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SUMMARY

Currently available electrochemical energy storage systems cannot fulfill everrising energy storage requirements for intelligent portable devices, electric vehicles, and
grid-scale systems. Moreover, the overall progresses on battery performance as well as
materials’ development are sluggish in spite of tremendous time and efforts made to
develop better battery systems. Powerful, high-energy electrical energy storage systems
are necessary to balance the mismatch between demand and supply of electricity for
various critical applications. Hence, it is inevitable to search alternative electrode
materials with sufficient energy/power density and long cycle life. For this purpose, we
need to develop a profound understanding on complex chemical energy storage
mechanisms in new battery systems.
This thesis aims to prepare novel electrode materials, which can demonstrate both
high energy and power density with extended life-time based on fundamental
understanding on electrochemical reactions of chalcogens, such as sulfur (S) and
selenium (Se). Sulfur can provide ~5 times higher theoretical gravimetric capacity
compared to the traditional transition metal oxide cathodes and the volumetric capacity of
S-based electrodes may be about two-fold higher than that of commercial cathodes. In
addition, S is abundant in nature, safe to utilize, and inexpensive. Similar to S, Se can be
a promising cathode material because of its high volumetric and gravimetric capacities.
Selenium is more advantageous in high power application due to its several orders of
magnitude higher electrical conductivity than that of S. The key challenge in
electrochemistry of both Li/S and Li/Se is the dissolution of intermediate redox reaction

xx

products (polysulfides and polyselenides) in suitable electrolytes and the resulting
capacity fading.
All chalcogen cathode materials used in this thesis adopted porous carbon as a
hosting material because porous carbon can not only serve as electrically conductive
additive but also effectively (although temporarily) suppress the dissolution of
intermediate redox reaction products. Studies on structure-property relationships in
chalcogen infiltrated porous carbon can provide new insights to develop novel and stable
cathode materials. First, this thesis presents the effects of the pore size distribution, pore
volume and specific surface area of porous carbons with controlled but randomly shaped
bottle neck pores on the temperature-dependent electrochemical performance of Sinfiltrated carbon cathodes in electrolytes having different salt concentrations.
Additionally, this thesis provides very attractive performance of S infiltrated carbide
derived carbon (CDC) cathodes. These CDC comprise both small micropores and small
straight mesopores within the individual particles. The effect of CDC synthesis
temperature on S utilization was also explored in electrolytes having different salt
concentrations. Further improvement in the cycling stability of Li/S battery was made via
formation of thin Li-ion permeable but polysulfide non-permeable Al2O3 layer coating on
the surface of S infiltrated carbon cathode.
Based on the knowledge obtained from S projects, we have successfully prepared
Se infiltrated ordered meso- and microporous silicon carbide derived carbon (CDC)
composites and demonstrated high and stable specific capacities of Se-C composites with
high molarity electrolytes. Finally, this thesis shows a simple technique to form a
protective solid electrolyte layer on the Se cathode surface in-situ. This approach utilizes

xxi

the favorable properties of fluoroethylene carbonate to convert into a layer that remains
permeable to Li ions, but prevents transport of polyselenides, thus enhancing cell cycle
stability. As a whole, this dissertation expands our current understanding of correlations
with multiple cell parameters, such as the structure of cathode, the composition of
electrolyte, and operating temperature on the performance of lithium-chalcogen batteries
and demonstrates the possibility of improving performance via optimizing these
components.
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CHAPTER 1
1INTRODUCTION

1.1 Motivation
The development of better energy storage technology is one of the prime tasks
we need to accomplish for an advanced 21st century.1 Energy storage systems of all
scales faced many technological challenges, and the batteries are arguably the most
common and the most promising power source in those systems. Especially, the modern
development of electric vehicles (EVs), which require the combination of high energy
density, power density, and low cost, boost up the needs of developing alternative lowcost, abundant electrode materials with high gravimetric and volumetric capacities.
Currently, Li ion batteries are the technology of choice, but their limited safety and their
high cost has limited the proliferation of EVs. Thus there is a technological directive to
find low cost methods of increasing Li battery energy and power density, which would in
turn further reduce the overall cost of deployment.
With traditional intercalation materials reaching their theoretical limits,
alternatives to expensive cobalt (Co) and nickel (Ni) - containing cathode materials and
graphite anodes are being sought.2 Both Si-based and Li anodes may replace graphite in
the near future.3 Over the last few years, lithium−sulfur (Li/S) battery system has gained
remarkable attentions from both academia and industry because S offers high theoretical
gravimetric (1672 mAh/g) and volumetric capacities (~3460 mAh/cm3 in a Li-free state),
competitive price, and less environmental impact compared to Co and Ni.4 A chemically
similar group XVI element, Se can be a promising cathode material because of its high
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volumetric (~3260 mAh/cm3 in a Li-free state) and gravimetric (678 mAh/g) capacities.
Both S and Se cathode chemistry offer enhanced safety compared to high voltage Co and
Ni-containing metal oxide intercalation compounds. 5
Selenium has an advantage over S because its electrical conductivity is orders of
magnitude higher than that of S. Unfortunately, both S and Se suffer from high solubility
of their intermediate redox reaction products in currently available liquid electrolyte
systems. Recently, the nano-confinement of chalcogen materials in nanopores of
insoluble conductive host material (i.e. carbon) was found to be an effective route to
reduce the dissolution of active materials. Although many promising results are reported6,
many control parameters, such as pore size distribution, pore shape, and pore volume of
C, electrolyte composition, electrolyte additive, operating condition, and correlations of
such parameters, are poorly understood. Systematic studies shall be carried out to
understand the influences of various cell design factors in Li/chalcogen-carbon battery
system on active material utilization, reversibility of redox reactions, and power
capability.

1.2 Operating principles
The electrochemistry occurring at the positive electrode in Li/S battery is rather
complicated because of the phase transformations of S that take place during charge and
discharge.7 A simplified electrochemical reaction can be described as: S8 + 16Li ↔
8Li2S. The solid sulfur is reduced to form polysulfides at the beginning of discharge and
these high-order polysulfides are soluble in many organic solvent based electrolytes.
Li2S8 is unstable in many aprotic electrolytes and undergoes disproportionation to form
Li2Sn, which can also experience electrochemical reduction: Li2S8 ↔ 2Li2Sn + (8 - n)S.
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When the elemental sulfur octet, S8, starts to discharge (commonly in ether-based
electrolytes, such as a mixture of dimethoxyethane (DME) and 1,3-dioxolane (DIOX) –
based electrolytes), it commonly shows two plateaus 8. First upper plateau at ~2.4V (vs.
Li/Li+) is believed to correspond to the redox reaction of high-order polysulfides soluble
in the electrolyte (Li2SX, 4 ≤ x ≤ 8), and the second major plateau at ~2.0V is believed to
correspond to the conversion of high-order to insoluble low-order polysulfides, Li2S2 and
Li2S. The detailed mechanism of the electrochemical reduction process of lithium
polysulfides is complex and requires further investigation. Also, reaction pathways might
be different depending on the composition of the electrolytes.
The operating principle of Li/Se system is almost identical as Li/S system. With
the help of X-ray absorption spectroscopy, Argonne National lab reported that Se8
becomes high order polyselenides soluble in the electrolyte (Li2SeX, 4 ≤ x ≤ 8) first and
then transform to low order polyselenides, Li2Se2 and Li2Se. Same group reported that Se
experiences a single phase transformation (a single plateau in voltage profile) in
carbonate-based electrolyte and two phase transformation (two plateaus in voltage profile)
in ether-based electrolyte in two separate studies. We still do not completely understand
the detailed operating principles of Li/Se cells and how and why the cell operation may
depend on various cell components, including electrolyte.
1.3 Challenges
Several challenging issues have hindered commercialization of Li/chalcogen
cells. First of all, the high-order polychalcogenide species are dissolved into the
electrolyte and these species result in the undesirable "polychalcogenide shuttle". The
"shuttle" indicates the back and forth movements of dissolved polychalcogenides
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between cathode and anode based on the concentration gradient during cell operation.
Once it occurs, the active mass of chalcogen is decreased, coulombic efficiency is
lowered, and the deposition of insoluble layers (Li2C and Li2C2 where C is S, Se or
telerium, Te) on both positive and negative electrodes hinders the cell mass transport.
Thus the actual specific discharge capacity becomes lower than the theoretical value and
it further decreases with the increasing rate of discharge. Also, the power density is not
satisfactory for the specific applications, such as electric vehicles, owing to the
insufficient electrical conductivity of chalcogen and the unsatisfactory kinetics of
reduction of low-order polychalcogenides. In case of selenium, power density is better
than S owing to its higher electrical conductivity and possibly higher ionic conductivity,
but still further improvement is required to meet the market requirements. Currently
Li/chalcogen batteries commonly adopt bulk Li metal as the negative electrode. The Li
dendrite formation thus must be mitigated to avoid cell shorting (which triggers safety
concerns) and to maximize cycle life (which is related to the performance of the entire
cell).
Sulfur is commonly produced as a byproduct of oil production, thus using S cathode
is beneficial for the environment and the price of S is very competitive. However, high
cost of Se is one possible limiting factor for its wide applications.
1.4 Strategies for reducing intermediate redox products. Literature review
1.4.1 Design of chalcogen-carbon nanocomposites
Since elemental S has low electronic conductivity, the use of conductive carbons with
high surface area and porosity for S impregnation becomes a viable way to achieve high
utilization of S. A variety of different types of S-C composites have been studied and
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showed noticeable improvements.9 One of the first breakthroughs was reported by Nazar
and coworkers. In their study, positive electrodes based on highly ordered composites of
sulfur and mesoporous carbon (CMK-3), prepared by a simple “S melt diffusion strategy”
exhibited high reversible capacity with good cycling performance and efficiency.10 The
use of a conductive mesoporous carbon framework constrained sulfur within its
pores/channels and provided intimate electrical contact. (Figure 1.1a) The strong
adsorption between mesoporous carbon and sulfur limited polysulfide diffusion and thus
effectively reduced the polysulfide shuttle. Furthermore carboxyl group on the surface of
the C was used to attach polyethylene glycol (PEG) chains on the S-C composite surface.
The PEG-modified material could effectively trap highly polar polysulfide species by
providing a hydrophilic chemical gradient on the surface, thus limiting the concentration
of polysulfide anions in the electrolyte.(Figure 1.1)

