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Abstract

Over the last decade demand for renewable energy technologies has been one of the primary
issues of concern across the globe. It is in this context, lithium-sulfur battery based on sulfur
cathode have drawn the particular interest owing to the high specific capacity, high energy density
and low cost of eco-friendly sulfur. Nonetheless, there are still formidable challenges hindering
the successful application of lithium-sulfur battery. Those challenges can be categorized as, poor
electrical conductivity of elemental sulfur, lithium polysulfide intermediate dissolution / shuttling.
In my doctoral work, I focused mainly on the cathodes, such as developing a new class of sulfur
material and optimizing the cathode structure to improve the electrochemical performance of
lithium-sulfur batteries.

The first part of the thesis, we report a novel sulfur rich copolymer@ 3D graphene-carbon
nanotubes (G-CNT) network cathode for high performance lithium-sulfur batteries. Unlike
elemental sulfur as cathode, this squalene-derived copolymer can greatly suppress the dissolution
of sulfur and polysulfides due to the chemical confinement from the crosslinking of polysulfur
chains with the squalene molecules. While in the SP@G-CNT composite electrode, the interlinked
Sp? G-CNT network not only enhance the polysulfide entrapment capability, but also provide the
composite with an 3D electrically conductive path as well as an eminent mechanical resilience
towards the huge volume change of sulfur. The as-developed cathode can deliver a high specific
capacity, excellent rate performance and cycling stability.

In the second part, a nitrogen-doped micro/mesoporous carbon is derived from an amine-
functionalized metal oxide framework (UIO-66-NH> abbreviated as NH>-MOF) to host sulfur.
Moreover, a freestanding permselective membrane was fabricated by the layer-by-layer (LBL)

assembly of NH>-MOF and graphene oxides nanosheets and implicated as an interlayer. Such,
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multifunctional interlayer can block the shuttling of polysulfides in both physical and chemical
ways without compromising the ion conductivity. The optimized lithium-sulfur cells realized high
reversible capacity, extended cycling stability at high rate and much improved rate performance.

In the third part, a well-designed bilayer cathode structure is proposed to increase the active
material loading and improve the areal capacity. The support layer contains carbon nanofiber /
nickel nanoparticles decorated nitrogen-doped graphene (Ni-NG) and the top layer composed of
Ni-NG nanosheets. The porous and highly conductive bilayer host not only ameliorates high sulfur
loading and increase active material utilization but also accelerates the rapid conversion of
polysulfides. With Li>Se¢ catholyte, bilayer Ni-NG@CNF cathodes demonstrates low voltage

polarization, superior cycling stability and excellent rate performance.
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Introduction

Lithium-Sulfur (Li-S) battery is one of the most promising candidates for the next-generation
energy storage devices, with high specific capacity (~1672 mAh g!), high theoretical energy
density (2600 Wh kg™!) and low cost.!* However, the development and applications of Li-S battery
have been severely hindered by the intrinsic poor electronic conductivity of sulfur and the rapid-
capacity degradation due to dissolution of intermediate polysulfides into the electrolytes. >

Considerable efforts have been made to address the issues, including design of nanostructured
cathode, optimization of electrolytes and protection of lithium anodes. One of the most common
approaches in the cathode design is to utilize mesoporous carbonaceous materials as a potential
host for sulfur. * Typically, a highly conductive carbon matrix can improve the charge transfer
resistance of the cathode and the mesopores within the structure can be used to trap soluble lithium
polysulfides physically. However, weak interaction between hydrophilic lithium polysulfides and
the non-polar carbon surface often leads to out-diffusion of polar lithium polysulfides over
extended cycling. > Recently, polar materials such as, hetero-atom doped carbon, *7 metal oxides/
sulphides/nitrides ® °- ' have been explored extensively. Unlike non-polar carbon, the hydrophilic
surfaces of these polar hosts can bind the migrating lithium polysulfides via hydrophilic surface
interaction and improve the cyclability of Li-S system. As a replacement for elemental sulfur,
polymers containing high content of organosulfur that is covalently bonded to the organic
backbones have also been reported as an effective strategy to endow both physical and chemical
confinements on the soluble lithium polysulfides intermediates. ! Therefore, in a nut-shell an ideal
sulfur cathode host should have: (i) highly porous structure to encapsulate sulfur; (ii) high

electronic conductivity to improve the active material utilization; (iii) capability to restrain
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polysulfides and (iv) flexible and robust physical properties to buffer the volume change of active

materials during lithium insertion/extraction. '2
Chapter 1 introduces the research development of lithium-sulfur batteries. The working principle,
major challenges, and the ongoing approaches to overcome these challenges are presented in this
chapter.

Chapter 2 briefs about the experimental section, which includes material preparation techniques,
physiochemical characterizations of as-prepared materials and their electrochemical investigations.
Various synthesis strategies, such as solid-state reaction and hydrothermal synthesis were mainly
applied to prepare different electrode materials in this doctoral work. This chapter also briefly
introduces the instrumental analysis techniques that have been used to characterize the as-prepared
electrode materials, including X-ray diffraction (XRD), Raman Spectroscopy, thermogravimetric
analysis, field emission scanning electron microscopy (FESEM), transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS), nitrogen adsorption-desorption, and
Fourier transform infrared spectroscopy (FTIR). Cell assembly and electrochemical testing
techniques, including cyclic voltammetry (CV) galvanostatic charge-discharge and
electrochemical impedance spectroscopy (EIS) were also presented.

Chapter 3 presents synthesis of a novel sulfur-rich copolymer which is utilized as a new cathode
active material for Li-S batteries. The sulfur-rich copolymer (87.29 % sulfur) synthesized by
inverse vulcanization between two eco-friendly sources, sulfur and squalene. Covalent bonding
between squalene (organic moiety) and sulfur molecules effectively suppresses the active material
dissolution and migration during consecutive charge-discharge process. With such merit, the
sulfur-rich copolymer (SP) demonstrates superior electrochemical performances as compared to

that of elemental sulfur. For further improvement in electrochemical performances, SP was
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combined with two-dimensional graphene (G) and three-dimensional graphene-carbon nanotubes
(G-CNT) matrixes. The three-dimensional SP@ G-CNT composite shows high discharge capacity
value (1265 mAh g'! at 0.2 C), improved cycling stability (782 mAh g™ at after 300 cycles at 1 C)
and excellent rate performances compared to that of two-dimensional SP@G. This is attributed to
the 3D interlinked Sp? G-CNT network, which not only improve the 3D electrically conductivity
of the composite for better active material utilization, but also enhance the polysulfide entrapment
capability and acts as a mechanical buffer against the huge volume change of active material.

Chapter 4 reports the synthesis of nitrogen-doped mesoporous carbon (NMC) with hierarchical
pore architecture for high performance Li-S batteries. The materials contain nanopores (< 2 nm)
and mesopores (2 — 4 nm), derived from carbonization of porous amine (NH»)-functionalize metal
organic frameworks (NH2-MOFs). Subsequently, sublimed sulfur was infused into the porous
NMC by simple melt-diffusion method. Through the synergistic effect of nanopores and
mesopores, the porous matrix can endow an exceptionally high ion—accessible surface area and
low ion diffusion barrier. This conductive host not only improve the active materials utilization
but also alleviate the large volume change of sulfur during electrochemical reaction. Besides, the
successful N-doping can provide an additional interaction to the migrating lithium polysulfides.
Exploiting the interaction between amidogen (NH2) groups of NH>-MOFs and the surface
functional groups of graphene oxide (GO), a layer-by-layer (LBL) assembled membrane (NH»-
MOF-GO) was prepared by simple vacuum filtration technique and was utilized as an interlayer
in between the cathode and the separator (PP). This freestanding permselective membrane can
interact to the migrating lithium polysulfides in both physical and chemical ways. Therefore, the
newly configured interlayer suppresses the polysulfide migration and ensure the lithium anode

stability. As a result, compared with the NMC-S/PP, this rationally designed NMC-S/NH>-MOF-
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GO cell shows an obviously improved electrochemical performance, including discharge capacity
and high-capacity retention.

Chapter 5 elucidates a sophisticated bilayer cathode structure to increase the sulfur loading, active
material utilization, and the enhanced areal capacity. A simple vacuum filtration technique was
adopted to fabricate the freestanding and flexible bilayer cathode. Bottom layer of this cathode
consists of carbon nanofiber (CNF) and nickel nanoparticles decorated with nitrogen-doped
graphene (NiNG). The top layer is composed of only NiNG. The integrated CNF and NiNG
matrixes in the bottom layer host the active material and ensure their high utilization efficiency.
Besides, intertwined CNF network possesses abundant void spaces to buffer the volume expansion
of the active material. With the presence of nickel nanoparticles, the top NiNG layer accelerates
the polysulfide conversion kinetics and effectively block the polysulfide migration. To maximize
the potential of this bilayer host, Li2Se / electrolyte solution (catholyte) was used as active material
due well-dispersibility of the catholyte and drop-casted onto bottom layer of the bilayer host.
Benefitting from such advantageous structural features, the bilayer Li2Se-NiING@CNF cathodes
demonstrates low voltage polarization, improved cycling stability and excellent rate performance,
including a reversible discharge capacity of 1272 mAh g at 0.2 C rate, 89.4 % capacity retention
after 100 cycles and discharge capacity of 848 mAh g™ at 3 C current rate. In addition, high sulfur
loading up to 8 mg cm™ and an areal capacity of 6.8 mAh cm™ were achieved at low electrolyte to
sulfur (E/S) ratio of 7 uL mg suifur.

Chapter 6 briefly summarizes the research outcomes of this thesis work and future perspective of

cathode materials for Li-S batteries.
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Literature Review

The ever-growing demand for economic and efficient energy storage technologies has triggered
the intensive exploration for advanced rechargeable battery technologies. To date, several kinds of
rechargeable batteries have been reported and can be categorized as, (i) lithium ion-based
rechargeable batteries; '3 (ii) sodium-ion based rechargeable batteries; '* (iii) other metal-ion based
batteries (magnesium ion secondary batteries and alkali metal-air secondary batteries); °and
supercapacitors.'® To date, there are mainly three types of lithium-ion based batteries have been
reported, (i) Li-ion batteries (LIBs), (ii) Lithium-sulfur batteries (Li-S) and (iii) Li-oxygen
batteries (Li-Oz). '7 '® In this doctoral work, the research was mainly focused on designing novel
sulfur cathodes with ‘smart’ nanostructures and their subsequent application in Li-S battery for
improved electrochemical performances.

1.1 Rechargeable Lithium-ion Batteries

Li-ion battery (LIB) technologies have become an indispensable part of our day-to-day lives since
they were first commercialised by Sony Inc. in 1991." With the emergence of new portable
electronic devices (i.e. mobile phones, laptops, tablets, cameras, drones etc) the consumption of
LIB has increased significantly.? ! The key factors that LIBs have attracted tremendous scientific
interest as they have considerable energy density, long cycle life, low maintenance, no memory
effect and low self-discharge.?> * In most cases, a conventional LIBs implement Li-intercalating
electrode materials to store electrical energy during charge, and releasing electrical energy on
discharge.?® The most common Li-ion electrode chemistry is a graphite/LiC002.27?%?° A typical
graphite/LiCoO; cell shown in Figurel.l, consists of four components, LiCoO; coated on

aluminium current collector as positive electrode (cathode), a negative electrode (anode) made
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from graphite coated on a copper current collector, an insulating separator and electrolyte made of

Li-salt in a organic solvent.
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Figure 1.1 schematic diagram of the lithium intercalation/de-intercalation reaction mechanism in

rechargeable LIBs.!?

During Charging process, the LiCoO: is get oxidized to release a Li-ion from its solid lattice into
the electrolyte and an electron that transfer via the external circuit to the anode. Meanwhile,
graphite, the anode accepts a Li-ion and an electron in a reduction reaction, storing electrochemical
energy within the battery in the form of chemical energy. When the cell is under discharged, the
reverse occurs and the electrons flow in the opposite direction through the external circuit
powering electrical devices.!'? The specific reactions corresponding to the charge and the discharge
process are as follows:

Cs +Li" + & S LiCs (1)

LiCoO; Sx Li" +x e + Lij+CoO> ()
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However, based on such intercalation reactions, LIBs generally have an energy density of no
higher than 200 Wh kg™! and cannot match the requirements for the development of electric
vehicles (EVs). 2>3%3! Owing to this inadequacy, advanced battery technologies with improved
electrochemistry are crucial to offer high capacities and energy densities.

1.2 Rechargeable Lithium-Sulfur battery

Beyond intercalation-based LIBs, Li-S batteries have garnered much scientific interest in the
recent years as the sulfur cathode delivers a high theorical capacity of ~1672 mAh g™! (calculated
based on S°<S%) at an average operating potential of ~2.1 V vs. Li/Li*, and a staggering energy
density of ~ 2500 Wh kg, which is 3-5 times higher than current Li-ion batteries. Moreover, the
natural abundance, low cost, and environment benignity of sulfur make it an appealing material
for the use in next generation Li-based batteries. 32334

1.2.1 Basic Principle of a Li-S battery
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Figure 1.2 (a) Conventional cell configuration and (b) charge-discharge voltage profile of Li-S

cell.
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A typical Li-S battery is composed of a positive electrode (cathode) of sulfur (Sg) with a conductive
additive and a polymer binder, a negative electrode (anode) of lithium metal separated by an
insulating separator immersed with organic electrolyte (demonstrated in Figure 1.2a). !

During discharge process, oxidation takes place in the anode, where Li-metal is oxidised to

produce electrons and Li-ions. The electrons then transfer through the load and reach cathode,

where the sulfur gets reduced to lithium polysulfides (Li2Sy, x =4 - 8) by accepting electrons and

Li-ions. Subsequently, the intermediate polysulfide (Li2S,, x = 4 - 8) further reduced to yield

lithium sulfide (Li2S) with a gradual decrease in the sulfur chain length. During cell charge, reverse
phenomenon occurs where Li,S is reversibly oxidized to Sg after releasing electrons and Li-ions.
Both of electrons and Li-ions travel back to the anode. 3% 4

The overall reaction involves two electrons transfer per sulfur molecule and can be depicted as
follows:

28+ 16 Li = 8 LixS 3)

Despite seemingly simple electrochemistry, the actual electrochemical reaction is occurring in Li-

S battery is complex and multi-stepped, which involves series of soluble polysulfide intermediates
(L12Sy, 3 <x < 8) and insoluble final product (Sg or Li2S2/L12S). Figure 1.2b demonstrates typical

discharge-charge process of an ideal Li-S cell. As it can be seen, the typical reduction (discharge)
of elemental sulfur to Li>S can be divided into three steps: (i) the upper plateau region at ~2.3 V
(vs Li/Li"), (ii) the sloping region between ~2.3 V — 2.1 V (vs Li/Li*) and (iii) lower plateau
region at ~ 2.1 V (vs Li/Li"). 4142

In the first step at ~ 2.3 V, the cyclo-sulfur (Sg) will step-wisely reduced into high-order

polysulfide S¢>* by accepting two electrons as shown in equation (4) and (5).
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Sg +2e — Sg> )
3Sg+2e — 4 S¢" )

The high order polysulfides are highly soluble in organic electrolyte due to their high polarity and
increase the viscosity of the electrolyte. As a result, diffusion overpotential and corresponding
impedance raise a concentration polarization. This leads to voltage drop between 2.3 V to 2.1 V
(vs Li/Li"). During this process, S¢>” is converted into S4*" as illustrated in equation (6).

386 +2e — 3 S4* (6)

In the lower plateau region at ~2.1 V (vs Li/Li"), S4*~ will further reduced to insoluble solid Li>S
by accepting two additional electrons as demonstrated in equation (7) and (8).

S4* +2¢ +4 Lit — 2 LixS; (7)
LixS; +2e + 2 Li+ — 2 LizS (8)

It is worth to mention that, the reactions in the lower plateau are typical of solid-state reaction and
occur in a much slower rate compared to the reactions takes place in the upper plateau.*

During charging, the charge curve shows two plateaus corresponding to stepwise oxidation of Li2S

into octa-sulfur via soluble polysulfide (Li2Sy, 4 <X < 8) intermediates.

The overall capacity of sulfur (Ss) cathode in Li-S battery can be quantified in following way:
The theoretical capacity of any element is = nF'/ atomic mass of that element
Where, n = number of electron transfer per atom
F = Faraday’s Constant = 96485 Coulomb = 26800 mAh
Theoretical capacity of lithium = (1 x 26800)/6.94 =~ 3862 mAh g’!
Theoretical capacity of sulfur = (2 x 26800)/32.065 = 1675 mAh g!
Hence, the theoretical capacity of Li-S cell is,

(1/0) = (1/3861) + (1/1675); O = 1166 mAh g = 1166 Ah kg’
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Since the average potential for Li-S discharge is 2.2 V.
So, average energy density of a Li-S battery is = (2.2 x 1166) = 2600 Wh kg'.
1.3 Challenges of Li-S battery

Despite very high theoretical capacity, high energy densities, low-cost and environment benignity
of sulfur, the potential application of Li-S battery is severely hindered by low sulfur utilization,
poor cycling ability, low coulombic efficiency, low-rate capability and unsafe Li-metal. This can
be ascribed to the following reasons:
1.3.1 Insulating nature of elemental sulfur and lithium sulfide

It is very essential for a cathode material to have high electrical and ionic conductivity, so that it
can transport electrons and ions to keep the battery active. During discharge-charge process in Li-
S system, the sulfur cathode must receive electrons from the external circuit and react with Li" ions
for the reduction to occur. Unfortunately, the electrical conductivity of elemental sulfur at room
temperature is 5 x 103°S c¢m !, which clearly indicates sulfur falls into category of insulating
material. **4>46 Henceforth, conductive additives must be added to use sulfur as a cathode in Li-
S system.

When sulfur is completely reduced, it forms Li2S2/Li2S which are not only electronically
insulating but also ionically insulating.*”> *3 4° Therefore, after discharge, when it starts to be
deposited on the cathode surface and forms a passivation layer, further lithiation will be largely
impeded. This will lead to premature failure of the Li-S cells. Such problem can be possibly
relieved by controlling the morphology and distribution of discharge products.
1.3.2 Volume Change

On account of different densities of sulfur (2.07 g cm™) and Li>S (1.66 g cm™), the sulfur cathode

undergoes 80% volume expansion upon lithiation.>® Such repeated volume change of the cathode
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during lithiation/de-lithiation can cause pulverization of the electrode and loss of electrical contact
between the active materials and conductive surface. This leads to formation of isolated sulfur
particles; those are very difficult to re-use. To counter this issue, the cathode should possess
enough void space to accommodate large volume change of sulfur and maintain the structural
integrity of the electrode. 3! 5% 3
1.3.3 Polysulfide dissolution

Lithium polysulfides are (Li2S,, 4- x -8) the intermediate redox species generated during the
discharge (reduction) process in Li-S battery. These liner chain polysulfides are highly soluble in
organic solvent. Interestingly, the soluble nature of polysulfides into the electrolyte has dual-
effects in the lithium-sulfur batteries. In one aspect, the dissolution of polysulfides is crucial to
improve the active material utilization. >* 3 As polysulfides continuously dissolved into electrolyte,
the inner core of the non-conductive bulk sulfur particle will get exposed to the lithium ions
/electrolyte, resulting in an enhancement of active materials utilization. >
However, such dissolution behaviour also causes several problems in Li-S batteries with a standard
cell configuration. For instance, during discharge process the high-order polysulfides get dissolve
into the electrolyte, pass through the separator, and are deposited on the lithium-metal surface that
further block the access of electrolyte.’”> 3% % Such migration behaviour is controlled by (i)
concentration difference of polysulfides between the cathodic and the anodic compartments, and
(ii) chemical potential. ®*3* This adverse effect brings unexpected self-discharge, irreversible loss
of active materials and severe capacity decay in lithium-sulfur cells. Therefore, restraining the
migrating polysulfides within the sulfur cathode and inhibiting their diffusion to lithium anode

side is crucial to improve the electrochemical performance. °'-7
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Figure 1.3 Schematic illustration of Li-S cell with four main challenges.
1.3.4 Shuttle Effect

The shuttle effect originates from the free migration of dissolved lithium polysulfides between
the cathode and the anode. The high-order polysulfides (Li2Sx, 6< x <8) diffuse through the
separator and are reduced to low-order polysulfides (Li2Sx, 2< x <6) after reacting with the lithium
anode. This low-order polysulfide can diffuse back to the cathode side and be oxidized to high-
order polysulfides. This parasitic process takes place in a repeated manner, causing low coulombic
efficiency and anode corrosion. Recently, the addition of LiNOs3 as an electrolyte additive has been
shown to passivate the lithium anode from side reactions with polysulfides. 7+ 78
1.3.5 Self-discharge

Even when the lithium-sulfur cell is resting, the self-discharge takes place and form soluble
polysulfides. Now, the dissolved polysulfides gradually diffuses into anodic side due to

concentration gradient and reacts with the lithium anode. This will result decrease in open circuit

voltage (OCV) and discharge capacity of the affected Li-S cell. 7
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1.4 Current Approaches on Cathode

The improvement in electrochemical performance of a Li-S cell heavily relies on the optimization
within the cathode configuration. In general, a sulfur cathode composed of sulfur, a conductive
additive and a polymeric binder. The poor electronic conductivity of sulfur and dissolution of
intermediate polysulfides are major concerns to deal with. Therefore, a practical cathode design
should include, (i) abundant pores to host sulfur and boost the ion transfer; (ii) high electronic
conductivity to improve sulfur usage; (iii) capability of restraining polysulfides within its

microstructure; (iv) mechanical resilience against volume charge of active materials. % 12 5% 62.80.

