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1 CHAPTER 1INTRODUCTION
1.1 Science and technology of batteries

Through electrochemical reactions, batteries are the devices to store chemical energy
and convert into electrical energy as power supply.! The conventional configuration of a
battery cell is composed of a positive electrode, a negative electrode, a porous polymer
membrane as separator between two electrodes, and a media as ionic conductor
(electrolyte).? Two chemical reactions happen at positive and negative electrodes
separately, where oxidative agents will be reduced at positive electrode (cathode), and
reductive agents will be oxidized at negative electrode (anode). In the meantime when ions
flow in electrolyte through separator, the electrons will be transferred through the external
circuit. The current is generated and power is provided to electrical appliances, such as
electric vehicle (EV) and portable devices like laptops and cellphones.® The batteries are
divided into two main categories based on their properties: primary and secondary batteries.
Primary batteries could be considered as non-rechargeable items, as their electrochemical
reactions are irreversible.* The discharging process starts when the cell provides power
supply from the oxidation of the anodes and the reduction of the cathodes, enabling the
active materials to have a one-time discharge only. The commonly used primary batteries
are alkaline, lithium, silver oxide and zinc air cells. Secondary batteries are also called
rechargeable batteries.®> Since the redox reactions are reversible, the flow of ions through
electrolyte could be moved forth and backwards as the electrons could from cathode to
anode through external circuit or vice versa (charging and discharging). Nowadays, many
secondary batteries have been commercialized, including Lead Acid, Nickel Cadmium,

Nickel Metal Hydride, and Lithium ion batteries.



1.1.1  Lead Acid batteries

The electrochemistry of lead acid batteries is developed for decades and its principle
has been understood well now.® Even though its excellent properties of low-cost, high
power density and wide temperature-range of usage, the severe drawbacks limit its further
applications such as low stability and specific energy. Furthermore, the use of lead is
strongly against the environmentally-friendly operation if not handled properly. The
application of such kind batteries is usually falling in such different fields: Starter in
vehicles and crane used power supply.
1.1.2  Nickel cadmium batteries

The usage of nickel cadmium batteries is usually suitable for small-sized digital
products or devices requiring power supply.” The cell of nickel cadmium batteries is
composed of a nickel oxide hydroxide cathode, and a cadmium metal anode, as well as a
potassium hydroxide contained alkaline electrolyte. There are several attractive aspects of
nickel cadmium battery making it surpassing other rechargeable batteries. However, the
cost of raw materials for nickel cadmium is quite high. And the operation and disposal of
toxic cadmium also requires a lot of attention.
1.1.3  Nickel metal hydride batteries

The electrochemistry of nickel metal hydride battery is based on the cell
configuration similar to the that of nickel cadmium batteries.® The cathode is nickel oxide
hydride while the difference is that the anode is hydrogen-absorbing alloy instead of
cadmium metal. The characteristics of nickel metal hydride batteries is well suited in many

applications, such as consumer electronics and EV. As for small rechargeable batteries, the



nickel metal hydride batteries could be considered as an alternate to replace nickel
cadmium batteries.
1.1.4  Lithium ion batteries

The higher energy density of lithium-ion battery has a great potential for wide
applications.® Usually, the cathode of lithium ion batteries is lithium-containing compound
and the anode is graphite. There are many advantages of li-ion battery, including but not
limited to low self-discharge, higher energy density and low maintenance due to no
memory effect compared to Ni-metal batteries. On the contrary, disadvantages like aging,
protection of overcharging and under-developing technologies currently limits its further
applications.
1.1.5  Lithium sulfur batteries

Due to the theoretical limitation of energy density of conventional lithium ion
batteries, the need of developing next generation batteries is urgent to meet the rapidly
growing requirement of EV driven range.’® Compared to lithium ion batteries, lithium
sulfur batteries own an almost ten-fold energy density, ~2700 Wh Kg?, with a brand
electrochemistry. Also, it benefits from non-toxicity and low cost as well. In lithium sulfur
batteries, the sulfur incorporated with conductive matrix is acting as the cathode due to its
insulating nature, and lithium metal is used as anode. Unfortunately, it has several
technological challenges to overcome such as low stability, high self-discharge and
capacity fading. More electrochemistry will be discussed in chapter 2.
1.1.6  Lithium air batteries

The design of lithium air batteries is quite similar to lithium sulfur batteries. The

notable difference is that oxidizing agent on cathode has replaced by oxygen to make use



of its higher energy density than sulfur.!! Technically, the combination of lithium metal
and oxygen generates the highest energy density. However, it still suffers from
shortcomings like practical power output and endurable cycle life to meet the requirements
of a real market. With these challenges being tackled, the lithium air batteries should have

a promising future due to its marvelous intrinsic electrochemical property.

1.2 Scope of the dissertationLimited by the specific energy and power of lithium
ion batteries, and its lack of capability of keeping pace up with the growth of
electric/hybrid electric vehicle (EV/HEV) industry, alternate next generation lithium
battery system is being researched to replace the conventional lithium ion battery.?
14 Although some researchers have been proposing new techniques and novel
materials to improve and widen the applications of lithium ion battery, lots of
attention and interest have been attracted to the field of alternate energy storage and
conversion systems beyond current electrochemical systems. Among all the options
considered, the lithium sulfur battery stands out for its excellent performance and
advantages.'>’ The specific energy of lithium sulfur batteries is about five-fold of
that of conventional lithium ion batteries with sulfur material as an inexpensive and
safe raw material due to its natural abundance and non-toxicity. In spite of all the
obvious outstanding superiorities of lithium sulfur batteries, it still suffers from some
intrinsic drawbacks limiting its further development and practical applications.
Disadvantages, such as low cyclability, decreased conductivity and high self-
discharge, significantly hinders the lithium sulfur batteries to achieve applicable
electrochemical performance. In this work, rational design of cathode material,

protection of lithium anode and electrode structural modification were investigated



as an approach to deliver a lithium sulfur battery with outstanding performance and
enhanced stability.

Firstly, TiN nanotube arrays have been investigated as a cathode framework to
improve lithium sulfur battery performance from several aspects. TiN exhibited several
outstanding properties such as its high chemical and thermal stability, superior electrical
conductivity, and their capability of trapping the soluble polysulfides. Moreover, we
applied for a facile method of synthesizing nanotube arrays grown on Ti metal foil. Thus,
the cathode material was investigated its superiority in lithium sulfur batteries, and also the
effect of nanotube arrays dimension, nanotube diameter and length, was testified on the
battery performance.

To develop a practical method of further decreasing the drawback of capacity fading,
hybrid structured cathode material, nanostructured TiN with graphene, were synthesized.
TiN nano-particles/tubes with graphene were studied as a conductive cathode framework
in lithium sulfur batteries. Furthermore, the hybrid cathode framework with various ratio
of TiN nanotubes and graphene were studied. It is evident that the battery performance,
cycling stability, charge transfer impedance change, and sulfur content retention were
characterized for charging/discharging process. Therefore, an optimal ratio was then
proposed.

As the volume change during cycles due to density difference between sulfur and its
lithiated product is one of major issues causing rapid capacity fading and low cyclability
in lithium sulfur batteries, the research was extended to the level of cell structural design
from merely the electrochemistry. In order to accommodate the intense internal stress of

electrodes, especially to cell with thicker active material film, the structural design was



modified with buffer layer. Between active material film and current collector, this
structural modification was able to show an improvement compared to conventional ones.

Lastly, the effect of a group of electrolyte additives of transition metal acetate on
battery performance and cycling stability on lithium sulfur batteries were investigated.
Copper acetate has been reported to be able to promote the formation of a smoother,
stronger, and more stable and homogeneous solid electrolyte interface (SEI) film on lithium
metal anodes. In our study, the research has covered a wider range of transition metal as
salt cations to study their different capability of forming metal sulfide, which could
contribute to the stability of SEI film. Moreover, electrochemical quartz crystal
microbalance was used to study the mass change of lithium anode during cycles.

1.3 Significance of research

Lots of researchers has proposed numerous techniques to improve lithium sulfur
battery performance and stability. It should be noted that scientific realization of battery
technology can greatly minimize the manufacture cost, enhance cycling stability, and
reduce safety issued caused by conventional method and chemistry. This technological
advancement could strongly and positively affect the following fields.

Currently, lithium ion battery is widely used in portable electronics and EVs.
Nevertheless, the module or pack of lithium ion batteries in EVs is count as more than 50%
of overall cost of vehicle. To become a powerful competent over the conventional gasoline-
powered vehicle, the cost reduction significantly needs to be addressed with an alternate
battery system with lower cost compared to today s lithium ion batteries. Benefitting from
the natural abundance of sulfur element, engineering of lithium sulfur batteries could solve

the manufacture issue of high cost.



Moreover, better appliance with larger scale energy storage and longer driving
range of EV keeps demanding for a higher energy density and specific energy. Therefore,
the lithium sulfur battery stands out for its high theoretical specific energy compared with
to its competent, providing a potential of satisfying gradually increasing needs. The
employment of sulfur as novel cathode material serves as one important aim to optimize
the battery performance and further realize practical applications.

Furthermore, the decreasing natural storage of oil and gas has attracted the
emphasis of importance on developing novel alternate energy system. The trend will
drastically affect countries like US, which gasoline usage is more than one fourth of the
global oil consumption. The prosperity of new electrochemical system can serve as an
outstanding supplement to fossil fuel and enhancement to the social economics worldwide.
Also, less usage of fossil fuel could significantly reduce the emission of green-house gases,

which could notably mitigate the severe global warming nowadays.



2 CHAPTER 2 LITERATURE REVIEW AND BACKGROUND INTRODUCTION
2.1 Li-S battery

Lithium sulfur batteries is attractive in the market of rechargeable battery due to their
theoretical specific energy of around 2700 mAh g%, which is nearly 10 times higher than
those of lithium ion batteries (LIB).*® Moreover, the advantages of low-cost and non-
toxicity exhibit critical attractiveness, compared to cobalt, nickel, and manganese used in
LIBs.19-20
2.2 Cell configuration and electrochemistry of Li-S batteries

Fig.1 depicts a typical configuration of lithium sulfur battery, which is composed of
cathode containing sulfur, lithium anode and electrolyte between two electrodes and

current collectors as media for electron transfer.

discharge charge
e e

Load/Charger

Figure 2.1 Schematic diagram of a Li—S cell with its charge/discharge
operations.?
The battery would demonstrate a maximum voltage when no outer circuit is
connected, which is referred as open circuit voltage and directly related to the difference

of reduction potentials of lithium and sulfur elements. Actually, there are two different



configurations of lithium sulfur batteries, although they do share the basically same
electrochemistry process. Both cell configurations can employ either liquid electrolytes or
solid electrolytes. In the most common configuration investigated thus far, lithium metal
serves as the negative electrode and is electrochemically coupled with sulfur as the positive
electrode.?®

Once discharging process starts, lithium ions move spontaneously through the
electrolyte from the negative electrode to the positive electrode while electrons flow
through the external circuit, providing electrical energy. Thus, sulfur reacts with lithium
by a two-electron reduction process to form polysulfide intermediates (Li>Sx, Xx=2~8), and
eventually introduce the generation lithium sulfide (Li.S) at the end of discharge as the
final reduced product. Although solid sulfur (Ss is the most stable form at standard
temperature and pressure) is employed in most cases as the electrode material, the solid
sulfur is reduced to form polysulfides at the beginning of discharge. These polysulfides are
soluble in many organic solvent based electrolytes.?*2 In fact, lithium/sulfur cells were
explored as electrochemical power sources employing a liquid polysulfide positive
electrode, although the fully oxidized state (Sg) and the fully reduced state (Li.S) are solid.
Actually, based on these thoughts, some previous researchers were studying the function
and performance of so called “flow cell”, in which the sulfur element has already been
dissolved into the electrolyte while electrocatalytic-active material is employed at the
corresponding cathode area.?’-2®

When Sg is being subjected to electrochemical reduction in discharging, two plateaus

could be observed in discharge curve, or sometimes three plateaus based on the selection
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of electrolytes. Typical cyclic voltammograms and charge—discharge profiles of

lithium/sulfur cells are shown in Fig. 2.

Sg
o ‘&% Address
g 3.0+ polysulphide solubility
— |
w
g
S
©
3 15
S
a.
Capacity (mAh g")
[N
Ii
I
Il
1.5 20 25 3.0

E vs. Li'lLi (V) ——»
Figure 2.2 Typical charge—discharge profiles and cyclic voltammograms of lithium/sulfur
cells.?-2°
During the cathodic scan of Fig. 2, two main reduction peaks at around 2.4 and 2.05
V appear. The peak at about 2.4 V can be assigned to the reduction of elemental sulfur to
higher-order polysulfides (Li2Sn, n>4). The peaks at about 2.05 V correspond to the further
reduction of high-order polysulfides to low-order polysulfides (Li2Sn,1< n < 4) and Li,S.

Similarly, during the constant-current discharge of Fig. 2, in general, two or three plateaus
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are observed. The high-voltage plateau (2.4 V) is related to the reduction of elemental
sulfur to the higher-order lithium polysulfides (Li2Sn, n > 4).
Sg + 2Li — LizSg
Li>Sg + 2Li — Li2Se
Li>Se + 2Li — Li2Sa

Further reduction of high-order polysulfides (Li2Sn, n < 4) to low-order polysulfides

(Li2Sh, n < 4) and lithium sulfide occurs at the low-voltage plateau around 2.05 V.
Li>Ss + 2Li — Li2S2
Li>S> + 2Li — 2Li>S
Since the near insolubility and thus relatively slow reaction kinetics of Li.S; in
conventional conditions, final reduction step of Li»S2 being further reduced to Li>S might
not be complete. To date, the detailed mechanistic procedure of the electrochemical
reduction process of lithium polysulfides are very complex and need deeper understanding.
Reaction pathways may be also quite different depending on the composition of the
electrolyte, due to the reaction between electrolyte component and electrode and different
solubility for various polysulfides in electrolytes.?5: 30-31
2.3 Technological barriers of Li-S batteries
Although lithium sulfur batteries have been widely recognized as the next generation
lithium batteries, several disadvantages still hinder its more industrial applications.
Obstacles of low cyclability, low utilization of active material sulfur, and suppressed
efficiency are discussed in detail in this section.3%33

2.3.1  Low conductivity of cathode material
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The overall capacity of lithium sulfur batteries strongly depends on the sulfur cathode.
But, sulfur itself and some intermediate polysulfides formed during charging/discharging
reactions is nearly insulating. As a result of very poor electrical conductivity, there is a
necessity of constructing a conductive framework for sulfur cathode.3*3® These cathode
additives not only need to exhibit an outstanding electrical conductivity, but also a superior
ionic conductivity to facilitate lithium ion transportation within the cathode network. A
possession of vacant pores could provide sufficient electrolyte accessibility to active
material to enhance the efficiency of redox reactions. Furthermore, this conductive matrix
should be able to retain its structural completeness and stability over cycles. The internal
stress generated, because of volume shrinkage and expansion, should effectively suppress
to maintain its conductive path for electrons and ions. Last, thermal and chemical stability
IS an important property here.
2.3.2  Volume expansion

It is reported that elemental sulfur and lithium sulfide have different densities of 2.1
and 1.7 g cm™ respectively, the expansion of volume observed in lithium sulfur battery
system would be up to nearly 80% during cycling.>®*° The drastic volume change in
structure will induce internal stress, which could result in severe mechanical fracture and
failure. This mechanism will also impair the overall conductivity of the framework and
cause rapid capacity decay and low cycling stability. The factors to accommodate the
volume change is including the mechanical strength of cathode framework, pore size of
matrix and structural design, etc.

2.3.3 Shuttle reactions
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During the discharging procedure, long-chain higher order polysulfides would be
reduced to lower order polysulfides.** It should be noted that the dissolved higher order
polysulfides will migrate from the sulfur cathode to the Li metal anode through electrolyte,

and then reduced chemically on the lithium metal surface.**°

(n—1) Li2Sy + 2Li" + 2¢" — nLizSp1 Electrochemical Reduction
(n—1) Li2Sy + 2Li — nLi2Sn1 Chemical Reductios
C’ ‘ ; C’
Sulfur Cathode Polypropylene Lithium Foil Anode
Porous Separator
Li,Sg
-,
D
LA
Li = Li
Li,Se
go o lesn 2 n> 2
2l s, |5
S Cacl Polysulflde Shuttle
B o
Liz Sy Li Sn, n> 2 s
{ LIZS(S)
Li;Sis) 1 M LiTFSI Electrolyte

Figure 2.3 The shuttling mechanism in lithium sulfur batteries.
The above reduction reactions introduce an unavoidable self-discharge, rendering a

significant fading of capacity and battery failure at last. The final reduced product, short-
chain polysulfides, are no longer soluble and will form precipitate onto lithium metal
surface, introducing an inevitable capacity decay over cycles.*®#

2.3.4  Non-soluble lithium sulfide and sulfur plating
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The final reduced product, short-chain polysulfides (Li>S and Li»S), are no longer
soluble and will form precipitate onto lithium metal surface, introducing an inevitable
capacity decay over cycles due to the loss of active material.*® Moreover, the insoluble
polysulfides at cathode electrode will form a passivation layer on electrode surface and
reduce the surface area, leading to a lower utilization rate. Also, the intrinsic electronic
insulation will generate a larger charge transfer impedance.*®-!

