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Abstract

Abstract
Rechargeable lithium/sulfur batteries have attracted significant attention due to their high
theoretical specific capacity, high power density and low cost. Nevertheless, sulfur is very
much an electrically insulating material, which leads to poor electrochemical accessibility
and low utilization of the sulfur in the electrode. The polysulfide anions which are formed as
the reaction intermediates are highly soluble in the organic electrolyte solvent, which results
in low active material utilization, low coulombic efficiency and short cycle life of the sulfur
electrode. Many approaches have been investigated for improving the performances of the
sulfur cathode, such as synthesizing sulfur/carbon and sulfur/conducting polymer composites,
adding adsorption additives into the electrodes, modification of the electrolyte, etc. Much
attention has been paid to recent advances in the sulfur cathodes. In my doctoral work,
honeycomb-like sulfur was synthesized via a soft template strategy for lithium/sulfur battery
cathode, which has shown improved electrochemical performance compared to commercial
sulfur particles. Another polypyrrole@sulfur@polypyrrole (PPy@S@PPy) composite with
half-split tubular structure was prepared by the oxidative chemical polymerization method
together with the chemical precipitation method. Moreover, the spray pyrolysis method was
applied to synthesize a porous sulfur/dual-carbon composite with improved electrochemical
performance, which shows great potential for the commercialization of lithium/sulfur
batteries. Finally, an active carbon/nano-sulfur/polypyrrole composite with host-container
architecture was prepared by the spray precipitation method and a subsequent oxidative
chemical polymerization method for lithium/sulfur battery cathode. Further details are as

follows:

Sulfur particles with honeycomb-like morphology were prepared via a cooperative
self-assembly process. The cells with the honeycomb-like sulfur electrode retained a
reversible discharge capacity higher than 650 mAh g for 50 cycles, while the discharge
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Abstract

capacity of the commercial sulfur electrode was 200 mAh g'. Moreover, the honeycomb

morphology is stable and can be maintained during cycling.

Polypyrrole@sulfur@polypyrrole (PPy@S@PPy) composite with a novel three-layer-
three-dimensional (3D)-structure, which consists of an external polypyrrole coating layer, an
intermediate sulfur filling layer, and an internal polypyrrole split-half-tube conducting matrix
layer, has been synthesized by the oxidative chemical polymerization method and the
chemical precipitation method in this PhD thesis work. Due to this unique three-layer-
structure, the PPy@S@PPy composite cathode retained a discharge capacity of 554 mAh g
after 50 cycles, which represents 68.8% retention of the initial discharge specific capacity. It
is concluded that the unique three-layer-structure played an essential role in improving the
performance of the lithium/sulfur batteries. Moreover, the effects of LiNOs additive in the
electrolyte on the coulombic efficiency are discussed to further confirm the containment
function of the external layer of polypyrrole in the PPy@S@PPy composite, which is
evidence that the external layer of polypyrrole can effectively confine the dissolved
polysulfides.

Ternary composites with porous sulfur/dual-carbon architectures have been
synthesized by a single-step spray-pyrolysis/sublimation technique, which is an
industry-oriented method that features continuous fabrication of products with highly
developed porous structures without the need for any further treatments. A double
suspension of commercial sulfur and carbon scaffolding particles was dispersed in
ethanol/water solution and sprayed at 180°C using a spray pyrolysis system. In the
resultant composites, the sulfur particles were subjected to an ultra-short sublimation
process, leading to the development of a highly porous surface, and were meanwhile
coated with amorphous carbon, obtained through the pyrolysis of the ethanol, which

acts as an adhesive interface to bind together the porous sulfur with the scaffolding
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carbon particles, to form a ternary composite architecture. This material has an
effective conducting-carbon/sulfur-based matrix and interconnected open pores to
reduce the diffusion paths of lithium ions, buffer the sulfur volumetric expansion, and
absorb electrolyte and polysulfides. Due to the unique chemistry and the structure, the
composites show stable cycling performance for 200 cycles and good rate capability
of 520 mAh g at 2 C. This advanced spray-pyrolysis/sublimation method is easy to
scale up and shows great potential for commercialization of lithium/sulfur batteries.
Active-carbon — nano-sulfur — polypyrrole composite with host-container architecture
was prepared by the spray precipitation method and subsequent chemical polymerization. In
this architecture, the active carbon acts as a host to adsorb sulfur in its pore spaces, and the
polypyrrole layer works not only as a container to improve the conductivity of the electrode
and prevent the diffusion of dissolved polysulfide, but is also an active material that
contributes extra capacity to the sulfur cathode in the lithtum/sulfur batteries. Moreover, an
interlayer consisting of a flexible film of single-walled carbon nanotubes was inserted
between the cathode and the separator, where it significantly improves the rate capability of
the active-carbon — nano-sulfur — polypyrrole composite cathode in the lithium/sulfur
batteries. The as-prepared composite was applied in lithium/sulfur batteries, where it presents
much better electrochemical performance than sulfur cathode and active-carbon — nano-sulfur

composite cathode.
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Chapter 1 Introduction

Chapter 1. Introduction
1.1. General background and motivation

Clean and efficient energy storage devices are in high demand due to the limited global
energy supply, environmental pollution, and the increasing consumption of energy
worldwide. Among all the energy storage devices, the lithium ion battery is one of the most
important groups since the first lithium ion battery was introduced in 1991. This is becuase of
their relatively high specific capcity, high energy density and superior electrochemical

performance 3

. Lithium ion batteries have been widely used in portable devices, such as
mobile phones, cameras and laptops. They are also of crucial importance for laboratory
equipment, portable instruments, industrial control remote control, and even spaceships.
Nevertheless, due to the limited specific capacity of the current cathode materials in the
conventional lithium ion batteries, it is impossible to meet the requirements of the electric
vehicles that will characterize the transport market of the future, even if the current lithium
ion batteries are fully developed and reach the theoretical capacity of their current cathode
materials. Thus, it is necessary to explore and develop next-generation energy storage
devices. Since lithium /sulfur batterie was first investigated in the 1940s, they have attracted
considerable attention. Especially from the point of view of the high demands of electric
vehicles, lithium/sulfur batteries are considered to be a promising next-generation energy
device along with lithium/air batteries. This is because sulfur has the highest theoretical

26-30

specific capcity among all the known solid cathode materials , and a very high energy

1 14,31-37 38-42

density as wel . In addition, sulfur is abundant in nature, low-cost, and non-toxic

Nevertheless, the fabrication and commercialization of lithium/sulfur batteries have

9, 43, 44, 45-49
encountered a number of challenges

. Firstly, sulfur is very much an electrically
insulating material. Secondly, the densities of S and Li,S are different. Thirdly, the

polysulfide anions are highly soluble in the organic electrolyte solvent. The last but not the
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least, the sulfur-based cathode materials are difficult to be prepared in large scale. These
reasons lead to low active material utilization, low coulombic efficiency, short cycle life of

the sulfur electrode, and difficulty of the commercialization of lithium/sulfur batteries.
1.2. Objectives of the research

In order to overcome the challenges mentioned above, this doctoral research plans to

achieve four main objectives as following:

The first objective is the improvement of the conductivity of sulfur cathode. Sulfur is
very much an electrically insulating material, thus in order to operate the lithium/sulfur
battery, the conductivity of the sulfur cathode must be enhanced. The formation of porous
structure and adding conducting agents are the two approaches. The porous structure
increases the contact surface area between the sulfur and the carbon black, which increases
the conductivity of the electrode; and the porous structured electrode has a faster charge
transfer process, and thus the electrochemical kinetics of the porous sulfur with porous
additive electrode are improved in rechargeable lithium batteries *°. In this PhD thesis work,
the porous sulfur and porous sulfur-based composites have been synthesized for enhancement
of the conductivity of the sulfur cathodes. To introduce conductive agents into the sulfur by
synthesizing composites of sulfur/conductive agents is the second method to increase the
conductivity of sulfur cathode. The conducting agents include mesoporous carbon,

multiwalled carbon nanotubes, carbon fibre, reduced graphene oxide, carbon black 1,5,8,10-15,

31,32, 34, 35, 51-60 18,19, 27,33, 61-64

, and conducting polymers . In this doctoral work, I have applied
active carbon, graphite, MWCNTs, carbon black, and polypyrrole (PPy) to prepare
sulfur/carbon and sulfur/PPy composite as cathode materials in lithium/sulfur batteries.

The buffer of the volume expansion of the cathode is the second objective of this

doctoral work. As the differences on densities of S and Li,S, during the charge and discharge
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processes, the active materials in cathode are easily pulverised because of the volume
expansion. This objective can be achieved by the existence of pores in materials and
conducting polymer coating. The porous structure can provide sufficient space for the
volume change between S and Li,S. In this thesis work, porous sulfur and porous sufur —
carbon composites have been prepared for buffering the volumetric expansion of the cathode.
Moreover, conducting polymers are soft and self-healing, which provides a solution to
problems related to volume expansion and material pulverization. In this thesis work, PPy has
been applied to synthesize the S@PPy composite and PPy@S@PPy composite to buffer the
volume expansion of the cathode.

The third objective is to trap the diffusion of dissolved polysulfides. The diffusion of
the dissolved polysulfides can lead to “shuttle effect”, which results in low active material
utilization, low coulombic efficiency and short cycle life of the sulfur electrode in
lithium/sulfur batteries. The dissolved polysulfide anions can be prevented from diffusion to
the Li anode by five approaches. (1) Porous structure can absorb the soluble lithium
polysulfides formed during discharge, and reduce the dissolution of the active materials into
the electrolyte in some extent. In this doctoral thesis, the designs of the honeycomb-like
sulfur and active-carbon — nano-sulfur — polypyrrole composite are also for this purpose. (2)
The conducting polymer coating can effectively trap the diffusion of the dissolved
polysulfides. In this thesis work, PPy works as a container in PPy@S@PPy composite to
prevent the diffusion of polysulfides. (3) Inserting an interlayer between the separator and the
cathode can serve as an excellent matrix to retain and accommodate dissolved intermediate
polysulfides. In this doctoral work, a SWCNT flexible paper was applied as an interlayer to
contain the diffusion of polysulfide ions. (4) The electrolyte with high viscosity can reduce
the diffusion speed of the polysulfides in some extent. In this thesis work, I have employed

PEGDME 500 and DOL/DME (1:1) as the electrolytes for lithium/sulfur batteries. (5) The
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fixing charging capacity method can prohibit the formation of the long chain polysulfides,
which is the responsible for the capacity decay. In this doctoral work, I also applied this new
charging method to improve the cycling performance of the as-prepared sulfur-based cathode
in lithium/sulfur batteries.

The fourth objective is the production of sulfur cathode materials continuously in
large scale. In my doctoral work, a scalable and continuous-production spray-
pyrolysis/sublimation method developed and applied to produce the porous
sulfur/dual-carbon composites, which shows great potential for the commercialization

of lithium/sulfur batteries.

In summary, the research effort in this doctoral work has been put into sulfur cathode
materials for lithium/sulfur batteries. It can be described in terms of the following directions:
(1) modify the pure sulfur with special morphology; (2) introduce various carbon sources to
synthesize sulfur/carbon composites; (3) apply polypryrrole to prepare sulfur/PPy composite;
(4) employ different synthesis methods to form various morphologies, (5) try different
electrolytes for lithium/sulfur batteries; (6) apply the new charging method to improve the
cycling performance of the lithium/sulfur batteries; and (7) insert a flexible film of SWCNTs
as an interlayer to provent the diffusion of the dissolved polysulfide ions during

charge/discharge processes of lithium/sulfur batteries.

1.3. Thesis structure
A brief overview of this doctoral thesis is outlined as follows:

Chapter 1 simply introduces the general background, major problems, and some
approaches for improving the electrochemical performance of lithium/sulfur batteries,

explains the objectives of the study, and gives an outline of the thesis.

Chapter 2 presents a literature review on lithium/sulfur batteries, including a basic
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introduction to lithium/sulfur batteries, the challenges to be faced for commercializing

lithium/sulfur batteries and the approaches to overcome the challenges.

Chapter 3 presents the chemicals and methods used to synthesize honeycomb-like
pure sulfur, polypyrrole@sulfur@polypyrrolecomposite, sulfur@polypyrrole composite,
porous sulfur/graphite composites and sulfur-carbon, and sulfur-conducting polymer
composite materials. This chapter also briefly introduces the instrumental analysis techniques
used to characterize the electrode materials, including X-ray diffraction (XRD) ,
thermogravimetric analysis (TGA), Raman spectroscopy, scanning electron microscopy
(SEM), field emission scanning electron microscopy (FESEM), transmission electron
microscopy (TEM), energy dispersive X-ray spectroscopy (EDS), Brunauer-Emmet-Teller
(BET) surface area measurements, and electrochemical measurements, including cyclic
voltammetry (CV), galvanostatic charge-discharge cycling, and electrochemical impedance

spectroscopy (EIS).

Chapter 4 investigates the porous morphology of pure sulfur for improving the
electrochemical properties of lithium/sulfur batteries. The cooperative self-assembly process
is introduced and applied to the synthesis of pure sulfur with porous structure, while sodium
dodecyl benzene sulphonate (SDBS) is used as a soft template. The mechanism for the
synthesis of the honeycomb like sulfur particles is explained. The effects of the concentration
of SDBS are studied,. Finally, the electrochemical performance of the as-prepared pure
honey-comb-like sulfur is tested and showed siginificantly improvement compared with

commercial sulfur and the as-prepared sulfur without porous structures.

Chapter 5 investigates conducting polymers to modify sulfur cathode for
lithium/sulfur batteries. A polypyrrole@sulfur@polypyrrole composite (PPy@S@PPy
composite) with a novel three-layer-three-dimensional (3D) structure is proposed by not only
loading sulfur on PPy, but also by coating PPy on sulfur. The composite is synthesized by the
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oxidative chemical polymerization and chemical precipitation methods. In order to analyze
the function of this novel three-layer-structure of the PPy@S@PPy composite, a
sulfur@polypyrrole composite (S@PPy composite) with the same components as the
prepared PPy@S@PPy composite, but without three-layer-structure, was synthesized for
comparison. First, the preparation process is introduced, and then XRD patterns, Raman
spectra, and TGA are employed to confirm the components of these two synthesized
composites. The morphology of the composites is investigated by TEM and SEM, which
confirms the unique split-half-tube structure. This unique split-half-tube structure has many
advantages, such as having higher surface area and improving the amount of sulfur loading,
leading to a thin and uniform coating layer of sulfur. Next, the conductivity, capacity,
reversibility, and rate capability of the composite cathodes are investigated by
electrochemical testing, which confirms the improvements in the electrochemical
performance due to this novel structure. Finally, the effects of LiNO; additive in the
electrolyte on coulombic efficiency are tested, which further identifies the existence of the
external layer of PPy in the PPy@S@PPy composite and confirms the containment function
of the external layer of PPy toward trapping the dissolved polysulfides.

Chapter 6 presents a cost-effective industrially oriented approach, an advanced
in-situ spray-pyrolysis/sublimation method, to continuously produce a porous
sulfur/dual-carbon ternary composite with graphite, carbon black, and multi-walled
carbon nanotube (CNT) scaffolding particles as cathode materials for lithium/sulfur
batteries. A series of experiments were carried out to find the best experimental
parameters, such as temperature, solvent, and scaffolding carbon type. Graphite is
found to be the best form of carbon for this spray-pyrolysis/sublimation system. The
bridging graphite can be bound to porous sulfur by an adhesive interface of amorphous

carbon to form an interparticle conductive matrix. Moreover, the pores on sulfur
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formed from sulfur sublimation and the interconnected open pores from the matrix
increase the contact area with Super-P and electrolyte, decrease the transport pathways
for both electrons and lithium ions, and confine the soluble lithium polysulfides, as
well as providing sufficient space to accommodate sulfur volumetric expansion during
charge and discharge processes. Due to this unique chemistry and structure, the porous
sulfur/dual-carbon composites with graphite present attractive cycling performance
and good high rate capability. The new charging method, which involves fixing the
charging capacity, is also applied to improve the cycling performance of the as-
prepared porous sulfur/dual-carbon composites. The scalable and continuous-
production spray-pyrolysis/sublimation method that has been developed and the novel
architecture of the porous sulfur/dual-carbon composites prepared for the first time in
this work show great potential for the commercialization of lithium/sulfur batteries.

In Chapter 7, the active-carbon — nano-sulfur — polypyrrole composite with host-
container architecture was prepared, where the active carbon acts as a host to adsorb sulfur in
its pore spaces and the polypyrrole layer works as a container to protect the sulfur from
diffusion of the dissolved polysulfide ions in lithium/sulfur batteries. Then, the interlayer of
single-walled carbon nanotube flexible film was inserted between the cathode and the
separator, where it could significantly improve the rate capability of the composite cathode in
lithium/sulfur batteries. The new charging method is also applied to improve the cycling
performance of the as-prepared composites as well. As a result, the as-prepared active-
carbon — nano-sulfur — polypyrrole composite was applied in lithium/sulfur batteries, which
presented much better electrochemical performance than sulfur cathode and active-carbon -
nano-sulfur composite cathode.

In Chapter 8, the general conclusions are summarized and recommendations for

further research work based on this doctoral work are discussed as well.
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References are listed after Chapter 8, followed by publications and awards received

during the period of my PhD study.
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Chapter 2. Literature review
2.1. Berief introduction to lithium / sulfur batteries

Due to limited global energy supplies, environmental pollution, and the increasing
consumption of the energy worldwide, clean and efficient energy storage devices are in high
demand, especially for electric vehicles (EVs) and hybrid electric vehicles (HEVs)™* 2 667,
As shown in Figure 2.1, the existing Li ion cells have a specific energy of up to 200 Wh kg™,
which is not high enough for 200+ mile range EVs®. Thus, the rechargeable lithium/sulfur

battery has attracted significant attention due to its high theoretical specific capacity of 1675

mAh g, which is the highest value among all known solid cathode materials®> >* ®*, In

comparison with conventional lithium ion batteries, Li/S batteries also have higher energy
density at a lower cost. The theoretical power density of a Li/S battery can reach as high as
2500 Wh kg or 2800 Wh L™, based on weight or volume, assuming complete reaction to
Li,g25 67 81-86

, as is shown in Figure 2.2. Moreover, sulfur is abundant in nature, as it is the

seventeenth richest element in the Earth’s crust, and it is also inexpensive and nontoxic®°.
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Figure 2.1 Practical specific energies, estimated driving distances and pack prices of some
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rechargeable batteries '
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Figure 2.2 The theoretical energy density of three rechargeable battery systems based on
active materials only. The units of gravimetric and volumetric energy density are Wh kg™ and

Wh L'l, respectively. M= Ni;;3Mn;;3Co3 2,

Sulfur was first applied as a cathode electrode material by Herbet and Ulam in 1962.
As shown in Figure 2.3, a typical lithium/sulfur battery contains six main parts: the anode,
electrolyte, cathode, separator, binder, and current collector. The details are shown as follows:
(1) Anode: Li metal
(2) Electrolyte: lithtum salt+organic solvent
(3) Cathode: S (composite)+carbon black
(4) Separator : Celgard
(5) Binder: PVDF

(6) Current collector: Al

-10 -
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Discharge

metal Li*

Organic Porous
electrolyte / carbon
+ 5

Li,S

Figure 2.3 Schematic illustration of Li/S cell’.

In a Li/S cell, the overall reaction during discharge can be described as:
Cathode reaction: Sg+ 16 Li+16e” — 8 Li,S; Anode reaction: 16 Li — 16Li" + 16e . Its

average voltage is 2.15 V7.

-11 -
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Figure 2.4 Voltage profile and chemistry of the sulfur cathode in the organic electrolyte in

lithium/sulfur batteries”.

Figure. 2.4 shows a typical discharge and charge voltage profile for the first cycle of a
Li/S cell. Based on the phase changes of the sulfur species, the discharge process can be

divided into five reduction regions:

Step (2.1): A solid-liquid two-phase reduction from elemental sulfur to Li,Sg. In this
region, the thus-formed Li,Sg dissolves into the liquid electrolyte to become a liquid cathode.
Sg +2¢” — Sg& 2.1

Step (2.2): A liquid-liquid single-phase reduction from the dissolved Li,Sg to a low-
order lithtum polysulfide (Li,Se).
Sg* +2 ¢ — S¢* (2.2)
Step (2.3): Li,Se is further reduced to low-order lithium polysulfide (Li2S4).

Se +2¢ — S4& (2.3)

-12 -



Chapter 2 Literature Review

Step (2.4): A liquid-solid two-phase reduction from the dissolved low-order lithium
polysulfide Li,S4 to insoluble Li,S,.
S, +4Li"+2e — 2Li,S, (2.4)
Step (2.5): A solid-solid reduction from insoluble Li,S; to Li,S.
LiS, +2Li"+2e” — 2Li,S (2.5)
It needs to be pointed out that these five steps are the simplified situation. In fact, the
polysulfide anions coexist in the solution through a series of chemical equilibria, due to the

similar Gibbs free-energy (A G°), which is shown in Table 2.1.

Table 2.1 Thermodynamic data of various PS anions (S,”) formed in aqueous solution™.

s with n=2 n=3 n=4 n=>5 n=6 n=7 n=8
AG, k] mol . 774+13 T11.+07 67.1 £ 0.1 66.0 + 0.1 674 +0.1 707 £ 03 749+ 05
AH®, k] mol ! 13.0 6.6 +0.1 9.0+ 0.1 9.6 + 0.1 133 £ 0.1 165:+01 238 +0.2
5° k] mol Tyggest —22 9+4 63+1 100 + 2 139 +1 171+ 4 213+8

In summary, the first three steps correspond to the higher plateau at 2.15-2.4 V in the
voltage profile (Figure 2.3). During the last two steps, the insoluble Li,S; and Li,S are
formed and precipitated at the cathode. The last two steps form the lower voltage plateau at

1.9-2.1 V, which contributes to the major capacity of a lithtum/sulfur battery.
2.2. Challenges of lithium / sulfur batteries

In spite of their considerable advantages, the fabrication of lithium/ sulfur batteries
encounters a number of challenges, including the sulfur cathode, the electrolyte, and the

lithium anode.

2.2.1 Sulfur Cathode

First, sulfur is a highly electrically insulating material®* **'%

, which leads to poor
electrochemical accessibility and low utilization of the sulfur in the electrode. Second, Li,S is

the reduction product of S, which is also electronically and ionically insulating'®*"'"”. Once a

thin Li,S layer completely covers the whole electrode, further lithiation will be largely
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impeded, and the voltage decreases rapidly. Thus, complete conversion of sulfur to Li,S is
very difficult. This is the reason why most reports show the discharge capacity to be less than
80% of the theoretical limit. Third, the polysulfide anions which are formed as the reaction

intermediates are highly soluble in the organic electrolyte solvent'®

. These soluble species
can be reduced to Li,S at the lithium anode surface, passivating the anode and leading to both
material loss and an increase in impedance. Moreover, the dissolution and precipitation
process alters the morphology of the cathode in each cycle, which induces strain inside the
electrode and degrades the cycle life”” """, The dissolution of polysulfides also results in
the so-called “shuttle effect”, where long chain polysulfides diffuse to the surface of the
lithium anode and are reduced to short chain polysulfides'''"'?”. The short chain polysulfides
can then move back to the cathode and be oxidized to long chain polysulfides. This parasitic
process takes place continuously, creating an internal ““shuttle” phenomenon, the mechanism
of which is shown in Figure 2.5. On Li anode, the dissolved polysulfide (PS) can be
electrochemically and chemically reduced, as described by Egs. (2.6) and (2.7), respectively:

(n-1) Li,S, + 2Li"+2e” — nLi»S.i Electrochemical reduction  (2.6)

(n-1) LizS;, + 2Li — nLiySy Chemical redox reaction 2.7)

These parasitic reactions cause such problems as (1) consuming the active sulfur
species, (2) corroding the Li anode, and (3) polarizing the Li anode once the insoluble Li,S
and Li,S; are formed and deposited on the Li surface. This shuttle phenomenon results in low
active material utilization, low coulombic efficiency and short cycle life of the sulfur

9,43
electrode .
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Figure 2.5. Polysulfide shuttle mechanism in lithium/sulfur batteries’.

Moreover, the volume changes of the sulfur cathode during the charge and discharge
processes are also a big problem that needs to be faced. The density of sulfur is 2.07 g cm™',
while the the density of Li,S is only 1.66 g cm™'. Thus, reduction from sulfur to Li,S will lead
to volume expansion as large as 80%, which results in pulverization of the active materials

and fast capacity decay'>*.
2.2.2 Electrolyte

Polysulfide anions are extremely reactive, and they are well known to react with most
of the common electrolyte solvents, such as esters, carbonates, and phosphates. As a result,
suitable electrolyte solvents for lithium/ sulfur batteries are very limited. The ideal electrolyte
solvent for lithium/ sulfur batteries should meet the following requirements: (1) be
chemically stable against polysulfide anions, polysulfide anionic radicals and lithium anode;

(2) has high polysulfide solubility; (3) has low viscosity in polysulfide solution. Based on
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recent research, suitable electrolyte solvents for lithium/sulfur batteries are limited to the
linear and cyclic ethers, such as poly (ethylene glycol) dimethyl ether (M,=500),
Tetraethylene glycol dimethyl ether®, 1,2-dimethyl ether (DME) and 1,3-dioxolane (DOL)" '*
H.13.14.53.56.62. 129 130 " A5 the lithium polysulfides can react with most of the conventional
lithium salts, such as LiPFq, LiBF4, lithium bisoxalatoborate (LiBOB), and lithium
difluoro(oxalato)borate (LiBF,C,04), the choice of lithium salt is also very limited"*'. So far,
only LiSO5CF;'*and LiN(SO,CF3), ** "**have been used as the lithium salt in electrolyte for

lithium/sulfur batteries.
2.2.3 Lithium anode

Dendritic lithium is usually a big safety issue in the lithium cell system, but in
lithium/sulfur batteries, it is not so severe. The dissolved polysulfide can “chemically
dissolve” the lithium dendrites due to the high surface area of the lithium dendrites.
Moreover, the Li,S and Li,S, produced during the reaction between the polysulfide and the
dendritic lithium can form dense surface layers, which will slow down or even fully inhibit
further reaction between the polysulfide and the lithium®. As a result, the main problem with
the lithium anode is not the safety issue, but rather the low coulombic efficiency, the capacity

fading, and the rough/loose morphology of the lithium plating.
2.3. Methods to overcome the challenges

Many approaches have been investigated for improving the performances of the Li/S

battery, such as synthesizing sulfur/carbon composite and sulfur/conducting polymer

8,33, 133-152

composites , adding adsorption additives such as Al,O3 and TiO; to the cathodes 2

17, 65, 76, 153-157 158

, introducing a proctective film for the lithium anode ™, modification of the
electrolyte', and applying the new capacity limited charging technique to improve the

cycling performance.
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2.3.1 Modification of the sulfur cathode
2.3.1.1 Synthesis of carbon-sulfur composite

Carbon has played an important role in the cathode of lithium/sulfur batteries, not
only because of its high electronic conductivity, but also due to its very good polysulfide

1,4,35,43, 51, 133, 137, 160-175 . e
. The conductive carbon can provide sites for the

absorbent properties
reactions of sulfur and polysulfides. It can also trap the polysulfide species. There are four
methods reported for the synthesis of carbon-sulfur composites. The first one is the melt-
diffusion method ® ® % '® 3% 3 which involves heating sulfur to near 160 °C and then
impregnating the melting sulfur into the pores of the carbon. The second one is the solution
method, dissolving sulfur in a solvent such as carbon disulphide (CS,), toluene, o-xylene, or
dimethyl sulfoxide (DMSO), followed by adding porous carbon into the solution to absorb
the dissolved sulfur 7 '> '3 ' The third method is the chemical precipitation method,
depositing sulfur into carbon by decomposition of thiosulfate in acid ' >*. The reaction
equation is as follows:

S,05" + 2H" — S| + SO,1 + H,0. (2.8)

The fourth method involves subliming sulfur into the carbon source °.
2.3.1.1.1. Porous carbon-sulfur composite

Many scientists have tried to synthesize porous carbon-sulfur composites to enhance
the electrochemical performance of sulfur cathode'”” "%,

The Linda F. Nazar group reported spherical ordered mesoporous carbon
nanoparticles/sulfur cathode for lithtum/sulfur batteries synthesized by the melt-diffusion
method. Figure 2.6 presents SEM and TEM images of the spherical ordered mesoporous

carbon nanoparticles/sulfur composite. The composite shows a high reversible charge

capacity of up to 1200 mAh g™ and good cycling stability °.
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Figure 2.6 SEM images of: (a) poly(methyl methacrylate) (PMMA) spheres with ordered
close packing; (b) Silica inverse opal structure; (¢) Octylmethoxycinnamate (OMC) spheres
ordered in opal structure. (d, ) TEM images of spherical OMC nanoparticles (inset: fast

Fourier transforms (FFT) of the indicated squares) °.