Figure 1.1 (a) Schematic diagram of S-CMK-3 composites, and (b) Cycling stability
comparison of S-PEG-CMK-3 versus S-CMK-3 at 168 mA g-1 at room temperature. 10
Reproduced with Permission Copyright (2009) from Nature Publishing Group.

The authors reported cycling performance only up to 20 cycles and thus further
improvements are necessary for practical applications. One strategy to trap or immobilize
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lithium polysulfides during cycling involves formation of the barrier coatings around the
S-C particles. For example, in the same group, S-CMK-3 composite was further modified
with inorganic thin film shell via modified sol-gel method.
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were

to

coated

on

the

carbon

sulfur

nanocomposite

SiOx and VOx thin films
minimize

polysulfide

dissolution.(Figure 1.2a) Indeed, compare to S-CMK-3 without MOx coating(Figure
1.2b), SiOx (Figure 1.2c) and VOx (Figure 1.2d) coating showed improved cycleability.
Even though the reversible capacity of SiOx -coated S-CMK-3 is slightly lower than that
of S-CMK-3 during initial cycling, the overcharge caused by the polysulﬁde shuttle effect
is largely diminished. Again although these results are very promising, 100 cycles (SiOx coated S-CMK-3) and 40 cycles (VOx -coated S-CMK-3) are still not enough and further
studies are required to understand how different coating materials affect the reversibility
of the redox reactions of S.
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Figure 1.2 (a) Schematic diagram of MOx-coated S-CMK-3 composite preparation,
cycling performance of (b) S-CMK-3, (c) 2.7 wt.% SiOx-coated S-CMK-3 and (d) 1.8
wt.% VOx-coated S-CMK-3 (open circle: charge, closed circle: discharge).11 Reproduced
with Permission Copyright (2012) from Wiley-VCH.

Se-C composites have been recently studied and prepared in almost identical way.
CMK-3 was introduced to retain Se.(Figure 1.3a)12 Se is slightly soluble in N-methyl-2pyrrolidone (NMP) which is common solvent to dissolve poly(vinylidene fluoride)
(PVDF) binder. Thus Se in relatively large mesopores is preferentially dissolved and
crystallized on the surface of Se-CMK-3 electrode in bulk. In contrast, Se with water
soluble binder, sodium alginate (SA) demonstrated promising cycle life with high
specific capacity and rate performance (Figure 1.3b and c).
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Figure 1.3 (a) Schematic diagram of Se-CMK-3 composites, (b) cycling performance
and Coulombic efficiency of Se-CMK-3 with SA and PVDF binders at C/10 rate, and (c)
reversible capability density of Se-CMK-3 at C/10, 1 C, 2 C, and 5 C and long cycling
performance at 1 C.12 Reproduced with Permission Copyright (2013) from Wiley-VCH.

1.4.2 Development of new electrolyte optimized for S and Se cathode
chemistries
The main function of electrolytes is to provide fast Li ion transportation between
negative and positive electrodes. Because of the relatively low operating potential in Li/S
and Li/Se cells, usually they do not suffer from decomposition of liquid electrolytes.
However a challenge with Li/chalcogen batteries originates from the solubility of highorder polychalcogenides in many liquid electrolytes. This results in polychalcogenides
shuttling, corrosion of the lithium metal, and deposition of an insulating film of low order
polychalcogenides. In a Li/S system, polysulfide dissolution degrades both anode and
cathode. A noticeable progress of Li metal protection in Li/S battery was achieved with
the introduction of LiNO3 as an additive into the electrolyte.13 In the following year,
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Aurbach team elucidated the role of LiNO3 in electrolyte in diminishing reductions of
polysulfides in solution on anode side.14 The proposed components of solid electrolyte
interphase on Li anode (Figure 1.4) can avoid continuous electron transfer from Li metal
to polysulfides in solutions hence greatly reduce Li metal corrosion.

Figure 1.4 A schematic presentation of the contribution of the various components in
DIOX / LiTFSI / Li2S6 / LiNO3 solutions to the surface chemistry of Li electrodes.14
Reproduced with Permission Copyright (2009) from Electrochemical Society.

Liang and coworkers adopted phosphorous pentasulfide (P2S5) into the electrolyte
in order to produce passivating, yet ionically conductive layer on a Li metal and thus
inhibit polysufide shuttle.15 It is noteworthy that the insulating Li2S which is largely not
soluble in dimethoxyethane (DME)/1,3-dioxolane (DIOX) solvent, can be dissolved in
tetraethylene glycol dimethyl ether (TEGDME) when P2S5 is added. (Figure 1.5a) As a
result, P2S5 additive may promote the dissolution of Li2S in TEGDME-based electrolytes
and thus decrease the capacity loss from the deposition of insulating Li2S on the surfaces
of the electrodes. Indeed, a lithium sulfur cell with the P2S5 additive in the electrolyte
showed better cycling stability and higher Coulombic efficiency. (Figure 1.5)
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Figure 1.5 (a) Photograph of insoluble Li2S and dissolved Li2Sx/P2S5 complexes in
TEGDME. The weight ratio of solid to liquid in each vial is 1:10, and (b) cycling
performance of Li/S batteries with/without P2S5. 15 Reproduced with Permission
Copyright (2013) from Wiley-VCH.

A very recent study by Armand group reported that high concentration of LiTFSI
salt up to 7M in DME and DIOX mixture was shown to be beneficial for the suppression
of polysulfide dissolution at the expense of the low ionic conductivity and high
electrolyte viscosity.
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They clearly visualized the suppressed high order polyselenide

dissolution by using this high molarity electrolyte (Figure 1.6a). The Li/S battery using
SIS-7# (7M LiTFSI) as electrolyte exhibited the best electrochemical stability (Figure
1.6). The problem for this electrolyte though is that the polarization becomes large due to
relatively higher viscosity compared to traditional electrolytes with low-salt
concentration. But Li/S batteries using SIS-7# electrolyte still showed excellent rate
capability suggesting a promise for further exploration in this field. (Figure 1.6c)
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Figure 1.6 (a) The color changes of four samples with different salt concentrations
containing the same amount of Li2S8 were recorded by digital camera along with time,
(b) cycling performance of S-C electrodes in electrolytes with different ratios of LiTFSI
to DOL:DME (1:1 by volume), and (c) rate capability with SIS-7#(7M LiTFSI)
electrolyte. 16 Reproduced with Permission Copyright (2013) from Nature Publishing
Group.