2.3.5  Lithium anode

The corrosion resulting from the parasitic reactions between lithium metal and soluble
polysulfides is undesirable.>? Also, the lithium metal can react with organic electrolyte
molecules. Lithium can be consumed significantly by these reactions, with a passivation
film formed onto its surface with large insulation for electrons and ions, which increases
charge transfer impedance.>® On the other hand, the passivation layer itself is considerably
fragile and inhomogeneous, uneven lithium plating and stripping can easily break off the
SEI film and introduce more harmful consumption of lithium, sulfur, and electrolyte.> >
2.3.6  Electrolyte

An ideal option of electrolyte for lithium sulfur batteries should possess such
beneficial properties as: low reactivity with lithium metal anode, outstanding ionic
conductively for lithium ions, poor polysulfide solubility, and wide electrochemical
window in which electrolyte exhibits good chemical stability.>* To the best of our
knowledge, there is no organic electrolyte that can simply satisfy all these requirements.
Consequently, various kinds of organic solvents and electrolyte additive with different

ratios are utilized to optimize the battery performance. Conventionally, lithium salts such
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as LITFSI, LiSO3CF3z, and LiN(SO2CFz). are widely used for their proven chemical
stability with dissolved polysulfides and good conductivity of lithium ions. 4% >
2.4 Research focus

As stated above, the majority of Li-S problems are related to the dissolution and
diffusion of polysulfides in the electrolyte and following chemical and electrochemical
reactions with lithium metal anodes. Therefore, to inhibit the dissolution and migration of
polysulfides is important for battery performance and stability of lithium sulfur systems.
Much of study has been conducted on developing novel cathode additives for the sulfur
electrode. The enhancement methods include various structure of trapping polysulfides,
bonding with sulfur species through chemical or physical adsorption.
2.4.1  Sulfur cathode

Since the design of lithium sulfur batteries was proposed three decades ago, it was
noted that the insulating property of sulfur and the shuttling mechanism of its reduction
products have been considered as major issues here. The solution to the issue of high
cathode impedance is easy to be applied: an adequately effective electrical conductor needs
to be incorporateded and well-dispersed in sulfur material to guarantee efficient electron
transport between the cathode additive and the active material. About one decade ago,
conductive carbons and conductive polymers were utilized as cathode additives to form (1)
sulfur—carbon composites and (2) sulfur- polymer composites.®-¢® The conductive carbon
was incorporated to sulfur-carbon composites to improve the electrical conductivity and
utilization rate of the sulfur. For instance, the carbon black, which could serve as a good
electrical conductor, is very frequently used for preparing the S-C mixture slurry. The

active carbon should possess a high specific surface area and abundant micro/meso pores
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to confine and adsorb the sulfur and polysulfides, which is important for suppressing
polysulfide dissolution. On the other hand, the sulfur-polymer composites were initiated
with the use of polyacrylonitrile (PAN) and showed a high initial discharge capacity of 850
mAh g1.54 As a consequence, various types of conductive additives have been utilized into
sulfur cathode in the past.

Among these cathode additives, porous carbon has attracted numerous attention
because to its porous structure and higher electrical conductivity compared to that of
conductive polymers, which are important properties for simultaneously satisfying the
reactivity, adsorption and enhancing the cathode conductivity. Moreover, the engineered
micro/meso porous carbon network not only promote retention of sulfur but also improve
the electron and electrolyte transport in the electrodes. Thus far, different materials and
synthesis methods have provided significant improvements in the battery performance of
lithium sulfur cells.

2.4.2  Sulfur-carbon composite material

The innovative work were the sulfur—carbon composites designed by Wang et al, as
Fig. 2.4 shows.®® The utilized active carbon serves as an cathode additive for increasing
the cathode conductivity and also impose strong confinement effect for the polysulfides in
its micropores. This design enabled sulfur cathodes to show better cycling stability as a
comparison to the pure sulfur electrodes. After study on sulfur-carbon composites, a
sulfur—mesoporous carbon composite that showed a high discharge capacity and stable

cycling performance was reported by Ji et al. in 2009.5¢
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Figure 2.4 Schematic models, SEM observation, and cell performance of a representative
S—microporous carbon composite.

A high specific capacity of 1320 mAh g, with an utilization rate of 80%, and
outstanding cycling stability were achieved by loading sulfur into a highly ordered
mesoporous carbon (MPC).%” The hierarchical MPC satisfies the requirement of providing
pathways for efficient lithium ion transport within the carbon framework. The adequate
contact among the electrons, sulfur, and organic electrolyte with the conductive network
results in high utilization of sulfur. Moreover, the hierarchical spatial arrangement confines
the sulfur within the network and inhibits the diffusion of polysulfides, resulting in a
reversible cyclability. Based on this concept, numerous and various porous carbon
networks have been developed. However, facile treatment usually introduces side effects
as they solve the major shortcomings. Zhang et al. indicated the side effects related to the
sulfur carbon composite cathode: good cycling performances are rooted in a very low sulfur
to carbon ratio in the cathode.®® The applicable sulfur content (65%) and active material
loading (2 mg/cm?) for the cathodes should be the bottomline for lithium sulfur battery
development. On the other hand, several target-oriented researches show that the initial
spatial arrangement of sulfur may not improve the capacity. It is resulted from that the
originally elemental sulfur is reduced into soluble polysulfides during discharge, and then
the polysulfides freely diffuse to anodes.®®" As a result, it is reasonable to consider that

the morphology and state of the sulfur in the composite electrodes is determined by the
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host and the interaction between them. So, it is imperative to look composites that is
inpacting the cycling performance of the resultant cathodes. The porous carbons are
subcategorized by their pore size and morphology. According to the pore size, the porous
structure of these materials has been divided into three major types, and each type of porous
carbon possesses distinctive advantages: (i) the micropore, with pore size smaller than 2
nm, has been demonstrated to be able to ideally confine the active material; (ii) the
mesopore, with pore size between 2 nm and 50 nm, can improve sulfur impregnation and
can improve lithium ion transport and electrolyte penetration; (iii) the macropore, with pore
size larger than 50 nm, is usually resulted from an interconnected network of carbon
nanotubes (CNTSs) or carbon nanofibers (CNFs) which can inhibit polysulfide diffusion
due to its good electrolyte absorbability.%® 7277 Moreover, CNT or CNF networks can be
cooperated with various porous material to from composite porous structures via different
synthesis methods, which could result in enhanced cycling performance.’®-8

The effect of the porous structure on the battery stability was elucidated by the carbon
sphere containing the sulfur material via a two-step heat treatment process. Zhang et al.
developed the microporous carbon spheres to confine the active material and reactions
inside their interior space by their strong adsorption.8! As a consequence, the cathodes
showed a cycle life for 500 cycles with the remaining capacity of 650 mAh g™.

The mesoporous carbon has been identified as an ordered sulfur encapsulation
substrate. After systematically analyzing a series of mesoporous carbon materials with
tunable pore sizes and pore volumes, Li et al. indicated that mesoporous carbon with a
large pore size can introduce a higher sulfur loading and show good cell performance as

Fig. 2.5 indicates, which improves the sulfur loading in current sulfur composite
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cathodes.” On the other hand, under partial sulfur-filling conditions and surface
modification, the encapsulated sulfur has an optimized electrical contact with the
mesoporous substrate, which can limit the dissolution/diffusion of polysulfides and ensure

a steady supply of lithium ions.
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Figure 2.5 Schematic models, SEM observation, and cell performance of a representative
S—-mesoporous carbon composite.

Conventionally, carbon black is only used as a conductive additive in the cathode.
However, the low cost and high electrical conductivity of carbon black offer advantages
for sulfur cathodes. After carbon black is coated on the sulfur particle or sulfur is distributed
in the carbon black clusters, the sulfur—carbon black composites can improve the sulfur
utilization. The hollow carbon spheres, which are synthesized by a hard template route,
possess a large interior void space with a diameter of 200—500 nm and a mesoporous shell
with a thickness of 30—50 nm. Jayaprakash et al. reported porous hollow carbon—sulfur
composites with excellent cycling performance: high capacity retention of 91% after 100
cycles. In the composite, the large interior void space of the porous hollow carbon allows
the starting active sulfur and polysulfides to be stabilized within the conductive carbon
sphere.®? Furthermore, the mesoporous shell ensures a stable supply of lithium ions and

electrolyte.
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The CNTs function as an interwoven conductive network in the sulfur-based
composites. In Han et al.’s work (Fig. 2.6%), a S—multiwall carbon nanotube composite
cathode that has 20 wt % MWCNTSs, 20 wt % conductive carbon, 50 wt % sulfur, and 10
wt % poly(vinylidene difluoride) (PVdF) manifested a higher discharge capacity and
longer cycle life than the regular sulfur cathode containing 0 wt % MWCNTS, 40 wt %
conductive carbon, 50 wt % sulfur, and 10 wt % PVdF.8 This is because the MWCNTSs
have a high surface area for absorbing polysulfides and can form a three-dimensional (3D)
conductive network structure to enhance electron transport. After combination of the
advanced sulfur encapsulation technique with CNTSs, several cycle-stable sulfur cathodes

have demonstrated that the CNT network is a promising host material.
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Figure 2.6 Schematic models, SEM observation, and cell performance of a representative
S-CNT composite.

Guo et al. developed sulfur-impregnated disordered carbon nanotubes in a vacuum
environment.® After sulfur vapor is infused into the narrow pore channel in a carbon shell,
the carbon substrate can avoid severe polysulfide dissolution. It has been reported a self-
weaving sulfur—MWCNT composite cathode having a coalescing MWCNT network as the
electrical and ionic pathway for facilitating a fast charge/ discharge process. Moreover, the
sulfur—MWCNT composite has good electrolyte absorption ability, which confines the
soluble polysulfides within the electrode and avoids the irreversible loss of the active

materials during cycling.

Coulombic Efficiency (%)
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The CNFs have a nanosized shape similar to that of the nanotubes and, therefore,
several morphological advantages similar to those of CNTs but without a hollow space in
the middle.?*®> The CNFs are also well-known for their good electrical conductivity and
high structural strength. The high conductivity ensures the CNFs to be a suitable carbon
conductor. Moreover, the CNF additives can form a network-like structure for suppressing
the S/Li>S agglomeration that normally coat on the sulfur cathode and inactivate the
reactions. Rao et al. reported a nanocarbon/sulfur composite that has a CNF cluster as the
3D conductive network with nanoscale sulfur well dispersed in the CNF substrate, which
enhances cathode conductivity and suppresses active material agglomeration.

Graphene is a novel 2-dimensional carbon monolayer is regarded as an ultra-light,
thin, and hard material with high stability and conductivity. With these distictive and
beneficial properties, graphene has been considered as excellent candidate material in
many different industrial and academic fields. The flexible characteristics of graphene
make it suitable to be the sulfur carrier in lithium sulfur batteries. The graphene in the
composites coating or wrapping the sulfur can suppress the loss of active sulfur species

due to dissolution during cycling.3* 8-8

2.4.3  Binder-free sulfur—carbon composite electrode

Binders, which are usually polymeric materials (e.g., poly- (tetrafluoroethylene)
(PTFE) or PVdF), are widely used in conventional Li ion and other batteries in which they
only act as a binding additive to hold the active material and carbon additives together
without contributing any capacity. They are effective and interrupt the electrochemical
processes in these batteries less prominently. However, in Li—S batteries, binders could

play a critical role in the cell performance. As the structure and morphology change upon
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cycling, binders cannot hold all the active materials, especially the soluble polysulfides. In
addition, they could become “dead” sites for the electrochemical reactions between lithium
and sulfur which can deteriorate the cell performance further. Therefore, functional or
smart binders become more important in Li—S batteries than in Li ion batteries. In this
section, binder-free sulfur electrodes are discussed. The binder-free electrode structure has
shown unique advantages in some electrodes in Li ion batteries, such as CosO4/graphene
films, TiO, anodes, and silicon anodes.?>% Some of these materials, like sulfur, also
undergo significant compositional and structural changes upon cycling in Li ion batteries.
Without a binder, electrodes should be able to maintain the supportive and integrated
structures while ensuring efficient electron and ion access to the active materials. Carbon
is the most effective additive in electrodes to provide electron pathways. Carbon can also
be fabricated into various morphologies, e.g., spheres, particles, fibers, tubes, etc., which
makes binder-free sulfur—carbon composite electrodes possible. In addition, N-methyl-2-
pyrrolidone (NMP) is a solvent generally used in fabricating Li ion battery electrodes to
disperse the polymer binder and active materials. However, NMP is harmful to human
health and the environment. Without a binder, such solvents can be eliminated, facilitating
“green” fabrication processes with these binder-free electrodes. Moreover, the active
material loading and electrode conductivity can also be increased without a binder. Elazari
et al. have utilized microporous activated carbon fibers as a binder-free substrate to
impregnate sulfur.®® The carbon fiber cloth provides sufficient mechanical strength and
electron conduction pathways. In addition, sulfur can diffuse into the voids (<2 nm) in the
carbon fibers. The sulfur content, however, is relatively low (ca. 33 wt %), which is due to

the large dense fibers used. An accessible capacity of 1250 mAh g* hand a reversible
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discharge capacity higher than 800 mAh g* after 80 cycles were obtained. The authors
suggested that the maximum accessible capacity is limited by the electrochemical kinetics.
Doarfler et al. utilized vertically aligned carbon nanotubes (VACNTS) grown on a metal
foil as a substrate to hold sulfur with a high sulfur content of up to 70 wt %.%” The VACNT
was synthesized by a chemical vapor deposition process. The CNT films on the metal foil
had a thickness of up to 100—200 um and a density of about 0.06—0.13 g/cm?. The
calculated free volume in the CNT films was about 94 vol %, which can hold high sulfur
loadings. In addition, CNTs have high electronic conductivity and a high retention of the
integrity of the conductive network because of the high aspect ratio. These favorable
properties led to a discharge capacity of over 1300 mAh g* (800 mAh g* based on the
mass of the electrode) with the binder-free sulfur—CNT electrode. A similar approach was
developed by Hagen et al., showing an even higher sulfur loading of 90 wt % with
reasonable capacities and cyclability.®° Zhou et al. used a sulfate-containing AAO template
to directly grow aligned S—CNTs without metal substrates.®® Sulfur contents of 23 and 50
wt % in S—CNTSs have been demonstrated with discharge capacities of, respectively, 712
and 520 mAh g over 100 cycles. Huang et al. modified the aligned S—-CNT electrode by
covering one end of the electrode with a PEG barrier to suppress the shuttle of polysulfides.
The electrode with the PEG barrier showed a higher initial discharge capacity than that
without the PEG barrier.®® In addition, the electrode showed good cyclability with a

capacity decay of 0.38% per cycle over 100 cycles without LiNO3 in the electrolyte.
2.4.4  Sulfur—polymer composite material

Polymers are playing a more significant role than binders in Li—S batteries, especially

functional polymers with favorable properties such as conductive polymers (e.g.,
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polypyrrole, polyaniline, poly(3,4-(ethylenedioxy)thiophene) (PEDOT), etc.).1%0-1% Since
polymers can be synthesized by different methods and sulfur can be synthesized at low
temperatures, a variety of sulfur—polymer hybrid materials have been developed with the
target of reducing the dissolution and shuttle effect of polysulfides, improving electronic
conductivity, and controlling the morphology of sulfur—polymer composite electrodes. A
few strategies exploring polymers as a conductive matrix and/or barrier for blocking

polysulfides are presented in the sections below.

Figure 2.7 Proposed chemical structure of a sulfur—-PAN composite.1%
The first sulfur—conductive polymer hybrid material (Fig. 2.7) was developed by

Wang et al.*%® They used elemental sulfur as a dehydrogenating reagent coheated with PAN
at 280—300 <C. The —CN groups in PAN form heterocycles, while the main chain of the
polymer becomes like that of polyacetylene, which is a conductive polymer. The composite
is in the form of nanoparticles with an average diameter of 200 nm. Extra sulfur (53.4 wt %)
was stabilized in the composite, which is electrochemically active. However, the discharge

voltage profile of the composite consists of a voltage slope at ca. 2.1-1.8 V without the
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clear upper discharge voltage (2.3 V) and lower discharge voltage (2.1 V) plateaus that
sulfur electrodes usually display. The composite material showed a capacity of 850 mAh
gl in the first cycle, indicating almost all the sulfur was reduced to Li,S. The cell showed
decreasing cyclability with a remaining capacity of 600 mA h/g after 50 cycles in cells with
a geltype polymer electrolyte. Yu et al. further characterized chemically and physically
such sulfur—PAN composite materials, which were prepared at different temperatures, and
examined their cycling performance. What they found was that the carbon matrix and
sulfur react with each other, forming —C—S—S—C-— bonds besides the dehydrogenation and
cyclization of PAN when a mixture of sulfur and PAN are heated. The sample heated at
450 < showed a stable capacity of 480 mAh gt over 240 cycles. Wang et al.
synthesized sulfur—polypyrrole (PPy) composites first for Li—S batteries.'® The composite
was synthesized by a chemical polymerization method. Sulfur powder was dispersed in a
solution of sodium p-toluenesulfonate as a dopant, 4- styrenesulfonic sodium salt as a
surfactant, and pyrrole. FeCls was used as an oxidant to polymerize pyrrole to form the S—
PPy composite. The PPy particles were in the range of 200-500 nm, and the authors
claimed that the sulfur particles were uniformly coated with the PPy nanoparticles. The
discharge voltage profile showed the two typical plateaus of sulfur electrodes. The
capacities of the S—PPy composite were higher than those of bare sulfur electrodes, which
was attributed to the presence of PPy nanoparticles. Liang et al. and Sun et al. studied
S—PPy composites with different morphologies, e.g., granular, tubular, and nanowire, in
Li—S batteries.’%-1%7 Polyaniline (PANI) is another conductive polymer that has been
widely used in making S—PANI composites. PANI can be used as either a conductive

coating of sulfur materials or a conductive matrix after pyrolization. Wu et al. used an in
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situ polymerization method to coat S-IMWCNT composites with a layer of PANI.1% The
sulfur-coated MWCNT composite was prepared by ball-milling and thermal treatment. The
initial discharge capacity was 1334.4 mAh g, and the capacity was 932.4 mAh g after
80 cycles. Similarly, Li et al. coated a S—C composite with a nanolayer of PANI via a two-
step process.® The electrochemical performance of the composite was improved with
high-rate performances, which was thought to be because of a cooperative effect of the
conductive carbon black as conductor and the PANI coating to further enhance the
conductivity in the sulfur cathode. A discharge capacity of 636 mAh g™ was obtained at a
rate of 10C, and the discharge capacity retention was above 60% over 200 cycles. Duan et
al. introduced a layer-by-layer assembly technique to fabricate PANI-coated sulfur
particles.!’® The positively charged poly-(allylamine hydrochloride) and negatively
charged poly-(styrenesulfonate sodium salt) were first alternatively adsorbed onto the
surface of sulfur particles, and then a layer of PANI was formed on the outer shell of the
polymer-coated sulfur by an in-situ polymerization method. The composite was

characterized, but no cell performance was presented.
2.4.5  Sulfur—metal oxide/nitride/chalcogenide composite material

Except for carbon and conductive polymers, other materials could be applied in the
composite synthesis with sulfur. The additive should act as an absorbing agent for trapping
the soluble polysulfides or may function as a supporting active material for generating extra
capacity. To serve as the absorbing agent, the alternative material must have a redox
potential not overlapping with that of sulfur (1.5—- 2.8 V vs Li*/Li) to prevent unwanted
electrochemical reactions and structural change during cell cycling. The density and the

amount of the alternative materials should not be too large; otherwise, the energy density
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of the whole battery would deteriorate. To work as the secondary active material in a hybrid
cathode, the alternative material must operate well under a voltage window similar to that
of the primary active material, sulfur. The alternative materials should also have good
compatibility toward the same electrolyte system as the primary sulfur active material.