Hierarchically structured sulfur/carbon nanocomposite material has been reported to
improve the cyclability and the utilization of sulfur in lithium/sulfur batteries by Chengdu
Liang and his co-workers, as shown in Figure 2.7. 7 In that work, the initial discharge

capacity of the cells could be as high as 1584 mAh g
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Figure 2.7 Illustration of the preparation of sulfur-carbon composite .

As shown in Figure 2.8, Chaofeng Zhang et al. synthesized a new sulfur-carbon
nanocomposite by confining the sulfur in double-shelled hollow carbon spheres for
lithium/sulfur batteries. Figure 2.9 demonstrates that the as-prepared sulfur-carbon
nanocomposite has superior electrochemical performance with high specific capacity, and

excellent cycling stability and rate capability *.

Sulfur

Figure 2.8 TEM image and corresponding elemental mapping of a prepared single double

shelled hollow carbon — sulfur sphere (DHCS-S) ®.
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Figure 2.9 Discharge/charge profiles for selected cycles of: (A) carbon-black — sulfur (CB-S)
and (B) double-shelled hollow carbon spheres-sulfur (DHCS-S) electrodes, (C) cycling

performance of CB-S and DHCS-S , (D) rate capabilities of the CB-S and DHCS-S *.

Moreover, one type of sulfur-carbon sphere composite was reported to enhance the
long-term stability of sulfur cathode for a high energy lithium-sulfur battery system, as is
shown in Figure 2.10 °. Tt is claimed that the sulfur—carbon sphere composite with 42 wt%
sulfur presents the large reversible capacity of about 650 mAh g after 500 cycles at current
density of 400 mA g Tt is concluded that the long-term electrochemical stability of sulfur

cathode can be enhanced significantly by encapsulating sulfur into the narrow micropores of

the carbon spheres.
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Figure 2.10 (a) and (b)TEM images of carbon spheres at different magnification; (c) the

sulfur—carbon sphere composite with 42 wt% sulfur; (d) high angle annular dark field —

scanning TEM (HAADF-STEM) image; (e) energy dispersive X-ray spectroscopy (EDX)
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spectrum; and (f) corresponding line-scanning of sulfur and carbon elements across a selected

area (red line in d) of the sulfur—carbon sphere composite with 42 wt% sulfur.’

2.3.1.1.2. CNT-sulfur composite

Carbon nanotube (CNT) is one type of useful conducting agent that has been
considered to improve the conductivity of sulfur cathode and to confine the dissolved
polysulfides to some extent' ™.

Zhou et al. reported the template-directed synthesis of sulfur-carbon nanotubes for
lithium/sulfur batteries, and the structure of their S-CNT cathode is shown in Figure 2.11.
The discharge capacity of sulfur in this electrode was 712 mA h g”' (23 wt% S) and 520 mA h
g' (50 wt% S) at a high current density (6 A g'). These results demonstrate the great
potential of this sulfur-CNT cathode for Li-S batteries with fast charge—discharge

performance and long life ',

S+2Li*+2e <> Li)S Liy, , Yo~

1\.
Sulphur

Figure 2.11 Schematic diagram of S-CNT cathode '.

Self-weaving sulfur-multiwalled (MW) CNT composite cathodes with high-rate
cyclability have been reported by Manthiram’s group ''. The composite was synthesized by
an in-situ sulfur deposition method, as shown in Figure 2.12. The SEM images and EDS

mapping of the self-weaving sulfur - MWCNT composite are presented in Figure 2.13. The
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composite cathode exhibits high capacities of 1352 mAh g™ at the 1 C rate and 1012 mAh g’'
at the 4 C rate. While the highly conductive MWCNTs improve the active material utilization
at high rates, the absorption capability of the cathode framework localizes the electrolyte and
suppresses the migration of soluble polysulfides. The design and facile synthesis of this

cathode enhance the feasibility of practical high-rate Li—S batteries.

Intertwined MWCNT Bipdar/corrant

collector-free
sulfur-MWCNT
composite cathode

Self-weaving
behavior

Filtering and washing

Dispersed MWCNT Sulfur-MWCNT
composite

Figure 2.12 Schematic illustration of the three-step fabrication process for a self-weaving
sulfur—-MWCNT composite cathodes: (i) dispersion of MWCNTs, (ii) sulfur nucleation

(yellow) onto MWCNTs, and (iii) vacuum filtration, washing, and then drying '
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Figure 2.13 (a) High-resolution SEM image of MWCNTs in the S-CNT-A cathode, (b) SEM

image of the S-CNT-A cathode sample, and (c) elemental sulfur distribution in (b) ',

M. Hagen prepared binder-free CNT cathodes containing the highest total percentage
of sulfur (90%) in the electrode to be reported so far °>. SEM images of the CNT electrodes
sulphurized through different techniques are presented from different points of view and at
different magnifications in Figure 2.14. Tt is reported that the sulphur mass per cm” electrode
can be more than three times as high as in regular slurry-based sulphur electrodes, thus

doubling the volumetric energy density.
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Figure 2.14 SEM images of: (a) vaporization of sulfur with subsequent condensation on CNT
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surface; (b) Sulfur powder melted on CNT at 120 °C; (c) hot toluol + S solution (80 °C)
deposited on RT CNT-electrode; (d) RT toluol + S solution deposited on room temperature
(RT) CNT-electrode; (e) hot toluol + S solution (80 °C) deposited on hot CNT-electrode; and

(f) RT toluol + S solution deposited on hot CNT-electrode °.

2.3.1.1.3. CNF-sulfur composite

High-performance of a hollow carbon nanofiber (CNF)-encapsulated sulfur cathode
(shown in Figure 2.15) for lithium sulfur batteries has been reported by Yi Cui’s group '>. A
high specific capacity of about 730 mAh/g was observed at the C/5 rate after 150 cycles of
charge/discharge. Later, his group also reported the amphiphilic surface modification of the
hollow carbon nanofibers leading to improved cycle life of lithium sulfur batteries . The
modified sulfur cathode shows excellent cycling performance with specific capacity close to
1180 mAh/g at the C/5 current rate. Capacity retention of 80% is achieved over 300 cycles at

C/2 in Figure 2.16.

Sulfur Li+

Figure 2.15 Schematic illustration of the design and fabrication process for hollow carbon

nanofibers/sulfur composite structure 2.
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Figure 2.16 Cycling performance of the electrodes with and without polyviylpyrrolidone
(PVP) modification at C/2; and schematic diagrams of the polymer modified sulfur cathode

before (left) and after discharge (right) B,

2.3.1.1.4. Graphene (oxide)-sulfur composite

Graphene is a single layer of carbon atoms tightly packed into a two-dimensional
(2D) honeycomb sp” carbon lattice, which has attracted a great deal of attention in recent
years because of its intriguing properties, such as high thermal conductivity, superior
mechanical properties, and unusual electronic properties. The surface area of graphene is
2630 m” g', which is hugely favourable for energy storage applications. Graphene is
conductive and easy to functionalize with other molecules '*

Recently, graphene and reduced graphene oxide (RGO) have been used in Li—S cells
as a conductive support and S immobilizer ' 3% 760 132 8188 “ Ay RGO — thermally
expanded graphene (TG) — S nanocomposite with an outstanding high-rate performance for

lithium—sulfur batteries was reported by Yi Shi’s group'®. A schematic illustration of the
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RGO-TG-S nanocomposite for improving cathode performance is shown in Figure 2.17. A
reversible capacity of approximately 667 mAh g™ was observed after 200 cycles at the high

rate of 1.6 A g (0.95 C).

TG-S

Sulfur @

Polysulfide @

Figure 2.17 Schematic illustration of the RGO-TG-S nanocomposite for improving cathode

performance in lithium/sulfur batteries. '*.

A sulfur-impregnated graphene composite with a one-step synthesis was demonstrated
by Min-Sik Park et al.'’. A schematic illustration of the heterogeneous crystal growth
mechanism of S particles in the interior space between randomly dispersed graphene sheets
by precipitation method is presented in Figure 2.18. FESEM images and TEM images of the
S-impregnated graphene composite are shown in Figure 2.19, which demonstrates that the
sulfur particles are very well impregnated into the graphene. The initial discharge capacity is
as high as 1237 mA h g during the first cycle, and good cyclic retention of 67% capacity
after 50 cycles is attained in the voltage range of 1.8-2.6 V vs. Li/Li". Tt is proved that the
sulfur-impregnated graphene composite is a superior cathode material, owing to its
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advantages of confining the active sulfur, preventing the dissolution of soluble polysulfides,

and providing sufficient electrical conduction.

Nucleation Growth
. . N
° - O - 0
graphene sheets S precipitate S particle

Figure 2.18 Schematic illustration of the heterogeneous crystal growth mechanism of sulfur
particles in the interior space between randomly dispersed graphene sheets by the

precipitation method "°.

g ¢

i

15.0kV  X5,000 1,um_ WD 9.9mm Sl 15.0kV  X10,000 Tum WD 9.9mm

Figure 2.19 (a) and (b) FESEM images of S-impregnated graphene composite at different

magnifications; (c) and (d) TEM image of the S-impregnated graphene composite .
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Ding et al. reported an efficient strategy to confine active sulfur in chemically tailored
graphene nanosheets, which were prepared via modified chemical activation of hydrothermal

', As shown in Figure 2.20, sulfur was uniformly

reduced graphene oxide hydrogels
confined in the nanopores of activated graphene nanosheets (AGNs). The sulfur was
uniformly constrained and generated intimate electrical contact with the AGN framework,
and the nanopores, acting as “micro-reactors” for the electrochemical reactions, were able to

trap the polysulfide species and accommodate the volume expansion, leading to high specific

capacity and excellent cycling stability.

S5 AGNs e Sulfur - Lit

Figure 2.20 Schematic illustration of the AGNs/S composites to confine the diffusion of

polysulfide species '°.

2.3.1.2. Synthesis of metal-oxide — sulfur composite

In order to trap the dissolved polysulfides in the cathode, many reseachers have tried
to introduce metal oxide into the sulfur cathode of lithium/sulfur batteries, such as Al,O3 and

TiO, > 1765129
2.3.1.2.1. AL,O3-sulfur composite

Y. J. Choi demonstrated that a sulfur electrode containing nano-Al,Os particles
showed good cycling performance and higher discharge capacity of 660 mAh g~ compared
to sulfur electrode without nano A1203129. It is therefore concluded that the addition of
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nanosized Al,Os particles has a beneficial effect towards preventing the dissolution of lithium

polysulfides in liquid electrolyte.
2.3.1.2.2. TiO;-sulfur composite

Linda F. Nazar’s group reported that a cell containing TiO, with a 5 nm pore diameter
exhibited 37% greater discharge capacity retention after 100 cycles than a cell without the
titania additive *. The discharge capacity of the cell still remained above 750 mAh g™ after

200 cycles, as shown in Figure 2.21.
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Figure 2.21 Schematic illustration of the concept of polysulfide reservoirs vs. no reservoirs

and the cycling performance of silica colloid monolith (SCM)/S-a-TiO,".

Yi Cui’s group demonstrated the design of a sulfur—TiO, yolk—shell nanoarchitecture
with internal void space to accommodate the volume expansion of sulfur, resulting in an
intact TiO, shell to minimize polysulfide dissolution '’. The working mechanisms of the bare
sulfur particles and the yolk—shell TiO,-S are shown in Figure 2.22. The bare sulfur particles
undergo large volumetric expansion and polysulfide dissolution upon lithiation, as presented
in Figure 2.22(a). The core—shell morphology provides a protective coating, but as shown in
Figure 2.22(b), cracking of the shell will take place upon volume expansion of sulfur during

lithiation, resulting in polysulfide dissolution as well. In Figure 2.21(c), the yolk—shell
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morphology provides internal void space to accommodate the volume expansion of sulfur
during lithiation, leading to a structurally intact shell for effective trapping of polysulfides.
As a result, an initial specific capacity of 1,030 mAh g™ at 0.5 C and coulombic efficiency of
98.4% over 1,000 cycles are achieved. Most importantly, the capacity decay after 1,000

cycles is as small as 0.033% per cycle, which represents the best performance for long-cycle

lithium—sulfur batteries so far.
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Figure 2.22 Schematic illustration of the working mechanism of bare sulfur particles and

yolk—shell TiO,-S particles '

2.3.1.3 Synthesis of conducting polymer-sulfur composite

As conducting polymers have a chain-like structure and rich functional groups, they

can facilitate chemical trapping of polysulfides'®"'. Thus, a conducting polymer can
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maintain good physical confinement in a similar manner to carbon. Moreover, the mechanical
properties of polymers allow for better accommodation of volume expansion than pure

. 192, 193
carbon coatings

. These merits mean that conducting polymers offer exciting
opportunities for designing sulfur cathodes with superior performance. Last but not least,
conducting polymers are soluble or dispersible in various solvents, which makes the
preparation of polymer-sulfur composites easier, especially by the wet chemical method.

Because the melting point of sulfur is only 115 °C, the reaction temperature should be no

higher than 100 “C during the synthesis in the wet chemical method. '**'%.

J. Wang et al. prepared a novel conducing sulfur-polypyrrole composite by the
chemical polymerization method for lithium/sulfur batteries *>. The nanosize polypyrrole
particles were uniformly coated on the surfaces of the sulfur particles, which significantly
enhanced the discharge capacity and the cycling life of the cells. This is the first time that
PPy was introduced into the lithium/sulfur battery system to improve the performance of
sulfur cathodes.

Yongzhu Fu and Arumugam Manthiram reported that a mixed ionic—electronic
conductor (MIEC) composed of polypyrrole (PPy) synthesized with poly(2-acrylamido-2-
methyl-1 propanesulfonic acid) (PAAMPSA) was explored as an additive in sulfur cathodes
for rechargeable lithium—sulfur (Li—S) batteries”®. The composite shows enhanced
electrochemical performance, which retains a capacity of > 600 mA h g ' at low rates and
500 mA h g ' at 1 C after 50 cycles. They also synthesized a sulfur—polypyrrole composite
consisting of orthorhombic bipyramidal sulfur particles (63.3 wt %) coated with a
polypyrrole nanolayer by a low cost, scalable, environmentally benign process and
investigated it as a cathode material for lithium/sulfur batteries'®. As shown in Figure 2.23,

the well-shaped orthorhombic bipyramidal sulfur particles are coated very uniformly by a

polypyrrole nano-layer, resulting in better electrochemical stability, cyclability, and rate
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capability than pristine sulfur, because the polypyrrole coating works as a conductive matrix

for electron transfer and prevents lithium polysulfide dissolution at the same time.

’é)’ /7» (‘1
\ T @shifury

S ~
,(. \

Figure 2.23 SEM images of: (a) the bipyramidal sulfur particles, (b) magnified sulfur
particles, (c) sulfur—polypyrrole (S—PPy) composite with bipyramidal shape, and (d) a single

S—PPy composite particle .

Yi Cui’s group reported that coating the conducting polymer poly(3.4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) on the surfaces of mesoporous
carbon/sulfur particles can effectively trap the polysulfides, minimizing the dissolution of
polysulfides and the loss of the active mass in the cathode '°. Figure 2.24 shows a schematic
illustration of PEDOT:PSS-coated CMK-3/sulfur composite with improved cathode

performance. On comparing Figure 2.24(a) and (b), it is found that with the conductive
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polymer coating layer, the polysulfides could be confined within the carbon matrix. Lithium
ions and electrons can move through this polymer layer. As a result, the initial discharge
capacity reached 1140 mAh/g. And the discharge capacity was still over 600 mAh/g at the
150 cycle. In prolonged cycling, the capacity retention increased from ~60%/100 cycles to
~85%/100 cycles. Coulombic efficiency also increased from 93% to 97%. The cycle life and
coulombic efficiency were markedly improved by coating with the conducting polymer

PEDOT:PSS.

&

polysulfide

polysulfide dissolution

conductive polymer wrapped
CMK-3/S composite

polysulfide containment

Figure 2.24 Schematic illustration of the polysulfide containment of the PEDOT:PSS coating
layer on CMK-3/sulfur composite. (a) In CMK-3/S particles, polysulfides diffuse out of the
carbon matrix during lithiation/ delithiation. (b) With a conductive polymer coating layer,
polysulfides could be confined within the carbon matrix, while lithium ions and electrons can

move through this polymer layer .

-35-



Chapter 2 Literature Review

A novel vulcanized polyaniline (PANI) nanotube (NT)/sulfur composite was
synthesized by Lifen Xiao et Al. via an in-situ vulcanization process. Figure 2.25 presents a
schematic illustration of the construction and discharge/charge process of the sulfur
polyaniline nanotube/sulfur (SPANI-NT/S) composite. Its SEM and TEM images are shown
in Figure 2.26. Due to the protection of polyaniline, the electrode could retain a discharge
capacity of 837 mAh g ' after 100 cycles at the 0.1 C rate and manifested 76% capacity

retention up to 500 cycles at the 1 C rate.

Polymer  vulcanization Polymer + Sulfur

Figure 2.25 Schematic illustration of the construction and discharge/charge process of the

SPANI-NT/S composite .
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Figure 2.26 (a) SEM and (b) TEM images of the neat PANI-NT; (c) SEM and (d) TEM

images of the SPANI-NT/S composite .

2.3.2 Modification of the electrolyte

Electrolyte has been attracted significant attention as it played an important role on
improving the performance of the lithium/sulfur batteries. Many approaches have
investigated to modify the electrolyte for lithium/sulfur batteries.

97 Liwen Ji et al. used the ionic

One is to introduce ionic liquid into the electrolyte
liquid lithium bis(fluorosulfonyl)imide (LiFSI) in 1-butyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide (PYR4TFSI) to modify poly(ethylene glycol) dimethyl
ether (PEGDME) electrolyte for lithium/sulfur batteries with graphene oxide/sulfur as

198

cathode . The ionic liquid (PYR4TFSI) can significantly reduce the viscosity and improve

the ionic conductivity of the PEGDME. The lithium/sulfur cells demonstrated a high
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reversible capacity of 950-1400 mA h g™, and stable cycling for more than 50 deep cycles at
0.1C(1C=1675mAgh).

Another approach is to use lithium nitrate (LiNO3) as an additive '

. Many studies
have demonstrated its effect towards improving the performance of lithium/sulfur batteries,
especially by enhancing the coulombic efficiency. Although the detailed chemical reactions
of LiNOs inside the battery are not fully understood, it has been suggested that the oxidizing
additive forms a stable passivation layer (Li,NO, and Li,SO,) on the lithium metal surface.
This passivation layer can effectively slow down the reduction of polysulfide species at the
lithium surface, resulting in higher Coulombic efficiency close to 98—99%. It is clear that the
passivation film not only protects the lithium anode from chemical reaction with polysulfides,
but also prevents polysulfides from undergoing electrochemical reduction on the lithium
anode surface. The equations are shown as follows:
(x-y)LipSy + 2yLi — xLisS,., chemical reduction (2.9)
(x-y)LisS, + 2yLi" + 2ye” — xLi,S,,  electrochemical reduction  (2.10).

Sheng S. Zhang and Jeffrey A. Read reported that the LiNO; additive can
dramatically improve the cell’s coulombic efficiency *?°. Xiao Liang et al. demonstrated that
a lithium/sulfur battery with 0.4 M LiNOs; modified electrolyte showed improved cycling

performance with coulombic efficiency above 95% and highly stable reversible discharge

capacity of 527 mAh g™ after 50 cycles *°".
2.3.3 The modification of lithium anode

It is well known that the dendrite deposition of Li metal is a major safety problem in
the lithium metal battery system. In lithitum/sulfur batteries, this problem is not so serious as
in other lithium metal batteries, due to the dissolved polysulfides in the electrolyte. The
dissolved polysulfides will diffuse to the lithium anode and react with the lithium dendrites

on the lithium anode, preventing the growth of the lithium dendrites, which can now be called
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“chemically dissolved lithium dendrites”. Although the the lithium dendrite problem is not
very serious, the lithium anode suffers from low coulombic efficiency because of the
polysulfide redox shuttle. Therefore, the lithium anode needs to be modified. As this doctoral
thesis is mainly about the modification o of sulfur cathode, here, I only briefly introduce
several main approaches to protecting the lithium anode: (1) pre-passivation of lithium by
using some sort of reactive chemical to form a stable passivation layer**?; (2) employing Li-B
alloy anode to replace pure lithium®®”; (3) applying a physical barrier layer; (4) using gel
polymer electrolyte instead the liquid electrolyte *°; and (5) preparing a hybrid anode to
protect the lithium anode. As shown in Figure 2.27, Liu’s group designed a Li-S battery using

electrically connected graphite and lithium metal as a hybrid anode to control undesirable

surface reactions on the lithium relating to the polysulfide shuttle phenomenon *'.

Hybrid Anode
S Cathode —

\

h--———--—-‘

Graphite Li

Figure 2.27 Illustration of a lithium/sulfur battery with a hybrid anode consisting of
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electrically connected graphite and lithium metal *'.

2.3.4 Inserting an interlayer between the separator and the cathode

Optimized design of the cell is also critically important for improving the

204210 Recently, Manthiram’s

electrochemical performance of the lithium/sulfur batteries
group reported a novel Li-S cell configuration method that involved the insertion of a
microporous carbon interlayer of MWCNTs between the separator and the regular sulfur
electrode *''. As shown in Figure 2.28, the conductive MWCNT interlayer could not only
improve the electrical contact with the sulfur, but also enabled the flow of Li" ions while

serving as an excellent matrix to retain and accommodate dissolved intermediate polysulfides,

leading to excellent cyclability, long cycle life, and high coulombic efficiency.

(a) 1 (b)

e

/ Shuttle o I < Separator > ,

effect N

‘ Separator ¢ M WCNT-pap

(Lis,)™ < ?

Polysulfides { (US,)"

I Polysulfides
e e

Figure 2.28 Schematic cell configuration of rechargeable Li—S batteries: (a) traditional

configuration, and (b) new configuration with the MWCNT interlayer **

2.3.5 New charging method

It is well known that the diffusion of the dissolved polysulfide ions is the main reason
for the capacity decay in lithium sulfur batteries. Thus, it is important to discover the reason
behind the capacity fading. Manthiram’s group *'? suggested that the long chain polysulfides
(Li,Sg and Li;Sg) which form during the first plateau of the discharge curve are responsible
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for capacity fading. As shown in Figure 2.28, the long-chain polysulphides dissolve in the
electrolyte, diminish the reaction rate, and also intensify the shuttle phenomenon, which leads
to huge capacity fading. To prevent the formation of longer chain polysulfides, Manthiram’s
group applied a new charging method, whereby the batteries were charged up to a fixed
capacity rather than within the conventional voltage window, so that the first plateau could
not be formed. Then the charged cell discharged. It is found that with this new charging

technique, it is possible to achieve very high capacity retention.

a Specific capacity (MAR g-7)
0 a0 800 900 1,200 1,500
275 1266 mAh gt
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2_.5'_1 <4 1 &75 mAR T 5 Y
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Figure 2.29 Recharge strategy for prolonging the cycle life of Li-S batteries: (a) Typical

discharge profile of the Li-S battery. (b) Strategic approach to recharging Li-S batteries. **.

In conclusion, the lithium sulfur battery is the most promising candidate for the next
generation of energy storage systems. It has the highest theoretical capacity among all the
known solid cathode materials and very high energy density, as well as being low-cost and

non-toxic. Although the lithium/sulfur batteries still have a number of challenges to
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overcome, many approaches have been reported to effectively improve the

electrochemical performance. There is still a long and bright way to go to exploit the

potentialities of lithium/sulfur batteries.
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Chapter 3. Experiments

3.1. Overview

In this doctoral work, the logical framework of the experimental routes is illustrated in Figure
3.1. Firstly, pure sulfur or sulfur-conducting-agent composites were synthesized by the self-
template strategy, the spray/pyroylysis/sublimation method, or the spray precipitation
method. Then, a series of physical characterization techniques were used to observe and
confirm the properties of the as-prepared samples, including X-ray diffraction (XRD),
scanning electron microscopy/transmission electron microscopy/energy dispersive X-ray
spectroscopy (SEM/TEM/EDS), thermogravimetric analysis (TGA), Raman spectroscopy,
and the Brunauer-Emmett-Teller (BET) surface area analysis technique. After that, the as-
prepared samples were used to prepare electrodes and assemble cells for lithium/sulfur
batteries. Finally, the corresponding electrochemical performances of the lithium/sulfur
batteries were tested, involving tests of cycling performance, rate capability, charge-dischage

profiles, cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS).
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Soft-template Spray-Pyrolysis/
Strategy Sublimation Method

Polymerization Spray Precipitation
Reaction Method

| XRD | SEM | TGA | Raman | EDS | TEM | BET_

g

cv Cycling Rate Charge-Discharge
Performance Capability Profile

Figure 3.1 Outline of experimental procedures and techniques used in this thesis.

3.2. Chemicals and materials

The chemicals and materials used in this thesis for synthesis, characterization, and

electrochemical tests are summarized in Table 3.1.

Table 3.1. Chemicals and materials for synthesis, characterization, and electrochemical tests.

