDOT:PSS anodes exhibit gradual
degradation throughout the cycle life. This can be attributed to the presence of more
electrolyte in case glass fiber separator, as glass fiber separator can hold a higher
quantity of electrolyte than thin microporous polypropylene separator,
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Figure 5. 13: Galvanostatic cycling performance of nSi/PEDOT:PSS anodes a) effect of
conductive additives b) effect of coating thickness using various doctor blade clearances c)
effect of separator d) effect of electrolyte on cycling performance

Figure 5.14a exhibits long-term cycling performance of nSi/CNT/PEDOT:PSS
electrodes in ALISE and ILS electrolyte at 0.2C. It can be observed that Si anode
in ether-based electrolyte showed initial discharge value around 1500 mAh g™! and
quickly raise to a maximum value of 1800 mA g' within 10 cycles. Then it
degraded to 1000 mAh g'! after 120 cycles. The strong degradation can be attributed
to the incapability of the ether-based electrolyte component to form a stable SEI
layer. As it has previously observed that continuous SEI disruption causes the loss
of active material and electrolyte depletion, so causes the hasty anode material
degradation. While in the presence of ILS electrolyte, Si anode initially exhibited
a lower discharge capacity around 1000 mAh g! but then it raised to 1600 mAh g
Iafter 40 cycles of charge and discharge. Ionic liquids based electrolyte because of
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their high density takes longer to impregnate properly the electrode material and
their activation. Afterward, anode material starts gradually degrading at a slow rate
0t 0.23% per cycle for more than 90 cycles. The better performance in the presence
of ILS can be linked both to ionic liquid and to FEC. FEC contribute greatly towards
better SEI layer formation [214] and the ionic liquid can assist by desirable
structural modification of the active material upon repetitive lithium
alloying/dealloying [215]. CV curves of Si anodes exhibited the typical alloying
and dealloying peaks with the first cycle of SEI layer formation (Figure 5.14b, c).
In both cases, the peaks are getting sharper and intense that is exactly in accordance
with the gradual activation of the active material during initial cycles.
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Figure 5. 14: a) Long-term cycling performance of nSi/CNT/PEDOT:PSS electrodes; b)
CV of nSi/CNT/PEDOT:PSS anodes using ALISE electrolyte; b) CV of
nSi/CNT/PEDOT:PSS anodes using ILS electrolyte

5.3 Conclusion

In this chapter, two altogether different approaches have been presented to realize
stable silicon anodes. In the first strategy, electrospun silicon nanoparticles loaded
carbon nanofibers have been produced via electrospinning and carbonization
process. Simple HF washing of Si nanoparticle loaded CNF mats has induced void
structures to accommodate the volume changes during lithiation and delithiation
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process. A novel binder system (CA crosslinked alginate network) has been
achieved by iteration of various binder systems. As prepared anodes showed stable
electrochemical performances in the ether-based electrolyte. nSi@void@CNF
anodes have delivered specific capacity value close to the theoretical value of Si
and even after 100 cycle anodes exhibited a stable capacity of 2500 mAh g™! basis
on Si. While based on the mass of total composite the stabilized capacity value was
around 500 mAh g! after 100 cycles at 0.2C. So, all-design integrated strategy
enables to realize such a remarkable performance from Si anodes.

While in the second strategy, a simple approach is opted to reach well performing
Si anodes. All in shelves chemicals have been integrated into working Si anodes.
Commercial nano-Si has been mixed with commercially available PEDOT:PSS
electroactive polymer suspensions both as conductive and binding network with or
without other conductive additives like CNT and rGO. With different types of
electrolyte systems, as-prepared anodes exhibited some promising electrochemical
performances. Si anode with CNT and PEDOT:PSS exhibited specific 2500 mAh
g'at 0.1C and around 2000 mAh g at 0.2C in ether-based electrolyte system with
50% Si on the basis of spread material. After 100 cycles of charge and discharge,
as-obtained anodes showed more than 70% capacity retention of the initial. It is
determined that conductive additive, separator, electrolyte, and mass loading have
a nominal effect on capacity and cycling stability. These anodes have been
incorporated in full cell configuration to study Li/S full cell.
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Chapter 6

Towards Li metal free sulfur
batteries

As pointed out earlier that either silicon anode or sulfur cathode have to be lithiated
before using in full cell configuration. Sulfur cathodes can be built using Li>S to
originate both sulfur and lithium source. But, preparation of Li»S based cathode is
relatively challenging, so the lithiation of Si anode is relatively more opted than
former to achieve full cell [132, 216].