From 2001, the application of vanadium oxides, silicates, aluminum oxides, and
transition-metal chalcogenides has been proposed to sulfur cathodes for inhibiting the
shuttling mechanism of polysulfides.>® 115 However, the large particle size of these
absorbing agents limits the absorbing ability, especially the electron transport properties,
leading to limited improvement. Considering the size effect, Song et al. used nanoparticles
of Mn-Ni oxide (30-50 nm) into S cathodes as polysulfide adsorbent, which led to
outstanding battery performance with a capacity retention of 85% for 50 cycles.' It is
seen that a suitable absorbing additive may possess the following properties: small size,
porous structure to contain chemicals, and high surface area to enhance reaction kinetics.
The representative metal oxides involve manganese nickel oxide, y-alumina, silica, and
titania.}'? 117120 These nanosized additives have a polysulfide adsorbing effect for
effectively addressing the polysulfide diffusion issue and thereby improving the cycle
stability. Interestingly, such significant improvement wasb achieved by introducing a small
amount of additive in cathode framework.

Tarascon et al. utilized the method of carbon coating LiFePO4 to enhancing its
conductivity, and introduced a design of carbon coating an effective host of the sulfur.*?
Their work utilized an insulating metal-organic framework (MIL-100) consisting of an
open framework of small mesopores (~2.5-2.9 nm) and micropores (~0.5 and ~0.9 nm).

Sulfur was incorporated through the melt diffusion method, forming a composite with 48
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wt % sulfur. Because of the nearly insulating nature of MIL-100, 50 wt% of composite
material needs to be with carbon intimate contact since the transfer of electrons should be
guaranteed. Cui et al. proposed a novel nanosized design of sulfur cathode based on a yolk—
shell architecture with sulfur contained within TiO,.12 It was proven that the hollow space
of shell is capable considerably of accommodating the internal stress due to volume
expansion and shrinkage of sulfur. An initial capacity of 1,030 mAh gtat 0.5C and
Coulombic efficiency of 98.4% over 1,000 cycles are achieved. Furthermore, the capacity
indicated an average capacity degradation of 0.033% per cycle after 1000 cycles,
demonstrating an outstanding battery stability for high performance lithium sulfur batteries
over long cycles. Goodenough et al. 12 found that higher electrical conductivity and the
capture of the soluble intermediate polysulfide by mesoporous TiN as a result of physical
or chemical interaction lead to enhanced specific capacity and high rate of charge/discharge.
Titanium nitride (TiN) has several exceptional properties for a ideal host of sulfur including:
(1) low resistance, and (2) outstanding chemical and thermal stability. In their paper, it
firstly reported that the use of a mesoporous TiN as a framework to form a sulfur cathode
that performs much better than solely either mesoporous TiO2-S or Vulcan C-S. After 500
cycles at a C-rate of 0.5C, the TiN-S composite cathode indicated a specific capacity of

over 644 mAh g with a capacity decay of 34.8%.
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Figure 2.8 SEM images of mesoporous TiN and Cycling performance of TiN-S, TiO2-S,
and Vulcan C-S over 500 cycles at a charge/discharge rate of 0.5 C rate.'?3
2.4.6  The passivation of Li metal anode

Protection of lithium metal anodes plays an important role in all lithium metal batteries.
In the electrolyte environment rich of polysulfides, the formation of passivation layer
becomes more complicated due to the chemical and electrochemical reactions between
polysulfides and lithium metal other than reactions between lithium and electrolyte as well
as additives only. To fully achieve the stable, smooth and stable passivation layer on
lithium metal anode, such standard should be met: (1) It needs to remain insoluble in liquid
electrolyte; (2) It needs to be chemically inert to lithium metal, organic electrolyte, and
polysulfides; (3) It should allow lithium ion flow through freely.

Gel polymer electrolyte indicates a strong capability of adhering the lithium anode and
polymer separator in batteries, which could suppress the lithium plating. Mikhaylik et al.
utilized an electrolyte layer between lithium metal and polymer separator to testify its effect
on retaining capacity and mitigation of thermal runaway because of lithium dendrite

extrusion.*>* An in-situ polymerization procedure promotes the formation of a crosslinked

polymer layer, leading to a smoother morphology on lithium metal anodes.
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Alloying of lithium metal could introduce a mechanical strong and structurally dense
passivation film. Zheng et al.'?® used sputtering method to coating a layer of platinum onto
lithium metal, resulting in an alloyed film consisting of lithium and platinum. This alloy
film demonstrates a high capability of complexed with polysulfides, greatly improving the
battery performance and enhancing its retention rate after cycles.

Pre-passivation of lithium metal surface is considered as one of the effective methods
of protecting the lithium metal over cycles. Ma et al.> introduced a pre-passivated lithium
anode by directly reacting lithium metal with nitrogen gas to form a polycrystalline layer
of LisN. This layer not only efficiently blocks the reaction among lithium metal, organic
solvent and polysulfides, but also indicates a strong ability of inhibiting the dendritic
growth of lithium, thus resulting in an improved capacity retention and battery stability.
The utilization of electrolyte additive is regarded as the most common and practical method
of imposing an effectively protective passivation layer. The passivation layer could be in-
situ formed, requiring no extra treatment. Lithium nitrate and similar compounds are
considerable useful in suppressing the polysulfide shuttling mechanism. With detailed
surface analysis, the product between LiNOs and lithium metal could assist to form a

favorable passivation layer on lithium surface with its desirable properties.®’ 1%
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3 CHAPTER 3 STRUCTURED TITANIUM NITRIDE NANOTUBE
ARRAYS/SULFUR COMPOSITE AS NOVEL CATHODE MATERIALS FOR
ADVANCED LITHIUM SULFUR BATTERIES*
3.1 Introduction

There is an increasing demand for energy storage devices with high energy and power
density for electric vehicle/hybrid electric vehicle (EV/HEV) and other industrial
applications. The increase in consumption of fossil energy has provoked significant
concern about environmental pollution.*?”-12% In order to overcome these limitations, there
is an urgent need of developing reliable, stable and green power energy storage devices to
further reduce the possible negative effects of fossil fuel. Consequently, there is extensive
research on the conversion, storage and application of electrochemical energy from

scientists and engineers of academics and industry.** 1%

Lithium sulfur batteries have long been considered one of the most promising
electrochemical systems due to its outstanding specific capacity of up to 1675 mAh g,
which is based on the sulfur element in solid cathode materials.?? This almost five-fold
increase of specific capacity, compared to the conventional lithium ion batteries, indicates
the potential of this electrochemical system for EV applications.’313 Despite the
considerable advantages of Li-S batteries, the industrial application of these batteries has
been greatly hindered by several intrinsic drawbacks.®! 34135 Dye to the insulating nature
of sulfur and inevitable polysulfide diffusion through electrolytes, the low utilization rate
of active material becomes a formidable challenge when it comes to actual
commercialization. Extensive research has been focused on mitigating these limitations,

by mainly introducing a stable, conductive and flexible framework to host sulfur.36-138
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Also, efforts have been aimed to improve Li-S battery performance by stabilizing the
lithium anode, exploring new electrolytes, and the use of selective membrane between

electrode and separator. 39140

The recent interests in developing novel sulfur cathodes leads to an extensive
enhancement to the Li-S battery technology. A set of strategies has been proposed to
improve the electrochemical properties (including specific capacity, rate capability,
Coulombic efficiency, and cycling stability) with the facilitation of different cathode
materials. The materials studied include nanostructured carbons (e.g., porous carbon with
various pore size, carbon nanotube, carbon nano-fiber, graphene, etc.), functional polymers
that acts as conductive matrix (e.g., polyaniline, polypyrrole, polythiophene, poly(3,4-
ethylenedioxythiophene), etc.), and metal oxide/nitride/chalcogenide,’ 131, 133,135,137, 141-145
Attempts have also been made to improve electronic conductivity and to limit polysulfide
dissolution from the cathode. Nanostructured materials, in general, may improve overall
electron transfer, provide more electrochemical active sites, and alleviate mechanical
fracture during cycles.!?s 146148 However, the dimension effects of nanostructured
materials on battery stability and performance have not been fully elucidated. Goodenough
et al.}?® introduced mesoporous TiN as a matrix hosting sulfur in lithium sulfur battery to
improve its performance, resulting in a specific capacity of 644 mAh g* after 500 cycles
at a current rate of 0.5 C. Moreover, TiN nanoparticles/sulfur composites were investigated
as cathode materials in lithium sulfur batteries by Mosavati et al?® and Hao et al.*° Specific
capacities of 1100 mAh g* and 660 mAh g were obtained after 100 cycles at 0.1 C?® and
200 cycles at 0.5 C,*° respectively. Since titanium nitride (TiN) has a number of desirable

properties as a potential host material of sulfur, including: (1) high electrical conductivity



33

(better than titanium metal and carbon), and (2) excellent chemical stability owing to the
formation of an oxide passivation layer; this metal nitride has been studied as conductive

matrix to host S within the cathode architectures.28 150-151

Herein, the dimensional effects on electrochemical performance of a highly structured
TiN as host material are investigated. The 3D highly structured nanotubes of TiO2 grew
vertically onto the surface of the conductive Ti foil, which can be converted to TiN
nanotube after nitridation with NH3. The correlation between TiN nanotube length and
diameter, BET surface area, morphology, active sulfur composition, and their
electrochemical performance was studied. Results indicated TiN nanotubes with longer
length and smaller diameter were found to exhibit the best performance among all as-
synthesized nanostructures, and were also better than other reported nanostructured
additives/sulfur compounds for lithium sulfur batteries.3* 2 Overall, the matrix, composed
of titanium nitride nanotubes, shows an enhanced capability of limiting the diffusion of
soluble polysulfide, decreasing the charge transfer impedance, and maintaining a good
capacity over long cycles.
3.2 Experimental
3.2.1  Preparation of titanium nitride nanotubes

In order to synthesize titanium nitride in the form of nanotube arrays, a two electrodes
setup was used to first prepare highly-ordered TiO> nanotubes arrays by a two steps
anodization method.t*3>* This set up has a Ti working electrode (titanium foil, 99.6 %
purity, 1.0 mm thickness, GoodFellow) and a Pt counter electrode. To obtain TiO:
nanotubes with different diameters and lengths, Ti foil were anodized under different

anodization voltage and time, in an ethylene glycol (EG, 99.8% anhydrous, Sigma-Aldrich)
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solution containing 0.5 wt% NH4F and 2 vol% deionized water.'®® Subsequently, the TiO,
aggregated layer was peeled off using ultrasonication for 10 min. Then, the second
anodization step was started with the same solution and under the varying voltages and
desired time duration. The resultant TiO2 nanotubes and Ti substrate were calcined under
ammonia in a tubular furnace. The powder was first loaded into a zirconia boat and placed
in a tubular reactor, which was connected to the gas feed system. Initially, the reactor was
purged using 150 mL min Argon (Ar) gas for 1h; followed by 200 mL/min pure NH3 gas
for 30 min to stabilize the gas flow. The reactor was then heated to 250 <C in 8 h, held for
40 min, then raised to 800 <C over 3 h and maintained for 1 h. The furnace cooled down to
room temperature followed by flowing 150 mL min™ Ar gas overnight.

To synthesize titanium nitride nanotubes with different lengths and diameters, the
corresponding anodization voltage and time need to be properly chosen and optimized.
After 10 hours, 6 hours and 10 minutes of anodization, the lengths of 30 um, 15 um and
4.5 um are obtained, respectively. Also, with anodization voltage of 75V, 60 V and 45 V,
different diameters, 100 nm, 65 nm and 35 nm, of titanium nitride nanotubes are
synthesized, respectively. Tube length of longer than 30 um is not possible since nanotubes
would peel off from the substrate. On the other hand, smaller nanotube diameter (< 35 nm)
cannot be synthesized using a lower anodization voltage.

3.2.2  Fabrication of electrodes and cell assembly

After the desired titanium nitride nanotubes have been synthesized, the electrode
slurry was prepared by firstly incorporating sulfur with conductive additive
(nanostructured titanium nitride or Super P carbon black) with a wt. ratio of 7:3 by melt-

diffusion method. The mixture was first heat above the melting temperature of sulfur
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around 115 °C and maintained for 30 minutes. 10 wt% of poly(acrylonitrile-methyl
methacrylate) AN/MMA (94:6, Polysciences Inc) was added as binder and N-methyl
pyrrolidinone (NMP) as solvent to the slurry. The slurry was then coated on Al foil and

dried at 80 °C under vacuum for 10 h.

1,3-Dioxalane, 1,2-Dimethoxyethane, LiTFSI, LiNOs were purchased from Aldrich
and used as received. An electrolyte with 1 M of 1,3-Dioxalane, 1 M of 1,2-
Dimethoxyethane, 1 M LiTFSI, and 2 wt% LiNO3s was prepared by stirring at 80 <C for 6
h. 8 pL of electrolyte solution was added onto TiN cathode. In addition, a Polypropylene
separator (Celgard 2400), and lithium foil anode were used to assemble coin cells (CR2032)

inside an argon filled glove box.

3.2.3  Materials characterization

Phase purity and crystal structure of electrode materials were characterized using a
Rigaku Miniflex 600 X-Ray Diffractometer. Morphological features of the TiN nanotubes
were observed with scanning electron microscopy (TESCAN). The specific surface areas
and pore size of the electrode materials were measured by Braunauer-Emmet-Teller (BET)
multimolecular adsorption method (Accelerated Surface Area and Porosimetry
System (ASAP) 2020 Plus). For characterizing the weight ratio of the sulfur composite, a
thermogravimetric analysis (TGA, Q500 model from TA instruments) was performed on
the composite in a temperature range of 30 — 700 <C with a heating rate of 5 T min! under
a nitrogen gas atmosphere.
3.2.4  Electrochemical measurements

Galvanostatic discharge-charge tests were conducted using a Maccor Model 4200

Automated Test System between the voltage range of 1.6 to 3 V (vs. Li/Li+) at room
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temperature. Electrochemical Impedance Spectroscopy (EIS) experiments were performed
using a Gamry potentiostat reference 3000. The minimum amplitude of AC voltage was
0.1 mV. The frequency was swept from 0.1 Hz to 100 kHz.
3.3 Results and Discussion

TiO2 nanotube arrays were formed from Ti foil in the EG solution as described
previously. The formation mechanisms can be attributed to the result of two separate
competitive procedure: anodization and chemical dissolution. As the anodization of Ti foil
starts, O% anions generates from the dissociation of the trace amount of water, and the
formation of a layer of compact anodic oxide can be observed.!®* 1> These reactions are

described as below:

H,0 — H*+OH 1)
2 OH — 0% + H,0 )
Ti+20%-4e” — TiO, 3)

When the dense TiO: layer thickens to a certain value, O migrates inside of the dense
oxide layer, a portion of anions will lose electrons resulting in oxygen gas.'®® Also,
chemical dissolution of oxide layer to soluble fluoride compound*53-154 156-157 happens both

at the surface and inside layers.
TiO; + 6F + 4H*— [TiF6]* + 2H.0 4)
The SEM images (Fig. 1a, b, c) are recorded at micron level and shows TiN nanotube

structures with diameter of about 65 nm and length of 4.5, 15, and 30 um, respectively.

These nanostructures tend to be vertically oriented on the surface of Ti foils, forming a
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nanotube array structure. The TiN nanotubes show a scraggly surface as a result of the

lattice shrinkage, which can be attributed to the structure transformation from TiO2 to TiN.

E—
500 nm 500 nm Hum
y

Figure 3.1 SEM images of TiN nanotube of diameter of 65 nm and (a) 4.5 ym, (b) 15 ym
and (c) 30 um in its length from side view, and nanotube of length of 4.5 um and (d) 35
nm, (e) 65 nm and (f) 100 nm in its diameter from top view.

In order to further investigate the effect of TiN nanotube diameter on capacity
performance and cycling stability of Li-S battery, TiN nanostructures of different diameters,
by applying various anodization voltage, were prepared on Ti foil. Fig. 1d, e and f shows
the SEM images of TiN nanotubes with a 4.5 um length and different diameter of 35, 65,
and 100 nm, respectively. It is known that one of the factors determining electrocatalytic
activity is the accessible surface area. Therefore, with different nanotube diameters, this
ultrafine nanotube 3D structure could provide an even larger specific surface to volume
ratio which could promote electroactivity on the surface. These 3D structures will allow

effective migration of the electrolyte and thus enhance mass/charge transfer at the

electrode/electrolyte interface.®
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Figure 3.2 XRD spectra of (a) TiN nanotube, (b) the mixture of TiN nanotube and sulfur
with typical peaks of TiN indicated, and (c) the composite after melt-diffusion process.
(d) TGA analysis of sulfur loading.

Fig. 2a shows the X-ray diffraction (XRD) spectra of the prepared TiN with five
diffraction peaks corresponding to the TiN (111), (200), (220), (311) and (222) crystal
planes. The positions and intensities of TiN diffraction peaks can be indexed to the face-
centered cubic structure of TiN (JCPDS file no. 38-1420) with a lattice constant a = 0.424
nm. After mixing sulfur with TiN nanotubes, XRD spectra indicate both typical peaks from
titanium nitride and sulfur (Fig. 2b), indicating the chemical composition of the mixture.
After heating this mixture above the melting temperature of sulfur and maintained for 3

hours, XRD spectra (Fig. 2c) exhibit almost no sulfur peaks, suggesting sulfur becomes

amorphous after melt-diffusion procedure.'®%-1 Thermal gravimetric analysis (TGA) were
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conducted with a TGA/DSC (Q500 instrument) in argon at a scan rate of 10 T min-* from

room temperature to 400 <T.*%* As evidenced by TGA result (Fig. 2d), the sulfur loading

in the TiN nanotube materials was to be 71.2 wt%. The corresponding areal sulfur loading

is 8.7 mg cm™.
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Figure 3.3 N, adsorption/desorption isotherms of TiN nanotube with dimension of (a) 4.5 ym
and 65 nm, (b) 15 ym and 65 nm, (c) 30 ym and 65 nm, (d) 4.5 um and 35 nm and (e) 4.5

pm and 100 nm.

Nanotube 4.5 15 30 45 45 45

length (um)

Nanotube 65 65 65 35 65 100

diameter (nm)

BET surface | 34.14 33.97 35.32 45.15 34.14 21.76
area (m?g?)

Table 3.1 The BET surface areas derived from nitrogen isotherm, of TiN nanotube structure
with varying size.
Fig. 3 shows the N2 sorption isotherms of TiN nanotube with different size dimensions.