81, 82
1.4.1 Porous Carbon Materials

Due to low density, low cost, excellent electrical conductivity and inertness over extended voltage
window, carbon materials have been widely used as conductive additives for Li-S battery. 3% In
the early stage of Li-S research, the sulfur was physically mixed with carbon by ball milling
process. ** Despite the simplicity, the microscopic isolation of sulfur and carbon particles after
such treatment will leads to poor electronic conductivity and low sulfur utilization. The first
breakthrough was achieved in 2009, when Nazar and co-workers infused sulfur into the
mesoporous carbon by melt-diffusion technique at 155 °C. * Typically, at 155 °C molten sulfur can
be infused inside the mesoporous channels of CMK-3, enabling sulfur to possess an intimate
contact with the conductive carbon surfaces. By utilizing micropores (~2nm) for polysulfide

retention and mesopores (~ 6nm) for electrolyte infiltration, CMK-3@S composite delivered high

specific capacity of 1005 mAh g! with cycling over 20 cycle at 0.1 C.



Chapter 1

b
=
=
g
o
=
00000 g
o
>
0 200 400 600 800 1000
da0 Specific capacity/mAhg™
A g} T
225}t
g E L
b L 21000 -,
220t —— SICNT@VPC) §_ a7 SR I
" SCB
2 I g8 ¢
S5t/ g o %\M\
i L L N " 1 Poocnocecrveg)
19 50 1000 1500 % 25 50
Specific capacity (mAh g") Cycle number (n)

Figure 1.4 (a) Schematic illustration of CMK-3/S composite where sulfur (yellow) is impregnated
into interconnected pores of CMK-3 host by melt-diffusion process. * (b) TEM images of
Mesoporous carbon hollow sphere-sulfur (C@S) composite and corresponding discharge-charge
profile at 0.5 C rate. > (¢) TEM, HR-TEM and EDX mapping of S(CNT@MPC) composite with
smaller sulfur allotropes (S2-4). (d) galvanostatic discharge profile of S(CNT@MPC) composite

demonstrates different electrochemistry than S/CB composite. *°

Jayprakash et al. reported the synthesis of mesoporous carbon spheres to encapsulate sulfur
through vapour deposition into the interior and the porous wall. *> Such vaporization technique
will instigate the molecular level contact between insulating sulfur and conductive carbon.
Furthermore, the outer shell minimizes the polysulfide dissolution and allows easy access to
electrolyte. With Such rationally designed structure this porous hollow carbon@sulfur composite
cathode provided a high capacity of 1000 mAh g™! stable up to 100 cycles. On the other hand, Xin

et al. confined metastable small sulfur (S2.4) molecules inside ~0.5 nm pores of a microporous

10
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carbon matrix (shown in Figure 1.4¢). ° With this strategy, the transition from Sg to S4* can be
avoided entirely. With different electrochemistry (Figure 1.4d), the composite electrode showed
much higher capacity and stable cycling performance over bulk carbon black-sulfur (CB-S)
composite. Nonetheless, the disadvantage is that it is difficult to completely confine sulfur inside

micropores and the sulfur remaining outside.

1.4.2 Hetero atom-doped Porous Carbon Materials

Another approach to dope hetero atoms, such as nitrogen/ sulfur / phosphorous on porous carbon
network have also been thoroughly investigated. There are two main advantages of heteroatom-
doped carbon has been reported in literature. Firstly, the improved electronic conductivity of the
doped carbon, leading to high sulfur utilization. Secondly, the dopant sites could restrain the
polusulfides from migrating towards anode and result a stable cycling performance. Brezesinski
et al. have synthesized a monolithic N-doped carbon from ionic liquid using as a carbon precursor.
7 With 1 mg cm™ sulfur loading, this lightweight and mechanically robust cathode delivered a
high discharge capacity of 1450 mAh g during first discharge at C/50. However, with high sulfur
loading (4 mg cm™), the issue of polysulfide dissolution and rapid fall of capacity were persisted.
Later, Nazar et al. have infused sulfur into N, S-doped mesoporous carbon nanosheets. ¢ To further
understand the detailed interaction between hetero atoms on carbon surface and Li2S, ab initio
calculation was performed which showed that the binding energy (Ep) was significantly increased
when N and S were simultaneous doped on the carbon network. Using this dual-doped carbon as
sulfur host, the composite cathode has delivered a high charge/ discharge capacity (1372 mAh g’!

at C/20) and excellent cycling stability (0.052 % capacity decay per cycle for 1100 cycles).
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Figure 1.5 (a) Schematic diagram of ionic liquid assisted synthesis of N-doped carbon using

mesoporous silica as sacrificial template. °’ (b) Schematic illustration for synthesis of N, S co-

doped porous carbon. (c) ab initio calculation of binding energies between Li>S, and as-prepared

hosts. ©

1.4.3 Graphene Based Materials

Since the exploration of graphene in 2004, this two-dimensional carbon allotrope has been

applied extensively in the field of energy storage due to the superior electrical conductivity, high

surface area and excellent mechanical durability. ** %% 1% There are basically two ways to exploit

graphene in a sulfur cathode. One approach is the use of graphene as a host for sulfur. In this

technique, sulfur is coated on the graphene surfaces by some physical or chemical methods. Wang
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et al. followed two steps process to coat sulfur on the graphene. '! First, they simply mixed sulfur
and graphene by mechanical mixing and then thermally treated the mixture at 200 °C for 6 hours.
Despite some improvements, it is difficult to control the uniformity of sulfur distribution on the
graphene surfaces by simple mechanical mixing and heating techniques. This could result
agglomeration of sulfur particle and obvious dwindling of capacity. Another approach to coat
sulfur on graphene is a wet chemical route. A uniform sulfur/graphene composite has been
prepared treating graphene oxide with a sulfur-containing compound in presence of sodium
thiosulfate / sodium sulphide. '°> The graphene oxide first converted to sulfur-modified graphene
oxide by hydrophilic interaction between graphene oxide and S** form Na»S>03 and Na»S. Then,
elemental sulfur will uniformly be deposited on the graphene surface upon addition of sulfuric
acid. This composite delivered a specific capacity of 800 mA h g ! at a specific current of 312 mA
g ! Nevertheless, such coating techniques are not effective enough to prevent polysulfide dissolution.
The sulfur is directly exposed to the electrolyte and therefore, the intermediate polysulfides get dissolved
into the electrolyte upon discharge. Another effective strategy is to wrap sulfur particles with graphene
nanosheets. Wang et al. reported synthesis of a core-shell type graphene-sulfur composite material by
wrapping poly (ethylene glycol) (PEG) coated sub-micron sulfur particle as a cathode for Li-S battery.
1%3The PEG and graphene coating layers not only help to alleviate volume expansion of sulfur, but also
trap the intermediate polysulfides inside the core-shell structure. As a result, the graphene-wrapped
sulfur particles delivered a high and stable capacity up to 100 cycles. However, it is difficult to control
the size of sulfur particles deposited during the wet-chemical synthesis. Submicrometer-sized sulfur
particle could increase the charge transfer resistance of the composite and result poor electrochemical
performance. On the other hand, smaller sulfur particles were also reported using large quantity of

surfactants. Nonetheless, removal of the surfactant molecules from the sulfur surfaces is tedious and
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time consuming. If not completely removed, those insulating surfactants could block the electron
transfer between sulfur and conductive graphene. More importantly, physical interaction between
graphene surface and polar polysulfides is not effective enough to suppress the shuttling effect. In 2014,
Lou et al. have introduced amino-functionalized graphene as a natural immobilizer for lithium
polysulfides. The amine group contain two electron-doating lone pairs and has strong affinity towards
the polar lithium polysulfides. '* While the conductive graphene network maintains the continuous
flow of electrons during electrochemical process. With such unique structure, the sulfur nanocomposite
has delivered a high discharge capacity of 812 mAh g during first discharge and retain 80% of the
initial capacity after 350 cycles. However, introduction of such organic functionalities to reduced

graphene oxide structure would limit its electronic conductivity to certain extent.

1.4.4 Polar Materials and Electrocatalysts

Recently, intensive work has been done on introduction of polar materials in Li-S batteries owing to
their unique physical and chemical characteristics. Typically, a polar molecule possesses an electric
dipoles or multipoles that originated from the separation of electrical charges within its structure.
Because of the difference in electronegativity between two bonded atoms, a polar molecule must contain
polar bond. Moreover, polar molecules could interact with each other through strong dipole-dipole
intermolecular forces and hydrogen bonds. The lithium polysulfide species belong to class of polar
molecules due to charge separation of positively charge Li* and negative S,>” moiety. Therefore, the
chemical affinity in polar-polar interaction between polar lithium polysulfides and a polar molecule is
more favourable. Cui et al. designed a sulfur-TiO»-yolk-shell nanoarchitecture as shown in Figure

1.6a.>°
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Figure 1.6 (a) Hollow and yolk-shell type TiO, host applied for sulfur composite. *° (b) Schematic
illustration showing CoS, mediated catalysation of long chain polysulfides. ''? (c) MOF-derived porous
carbon host for sulfur composite. Present cobalt nanoparticles can participate as an electrocatalyst for

polysulfide conversion. !!?

Here, the yolk sulfur is protected by the TiO: shell. This unique yolk-shell structure could supply
enough internal void space to accommodate the volume change of sulfur. The hydrophilic Ti-O bonds
and the surface hydroxyl groups provide additional interaction to the migrating polysulfides. The as-
designed sulfur cathode delivered high specific capacity and cycling stability for 1000 discharge-charge
cycles. A wide range of metal oxides composites have been used as sulfur host to trap the polysulfides,
such as NbyOs, 1% Fe;04, 1%, MnO2, 197 MoO, '® etc. Based on such polar-polar interaction concept,

other polar materials have also drawn extensive attention such as Mo0S,'” VS,,!"9 and TiN-VN ! On
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the other hand, electrocatalyst is a class of polar material that accelerate the kinetics of polysulfide
conversion reaction. As a result of this, there will be less chances for polysulfides to accumulate or
escape from cathodic compartment. Yuan et al. have introduced pyrite CoS; into graphene/ sulfur
composite. "> The half-metallic CoS, not only showed a strong affinity to polysulfides but also
accelerated the charge transfer at the CoSo/polysulfide interface (schematically illustrated in Figure
1.6b). With 75 wt.% sulfur, the graphene/CoS; composite exhibited a high initial capacity of 1368 mAh
g at 0.5 C and excellent cycling performance. Liu et al. used bimetallic metal oxide framework (ZnCo-
ZIF) derived “sea urchin”- like Co nanoparticles embedded nitrogen-doped nanopolyhedra (Co-
NCNT/NP) as sulfur host (Figure 1.6¢).!"> The hierarchical porous cathode not only facilitate the
ion/electron transfer but also restrain polysulfide. Moreover, the remaining encapsulated Co
nanoparticles and high doping content of nitrogen species can promote the redox conversion of long
chain polysulfides. On this basis, different metal nanoparticles such as, Pt, Ni have also been reported

as a catalyst for polysulfide conversion reaction. !4 13

1.4.5 Organosulfur polymer

Apart from elemental sulfur, utilizing organosulfur polymer as an active cathode material in Li-S
battery have also been reported as an effective strategy. The organosulfur were prepared by simple
copolymerization process called “inverse wvulcanization” between elemental sulfur and
polymerizable linker monomer. Under normal condition, sulfur mainly exists in its most stable
octa-atomic cyclic form (Sg). Once heated above its floor temperature (~ 159 °C), Sg molecule
undergoes a ring opening polymerization (ROP) reaction to yield polysulfane diradicals (Figure
1.7a). In presence of suitable linker monomer, the polysulfane diradicals could undergo a
polymerization reaction to form chemically stable organosulfur polymer. The unique advantage of

the sulfur copolymer lies in the presence of covalent bond between sulfur chains and organic
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linkers, thus effectively suppressing the dissolution of polysulfide into the electrolytes. Pyun et al.

directly copolymerized elemental sulfur with diisopropyl benzene (DIB) monomer at ~ 185 °C

without any initiator or organic solvent, as shown in Figure 1.7b. !
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Figure 1.7 (a) Schematic illustration of Sg ring opening mechanism above 159 °C. ! (b) reaction

mechanism of DIB-based sulfur copolymer as Li-S cathode during discharging and charging. ''®

When applied as cathode in Li-S battery, the copolymer showed high capacity and improved

cycling stability compared to traditional sulfur cathode. The electrochemical activity of such

organosulfur compounds is very similar to conventional sulfur cathodes. Upon discharge, the

copolymer units go through high-order, low-order and fully discharged stages, as shown in Figure

1.7b. ''® A few other monomers were attempted for inverse vulcanization such as, thiocyanuric

acid, '!” 1,4-diphenylbutadiyene, !'® benzoxazine. ''° However, like elemental sulfur, these sulfur-

rich copolymers are insulating in nature and demands large quantity of conductive additives to be

composited with to perform well in Li-S battery.
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1.4.6 Polysulfide catholyte

The concept of using Li-soluble polysulfides (Li2Sx) as an active material in Li-S battery was first
introduced by Rauh ez al. in 1979. >* The polysulfide catholyte was prepared by adding stoichiometric
amount of sulfur and lithium sulfide (Li>S) into a mixed solution of LiAsFs in THF organic electrolyte.
The soluble polysulfide catholytes are highly reactive as compared to the solid sulfur particles. As a

result, a high capacity about 1.83 electrons per sulfur atom were achieved with those catholytes.
1.4.7 Interlayer / Separator Design

The notorious shuttling effect in Li-S cell can be eliminated by inserting a freestanding interlayer
between the cathode and the existing separator. The idea of utilizing an interlayer was first introduced
by Manthiram et al. In their work they prepared the freestanding multi-walled carbon nanotube
(MWCNT) interlayer by ultrasonicating MWCNT dispersion, followed by simple vacuum filtration
technique. This porous interlayer not only render a superior electronic conductive network, but also high
mechanical strength to stabilize the cathode structure. As a result, the newly configured Li-S cell
demonstrated very high specific capacity and excellent cycling stability for 100 cycles. A schematic
diagram in Figure 1.8a shows the improvement mechanism of Li-S battery performances without and
with SWCNT-modulated separator. '?° Kim et al. fabricated a CNT- loaded glass-filter composite
(GF/CNT) by simple sonication method (Figure 1.8b). '*! According to the report, the interlocking
fibre network of GF can restrain the escaping polysulfide, while interwoven CNTs inside GF network

will maintain the continuous electron flow to ensure the reactivation of trapped polysulfides.
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Figure 1.8 (a) Schematic diagram showing electrochemical performance enhancement mechanism of
Li-S batteries with and without SWCNT-modulated separator. '2° (b) Schematic of CNT modified
glassier separator for Li-S battery. ! (c) Schematic diagram of re-configured Li-S cell with MOF@GO

separator. %

Regarding the separator, Zhou et al. adopted a unique approach by combining the metal oxide
framework (HUKST-1) with graphene oxide (MOF@GO) and fabricated a freestanding
MOF@GO separator by simple vacuum filtration. '?> The three-dimension channel structure of
this MOF contains micropores of size ~ 9 A, which is less than the diameter of high-order
polysulfides (Li2Sn, 4<n<8); thus, it is well suited as a physical barrier against polysulfide
migration. On the other hand, GO will induce enough mechanical strength to maintain structural

integrity of the separator before / after cycling. With this “smart” cell configuration, CMK-3/S
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cathode delivered an average discharge capacity 813 mAh g™ at 0.5C. However, sulfur loading in
this study was as low as 0.6 -0.8 mg cm™ and more importantly, lack of surface functionality could

cause bulk diffusion of polysulfides during extended cycling.
1.4.8 Optimization of Electrolyte

Electrolyte is an indispensable part of a battery system as it helps to flow of Li" ions in between two
electrodes. However, the role of electrolytes is far greater than simply Li" conduction. The kind of
passivation layers it forms on electrolyte-anode anode interfaces also dictates the electrochemical
performance of the cell. In Li-S, ether-based liquid electrolytes, such as dimethyl ether (DME), 1,3-

dioxolane (DOL) are commonly used. Lithium polysulfides are highly soluble in.
1.49 Anode Protection

Lithium metal is the mainly used anode in Li-S batteries due to its high oxidation potential, high
specific capacity, and high gravimetric energy density. However, there are several challenges remain
with the lithium anode regarding its stability and safety issues when applied in Li-S cells. The major
problem is the deposition of lithium polysulfides on the surface of lithium anode. Such passivation layer
could block the ion/electron transfer and initiate the shuttle phenomenon. In addition, the lithium
dendrites can form and penetrate through the separator, causing short circuit of the cell, and even fire in
some extreme cases. A pioneer research was conducted by Lee ef al. by creating a protection layer on
the lithium metal surface using a UV cured polymerization method. In their report, the Li-S cell with
protected lithium anode and liquid electrolyte demonstrated stable capacity compared to bare lithium
anode due to the stable soild electrolyte interface (SEI) formation. Adding LiNO;3 as an electrolyte
additive is another approach to stabilize the anode by forming a stable passivating layer on the anode
surface. X-ray photoelectron spectroscopy (XPS) study revealed that LiNOs is converted into LixSOy

in presence of lithium polysulfide. Therefore, during the passivation process, lithium polysulfides

20



| Chapter 1

(or possibly Li»S) is consumed to form the passivation film and shuttle phenomenon could be

inhibited. %}
1.5 Summery

Although the invention of Li-S battery can be traced back in 1962 by Herbet and Ulam, the
practical applications of Li-S battery have been facing serious challenges from the low sulfur
utilization, polysulfide dissolution and shuttling. To counter these issues, different cathode designs
have been reported by scientist in last 10 years. However, polysulfide dissolution and shuttling

issues still exist and need to be overcome.

1.6 Thesis Scope

The doctoral research will be focused on development of unique cathode materials for high active
material utilization, to eliminate the lithium polysulfide dissolution / migration and to realize
improved electrochemical performances of Li-S battery. Chapter 1 introduced a comprehensive
literature review on Li-S battery, particularly on Li-S cathodes. Chapter 2 described the
experimental details and physiochemical characterization techniques used in this doctoral work.
Chapter 3 examined the synthesis of a novel sulfur-rich copolymer and its composite with 3D
graphene-carbon nanotube network for improved electrochemical performance. Chapter 4
presented the synthesis of N-doped porous carbon derived from an amine functionalized metal
oxide framework (NH>-MOF) as a host for active materials and a NH>-MOF (@graphene oxide
interlayer and improved electrochemical performance. Chapter 5 introduced a freestanding
bilayer cathode composed of carbon nanofiber (CNF) and nickel nanoparticles grafted on nitrogen-
doped graphene architecture for high sulfur loading and high areal capacity cathode. Chapter 6
briefly summarized the results of this doctoral work and future perspective of cathode materials

for Li-S batteries.
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Figure 2.1 Framework of the experimental details.

