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ABSTRACT
Rechargeable lithium-sulfur (Li-S) batteries have attracted great attention
because they promise an energy density 3-5 times higher than that of current
state-of-the-art lithium ion batteries at lower cost. However, current Li-S batteries
frequently suffer from low practical energy density, poor cycle life, low charge
efficiency, and high self-discharge. Those issues mainly stem from the poor
conductivity of sulfur and its lithiated products, the dissolution and side-reactions of
intermediate lithium polysulfides, and the unstable lithium-electrolyte interface.
This dissertation focuses on development of high-sulfur-fraction carbon/sulfur
composite cathode materials and efficient electrolyte systems for Li-S batteries,
aiming to improve both their practical energy densities and electrochemical
performance. In Chapter 3, hollow carbon (HC) spheres with extremely high specific
volume (>10 cm3 g-1) are shown to accommodate ultrahigh sulfur fraction (~90 wt%)
in their nano-scale pores. The obtained HC/S composites enable high areal sulfur
loading of up to 6.9 mg cm-2 in the cathode electrode using industry-adopted coating
techniques. In addition, a new hydrofluoroether-based electrolyte is shown to
significantly mitigate polysulfide dissolution and also to facilitate the electrochemical
reactions

of

sulfur

cathodes.

Combined

with

this

new

electrolyte,

the

high-sulfur-fraction and high-areal-loading HC/S composite cathode can achieve
exceptional performance, which can significantly improve both the cyclability and the
practical energy density of the Li-S batteries. In chapter 4, substituting soluble Li
polysulfides for conventional Li salts in the commonly used Li-S electrolyte is found
to not only contribute extra capacity but also significantly improve the cycling
performance of Li-S cells. In chapter 5, a new functional electrolyte system using
electrochemically active organosulfides (e.g., dimethyl disulfide) as co-solvents is
shown to reduce the required electrolyte amount while at the same time increasing
cell capacity. The organosulfides lead to a new reaction pathway for sulfur cathodes,
which involves the chemical reactions between organosulfides and sulfur to new
intermediate organopolysulfides, followed by their subsequent electrochemical
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reactions during cell cycling. Through this new mechanism, the functional
organosulfide electrolyte not only contributes a significant amount of capacity, but
also enables good cathode cyclability by way of an automatic discharge shutoff
mechanism. This new functional electrolyte system thus promises high energy density
for Li-S batteries.
In the appendix, the development of silicon-carbon yolk-shell nanocomposite
materials is discussed. These high-performance silicon anode materials can potentially
be used to replace the Li anode, which in the long term can improve the cycle life and
safety of Li-S batteries.
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Chapter 1: Development of Rechargeable Lithium-Sulfur
Batteries
1.1 Introduction
Several types of rechargeable batteries, such as lead-acid, nickel-cadmium
(Ni-Cd), nickel-metal hydride (Ni-MH), and lithium-ion (Li-ion), have been
developed over the past two centuries and used in a variety of applications, such as
portable electronic devices and automobiles. Among existing technologies (Figure
1-1), Li-ion batteries currently hold the lead in energy density, making them
especially valuable for portable electronics.[1]

Figure 1-1. Comparison of the current battery technologies in terms of volumetric
and gravimetric energy density. Reprinted with permission from ref [1]. Copyright
2001 Macmillan Publishers Ltd.
Rechargeable Li battery technologies rely on the fact that Li is the most
electropositive (–3.04 V versus standard hydrogen electrode) and lightest metal
(equivalent weight M=46.94 g mol-1, corresponding to a capacity of 3861 mAh g-1),
thus facilitating the design of high-energy storage systems. Rechargeable Li batteries
were first demonstrated by M. S. Whittingham at Exxon in the 1970s.[2] However,
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these cells used metallic Li electrodes. This presented significant safety issues due to
the dendritic plating of Li, putting them at risk of internal shorting and subsequent fire
or explosion (Figure 1-2a).[3] To circumvent the safety issues surrounding the use of
Li metal, Li-ion batteries based on a “rocking chair” design, with a cathode and anode
which could both intercalate and de-intercalate Li (Figure 1-2b), were demonstrated in
1980 by Lazzari and Scrosati.[4] Li-ion batteries were first successfully
commercialized in 1991 by Sony using Li cobalt oxide cathodes and graphite anodes.

	
  

Figure 1-2. Schematic representation and operating principles of rechargeable Li
batteries: (a) Li-metal battery; (b) Li-ion battery. Reprinted with permission from ref
[1]. Copyright 2001 Macmillan Publishers Ltd.
After extensive development for over two decades, the current state-of-the-art
Li-ion batteries can reach an energy density of ~250 Wh kg-1 and maintain 80% of
their capacity over 500 cycles, representing the best performance among all
commercialized rechargeable batteries. However, this energy density is closely
approaching the limit of the Li intercalation chemistry and is insufficient to sustain
the quick expansion of our electrified society. As the functions of portable electronics
become more sophisticated and the demand for electric vehicles and storage of
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electricity from renewable sources increases, advanced rechargeable batteries with
higher energy density, lower cost, better cycle life, enhanced safety, and lower
environmental impact are urgently need.[5]
Materials that undergo conversion reactions while accommodating more Li ions
and electrons are a promising option for overcoming the Li-storage limitations of
intercalation-based

electrodes.[5-7]

Two

such

battery

types

in

particular,

lithium-sulfur (Li-S) and lithium-air (Li-O2) batteries, are being intensively
pursued.[8] As shown in Figure 1-3, Li-S and Li-O2 batteries promise high energy
density (> 600 Wh kg-1), enough to offer a reasonable driving range (i.e., >400 km)
per charge for pure electric vehicles at an affordable price.

Figure 1-3. Comparison of practical specific energies for some rechargeable batteries,
along with estimated driving distances per charge and pack prices. Reprinted with
permission from ref [9]. Copyright 2011 Macmillan Publishers Ltd.
Of these two, sulfur is especially promising for the near term. Sulfur is one of the
most abundant elements in the Earth’ s crust and has many valuable characteristics,
such as extremely low cost and nontoxicity. The theoretical specific capacity of sulfur
is 1672 mA h g-1, the highest for all known solid cathode materials, which is an order
of magnitude higher than those of the transition-metal oxide cathodes.[10] The high
capacity is based on the reversible conversion reaction of sulfur to form Li2S by
incorporating two electrons per sulfur atom, described as 16 Li+ + 16 e- + S8 ↔ 8 Li2S.
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The average potential of this redox couple is ~2.15 V vs. Li/Li+, around 1/2 to 2/3 of
that of intercalation-based cathodes. However, this is offset by the extremely high
capacity of Li2S (1167 mA h g-1), resulting in a theoretical cell specific energy of
2500 Wh kg-1 or 2800 Wh l-1 on a weight or volume basis, respectively.

1.2 Principles of Li-S Batteries Operation
A Li-S battery replaces the metal oxide cathode of a conventional Li battery with
one containing sulfur as the active material. A schematic of a single Li-S cell and its
operation (charge and discharge) is shown in Figure 1-4. A typical Li-S cell
architecture is comprised of a positive electrode of sulfur, carbon additives and binder
paired with a Li metal anode, with the electrodes being separated by a porous polymer
membrane filled with electrolyte solution. Sulfur is the charged (delithiated) state of
the cathode, so the first process applied to the cell is discharge (lithiation of the
cathode). During the discharge process, Li metal is oxidized to produce Li ions and
electrons. The Li ions dissolve in the electrolyte and move to the cathode while the
electrons travel to the cathode through the external electrical circuit, and thereby an
electrical current is generated. By accepting the Li ions and electrons, sulfur is
reduced (lithiated) to produce Li sulfide (Li2S) at the positive electrode. The reverse
reactions will occur during charge.

	
  

Figure 1-4. Schematic diagram of a Li−S cell with its charge/discharge operations.
Reprinted with permission from ref [5]. Copyright 2014 American Chemical Society.
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Sulfur atoms show a strong tendency to catenation, forming various
allotropes.[11] In nature, the most common form of elemental sulfur is cyclic
α-octasulfur (S8) at ambient temperature. During the discharge process, cyclo-S8 is
reduced and the ring opens, resulting in the formation of various intermediate
polysulfides, which are subsequently reduced to ultimately form Li2S. Unlike
elemental sulfur and Li2S, which are only slightly soluble or insoluble in the
electrolyte, most of the Li polysulfides are highly soluble in many polar electrolyte
solvents. Therefore, the discharge/charge of a conventional Li-S cell involves
“solid-liquid-solid” phase transitions of the active sulfur species, showing a typical
discharge and charge voltage profile consisting of two discharge/charge plateaus
(Figure 1-5).

	
  

Figure 1-5. Voltage profiles and chemistry of a typical Li-S cell. Reprinted with
permission from ref [9]. Copyright 2011 Macmillan Publishers Ltd.
Based on the plateaus, the discharge/charge process can be divided into two
regions. Although the mechanism is currently still under debate, the most likely
discharge/charge process is described as below:[7,12-14]
Region I: A solid-liquid two-phase reduction from elemental sulfur to highly
soluble Li2S8 (Equation 1-1), followed by a liquid-liquid single-phase reduction from
the dissolved Li2S8 to other soluble Li polysulfides like Li2S6 and Li2S4 (Equation 1-2
and 1-3), which correspond to the first upper discharge plateau at ~2.3 V and a slope
from 2.3 to 2.1 V, respectively. During this process, soluble polysulfides dissolve into
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liquid electrolyte to become a liquid cathode (catholyte) and leave numerous voids in
the cathode. The kinetics of the reduction reactions corresponding to this upper
discharge plateau was reported to be very fast.[15,16] As the cell’s voltage steeply
declines and the length of S-S chains decreases, corresponding to an increase in the
number (concentration) of polysulfide anions, the solution viscosity rises and the
reaction kinetics become slower. The solution’s viscosity reaches a maximum value in
the end of this discharge region.
Discharge

""""
"""
→ Li2S8(l )
S8(s ) + 2 Li+ + 2 e− ←
Charge "

(1-1)

Discharge

""""
"""
→ 4 Li2S6(l ) (1-2)
3 Li2S8(l ) + 2 Li+ + 2 e− ←
Charge "
Discharge

""""
"""
→ 3 Li2S4(l ) (1-3)
2 Li2S6(l ) + 2 Li+ + 2 e− ←
Charge "
The formation and evolution of polysulfides as reaction intermediates has been
well characterized by UV-Vis spectroscopy, high performance liquid chromatography
(HPLC) and direct observation of the electrolyte color changes during cycling.[17-19]
However, beside the electrochemical reductions, complicated chemical reactions
between polysulfide anions, sulfur and Li2S are also present in the electrolyte solution,
described in Equation 1-4 and 1-5. For example, Li polysulfide solution (Li2Sn with n
> 2) can be easily prepared through the reaction of elemental sulfur and Li2S.[20]
Li2Sn(l ) + Li2S(s ) ←#
→ Li2Sn-m(l ) + Li2Sm+1(l ) (1-4)
Li2Sn(l ) ←#
→ Li2Sn-1(l ) +

1
8

S8(s ) (1-5)

Table 1-1. Thermodynamic data of various polysulfide anions (S2-n ) formed in
aqueous solution. Reprinted with permission from ref [12]. Copyright 2013 Elsevier.
S2-n with
ΔGo,
kJ/mol

n=2

n=3

n=4

n=5

n=6

n=7

n=8

77.4 ±1.3

71.1±0.7

67.1±0.1

66.0±0.1

67.4±0.1

70.7±0.3

74.9±0.5

As Table 1-1 shows, the Gibbs free energy (ΔGo) of each polysulfide anion is so
close that these anions are co-existent in the solution through a series of chemical
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equilibriums.[12] The solvents, concentration and temperature of polysulfide solution
greatly affect these equilibriums. The complex system of polysulfides and their
disproportionation behavior thus make it difficult to isolate, identify, and characterize
single species of polysulfides in the electrolyte during cell operation.
Region II: A liquid-solid two-phase reduction from the dissolved low-order
polysulfides (mainly Li2S4) to insoluble Li2S2 and Li2S (Equation 1-6). In particular,
the formation of insoluble Li2S during the discharge process has been identified by in
operando XRD studies.[21] This region forms the lower voltage plateau at 2.1 to 1.9
V, which contributes a large part of the capacity of a Li-S cell. However, the reaction
kinetic is believed to be slow, in part due to the extra energy required for nucleation
of the solid phase.
Discharge

""""
"""
→ Li2S2(s ) ↓ + 2 Li2S(s ) ↓ (1-6)
Li2S4(l ) + 4 Li+ + 4 e− ←
Charge "
Cheon et al. conducted a systematic investigation on the rate capability and
cycling characteristics of Li-S batteries.[15,22] The combined use of electrochemical
characterization and morphology observation of the S-C composite cathode suggested
that a thick Li2S layer formed at the cathode surface was responsible for the
diminution of the lower discharge voltage plateau at a high discharge rate. It was
further reasoned that the diffusional resistance of polysulfides and Li ions increased at
high rates, leading to more localized Li2S passivation on the cathode surface. The
localized Li2S passivation and its volume expansion caused destruction of the carbon
matrix and the formation of irreversible Li2S agglomerates, so the reversible capacity
decreased. The slow reaction kinetics of the low-order polysulfides and their blockage
of the cathode could be the major factor causing low rate capability and capacity
fading with Li-S batteries.[15,22]
A solid-solid reduction from insoluble Li2S2 to Li2S may also occur at the end of
discharge. This process is kinetically extremely slow and generally suffers from high
polarization due to both the low conductivity of Li2S2 and Li2S and the sluggishness
of solid-state diffusion. Thus, practical discharge generally stops at Equation 1-6,
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limiting the experimentally accessible specific capacity to 1.5 electrons per S atom or
~1256 mAh g-1 at modest current rates.[23,24]
The overall discharge/charge process is illustrated in Figure 1-6. Note that the
polysulfides can be reduced more progressively on the electrolyte-conductive additive
interface in the dissolved state owing to the easy access of Li+ through diffusion in
liquid electrolyte. Moreover, the dissolved polysulfides help with the continuous
reduction of sulfur upon discharge and with the oxidation of insoluble Li2S upon
charge, according to Equation 1-5 and 1-4, respectively. In this sense, the dissolution
of Li polysulfides is beneficial to achieving high utilization (reaching the maximum of
1256 mAh g-1) and good rate capability.[25-28]

Figure 1-6. Schematic illustration of the discharge/charge process of sulfur cathodes
in Li-S batteries.

1.3 Technical Challenges
There are many challenges facing the Li-S technology, both on the materials and
system sides.
A major challenge of using sulfur as cathode material is the insulating nature of
sulfur and its lithiated products. For example, the electrical conductivity of sulfur at
room temperature is ~10-30-10-17 S cm-1, compared with ~10-5 for common cathode
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materials of Li-ion batteries. Li2S also has an electrical conductivity lower than ~10-14
S cm-1 and a Li+ diffusivity of just 10-15 cm2 s-1. Such poor conductivities make
discharging sulfur and reversibly charging Li2S extremely difficult. Large amounts of
conductive additives (usually carbon materials) are thus required to ensure good
conductivity of the positive electrode. These additives are inactive and greatly reduce
the practical capacity. To make matters worse, the high mass loading on thick
electrodes required for commercial-scale Li-S batteries means more difficult electron
and ion transport, making it even harder to achieve high utilization and good rate
capability. Moreover, the conversion of sulfur to Li2S involves large expansion
(~80%) and morphological changes as well as repetitive dissolution of polysulfides
and non-uniform deposition of insoluble Li2S2 and Li2S. This can cause loss of
electrical contact between active material particles, irreversible agglomeration of Li2S,
and passivation of both electrodes, leading to a significant increase in cell
resistance.[15] All these issues result in a low utilization of the active sulfur, poor
cycle life, and low system efficiency.[29,30]

	
  

Figure 1-7. (a) Schematic of the polysulfide shuttle in Li/S batteries, reprint from
Karlsruhe Institute of Technology (http://www.int.kit.edu/2384.php) and (b)
simulated charge profiles at different charge shuttle factors, reprinted with permission
from ref [23], copyright 2004 The Electrochemical Society.
Although it facilitates the discharge/charge of sulfur cathodes, the dissolution of
intermediate Li polysulfides in liquid electrolyte causes another major issue: the
so-called polysulfide shuttle. The redox shuttle arises because soluble high-order
polysulfides formed at the cathode can diffuse to the anode, where they are
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chemically reduced to soluble lower-order polysulfides, which then diffuse back to
the cathode and are re-oxidized to form high-order polysulfide again, and so on (as
illustrated in Figure 1-7a). This results in low Coulombic efficiency and high
self-discharge. Severe shuttle behavior can sometimes lead to an infinite charge (as
shown in Figure 1-7b), depending on the testing conditions.[23] In this case,
polysulfides will never be completely charged back to sulfur. Additionally, if, at the
anode, chemical reduction proceeds to form insoluble Li2S2 or Li2S, then they may
irreversibly deposit on the anode, leading to active material loss.
One more critical challenge comes from the metallic Li anode. Although Li
metal promises high energy density, it has persistent issues such as dendrite formation
and continuous electrolyte decomposition.[31] To avoid running out of Li and quick
electrolyte depletion, a large excess of both Li and electrolyte is required, ending up
with greatly reduced overall cell capacity and a resultant low practical specific
energy.
The above-stated issues, specifically the low conductivity of sulfur and Li2S, the
dissolution and shuttle of polysulfide in electrolyte, and the unstable Li/electrolyte
interface, have hindered the development of high-energy-density and long-cycle-life
Li-S batteries for decades. To address these issues, many strategies have been
developed in the past decades, including the rational designs of cathode materials,
development of efficient electrolytes and Li anode protection methods, and use of
alternative Li-free anodes. Among them, the design of sulfur cathodes and
development of electrolytes have attracted significant attention, as will be briefly
reviewed in below.