Purity
Materials/Chemicals Formula Supplier
(%)
1,3-dioxolane C3HgO, 99 Sigma Aldrich
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Australia
Sigma Aldrich
1-methyl-2-pyrrolidinone (NMP) CsHoNO 99.5
Australia
Acetone CH;COCH; 99 Sigma Aldrich
Australia
Activated Carbon C 99 Sigma Aldrich
Australia
Aluminium foil Al N/A China
Sigma Aldrich
Ammonium persulfate (NH4),S,0g >98 Australia
Timcal
Carbon black C N/A
Belgium
Sigma Aldrich
Cetyltrimethylammonium bromide (C16H33)N(CH3);Br 99
Australia
CR2032 type coin cells N/A N/A China
Q-store,
Ethanol C,HsOH Reagent
Australia
Sigma Aldrich
Graphite C N/A
Australia
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Sigma Aldrich
Hydrochloric acid HCI 36.5
Australia
Sigma Aldrich
Hydrogen peroxide H,0, 30 Australia
Sigma Aldrich
Iron (II) chloride FeCl; 97
Australia
Lithium Sigma Aldrich
CF3;SO,NLiSO,CF3 N/A
bis(trifluoromethanesulfonyl)imide Australia
Sigma Aldrich
Lithium metal Li 99.9
Australia
Shen Zhen
Multi-walled carbon nanotubes
C 99 Nanotech
(CNTs)
Port.
Sigma Aldrich
Nano-graphite carbon C 99
Australia
Sigma Aldrich
Oxalic acid H,C,0, 99 Australia
Poly(ethylene glycolo dimethyl CH,0(CH,CH,0),CH, Sigma Aldrich
ether 500 (PEGDME 500) N/A Australia
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Hoechst

Celgard Celanese

Polypropylene separator (CsHe)n
2500 Corporation
USA
Sigma Aldrich
Polyvinylidene difluoride (PVDF) (CH,CF»), N/A

Australia

99.95% Sigma Aldrich
Pure ethanol C,HsOH

absolute Australia

Sigma Aldrich
Pyrrole C4HsN 98

Australia

Sodium dodecyl benzene Sigma Aldrich
C1sH2oNaOsS 99

sulphonate Australia

Sigma Aldrich
Sodium nitrate

NaNO; 99 Australia

Sigma Aldrich
Sodium thiosulphate
NayS,0; 99 Australia
Sodium p-toluenesulfonate CH;C4H4SO3Na 95 Aldrich
Sigma Aldrich
Sulfur S 99.5+

Australia

Triton X-100 C34HgOqy 99 Sigma Aldrich
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3.3. Materials preparation

The preparation methods applied in this doctoral work include the soft-template
strategy, the polymerization reaction, the spray-pyrolysis/sublimation method, and the spray

precipitation method. All the methods are briefly described below.
3.3.1. Soft-template strategy

A template is a kind of organic structure or inorganic structure where an inorganic
material nucleates and grows in a “skin-tight” fashion. After removal of the templating
structure, the geometric and electronic characteristics of the templating structure are
replicated in the material. There are two main kinds of templates: one is the hard templates,
such as porous silica, polystyrene, and colloidal silica spheres. The other is the soft templates,
such as surfactant. The soft-template strategy is widely applied in the synthesis of materials
with unique morphologies, especially the mesoporous structures, in the fields of surface
science, nanotechnology, energy, and the environment’”’. During the preparation of the
mesoporous materials, the organic surfactant molecules play a decisive role in generating
porosity within the building blocks and thus working as templates or structure directing
agents.

In my PhD thesis work, sodium dodecyl benzene sulphonate (SDBS) was choosen as
a soft template for the synthesis of porous sulfur particles. SDBS is an excellent soft template
to form porous structures. As shown in Figure 3.2, the structure of SDBS in aqueous solution
can easily take on different forms, responding to the concentration of SDBS (Cspgs) and the

concentration of salt (Cg,y) in the solution®"?

. When the concentration of SDBS is appropriate,
SDBS prefers to form spherical micelles, which are essential to form a porous morphology.
The mechanism of the pore formation is shown in Figure 3.3. First, after dropping H,C,04
solution into Na,S,03 and SDBS solution, the SDBS lamellar micelles are transformed to

spherical micelles as the concentrations of SDBS and salt decrease. At the same time, the
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sulfur starts to precipitate. Thus, cooperative self-assembly occurs between the sulfur and the
SDBS spherical micelles. Then, many more sulfur particles are produced, resulting in further
condensation. Secondly, after adding a large amount of H,O into the above solution, the
SDBS spherical micelles break, and the SDBS is removed. The sulfur particles with porous

honeycomb-like structure are then finally obtained.

B

Lamellar form micelle forms Spherical micelle forms Spherical micelle breaks
if (1) Cpps)>>1.2 MM if (1) Cspps)>=1.2 MM if Cspps<1.2mM
(2) Cyqany: high (2) ooy low

Figure 3.2 Different types of SDBS structure in aqueous solution.

Figure 3.3 Mechanism of the synthesis of the honeycomb like sulfur particles.
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In summary, the advanced features of the soft-template method include: (1) low
operating temperature; (2) easy preparation process control; (3) mesoporous morphologies by

controlled synthesis.
3.3.2. Polymerization reaction

Polymerization reaction is a process of reacting monomer molecules together in a
chemical reaction to form polymer chains or three-dimensional networks. ' In general, there
are two kinds of polymer. The polymers consisting of repeated long chains or structure of the
same monomer unit (Eq. 3.1) are referred to as “homopolymers”, while the polymers consist
of more than one molecule are referred to as copolymers (Eq. 3.2).

Homopolymers: 4 + 4 + A...— AAA... (3.1)
Copolymers: A + B+ A...— ABA 3.2)
There are two basic ways to form polymers: (1) linking small molecules together, and (2)
combining two molecules (of the same type or different types) with the elimination of a
stable small molecule such as water. >'> >'°

In this doctoral thesis work, polypyrrole PPy, one kind of conducting polymer, was
applied as a conducting agent to prepare S@PPy composite, PPy@S@PPy composite and
active-carbon — nano-sulfur — polypyrrole composite for Li/S batteries. Two kinds of
morphologies of PPy have been synthesized, split-half-tubes and cauliflower, respectively.
The PPy split-half-tubes were synthesised by the oxidative chemical polymerization method.
Liquid pyrrole monomers and sodium p-toluenesulfonate (PTS Na) as a dopant were
dispersed in a cetyltrimethylammonium bromide (CTAB) aqueous surfactant solution. Then,
an oxidizing agent, ammonium persulfate aqueous solution, was gradually added into the
above mixture to initiate the polymerization. All solutions were precooled to 0-5 °C, and the
polymerization in the final mixture went on at 0-5 °C for 12 h. After reaction, the precipitates

were filtrated and washed with deionized water and ethanol, then dried in a vacuum oven at
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60 °C for 12 h. Finally, a black powder was obtained. The cauliflower PPy was prepared on
the surface of the S@PPy composite and the surface of active-carbon — nano-sulfur
composite by an optimized chemical polymerization method using pyrrole monomer, sodium

p-toluenesulphonate (PTS Na) as the dopant, and FeCl; as the oxidant.
3.3.3. Spray-pyrolysis/sublimation method

The spray-pyrolysis/sublimation method is a modified spray-pyrolysis method for
preparing sulfur based materials. The spray-pyrolysis method, in which we have

established expertise *'"*"°

,1s a well-known proven industry-oriented technique, which
can produce high performance cathode or anode active materials for lithium ion
batteries or supercapacitors with highly developed porous structures rapidly and
continuously, but without the need for any further treatments such as washing or
grinding. This method has been widely and successfully used for synthesizing carbon-
coated composite electrode materials for lithium ion batteries, which have shown
significant improvement in their electrochemical performance over their counterparts

made by other methods 218,220, 221

. The conventional spray-pyrolysis technique that has
been explored for producing carbon-sulfur composite materials for lithium/sulfur
batteries is denoted as the “spray-pyrolysis/sublimation technique”. During the spray-
pyrolysis/sublimation process, there is pyrolisation of the organic solvent or other
organic chemicals as well as the sublimation of sulfur. The spray-
pyrolysis/sublimation method is a promising method for synthesizing porous
sulfur/carbon composites. Figure 3.4 presents a photograph of the device used in this
doctoral thesis work for preparing porous sulfur/dual-carbon composite by the spray-
pyrolysis/sublimation method, while Figure 3.5 presents a schematic diagram of spray-

pyrolysis/sublimation device, which includes three main parts: the solution transfer unit,

the reaction unit, and the sample collection unit. During the experiments, the solution, which
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was kept under stirring, was first transferred to the furnace via a nozzle by a peristaltic pump

and the carrier gas. The furnace is the reaction unit, with a 2 m SiO; tube inside. Finally, the

as-prepared samples were collected in a jar by the extractor pump.

Figure 3.4 Photograph of the spray-pyrolysis/sublimation device used in this doctoral thesis

work.
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Heating Element
Heating Elements

Carrier Gas

e xhaust

i
CH,CH,0H

Figure 3.5 Schematic diagram of spray-pyrolysis/sublimation device.

3.3.4 Spray precipitation method

The spray precipitation method is an advanced chemical precipitation method, which

has played a significant role in the fabrication of high-surface-area materials % %

. The spray
precipitation method is known as a simple, single-step, and industry-oriented method. In the
spray precipitation method, a nozzle is applied to reduce the size of the droplets of the
reactants, and then nanomaterials are obtained. Figure 3.6 shows a comparison of the drop
precipitation method and the spray precipitation method, where a sulfur with very fine
particle size has been prepared. The possible reaction mechanism can be explained as
follows: the atomized thiosulfate creates numerous nucleation sites where the surrounding

nuclei inhibit the growth process of the sulfur and help to produce submicron-sized elemental

sulfur particles with higher surface area compared to the drop precipitation methods.
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Moreover, the higher number of nucleation sites helps to achieve a homogeneous distribution

of sulfur particles ***.

(A)

|

(B)

Figure 3.6 Schematic diagram showing the fabrication of (A) drop-precipitated sulfur; (B)
spray-precipitated sulfur. FESEM image of (a) drop-precipitated sulfur, and (b) spray-

precipitated sulfur.
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3.4. Physical and chemical characterization techniques

The techniques for characterization of the as-prepared materials will be introduced in

detail in the following sections.

3.4.1. X-ray diffraction

X-ray diffraction (XRD) is widely applied to detect the structural characterization of
materials. X-rays are waves of electromagnetic radiation, and crystals are regular arrays of
atoms. In this thesis, X-ray powder diffraction was conducted by a GBC MMA diffractometer

in UOW. This XRD devices uses Cu Ka radiation, 1 = 1.54056 A.

3.4.2. Scanning electron microscopy and energy dispersive spectroscopy

A scanning electron microscope (SEM) is a microscope technique to produce images
by scanning a sample with a focused beam of electrons. The interaction between electrons
and the atoms in the sample can give out the information about the topography, composition,
and other properties of the sample surface, such as electrical conductivity. The types of
signals produced by a SEM include secondary electrons (SE), back-scattered electrons (BSE),
characteristic X-rays, specimen currents under illumination, and transmitted electrons. All
SEMs have the standard secondary electron detectors, but the other detectors for all possible
signals are only installed together in a machine as options. The signals result from
interactions of the electron beam with atoms at or near the surface of the sample. Due to the
very narrow electron beam, the most common standard, secondary electron imaging (SEI)
micrographs allow a large depth of field, so that a characteristic three-dimensional
appearance of the surface structure of a sample can be obtained. The powder samples in this
work were either dispersed in ethanol or directly loaded onto an aluminium holder using

carbon conductive tape for SEM observation.

Energy-dispersive X-ray spectroscopy (EDS) is commenly used for the elemental
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analysis or chemical characterization of materials, which is based on the investigation of an
interaction between some source of X-ray excitation and the sample. As each element has a
unique atomic structure, it allows unique set of peaks on its X-ray spectrum. In this thesis, the
morphology, structure, and elemental mapping of the samples were detected with a field-

emission scanning electron microscope (FESEM; JEOL 7500 in UOW).
3.4.3. Transmission electron microscopy

Transmission electron microscopy (TEM) is a microscopy technique to investigate the
morphology, crystal structure, and electronic structure of the materials. In the TEM
equipment, a beam of electrons is transmitted through an ultra-thin specimen, and the TEM
image is formed from the interaction between electrons and the specimen when it passes
through. In this thesis, the samples were dispersed in ethanol and then loaded onto a holey
carbon support film on a copper grid, and the TEM images of the samples were collected by a

JEOL 2011, 200 kV in UOW.
3.4.4. Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a technique for analysis of the chemical
changes or physical weight changes in materials with increasing temperature.””> TGA can
provide information on physical phenomena, such as vaporization, sublimation, absorption,
and desorption, and also can provide information on chemical phenomena, such as
chemisorption, dehydration, decomposition, and solid-gas reactions. In this doctoral work,
TGA was used to determine the sulfur percentageand the carbon ratio in the composite
materials. TGA was performed on a SETARAM Thermogravimetric Analyzer (France). The
sample was placed in an alumina crucible with loading mass of 5-10 mg, depending on the

density of the composite materials.
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3.4.5. Raman spectroscopy

Raman spectroscopy is a spectroscopic technique to observe vibrational, rotational,
and other low-frequency modes in a system, which can be employed to identify the

% In a Raman spectrometer, the energy shift of some laser photons,

component of materials
caused by the interaction between laser light and molecular vibrations, phonons, or other
excitations, gives information on the phonon modes in the system. In this thesis, Raman

spectra were recorded by a JOBIN Yvon Horiba Raman 57 Spectrometer model HR800 in

UOW.
3.4.6. Brunauer-Emmett-Teller (BET) technique

The Brunauer-Emmett-Teller (BET) method has been widely used to measure the
specific surface area and the pore size distribution of a material®*’. The BET surface areas of
samples can be calculated based on the experimental points at a relative pressure of P/Py =
0.05 — 0.25, and the pore size distributions can be calculated by the Barrett-Joyner-Halenda
(BJH) method based on the amount of nitrogen adsorbed at a relative pressure of P/Py= 0.99.
In this doctoral work, nitrogen sorption was measured by a Quanta Chrome Nova 1000 in

UOW in liquid nitrogen.
3.5. Electrochemical Measurements
3.5.1. Electrode preparation

For the preparation of the electrodes, a slurry consisting of a mixture of the electrode
materials with conductive material (e.g. carbon black or Super P) and binder (e.g.
polyvinylidene difluoride (PVDF) in N-methyl-2-pyrrolidone (NMP)) was prepared. The
obtained slurry was coated onto the current collectors (aluminium foil), dried in a vacuum

oven at 50°C for 24h, then pressed at moderate temperature and measured.
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3.5.2. Battery assembly

Battery assembly was carried out in an Ar-filled glove box using CR2032-type coin
cells. The stacking components of a CR2032 coin cell are shown in Figure 3.7. CR 2032
coin-type cells were assembled in the following orders: (1) the working electrode disc was
placed at the positive cap followed by added 1-2 drops of electrolyte; (2) the separator was
then evenly immersed in the electrolyte, and an extra 1-2 drops of electrolyte were dripped;
(3) the lithium foil was placed onto the separator followed by the stainless steel spacer,
spring, and negative cap; (4) finally, the coin cell is tightly sealed, and then rested for at least

12 hours before electrochemical testing.

‘ Negative cap

<> Spring
‘ Spacer
o Lithium

- Separator
AEl» Working electrode

C Positive cap

Figure 3.7 Stacking components of a CR2032 coin cell **.

3.5.3. Electrochemical characterization

Electrochemical measurements were used to characterize the performance of the
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electrodes in lithium/sulfur batteries and included cyclic voltammetry (CV), galvanostatic

charge-discharge measurements, and electrochemical impedance spectroscopy (EIS).

3.5.3.1. Cyclic voltammetry

Cyclic voltammetry (CV) is widely used to study a variety of redox processes and for
obtaining the stability of reaction products and determining the presence of intermediates in
oxidation-reduction reactions in a coin cell, where a pairs of peaks are observed in both
anodic and cathodic curves when a redox reaction occurs. CV is conducted by recording the
response current when cycling the potential of a working electrode at a specified scan rate. In
this doctoral work, the CV data were acquired on a Biologic VMP-3 electrochemical

workstation in UOW.

3.5.3.2. Galvanostatic charge-discharge

The cycling performance, rate capability, and charge-discharge profile of the
materials were investigated by galvanostatic charge-discharge tests, in which the cell is
charged and discharged within a certain cut-off voltage range at a constant current. In this
thesis, the 2032 coin cells were galvanostatically charged and discharged using an automatic

Land” battery tester system in UOW.

3.5.3.3. Electrochemical impedance spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is applied to test the inner resistance
of a coin cell. In the impedance spectrum, the high-frequency semicircle is related to the
kinetic processes, which indicates the charge transfer resistance and the double layer
capacitance; the low-frequency linear tail reflects the solid-state diffusion of lithium ions into
the bulk of the active materials. In this thesis, EIS data were collected on a Biologic VMP-3

electrochemical workstation in UOW.
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Chapter 4. High Performance Pure Sulfur Honeycomb-like Architectures Synthesized

by Cooperative Self-assembly Strategy for the Lithium/Sulfur Battery

4.1. Introduction

Clean and efficient energy storage devices are in high demand due to the limited global
energy supply, environmental pollution, and the increasing consumption of energy'>****. The
rechargeable lithium/sulfur battery has attracted significant attention due to its high
theoretical specific capacity and power density'**'>* %22 Another advantage is that sulfur
is abundant in nature, inexpensive and non-toxic™".

In spite of these considerable advantages, the fabrication of lithium/ sulfur batteries
encounters a number of challenges. Sulfur is a highly electrically insulating material, which
leads to poor electrochemical accessibility and low utilization of the sulfur in the electrode.
The polysulfide anions which are formed as the reaction intermediates are highly soluble in
the organic electrolyte solvent, which results in low active material utilization, low coulombic

9,43

efficiency, and short cycle life of the sulfur electrode™ ™. In order to successfully operate the

lithium-sulfur battery, the elemental sulfur must be well combined with a strong adsorbent to

59, 133, 230, 231

construct a composite cathode , so as to reduce the diffusion of lithium

polysulfides into the electrolyte™ " '* The most promising adsorption agents for the Li/S

. 2,133,231, 232
battery are porous materials such as porous carbon’> ¥ 212

, with which porous structured
sulfur-carbon composites are prepared by coating elemental sulfur on the surface of the
porous carbon materials. The battery performance of these sulfur-carbon composites has
shown significant improvement over elemental sulfur, as the porous structure has the
following positive effects towards improving the electrochemical performance *: (1) the

porous structure absorbs the soluble lithium polysulfides formed during discharge and

reduces the dissolution of the active materials into the electrolyte; (2) the porous structure
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increases the contact surface area between the sulfur and the carbon black, which increases
the conductivity of the electrode; (3) the porous structure electrode has a faster charge
transfer process, and thus the electrochemical kinetics of the porous sulfur — porous additive
electrode is improved in rechargeable lithium batteries. The previously reported methods
used for preparation of sulfur — porous additive composites are quite complicated, however,

as well as being time-consuming, costly, not environmentally friendly, and difficult to scale

up.

'@b%@ s

6056068
Lamellar form micelle forms Spherical micelle forms Spherical micelle breaks
if (1) Cpes)>>1.2 MM if (1) Cgppsy>=1.2 MM if Cispps)<1.2mM

(2) Cigqy: high (2) Cisopy? low

Figure 4.1 Different types of SDBS structure in aqueous solution.

It is therefore promising to try to synthesize pure sulfur with porous structure for Li/S
batteries. In this study, the sulfur particles with honeycomb morphology were prepared via a
cooperative self-assembly process, while sodium dodecyl benzene sulphonate (SDBS) was
used as a soft template to form the porous structure. This method is simple, easily scaled up,
and has low energy consumption. SDBS is an excellent soft template to form porous

213

structures”™ °. As shown in Figure 4.1, the structure of SDBS in aqueous solution can easily

take on different forms, responding to the concentration of SDBS (Cgpgs) and the

1> When the concentration of SDBS is appropriate,

concentration of salt (Cg,y) in the solution
SDBS prefers to form spherical micelles, which are essential to form a porous morphology.

Moreover, SDBS is a non-toxic, biodegradable, and environmentally friendly surfactant. In

addition, SDBS is soluble and can be removed after the reaction by using distilled water. To
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the best of the authors’ knowledge, there has been no report on using this method to prepare
honeycomb-like sulfur particles. It is believed that this method can provide useful guidance
for producing high surface area sulfur for various applications, such as in chemical fertilizers,
the pharmaceutical industry, the rubber and fibre industries, bioleaching processes, anti-

. . . .. . 233
microbial agents, insecticides, fumigants, etc. .

4.2. Experimental section
4.2.1. Materials:

Sodium thiosulphate (Na;S,03), oxalic acid (H,C,0,), sulfur (S), and SDBS were all
purchased from Sigma Aldrich (Australia). All the chemicals were used as received without

any further purification.
4.2.2. Preparation of honeycomb-like sulfur:

Firstly, 3.60 g H,C,04 was dissolved in 250 mL distilled water at room temperature under
vigorous stirring. Subsequently, 3.16 g Na,S,03 was also dissolved in 250 mL distilled water,
and then 0.21 g SDBS was added and stirred vigorously. Afterwards, the H,C,04 solution
was dropped into the Na,S,03 and SDBS solution within 20 minutes. After that, 30 minutes
were allowed for the completion of the reaction under vigorous stirring. Then, over 500 mL
distilled water was added into the solution. A light yellow powder was obtained after
centrifuging. The light yellow powder was then dried in a vacuum oven at 45 °C for 24 hours
after washing several times with distilled water and acetone.

For comparison, sulfur particles without pores were prepared following a similar procedure

in the absence of SDBS.
4.2.3. Material characterization

The structure of the sulfur particles was characterized by X-ray diffraction (XRD)

using a GBC MMA X-ray generator and diffractometer with Cu Ko radiation (A = 1.5418 A),
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employing a scanning rate of 5°/min in the 20 range from 10° to 70°. The morphology of the
sulfur powder was investigated by field emission scanning electron microscope (FE-SEM;
JEOL JSM-7500FA). The specific surface area of the powders was examined by gas sorption

analysis using the Brunayer- Emmett-Teller method (Quanta Chrome Nova 1000).
4.2.4. Electrochemical measurements

The working electrodes were prepared by mixing 50 wt. % as-synthesized sulfur
powder with 40 wt. % carbon black and 10 wt. % polyvinylidene fluoride (PVDF) binder in
N-methyl-2-pyrrolidinone (NMP) solvent. The well-mixed slurry was tape-cast onto a sheet
of aluminium foil substrates. The commercial sulfur was treated in the same way for
comparison. The coated electrodes were dried in a vacuum oven at 45 °C for 48 h and then
pressed. Subsequently, the electrodes were cut to a 1 x 1 cm? size. The loading weight of the
active material is around 1 mg/ cm”. 1 M lithium bistrifluoromethanesulfonamide (LiTFSI) in
poly (ethylene glycol) dimethyl ether 500 (PEGDME 500) was used as electrolyte. 0.1 M
LiNOs salt was used as an electrolyte additive. To compare the effect of the electrolyte,
another  electrolyte =~ was  also  prepared, which is 1 mol/L  lithium
bistrifluoromethanesulfonamide (LiTFSI) in 1,3-Dioxolane(DOL) / 1,2-Dimethoxyethane
(DME) (1 : 1 by volume) with 0.1 mol L-1 LiNO; as an additive. CR2032 coin cells were
assembled in an Ar-filled glove box. Charge-discharge testing was carried out with a LAND
battery test system at a current density of 50 mA g™ with a voltage range of 1.5-3.0 V. Cyclic
voltammetry (CV) and AC impedance measurements were performed using a Biologic VMP-
3 Multichannel electrochemistry workstation at a scanning rate of 0.1 mV s and a frequency

range of 1 00 KHz - 0.01 Hz, respectively.
4.3. Results and discussions

The details of the synthesis processes are presented and the formation of the honeycomb-
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like morphology of sulfur is explained in Figure 4.2. Solution A is 250 mL aqueous solution
with 2.4 mM SDBS and 10 mM Na,S,03, while solution B is 250 mL distilled water with 40
mM H,C,0,. In solution A, the concentration of SDBS is much higher than 1.2 mM, and the
concentration of salt (Na;S,;03) is also quite high, thus the SDBS prefers to form lamellar
micelles. After dropping solution B into solution A, solution C was produced, which is 500
mL distilled water with 1.2 mM SDBS and 5 mM Na;S,03. As both the concentrations of
SDBS and salt decrease, the SDBS lamellar micelles were transformed to spherical micelles
which will form when the concentration of SDBS is equal or only a little bit higher than 1.2
mM and the concentration of salt (Na;S,03) is low. At the same time, the sulfur starts to
precipitate. Thus, cooperative self-assembly occurs between the sulfur and the SDBS
spherical micelles. Then, many more sulfur particles are produced, resulting in further
condensation. Secondly, after adding a large amount of H,O into solution C, the SDBS
spherical micelles break because of the low concentration of SDBS and salt, and then the
SDBS is removed. Finally, the sulfur particles with porous honeycomb-like structure are

obtained.

250 mL H,0,
H,C,044G M) >500 mL H,0

X%,

e
250 mL H50, 500 mL H,0, =1000 mL H,0,
SDBS(2.4 mM), SDBS(1.2 mM), SDBS(<0.6 mM),
Na,S;05(10 mM) Na,C;0,4(5 mM) Na,C,04(<2.5 mM)

Figure 4.2 Details of the synthesis.
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Figure 4.3 Mechanism of the synthesis of the honeycomb like sulfur particles.

The mechanism of the pore formation is shown in Figure 4.3. First, after dropping H,C,04
solution into Na,S,03 and SDBS solution, the SDBS lamellar micelles are transformed to
spherical micelles as the concentrations of SDBS and salt decrease. At the same time, the
sulfur starts to precipitate. Thus, cooperative self-assembly occurs between the sulfur and the
SDBS spherical micelles. Then, many more sulfur particles are produced, resulting in further
condensation. Secondly, after adding a large amount of H,O into the above solution, the
SDBS spherical micelles break, and the SDBS is removed. The sulfur particles with porous
honeycomb-like structure are then finally obtained. Figure 4.4 (a) shows the XRD pattern of
the prepared sulfur particles. The diffraction peaks can be indexed to the structure of space
group Fddd (JCPDS No. 00-008-0247). Figure 4.4 (b) shows a field emission scanning
electron microscope (FESEM) image of the as-prepared sulfur particles with SDBS. 1t is clear

that the morphology is a porous, honeycomb like structure. Figure 4.4 (c) shows that the
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sulfur particles without any pores are agglomerated when SDBS is absent. Thus, the SDBS is
a critical factor for obtaining the porous sulfur particles. The FESEM image of the
commercial sulfur powder in Figure 4.4 (d) shows that the commercial S particles have big

particle size and smooth surfaces.