The experimental synthetic approach of as-prepared nanomaterials, as well as physical and

electrochemical characterization techniques are outlined in Figure 2.1. In detail, which include:

(1) Sophisticated electrode materials were prepared by different synthesis methods, such as
chemical vapour deposition (CVD), solid state synthesis, solvothermal methods. All

chemicals and materials that have been used during the experiments are listed in Table 2.1.
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(i)

The physical and chemical properties of as-prepared electrode materials, such as
nanostructure, morphology, chemical bonding, surface area and porosity were determined
by X-ray diffraction spectroscopy (XRD), Raman spectroscopy, Fourier transformed
infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA), scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), transmission
electron microscopy (TEM), high-resolution TEM (HRTEM), Brunauer Emmett Teller
(BET), X-ray photo electron spectroscopy (XPS), ultraviolet visible spectroscopy (UV-
vis). Finally, the as-prepared materials are assembled as cathode in an Argon-filled
glove box and subjected to variety of electrochemical testing for Li-S battery
applications. The common electrochemical characterization techniques are cyclic
voltammetry (CV), galvanostatic charge-discharge, cycling performance, rate
performance (cycling at different current densities), electrochemical impedance

spectroscopy (EIS).
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Table 2.1 List of Chemicals with formula, purity, and supplier.

Chemicals Formula Purity Supplier
Carbon black C 99 % Sigma-Aldrich
Poly(vinylidene ) )
. ' (CH2CF2)n - Sigma-Aldrich
difluoride) (PVdF)
Polytetrafluoroethylene
(CoF4)n - Sigma-Aldrich
(PTFE)
Sulfur S 99 % Sigma-Aldrich
Ethanol CH3;CH>OH 95 % Chem Supply
1, 3 -dioxolane C3HeO2 99 % Sigma-Aldrich
Graphite (natural flakes) C 75 % Sigma-Aldrich
Orthophosphoric acid H3POg4 85% Chem Supply
Sulfuric Acid H>SO4 98% Chem Supply
Hydrogen peroxide ‘ ‘
' |$610)) 50 % Sigma-Aldrich
solution
Lithium nitrate LiNO3 99.9 % Sigma-Aldrich
N-methyl pyrrolidinone
CsHoNO 99.5 % Sigma-Aldrich
(NMP, anhydrous)
CeHs-1,4-
Terephthalic acid 99 % Sigma-Aldrich
(CO2H)2
HoN-CsHs-1,4-
2-aminoterephthalic acid 99 % Sigma-Aldrich
(CO2H)2
Potassium permanganate KMnOg4 99 % Sigma-Aldrich
Hohsen Corporation
Lithium foil Li 99.999 %
Japan
1, 2 -dimethoxyethane =~ CH3;CH(OCHz)2  99.7 % Sigma-Aldrich
Polypropylene separator (CsHé)n 100 % Celgard
Zirconium (IV) chloride ZrCl4 99.9 % Sigma-Aldrich

Dimethylformamide

(DMF)

HCON(CH3): 99 %
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Chemicals Formula Purity Supplier
Acetic acid C2H402 99.7 % Chem Supply
Squalene CsoHso 98 % Sigma-Aldrich
Carbon Nanofiber C 99 % Sigma-Aldrich
Nickel Nitrate Ni (NO3)2, 6
hexahydrate H,0 99.9 % Sigma-Aldrich
Propan-2-ol C2H-0 95 % Fisher Scientific
Lithium bis
(trifluoromethane LiTFSI 99.95% Sigma-Aldrich
sulfonel) imide
Graphite (natural flakes) C 75 % Sigma-Aldrich
Hydrofluoric acid HF 48 % Sigma-Aldrich

2.2 Materials Synthesis
2.2.1 Solvothermal Process

Solvothermal method is one of the most used techniques for the synthesis of advanced nanostructured
materials. The advantage of this method lies in precise control over the morphology, size, and
crystallinity of the nano structure product. In a typical procedure, the precursors and other reagent,
including the solvent, are loaded in a Teflon liner protected by a thick stainless-steel cover and heated
(typically <250 °C) in an air oven for fixed period. During this process, the solvent partially evaporated
to generate an internal pressure, favouring the decomposition of precursors and initiate the crystal
nucleation. Hydrothermal process is similar to solvothermal process where water is used instead of

organic solvent.
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2.2.2 Solid State Synthesis

Solid state reaction route is the most used method for the preparation of solid crystalline
compounds from a mixture of solid materials. From thermodynamic and kinetic considerations, it
is necessary to anneal the starting precursors at much higher temperature ranging from 300 to 1500
°C. In a typical synthesis, the reactants first dried thoroughly and mixed in a required amount using
manual or mechanical mixing techniques. During this process, sufficient number of volatile
solvents, such as acetone or alcohol, are added to the mixture to assist the hominization. Finally,
the solid precursor materials are placed in a suitable container, which is thermally stable, and
chemically inert to the reactants during thermal treatment. The heating program to be employed
depends entirely on the form and reactivity of the starting materials.

2.3 Materials Characterization

2.3.1 X-ray Diffraction (XRD)
X-ray diffraction technique was used to investigate the crystallographic structure and chemical

composition of as-prepared materials. Every matter is composed of atoms, ions, or molecules. The
arrangements of these atoms, ions, or molecules in three-dimensional space determine the
crystalline or amorphous nature of a matter. When the arrangements are in regular and repetitive
manner, then the matter is considered as crystalline and if not, it is called amorphous. X-rays are
the high-energy electromagnetic radiation with very short wavelength. When an X-ray beam
interacts with an atom of targeted material, it is scattered in all possible direction to produce

constructive interference which can be determined by Bragg’s equation:

nA=2d sin O
In this equation, d is the spacing between diffraction planes, 0 is the diffraction angle,  is the order

of diffraction or could be any integer, A is the wavelength of the X-ray beam. In this thesis, XRD
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was conducted on a Bruker D8 DISCOVER XRD. This device uses Cu Ka radiation, A = 1.5418

A.

2.3.2 Scanning Electron Microscopy (SEM)

Field emission scanning electron microscopy (FESEM) is one of the most useful tools to
investigate the morphology of a nanomaterial. This technique is relying upon the interaction
between focused electron beam and atoms of the sample, which can provide detailed physical
information such as, topography, composition, and elemental percentage (equipped with energy
dispersive X-ray spectroscopy (EDS). In this thesis, A Zeiss Supra 55VP high resolution FESEM

was used, which was operated with an acceleration voltage of 5 ~ 20 kV.

2.3.3 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a powerful tool to investigate detailed morphological
information of as-prepared nanomaterial, such a high-resolution image, crystalline information,
and phase features. In this technique, an ultra-thin specimen which is less than 200 nm is used so
that a beam of electrons can be transmitted through the specimen and produce high-resolution
image. In this doctoral work, TEM images were captured by a HR-TEM (Tecnai-G2 F30 S-Twin,

300 kV).

2.3.4 Raman Spectroscopy

Raman Spectroscopy is molecular spectroscopic technique to determine vibrations, rotational and
other low-frequency modes of a molecule. Therefore, this technique is useful to identify the
structural footprint of that molecule. When a molecule is irradiated by electromagnetic radiation,
the radiation will interact with the bonds and electron clouds of the molecule. Then, the Raman

Effect occurs in a form of inelastic scattering. This spectroscopy technique records the energy shift
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of photons, caused by the interaction of a monochromatic laser and molecular vibrations, phonons,
or other excitations. In this thesis, the Raman spectra were recorded on a Leica DMLB microscope

(Wetzlar, Germany) with 17 mW at 633 nm helium neon laser.

2.3.5 X-ray Photoelectron Spectroscopy (XPS)

XPS is a surface-sensitive technique, which is useful to identify the elemental composition,
chemical and electronic state of the compositional elements present within a molecule. XPS
spectra obtained by irradiating a material with a beam of X-rays under ultra-high vacuum and
simultaneously recording the kinetic energy and number of escaping electrons from the surface
(from top 0 to 10 nm) of the sample. In this thesis, the XPS were recorded on ESCALAB250Xi
(Thermo Scientific, UK) equipped with mono-chromated Al Ka radiation (energy 1486.68 eV).
2.3.6 Brunauer- Emmett-Teller (BET) technique

Brunauer-Emmett-Teller (BET) method has been widely used to measure the specific surface
area, pore size distribution and pore volume of a solid material. BET surface area can be measured
by allowing adsorption of nitrogen molecules on the surface of the desired material and counting
experimental points at a relative pressure of P/Po = 0.05 — 0.25. The pore size distribution of a
porous material can be calculated using Barret-Joyner-Halenda (BJH) method. In this doctoral
work, the BET surface area of as-prepared samples was recorded on a Micromeritics 3Flex
analyzer at the temperature of 77 K.

2.3.7 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a technique of thermal analysis in which the mass of an as-
prepared sample is measured over time as the temperature changes. This method is very useful to
detect several physical phenomena, such as sublimation, vaporization, adsorption and desorption,

and different chemical phenomena, such as chemisorption, dehydration, and thermal
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decomposition. In this doctoral work, the TGA analysis was used to determine the sulfur
percentage and carbon ratio in the as-prepared composite material. TGA experiment was
performed on an SDT 2960 at a heating rate of 10 °C min™! under N, atmosphere from room

temperature to 500 °C.

2.4 Electrochemical techniques

2.4.1 Electrode Preparation

The slurry for the Li-S battery was prepared by mixing 80 wt.% active material, 10 wt.%
conductive additives (Super P, Sigma Aldrich, > 99%) and 10 wt.% Polyvinylidene fluoride
(PVDF) or polytetrafluoroethylene (PTFE) as binder. For PVDF, N-methyl pyrrolidone (NMP)
was used as a solvent while, propan-2-ol was chosen for PTFE. The obtained homogeneous slurry
was spread onto carbon-coated aluminium foil which is then dried in a vacuum oven at 60 °C for
12 hours.

2.4.2 Cell assembly

The Li-S cells were assembled in an Ar-filled glove box (Mbraun, Unilab, Germany) using
CR2032-type coin cells. Sulfur-containing electrodes were used as the cathode while lithium metal
foil was used as the counter and reference electrode. A polypropylene separator saturated with
electrolyte was then inserted between the cathode and the anode. the electrolyte was 1.0 M Lithium
bis (trifluoromethane sulfonel) imide (LiTFSI, 99.95%, Aldrich) and 0.1 M LiNOs in 1:1 (v/v)

mixed solvent of 1, 3-dioxolane (DOL) and 1, 2-dimethoxy ethane (DME).
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Figure 2.2 Schematic configuration of 2032-type coin cells used for electrochemical

characterization of Li-S electrodes.

2.4.3 Cyclic Voltammetry

Cyclic voltammetry is an electrochemical technique to measure the current to the response of
linearly sweeping voltage as a function of time set between two or more points. By using CV one
can investigate the oxidation, reduction process and intermediates of material and initiation of the
chemical reactions by electron transfer which includes catalysis. Since the current is dependent of
the material concentration, by using the calibration curve of current vs. concentration one can find
out the concentration of unknown material by using current. Basically, the redox potential of the
active material should be contained within the potential window of CV to analyse the
electrochemical property of the material. In this study, Cyclic Voltammetry data was collected by

using Biologic VMP3 between 1.7 — 2.8 V at an adjustable scan rate (mV s™).

2.4.4 Galvanostatic discharge-charge

The specific capacity, cycling stability, rate performance and discharge-charge profile of the

sulfur-containing cathode were obtained by galvanostatic charge-discharge experiments. During
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this study, the Li-S cell was discharged and charged within a certain cut-off voltage potential range
applying constant current. In this study, the galvanostatic measurements of Li-S cells were
conducted in the voltage range of 1.7 to 2.8 V using a LAND CT2001A charge-discharge system.

All experiments were carried out at room temperature.

2.4.5 Electrochemical Impedance Spectroscopy

The resistance is the ability of a resist the current in electrical circuit. The Ohm’s law defines the
resistivity but only limited to one circuit element i.e., resistor. But in real time there are many more
circuit elements such as inductor, capacitor which shows different complex behaviours in
electrochemical circuit. To know about ideal current resistivity, one should consider these complex
elements and need to be study with the different name i.e. impedance other than resistance. This
electrochemical impedance measures by applying AC current signal to the electrochemical cell.
EIS is mainly used to study charge transport across the membrane and interfaces, electrode kinetics
and double layer studies. From the obtained data, the equivalent electrical circuit (series and
parallel combination of electrical components) of electrochemical cell cab be designed. Most of
the circuit elements in the electrochemical cells are double layer capacitance (Ca), electron
transference resistance (Re), uncompensated resistance (Rs) and Warburg impedance (Zvw). In this
doctoral research, the electrochemical impedance spectroscopy (EIS) of all the electrodes were

measured using a CHI 660C and Biologic VMP3 system:s.
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Squalene-Derived Sulfur-Rich Copolymer@ 3D Graphene-Carbon nanotube Network

Cathode for High-Performance Lithium-Sulfur Batteries

3.1 Introduction

Recently, Lithium-sulfur (Li-S) batteries have been regarded as one of the most promising
rechargeable batteries for energy storage and conversion. The Li-S battery is capable of
delivering a specific energy of 2567 Whkg™!, almost 6 times higher than the state-of-art
electrode materials based on intercalation mechanisms. It also can provide a high reversible
capacity of 1672mAhg™! at average potential 2.0V, which is 10 times higher than
conventional LiCoO; cathodes,> '? In addition, sulfur is environmentally benign and widely
accessible at a low cost.®> 124 Despite those advantages, the efficient use of sulfur as cathode
for rechargeable Li-S batteries is severely hindered by its huge volume expansion during
cycling (~80%), poor electronic conductivity (~5x 10-30 S.cm™!) and dissolution of both
elemental sulfur and its intermediate polysulfides into electrolytes before and after cycling.
Additionally, the insoluble intermediate polysulfides (Li2S2/LixS) tend to deposit on the
electrodes, which can initiate blockages for both electronic and ionic transports.* 2% 80 Several

attempts have been made to resolve the aforementioned issues focusing mainly on nano-

64,104, 126, 127 4,85, 128,

architecturing of the hosts, including graphene-composites, porous carbon
12 MXene '*° and metal oxides/ nitrides/ sulphides.>®6% 195 10% 131 AJthough achieved some
improvements, the physical confinement in those approaches is always kinetically
unfavourable to immobilize the dissolved polysulfides. Therefore, another potentially efficient
and simple strategy has been developed, based on the free radical polymerization between

sulfur and suitable organic monomers. In particular, at 159 °C, a cyclic ring of elemental

sulphur (Sg) undergoes a ring opening polymerization (ROP) reaction, which is ended up with
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the formation of linear polysulfane diradicals as temperature is raised to 180 °C. This diradical
participates in an inverse vulcanization react with vinylic monomer to yield a sulfur copolymer
with C-S bonds. ! This type of synthesis strategy has several advantages such as being rapid,
scalable and easy to handle. The copolymer can possess a sulfur content up to 90%, and the
chemical confinement from the S-C bond can suppress the dissolution of sulfur and polysulfide
into electrolyte. Recently, Pyun et al. synthesized a sulfur-rich copolymer utilizing inverse
vulcanization between sulfur and 1,3 diisopropenyl benzene (DIB) for Li-S cathode.!3? ! Li et
al. have anchored the same copolymer onto a 3D graphene framework and demonstrated
excellent cycling performances.!!® Furthermore, this approach was extended to similar type of
monomers: cardanol-benzoxazine sulfur copolymer/rGO, '3* sulfur copolymer with waste
rubber '** and thiocyanuric acid-sulfur copolymer.!?®> However, all these above-mentioned
materials contain carcinogenic benzoic moieties, are expensive and hardly biodegradable. In
addition, some of these materials need prolonged and sensitive stepwise synthesis techniques
for their monomer preparation. Besides, the low conductivity of such sulfur copolymer greatly

reduces the rate and cycling performances of Li-S batteries.

Herein, a report for well-designed sulfur-rich copolymer@3D graphene-carbon nanotubes
(G-CNT) network cathode for high-performance Li-S batteries. The sulfur-rich copolymers
can be rapidly synthesized on large scale by inverse vulcanization of elemental sulfur and 10%
squalene as a monomer. As an economical and environmentally friendly material, squalene
can be widely obtained from shark liver oil, amaranth seed, wheat germ, rice bran and olives.
Besides these, the high temperature stability and non-volatility (boiling point ~285 °C) of
squalene make it an ideal monomer for the preparation of sulfur copolymer. The chemical

bonding between the carbon and sulfur in the prepared copolymer can greatly suppress the
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polysulfides dissolution during cycling. The interlinked Sp? graphene/carbon nanotube
network can not only provide the composite with an excellent electrical conductivity together
with an efficient polysulfide entrapment capability, but also enhance the mechanical durability
of the cathode. In addition, the porous structure of the cathode can facilitate the ultra-fast Li-
ion diffusion during the electrochemical cycling. Thereby, combining the chemical bonding of
sulfur with the physical confinement of polysulfides in carbon framework, as-developed
cathode delivered a high specific capacity of 1265 mAh g ! at 0.2 C, a high-rate capability, and

an excellent cycling stability with 782 mAh g ! at 1 C after 300 cycles.

3.2 Experimental

3.2.1 Preparation of graphene (G)

Graphene oxide (GO) was synthesized by an improved method reported elsewhere. rGO was
synthesized by thermal reduction of GO. Simply, 0.1 g GO sheets are thermally treated in a

tube furnace under a stream of Argon gas at 900 °C for 1 h with a heating rate of 5 °C min™".

3.2.2 Preparation of graphene-carbon nanotubes (G-CNT) structures

Vertically aligned CNTs were grown on graphene surfaces by a chemical vapour deposition
(CVD) technique reported earlier.'*® Typically, a stable GO dispersion was achieved by
sonication of 0.15 g GO in 20 mL DI water with 0.025 g sodium dodecyl benzenesulfonate
(SDBS) and referred to as solution 1. Solution 2 was prepared by mixing 0.228 g Co (NO3)3,
6 H20 and 0.336 g hexamethyltetraamine (HMT) in 20 mL equimolecular mixture of ethanol
and DI water (v/v, 1/1). Next, solution 1 and 2 were mixed together and then treated under a
microwave source at 120 °C for 5min. This will result in the deposition of Co(OH)

nanoparticles onto reduced graphene sheets. The black product was washed, dried and finally
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subjected to chemical vapour deposition (CVD) process under acetylene (C.Hz) flow for
10 min at 600 °C. The black mass was collected and washed with dilute HCI to remove the

cobalt-derivatives.

3.2.3 Preparation of sulfur-rich copolymer (SP, ~90% sulfur)

233 uL of squalene (Aldrich) was added to 1.8 g of molten sulfur, which was then heated to
180 °C and vigorously stirred for 15 min. The product was then collected and kept under

vacuum at 110 °C for 24 h to ensure the complete removal of unreacted sulfur.

3.24 Preparation of SP@G and SP@G-CNT (~85% sulfur)

Firstly, a mixture of 0.425 g molten sulfur and 58 pL of squalene was stirred for 5 min at 180 °C.
Subsequently, 0.024 g (5 wt.%) of either graphene or graphene-CNT was added to the same
and vigorously stirred mixture for another 10 min under the fixed temperature. Finally,

composites were collected after the same drying technique as performed for SP.

3.2.5 Characterization

The crystal structure and phases of as-prepared materials were characterized by X-ray
diffraction with a BRUKER D8 Discovery. The morphology was analysed by field emission
scanning electron microscope (FESEM, Zeiss Supra 55VP) meanwhile energy dispersive X-
ray spectroscopy (EDX) was performed by Zeiss Evo SEM. The FTIR specta of the samples
were recorded with a Nicolate 6700 spectrometer. Differential Scanning Calorimetry (DSC)
analysis was carried out on TA Instruments Q2000 under a N> atmosphere with a heating rate
10°C min~!. TGA/DTA was performed to analyse the weight ratio of nanocomposite at a

heating rate of 10 °C min~! under N> flow from room temperature to 500 °C with a SDT 2960
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system. The Raman measurement of the nanocomposites were conducted on a confocal
MicroRaman Spectrometer with a Lab RAM HR system (Renishaw inVia) using a 632.8 nm
He-Ne laser source. X-ray photoelectron spectroscopy (XPS) of the copolymer was performed
on an ESCALAB250Xi (Thermo Scientific, UK) equipped with mono-chromated Al Ka
radiation (energy 1486.68 e¢V). N> adsorption—desorption isotherms of graphene and
CNT/graphene were measured by using a Micromeritics 3Flex analyzer at a test temperature
of 77 K. Brunauer-Emmett-Teller (BET) analysis was used to determine the surface area and

was calculated using the isothermal points at a relative pressure of P/Po=0.05-0.25.