Up to now (October 2014), in Li/Se system, the studies on the impact of
electrolyte composition have never been reported except for our studies, which will be
covered in chapters 5 and 6.
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1.5 Research objectives
The main objective of this research is to investigate how the fundamental
relationships between the carbon structure, chalcogen-carbon composition, electrolyte
salt concentration, the presence of electrolyte additives, and operating temperature will
affect the electrochemical reactions between a solid with solvable intermediate reaction
products (such as chalcogen) and an electrolyte in a nanoconfined space. Such new
knowledge may contribute to the development of novel electrodes for alternative lithium
rechargeable batteries with improved energy density, power density, and cycle life. The
detailed objectives of this thesis are listed below.
-

To correlate Li salt concentration in electrolyte, operating temperature, and pore
properties of sulfur hosting materials with the electrochemical behaviors of sulfur
in size-controlled but tortuous nanopores of activated carbons.

-

To investigate the correlations between synthesis condition and pore properties of
sulfur hosting materials with aligned(straight) pore channels (such as ordered
mesoporous CDC) and Li salt concentration in electrolyte on the electrochemical
behaviors of sulfur.

-

To study effects of Li-ion permeable but polysulfide non-permeable oxide layer
(such as aluminum oxide layer) coating on sulfur-carbon nanocomposite on the
stability and electrochemical behaviors of S-C composites

-

To reveal the relationships between pore properties of Se hosting material and Li
salt concentration in electrolyte on electrochemical behaviors of Se and compare
them with that of S in identical hosts.
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-

To explore the effects of selected electrolyte additive and its electrochemical
reduction on electrochemical behaviors of Se cathodes.

1.6 Map of Dissertation
This thesis studies S and Se cathodes for high performance lithium-chalcogen
batteries. Chapter 2 discusses the fabrication of sulfur-carbon nanocomposites with
activated carbons having different pore size and distribution and their electrochemical
performance under different molarity of Li electrolytes and operating temperature.
Chapter 3 investigates the benefits of dual pore size distribution with aligned mesopores
and hierarchical structure of porous carbon for S storage and electrochemical
performance of S-C composites. Chapter 4 describes a proof of concept studies which
employ Li-ion permeable but polysulfide non-permeable thin aluminum oxide layer on S
infiltrated C nanocomposites to further improve cycle life of sulfur cathodes. Chapter 5 is
a study that utilizes Se with combination of porous carbon having dual pore size
distribution and high molarity electrolyte and also discusses different electrochemical
behaviors of S and Se in identical hosts and electrolyte composition (such as high
molarity electrolyte). Chapter 6 studies the benefits of in-situ formed solid electrolyte
layer on selenium cathode surface, where such layer is induced by electrochemical
reduction of a low-cost fluorinated electrolyte additive. Chapter 7 summarizes the main
findings in each chapter and discusses recommendations for future research.
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CHAPTER 2
2SULFUR INFILTRATED ACTIVATED CARBON CATHODES FOR
LITHIUM SULFUR CELLS

Reproduced with permission from Jung Tae Lee, Youyang Zhao, Hyea Kim, Won ll Cho,
Gleb Yushin, Sulfur infiltrated activated carbon cathodes for lithium sulfur cells: The
combined effects of pore size distribution and electrolyte molarity, Journal of Power
Sources, 2014, Copyright 2013 Elsevier.

2.1 Introduction & Motivation
Limited understanding exists on the effects of physical structural parameters of
porous carbon on the electrochemical performance of Li/S-C cells. Since the rate of the
capacity degradation is greatly affected by polysulfide dissolution and pore blocking by
the re-deposition of Li2S on the electrode surface, the cell performance could be affected
by both the structural properties of porous carbons and the properties of electrolyte.
Furthermore, it may be expected that the complex electrode/electrolyte interactions could
be affected by temperature.
In this study, we aimed to reveal the impacts of the pore size distribution, pore
volume and specific surface area of porous carbons on the temperature-dependent
electrochemical performance of S-infiltrated carbon cathodes in electrolytes having
different salt concentrations. While many advanced porous carbon synthesis techniques
have been developed in the last decade
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, we believe that activated carbon(AC) will
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likely remain the material of choice for use in the majority of commercial applications
due to their scalable and reliable production 18. In order to make this study most relevant
to industrial needs, we used low-cost commercial AC samples produced from natural
precursors and having markedly different porosity characteristics for S-C composite
fabrication and evaluation.

2.2 Materials & Methods
Three AC samples have been used: Ceca 3S and CXV (Arkema Group, France)
and YP17D (Kuraray Chemicals, Japan). The S (Alfa Aesar) melted at 120°C was first
infiltrated into AC pores. After this step the AC pore surface was entirely coated by S. In
order to provide a pore volume needed for ~ 80% expansion during S lithiation with the
Li2S formation and in order to remove excess of S from the exterior surface of AC
particles, the S-infiltrated AC samples (S-AC) have been thermally treated at 220 °C for
2h.

Figure 2.1 Schematic of S-AC composite powder fabrication
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To prepare uniform slurry for electrode casting, the S-AC powders were mixed
with a polyacrylic acid (PAA) (Sigma Aldrich, USA) binder dissolved in ethanol/water
mixture. We have previously showed that PAA with uniformly distributed polar
functional groups serve as an excellent binder for anodes and cathodes
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. The ratio of

active material (S-AC) to PAA binder was 85:15 and no conductive additives were used.
The slurry was stirred at room temperature for 30 min and cast on a nickel (Ni) foil
current collector. After drying the electrode overnight under vacuum, coin cells were
assembled

with

the

electrolytes

composed

of

1M,

3M,

and

5M

bis(trifluoromethanesulfonyl)imide (LiTFSI) salt in dimethoxyethane (DME):1,3dioxolane (DIOX) (1:1, v:v) solvent, celgard 2325 (Celgard) separator and pure Li foil
(99.9%, Alfa Aesar) anode. 0.2M LiNO3 (99.99%, Alfa Aesar) was added to the
electrolyte as an additive. The cells were equilibrated for 24 h before operation. The S
loading in the electrode was kept at ~ 0.5mg/cm2.
The coin-cells, assembled inside an Ar glovebox (< 1 ppm of H2O, Innovative
Technologies), were cycled between 3.0 V and 1.2 V vs. Li/Li+ (V) in a galvanostatic
mode by using an Arbin battery testing system (Arbin Instruments, USA). The cells were
tested with different C-rates at C/20, C/10, C/5, C/2, 1C, C/20 and then the durability test
was continued at C/5 for 200 cycles. C-rates were calculated based on the theoretical
capacity of S and the S mass in each electrode.
Zeiss Ultra60 FE-SEM (Carl Zeiss, Germany) was used to perform scanning
electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) studies at a
beam voltage of 5 kV and a working distance of 4 mm for imaging and 8 mm for EDS,
respectively. After cycling test, the coin cells were disassembled and both anodes and
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cathodes were washed with dimethyl carbonate (DMC) to remove residual salts in the
glove box atmosphere. The SEM samples were transferred from a glove box to a sealed
plastic bag, limiting air exposure to time under < 5 min. X-ray Photoelectron
spectroscopy (XPS) analysis was done by using the Thermo K-Alpha (Thermo Scientific,
USA) (Al Kα peak) with a step size of 1 eV for the survey scans to confirm elemental
composition of both the electrode surface and the bulk. The X-ray gun produced a 200
μm spot size, and an electron flood gun was used for charging compensation. Ion milling
was performed within the XPS in order to gain the S composition with the bulk of the
electrode. This milling was carried out by rastering an Ar+ ion beam operated at 3 kV for
10 min. Thermogravimetric analysis (TGA) was performed from room temperature to
600 °C under nitrogen (N2) atmosphere at a heating rate of 5 °C/min using a TGA Q50
analyzer (TA instruments, USA) to calculate S content in S-C composite. The isotherms
of N2 gas adsorption on the surface of ACs were collected at 77K using an ASAP 2020
surface area and porosity measurement system (Micromeritics Inc., USA). Monte Carlo
simulation of electron trajectory for EDS analysis was done with a CASINO software.
Due to the complex nature of porous material, we simplified our composite material to
solid material with hypothetical density which is the mixture of density of S (2.07 g cm 3 20