6.1 All carbon-based Lithiated Silicon Sulfur full cell

In this work, a lithiated silicon sulfur full cell is realized by opting the most
appropriate architecture of carbon matrices for both silicon anode and sulfur
cathode. For the purpose, the all-designs integrated strategy has opted for both
electrodes. Electrospun nano-silicon@void@carbon nanofibers (SVCNF) cross-
linked with alginate-citric acid binder network were utilized as silicon anode and
heteroatom doped high surface area hierarchical porous carbons were chosen as a
host matrix for the sulfur cathode. Herein, to produce anode material, nano silicon
particles with a certain thickness S10; shell were electrospun with polyacrylonitrile
as a carbon source for CNF. Carbonization of the as-obtained matrix has provided
with SiO@silicon loaded CNF (SSCNF) sheets. SiO> was removed by simple
dipping SSCNF sheet in HF solution in contrast to tedious washing required by
particulate structures as demonstrated previously. This simple washing step
provides with SVCNF sheet that is mortared to achieve silicon anode using alginate
as a binder. To date, carbons with high surface area and hierarchical porous
structures can efficiently host sulfur via physical confinement. Moreover, the
carbon bearing heteroatoms exhibit polar structures to chemically interact with the
LiPS. In order to achieve a well-performing cathode material for the full cell, all-
design characteristics have been integrated in present carbon matrices. For the
purpose, ultra-porous hierarchical carbons with nitrogen and sulfur doping have
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been synthesized via combining KOH activation and carbonization using
polypyrrole and polythiophene. Sulfur has been infused into the carbon structure
via melt infusion at 155°C. As synthesized carbon exhibited remarkably stable
performance vs Li foil.

6.1.1 Balancing of anode and cathode

After realizing stable performances for both electrodes in half-cell
configuration, it has been decided to replace metallic lithium with lithiated silicon
anode to realize SLS full cell. For the purpose, both cathode and anode should be
balanced in terms of areal capacities practically accomplished in half-cell testing.
In full cell configuration, delithiation of Si anode is closely related to lithiation of
sulfur cathodes. In other words, discharging of the sulfur cathode will follow the
potential and capacity profile of Si anodes delithiation. Figure 6.1a,b show a
comparison of SVCNF anode delithiation vs. PThio C/S & PPyr C/S cathodes
discharging curves. Here, it is important to mention that anode is slightly
overbalanced over sulfur cathodes because of initial irreversible loss of lithium
owing to SEI formation. SVCNF anodes were electrochemically lithiated using EL-
cell setup.
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Figure 6. 1: Balancing of lithiated SVCNF anodes vs. PPyr C/S and PThio_C/S cathodes
in terms of areal capacity and estimation of cut-off voltage for full cells