3.2.6 Cell assembly and electrochemical testing

The electrodes were prepared using bare sulfur, SP, SP@G and SP@G-CNT as active material,
carbon black as conductive additive and polytetrafluorethylene (PTFE) as binder with an
overall ratio of 8:1:1 (by wt. %). The slurry was prepared in propan-2-ol and then casted onto
carbon-coated aluminium foil and dried in an oven at 60 °C. The sulfur loadings of the
electrodes were within range of 1.2—1.5 mg cm 2, and higher sulfur loading of 2.6 mg cm ™2 was
also evaluated for SP@G-CNT electrodes. Finally, cells were operated in a voltage window of
1.7-2.8 V with an electrolyte composed of 1.0 M lithium bis (trifluoromethane sulfonyl) imide
(LiTFSI, 99.95%, Aldrich) and 0.1 M LiNOs in 1:1 (v/v) mixed solvent of 1, 3-dioxolane (DOL)
and 1,2-dimethoxy ethane (DME). The volume of electrolyte injected in the coin cells were
controlled about 15 pL electrolyte per mg of sulfur. Porous polypropylene (Celgard 2400) was
used as separator. Cyclic Voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) of all the electrodes were performed using a CHI 660C. The cyclic voltammogram was

1

recorded with a scan rate of 0.2 mV s in the potential range of 1.5-3.0 V. The galvanostatic
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discharges-charges were carried out within the potential range of 1.7-2.8' V on a LAND

CT2001A charge—discharge system. All experiments were conducted at room temperature.

3.3 Results and discussion

As displayed by the optical images in Figure 3.1a, the gradual colour change of the mixture
between squalene and liquid sulfur confirms the polymerization reaction. Such polymerization
can lead to a chemically stable product, where polysulfur chains remain cross-linked to the
squalene units. Considering the insulating nature of the sulfur-rich copolymer (SP), conductive
filler such as graphene was employed (only 5 wt.%) to achieve an improved electrochemical

performance and the corresponding composite is donated as SP@G (Figure 3.1b).
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Figure 3.1 Optical images of squalene and molten sulfur mixture during copolymerization
reaction, b) Schematic illustration for sulfur-rich copolymer (SP), SP@G and SP@G-CNT and
enhanced polysulfide entrapment capability of 3D G@CNT network in SP@G-CNT.
However, the electrical conductivity and volume-buffering ability of graphene is limited to

only two-dimensions, and the smooth graphene surface may not be able to provide enough
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interaction with the outer-surface of copolymer and the intermediate polysulfides. Thereafter,
suitable nanoarchitecture of graphene is quite essential to achieve further improvements in
electrochemical performance. We have further grown carbon nanotubes (CNT) on graphene
nanosheets by a CVD technique and utilize the nano graphene-carbon nanotubes (G-CNT)
networks as conformal holding blocks for sulfur-rich copolymer (termed as SP@G-CNT,
Figure 3.1b). Here, the growth of carbon nanotubes on graphene can create additional
roughness to the graphene surface, that is beneficial for anchoring the copolymer and
polysulfides to the conductive matrix. It also can provide a more 3D electronic path and a better

buffering network to alleviate the huge volume change of copolymer during the cyclic

processes.
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Moreover, the G-CNT network can preserve more active surface area for the copolymer
compared to the bare graphene, because graphene nanosheets very prone to restack (378.51 m? g !
for graphene-CNT vs. 229.42m? g! for graphene, Figure 3.2a and 3.2c, respectively). For G-
CNT network the pore size mainly concentrated around 3.64 nm. Mesopores with size of 14.7 nm
are also visible, quite effective for electrolyte infiltration (Figure 3.2b). While, for graphene (G)
network the pore size was measured to be 3.88 nm (Figure 3.2d). To determine the phase of the
as-prepared samples, X-ray diffraction (XRD) studies were performed (Fig. 3.3a). The less intense
sulfur peaks for SP, as compared to that of elemental sulfur indicate the polymeric nature of SP.
This peak intensity was further minimized for SP@G and SP@G-CNT respectively, due to
uniform distribution of copolymers onto these carbon matrices. As demonstrated by Raman
Spectra (Figure 3.3b), three peaks located around 150, 220 and 472 cm™! originating from S-S-S
bending and stretching vibrations, respectively. Whereas two additional Raman peaks present only
for SP@G and SP@G-CNT (1350 cm™!, disordered induced phonon mode; 1580 cm™!, graphite

band), confirming the co-existence of graphene/G-CNT with sulfur copolymer.
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Figure 3.3 (a) X-ray diffraction pattern (XRD) and (b) Raman spectra of Sulfur, SP, SP@G and

SP@G-CNT composites.
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As shown in Fourier transform infrared spectra (FT-IR, Figure 3.4a), SP exhibits all the
characteristic peaks of squalene except the peak at 1680 cm™!, which originates from C=C
stretching vibration in squalene molecules.!*” This indicates the involvement of the double bond
of the alkylene chain with polysulfane di-radicals during sulfur-copolymer formation. The sulfur-
rich copolymer was analysed by X-ray photoelectron spectroscopy (XPS) to ascertain details of
bonding between squalene units and polysulfur chains. The XPS profile in Figure 3.4b displays
the expected C and S elements presented in the sulfur-rich copolymer. In the high-resolution XPS

spectrum of S2p region for SP (Figure 3.4¢) can be fitted by three species.
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Figure 3.4 (a) FTIR analysis of sulfur, copolymer and squalene; XPS spectra (b) survey, (c) S 2p

and (d) C 1s spectra for the sulfur-rich copolymer.
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Two peaks centred around 163.7 and 164.9 eV can be assigned to S 2p3/2 and S 2p1/2 responses
of sulfur molecules.'*° Two new peaks appeared at around 163.8 and 165.07 eV are related to S
2p3/2 and S 2p1/2 of the S-C bond generated by the successful copolymerization between squalene
and sulfur molecules.!*® 13° The C 1s spectra of SP in Figure 3.4d, shows two peaks, the first peak
at 284.8 eV is belonging to C-C hydrocarbon bonds of the squalene molecules, another peak at
about 285.7 eV is ascribed to the C-S bond in copolymer.'*® The formation of cross-linked sulfur
and squalene molecules in SP can be further confirmed by differential scanning calorimetry (DSC)
experiments. DCS curves for elemental sulfur (Figure 3.5a) show three pronounced peaks, the
first one at around 111 °C is attributed to the solid-to-solid conversion where orthorhombic sulfur
converted into monoclinic phase, second peak at 121 °C due to the melting, peak at 170 °C can be
assigned to the breaking of S-S bonds in sulfur to di-radicals formation. For SP, peak at 170 °C
disappeared confirming the sulfur is partially covalently bonded to squalene. The amount of sulfur
contents in the copolymer and in the composites were quantified by thermogravimetric analysis
(TGA, Figure 3.5b), a high sulfur content of 87.29 wt% was measured for SP, while the SP@G-

CNT and SP@G composites contained 83.73 wt% and 81.46 wt% of sulfur, respectively.
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Figure 3.5 (a) DSC traces of sulfur and surfur-rich copolymer (SP). (b) TGA analysis of SP,

SP@G and SP@G-CNT composites.
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The microstructure and morphology of the as-prepared composites were evaluated by field-
emission scanning electron microscopy (FE-SEM) and Energy dispersive X-ray spectroscopy
(EDX). Figure 3.6a and Figure 3.6b display the graphene nanosheets and G-CNT nanostructures

used as some conformal hosts for the sulfur-rich copolymer.

Figure 3.6 FE-SEM images of (a) graphene nanosheets (G) and (b) graphene-CNT (G-CNT).

The SEM figure and corresponding elemental colour mapping of sulfur copolymer (SP) is
represented in Figure 3.7a and Figure 3.7b-c. Figure 3.7d displays the uniform coating of
copolymer onto graphene-matrix. The addition of graphene should improve the electrical
conductivity and mechanical durability of SP@G composite. Figure 3.7g for SP@G-CNT, is
demonstrating the porous copolymer overlaid onto a G-CNT network, probably influenced
significantly by the craggy surface of G-CNT. Such a hierarchical structure is desirable for energy
storage applications, as it can render a better percolation network for solvated Li* ions through the
3D interconnected hierarchical pores and contains enough void space to buffer the structural
deformations during rapid cycling. Elemental colour mapping of SP@G (Figure 3.7e-f) and
SP@G-CNT (Figure 3.7h-i) reveal uniform dispersion of sulfur throughout the organosulfur units

and their adhering carbon matrices. To determine the electrochemical performances of the as-
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prepared SP and bare sulfur cathodes, typical cyclic voltammograms (CVs) at a scan rate of

0.2 mV S™! within the potential range 1.5-3.0 V were measured and presented in Figure 3.8.

— - .
& o o o ] o

Figure 3.7 FE-SEM images of (a) SP, (b) SP@G and (¢) SP@G-CNT. Elemental colour mapping

of (b-c) SP, (e-f) SP@G and (h-i) SP@G-CNT.

The CV curves for both SP and bare sulfur electrodes show two reduction peaks and one oxidation
peak. The reduction peaks are attributed to the conversion of sulfur to high order polysulfides

(L12Sh, n >4) and sulfur-copolymer to high order organosulfur units; and shortened oligo-sulfur
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upon further reaction.!*® Continued discharged to lower potential resulted in Li»S»/Li»S for sulfur
and fully discharged organosulfur products for sulfur-copolymer. The intense oxidation peak in
the charge process is ascribed to the conversion of short-chain polysulfides/organo-sulfurs to their

long-chain structures.
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Figure 3.8 Cyclic Voltammograms of sulfur and SP cathodes at 0.2 mV s™' within 1.5~2.8 V vs.

Li/Li".

These observations therefore confirm that the sulfur-rich copolymer has a similar electrochemical
activity to the elemental sulfur (Sg). Considering the similar electrochemical behaviour, the
theorical specific capacity for SP can be calculated by multiplying the theoretical specific capacity
of sulfur with the weight percentage of sulfur (i.e., 87.3%) in the SP. Therefore, the theoretical
specific capacity for SP can reach a value of 1459 mAh g . Figure 3.9a and Figure 3.9b show
the galvanostatic discharge—charge profiles of SP and sulfur electrodes at 0.2C
(1C=1672 mAh g ") rate within a potential range of 1.7-2.8 V vs. Li/Li". Like the CV scans, both

the electrodes displayed two discharge plateaus and one charge plateau during discharge—charge.

44



Chapter 3

The upper plateau and its corresponding capacity (Qg) are attributed to the reduction of sulfur to
polysulfides and derived polysulfides diffusion/shuttling.”® ® Therefore, the Qu value can be
considered as an indicative parameter to ascertain the initial sulfur and polysulfide dissolution in
the electrolyte from the corresponding electrode surfaces. The Qg value for the SP electrode in the
2™ cycle was found to be slightly higher than the sulfur electrode (302mAhg' for SP vs.
288 mAh g ! for sulfur). This difference much increased (234 mAh g for SP vs. 114 mAh g™! for
sulfur) just after the 50th cycle. In addition, the lower-plateau capacity (Q;) attributable to the
intermediate polysulfides retention is also found to be significantly higher for the SP electrode
(512 mAh g!) than the pure-sulfur (270 mAh g!) after 50 cycles. This observation clearly reflects
the uncontrolled sulfur and polysulfides dissolution and their shuttling in bare sulfur electrodes,
while the chemical confinement of sulfur with squalene molecules in SP electrodes dramatically
suppress the shuttle effect and the dissolution of sulfur/polysulfides. In addition, the polarization
(AE) between discharge and charge curves for SP cathodes remain almost unchanged during
cycling. However, for the bare sulfur electrodes, the AE value was found to increase gradually
with cycling, probably caused by the deposition of insoluble and insulating Li2S on the electrodes,
leading to slower redox reaction kinetics. The cycling performance of SP and sulfur cathodes at
0.2 C rate is shown in Figure 3.9c. When discharged at 0.2C rate, the SP cathode delivered a
discharge capacity of 1023 mAh g ! in the 2nd cycle compared to 932 mAh g! of sulfur electrode
and retained much higher capacity (713 mAh g~!, ~70% retention) than the later (320 mAhg !,
~34% retention) after their 100™ cycles. Such improved electrochemical performance of SP
cathode over the bare sulfur cathode is owing to the chemical attachment of sulfur with squalene,
which remarkably suppresses the active material dissolution in electrolyte and restrains the

polysulfide shuttling.
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Figure 3.9 Galvanostatic discharge-charge profiles of (a) SP and (b) sulfur cathodes at 0.2 C. (c)

Cycling performances of SP and sulfur cathodes for consecutive 100 cycles at 0.2 C.

Moreover, the organic moieties in the copolymer can act as “plasticizer”, which could help prevent
the uncontrolled deposition of insoluble Li»S on the electrode surfaces.!'® However, the gradual
capacity fading for SP electrodes is probably caused by its lower electronic conductivity. When
composited with the conductive matrixes such as, graphene (i.e. SP@G) or G-CNT (i.e. SP@G-
CNT) a significant improvement in the electrochemical performance was noticed. Figure 3.10a
represents the galvanostatic discharge—charge profiles for the composite electrodes (i.e., SP@G-
CNT and SP@G) at a 0.2C rate within the potential window of 1.7-2.8 V. The AE for both

composites were found to be significantly low (around 0.23 V), indicating faster redox reaction
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kinetics. When discharged at 0.2C rate, SP@G-CNT cathodes achieved a remarkably high Qg
value of 368 mAh g~!, which indicates the controlled sulfur/polysulfides dissolution and much
improved electronic conduction, facilitating the reduction process of sulfur/polysulfides. Figure

3.10b shows the cycling stability of SP@G and SP@G-CNT cathodes.
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Figure 3.10 (a) Galvanostatic discharge-charge profiles and (b) Cycling performances of SP@G

and SP@G-CNT composites at 0.2 C rate.

The SP@G-CNT cathode delivered a reversible capacity of 1249 mAh g ! in its 2™ discharge cycle
at 0.2C rate and maintained at 961 mAh g ! after 100th cycle. This result is truly remarkable
considering the high sulfur content (83.73%) in the SP@G-CNT composite. On the contrary, the
SP@G electrodes achieved a very high discharge capacity of 1205 mAh g in their 2nd cycle and
recovered at 838 mAh g ! at the end of 100 cycles (Figure 3.10b). Both the electrodes attained a
high Coulombic efficiency (~99%) throughout their cycling. A comparative study of rate
performances for both the composite electrodes is depicted in Figure 3.11a. The SP@G-CNT
cathode delivered a reversible capacity of 1265 mAh g ! (0.2C), 958 mAh g ! (0.5C), 825 mAh g
(1C) and 762mAhg! (2C), respectively. On the other hand, SP@G electrode achieved

1193 mAh g ! (0.2C), 846 mAh g ! (0.5C), 692 mAh g ! (1C) and 614 mAh g ! (2C). The extended
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cycling performances of SP@G-CNT and SP@G electrodes are displayed in Figure 3.11b. Before
discharging at a high current density (1C), these electrodes were discharged and re-charged at 0.2C
for an initial five cycles to form stable solid electrolyte interfaces (SEI). At 1C rate, SP@G-CNT
electrodes delivered an average reversible capacity of 782 mAh g !, which then decreased to

627 mAh g ! at the 300th cycle.
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Figure 3.11 (a) rate performances at different current densities, (b) long-term cycling
performances of SP@G and SP@G-CNT electrodes at 1C rate (results are shown from 6™ cycle

as both the electrodes were discharged-charged at 0.2 C rate for initial 5 cycles).

Meanwhile, SP@G electrodes achieved an average capacity of 578 mAh g ! under the same
current density (1C) and retained 472 mAh g ' at the end of 300 cycles. We further conducted
additional cycling tests using our best performing cathode (i.e. SP@G-CNT) with sulfur loadings
(~2.6 mg cm?). 40 pL of electrolyte was used to confirm complete infiltration of thick electrodes.
As depicted in Figure 3.12a, a high discharge capacity of 944 mAh g~ ! was achieved at 0.2C rate
in the first cycle and could still deliver a reversible capacity of 728 mAh g ! after 100th cycles

with an average Coulombic efficiency above 99% throughout the cycling.
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Figure 3.12 Cycling performances of SP@G-CNT electrodes with a sulfur loading of 2.6 mg cm’

2 at(a) 0.2 C and (b) 0.5 C.

Furthermore, when discharged at a high rate of 0.5C (Figure 3.12b), the high sulfur loaded SP@G-
CNT electrode delivered an initial discharge capacity of 715 mAh g ! and recovered 542 mAh g !
after 200 cycles. To explore the interfacial charge transfer kinetics of the as-prepared electrodes,
electrochemical impedance spectroscopy (EIS) was performed on the open circuit potential (OCV).
In the impedance spectra (Figure 3.13), Ro and R are attributed to the Ohmic resistance and
charge transfer resistance coupled with double layer capacitance Qai, respectively, and W
(Warburg impedance) is represented by a straight line arising from solid-state diffusion. The
SP@G-CNT (Rt~ 172 Q) and SP@G (Ret ~ 238 Q) electrodes exhibited much reduced charge
transfer resistance (R¢;) compared to SP (R~ 375 Q) and bare sulfur (Ree ~ 389 Q) electrodes.
The reason for the improved electrical conductivity of the as-prepared composites is mainly
attributed to the incorporation of carbon scaffolds in the composite structures. The minimum
charge transfer resistance in SP@G-CNT is typical of its porous structure, which implies ultrafast

Li" diffusion throughout interconnected pores.
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Figure 3.13 Electrochemical impedance spectroscopy (EIS) of sulfur, SP, SP@G and SP@G-CNT
electrodes.

The excellent cycling stability and outstanding rate performances for SP@G-CNT electrodes over
SP@G electrodes could be ascribed to the following factors. (i) A multidimensional electron
transport pathway rendered by 3D G-CNT scaffolds in SP@G-CNT could accelerate the
sulfur/polysulfides reduction, compared to the 2D conductive graphene in SP@G. (ii) The
interconnected pores in SP@G-CNT composites facilitate easy electrolyte access, and lead to an
ultrafast Li" ion diffusion throughout the electrode and enhanced rate performance. (iii) Porous
copolymers supported by flexible 3D G-CNT possess enough void spaces to relieve the strain
developed during cycling and maintain the structural integrity over long-term cycling. (iv) During
extended cycling, 2D graphene in SP@G could be ineffective for preventing polysulfide
dissolution from the copolymer-electrolyte interface, although it can obviate similar diffusion from
graphene-copolymer interfaces. In contrast, rationally designed 3D G-CNT network can

remarkably immobilize the polysulfide diffusion from both the interfaces.
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3.4 Conclusion

In summary, here is a report of a novel sulfur-rich copolymer@ 3D graphene-carbon nanotubes
cathode for Li-S batteries. The sulfur-rich copolymer has been prepared via a simple, scalable and
sustainable approach using squalene monomer provides excellent chemical confinement of sulfur,
which greatly circumvents the sulfur/polysulfides dissolution and irreversible low ordered
polysulfide deposition on electrode surfaces. Sp? graphene-carbon nanotubes have been employed
in the cathode to address the poor electronic conductivity and slow polysulfide dissolution of sulfur
copolymer and served as optimised conformal holding blocks for copolymers. The as-developed
cathode delivered a high reversible capacity of 1265 mAh g ! at 0.2C, and average capacity of
782 mAh g ! at 1C with excellent cycling stability over 300 cycles. The excellent electrochemical
performance of this composite material is solely attributed to the optimized porosity, improved 3D
electronic conductivity, a better mechanical strain buffering network and excellent polysulfide

entrapment capabil
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Multi-Application of Amine-functionalized Metal-Organic Frameworks in High-

performance Lithium-Sulfur Batteries

4.1 Introduction

As the traditional lithium-ion batteries based on intercalation chemistry are approaching their
theoretical energy density limits, intensive research efforts are being made to obtain advanced
battery systems involving new battery chemistries. Room-temperature lithium-sulfur (Li-S)
batteries have attracted immense interest as next-generation battery systems, owing to their high
theoretical capacity (1675 mAh g'!) together with the natural abundance and low-cost of elemental
sulfur. 2! 2* However, the practical applications of Li-S batteries have been severely hindered by
the problems associated with both the sulfur cathode and the metal anode. As for the sulfur cathode,
the poor electronic conductivity and large volume expansion of sulfur (~80 %) limit the
electrochemical activity. Moreover, the soluble polysulfide as reactive intermediates tend to
diffuse though the separator and reacts with the Li anode, which escalates the issues of active
material loss, self-discharge and rapid capacity fading. '3 Additionally, the involvement of
polysulfides can lead to a solid electrolyte interface (SEI) layer with higher resistance and larger

activation energy, which causes an accelerated degradation of Li-metal anode. '#?