) , amorphous C (2.0 g cm-3)21, and unoccupied pore (0 g cm-3) as follows.
where

fraction,
fraction,

is sulfur mass fraction,

is effective density,
is pore mass fraction,

is sulfur volume fraction, and

is carbon mass
is carbon volume

is pore volume fraction. The calculated

effective densities were ~0.87, ~0.86, and 1.02 g cm-3 for S-YP17D, S-3S, S-CXV AC
samples respectively.
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2.3 Results & Discussion
The morphologies of AC and S-AC cathode powders are typical for commercial
ACs produced from natural precursors – irregular shapes and a broad particle size
distribution.(Figure 2.2) YP17D has the smallest particle size (around 1–5 μm). The 3S
samples exhibit elongated shape with high aspect ratio and particle size up to ~ 3 μm in
the smallest dimension and up to ~ 150 μm in the largest dimensions. The CXV also
shows large particle size in the range of 10–50 μm.

Figure 2.2 SEM micrographs of AC and S-AC composite powders; (a) YP17D, (b) SYP17D, (c) 3S, (d) S-3S, (e) CXV, and (f) S-CXV
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Figure 2.3a exhibits N2 sorption isotherm of ACs. YP17D shows the Type I shape
of the isotherm according to the Brunauer classification with saturation at relative
pressure (P/P0) of 0.2 which indicates pores are mainly microporous (≤2nm) with small
volume of pores larger than 2nm. In contrast, 3S and CXV demonstrate type IV isotherm
suggesting presence of both micropore and mesopores (pores with size in the 2-50 nm
range). The adsorption-desorption hysteresis of CXV is larger than the same of 3S and
this suggests that CXV possesses larger volume of mesopores. These conclusions are
fully supported by the pore size distribution (PSD) curves obtained from the N2 isotherms
based on density functional theory (DFT) calculation.(Figure 2.3b) We assume that the
shape of the pores can be approximated as a slit, which is a common assumption for ACs
22

The porosity data including BET surface area, pore volume, and pore size distribution

for all AC samples are summarized in Figure 2.3c. YP17D and CXV have comparable
BET surface area and pore volume, but the great difference is that the CXV includes
larger pore size up to 30nm. 3S has smallest surface area and pore volume, and the
particle and pore size distribution are similar to CXV.
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Figure 2.3 Porosity Characterization of commercial AC samples used in our study: (a) N2
sorption isotherms, (b) pore size distribution, (c) key pore characteristics.
After infiltration of the melted S into AC, the S excess was evaporated at a fixed
temperature of 220 °C. We can observe that our procedure of S evaporation (Figure 2.1)
allowed us to completely eliminate S presence outside the particles or on their surface
(Figure 2.2b, d, f), which is critically important for our studies. Since the structural
properties, surface area and pore size of the ACs were different, each AC expectedly
retained different S capacity as shown in Figure 2.4a. YP17D contains the largest amount
of S (~35%) due to the high specific surface area and, equally important, the smallest
pores present. Smaller pore size results in a stronger integration between S and C because
the interaction potentials between the S molecules (mostly S8) and both sides of the pore
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walls overlap. As a result, they entrap larger S content in the pores. While CXV has
larger pore volume and similar specific surface area compared to YP17D, it entraps less S
into its pores (~21%) due to larger pore size. 3S has similar pore volume but smaller
specific surface area compared to YP17D. Again, due to the presence of large pores, 3S
entrapped smaller S content than YP17D however the mesopore volume of 3S is smaller
than CXV hence it can store larger amount of S than CXV. The S loading capacity of
ACs evidently depends more on the pore size than on the overall pore volume and surface
area. XPS depth profiling analysis was carried out to qualitatively reveal possible
changes in S content on the surface of the S-AC particles. Indeed, we found that the
intensity of C1s peak decreases significantly with milling depth, while those of the S2s and
S2p peaks increases. Figure 2.4b shows an example of the survey XPS spectra collected
before and after 10 min milling, demonstrating higher S content after removal of the
surface (S/C weight ratio changed from 0.13 to 0.60). The accurate estimation of etched
thickness is challenging because ACs have random structure and there is no such
standard material. However it was reported that our XPS machine has a ~15nm/min etch
rate of SiO2 under same experimental condition.23 The uniformity of S infiltration within
the porous C network was confirmed using EDS line scans and EDS mapping across
individual particles. Figure 2.4c and d show an example of such results, demonstrating
uniform distribution of S within a ~10µm S-CXV particle.
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Figure 2.4 S-AC characterization: (a) S fraction in S-AC composites as measured using a
TGA, (b) XPS spectra of a representative S-AC electrode before and after ion milling, (c)
an SEM micrograph of a single representative S-AC particle, and (d) EDS mapping of the
S distribution within this particle.
It has been previously reported that the bimodal porous carbon materials possess
certain benefits as a matrix for S-C composite cathodes, because they generally can
provide large pore volume for S infiltration, mesopores for rapid ion transport thus high
power performance, and small pores for reduced polysilfide dissolution.24 The
micropores additionally often provide higher surface area available for good electrical
contact with S, which enhances the S utilization. Similar arguments could be used to
explain a significant difference in the performance of the selected ACs. While
microporous S-YP17D cathode with slow ion transport (with some of the pores being
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likely blocked by S) shows very low capacity utilization at room temperature,
mesoporous S-3S and S-CXV exhibit significantly higher capacities (Figure 2.5a). The S3S electrode with the large pores shows the highest initial capacity, however, it suffers
from the fastest fading due to the low surface area and large pores, which should reduce
their polysulfides’ confinement properties (Figure 2.5a). For elevated temperature
operation (70oC) when ion diffusion within the S-C composites is significantly enhanced,
the situation changes dramatically with S-YP17D (exhibiting the highest surface area of
carbon) now showing the highest specific capacity over the other two S-AC cathodes
(Figure 2.5b). All the cells with 1M LiTFSI salt were compared to investigate
temperature effect. In our previous studies we observed conformal coating of the redeposited lithium sulfide on the particles’ surface
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. The blocking of small micropores

(as in YP17D) by the agglomerated re-deposited lithium polysulfides can be reduced at
elevated temperatures, so the benefits of high temperature are more visible with this
microporous carbon. Moreover, the lower viscosity of electrolyte at high temperatures
helps electrolytes to reach even in micropores in S-C composites, improving the S
utilization dramatically. Note that the mesoporous S-3S, having the smallest surface area
and the large pores, exhibits virtually identical performance at both temperatures
(compare Figure 2.5a and b). This suggests that the ion diffusion was sufficiently fast at
room temperature.
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Figure 2.5 The cycle stability of different S-AC cathodes with 1M Li salt at C/5 at (a)
25°C and (b) 70°C. The capacity is normalized by the weight of S.