1600 T C =2.4 mM
0} | rosySRATN
oy i $ ‘\‘\ | T
12001 e - LA\
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3 1000} . XA O3
> soof v ol N
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0 Pecien : Fadit,
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26()

Commercial S

Figure 4.4 (a) XRD pattern of the sulphur particles; (b) FESEM image of as-prepared
honeycomb-like sulfur made with SDBS at high magnification; (c) FESEM image of as-

prepared sulfur particles without SDBS; (d) FESEM image of commercial sulfur particles.

The comparative experiments with different starting concentrations of SDBS were carried
out. As shown in Table 4.1, there are four different starting concentrations of SDBS were
applied, 4.8 mM, 2.4 mM, 1.2 mM and 0.6 mM respectively. After adding 250 mL 40 mM
H,C,04 solution (solution B) into solution A, the concentrations of SDBS in solution C have
reduced to 2.4 mM, 1.2 mM, 0.6 mM, 0.3 mM respectively. Figure 4.5 presents the relative
FESEM images of the obtained sulfur particles in the comparison experiments. It is shown in
Figure 4.5 (a) that there is not any porous structure of the sulfur particles can be observed

when the start concentration of the SDBS is 4.8 mM. Because after adding solution B into
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solution A, the concentration of SDBS reduced to 2.4 mM, thus during all the reaction, the
concentration of SDBS is much higher than 1.2 mM, which is the critical micelle
concentration of SDBS to form spherical micelles. The second condition was using 2.4 mM
as the starting concentration of SDBS, after dropping solution B into solution A, the
concentration of SDBS decreased to 1.2 mM, and has been kept for 30 mins. Thus, the
cooperative self-assembly occurs between the sulfur and the SDBS spherical micelles. Figure
4.5(b) shows that honeycomb-like porous sulfur was obtained. In condition 3, the starting
concentration of SDBS is 1.2 mM, so in solution A SDBS exists as spherical micelles, thus, a
little amount precipitated sulfur can cooperative self-assemble with the spherical SDBS
micelles at the very beginning of the reaction after adding solution B. That’s why there some
pores have been observed in Figure 4.5(c). In the fourth condition, 0.6mM was used as the
starting concentration of SDBS, after the reaction, the final concentration of SDBS is only 0.3
mM, the concentration of SDBS is much lower than the critical micelle concentration of
SDBS(1.2 mM). thus there is no spherical micelles exist during all the reaction progress,
therefore the FESEM images of the obtained sulfur in Figure 4.5(d) shows no pores either.

Based on the discussion above, it was found that the optimum starting concentration of SDBS

was 2.4 mM.
Table 4.1 Parameters of the comparative experiments.
Conditions Starting concentration of Final concentration of SDBS
(Figures in Fig.4.5) SDBS in solution A in solution C
1 (Fig. 4.52a) 4.8 mM 24 mM
2 (Fig. 4.5b) 2.4 mM 1.2 mM
3 (Fig. 4.5¢) 1.2mM 0.6 mM
4 (Fig. 4.5d) 0.6 mM 0.3 mM
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Figure 4.5 FESEM images of the as-prepared sulfur with different starting concentrations of

SDBS: (a) 4.8 mM, (b) 2.4 mM, (c) 1.2 mM, (d) 0.6 mM.

The Brunauer-Emmett-Teller (BET) tests have shown that the specific surface area of the
commercial sulfur powder is 0.2023 m? g'l, whereas the specific surface area of the as-
prepared honeycomb-like sulfur is 1.0990 m? g', which is about 5 times higher than that of
the commercial sulfur powder.

The electrochemical performances of the honeycomb-like sulfur and the commercial sulfur
particles were investigated in the electrolyte of 1 M lithium bistrifluoromethanesulfonamide
(LiTFSI) in poly (ethylene glycol) dimethyl ether 500 (PEGDME 500). Typical cyclic
voltammograms (CV) of the porous sulfur electrode are shown in Figure 4.6 (a). In the first
cycle, there are two main reduction peaks at around 2.4 and 1.8 V, and a small and broad
peak near 2.1 V is also observed. The peak near 2.4 V corresponds to the reduction of

elemental sulfur to higher-order lithium polysulfides (Li2S,, n > 8). The peak near 1.8 V can
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be assigned to the reduction from polysulfides to Li,S. The small and broad peak near 2.1 V
is related to the reduction of higher order lithium polysulfides (Li,Sg) to form lower-order
lithium polysulfides, such as Li,S¢ and Li,Ss 198, which are agreed well with the charge-
discharge curve shown in Figure 4.7, in which the charge-discharge profiles are assigned to
the two-step reaction of sulfur with lithium, a typical process in Li/S batteries. The charge
and discharge potential values of the upper and lower plateaus are stabilized at approximately
2.5 and 2.27 V, and 2.44 and 1.97 V, respectively. Compared to the first cycle, the reduction
peaks in the following cycles are shifted slightly to higher voltage because the
electrochemical reaction during the first discharge process has to overcome the strong
absorbing energy between the sulfur and the conductive matrix®’. From the second cycle, the
intensity of the two oxidation peaks increases with cycling, which indicates that the lithium
ion insertion/extraction into sulfur is an activated process®. Figure 4.6 (b) shows the cycling
performance of the honeycomb-like sulfur electrode in the electrolyte of 1 M LiTFSI in
PEGDME 500. The potential range of 1.5-3.0 V was selected for the continuous charge—
discharge cycling process. During the first 10 cycles, the specific discharge capacity of the
honeycomb-like sulfur electrode increased from 696.9 mAh g to 816.9 mAh g'. These
results are in good agreement with the CV measurements because of the activation process
due to the gradual penetration of the electrolyte into the porous electrode. The discharge
specific capacity slightly decreased after 10 cycles. The cells retained a reversible discharge
capacity higher than 650 mAh g ' for 50 cycles, while the discharge capacity of the
commercial sulfur is only about 200 mAh g'. It is interesting that the discharge capacity of
the initial cycle of the as-prepared sulfur (C(spesy=0 mM) electrode is as high as 1058 mAh !
It can be ascribed to the small particle size of the as-prepared sulfur (Cspgsy=0 mM) particles.
The sulfur particle can be mixed very well with carbon black, thus the usage of the sulfur in

the initial cycle is very high. But it is also very clearly that the capacity decay is dramatically
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due to the non-porous structure. The cell with the honey-comb like Sulfur electrode presents
improved cycling stability due to the following reasons mentioned in the introduction in
relation to the sulfur — porous carbon composite: reduction of the dissolution of the active
materials into the electrolyte, increased conductivity of the electrode, and improvement of the

kinetics of the Li ion reaction with S.
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Figure 4.6 (a) Cyclic voltammograms for the first 4 cycles of the honeycomb-like sulfur
electrode; (b) cycling performances of the honeycomb-like sulfur electrode, as-prepared
sulfur (Csppsy=0 mM) electrode and the commercial sulfur electrode; (c) impedance plots for
the honeycomb-like sulfur electrode, as-prepared sulfur (C(SDBS)=0 mM) electrode and the
commercial sulfur electrode; (d) FESEM image of the honeycomb-like sulfur electrode after

50 cycles.
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Figure 4.7 The charge/discharge profiles of the selected cycles of the honeycomb-like

cathode.

In order to verify that the porous structure is responsible for the good performance of
the Li/S cell, electrochemical impedance spectroscopy (EIS) measurements were carried out
on the commercial Sulfur, as-prepared Sulfur (Cspgsy=0 mM) and honeycomb-like Sulfur
electrodes after 5 cycles (Figure 4.6 (c)). The cell containing honeycomb-like Sulfur shows
smaller charge-transfer resistance than the cell with as-prepared Sulfur (Cspes=0 mM)
electrode and especially the cell with commercial S electrode. Thus, the electrochemical
kinetics of the honeycomb-like sulfur has been improved in rechargeable lithium batteries.
Figure 4.6 (d) shows the FESEM image of the honeycomb-like sulfur electrode after 50
cycles. It is clearly that the honeycomb morphology has maintained in the electrode film
during cycling, which can be ascribed to the positive effects of the porous structure. Although
sulfur has to be dissolved in to the electrolyte during the discharge progress, the pores in
honeycomb-like sulfur can adsorb the dissolved polysulfides and trap the diffusion of the

polysulfides, which is helpful for the honeycomb-like sulfur particles to keep their porous
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morphology.

A comparison of the rate capability between the honeycomb-like sulfur electrode and
the commercial sulfur electrode is shown in Figure 4.8. The discharge capacity of the
honeycomb-like sulfur electrode decreases gradually as the current density is increased from
50 to 1600 mA g, and then it recovers most of its original capacity when the current density
is reduced back to 50 mA g'. After 25 cycles, its discharge capability can still reach 900
mAh g . In contrast, the rate capability of the commercial sulfur electrode is very bad. When
the current density rises to 1600 mA g, the retained discharge capacity of the commercial

sulfur electrode is only about 20 mAh g™'.
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Figure 4.8 The rate capabilities of the honeycomb-like sulfur electrode and the commercial

sulfur electrode.

It is well known that compare to PEGDME 500 solvent, 1,3-dioxolane (DOL) and
1,2-dimethoxyethane (DME) have good ionic conductivity and low viscosity which is

essential to enhance the high rate capabilities® ®’. Thereby, in order to optimize the high rate
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behaviour  of the  honeycomb-like  sulfur  cathode, 1 mol/L  lithium
bistrifluoromethanesulfonamide (LiTFSI) in a mixed solvent of 1,3-Dioxolane(DOL) / 1,2-
Dimethoxyethane (DME) (1 : 1 by volume) with 0.1 mol L' LiNO; as an additive was used
as electrolyte to test the rate capabilities of the honeycomb-like sulfur cathode as well. As
shown in Figure 4.9, when the current densities are lower than 400 mA g™, the honeycomb-
like sulfur cathode in the electrolyte with a mixed solvent of 1,3-Dioxolane(DOL)/1,2-
Dimethoxyethane (DME) (1 : 1 by volume) shows lower capacities than in the electrolyte
with solvent of PEGDME due to high solubility of polysulfides in DOL/DME. But when
current densities are higher than 400 mA g, the honeycomb-like sulfur cathode in the
electrolyte with a mixed solvent of 1,3-Dioxolane(DOL)/1,2-Dimethoxyethane (DME) (1 : 1
by volume) presents much higher capacities than in the electrolyte with solvent of PEGDME.
In addition, when the current density is increasing, the improvement becomes much obvious.
Specifically, the capacities has been improved 140mAh g'at 800 mA g'and 250 mAh g'at
1600 mA g'. Tt further confirmed that the high-rate performance depends on the ion diffusion
speed and the electronic conductivity of the electrolyte solvent. It can be concluded that the
discharge capacity of the batteries depends on the balance between the ionic conductivity and
the dissolution and diffusion of the polysulfide ions.There is a balance between the ionic
conductivity and the dissolution and diffusion of the polysulfide ions. At lower current
densities, the dissolution and diffusion of the polysulfide ions is the deciding factor for
improving the electrochemical performance of lithium sulfur batteries. While, at high current
densities the ionic conductivity plays the much more important roles on enhancing the

capability of the sulfur cathode.
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Figure 4.9 The rate capabilities of honeycomb-like sulfur electrode in PEGDME 500 and

DOL/DME(1/1).

4.4. Conclusions

In summary, sulfur particles with honeycomb-like morphology were prepared via a
cooperative self-assembly process. The batteries fabricated from the as-prepared honeycomb-
like sulfur cathode without any extra adsorption additives show significantly improved
electrochemical performance compared with the batteries using commercial sulfur powder
and even the as-prepared sulfur without honeycomb-like morphology. The cells with the
honeycomb-like sulfur electrode retained a reversible discharge capacity higher than 650
mAh g™ for 50 cycles, while the discharge capacity of the commercial sulfur electrode was
about 200 mAh g'. Moreover, the honeycomb morphology is stable and can be maintained

during cycling.
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Chapter 5. Split-half-tubular Polylyrrole@sulfur@polypyrrole Composite with a Novel

Three-layer-3D Structure as Cathode for Lithium/Sulfur Batteries

5.1. Introduction

Due to limited global energy supplies, environmental pollution, and the increasing
consumption of energy, green and efficient energy storage devices are in high demand in
modern society'** ***. The lithium/sulfur battery is one of the most promising candidates,
because the lithium/sulfur battery has the highest theoretical specific capacity of 1675 mAh g
" among all the solid cathode lithium battery systems®® *’. It also has a very high specific
energy density of 2500Wh kg™ or 2800 Wh L' "% In addition, sulfur is abundant in
nature, low-cost, and non-toxic*®.

Nevertheless, the fabrication of lithium/sulfur batteries has encountered a number of
challenges. Sulfur is very much an electrically insulating material, which leads to poor
electrochemical accessibility and low utilization in the electrode. The polysulfide anions,
which are formed as the reaction intermediates, are highly soluble in the organic electrolyte
solvent. The diffusion of polysulfides to the lithium anode results in low active material

9,43
. In order

utilization, low coulombic efficiency, and short cycle life of the sulfur electrode
to operate the lithium-sulfur battery, conductive agents should be introduced into the sulfur
(by synthesizing composites of sulfur/conductive agents). It has been reported that
mesoporous carbon, multiwalled carbon nanotubes, carbon fibre, reduced graphene oxide,
and carbon black have all been applied to improve the electrochemical performance of the

1, 5,8, 10-15, 31, 32, 34, 35, 51-60

sulfur cathode in lithtum/sulfur batteries . Recently, in addition to the

various types of carbon, conducting polymers have been investigated for lithium/sulfur
batteries as well'® %2733 61-64,
Compared with carbon, conducting polymer has many advantages for the

lithium/sulfur battery system > ®’. First of all, the conducting polymer/sulfur composite
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synthesis process is more feasible, because the synthesis only requires an in-situ one pot route
below 100°C, while the carbonization process usually requires very high temperature (above
600°C), which is higher than the melting point of sulfur (115°C). This makes synthesis of the
carbon/sulfur composite by the in-situ one pot route very difficult. Moreover, conducting
polymers have functional groups and unique chain structures, which can further confine the
sulfur and the dissolved polysulfides by inter- and/or intra-chain bonding®’. In addition,
conducting polymers are soft and self-healing®””, which provides a solution to problems
related to volume expansion and material pulverization. Finally, some polymers are
electrochemically active, so that they contribute some capacity to the lithium/sulfur batteries
by themselves™.

Polyaniline, polyacrylonitrile,polypyrrole(PPy), poly(3,4-ethylenedioxythiophene) —
poly(styrenesulfonate)and polythiophene have been successfully applied in lithium/sulfur
batteries and are reported to significantly improve the performance of lithium/sulfur
batteries'” ** 2***° Among these conducting polymers, PPy is a promising choice because
the redox potential of PPy treated with lithium (2.5 V vs. Li/Li") is in the range of the redox
potential of sulfur cathode in the lithium cell®*. Therefore PPy not only acts as an electrically
conducting agent, but also contributes to the capacity of the S cathode in the lithium/sulfur
batteries. There are two major research directions in the investigation of PPy/sulfur cathode.
One involves coating PPy on the surface of sulfur, while the other involves loading sulfur on
the PPy. Coating with PPy is an efficient method to prevent polysulfide dissolution and to
improve the conductivity between the composite particles. Wang et al. 3 first reported
incorporating conductive polypyrrole into sulfur cathode. Nanosize polypyrrole particles
were uniformly coated onto the surface of the sulfur powder, which significantly improved
the electrical conductivity, the capacity, and the cycling durability in a lithium cell compared

with the bare sulfur electrode. The Manthiram group'® reported coating polypyrrole nano
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layers on orthorhombic bipyramidal sulfur as a cathode material for lithium/sulfur batteries,
which showed better electrochemical stability, cyclability, and rate capability than pristine
sulfur. The role of PPy containment in preventing polysulfide dissolution was not fully
discussed in these two papers, however. Furthermore, coating with PPy makes a limited
contribution to improving the conductivity of the interior of the sulfur particles, which leads
to the low utilization of the sulfur. In contrast, loading sulfur on a PPy conductive matrix is
an efficient method to enhance the conductivity of the composite. Zhang et al. ®' loaded
sulfur on branched PPy to make lithium/sulfur battery cathode, which showed improved
electrochemical performance, although loading sulfur on the surface of the PPy raises the
issue of the dissolution of polysulfides again. In order to obtain a thin and uniform coating
layer of sulfur, the PPy conductive matrix should have high surface area. A special structure

for the PPy matrix thus has to be prepared.

In order to combine the advantages of the two directions mentioned above, a
Polypyrrole@Sulfur@Polypyrrole composite (PPy@S@PPy composite) with a novel three-
layer-3D structure is proposed by not only loading sulfur on PPy but also coating PPy on
sulfur. The composite is synthesized by the oxidative chemical polymerization method and
chemical precipitation method, which has an external PPy coating layer, an intermediate
sulfur filling layer and an internal PPy conducting matrix layer. In order to analyze the
function of this novel three-layer-structure of the PPy@S@PPy composite, a
Sulfur@Polypyrrole composite (S@PPy composite) with the same components as the
prepared PPy@S@PPy composite but without three-layer-structure was synthesized for
comparison. At first, the preparation process is introduced and then the XRD, Raman spectra
and TGA are employed for the components confirmation for these two synthesized
composites. The morphology of the composites is investigated by TEM and SEM, which

confirms the unique split-half-tube structure. This unique split-half-tube structure has many

-77 -



Cha pter 5 Split-half-tubular Polypyrrole@Sulfur@Polypyrrole Composite with a Novel Three-layer-3D Structure as Cathode for
Lithium/Sulfur Batteries

advantages, such as having higher surface area, improving the amount of sulfur loading and
leading to a thin and uniform coating layer of sulfur. Next, the conductivity, capacity,
reversibility and rate capability of the composite cathodes are valued by the electrochemical
testing, which confirms the improvements of electrochemical performance due to this novel
structure. At last, the effects of LiNO; additive in the electrolyte on coulombic efficiency are
tested, which further identify the exist of the external layer of PPy in the PPy@S@PPy
composite and confirm the containment function of the external layer of PPy for trapping the
dissolved polysulfides.

5.2. Experimental section

5.2.1. Materials

Sodium thiosulphate (Na,S,03), oxalic acid (H,C,04), pyrrole monomer, sodium p-
toluenesulphonate(PTS Na), FeCl;, TX-100, cetyltrimethylammonium bromide (CTAB),
ammonium persulfate, and sulfur(S) were all purchased from Sigma Aldrich (Australia). All
the chemicals were used as received without any further purification.

5.2.2. Preparation process:

The preparation route for PPy@S@PPy composite is shown in Figure 5.1. There are
three steps: firstly, PPy split-half-tubes were prepared by the oxidative chemical
polymerization method; sulfur was then loaded on the surface of the PPy split-half-tubes via
the chemical precipitation method to synthesize the S@PPy composite; and finally, an
external PPy layer was coated on the surface of the S@PPy composite by the oxidative

chemical polymerization method to obtain the PPy@S@PPy composite.
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1. PPy split-half-tubes: (oxidative chemical polymerization method)

Pyrrole monomers, Ammonium
CTAB, PTS Na persulfate

7

PPy split-half-tubes

2. S@PPy composite: (chemical precipitation method)

g » Na,5,03, TX-100 | H2Co04 == S@PPy composite

3. PPy@S@PPy composite: (oxidative chemical polymerization method)

¥ , Pyrrole monomers,
PTS Na FeCl;

” PPy@S@PPy composite

Figure 5.1 Preparation route for PPy@S@PPy composite.

5.2.2.1 Preparation of polypyrrole split-half-tubes:

Polypyrrole split-half-tubes were synthesized by the oxidative chemical
polymerization method. 0.3 g liquid pyrrole monomers and 0.25 g sodium p-toluenesulfonate
(PTS Na) as a dopant were dispersed in a 26 mM cetyltrimethylammonium bromide (CTAB)
aqueous surfactant solution. Then, an oxidizing agent, ammonium persulfate (1 g) aqueous
solution, was gradually added into the above mixture to initiate the polymerization. All
solutions were precooled to 0-5 °C, and the polymerization in the final mixture went on at 0-5
°C for 12 h. After reaction, the precipitates were filtrated and washed with deionized water
and ethanol, then dried in a vacuum oven at 60 °C for 12 h. Finally, a black powder was
obtained.
5.2.2.2 Preparation of S@PPy composite as precursor (named S@PPy composite
(precursor)):

Firstly, 32.10 mg of the obtained PPy split-half-tubes were added into 50 mL aqueous
solution with 470 uLL TX-100. After ultrasonication for 3 h, the obtained uniform suspension
was transferred to a 1500 mL aqueous solution with 3 mmol Na;S;0s. Then, 500 mL
thiosulphate solution with 9 mmol H,C,04 was slowly dropped into the suspension under

stirring. Sulfur was precipitated on the PPy split-half-tube network to form the S@PPy
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precursor composite according to the following reaction: Na,S,03 + H,C,04 — Na,C04 +
SO,1T + S| + H,0. After reaction, the precipitates were filtrated and washed with deionized
water and ethanol, then dried in a vacuum oven at 45 °C for 36 h.

5.2.2.3 Preparation of PPy@S@PPy composite:

The polypyrrole layer was coated on the surface of the S@PPy composite by an
optimized chemical polymerization method wusing pyrrole monomer, sodium p-
toluenesulphonate (PTS Na) as the dopant, and FeCl; as the oxidant.

Preparation of Solution One: 57.88 mg sodium p-toluenesulfonate (PTS Na) was
dispersed in 140 mL distilled water under stirring for 30 min with the temperature kept at 0-5
°C. Then 60 pL liquid pyrrole monomer was added into the above solution under stirring for
30 min with the temperature kept at 0-5 °C as well.

Preparation of Solution Two: 217.6 mg FeCl; was dissolved in 30 mL distilled water
under stirring for 30 min with the temperature kept at 0-5 °C.

Firstly, 400 uL. TX-100 and 40 mg S@PPy precursor composite were dispersed in 35
mL Solution One with 15 pL liquid pyrrole monomers and 14.47 mg sodium p-
toluenesulfonate (PTS Na) as dopant and kept under stirring for 1 h, with the temperature
kept at 0-5 °C. Then, 15 mL Solution Two with 108.8 mg FeCl; as an oxidizing agent was
gradually dropped into the above mixture to initiate the polymerization. The mixture was
stirred for 6 h and then aged for another 12 h. All the solutions were precooled to 0-5 °C, and
all the polymerization took place at 0-5 °C. The resultant black aqueous solution was washed
thoroughly with distilled water until free of FeCls. Finally, the black mass was dried at 45 °C
overnight under vacuum to yield PPy@S@PPy powder.
5.2.2.4 Preparation of S@PPy composite for comparison:

As well as the S@PPy precursor composite, another batch of S@PPy composite was

also prepared for comparison. This S@PPy composite has the same ratio of sulfur to PPy as
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in the PPy@S@PPy composite.

Firstly, 33.56 mg of the obtained PPy split-half-tubes were added into 50 mL aqueous
solution with 470 uL. TX-100. After ultrasonication for 3 h, the obtained uniform suspension
was transferred to a 1500 mL aqueous solution with 2 mmol Na;S;0;. Then, 500 mL
thiosulphate solution with 6 mmol H,C,0O4 was slowly dropped into the suspension under
stirring. Sulfur was precipitated on the PPy split-half-tube network to form S@PPy
composite. After the reaction, the precipitate was filtrated and washed with deionized water
and ethanol, then dried in a vacuum oven at 45 °C for 36 h.
5.2.2.5 The mechanism of synthesis of two different morphologies of PPy (split-half
tubes and cauliflower-like particles):

Both the surfactant and the oxidizing agent play key roles in controlling the
morphology *°. During the synthesis of internal PPy, CTAB was used as the surfactant, and
ammonium persulfate was added as oxidizing agent. CTAB is a kind of long-chain cationic
surfactant, which prefers to form a lamellar mesostructure by self-assembly. A lamellar
structure is formed between the cations of the CTAB and the anions of the oxidizing agent
ammonium persulfate in the aqueous solution, which is credited with leading to the growth of
the ribbon-like polypyrrole. The formation of the split-half-tubular polypyrrole nanostructure
is considered to be a result of rolling up the ribbon-like polypyrrole. For the preparation of
external PPy, on the other hand, TX-100 was used, which is a kind of non-ionic surfactant. In
this case, there is no soft template to form the lamellar structure. Thus, the typical
cauliflower-like PPy was obtained.
5.2.2.6 Design synthesis steps:

1° step: To synthesize S@PPy composite (precursor) with the designed sulfur
percentage of 74.9%.

In this experiment, 3 mmol Na,S,03; and 9 mmol H,C,04 were used, and according to the

-81 -



Cha pter 5 Split-half-tubular Polypyrrole@Sulfur@Polypyrrole Composite with a Novel Three-layer-3D Structure as Cathode for
Lithium/Sulfur Batteries

reaction equation: Na,S,0; + H,C,04 — Na,C,04 + SO,1 + S| + H,0, 3 mmol sulfur is
expected to be obtained. As 32.1 mg half-spilt tubes were added, the designed sulfur

percentage should thus be: (3 X32)/(3X32+32.1) X100% = 74.9%. According to the TGA

results, the real sulfur percentage is 73.6%. Thus, the real sulfur percentage is very close to
the designed sulfur percentage.

2" step: To synthesize PPy@S@PPy composite with the designed sulfur percentage
of 62.0%.

In the S@PPy composite (precursor), the sulfur percentage is 73.6%, and thus the
split-half tubular percentage is 100%—73.6% = 26.4%. 40 mg S@PPy composite (precursor)

was used for the preparation, in which the amount of sulfur is 40 X 73.6% = 29.44 mg, and

the amount of split-half tubes is 40 X 26.4% = 10.56 mg. As it is usually possible to obtain 1

mg PPy from 2 pLL Py, 15 pL Py was added in the experiment, and thus about 7.5 mg PPy can
be obtained. Then, the designed sulfur percentage in PPy@S@PPy composite is

29.44/(40.0+7.5) X 100% = 62.0%. The TGA results show that the real sulfur percentage in

the PPy@S@PPy composite is 65.6%. The real sulfur percentage is a little bit higher than the
designed value, but it is still acceptable for design of synthesis a kind of material by chemical
reaction method.

3" step: For comparison with PPy@S@PPy composite, to synthesize S@PPy
composite with a designed sulfur percentage of 65.6%.

In this experiment, 2 mmol Na,S,0; and 6 mmol H,C,04 were used, according to the
reaction equation: Na,S,0; + H,C,04 — Na,C,04 + SO,1 + S| + H,0, so 2 mmol sulfur is
expected to be obtained. As 33.56 mg half-spilt tubes were added, the designed sulfur
percentage should be: (2X32)/(2X32+33.56) X 100% = 65.6%. According to the TGA
results, the real sulfur percentage is 64.7%. Thus the real sulfur percentage is very close to the
designed sulfur percentage.
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There are three main points to realizing the controllable synthesis of the composite:
1. General principles for synthesis of PPy using Py: 2 uL Py — 1 mg PPy
2. Amounts of PTSNa and FeCl; (Mole Ratio): Py:PTSNa = 3:1, Py:FeCl; = 1:3
3. Accurately control the added amount of Py by preparing Solution One and Solution

Two. Only % Solution One and '2 Solution Two are used for the synthesis.