So far, several strategies have been proposed to restrain the soluble polysulfides within the

cathode and thereby improve the performance, which include designing sulfur hosts or separators,

4, 50, 71, 142 76, 143- 145

optimizing the electrolyte formula, and protecting the anode by surface

coatings.'#% 147 Among them, one of the most common approaches is to employ carbonaceous
materials as a sulfur-host or a physical barrier coated on the separator. Nevertheless, the weak

interactions between nonpolar carbon and polar polysulfides are not effective enough to block the

148,

shuttling of polysulfides for long-term cycling.!**: ¥ Recently, polar materials, such as
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heteroatom-doped carbon and transition-metal compounds (metal oxides/sulfides/
nitrides/phosphides) have been exploited tremendously as sulfur-reservoirs. %% 150-155 The polar
materials can bind the polysulfides in a chemical way, which is more effective than physical
adsorption of nonpolar carbon. This strategy, to some extent, have inhibited the polysulfide
shuttling. However, the capacity and cycling stability obtained to date have still been far from

satisfactory. '

Metal oxide frameworks (MOFs) represent a special class of crystalline materials composing of
organic struts with inorganic nodes, which feature high accessible surface area and tunable pore-
size distribution.!>® Recently, their structural and composition attributes have enabled their
application as a sulfur-host in alkali metal-sulfur batteries.'?> >’ However, the limited pore volume
and the almost insulating nature of the MOFs inevitably lessen the amount of sulfur loading, and

lead to short cycle life and poor rate capability of the alkali metal-sulfur batteries.

In this chapter, a micro/mesoporous N-doped carbon was synthesized from UIO-66-NH, MOF
(termed as NH>-MOF) and utilized the resulting porous structure as a sulfur-host for Li-S batteries.
UIO-66- NH3 is a functional derivative of Zr- based UIO-66 MOFs, which is facile to prepare and
possess excellent thermal and chemical stability. More importantly, the pendent amidogen (-NH3)
functionalities in this MOF can also serve as a nitrogen source during the carbonization process to
yield N-doped carbon, in which the N-doped sites can interact with the polysulfides and efficiently
retard their shuttling. The micropores (< 2 nm) in such carbon- host can provide enormous active
sites for the adsorption of sulfur on the carbon surface, whereas the mesopores (~ 3.7 nm) can
improve the sulfur loading and increase electrolyte penetration into carbon structure. To further
restrain the polysulfide migration and eliminate the issue of anode corrosion, a NH>-

MOF@graphene oxide (GO, acts as strength enhancement) interlayer was developed. The three-
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dimensional channel structure of NH>-MOF shows mesoporosity with a narrow pore size
(approximately 5.2 A), which is significantly smaller than the diameter of polysulfides (1-2 nm).
158 This enables the NH2-MOF to act as a physical barrier against the shuttling of polysulfides.
Moreover, the abundant amidogen functionalities of the NH>-MOF can strongly bind the polar
polysulfides by acid-base type interaction, suppressing their diffusion and the anode degradation.
Thus, the as-developed Li-S batteries exhibit a reversible capacity of 1318 mAh g! at 0.2 C, with

extended cycling stability and much improved rate performance.

4.2 Experimental Section

4.2.1 Synthesis of nano-octahedral UIO-66-NH2 (NH2-MOF) and UIO-66:

In a typical synthesis, a mixture of ZrCls, 2-amioterepthalic acid (for UIO-66-NH>) or terephthalic
acid (for UIO-66) was added into 40 mL of dimethylformamide containing a certain amount of
acetic acid in a 50 mL of borosilicate glass vial. The molar ratio of metal ion/ligand was maintained
at 1. The vial was capped and placed into a pre-heated oven at 120 °C for 18 h. After the completion
of the reaction, the obtained product was collected by centrifugation and repeatedly washed with

dimethylformamide and methanol. Finally, the product was dried under vacuum at 90°C.

4.2.2 Synthesis of micro-/mesoporous N-doped carbon (NMC) or micro-/mesoporous non-

doped carbon (MC) and their sulfur composites:

A certain amount of UIO-66- NH> (for NMC) or UIO-66 (for MC) was heated at 800 °C for 1 h
under a nitrogen flow with a heating ramp of 5 °C min™!. After cooling down to room temperature,
the obtained black powder was dispersed in 30 mL of H>O containing 0.1 mol hydrogen fluoride
(HF) and stirred for 2 h. Finally, the product was collected by centrifugation and washed repeatedly

with H2O and ethanol and dried under vacuum at 60 °C. Elemental sulfur was impregnated into

54



Chapter 4

either the NMC or MC hosts by a simple melt-diffusion method. In a typical procedure, the host

and sulfur were mixed thoroughly, and the mixture was treated at 155 °C for 12 h in a sealed vial.

4.2.3 Fabrication of free-standing NH2-MOF@GO interlayer:

GO nanosheets were prepared according to previous method.'>* NH,-MOF@GO membrane were
prepared by a simple vacuum filtration method. First, a stable aqueous dispersion of NH>-MOF
was slowly added to another stable GO suspension in ethanol/water. Then, the resulting
homogeneous suspension was filtered through a mixed cellulose ester filter paper, followed by air-
drying, and peeling from the filter paper. The areal loading for NH>-MOF and GO were controlled

at 0.12 and 0.08 mg cm™, respectively.

4.2.4 Materials Characterization:

X-ray diffraction (XRD) patterns of the as-prepared materials was recorded with a Bruker D8
Discovery X-ray diffractometer. The morphology and structure of the composites were captured
by FE-SEM (Zeiss Supra 55VP FESEM) and HR-TEM (Tecnai-G2 F30 S-Twin, 300 kV). Raman
spectroscopy measurement of the composite was conducted on a confocal MicroRaman
spectrometer with a Lab RAM HR system (Renishaw inVia) using a 632.8 nm He-Ne laser source.
X-ray photoelectron spectroscopy (XPS) analyses were performed on an ESCALAB250Xi
(Thermo Scientific, UK) equipped with monochromatic Al Ka radiation (energy 1486.68 eV). The
FTIR spectra of the samples were recorded with a Nicolet 6700 spectrometer. Thermogravimetric
analysis (TGA) was carried out with a thermogravimetry-differential thermal analysis (TG-DTA)
system (SDT 2960) at a heating rate of 10 °C min™! under N, atmosphere from room temperature
to 500 °C. The specific surface areas were calculated by gas sorption technique with a
Micromeritics Flex3 analyzer based on BET method. All samples for ultraviolet-visible (UV-Vis)

spectroscopy were prepared, sealed inside an argon filled glove box, and then analyzed with a
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Cary- 60 UV-Vis spectrophotometer in the spectral range of 300-1000 nm. Li>Se solution was
prepared by dissolving sulfur and Li>S at a molar ratio of 5:1 was added to an appropriate amount
of 1, 3-dioxolane (DOL) and 1, 2-dimethoxy ethane (DME) and stirred at 65 °C for 24 h in an
argon-filled glove box.

4.2.5 Battery assembly and electrochemical characterization:

The slurry for Li-S battery electrodes was prepared by mixing 80 % NMC-S / MC-S composite as
active material, 10 % carbon black (Super P, Sigma-Aldrich) as conductive additive, and 10 %
poly (vinylidene difluoride) (PVDF, Sigma-Aldrich) as a binder in N-methyl 2-pyrrolidone (NMP)
to form a slurry. The slurry was then cast onto a carbon-coated aluminum foil, followed by drying
at 60 °C under vacuum for 12 h. For Li-S batteries, the active mass loading of sulfur was controlled
between 1.5 ~ 1.8 mg cm™. Meanwhile, for Li-S batteries, electrodes with high a sulfur loading
about ~ 2.7, ~ 3.2 and ~ 4.6 mg cm™ were also fabricated. Finally, the CR2032 coin-type cells
were assembled inside an Ar-filled glove box and cycled at 1.7 - 2.8 V (1 C = 1672 mAh g'! based
on the active mass of sulfur) on a LAND CT2001A charge-discharge system. The electrolyte was
1.0 M lithium bis (trifluoromethanesulfonyl) imide (LiTFSI, 99.95%, Aldrich) and 0.1 M LiNO3
in 1:1 (v/v) mixed solvent of 1, 3-dioxolane (DOL) and 1, 2-dimethoxy ethane (DME). The volume
of electrolyte injected into the Li-S cells was controlled at about 10 uL mg ' sufur. Polypropylene
(Celgard 2400) were used as a separator for Li-S batteries. For the Li-S cells with NH>-MOF@GO
interlayer, the freestanding NH>-MOF@GO membrane was inserted in between the sulfur cathode
and polypropylene separators during battery fabrication. Electrochemical stability of NH»-
MOF@GO interlayer against Li-anode was tested by performing CV within the potential range of
1.7-2.8 Vvs. Li/Li" at a scan rate of 0.2 mV s™'. CV and EIS were checked with a Biologic VMP3,

and all electrochemical experiments were carried out at 25 °C.
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4.3 Results and Discussion

The synthetic route of NMC-S is schematically illustrated in Figure 4.1. The initial NH>-MOF
was prepared by a solvothermal reaction between ZrCls as metal source, and 2-aminoterepthalic
acid (NH»-BDC) as the organic linker. Afterward, a ZrO>@N-doped carbon (abbreviated as
ZrO,@NMC) composite was obtained via carbonization of the NH>-MOF (Figure 4.1, middle
panels). The metal centre of the MOF in situ converted into ZrO» by reacting with the carboxylate
groups, and the amidogen groups of the linker provided N-dopant sites during pyrolysis.
Furthermore, the ZrO; nanoparticles were removed by HF-etching, leaving an N-doped
micro/mesoporous carbon (abbreviated as NMC) with high active surface area. Successively,
sublimed sulfur was impregnated into NMC by a melt-diffusion method to obtain NMC-S (Figure
4.1, lower panels). Furthermore, we combined NH>-MOF and GO to construct a free-standing
NH>-MOF@GO permselective membrane by a simple vacuum filtration technique (Figure 4.1,
upper panels). The NMC-S cathode and NH>-MOF@GO interlayer were integrated together to
fabricate Li-S cells. X-ray diffraction (XRD) data in Figure 4.2 confirmed the well-crystallinity
of NH>-MOF. After calcining at 800 °C under Ar flow, the diffraction peaks of NH>-MOF
completely disappeared, while the new peaks appeared can be assigned to ZrO, (JCPDS card no
00-007-0337), indicating the formation of ZrO,@NMC. After the HF treatment, the extinction of
Z1rO; peaks confirms the successful etching, leaving the MOF-derived amorphous NMC skeleton.
As shown in Figure 4.2, the XRD of NMC-S did not show any characteristic peak for sulfur,
implying that the sulfur particles are amorphous and completely absorbed by the porous carbon

structure.
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Figure 4.1 Schematic illustration of the Li-S cell with a NH>-MOF@GO interlayer (upper panels),

and the synthesis of NMC and NMC-S composite (middle and lower panels).

MC-S and NMC-S were examined with Raman spectroscopy analysis and displayed in Figure

4.3. In agreement with the XRD result, no typical Raman signal of sulfur was noticed in both the

composites, indicating that the sulfur particles are perfectly impregnated into the carbon structure

and are too small to be detected by Raman due to phonon confinement effect.!® Two peaks

appeared around 1,320 and 1,587 cm! are attributed to the D-band (disordered induced phonon

mode) and G-band (graphite band) of the carbon structure. '°!
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Figure 4.3 Raman spectra of the NMC-S and MC-S composites. No typical sulfur signals appeared

in the spectrum for both the composites, confirming that the sulfur

impregnated into the carbon network.

All the samples were further characterized by Fourier transform infrared spectra (FT-IR, Figure
4.4). The FT-IR peaks for NH,-MOF within 600 - 800 cm™! are attributed to Zr-O; as longitudinal

and transverse modes.'> The peak at 1250 cm™! corresponds to C-NHa, while the peaks at 1080
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and 1620 cm™ are associated with -NH, rocking and scissoring vibrations, respectively.® For the
NH>-MOF@GO film, a new peak appearing around 1047 cm™ belongs to the alkoxy C-O
stretching vibration of GO.!'* The Brunauer-Emmett-Teller (BET) surface area of the as-prepared

samples were obtained by recording nitrogen adsorption-desorption isotherms at 77K (Figure

4.5a).
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Figure 4.4 (a) FI-IR analysis of GO, NH2-MOF, and NH2-MOF@GO interlayer before and after

cycling. (b) magnified FT-IR spectra in the region between 920 cm™! to 980 cm.

The BET surface area for NH,-MOF was measured to be 618 m? g'. In contrast, after
carbonization and successful removal of ZrO,, the BET surface area for the NMC sample
remarkably increased to 1347 m? g”!. We also noticed that the nitrogen uptake for the NMC sample
steeply increased at low relative pressure, indicating the presence of substantial micropore
structures (< 2 nm). This observation was in accordance with the pore size distribution obtained
from adsorption data calculated by the BJH method (Figure 4.5b), which showed inherent
micropores with diameter centering at ~ 1.60 nm and enormous mesopores of about ~ 3.97 nm

with a large pore volume of ~ 0.64 cm?® g'!. It is believed that the host material with high surface
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area and abundant micro/mesopore network can endow enough exposed active sites for a
substantial amount of active mass loading. Also, such a network provides a sophisticated electron-

transfer pathway and superior structural stability for energy-storage applications.
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Figure 4.5 (a) N2 adsorption-desorption isotherm of NH2-MOF and NMC host and (b) BJH pore

size distribution for NMC and NH»>-MOF.

The morphologies of the samples were investigated with scanning electron microscopy (FE-SEM)
and transmission electron microscopy (TEM). The FE-SEM image of NH>-MOF in Figure 4.6a
reveals uniform octahedral shape with a narrow size distribution of ~ 200 nm. Thermal treatment
before HF-etching did not destroy the well-defined octahedral morphology of NH>-MOF and even
maintained for NMC (Figure 4.6b). Figure 4.6¢ displays the resultant NMC after impregnating
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sulfur. No large sulfur particles were noticed on the surface of the nano-octahedra, which manifests
that the sulfur is uniformly infiltrated into the highly porous network of NMC. The TEM image of
NMC-S in Figure 4.6d displays the octahedral morphology, which is consistent with the FE-SEM
analysis. More importantly, no sign of agglomerated sulfur particles is noticed in- or outside the

carbon-core.

Figure 4.6 FESEM images of (a) NH2-MOF, (b) NMC after thermal treatment and HF etching and
(c) NMC-S composite. (d) TEM and (¢) HRTEM images of NMC-S composite. (f) Elemental
colour mapping of NMC-S displays a uniform distribution of C, N, S and O in the NMC-S

composite.

This feature is crucial to realize a high-performance Li-S battery since poor capacity and
irreversible capacity loss would occur if the active material agglomerates or non-uniformly covers

the conductive matrix, which can block the charge-transfer and ion-transport. '*> Furthermore, no
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crystalline sulfur particles were noticed in high-resolution TEM (HR-TEM, Figure 4.6¢) image,
which indicates that the sulfur particles are amorphous in nature and the same has been
substantiated by the XRD results. It is worth mentioning that not only the ultrafine and poorly
crystalline sulfur particles are obtained from the confinement of porous host, but also the
extraordinary accessibility and stability endowed by the carbon shell could benefit the application
of NMC-S as a cathode for Li-S battery applications. The elemental mapping of NMC-S (Figure
4.6f) confirms the uniform distribution of C, N, O, and S through the whole octahedra. To
determine further chemical composition and valence of the composites, X-ray photoelectron
spectroscopy (XPS) was performed. The XPS data of NH>-MOF shown in Figure 4.7a confirm
the presence of Zr, C, N, O. The N1s spectra for NH,-MOF (Figure 4.7d) can be deconvoluted
into two peaks: one peak at 398.6 eV can be assigned to -NH», while the other at 399.7 eV may
originate from the interaction between the amidogen functionalities and protons. '®* The
deconvoluted C 1s spectrum of NMC-S in Figure 4.8a shows four peaks at 284.8, 286.2, 287.8
and 289.3 eV, corresponding to C-C / C=C, C-O / C-N, C=0 and O-C=0, respectively. '%* The
magnified N 1s spectrum (Figure 4.8b) can be deconvoluted into three peaks: pyridinic N, pyrrolic
N, and quaternary N with binding energies of 399.2, 400.4, and 401.9 eV, respectively. According
to previous reports, such N-dopants present in the carbon skeleton not only increase the electronic
conductivity for better sulfur utilization, but also act as active chemical sites to interact with
polysulfides.!*° In the S 2p region of the NMC-S composite (Figure 4.8¢c), the S 2p32 (163.9 and
165.4eV)and S 2p12 (165.1 and 166.6 eV) spin-orbit splitting are attributed to S-S and S-O species,

respectively. 16
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Figure 4.7 XPS analysis for NH>-MOF: (a) XPS survey scan for (b) Zr 3d, (¢) C 1s, and (d) N 1s
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Figure 4.8 High-resolution XPS spectra of (a) Cls, (b) N 1s, and (¢) S 2p for the NMC-S

composite.

Another S 2p peak appearing around 168.4 eV can be ascribed to sulfate species formed by
oxidation of sulfur in air. Thermogravimetric analysis (TGA), shown in Figure 4.9, revealed that
the sulfur loadings of NMC-S and MC-S composites were as high as 68.1 and 65.6 wt.%,

respectively.
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Figure 4.9 TGA analysis of as-prepared MC-S and NMC-S composites.

The fabrication of NH>-MOF@GO free-standing membrane via vacuum filtration technique is
shown in Figure 4.10. The stable aqueous dispersion of NH>-MOF was first added to a stable GO
suspension in ethanol/water. The NH>-MOF@GO membrane was prepared by a filtration of the
resulting homogeneous suspension through mixed cellulose ester filter paper, followed by air-
drying and peeling off from the filter paper. The fracture edges of NH2-MOF@GO membrane,
when imaged with FE-SEM (Figure 4.11a), revealed a well-packed structure with a thickness
about 14 pm. The magnified FE-SEM image (Figure 4.11b) of the cross-section shows a layer-
by-layer (LBL) assembly between NH>-MOF nano-octahedra and GO nanosheets. Interaction
between the amidogen (-NH»>) moieties of the NH>-MOF and oxygen-containing functional groups

of GO serves as the driving force to construct LBL type assembly.
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NH,-MOF
stable dispersion

Figure 4.10 Optical images, demonstrating the fabrication techniques of free-standing NHo-

MOF@GO interlayer.

Notably, the NH>-MOF particles alternatively stacked between GO layers not only prevent the
stacking of GO sheets, but also induce enough porosity for electrolyte retention in the separator,
which facilitates Li" diffusion during electrochemical cycling. The top surface of the separator in
Figure 4.11c shows that the NH>-MOF particles are distributed uniformly across the separator.
This i1s further confirmed by the elemental colour mapping shown in Figure 4.11d-i. The
corresponding elemental maps show the even distribution of the elementals Zr, N, which are from

the NH2-MOF.
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Figure 4.11 (a) FESEM image of freestanding NH>-MOF@GO interlayer. (b) cross-section and
(c) top surface morphologies of NH>-MOF@GO interlayer. (d) FESEM and EDX elemental colour
mapping of the free-standing NH>-MOF@GO interlayer, showing a uniform distribution of (f) C,

(g) Zr, (h) O and (i) N elements.