1.4 Rational Design of Sulfur Cathodes
Early work on simply mixing sulfur and a large amount of conductive additives
achieved around 50-75% sulfur utilization on the initial discharge, but showed poor
stability.[22,32,33] As previously noted, the large volume expansion, and the
dissolution and diffusion of Li polysulfides, both contribute to the mediocre
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performance of sulfur cathodes. A rationally-designed cathode is thus necessary for
good cell performance.[34]
Inspired by the pioneering work reported by Ji et al. in 2009 of loading sulfur
into the carbon nanopores of ordered CMK-3-type mesoporous carbon using a melt
diffusion method, trapping polysulfides by surface adsorption/slow diffusion through
the pore network. (Figure 1-8), the main stream of Li-S research has been the design
of nanoporous carbon/sulfur (C/S) composite cathodes.[35] Numerous different
nanostructured carbon materials have been successfully employed. Carbon materials
can be categorized based on their differing pore structures, morphologies, and
crystallinity as amorphous carbon (actived carbon and acetylene black),[36,37]
macro-, meso-, micro-porous carbon,[35,38-49] carbon nanofibers,[50-53] carbon
nanotubes[54-59], or carbon spheres,[60] as well as various types of graphene and
their oxides[61-64]. The nanoporous carbon hosts provide a more stable conductive
network and significantly improve sulfur utilization by keeping sulfur particles
nanosized and electrically connected, compensating for the poor electrical
conductivity of sulfur and its reduction products. Additionally, by controlling the
loading level of sulfur in hierarchically structured carbons, the porous carbons can
also make it easier for Li+ in the electrolyte to access reaction sites (as illustrated in
Figure 1-9), yielding significant improvement in sulfur utilization, rate capability, and
cycle life.[42,65]

Figure 1-8. (a) A schematic diagram of the sulfur (yellow) confined in the
interconnected pore structure of mesoporous carbon (CMK-3). (b) Schematic diagram
of composite synthesis by impregnation of molten sulfur, followed by its densification
on crystallization and the subsequent discharging/charging process. Reprinted with
permission from ref [35]. Copyright 2009 Macmillan Publishers Ltd.
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Figure 1-9. Schematic illustrations of the discharge-charge process and transport
paths of both Li ions and electrons in the porous carbon/sulfur nanocomposite cathode.
Reprinted with permission from ref [42]. Copyright 2011 Elsevier.
Despite their widespread development, these materials are still unsatisfactory.
First, most of the porous carbon materials actually only slow down the diffusion of
polysulfides out of the pores, but cannot completely prevent the polysulfide shuttle.
Complete trapping of polysulfides is impossible since the dissolution of polysulfides
is thermodynamically favorable. More importantly, most reports of acceptable sulfur
utilization and good cycle life reported are achieved by use of low sulfur fraction in
the C/S composites (<70 wt%) and thin electrodes (0.5-2 mg-S cm-2) while high
sulfur fraction and high areal sulfur loading are critical for developing high-energy
Li-S batteries.
One example is the ‘smaller sulfur’/microporous carbon composite reported in
2012 by Xin et al., where sulfur was in the form of S1-4 (rather than the most stable
form of S8), was confined in the carbon’s sub-nanometer pores. This avoids the
formation and dissolution of longer-chain polysulfides while still maintaining fast
reaction kinetics. They demonstrated a stable discharge capacity of >1150 mAh g-1 per
sulfur for 200 cycles with a sulfur loading of about 1 mg cm-2, which is one of the
best results in term of both sulfur specific capacity and cycle life.[48] Unfortunately,
the overall cathode-specific capacity normalized by total electrode mass (S + C +
binder + other additives) decreases to only ~380 mAh g-1, due to the low sulfur
content of just 32 wt%. Another example using porous hollow carbon/sulfur
composites, as reported by Jayaprakash et al., also shows remarkable performance,
with an initial sulfur-specific discharge capacity of 1071 mAh g-1 and a reversible
capacity of 974 mAh g-1 after 100 cycles.[60] However, considering the 64.75 wt%
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sulfur content (areal mass loading is unknown), the cathode-specific capacity is
around 650 mAh g-1, which is only 40% of theoretical capacity of sulfur. Nazar et al.
reported a graphene-wrapped sulfur composite with sulfur content of 78 wt%, its
initial discharge capacity of only 705 mAh g-1 per sulfur gives it a cathode-specific
capacity of just 550 mAh g-1 even with a low sulfur loading of ~1.2 mg cm-2.[66] Xu
et al. reported another high sulfur content cathode with 88.9 wt% of sulfur in the
composite and 62 wt% in cathode, showing initial sulfur-specific and cathode-specific
discharge capacities of 863 mAh g-1 and 540 mAh g-1, respectively, similar to Nazar’s
result.[45] An aligned carbon nanotube/sulfur composite with up to 90 wt% sulfur
was also reported by Cheng et al. to deliver sulfur-specific and cathode-specific
capacities around 800 mAh g-1 and 740 mAh g-1, respectively, but again with a low
sulfur loading of only ~1 mg cm-2.[58] Recently, our group reported mesoporous
carbon spheres and nitrogen-doped mesoporous carbon that enable cathodes with
stable sulfur-specific capacity of 800 mAh g-1 and high areal capacity >3 mAh cm-1;
nevertheless, the total sulfur contents in the electrodes are still around 56-60
wt%,[43,67] corresponding to a practical cathode-specific capacity below 500 mAh
g-1.
All the above results suggest that there is still a great deal of room for
improvement in the C/S composite cathodes.

1.5 Efficient Electrolytes
Electrolyte is the media used to saturate the two electrodes and fill the space in
between to transfer Li ions. However, the role of electrolytes is far greater than simply
conducting Li ions. The interface it forms with electrode surfaces is critical to battery
performance. Indeed, electrolyte development was once the bottleneck for
commercializing Li-ion batteries before a stable solid electrolyte interphase (SEI)
could be formed on graphite anodes using ethylene carbonate (EC)-based electrolytes.
So far, liquid electrolyte is the most technologically mature and widely adopted
type of electrolyte, thanks to the facile transport of ions and simplicity in preparing
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homogeneous solutions. The low surface tensions and low viscosities of liquid
electrolytes also enable the electrolyte to penetrate the porous cathode structure and
wet the anode surface for achieving good contact between electrolyte and electrode
materials.[68]
In Li-S batteries, liquid electrolyte plays a much greater role because the
intermediate polysulfides could dissolve and shuttle between the cathode and anode.
A solid-state or gel polymer electrolyte could be better than a liquid electrolyte in
terms of reducing the dissolution and shuttle of polysulfides. However, the low ionic
conductivity and interfacial instability associated with most solid-state and gel
electrolytes lead to more issues when they are used in Li-S batteries. In addition,
without the dissolution of polysulfides, the operation of sulfur cathodes is almost
impossible at ambient temperature due to the sluggishness of solid-state diffusion.
Therefore, most researchers focus on developing liquid electrolytes for Li-S batteries.
A liquid electrolyte usually consists of a Li salt with a medium to large sized
anion (often at a concentration close to 1 M), a matrix of one or two aprotic solvents,
and various additives (<5 wt%) for different purposes.

1.5.1 Aprotic Solvent
The aprotic electrolyte solvents available for Li battery are actually very limited
based on several strict requirements. First, to get high ionic conductivity, the solvents
need to have high dielectric constants (for stronger capacity to dissolve Li salts) and
low viscosity (for faster mass transfer). These characteristics are usually
self-conflicting. Second, the solvents should have a wide electrochemical potential
window and be able to form a stable SEI on electrodes to prevent the continuous
decomposition. Third, suitable solvents should also have a wide working temperature
range. The electrolyte should stay in liquid under normal working conditions
(normally -30 to +60 °C). One single solvent rarely meets all the requirements, so in
practice two or more solvents and some additional additives are mixed to get
electrolyte with acceptable properties.
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Commonly used electrolyte solvents include carbonates and esters (e.g., ethylene
carbonate (EC), propylene carbonate (PC), diethyl carbonate (DEC), dimethyl
carbonate (DMC), and ethyl methyl carbonate (EMC)), and ethers (e.g., 1,3-dioxolane
(DOL), 1,2-dimethoxyethane (DME), tetraethylene glycol dimethyl ether (TEGDME),
and polyethylene glycol dimethyl ether (PEGDME)). The physical properties of those
solvents are listed in Table 1-2 and 1-3. Publications are also available using sulfones
and ionic liquids (ILs), but they are much less common.
Table 1-2. Physical properties of carbonate and ester solvents. Reprinted with
permission from ref [69]. Copyright 2014 American Chemical Society.

Table 1-3. Physical properties of ether solvents. Reprinted with permission from
ref [69]. Copyright 2014 American Chemical Society.
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The choice of electrolyte solvents depends heavily on the electrode materials and
the chemistry between the solvents and electrodes. For example, EC was
demonstrated to form a very stable SEI layer on graphite anodes. Therefore, carbonate
mixtures based on EC (e.g. EC+DEC+DMC) are the dominant electrolyte type in
conventional Li-ion batteries. For Li-S batteries, the choice of electrolyte solvents
depends strongly on the specific electrode configuration.[68] Polysulfide anions and
anionic polysulfide radicals will react with most common solvents, such as carbonates
and esters, as shown in Figure 1-10.[70] As a result, carbonate-based electrolytes are
inappropriate for use in most Li-S batteries owing to the presence of soluble
intermediate polysulfides. Only specifically-designed sulfur cathodes like the smaller
sulfur/microporous carbon composites[47-49] and some polymer-based sulfur
composites[71-74] that do not generate long-chain polysulfides during cycling are
comparable with carbonate-based electrolytes. However, those electrodes follow a
completely different mechanism, and show only one discharge plateau below 2 V.

Figure 1-10. Reactions between polysulfides and carbonates. Reprinted with
permission from ref [70]. Copyright 2011 American Chemical Society.
It appears that the most suitable solvents for the Li-S electrolytes are
ether-based.[12,68] In recent work on Li-S batteries, binary DOL:DME (1:1, v/v)
mixture is practically the standard electrolyte.[40,45,52,59,64,75] Overall, the linear
DME offers higher polysulfide solubility and enables faster reaction kinetics for
sulfur cathodes while being more reactive with Li metal, whereas the cyclic DOL
forms a more stable SEI on the Li surface while providing lower polysulfide solubility
and slower polysulfide reaction kinetics. Therefore, the combination of DME and
DOL leads to synergetic effects on the specific capacity and capacity retention of
sulfur as compared with the solvent alone.[76]
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Long-chained

ethers

such

as

TEGDME

and

PEGDME,[77-79]

ionic

liquids,[50,62,80-82], sulphones,[35] and acetonitrile (AN)[83] have also been
explored as co-solvents or the sole solvents for Li-S batteries. However, the high
viscosity of those solvents severely limits the battery performance at high current
density and high sulfur loadings.
Although the dissolution of polysulfides causes redox shuttle reactions, solvents
with adequate polysulfide solubility and low viscosity are overall favorable for the
operation of Li-S cells. Without polysulfide dissolution, the reduction of elemental
sulfur can only occur on the sulfur-carbon interface, the bulk sulfur cannot be utilized,
resulting in very low specific capacity. Therefore, the ideal solvent should meet the
following criteria: (1) it is chemically stable against polysulfide species, (2) it offers
adequate polysulfide solubility, and (3) it has low viscosity even at maximum
dissolved polysulfide concentration.

1.5.2 Li Salts
Li trifluoromethanesulfonate (LiTF) and Li bis(trifluoromethanesulfonyl)imide
(LiTFSI) are the most commonly used Li salts in Li-S batteries because of their high
thermal stability and good compatibility with ether solvents.[84,85] Although Li
hexafluorophosphate (LiPF6) is the electrolyte salt of choice in state-of-the-art Li ion
batteries, it is not suitable as the electrolyte salts in Li-S batteries. LiPF6 reacts with
polysulfides and it is a Lewis acid which initiates ring-opening polymerization of
DOL molecules.[12] LiTFSI is generally used for making an electrolyte comprised of
1 M LiTFSI in DOL:DME (1:1, v/v) in most of the recent publications on Li-S
batteries due to its high conductivity.
Recent studies show that even higher salt concentrations may be of interest for
Li-S batteries. For example, Shin et al. used LiTFSI concentrations up to 5 M and
monitored polysulfide dissolution in DOL:DME (1:1 v/v).[86] The dissolution of
polysulfides was strongly reduced at higher concentrations, which significantly
decreased the polysulfide shuttle and improved the Coulombic efficiency. A similar
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approach was reported by Suo et al. using even higher LiTFSI concentrations of up to
7 M, resulting in a new class of “solvent-in-salt (SIS)” electrolytes.[87] In the SIS
electrolyte at a salt concentration of 7 M, close to the saturation limit, the LiTFSI salt
becomes the dominant component by both weight and volume and Li polysulfide
dissolution is negligible. While the SIS electrolyte concept is interesting per se - the
real promise of these very high salt concentrations remains to be verified. The obvious
drawbacks of those electrolytes are their high viscosity (up to 72 cP) and low ionic
conductivity (1 mS cm-1) compared to any conventional ~1 M electrolyte (<1 cP and
~10 mS cm-1).

1.5.3 Electrolyte Additives
Use of electrolyte additives is one of the most economic and effective methods
for the improvement of battery performance. Several electrolyte additives have been
studied for improving the performance of Li-S cells. The functions of additives
include: (1) protecting Li anode, (2) enhancing the solubility of solid Li2S2 and Li2S
in the liquid electrolyte, and (3) reducing the viscosity of the liquid electrolyte.
Usually, the amount of an additive in the electrolyte is no more than 5% either by
weight or by volume while its presence significantly improves the efficiency and
cycle life.
One of the most important discoveries for the recent development of Li-S
batteries is the use of Li nitrate (LiNO3) as an electrolyte additive. Since its first report
by Mikhaylik in 2008, LiNO3 has become a standard electrolyte additive for Li-S
batteries.[88] Further investigation by other researchers has shown that LiNO3 can
decompose at the Li anode surface to form LiNxOy and LiSxOy species. These species
prevent the continuous electron transfer from Li metal to polysulfides and electrolyte
solutions, significantly suppressing the redox shuttle, and thus dramatically improving
the Coulombic efficiency.[89-91] However, due to the huge morphology changes of
the Li anode during cycling, LiNO3 is continually consumed as fresh Li metal surface
exposed during Li deposition (charge process). After some number of battery cycles,
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LiNO3 is necessarily used up in the battery, causing a plunge in the Coulombic
efficiency.
A few other additives for Li-S batteries have also been discussed in the literature.
Phosphorous pentasulfide (P2S5) was reported to promote the dissolution of insoluble
low-chain polysulfides by combining with them to form a more soluble complex, and
also to form an ionic conductive glass protection layer on the Li anode, which led to
an increase in the capacity and Coulombic efficiency of Li-S cells.[92] However,
there is lack of further studies on this additive. Liang et al. proposed that the “dead”
Li2S and Li2S2 deposition could be recovered to active (soluble) polysulfides by
employing Li bromide (LiBr) as an additive or co-salt.[93] By charging Li/S cell to
3.5 V, the Br anions were oxidized to bromine (Br2), which immediately oxidized the
insoluble Li2S and Li2S2 into a soluble (active) polysulfide bromide compound. This
compound contributes extra capacity above 2.3 V. The biggest issue of this additive is
the severe corrosion of the metallic cell parts by the Br2.
As introduced in Chapter 1.3, with the dissolution of polysulfides, the viscosity
of the electrolyte solution is dramatically increased, which not only greatly reduces a
Li-S cell’s power capability, but also forces the use of a high E/S ratio that
significantly reduces the cell’s practical energy density.[94] To alleviate this problem,
Choi et al. investigated the effect of toluene as an additive in 2008.[95] They found
that addition of 5 vol% of toluene increased the cell’s capacity due to a reduction in
polysulfide solubility and the resultant decrease in the solution’s viscosity.
Nevertheless, the highest capacity reported in this paper was only around 750 mAh g-1,
much lower than most of the capacities achieved recently using electrolytes without
toluene. The use of toluene as an additive has thus been shown to be of dubious
utility.

1.6 Factors Determining Practical Cell Energy Density
The upper limit on the energy density of a battery is determined by the
theoretical specific energy of the redox reactions of the active materials. However,
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this value is unreachable in practical systems; in order to convert the chemical energy
to electrical energy, battery components besides the active materials are also required.
As shown in Figure 1-11, regardless of the shape of Li-ion battery configurations,
inactive components such as casing, current collectors, separator, and electrolyte are
must-haves. Those components account for much of the mass and volume of the
batteries and greatly reduce the practical energy density. Therefore, there is always a
significant reduction in the energy density of a battery upon moving from theory to
practice.

	
  

Figure 1-11. Schematic drawing showing the shape and components of various Li-ion
battery configurations: (a) cylindrical; (b) coin; (c) prismatic and (d) thin and flat.
Reprinted with permission from ref [1]. Copyright 2001 Macmillan Publishers Ltd.
As shown in Figure 1-12, the current state-of-the-art Li-ion battery can reach
around 50% of the theoretical specific energy while the best Li-S prototype so far,
reported by Sion Power Co., can achieve only ~15% (350 Wh kg-1 at 75% sulfur
utilization, with a very poor cycle life of only 30-60 cycles), mainly due to the low
active materials loading in the Li-S cells.[76] The electrolyte and current collectors
contribute over half of the Li-S cell’s weight. It is thus critical to reduce the weight
ratio of the current collectors (e.g., by increasing areal capacity loadings) and the
amount of electrolyte used (e.g., by using less porous cathodes with high sulfur
content), in order to achieve higher practical energy densities for Li-S battery systems.
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Figure 1-12. (a) The current status of Li-ion and Li-S batteries. (b) The utilization of
the theoretical energy density (Epract/Etheore%) calculated on the weight percent of
active materials in the cell (AM%) and the active materials utilization (AM
utilization%) and (b) the estimated weight percentage of different cell components in
state-of-the-art Li-ion and Sion Power’s Li-S prototypes.[76]
Despite the limited success so far, compared to conventional Li-ion, Li–S
batteries have the opportunity to provide a much higher energy density at a lower cost,
hitting a practical energy density of ~600 Wh kg-1 even if they only reach 25% of the
theoretical value.