Table 5.1 Summary of the designed and calculated sulfur percentages of S@PPy composite
and S@PPy composite (precursor).

Split-half \Sulfur S percentage
Name \PPy tubes |Designed \Designed 7GA
Y 8 8 IResults
S@PPy composite 33.56 mg |2 mmolx32 g mol’” 65.6% 64.7%
S@PPy composite 32.0mg 3 mmolx32gmol’  |74.9%  |73.6%
(precursor)

Table 5.2 Summary of the calculated sulfur percentages of PPy@S@PPy composite.

S from S percentage
P P \External
Name fom I;J;ite fopi;‘; 0sit};r?”:'ecurfor) Pylay er PPy \Design \TGA
P P P \Designed |ed IResults
(precursor)
PRY@S@PP| 29.44mg 114 56 9 7.5mg  162.0% |65.6%
composite

5.2.3. Physical Characterization:

The structures of the as-prepared sulfur, S@PPy composite, and PPy@S@PPy
composite were characterized by X-ray diffraction (XRD) using a GBC MMA X-ray
generator and diffractometer with Cu Ka radiation (A = 1.5418 A), employing a scanning rate
of 5°min™ in the 26 range from 10° to 70°.Raman spectroscopy was conducted on a JOBIN
YVON HR800 Confocal Raman system with 632.8 nm diode laser excitation on a 300
lines/mm grating at room temperature. Thermogravimetric analysis (TGA) was performed via
a SETARAM Thermogravimetric Analyzer (France) in air to determine the changes in

sample weight with increasing temperature and to estimate the amount of sulfur in the sample.
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The morphology of the samples was obtained with a field-emission scanning electron
microscope (FESEM; JEOL 7500, 5 kV). The specific surface area of the powders was
examined by gas (ultra-high purity nitrogen) sorption analysis using the Brunauer-Emmett-
Teller (BET) method (Quanta Chrome Nova 1000). Transmission electron microscope (TEM)
images and EDS mapping results were also collected (JEOL 2011).

5.2.4. Electrochemical measurements:

The S@PPy composite cathode and PPy@S@PPy composite cathode slurries were
made by mixing 70 wt. % composite with 20 wt. % carbon black and 10 wt. %
polyvinylidenefluoride (PVDF) binder in N-methyl-2-pyrrolidinone (NMP) solvent. The
slurries were spread onto aluminum foil substrates. The coated electrodes were dried in a
vacuum oven at 50 °C for 24 h and then pressed. Subsequently, the electrodes were cut into a
1x1 cm” size. A conventional organic solvent electrolyte consisting of 1 molL™" lithium
bis(trifluoromethane) sulfonamide (LiTFSI) in poly (ethylene glycol) dimethyl ether 500
(PEGDME 500) was used with 0.1 mol L' LiNO; as an additive. To compare the effect of
the electrolyte, another electrolyte was also prepared, which was 1 molL'LiTFSI in 1,3-
dioxolane (DOL) / 1,2-dimethoxyethane (DME) (1:1 by volume) with 0.1 molL™" LiNO; as
an additive.CR 2032 type coin cells were assembled in an Ar-filled glove box. Charge-
discharge testing was carried out with a LAND battery test system at a current density of 50
mA g within the voltage range of 1.5-3.0 V. Cyclic voltammetry (CV) and AC impedance
measurements were performed using a Biologic VMP-3 Multichannel electrochemistry
workstation at a scanning rate of 0.1 mV s and over a frequency range of 1 00 kHz - 0.01 Hz,

respectively.
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5.3. Results and Discussion
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Figure 5.2 X-ray diffraction patterns of S, S@PPy composite, and PPy@S@PPy composite.

Figure 5.2 presents the X-ray diffraction (XRD) patterns of the commercial sulfur,
S@PPy composite, and PPy@S@PPy composite. The diffraction peaks of the three samples
match very well with the standard diffraction lines of sulfur (PDF card No. 00-001-0478),
which can be indexed to the orthorhombic phase with space group Fddd. This indicates that
no phase transformation of sulfur occurs during the in-situ chemical polypyrrole coating
process.

The Raman spectra of bare S, S@PPy composite, and PPy@S@PPy composite are
shown in Figure 5.3, which were obtained with 632.8 nm diode laser excitation at room
temperature. The Raman spectrum of S displays three main peaks below 500 cm™, while the
peaks in the Raman spectrum of PPy are located between 800 and 1700 cm™, which are
identified as the characteristic peaks of C=C backbone stretching of PPy at 1580 cm™, C-H
in-plane deformation at 1050 cm™ and 1080 cm™, C-H out-of-plane bending of oxidized PPy
at 930 cm™', N-H in-plane bending at 1240 cm™, and the ring-stretching mode of PPy at 1320
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ecm” and 1380 cm™, respectively”’. The Raman spectra of S@PPy composite and
PPy@S@PPy composite show not only the three characteristic peaks of sulfur below 500 cm
! but also the typical peaks of PPy between 800 and 1700 cm™. This confirms that the

S@PPy composite and PPy@S@PPy composite contain both elemental sulfur and PPy.

Y c=c
— PPy@S@PPy composite Ring
— S@PPy composite N-H

e s -

Relative Intensity (a. u.)

r +r 1t 1 1 1 r T Tr°
200 400 600 800 1000 1200 1400 1600 1800 2000
Raman Shift (cm™)

Figure 5.3 Raman spectra of S, PPy, S@PPy composite, and PPy@S@PPy composite.

To quantify the amount of the sulfur in the as-prepared S@PPy composite and the
PPy@S@PPy composite, TGA analysis was carried out in air, with heating from 50°C to 800
°C at the rate of 5 °C min™'. As shown in Figure 5.4, the commercial sulfur shows a weight
loss starting at around 115 °C, which is the melting point of the elemental sulfur, and it was
burned completely at around 230 °C. PPy starts to be oxidised at around 220 °C. For the
S@PPy composite and PPy@S@PPy composite, sulfur is burned off at the first weight loss
stage, followed by the decomposition of PPy at the second weight loss stage'®. Thus, the
S@PPy composite contains 64.7 wt% sulfur and 35.3wt% polypyrrole, while the
PPy@S@PPy composite is composed of 65.6 wt% sulfur and 34.4 wt% polypyrrole. As

shown in Figure 5.5, the S@PPy precursor composite is composed of 73.6 wt% sulfur and
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26.4 wt% polypyrrole, so it can be calculated that the PPy@S@PPy composite contains 10.9%
external PPy layer, 65.6% sulfur, and 23.5% inner PPy split-half-tubes. Therefore, the
S@PPy composite and PPy@S@PPy composite have nearly the same components, but with
different structures. Thus, it can be concluded that all the differences in the performance

between the S@PPy composite and PPy@S@PPy composite are only related to the structure.
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Figure 5.4 TGA curves of S, PPy, S@PPy composite, and PPy@S@PPy composite.
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Figure 5.5 TGA curves of: S@PPy composite (precursor) and PPy@S@PPy composite.
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The morphology of the as-prepared PPy was investigated by transmission electron
microscopy (TEM), as shown in Figure 5.6. In Figure 5.6 (a), the morphology of the as-
prepared PPy features split-half-tubes, with diameters around 70-100 nm. It is interesting that
the surfaces of these split-half-tubes are not smooth, which can also be seen in Figure 5.6 (b-
d). It is clear that a great many PPy particles grow in a line to form the split-half-tubular
structure, as shown in Figure 5.6 (d). This unique split-half-tube structure has many
advantages in comparison with previous reports, such as having higher surface area,
improving the amount of sulfur loading, and facilitating a thin and uniform coating layer of
sulfur. The BET surface area of whole tubular PPy is 17.0 m” g in Ref.**, and the sulfur
loading is 30% and 50%. In this work, on the other hand, the surface area of the split-half-
tubular PPy is 57.4 m’g”, and the sulfur loading can be as high as 64.7% and 73.6%. The
contact between the surfaces of the split-half-tubular PPy and sulfur will be increased

compared with the whole tubular structure, and therefore, the conductivity will be increased.

Figure 5.6 TEM images of PPy: (a) panoramic view at low magnification; (b) side view at

high magnification; (c) front view at high magnification; (d) back view at high magnification.
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The morphology of the as-prepared S@PPy composite and PPy@S@PPy composite
was investigated by field-emission scanning electron microscopy (FESEM), as shown in
Figure 5.7. The images of the as-prepared S@PPy composite and PPy@S@PPy composite
reveal that the morphology of these two composites has kept the split-half-tube structure,
with around 100-150 nm tube width, as shown in Figure 5.7(a, b). Figure 5.8 is a TEM image
(secondary electron imaging mode) of the PPy@S@PPy composite. It is shown that the
morphology of the external layer of PPy is typical cauliflower-like particles. TEM images of
the PPy@S@PPy composite are also presented in Figure 5.9 at different magnifications and
from different viewpoints. The images reveal that the morphology of the PPy@S@PPy
composite has kept the split-half-tube structure with around 100 nm - 150 nm tube width. The
surface has also become much smoother than in the as-prepared PPy split-half-tubes. The
morphology of the S@PPy composite precursor for preparation of PPy@S@PPy composite
is also presented in Figure 5.10. It is clearly shown that the morphology has kept the split-

half-tube structure with rough surfaces.

Figure 5.7 FESEM images of (a) S@PPy composite, (b) PPy@S@PPy composite.
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Figure 5.8 TEM image (secondary electron imaging mode) of the PPy@S@PPy composite

Figure 5.9 TEM images of PPy@S@PPy composite at different magnifications and from
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different viewpoints.

Figure 5.10 FESEM image of S@PPy composite as precursor for preparation of

PPy@S@PPy composite.

To verify that the sulfur was uniformly coated on the surfaces of the split-half tubes of
PPy, energy dispersive X-ray spectroscopy (EDS) mapping analysis was carried out on the
S@PPy composite (Figure 5.11 (a-d)). Figure 5.11 (a) is a TEM image of the S@PPy
composite. The red spots in Figure 5.11 (b) correspond to the presence of the element carbon,
and the green spots in Figure 5.11 (c¢) correspond to the element nitrogen, in which C and N
are the elements from polypyrrole. The yellow spots in Figure 5.11 (d) correspond to the
element sulfur. These results show that S is distributed uniformly throughout the whole area
of the S@PPy composite, which indicates that the sulfur has uniformly coated the surfaces of
the split-half tubes of PPy. EDS mapping analysis was also carried on the S@PPy composite
(precursor) for confirming that the sulfur was uniformly coated on the surfaces of the split-
half tubes of PPy, and the results are shown in Figure 5.12. Figure (a) is the TEM image of
the S@PPy composite (precursor). The red spots correspond to the presence of the element

carbon (Figure 5.12 (b)), and the green spots correspond to the element nitrogen (Figure 5.12
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(c)), in which C and N are elements from the polypyrrole. The yellow spots correspond to the
element sulfur (Figure 5.12 (d)). The results also show that S is distributed uniformly
throughout the whole area of the S@PPy composite (precursor), which indicates that the
sulfur has uniformly coated the surfaces of the split-half tubes of PPy. In order to show the
sulfur distribution and the structure of the PPy@S@PPy composite, TEM and EDS mapping
were conducted for the PPy@S@PPy composite, and the results are shown in Figure 5.11 (e-
h). Figure 5.11 (e) is the TEM image of the PPy@S@PPy composite. The red spots in Figure
5.11 (f) correspond to the presence of the element carbon, and the green spots in Figure 5.11
(g) correspond to the element nitrogen, in which C and N are the elements from polypyrrole.
From Figure 5.11 (f) and (g), it is clear that the external PPy layer is very uniformly coated
on the S@PPy split-half tubes. In Figure 5.11 (h), the yellow spots correspond to the element
sulfur. These results show that S is distributed uniformly throughout the whole area of the
PPy@S@PPy composite. Thus, the uniform distribution of sulfur and the three-layer

structure of the PPy@S@PPy composite have been confirmed.

Figure 5.11 (1) S@PPy composite: (a) TEM image; (b) elemental mapping of Carbon; (c)

elemental mapping of Nitrogen; (d) elemental mapping of Sulfur, (2) PPy@S@PPy
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composite: (e) TEM image; (f) elemental mapping of Carbon; (g) elemental mapping of

Nitrogen; (h) elemental mapping of Sulfur.

o < [N K] o[==:[S K]
C

Figure 5.12 S@PPy composite (precursor): (a) TEM image; (b) elemental mapping of

Carbon; (c) elemental mapping of Nitrogen; (d) elemental mapping of Sulfur

To investigate the electrochemical characteristics of the S@PPy composite and
PPy@S@PPy composite, cyclic voltammetry (CV) of the initial 5 cycles in 1 M LiTFSI in
PEGDME 500 with 0.1 M LiNO; additive was conducted at a scan speed of 0.1 mV sin the
potential range of 1.5-3.0 V. In Figure 5.13, S@PPy composite and PPy@S@PPy composite
exhibit similar electrochemical behaviour, in which two reduction peaks are observed, which
could be assigned to the multiple-step reaction mechanism of sulfur with lithium. Specifically,
in the first cycle, the peak at 2.4 V is ascribed to the open ring reduction of cyclic Sg to long
chain lithium polysulfides (Li»Sx, 4 < x < 8), while the peak at 1.8 V corresponds to the
further reduction of these high-order polysulfides to Li,S; and Li,S. The weak peak at 2.05 V
is associated with the reduction of PPy>. It indicates that polypyrrole acts as not only a
conducting additive, but also as an active material. From the first cycle onward, this peak
becomes weaker and weaker in the CV profiles in Figure 5.13, which indicates that the
lithium-storage capability of PPy has decreased. This phenomenon is in agreement with the
cycling performance of PPy in Figure 5.15 (b), which shows very large irreversible capacity
at the initial cycle and obvious capacity decay during the cycling. From the second cycle to
the fifth cycle, there are some differences between the S@PPy composite and the
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PPy@S@PPy composite. The reduction peaks of S@PPy composite are nearly at the same
positions from the second cycle to the fifth cycle, while both of the reduction peaks of
PPy@S@PPy composite are obviously shifted to higher voltage. This suggests that the
electrochemical reactions during the first five cycles need to overcome the strong energy

absorption of the conductive matrix and the outside layer of PPy”".
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Figure 5.13 Cyclic voltammograms for the first 5 cycles of (a) S@PPy composite electrode;

(b) PPy@S@PPy composite electrode.

Figure 5.14 shows representative charge and discharge voltage profiles of the 1%, 2",
5™ 10", and 20™ cycles of S@PPy composite and PPy@S@PPy composite electrodes in 1M
LiTFSI in PEGDME 500 with 0.1 M LiNOs additive at the current density of 50 mA g'.The
discharge curves present two plateaus for both cells, which are at 2.5 and 2.03 V, respectively.
They are assigned to the two-step reaction of sulfur with lithium during the discharge process.
Comparing Figure 5.14 (a) and (b), it is obvious that the PPy@S@PPy composite electrode
shows much better reversibility than the S@PPy composite electrode. This confirms that the

coating layer of PPy on the outside of the S@PPy composite can improve the cycling

performance of the sulfur cathode.
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Figure 5.14 Discharge/charge curves for selected cycles of (a) S@PPy composite electrode;

(b) PPy@S@PPy composite electrode.

Figure 5.15 (a) presents the discharge specific capacities of S@PPy composite and
PPy@S@PPy composite cathodes in 1M LiTFSI in PEGDME 500 with 0.1 M LiNO3
additive at the current density of 50mA g It was found that the discharge specific capacity
and the reversibility of the PPy@S@PPy composite electrode are much higher than for the
S@PPy composite electrode. Specifically, PPy@S@PPy composite cathode shows better
cycling performance, yielding a discharge specific capacity of 554 mAh g after 50 cycles,
which is approximately 68.8% retention of the initial discharge specific capacity of about
801mAh g, while the S@PPy composite cathode presents the discharge specific capacity of
370 mAh g after 50 cycles, representing about 32.3% retention of the initial discharge
specific capacity of about 1145mAh g'. Thus, the capacity decay of PPy@S@PPy composite
electrode is as low as 0.624% per cycle during these cycles, but the capacity decay of S@PPy
composite electrode is as high as 1.354% per cycle. It should be noted that the PPy@S@PPy
composite cathode delivers much lower discharge specific capacity in the first five cycles
compared to S@PPy composite, which could be ascribed to the incomplete utilization of the
active materials during the first few cycles of the PPy@S@PPy composite electrode. The
sulfur in PPy@S@PPy composite electrode is covered by another PPy external layer, which

means that the sulfur cannot be completely exposed to the electrolyte during the initial cycles,
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and the sulfur has to rearrange itself during the first few cycles, so that the inactive cores of
sulfur are exposed to the electrolyte and then become able to be reutilized in subsequent
cycles'!. Figure 5.15 (b) shows that PPy can contribute some capacity to the lithium/sulfur
battery, which can further confirm that PPy is an active material. And the discharge curve for
the 1* cycle of the PPy electrode is presented in the inset figure in Figure 5.15 (b). It shows
the discharge plateaus is around at 2.05 V, which agrees very well with the results in Figure

5.13 that the weak peak at 2.05 V can associated with the reduction of PPy.
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Figure 5.15 Discharge specific capacities of (a) S@PPy composite and PPy@S@PPy
composite cathodes in PEGDME 500 electrolyte with 0.1 M LiNO; additive; (b) polypyrrole
electrode in PEGDME 500 electrolyte with 0.1 M LiNOs3 additive (inset: the discharge curve

for the 1 cycle of the polypyrrole electrode).

In order to compare the rate capabilities of S@PPy composite and PPy@S@PPy
composite cathodes, the cells were discharged to 1.5 V at different current densities from 50
mA g to 1600 mA g'in PEGDME 500 electrolyte with 0.1 M LiNOs additive, as shown in
Figure 5.16 (a). It should be noted that the PPy@S@PPy composite delivered a higher
capacity when compared to the S@PPy composite, except for the first 5 cycles at the current
density of 50mA g, the reason for which has been explained in the discussion related to

Figure 5.15. In addition, the PPy@S@PPy composite also presents much better reversibility
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compared to the S@PPy composite. When the current density was reduced to 50mA g™, the
PPy@S@PPy composite cathode recovered 87% of its initial capacity, while S@PPy
composite only recovered 42%. These improvements in the PPy@S@PPy composite are
achieved by the external coating layer of PPy, which can confine the dissolved polysulfides
and decrease the loss of the active sulfur. Moreover, in PPy@S@PPy composite, the sulfur is
confined in a limited space between the two layers of PPy, so that the charge transfer
reactions could be enhanced because of good electronic contact between the sulfur and the
PPy, leading to higher rate capacities in lithium sulfur batteries'. Tt is well known that, in
comparison with PEGDME 500 solvent, 1,3-dioxolane (DOL) and 1,2-dimethoxyethane
(DME) have good ionic conductivity and low viscosity, which are essential to enhance the

rate capabilities™ ¢’

. Therefore, in order to optimize the high rate behaviour of the
PPy@S@PPy composite cathode, 1 mol L™ lithium bis(trifluoromethane) sulfonamide
(LiTFSI) in a mixed solvent of 1,3-DOL/1,2-DME (1:1 by volume) with 0.1mol L LiNOs as
an additive was used as electrolyte to test the rate capabilities of the PPy@S@PPy composite
cathode as well. As shown in Figure 5.16 (b), when the current densities are lower than 200
mA g, there is no obvious difference between these two kinds of electrolyte. When the
current density is higher than 200 mA g, however, the PPy@S@PPy composite cathode in
the electrolyte with a mixed solvent of 1,3-dioxolane(DOL)/1,2-dimethoxyethane (DME)
(1:1 by volume) presents much higher capacities than in the electrolyte with PEGDME
solvent. In addition, when the current density is increased, the improvement becomes more
obvious. The capacity is improved to 60 mAh g™ at 400 mA g, 120 mAh g'at 800 mA g
and 160 mAh g'at 1600mA g'. This further confirms that the high-rate performance
depends on the ion diffusion speed and the conductivity of the electrolyte solvent.

Based on the above discussion, the improvement of the electrochemical performance

of the cell with PPy@S@PPy composite cathode could be attributed to the multiple effects of
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the PPy additive and the superiority of the three-layer structure.

(1) PPy is a kind of conducting polymer, so it works as a conducting additive. (2) As
shown in Figure 5.15 (b), PPy is also an active material contributing to the capacity of the
electrode during cycling. This has been further confirmed by the CV measurements and the
charge/discharge plateau data discussed above. (3) The internal PPy split-half-tube acts as a
backbone to form the conducting network or the conducting matrix. Thereby, it can absorb
the dissolved polysulfides and prevent the dissolution of polysulfides into the electrolyte to
some degree, as well as improving the conductivity of the electrode at the same time. (4) The
external PPy coating layer on the surface of the S@PPy composite can further improve the
conductivity of the electrode. This can be confirmed by the electrochemical impedance
spectroscopy (EIS) measurements in Figure 5.17. It is obvious that the impedance response
exhibits a semicircular loop at high frequencies. The diameter of this semicircle gives the
charge-transfer resistance, which corresponds to the charge transfer kinetics. The results
show that the charge-transfer resistance of the cell with PPy@S@PPy composite electrode is
lower than that of the cell made from S@PPy composite electrode, indicating that the
conducting external PPy coating layer on the surface of the S@PPy composite has improved
the electrochemical kinetics of the electrode in lithium/sulfur batteries. (5) In the
PPy@S@PPy composite, the external PPy coating layer on the surface of the S@PPy
composite also plays the role of container to trap the dissolved polysulfides, preventing them
from dissolving in the electrolyte, and accommodates the volume expansion to reduce the

pulverization of sulfur.

The proposed model and a cross-sectional view of the S@PPy composite are presented in
Figure 5.18 (a), where it is clear that the sulfur particles are loaded on the surface of the PPy
fibre without any protection on the outside. In contrast, in the PPy@S@PPy composite, there

is another PPy layer coating the surface of the S@PPy composite, as shown in Figure 5.18 (b).
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Figure 5.18 (c) contains a schematic diagram of the function of the external PPy coating layer
on the surface of the S@PPy composite in the PPy@S@PPy composite. Without the external
PPy layer protection, the dissolved polysulfides will diffuse out of the conducting matrix
during charge-discharge processes. In contrast, when the external coating layer of PPy is
present, polysulfides can be confined and prevented from diffusion into the electrolyte during
the charge/discharge progress, so as to minimize the loss of the active materials in the
cathode and improve the capacity and the cycling performance. Moreover, the containment
function of the external PPy layer in PPy@S@PPy composite can be further confirmed by
the coulombic efficiency results on the S@PPy composite electrode and the PPy@S@PPy
composite electrode in the electrolyte with and without LiNOs3 additive, as shown in Figure
5.19. Tt is well known that the dissolution and diffusion of the polysulfides in the electrolyte
can lead to a “shuttle effect”, which results in low coulombic efficiency in the lithium/sulfur
battery system. It is also reported that the addition of LiNOs as an additive in the electrolyte
can improve the coulombic efficiency significantly”*>">*. Thus, as shown in Figure 5.19 (a),
the coulombic efficiency of the S@PPy composite cathode is significantly enhanced after
adding LiNOs into the electrolyte. This is because without the external PPy layer protection,
quite a large amount of dissolved polysulfides diffuse to the lithium anode, which leads to a
serious “shuttle effect”, resulting in decreased coulombic efficiency. On adding LiNOs;
additive to the electrolyte, a denser and more protective passivation film is formed on the
lithium surface to protect the lithium anode and reduce the loss of the active sulfur, leading to
the increase in the coulombic efficiency. In contrast, Figure 5.19 (b) shows that there is no
obvious improvement of the coulombic efficiency of the PPy@S@PPy composite cathode
after adding LiNO; to the electrolyte. This is because in PPy@S@PPy composite, there is an
external layer of PPy, so nearly all the dissolved polysulfides will be trapped. The “shuttle

effect” can thus be ignored to some extent. There may be only a slight amount of dissolved
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polysulfides in the lithium anode, so the coulombic efficiency will not gradually decrease,
even without LiNOj; additive in the electrolyte, and the effect of LiNOs is negligible on the
PPy@S@PPy composite cathode. This is the most powerful evidence that the external layer
of PPy can confine the dissolved polysulfides effectively. This is also the first time, to the
best of my knowledge, that coulombic efficiency has been used to prove the containment
function of the conducting polymer. This method is very simple and effective for test the
design of the samples whether can confine the dissolved polysufides or not. Only two kinds
of electrolyte are needed, one is 1M LiTFSI in DOL/DME with LiNOj; additive, the other one
1s 1M LiTFSI in DOL/DME without LiNO; additive. Then coulombic efficiencies are tested.
If the coulombic efficiency of the electrode in the electrolyte of 1M LiTFSI in DOL/DME
without LiNOj; additive shows no differencies between that in 1M LiTFSI in DOL/DME with
LiNOs additive, it means the structure of the sample can trap the dissolved polysulfides
effectively. On the contrary, if there is big difference of the coulombic efficiencies in these
two kind of electrolytes, it means the structure of the sample cannot trap the dissolved

polysulfides effectively.
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Figure 5.16 (a) Rate capabilities of S@PPy composite electrode and PPy@S@PPy
composite electrode in PEGDME 500; (b) rate capabilities of PPy@S@PPy composite

electrode in PEGDME 500 and DOL/DME (1/1).
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Figure 5.17 Impedance plots of (a) S@PPy composite electrode; (b) PPy@S@PPy

composite electrode.
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(b)PPy@S@PPy composite; (c) schematic diagram of the function of the external PPy layer

of PPy@S@PPy composite towards trapping the dissolved polysulfides.
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Figure 5.19 Coulombic efficiency of (a) S@PPy composite electrode, (b) PPy@S@PPy

composite electrode with and without LiNOj; additive in the electrolyte.

When the cells were disassembled after 100 cycles, it was clear that the PPy@S@PPy
composite offered better morphological control than the S@PPy composite during cycling, as
shown in Figure 5.20. Figure 5.20(a) clearly shows the agglomeration of the S@PPy
composite after the cycling. During the discharge and charge processes, without the
protection of the external PPy layer, the dissolved polysulfides will diffuse in the electrolyte
and leave the original position of the sulfur in the S@PPy composite, so that the sulfur will
agglomerate. In contrast, no agglomeration of the PPy@S@PPy composite after cycling is
observed in Figure 5.20(b). In this case, the dissolved polysulfides are contained by the
external PPy coating layer and will not diffuse. Due to the elastic properties of PPy, the
volume expansion will be reduced as well. The better mechanical performance of the external
PPy layer on the PPy@S@PPy composite and the role of the PPy external layer in confining

the dissolved polysulfides are further confirmed.
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Figure 5.20 FESEM images of (a) S@PPy composite cathode after 100 cycles; (b)

PPy@S@PPy composite cathode after 100 cycles.