The C-rate performances of the three samples with different Li salt concentration
in electrolytes are compared in Figure 2.6. Because a series of charge-discharge tests with
increasing current density were performed on the same cell, the rate test actually
corresponds to the combined effect of both the stability of the cathodes (polysulfide
dissolution) and its S utilization with increasing current density (rate-capability).
Therefore in order to reveal the degree of cell degradation, at the end of this test we have
performed a second slow (C/20) charge-discharge test. S-YP17D shows the highest rate
performance at 70 oC, which is rather surprising due to its smallest pore size. Furthermore,
its good rate capability was observed in electrolytes having various salt concentrations.
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More specifically, at a slow rate of C/20, S-YP17D shows the discharge capacity
of 834-1270 mAh/gs (up to 76% S utilization), which reduces to 375-742 mAh/gs (up to
44% S utilization) at 1C, which corresponds to ~59% capacity retention. However,
taking into account the electrode degradation and comparing the “1C” performance to the
next cycle collected at “C/20”, we can estimate the capacity retention of up to 79 % when
increasing the current density by 20 times, which is quite high considering the small pore
size and large particle size of this sample. Such good rate performance of S-YP17D can
be explained by its bottle-neck free pores (this type of AC has been optimized for use in
high-rate electrochemical capacitors). In case of S-3S composite sample, it shows the
highest initial sulfur utilization of 1400 mAh/gs (83% utilization, likely due S being very
accessible to electrolyte), but it quickly loses its capacity with cycling (compare “C/20”
performance before and after rate tests, Figure 2.6b). By comparing the “1C”
performance to the next cycle collected at “C/20” we estimate the capacity retention of up
to 67% when increasing the current density. Reduced (compared to microporous SYP17D sample) rate performance of this sample could be related to its slightly larger
particle size and possibly more tortuous pores. The pore tortuosity, unfortunately, is
difficult to characterize. S-CXV shows the worst rate performance of all the samples,
where its capacity at “1C” is only 19-30% (depending on electrolyte) of that at “C/20”
even when considering fading rate. We propose that its largest particle size is responsible
for the poor rate performance (diffusion time is proportional to the square of diffusion
distance and CXV particles are almost 10 times larger than YP17D). When considering
the fading rates among these AC samples, it is evident that the mesopores facilitate the
polysulfide dissolution. Both the large particle size and large surface area of S-CXV may
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assist this sample to reduce its polysulfide dissolution and the resulting fading rate in
spite of having a significant mesopore volume.

Figure 2.6 Rate performance of S-AC composites in different electrolyte molarities: (a)
S-YP17D, (b) S-3S, and (c) S-CXV. The tests have been carried out at 70°C and the
capacity is normalized by the weight of S. The cells were tested at C/20, C/10, C/5, C/2,
and 1C consecutively and once again at C/20 to reveal the degree of degradation.
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In all ACs, 3M electrolyte showed superior performance compared to 1M
electrolyte due to the reduced polysulfide dissolution based on the common ion effect and
smaller fraction of solvent molecules not bound to the electrolyte ions and available for
such a dissolution 16, 26. Further increasing Li salt concentration reduced the performance
of microporous S-YP17D electrode, likely due to its higher viscosity (Figure 2.7) and
thus possibly reduced electrolyte mobility in small micropores. Because of this high
viscosity of 5M electrolyte, not all S-C composite cathodes may benefit from its
properties. Y. V. Mikhaylik et al. utilized graphite as a carbon source and reported that
small amount Li salt increase (0.5 to 0.85, and 2.5 M LiTFSI in DME/DIOX) showed
inferior performance with reduced S utilization.27 Our current results suggest that optimal
Li salt concentration depends on the physical properties of carbon.

Figure 2.7 The viscosity of electrolytes with different LiTFSI salt concentration in a
DME:DIOX (1:1) solvent mixture at room temperature.
Long-term cycling performance of three types of S-AC cathodes with increased
Li salt concentration at “C/5” rate is shown in Figure 2.8. Overall, the initial capacities in
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the range of 400-800 mAh/gs gradually decreased to 300-500 mAh/gs after 100 cycles.
The S-YP17D cathode showed the highest initial capacity, but similar to other sample,
relatively fast capacity reduction. The small micropores of this sample must be easily
blocked by the reaction products, Li2S and Li2S2. Only the S-CXV sample, having the
largest pore size, exhibited the best performance in most viscous, 5M, electrolyte.

Figure 2.8 The comparison of cycle stability of different S-AC cathodes with different
electrolyte molarities: (a) S-YP17D, (b) S-3S, and (c) S-CXV. The tests have been
carried out at 70°C and the capacity is normalized by the weight of S.
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Because the long term cyclability is greatly affected by the low order polysulfide
precipitation on the cathodes (blocking the electrolyte pathway and lowering the S
utilization)26, the surface of cycled S-AC cathodes were investigated with SEM and EDS.
The SEM images in Figure 2.9 show all ACs have similar outcomes in terms of higher
polysulfide precipitation with increasing electrolyte salt concentration and electrolyte
viscosity.

Figure 2.9 SEM micrographs of cathodes cycled at 70oC in electrolytes having different
molarity (salt concentrations): (a) S-YP17D-1M , (b) S-YP17D-3M, (c) S-YP17D-5M,
(d) S-3S-1M, (e) S-3S-3M, (f) S-3S-5M, (g) S-CXV-1M, (h) S-CXV-3M, (i) S-CXV-5M.
The S-YP17D in 1M electrolyte showed relatively clean surface but, the
remaining S content detected by EDS (Figure 2.10) was noticeably lower than the initial
value, indicating that a large portion of S was dissolved in spite of the polysulfide
confinement in the micropores of YP-17D. These results are consistent with the capacity
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fading observed in charge-discharge tests. What appeared surprising, though, mesoporous
S-CXV and S-3S showed higher S content after cycling and such S content generally was
higher in electrodes cycled in electrolytes with higher molarity. On one hand, since these
electrodes had larger content of “inactive” S (Figure 2.8) and a similar degree of
electrochemical degradation (Figure 2.10), it could make sense that more S would stay in
such samples after cycling. The puzzle was where these extra S came from. Simulation
results of the penetration depth of electrons (~600-800 nm) in our ACs at the employed
accelerating voltage explained the observed phenomena (Figure 2.11) – the majority of
the EDS signal comes from the top 500 nm layer on the particles’s surface, being far
smaller than the particles’ diameter (Figure 2.2 and Figure 2.9). This top layer is covered
by the precipitated polysulfides (Figure 2.9), therefore showing lower C and higher S
content by the EDS.
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Figure 2.10 EDS chemical composition of the S-AC electrodes after cycling at C/5 at
70oC.
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Figure 2.11 Monte Carlo electron trajectory simulation, revealing the sample depth, from
which EDS signal is collected: (a) S-YP17D, (b)S-3S, and (c) S-CXV.

Building a protective, electrically insulative SEI layer on a Li anode surface may
improve stability of Li/S cells. 25 The surfaces of the cycled Li anodes showed significant
differences in their morphology and composition (Figure 2.12). While the Li surface

32

cycled in 1M electrolyte shows relatively rough surface with more dendritic structures,
higher salt concentration resulted in a significantly smoother and more flat surface.
During cycling, there is a reaction competition on the surface of Li between forming a
stable SEI with the electrolyte and reacting with diffused polysulfides. High molarity
electrolyte can provide more stable SEI formation because of the reduced polysulfide
diffusion. Our results are in agreement with previous studies showing that high salt
concentration can develop thicker SEI on a Li electrode

16

, hence mitigating undesired

side reactions between polysufides and a Li metal.

Figure 2.12 SEM micrographs of Li anode surfaces after cycling at 70oC against
different S-AC composite cathodes in electrolytes having different salt concentration: (a)
S-YP17D-1M, (b) S-YP17D-3M, (c) S-YP17D-5M, (d) S-3S-1M, (e) S-3S-3M, (f) S-3S5M, (g) S-CXV-1M, (h) S-CXV-3M, (i) S-CXV-5M.

EDS on the cycled Li anodes confirmed the presence of C, O, F, and S, which are
the typical components of SEI on a Li anode in Li/S cells. (Figure 2.13) Possible SEI
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products are Li2S2O4, LixSOy, LiS, Li2S, LiF, LiCF3 and organic species were produced
by Li salt and solvent decomposition 14. Generally, the C, F, and S increases with the salt
concentration, but the oxygen content shows opposite trend. We believe the oxygen is
mostly coming from the unintentional oxidation of the samples in air while transferring to
an SEM chamber. The lower O content with higher other SEI components in high salt
concentration supports the thicker SEI layer formation, which can protect the Li and SEI
from being oxidized during the air exposure. 16
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Figure 2.13 EDS chemical analyses of the Li anodes after cycling at 70oC against
different cathodes: (a)S-YP17D, (b)S-3S, and (c) S-CXV.