1.7 Scope of the Dissertation
In the above introduction, we discussed the major issues and briefly reviewed the
development of rechargeable Li-S batteries. Despite tremendous recent research
progresses, there is long way to go before achieving the commercialization of
practical high-energy and long-life Li-S batteries.
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To make Li-S batteries feasible, the several issues still need to be overcome.
The shuttle mechanism resulting from the dissolution of the active cathode material
has to be eliminated to avoid low Coulombic efficiency and self-discharge behavior.
In addition, the amounts of carbon additives and electrolyte used need to be reduced
while the areal active material loading needs to be increased as much as possible,
since inactive cell components (mainly carbon, electrolyte, and current collectors) can
significantly reduce the energy density of Li-S cells. Full utilization of the sulfur
cathode to achieve the full capacity of sulfur (1672 mAh g−1) is another challenge,
and one that is at odds with reducing carbon additive amount. Some persistent issues
such as dendrite formation and surface passivation also remain to be solved for the Li
metal anode, perhaps by using ionically conductive protection layers. Other
alternative anode materials might be an option to replace Li metal due to safety
concerns.
To address the issues identified above, we developed: 1) hollow carbon spheres
with ultrahigh pore volume to enable high sulfur fraction in the C/S composite
cathodes and high areal capacity, 2) a new hydrofluoroether-based electrolyte to
mitigate polysulfide dissolution and maximize the performance of the hollow
carbon-sulfur composite cathodes, 3) an optimized conventional ether-based Li-S
electrolyte using Li polysulfides as additives/co-salts to boost the cell capacity, and 4)
one new functional electrolyte system that enables a new reaction pathway for sulfur
cathodes and significantly improves Li-S performance.
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Chapter 2: Experimental Methods
The evaluation and development of battery systems involve many techniques and
methods. In this chapter, introductions will be given on the electrochemical and
physiochemical methods that are used in this dissertation for testing and
characterization of the battery cells, including the electrode materials and electrolytes.

2.1 Energy Storage Evaluation
Batteries are energy storage systems that convert chemical energy directly to
electrical energy, and vice versa in the case of rechargeable batteries. Both the
working voltage and the specific capacity of a battery determine the energy density of
the battery, which is given in Wh kg-1. Capacity measures the total amount of charge
involved in the electrochemical reaction. In the battery field, people generally use
either specific capacity (Ah kg-1) or volumetric capacity (Ah L-1) to represent capacity
per unit mass and capacity per unit volume, respectively. Voltage is the electric
potential between the anode and the cathode and is given in volts (V). Accordingly,
one can calculate the energy and energy density of a battery as long as one has the
working voltage and the capacity of the battery as well as the mass of the battery. The
aim of developing higher-energy and higher-energy-density battery systems for
energy storage always focuses on increasing the working voltage of the battery and
increasing the specific/volumetric capacity of the electrode materials.
Power density, the rate at which energy is transferred, with a unit of W kg-1, is
another important feature for batteries. Power density can be calculated by working
voltage (V)*current (A)/ mass of the battery (kg). Current is often expressed as a
C-rate in order to normalize against battery capacity, which varies greatly among
different types of batteries. A C-rate is a measure of the rate at which a battery is
discharged/charged relative to its maximum (or normalized) capacity. For example, a
1C rate of discharge means that the discharge current will discharge the maximum (or
normalized) battery capacity in 1 hour. For a battery with a capacity of 100 Ah, this
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equates to a discharge current of 100 A. Thus, when indicating the current in terms of
C-rate, the maximum capacity should always be specified.
Beside the energy and power density, there are several other key features of
rechargeable batteries that need to be considered before their applications, such as
cycle life, self-discharge rate, and safety.

2.2 Electrochemical Characterization Techniques
2.2.1 Coin Cell Fabrication
Although large-format cells (e.g., prismatic or cylindrical) are most common for
practical use of Li batteries, at the lab scale the performance of electrode materials is
usually tested in coin cells. Generally, for assessing a cathode material, the material is
mixed with the conductive additive (generally carbon) and binder (e.g.,
polyvinylidene fluoride (PVDF)) in a solvent (e.g., N-methyl-2-pyrrolidinone (NMP)),
forming slurry that is coated on an Al current collector and dried to form an electrode
sheet. Anodes are prepared similarly, except that for low-voltage anode materials such
as graphite and silicon, the current collector is Cu foil. In this work, several different
binder solutions are used; the exact choice is specified in each chapter. The drying
process used also varies based on the composition and thickness of an electrode. After
drying, the electrode sheets are punched into round pieces (12 mm diameter, 1.13
cm2) and assembled into CR2016 coin cells with a Celgard 2325 separator (16 mm
diameter, 2.01 cm2) and Li foil (250 µm) anode. The structure of a coin cell is
schematically shown in Figure 2-1. Depending on the thickness of the electrodes, a
stainless steel spacer may also be placed inside the cell adjacent to one or both caps to
ensure good contact across the cell. Liquid electrolyte is used to fill the separator and
electrode pores, and in many cases, and excess of electrolyte is used to fill all empty
space within the cell. After assembly, the cell is crimped, sealing it against the outside
atmosphere. Since Li metal and most electrolytes are air sensitive, all the electrolyte
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preparation and cell assembly steps were performed in an Ar-filled glove box
(MBraun, Inc.) with O2 and H2O less than 1 ppm.
Anode cap
Li foil
Separator
Working electrode
Cathode cap

	
  

Figure 2-1. Schematic of the structure of a coin cell.

2.2.2 Battery Cycling
The most straightforward electrochemical evaluation technique for a
rechargeable battery cell is repeated galvanostatic charging and discharging. During
the cycling, a constant current is applied, and the resulting voltage change of the
cathode is measured versus the Li anode. The discharge/charge process is generally
stopped when the voltage reaches a pre-determined value, with that value depending
on the electrode type. The capacity of the working electrode can be obtained from the
charge/discharge time. The faradaic loss between the charge and discharge capacity is
described by the Coulombic efficiency, defined as discharge capacity of a cycle
divided by the preceding charge capacity. This measures the efficiency with
which charge (electrons) are transferred in a system facilitating an electrochemical
reaction. Faradaic loss is only one form of energy loss in an electrochemical system.
Another is overpotential, the difference between the theoretical and actual electrode
voltages needed to drive the reaction at the desired rate. Even a rechargeable battery
with 100% faradaic efficiency requires charging at a higher voltage than it produces
during discharge, so its overall energy efficiency is the product of voltage efficiency
and faradaic efficiency. Voltage efficiencies below 100% reflect the thermodynamic
irreversibility of every real-world chemical reaction. The overpotential generally
becomes more severe at higher C-rates owing to the kinetic effects.
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The results of battery cycling tests are expressed as discharge/charge profiles,
which show the recorded voltage as a function of the capacity of the electrode, and
cycling performance plots, which display the charge and discharge capacities and
Coulombic efficiency as a function of the cycle number. For example, Figure 2-2
shows typical discharge/charge profiles and the cycling performance of a Li-S cell.

	
  

Figure 2-2. Typical discharge/charge profiles and the cycling performance of a Li-S
cell. Reprinted with permission from ref [96]. Copyright 2013 Wiley-VCH Verlag
GmbH & Co. KGaA.
In our lab, three types of battery testing systems from different companies have
been used for battery cycling tests. They are: Land CT2001A from Landt Instruments
Inc. (China), Neware-BTS 5V1mA or 5V10mA from Neware Technology Ltd.
(China), and BT2000 from Arbin Instruments (USA).

2.2.3 Cyclic Voltammetry
The cyclic voltammetry (CV) test is a common electrochemical characterization
technique used for investigating the reversibility of redox chemical reactions. A
constant-rate voltage scan is performed on the working electrode within a
pre-determined voltage window, and then reversed (e.g., a scan at 1 mV s-1 from 4 to
2 V might be performed, followed by a scan at the same rate from 2 to 4 V). During
this process, the current response is plotted as a function of the applied potential. The
redox potential of a reaction is judged to be at the voltage of the corresponding peak
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in the CV plot. The CV characterization in this dissertation was carried out in our lab
using a CHI 660D electrochemical workstation.

2.3 Physicochemical Characterizations
During the charge/discharge process of a battery, despite electrochemical
reactions, there are also chemical reactions between the electrodes and electrolyte,
and structure/morphology changes of the electrode materials. All of these determine
the performance and the life of a battery. To better understand these and provide
knowledge for improving the batteries, a series of physicochemical analytical
techniques were needed.

2.3.1 Scanning Electron Microscopy
Scanning electron microscopy (SEM) is a type of electron microscopy that
produces images of a sample by scanning it with a focused beam of electrons. The
electrons interact with atoms in the sample, producing various signals that can be
detected and that contain information about the sample's surface topography and
composition. A wide range of magnifications is possible for SEM, from about 10
times to more than 500,000 times. At the highest magnification, SEM can achieve
resolution better than 1 nm.
SEM is commonly coupled with energy dispersive X-ray spectroscopy (EDS or
EDX), to determine the spatial distribution of elements of the sample. When radiated
by an electron beam, materials give off characteristic X-ray fluorescence from the
elements in the beam. EDX analyzes the energies of these X-ray photons by energy
dispersion and subsequently identifies and quantifies the elements in the selected area.

2.3.2 Transmission Electron Microscopy
Transmission electron microscopy (TEM) is an electron microscopy technique in
which a beam of electrons is transmitted through an ultra-thin specimen, interacting
with the specimen as it passes through. An image is formed from the interaction of the
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electrons transmitted through the specimen, with darker areas corresponding to those
which more strongly prevent electron transmission, such as by being thicker or
denser; the image is magnified and focused onto an imaging device, such as a CCD
camera.
TEM is very powerful technique that is capable of imaging at a very high
resolution (~0.05 nm). This enables the instrument's user to examine fine details even as small as a single column of atoms.
The TEM imaging was carried out on a JEOL 2010F TEM/STEM in the
Materials Characterization Lab at Penn State.

2.3.3 Nuclear Magnetic Resonance Spectroscopy
Nuclear magnetic resonance (NMR) spectroscopy is a research technique that
exploits the magnetic properties of certain atomic nuclei. It relies on the phenomenon
of nuclear magnetic resonance, a physical phenomenon in which nuclei in a magnetic
field absorb and re-emit electromagnetic radiation. Some atomic nuclei (e.g., 1H, 13C,
15

N) possess a magnetic moment, which gives rise to different energy levels and

resonance frequencies in a magnetic field. This energy is at a specific resonance
frequency that depends on the strength of the magnetic field and the magnetic
properties of the isotope of the atoms (as illustrated in Figure 2-4).

	
  

Figure 2-3. Splitting of nuclei spin states with different energies in an external
magnetic field, where B0 is the applied magnetic field, ms = +1⁄2 or ms = −1⁄2 are two
possible

spin

states

of

the

nucleus.

Reprinted

http://en.wikipedia.org/wiki/Nuclear_magnetic_resonance.
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The most important perturbation of the NMR frequency for applications of NMR
is the "shielding" effect of the surrounding shells of electrons. Electrons, similar to the
nucleus, are also charged and rotate with a spin to produce a magnetic field opposite
to the magnetic field produced by the nucleus. In general, this electronic shielding
reduces the magnetic field at the nucleus (which is what determines the NMR
frequency). As a result the energy gap is reduced, and the frequency required to
achieve resonance is also reduced. This shift in the NMR frequency due to the
electronic molecular orbital coupling to the external magnetic field is called chemical
shift (δ). It is usually expressed in parts per million (ppm) by frequency, because it is
calculated from:

δ=

υsample − υreference
	
   (2-‐2)	
  
υreference

where νsample is the absolute resonance frequency of the sample and νreference is
the absolute resonance frequency of a standard reference compound, measured in the
same applied magnetic field. Although the absolute resonance frequency depends on
the applied magnetic field, the chemical shift is independent of external magnetic
field strength. On the other hand the resolution of NMR will increase with applied
magnetic field.
Because the intramolecular magnetic field around an atom in a molecule
changes the resonance frequency, it gives access to details of the electronic structure
of a molecule. If a nucleus in a specific chemical group is shielded to a higher degree
by a higher electron density of its surrounding molecular orbital, then its NMR
frequency will be shifted "upfield" (that is, a lower chemical shift), whereas if it is
less shielded by such surrounding electron density, then its NMR frequency will be
shifted "downfield" (that is, a higher chemical shift). Therefore, NMR can provide
detailed information about the structure, dynamics, reaction state, and chemical
environment of molecules.
The NMR characterizations in this dissertation were conducted on a Bruker
AV-360 and DRX-400 in Department of Chemistry at Penn State.
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Chapter 3: Hollow Carbon Spheres with Ultrahigh Pore Volume
for High Sulfur Fraction in Carbon/Sulfur Nanocomposite to
Enable High-Energy Cathodes
3.1 Introduction
Many nanoporous carbon materials have been reported for sulfur composites and
have shown promising results for Li-S batteries. Normally, sulfur is loaded into the
carbon matrices through a melt diffusion method. Molten sulfur has a minimum
viscosity at around 155 °C and diffuses to fill the nanopores through capillary force.
The high conductivity of carbon and the good dispersion of nano-sized sulfur result in
a facile transfer of electrons in the composite and thus improve utilization and rate
capability of sulfur cathodes. Nanoporous carbon materials normally have high
surface area, which also helps adsorb soluble polysulfides and to some extent inhibits
the shuttle effect.
However, in previous reports, most of the carbon materials used have limited
pore volume for sulfur filling (≤2 cm3 g-1). The sulfur fraction in the C/S composite is
limited at ~80 wt% based on the density of liquid sulfur (1.82 g cm-3). The practical
maximum is actually lower, since only partial sulfur filling can be performed to allow
for volume expansion and ion transport to the reaction sites during electrochemical
reactions.[39,42] The optimized sulfur fraction in most C/S composites thus
commonly between 50-70 wt% depending on specific carbon properties. Low sulfur
fraction not only decreases the overall specific capacity of the cathode, but also
jeopardizes the theoretical low cost of sulfur, since tailored carbon is much more
expensive than sulfur. In addition, most reports of the good performance were
achieved with low areal sulfur loadings of 0.5-2 mg cm-2, which means that if Al
current collector mass (~4 mg cm-2) is also included in the masses used to calculate
the gravimetric capacity, the results become much worse than their reported values.
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High sulfur fraction and high areal loading are key parameters for designing
high-energy-density Li-S batteries. So far, there is not great success at achieving these
in the literature. To realize this goal, it is key to develop porous carbon with a stable
structure, good conductivity, and most importantly, ultrahigh pore volume that can
enable ultrahigh sulfur fraction (e.g., >90 wt%) in the C/S composites.
To estimate the theoretical pore volume required for accommodating such a high
fraction of sulfur, we calculated the required pore volume of the carbon as a function
of the sulfur fraction in the composite, as shown in Figure 3-1. As we can see from
the curves, porous carbon with 1.28 and 4.94 cm3 g-1 of pore volume is needed to
generate a C/S composite which can accommodate 70 and 90 wt% molten sulfur,
respectively. The values dramatically jump to 2.01 and 7.76 cm3 g-1 when taking into
account the volume expansion (79%) of sulfur upon full lithiation to Li2S. Even
higher pore volume would be required for good electrolyte accessibility and
optimized performance. Nanoporous carbon materials with such high specific
volumes have never been reported.

	
  

Figure 3-1. Theoretical pore volume of the porous carbon vs. the sulfur fraction in the
C/S composite, based on the total filling of pores with molten sulfur (density 1.82 g
cm-3, black line) or with solid Li2S (density 1.66 g cm-3, red line), which is the fully
lithiated product of sulfur.

	
  

	
  
31	
  

In this chapter, we describe a straightforward methodology to synthesize porous
hollow carbon (HC) spheres with well-controlled wall thicknesses to achieve
ultrahigh pore volume (>10 cm3 g-1). The HC spheres were used as carbon
frameworks for making HC/S composites, which were then applied as cathode
materials in Li-S batteries. A new hydrofluoroether-based electrolyte was also
developed in order to achieve optimized performance with the HC/S composite
cathodes.	
   Thanks to the ultrahigh pore volume of the HC spheres, the HC/S
composites exhibited excellent performance with a very high sulfur fraction of ~90
wt%, even with an areal sulfur loading of up to 6.9 mg cm-2.

3.2 Experimental Section

	
  

Figure 3-2. The synthesis process of HC/S composites.
Synthesis: As schematically illustrated in Figure 3-2, we used silica spheres as
templates to synthesize the HC spheres, then filled the HC spheres with sulfur by a
widely reported melt diffusion method. Spherical silica templates with a diameter of
around 300-400 nm were first prepared using the Stöber method.[97] This is a very
simple and mature method that can be used to synthesize uniform silica spheres with
diameters between 50 and 2000 nm, depending on the type of silicate ester precursor
used, type of alcohol used, and volume ratios of alcohol and water solution. The
spheres were coated with dopamine (DA) by polymerizing DA onto a dispersion of
silica spheres in 10 mM Tris-buffer solution (pH 8.5).[98,99] The polymer/silica
composite thus obtained was then carbonized in N2 or Ar atmosphere to convert the
coated poly-dopamine into carbon, followed by etching the carbon/silica composite
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with HF to remove the silica template. The thickness of the carbon shell can be tuned
by controlling the DA/silica weight ratios. After etching, different amounts of sulfur
were loaded into the HC spheres. Details of the synthesis are provided below.
Typically, 300 mL ethanol, 68 mL distilled water and 18.5 mL of 28-30%
ammonia hydroxide solution were mixed and stirred for about 5 min. 25 g TEOS
(99.99%, Sigma Co.) was added into the solution and kept stirring for 1 h. Silica
spheres were collected by centrifugation and washed several times with distilled water
and 10 mM Tris buffer before dopamine coating.
For poly-dopamine coating, the silica spheres obtained in the last step were first
dispersed by sonication in 100 mL 10 mM Tris-buffer for about 30 min, followed by
adding various amounts (1.25-5 g) of dopamine hydrochloride and stirring for 24 h.
The SiO2@poly-dopamine composites were collected by centrifugation and washed
several times with distilled water, then heated to 900 °C at 5 °C min-1 under N2 and
maintained at 900 °C for 2 h to convert the poly-dopamine coating into carbon. The
obtained SiO2@C was immersed in 8% HF for 24 h to remove the silica, leaving the
HC spheres. The as-made product was washed by distilled water several times and
dried at 100 °C in an oven.
HC/S composites with various sulfur contents were then obtained with a
melt-diffusion method. Firstly, HC was mixed with sulfur according to the desired
sulfur content by grinding for 10 min. The mixture was then heated at 155 °C for 8
hours in a closed container. The sulfur melts at ~115 °C and shows a minimum
viscosity value near 155 °C. This feature has been widely adopted to impregnate
sulfur into porous conductive materials for the preparation of sulfur composite
cathodes.
The composites were combined with conductive carbon (Ketjenblack carbon)
and solution of PVDF (2 wt%) in NMP in a mass ratio of 8:1:1 for making the
low-sulfur-loading (~1 mg cm-2) electrodes. For making the high-sulfur-loading (~7
mg cm-2) electrodes, the composites were mixed with Pyrograf III carbon nanofiber
(PR-24-XT-PS) and polyvinylpyrrolidone (PVP, average mol. wt. 360,000) aqueous
solution (1 wt%) in a mass ratio of 7:2:1. In both cases, the slurry was blade cast onto
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carbon-coated aluminum foil and vacuum dried overnight at 55 °C. The electrodes
were punched into round pieces (Φ=12 mm, 1.13 cm2) and assembled into CR2016
coin cells with a Celgard 2325 separator (Φ=16 mm, 2.01 cm2), a Li foil (250 µm)
anode, and flooded electrolyte.
DME, DOL and LiTFSI certified to contain less than 20 ppm H2O were obtained
from Novolyte Technologies. Bis(2,2,2-trifluoroethyl) ether (BTFE, 99%) was
purchased from Sigma Aldrich. All the chemicals were used as received. The
electrolytes were prepared by dissolving proper amounts of LiTFSI in DOL:DME
(1:1, v/v) or DOL:BTFE (1:1, v/v) mixture.
Electrochemical measurements: The coin-type cells were galvanostatically
cycled on battery testing systems with current rates mentioned in the discussion (1 C
= 1680 mA g-1sulfur) at room temperature. The cut-off potentials for charge and discharge
were set at 2.6 V and 1.6 V vs. Li/Li+, respectively. The specific capacity is calculated
based on the mass of sulfur in the cathodes. The coulombic efficiency was calculated
as [DCN/CCN-1]*100%, where DCN and CCN-1 are the discharge and charge capacities
of cycle N and N-1, respectively.