5.4 Conclusions

A PPy@S@PPy composite with a novel three-layer-3D-structure, which consists of
an external PPy coating layer, an intermediate sulfur filling layer, and an internal PPy
conducting matrix layer, was synthesised by the oxidative chemical polymerization method
and chemical precipitation method. The PPy@S@PPy composite has the same components
with S@PPy composite except three-layer-3D-structure, which exhibits improved
electrochemical performance. The discharge specific capacity of the PPy@S@PPy composite
cathode is 554 mAh g after 50 cycles, representing approximately 68.8% retention of the
initial discharge specific capacity of about 801 mAh g™, while the S@PPy composite cathode
demonstrates the discharge specific capacity of 370 mAh g after 50 cycles, approximately
32.3% retention of the initial discharge specific capacity of about 1145 mAh g'. It is also
found that the PPy@S@PPy composite cathode in the electrolyte with a mixed solvent of
1,3-dioxolane (DOL)/1,2-dimethoxyethane (DME) (1:1 by volume) presents much higher
capacity than in the electrolyte with PEGDME solvent when the current density is higher than
200 mA g'. Moreover, the comparison experiments of LiNO; additive in the electrolyte on

coulombic efficiency confirm the containment function of the external PPy layer in the
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PPy@S@PPy composite and further identify the three layer structures of PPy@S@PPy

composite.
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Chapter 6. Ternary Porous Sulfur/Dual-Carbon Architectures for Lithium/Sulfur Batteries

Obtained via an Industry-Oriented Spray-Pyrolysis/Sublimation Method

6.1. Introduction

Lithium/sulfur batteries show great potential for large-scale application in the

228, 239, 240

various green energy fields , as sulfur has the highest theoretical specific

26, 241-243

capacity of 1675 mAh g among all the solid cathode materials and a very

31, 32, 34, 244-246

high specific energy density , as well as being low-cost, and non-toxic>™

247 Nevertheless, sulfur is an electrically insulating material, which leads to poor

electrochemical accessibility and low utilization in the electrode®**>"

. The polysulfide
anions that are generated during cycling are highly soluble in the organic electrolyte
solvent. The diffusion of polysulfides to the lithium anode results in low active
material utilization, low coulombic efficiency, and short cycle life of the sulfur
electrode’ ****>_ In terms of making the lithium/sulfur batteries suitable for operation,

. . . . 132. 1 256-
carbon is the most popular conducting material to improve the performance'>* '7%2%¢

261

The melt-diffusion strategy and wet chemical precipitation are currently the two
major methods used to prepare carbon-sulfur composites’> 3> 60 87,160, 231,232 Although
these methods can improve the electrochemical performance of lithium/sulfur
batteries, their commercialization is still unrealizable. There are two main reasons.
Firstly, these methods are extremely difficult to scale up. The melt-diffusion strategy
has the ability to load sulfur on carbon uniformly, but it encounters difficulty in scaling
up for industrialization, as the coating would become non-uniform. Moreover, in the
melt-diffusion process, a two-step heating process is required, which is time and
energy consuming. In a typical melt-diffusion process, it takes at least 8 h to prepare
carbon-sulfur composites not even including the time for the heating process and the
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9.98.60.262 The wet chemical precipitation method has the advantage of

cooling process
controlling the ratio of sulfur to carbon, but applying a uniform sulfur coating on
carbon is very difficult, and washing cannot be avoided after synthesis, which again
leads to the issue of scaling up. Secondly, these methods cannot produce carbon-sulfur
composites continuously. They can only produce one small batch of carbon-sulfur
composite at a time, which will definitely restrict the commercialization of
lithium/sulfur batteries.

The spray-pyrolysis method, in which our group have established expertise”
219 is a well-known proven industry-oriented technique, which can produce high
performance cathode or anode active materials for lithium ion batteries or
supercapacitors with highly developed porous structures rapidly and continuously, but
without the need for any further treatments such as washing or grinding. This method
has been widely and successfully used for synthesizing carbon-coated composite
electrode materials for lithium ion batteries, which have shown significant

218, 220, 221 :
§.220.221 'The conventional spray-

improvement in their electrochemical performance
pyrolysis technique has not been explored for producing carbon-sulfur composite
materials for lithium/sulfur batteries because sulfur has a low melting point (115 °C),
and it is easily oxidized to SO, and sublimated during the spray-pyrolysis process.
Therefore, applying the spray pyrolysis method to synthesize carbon-sulfur composite
seems to be a challenging task. In this study, I used the temperature range of 120-
210°C, which is higher than the melting point of sulfur, but lower than the typical
operation temperature of a spray-pyrolysis method. Ultra-fast partial melting and
limited sublimation of sulfur occurs at the particle surface without oxidation of S, a

process which I have developed for the first time and denoted as the “spray-

pyrolysis/sublimation technique”.
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Regarding the various types of sulfur/carbon composites, so far, many kinds
have been reported, such as carbon wrapped sulfur composite®, sulfur/multi-walled
carbon nanotube (MWOCNT) microspheres®, hollow carbon nano fiber/sulfur
composite'®, reduced graphene oxide (RGO)-sulfur composites'®, etc. In all these
composites, the sulfur is either loaded on the surface of the carbon or is wrapped by
the carbon. In the present work, ternary composites with a sulfur/dual-carbon
architecture (scaffolding carbon/amorphous carbon) are designed. The scaffolding
carbon works as a conducting matrix and provides an open pore structure, which can
increase the contact area with the Super-P and electrolyte, decrease the transport
pathways for both electrons and lithium ions, and confine the soluble lithium
polysulfides, as well as providing sufficient space to accommodate sulfur volumetric
expansion during charge and discharge processes. On the other hand, the amorphous
carbon layer covers the surfaces of the porous sulfur particles, so that it acts as an
adhesive interface to bind together the porous sulfur with the scaffolding carbon
particles, further improving the conductivity. To the best of the authors’ knowledge,
no one has reported a similar structure before.

To obtain the above mentioned sulfur-based ternary structures, in this work, a
single-step, double-suspension-based spray-pyrolysis/sublimation approach for
assembly of different porous sulfur/dual-carbon architectures was reported. Only
commercial low-cost materials were used, large volumes of composite materials can
be produced continuously, and no harmful products were released during the synthesis.
Herein, a series of experiments were carried out to find the best experimental
parameters, such as temperature, solvent, and scaffolding carbon type. The as-prepared
porous sulfur/dual-carbon composites were applied as the cathode in lithium/sulfur

batteries, which have shown improved conductivity, capacity, reversibility, and rate
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capability compared with the commercial sulfur. The reported ternary composites and
method of fabrication demonstrate their great commercial potential for application in

lithium/sulfur batteries with high energy density and long life
6.2. Experimental section
6.2.1. Materials

Sulfur, nano-graphite carbon, and ethanol were all purchased from Sigma
Aldrich (Australia). Carbon black was bought from TIMCAL Ltd. Multi-walled
carbon nanotubes (CNTs) were purchased from Shen Zhen Nanotech Port. All the

chemicals were used as received without any further purification.
6.2.2. Selection of dispersion agent for sulfur

The solvent to disperse the commercial sulfur was investigated by adjusting the ratio
between ethanol and distilled water. In this study, 15 mg sulfur was dispersed in three kinds
of solvents: (1) 15 mL distilled water, (2) 15 mL ethanol, and (3) 5 mL ethanol mixed with10
mL distilled water. Firstly, sulfur was dispersed in each of these three solvents in an
ultrasonic bath for 5 min. Then, these solutions were kept static for 5 min. Figure 6.1(a)
shows many sulfur particles on the surface of the water when 15 mg sulfur was dispersed in
15 ml distilled water. Figure 6.1(b) shows that most of the sulfur has settled down at the
bottom of the bottle for 15 mg sulfur in 15 ml ethanol. Figure 6.1(c) shows that the sulfur was
dispersed very well in the mixture of 5 ml ethanol and 10 ml distilled water, so that it can be
seen that almost all the sulfur particles were distributed throughout the whole body of the
solvent. Therefore, ethanol/H,O (1:2) was chosen as the dispersion agent for sulfur in the
spray-pyrolysis/sublimation experiments. Figure 6.1(d) is a photograph of sulfur dispersed in
ethanol/H,O (1:2) for spray-pyrolysis/sublimation experiments, which further confirmed that

ethanol/H,O (1:2) is the right choice for dispersing sulfur. Therefore, the ethanol/H,O(1:2)
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solution is the best dispersion agent for sulfur, and thus the mixed solvent of ethanol/H,O

(1:2)was chosen for the spray-pyrolysis/sublimation experiments.

Figure 6.1 Photographs of sulfur suspension in (a) H,O; (b) ethanol; (¢) ethanol/H,O = 1:2;

(d) sulfur is suspended in ethanol/water = 1:2 during spray experiments.

6.2.3. Synthesis of samples

A schematic diagram of the spray-pyrolysis/sublimation apparatus is shown in Figure 6.2.
This device includes three main parts: the solution transfer unit, the reaction unit, and the
sample collection unit. During the experiments, the solution, which was kept under stirring,
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was first transferred to the furnace via a nozzle by a peristaltic pump and the carrier gas. The
furnace is the reaction unit, with a 2 m SiO; tube inside. Finally, the as-prepared samples

were collected in a jar by the extractor pump.

Heating Elements

Heating Element

Carrier Gas

e xhaust

)
CH,CH,0H

Extractor Pump
article Collector

Figure 6.2 Schematic diagram of spray-pyrolysis/sublimation device.

In this experiment, a series of temperatures were set to study the influence of the operation
temperature on the synthesis. 120 °C, 140 °C, 160 °C, 180 °C, and 210 °C were applied. 120
°C and 140 °C were too low to obtain a dry sample. 160 °C was not high enough for the
decomposition of ethanol. At 210 °C, most of the sulfur was sublimated and some sulfur was
oxidized to SO,, so that little sample could be collected. 180 °C was found to be the essential

temperature in this study.
6.2.3.1. Preparation of the sprayed commercial sulfur

1.2 g S was dispersed in a solvent of 200 mL ethanol and 400 mL distilled

water. The mixture was ultrasonicated for 1.5 h, and subsequently stirred overnight.
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After that, the mixture was sprayed at 180 °C in air. Finally, dark green powders were

collected.

6.2.3.2. Preparation of the sprayed commercial sulfur with extra carbon

Graphite, carbon black, and mixtures of carbon black and multi-walled CNTs were used as
the extra carbon in the experiments. S and the extra C were dispersed in the solvent of 200
mL ethanol and 400 mL distilled water. The subsequent process is the same as for the
synthesis of the sprayed commercial S. Finally, black powders were collected. The
experimental details can be found in Table 6.1. As the mixture of ethanol and distilled water
(volume ratio: 1:2) was shown to have the best dispersion capability for the sulfur, 200 mL
ethanol and 400 mL distilled water were used for all the experiments, which also provides a
fair comparison. Graphite, carbon black (CB), and multi-walled carbon nanotubes (CNTs)
were used as the second carbon source. Moreover, two ratios of extra carbon were applied,
which are 16% and 28%. It is concluded that carbon black and multi-walled CNTs are not
suitable for the spray-pyrolysis/sublimation experiments, which as been explained in the
Results and Discussion Section. Thus, the following discussion will focus on two porous
sulfur/dual-carbon composites: sprayed commercial sulfur with 16% graphite and sprayed

commercial sulfur with 28% graphite.

Table 6.1 Amounts of carbon, sulfur, ethanol, and distilled water in spray-

pyrolysis/sublimation experiments.

Carbon weight (g)
Sulfur Ethanol Distilled
Sample Name Carbon Multi-walled .
Graphite weight (g) (mL) water (mL)
Black CNT
Sprayed commercial S 1.2 200 400
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Sprayed commercial S
0.2286 1.2 200 400
with16% Graphite

Sprayed commercial S
0.47 1.2 200 400
with 28% Graphite

Sprayed commercial S
0.2286 1.2 200 400
with 16% Carbon Black

Sprayed commercial S
0.47 1.2 200 400
with 28% Carbon Black

Sprayed commercial S
with 12% Carbon Black + 0.17145 0.05715 1.2 200 400

4% Multi-walled CNT

Sprayed commercial S
with 8% Carbon Black + 0.1143 0.1143 1.2 200 400

8% Multi-walled CNT

6.2.2. Material characterization

The structures of the samples were characterized by X-ray diffraction (XRD)
using a GBC MMA X-ray generator and diffractometer with Cu Ka radiation (A =
1.5418 A), employing a scanning rate of 5° min™' in the 26 range from 10° to 70°.
Raman spectroscopy was conducted on a JOBIN YVON HR800 Confocal Raman
system with 632.8 nm diode laser excitation on a 300 lines/mm grating at room
temperature. Thermogravimetric analysis (TGA) was performed via a SETARAM
Thermogravimetric Analyzer (France) in air to determine the changes in sample
weight with increasing temperature and to estimate the amount of sulfur in the sample.

The morphology of the samples and the mapping results were obtained with a field-
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emission scanning electron microscope (FESEM; JEOL 7500, 5 kV) and a

transmission electron microscope (TEM; JEM-ARM 200F).
6.2.3. Electrochemical measurements

When preparing electrodes for lithium/sulfur batteries, polyvinylidenedifluoride
(PVDF) was used as the binder, Super-P as conducting agent, and N-methyl-2-
pyrrolidinone (NMP) as solvent. The PVDF was added up to 10 wt%. In order to fairly
compare the electrochemical performances of all the samples studied, the amount of
Super-P depended on the amount of sulfur, which was maintained at 50% of the total
mass of the electrode. The resultant slurries were spread onto aluminum foil substrates.
The coated electrodes were dried in a vacuum oven at 50 °C for 24 h and then pressed.
Subsequently, the electrodes were cut into disks 9.5 mm in diameter. A conventional
organic solvent electrolyte was used, consisting of 1 mol L™ lithium
bis(trifluoromethane sulfonyl) imide (LiTFSI) in 1,3-dioxolane (DOL) / 1,2-
dimethoxyethane (DME) (1:1 by volume) with 0.1 mol L™ LiNO; as an additive. CR
2032 type coin cells were assembled in an Ar-filled glove box. Charge-discharge
testing was carried out with a LAND battery test system at a current density of 168
mA g (0.1 C) within the voltage range of 1.5-3.0 V. Cyclic voltammetry (CV) and
AC impedance measurements were performed using a Biologic VMP-3 Multichannel
electrochemistry workstation at a scanning rate of 0.1 mV s and over a frequency

range of 100 kHz - 0.01 Hz, respectively.
6.3. Results and discussions

Figure 6.3 (a) and (b) shows the yellow commercial sulfur and dark green
sprayed commercial sulfur, respectively. The color difference suggests that some

carbon was formed. This can be further confirmed by the energy dispersive X-ray

-113-



Chapter 6 Ternary Porous Sulfur/Dual-Carbon Architectures for Lithium/Sulfur Batteries Obtained via an Industry-Oriented Spray-
Pyrolysis/Sublimation Method

spectroscopy (EDS) mapping analysis of the sprayed commercial sulfur in Figure 6.3
(c).The yellow spots in Figure 6.3 (c) correspond to the presence of the element sulfur,
and the red spots correspond to the element carbon. These results show that a thin
layer of carbon is distributed uniformly throughout the whole area of the sprayed
commercial sulfur composite. As only ethanol contains the element carbon among all
the reactants, the carbon that is formed can only come from the decomposition of
ethanol, which can be ascribed to the attributes of the spray pyrolysis system and the
presence of sulfur. The reaction unit of the spray pyrolysis device is a SiO; tube 2 m
in length and there is a extraction pump at the end of the system. Thus, although the
carrier gas is air, there is actually an anaerobic environment inside of the tube to some
extent. Meanwhile, sulfur is a kind of material with reducibility, which can protect the

ethanol from complete oxidation.

Figure 6.3 (a) Photograph of commercial S; (b) photograph of sprayed commercial S;

(c) EDS mapping results for sprayed commercial S.
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Figure 6.4 (a) shows the two main processes involved in the spray-pyrolysis/sublimation
method for spraying commercial sulfur: (1) the evaporation/sublimation process; (2) the
pyrolysis process. In the first step, some ethanol and water molecules that were adsorbed on
the commercial sulfur particles are evaporated due to the heat treatment. At the same time,
some sulfur molecules, especially the sulfur on the particle surfaces, will sublimate and leave
pores on the surface of the sprayed commercial sulfur. In the second step, because of the
presence of water, the ethanol is not as easy to evaporate as pure ethanol, so some ethanol
molecules can be decomposed to form a tiny amount of amorphous carbon. A schematic
diagram of the mechanism of the spray-pyrolysis/sublimation process for spraying
commercial sulfur with graphite is shown in Figure 6.4 (b). It is similar to Figure 6.4 (a) for
spraying commercial sulfur, but due to the presence of the graphite, the newly formed
amorphous carbon can act as an adhesive interface to bind the porous sulfur and graphite
together to form a conducting matrix, serve as a good electron conductor, provide
interconnected open pores to reduce the diffusion paths of lithium ions, buffer the volumetric

expansion of sulfur, and absorb electrolyte and polysulfides.

A .
CH,CH,OH C@5/Graphite
Qs H?mcuzou Q'O H,0 @ cos

Figure 6.4 Schematic diagram of the formation of the porous structure and the
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amorphous carbon during the spray-pyrolysis/sublimation process: (a) preparation of

the sprayed commercial sulfur; (b) preparation of the sprayed commercial sulfur with

graphite.
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Figure 6.5 (a) X-ray diffraction patterns and (b) Raman spectra of commercial sulfur,
sprayed commercial sulfur, graphite, sprayed commercial sulfur with16% graphite,
and sprayed commercial sulfur with 28% graphite; (c) TGA curves of sprayed
commercial sulfur; sprayed commercial sulfur with16% graphite; and sprayed

commercial sulfur with 28% graphite.

Figure 6.5 (a) presents the X-ray diffraction (XRD) patterns of the samples. The

diffraction peaks of the sprayed commercial sulfur, sprayed commercial sulfur with
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16% graphite, and sprayed commercial sulfur with 28% graphite match very well with
those of the commercial sulfur and the standard diffraction lines of sulfur (PDF card
No. 00-001-0478), which can be indexed to the orthorhombic phase with space group
Fddd. This indicates that no phase transformation of sulfur occurs during the spray-
pyrolysis/sublimation process. The diffraction peaks of the sprayed commercial sulfur
with 16% graphite and the sprayed commercial sulfur with 28% graphite also match
the diffraction peaks of commercial graphite. The Raman spectra are shown in Figure
6.5 (b), which were obtained with 632.8 nm diode laser excitation at room
temperature. The Raman spectrum of S displays three main peaks below 500 cm™,***"
2% while the peaks in the Raman spectrum of carbon are located at 1330 and 1580 cm”
', which are identified as the characteristic peaks of the D band and G band of carbon,
respectively. From Figure 6.5 (b), it is clear that both the sprayed commercial sulfur
with 16% graphite and the sprayed commercial sulfur with 28% graphite present the
characteristic peaks of the D band and G band of graphite at 1330 and 1580 cm™, and
the three characteristic peaks of sulfur below 500 cm™ as well, while the sprayed
commercial sulfur only shows the three characteristic peaks of sulfur below 500 cm™,

but no obvious characteristic peaks of carbon, which can be ascribed to the limited

amount of carbon in the sprayed commercial sulfur.

To quantify the amount of the sulfur in the as-prepared samples, thermogravimetric
analysis (TGA) was carried out in argon, with heating from 50 °C to 350 °C at the rate of 5 °C
min”'. As shown in Figure 6.5 (c), the commercial sulfur shows a weight loss starting at
around 160 °C, and the sulfur is gone completely at around 249 °C, so the weight loss of all
the as-prepared composites is ascribed to the sublimation of sulfur. Figure 6.5 (¢)
demonstrates that when pure commercial sulfur is sprayed, only 1% amorphous carbon

is obtained. Moreover, graphite is important for forming amorphous carbon, as
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graphite has a three-dimensional (3D) structure which can absorb much more ethanol
during the sublimation of sulfur for pyrolysis. When commercial sulfur was sprayed
with 16% graphite, the amorphous carbon content formed from the decomposed
ethanol was 1.3%. When the graphite content was increased to 28%, the obtained
amorphous carbon was up to 10%. Moreover, the thermal stability of sulfur in
composites typically increases with higher carbon content due to the high affinity
between carbon and sulfur. The the thermogravimetric analysis (TGA) was also carried out
on the sprayed commercial sulfur with carbon black and multi-walled carbon tubes
compoaites, which is demonstrated in Figure 6.6. Figure 6.6 demonstrates that the sprayed
composite of commercial sulfur with 16% CB contains 83.1% sulfur and 16.9% carbon.
Similarly, the sprayed composite of commercial sulfur with 12% CB + 4% CNT contains
87.2% sulfur and 12.8% carbon, while the sprayed composite of commercial sulfur with 8%
CB + 8% CNT contains 90.9% sulfur and 9.1% carbon, and the sprayed composite of

commercial sulfur with 28% CB contains 79.5% sulfur and 20.5% carbon.
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Figure 6.6 TGA curves of: sprayed commercial sulfur with 16% CB; sprayed commercial
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sulfur with 12% CB + 4% CNT; sprayed commercial sulfur with 8% CB + 8% CNT; sprayed

commercial sulfur with 28% CB.

All the TGA results of Figure 6.5 (¢) and Figure 6.6 were summarized in Table 6.2,
and it is apparent that carbon black and multi-walled CNTs are not suitable for spray-
pyrolysis/sublimation experiments, especially the multi-walled CNTs. Carbon black is too
light to collect and will be sucked in by the vacuum pump, while the multi-walled CNTs are
too long to go through the nozzle and will be left in the beaker. Therefore, the carbon
percentage in the composite with carbon black and multi-walled CNT is much lower than that
of the composite with graphite added to give the same amount of carbon. In the sprayed
composite of commercial sulfur with 28% graphite, the carbon percentage is 38%, while in
the sprayed commercial sulfur with 28% carbon black, the carbon percentage is only 20.5%.
Therefore, carbon black is worse than graphite in this study. Comparing the sprayed
commercial sulfur with 16% graphite with the sprayed commercial sulfur with 16% carbon
black, sprayed commercial sulfur with 12% carbon black + 4% multi-walled CNT, and the
sprayed commercial sulfur with 8% carbon black + 8% multi-walled CNT, the added amount
of carbon is the same, but the real carbon percentages are different. According to the TGA
data, the carbon percentage in the sprayed composite of commercial sulfur with 16% graphite
is 17.3%, while it is 16.9% in the sprayed composite of commercial sulfur with 16% carbon
black. When using 4% multi-walled CNT to replace carbon black, the carbon percentage is
reduced to 12.8%, and when 8% carbon black was replaced, the carbon percentage was only
9.1%. Thus, the multi-walled CNT is even worse than carbon black. So, among these three
kinds of carbon, graphite is the best one, and the multi-walled CNT is the worst one for the

spray-pyrolysis/sublimation experiments.
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Table 6.2 Comparison between the designed contents and the TGA results.

Designed Contents TGA results
Sample Name
C% S% C% S%
Commercial S 0 100
Sprayed commercial S 1 99
Sprayed commercial S with 16% Graphite 16 84 17.3 82.7
Sprayed commercial S with 28% Graphite 28 72 38 62
Sprayed commercial S with 16% Carbon Black 16 84 16.9 83.1
Sprayed commercial S with 28% Carbon Black 28 72 20.5 79.5
Sprayed commercial S with 12% Carbon Black + 4%
16 84 12.8 87.2
Multi-walled CNT
Sprayed commercial S with 8% Carbon Black + 8% Multi-
16 84 9.1 90.9
walled CNT

The morphology of the samples was investigated by field emission scanning
electron microscopy (FESEM) and transmission electron microscopy (TEM). Figure
6.7(a) shows that the surface of the commercial sulfur is quite smooth and without
pores, while in Figure 6.7(b), the particles have become porous due to the sulfur
sublimation from the surface. The inset image in Figure 6.7(b) is an enlarged image of
the selected area, which clearly demonstrates the porous structure of the sprayed
commercial sulfur. The TEM image of the sprayed commercial sulfur in Figure 6.8
confirms the pore formation as well. It shows the porous structure of the sprayed
commercial sulfur with the pore size ranging from 10 nm to 100 nm. A FESEM image of

the sprayed commercial sulfur with 16% graphite is presented in Figure 6.7 (c). It
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shows that the amorphous carbon@porous-sulfur particles are uniformly embedded in
the graphite, but as the amount of graphite is only 16%, it cannot cover the amorphous
carbon@porous-sulfur particles very well. On the other hand, the TEM image of the
sprayed commercial sulfur with 28% graphite in Figure 6.7 (d) shows that nearly all
the amorphous carbon@porous-sulfur particles are set in the graphite, which can
improve the confinement of the dissolved polysulfides. The inset image in Figure
6.7(d) is the fast Fourier transform (FFT) pattern of the sprayed composite of
commercial sulfur with 28% graphite, which shows the diffraction spots from the
graphite and the diffraction rings from the amorphous carbon, confirming the
formation of amorphous carbon. Moreover, the spots are superimposed on the rings,
because the spacing in graphite and that in amorphous carbon are similar. More details
are explained in Figure 6.9. Figure 6.9 (a) is the FFT pattern of the sprayed commercial
sulfur with 28% graphite Amorphous carbon produces a series of diffuse rings in the FFT
(and diffraction pattern), while crystalline graphite produces fringes in the image and spots in
the FFT and diffraction pattern. Figure 6.9 (b) is the corresponding high resolution TEM
(HRTEM) image, which shows that the fringe spacing is about 3.365 A, which closely
corresponds to the d value of the (0 0 6) planes of graphite. The FFT (and diffraction pattern)
spots can be related to particular sets of fringes in the image, because an arrow drawn from
the centre of the FFT to a spot, will be perpendicular to the fringes in the image which gave
rise to it. This can confirm the formation of amorphous carbon during the spray-
pyrolysis/sublimation process. Figure 6.10 presents the elemental maps of sulfur and carbon
in the sprayed commercial sulfur with 28% graphite. Comparing Figure 6.10 (d) with Figure
6.10 (c), it is clearly that carbon distributes very uniform through all the area. The two circles
in Figure 6.10 (d) are the location of sulfur in Figure 6.10 (c). The carbon distribute

uniformly in this circled area, and from Figure 6.10 (b), there is no graphite covered. Thus it
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can be further confirmed that amorphous carbon was obtained during the spray-
pyrolysis/sublimation progress. In the high resolution TEM image in Figure 6.11,
amorphous carbon was also detected in the sprayed composite of commercial sulfur
with 28% graphite. The amorphous carbon in the composite of sprayed commercial sulfur
with 28% graphite can be detected as an amorphous carbon layer coating the surface of the
graphite. The amorphous carbon layer on the sulfur cannot be seen because all of the sulfur
will sublimate at such high magnification. Under the electron beam, sulfur particles shrink
due to sublimation, despite the use of low accelerating voltage and low electron flux (at low
magnification). Figure 6.11 shows that the amorphous carbon layer on graphite is very thin,
being typically only several nanometres thick. In order to see equivalent layers of amorphous
carbon on sulfur, very high magnification would be necessary. This would result in greatly
increased electron flux and exacerbate sulfur sublimation to the point where the particles
would not be sufficiently stable to image. Thus, amorphous carbon layers on sulfur were not

observed.