All nanostructures exhibit a type IV isotherm according to IUPAC and indicated the

existence of a pore size range from mesopores to macropores.'®2 In Fig. 3a, b and c, the N2
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sorption isotherms of nanotube structures with a diameter of 65 nm and varying length
from 4.5 um, 15 pum and 30 um are shown. At relative pressure of above 0.1, the samples
show almost no increment in N2 adsorption capacity, which shows that the limited amount
of mesopores.> 1 While, the final increased tails in the curves at a relative pressure from
0.9 to 1.0 suggest the increment of macroporosity.5! As expected, there is no an obvious
change in BET surface area (34 m? g!) as a function of nanotube length, as shown in Table
1. From Fig. 3a, d and f, the N2 sorption isotherms are demonstrated for 4.5 um long
nanotube structures with diameters of 65, 35 and 100 nm, respectively. The larger
hysteresis between adsorption and desorption branches within the range of relative pressure
from 0.7 to 0.9 in Fig. 3d indicates the appearance of mesopores.'®® Moreover, the
increasing narrowness of the hysteresis loops, with a decreasing diameter, with steep and
nearly parallel adsorption and desorption branches suggests a decrease of pore size and
surface area.'%3-164 The specific surface areas of these samples are 45.15, 34.14 and 21.76
m?2 g1 for 35, 65 and 100 nm, respectively (Table 1). The smaller diameter nanotube arrays
lead to an increasing surface area, which could in turn provide more electro-chemical active
sites to enhance chemical reactions and mass transport. Also, the structure with more
confined space will become a more effective host for soluble lithium polysulfides in

charging and discharging cycles.5!: 162
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Figure 3.4 Galvanostatic charge-discharge voltage profiles of cells with TiN nanotubes
and cycling performance of the sulfur-TiN nanotube composites.

Fig. 4a shows the galvanostatic charge-discharge voltage profiles of the S/TiN cell for

different cycles (TiN nanotubes of length as 4.5 um and diameter as 65 nm). Voltage-
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capacity curves demonstrate two typical discharge plateaus located at 2.35 V and 2.05 V,
and one charge plateau at 2.35 V, which are consistent with previous results.?® 1 Fig. 4b
and c shows the voltage-capacity curves of TiN nanotube diameter of 65 nm and lengths
of 4.5, 15, and 30 um, and TiN nanotube length of 4.5 um and diameters of 35, 65, and 100
nm, at 180th cycles, respectively. These results indicate that the better capacity retentions
are observed with longer length and smaller diameter TiN nanotubes. Fig. 4d shows the
cycling performance of the titanium nitride nanotubes with lengths of 4.5, 15, and 30 um
and diameter of 65 nm cycled at a rate of 0.1C for 180 cycles. The discharge capacity of
180" cycle at 0.1C is remained as 1338 mAh g* for the cell with longest length of 30 um,
compared to the 1229 and 1128 mAh g* for nanotube length of 15 um and 4.5 um,
respectively. Capacity decays of 0.064%, 0.086% and 0.097% per cycle are observed for
30 um, 15 um and 4.5 um TiN nanotubes, respectively. This finding suggests longer TiN
nanotubes will provide a more stable sulfur host matrix leading to lower capacity decay.
The charge/discharge capacity with TiN nanotube of diameters of 35, 65, and 100 nm, and
length of 4.5 um is shown in Fig. 4f. The first cycle charge/discharge capacity of almost
1480 mAh g* sulfur was observed with smallest nanotube diameter, indicating nanotubes
with higher surface area provide better performance. In general, the capacity fades
monotonically, probably due to partial dissolution of the polysulfides and escaping from
the nanotube pores. However, even after 180 cycles a reversible discharge capacity of 1338
mAh g sulfur could be obtained as the best result. Thus, the remarkable cycling stability
and specific capacity of this electrode can be attributed to the stable electrodeposited active
materials hosted by the TiN nanostructure. These nanotube materials all show a coulombic

efficiency above 96% after initial cycles, indicate good reversibility of the electrochemical
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reactions (Fig. 4e and g). Furthermore, a good capacity retention with high columbic
efficiency is found as a result of good utilization of the active mass and minimizing the Li-
polysulfide shuttle mechanism. These results suggested the coulombic efficiency was
improved with longer length and smaller diameter of TiN. This could be attributed to the
fact that more polysulfide has been inhibited from migrating through electrolyte thus
minimize shuttling reaction and self-discharge. This process will also minimize undesired
formation of insulating layer onto anode surface, as well as loss of active materials.*® Thus,
one of the most severe issues of lithium-sulfur batteries, i.e. cyclability, has been
mitigated, 46 165

Fig. 5a shows the rate capability study of the TiN nanotubes with lengths of 4.5, 15,
and 30 um and diameter of 65 nm. With the increase in the current rate from 0.1 C to 1 C,
the sample with TiN nanotube performs better than sulfur cathode with carbon material,
usually lower than 700 mAh gt at 1 C.3* ™14 At a current rate of 1 C, the sample with
longest nanotube length delivers a capacity of 820 mAh g, a remarkable result for a sulfur
cathode at this high rate.! ™ 146 Moreover, the discharge capacity can be mostly recovered
when the current density is decreased again from 1 C to 0.1 C, suggesting good abuse

tolerance of the TiN nanotube under different current densities.
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Figure 3.5 Cycling behavior of TiN/S cathode materials at different discharge rates with
(a) lengths of 4.5, 15, and 30 ym and diameter of 65 nm and (b) diameters of 35, 65, and
100 nm and length of 4.5 pym.

The rate capability of different TiN electrodes with 35, 65, and 100 nm diameter and
4.5 um length were investigated (Fig. Sb). It is known that one of the factors determining
electrocatalytic activity is the accessible surface area. As expected, the electrode of 35 nm
diameter TiN nanotube with higher surface area displays a higher discharge capacity of
1450 mAh g* after 180 cycles, contrasting with the 1390 and 1340 mAh g* discharge
capacity of the 65 nm and 100 nm electrodes, respectively. With the current rate gradually

increases to larger current 1 C, these electrodes display the corresponding discharge

capacity of 780, 720 and 650 mAh g in Fig. 5.

EIS measurements before and after the rate capability cycles (Fig. 6a and b) also
suggest that the charge transfer resistance increased almost 13 Q for the cell with Super P
carbon black. As a comparison, only 5%, 13.0% and 14.8% increase in charge transfer
resistance were observed for the cells with TiN nanotubes of 65 nm in diameter and 30, 15,
and 4.5 um 1in length, respectively (Table 2). The difference between the two materials can
be attributed to the high conductivity, as well as chemical and thermal stability of titanium
nitride.?® 123 149 Eyrthermore, it has been confirmed that by introducing longer TiN
nanotubes, the initial value and increasing value of charge transfer resistance have

decreased.
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Figure 3.6 EIS spectra of Super P carbon black and TiN/S cathode materials for lengths
of 4.5, 15, and 30 um and diameter of 65 nm (a) before and (b) after 50 cycles; as well
as (c) before and (d) after 50 cycles for diameters of 35, 65, and 100 nm.

Materials TiN Super P
carbon
black

Length (um) 30 15 45 45 45 45 N/A

Diameter (nm) 65 65 65 35 65 100 N/A

Initial resistance | 20 23 27 21 27 29 39

(ohm)

Resistance after 50 | 21 26 31 24 31 35 52

cycles (ohm)

Resistance increase | 1 3 4 3 4 6 13

(ohm)

Resistance increase | 5.0 13.0 14.8 14.2 14.8 20.6 33.3

(%)

Table 3.2 The initial and after 50 cycles charge transfer resistance, derived from EIS
spectra, of Super P carbon black and TiN nanotube structure with varying length and
diameter.

The effect of titanium nitride nanotube diameter on the electrochemical performance

has been tested with the EIS measurement (Fig. 6¢ and d). It is observed that with
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increasing diameter of TiN nanotubes, the initial charge transfer resistance is increased.
Also, 14.3%, 18% and 21% increase in charge transfer resistance after rate capability
cycles were observed for nanotubes with length of 4.5 um and diameters of 35, 65, and 100
nm, respectively (Table 2). The lower resistance of the smallest diameter could result from
improvement of the current collecting capability of cathodes due to higher surface area of
active material host, as well as the spatial confinement to insulating sulfur and precipitated

polysulfide molecules.44 162

Goodenough et al. 122 found that higher electrical conductivity and the capture of the
soluble intermediate polysulfide by mesoporous TiN as a result of physical or chemical
interaction lead to enhanced specific capacity and high rate of charge/discharge.
However, the issue of capacity fading, though much alleviated, still needs to be addressed.
Also, carbon nanotube materials were found to have a significant improvement compared
to other porous carbon matrix® %6167 Since the sulfur confined in void space of
mesoporous structure is still accessible to electrolyte in which polysulfides are dissolved,
thus, minimize the effectiveness of the material to retain polysulfides. Therefore, poor
capacity retention and rapid decay is still being observed for mesoporous structure.
Furthermore, the size effect of nanostructure has been investigated on mechanical and
electrical properties, chemical kinetics and battery performance.?®®172 It has been shown
that nanostructure with a smaller pore size  could exhibit better electrochemical
performance, which is attributed to higher specific surface area allowing the charge process
to occur more easily and more reversibly.’® Also, the significant effect of length, diameter,
wall thickness and aggregate size have been demonstrated on physical and electrochemical

properties of composite with nanotubes. % 173
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The high specific capacity and good cycling stability of structured titanium nitride
nanotube/sulfur composite suggested TiN is a promising material for future lithium sulfur
batteries with high energy density. It is worth noting that the titanium nitride with smaller
diameter and longer tube structure exhibits higher energy density and better cyclability

than reported in literature.*? 149

Firstly, smaller diameter of nanotube structure increases the accessible surface area to
enhance electro-catalytic activities. The active material, sulfur, is effectively confined in
the titanium nitride nanostructure, the contact is improved owing to the relatively smaller
diameter (~35 nm) of the nanotubes compared to larger diameters, and hence the reaction
kinetics are also enhanced.*> 1 Also, more uniform distribution of sulfur material
separated by nanostructure of smaller size may minimize internal stress. Thus, the loss of
electrical contact within electrode due to mechanical failure, such as cracking and bulky

delamination will be alleviated.3> %

Secondly, the titanium nitride here acts as the host of active material sulfur. The
nanotube structured titanium nitride with longer length performs better as a sulfur “trap”.
Moreover, the nanotube of absorptive titanium nitride may minimize the egress of bulky
polysulfide molecules out of the confinement of nanostructures into the electrolyte. Thus,
nanotubes with larger length provide more physical barrier to further trap the highly polar
polysulfide species.3! % 1% |n addition, Yuan et al.!’* and Cheng et al.1” found that there
is an increase in the amount of bulky sulfur particles attachment and entrapment of
polysulfide in nanotube structures with well-preserved length. As a result, the batteries
have a better stability and electrochemical performance. In addition, since sulfur itself is

insulating as indicated previously, the matrix constructed of titanium nitride provides a
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more conductive pathway for electron transfer.®® 145162 Moreover, similar findings have
been observed for longer hierarchical carbon nanotubes as additives.1% 174 Therefore, the
enhanced electrochemical behavior of longer TiN nanotube can be attributed to a more
conductive matrix that promote the efficiency of electron transfer to the sulfur mass and
accessibility to the Li* electrolyte.
3.4 Conclusion

In summary, we demonstrated the synthesis of nanotube structured titanium nitride
with tunable length and diameter through a facile approach of anodization and nitridation
of Ti metal foil. The as-prepared highly structured TiN nanotubes exhibit varying length
from 4.5 to 30 pm and diameter from 35 to 100 nm. Cells using this TiN nanotube, used as
a host matrix of sulfur for Li—S battery, show high capacity (1338 mAh g after 180 cycles
at 0.1 C rate) and long-cycle life (only 0.064 % decay per cycle on average) at high sulfur
contents. In addition, TiN nanotubes electrode with varying diameter and length indicates
that increase in nanotube length from 4.5 to 30 pum and decrease in nanotube diameter from
100 to 35 nm enhance capacity by 19.1% and 24.7% after 180 discharge/charge cycles,
respectively. This outstanding improvement is due to unique characteristics of the TiN
naotubes with larger length and smaller diameter: a higher surface area, ability to buffer
the stress, suppression of diffusion of soluble polysulfides, and the formation of a more
effective matrix. This research thus presents a promising path for further development in
Li—S batteries, as it not only demonstrates an effective cathode material, but also indicates

the importance of size effect of materials on battery performance
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4 CHAPTER 4 NOVEL CATHODE FRAMEWORK OF NANOSTRUCTURED
TITANIUM NITRIDE/GRAPHENE FOR ADVANCE LITHIUM SULFUR
BATTERIES*

4.1 Introduction

The demand for developing clean and sustainable energy technology has been
increasing because of the steadily growing pollution problem caused by fossil fuels.!8 128
133,135 The market of electric vehicle (EV), hybrid electric vehicle (HEV) and portable
electronic devices is currently dominated by conventional lithium ion batteries due to their
high energy and power density, low self-discharge, and availability of various types.’6-1"
Nevertheless, the improvement of energy and power densities of rechargeable lithium
batteries is still attracting significant attention aiming to providing longer driving range of
EV and further decreasing the emission of greenhouse gases.® 128 130. 133 One of the main
challenges to realizing a longer driving range is to develop cathode materials with much
higher specific capacities to match with those of the anode materials.**® The theoretical
specific capacity of sulfur (1675 mAh g ) makes it a promising cathode material, with ~5
times higher capacity than those of traditional Li-ion cathode materials. Also, it is worthy
noted that sulfur possesses other advantages such as natural abundance and environmental
friendliness.1® 126 135,143

Though all these significant advantages, there are a number of challenges in Li-S
battery systems. The first one is low electrical conductivity of elemental sulfur to hindering
electron transfer.1*® Both elemental sulfur and its lithiated product are non-conductive,
producing an inevitable need of incorporating S into conductive matrix to facilitate

reductions.’® The second one is high self-discharging and loss of active materials as a
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result of migration of highly soluble higher-order polysulfide (Sx*, 2 < X<8) in

organicelectrolyte. These intermediate reduction products can diffuse through the
electrolyte to the anode (Li metal) as a result of concentration gradient, where they will be
further reduced to form precipitates (Li2S, Li>S) on lithium metal surface.*® The third one
is capacity fading as a result of drastic electrode volume shrinkage and expansion.®® The
deterioration of the electrochemical performance during cycles?? 3% 135 143, 146-148, 151, 179-180
is due to density differences of elemental sulfur and lithium sulfide products. These

hindrances of Li-S systems can lead to loss of active materials, low Coulombic efficiency,

self-discharging and rapid capacity fading of the battery.

The rational design of the cathode, lithium anode protection, and electrolyte
modification have been extensively investigated to improve the electrochemical
performance of Li-S batteries.®® There are increasing attentions to incorporate sulfur with
conductive matrix in order to immobilize the dissolved polysulfides. Carbon materials,
with high electrical conductivity, mechanical durability, and low-cost, have been widely
used as a host matrix to be impregnated with sulfur. Numerous cathode materials are
designed and developed by hybridizing various nano-structured carbon materials with
sulfur (e.g., porous carbon with desirable pore size,® single/multi-walled carbon
nanotube,® carbon nano-fiber,'® graphene,® 18218 and the composite mixture of fore-
mentioned materials'®> 184). It is worthy noting that the electrochemical performance of
lithium sulfur battery systems has been effectively enhanced by these well-designed and
high-structured C/S compounds. However, the challenge of rapid capacity decay still needs

to be addressed, although some studies have shown promising capacity retention results.*%>
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185 Thus, a series of metal-oxides, nitrides, and chalcogenides have been investigated as

cathode matrix materials for their adsorption capability of polysulfides. Metal oxide (e.g.
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TiOy, TiO, Al,0O3, MnO2, VO, Mn-Sn oxide, etc.), metal sulfide (CuS, CoS; and FeSy),
and metal chalcogenide have been proposed as immobilizer for polysulfide, but they still
suffer from various shortcomings with only limited success, 2% 137 142, 151-152, 186-191 \japy
metal oxides/sulfides have intrinsically poor electrical conductivity, thus the adsorbed
polysulfides are difficult to be reduced directly on the host surfaces, resulting in relatively
lower sulfur utilization. Recently, titanium-based materials, including TisO7, Ti2C, TiC,
TiN, TiCN and TiO, have been demonstrated to be an effective cathode material matrix as
highly promising Li polysulfides (LiPS) immobilizers and good media for electron
transfer.1921% Especially, titanium nitride (TiN) stands out for exhibiting significant
advantages such as low cost, high electrical conductivity, outstanding mechanical and
chemical stability, and excellent entrapment ability towards polysulfides.?® 123 187 |n our
previous work, we have demonstrated the enhanced electrochemical performance of the
nano-structured TiN serving as cathode matrix in Li-S batteries. Moreover, the effects of
tunable dimension of the TiN nanostructures on electrochemical performance have been
elucidated.'®* However, non-negligible fading of capacity still exists. This is attributed to
that the cathode matrix gradually lost its retention of the drastically increasing polysulfides,
especially when it comes to a higher areal loading of sulfur, associated with a more severe
shuttling mechanism. In addition, the structural failure has also been observed due to severe

volume change during charge-discharge cycles.38 18

In this study, the electrochemical performance and capacity retention in the Li-S
battery using cathode matrix composites of TiN nanotubes (TiN NT) hybridized with
graphene are investigated. Nanoscale host of sulfur in TiN nanotubes is packed

efficiently and connected closely by graphene who acts as anchoring support.184 186. 195



53

The combination of 1-D TiN nanotubes and 2-D graphene (G) constructs a 3-D
hierarchical framework, which may enable efficient electron transfer, sufficient
electrolyte accessibility and flexible composite structure as well as inhibits the
detachment of polysulfides. This is the first TiN nanotube/graphene nanostructures
study which demonstrated significantly better electrochemical performance than
previously reported 3-D nanostructures®® 1%5-1%7 with TiN nanowires, carbon nanowire,
and carbon nanotubes. The TiN nanotube, compared to conventional carbon nanotube,
could serve as a more efficiently cathode framework since it is not only with better
chemisorption effect but also maintain a high conductivity and structural stability.?®
4.2 Experimental

4.2.1  Preparation of cathode materials of nanostructured TiN and graphene

Synthesis of TiN nanotube arrays has been described elsewhere.® In this work, TiN
nanotube arrays were synthesized with an anodization voltage of 60 V for 6 hours.