3.3 Results and Discussion
3.3.1 Characterizations

	
  

Figure 3-3. SEM image of the silica spheres (a) and of one of the resultant HC
samples: HC-a (b).
SEM images in Figure 3-3 show that the SiO2 nanospheres are uniform and have
average diameter between 300-400 nm. The HC obtained can preserve the structural
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integrity and spherical morphology as their parent silica templates.
Table 3-1. Parameters of the HC nanospheres with different wall thickness.
Sample

TEOS
(g)

DA

Yield of

HCl

SiO2@C

(g)

(g)

Yield of
HC (g)

Wall

Pore

thickness

volume b

(nm)

(cm3 g-1)

Maximum S fraction c
(wt%)

HC-a

25

1.25

7

0.24 a

5-8

12.7

95.9/93.6

HC-b

25

2.5

6.8

0.42

9-12

6.8

92.5/88.8

HC-c

25

5

7.2

0.61

13-16

4.9

89.9/84.9

a. Determined by thermal gravimetric analysis (TGA), as shown in Figure 3-4.
b. Pore volume of HC is calculated using the volume of the silica templates dived by
the weight of the HC. The volume of silica is equal to weight of silica in the SiO2@C
composite dived by the true density of amorphous silica (2.22 g cm-3).
c. Maximum sulfur fraction is calculated based on density of molten sulfur (1.82 g
cm-3, first number) and the weight Li2S (1.66 g cm-3, second number).

Figure 3-4. TGA result of the SiO2@C-a under air with a heating rate of 10 °C min-1.
As shown in Table 3-1, 25 g of TEOS was used as SiO2 precursor for each batch
of spherical silica templates, followed by coating three different amounts (1.25, 2.5,
and 5 g) of DA hydrochloride (DAHCl) for synthesis of three HC sphere samples,
designated as HC-a, HC-b and HC-c, respectively. The HC nanospheres show
increasing wall thickness from 5-8 nm to 13-16 nm (TEM images in Figure 3-5) when
the amount of DA precursor increases from 1.25 to 5 g, indicating more poly-DA and
thus more resultant carbon are coated on the silica templates. This leads to different
pore volumes for those three samples after removal of silica. The maximum sulfur
fractions that can be loaded into the HC spheres were calculated and are shown in
Table 3-1. The obtained HC samples are highly porous, as demonstrated in Figure
3-6.
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Figure 3-5. TEM images of the (a) HC-a, (b) HC-b, and (c) HC-c.

	
  

Figure 3-6. Comparison of the volumes for 30 mg HC-a (A), 30 mg commercial
Ketjenblack EC600JD with pore volume ~2 cm3 g-1 (B), and 1 g water (C).
From Table 3-1, we can see that in theory HC-a can accommodate the highest
amount of molten sulfur, as high as 96 wt%, while HC-b and HC-c can accommodate
up to 92 and 90 wt%, respectively. Based on this, we tried to load 90 wt% sulfur into
all the three HC sphere samples using the method described in the experimental
section, forming the carbon/sulfur composites HC-a/S90, HC-b/S90, and HC-c/S90.
HC-a was also used to make another sample with 95 wt% sulfur, designated as
HC-a/S95.
Figure 3-7 shows the SEM images for the four HC/S samples. It is clearly that
HC-a is only partially filled while most of the HC spheres are filled with sulfur in the
HC-b/S90 and HC-c/S90, and there is sulfur on the outside in HC-b and HC-c. As for
the HC-a/S95, all the HC spheres are filled up, and even large sulfur agglomerates can
be seen, indicating the insufficiency of pores for accommodating 95 wt% sulfur in the
composite. This difference between the practical and theoretical results is
unsurprising, since perfect accommodation of the theoretical amount of sulfur is likely
quite difficult in a real system.
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Figure 3-7. SEM images of three HC/S composites with 90 wt% sulfur fraction: (a)
HC-a/S90, (b) HC-b/S90, (c) HC-c/S90, and HC-a/S with 95 wt% sulfur fraction: (d)
HC-a/S95.
TGA analyses were carried out to measure the true ratio of S/C in the HC-a/S90
sample. Figure 3-8 depicts weight loss of HC-a/S90 during heating under N2
atmosphere, with the weight loss stemming from loss of sulfur by sublimation. The
sulfur content is ~91 wt%, which is consistent with amount of sulfur added to the HC
during material preparation (90 wt%). The elemental maps of sulfur and carbon for
HC-a/S90 shown in Figure 3-9 clearly illustrate that sulfur is homogeneously
dispersed within the carbon nanospheres.

	
  

Figure 3-8. TGA result of the HC-a/S90 under N2 with a heating rate of 10 °C min-1.

	
  

Figure 3-9. SEM image of HC-a/S90 sample (a) and elemental maps of carbon (b)
and sulfur (c) corresponding to the area outlined.
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3.3.2 Electrochemical Performance
The four HC/S composite cathodes were first evaluated with a commonly used
Li-S electrolyte of 1 M LiTFSI DOL:DME (1:1, v/v) at 0.1 C. The initial
discharge-charge profiles are shown in Figure 3-10. The HC-a/S90 cathode shows the
highest discharge capacity of 1050 mAh g-1 and two typical discharge plateaus. This is
the first report of such a high capacity with such an ultrahigh sulfur fraction of 90
wt%. This good performance can be attributed to the uniform distribution of sulfur
within the HC spheres. In contrast, the discharge capacity of HC-b/S90, HC-c/S90,
and HC-a/S95 decreases to only 600-800 mAh g-1, accompanied by severe potential
polarizations in both the discharge and charge curves. This is clear evidence for the
low conductivity of these three cathodes, caused by sulfur blocking both electron and
ion transport and thus lowing the utilization.

	
  

Figure 3-10. Initial discharge-charge profiles of the HC-a/S90, HC-b/S90, HC-c/S90,
and HC-a/S95 composite cathodes (~1 mg-S cm-2) in normally used Li-S electrolyte
of 1 M LiTFSI DOL:DME (1:1, v/v) at 0.1 C between 1.7 V and 3.0 V.
To illustrate the cycling performance of the HC-a/S90, this material was then
galvanostatically discharged and charged at 0.3 C between 1.7-3 V in the above
electrolyte. As shown in Figure 3-11, the discharge capacity faded gradually from
initial capacity of 1050 mAh g-1 to ~400 mAh/g after 100 cycles. Although the initial
capacity is high, the capacity retention of this material is not poor. The capacity
fading most likely arises from the dissolution of polysulfides in the DOL:DME-based
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electrolyte. Since the HC spheres have an average diameter of 300-400 nm, they
might not have as strong physical absorption of polysulfides as many of the reported
micro/meso-porous carbons. This, in turn, leads to the poor cycling performance of
the HC-a/S90 in the conventional ether-based electrolyte.

	
  

Figure 3-11. Capacities vs. cycles of the HC-a/S90 cathode (~1 mg-S cm-2) in the
electrolyte of 1 M LiTFSI DOL:DME (1:1, v/v) at 0.3 C between 1.7-3.0 V.
To improve the cyclability of the HC/S composites, we develop a new electrolyte
system

by

substituting

bis(2,2,2-trifluoroethyl)

ether

(BTFE,

one

type

of hydrofluoroether) for DME. This new electrolyte significantly reduces the
solubility of polysulfides (as shown in Figure 3-12) while still enabling sufficient
dissolution to allow for good reaction kinetics with sulfur cathodes. It thus does an
excellent job of mitigating the issues of the HC/S cathodes without negating their
advantages.

	
  

Figure 3-12. Photos of (A) conventional and (B) BTFE-containing electrolytes with
dissolved polysulfides formed by reacting Li2S and S8 to give up to 0.25M Li2S8 if
fully reacted and dissolved. Full polysulfide dissolution is visible in (A), but most of
the solids remain undissolved in (B).
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Figure 3-13. (a) Initial voltage profiles and (b) cycling performance of HC-a/S90
cathodes (~1 mg-S cm-2) at C/10 and C/2 rate in the electrolyte of 1 M LiTFSI
DOL:BTFE (1:1, v/v) between 1.6 V and 2.6 V.
The HC-a/S90 exhibits excellent performance in the new BTFE-based electrolyte.
Figure 3-13 shows the discharge-charge profiles of HC-a/S90 testing at different
current rates with a low areal sulfur loading of ~1 mg cm-2. At a slower rate of C/10, a
high initial discharge capacity of ~1230 mAh g-1 (based on sulfur) was realized,
representing a sulfur utilization of 73.6%. Even after 100 cycles, a stable capacity
above 800 mAh g-1 was still achieved. It is noteworthy that the coulombic efficiency
remained above 90% even without LiNO3 additive, owing to the greatly reduced
polysulfide solubility. At a high current rate of C/2, except for the initial cycle, we did
not see much decrease in discharge capacities when compared to the capacities
obtained at C/10. This indicates that the good conductivity of the composite material
allows for fast redox kinetics.
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Figure 3-14. (a) Initial voltage profiles and (b) cycling performance of HC-a/S90
cathode with high sulfur loading of 6.9 mg cm-2 at C/20 in the electrolyte of 1 M
LiTFSI DOL:BTFE (1:1, v/v) between 1.6 V and 2.6 V.
Of course, a high areal mass loading is needed for realizing high performance
based on total cell weight or volume. Therefore, we tested HC-a/S90 electrodes with
high sulfur loading of 6.9 mg cm-2. After activation in the first four cycles, the
electrode can deliver a high discharge capacity of 1030 mAh g-1 at C/20,
corresponding to a areal capacity loading of >7 mAh cm-2, almost two times the areal
capacity of a commercial Li-ion battery. From the fourth to 50th cycle, the capacity
retention is 73%. High capacity and stable cycling at such a mass loading level has
rarely been reported for sulfur cathodes.

3.4 Conclusion
In conclusion, we used a versatile and facile method for synthesizing HC spheres
using silica spheres as template and dopamine as the carbon source. Uniform
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silica-polymer composite spheres were obtained by simply stirring the template in a
dopamine aqueous solution, and hollow carbon spheres were subsequently obtained
by carbonization and template removal. By controlling the mass ratio of the template
and the carbon source, we can tune the thickness of the carbon shells and thus, in turn,
change the specific volume of the HC spheres. HC nanospheres with extremely high
specific volume (>10 cm3 g-1) can be generated and used for making C/S composites
with ~90 wt% sulfur. When combined with an optimized BTFE-based electrolyte, the
HC/S composite with 90 wt% sulfur enables excellent electrochemical performance,
even with ultrahigh areal sulfur loading of up to 6.9 mg cm-2. The high reversible
capacity, high sulfur fraction in the cathode material, and ultrahigh areal active
material loading would yield a much higher energy density for Li-S batteries
compared with previously reported designs of carbon-sulfur composites.
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Chapter 4: Use of Lithium Polysulfides as Electrolyte Salts
Boosts Cell Capacity and Improves the Cyclability of
Lithium-Sulfur Batteries
4.1 Introduction
As stated in Chapter 1.3, Li-S batteries are actually “polysulfide catholyte”
systems, which operate by conversion of sulfur through the formation and subsequent
reaction of a series of soluble Li polysulfides to ultimately form insoluble Li2S2 and
Li2S. The dissolution of polysulfides in liquid electrolyte is thermodynamically
inevitable and also necessary for enhancing the reaction kinetics of non-conductive
sulfur species. Without polysulfide dissolution, the reduction of elemental sulfur can
only occur at the sulfur-carbon interface and thus the bulk sulfur cannot be utilized,
resulting in very low specific capacity. Although the dissolved polysulfides react with
Li, leading to redox shuttling and loss of active materials, such an issue can be
addressed by using the redox shuttle inhibitors like LiNO3 or through the Li anode
protection technology. In this sense, the dissolution of polysulfides is beneficial rather
than detrimental to the performance of Li-S batteries. The state-of-the-art Li-S battery
electrolyte of today, ~1 M LiTFSI DOL:DME (1:1 v/v) plus LiNO3 additive, stems
from an attempt to balance these requirements and thus has been widely adopted in
most recent publications.
In contrast to dissolved polysulfides, the sluggish reaction kinetics of those
insoluble products (e.g., Li2S2 and Li2S) is known to be the key issue hindering the
complete utilization of sulfur cathodes (<75% utilization of sulfur), resulting in low
practical sulfur capacity. Moreover, the agglomeration of insoluble, insulating Li2S on
the surface of both the cathode and the Li anode contributes significantly to the
capacity fading due to its poor reversibility.[10,22,29] Solving these issues, it may
rely on the exploitation of new electrolyte solvents or additives that can dissolve or
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help to dissolve low-order polysulfides and Li2S, but so far has been little success in
finding such.[92,93]
Li polysulfides themselves have some characteristics that make them promising
additives or co-salts for solving the above issues. First, stable Li polysulfide solutions
can be prepared by simply mixing Li2S and sulfur in electrolyte solvents like ethers.
Second, as a type of Li salt, Li polysulfides can act as Li+ conducting media, replacing
or supplementing conventional Li salts. Third, as the intermediate form of sulfur in
the Li-S cell, they are involved in electrochemical reactions during Li-S cell cycling –
added Li polysulfides thus provide extra capacity to the cell. Finally, according to the
chemical reactions between polysulfide anions and Li2S described in Equation 1-4,
the presence of high-order polysulfides in electrolyte should be able to enhance the
utilization of insoluble low-order polysulfides and Li2S.
In this chapter, we report a simple strategy for high performance Li-S batteries
by combining a conventional C/S cathode with electrolytes containing soluble Li
polysulfides as the Li salts (illustrated in Figure 4-1). By optimizing the concentration
of polysulfides and the amount of electrolyte, we demonstrate Li-S cells with
dramatically improved capacity, cyclability, and rate capability.

	
  

Figure 4-1. Schematic configuration of a Li-S cell with a polysulfide-containing
electrolyte, sulfur-carbon cathode, and lithium anode.
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4.2 Experimental Section
Synthesis of the electrolytes: Sulfur (99.5%), Li2S (99.9%) and LiNO3 (99.999%)
were purchased from Alfa Aesar. All the chemicals were used as received. A
reference electrolyte of 0.1 M LiTFSI + 0.2 M LiNO3 DOL:DME (1:1, v/v) was
prepared firstly. To this solution, stoichiometric amounts of elemental sulfur and
pristine Li2S were added to form polysulfide-containing electrolytes of the required
sulfur concentration ([S]) and average polysulfide chain length. The reaction and
dissolution were complete after stirring for 6 h at 75 °C followed by 48 h at room
temperature. Polysulfide-containing electrolytes prepared in this way were dark red as
shown in Figure 4-2 and of moderate viscosity.

	
  

Figure 4-2. The image of a polysulfide-containing electrolyte with 0.25 M Li2S8.
Fabrication of sulfur cathode electrodes: Sulfur cathodes used in this chapter
were prepared by ball milling 50 wt% elemental sulfur, 40 wt% Super P carbon black,
and 10 wt% PVDF in NMP solution at 300 rpm for 3 h to make the slurry, and then
spreading the slurry on aluminium foil using a common doctor-blade coating method.
After drying at 55 °C under vacuum overnight, the electrodes were cut into circular
pieces of 1.13 cm2 (12 mm diameter) with sulfur loading of about 0.6 mg cm-2 and
incorporated into CR2016 coin-type cells with a precisely controlled amount of either
polysulfide-free or -containing electrolyte. Li metal foil was used as the counter
electrode.
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Electrochemical measurements: The coin-type cells were galvanostatically
cycled on battery testing systems with current rates mentioned in the discussion (1 C
= 1680 mA g-1sulfur) at room temperature. The cut-off potentials for charge and discharge
were set at 2.6 V and 1.6 V vs. Li+/Li, respectively. CV was carried out on a
CHI660D system using coin-type cells and with a scanning rate of 0.1 mV s-1. The
specific capacity, presented as X mAh g-1 or X (Y) mAh g-1, is calculated based on the
mass of sulfur in the cathodes for the value out of parentheses while the value in
parentheses is based on total sulfur in both cathode and electrolyte as the form of
Li2Sx.