Figure 2.14 shows the voltage profiles of the S-AC cathodes during cycling at
70 °C. It is well known that S discharge curve commonly shows two plateaus at ~2.4 V
and ~2.0 V in DME/DIOX. 28 Such plateaus, however, could only be seen in an S-YP17D
sample. Both 3S and CXV show relatively featureless curves with a large polarization
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and resulting voltage hysteresis from the very first cycle. Large particle size and rapid S
dissolution during the 1st cycle in these two electrodes may contribute to the observed
phenomena. Effect of the electrolyte concentration could be mostly seen in S-YP17D and
S-CXV, which showed larger polarization in a 5M electrolyte, likely due to reduced ionic
mobility in the smaller pore present in such samples. With increasing cycle number, all
the cells show significantly increased polarization and lower capacities, likely resulting
from the electrically and ionically insulative precipitations of the lithium sulfides on both
the Li anode and S-AC cathodes.

Figure 2.14 The voltage profiles of S-AC composite cathodes in electrolytes having
different salt concentration at the 1st, 50th and 100th charge-discharge cycles recorded at
C/5 rate at 70 °C: (a) S-YP17D-1M , (b) S-YP17D-3M, (c) S-YP17D-5M, (d) S-3S-1M,
(e) S-3S-3M, (f) S-3S-5M, (g) S-CXV-1M, (h) S-CXV-3M, (i) S-CXV-5M
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2.4 Summary
In this study, three different ACs (YP17D, 3S and CXV) having different particle
size, specific surface area and pore size were used as S hosting materials. Uniform S
infiltration was achieved in all samples, including those having large (up to 50 µm)
particle size. Under identical S infiltration/evaporation conditions, microporous AC
(YP17D) retained the highest S content. The effect of the physical parameters of ACs and
the combined effect of Li salt concentration were investigated to provide guidelines for
the optimization of electrode/electrolyte systems in Li/S batteries. The performances of
the cells at two different temperatures of 25 and 70 oC were compared.
The pore size and particle size distribution of the AC had a significant impact on
the accessible specific capacity of S in electrolytes having different molarities. The most
significant difference was observed at room temperature, where strictly microporous SYP17D exhibited very small capacity, in contrast to mesoporous S-ACs. Room
temperature tests also revealed better capacity retention and smaller capacity in S-ACs
having larger particle size. At an elevated temperature of 70 °C (higher ionic mobility)
microporous S-YP17D with smallest particle size showed over 4-fold increase in capacity.
However, the capacities of S-ACs with mesopores and large particles (S-3S and S-CXV)
were not affected by temperature or increased only slightly at higher temperatures,
suggesting that either an electron transport is a rate-limiting step in the corresponding
reduction-oxidation reactions of these cathodes or the increased ionic transport is
significantly offset by the increased cathode dissolution. The cathode dissolution rate
within the few initial cycles at 70 °C was the highest in mesoporous S-ACs having the
smallest specific surface area (S-3S). Quite remarkably, the best rate capability at 70 °C
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was observed in microporous S-YP17D, suggesting that at this temperatures the rate may
be limited not by the diffusion of ions within the pores, but rather by the diffusion of ions
through the polysulfides deposited on a Li foil and re-deposited on the surface of S-AC
particles. Increasing a salt concentration in electrolytes increased electrolyte viscosity and
resulted in the formation of a thicker, yet smoother SEI on a Li foil anodes. Most
cathodes showed the most favorable performance in a 3M electrolyte at 70 °C with SYP17D retaining over 450 mAh/gs at C/5 rate after 100 cycles. Increasing salt
concentration from 3M to 5M reduced accessible capacity in microporous S-YP17D even
at a moderate C/5 rate, but had little effect on the accessible capacity of mesoporous SAC samples. Higher electrolyte molarity also resulted in more polysulfides being redeposited on the surface of S-AC particles, likely due to lower polysulfide solubility and
slower transport in electrolytes having higher salt concentration. The studies of voltage
profiles during cycling show that increasing the S-AC particles size and increasing
electrolyte molarity results in the significant polarization.
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CHAPTER 3
3SULFUR INFILTRATED MICRO- AND MESOPOROUS SILICON
CARBIDE DERIVED CARBON CATHODES FOR LITHIUM
SULFUR CELLS

Reproduced with permission from Jung Tae Lee, Youyang Zhao, Sören Thieme, Hyea
Kim, Martin Oschatz, Lars Borchardt, Alexandre Magasinski, Won‐Il Cho, Stefan Kaskel,
Gleb Yushin, Sulfur‐Infiltrated Micro‐and Mesoporous Silicon Carbide‐Derived Carbon
Cathode for High‐Performance Lithium Sulfur Batteries, Advanced Materials, 2013,
Copyright 2013 WILEY-VCH Verlag GmbH & Co.

3.1 Introduction & Motivation
In previous chapter, we could learn the importance of dual pore size distribution
and pore size effect of S hosting material on S utilization, rate capability, and cycle life in
high molarity electrolyte. Furthermore, we identified that bottle-neck shaped pores can be
easily blocked by low order polysulfides precipitation and hence greatly reduce S
utilization. The combination of high molarity electrolyte and more sophisticated shape of
pores with accurate size control, especially straight pore, might be expected to be
advantageous for the composite cathode electrochemical performance improvements.
Carbide derived carbons (CDCs) are synthesized by a selective removal of noncarbon species such as metals or semi-metals via physical or chemical processes (most
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commonly by chlorination) from various carbide precursors

17a, 29

. The micropore size of

many CDCs is very uniform and precisely controllable up to angstrom level due to the
highly uniform distribution of carbon atoms within such precursors and continuous
extraction of large metal chloride molecules from CDC during their formation 29a, 29b. The
use of CDC for S nano-confinement can be greatly advantageous because of the precise
tuning of the pore size distribution possible by both selecting different carbide precursors
and changing the process parameters during the synthesis of such carbon materials

30

.

Large, strictly microporous CDC particles, however, are difficult to homogeneously
infiltrate with S. The particle size reduction
secondary mesopore system

17d, 32
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or better the application of CDC having a

shall allow formation of uniform S-CDC composites

and, equally important, greatly increase their rate performance due to faster diffusion of
Li ions. In this study, we use micro- and mesoporous CDC as a sulfur storage material
with Li-rich electrolyte for the first time.

3.2 Materials & Methods
The CDCs were synthesized as previously reported

32b

. The sulfur melted at

120°C diffuses into the CDC pores based on capillary forces and coats both inner and
outer surface of the carbon during the infiltration process. The extra sulfur coated the
outside of the pores which can easily dissolve and lower the sulfur utilization/the active
mass during cycling was evaporated at 200°C. The CDC/S powders and polyacrylic acid
(PAA) binder (Sigma Aldrich) were mixed in ethanol/water to prepare slurry for casting
an electrode. The ratio of CDC/S to PAA binder was 85:15. No conductive additives
were used. The slurry was stirred at room temperature for 1hour and cast on a nickel foil.
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Coin cells are assembled and equilibrated as described previously. (Chapter 1) On
average, the electrode thickness is ~18 μm and S loading is ~1mg/cm2. The cells were
tested with different C-rates at C/10, C/5, C/2, and 1C and then the durability test was
continued at C/5 for 100 cycles. The Coulombic efficiency was defined as CLi extraction/CLi
insertion.