The composite cathode was prepared as follows: Different ratios of TiN nanotubes and
graphene were mixed with ethanol (25 wt%) solution. The suspended mixture was then
ultrasonicated for 1 h, followed by heating at 50 C for 12 hours. The composite was further
incorporated with sulfur at a wt. ratio of 35:65 by melt-diffusion method.*° The sulfur/composite
mixture was first heated above the melting temperature of sulfur at 115 °C and maintained for
30 minutes. 5 wt% of poly(acrylonitrile-methyl methacrylate) (AN/MMA=94:6, Polysciences Inc)
was dissolved in N-methyl pyrrolidinone (NMP) to form a binder solution. A wt. ratio of 2.23 of
binder solution to S@TIN composite was used to form cathode slurry. The slurry was then
coated on Al foil (8.5mg cm- areal loading of sulfur) and dried at 80 °C under 10 torr for 10
h.28. 184,194 Fyrthermore, composites with TiN nanotubes:graphene ratios as 1:0, 2:1, 1:1, 1:2,
0:1 were also prepared. TiN nanoparticles were used as to compare the structural effect of TiN

on battery performance.
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4.2.2  Assembly of coin cells
1,3-Dioxalane, 1,2-Dimethoxyethane, LiTFSI, LINO3 were purchased from

Aldrich and used as received. An electrolyte with 1 M of 1,3-Dioxalane, 1 M of 1,2-
Dimethoxyethane, 1 M LiTFSI, and 2 wt% LiNO3 was prepared by stirring at 80 <C for
6 h. Stainless steel coin cells (2,032-type) were assembled inside an Ar-filled glovebox
with a Polypropylene separator (Celgard 2400), lithium foil (Sigma Aldrich, as rolled,
99.9% purity) anode, and 8 pL of electrolyte solution added onto the cathode.
4.2.3  Material characterization and electrochemical measurement
Phase purity and crystal structure of cathode materials were characterized using a

X-Ray Diffractometer (Rigaku Miniflex 600). Morphological features of the cathode
materials were observed with scanning electron microscopy (TESCAN, model S9000).
To determine the sulfur content of the composites, thermogravimetric analysis (TGA,
Q500 model from TA instruments) was performed on the composite in a temperature
range of 25 — 700 °C with a heating rate of 5 °C min-1 under a nitrogen gas atmosphere.

Galvanostatic discharge-charge tests were conducted using a battery cycler
(Maccor Model 4200) between the voltage range of 1.6 to 3 V (vs. Li/Li+) at room
temperature. Electrochemical Impedance Spectroscopy (EIS) experiments were
performed using a potentiostat (Gamry reference 3000). The minimum amplitude of AC
voltage was 0.1 mV. The frequency was swept from 0.1 Hz to 100 kHz.
4.3 Results

Fig. 1a and b, shows the morphology and microstructure of the TiN/G composite

characterized by scanning electron microscopy (SEM). SEM images (Fig. 1a) reveal a 3-

dimensional framework of TiN nanotubes and graphene nanoplatelets. The inset image
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enlarges a cross-section view of nanotube arrays to indicate their arrangement and size.
The TiN nanotubes are typically 6575 nm in diameter and 15-20 pum in length. Plentiful
voids of nanostructure may hold a large amount of sulfur and provide good electrolyte
accessibility.1%> 1% On the other hand, the internal stress caused by volume variation of
sulfur element may be alleviated during charging/discharging cycles.8 166194, 19 |y Fig,
1b, the SEM image shows the dispersion of TiN nanoparticles (TiN NP) on graphene
nanoplatelets. The typical diameter of TiN nanoparticles is 65~75 nm. As shown in Fig. 1c
and d, the pristine TiN nanotube arrays on Ti foil indicate clearly their morphology from

sideview and topview, respectively.
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Figure 4.1 SEM images of the surface morphology of the (a) TiN NT, (b) NP with

graphene composites, and TiN NT arrays (c) sideview and (d) topview. Inset picture of
(a) shows an image of TiN nanotube arrays. (e) XRD patterns and (f) TGA results.

The crystal structure of the TiN nanoparticles, nanotubes and their composites
with graphene nanoplatelets were further examined by X-ray diffraction (Fig. 1e). The X-

ray diffraction (XRD) spectra of the prepared TiN with five diffraction peaks at around 37<

43° 62° 74.5< and 88.5< corresponding to the TiN (111), (200), (220), (311) and (222)
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crystal planes, respectively.?® 187 There is no observable difference in the diffraction
spectra of of TiN nanotube and nanoparticles. The positions and intensities of TiN
diffraction peaks can be indexed to the face-centered cubic structure of TiN (JCPDS file
no. 38-1420) with a lattice constant a = 0.424 nm. With the addition of graphene, both
composites exhibit a wide peak around 26 corresponding to (002) crystal plane of

graphene. 18

Fig. 1f shows the TGA spectra of pure graphene, sulfur/graphene (S@G) and
sulfur/TiN/graphene (S@TiIN/G) over the temperature range from 25 -700 <C. Pure
graphene exhibits a single step of weight loss over the temperature range of around 460 —
600 <C, while the S@G indicates a two-step weight loss at around 160 — 290 <C and 500 —
600 <C which corresponds to the evaporation of sulfur and decomposition of graphene,
respectively. Similarly, S@TIN/G indicates a two-step weight loss TGA curve as S@G.

However, TiN remains stable in the sample up to 700 C8 184,

The weight losses shown in both S@G and S@TIN/G are around 65%, which agrees
with the designed sulfur loading. This high sulfur loading allows a higher energy density
for practical applications and compared favorably to other studies which sulfur loadings
are typical in the 50% range.?°>?! Compared to the S@G composite, the S@TIN/G
exhibits a slightly higher sulfur loss temperature. This could be attributed to the 3D
structure of S@TIN/G which retards the escape of sulfur. Similar phenomenon was
observed in S/G and S-CNT/G.1. 184 A slightly higher decomposition temperature of

graphene was also observed during the second step of weight loss.

To investigate the effects of nanostructure of TiN and graphene support on the

electrochemical performance of sulfur cathode, galvanostatic charge-discharge cycles were
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measured. Fig. 2a shows the cycling performance of four TiN electrodes (NP, NT, NP/G,
NT/G) at a current density of 0.1 C for 180 cycles. S@TIiN NT delivers the highest initial
discharge capacities of 1,535 mAh g?, while S@TIN NT/G and S@TiN NP/G provide
around 1420 mAh g, and S@TiN NP gives only 1385 mAh g. After 180 cycles, the
discharge capacities of S@TIN NT, S@TIN NP, S@TIN NT/G, and S@TIN NP/G are
1195, 990, 1205, and 1085 mAh g, indicating a capacity retention of 78.9%, 69.1%, 87.5%
and 78.1%, respectively. It is interesting to note that the graphene supported TiN
nanostructures exhibit a >10% capacity retentions compared to the unsupported composites.
The findings suggest that highly-structured hollow hosts of TiN NT intercalated with
graphene can provide an anchoring effect of stabilizing the structure and suppress the
diffusion of soluble polysulfides, thus enhancing the cycling stability.***132 It is shown
in the Nyquist plots (Fig. 2b) that the smaller semicircle diameter has been observed of
S@TIN NT in high-frequency region, demonstrating the lowest initial charge transfer
resistance (Rct) as 16 ohms. The electrodes of S@TIN NP and S@TIN NT/G indicate
charge transfer resistance of 19 and 22.5 ohms, respectively, which are higher than that of
S@TIN NT. Furthermore, the electrode of S@TiN NP/G reveals the highest charge transfer
resistance (30 ohms). The difference of charge transfer resistance represents reasonably the
conductivity of host materials in cathodes,?* since all cathodes were synthesized with the
mass loading of sulfur. Nonetheless, after 180 cycles, these electrodes show a different
extent of resistance increase than that of fresh samples. While the electrode of S@TIN
NT/G shows a smallest charge transfer resistance of around 15.5 ohm, the charge transfer
resistance of electrodes of S@TIN NT, S@TIN NP/G and S@TiN NP are 18.5, 26, and

34.5 ohm, respectively. It is shown in Fig. 2c that the percentage of increase of charge
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transfer resistance after 180 cycles is smallest indicating TiN NT/G is the most stable
conductive matrix. It can be attributed to the fact that more effective conductive hosts of
sulfur promises better discharge capacity.3* 18 The enhanced capacity maybe attributed to
nano-confinement of sulfur within TiN nanotubes and effective transfer of electrons and
ions by graphene, and as well as a more stable, integrated 3-D structure.!®”- 22 On the
contrary, the S@TiIN NP electrode shows the most significant decay with the highest
charge transfer resistance after 180 cycles, as a result of the relatively poor stability of TiN

nanoparticles matrix.
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Figure 4.2 (a) Galvanostatic charge—discharge curves of TiN/G composites. (b) EIS plots

for TiN/G composites before (solid symbols) and after 180 cycles (open symbols). (c)
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Since integrating 2-D graphene with 1-D TiN nanotube has shown a better performance,
the effects of TiN/graphene ratio in the hybrid framework on electrochemical stability and
capacity retention are investigated. Fig. 3a and b show the cycling performance of five
electrodes at a current density of 0.1 C for 180 cycles. The electrodes deliver increasing
initial discharging capacities of 880, 1025, 1420, 1449 and 1521 mAh g as the ratio of
TiN nanotubes gradually increases from 0, 33.3%, 50%, 66.6%, and 100%, respectively.
This can be attributed to higher utilization rate and better reaction kinetics as a result of
effective trapping capacity of soluble polysulfide and high conductivity of TiN
nanotubes®®. However, the discharge capacities of the electrodes indicate a different
order after 180 cycles, compared to their fresh state. The composite electrodes of S@TIN
NT/G with a compositon of TiN ranging from 100% to 66.7%, and 50% exhibit 1179, 1204,
and 1247 mAh g%, with the capacity retentions of 77.4%, 82.6% and 87.3%, respectively
(Fig. 3b). The most stable composite cathode was found to be the 1: 1 of TiN to graphene,
suggesting that the combination of nanotubes structures and graphene can be more
effective in limiting the diffusion of polysulfide into electrolyte. ~ On the other hand, the
cathode of S@TIN NT/G with the 33.3 % TiN shows a lower battery performance with a
capacity retention of 72.7% after 180 cycles. The lower capacity of 746 mAh g at 180"
cycle can be attributed to the fact that although a higher graphene content should facilitate
electron and ion transportation and provide a better structural support, a lower TiN
nanotube content limits polysulfide entrapment. When the matrix is pure graphene, the
suppression of polysulfide migration is further hindered.?%® Without the polar and highly
structured TiN nanotubes in the composite, S@G indicates the highest capacity fading

among all electrodes. The capacity is only 536 mAh g after 180 cycles, which is 61.1%
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of its initial value. The drastic decay of capacity suggests that 2-D material like graphene
does not have effective confined space to trap the polysulfides without the reinforcement
of 1-D nanostructured material.?°® The coulombic efficiency of all composites shown in
Fig. 3c are above 95% with the 1:1 TiN/G shows the highest reversibility, and follow the

same trend as capacity retention.

The rate capability of S@TiIN NT composites with different ratio were studied from
0.1t00.2,0.5,and 1 C, and back to 0.1 C, each for 10 cycles. Fig. 3d presents the effects
of graphene contents (0, 33.3%, 50%, 66.7%, and 100%) on the rate capability of S@TiN
NT/G composites. It is shown that the composite with pure TiN nanotubes possesses the
largest capacities as high as 1547~1504 mAh g at initial 10 cycles, while the composites
with addition of graphene (weight ratio of TiN to graphene being 2:1 and 1:1) exhibit
slightly lower capacities around 1457~1391 and 1431~1382 mAh g%, respectively. As the
weight ratio of graphene increased to 66.7%, the capacity of electrode experienced a
significant drop to 1025~985 mAh g, and the capacity becomes even poorer (878~827
mAh g!) with pure graphene electrode. When the current density is increased successively,
the S@TIN NT electrode delivers decreased specific capacities of 1504, 1193, 832, and
645 mAh gtat 101, 20", 30", and 40™ cycles, respectively. When the current density
decreased back to 0.1 C, the specific capacities recovered to 1174 mAh g (50" cycles).
On the contrary, the composite electrodes with graphene (weight ratio of 1:1 and 2:1)
exhibit better rate capability with 802 and 729 mAh g at 40" cycle, and 1329 and 1238
mAh gat 501 cycle. These findings indicate a good tolerance to the rapid change of C-
rates over tests, which could be attributed to a structural framework with better stability.%

On the other hand, composite electrode with a lower TiN nanotubes content (weight ratio
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of 1:2) delivers much lower discharge capacities in tests, which may be caused by the loss
of active materials through LiPS dissolution. Due to the lack of nano-confinement
structures (TiIN nanotubes) as sulfur hosts, the pure graphene electrode shows the worst
rate capability among all samples. Fig. 3e shows the galvanostatic charge/discharge curves
of pure TiN NT, pure graphene, and composite electrode (weight ratio of 1:1) after 180
cycles. All three electrodes indicate two reduction plateaus and one oxidation plateau,
which correspond to the typical redox reactions of sulfur. It is interesting to note the voltage
gap between the oxidation and reduction plateaus is the smallest for TiN NT/graphene
composite, suggesting better reversibility and lower polarization of electrodes. The
voltage gap is higher for the pure TiN NT, while the highest gap was observed for pure

graphene.
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Figure 4.3 (a) galvanostatic charge—discharge curves, (b) initial specific capacities
and % of capacity retention after 180 cycles, (c) coulombic efficiency, (d) rate
capability, and (e) galvanostatic charge-discharge curves after 180 cycles of TiN/G
composites.

The electrochemical impedance spectroscopic (EIS) test of various S@TIN NT/G
electrodes are shown in Fig. 4. It is obvious that the initial charge transfer resistance (Rct)
of the electrodes become larger as the content of graphene increases (Fig. 4a). The decrease
from 31.5 (pure graphene) to 16 ohm (pure TiN nanotubes) indicates an excellent electronic
conductivity of titanium nitride nanotubes. Moreover, cathodes with TiN NT:G (2:1, 1:1
and 1:2) have intermediate charge transfer resistance as 18.5, 24, and 28.5 ohm,
respectively, which can be explained by lower interfacial electron transfer as a result of

decreasing efficient and effective conductive path (TiN nanotubes).
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EIS plots for the composite cathodes after 180 cycles further confirm the results and
synergetic effect of integrated structures discussed above, as shown in Fig. 4b. The
gradually increased charge transfer resistances are exhibited by pure TiN nanotubes, TiN
NT/G(1:1), TIN NT/G(2:1), TiN NT/G(1:2), and pure graphene, indicating 27.5, 29, 30.5,
46.5, and 57 ohm, respectively. Fig. 4c clearly shows the percentage increase of charge
transfer impedance of the cathodes are 62.7%, 59.5%, 14.5%, 61.4% and 67.7%, for 1:0,
2:1,1:1,1:2,and 0:1 TiN:G, respectively. The difference of increasing rates of Rct could
be attributed to that the overall completion and effectiveness of conductive framework is
damaged, introducing lower efficient conductive path for electrons and less localization of
sulfur within confined nanostructure.®? 14718 Thus, a larger increase of charge transfer

resistance could be observed.
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Figure 4.4 EIS plots for TiN/G composites with different ratio (a) before and (b) after 180
cycles, (c) Initial resistance and % resistance increase of charge transfer after 180
cycles.

The morphologies of the composite electrodes were characterized to gain a better
understanding between electrode structure and battery performance (Fig. 5). Fig. 5a shows
the SEM image of 2:1 TiN/G, higher amount of TiN nanotube bundles were observed as
compared to 1:1 TiN/G (Fig. 1a). On the other hand, the 1:2 TiN/G (Fig. 5b) shows a

significant amount of graphene sheets, compared to the 2:1 and 1:1 TiN/G samples. It can
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be observed that there are no large sulfur particles aggregates among all the three electrode
surfaces by SEM, indicating that a quite uniform impregnation of sulfur in the TiN NT/G
hybrid nanostructures composite. Fig. 5¢ shows the SEM image of 1:1 TiN/G sample after
180 cycles. There are no obvious aggregation and mechanical fractures of TiN nanotubes,
as well as no large amount of precipitation arises on the surface of the electrode. This
suggests the 1:1 TiN NT/G hybrid framework is a well-sustained structure with sufficient
trapping sites effectively minimizing the capacity fading by limiting the migration of
soluble polysulfides.?%® The 2:1 and 1:2 TiN/G samples appear to be quite stable after 180

cycles as well (images not shown).

Figure 4.5 SEM images of the surface morphology of the composites with ratios of (a)

TiN NT/G (2:1), (b) TiN NT/G (1:2) before cycles, and (c) TiN NT/G (1:1) after cycles.
Table 1 shows the sulfur content (as determined by EDS as a semi-quantitative tool)
of the 1:0, 2:1, 1:1, 1:2, and 0:1 TiN/G samples initially and after 180 cycles. The %
decrease of sulfur content are 90.1%, 79.3%, 43.3%, 56.2%, and 83.4% for 1:0, 2:1, 1:1,
1:2, and 0:1 TiN/G samples, respectively. Interestingly, the 1:1 TiN/G sample shows the
best retention of sulfur among all samples, which are consistent with the trend of capacity
retention (Fig. 3b). These results suggest the optimal 1:1 TiN/G sample provides the most

effective physical barrier against polysulfide migration from the electrodes. TiN could

provide strong chemisorption effect with polysulfide,?® which can be ascribed to (1)
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covalent bond formed between nitrogen and sulfur species because of the electronegativity
and polarity of nitrogen; (2) strong Lewis acid-base bond between titanium and sulfur.
Apparently, the optimal composition of graphene and TiN nanotubes leads to a synergetic,
well-sustained framework providing outstanding electrochemical performance and cycling

stability.>9 192, 195,200

TiN/Graphene 0:1 1:2 1.1 2:1 1:0

S content (%) 42.6 42.1 42.5 41.8 42.8
before cycle

S content (%) 4.2 8.7 24.1 18.3 7.1
after 180 cycles

% decrease in S content 90.1 79.3 43.3 56.2 83.4
Table 4.1 S content (based on EDS analysis) of the composites with different ratios, before

and after 180 cycles.