4.3 Results and Discussion

Figure 4-3. CV curves in 10 µL of polysulfide-free and -containing (Li2S9, [S]=2 M)
electrolyte at 0.1 mV s-1 scanning rate.
Figure 4-3 shows the first two CV curves of sulfur cathodes in both 10 µL of
polysulfide-free and -containing (0.22 M Li2S9, [S]=2 M) electrolyte. The profiles
look similar: they show two main cathodic peaks at around 2.3 and 2.0 V, which are
related to the change from elemental sulfur to the higher-order lithium polysulfides
(Li2Sx, x>4), and the reduction of higher-order lithium polysulfides to lower-order
lithium polysulfides (Li2Sx, x≤4), respectively. In the subsequent anodic scans, one
main oxidation peak at 2.35 V and another shoulder peak at 2.45 V were clearly

	
  

	
  
46	
  

observed, indicating the conversion from lower-order lithium polysulfides to
elemental sulfur.[79] However, all the peak currents in the polysulfide-containing
electrolyte are much higher than in the polysulfide-free electrolyte, indicating the
extra capacity contribution from Li2S9 in the electrolyte.
As shown in Figure 4-4a, the discharge/charge profiles of cells in 10 µL of
polysulfide-free and -containing (Li2S9, [S]=2 M) electrolyte at a rate of C/3 have two
voltage plateaus: a higher one at 2.4 V and a lower one at 2.0 V, which are consistent
with the CV results. The initial discharge capacities in the polysulfide-free and
-containing electrolytes are 980 mAh g-1 and 1460 (750) mAh g-1, respectively.
Discharge capacities decrease gradually with cycling in polysulfide-free electrolye but
show little change in polysulfide-containing electrolyte.

Figure 4-4. (a) Voltage profiles and (b) cycling performance at C/3 rate in 10 µL of
polysulfide-free and -containing (Li2S9, [S]=2 M) electrolyte between 1.6 V and 2.6
V.
The cycling performance of sulfur cathodes in polysulfide-free and -containing
electrolyte is presented in Figure 4-4b. The coulombic efficiency for both cells is
close to 100%, owing to the protection of lithium metal by LiNO3 additive, as is
widely reported.[89-91] Capacity retention is dramatically improved by using 10 µL
of polysulfide-containing electrolyte with [S]=2 M. The discharge capacity is
stabilized at c.a. 1460 (750) mAh g-1 in this electrolyte, while with polysulfide-free
electrolyte the capacity decreases to below 480 mAh g-1 after only 50 cycles.
Although with polysulfide-containing electrolyte the capacity is around 750 mAh g-1
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of total S, the cell capacity is almost doubled in comparison to cells with
polysulfide-free electrolyte.
Similar voltage profiles and cycling performance are found when using other
soluble lithium polysulfides such as Li2S8 and Li2S6 with [S] equal to 2 M under the
same testing condition (Figure 4-5). This indicates that the performance is largely
independent of polysulfide chain length, likely because the reduction mechanism for
the first reduction step of sulfur and polysulfides in the high voltage discharge plateau
may be the same for all polysulfides with a chain length of at least 6.[100] The
reduction process in this voltage range involves combination of the electrochemical
reduction and chemical reactions between sulfur and high-order polysulfides
according to Equation 1-5.

Figure 4-5. (a) Voltage profiles and (b) cycling performance at C/3 rate in 10 µL of
polysulfide-containing electrolytes with different average polysulfide chain lengths
and sulfur concentration [S]=2 M between 1.6 V and 2.6 V.
To find out the capacity of the added polysulfides themselves, Li-S liquid cells
with 10 µL electrolyte containing 2 M ([S]) polysulfide were tested using sulfur-free
positive electrodes of 1.13 cm2 face area without any sulfur, including bare Al foil
(low surface area and porosity) and an ordered mesoporous carbon (OMC, as reported
in the literature,[42] high surface area and porosity). As illustrated in Figure 4-6, the
initial discharge capacity based on mass of dissolved sulfur is only around 850 mAh
g-1 and 160 mAh g-1 for the OMC electrode and the Al foil electrode, respectively.
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This indicates that the capacity contribution of the polysulfides is greatly determined
by the surface area and porosity of the positive electrode. Nevertheless, capacity
retention is poor using just the polysulfide-containing electrolyte – the improved
performance seen above is only observed when combining a C/S cathode with soluble
lithium polysulfide-containing electrolyte.

Figure 4-6. Cycling performance at a current density of 0.3 mA cm-2 in 10 µL of
polysulfide-containing

electrolyte

with

sulfur

concentration

[S]=2

M

charged/discharged between 1.6 V and 2.6 V using a bare Al foil and an sulfur-free
OMC carbon electrode of 1.13 cm2.
The concentration of sulfur species and the amount of electrolyte show
significant effects on the performance of Li-S batteries, though performance is
independent of polysulfide chain length. In Figure 4-7, it is clear that discharge
capacities are stable for the first 40 cycles when 10 µL of polysulfide-containing
electrolyte is used per cell. The stable discharge capacity increases from 1050 (700)
mAh g-1 to 1450 (750) mAh g-1 when [S] increases from 1 M to 2 M, indicating the
extra capacity provided by adding more polysulfides. When the amount of electrolyte
is doubled, although the mass of S added to each cell is also doubled, the initial
discharge capacity hardly changes. Capacity drops fairly quickly in the first 10 cycles,
similar to previously reported results,[101] and stabilizes at 760 (500) mAh g-1 and
1250 (650) mAh g-1 when [S] is 1 M and 2 M, respectively. When [S] further
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increases to 4 M while the amount of electrolyte is kept at 10 µL, the stable capacity
increases from 1460 mAh g-1 to around 1700 mAh g-1 based on S in the cathode;
however, capacity decreases from 750 mAh g-1 to 570 mAh g-1 based on total S in
both cathode and electrolyte, compared with that of the cell with [S] of 2 M. This
indicates descreased utilization of total S with [S] higher than 2 M, which probably
stems from the capacity becoming limited mostly by the surface area and porosity of
carbon electrode when a sufficient amount of sulfur species is present in the
electrolyte. The optimized concentration of polysulfides in the electrolyte may be
close to 2 M for achieving high utilization of total S.

	
  

Figure 4-7. Cycling performance at C/3 rate in different amounts of electrolytes with
different sulfur concentrations.
Another interesting phenomenon is that all cells tested in polysulfide-containing
electrolyte stabilized within about 10 cycles with capacities below 836 mAh g-1 based
on total S from cathode and electrolyte (50% utilization of S with capacity of 1672
mAh g-1). This suggests there is less than 1e- per S transferred during cycling (the
average of x in finial products of li2Sx is >2). The ultimate product during discharge
may primarily be slightly soluble Li2S2. Conductive surfaces in the positive electrode
may be passivated by significant precipitation of Li2S2 during discharge, induced by
the polysulfides added to the electrolyte, leading to huge polarization and causing the
cell to reach the cut-off voltage before much Li2S2 can be further reduced to insoluble
Li2S.[102] This may be confirmed by the sharp drop of the discharge curves at the end
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of discharge (Figure 4-3a), as a slope at the end of discharge is attributed to
conversion from Li2S2 to Li2S, which is kinetically slow and normally suffers high
polarization.[103]
Another possible reason for the early ending of discharge is the decrease of ionic
conductivity in the electrolyte when most of the highly soluble high-order
polysulfides were reduced to less soluble or insoluble low-order polysulfides. Note
that the electrolyte consists of 0.1 M LiTFSI, 0.2 M LiNO3, and various
concentrations (i.e., 0.22 M Li2S9, 0.25 M Li2S8, and 0.33 M Li2S9) of soluble Li
polysulfides as the co-salts, rather than the normally used ~ 1 M LiTFSI + 0.2 M
LiNO3. With such a design, at the beginning of discharge, the concentration of total Li
ions in the polysulfide-containing electrolytes are ~1 M, which should be high enough
to provide sufficient ionic conductivity. The concentration of total Li ions will first
increase when sulfur and high-order polysulfides were reduced to form soluble
low-order polysulfides such as Li2S4 and Li2S3. However, if those low-order soluble
polysulfides were continuous reduced to form solid precipitates like Li2S2, the
concentration of total Li ions would dramatically decrease as well as the ionic
conductivity. When reaching a point where the concentration of soluble Li2S4 and
Li2S3 are too low to provide sufficient ionic conductivity in the electrolyte, the
discharge process automatically stops, ending up with Li2S2 as the primary finial
product rather than Li2S.
Indeed, as shown in Figure 4-8, the color of a polysulfide-containing electrolyte
changes from dark red to light yellow after discharge with the C/S cathode, indicating
the reduction of sulfur in the cathode and high-order soluble polysulfides added in the
electrolyte to less soluble low-order polysulfides.

	
  

Figure 4-8. A polysulfide-containing electrolyte with 0.25 M Li2S8 (a) before
discharge and (b) after discharge with a C/S cathode.
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By avoiding the irreversible formation of Li2S, the cell can be reversibly cycled
between elemental sulfur and Li2S2 through multiple soluble polysulfides. These
reactions are dominated by the interfacial charge transfer and are highly reversible
and kinetically fast.[13] This should be the main reason for the obtained excellent
cyclability. As a preliminary proof, we controlled the depth of discharge (DOD) of
cells with conventional polysulfide-free electrolyte to avoid formation of Li2S.
Cyclability was improved, as expected, when an appropriate capacity cut-off of 600
mAh g-1 was selected – however, the improvement came at the expense of cell
capacity (Figure 4-9). We believe that the similar cycling performance of this cell to
that of cells with polysulfide-containing electrolyte implies that a similar mechanism
is at work. By using soluble polysulfides as the Li salts, we thus achieve a safe
automatic shutoff mechanism, avoiding the formation of Li2S for the discharge
process, while still obtaining a high cell capacity.

Figure 4-9. (a, c) Voltage profiles and (b, d) cycling performance at C/10 rate in 10
µL of polysulfide-free electrolyte discharged with a cut-off voltage at 1.6 V and a
cut-off discharge capacity of (a, b) 800 mAh g-1 and (c, d) 600 mAh g-1 (cells stopped
discharging at whichever condition was met first).
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The rate performance of Li-S batteries using the polysulfide-containing
electrolyte was also tested. When the rate is increased to 5C (8.4 A g-1), the sample
still delivers a capacity of more than 600 (310) mAh g-1 with a coulombic efficiency
of close to 100%, and additionally shows relatively low polarization with a second
voltage plateau at ∼1.8 V, indicating remarkable high-rate capability (Figure 4-10).
Moreover, the discharge capacity can be recovered when the rate is returned to C/3,
showing great reversibility.

Figure 4-10. (a) Voltage profiles at various rates and (b) rate capability in 10 µL
polysulfide-containing electrolyte with [S]=2 M.

4.4 Conclusion
In summary, we used soluble Li polysulfides as co-salts/additives along with
LiNO3 in ether-based electrolyte for Li-S batteries and found that: 1) cell capacity can
be increased and stabilized by replacing the conventional Li salts with soluble
polysulfides; 2) extra capacity and improved cyclability provided by addition of
polysulfides relate to the concentration of sulfur in the electrolyte rather than the total
amount of sulfur in the cell; and 3) increasing the amount of electrolyte may cause
more polysulfides to dissolve and thus decrease the cell capacity. By optimizing the
concentration of polysulfides and the amount of electrolyte, we can successfully
improve the cycling performance and rate capability of Li-S batteries. For example,
we demonstrate a stable capacity of 1450 (750) mAh g-1 at C/3 rate for a conventional
C/S cathode with sulfur loading of ~0.6 mg cm-2, by using 10 µL
	
  

	
  
53	
  

polysulfide-containing electrolyte with [S]=2 M (e.g., 0.22 M Li2S9). The excellent
performance is due to the polysulfides contributing extra capacity and helping to
prevent formation of insoluble Li2S. This mechanism may in turn provide a new
framework for achieving better performance with Li-S batteries.
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Chapter 5: Functional Organosulfide Electrolytes Promote New
Reaction Pathway for Lithium-Sulfur Batteries
5.1 Introduction
Tremendous effort has been dedicated to addressing the issues of Li-S batteries:
the design of carbon/sulfur (C/S) nanocomposites,[35,42,48,49,60,67,104] new cell
configurations,[105,106] protected Li anodes,[107,108] and optimized electrolytes
with regard to solvents,[83,109,110] additives,[88,89,92,111] and Li salts[87,96,112]
has significantly improved the cathode capacity, efficiency, and cycling performance.
However, most good results were achieved with a large excess of electrolyte and a
low areal sulfur loading (0.5-2 mg cm-2), conditions far-removed from those in
practical large-format cells. Although steps have recently been taken to use more
realistic cathode sulfur loadings,[67,104] the high electrolyte amount has largely
remained the status quo.
Recent studies on Li-S cell design show that the cell energy density drastically
depends on the added electrolyte amount.[113,114] The need for much more
electrolyte to be used in Li-S batteries compared to conventional Li-ion batteries (over
30% of the cell's weight vs. below 10%, respectively), as demonstrated in Li-S battery
prototypes, thus significantly reduces their practical energy densities.[76] Such a large
electrolyte amount is used partially because the porosity of C/S cathodes is regularly
above 30% to sustain active material volume change.[115] More importantly, a high
electrolyte to sulfur ratio (E/S in mL g-1) is usually needed to maintain acceptable
cathode performance. The capacity is significantly reduced at low E/S ratios, owing to
increased electrolyte viscosity and resistance at high polysulfide concentration.[94] In
addition, the continuous reaction of the Li anode with electrolyte leads to quick
electrolyte depletion when low E/S ratios are used.[31,94] Due to these factors, most
publications that report their E/S ratio used a value of 10 or higher.[116-118] Good
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performance with high-sulfur-loading cathodes and an E/S ratio of 5 or lower has, to
the best of our knowledge, not been demonstrated.
While degradation of the Li anode and its reaction with dissolved sulfur species
and electrolyte are issues fundamental to that anode and can be addressed by design of
protected Li or use of more stable Li-free anodes,[107,108,119] the low practical
energy density caused by high E/S ratio still remains unsolved. Despite the difficulty,
reducing the E/S ratio to a practical value while maintaining high capacity with high
areal sulfur loading is critical to designing Li-S batteries with high energy
densities.[94] One possible approach is to use cathodes in which sulfur is trapped in
microporous carbon or chemically incorporated into a framework like pyrolyzed
polyacrylonitrile (PAN), because they can cycle without the dissolution of Li
polysulfides.[48,73] This would prevent the electrolyte viscosity increase described
above, and might allow such cathodes to achieve acceptable performance at lower E/S
ratios. However, their low sulfur contents and low discharge voltages (~1.8 V
compared to ~2.1 V for conventional C/S cathodes) are likely to offset this advantage
and result in low cell energy densities. Specially-designed electrolyte systems may
also be used to minimize polysulfide dissolution.[83,86,87] For example, in Chapter 3,
we reported a BTFE-based electrolyte that can be promising in this regard. One more
alternative approach is to design a new functional or active electrolyte system that
could help form alternative polysulfide species with increased capacity and a smaller
contribution to electrolyte viscosity. So far, no such system has been reported in the
literature.
Herein, we report a novel functional electrolyte system using active
organosulfide such as dimethyl disulfide (DMDS) and dimethyl trisulfide (DMTS) as
a co-solvent, which enables a new electrochemical reduction pathway for sulfur
cathodes without the formation of viscosity-raising high-order Li polysulfides. For
example, investigation of the sulfur/DMDS-containing electrolyte system using in
operando proton nuclear magnetic resonance (1H NMR) and other techniques showed
that DMDS promoted the discharge of sulfur by formation and subsequent reduction
of soluble dimethyl polysulfide (DMPS) species (including DMTS) to form new less
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soluble intermediates and products like Li organosulfides in addition to low-order Li
sulfides. The Li organosulfides not only showed better redox kinetics than Li
polysulfides and Li2S, but when used in conjunction with a tuned C/S ratio they also
created an automatic shutoff mechanism to avoid the formation of Li2S, allowing for
improved cyclability with a high capacity. Moreover, when a low E/S ratio of 5 and
high-sulfur-loading (4 mg cm-2) cathodes were used, cells with 50 vol%
DMDS-containing electrolyte still achieved stable capacities of around 700 mAh g-1
(based on the C/S composite), the highest-reported capacity to date under such harsh
conditions. These findings demonstrate the great promise of this DMDS-containing
electrolyte system for further study and future practical applications.

5.2 Experimental Section
Electrolyte preparation and cell fabrication. The conventional electrolyte used in
this work was composed of 1 M LiTFSI DOL:DME (1:1, v/v). The DMDS-containing
electrolytes were prepared by dissolving 1 M LiTFSI in a mixed solvent of DMDS,
DME and DOL. The ratio of DME:DOL was fixed at 1:1 (v/v) while DMDS was
tuned from 10 to 50 vol%. Similarly, electrolytes containing various contents of
DMTS were prepared. To improve the cycling efficiency, 0.1 M (for low sulfur
loadings) or 0.4 M (for high sulfur loadings) LiNO3 additive was added to all the
electrolytes. Note that 0.4 M LiNO3 did not completely dissolve, so the 50 vol%
DMDS-containing electrolyte actually contains the amount of LiNO3 needed to
achieve saturation.
Sulfur cathode materials were made by thermal treatment of elemental sulfur and
carbon mixtures at 159 °C in sealed vials for 10 h. Two types of carbon, ordered
mesoporous carbon (OMC) synthesized according to a previous report[42] and
commercial Ketjenblack EC-600JD (KB), were used as conductive frameworks for
the C/S composites, denoted OMC-SX or KB-SX, where X is the weight percentage
of sulfur in the C/S composites. The composites were combined with conductive
carbon and PVDF as a binder in a mass ratio of 80:10:10 or 70:20:10 for low- (~1 mg
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cm-2) or high- (~4 mg cm-2) sulfur-loading electrodes, respectively, and stirred into a
slurry with NMP. The slurry was then blade cast onto carbon-coated aluminum foil
and vacuum dried overnight at 55°C.
The electrodes were pressed at 15 MPa, then punched into round pieces (Φ=12
mm, 1.13 cm2) and assembled into CR2016 coin cells with a Celgard 2325 separator
(Φ=16 mm, 2.01 cm2) and Li foil (250 µm) anode. For low-sulfur-loading cells,
electrolyte amount was fixed at 10 µL, resulting in an E/S ratio of ~10 mL g-1. For
high-sulfur-loading cells, electrolyte amount was controlled to have an exact E/S ratio
of either 5 or 10 mL g-1. To avoid electrolyte spilling or evaporation, the liquid
electrolyte was carefully and quickly added onto the sulfur cathode using a
microsyringe, followed by stacking the separator and lithium foil on it. Sulfur-free
cells with an electrode comprising ~1 mg cm-2 of OMC and 10 µL of
DMDS-containing electrolyte were also assembled. For photography and NMR
characterization, cells using 10 mL three neck flasks were designed and assembled in
the glove box, each containing an OMC-S50 electrode with 6 mg of sulfur, a Li foil
anode, and 6 mL of either conventional or 50 vol% DMDS-containing electrolyte
with an additional 10 vol% of THF-d8 (99.5 atom % of D) as the internal reference.
Material characterization and electrochemical testing. The surface area and pore
structure were characterized by nitrogen sorption using a Micrometrics ASAP 2020
physisorption

analyzer.