To demonstrate the adsorption capabilities of the as-prepared samples to polysulfide, an equal
amount of NH>-MOF@GO, NH>-MOF, and NMC were separately immersed into the same amount

of polysulfide solutions containing 2 x 10~ M Li»Se in 1,3 dioxolane/ dimethoxyethane. After
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settling for a few hours, NH>-MOF @GO thoroughly decolorizes the Li2S¢ solution (inset of Figure

4.12a), indicating a stronger chemical binding interaction of NH>-MOF@GO to polysulfide.
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Figure 4.12 (a) Photograph and (b) UV-Vis absorption spectra of supernatant Li>Se solution after

the adsorption test.

NH>-MOF/ Li>S¢ solution also shows a significant change in colour, while the yellow colour of
Li,Se was still visible in NMC/ LixS¢. UV-vis spectra of the supernatants were also recorded to
investigate the concentration changes of Li»Ss solutions after exposing to the adsorbents (Figure
4.12b). It can be seen that the absorption peak of Li>S¢, which appears around 420 nm for blank
Li,Se solution, completely disappeared for NH>-MOF@GO. In contrast, the Li>S¢ absorption peak
exists for both the NH>-MOF and NMC, although the former displayed much reduction in peak
intensity. Therefore, it appears that NH>-MOF@GO can provide the strongest chemical binding to
the polysulfide among all the samples due to the ample number of nucleophilic functional groups
present in both the NH>-MOF and GO. On the other hand, NH>-MOF manifests better interaction
with polysulfide compared to NMC sample, which can probably be attributed to the combined

effect from the well-exposed surface -NH> groups and the metal centre of the NH>-MOF, as both
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have higher affinity to polysulfide. Furthermore, additional evidence for the chemical interaction
between NH>-MOF and LixSe is provided by the XPS analysis of NH>-MOF before and after the

Li,S6 adsorption test.

a|N 1s blLi1s/Zr4s

Intensity (a.u.)
Intensity (a.u.)

402 400 398 60 58 56 54 52 50 48
Binding Energy (eV) Binding Energy (eV)
Figure 4.13 XPS spectra of the bare NH>-MOF and Li>Se¢-treated NH>-MOF, (a) N 1s, and (b) Li

1s/ Zr 4s.

As shown in Figure 4.13a, the N 1s peak for NH>-MOF is slightly moved to higher binding
energy after exposing to Li»Se, indicating the interaction between Li* and -NH> functional groups.
After the Li2S¢ adsorption, the Li 1s and Zr 4s peak can be deconvoluted into three peaks (Figure
4.13b). The first peak located at 52.3 eV is identified as Zr 4s peak, which is shifted by 0.8 eV
toward lower binding energy perhaps owing to the interaction between the Zr-metal of the NH»-
MOF and Li>Se. The other two peaks appearing at 55.3 and 54.5 eV can be attributed to Li-S and
Li-N bonds, respectively.!%% 167 Electrochemical stability of NH,-MOF@GO film, which is
indispensable for the interlayer, was evaluated by cyclic voltammetry (CV). When tested against
lithium, no peak was detected within 1.7 — 2.8 V (Figure 4.14), indicating the NH>-MOF@GO
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membrane is electrochemically stable to lithium within the operating voltage range. To elucidate
the function of the NH>-MOF@GO interlayer on controlling the growth of Li dendrites, cycling
of symmetric Li//Li cells with different separators were performed under the same current density

of 1 mA cm and with a capacity limit of 1 mAh cm™.

NH,-MOF@GO Film vs. Li-anode
Scan Rate: 0.2 mV.s™

Current (mA)

16 18 20 972 9.1 96 098
Voltage (V) vs. Li/Li*

Figure 4.14 CV curves of NH2-MOF interlayer for first five cycles when tested against Li-anode

within the potential range of 1.7 - 2.8 V vs. Li/Li" at a scan rate of 0.2 mV s\,

As shown in Figure 4.15, for the symmetric cell without an interlayer, the hysteresis between
the stripping/plating voltages increased just after 150 h, indicating degraded L1 surface caused by
uncontrollable Li dendrite growth and subsequent disruption and reformation of solid electrolyte

interface (SEI) layers.
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Figure 4.15 Voltage-time profile of Li//Li symmetric cell with an NH>-MOF@GO interlayer at 1

mA cm with a capacity of 3 mAh cm™.

In contrast, the symmetric cell with the NH>-MOF@GO interlayer demonstrates much lower
voltage fluctuation and remains stable up to 240 h, which manifests in a more stable SEI and
uniform Li-ion flux directed by the NH.-MOF@GO film. '8 Before applying the NH.-MOF@GO
membrane as an interlayer for Li-S batteries, it is important to explore whether Li* can be diffused
through the membrane, whilst it has already been proven that such unique combination can trap
the polysulfide in both physical and chemical ways.

To elucidate this phenomenon, CV measurements of Li-S cells with and without the NH>-
MOF@GO interlayer at scan rates of 0.12 to 2.0 mV s! were conducted (Figure 4.16a-d) and are

summarized in Table 4.1.
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Figure 4.16 CVs at different scan rates and corresponding linear fits of the peak currents of Li-S

batteries (a, b) with and (c, d) without the NH>-MOF@GO interlayer.

The Li*-ion conductivity of PP, with and without the NH,-MOF@GO interlayer, was also
measured by recording electrochemical impedance spectroscopy (EIS, Figure 4.17) and is given
in Table 4.1. As it can be seen, the introduction of NH>-MOF@GO as interlayer has a negligible
effect on Li" diffusion and conductivity across the separator, rather blocking polysulfide from
escaping to anode compartment. Therefore, we are confident that NH>-MOF@GO separator would

be an ideal ion sieve, allowing Li ions to pass through while preventing the escape of polysulfide

into the anodic compartment.
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Figure 4.17 EIS spectra of Li-S batteries with different separators.

Table 4.1 Summary of the electrochemical parameters of PP separators with and without the NH»-

MOF@GO interlayer
Ionic (a) Dri+ (cm?s) | (b) Dris (em?s™) | (¢) Dvir (cm?s™)
Conductivity
(mS cm )
Pristine 0.318 2.96 x1078 6.16 10 1.08 x1078
Separator (PP)
With NH,- 0.261 1.80 x10°® 3.49 x10” 8.86 107
MOF@GO
Interlayer

Figure 4.18 demonstrates the CV curves of the cell with NMC-S cathode and NH>-MOF@GO
interlayer at 0.2 mV s within the potential window of 1.7 - 2.8 V vs. Li/Li". During the first
cathodic scan, two reduction peaks were observed at around 2.27 and 2.01 V. The first reduction
peak at 2.27 V is attributed to the reduction of Ss to soluble Sg*", and then to S¢* and S4*". The peak
at 2.01 V is due to the reduction of soluble polysulfides to insoluble Li>S, / LixS>. Meanwhile, a
strong oxidation peak appearing around 2.39 V is due to the conversion of LixS / LixS; into
elemental Ss.*> Most importantly, all the peaks for consecutive cycles were perfectly superimposed

to each other, confirming stable electrochemical reaction.
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Figure 4.18 The CV data of the NMC-S cathode with NH>-MOF@GO interlayer at 0.2 mV s’

The galvanostatic discharge/charge profiles of the Li-S cell with the NMC-S cathode and NH»-
MOF@GO interlayer at different current densities are displayed in Figure 4.19a. Like CV curves,
the discharge profile shows two plateaus, corresponding to the multi-step reduction of elemental
Sgto the final product Li2S> / Li2S. With the NH>-MOF@GO interlayer, the Li-S battery maintains
two distinct plateaus even when tested at a very high current rate of 3C. There was no significant
increase in voltage polarization with increased current densities. This indicates a smooth
electrochemical reaction of the Li-S battery with NH>-MOF@GO interlayer. In contrast, the Li-S
cells with the NMC-S cathode and PP separator show a significant voltage polarization (Figure
4.19b), which deteriorate further for MC-S cathodes with similar kind of separators (Figure 4.19¢).

Figure 4.19d displays the rate performances of the Li-S batteries with different separators.
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Figure 4.19 Galvanostatic discharge-charge profiles of (a) NMC-S with NH2@MOF interlayer,
(b) NMC-S with PP separator and (c) MC-S cathodes with the PP separator under different current

densities. (d) Rate performances of as prepared cathodes with or without NH2-MOF interlayer.

The NMC-S cathode with the NH>-MOF@GO interlayer delivers high reversible capacities of
1318, 1146, 985, 862 and 769 mAh g' at 0.2, 0.5, 1, 2 and 3 C rates, respectively. This is
remarkably higher than that with both the NMC-S and MC-S cathodes with the PP separator under
the same current densities. More importantly, the Li-S cell with NH>-MOF@GO interlayer
retained almost 94.2 % of the initial capacity when the current rate was reversed back to 0.2C. The
cycling performances of MC-S and NMC-S electrodes with or without the interlayer were

evaluated at 0.5C rate and are represented in Figure 4.20. The NMC-S cathodes with the NH»-
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MOF@GO interlayer delivered a much higher discharge capacity of 1,155 mAh g! compared to
968 mAh g! when cycled only with the PP separator and retained almost 83.5 % (vs. 66.8 % with
only PP separator) after the consecutive 200 cycles. On the other hand, the MC-S electrode with
the PP separator exhibits an initial capacity of 873 mAh g ! and retained only 61.3 % after the
same number of cycles. The N-dopant sites present in the NMC-S cathode are beneficial for
improving the redox reaction, reversibility of the system, and partial immobilization of the soluble

polysulfides. 1>
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Figure 4.20 Cycling performance of MC-S and NMC-S cathodes with/without NH>-MOF@GO

interlayer at 0.5C rate.

The cell with the NH>-MOF@GO interlayer also rendered long-term cycling stability at 1 C rate
(Figure 4.21a). Initially, the cell delivered an average reversible capacity of 1015 mAh g and
after extensive 500 cycles, a capacity of 792 mAh g™! was still preserved, corresponding to a cyclic
decay rate of only 0.043 %. The Coulombic efficiency was maintained at about ~ 100 % all over
the cycling. By contrast, NMC-S and MC-S electrodes with the pristine PP separator demonstrated

low capacities of 849 and 822 mAh g!, respectively. After 500 cycles, the capacities decreased to
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602 (0.060% decay) and 571 mAh g!(0.062 % decay), respectively. Targeting a practically viable
Li-S system, cells with higher sulfur loadings were tested at a high rate of 0.5 C rate (Figure 4.21b).
Remarkable reversible capacities of 1109, 977, and 825 mAh g™! were obtained with the high sulfur
loadings of 2.5, 3.2 and 4.6 mg cm™. The corresponding areal capacities can be estimated as 2.77,
3.13 and 3.86 mAh cm 2, respectively. After 150 cycles, 81.5, 82.9 and 82.5 % of their initial

capacity were recovered.

<1500 =
d o | O §
< 1200 - >
E i S
2 900 0
z %0 | £
© L
S 600 - ©
Ho]
9 MC-S without NH,-MOF@GO | €
& S0 — — MNC-S without NH,-MOF@GO [ 20 2
@ 0 —&— MNC-S with NH,-MOF@GO | 0 83
I T T T T T T T T
7 0 100 200 300 400 500
—~ Cycle Number
b 1500
E L g0 &
= —
= e O
6 “\”\\C\C‘_“ ?'\Q\_ |- 60 9
3 1 =
S & L B
O | —0—-25mgem“r40 o
&) + 0
= 300 I 3.2mgem?L 5 E
C%J_ 5 MNC-S with NHZ—MOF@GO _z% 46 mg Cm'2 r 5 g
T T T T ! T T T o

: :
0 30 60 20 120 150
Cycle Number

Figure 4.21 (a) long-term cycling performances of as-prepared cathodes at 1C rate with and
without the NH>-MOF@GO interlayer (b) Cycling performances of NMC-S cathode with NH»-

MOF@GO/PP/Li cells with high sulfur loadings at 0.5C rate.

Even when the Li-S cell is resting, the elemental sulfur can steadily converted into soluble

polysulfide. Henceforth, polysulfide shutting, and consequent capacity decay could happen even
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under the static condition. Thereafter, is it important for a viable Li-S system to be efficient enough
to avert such ‘self-discharge’ issues. To investigate the self-discharge behavior of the Li-S cells
with the PP/NH>-MOF@GO and PP separators, NMC-S cathodes with different separators were

first discharged-charged for 10 cycles at 0.3C rate and then the batteries were rested for 7 days.
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Figure 4.22 (a) Cycling performances, (b) and (c) discharge/charge profiles of Li-S batteries with

and without the NH>-MOF@GO interlayer at 0.3C rate before/after resting, respectively.

After 7 days of rest, the whole process was repeated. Before/after both the resting periods, the
irreversible capacity loss for the Li-S cell with NH2>-MOF@GO interlayer was noticed to be much
lower than that of the cell with the PP separator (Figure 4.22a). More importantly, the upper

plateau discharge capacity (Qnu), which is attributed to the formation and subsequent diffusion of
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polysulfides, has reduced significantly for the cell with PP (AQx =~ 102 mAhg™) than the cell with
NH2-MOF@GO (AQx = 39 mAhg™) interlayer, indicating severe self-discharge in the PP-based
cell when it is irrelevant for NH>-MOF@GO based cell (Figure 4.22¢). Besides, a sudden drop in
Coulombic efficiency and a large increase in voltage hysteresis were also noticed for the PP-based
cell before/after rest. This remains almost unaltered for the cell with NH>-MOF@GO interlayer.
These observations further validate that the NH>-MOF@GO interlayer has effectively prohibit the
self-discharge and illustrate a stable, smooth electrochemical reaction.

In order to demonstrate that the NH2-MOF@GO interlayer could inhibit the polysulfide shuttling,
and simultaneous degradation of the anode, Li-S cells with different separators were disassembled
after 200 consecutive cycles and the cycled Li anodes were characterized with FE-SEM. The
surface of the cycled Li anode (Figure 4.23a) with the NH>-MOF@GO interlayer is found to be
as smooth without any significant Li dendrite growth. This is because the NH>-MOF@GO
separator can provide a homogeneous Li" flux at the interface of the separator and the Li anode.
Besides, the sulfur content on the anode of the Li-S cell with the interlayer is as low as 1.27%,
validating an efficient inhibition of polysulfide shuttling. In sharp contrast, a mosey lithium growth
with distinctively high porosity was noticed for cycled Li anode in Li-S cells without the interlayer
(Figure 4.23b). The sulfur content on such anode surface is as high as 10.58%, indicating
uninterrupted polysulfide migration through the macropores of the PP separator. Moreover, such
high surface area deposits continuously react with the electrolyte and the polysulfide, causing

further degradation in electrochemical performance.
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Figure 4.23 SEM images of Li-metal (a) with and (b) without NH>-MOF@GO interlayer after 200

cycles. ¢) A comparison of polysulfide diffusion and Li-anode stability with and without the NH»-

MOF@GO interlayer.

The NH>-MOF@GO interlayer was further analysed with FE-SEM, EDS, and FT-IR studies to
investigate the microstructure and chemical compositional changes occurring during
electrochemical testing. The FE-SEM images of the cycled membrane in Figure 4.24a-b shows
the morphology has not changed significantly, where both the GO nanosheets and NH>-MOF
particles are still visible. Moreover, elemental maps (Figure 4.24¢) reveal a strong sulfur signal
on the surface of the separator, indicating effective polysulfide trapping. Meanwhile, an FTIR peak
(Figure 4.4b) at around 937 cm! is attributed to Li-OH,'?? probably formed by the exposure of

Li>S to moisture during sample handling.
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Figure 4.24 (a-b) FE-SEM images and (c) EDX elemental colour mapping of the NH>-MOF@GO
interlayer, confirming deposition of elemental sulfur after cycling in a Li-S cell.
4.4 Conclusion

In summary, we have synthesized a micro/mesoporous N-doped carbon from NH>-MOF and
utilized this porous structure as a sulfur-host for Li-S batteries. This highly porous structure not
only provides enormous active sites for a substantial amount of active mass loading, but also
endows a sophisticated electron-transfer pathway for ultrafine sulfur particles for better sulfur
utilization, improved electrolytic penetration, and superior structural stability. Owing to gradual
polysulfide diffusion, we have designed a NH>-MOF@GO based interlayer for Li-S battery
systems. The alternatively stacked NH>-MOF nano-octahedra and GO nanosheets can function as
a perfect ionic sieve restraining polysulfide by both physical and chemical ways, while having a
negligible influence on the transfer of Li" ions across the separator. At the same time, uniform Li*
flux generated through the separator-anode interface efficiently retarded the dendrite growth. The

batteries with the NH2-MOF@GO interlayer exhibited stable cycling performance including a high
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reversible capacity of 1318 mAh g™ at 0.2 C rate, 1155 mAh g! at 0.5 C rate with 80.3% capacity

retention after 200 cycles.
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Rationally Designed Freestanding Bilayer Cathode with Polar Electrocatalyst for Efficient

Polysulfides Conversion and High-performance Lithium-Sulfur Batteries

5.1 Introduction

Rechargeable lithium-sulfur (Li-S) batteries have received ever-increasing attention as next-
generation energy storage devices for their high theoretical specific energy density, which is 3-5
times higher than traditional lithium-ion batteries (LIBs).> Unlike simple intercalation
electrochemistry in LIBs, Li-S batteries involve a multielectron conversion reaction (Sg + 16 Li
— 8 LixS), resulting in a high theoretical capacity of (1672 mAh g') and high energy density
(2600 Wh g!) at an average potential of ~ 2.2 V (vs Li/Li"). 3% 1% In addition, with the benefits of
natural abundance, cost affordability and low toxicity, sulfur has a potential for large scale
commercial application. Nonetheless, there are many challenges that needs to be addressed for
developing efficient sulfur-based cathodes in the Li-S battery system. For instance, insulating
sulfur and its reduced product (Li2S / Li2Sz) incudes limited active material utilization and sluggish
reaction kinetics. The large volumetric expansion (= 80%) of sulfur during lithiation leads to the
electrode pulverization and rapid capacity decay. More importantly, high solubility of lithium
polysulfide intermediates (Li2Sx, 4< x< 8) also results in an irreversible capacity loss and severe
parasitic reactions with the lithium anode, which further diminishes the electrochemical
performances of the Li-S battery.!”%!"!

To address these issues as mentioned earlier, various strategies have been explored by many
research groups. One such example is the use of suitable host that can offer physical confinement
or chemical binding to the active materials. For instance, mesoporous carbon,'”? graphene,!’* 174

carbon nanotubes 7 can physically trap the lithium polysulfides. Nonetheless, weak interaction

between nonpolar carbon and polar lithium polysulfides may not be enough to suppress lithium
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polysulfides diffusion. On the contrary, polar materials such as, hetero-atom doped carbon,!’6 177

transition metal oxides/ nitrides/ sulfides !73- 186

could offer chemical interaction to the migrating
lithium polysulfides and is more effective than simple physisorption. However, it is worth
mentioning that whether physical or chemical adsorption, the kinetics of polysulfide conversion
reactions via liquid (Li2Sx, 4< x< 8)-solid (Li2S2/Li2S2) phase is very difficult to control just
through these adsorption strategies. Such sluggish kinetics of lithium polysulfides conversion leads
to the accumulation of lithium polysulfides into electrolyte, which results rapid diffusion of lithium
polysulfides towards the Li-anode, further worsening the shuttle effect.!®” Other examples involve
the insertion of an interlayer in between the cathode and the separator to reduce the lithium
polysulfides migration.'®® 0 Nonetheless, introduction of an additional component not only
increase the overall cell resistance of the whole system but also affects the diffusion of
electroactive species through the interlayer.!”! Recently, metallic polar hosts or electrocatalysts
have been used extensively as they can significantly improve the electrochemical performances of
Li-S batteries by moderating the lithium polysulfides redox reaction kinetics. 1> 19

Herein, we present a freestanding bilayer cathode to maximize the sulfur utilization and reduce
the “shuttling effect” by controlling redox kinetics of lithium polysulfides conversion. The top
layer of this novel cathode is composed of nickel and nitrogen co-doped graphene nanosheets
(donated as NiNG) and the bottom part contains mixed phase NiNG and carbon nanofiber (CNF).
Benefitting from the bilayer structure, this cathode can maximize the sulfur loading as high as 8
mg cm 2. In addition, the electronegative nitrogen atoms can interact with the Li* through forming
N--Li»Sx structure, which can retard the lithium polysulfides diffusion. '°® More importantly, the

metallic nickel nanoparticles grafted on nitrogen-doped graphene improve the electric conductivity

of the cathode to guarantee high sulfur utilization and accelerate the kinetics of lithium

85



Chapter 5

polysulfides conversion reaction. 7 Therefore, bilayer NING@CNTF host is the ideal structure to
maximize the sulfur loading and utilization, catalyse the polysulfide conversion, and minimize the
shuttling phenomenon, showing outstanding electrochemical performance for both Li-S batteries.
5.2 Experimental Section
5.2.1 Synthesis of NING and NG:
NiClz, 6 H,O (2 mL, 5 mL mg™) aqueous solution was added dropwise into the homogeneous
graphene oxide (50 mL, 1 mg mL!) suspension under vigorous stirring and ultrasonicated for
additional 30 min. The dispersion was then quickly frozen in liquid nitrogen and subjected to
freeze-dry at -40 °C. The obtained NiCLL@GO powder was then heated at a rate of 10 °C min™! to
750 °C under a gas flow of 100 sccm Ar + 50 sccm NHj3 and kept at the same temperature for
another 1 h to get NiNG nanosheets.
N-doped graphene (NG) was prepared in a similar way except that NiCl,, 6 H2O was not added.
5.2.2 Cathode fabrication:
First, NiING and mixed NiNG / CNF suspensions were tip-sonicated separately in isopropanol
(IPA) for 30 min to form stable dispersions. Both the suspensions were then vacuum-filtered
alternatively on cellulose filter paper to obtain bilayer NING@CNF cathodes. The top layer of
the NING@CNF cathode is composed of only NiNG nanosheets and the bottom layer consists
mixed phhase NING and CNF. The weight ratio of NiNG to CNF was controlled at 1:3. The
freestanding films were compressed and punched and into circular discs 1 cm in diameter.
5.2.3 Preparation of 1 M Li2Se catholyte:
To prepare 1 M Li2S¢ polysulfide catholyte, stoichiometric amounts of elemental sulfur (Ss) and
anhydrous Li>S (99.9%, Acros Organics) were mixed in electrolyte containing 1 M LiTFSI and

0.2 M LiNOj3 in dimethoxyethane (DME, Acros Organics): 1,3-dioxolane (DOL, Acros Organics)
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(1:1, by volume). The mixture was then heated at 65 °C and stirred for 2 days in an argon filled

glovebox. Finally, the dark red solution of Li»Se¢ polysulfide catholyte was obtained for

experimental use.