6.1.2 Electrochemical Performance

For the purpose of lithiation of Si anodes, an ECC-STD electrochemical cell
configuration (EL-Cell, GmbH) was employed. Lithiation of Si was carried out
using a constant current-constant voltage (CCCV) protocol. Discharging of half-
cell was carried out at 0.05C followed by holding voltage at 10 mV, then charging
was performed at 0.05C till 2V and then 2nd and last discharging were carried out
in a similar fashion as first. The LixSi anode was reclaimed from an EL cell set up
in the glove box and used to assemble full cell against sulfur cathodes in coin cell
configuration. The same electrolyte was employed in full cell around 20 pL to
ensure the wetting of all three components (i.e. sulfur cathode, Si anodes, and
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separator). The full cells subjected to charge and discharge between 1.1 and 2.5 V
at a current rate of 225 mA g”! based on the mass of sulfur in cathodes. The full cell
is balanced in order to have an additional ~ 20 % extra areal capacity for the anode,
which is far less than the excess of metal Li normally used to assemble Li/S cells.
SLS full cell configuration (Figure 6.2a, b) clearly shows the improved cyclability
and higher capacity for the PPyr C/S vs. PPThio C/S, due to its higher conductivity
and better capability to keep LiPS, as previously discoursed. After 100 cycles, the
cell still provides a specific charge capacity of 390 mAh g™! that is almost 50 % of
the initial charge capacity with CE of about 98 %. In both cells, the initial drop of
CE can be related to imperfect passivation of the SEI layer on the Si anode in the
standard electrolyte of Li/S cell [217]. As clearly seen (Figure 6.2¢), the Si—C/S full
cells display two discharge voltage plateaus at around 2.0 V and 1.7 V, in which
the slope is rigorously related to the changes in the voltage profile of the Si anode
(Figure 6.1a). With respect to Li-S/C half-cell, such shift of the discharge plateaus
towards lower potentials is linked to the kinetics of delithiation at the Si anode. The
initial discharge capacity of SLS cell (1000 mAh g'!) is lower compared to the Li-
S/C half-cell counterpart (1440 mAhg') and from the 2nd to 100th cycle, the
capacity retention is about 47.5% for SLS full cell against 63.5% of the half cell.
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Figure 6. 2: a, ¢) Galvanostatic cycling performance and voltage vs. capacity profile of
PPyr C/S cathode against lithiated SVCNF anode, b, d) Galvanostatic cycling
performance and voltage vs. capacity profile of PThio C/S cathode against lithiated
SVCNF anode
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Such a setback in the electrochemical performance that is usually observed in Si-S
full cells, must not be traced back to degradation phenomena of the electrodes. On
the contrary, this mostly occurs because of the incomplete delithiation of Si anode
that never reaches its fully delithiated state (~1.0 V vs. Li/Li") in SLS full cells
[218]. Till ~20th cycle executed at 225 mA g”!, both cells exhibit a descent in
specific capacities to 550 mAh g in case of SVCNF_PPyr C/S and to 380 mAh g
' for SVCNF_PThio C/S. The electrolyte used for full cell study is not as
appropriate as for Li/C-S cells. Presence of LiNO3 could initially augment the side
reactions and let the LiPS to shuttle. This means that a portion of Li has been left
inactive in form of side products by polysulfide oxidation, being the later reactions
faster on higher surface area Si anode than on lithium [218, 219]. From that
onwards, both cathodes reach stabilized performance, with CE approaching 99% in
case of SVCNF_PPyr C/S. Such results validate our understanding that integration
of PPyr_C/S with nitrogen polar groups can effectually relieve LiPS shuttling at the
Si anode, enabling the cell to achieve stable cycling. Relying on these
considerations and based on the excellent electrochemical performances of nano-
Si/CNF anode vs. N/S doped C/S cathode, SLS full cell is able to deliver specific
capacities not less than that of Si/S cells using structured elements prepared by more
expensive and less scalable routes to date.

6.2 Conclusion

It has been demonstrated that lithiated silicon sulfur cell can be realized by choosing
the rational design of electrodes architectures. We have architecture elemental
doped hierarchical porous carbon as already presented in chapter 2 and Si
nanoparticles comprised carbon nanofiber with void spaces as demonstrated in
chapter 5. Then two electrodes were balanced in terms of areal capacity. Si anodes
were lithiated and test against sulfur cathode. It is shown that these approaches can
deliver very high specific capacity around 800 mAh g™! with 50% capacity retention
for more than 100 cycles of Galvanostatic charge and discharge. The whole system
needs to be optimized for better electrolyte system for full cell configuration.
However, it has been successfully demonstrated that lithiated silicon sulfur full cells
can be realized by opting rational design of carbon matrices with high energy
density and improved safety.
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Chapter 7

Conclusion and Prospects

This dissertation initially speaks a comprehensive state of research in Li/S
electrochemical system. The contributions of the scientific community and the
dilemma still linked to Li/S technology has been discussed to balance our approach
towards this line of research. Later on, we have presented a broad spectrum of
experimental work to realize diverse sulfur host materials. All the approaches opted
for this research work can be scaled up feasibly, and manufacturable. The stable
silicon anodes have also been realized to reach Li metal free full Li/S cell. The
whole system needs to be optimized for better electrolyte system for full cell
configuration. However, it has been successfully demonstrated that lithiated silicon
sulfur full cells can be realized with high energy density and improved safety.
Established processes, those already been practiced by industry, have been
exploited to produce effective cathode and anode materials and electrodes.

Two different kinds of carbon host materials have been synthesized. Microporous
carbons have been produced from bio-based material to host sulfur for Li-S battery
application. For the first time, it was successfully demonstrated that microporous
carbons can be obtained from pyrolysis of polymer B-cyclodextrin and exhibited a
spongy structure that makes them absorptive for sulfur. We have demonstrated that
to make S and Li>S available for the electrochemical process, it is necessary to
provide a suitable conductive network by rGO wrapping the C/S composite. By
using the proposed strategy, we are able to reach 1108 mAh g! at 0.01C and 626
mAh g! at 0.2C with a capacity loss of 0.11 % per cycle for more than 100 cycles.
In another cell configuration using carbon paper as an interlayer, discharge capacity
raised to 850 mA h g'! at 0.2 C and maintained it for 100 cycles with excellent rate
capability and high Coulombic efficiency. Dual layer cathode protection strategy
could prove a step forward towards commercial Li/S batteries for EVs using MPCs.