The

surface

area

was

calculated

by

the

Brunauer-Emmett-Teller (BET) model. The pore size distributions were derived from
the adsorption branches of isotherms using the Barrett-Joyner-Halenda (BJH) model.
The ionic conductivity was measured with a portable conductivity meter (VWR
Traceable) at room temperature in an argon-filled glove box. Cyclic voltammetry was
done with low-sulfur-loading or sulfur-free coin cells on a CH Instruments 660D
potentiostat at a scan rate of 50 µV s-1 from 3.0 to 1.5 V. Cells were galvanostatically
cycled on an Arbin BT2000 battery tester at current rates mentioned in the discussion
(1 C = 1,680 mA g-1sulfur) from 1.6 to 2.6 V. The coulombic efficiency was calculated as
[DCN/CCN-1]*100%, where DC and CC are the discharge and charge capacities of
cycle N and N-1, respectively. The flask cells were well sealed with rubber plugs and
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discharged at a current rate of 50 mA g-1sulfur. The cells were stopped at varying depths
of discharge and 0.3 mL of electrolyte was removed each time in the glove box,
filtered through cotton wool and sealed in a J. Young tube for NMR characterization
on a Bruker AV-360 or DRX-400. Digital images of the bulk cells were also taken at
varying depths of discharge.

5.3 Results and Discussion
5.3.1 DMDS-containing Electrolyte
The discharge mechanism of sulfur cathodes in DMDS-containing electrolyte.
The electrochemical process of OMC-S50 (50 wt% sulfur) cathodes in both
conventional ether-based electrolyte and 50 vol% DMDS-containing electrolyte was
characterized by CV. For comparison, because DMDS is electrochemically active, a
cell with a sulfur-free OMC carbon electrode was also tested in the DMDS-containing
electrolyte under the same conditions. The CV results are shown in Figure 5-1.

	
  

Figure 5-1. Typical CV profiles at a constant scan rate of 50 µV s-1 for OMC-S50
cathodes with 10 µL of conventional (solid black) and 50 vol% DMDS-containing
electrolyte (blue dash dot), and a sulfur-free OMC electrode in 10 µL of the
DMDS-containing electrolyte (red dash).
The conventional cell shows the two typical cathodic peaks of sulfur reduction at
~2.30 and ~2.03 V vs. Li/Li+, and a main anodic peak at ~2.35 V with a small
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shoulder peak at ~2.38 V. For the sulfur-free/DMDS cell, a pair of broad peaks at
~1.8/~2.3 V corresponding to the electro-scission/dimerization of DMDS are
observed. The large peak separation indicates the poor kinetics of this redox
reaction.[120,121] Interestingly, the sulfur/DMDS cell shows a very different profile:
a cathodic peak at ~2.0 V with a shoulder peak at ~1.9 V, along with shoulder and
main anodic peaks between 2.1-2.4 V. The smaller separation between cathodic and
anodic peaks and the increasing peak intensity suggest that the combination of DMDS
with sulfur enables faster kinetics and higher capacity. In addition, the absence of the
~2.30 V cathodic peak, corresponding to the reduction of solid sulfur to soluble
high-order Li polysulfides in conventional electrolyte,[112] suggests a different
discharge mechanism.
To further investigate the reaction process, transparent flask cells with the
OMC-S50 cathodes in both electrolytes were also assembled and monitored during
the initial discharge. Organic disulfides (including DMDS) are known to dissolve
elemental

sulfur

by

forming

an

equilibrated

mixture

of

liquid

organic

polysulfides,[122-124] which could be responsible for the observed electrochemical
differences. To clearly elucidate the mechanism, in operando 1H NMR studies of the
electrolytes at various depths of discharge were also conducted (see Experimental
Section). The 1H NMR full spectra of the pristine (before insertion into the cell)
conventional electrolyte and the 50 vol% DMDS-containing electrolyte were first
obtained and shown in Figure 5-2. Besides the major peaks for DOL and DME in both
electrolytes, DMDS-containing electrolyte shows another major peak at 2.33 ppm
corresponding to DMDS, and several small peaks corresponding to tiny amounts of
impurities from either the conventional electrolyte or DMDS.
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Figure 5-2. 1H NMR full spectra of the conventional electrolyte (0.1 M LiNO3 + 1 M
LiTFSI DOL:DME (1:1, v:v), black line) and that electrolyte mixed with 50 vol%
DMDS (red line) with insets showing the enlarged area for chemical shift from 5.1 to
0.9 ppm and the molecular structures of DOL, DME and DMDS, with hydrogens in
the structures being labeled to correspond to peak labels in the plots. The chemical
shifts are referred to THF-d8 (99.5% atom of D, δ=1.73 and 3.58 ppm), which was
added as the internal reference. Several small peaks are corresponding to tiny amounts
of methanethiol (marked “M”, doublet at δ=1.93 and triplet at δ=1.30 ppm), DMTS
(marked “T”, δ=2.48 ppm) and some impurities (marked “U”). The peaks marked “X”
are satellites attributable to C13 coupling in DOL, DME, and DMDS.
Distinct differences in the initial discharge profiles are observed in these two
flask cells. First, the sulfur/DMDS cell shows only one discharge plateau at ~2.1 V
with much higher capacity of 1172 (2344) mAh g-1 vs. two plateaus at ~2.38 and
~2.05 V with capacity of 605 (1210) mAh g-1 for the conventional cell (Figure 5-3a).
For convenient discussion throughout this paper, the values outside and in parentheses
refer to the capacity based on the mass of C/S composite and sulfur, respectively. The
sulfur-specific capacity in the DMDS-containing electrolyte is higher than the
theoretical value of 1675 mAh g-1, indicating an extra capacity contribution from
DMDS. However, the ~1.8 V discharge plateau corresponding to direct reduction of
DMDS (Figure 5-4) is not observed in this cell, in agreement with the above CV
results (Figure 5-1). It is thus believed that DMDS contributes capacity only by being
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involved in a new electrochemical pathway. Second, upon discharge the conventional
electrolyte changes from clear to dark red, then to green, and finally to light yellow
due to the presence of soluble Li polysulfides with different lengths and
concentrations (Figure 5-3a inset).[17] The DMDS-containing electrolyte changes
very little, further confirming the absence of soluble lithium polysulfides and
suggesting the formation of insoluble or colorless soluble intermediates and products.

Figure 5-3. (a) Initial discharge profiles of the flask cells with conventional (black)
and 50 vol% DMDS-containing (red) electrolyte with inset showing the electrolyte
color changes at correspondingly-marked points during discharge. (b, c) 1H NMR
spectra of the conventional (b) and DMDS-containing (c) electrolyte at varying depths
of discharge, corresponding to points marked in (a). The two marked with “Pristine”
are for the electrolytes before insertion into the cells.
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Figure 5-4. (a) Discharge-charge profiles and (b) cycling performance of a sulfur-free
OMC cathode in 10 µL of 50 vol% DMDS-containing electrolyte at a current density
of 0.1 mA cm-2. The capacity is calculated based on the mass of DMDS in the
electrolyte.
The formation of new intermediates and their reduction process can be clearly
identified in the in operando 1H-NMR spectra. Because Li polysulfides are 1H NMR
silent, only constant peaks for DOL and DME are observed in the conventional
electrolyte during the discharge process (Figure 5-3b). In the cell with the 50 vol%
DMDS-containing electrolyte (Figure 5-3c), after resting the cell for 2 h at
open-circuit voltage, we observe the formation of a small amount of dimethyl
trisulfide (DMTS, δ=2.48 ppm) and dimethyl tetrasulfide (δ=2.57 ppm), which are
characteristic of the sulfur-DMDS reaction.[124] After a brief time of discharging, the
dimethyl tetrasulfide disappears while a significant increase in DMTS and appearance
of a new singlet peak at 1.93 ppm corresponding to the formation of CH3SLi (one of
the reduction products of dimethyl tetrasulfide and DMTS) are also noted. This
indicates that dimethyl tetrasulfide is reduced, and that sulfur continuously reacts with
DMDS to form more DMTS, a reaction which is catalyzed by trace amounts of base
such as CH3SLi.[122] Upon further discharge, the peak of DMTS gradually decreases
owing to its further reduction while the peak of CH3SLi first increases and then
quickly reaches a maximum, indicating its limited solubility in the electrolyte. Other
possible reduction products are CH3SSLi and Li2S (insoluble and 1H NMR silent);
however, the 1H NMR peak of CH3SSLi is not observed in these spectra, probably
because it overlaps with that of DMDS.
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To confirm the peaks for CH3SLi and CH3SLi, 1H NMR spectra of the 50 vol%
DMDS containing electrolyte (Figure 5-5a) and conventional electrolyte with added
DMTS as a catholyte (Figure 5-5b) at various depth of discharge (DOD) with
sulfur-free OMC cathodes were also obtained using the methodology analogous to
that for flask cells with sulfur-containing cathodes with DMDS-containing electrolyte.
As shown in Figure 5-5a, after discharging of the sulfur-free/DMDS cell, a new
singlet peak at 1.93 ppm is observed, while the doublet and triplet peaks of
methanethiol disappear. This new peak should be attributed to dissolved CH3SLi, as
was also observed in Figure 5-3c, which is a reduction product of DMDS,
methanethiol, and DMTS.

	
  

Figure 5-5. 1H NMR spectra of (a) the 50 vol% DMDS containing electrolyte and (b)
conventional electrolyte with added DMTS (10 mg DMTS in 2.5 mL electrolyte) at
various depth of discharge (DOD) with sulfur-free OMC cathodes.
After discharging the sulfur-free/DMTS cell to 50% DOD, the DMTS peak at
~2.50 ppm disappears (Figure 5-5b). This suggests DMTS is electrochemically
reduced. We observe a new peak at 2.34 ppm, similar to the position of DMDS, which
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could be ascribed to dissolved CH3SSLi. The intensity of this peak does not change
even at the end of discharge, indicating the saturation of CH3SSLi. This suggests the
low solubility of CH3SSLi in the conventional electrolyte. Although CH3SLi is
slightly soluble in the 50 vol% DMDS-containing electrolyte and shows a singlet peak
at 1.93 pm in both Figure 5-3c and Figure 5-5a, it is not observed in Figure 5-5b,
suggesting that CH3SLi is insoluble in conventional electrolyte.
Based on the above results, it is clear that discharge of sulfur cathodes in the
DMDS-containing electrolyte primarily proceeds through a new reaction pathway via
the formation and subsequent reduction of DMPS (CH3SSmSCH3) intermediates, as
summarized by the overall reactions in Equation 5-1 and 5-2.	
   Provided that all the
sulfur is reduced through this new pathway to ultimately form Li2S and CH3SLi, this
!

discharge process can involve the transfer of up to (2 + !)  𝑒 ! per S starting as S8,
showing the great potential of DMDS-containing electrolyte to boost the cell capacity
(extra

!
!

  𝑒 !   per S starting as S8).

CH3SSCH3 +

!
!

S8 ↔ CH3SSmSCH3 (5-1)

CH3SSmSCH3 + 2 (m+1) Li+ + 2 (m+1) e- ↔ 2 CH3SLi + m Li2S (5-2)
The CH3SSmSCH3 represents a mixture of DMPS species. The in operando 1H
NMR flask cell studies suggest that m mainly equaled to 1 and 2, corresponding to
DMTS and dimethyl tetrasulfide, when a large excess of DMDS-containing
electrolyte was used. However, it is impossible to quantify them in the in operando 1H
NMR studies due to their continuous formation and consumption during the discharge
process.
To clearly identify and quantify each possible DMPS species, we also investigate
the 1H NMR spectrum of an equilibrated mixture of DMPS species by directly
dissolving elemental sulfur in the 50 vol% DMDS-containing electrolyte. As shown in
Figure 5-6, the equilibrated mixture of DMPS species is composed of dimethyl tri(65%), tetra- (25%), penta- (8%), and hexa- (2%) sulfides (based on the integration of
their peak areas, which are proportional to the net number of hydrogens from each
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species in solution). This corresponds to 44%, 34%, 17%, and 5% of the dissolved
sulfur reacting with DMDS to form these four species, respectively. The amount of
dimethyl pentasulfide and hexasulfide are much smaller than trisulfide and
tetrasulfide. This explains why they cannot be clearly seen in the in operando spectra
shown in Figure 5-3c, which were obtained using less sulfur (6 mg) tested in more
DMDS-containing electrolyte (6 mL).

Figure 5-6. 1H NMR spectra of the 50 vol% DMDS-containing electrolyte (black line)
and an equilibrated mixture of DMPS species by dissolving 14 mg of elemental sulfur
in 1 mL of the electrolyte at room temperature (red line). The peak attribution of
various DMPS species is based on previous reports.[124,125]	
   The two peaks marked
‘X’ are satellites attributable to C13 coupling in the DMDS (major peak).
According to the above results, it is clear that the major intermediate DMPS
species are DMTS, dimethyl tetrasulfide, and dimethyl pentasulfide, corresponding to
m=1, 2 and 3 in the mixture of CH3SSmSCH3, respectively.
Detailed electrochemical reactions for each DMPS species during cell cycling
are discussed below.
The electrochemical reduction mechanism of organic disulfides (RSSR, R =
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organic group) has been reported to involve the formation of unstable RSSR- and
RS radicals, as shown in Equations 5-3 to 5-5.[126]
RSSR + e- ↔ RSSR- (5-3)
RSSR- ↔ RS + RS- (5-4)
RS + e- ↔ RS- (5-5)
The reduction mechanism of soluble organic polysulfides has not been reported
yet and needs more detailed study. Based on the mechanism for organic disulfides, we
propose that the most likely mechanism for organic polysulfides is as shown in
equations 5-6 to 5-8.
RSSmSR + e- ↔ RSSmSR- (5-6)
Because RSSn is much more stable than RS,[127] the decomposition of RSSmSRforms RSSn and RSS-m-n rather than RS and RSS-m.
RSSmSR- ↔ RSSn + RSS-m-n (m≥n≥1) (5-7)
RSSn + e- ↔ RSS-n (5-8)
The RSS -n intermediates can be further reduced to shorter-chain organic
polysulfides and polysulfides, or to ultimate products like RS- and Li2S, depending on
the value of n, following either equation 5-9 or 5-10.
RSS-n + 2 e- ↔ RS- + S-n (5-9)
RSSn- + 2n e- ↔ RS- + n S2- (5-10)
Therefore, the discharge process of the three major DMPS species can be
summarized by the reactions below.
DMTS (CH3S3CH3):
CH3S3CH3 + 2 Li+ + 2 e- ↔ CH3SLi + CH3SSLi (5-11)
CH3SSLi+ 2 Li+ + 2 e- ↔ CH3SLi + Li2S (5-12)
Dimethyl tetrasulfide (CH3S4CH3):
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CH3S4CH3 + 2 Li+ + 2 e- ↔ 2 CH3SSLi (5-13)
CH3SSLi+ 2 Li+ + 2 e- ↔ CH3SLi + Li2S (5-14)
Dimethyl pentasulfide (CH3S5CH3):
CH3S5CH3 + 2 Li+ + 2 e- ↔ CH3S3Li + CH3SSLi (5-15)
CH3S3Li + 2 Li+ + 2 e- ↔ CH3SSLi + Li2S (5-16)
CH3SSLi + 2 Li+ + 2 e- ↔ CH3SLi + Li2S (5-17)
Equation 5-16 may instead be replaced by:
CH3S3Li + 2 Li+ + 2 e- ↔ CH3SLi + Li2S2 (5-18)
Li2S2 + 2 Li+ + 2 e- ↔ 2 Li2S (5-19)
All the above mechanism studies suggest the use of the novel functional
organosulfide-containing electrolytes might be able to greatly improve the capacity
and cyclability of Li-S batteries. Nevertheless, the performance of practical cells
should depend heavily on factors like the organosulfide (i.e., DMDS and DMTS)
concentration, amount and type of carbon in the cathode, cathode areal sulfur loading,
and E/S ratio, and needs detailed optimization.
Influence of DMDS concentration on electrochemical performance. To compare
our new electrolyte system with most published systems, we first tested OMC-S50
electrodes with a low sulfur loading of ~1 mg cm-2 in 10 µL of electrolyte, an E/S of
~10, similar to the suggested optimal value in the literature.[116] Additionally, all
electrolytes contained 0.1 M LiNO3 additive to improve both the Coulombic
efficiency and cyclability.[89,111]
The effects of DMDS concentration were investigated by varying the DMDS
content from 0-50 vol%, with these values chosen to avoid excessive decrease in ionic
conductivity (Figure 5-7). As shown in Figure 5-8a, with increasing DMDS content
from 0 (conventional) to 10, 20, and 50 vol%, the high voltage discharge plateau at
2.4-2.3 V corresponding to the direct reduction of solid sulfur in conventional
electrolyte gradually disappears while the low voltage plateau at 2.1 V splits into two
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plateaus at ~2.05 and ~2.0 V. Meanwhile, the initial discharge capacities increase
from 582 (1164) mAh g-1 to 674 (1348), 854 (1708), and 975 (1950) mAh g-1,
respectively. In addition, the charge plateaus remarkably decrease from 2.2-2.4 V to
2.1-2.2 V, resulting in a much lower hysteresis between charge and discharge. This
suggests that higher DMDS concentration promotes reduction of a larger fraction of
sulfur through the “dimethyl polysulfide” pathway, showing faster kinetics and a
DMDS-induced capacity gain.