Figure 6.7 FESEM images of (a) commercial sulfur; (b) sprayed commercial sulfur
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(inset: enlarged FESEM image of the selected area); (c) sprayed commercial sulfur

with 16% graphite; (d) TEM image of the sprayed commercial sulfur with 28%

graphite (inset: corresponding FFT pattern).

Figure 6.9 (a) The FFT pattern of the sprayed commercial sulfur with 28% graphite; (b) The

related HR-TEM image of the FFT pattern in Figure 6.9(a).

- 123 -



Chapter 6 Ternary Porous Sulfur/Dual-Carbon Architectures for Lithium/Sulfur Batteries Obtained via an Industry-Oriented Spray-
Pyrolysis/Sublimation Method

Figure 6.10 Mapping results of sprayed commercial sulfur with 28% graphite: (a) the
FESEM image; (b) the selected area for mapping; (c) elemental map of sulfur; (d) elemental

map of carbon.

Amorphous. C

10 nm
P AT

Figure 6.11 HR-TEM image of the sprayed commercial sulfur with 28% graphite.
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To investigate the electrochemical characteristics of cathodes containing the
sprayed commercial sulfur with 16% graphite and sprayed commercial sulfur with
28% graphite, cyclic voltammetry (CV) of the first cycle was conducted at a scan rate
of 0.1 mV s in the potential range of 1.5-3.0 V. In Figure 6.12 (a) and (b), two
reduction peaks are observed, which could be assigned to the multiple-step reaction
mechanism of sulfur with lithium. Specifically, the peak at 2.4 V is ascribed to the
open ring reduction of cyclic Sg to long-chain lithium polysulfides (Li;S,, 4 < x< 8),
while the peak at 2.1 V corresponds to the further reduction of these high-order

polysulfides to Li,S; and Li,S.
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Figure 6.12. Cyclic voltammograms of:(a) electrode containing sprayed commercial
sulfur with 16% graphite; (b) electrode containing sprayed commercial sulfur with

28% graphite.

Figure 6.13 (a) and (b) shows representative charge and discharge voltage
profiles of the 1%, 100", and 200™ cycles for the cathode containing sprayed
commercial sulfur with 16% graphite and the cathode containing sprayed commercial
sulfur with 28% graphite at the current density of 0.1 C (I C = 1680 mA g') within a
cut-off voltage window of 1.5-3 V. The discharge curves present two plateaus for both
cells, which are at 2.3 and 2.05 V, respectively. They are assigned to the two-step

reaction of sulfur with lithium during the discharge process. This agrees very well with
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the CV results in Figure 6.12. Moreover, the electrode containing the composite of
sprayed commercial sulfur with 28% graphite demonstrated much better capacity

retention than that containing the composite of sprayed commercial sulfur with 16%

graphite.
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Figure 6.13 Voltage profiles of:(a) electrode containing sprayed commercial sulfur
with 16% graphite; (b) electrode containing sprayed commercial sulfur with 28%

graphite.

Figure 6.14 (a) presents the cycling performances of the cathodes at 0.1 C and
the relevant coulombic efficiency of the two as-prepared sulfur-dual carbon composite
electrodes. The discharge specific capacity and the reversibility of the electrode
containing sprayed commercial S with 28% graphite are much higher than for the
other three electrodes after 10 cycles. Many more details of the cycling performances of
the samples are summarized in Table 6.3. The electrode containing sprayed commercial
sulfur with 28% graphite shows the best cycling performance, yielding a discharge specific
capacity of 480 mAh g after 200 cycles, which is approximately 69.6% retention of the
initial discharge specific capacity of about 690 mAh g, while the electrode containing
sprayed commercial sulfur with 16% graphite presents the discharge specific capacity of 290
mAh g after 200 cycles, representing about 24.3% retention of the initial discharge specific

capacity of about 1190 mAh g™, the electrode with only sprayed commercial sulfur presents
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the discharge specific capacity of 200 mAh g after 200 cycles, representing about 20.6%
retention of the initial discharge specific capacity of about 970 mAh g™, and the commercial
sulfur electrode presents the discharge specific capacity of 100 mAh g™ after 100 cycles,
representing about 9.3% retention of the initial discharge specific capacity of about 1080
mAh g'. Thus, the capacity decay of the electrode containing sprayed commercial sulfur with
28% graphite is as low as 0.152% per cycle during these cycles, but the capacity decay of the
electrode containing sprayed commercial sulfur with 16% graphite is as high as 0.379% per
cycle, the capacity decay of the sprayed commercial sulfur electrode is as high as 0.397% per
cycle, and the capacity decay of the commercial sulfur electrode is as high as 0.907% per
cycle.It should be noted that the electrode containing sprayed commercial sulfur with
28% graphite delivers much lower discharge specific capacity in the first five cycles
compared to the other three electrodes, which could be ascribed to the incomplete
utilization of the active materials. The sulfur in the sprayed commercial sulfur with
28% graphite is covered very well by the graphite layer, which means that the sulfur
cannot be completely exposed to the electrolyte during the initial cycles, and the sulfur
has to rearrange itself during the first few cycles, so that the inactive cores of the
sulfur are exposed to the electrolyte and then become capable of being utilized in
subsequent cycles''. The coulombic efficiency of the sprayed commercial sulfur with
16% graphite is as high as 97% and very stable for 200 cycles, while that of the
sprayed commercial sulfur with 28% graphite cathode is not so high, which is 83%
after 200 cycles. It might be ascribed to the larger amount of graphite in the sprayed
commercial sulfur with 28% graphite composite. As shown in Figure 6.9 (b) and
Figure 6.11, the graphite applied in this work is a kind of layered nano carbon with 5
nm to 25 nm thickness and high surface area. Thus if the percentage of graphite in

composite is higher, it might lead to the formation of thicker SEI or more other side
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reactions resulting in lower coulombic efficiency and worse rate capability. Figure 6.15
presents the cycling performances of the composites of sprayed commercial sulfur with 16%
CB, sprayed commercial sulfur with 12% CB + 4% CNT, sprayed commercial sulfur with 8%
CB + 8% CNT, and sprayed commercial sulfur with 28% CB. The cycling performance of
the sulfur/dual-carbon composites is much better than these four composites with
carbon black and multi-walled CNT. This is because the bridging graphite with its
unique 3D layered structure can be bound with the amorphous carbon adhesive
interface to form an effective conducting matrix and provide interconnected open
pores to further reduce the diffusion paths of lithium ions, absorb electrolyte and
polysulfides, and buffer the volumetric expansion of sulfur. The morphologies of the
four composies of the sprayed commercial sulfur with carbon black and multi-walled
CNT are presented in Figure 6.16. Figure 6.16 (a) and (b) are the images of sprayed
commercial sulfur with 16% CB. The nano sized carbon black particles covered the sulfur
particles, thus the surface of sulfur shows less porous structures than that of sprayed
commercial sulfur, sprayed commercial sulfur with 16% graphite and sprayed commercial
sulfur with 28% graphite. As the carbon black particles are nano size, the same amount
carbon black was adding into the experiment system, but with the higher volume. Therefore
these carbon black particles can prevent the porous structure of sulfur formed during the
spray progress. That’s why we can’t see so much pores in Figure 6.16 (b). The FESEM
images of sprayed commercial sulfur with 12% CB + 4% CNT are shown in Figure 6.16 (c)
and (d). The multi walled CNT and the carbon black particles covered the sulfur particles
very well. It is interesting that some sulfur has loaded on the surface of CNT because of the
melting of the sulfur. Figure 6.16 (e) and (f) demonstrated the FESEM images of sprayed
commercial sulfur with 8% CB + 8% CNT, which is similar as the that of the sprayed

commercial sulfur with 12% CB + 4% CNT. But as the percentage of carbon black is higher,
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the melt, evaporation or sublimation are all prevented, thus there is no significant loading
sulfur on the CNT surface in Figure 6.16 (f). The FESEM images of the sprayed commercial
sulfur with 28% CB are in the Figure 6.16 (g) and (h), which are also similar as that of the

sprayed commercial sulfur with 16% carbon black.

—- 120 "5, 1200 (b) —a— sprayed commercial sulfur
"o 1200 = i ~—eo— commercial sulfur
< L 100 ‘é - sprayed commercial sulfur with 16% graphite
‘é 1000 9 ~ 1000 —v— sprayed commercial sulfur with 28% graphite
< o e 2
2 —m— commercial S o 8% 35 'g
S 800 o sprayed commercial S with 28% graphite 2 3 800
% —A— sprayed commercial S with 16% graphite 460 & ©
3 600 —v— sprayed commercial S % g 600
s d40 © g
= o
g. 400 —— g o 4004
2 o 20 < §
© 200 X S 2004
E \ o '5
[} 01cC 2
2 0 T T T T T T T T T o o T T T T T
o 20 40 60 80 100 120 140 160 180 200 5 10 15 20 25 30
Cycle number Cycle number
700 1
G (c) —=—400 mAhg™! (d) —=—500 mAh g
800+
500
400 6004
300 4 .‘MA PN W . » P
2004 400 -

-

(=3
o o
1 1

-100 4

0 T T T T

50 100 150 200 250 300 350 400 0 20 40 60 80 100
Cycle number Cycle number

-200

Discharge specific capacities (mAh 9'1)
Discharge specific capacities (mAh 9'1)

Figure 6.14 (a) Cycling performance of commercial sulfur and sprayed commercial
sulfur; cycling performance and relevant coulombic efficiency of sprayed commercial
sulfur with 16% graphite, sprayed commercial sulfur with 28% graphite; (b) rate
capability of commercial sulfur, sprayed commercial sulfur, sprayed commercial
sulfur with 16% graphite, sprayed commercial sulfur with 28% graphite. Discharge
specific capacities of the sprayed commercial sulfur with 28% graphite using the new

charging method: charged to (c) 400 mAhg™ and (d) 500 mAh g

In order to compare the rate capabilities, the cells were discharged to 1.5 V

from 0.1 C to 2 C. In Figure 6.14 (b), the sprayed commercial S cathode delivered
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higher capacity compared to the commercial sulfur electrode. This is ascribed to the
carbon formed from the decomposition of ethanol, which can improve the conductivity
of the electrode by increasing the conductivities of pure sulfur particles and composite
particles?®®. This can be proved by the electrochemical impedance spectroscopy (EIS)
results in Figure 6.17. It shows one compressed semicircle in the high to medium
frequency range, which describes the charge transfer resistance (R.), since the
diameter of the semicircle is related to R.. The values of R, for the electrodes
containing commercial sulfur, sprayed commercial sulfur, sprayed commercial sulfur
with 16% graphite, and sprayed commercial sulfur with 28% graphite were calculated
to be 268 Q, 132 Q, 114 Q, and 77 Q, respectively. Obviously, the Ry of the
commercial sulfur electrode is much higher than those of the other three electrodes,
while the R of the electrode containing the sprayed commercial sulfur with 28%
graphite shows the smallest value. Comparing the amounts of amorphous carbon in the
samples with commercial sulfur, sprayed commercial sulfur, sprayed commercial
sulfur with 16% graphite, and sprayed commercial sulfur with 28% graphite (0%, 1%,
1.3%, and 10% respectively), it is clear that the amorphous carbon from the
decomposition of ethanol can significantly improve the conductivity and the
electrochemical kinetics of the electrode in lithium/sulfur batteries, and that larger
amounts of amorphous carbon are good for improving the conductivity of the
electrodes. The amorphous carbon coating on the sulfur particles can improve the
conductivity of pure sulfur particles and of composite particles as well. It was reported
that dual-carbon-based architectures are useful for high performance energy storage

. 267
materials

. Thus, if graphite is present, the interface coating of amorphous carbon
can act as a very good soft adhesive to bind the highly porous sulfur particles with

graphite to form a conductive matrix and serve as a good electron conductor to further
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increase the conductivity of the composite. In addition, the cathode containing sprayed
commercial sulfur with 16% graphite delivers the highest capacity at 2 C (520 mAh g~
1, which is even higher than that of the cathode containing sprayed commercial sulfur
with 28% graphite. This is because when the current density is higher, it requires faster
ion diffusion, but in the sprayed commercial sulfur with 28% graphite, graphite covers
the amorphous carbon and porous sulfur composite particles very well, which can trap
the dissolved polysulfides, but also can decrease the ion diffusion speed to some extent.
It was reported that the cycle life of lithium/sulfur batteries can be improved by a
special charging technique, in which the battery is charged to a fixed capacity to avoid
the dissolution of long-chain polysulfides®. In this study, I have also applied this
novel technique to charge the batteries. Figure 6.14 (c¢) and (d) shows that almost no
capacity fading behavior could be observed for 400 cycles at 400 mAh g™ and for 100

cycles at 500 mAh g

Table 6.3 Comparison of the cycling performances of the electrodes.

Electrode name Initial discharge Reversible Capacity retention | Capacity decay rate
capacity (mAh g"') | capacity (mAh g™") (per cycle)
Commercial S 1080 100 (100" cycle) 9.3% 0.907%
Sprayed commercial 970 200 (200™ cycle) 20.6% 0.397%
S
Sprayed commercial 1190 290 (200™ cycle) 24.3% 0.379%
S with 16% graphite
Sprayed commercial 690 480 (200™ cycle) 69.6% 0.152%
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Figure 6.15 Cycling performances of sprayed commercial sulfur with 16% CB, sprayed
commercial sulfur with 12% CB + 4% CNT, sprayed commercial sulfur with 8% CB + 8%

CNT, sprayed commercial sulfur with 28% CB, and sprayed commercial sulphur with 16%

CB.

Figure 6.16 FESEM images of (a) sprayed commercial sulfur with 16% CB, (b) the enlarge

image of (a), (c) sprayed commercial sulfur with 12% CB+4% CNT, (d) the enlarged image
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of (c), (e) sprayed commercial sulfur with 8% CB+8% CNT, (f) the enlarged image of (e), (g)

sprayed commercial sulfur with 28% CB, (h) the enlarged image of (g)
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Figure 6.17 Impedance plots of fresh electrodes containing commercial sulfur;
sprayed commercial sulfur; sprayed commercial sulfur with 16% graphite; and sprayed

commercial sulfur with 28% graphite.

6.4. Conclusions

In summary, porous sulfur/dual-carbon ternary composite architectures using
graphite, carbon black, and multi-walled CNT scaffolding particles were prepared by
an advanced in-situ spray-pyrolysis/sublimation method, which is a cost-effective
technique and industrially oriented approach for continuous production. In this study,
the best ratio of ethanol to distilled water is confirmed to be 1:2. The influence of the
operation temperature on the synthesis was investigated. 180 °C was found to be the
optimal operation temperature. Among the different types of added carbon in the

forms of graphite, carbon black, and multi-walled CNT, graphite is the best form of
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carbon for this spray-pyrolysis/sublimation system. The bridging graphite can be
bound to porous sulfur by an adhesive interface of amorphous carbon to form an
interparticle conductive matrix. Moreover, the pores on sulfur formed from sulfur
sublimation and the interconnected open pores from the matrix increase the contact
area with Super-P and electrolyte, decrease the transport pathways for both electrons
and lithium ions, and confine the soluble lithium polysulfides, as well as providing
sufficient space to accommodate sulfur volumetric expansion during charge and
discharge processes. Due to this unique chemistry and structure, the porous
sulfur/dual-carbon composites with graphite present attractive cycling performance of
480 mAh g after 200 cycles, 400 mAh g™ after 400 cycles and 500 mAh g after 100
cycles with the new charging technique, and good high rate capability of 520 mAh g’
at 2 C as well. The scalable and continuous-production spray-pyrolysis/sublimation
method developed in this study and the novel architecture of porous sulfur/dual-carbon
composites prepared for the first time in this work show great potential for the

commercialization of lithium/sulfur batteries.
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Chapter 7 High Performance Active-Carbon — Nano-Sulfur — Polypyrrole Composite with

Host-Container Architecture for Lithium/Sulfur Batteries

7.1. Introduction

The lithium/sulfur battery has been attracting ever-increasing attention for years as the
next-generation energy storage system, because it has the highest theoretical discharge
specific capacity (1675 mAh g') among all the known solid cathode materials for lithium ion

26, 163, 241, 268-272

batteries and very high energy density (2600 Wh kg™) . In addition, sulfur is

naturally abundant, low-cost, and environmentally friendly*®**7>-",
It is very difficult, however, to realize the full capacity of the sulfur cathode, due to the low
utilization of the active materials. Firstly, sulfur is an insulating material, whose conductivity
is only 5x10°°S em™ at 25 “C*"°. Thus, a high proportion of the sulfur, which isn’t in contact
with the carbon black and electrolyte, cannot provide any capacity. Secondly, the intermediate
polysulfide ions, which are produced during the discharge and charge processes, are highly
soluble in the organic electrolyte®™ *""* The dissolved polysulfides will be transferred to
the anode, which is called the “shuttle effect”*®'. Once there, the polysulfide ions will react
with lithium metal and lithium ions, which will lead to capacity decay and a reduction in
active material utilization®” **%%.

In order to successfully operate the lithium-sulfur battery, the sulfur powder must be
well combined with electrically conductive additives and strongly adsorbent agents™*>".
Reducing the particle size of sulfur can increase the contact area with carbon black in the

294,295 . .
. There are two main approaches to obtain fine-

electrode as well as with the electrolyte
size sulfur by a wet chemical method. *****. One involves using a surfactant such as Triton-

X100, cetyl trimethyl ammonium bromide (CTAB), and sodium dodecyl benzene sulfonate

(SDBS). The surfactants can effectively control the size of sulfur particles by reducing the
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2% The problem is that these

interfacial tension for the dispersion of a compound in a solution
high molecular weight surfactants are expensive and not environmentally friendly. Moreover,
removing the surfactant from the synthesized product is time-consuming and results in
unwanted sulfur waste. Another approach is using spray precipitation method, which is a
simple, single-step, and industry-oriented method. It is claimed that the atomized thiosulfate
creates numerous nucleation sites to produce submicron-sized elemental sulfur particles with
higher surface area compared to conventional methods. The as-prepared submicron-sized
elemental sulfur particles will agglomerate, however, to form larger size sulfur particles after
the washing and drying process”*. Thus, it is necessary to add some additives to prevent the
agglomeration of the as-prepared submicron-sized sulfur in the spray precipitation method.
M. R. Kaiser et Al. has reported that carbon black can successfully act as a dispersion agent
and conducting additive to prepare sulfur/carbon-black composite. The newly developed
high-surface-area spray-precipitated carbon-sulfur composite has demonstrated superior
electrochemical performance™”. In that work, however, there is no extra layer to protect the
sulfur/carbon composite. Thus the diffusion of the dissolved polysulfide species cannot be
prevented effectively. Active carbon is a kind of porous material with very high surface area,
which can act as a good conducting matrix in lithium/sulfur batteries, and the pores in the
active carbon can absorb thiosulphate ions to form submicron-sized sulfur particles and
further protect the sulfur particles from agglomeration. Thus, the small pores and the high
surface area have the potential to absorb the dissolved polysulfide ions to some extent®’.
Moreover, polypyrrole (PPy) has been reported to be a very good conducting additive in
sulfur cathode to improve the performance of lithium/sulfur batteries by enhancing the

conductivity, providing capacity, and trapping the diffusion of the dissolved polysulfides'® **

61.64.193.263 "Thys, coating an external polypyrrole layer on the outside of the sulfur/active

carbon is expected to further enhance the performance of lithium/sulfur batteries.
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299.390 renorted that inserting a

Furthermore, Manthiram’s group 298, and later, other groups
free-standing layer of carbon nanotube (CNT) between the separator and the sulfur cathode as
a physical barrier can help to increase the conductivity of the sulfur while preventing the
diffusion of longer chain polysulfides.

In this work, there are synergetic advantages from the spray precipitation method, the
unique structure of the active carbon used as host conductive agent, the polypyrrole coating
layer that functions as a container, and the single-walled carbon nanotube (SWCNT) paper as
interlayer. Firstly, the active-carbon — nano-sulfur — polypyrrole composite with host-
container architecture was prepared, where the active carbon acts as a host to adsorb sulfur in
its pore spaces and the polypyrrole layer works as a container to protect the sulfur from
diffusion of the dissolved polysulfide ions in lithium/sulfur batteries. Then, the interlayer of
single-walled carbon nanotube flexible film was inserted between the cathode and the
separator, where it could significantly improve the rate capability of the composite cathode in
lithium/sulfur batteries. As a result, the as-prepared active-carbon — nano-sulfur — polypyrrole
composite was applied in lithium/sulfur batteries, which presented much better

electrochemical performance than sulfur cathode and active-carbon - nano-sulfur composite

cathode.
7.2 Experimental section
7.2.1 Materials

Sodium thiosulphate (Na,S,0s3), oxalic acid (H,C,04), activated carbon (AC), sulfur
(S), nano-graphite carbon, pyrrole monomer, sodium p-toluenesulphonate (PTS Na), FeCls,
Triton X-100, and ethanol were all purchased from Sigma Aldrich (Australia). All the

chemicals were used as received without any further purification.
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7.2.2 Material synthesis
7.2.2.1 Preparation of AC-S composite:

Firstly, 0.5 M Na,S,0s3 solution and 1 M H,C,04 solution were prepared. 0.6857 g
AC was dispersed into 100 mL Na,S,0;5 solution. After that, the suspension of Na,S,03 and
AC was sprayed into the H,C,O4 solution. The precipitated solution was washed by de-
ionized water and ethanol, followed by vacuum drying at 50 °C for 48 hours. The chemical
reaction for sulfur precipitation is: Na;S,03 + H,C,04 — NayC,04 + S| +SO,1 +H,0.

For investigation of the effects of the AC’s position in the suspension and the spray
order, an ACSiyverse cOMposite was prepared for comparison. A similar procedure was applied
for the fabrication of ACSjyese composite as for the preparation of AC-S composite. The
only difference is that the spray order was inverted, so that the AC was dispersed into H,C,04
solution rather than into Na,;S;0; solution, and the Na,;S,03; solution was subsequently
sprayed into the suspension of H,C,O4 and AC.

The thermogravimetric analysis (TGA) and energy dispersive spectroscopy (EDS)
mapping results confirmed that the AC-S composite was much better than the ACSipverse
composite. Therefore, the following discussion will be focused on the AC-S composite and

the modification of the AC-S composite by PPy coating.
7.2.2.2 Preparation of AC-S-PPy composite:

The AC-S-PPy composite was synthesized by coating polypyrrole on the surface of
the AC-S composite, which was prepared by spraying the suspension of Na,S,03; and AC into
H,C,0; solution, via an optimized chemical polymerization method using pyrrole monomer,
sodium p-toluenesulphonate (PTS Na) as the dopant, and FeCl; as the oxidant.

Preparation of Solution One: 115.76 mg sodium p-toluenesulfonate (PTS Na) was dispersed

in 300 mL distilled water under stirring for 30 min with the temperature kept at 0-5 °C. Then
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120 pL liquid pyrrole monomer was added into the above solution under stirring for 30 min
with the temperature kept at 0-5 °C as well.

Preparation of Solution Two: 870.4 mg FeCl; was dissolved in 120 mL distilled water
under stirring for 30 min with the temperature kept at 0-5 °C.

Firstly, 3.2 mL TX-100 and 320 mg AC-S composite were dispersed in Solution One
and kept under stirring for 1 h, with the temperature kept at 0-5 °C. Then, Solution Two was
gradually dropped into the above mixture to initiate the polymerization. The mixture was
stirred for 6 h and then aged for another 12 h. All the solutions were precooled to 0-5 °C, and
all the polymerization took place at 0-5 °C. The resultant black aqueous solution was washed
thoroughly with distilled water until free of FeCls. Finally, the black mass was dried at 45 °C

overnight under vacuum to yield AC-S-PPy composite powder.
7.2.2.3 Fabrication of SWCNT free-standing layer:

15 mg SWCNTs with 500 ml de-ionized water were poured into a beaker, and 500 mg
of Triton-X100 surfactant was added. Then, the solution was probe sonicated for 1 h with a 2
s pause time, followed by vacuum filtration and washing with de-ionized water and ethanol.
The polytetrafluoroethylene (PTFE) filter paper with the SWCNT layer was dried under
vacuum overnight at 60 °C, and finally, the SWCNT layer was easily peeled off from the

filter paper.
7.2.3. Materials characterization

The structures of the samples were characterized by X-ray diffraction (XRD) using a
GBC MMA X-ray generator and diffractometer with Cu Ko radiation (A = 1.5418 A),
employing a scanning rate of 5° min™ in the 26 range from 10° to 70°. Raman spectroscopy
was conducted on a JOBIN YVON HR800 Confocal Raman system with 632.8 nm diode

laser excitation on a 300 lines/mm grating at room temperature. Thermogravimetric analysis
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(TGA) was performed via a SETARAM Thermogravimetric Analyzer (France) in air to
determine the changes in sample weight with increasing temperature and to estimate the
amount of sulfur in the sample. The morphology of the samples and the mapping results were
obtained with a field-emission scanning electron microscope (FESEM; JEOL 7500, 5 kV)

and a transmission electron microscope (TEM; JEM-ARM 200F).
7.2.4. Electrochemical measurements

When preparing electrodes for lithium/sulfur batteries, polyvinylidene fluoride
(PVDF) was used as the binder and N-methyl-2-pyrrolidinone (NMP) as solvent. The weight
ratio of the as-prepared composite, Super P, and PVDF in the mixture ws 80:10:10. The
slurries were spread onto aluminum foil substrates. The coated electrodes were dried in a
vacuum oven at 50 °C for 24 h and then pressed. Subsequently, the electrodes were cut into
disks 9.5 mm in diameter. A conventional organic solvent electrolyte was used, consisting of
1 mol L lithium bis(trifluoromethane sulfonyl) imide (LiTFSI) in 1,3-dioxolane (DOL) /
1,2-dimethoxyethane (DME) (1:1 by volume) with 0.1 mol L™ LiNO; as an additive. CR
2032 type coin cells were assembled in an Ar-filled glove box. Charge-discharge testing was
carried out with a LAND battery test system at a current density of 168 mA g (0.1 C) within
the voltage range of 1.5-3.0 V. Cyclic voltammetry (CV) and AC impedance measurements
were performed using a Biologic VMP-3 Multichannel electrochemistry workstation at a

scanning rate of 0.1 mV s™' over a frequency range of 1 00 kHz - 0.01 Hz, respectively.
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7.3. Results and discussions
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Figure 7.1 (a) X-ray diffraction patterns of AC, S, AC-S composite, and AC-S-PPy

composite, (b) Raman spectra of AC, S, PPy, AC-S composite, and AC-S-PPy composite.