5.2.4 Symmetric cell assembly and measurements:
For symmetric cell, two identical electrodes were used as working and counter electrode. 5 uL 1M
Li,Ses catholyte was injected into both electrodes. In addition, 8 pL blank electrolyte was dropped
onto separator. Then, cyclic voltammetry (CV) measurements were carried out using
electrochemical workstation (VMP3, Bio-logic) between -1.4 to 1.4 V at scan rate of 5 mV s,

5.2.5 Electrochemical cell assembly:
All the coin-type cells (C2032) were assembled in an argon-filled glovebox with lithium foil as
anode. For cathode, appropriate amount of 1 M Li2S¢ catholyte was injected into the bottom layer
of the cathode. Polypropylene membrane (Celgard 2500) was used as a separator and inserted
between cathode and anode. The electrolyte was 1 M LiTFSI dissolved in DME: DOL (1:1, by
volume) with 0.2 M LiNOs; additive, and the electrolyte/sulfur (E/S) was maintained at 12 for Li-
S cells with sulfur loadings of 2 mg cm™. Low E/S ratio was also controlled at 7 for the Li-S cells
with high sulfur loadings of 4, 6 and 8 mg cm™.

5.2.6 Materials characterizations and electrochemical analysis:

Scanning electron microscopy (SEM) and Energy dispersive X-ray spectroscopy (EDX) were

carried out on a FEI Quanta 650 equipped with a Bruker EDX system. High-angle annular dark-

field scanning transmission electron microscopy (HAADF-STEM) and high-resolution TEM

(HR-TEM) were taken with FEI Titan G2 80-200 TEM/STEM with ChemiStem technology

operating at 200 kV. XPS spectra were obtained with a Kratos Axis Ultra DLD spectrometer with

monochromatic Al Ka radiation. A custom designed stainless-steel transfer chamber was used to
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transfer the air- and moisture-sensitive samples under argon to the XPS instrument. Nitrogen
adsorption and desorption isotherms were analysed with a Micromeritics Flex3 analyzer based on
BET method. All electrochemical experiments were performed using coin-type C2032 cells. The
assembled cells were placed to rest for 30 min before electrochemical testing. For regular Li-S
cell, cycling voltammetry (CV) were recorded using an electrochemical workstation (VMP3, Bio-
logic) between 1.7 — 2.8 V at various scan rates (0.12 — 2.0 mV s™!). The galvanostatic discharge/
charge experiments were conducted on a cell cycler (Arbin Instruments) between 1.8 — 2.8 V at
various cycling rates (0.2 C — 3 C). All capacities are based on mass of sulfur.
5.2.7 Calculation of Li* Diffusion Coefficient (Dz;"):
The Li* diffusion coefficient (Dvi in cm? s™!) can be calculated from CV curves at different scan
rates using the Randles-Sevcik equation (Equation S1).
I, =2.69x10° n*24 Dpi'*v'? Cy; (Equation S1)
where I, (A) stands for the peak current, n is the number of electrons involved in the reaction, 4
(cm?) represents the surface area of the electrode, v (V s™!) is the scan rate, and Cri (mol L) is the
Li ion concentration.

5.3 Results and discussion

NiNG sample was synthesized by thermal treatment of a mixture of graphene oxide (GO) and
Nickel (IT) chloride (NiCl) under ammonia (NH3) and argon (Ar) gas flow. In a typical synthesis,
certain amount of NiCl, was added to a stable GO dispersion under vigorous stirring and
ultrasonication. Subsequently, the composite was freeze-dried and annealed under ammonia flow
to obtain the final product. During the annealing process, nitrogen atom was doped into graphene
through the decomposition of ammonia gas. In the meantime, the residual NiCl; transforms to

metallic nickel nanoparticles anchored onto graphene nanosheets. The co-existence of ultrafine
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nickel nanoparticles and nitrogen-doped graphene presents the following advantages. First, the
highly conductive NING can improve the sulfur utilization, which is one of the primary
limitations in Li-S battery. Secondly, the sluggish reaction kinetics of polysulfide conversion and
their subsequent migration has also been well addressed with such integrated NiNG structure.
The synergistic effect between nickel nanoparticles and nitrogen dopants in NiNG provide a
favourable microenvironment to restrain the lithium polysulfides. The polar nitrogen elements
can offer better “fasten centres” for migrating lithium polysulfides, while the metallic nickel
centres maybe serve as a catalyst to accelerate the conversion kinetics of lithium polysulfides

(demonstrated in Figure 5.1).

Top Layer -+
NiNG '

Bottom Layer
CNF + NiNG

Higher mechanical strength
Faster ion/electron transfer
for high sulfur utilization
Physical/chemical
confinement to migrating
polysulfides

Accelerated redox kinetics
of polysulfide conversion
High-loading capacity
Anode stability

Figure 5.1 Schematic illustration showing structural benefits of bilayer Li>Se-NiING@CNF

cathode (upper panel) and improved redox reaction kinetics by NiNG electrocatalyst (lower panel).

&9



Chapter 5

The chemical composition and valence of the NiING composite were detected by X-ray
photoelectron spectroscopy (XPS). In the N 1s spectrum (Figure 5.2a), there are two peaks centred
at 397.6 and 399.8 eV, corresponding to pyridinic and pyrrolic nitrogen, respectively. '°® In Ni 2p
spectrum (Figure 5.2b), two characteristics peaks located at 854.4 and 871.8 eV, corresponding

to Ni 2p3/2 and Ni 2p1/2, respectively, which can be assigned to metallic nickel element. '*°
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Figure 5.2 (a) XPS survey of NiING sample. High-resolution XPS spectra (b) N 1s and (c) Ni 2p

of pristine NiNG.
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N> adsorption-desorption isotherm presented in Figure 5.3a shows that NiNG sample has a large
specific surface area (Brunauer- Emmett- Teller) of 171 m? g”!. Large specific surface area of a
catalyst is highly desirable as the electrocatalytic reaction occurs only when the polysulfides are

adsorbed on the catalyst surface.
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Figure 5.3 (a) N> adsorption-desorption curves and (b) BJH pore size distribution for Ni-NG
nanosheets.

The detailed surface morphology of Ni-NG sample was studied by high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) and high-resolution TEM (HR-
TEM). Figure 5.4a displays HAADF-STEM of Ni-NG nanosheet, where the nickel nanoparticles
(appeared as bright spots) uniformly dispersed on the graphene support are seen. HR-TEM image
in Figure 5.4b reveals the nickel nanoparticle with a size of approximately 12 nm. The oxygen-
containing functional groups on the GO sheets may serve as heterogeneous nucleation sites during
the initial stages of the reaction, facilitating the formation of small nickel nanoparticles. HAADF-
STEM image and EDX elemental colour mapping of NiNG nanosheet also confirm presence of

nitrogen and nickel elements (Figure 5.4c). TEM image in Figure 5.4d shows the wrinkled surface
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of NG nanosheets without any nickel particle. HAADF-STEM and elemental mapping of NG

sample in Figure 5.4d-e demonstrates the successful doping of nitrogen.

Figure 5.4 Detailed morphological characterizations of NiNG: (a) HAADF-STEM, (b) HR-TEM
and (c) STEM image with corresponding elemental mappings of C, N and Ni. (d) TEM and (e)
STEM images of NG sample with corresponding elemental mappings of C and N elements.

The as-synthesized NiNG composite was then combined with CNF via a two-step vacuum
filtration method to fabricate bilayer NING@CNF cathode. In the first step, the bottom layer was
prepared by ultrasonicating mixed phase NiNG/CNF in isopropanol and filtering. In the second

step, a stable dispersion of NiNG in isopropanol was filtered through the CNF layer to obtain the
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bilayer structure. After carefully drying, the freestanding cathode was compressed and cut into 10
mm circular disk. Such a rationally designed cathode imparts multiple benefits to enhance
performance of the Li-S battery. First, the entangled CNF network enhances the overall mechanical
strength of the cathode and buffer the volume change in active materials during electrochemical
reactions. It also provides a physical support to the NiNG top layer. Secondly, conductive
CNF/NiING matrix (bottom part) provides fast ion/electron transfer pathways, benefitting efficient
electrochemical utilization of active material and its high-loading capability. Meanwhile, the
NiNG topping which also function as an interlayer, not only immobilize the lithium polysulfides
in both physical and chemical ways but also trigger the rapid reduction/oxidation of adsorbed
lithium polysulfides before they migrate to anode compartment. Beside these unique structural
and catalytic benefits, this freestanding cathode excludes the use of toxic solvents (such as N-
methyl pyrrolidone), inactive binder, conductive additives, and current collectors. The digital
photographs of free-standing NiNG @CNF cathodes with a diameter 10 mm are shown in Figure
5.5a. Colour difference of the layer clearly indicate the bilayer structure of the cathode. A cross-
sectional scanning electron microscopy (SEM) image showing the stacking morphology of
NiNG@CNF cathode is presented in Figure 5.5b. The cross-sectional image reveals, a thin layer
of NiNG nanosheets with the thickness of ~ 3 um is overlaid on the NiNG/CNF support. The
thickness of the support layer was carefully controlled around ~ 30 pm. Individual SEM images
of top and bottom components are displayed in Figure 5.5¢ and Figure 5.5d, respectively.
Graphene like morphology revealed in Figure 5.5¢ confirms only NiNG nanosheets are present at
the top layer while SEM image of the bottom layer (Figure 5.5d) ensures the co-existence of both

NiNG nanosheets and CNF.
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Top layer
/

Bottom layer

Top layer

Figure 5.5 (a) photographs of NING@CNF cathode, SEM images displaying (b) cross-section, (c)
top layer (NiING layer) and (d) bottom layer (NiNG/CNF layer) of bilayer NING@CNF cathode.
To explore the catalytic behaviour of nickel and nitrogen centres of NiNG, certain amount of
NiNG sample was dispersed and stirred in Li>S / ethanol solution for overnight. The NiNG sample
was then collected by filtration and repeatedly washed with anhydrous ethanol to remove the
excess LixS. The obtained product was then dried thoroughly and subjected to XPS analysis. The
whole process was carefully carried out inside an Ar-filled glovebox. As demonstrated in Figure
5.6a, N 1s spectrum shows an apparent upshift by +1.1 eV after Li,S is adsorbed on Ni-NG owing

to the s-p orbital interaction between Li and N. Similarly, the Li 1s spectrum in Figure 5.6¢, can
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be deconvoluted into two peaks. Peak fitting around 55.4 eV is attributed to Li-N bond, also

confirming Li and N atom interaction. 2%

a|N1s b|S2p
before

Intensity (a.u.)
Intensity (a.u.)
Q
@

404 402 400 398 396 394 166 164 162 160 158

Binding Energy (eV) Binding Energy (eV)
C |—Lis
—Li-N
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58 57 56 55 54 53 52
Binding Energy (eV)
Figure 5.6 High resolution XPS spectra (a) N 1s, (b) S 2p and (c) Li Is of NiNG sample before
and after the adsorption towards Li>S.

S2p region (Figure 5.6b), peaks at 160.1 and 161.3 eV can be ascribed to S 2p32 and S 2pi2 of
commercial Li2S powder. After treating with NiNG, the S 2p32 peak of LizS is shifted to a higher

binding energy by + 0.8 eV, which is attributed to the interaction with metallic nickel element of

NiNG.
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To evaluate the electrocatalytic effect of as-prepared cathodes on the performance of Li-S
batteries, coin cells with Li>Ss-NING@CNF, Li2Se-NG@CNF and Li>S¢-CNF cathodes were
assembled. Appropriate amount of 1M LixS¢ catholyte was injected into the bottom part of our
bilayer cathode and tested against lithium anode. The impact of NiNG catalyst on the
electrochemical reaction is investigated by the cyclic voltammetry (CV) at a scan rate of 0.2 mV
s''. As shown in Figure 5.7, Li2S¢-NING@CNF, Li>Ss-NG@CNF and Li>Ss-CNF electrodes show
two cathodic peaks and one anodic peak, corresponding to two-step reduction of sulfur to Li2S> /

LisS and reverse oxidation reaction of Li2S; / LisS to sulfur.
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Figure 5.7 CV profiles of Li2S¢-NiNG@CNF, Li2S6-NG@CNF, and Li2S6-CNF cathodes at a scan
rate of 0.2 mV s\

It is noteworthy that the cell employing Li>Ss-NiNG@CNF cell demonstrates higher peak current
and low potential difference (0.45 V in Li2S¢-NiING@CNF vs. 0.53 V in Li2Se-NG@CNF vs. 0.60
V in Li2S¢-CNF) between cathodic and anodic peaks as compared to the cells utilizing Li>Se-
NG@CNF and Li>Se-CNF electrodes. This suggests accelerated redox kinetics of polysulfide

conversion in Li-S cell with Li2Ss-NiNG@CNF cathode due to the catalytic effect of NiNG.
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Figure 5.8 Comparison of (a) cathodic polarization curves and (b) corresponding Tafel plots. (¢)

anodic polarization curves and (d) corresponding Tafel plots.

Such trends are more evident in the comparison of their polarization curves. Tafel plots were

obtained from cathodic polarization curve (Figure 5.8a) and anodic polarization curve (Figure

5.8¢) to illustrate the catalytic effects on the charge-transfer kinetics during polysulfide conversion

reactions. As shown in Figure 5.8b and 5.8d, Li>Ss-NiING@CNF cathode demonstrates Tafel

slope of 72 and 83 mV dec™! in the reduction and oxidation processes, respectively, much smaller

than those of Li2Se-NG@CNF and Li2S¢-CNF cathodes. This clearly manifests the accelerated

polysulfide conversion kinetics in presence of NiNG catalyst. The electrocatalytic behaviour of

NiNG is also investigated by constructing symmetric cells containing two identical electrodes with
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Li2Ss catholyte, and cyclic voltammetry (CV) was conducted between -1.4 to 1.4 V at 5 mV s\
The signals appeared in the CV scan are mainly attributed to the redox reactions of Li2S¢ with a
minimal contribution from capacitive current, as evident by the negligible current in Li>Se-free
symmetric cell. As shown in Figure 5.9, the Li2S6-Ni-NG@CNF electrode displays four intense
peaks at -0.606, 0.227, 0.621 and -0.270 V. As mentioned earlier, all these peaks are arising from
the reduction / oxidation reactions of Li2Se / S species. In sharp contrast, the redox peaks obtained

in NG catalyst and CNF are broad and low in current density with significant voltage hysteresis.
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Figure 5.9 CV curves of symmetric cells at a scan rate of 5 mV s\,

This observation indicates that the catalytic property of NiNG is superior to NG and CNF over
lithium polysulfides transformation reactions. To elucidate the internal resistance of as-prepared
electrodes, in-situ electrochemical impedance spectroscopy (EIS) was performed for the second
cycle. The cells were galvanostatically discharged and charged at a rate of 0.1C, and
simultaneously internal resistance of the cells were recorded by EIS at different cut-off potential.
As shown in Figure 5.10, the charge transfer resistance (Rct) of Li2Se-NiNG@CNF electrode

always remain lower than Li>S¢-NG@CNF and Li>S¢-CNF electrodes, indicating that the NING
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nanosheets enable much faster charge transfer kinetics, which significantly enhances the redox
kinetics of lithium polysulfides. It is worth to mention that, when the Li>S¢-CNF electrode were
discharged from its complete charged state to 2.1 V (vs. Li/Li"), ohmic resistance (Rq) increased
by a value of 8 Q. This is attributed to severe migration of polysulfides from the Li>Ss-CNF
cathode and dissolution into electrolytes, resulting increase of the viscosity of the electrolyte
medium. In contrast, the Rq value of Li>Ss-NiING@CNF cathodes remain unchanged during the
analysis, demonstrating minimal dissolution of lithium polysulfides. During both the
discharge/charge process, the Warburg diffusion of Li2Ss-NiING@CNF cathode is steeper than
Li2Se-NG@CNF cathode, particularly than Li»Se-CNF electrode, indicating improved Li" ions
conduction (Figure 5.11). Furthermore, Li" diffusion coefficient (Dz;") at the anodic (a) and
cathodic (b, ¢) peaks of the Li-S cell with NiNG are, respectively, 2.1 x 106, 3.6 x 107, and 8.1 x
107 ¢cm? s! (Table 5.1), which are much higher than the Li-S cell without NiNG layer. Such
enhanced Li" ion diffusion coefficient of Li>Ss-NiNG@CNF cathode manifests a favourable
electrochemical environment and accelerated redox kinetics contributed by the catalytic effect of
NiNG during discharge/charge process. To demonstrate the role of NiNG top layer in prevention
of self-discharge, cells with and without NiNG top layer were kept under static condition while

monitoring the open circuit voltage (OCV).
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Figure 5.10 The Nyquist plots of as-prepared electrodes derived from in-situ EIS from 2™ cycle.

The discharge/charge process was carried out at 0.1 C rate.
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Figure 5.11 CVs at different scan rates and corresponding linear fits of the peak currents of Li2Se

based Li-S batteries (a, b) with and (c, d) without NiNG electrocatalyst.

Table 5.1 Summery of Li*-diffusion coefficient (Dz;") values of as-prepared Li-S cathodes with

and without Ni-NG electrocatalyst.

D" (a) D.i" (b) D" ()
Without NiNG 9.02 x 107’ 1.2 x 107 2.4 %108
With NiNG 2.1 x10° 3.6 x 107 8.1 x 107
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Figure 5.12 (a) Comparison of changes in open circuit potential (OCV) of Li-S cells with Li>Se-
NiNG@CNF and Li2S6-CNF electrodes before and after 100 h of rest at room temperature. Digital
photographs of PP separator and Li-anodes after 100 h rest (b, ¢) Li2Se-NiNG@CNF and (d, ¢)
Li2S6-CNF electrodes.