	
  

Figure 5-7. The ionic conductivity of DMDS-containing electrolyte decreases with
increasing DMDS contents from 0 (conventional) to 50 vol%, reaching ~5 mS cm-1
when the DMDS content is 50 vol%.
The cycling results in Figure 5-8b show that with 50 vol% DMDS, the discharge
capacity reaches a maximum of ~1000 (2000) mAh g-1 at C/10 rate in the first few
cycles and stabilizes at ~700 (1400) mAh g-1 after 50 cycles, which is more than
double the stable capacity of ~300 (600) mAh g-1 with the conventional electrolyte.
Extended cycling (250 cycles) in 50 vol% DMDS-containing electrolyte at a higher
C/3 rate was also conducted, demonstrating the excellent retention of discharge
capacity (>600 (1200) mAh g-1) over longer cycling periods (Figure 5-8c).
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Figure 5-8. (a) Initial discharge-charge profiles and (b) corresponding cycling
performance (filled markers) and coulombic efficiency (open markers) of
low-sulfur-loading OMC-S50 cathode at C/10 rate in 10 µL of electrolytes containing
0% (conventional, black squares), 10% (red circles), 20% (blue triangles) and 50%
(dark cyan stars) of DMDS by volume. (c) Extended cycling performance of a cell
with 50 vol% DMDS-containing electrolyte at C/3 rate, with a composite specific
capacity of 600-800 mA h g-1 over 250 cycles.
Influence of carbon/sulfur ratio on electrochemical performance. Three types of
OMC/S composite cathodes with different sulfur fractions (40, 50 and 70 wt%),
labeled as OMC-S40, -S50 (as used above), and -S70 were tested in the conventional
electrolyte and the optimal 50 vol% DMDS-containing electrolyte. All of these cells
contained ~1 mg of sulfur and 10 µL of electrolyte, so only the ratio of carbon to
sulfur and DMDS was changed.
The OMC-S40, -S50 and -S70 cathodes show initial capacities of 994 (2485), 975
(1950) and 953 (1361) mAh g-1 in the DMDS-containing electrolyte (Figure 5-9a),
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which are much higher than the corresponding capacities of 504 (1260), 582 (1164)
and 887 (1267) mAh g-1 in conventional electrolyte (Figure 5-9c), respectively.
Tuning the carbon fraction has little effect on the sulfur utilization and capacity
retention in conventional electrolyte, as all the cathodes show similar initial
sulfur-specific capacities of ~1200 mAh g-1, have fast capacity fading during the first
1-10 cycles, and then stabilize at a low capacity of ~200-500 (500-700) mAh g-1
(Figure 5-9d). In contrast, although the initial composite-specific capacities of the
three cathodes in the DMDS-containing electrolyte are similar (~1000 mAh g-1), great
differences are observed in the sulfur-specific capacities and cyclability: low C/S ratio
allows for a moderate sulfur-specific capacity with excellent capacity retention while
increasing carbon fraction greatly increases the sulfur-specific capacity but leads to
much worse capacity retention (Figure 5-9b).

Figure 5-9. (a, c) Discharge-charge profiles and (b, d) cycling performance of the
OMC-S40 (black solid line and squares), OMC-S50 (red dashed line and circles), and
OMC-S70 (blue dash dot line and triangles) in 10 µL of (a, b) the 50 vol%
DMDS-containing and (c, d) conventional electrolyte at C/10 rate.
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Figure 5-10. Schematic diagrams of the discharge mechanism of C/S cathodes in (a)
conventional ether-based Li-S electrolytes and (b, c) DMDS-containing electrolytes
with tuned low (b) and high (c) C/S ratios in the cathodes, showing the shutoff of the
discharge process due to electrode passivation by different solid precipitates.
This major difference in behavior stems from the new reduction pathway enabled
by using the DMDS-containing electrolytes, which proceeds mainly through the
formation and subsequent multi-step reduction of DMPS species to Li organosulfides,
and ultimately forms CH3SLi and Li2S. Discharge of sulfur cathodes with low C/S
ratio ends at a relatively low sulfur-specific capacity, because Li organosulfides
(especially CH3SSLi and CH3SLi) show limited solubility in the electrolyte and thus
quickly deposit on and passivate the surface, preventing further reduction as
schematically illustrated in Figure 5-10b. The use of sulfur cathodes with high C/S
ratios can enable the reduction of larger amounts of Li organosulfides to the ultimate
products (CH3SLi and insoluble Li2S, schematically illustrated in Figure 5-10c),
leading to a much higher sulfur-specific capacity. However, the formation of a large
amount of Li2S in this case may also cause more irreversible Li2S agglomeration on
the cathode, which is a well-documented reason for capacity fading.[30] Additionally,
while Li polysulfides can assist the dissolution and utilization of Li2S during cell
charging,[128] DMDS and DMTS were not found to enable easier dissolution of Li2S
(see Figure 5-11) – this is believed to make utilization of Li2S less reversible in the
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sulfur/DMDS-containing electrolyte system, and accounts for the stronger
dependence of cyclability on sulfur-specific capacity.

Figure 5-11. Differences in the ability of DMDS, DMTS, and Li polysulfides to
enable the dissolution of Li2S were demonstrated by adding 12 mg Li2S to 1 mL of (A)
50 vol% DMDS-, (B) 20 wt% (equaling to 25 vol%) DMTS-, and (C) Li
polysulfide-containing (0.25 M Li2S8) electrolyte and stirring overnight before photos
were taken.
Despite the limited solubility, Li organosulfides are much more reactive than
insoluble Li2S, making them comparatively easy to delithiate during charging (as
indicated by the low charge polarization). The buildup of Li organosulfides in the
carbon framework at a low C/S ratio (e.g., OMC-S70) thus serves as a safe automatic
shutoff for the sulfur cathodes, avoiding the formation of a large amount of Li2S and
enabling excellent cycling stability. Such a safe shutoff mechanism is not observed
with conventional electrolyte, as that system has no convenient equivalent to Li
organosulfides and discharge only ends upon surface passivation by insoluble Li2S
(which forms when sulfur-specific capacity is higher than 834 mAh g-1 in
conventional electrolyte, corresponding to >50% sulfur utilization),[23,24] as
schematically illustrated in Figure 5-10a. The low solubility of Li organosulfides also
suggests that they may not increase the viscosity of the electrolyte much during
discharging of the sulfur cathodes. This could allow a lower E/S ratio to be used, as
demonstrated later. Even though low sulfur utilization (below 50%) must be
maintained to avoid insoluble Li2S deposition and utilize the safe shutoff mechanism,
the DMDS-containing electrolyte system still provides a much higher stable
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composite-specific capacity than the conventional electrolyte system: ~850 (~1200)
mAh g-1 vs. 500 (714) mAh g-1, respectively, for the OMC-S70 cathode after 50
cycles. This increase comes from the DMDS-induced capacity contribution. Therefore,
making full use of the system’s built-in shutoff mechanism by tuning the carbon to
sulfur and DMDS ratios is critical to achieving a good balance between capacity and
cyclability.
Effect of different type of carbon framework on electrochemical performance. To
study the compatibility of the DMDS-containing electrolyte systems with different
type of C/S composite cathodes, commercial Ketjenblack carbon (KB, Lion Co.) was
also used to make a C/S composite with 70 wt% sulfur (KB-S70) and the resultant
cathodes were tested with the 50 vol% DMDS-containing electrolyte.

	
  

Figure 5-12. TEM images of (a, b) the OMC carbon, reprinted with permission from
ref [42]. Copyright 2011 Elsevier and (c, d) the KB carbon, reprinted from the Lion
Corporation at https://www.lion.co.jp/en/chem/product/carbon/carbon01.htm.
Compared to the OMC carbon, the KB carbon has smaller average particle size
of ~40 nm and does not have ordered porous structures, as shown by TEM images in
Figure 5-12. The OMC carbon exhibits a BET surface of 2102 m, a pore volume of
2.0, and pore size distributed within 2-9 nm, while the KB carbon exhibits a smaller
BET surface area of 1677 m2 g-1, a larger pore volume of 2.38 cm3 g-1, and pore size

	
  

	
  
74	
  

at a wide range of 2-20 nm (Figure 5-13). After loading 70 wt% of sulfur in the
composite, almost all the pores in both carbons were filled by sulfur.

	
  

Figure 5-13. (a, c) N2 sorption isotherms and (b, d) pore size distribution curves of (a,
b) OMC and OMC-S70, and (c, d) KB and KB-S70 composite.
As shown in Figure 5-14, when both the OMC-S70 and KB-S70 composites
were tested with conventional electrolyte at C/10 rate, they delivered the same initial
discharge capacity of 887 (1267) mAh g-1. After 50 cycles, the KB-S70 cathode
maintains a slightly higher capacity of 604 (863) vs. 500 (714) mAh g-1 for the
OMC-S70 cathode. With the 50 vol% DMDS-containing electrolyte, the discharge
capacity of the KB-S70 cathode significantly increases to ~1220 (~1740) mAh g-1
initially and stabilized at ~900 (~1280) mAh g-1 after 50 cycles, which are higher than
that achieved with the OMC-S70 cathode. Such an improvement is most likely due to
the excellent electrical conductivity of the KB carbon. This result also indicates that
conductivity of the carbon framework may play a more important role than other
factors such as pore size and pore structure in determining the sulfur cathode
performance.
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Figure 5-14. (a) Discharge-charge profiles and (b) cycling performance of OMC-S70
and KB-S70 cathodes (~1 mg-S cm-2) in 10 µL of both conventional and the 50 vol%
DMDS-containing electrolyte at C/10 rate.
Performance of high-areal-loading electrodes with decreased E/S ratio. To
demonstrate the potential of the DMDS-containing electrolyte for practical use, the
KB-S70 composite was further used in making cathode electrodes with a high sulfur
loading of ~4 mg cm-2, providing a similar areal capacity of ~4 mAh cm-2 to that in
commercial Li-ion cells. These cathodes were then tested at a current density of 0.2
mA cm-2 with controlled E/S ratios in coin cells. Figure 5-15 shows that with
conventional electrolyte and E/S=10, the cells delivered a discharge capacity of 795
(1136) mAh g-1 initially, and a capacity of 510 (729) mAh g-1 after 25 cycles.
However, the discharge capacity dropped dramatically to 383 (547) mAh g-1 initially
and 350 (500) mAh g-1 after 25 cycles with E/S=5, which is consistent with a previous
report.[94] Using the 50 vol% DMDS-containing electrolyte remarkably increases the
initial discharge capacity to 1,131 (1615) and 923 (1319) mAh g-1 and grants a stable
capacity of 956 (1366) and 692 (989) mAh g-1 with E/S=10 and 5, respectively. This
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is about a 100% increase in capacity when compared to the conventional electrolyte
system, and is the first report of such a high specific capacity with high sulfur loading
and a low E/S ratio of 5. Given the importance of the E/S ratio for practical batteries,
this highlights the practical potential of the DMDS-containing electrolyte system.

Figure 5-15. Electrochemical performance of high-sulfur-loading KB-S70 cathodes
(~4 mg-S cm-2) with various E/S ratios. (a) Discharge-charge profiles and (b) cycling
response in conventional and the 50 vol% DMDS-containing electrolyte with E/S=5
and 10 mL g-1 at a current density of 0.2 mA cm-2.

5.3.2 DMTS-containing Electrolyte
Among the various intermediate DMPS species in the sulfur/DMDS system,
DMTS is the only one that is stable at room temperature and commercially available.
Thus it can be directly used as another organopolysulfide-type co-solvent, analogous
to DMDS, to improve the performance of sulfur cathodes.
As shown in Figure 5-16, a cell with a sulfur-free OMC carbon electrode in a 25
vol% DMTS-containing shows similar CV profile as that of a OMC-S50 cathode in
the 50 vol% DMDS-containing electrolyte. This further confirms the discharge
mechanism of the sulfur/DMDS system discussed in the above section. Following the
same concept, when combining the DMTS-containing electrolytes with C/S cathodes,
similar mechanism is expected: sulfur will react with DMTS to form longer-chain
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DMPS species, e.g., tetrapolysulfide, which are then involved in electrochemical
reactions during cell cycling.

Figure 5-16. CV profiles at a constant scan rate of 50 µV s-1 for OMC-S50 cathodes
with 10 µL of the 50 vol% DMDS-containing electrolyte (black) and a sulfur-free
OMC electrode in 10 µL of the 25 vol% DMTS-containing electrolyte (red).
To study the effects of DMTS concentration, OMC-S50 cathodes were tested
with 10 µL 25 vol% and 50 vol% DMTS-containing electrolytes. As shown in Figure
5-17, the cell with 25 vol% DMTS-containing electrolyte shows an initial discharge
capacity of ~1100 (2200) mAh g-1 and a discharge capacity of ~750 (1500) mAh g-1
after 50 cycles, similar to the cell with 50 vol% DMDS. The performance of the cell
with the 50 vol% DMTS-containing electrolyte is worse, most likely due to the
significant decrease in electrolyte conductivity, as indicated by the severe polarization
in the discharge/charge curves (Figure 5-17a).
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Figure 5-17. (a) Initial discharge-charge profiles and (b) corresponding cycling
performance (filled markers) and coulombic efficiency (open markers) of
low-sulfur-loading OMC-S50 cathode at C/10 rate in 10 µL of electrolytes containing
25 vol% (black) and 50 vol% (red) of DMTS.
By tuning the sulfur fraction in the OMC/S composites form 0 to 70 wt% in the
25 vol% DMTS-containing electrolyte, we observe a similar dependence of
cyclability on sulfur-specific capacity as was seen in the above sulfur/DMDS system
(Figure 5-18). The OMC-S70 cathode delivers a high stable capacity of ~850 (~1200)
mAh g-1 after 50 cycles in the 25 vol% DMTS-containing electrolyte, almost the same
as the stable capacity achieved with the 50 vol% DMDS-containing electrolyte.
Extended cycling (288 cycles) in 25 vol% DMTS-containing electrolyte at a higher
C/3 rate was also conducted, demonstrating the excellent retention of discharge
capacity (>600 (1200) mAh g-1) over longer cycling periods (Figure 5-19).

	
  

	
  
79	
  

Figure 5-18. (a) Discharge-charge profiles and (b) cycling performance of the
OMC-S40 (black solid line and squares), OMC-S50 (red dashed line and circles), and
OMC-S70 (blue dash dot line and triangles) in 10 µL of the 25 vol%
DMTS-containing electrolyte at C/10 rate.

	
  

Figure 5-19. Extended cycling performance of a cell with OMC-S70 cathode in the
25 vol% DMTS-containing electrolyte at C/3 rate, showing a stable composite
specific capacity of 600-900 mA h g-1 over 288 cycles.

5.4 Conclusion
In conclusion, we report here a new functional electrolyte system using active
organosulfides such as DMDS and DMTS as co-solvents for Li-S batteries. DMDS
and DMTS were found to react with sulfur to form soluble methyl-terminated
polysulfide intermediates, which are then reduced during the discharge process.
Through this new mechanism, the active organosulfide-containing electrolyte not only
contributes extra capacity to the cell, but also enables good sulfur cathode cyclability
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by way of an automatic discharge shutoff behavior. Furthermore, we demonstrate that
high-sulfur-loading cathodes made with commercial conductive carbon can cycle in
50 vol% DMDS-containing electrolyte and exhibit a stable specific capacity of around
700 (1000) mAh g-1, even with a low electrolyte/sulfur ratio of 5. This is the first
report of such a high capacity under such harsh test conditions, reaching almost
double the value obtained in conventional Li-S electrolyte. This work thus provides a
new strategy for improving the practical energy density of Li-S batteries.
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Chapter 6: Summary and Suggested Future Work
6.1 Summary
This dissertation has focused on the design and study of materials and chemistry
for high-energy-density Li-S batteries. In particular, one novel spherical hollow
carbon-sulfur composite was proposed as a cathode material and three types of new
electrolytes were developed for Li-S batteries.
The work described in Chapter 3 focused on designing porous carbon materials
with ultrahigh specific pore volume in order to increase the sulfur fraction in C/S
composites, and to enable good electrochemical performance with high areal sulfur
loading on the cathode electrode. Silica spheres and polymerized dopamine were
adopted as the templates and carbon source to synthesize hollow carbon spheres with
extremely high specific volume (>10 cm3 g-1) through a conformal coating method.
The large pore volume of hollow carbon allows it to contain a large amount (~90
wt%) of sulfur. Additionally, in an effort to mitigate polysulfide dissolution and
shuttling, we developed a new DOL:BTFE electrolyte. The combination of the
BTFE-based electrolyte and the HC/S composite cathode demonstrated exceptional
battery performance with a high sulfur fraction of 90 wt% and a ultrahigh areal sulfur
loading of 6.9 mg cm-2, leading to electrodes with high practical capacity.
The work described in Chapter 4 focused on optimizing the conventional
ether-based Li-S electrolyte, (1 M LiTFSI DOL:DME plus LiNO3 additive), by
substituting soluble Li polysulfides for LiTFSI. Since Li polysulfides are
electrochemically active, they serve as both the ion conductor and a capacity booster.
More interestingly, the use of polysulfides as Li salts was found to improve the
cycling performance of sulfur cathodes by preventing formation of hard-to-utilize
Li2S, and this effect could be controlled by optimizing the concentration of
polysulfides and the amount of electrolyte used in the cell.
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The work in chapter 5 focused on developing a new functional organosulfide
electrolyte to reduce the required electrolyte amount in Li-S batteries while at the
same time increasing cell capacity. Li-S batteries suffer from low practical energy
density due to the need for large amount of electrolyte. Use of organosulfides such as
DMDS and DMTS as co-solvents was found to completely change the
discharge-charge mechanism of conventional sulfur cathodes, leading to a new
electrochemical pathway. It was observed that DMDS and DMTS react with sulfur
and form new intermediate organopolysufides, which are utilized in the subsequent
electrochemical reactions during cell cycling. Through this new mechanism, the
functional organosulfide electrolyte not only contributes extra capacity, but also
enables good cell cyclability by way of an automatic discharge shutoff behavior.
Moreover, compared to conventional ether-based electrolyte, much less organosulfide
electrolyte is needed for achieving acceptable sulfur cathode performance. Therefore,
this new electrolyte system can facilitate a high energy density for practical Li-S
batteries.