4.4 Discussion

In previous research on lithium sulfur batteries, lots of attempts have been tried to
improve battery performance of lithium sulfur systems, based on different design of
cathode framework. Wang et al. designed a sulfur cathode wrapped by graphene oxide
sheet with poly(ethylene glycol) (PEG) as surfactant, with a specific discharging capacity
nearly 600 mAh g* after 100 cycles under C/5.% Similarly, Evers et al. also prepared
graphene-sulfur composite as cathode for lithium sulfur batteries.®* The performance

indicates a decay of 19% of capacity and specific capacity around 500 mAh g after 50
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cycles at a current rate of 0.2 C. Aligned or disordered nanotubes (mostly carbon nanotube,
although conductive polymer nanotube in some research) have been incorporated with
sulfur to act as conductive network. Xiao et al. synthesized an composite sulfur electrode
with polyaniline nanotube,'®® with a capacity higher than 800 mAh g after 100 cycles
under 0.1 C. Yuan et al. and Cheng et al. both reported a sulfur cathode with carbon
nanotube, showing reversible capacities of 670 and 560 mAh g after 60 and 90 cycles,
respectively.1®® 1> Moreover, Sun et al. integrated carbon nanotubes with graphene as
cathode matrix, showing a capacity of 818 mAh g* after 200 cycles at 1 C.184

The integrated structure of 2-D graphene and 1-D nanosized conductive tube differs
itself from previously Li-S battery studies with nanoparticles or 1-D nano-tube/fiber
cathode composites. Compared to other matrix with complex structures reported in
literature,182 184195197 the optimal TiN NT/G hybrid conductive network was found to

exhibit the best electrochemical performance with highest stability.

The electrode with pure TiN nanotubes delivers the highest specific capacities in
nearly first 90 cycles, the notable electrochemical performance could be ascribed to the
excellent properties of TiN nanotube, as described in detail in our previous work.?® 194
Firstly, each self-confined nanotube structure is acting as a reaction chamber, enabling a
fast reaction kinetics of the electrochemical redox reactions of sulfur.2%® This could be
ascribed to more reaction sites as a result of the nanoscale framework, thus expedites ionic
oxidation and reduction. Moreover, the interior space of nanostructure should provide an
effective confinement of soluble polysulfides which further limit their shuttling through
electrolyte and minimize the loss of active material.>> %7 In addition, the segregation of

sulfur into smaller particles leads to lower volume change and stress over
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charging/discharging.® 7 122 Unfortunately, it should be noted that pure TiN nanotube
exhibits nearly 25% specific capacity loss after 180 cycles at 0.1 C, suggesting 1-D
nanostructure may not be optimal as a stable framework for Li-S battery. With the addition
of 2-D graphene nanoplatelets integrating with 1-D TiN NT, the rate of capacity fading
decreases. This could be attributed to that 1-D TiN nanotube with 2-D graphene resulted
in a more stable spatial arrangement of 1-D TiN nanotube leading to higher diffusion of
polysulfides. The integrated structural design promotes a more uniform dispersion of TiN
nanotubes, thus the stability of the framework could be considered to provide more
tolerance and flexibility to accommodate internal stress by volume change arises.?% 2%
Interestingly, further increase in graphene content to a 1:1 ratio with TiN nanotubes
provides the best long-term (180 cycles) electrochemical performance and cycling stability.
However, if the content of graphene is increased to 2:1 ratio with TiN nanotubes, the
specific capacity and cycling stability are significantly lower. This suggests the synergistic
effects observed with 2:1 and 1:1 TiN NT/G samples do not exist in the TiN NT/G 1:2
sample. Although the addition of graphene as 2-D supportive plate to improve the TiN
nanotube matrix to confine more polysulfides, a lower amount of TiN nanotubes with
excessive graphene may not allow the formation of a homogeneous and well-dispersed
framework. The 1:1 ratio of TiN NT/G sample demonstrated the best battery performance
and stability which can be attributed to a conductive and stabilized network which
facilitates good charge transfer from/to the nearly insulating active sulfur. Moreover, the
pores of hybrid-structure are with sufficient size to enable access by electrolyte and
maintain a robust ionic transport of Li* to the active sulfur.?® Though 3-D structure has

been utilized previously to study for the improvement of battery performance,1°%: 161, 195-19



69

this work demonstrated a superior battery performance and cycling stability. The
findings of this work should contribute to the rational cathode designs of 3-D composite
network for next-generation Li-S batteries,'® 2% which consists of 1-D conductive nano-

confinement of polar materials and 2-D materials as supportive anchor.

4.5 Summary

In summary, we have investigated the effect of nanostructure of titanium nitride (TiN
NP/NT) on the battery performance of Li-S batteries, as well as their composite with the
addition of graphene. The composite electrode of TiN nanotubes and graphene apparently
demonstrates the highest specific capacity and cycling stability after 180
charging/discharging cycles. Its specific capacity still maintains at 1217 mAh g* with a
capacity retention of around 87% after 180 cycles under 0.1 C rate. The 3D conductive
network not only promotes the transfer of ions and electrons, but also facilitates the
accessibility of electrolyte to enhance the reversibility of redox reactions in each nano-
sized reaction chamber. Moreover, the structural stability could be improved by (1) the
supportive effect of graphene and (2) the enhanced stress relief because of smaller sulfur
particles within the interior space of nanostructure.

A facile method assisted by ultrasonication and melt-diffusion were used to synthesize
cathode materials with different ratio of graphene and TiN nanotubes. The composite with
ratio of TiN nanotubes and graphene as 1:1 delivered the best battery stability with a
retention rate of 87.5% after 180 cycles, although initial specific capacities are not the
highest. The optimal balance between specific capacity and retention rate of the composite
electrode could be attributed to the synergetic effect stemming from the hybrid framework

of 1-D TiN nanotubes and 2-D graphene. The results of this study may lead to rational
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design of hybrid nanostructured cathode materials with high energy density, power density

and battery durability for the next generation of energy storage systems.
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5 CHAPTER 5 DESIGN OF ADVANCED THICK ANODE FOR LI-ION
BATTERY BY INSERTING A GRAPHITE/POLYMER BUFFER LAYER: AN IN-
SITU MECHANICAL STUDY*
5.1 Introduction

The reality of exhaust gases of automobiles being accounted for a large portion of air
pollution and the gradual depletion of fossil fuel has generated a huge demand for emerging
hybrid electric vehicles (HEV) and electric vehicles (EV).2" 211214 However, traditional
lithium ion batteries (L1B) have relatively low volumetric and gravimetric energy densities
for electrified vehicles. In order to address this issue, many researchers have investigated
new materials with higher energy densities, such as silicon, to replace the traditionally used
carbon-based electrode materials in anodes. Nevertheless, silicon could not maintain
acceptable cyclability and stability due to inevitable mechanical failure during cycles,
causing issues such as cracking of materials and delamination of electrodes from current
collectors.?>2® Numerous structures have been proposed to facilitate stress/strain
relaxation and transport of lithium ion, including silicon nanotubes, silicon nanowires,
micro/nano-porous silicon, and hybrid silicon/carbon nanostructures.?!’22t While these
approaches have been shown effective, it is still challenging for mass production of thick
anode electrodes containing silicon, limiting their potential for commercialization. In fact,
most studies of nanomaterials use very limited amount of active materials, and it is not
clear if they can provide sufficient capacity for EV/HEV in a cell level, especially for long-
distance drive.

In conventional LIB, the anodes are typically made of graphite particles mixed with

polyvinylidene fluoride (PVDF) binders on the copper current collector. Combination of

*This chapter has been published in Electrochimica Acta, Volume 281, 10 August 2018, Pages 282-291.
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thick graphite electrode and silicon materials represents an attractive approach for practical
EV/HEV applications.??222 However, this design still faces poor mechanical stability
where the electrode is typically delaminated from the current collector after a long cycle.??*
In order to mitigate this adverse effect, a new design of advanced LIB electrodes is
proposed in this paper, in which a “buffer layer” is added between the active material and
the current collector. The buffer layer is designed to have an intermediate elastic modulus
to limit the large strain (volume expansion) difference between the active material and the
current collector. It is expected the characteristic of the interface between the active
material and the current collector could be improved, leading to better structural stability.
To further validate the improvement of structure deformation for the novel designed battery
electrode in a quantitative way, white light interferometry (i.e. WLI) is utilized to in-situ
measure the deformation of electrodes during charging and discharging. In the literature,
real-time stress measurements of battery material are typically conducted by multiple beam
optic sensors (MOS),?%230 which required samples to be in a wafer scale and with a thick
supporting substrate of lower sensitivity.?®-232 Herein, we demonstrate a new experimental
technique using cantilever-shaped microstructures made of conventional electrode
materials. Since copper is mechanically elastic and electrochemically inert during cycling,
suspended copper cantilevers would be deformed thanks to the volume expansion of active

materials during electrochemical reactions.?3*%3

The paper presents a comparative study of how the buffer layer between the
conventional active material layer and the current collector has an effect on electrode
deformation and electrochemical performances. The theoretical capacity is 372 Ah kg if

made of pure graphite.?!! To increase the capacity, 6% silicon was added. SEM and EDX
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mapping were conducted to demonstrate the specific layered-structures of the modified and
the original samples. Moreover, in-situ deformation of the cantilever electrodes was
characterized by WLI to indicate the differences of deformation between electrodes with
different layer structures. Also, electrodes with different design were tested in coin cells to
show the effect of this structural modification on battery performances.
5.2 Experiments
5.2.1  Electrode preparation and cell assembly

The anode (original sample) was made as silicon/graphite composite, of 6% of silicon
particles (crystalline, 5-10 um), 10% of PVDF (Kureha KF1100) and 84% of mesocarbon
microbead graphite (MCMB, 15-20 um) coated onto the current collector layer of a
thickness of 20 um. The layer of active materials was controlled as 40 um. Also, the sample
with a buffer layer uses the same material, with the addition of an insertion of buffer layer
(10% of PVDF and 90% of MCMB graphite, thickness of 30 pum) between active material
layer and current collector. The cantilevers were machined using high-energy short-pulse
laser to remove excess active materials and copper. The as-prepared cantilever was
mounted into a home-made cell and the experimental setup is shown in Fig. 1c, where a
3D optical microscopy was used to in-situ characterize the deformation of the cantilever-
shaped anodes, and the electrochemical cycles were controlled by a potentiostat (Gamry
G300). The composite materials of silicon particle and graphite carbon were used as the
working electrode, and the lithium foil was employed as the counter electrode. The smooth
copper side of cantilevers was faced up. Liquid electrolyte of 1M LiPFs in ethylene
carbonate (EC) and diethylene carbonate (DEC) with 1:1 ratio was used to fill up the cell

chamber. The effective areal capacities were calculated as 3.39 mAh cm and 1.35 mAh
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cm2 for original and modified sample based on their chemical composition and effective
area, respectively.?'! 22! Since the cantilever electrode was immersed into the electrolyte
and covered with a quartz in the cell. The optical length has been changed. A calibration
procedure was performed to compensate the difference in optical lengths between the
reflected and reference lights.?® A liquid lens was added in the path of reference light,
which has two quartz windows with total thickness the same of the quartz window in the
cell and filled with electrolyte with the same distance between the cantilever and quartz

window in the cell.

a) c) -
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b) - Liquid Quartz
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Figure 5.1 (a) SEM image of cantilever-shaped electrode, (b) 3D interferometry image of
the cantilever anodes obtained by WLI, and (c) illustrative image of experimental setup
for in-situ electrode stress measurement.

5.2.2  Real-time and in-situ strain measurements
WLI was used to measure in-situ 3D profiles. The curvature and deflection were monitored

with 3D optical microscope (Bruker Contour GT In-Motion) accompanied with a through
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transmissive media (TTM). The difference of optical path between height change of the sample
surfaces and reflection from a reference mirror can be detected by an imaging sensor. The pattern
of interference would be transformed as varying image signal, demonstrating the deformation of
tested sample.?62%” Corresponding deformation and stress evolution in anodes during
electrochemical cycles were measured by detecting the curvature and deflection variation of the

cantilever-shaped electrodes.

During lithiation and delithiation in electrochemical cycles, the insertion and extraction of
lithium ions into and out of active materials layer would cause corresponding expansion and shrink.
By fabricating the working electrode into the shape of cantilever, the stress caused by expansion
and shrink in active material layer would induce the whole bilayer or triple-layer cantilever to
deform and introduce the mechanical behavior of curling up or down of the cantilever structure.
The corresponding change of cantilever curvature could be monitored using WLI. This procedure
could be analogous to the case of thermal expansion of a multi-layer cantilever, in which different
layers possess varying thermal expansion coefficient (a1, a2). The curvature could be correlative to

the thermal strain, (a1—a2) AT, with the relationship as:

6(1+m)’ (e, —a,)AT 1

3L m) + i mny(m? 4 2y
mn

2.1)

where h; means the total thickness of bilayer cantilever, n = Ei/E; and m = hy/h,. E1, Ezand hy, h,

mean Young’s modulus and thickness of the coated thin film and the substrate, respectively.?3®

In our current study, the mechanical stress is induced by the volume changes during
electrochemical cycling instead of thermal expansion, therefore the thermal strain term in Eq. (2.1)
is replaced by a free actuation strain of the Si/MCMB during lithiation and delithiation when it is
not attached to the copper. When an additional buffer layer is added, the cantilever beam turns out

a trilayer structure, and the bilayer Timoshenko equation needs to be modified as*:
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Where o is the free actuation train of the Si/MCMB layer, hcy means the thickness of copper
substrate, myand m, mean the ratio of thickness of silicon/graphite layer and buffer layer to copper
substrate, n,and np, mean the ratio of elastic modulus of silicon/graphite layer and buffer layer to
copper substrate, respectively.?*® The height change was assumed to be linearly proportional to
state of charge (SoC) based on the previous literature.?> However, the active composite material is
porous with casing constraint from the substrate and thus results in nonlinear volume expansion.
Modeling volume changes in porous electrode has been discussed,?*® and modeling volume and
porosity changes coupled to the developed stresses during intercalation was further studied. To
simplify the estimation of the thin film thickness, the porous electrode volume expansion model
was assumed to be isotropic as

SAV

i) 6<p___.
a(l—s)+(1—s)5— —J

(2.3)

where & is porosity, ¢ is volumetric strain, s is stoichiometric coefficient, n is electron number
transferred in reaction, F is Faraday’s constant, ¥/ is molar volume of reaction product, and j is
electrochemical reaction rate.?*! In addition, considering the compressibility of the porous electrode
Ce treated as continuum of fractions of solid phase and pores from rock mechanics, one obtains the
relation®*!

1 dVy,
Vim do

(2.4)

The subscription m denotes the portion of changes from mechanical forces rather than intercalation.

From the strain definition

Vn = Vrg(l + Om) (2.5)
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one can solve for the strain from Eq. 2.4:
on,=e1" -1 (2.6)
where & is dimensionless stress defined as @ = C.o, and y = E—i-m Cc is the compressibility of

casing, a concept of a real or virtual case that limits the volume expansion, where Cc = 0 is rigid
casingand Cc = oo implies no constraint. In the case of our electrode, Cc is referred to the substrate.
Adding strain due to intercalation, the total strain turns out

=e_V5—1+£'=e_V‘_’—1+AAvr 2.7
@ — Tovs 2.7)

where Vo = @ and T = ét, the state of charge (SoC).*** Note the relations j = I/V,, and

Q = nV,F/sV, were used. In addition, the total strain is also the casing strain, and by the definition

@c = Cco = @, the dimensionless stress and the porosity can be solved as 24

Iy _av
g=—C1 +% LambertW <ye avgwﬂ/) -1 (2.8)

Vavg

e@) =[e?+(1A—eDye’ Ei(y—1-a(1—y))+ (1 —e”e *Ei(-a — 1) + &° —
(1- e)ye’ Ei(y — 1) — (1 — e%e 'Ei(-1) — 1]e™® (2.9)
LambertW is Lambert W function and Ei denotes the first order exponential integral function as
. wet
Ei(x) = |, —dt, x>0 (2.10)

To evaluate height changes h: and hyuter, COnsider the estimated maximum volume change 26.4%
of its original value in the active material layer (or 9.4% of buffer layer), based on the theoretical
expansion rate of silicon (~ 400%) and graphite (~ 110%) as well as their percentage in electrode.’

Therefore ?AV ~ 0.23 for the active material and VAV ~ 0.09 for the buffer layer. The
avg avglpy

4

compressibility Ce and Cc can be estimated from elastic moduli of the active material, buffer, and

the copper substrate. For the active material, we assume Ce =0.13 GPa, for the buffer layer, Choutter
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= 0.19 GPal, and Cc, =0.04 GPal. As for the casing, in the sample without buffer, the copper
substrate is attached only on one of the six sides of the active material, we assume the effect is 1/6,
thus makes Ccy = 0.24 GPa™. The ratio of compressibility y1 is then estimated as 0.54. On the other
hand, in the sample with buffer layer, the active material has one side attached on the buffer, while
the buffer has one side attached to the active material, and another side attached on the substrate.
Assume that active material casing makes Cca = 1.14 GPal, and buffer casing makes Ccp = 1.02
GPa, which therefore result in ya = 0.11 and v, = 0.19, respectively. Fig. 2 shows the simulation
of evolutions of height strain €, €4, and €, from their volume strain during 0 <t <1,

where the height change and height strain are given by

h=ho(1+ )3 =hy(1+e€p) (2.11)
en=>0+¢@)3-1 (2.12)
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Figure 5.2 Simulation of evolutions of height strain €_h1, €_ha, and €_hb during 0<1=<1.
The measurement of elastic modulus is based on the concept of nano-indentation using

atomic force microscope (Bruker, NanoscopeV). It is noted that the AFM probe with spring
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constant appropriately matching that of the sample should be selected to avoid inaccurate
results. The thermal tune method was used to calibrate the spring constant of such AFM
probes (Bruker TAP525A),%42 and the force versus indentation depth curves were fitted by
the DMT model to yield elastic modulus using the Nanoscope Analysis software.?*® Since
the electrode is a composite of silicon, graphite and PVDF polymer, the data of elastic
modulus is divided into 3 distinct groups to represent each one. The elastic modulus of
each kind of material were calculated as 142, 17 and 4 GPa for silicon, graphite and PVDF,
respectively. These values correspond to previous published data well.?*2*> The known
methods of mechanics of micro-inhomogeneous media do not allow us to describe the
elastic properties of composites with an arbitrary content and strong distinction of elasticity
moduli of components. The prediction of effective elasticity moduli of porous composite
materials has been demonstrated previously by volume fraction of each component and the
porosity of such composite materials.?*® The total elastic modulus of the silicon/graphite
layer or the buffer layer could be calculated based on their volume fraction as 3.6% of
silicon, 7.8% of PVDF and 88.6% of mesocarbon microbead (MCMB) graphite in upper
layer and 7.6% of PVDF and 92.4% of MCMB graphite in the buffer layer. Furthermore,
the porosity of 28.6% and 25.3% have been confirmed, based on the comparison of density
between theoretical and actual value for materials in upper layer and buffer layer,
respectively. So overall elastic modulus for these two layers could be calculated as 20.5
and 16.0 GPa, respectively. Moreover, the elastic modulus of copper thin film has been
measured as around 75 GPa by previous study.?*’

5.2.3  Physical characterization, coin cell assembly and electrochemical measurements
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To study the change of microscopic morphology and composition of the samples
before and after experiments, scanning electron microscopy (SEM) were performed using
a TESCAN GAIA instrument equipped with an Energy Dispersive Spectrometer (EDX).
The samples with and without a buffer layer were used to assemble coin cells in order to
further study their long-term cyclic performance. The coin cells were assembled in Ar filled
glovebox based on the published protocol.> The cantilever-shaped anode was cut into
proper size to fit into coin cells. Electrochemical cycles were performed galvanostatically
with a cut-off voltage of 0.01-2 V using a MACCOR Model 4200 potentiostat. Different
current rates were applied to detect the rate capacity of different electrode materials. Also,
electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) were used to
characterize the electrochemical characteristics of samples.?®
5.3 Results and Discussion

The SEM and corresponding EDX were employed to illustrate the microstructure and
element distribution of electrodes with and without a buffer layer (Fig. 3). From the top
view of SEM images (Fig. 3a, d), bulk composite materials were shown. In the cross-
sectional SEM images (Fig. 3b, e), the layered structure for original and modified
electrodes were clearly illustrated. The upper and bottom layer for both samples were
identical. The upper layer was composed of MCMB graphite, silicon particle, and PVDF
with a thickness around 40 pm, and the bottom layer is thin film copper with a thickness
around 20 um. The buffer layer was delineated using yellow marks shown in Fig. 3e, of
about 30 pum in thickness. The composition of this layer was MCMB graphite and PVDF
binder. The EDX images further clarified this structure by showing that there was one

middle buffer layer without any existence of silicon for the sample in Fig. 3f.
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Figure 5.3 (a)bTop view
results of original sample without buffer layer; (d) top view and (b) cross-sectional SEM
images and (c) EDX mapping results of modified sample with buffer layer.