Figure 7.1(a) presents the X-ray diffraction (XRD) patterns of the commercial sulfur,
AC, AC-S composite, and AC-S-PPy composite. The diffraction peaks of the three samples
match very well with the standard diffraction lines of sulfur (PDF card No. 00-001-0478),
which can be indexed to the orthorhombic phase with space group Fddd. This indicates that
no phase transformation of sulfur occurs during the in-situ chemical polypyrrole coating
process. The Raman spectra of bare S, pure PPy, AC, AC-S composite, and AC-S-PPy
composite are shown in Figure 7.1(b), which were obtained with 632.8 nm diode laser
excitation at room temperature. The Raman spectrum of S displays three main peaks below
500 cm™', while the peaks in the Raman spectrum of PPy are located between 800 and 1700
cm”', which are identified as the characteristic peaks of C=C backbone stretching of PPy at
1580 cm™', C-H in-plane deformation at 1050 cm™ and 1080 cm™, C-H out-of-plane bending
of oxidized PPy at 930 cm™', N-H in-plane bending at 1240 cm™, and the ring-stretching
mode of PPy at 1320 cm™ and 1380 cm™, respectively”’. The Raman spectra of the AC-S
composite and the AC-S-PPy composite show not only the three characteristic peaks of sulfur

below 500 cm™, but also the typical peaks of PPy between 800 and 1700 cm™. This confirms
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that the AC-S composite and AC-S-PPy composite contain both sulfur and PPy.
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Figure 7.2 TGA curves of commercial S, precipitated S, AC-S composite, AC-S-PPy

composite.

In order to quantify the amount of sulfur in the as-prepared samples, TGA was carried
out in argon. The samples were heated from 60 °C to 450 °C at a heating rate of 5 °C min™". In
Figure 7.2, the TGA curve of the as-prepared spray-precipitated sulfur presents a different
weight loss end temperature compared to the commercial sulfur, which can be ascribed to the
size differences between the precipitated sulfur and the commercial sulfur. As shown in
Figure 7.3, the particle size of the sulfur prepared by spray precipitation is much smaller than
that of commercial sulfur. The average size of the as-prepared spray-precipitated sulfur is
around 1 um, while that of the commercial sulfur is about 50 pm. The Brunauer-Emmett-
Teller (BET) surface areas of the commercial sulfur and the sulfur precipitated by the spray
method are listed in Table 7.1. The BET surface area of the commercial sulfur is only 0.2023
m® g, while that of the spray-precipitated sulfur is as high as 2.4815 m? g'.The smaller

particle size leads to higher surface area and lower sublimation temperature. That is why all
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the as-prepared spray-precipitated sulfur is gone at 230 °C, but the commercial sulfur is
completely sublimated at around 250 °C. In Figure 7.2, the TGA curve of the AC-S composite
shows two different weight loss plateaus, which can be ascribed to the presence of AC. As the
morphology of AC is porous, some of the S precipitation is absorbed into the pores. Thus the
S particles outside of the C evaporate much more quickly, while the S inside of the pores of
the C will not be so easy to evaporate because of the capillary attraction. The quick decrease
in the slope is ascribed to the loss of sulfur outside of the carbon and the slow decrease in the
slope is attributed to the loss of sulfur inside of the carbon. In the AC-S composite curve, the
quick weight loss is 14.7%, and the slow weight loss is 47.3%. This means that the proportion
of the outside sulfur is 14.7% and that of the inside sulfur is 47.3%. The TGA curves of the
CB-S and graphite-S composites only show one slope for weight decrease. As these two
kinds of composites have no AC, this can further confirm that AC can adsorb precipitated
sulfur during the spray process. For lithium/sulfur batteries, the dissolution of polysulfides is
one of the main problems, so it is necessary to load a polypyrrole layer to prevent the
dissolution of polysulfides, which has been proved to be a successful approach. '®3% ¢! 64263
Thus, in this work, The PPy layer has also been coated on the as-prepared AC-S composite.
The TGA curves of the AC-S-PPy composite in Figure 7.2 show only one decreasing step for
the AC-S-PPy composite, which is different from the AC-S composite. This can be ascribed
to the PPy coating on the sulfur, which protects the outside sulfur in a similar way to the
inside sulfur. Thus, the outside sulfur and the inside sulfur sublimate at a similar rate. This
can further confirm that PPy has covered the AC-S composite very well. From Figure 7.2, it

can be calculated that AC-S-PPy composite contains 51.0 wt% sulfur, 27.5 wt% AC, and

21.5wt% polypyrrole.
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Figure 7.3 FESEM images of: (a) as-prepared sulfur by spray precipation; (b) commercial

sulfur.

Table 7.1 BET surface areas of commercial S and spray-precipitated S.

Sample Commercial S Precipitation S by spray

BET Surface Area (mzlg) 0.2023 2.4815

Figure 7.4 EDS mapping of (a) AC-S composite, (b) ACSjpyerse COMposite.

In order to compare the importance of AC’s position in the suspension and the spray
order, the elemental distributions of AC-S composite and ACSiyyerse COMposite were examined
by energy dispersive X-ray spectroscopy (EDS) mapping analysis, which is shown in Figure

7.4. Figure 7.4(a-1) is the selected area of the FESEM image of the AC-S composite. The red
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spots in Figure 7.4(a-3) correspond to the presence of the element carbon, and the green spots
in Figure 7.4(a-4) correspond to the element sulfur. It is clear that the distributions of carbon
and sulfur coincide completely, which is shown in the overall result of the EDS mapping in
Figure 7.4(a-2) as well. This indicates that the sulfur was uniformly loaded throughout the
carbon. EDS mapping analysis was also carried on the ACSiyyerse composite for comparison,
and the results are shown in Figure 7.4(b). Figure 7.4(b-1) is the FESEM image of the
detected area. Figure 7.4(b-2) gives the overall EDS mapping results, and Figure 7.4(b-3)
shows the distribution of the element carbon, while Figure 7.4(b-4) shows the distribution of
the element sulfur. It is clear that there is sulfur loading on most of the carbon in ACS;yyerse
composite, but it is not so uniform as that of AC-S composite in Figure 7.4(a), and some
carbon is not successfully coated by sulfur. The above results agree very well with the TGA
results in Figure 7.5. The total weight loss of AC-S composite and ACS;yyerse cOmposite is the
same, which is 62%. But the ratio of the slow decrease slope is different. In the ACSjpyerse
composite, the proportion of outside sulfur is 21.2% and that of inside sulfur is 40.8%, while
in the AC-S composite, the proportion of outside sulfur is 14.7% and that of inside sulfur is
47.3%. This can be ascribed to the effect of the AC’s position in the suspension and the spray
order. For the synthesis of the AC-S composite, AC is dispersed in the solution of Na,S,0s,
so the S,05% can be plentifully adsorbed by that porous AC. Thus, when the suspension with
AC and Na,S,0;3; was sprayed into the solution of H,C,0., the sulfur particles could be
produced immediately inside of the AC. In contrast, when the ACS;yyese cOmposite was
prepared, the AC was dispersed in the solution of H,C,0,, and then the Na,S,0; solution was
sprayed into the suspension of AC and H,C,04. As the size of 82032' is quite big, 82032' takes
time to be absorbed into the AC. The precipitation of sulfur on the surface of AC will also
prevent the adsorption of sulfur into the inside of the AC to some extent. Therefore, the

percentage of sulfur inside the AC of ACSjyerse composite is lower than that of AC-S
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composite. It is further confirmed that the dispersion AC dispersed in S,Os> solution,
followed by spraying into the solution of H,C,04, is good for the preparation of AC-S
composite. Therefore, the following discussion will be focused on the AC-S composite and
the modification of AC-S composite by PPy coating.

In order to study the morphology of the samples, FESEM images were collected and
are shown in Figure 7.6. Figure 7.6(a-1) is a FESEM image of commercial AC at lower
magnification, which shows that the size of the AC particles is around 7 um, and from the
FESEM image at slightly higher magnification in Figure 7.6(a-2), it can be seen that the
surface of the AC particles is very smooth. Figure 7.6(b-1) is a FESEM image of the as-
prepared AC-S composite at lower magnification, which demonstrates that the size of the AC-
S composite particles is still around 7 um, with no big difference compared to that of the AC
particles shown in Figure 7.6(a-1). Figure 7.6(b-2), a FESEM image of the AC-S composite
at higher magnification, shows that the surface of the AC-S composite has become slightly
rougher compared to that of commercial AC. Figure 7.6(c-1) shows that the size of the as-
prepared AC-S-PPy composite particles is around 5 um, which is a little smaller than that of
AC-S composite, and the amount of the smaller particles has also becomes greater. This can
be ascribed to the high energy ultrasonic dispersion during the PPy coating process. The
biggest change is the surface, which is shown in Figure 7.6(c-2). The surface of the AC-S-
PPy composite has become less smooth. Cauliflower-like structure on the surface of the AC-S
composite can be seen, which is a typical PPy morphology when it is synthesized by the

chemical polymerization method. *>-2%
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Figure 7.5 TGA curves of AC-S composite and ACSinyerse cOmMposite.

Figure 7.6 FESEM images of (a-1) AC under low magnification, (a-2) AC under high
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magnification, (b-1) AC-S composite under low magnification, (b-2) AC-S composite under

high magnification, (c-1) AC-S-PPy composite under low magnification, and (c-2) AC-S-PPy

composite under high magnification.

Figure 7.7 TEM and STEM images of: AC (a-1, a-2, a-3); AC-S composite (b-1, b-2, b-3);

and AC-S-PPy composite (c-1, ¢c-2, ¢c-3).

The morphology of the samples was further investigated by transmission electron
microscopy (TEM), as shown in Figure 7.7. Figure 7.7(a-1) is a bright-field TEM image of
commercial AC at lower magnification. Figure 7.7(a-2) is an enlarged dark-field TEM image
of the selected area in Figure 7.7(a-1). It seems that the AC has a porous structure from
Figure 7.7(a-1) and Figure 7.7(a-2), but this is not very clear. In order to further confirm the

surface structure of the AC, the selected area in Figure 7.7(a-2) is further enlarged and shown
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in Figure 7.7(a-3), which is a scanning TEM (STEM) image of the commercial AC. It is
apparent that the surface of the AC is not smooth, but very rough with pores. This is why the
AC particles have a very high surface area of 2000 = 100 m*/g and also further confirms that
AC can adsorb S,05” inside its pores. Figure 7.7(b-1) is a TEM image of AC-S composite at
lower magnification, and Figure 7.7(b-2) is an enlarged image of the selected area in Figure
7.7(b-1), while Figure 7.7(b-3) is a further enlarged image of the selected area in Figure
7.7(b-2). Comparing Figure 7.7(a-2) and Figure 7.7(b-2), it is clear that the surface of AC-S
composite has become smoother after loading sulfur. This can be seen much more clearly in
Figure 7.7(b-3) and Figure 7.7(a-3). It also can confirm that the spray-precipitated sulfur is
nanosize. Figure 7.7(c-1) is a TEM image of AC-S-PPy composite, Figure 7.7(c-2) is an
enlarged image of the selected area in Figure 7.7(c-1). The selected area in Figure 7.7(c-2) is
further enlarged and presented in Figure 7.7(c-3), where typical cauliflower structure of the
PPy coating layer can be seen very clearly. This also agrees with the results presented in the
FESEM images (Figure 7.6(c-1) and Figure 7.6(c-2)).

To investigate the elemental distribution in AC-S-PPy composite, EDS mapping was
conducted, and the results are shown in Figure 7.8. Figure 7.8 presents the results for AC,
AC-S composite, and AC-S-PPy composite. The grey image is the dark-field TEM image of
AC, the red spots correspond to the element C, the yellow spots correspond to the element S,
and the purple spots correspond to the element N. In respectively, Figure 7.8(a) shows the
EDS mapping of AC, Figure 7.8(b) the EDS mapping of AC-S composite, and Figure 7.8(c)
the EDS mapping of AC-S-PPy composite. It can be concluded that sulfur is loaded very
uniformly in AC-S composite and AC-S-PPy composite, and the PPy coating on AC-S

composite is also very uniform.
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Figure 7.8 TEM image and EDS analysis of (a) AC, (b) AC-S composite, and (c) AC-S-PPy

composite.
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Figure 7.9 Cycling performance of commercial S, AC-S composite, AC-S-PPy composite,
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and AC-S-PPy composite with SWCNT interlayer.

To investigate the electrochemical performance of the samples, commercial S, AC-S
composite, and AC-S-PPy composite cathodes were cycled in 1 M LiTFSI in DOL/DME
(1:1) with 0.1 M LiNOsj additive at the current density of 0.1 C, and the results are shown in
Figure 7.9. It was found that the discharge specific capacity of the AC-S-PPy composite
electrode was the highest among the commercial sulfur electrode, the AC-S composite
electrode, and the AC-S-PPy composite electrode. Specifically, the AC-S-PPy composite
cathode yields a discharge specific capacity of 597.2 mAh g™ after 50 cycles, while the AC-S
composite cathode presents a discharge specific capacity of 420.2 mAh g after 50 cycles,
and the commercial S electrode only yields 177.9 mAh g discharge specific capacity. It has
been reported that a flexible film inserted between the separator and the cathode can improve
the performance of Li/S batteries *® ***°* | and in this work a flexible SWCNT film was
prepared as an interlayer in the Li/S batteries assembled with AC-S-PPy composite cathode.

The discharge specific capacity was enhanced to 709.5 mAh g™ after 50 cycles.
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Figure 7.10 Cyclic voltammogram for the first cycle of electrode containing AC-S-PPy

composite.
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In Figure 7.10, cyclic voltammetry (CV) of the first cycle for the AC-S-PPy composite in
1 M LiTFSI in DOL/DME (1:1) with 0.1 M LiNOj additive was conducted at a scan speed of
0.1 mV s in the potential range of 1.5-3.0 V. Two reduction peaks are observed, which could
be assigned to the multiple-step reaction mechanism of sulfur with lithium. Specifically, in
the first cycle, the peak at 2.3 V is ascribed to the open ring reduction of cyclic Sg to long
chain lithium polysulfides (Li,S;, 4 < x < 8), while the peak at 2.0 V corresponds to the

further reduction of these high-order polysulfides to Li,S, and Li,S.
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Figure 7.11 Rate capabilities of commercial S electrode, AC-S composite electrode, AC-S-

PPy composite electrode, and AC-S-PPy composite electrode with interlayer.

Rate capabilities of the commercial S electrode, AC-S composite electrode, AC-S-PPy
composite electrode, and the AC-S-PPy composite electrode with the interlayer were also
investigated, and the cells were discharged to 1.5 V at different current densities from 0.1 C
to 2 C in DOL/DME (1:1) electrolyte with 0.1 M LiNOj3 additive, as shown in Figure 7.11. It
should be noted that the AC-S-PPy composite cathode delivered the highest discharge

capacity when the SWCNT interlayer was inserted among all the tested batteries. Even at 2

- 152 -



Chapter 7 High Performance Active-Carbon - Nano-Sulfur - Polypyrrole Composite with Host-Container Architecture for Lithium/Sulfir
Batteries

C, the discharge specific capacity of the AC-S-PPy composite cathode with SWCNT
interlayer was still as high as 787.9 mAh g'. The flexible SWCNT film inserted in between
the separator and the cathode can help to increase the conductivity of the sulfur along with

preventing the diffusion of longer chain polysulfides®*>%.
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Figure 7.12 (a) Cycling performance of AC-S-PPy composite cathode with the interlayer
under the new charging technique (charging to 600 mAh g™ at 1 C); (b) cycling performance
of AC-S-PPy composite cathode with the interlayer underthe new charging technique

(charging to 800 mAh g'at 0.1 C).

It was reported that the cycle life of lithium/sulfur batteries can be improved by
a special charging technique, in which the battery is charged to a fixed capacity to
avoid the dissolution of long-chain polysulfides.? In this study, I have also applied this
novel technique to charge the batteries with AC-S-PPy composite cathode with the
SWCNT interlayer to 600 mAh g ' at 1 C and 800 mAh g at 0.1 C. Figure 7.12 shows
that almost no capacity fading behaviour could be observed for 290 cycles at 600 mAh

g™ and for 120 cycles at 800 mAh g™
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Figure 7.13 Discharge curves for 1* cycle of (a) AC-S-PPy composite electrode with

interlayer; (b) AC-S-PPy composite electrode with interlayer under new charging technique.

Figure 7.13(a) shows the discharge voltage profile of the 1% cycle for AC-S-PPy
composite with SWCNT interlayer in 1 M LiTFSI in DOL/DME (1:1) with 0.1 M LiNO;
additive at the current density of 1 C. The discharge curve presents three plateaus, which are
at 2.4 V and 2.05 V, respectively, which can be assigned to the two-step reaction of sulfur
with lithium during the discharge process, which is in very good agreement with the CV
results in Figure 7.10. The plateau at 2.4 V is ascribed to the open ring reduction of cyclic Sg
to long chain lithtum polysulfides (Li,S,, 4 < x < 8), while the plateau at 2.05 V corresponds
to the further reduction of these high-order polysulfides to Li,S, and Li,S. Figure 13(b)
presents the discharge curve of the 1% cycle of AC-S-PPy composite with SWCNT interlayer
in 1 M LiTFSI in DOL/DME (1:1) with 0.1 M LiNO; additive under the new charging
technique with charging to 600 mAh g at at the current density of 1 C, and it only shows one
discharge plateau at 2.05 V. No first plateau is formed, which indicates that the longer chain
polysulfides have been prevented. As the longer chain polysulfides easily dissolve into the
organic solvent of the electrolyte, and the longer chain polysulfides are formed in the first
discharge plateau according the mechanism of the lithium/sulfur batteries, therefore, the fixed

charging capacity method can prevent the diffusion of polysulfides and avoid the “shuttle
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effect”. I also tried to fix the charge capacity to 1000 mAh g with discharge at 0.1 C, as is
shown in Figure 7.14. The discharge specific capacity cannot reach 1000 mAh g, but more

than 800 mAh g can be retained for 60 cycles.
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Figure 7.14 Cycling performance of commercial AC-S-PPy composite with the interlayer

under the new charging technology (charging to 1000 mAh g™ at 0.1 C).

7.4. Conclusions

In summary, active-carbon — nano-sulfur — polypyrrole composite with host-container
architecture was prepared by the spray precipitation method followed by chemical
polymerization, where the active carbon acts as a host to adsorb sulfur inside its pore spaces
and the polypyrrole layer works as a container to enhance the conductivity of the electrodes,
prevent polysulfide diffusion and provide additional capacity. Moreover, an interlayer
consisting of a flexible film single-walled carbon nanotubes that was inserted between the
cathode and separator has significantly improved the rate capability of the active-carbon —
nano-sulfur — polypyrrole composite cathode in lithium/sulfur batteries. The as-prepared

composite was applied in lithium/sulfur batteries, which presented much better
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electrochemical performance than with sulfur cathode of active-carbon — nano-sulfur
composite cathode. The AC-S-PPy composite cathode yielded a discharge specific capacity
of 597.2 mAh g after 50 cycles, while the AC-S composite cathode presented a discharge
specific capacity of 420.2 mAh g™ after 50 cycles, and commercial S electrode only yielded
177.9 mAh g discharge specific capacities. When a flexible SWCNT interlayer was inserted
between the cathode and separator in the assembled Li/S batteries, the discharge specific
capacity with AC-S-PPy composite cathode was as high as 709.5 mAh g at 0.1 C after 50
cycles, and could reach as high as 787.9 mAh g' at 2 C. When the novel charging
technique was applied to charge the batteries with AC-S-PPy composite cathode with
the SWCNT interlayer to 600 mAh g' at 1 C and 800 mAh g at 0.1 C, almost no
capacity fading behaviour could be observed for 290 cycles at 600 mAh g and for

120 cycles at 800 mAh g
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Chapter 8. General Conclusions and Outlook

8.1. General conclusions

The lithium sulfur battery is the most promising candidate for next-generation energy
storage systems. It has the highest theoretical capacity among all the known solid cathode
materials and very high energy density, as well as being low-cost and non-toxic.
Although the lithium/sulfur batteries still have significant challenges to overcome,
many approaches have been reported to effectively improve their electrochemical
performance. There is still a long and bright way to go to exploit the potentialities of
lithium/sulfur batteries. The results of this doctoral thesis work are concluded and

summarized as follows:

Firstly, the conductivity of the sulfur cathode was improved by synthesis of pure
sulfur particles with honeycomb-like morphology via a cooperative self-assembly process,
where SDBS acts as a soft template. The as-prepared honeycomb-like sulfur cathode shows
significantly improved electrochemical performance compared with the commercial sulfur
powder and even the as-prepared sulfur without honeycomb-like morphology. The cells with
the honeycomb-like sulfur electrode retained a reversible discharge capacity higher than 650
mAh g ' for 50 cycles, while the discharge capacity of the commercial sulfur electrode was
about 200 mAh g'. Moreover, the honeycomb morphology is stable and can be maintained
during cycling.

Then, a conducting polymer, PPy, was applied to improve the electrochemical
performance by synthesis of a PPy@S@PPy composite with a novel three-layer-3D structure,
which consists of an external PPy coating layer, an intermediate sulfur filling layer, and an
internal PPy conducting matrix layer. A S@PPy composite was prepared with the same

components as the PPy@S@PPy composite except for the three-layer-3D-structure for
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comparation. The discharge specific capacity of the PPy@S@PPy composite cathode is 554
mAh g after 50 cycles, representing approximately 68.8% retention of the initial discharge
specific capacity of about 801 mAh g, while the S@PPy composite cathode demonstrates a
discharge specific capacity of 370 mAh g™ after 50 cycles, approximately 32.3% retention of
the initial discharge specific capacity of about 1145 mAh g'. It is also found that the
PPy@S@PPy composite cathode in the electrolyte with a mixed solvent of 1,3-dioxolane
(DOL)/1,2-dimethoxyethane (DME) (1:1 by volume) presents much higher capacity than in
the electrolyte with PEGDME solvent when the current density is higher than 200 mA g™
Moreover, comparative experiments with LiNOs additive in the electrolyte on coulombic
efficiency confirm the containment function of the external PPy layer in the PPy@S@PPy
composite and further identify the three-layer structure of PPy@S@PPy composite.

Next, an advanced in-situ spray-pyrolysis/sublimation method was employed to
prepare a porous sulfur/dual-carbon ternary composite architecture using graphite,
carbon black, and multi-walled CNT scaffolding particles. The spray-
pyrolysis/sublimation method is a cost-effective and industrially oriented approach for
continuous production. In this work, the best ratio of ethanol to distilled water is
confirmed to be 1:2. The influence of the operation temperature on the synthesis was
investigated. 180 °C was found to be the optimal operation temperature. Among the
different types of added carbon in the forms of graphite, carbon black, and multi-
walled CNT, graphite was found to be the best form of carbon for this spray-
pyrolysis/sublimation system. The bridging graphite can be bound to porous sulfur by
an adhesive interface of amorphous carbon to form an interparticle conductive matrix.
Moreover, the pores on sulfur formed from sulfur sublimation and the interconnected
open pores from the matrix increase the contact area with Super-P and electrolyte,

decrease the transport pathways for both electrons and lithium ions, and confine the
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soluble lithium polysulfides, as well as providing sufficient space to accommodate
sulfur volumetric expansion during charge and discharge processes. Due to this unique
chemistry and structure, the porous sulfur/dual-carbon composites with graphite
present attractive cycling performance of 480 mAh g™ after 200 cycles, 400 mAh g™
after 400 cycles, and 500 mAh g after 100 cycles with the new charging technique,
and good high rate capability of 520 mAh g"' at 2 C as well. The scalable and
continuous-production spray-pyrolysis/sublimation method developed in this study
and the novel architecture of porous sulfur/dual-carbon composites prepared for the
first time in this work show great potential for the commercialization of lithium/sulfur

batteries.

Finally, an active-carbon — nano-sulfur — polypyrrole composite with host-container
architecture was prepared by the spray precipitation method followed by chemical
polymerization. In the as-prepared composite, the active carbon acts as a host matrix to
adsorb sulfur inside its pore spaces and the polypyrrole layer works as a container to enhance
the conductivity of the electrodes, prevent polysulfide diffusion, and provide additional
capacity. Moreover, an interlayer consisting of a flexible film of single-walled carbon
nanotubes inserted between cathode and separator significantly improved the rate capability
of the active-carbon — nano-sulfur — polypyrrole composite cathode in lithium/sulfur
batteries. The AC-S-PPy composite cathode yielded a discharge specific capacity of 597.2
mAh g after 50 cycles, while the AC-S composite cathode presented a discharge specific
capacity of 420.2 mAh g™ after 50 cycles, and commercial S electrode only yielded discharge
specific capacity of 177.9 mAh g”'. When a flexible SWCNT interlayer was inserted during
the assembly of the Li/S batteries, the discharge specific capacity with AC-S-PPy composite
cathode remained as high as 709.5 mAh g at 0.1 C after 50 cycles and could reach as high as

787.9 mAh g at 2 C. When the novel charging technique was applied to charge the
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batteries with AC-S-PPy composite cathode with SWCNT interlayer to 600 mAh g™ at
1 C and 800 mAh g at 0.1 C, almost no capacity fading behaviour could be observed

for 290 cycles at 600 mAh g and for 120 cycles at 800 mAh g™

In summary, in this doctoral work, pure sulfur with honeycomb-like morphology,
PPy@S@PPy composite, porous sulfur/dual-carbon ternary composite, and active—
carbon — nano-sulfur — polypyrrole composite were successfully synthesized by the soft-
template strategy, the polymerization reaction, the spray-pyrolysis/sublimation technique or
the spray precipitation method. All the as-prepared samples were applied as cathode in
lithium/sulfur batteries and presented significantly improved electrochemical performance.
Moreover, the spray-pyrolysis/sublimation technique and the spray precipitation method are
both industry-oriented methods, which show great potential for the commercialization of

lithium/sulfur batteries.

8.2. Outlook

This doctoral thesis work has been mainly focused on the preparation of cathode
materials, including porous sulfur, sulfur/carbon composites, sulfur/polypyrrole composites,
etc. The morphology and structure of the as-prepared samples have been investigated, and the
synthesis methods were studied as well. In order to satisfy the requirements for the
commercialization of lithium/sulfur batteries for the EV market and the development of
lithium ion batteries, many more research efforts could be undertaken, including:

(1) Increasing the sulfur ratio in the electrodes without decreasing the discharge
capacity of lithium/sulfur batteries. As sulfur is an insulating material, in order to operate
lithium/sulfur batteries, quite a lot of conducting agents have to be added into the sulfur
cathode, which leads to the low ratio of active material (sulfur) in the electrode. Thus it is

necessary for the commercialization of lithium/sulfur batteries to increase the sulfur ratio in
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the whole electrode.

(2) Finding a new electrolyte system for lithium/sulfur batteries to deal with the
“shuttle effect”. Solid electrolyte is one possible direction.

(3) The safety issue is also a very big barrier for the commercialization of the
lithium/sulfur batteries. Applying Li,S as cathode in a full cell will be a useful approach.
Much work can be done in this direction, such as preparing, studying, and developing Li,S
cathode to replace the traditional sulfur cathode in order to avoid using lithium metal,
choosing and investigating suitable anode materials for the anode, and studying suitable
techniques for full cell assembly and operation.

(4) Assembling and investigating lithium/sulfur pouch cells to satisfy the
requirements for commercialization of lithium/sulfur batteries.

(5) Exploring extension of the synthesis methods applied in this doctoral thesis work,
including the soft-template method, the chemical polymerization method, the spray-
pyrolysis/sublimation technique and the spray precipitation method to the preparation other

electrode materials.
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