As shown in Figure 5.12a, OCV of the Li-S cell without NiNG topping sharply increased to 2.68
V (vs. Li/Li") just after 60 h of resting time. This can be attributed to the uncontrolled dissolution
of polysulfides from the Li>S¢-CNF cathode, therefore, the overall potential of the cell is mainly
contributed by the Li-anode. On the other hand, OCV in Li2Se-NiNG@CNF cell remained constant
throughout the analysis, indicating very minimal polysulfides dissolution from the bilayer Li>Ses-
NiNG@CNEF cathode. This is further confirmed by disassembling the Li-S cells after their resting
period. As displayed in Figure 5.12b-d, the deep yellow polysulfides can be easily discerned on
the surface of the separator paired with Li»Se-CNF cathode, indicating severe polysulfide
dissolution into the electrolytes. In contrast, the separator paired with bilayer Li>S¢-NiNG@CNF
cathode is much cleaner, only a small amount of polysulfide could be visible, suggesting the

polysulfide dissolution and self-discharge were effectively suppressed. Figure 5.13a demonstrates
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the galvanostatic discharge-charge curves of LixSe-NING@CNF, LixSs-NG@CNF, and LizSes-

CNF electrodes at 0.2 C.
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Figure 5.13 (a, b) Galvanostatic discharge/charge curves of Li2S¢-NiNG@CNF, Li2Ss-NG@CNF
and Li>S¢-CNF electrodes at 0.2 C.

We found the Li2S¢-CNF electrode shows large voltage hysteresis of 270 mV between discharge
and charge plateaus, which is 110 mV higher than the same for Li2S¢-NiNG@CNF and Li2Se-
NG@CNF electrodes (Figure 5.13b). This observation clearly indicates slow redox kinetics of
sulfur species on less conductive CNF surfaces. In addition, a voltage peak appeared at = 2.25 V
(marked by blue circle in Figure 5.13b) in the charge profile also supports the low conductivity
of L12S¢-CNF electrode. During charging, such voltage peak could appear as a result of insufficient
electrical conductivity of the cathode, when some overpotential is required to drive the oxidation
of insulating Li»S2/Li>S to liquid lithium polysulfides. 2°! On contrary, no voltage peak was
observed for LixSe-NING@CNF and LixSe-NG@CNF electrode at that potential of charging,
indicating smooth redox reactions on highly conductive NiNG and NG matrixes. However, we
also notice that the overpotential shown by LixSs-NiNG@CNF electrode at Li>S nucleation point

is as low as 6 mV compared to 23 and 27 mV for Li2Se-NG@CNF and LixSs-CNF electrodes,

103



Chapter 5

respectively (Figure 5.13b). This result establishes the enhance Li>S nucleation kinetics enabled
by NiNG network. Cycling stability is an important indicator to evaluate the property of Li-S
batteries. When cycled at 0.2 C, the LixSs-NiING@CNF cathode produced a high reversible
discharge capacity of 1272 mAh g!' compared to 1253 mAh g! of Li2Se-NG@CNF cathode and
obtained higher capacity retention rate (~89.4 % in Li2Se-NiNG@CNF vs. ~53 % in LizSe-
NG@CNF) after 100 consecutive cycles (Figure 5.14). Both the composite cathodes demonstrated
improved electrochemical performances than the control Li>Se-CNF cathode, which yielded a
discharge capacity of 983 mAh g'! under same current density and retained only 105 mAh g (11 %
capacity retention) after 90 cycles. The severe capacity fading in Li>Se-CNF cathodes can be
ascribed to the uncontrolled dissolution and migration of lithium polysulfides. To gain an insight
of electrochemical process, the capacity-potential profiles of the as-prepared cathodes at 0.2C are
analysed. All Li-S cells based on the Li2Ss-NiNG@CNF, Li2S¢-NG@CNF and Li2S6-CNF (Figure

5.15 a-c) exhibit the typical two-plateau discharge curves through the prolonged cycling.
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Figure 5.14 comparison of cycling performances and coulombic efficiency of as-prepared

electrodes at 0.2 C.
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Figure 5.15 Voltage profiles of Li-S cells with (a) Li2S¢-NiNG@CNF, (b) Li2Ss-NG@CNF and

(c) Li2S¢-CNF electrodes at 0.2 C over 100 cycles.

During the discharge, solid sulfur is firstly get reduced to liquid long-chain polysulfides, forming

higher plateau region at = 2.3 V. The newly formed lithium polysulfides are highly soluble into

electrolytes and can cause notorious “shuttling effect”. Therefore, the capacity obtained at higher

plateau (Qg) is highly related to the lithium polysulfides trapping ability of the host. On the other

hand, the lower plateau region at = 2.05 V is attributed to the liquid-solid phase transformation of

lithium polysulfides to Li>S»/ LizS. Such transformation requires a high energy of activation due

to insulating nature of Li>S2/ LixS. Thus, the capacity generated at lower plateau (Qz) can be

moderated by the electrical conductivity and electrocatalytic properties of the host. Figure 5.16
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displays a comparative study of Qz and Q. values for different cathodes as a function of their cycle
number. As can be seen, the Qx and Q; values in the Li-S cell with Li2Se-NiNG@CNF electrodes
shows higher discharge capacities and excellent capacity retention over 100 cycles, implying high
sulfur utilization, minimal lithium polysulfides dissolution and improved polysulfides conversion

over Ni-NG electrocatalyst.
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Figure 5.16 Comparisons of upper plateau capacity (Qn) and lower plateau capacity (Q) as a
function of cycle number.

The enhanced redox-reaction kinetics and excellent electrochemical reversibility in LiSe-
NiING@CNEF cathode is also reflected in the superior rate capability, in Figure 5.17a. At 0.2 C,
the Li>S6-NiNG@CNF electrode is able to deliver a high discharge capacity of 1262 mAh g
When the current density raised to 0.5 C and 1C, the discharge capacities are still stabilized at

1128 and 1012 mAh g!, respectively. Even at high rate of 3 C, the reversible discharge capacity
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could reach as high as 848 mAh g'!. More importantly, when the current rate is shifted back to 0.2
C, the Li2Se-NiNG@CNF cathode restores almost 91 % of its initial capacity, which is much
higher than the capacity retention value (74 %) of Li2Se-NG@CNF cathode. This result signifies
that the Li2Se-NiING@CNF cathode has better rate tolerance, probably attributed to low charge

transfer resistance and excellent electrocatalytic properties of NiNG nanosheets.
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Figure 5.17 (a) rate performances at different current densities of Li-S cells with Li>Se-
NiING@CNF, Li2S6-NG@CNF and Li>Ss-CNF cathodes. (b) Discharge/charge profiles of Li-S

cell with Li2Se-NiNG@CNF electrodes at different current rates.
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Figure 5.18 long-term cycling performance of the cell with Ni-NG@CNF cathode at a current rate

of 1 C.

Figure 5.17b illustrates the galvanostatic discharge-charge curves of LixSe-NiNG@CNF
cathodes at different current densities. The graphs able to demonstrate two distinct plateaus even
under high current rates. Furthermore, long-term cycling under high current rate has also been
performed for Li>2Se-NiNG@CNF electrode. As shown in Figure 5.18, the Li-S cell with Li>Se-
NiNG@CNF cathode delivers an initial discharge capacity of 1012 mAh g™ at 1 C and retain 805
mAh g! after 300 cycles, corresponding to capacity fading rate of as low as 0.06 % per cycle. Post
Cycling SEM characterization of Li-anodes provide additional evidence of controlled polysulfide
shuttling when paired with Li2Ss-NiNG@CNF cathode. After 100 cycles, the morphologies of the
Li-anode in LixSe-NiNG@CNF cell display a relatively uniform and smooth surface (Figure
5.19a-b) with very low sulfur content of only 2.23%. In sharp contrast, mossy growth of SEI and
highly porous Li-anode was noticed for Li2Ss-CNF cathode after similar number of cycling, and
the sulfur content can be measured to be as high as of 17.18%, indicating severe shuttling of

polysulfides into anodic compartment.
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Figure 5.19 SEM images and EDX sulfur mapping of Li-metal surfaces after 100 cycles with (a)

Li2Se-NiNG@CNF and (b) Li2Ss-CNF electrodes.

The high sulfur loadings and low electrolyte volume/ sulfur mass ratio (E/S) is crucial to practical
applications of Li-S batteries. In light of this, cyclability of the Li2Se-NiNG@CNF cathodes with
high sulfur loadings and low electrolyte amounts are investigated. To understand the variation of
electrochemical performance in the Li2S¢-NiNG@CNF cathode at various E/S ratios, cells were
made with sulfur loading of 4 mg cm™ and E/S was varied from 12 uL mg ! to 7 pL mg"!. When
cycled at 0.2 C, the Li-S battery with E/S ratio 7 pL mg "' exhibits a reversible capacity of 951
mAh g! compared to 1043 mAh g! of the Li-S cell with E/S ratio 12 uL mg ! (Figure 5.20).
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Figure 5.20 Cyclability of Li2S¢-NiNG cathode at 0.2 C rate with different Electrolyte/Sulfur

ratios (E/S: 7 and 12 uL mg 'susur) are compared. Sulfur mass of tested electrodes are 4 mg cm .

This can be ascribed to sluggish reaction kinetics under low E/S condition.?*? Nevertheless, the
capacity retention value after 100 cycles under both E/S condition is almost comparable (88 % for
E/S: 7 vs. 91 % for E/S:12), implying high sulfur utilization and enhanced redox kinetics enabled
by the highly conductive NiNG network even under lean electrolyte condition. Furthermore, the
cycling stability of Li»S6-NiNG@CNF cathodes with higher sulfur loadings (4, 6 and 8 mg cm™)
have been performed at 0.1 C. The E/S ratio for all these cells were controlled to be 7 pL mg ..
As shown in Figure 5.21a the Li2Ss-NiNG@CNF cathodes deliver an initial reversible capacity
of 4.3 (1102 mAh g!) and 5.8 mAh cm™ (961 mAh g'!) at 0.1C with a sulfur loading of 4 and 6
mg cm, respectively and retain 4.11 (1053 mAh g') and 5.08 mAh cm™ (841 mAh g!) after 100
cycles. When the sulfur loading was further increased to 8 mg cm™, the Li-S cell still approaches
a high reversible capacity of 6.8 mAh cm™ (822 mAh g!) and recovered 97 % of its initial capacity
after 50 cycles (Figure 5.21b). The galvanostatic discharge-charge profiles in Figure 5.21c¢
demonstrates no significant voltage hysteresis between discharge-charge curves even with high

sulfur loadings.
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Figure 5.21 (a) Comparison of cycling performance of Li>Ss-NiING@CNF cathode with sulfur
mass 4 and 6 mg cm 2 at current rate of 0.1 C. E/S ratio of both Li-S cells are controlled at 7 uL
mg 'surur. (b) Cycling performance of Li>Ss-NiNG@CNF cathode with high sulfur loading (8 mg
cm ) and low E/S (7 pL mg'suifur) at 0.1 C. First 4 discharge/charge cycles were tested at 0.05 C.
(c) Galvanostatic discharge/charge curves of Li-S cells with different sulfur mass and same E/S at
0.1 C.
5.4 Conclusion

In summary, we developed a freestanding bilayer cathode consisting of carbon nanofiber (CNF)
and nickel and nitrogen co-doped graphene (NiNG). The bottom component of this cathode is
composed of mixed phase CNF and NiNG while the top component is made of only NiNG.

Benefitting from the unique structural design, this bilayer cathode not only improves the utilization
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of active material and high-loading capability but also provides physical / chemical confinement
to the escaping polysulfides. More importantly, the NiNG electrocatalyst is polar enough to trap
the polysulfides and facilitate their redox conversion during extensive cycling and ensures anode
stability. Accordingly, the cycling stability and rate-capability of Li-S cells with LixSe-
NiNG@CNF cathode has significantly improved compared to the cells with LixSe-NG@CNF and
Li2S6-CNF electrodes. In terms of electrochemical performance, this Li>Se-NiNG@CNF bilayer
cathode exhibits a high specific capacity (1272 mAh g™ at 0.2 C), superior rate-capability (848
mAh g at 3C) and long-term cycling stability (only 0.06% capacity decay per cycle over 300
cycles). Moreover, this bilayer cathode could achieve high sulfur loadings (4-8 mg cm ) and

exhibit excellent electrochemical performances even under lean electrolyte condition
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Conclusion and Future Prospective

6.1 Conclusion

In this thesis, different cathode structures were developed to improve the electrochemical
performances of Li-S batteries. With this aim, various nanostructured cathodes have been explored
to address the practical issues of Li-S batteries such as, insulating nature and volume expansion in

active materials, low active material utilization, and intermediate polysulfide dissolution / shutting.

First, a new class of sulfur active material was developed by inverse vulcanization between two
eco-friendly sources, sulfur and squalene. Covalent bonding between squalene (organic moiety)
and sulfur molecules effectively suppresses the active material dissolution and migration during
consecutive charge-discharge process. With such merit, the sulfur-rich copolymer (SP)
demonstrates superior electrochemical performances as compared to that of elemental sulfur. For
further improvement in electrochemical performances, SP was combined with two-dimensional
graphene (G) and three-dimensional graphene-carbon nanotubes (G-CNT) matrixes. The three-
dimensional SP@ G-CNT composite shows high discharge capacity value, improved cycling
stability and excellent rate performances compared to that of two-dimensional SP@G. This is
attributed to the 3D interlinked Sp? G-CNT network, which not only improve the 3D electrically
conductivity of the composite for better active material utilization, but also enhance the polysulfide
entrapment capability and acts as a mechanical buffer against the huge volume change of active
material.

Second, a nitrogen-doped mesoporous carbon (NMC) with hierarchical pore architecture was
synthesized for high performance Li-S batteries. The materials contain nanopores (< 2 nm) and
mesopores (2 — 4 nm), derived from carbonization of porous amine (NH»)-functionalize metal

organic frameworks (NH2-MOFs). Subsequently, sublimed sulfur was infused into the porous

113



Chapter 6

NMC by simple melt-diffusion method. Through the synergistic effect of nanopores and
mesopores, the porous matrix can endow an exceptionally high ion—accessible surface area and
low ion diffusion barrier. This conductive host not only improve the active materials utilization
but also alleviate the large volume change of sulfur during electrochemical reaction. Besides, the
successful N-doping can provide an additional interaction to the migrating lithium polysulfides.
Exploiting the interaction between amidogen (NH»2) groups of NH>-MOFs and the surface
functional groups of graphene oxide (GO), a layer-by-layer (LBL) assembled membrane (NH»-
MOF-GO) was prepared by simple vacuum filtration technique and was utilized as an interlayer
in between the cathode and the separator (PP). This freestanding permselective membrane can
interact to the migrating lithium polysulfides in both physical and chemical ways. Therefore, the
newly configured interlayer not only suppress the polysulfide migration, but also ensure the
lithium anode stability. As a result, compared with the NMC-S/PP, this rationally designed NMC-
S/NH2-MOF-GO cell shows an obviously improved electrochemical performance, including
discharge capacity and high-capacity retention.

Third, a sophisticated bilayer cathode structure was fabricated to increase the sulfur loading,
active material utilization and the enhance areal capacity. A simple vacuum filtration technique
was adopted to fabricate the freestanding and flexible bilayer cathode. Bottom layer of this cathode
consists carbon nanofiber (CNF) and nickel nanoparticles decorated nitrogen-doped graphene
(NiING). The top layer is composed of only NiNG. The integrated CNF and Ni-NG matrixes in the
bottom layer not only host the active material but also ensure their high utilization efficiency.
Besides, intertwined CNF network possesses abundant void spaces to buffer the volume expansion
of the active material. With the presence of nickel nanoparticles, the top NiNG layer accelerates

the polysulfide conversion kinetics and effectively block the polysulfide migration. To maximize
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the potential of this bilayer host, Li2Se / electrolyte solution (catholyte) was used as active material
due well-dispersibility of the catholyte and drop-casted onto bottom layer of the bilayer host.
Benefitting from such advantageous structural features, the bilayer Li>Se-NING@CNF cathodes
demonstrates low voltage polarization, improved cycling stability and excellent rate performance.
In addition, high sulfur loading up to 8 mg cm™ and an areal capacity of 6.8 mAh cm™ were
achieved at low electrolyte to sulfur (E/S) ratio of 7 uL mg™.

Overall, the work demonstrated in this thesis mainly focused on nanostructure design of cathodes
and improving the electrochemical performance of Li-S batteries. Various strategies were adopted,
such as developing new-class of sulfur active material; using nitrogen-doped porous carbon as
sulfur host, functionalized-MOF interlayer design and implicating electrocatalysts to accelerate
the redox kinetics have been strategically explored to address the various issues of cathode.
Different physical and electrochemical studies have been conducted to understand the relationship
among the physical properties of the cathode, the cell configuration, and the electrochemical
performances. In this context, the findings of this doctoral work on cathode modification and
understanding the contribution of such ‘Smart’ cathodes for improving the electrochemical

performances will be beneficial to realize high-performance lithium-sulfur batteries.

6.2 Future Prospective

After Li-Ion battery, lithium-sulfur battery have emerged as most promising candidate for long-
range EVs and HEVs. However, several issues like, insulating nature and volume expansion in
active material; dissolution and shuttling of intermediate polysulfides; and anode degradation still
exist. Therefore, it is essential to circumvent these challenges to avail practical application of

lithium-sulfur batteries. Regarding this we will provide some suggestions for future work:

115



Chapter 6

For cathode, nitrogen atom doped porous carbon should be preferred as sulfur host to overcome
the low conductivity and the volume expansion of sulfur. Besides, such dopant sites can interact
to the escaping polysulfides and retard their migration to a certain extent. However, high surface
area and high porosity of the host also lead to the less compact electrode structure. Therefore, more
electrolytes will be required to sufficiently wet all the electrode surfaces. This will increase the
electrolyte/sulfur (E/S, pL mg™) ratio and reduce the overall energy density values of the Li-S cell.
On that context, a systematic study is required for the optimization of the surface area and porosity
of the sulfur host to obtain improved electrochemical performances at low E/S ratio. Considering
the commercial feasibility, such sulfur composite can be combined with a conductive additive
(such as Ni nanoparticles) with electrocatalytic activity. Therefore, such conductive additives not
only improve the electronic conductivity of the electrode for better sulfur/polysulfide utilization,
but also accelerate the polysulfide conversion reaction kinetics. With such cathode modifications,
dissolution and shuttling of polysulfides can be minimized. The low electrolyte/sulfur (E/S) ratio
is crucial to increase the overall energy density values of Li-S cells. Excess electrolyte uptake will
add considerable weight to the Li-S cell and reduce the specific energy density. In this thesis, the
minimum E/S value we have reached is 7 uL mg™!. However, E/S <5 pL mg™! can also be pursued.
To achieve a safe and high energy Li-S battery, the effective utilization and protection of highly
reactive lithium metal is also important. Regarding this, stabilizing the anode by coating of an
artificial layer or some facile interlayer design could also be explored. To our best knowledge, a
perfect combination of rationally designed cathode and stable anode is crucial for high-performing,

long-lasting lithium-sulfur batteries.
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APPENDIX: NOMENCLATURE

Abbreviations/Symbols Full name

a.u. Arbitrary unit

Ar Argon

BET Brunauer-Emmett-Teller

BJH Barrett-Joyner-Halenda

CB Carbon black

CNT carbon nanotube

CvV Cyclic Voltammetry

C-rate Current rate

DI de-ionized

DMC Dimethyl carbonate

EC Ethylene carbonate

EIS Electrochemical Impedance Spectroscopy
EVs Electric vehicles

FESEM Field-Emission Scanning Electron Microscopy
FTIR Fourier transform infrared spectroscopy
g Gram

rGO Reduced Graphene oxide

h Hour

Hz Hertz

1 Intensity
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HEVs Hybrid electric vehicles

HRTEM High-resolution transmission electronic spectroscopy
JCPDS Joint Committee on Powder Diftraction Standards
Li Lithium

LIBs Lithium-ion Batteries

M Molar concentration

mAh g! Milli ampere hour per gram

min Minute

mm Millimeter

nm Nanometer

NMP 1-methyl-2-pyrrolidinone

PC Propylene carbonate

PTFE Polytetrafluoroethylene

PVDF Poly(vinylidene difluoride)

Ret Charge transfer resistance

Rao Ohmic resistance

SAED Selected area electron diffraction
SEI Solid Electrolyte Interface

SEM Scanning electron Microscopy
TEM Transmission electron microscopy
TGA Thermogravimetric analysis

XRD X-ray diffraction

° Degree
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Ohm

°C Degree Celsius
Zw Warburg impedance
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