Micro-Raman spectroscopy was done using an Ar ion laser excitation (488 nm)
on a Ramascope 1000 Raman microspectrometer (Renishaw, UK) equipped with a
charged coupled device (CCD) detector and an optical microscope. The spectra were
obtained in the extended regime in the range of 800-1800 cm-1 and the microspectrometer
was calibrated using a plain Si wafer. The isotherms of N2 gas adsorption on the surface
of CDC powders were collected at 77 K in the range of relative pressures of 0.051 P/P0
using TriStar II 3020 surface area and porosity measurement system (Micromeritics Inc.,
GA) and the SSA and pore size distribution (PSD) in the mesopore range (250 nm) were
determined. The SSA and PSD were calculated using the BET and DFT methods,
respectively. Both the BET and DFT analyses were carried out using Micromeritics
software. The DFT model assumed slit-pore shape. The relative pressure range of P/P0
from 0.05 to 0.20 was used for multipoint BET calculations. Ultra high purity gases
(99.99%, Airgas) were used for all experiments. The CDC structure was characterized by
Philips CM200UT microscope (Philips, Netherlands) at an accelerating voltage of 200
kV and energy dispersive X-ray spectroscopy (EDS) was done with Tecnai™ G2 F30
(FEI Company, OR) at an acceleration voltage of 300 kV to observe uniformity of S
infiltration. Scanning electron microscopy (SEM/EDS) and thermogravimetric analysis
(TGA) were performed as previously described. (Chapter 1)
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3.3 Results & Discussion
In our proof-of-concept studies, we utilized ordered micro/mesoporous CDC
(OMCDC) prepared using a silicon carbide (SiC) precursor having hexagonally ordered
straight mesopores

17d

(Figure 3.1a). We also previously demonstrated greatly enhanced

ion transport within straight pores
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. The small angle X-ray diffraction analysis of the

mesoporous SiC and OMCDC materials, confirming the ordered nature of the mesopores
in such samples have been reported previously
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. Etching of Si from SiC was achieved

via atmospheric pressure chlorination at 700, 800, and 900 °C for 3 h. CDCs synthesized
at different temperatures will be denoted as CDC-700°C, CDC-800°C, and CDC-900°C,
respectively. Mesoporous SiC powder can be completely developed into CDC at
temperatures below 700 °C while CDC produced from nonporous SiC micropowder
needs at least 900 °C for complete chlorination 35. After the CDC formation, the particles
were melt-infiltrated with S assisted by the capillary forces acting within nanopores
(Figure 3.1a). The excess of S (outside the particles) was removed by heating at 200 °C
in air.
The SEM studies showed the size of CDC particles to be around 10-20 μm in
length and 2-5 μm in diameter. Each particle is comprised of 5-20 smaller primary
particles of comparable length with smaller diameter in the range of 0.5-1 μm. High
resolution transmission electron microscopy (TEM) studies showed the highly disordered
microstructure of all the produced CDC samples (Figure 3.1b). The results of Raman
spectroscopy (Figure 3.1c) confirmed the TEM studies and showed two broad peaks (Dband and G-band) characteristic of highly disordered CDC and other amorphous carbons.
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By calculating the ratios of the integrated intensities of the disorder-induced D-band to
that of the graphitic G-band (ID/IG ratio in the inset in Figure 3.1c) we can reveal the
impact of the chlorination temperature on the resultant structure. Reduction of such a
ratio with increasing synthesis temperatures (inset in Figure 3.1c) indicates a reduction in
the concentration of defects in the produced CDC
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. N2 sorption measurements (Figure

3.1d) show that chlorination temperature has a very minor impact on the shape and the
size of the isotherms, suggesting that all three samples exhibited similar porosity. Indeed
the calculated specific surface area and pore volume (Table 3.1) as well as the pore size
distributions in all the samples are very similar (Figure 3.1e). Among the DFT models
available, we have selected a quenched solid DFT which has been specifically developed
for disordered micro-mesoporous carbons with heterogeneous surface chemistry. This
model gave us a threefold decrease in the fitting error as compared to the previously
utilized DFT model. As the chlorination temperature increases only very small changes
arise: small increase in the volume of the sub-nm micropores, small reduction in the
volume of 1.3-3 nm pores and a small increase in the size of the largest (3-4 nm)
mesopores. The drop in the pore size distribution at around 0.7 nm is an artifact of the
DFT model.
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Figure 3.1 Material synthesis and characterization: (a) schematic of the sample synthesis
starting from mesoporous SiC, (b) TEM micrograph showing highly disordered
microstructure of CDC, (c) Raman analysis of synthesized CDC, (d) N2 sorption
measurements on CDC and (e) QS-DFT pore size distribution of CDC showing the
presence of micro- and meso-pores.
Table 3.1 Porosity properties of the OM-CDC materials: BET specific surface area
measured for P/P0=0.05-0.2 and , total pore volume measured at P/P0=0.95

Scanning electron microscopy (SEM) studies of S-CDC powder show no
changes in the particles’ morphology after the S infiltration (Figure 3.2a). No S residues
on the external particles’ surface can be observed. The uniform distribution of S inside
the micro and mesopores was confirmed via EDS mapping on individual S-CDC particles
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(Figure 3.2b). TEM and EDS further confirmed even distribution of S within the CDC
framework (Figure 3.3).
Thermo-gravimetric analysis (TGA) studies in N2 were used to obtain both the
thermal properties of the S-CDC and the accurate content of S in such composite samples
(Figure 3.2c). The weights of both S-CDC and pure S start to decrease ~150 °C. While
pure S totally evaporates at ~280 °C, the S in S-CDC retains at temperatures of up to
~350°C. This indicates a strong S-CDC bonding within the S-CDC and this should not be
surprisingly since S incorporated in smaller pores evaporates at higher temperature than
the sulfur in larger pores and much higher than pure S
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. Interestingly, in spite of the

similar pore volume of all the CDC samples (as characterized by the maximum volume of
the adsorbed N2, Fig. 1d) the samples produced at higher temperatures and containing
less defects (as characterized by Raman spectroscopy, Figure 3.1c) accommodated higher
S content (Figure 3.2d). We propose that higher concentration of defects in CDC
produced at lower temperature blocked some of the S from the diffusing into the bulk of
the particles. We shall also notice that higher synthesis temperatures also produced larger
volume of the smallest pores (Figure 3.1e), which exhibit stronger interactions with S and
thus should have resulted in better S retention during the 200 °C annealing step.
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Figure 3.2 Characterization of CDC infiltrated with S: (a) typical SEM micrograph and
(b) EDS mapping of the S distribution within a CDC particle, (c) typical TGA of a SCDC composite and pure S, and (d) changes in the S fraction within S-CDC composites
as a function of CDC synthesis (chlorination) temperature.

46

Figure 3.3 S-CDC characterization: (a) TEM micrograph, (b) an EDS spectra, (c) and
EDS line-scan profile.

Interestingly, in spite of the higher S content, CDCs produced at higher
temperatures and infiltrated with S showed both higher capacity utilization and better rate
capabilities when electrochemically tested as cathodes vs. a Li foil (Figure 3.4a). We
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offer several possible explanations. First, smaller concentration of defects may result in
faster Li ion diffusion and the reduced reactivity of carbon with the electrolyte. Second,
the trace elements (such as Cl) remaining in the CDC produced at lower temperatures
may also induce unwanted reactions with electrolyte. While the amount of Cl and other
impurities in CDC-900 °C is below the detection limit of energy dispersive spectroscopy
(EDS), CDC-700 °C sample contains up to 3.5 wt. % Cl (Table 3.2). The Cl is known to
be used for the desulfurization
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and thus its presence in the composites could be highly

undesirable. It is noteworthy that we average the data for ~3 samples and provide the
experimentally calculated errors. One of the S-CDC-900 samples showed lower room
temperature values in 1M electrolyte than the other 2 samples, which lead to higher error
bars for this sample. The sample-to-sample variations are quite normal in small batch size
laboratory samples and could be related to both the variations in the material properties
(e.g. non-uniform S infiltration within individual particles, difference in the CDC
porosity when prepared in small laboratory batches) and the electrode fabrication (e.g.
variations in the binder content, uniformity of the mixing, thickness, roughness,
variations of S content within the electrode thickness, etc.). All of these may affect the
rate capabilities and capacity utilization. The higher LiTFSI concentration leads to higher
capacity utilization and may allow reduction in the sample-to-sample variations.
Even more interestingly, the S-CDC composites showed dramatic improvements
in the capacity utilization upon increase in the salt concentration in the electrolyte from 1
to 3 and 5M, respectively ( see a representative graph in Figure 3.4b). At different “Crates” the capacities of S-CDC samples show increase of up to ~150 % when the salt
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concentration was increased to 5M, approaching the theoretical value at “C/10” and
retaining ~ 80 % of such high value at the “1C” rate.