Fig. 4a shows the potential-time profile of modified sample under nearly C/10 current
rate in its 1st cycle. During the initial lithiation, the voltage dropped rapidly until a voltage
plateau appeared below around 0.2 V. This was in good agreement with previous results of
cyclic voltammetry of graphite. The profile indicates two distinct electrochemical
processes before and after 0.2 V. Solid electrolyte interface (SEI) was formed on the

surface of electrode in stage I , and potential profile then reaches the plateau, indicating
lithium ion insertion in stage IT.24324% The slight shoulder-like plateau in stage II around

0.1 V obviously demonstrated a phase transition during lithium intercalation process.
During the 1st delithiation, the plateau indicating lithium ion extraction was around 0.1-

0.3 V in stagelll.?*® The voltage hysteresis between lithium insertion and extraction was

observed due to IR-drop, caused by potential difference through resistance in the system.
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The following short shoulder-like plateau in stage IV could be considered as an indication

of Li-Si dealloy phase more than 400 mV. Fig. 4b displays typical CV curves of modified
sample. Two anodic peaks around 0.2 and 0.1 V clearly corresponded to previously
discussed formation of SEI and phase transition due to gradually increased lithium ion
insertion. Also, the broad cathodic peak around 0.1-0.3 V reflected the plateau of

delithiation, followed by a small peak around 500 mV being related to Li-Si dealloy phase.
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Figure 5.4 Electrochemical properties of modified sample: (a) voltage profile under C/10
in its first cycle and (b) CV curves at scanning rate of 20 mV s,

Fig. 5 shows the in-situ deformation of cantilever-shaped electrodes during cycling.

The experiments during 3 cycles of lithiation and delithiation were performed using a
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constant current of 150 pA. Fig. 5a and b illustrated a potential shift with time associated
with SEI formation and capacity degradation. Apparently, the sample with buffer layer
showed a more stable cyclability than the other one, and this could be further validated in
the corresponding deformation profile. Fig. 5¢ and d show how the strain of cantilever-
shaped electrodes evolved during 3 cycles of lithiation and delithiation, in which both
profiles showed a similar pattern for the discharging procedure with the maximum strain
change of around -22.4% and -30.5% for the samples with and without buffer layer,
respectively. In the first charging procedure, this two samples indicated a different recovery
as delithiation takes place. The corresponding part of modified sample could fully recover
to its original state, while the original sample still showed a residual strain more than -12%.
For the rest cycles, the strain curve of modified sample basically followed the same pattern
and extent of the first cycle. The original sample, however, did not indicate a well recovery

during delithiation.

Fig. 5e and f show the deflection of the cantilever electrodes. Compared to the large
deflection (~90 um) for sample without buffer layer, the deflection for sample with buffer
layer reached around 40 um. Modified sample indicates similar curves for rest cycles, while
original sample still exhibited a weak recovery. Obviously, the deflection profile showed
a correspondent relationship to strain profile following the similar pattern. Based on this
pair of mutually complementary profiles, modified sample demonstrated a better structural
stability by showing smaller strain and deflection than original sample. Lower strain rate
of modified sample could ensure that the mechanical dis-integrity would not hinder the
activity of electrochemical reaction by avoiding cracking and obstructing of the diffusion

channel of ions. Moreover, in difference to that the strain and deflection could recover to
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their original position after electrochemical reaction for modified sample, the original

sample indicates a much weaker resilience. This behavior could be attributed to permanent

damage at the interface between active material layer and copper substrate induced by

difference of mechanical deformation in each layer.?*
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Figure 5.5 (a, b) Galvanostatic charge/discharge curves and in-situ (c, d) strain and (e, f)
deflection measurements of modified (Iiz;tbrzvx). and original (right-row) samples under

Fig. 6a and b show the charge/discharge profiles of different cycles of the modified
and original sample under C/10, respectively. In the first discharge step, both of them
presented a long electrochemical plateau below 200 mV down to the cut-off voltage of 0.01
V, indicative of typical characteristics of potential for graphite or graphite composite
material.?>! The discharge and charge capacities in 1% cycle were 840 and 725 mAh g for
modified and original sample, respectively. Compared to the theoretical capacity of

graphite (372 mAh g1, the extra capacity of sample should be attributed to the mix of

silicon which has a theoretical capacity of 4200 mAh g*.

In Fig. 6¢, there was an obvious decrease of discharge capacity at 2" cycle. This might
result from active material loss induced by the SEI formation. From the 2" cycle, the
modified sample indicated a more stable and better battery performance than the original
one. Although the magnitude of improvement by structural novel design was not
substantial, the modified sample still showed a discharge capacity of around 750 mAh g
in its 20" cycle, compared to 650 mAh g* of the original one. This result indicated that
89.3% of battery capacity remains for modified electrode, demonstrating a significant
improvement to 77.4% of original electrode. In Fig. 6d, it is shown that the coulombic
efficiency rapidly rises from around 87% in the 1% cycle to 97.5% in the 2" cycle for both
samples. These two curves show a similar pattern of slightly increasing capacity from 2"

cycle to 5™ one, followed by basically stable efficiency above 98% for rest cycles.
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Figure 5.6 Galvanostatic charge/discharge voltage curves for (a) modified sample and
(b) original sample, (c) galvanostatic cycling performance, and (d) coulombic efficiency
curves of both samples.

In addition, the modified sample exhibited a better rate capacity under the working
condition of varying current rate (from C/10 to C/5, C/2 and final 1C, and then gradually
go back to its first rate)-compared to the original sample. As Fig. 7 shows, the modified
sample kept a capacity of 730 mAh g* after the first 10 cycles under the current rate of
C/10, while the original sample only indicated a capacity of 660 mAh g*. For following
cycles at various rate, the modified and original sample show 580 and 525 mAh g* for 20™
cycles at C/5, 250 and 100 mAh g for 30" cycles at C/2. This result indicated that only

11.8% of initial capacity has been maintained for original sample after 30 cycles, compared
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to 28.1% for modified sample. When the current rate further increased to 1 C, it was
observed that for both samples, the capacities are abnormally low, although the capacity of
modified sample was relatively higher. This result indicates that with large thickness of
electrode, usually tens of microns, one aspect needs to be considered: longer diffusion and
migration paths for lithium ions to enter or leave an electrode. So, the transport of lithium
ion could not keep up the pace with charge transfer under conditions with a large current
rate.®2 Furthermore, when the rates started to return from C/2 to C/5 and final C/10 after
40 cycles, the original sample showed a weaker recovery than the modified one. They
showed 500 and 360 mAh g for the 60™" cycle at C/5, and 540 and 460 mAh g for the
70" cycle at C/10. Compared to previously corresponding lower C rate, the difference of

capacity for these two samples become larger for C/10 and C/5.
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Figure 5.7 Comparison of capabilities recorded at different C-rates.
In order to ascertain the buffering action of modified structure, the interfacial
resistance of the two sample was monitored with EIS. Fig. 8a shows the impedance results

obtained before and after charging/discharging cycles for modified and original samples.
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Both samples exhibit similar EIS performances, indicative of a depressed semicircle at the
high-middle frequency and a linear Warburg slope at the lower frequency.?? The semi-
circles were related to processes of electron transfer and the later linear slopes reflect the
resistance of ion diffusion. The results show that the electrical impedance of the cell using
modified sample as electrode is similar to that of the original sample before cycles. While
after cycles, it was obvious that the charge transport was hugely hindered for the sample
without buffer layer. On the contrast, the impedance of the cell with mechanical buffer
addition barely showed any significant change. The interfaces between battery materials
and copper with and without a buffer layer after cycling were shown by SEM images in
Fig. 8b and c. With a buffer layer, the electrode was adhered well to the current collectors
after cycling. Without a buffer layer, the delamination of the electrode from the copper

substrate was clearly shown.

fresh - with buffer layer
e cycled - with buffer layer
160 4 fresh - no buffer layer
¢ cycled - no buffer layer

40 pm

Figure 5.8 (a) EIS Nyquist plots of both samples before and after charging/discharging
cycles and (b, ¢) SEM images showing the cross-sectional area of both samples after
cycles.

Fig. 5 shows that the sample with buffer layer has a better mechanical stability than
the original sample. In terms of the role of mechanical buffer film, it is proved that this
ductile layer, having an intermediate volume expansion, which would therefore effectively

alleviate the strain mismatch between the active material film and copper substrate, and
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then relieve the crack propagation and following delamination. Coin cell results shown in
Fig. 6 further reveal that due to the presence of buffer layer, a better mechanical stability
could enhance the battery performance.?®* Since buffer layer-could clearly decrease the
delamination effect caused by significant difference between graphite/silicon layer and
copper substrate, electrical connection and lithium ion diffusion are less affected. Also,
severe silicon particle pulverization caused by drastic volume change during
electrochemical cycles could be one of the main reasons that results in the electrically-
disconnected smaller particles, thus degraded battery capacity and poorer performance.>>
257 The reason why sample without buffer layer demonstrates a weaker capacity resilience
(shown in Fig. 7) and a greater internal impedance (see Fig. 8) increase rate after cycles
could be also attributed to this mechanical effect. After a long 40 cycles of experiment,
there could be possible void and crack sites emerge at the interface between film and
substrate, causing disconnected diffusion pathway and worse electron transport.?*® In
contrast, the modified design of adding buffer layer could be greatly avoid such
unfavorable influences. In short, the deformation and stress evolution data as well as the
coin cell results, obtained from sample with and without buffer layer, clearly indicate that
this novel structure design of electrodes could alleviate the mechanical damage and
delamination between different layers and then improve battery performance.?>%-261
5.4 Conclusion

A novel strategy of inserting a buffer layer between an active material layer and a
current collector copper layer was developed in the current study for the fabrication of
advanced anodes of LIB. The buffer layer, which has an intermediate volume

expansion/shrink rate, is expected to release the stress and mitigate the mismatch at the
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interface between the active material and the copper substrate. Therefore, such a modified
structural design is capable of effectively utilizing the mechanical flexibility to reduce the
maximum strain on the electrode surface by 40% and the cantilever electrode deflection by
around 60 pm. As a result, the electrode with this modified structure exhibits a relatively
larger reversible capacity (~730 mAh g? after 20 cycles), more excellent cyclic
performance and better capacity recovery after applying various current rates, highlighting
the advantages of adding the buffer layer for more effectively maintaining the mechanical
and structural stability and improving battery performance for energy devices, especially
for those with large volume expansions. This introduction of the modified electrode design
with a mechanical buffer could potentially be employed for industrial scale manufacture of

high-capacity batteries for EV/HEV.
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6 CHAPTER 6 TRANSITION METAL ACETATE AS EFFECTIVE AGENT FOR
PASSIVATION OF LITHIUM ANODE IN LITHIUM SULFUR BATTERIES
6.1 Introduction

The increasing need of energy storage devices with higher energy and power density
for electric vehicles (EV) and portable electronics is challenging the current state of lithium
ion batteries.*®* 252 |t is noted that Li-S battery has long been considered as one of the most
promising beyond lithium ion energy conversion and storage systems, due to its large
theoretical energy density ~2700 Wh kg™, non-toxicity and cost-effectiveness.® 1%
Nonetheless, there are significant technical hindrances that limit the practical and

widespread application of lithium sulfur batteries, such as poor cycling stability, high self-
discharge, loss of active materials, and safety issues caused by thermal runaway and short

circuit.?%® The capacity fading over cycles could be attributed to low conductivity of sulfur,
shuttling mechanism of soluble polysulfides, loss of active material, and degradation of
lithium metal electrode.® 13 137, 146-147 Numerous studies have been made recently on the
design and fabrication of sulfur cathodes to alleviate the capacity fading. The composites
of sulfur with carbon  materials, conductive polymers, or metal
oxides/nitrides/chalcogenides are widely developed and used as cathodes.3? 7 139, 149-150,
159-160, 162-163 The structural design is usually aimed to trap the sulfur inside of the

nanostructure, which is acting as a polysulfide reservoir and providing a more conductive
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pathway. This could lead to the enhancement of utilization of active materials and

improvement of electrochemical performance and cycling stability.18 145 160

Though most efforts focusing on designing effective cathode structure hosting sulfur,
protection of lithium anode is important for overall cycling stability.?5 Although the
theoretical specific capacity of lithium metal in anode is as high as ~3860 mAh g, it
suffers from dendritic growth, solid electrolyte interface (SEI) film with poor stability, and
a limited understanding of surface chemistry on cycling efficiency.>® The growth of
lithium dendrites on the lithium metal surface in secondary batteries could be ascribed to
inhomogeneous deposition and dissolution of lithium ions during cycles as a result of
uneven surface morphology and structure of metallic lithium anode.?>2% As [ithium
dendrites inevitably form and grow, they would intrinsically lead to the punctuation of
separator, causing short circuit and safety issues of lithium batteries.?%’-2° Moreover, an
unstable SEI film which collapses and reconstructs over cycles leads to the continual
consumption of lithium metal and electrolyte, resulting in poor Coulombic efficiency and
electrochemical performance.?®® On the other hand, the electrochemistry of lithium sulfur
batteries leads to more complications for lithium metal anodes.?”® The parasite reactions
between metallic lithium and soluble polysulfides generate self-discharge and precipitation
of insoluble polysulfides, associated with severe loss of active material.?’*2"® The
deposited, insulating sulfides can hardly be re-utilized, leading to a rapid decay of
capacity.?’* Thus, attempts were made previously to achieve the surface passivation of
lithium metal with polymer coatings.?’® 2>  The results are mixed due to the inadequate
control of the thickness and chemical composition of pre-passivated layer.2’° By utilizing

a sputtered solid film of electrolytes, the continual electrolyte decomposition on anode
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surface was greatly minimized.'?> 2’® However, the issue of high cell overpotential also
emerges as a result of the large thickness and low ionic conductivity of the sputtered film.
Furthermore, self-anchored carbon spheres were used recently to serve as flexible and
strong framework for lithium metal anodes.?”” The deposition and dissolution of lithium
ions would be spatially confined within the interior space of carbon spheres without
random extrusion. Unfortunately, the method suffers from its incapability of large-scale

industrial manufacture and also lower volumetric energy density due to its mass increase.?’’

Electrolyte additives were used as another possible approach to protect lithium anodes
of Li-S batteries.>” 28280  Tq restrain the migration of polysulfide in lithium sulfur
batteries, especially with higher content of sulfur, LINOs was widely used as electrolyte
additive.>” Due to the reduction to LixNOy by lithium metal from LiNO3 and the oxidation
of polysulfides to lithium sulfates, the undesired side reactions between polysulfides and
lithium metal could be greatly alleviated.?81282  However, the consumption of LiNOs is
very fast due to the continual formation and collapse of passivation films, and growth of
lithium dendrites during charging/discharging cycles.?®® Thus, the effectiveness of LiNO3
in protecting and stabilizing lithium metal anode is questionable, particularly in long-term
cycles. Therefore, a more efficient electrolyte additive strategies to form a more robust

passivation layer on the lithium anode surface is needed.

Zu et al. developed the facile method of using copper acetate in electrolyte as lithium
metal stabilizer in polysulfide-rich environment.?®* The copper sulfide formed assisted the
formation of a film with better physical and chemical characteristics,?®* which helps to
promote the homogeneity and mechanical strength of passivation layer on lithium anode

surface. With less active sites for lithium deposition and stronger suppression to dendritic
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growth, the passivation film is able to remain its surface morphology and structure in long-
term cycles.?®* The generation of more robust passivation film was believed to be the result
of active control of lithium deposition sites.?®® The existence of copper cations and
polysulfides undermines the long-range order of crystalline lithium sulfide, attracting
lithium ions deposited associated with the deposition of copper sulfide.?®* This spatial
arrangement results from the different ionic radius and molecular interaction between
transition metal sulfide and lithium sulfide. Based on this consideration, other transition
metal cations would also have similar but varying effect on passivating the lithium metal
anode surface. Thus, we here provide a detailed and informative comparison between
different transition metal (Ni, Co, Mn, Zn) to discover the possibility of achieving the best
results.
6.2 Experimental
6.2.1  Fabrication of electrodes and cell assembly

The electrode slurry was prepared by incorporating sulfur with conductive additive
(nanostructured titanium nitride) with a wt. ratio of 65:35 by melt-diffusion method.
Details of nanostructured titanium nitride synthesis have been described elsewhere.!**
The mixture was first heat above the melting temperature of sulfur around 115 °C and
maintained for 30 minutes. 10 wt% of poly(acrylonitrile-methyl methacrylate) AN/MMA
(94:6, Polysciences Inc) was added as binder and N-methyl pyrrolidinone (NMP, xxxx)
as solvent to the slurry. The slurry was then coated on Al foil and dried at 80 °C under
vacuum for 10 h to form the S cathode.