In another strategy, elemental doped high surface area hierarchical porous carbons
have been synthesized by the activation of polymers. As-prepared carbon with
twice amount of infused sulfur exhibited remarkable electrochemical performance.
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Nitrogen-doped hierarchical porous carbon from polypyrrole showed the specific
capacity of 990 mAh g! with capacity decay rate about 0.07% for more than 300
cycles at 0.2C. Whereas, sulfur-doped hierarchical porous carbon demonstrated the
specific capacity of around 800 mAh g! with capacity decay rate 0.09% for more
than 300 cycles at 0.02C. Such a high capacity stable cathodes were realized
because of high surface area, hierarchical porosity, and elemental doping.
Elemental doping provides enough polarity to the matrix to interact with LiPS.

Three different approaches have been presented to prepare the inorganic metal
compound incorporated carbon matrices. In the first approach, a facile production
strategy has proposed to synthesize Magneli Phases TiO» nanoparticles loaded
carbon matrices as an efficient sulfur host material. As synthesized host material
can effectively limit the dissolution and shuttling of LiPS by synergetic entrapment
of carbon matrix and Ti,O2n-1 nanoparticles to achieve extended cycling life. The
porous carbon matrix serves to physically entrap sulfur and LiPS, while Magneli
Phases TiO2 nanoparticles assist to chemically bind LiPS on their surface. The
novel architecture of host material offers better capacity retention (i.e.) 65% and
54% at 0.2C and 1C for more than 500 and 1000 cycles respectively. Moreover, the
intensive characterization of the synthesized host material and aged cathodes
provides an insight that sulfur species are adsorbed by the surface of TinOzn.1
nanoparticles along with conventional physical entrapment by carbon. The current
strategy offers a facile and scalable manufacturing process to design an efficient
host material for high-performance Li/S batteries.

In the second approach, various electrochemically deposited MnOx carbon
structures have been explored as high sulfur loaded freestanding cathodes. It has
been successfully demonstrated that achieving the right phase of MnOx, which can
interact with LiPS. It is possible to achieve high performing stable electrochemical
performance even at high loading of sulfur. The role of carbon substrate is twofold;
first, it is acting as a support to carry sulfur and MnOx deposits, secondly, it acts as
a matrix that physically traps LiPS. It has been established that the Mn3O4 phase
can better interact with LiPS, thus showed higher specific capacity values and better
stabilities.

In the third strategy, vanadium nitride in nitrogen-doped carbon matrix has been
produced via in-situ ammonization and carbonization. VNNC showed very strong
interaction with the LiPS. High rate capability is reported for sulfur cathodes
assembled with this VNNC. Very stable performance has been recorded for
hundreds of cycles at various C rates. Both nitrogen-doped carbon and VN has
imparted conductivity and ability to interact with LiPS. Cells assembled with
VNNC/S cathode has been cycled at 0.2C showed first cycle capacity about 1013
mAh g!'. Even after 200 cycles, the capacity retention was 64 % that is 630 mAh g
! Interestingly at higher C-rates, VNNC/S cathodes exhibited even better stabilities.

In chapter 4, a practical inadequacy of previous reports has been addressed where
chloride-ion doped polyaniline had been proposed to limit LiPS solubility. We
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offered an alternative and better solution by accomplishing formate-ion doped
polyaniline wrapped carbon/sulfur composite by in-situ oxidative polymerization.
The as-prepared cathodes exhibited very stable performance around 800 mAh g!
for more than 500 cycles at 0.2C with capacity fading rate around 0.024%. Rate
capability performance of the PANi wrapped C/S composite is remarkably better
than that of the bare composite.

In chapter 5, two altogether different approaches have been presented to realize
stable silicon anodes. In the first strategy, electrospun silicon nanoparticles loaded
carbon nanofibers have been produced via electrospinning and carbonization
process. Simple HF washing of Si nanoparticle loaded CNF mats has induced void
structures to accommodate the volume changes during lithiation and delithiation
process. A novel binder system (CA crosslinked alginate network) has been
achieved by iteration of various binder systems. As prepared anodes showed stable
electrochemical performances in the ether-based electrolyte. nSi@void@CNF
anodes have delivered specific capacity value close to the theoretical value of Si
and even after 100 cycle anodes exhibited a stable capacity of 2500 mAh g™! basis
on Si. While based on the mass of total composite the stabilized capacity value was
around 500 mAh g after 100 cycles at 0.2C. So, all-design integrated strategy
enables to realize such a remarkable performance from Si anodes.