6.2 Suggested Future Work
In this dissertation, we worked on the rational designs of cathode materials and
development of efficient electrolytes for Li-S batteries. However, the anode is also an
essential part of the Li-S battery system because the stability of the anode determines
the long-term cycling stability of Li-S batteries. Metallic Li may in principle be the
ultimate anode for Li-S batteries due to its low potential and high capacity, leading to
high energy density. However, metallic Li is unstable in contact with electrolytes and
the dissolved active species, such as Li polysulfides and organosulfides, which
decreases the Coulombic efficiency and cycle life of Li-S batteries. The success of
Li-S batteries thus requires a reliable anode. The reliability of the Li metal anode
depends significantly on the stability of its passivation layer; a stable Li anode might
thus be achieved by surface protection with a solid ion-conducting layer or
gel-polymer electrolyte film. An alternative design is to couple a prelithiated anode
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(especially an anode using a high-capacity material such as silicon materials) with a
sulfur cathode, which could mitigate the aforementioned issues associated with
metallic Li anodes. However, despite their high capacities, the huge volume changes
associated with the use of silicon materials result in poor capacity retention, which
hampers their practical utility. Future work is thus needed to improve the performance
of silicon materials, and to evaluate the potential energy density of practical batteries
with such anodes.
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Appendix. Silicon Core-Hollow Carbon Shell Nanocomposites
with Tunable Buffer Voids for High Capacity Anodes of
Lithium-Ion Batteries
A.1 Introduction
Despite the advances in cathode and electrolyte design, the use of Li metal
anodes in Li-S batteries may still leads to relatively short cycle lives and significant
safety hazards. It is thus important to replace Li anodes with pre-lithiated alternative
anodes. Silicon has been considered as a promising alternative because of its natural
abundance, environmental friendliness, and most importantly, low discharge potential
and the high theoretical capacity (4200 mA h g-1 in Li4.4Si).[129,130] However, the
application of Si anodes in either Li-ion or Li-S batteries has thus far been hindered
by the low electrical conductivity and low lithium diffusion rate of Si,[131] and by the
enormous volume change (300-400%) experienced during the lithiation/delithiation
process.[132] The volume change can cause bulk Si to be pulverized and lose electrical
contact with the conductive additive or current collector, and can also lead to
instability of the solid electrolyte interphase (SEI) resulting in continuous
consumption of electrolyte to reform the SEI layers. Both of these behaviors lead to
fast capacity fading.
In order to improve the cycling stability of silicon anodes, great efforts have been
made to mitigate the pulverization of Si and improve the stability of the SEI layer.
These

efforts

include

the

development

of

Si

materials

composed

of

nanostructures,[133-137] porous structures,[138-143] or nanocomposites,[144-150]
the addition of coating layers,[151-153] and the application of electrolyte
additives[154,155] and novel binders.[156-158]
Among these efforts, a simple and widely applied strategy is to use Si-C
nanocomposites. However, the success of this approach is still limited because large
Si volume change can only be tolerated to a limited degree, especially during deep
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charge/discharge processes. Suitable porosity in the Si-C nanocomposite is thus
needed in order to further buffer the volume change of the Si.[159] Hollow
micro-/nano-structured materials have been recognized as one type of promising
material for applications in energy-related systems.[160] For example, Si-C
nanocomposites in which Si nanoparticles are encapsulated in hollow carbon
materials, such as Si-hollow carbon nanotubes[161] and Si-hollow carbon
spheres,[162,163] can not only increase electrical conductivity and provide intimate
electrical contact with Si nanoparticles, but also provide built-in buffer voids for Si
nanoparticles to expand freely without damaging the carbon layer. However,
Si-hollow carbon nanotubes require a sophisticated binder-free fabrication
process.[161]

In

comparison,

direct

synthesis

of

Si-C

core-hollow

shell

nanocomposites in powder, reported by Iwamura, S. et al. and Li, X. et. al., is
promising as the materials can be fabricated using conventional industrial coating
procedure.[162,163] Both of these studies indicate the importance of carbon coating
and void spaces in order to obtain good cycling performance from Si anodes. In their
approaches, however, part of the Si is sacrificed to obtain buffer voids through its
thermal conversion to SiO2 and subsequent removal by etching, resulting in the loss of
active materials. Moreover, diameters of Si cores vary based on different degree of
oxidation during the formation of SiO2. As diameters of Si nanoparticles have a
prominent influence on the cycling performance,[136] it is difficult to determine the
precise relationship between cycling performance and various void/Si volume ratios
in the nanocomposite. Thus, it is desirable to develop a bottom-up synthesis approach
to produce Si-hollow carbon nanocomposite materials with conformal carbon shells
and tunable built-in buffer voids, in order to demonstrate the effectiveness of the
Si-hollow carbon structure using a conventional electrode fabrication process and
elucidate the relationship between void/Si volume ratio and electrochemical
performance of the nanocomposites.
Here we report a versatile solution growth method to synthesize silicon
core-hollow carbon shell nanocomposites with controllable built-in buffer voids
between the silicon cores and the hollow carbon shells. A similar approach to
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synthesize Si core-hollow carbon shell nanocomposites was reported during
preparation of the manuscript corresponding to the work presented in this
chapter.[164] However, there have been no systematic studies on optimization of
buffer voids for Si core-hollow carbon shell structures. As illustrated in Scheme 1, the
synthesis process starts with solution growth of a SiO2 layer on commercial silicon
nanoparticles (designated as Si NPs).[97] The as-synthesized SiO2-coated Si NPs
(designated as Si@SiO2) with controlled SiO2 thickness were coated with a
polydopamine layer followed by carbonization to obtain carbon-coated Si@SiO2
nanocomposites (designated as Si@SiO2@carbon).[98,99] These nanocomposites
were then treated to remove the SiO2 layer and transformed into silicon core-hollow
carbon shell nanocomposites with tunable buffer voids (designated as Si@HC). In this
approach, the conformal coating method using dopamine as the precursor ensures
uniform and complete carbon coating on the Si@SiO2 materials, which is the key to
obtaining well-confined Si nanoparticles within hollow carbon spheres.[98,99] More
importantly, buffer voids in the Si@HC nanocomposite can be tuned so that the
important relationship between void/Si ratio and anode cycling stability can be
systematically studied.

A.2 Experimental
Material preparation. Silicon nanoparticles (~50 nm, 98%, Alfa Aesar) were
firstly dispersed and washed in ultra-pure water (18 MΩ cm) by sonication, then
centrifuged at 5000 rpm for 25 min to remove impurities and very small particles in
the suspension. The solid was dried at 100 ℃ under vacuum overnight before use.
The Si@SiO2 core-shell nanoparticles were synthesized by growing SiO2 layers
on the Si NPs using the Stöber method, with hydrolysis and condensation of
tetraethoxysilane (TEOS) in the water–alcohol–ammonia medium.[97]
Typically, 50 mg of post-washing Si NPs was re-dispersed in 100 mL ultra-pure
water by probe sonication for at least 1 h before 300 mL ethanol and 15 mL of
28-30% ammonia hydroxide solution were added. The solution was stirred for about 5
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min and 0.5 g TEOS (99.99%, Sigma Co.) was added dropwise. After stirring for 6 h,
Si@SiO2 materials were collected by centrifugation and washed several times with
ultra-pure water and 10 mM (pH=8.5) Tris buffer.
The polydopamine coating was obtained by mixing 0.25 g dopamine (DA)
hydrochloride and Si@SiO2 materials obtained in the previous step in 100 mL 10 mM
(pH 8.5) Tris-buffer for 20 h.[164] In this process, dopamine will polymerize and coat
the surface of Si@SiO2 spheres. The polydopamine coated nanocomposites obtained
were isolated by centrifugation and then heated under N2 at 900 ℃ for 2 h to convert
the coated poly-dopamine into carbon, followed by washing with 8% HF for 24 h to
remove the silica layer and obtain Si@HC nanocomposites.
Characterization. The electrodes were characterized by transmission electron
microscopy (TEM, Philips 420), scanning electron microscopy (SEM, NOVA
NanoSEM 630), thermogravimetric analysis (TGA, SDT2960) and X-ray diffraction
(XRD, Rigaku Miniflex II).
Electrochemical measurements were performed using coin-type cells at room
temperature. Si@HC nanocomposite electrodes were prepared by homogeneously
mixing Si@HC nanocomposite (80 wt%), Super P carbon black (10 wt%) and sodium
carboxymethyl cellulose binder (10 wt%) in water to form slurry. The viscous slurry
was cast onto copper foil using a doctor-blade coating method, and then dried at
100 ℃ under vacuum overnight. For half-cell tests, circular working electrodes with
a diameter of 12.7 mm were assembled in CR2016 coin-type cells with lithium metal
as the counter electrodes and Celgard membranes as the separators in an Ar-filled
glove box. 1 mol L-1 LiPF6 in a mixture of ethylene carbonate, diethyl carbonate and
dimethyl carbonate (EC: DEC: DMC, 1:1:1 by volume) and fluoroethylene carbonate
(FEC, 10 vol%) was used as the electrolyte (Novolyte Technologies, Independence,
OH). The FEC additive increases the cycling efficiency of silicon anodes, due to the
formation of a more stable SEI layer.[165]
The coin-type cells were galvanostatically cycled on a battery testing system
(BTS-5V1mA, Neware) at room temperature. The cutoff potentials for charge and
discharge were set at 1.0 V and 0.01 V vs. Li/Li+, respectively. Specific capacity was
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calculated based on the mass of silicon. In this study, 1 C corresponds to a current
density value of 4000 mA g-1 of silicon.

A.3 Results and Discussion

	
  

Figure A-1. Schemes showing the synthesis process (steps 1 to 3) of the silicon
core-hollow carbon shell nanocomposites with three (i, ii and iii) different built-in
buffer voids between the silicon cores and the carbon shells, formed by controlling the
thickness of sacrificial SiO2 layer during the 1st step. Step 1: Coating of SiO2 on Si
nanoparticles by hydrolysis and condensation of TEOS. Step 2: conformal
poly-dopamine coating followed by carbonization. Step 3: removal of SiO2 by HF
solution.
In the synthesis process (Figure A-1), the SiO2 layer functions as a sacrificial
template for generating void space to buffer the volume expansion of the silicon. To
get well-structured core-hollow shell nanocomposites, SiO2 should be uniformly
coated on the surface of Si NPs rather than aggregated to form SiO2 spheres
separately. We used hydrolysis and condensation of sol-gel precursors in a solution of
Si nanoparticles to grow SiO2 layers on Si nanoparticles. This approach has
previously been used to make core-shell SiO2-coated nanoparticles of metals, metal
oxides or semiconductors.[166,167]
Figure A-2a shows that the Si NPs are aggregated and have average diameters of
100 nm after the centrifuge separation. TEM investigation of Si@SiO2 nanoparticles
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shows a rather uniform, amorphous SiO2 layer coated on the surface of Si NPs (Figure
A-2b). The average thickness of the SiO2 coating layers can be tuned by altering the
mass ratio of TEOS to Si in the solution. Specifically, we tried three different mass
ratios of TEOS/Si (5:1, 10:1, and 20:1) and thus obtained three different thicknesses
of sacrificial SiO2 layer. If all the sol-gel precursor TEOS was fully converted into
SiO2 (density of amorphous SiO2 is 2.22 g cm-3) and uniformly coated on Si NPs
(density 2.33 g cm-3), the use of the TEOS/Si mass ratio of 5:1, 10:1 and 20:1 can
provide silicon core-hollow carbon shells nanocomposite with volume ratio of buffer
voids to Si NPs of 1.5:1, 3:1 and 6:1, respectively. The final silicon core-hollow
carbon shell nanocomposites are accordingly denoted as Si@HC_1.5, Si@HC_3 and
Si@HC_6 with the respective silicon content of 54 wt%, 48 wt%, and 43 wt%
confirmed by TGA studies (Figure A-3).

Figure A-2. TEM images of (a) post-washed Si NPs and (b) Si@SiO2 when TEOS/Si
mass ratio is 10:1.
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Figure A-3. TGA curves of Si@HC_1.5, Si@HC_3 and Si@HC_6 under air flow.
Weight loss corresponds to the burning of carbon in the air.
XRD studies (Figure A-4a) demonstrate that silicon core-hollow carbon shell
nanocomposites show the typical diffraction peaks of crystalline Si, with a face
centered cubic (fcc) structure (JCPDS Card No. 01-0787). A very broad peak between
20 and 25 degrees can be attributed to the amorphous carbon. The low magnification
SEM image (Figure A-4b) clearly shows that Si nanoparticles are aggregated but well
encapsulated in hollow carbon in the nanocomposites.

	
  

Figure A-4. (a) XRD patterns of Si@HC_3 and standard silicon (JCPDS Card No.
01-0787) and (b) SEM image of Si@HC_3 showing silicon core-hollow carbon shell
structure.
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Figure A-5. TEM images of a) Si@HC_1.5, b) Si@HC_3 and c) Si@HC_6 with
increasing void/Si ratio by controlling the mass ratio of TEOS/Si at a) 5:1, b) 10:1 and
c) 20:1. d) Lithiated Si@HC_3 after 12 cycles.
TEM images (Figure A-5a, b, c) reveal the development of increased void
volume in the silicon core-hollow carbon shell nanocomposites. Although the void
volume varies in different particles within each sample due to the non-uniform silicon
particle sizes, the average interspace between the Si cores and the hollow carbon
shells observed in the TEM images increases with TEOS amount, indicating the
average void/Si volume ratio increases. Figure A-5d shows a TEM image of fully
lithiated Si@HC_3 taken after twelve charge/discharge cycles. The expanded silicon
nanoparticles are still well confined within the carbon shells. The formation of SEI
layers on carbon shells is also observed and no signs of carbon shell destruction are
found, indicating their good stability owing to the free buffer volume. The SEI
formation on the carbon shell instead of on the Si with its expanding/shrinking
surfaces upon lithiation/delithiation may improve the stability of the SEI, and in turn
increase the cyclability of the cell.
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Figure A-6. Electrochemical performance of Si@HC nanocomposites. (a) Initial
discharge-charge profiles, (b) discharge capacities and CE of first 80 cycles of
Si@HC_1.5, Si@HC_3 and Si@HC_6 between 0.01-1 V, at 0.05 C.
Figure A-6a shows the charge/discharge profiles of the various Si@HC
nanocomposite anodes during the first cycle between 0.01 and 1.0 V at a rate of 0.05
C (200 mA g-1 of silicon) in a coin-type half-cell. Si@HC nanocomposites show
initial discharge and charge capacities of 4065 and 2630 mAh g-1 for Si@HC_1.5,
3677 and 2365 mAh g-1 for Si@HC_3, and 2610 and 978 mAh g-1 for Si@HC_6,
giving a coulombic efficiency (CE) of 65%, 64%, and 37%, respectively. The
irreversible capacity loss may come from the irreversible alloying of silicon with Li,
the irreversible insertion of Li into amorphous carbon, and the formation of SEI layers.
The latter two may significantly contribute to the loss because there is around 40-60%
of amorphous carbon in the composites and the high-surface-area carbon shells
directly contact the electrolyte. This is probably the reason why the first cycle CEs
decrease when the void volume increases; that in turn increases the amount of carbon
and the surface area of the nanocomposite.
Figure A-6b shows charge (delithiation process) capacities versus cycle number
at a rate of 0.05 C for the Si@HC nanocomposite anodes. Among these
nanocomposites, Si@HC_3 delivers the highest stable capacity (1625 mAh g-1) and
best capacity retention (68.7%), compared with 1165 mAh g-1 and 44.3% for
Si@HC_1.5 after 100 cycles and, 378 mAh g-1 and 44.3% for Si@HC_6 after 80
cycles. The volume change of silicon during cycling is known to be about 300-400%,
corresponding to a void/Si volume ratio of 2-3 for Si@HC nanocomposites. Therefore,
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Si@HC_3 has buffer voids large enough to allow the Si to expand freely without
mechanical destruction of the carbon shells. Si@HC_1.5 shows higher charge
capacity in the first 10 cycles but has more severe capacity fading compared with
Si@HC_3. This can be explained by the insufficient buffer voids in Si@HC_1.5
resulting in destruction of carbon shell after a few cycles of volume change and
therefore leading to loss of electric contact between Si and carbon and severe capacity
fading. In contrast, the charge capacity of Si@HC_6 decreases dramatically as shown
in Figure A-6b. This very poor cyclability may be ascribed to the limited contact area
and the resultant poor electrical contact between the Si core and the hollow carbon
shell. Overall, the superior capacity retention of Si@HC_3 can be explained by it
possessing buffer voids large enough to tolerate the 300-400% volume expansion of
full Si lithiation (i.e. 4.4Li + Si -> Li4.4Si) while still keeping the Si cores and carbon
hollow shells close enough to maintain good electrical contact with each other, as
schematically illustrated in Figure A-7.

	
  

Figure A-7. Scheme of different Si@HC nanocomposites before and after cycling.
The nanocomposite of Si@HC_3 was then discharged and charged at
progressively higher rates. Figure A-8a illustrates that the Si@HC_3 manifests a good
rate capability. The discharge capacity was 3600 mAh g-1 for the first cycle at 0.05 C
and faded gradually with continued cycling and increasing rate, then stabilized to
around 1700 mAh g-1 at a 0.5 C rate after 20 cycles, and 900 mAh g-1 at a 2.5 C rate
after 25 cycles. The cell could then operate at rates as high as 5 C, and still deliver a
capacity of approx. 500 mAh g-1. When the rate was reset to 0.05 C after more than

	
  

	
  
94	
  

35 cycles, the capacity was about 2100 mAh g-1. The cyclability of Si@HC_3 was
further investigated by charging and discharging it at 0.5 C after the cell was
charged/discharged at a 0.05 C rate for 3 cycles; a capacity of 1100 mAh g-1 was
obtained after 300 cycles, which is about half of the initial capacity of 2250 mAh g-1
at 0.5 C (Figure A-8b).

	
  

Figure A-8. (a) Discharge and charge capacity of Si@HC_3 at various rates from
0.05 C to 5 C. (b) Long time cycling performance of Si@HC_3 at 0.05 C for first 3
cycles then at 0.5 C for up to 300 cycles.

A.4 Conclusion
In summary, silicon core-hollow carbon shell nanocomposites with controlled,
built-in buffer voids have been synthesized by encapsulating commercial Si
nanoparticles in hollow carbon spheres via a solution coating process. The cycling
stability of the nanocomposite can be greatly enhanced by optimizing the buffer voids.
The best performance was achieved at a void/Si volume ratio of about 3. These results
suggest that core-hollow shell structures in the nanocomposites with both suitable
buffer voids (to tolerate volume expansion) and intimate contacts with Si (to maintain
good electron and ion conductivity) can improve the cycling performance of the
commercial silicon nanoparticles. Further optimization of the amount of carbon, first
coulombic efficiency, total energy density of the electrode, and cycling performance
are still under investigation.
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