1,3-Dioxalane, 1,2-Dimethoxyethane, LiTFSI, LiINOs: (add the acetates) were

purchased from Aldrich and used as received. An electrolyte with 1 M of 1,3-Dioxalane, 1
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M of 1,2-Dimethoxyethane, 1 M LiTFSI, 2 wt% LiNO3z and 0.03 M transition metal acetate
(with Zn, Cu, Ni, Co, Mn cations) was prepared by stirring at 80 °C for 6 h. 8 uL of
electrolyte solution was added onto S cathode. In addition, a Polypropylene separator
(Celgard 2400), and lithium foil anode were used to assemble coin cells (CR2032) inside
an argon filled glove box.

6.2.2  Material characterization and electrochemical measurements

Morphological features of the cathode materials were observed with scanning electron
microscopy (TESCAN, model S9000). Galvanostatic discharge-charge tests were
conducted using a Maccor Model 4200 Automated Test System between the voltage range
of 1.6 to 3 V (vs. Li/Li+) at room temperature. Electrochemical Impedance Spectroscopy
(EIS) and cyclic voltammetry (CV) experiments were performed using a Gamry
potentiostat reference 3000. The scan rate was 0.5 mV sX. The minimum amplitude of AC
voltage was 0.1 mV. The frequency was swept from 0.1 Hz to 100 kHz.

6.2.3  Mass change by electrochemical quartz crystal microbalance (eQCM)

The measurements of mass change of lithium metal anode over cycles were
undertaken using an eQCM (Gamry 10M) and a Gamry potentiostat at room temperature.
QCM crystals were formed from planar, 2.54 cm diameter AT-cut 5 M Hz quartz crystals
coated on one side with Au. Prior to use, the Au crystal was ultra-sonicated in deionized
water for 10 min and rinsed with isopropyl alcohol. A piece of lithium metal (0.3—0.5 mg)
was then pressed onto to the Au QCM crystal.?8® The EQCM cell was assembled in an Ar-
filled glovebox prior to in situ EQCM measurements as described previously.287-288

6.3 Results
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A series of transition metal cations (Zn, Cu, Co, Ni, and Mn) acetate additives were
utilized in cells at 0.2 C, in which the cathode consists of carbon nanofibers, polymer binder
and sulfur as described earlier in the experiment section. The cycling performance (100
cycles) and stability decreases as the atomic number of transition metal elements decreases
(Figure 1a). Cycling stability of 500 cycles of the lithium sulfur batteries with selected
transition metal cations (Zn and Cu) additives was further studied by galvanostatic
charge/discharge at 0.1 C (Fig. 1b). The initial capacity are 1590, 1560, and 1510 mAh
g, and capacity retention after 500 cycles are 70.1, 63.4, and 57.5%, for samples with Zn,
Cu, and no additives, respectively. Moreover, Fig. 1¢ shows Coulombic efficiency (CE) of
the samples with Zn, Cu, and no additives indicating the effectiveness of protective SEI on
lithium metal anode with electrolyte additives. During charging/discharging cycles, the CE
of the sample without any electrolyte additives indicates a lower efficiency below 96%. On
the other hand, a remarkably higher CE were observed for the cells with zinc and copper
cations added (>99% and >97%), which could be ascribed to the effective formation of
more stable SEI film with less dendritic growth over lithium metal surface. The enhanced
electrochemical performance and stability improves with increasing atomic number, which
can be attributed to the better interruption of large coverage of lithium sulfide coating and

smoother SEI film morphology.
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Figure 6.1 (a) Cycling performance of transition metal cations and no salt cells at 0.2 C
for 100 cycles, (b) Cycling performance and (c) Coulombic efficiency of Zn, Cu, and no
salt cells at 0.1 C for 500 cycles.
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Figure 6.2 Cyclic voltammetry curves of cells with transition metal cation additives.
Fig. 2a shows cyclic voltammetry (CV) curves of samples with Zn, Cu, and no

additives were performed to evaluate the reactivity of the redox reactions at a scan rate of
1 mV s? over the range of 1.5 V — 3 V. The CV curves show two characteristic cathodic
peaks and one anodic peak for all samples.'®® The cathodic peaks around 2.3-2.5 V and
1.9-2.0 V represent the reduction of elemental sulfur to soluble long-chain polysulfides and
from soluble polysulfides to insoluble ones, respectively.?®® The anodic peak around 2.6-
2.75 V during oxidation represents the oxidation of lithium sulfide to polysulfide and then
elemental sulfur.?®® The currents for cathodic and anodic peaks are -0.74 and 1.02, -0.36
and 0.79, -0.13 and 0.26 mA for Zn, Cu, and no salt additives. The cells with Zn and Cu
cations show much high peak currents, suggesting a higher electrochemical reaction
kinetics.?®® In addition, the shift of reduction current peaks to a higher voltage (data not
shown, or S Fig) and of oxidation current peak to a lower voltage (Fig. 2b) correlate with
the atomic number of the transition metal cations cells. The results suggest that transition
metal cations with larger atomic numbers resulted in a bigger shift of the oxidation and
reduction peak, indicate a better reversibility of the redox reaction which corresponds to

better electrochemical performance and Coulombic efficiencies.



99

4 No salt
30 ~ e Cu¥
s Zn”
25 -
204 DD”“DDDQ.&&.&&
c o Qg A
= O DA DO i
815- O OO& o o i
()] o i
[0 0o FAN ] @
g oo & o Oo %,'3
T %
s
5_
0 &
1 T I ' I ' I T 1 ' I ' I ' I T I ' I ' 1
0 10 20 30 40 50 60 70 80 90 100
Zreal (ohm)

Figure 6.3 EIS spectra of cells with modified/unmodified electrolyte before and after 500
cycles.

Fig.3 shows the electrochemical impedance spectroscopy (EIS) spectra of Zn, Cu, and
no salt samples initially and after 500 cycles. At initial cycles, the resistance of control cell
with no salt (22.5 ohm) was slightly higher than that of cells with zinc acetate (17 ohm) or
copper acetate added (20 ohm). After long-term cycling, the resistances indicate significant
increase among all cells. The cell with no salt shows the largest charge transfer impedance
of 78 ohm (246.7% increase), while the cells with zinc and copper cations exhibit 47.5
(178% increase) and 61 (205% increase) ohm, respectively. The lower charge transfer
impedance of Zn and Cu cations samples after 500 cycles allow enhanced electron transfer
ability and contribute to the better battery performance and higher capacity retention over

cycles.
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Figure 6.4 Rate capability measurements of cells with modified/unmodified electrolyte.
As shown in Fig. 4a, the rate capability was measured for the cells at various C-rates

0of 0.1 C,0.2C, 0.5 C, 1 C for 10 cycles each. The cell with zinc cation added was able to
deliver the best discharging capacities of 1527, 1293, 942, and 918 mAh g* at 10", 20™,
30", and 40" cycle, respectively. On the contrary, the cell with copper cation added showed
lower discharging capacities, although the capacities are still higher than that of cell with
no salt, which exhibited lowest capacities and poorest battery stability under various
current rates. Additionally, a remarkable discharging capacity of 1450 mAh g (94.9% of
10th cycle) was recovered at 50" cycle as the C-rates was decreased back to 0.1 C. For Cu
and no salt sample, only 91.2 and 87.8 % of 10th cycle capacity were recovered at 50"
cycle, respectively. Apparently, the findings demonstrate that the cells with Zn and Cu
cations additive are more resilient under high and varied charging/discharging current rates.
In Fig. 4b, it is indicated that the descending order of rate capability corresponds with the
atomic number of transition metal additives, which also follow the same trend of the long-

term cycling performance.

Fig. 5 shows the mass change of Zn, Cu, and no salt samples measure by EQCM over

25 cycles. The mass changes (Am) were measured based on the change of the resonant
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frequency (Af) of the quartz crystal attached to a lithium metal foil. The mass change of
the electrode can be attributed to the chemical (electrolyte decomposition products, and
parasitic byproducts) and electrochemical reactions (SEI film formation, lithium stripping
and plating, and corrosion). Hence, - Af=CsA m where Cs Is a constant which depends
on specific characteristics of the quartz crystal used. It is observed that an increase of mass
of lithium metal anode as a function of cycles for the Zn, Cu, and no salt cells. For the first
5 cycles, the cells with zinc and Cu additives indicate a larger mass change over the cell
with no salt, which can be attributed to a faster deposition kinetics onto lithium anode
surface and larger atomic weight (as compare to Li).  However, the increasing rate of
mass change of the no salt sample obviously outpaced the cells with Zn and Cu additives.
This can be attributed to the fact that Zn or Cu sulfides collaborating with LiS to create a
more uniform and dense passivation layer on Li anode surfaces. This will minimize
lithium plating and dendrite growth, and subsequently lower surface area and fewer active
sites resulting in lower mass accumulation. In fact, after 25 cycles, the cell with zinc
additive showed the most stable performance with the least mass change around 1.9 mg, as

compared to the cell with copper additive (~2.7 mg) and the no salt sample (~3.3 mg).



102

3.5+ —m7pn%
—a—cCu”
3.0
—a— No salt
. 2.5
o
2
o 2.0
o
5
iy i
5 1.5
@
o 1.0
E 4
0.5 a&.7)
0-0 T T T T T
0 5 10 15 20 25
Cycle No

Figure 6.5 Mass change measurements of Li metal anodes in cells with
modified/unmodified electrolyte.

Figure 6 shows SEM and EDS images of Li metal anodes with and without Zn acetate
additive after 1 and 100 charging/discharging cycles. After the first cycle, the lithium
surface without Zn additive showed nonuniform precipitates (Fig. 6a), which attributed to
plated mossy-structure byproduct as the result of lithium metal reacting with electrolyte
and LiNO3.2v-282 This demonstrates the inadequate effectiveness of LiNO3 to form and
preserve a stable passivation layer on the lithium anode in an electrolyte environment with
polysulfides. On the other hand, very few plated mossy-structure byproduct was observed
on the lithium metal surface with Zinc cation additive (Fig. 6b). After the 100" cycle, the
surface morphology of the sample without Zn additive exhibited a rougher morphology
with buildup of particles and flakes byproducts. while the lithium surface in cell with Zn
additive present a considerably smooth morphology with less but more uniform byproduct
precipitation. The height profile of Fig. 6e indicated a smoother surface compared with Fig.

6a which can be ascribed to a collaborative effect between ZnS and LiS to form a more
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homogeneous passivation layer. The inset of Fig. 6a-d clearly reveal the amount of sulfur
precipitated on the surface of Zn additive lithium metal anodes is significantly smaller than
without Zn additive after 100 cycles. Atomic % of sulfur increases from 13.4 to 29.3 and
from 15.3 to 18.7 for no salt and Zn cation added samples, respectively.  Similarly,
smaller amount of sulfur precipitated on Cu additive lithium metal anode was observed
after 100 cycles (images not shown). These findings are in good agreement with the trend
of mass accumulation as described in Figure 5. The results further support the assistive
protection effect of transition metal additive (Zn?*) to minimize precipitation of sulfides

and decomposition products.
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Figure 6.6 SEM images of Li metal anodes after 1 and 100 cycles in cells with
unmodified electrolyte (a, ¢) and cells with zinc additive (b, d). The insets show EDX

Height profile
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mapping of sulfur element in each figures. The scale bar is 50 mm in length. (e) Height
profile.

6.4 Conclusion

In summary, a facile method of protecting lithium metal anode is successfully
proposed through introducing an in-situ formed passivation film. The transition metal
cation additives efficiently improve the morphology, structure, and stability of SEI film
over cycles. This strengthened passivation film not only beneficially controls the lithium
plating sites to suppress the growth of lithium dendrite, but also serve as an effective barrier
to block the contact between lithium metal with electrolyte. Furthermore, the generated
protective layer, assisted by transition metal sulfide incorporated, also hinders the diffusion
of polysulfide to lithium metal, which further alleviates the undesired electrochemical and
chemical reaction with loss of active material and self-discharge. Outstanding battery
stability, better redox kinetics and lower resistance over cycles are observed due to stable
and smooth SEI film on lithium surface with fewer dendritic morphology and less
accumulated insulating and uneven particles. It can be concluded that this simple
application of cost-effective and ecofriendly transition metal acetate as electrolyte additive

could be utilized as a promising strategy for industrial application of lithium sulfur batteries.
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7 CHAPTER 7 CONCLUSION AND FUTURE WORK

7.1 Conclusion

Novel and highly structured materials have been pursued as sulfur-hosting materials
to enhance the specific capacity and cycling stability of lithium-sulfur (Li-S) batteries.
Herein, structured titanium nitride nanotubes with tunable dimensions are investigated for
their performance on Li-S batteries. We firstly develop a facile method to synthesize TiN
nanotubes through anodization of Ti foils and nitridation. Surface morphology and BET
surface area are characterized. The change of interfacial resistance, electrochemical
performance and stability of batteries are evaluated as a function of nanotube length and
diameter. The best electrochemical performance in Li-S batteries observed is for the 30 um
long and 65 nm diameter TiN nanotubes, which has a high discharge capacity of 1338 mAh
g! after 180 cycles at 0.1 C, and with only 0.064% average capacity decay per cycle.
Furthermore, increase in nanotube length from 4.5 to 30 um and decrease in nanotube
diameter from 100 to 35 nm of titanium nitride enhance capacity by 19.1% and 24.7% after
180 discharge/charge cycles, respectively. This study suggests nano-structure with tunable
geometry can play a significant role in battery performance and cyclability, and that TiN
nanotubes could serve as a very promising cathode material for advanced Li-S batteries.

Nanostrucutred titanium nitride (TiN) and graphene composite electrodes have been
fabricated through a facile ultrasonication method combined with melt-diffusion of

elemental sulfur. Nanostructured TiN particles and tube arrays integrated with graphene
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substrate lead to the formation of a porous structure with enhanced electrical conductivity
and stabilized integrated structure. Such a framework may facilitate accessibility of
electrolyte and fast transfer of charges. The specific capacities of the Li-S batteries with
TiN nanotube/ and nanoparticles/ graphene composites are 1229 and 1085 mAh g-1 after
180 cycles under 0.1 C rate, respectively, which are significant better than pure TiN
nanostructures. The specific capacity and capacity retention were investigated as a function
of TiN nanotubes to graphene ratio. The optimal ratio was found to be 1:1 TiN/Graphene,
with the highest capacity retention of 87.5% after 180 cycles. This optimal 3D hybrid
structure may provide a balance of high specific capacity and electrochemical stability,
allowing durable and efficient energy storage and conversion over long cycles.

To further address the issue of volume expansion and mechanical crack of electrodes
as well as expand the area of research to satisfy more practical applications, silicon
containing thick anode electrodes were investigated to provide a higher energy density and
capacity for EV/HEV applications. In our study, a facile technique of adding a mechanical
buffer between thick active material and current collector is proposed and tested by an in-
situ measurement using white light interferometry. The electrodes with a modified
structure deliver a significant improvement to mechanical stability as well as battery
performance compared to conventional electrodes with the original structural design.
Therefore, the methodology demonstrated here can probably be used to mitigate the
deteriorating effect of mechanical failure in silicon-based electrodes, in which volume
variation is usually considered as a severe issue, of lithium batteries.

The lithium metal anode in lithium sulfur batteries can be effectively protected with

the application of transition metal acetate as electrolyte additive. The use of transition metal
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cations greatly improved the nature of SEI film, making it possible to suppressing further
degradation of lithium metal. The transition metal sulfide deposited on lithium surface
effectively stabilize the passivation film by cooperating with lithium sulfide and electrolyte
decomposition product and improving the smoothness and robustness of SEI film. The
enhanced homogeneity of passivation layer greatly hinders the parasitic reaction between
lithium metal and polysulfides as well as organic electrolyte, reducing the loss of active
material and mitigating the poor Coulombic efficiency. On the other hand, the uniform and
mechanically strong SEI film introduces less undesired lithium plating and further
accumulation on active sites, which significantly suppresses the dendritic formation due to
improved surface morphology and chemistry. Consequently, the findings provide a facile
method of in-situ chemical formation of passivation layer protecting the lithium metal in
batteries.
7.2 Future work

The issues with regard to cathode framework design, electrode structural modification
and lithium metal anode protection has been deliberately discussed and solved to a degree.
The next direction of lithium sulfur batteries to be practically applicable in industrial
manufacture is to eradicate the negative effect of shuttling mechanism, enhance the
stability and safety of batteries over cycles, and lower the cost. As a long term research
objective, solid state electrolyte has been considered as a promising candidate with
capability of solving all forementioned issues. Gel, ceramics, solid polymer, and their
composite have already been initiated as fundamental approaches. Firstly, the utilization
of solid-state electrolyte could greatly suppress uneven lithium plating and following

growth of lithium dendrites. Thus, it could contribute a lot to enhance the overall safety
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and stability of batteries in long term cycling. It is noted that this specific characteristic is
not limited to the application of lithium sulfur batteries, but to the wide use of all lithium
metal batteries, which is also considered as a valuable development direction of energy
storage systems. On the other hand, the solid-state electrolyte could serve as a selective
membrane to further inhibit the migration of soluble polysulfides and improve the overall
battery performance. Unfortunately, the use of solid-state electrolyte is currently limited
by its shortcomings, such as high interfacial impedance and low ionic conductivity.
Corresponding novel design within interface and electrolyte material with less resistance
to lithium ion diffusion is in great need, leading to an effective method of achieving a high-

performance solid—state lithium sulfur battery.
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Firstly, TiN nanotube arrays have been investigated as an effective skeleton in cathode
of lithium sulfur batteries. A series of TiN nanotubes with various diameter and length have
been synthesized and tested. Moreover, graphene nanoplatelets have been utilized as a
structural anchor to support the TiN nanotubes, and the synergetic effect of composite
material and its enhancement on Li-S battery electrochemical performance and cycling
stability have been studied. Secondly, the improvement of electrode structural design has
been evaluated for their effectiveness by using an in-situ characterization method with
electrochemical testing and structural characterization. Lastly, the facile method of using
transition metal cations as electrolyte additive has been proven to be capable of protecting
lithium metal anode effectively.

As a summary, the result of the research could result in a more rational design of novel

lithium sulfur batteries with high performance. It serves as an alternative to conventional

lithium ion batteries, rendering more practical approaches possible to large-scale
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production of electric automotive with lower cost and wider application of digital

electronics.
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