While in the second strategy, a simple approach is opted to reach well performing
Si anodes. All in shelves chemicals have been integrated into working Si anodes.
Commercial nano-Si has been mixed with commercially available PEDOT:PSS
electroactive polymer suspensions both as conductive and binding network with or
without other conductive additives like CNT and rGO. With different types of
electrolyte systems, as-prepared anodes exhibited some promising electrochemical
performances. Si anode with CNT and PEDOT:PSS exhibited specific 2500 mAh
g1 at 0.1C and around 2000 mAh g! at 0.2C in ether-based electrolyte system with
50% Si on the basis of spread material. After 100 cycles of charge and discharge,
as-obtained anodes showed more than 70% capacity retention of the initial. It is
determined that conductive additive, separator, electrolyte, and mass loading have
a nominal effect on capacity and cycling stability. These anodes have to be
incorporated in full cell configuration to study Li/S full cell.

In the last chapter, it has been demonstrated that lithiated silicon sulfur cell can be
realized by choosing the rational design of electrodes architectures. We have
architecture elemental doped hierarchical porous carbon as already presented in
chapter 2 and Si nanoparticles comprised carbon nanofiber with void spaces as
demonstrated in chapter 5. Then two electrodes were balanced in terms of areal
capacity. Si anode was lithiated and test against sulfur cathode. It is shown that
these approaches can deliver very high specific capacity around 800 mAh g! with
50% capacity retention for more than 100 cycles of Galvanostatic charge and
discharge tests. In short, the following three tables present the performance matrices
of the electrode materials prepared during the Ph.D. research of this dissertation.
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Table 7. 1: Performance matrix of as-prepared S cathodes architecture, sulfur content and
loading, and cycling performance

Cathode materials = Sulfur © Electrochemical performance
g content 2 £ o linitialfinal (mAh g's) (C-rate,
S (wt%) / E 2 cycles)]
S sulfur 5 s
loading
Microporous carbons | 60/2 mg | 15 1103/ 483 (0.2C, 100) GF
form B-cyclodextrin | ¢m pL/mg;s 1108/ 723 (0.2C, 100) CFP
E nanosponges
5 Hierarchical porous | 66/1.5- 10 1100/ 762 (0.2C, 250) N-doped C
nitrogen/ sulfur 22mg | uL/mgs | 800/631 (0.2C, 250) S-doped C
doped carbons cm2
Magneli phase 60/2-2.3 | 6-7 1100/ 550 (0.2C, 500)
TiyOzn.1 incorporated | mg cm? | uL/mgs | 700/ 318 (1C, 1000)
» | carbon matrix
-2 | Vanadium nitride 70/ 1.5 10 1013/ 630 (0.2C, 200)
So | decorated nitrogen | mgem? | uL/mgs | 814/ 530 (0.5C, 1200)
S | doped carbon
™ | Electrochemically 50/ 5mg | 8 uL/mgs | 800/ 770 (0.2C, 200)
MnOx deposited cm™ 750/ 660 (0.2C, 200)
carbon structures
. Formate-ion doped | 55/2 mg | 7-8 896/ 655 (0.2C, 500)
£ | polyaniline wrapped | cm™2 uL/mgs
>
< | carbon/sulfur
=

Table 7. 2: Performance matrix of as-prepared Si anodes architecture, sulfur content and
loading, and cycling performance

Anode materials Si content Electrochemical performance
(wt%) / Si [initial/final (mAh g) (C-rate,
loading cycles)]

= SiNP hosted in carbon 18/ 0.4 mg cm™ 3800/ 2200 (0.2C, 100) on Si wt%
£ nanofibers with void 3600/ 2000 (0.5C, 200) on Si wt%
5 structures
5 nSi/CNT/PEDOT:PSS 50/ 0.2-0.8 mg 2300/ 1500 (0.2C, 100) on Si wt%
i composite anodes cm?
S

Table 7. 3: Performance matrix of Li metal free full cell realized using carbon matrices

Cathode materials = Anode materials Electrochemical performance

[initial/final (mAh g 5) (C-
rate, cycles)]|

Hierarchical porous SiNP hosted in 800/ 410 (0.2C, 100)
g nitrogen/ sulfur doped | carbon nanofibers
':.3 carbons with void structures
Q
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