Figure 3.4 The impact on CDC structure and electrolyte salt concentration on S-CDC
rate capability: (a) discharge capacity of S-CDC composites in 1M LiTFSI solution for
different CDC synthesis temperatures as a function of current density, (b) discharge
capacity of S-CDC-900 °C in electrolytes with different LiTFSI concentration as a
function of current density. The capacities are normalized by the weight of S.

Table 3.2 Impurities present in CDC

Since the same samples (all cut from the random places of the same cast
electrode) were used for the electrochemical studies, both the electrical and pore
connectivity within the S-CDC cathodes produced at identical conditions shall be similar.
Therefore, this dramatic effect of the salt concentration on the capacity utilization could
be explained either by the significant difference in the 1st cycle dissolution of
polysulfides or by the difference in the electrolyte access to the active S. In other words,
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the last hypothesis suggests that poor wetting of the S-CDC by 1M electrolyte
(incomplete 1M electrolyte infiltration into pores of the S-CDC composite) may limit the
accessible capacity of the produced S-CDC/Li cells. In our recent studies of double-layer
capacitors, we have demonstrated that high C-electrolyte interfacial energy can prevent
electrolyte access to micropores even in the case when a significant potential is applied to
the electrode, counter-balancing the nano-scale electro-wetting phenomenon38. Increasing
the electrolyte molarity enhances electro-wetting (cathode potential is several V above
Li/Li+). It also increases the amount of available Li ions in the vicinity of the
electrochemical reaction sites. Furthermore, even at no applied potential, higher
electrolyte molarity shall improve wetting the internal surface of S-CDC composite
particles because of: (a) interactions between electrolyte ions and polar carbon functional
groups
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, (b) interactions between the electrolyte ions and induced dipoles and

quadruples of the polarizable species within S-CDC
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and finally (c) the role of image

forces in the electrode that attract ions to electronically conductive carbon surface 40.
To provide additional evidence in support for our hypothesis, we have made fully
symmetric cells with CDC electrodes (as in electric double layer capacitors) as well as
with Ni foil electrodes in electrolytes with different Li salt concentration and carried out
cyclic voltammetry experiments (Figure 3.5). The calculated double layer capacitance is
proportional to the electrochemically accessible surface area of the samples at different
scan rates. Because we used exactly the same electrodes, the experimentally observed
higher carbon capacitance in high molar electrolytes (Figure 3.5 a-c) suggests improved
microporous electrode wetting in spite of the higher electrolyte viscosity. Because higher
area-normalized capacitance can, in principle, result from higher salt concentration 41, we
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have performed experiments with symmetric cells composed of flat Ni foil electrodes, in
which the actual surface area is equal to the electrochemically accessible one. The
obtained results (Figure 3.5d-f) showed slightly reduced capacitance in high molar
electrolytes, indicating that increasing molarity alone should not increase area-normalized
capacitance and confirms validity of our conclusions.

Figure 3.5 Proof of improved electro-wetting with higher Li salt concentration: (a)
cyclic voltammogram of CDC-900°C symmetric cell with 1M LiTFSI, (b) cyclic
voltammogram of CDC-900°C symmetric cell with 5M LiTFSI, (c) specific
capacitance(F/g) of CDC symmetric cells at different CV cycling rates, (d) cyclic
voltammogram of Ni symmetric cell with 1M LiTFSI, (e) cyclic voltammogram of Ni
symmetric cell with 5M LiTFSI, and (f) normalized capacitance(mF/cm2) of Ni
symmetric cells at different CV cycling rates.
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Here we would like to acknowledge that higher electrolyte molarity commonly
leads to higher viscosity due to the ion-solvent interactions, lower bulk ionic mobility and
eventually (for very high molarity) to reduced bulk ionic conductivity of the electrolyte.
However, in contrast to a common misconception, viscosity has no correlation with the
wetting properties of the liquids. We further would like to comment that since 3M and
5M electrolytes show comparable or even better rate capability in S-CDC/Li cells (Figure
3.4b), the bulk ionic conductivity is not a key rate-limiting factor in our case.
Figure 3.6 shows the long-term cycling stability of the S-CDC/Li cells cycled at
“C/5” rate. The overall capacity retention (up to 80% after 100 cycles) in 1M electrolyte
is moderate (Figure 3.6a). The cell capacity degradation can be related to both the
irreversible losses of S in the cathode due to the polysulfide dissolution and building the
resistive Li2S & LiS-containing SEI layer on the Li anode. The first phenomenon likely
dominates the overall performance since the EDS studies taken from the top of the cycled
electrode surface commonly show ~50% losses of S in the electrode after 200 cycles
(Figure 3.7). Increasing electrolyte molarity to 3 and 5M does not appear to positively
impact the cell stability – after 100 cycles the cells loose nearly 70% of the initial
capacity (Figure 3.6b). However, the EDS studies show greatly reduced cathode
dissolution (Figure 3.7), which is the key challenge needed to be overcome for the
successful development of commercially-viable Li/S cells. SEM studies of the cycled
cathodes show significant S re-deposition on the surface of CDC particles in case of the
1M electrolyte solution (Figure 3.7b) and rather smooth CDC surface in case of the 5M
electrolyte (Figure 3.7c), supporting the EDS results on significant cathode dissolution. It
should be noted that we could observe comparable discharge capacities initially in both
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cells with and without LiNO3 additive in the electrolyte but better stability was observed
in LiNO3 – containing cells with 1.2V cutoff voltage. This behavior is somewhat
surprising because recent study showed that LiNO3 can be reduced at a voltage below
1.5V and contribute to the formation of an SEI on both a S cathode and Li anode.42 We
may explain improved stability by the formation of improved SEI on the Li anode or by
the additional confinement of polysulfides by the “cathode SEI” film formed on CDC at
low potentials. However, further studies would be required to elucidate this behavior.
The markedly improved cathode stability in 5M electrolyte can be explained by
the greatly suppressed lithium polysulfide dissolution based on the “common-ion effect”.
According to Le Châtelier's principle, when a stress is placed on a system in equilibrium,
the system responds by tending to reduce that stress
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. In our system, LiTFSI salt is

dissociated into the Li+ and TFSI− ions in solution. When more LiTFSI salt is added, the
solubility equilibrium of the solution can be shifted. At the new equilibrium point, less
lithium polysulfide would be dissolved into the electrolyte. Another way to explain the
observed phenomenon is to remember that the higher molarity electrolytes contain less
“free” (not participating in Li+ and TFSI- solvation) solvent molecules available for
solvating the polysulfides.
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Figure 3.6 The impact on CDC structure and electrolyte salt concentration on S-CDC
capacity: (a) discharge capacity of S-CDC composites in 1M LiTFSI solution at C/5
current density as a function of cycle number and CDC synthesis temperature, (b)
discharge capacity of S-CDC-900 °C and commercial activated carbon powder in
electrolytes with different LiTFSI concentration at C/5 current density. The capacities are
normalized by the weight of S, (c) Columbic efficiency (discharge/charge) of S-CDC900 °C in electrolytes with different LiTFSI concentration at C/5 current density.
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Figure 3.7 Effect of salt concentration on the changes in the composition and
morphology of the S-CDC cathodes after 200 cycles: (a) S/C weight ratio as determined
from EDS measurements on the cathode surface, (b) SEM micrographs of the cathode
surface after cycling in electrolytes with 1M LiTFSI salt concentration and (c) 5M
LiTFSI salt concentration.

The pore size distribution within the S-C composite may have a significant
impact on both the capacity utilization and the impact of electrolyte molarity. For
example, commercially available microporous activated carbon (AC) powders containing
curved and bottle-neck pores may serve as poor hosts for S and show low specific
capacity at similar rates and comparable (or even lower) S content (Figure 3.6b).
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Achieving uniform S infiltration and reasonably high rate capability in the majority of
such AC samples becomes challenging. Once S blocks the bottle-neck pores within AC
surface layer, the majority of S becomes inaccessible by electrolyte. Increasing
electrolyte molarity to 5M does not help since in this case it can only increase the bulk
ionic resistance. Similarly, the graphite-sulfur composite showed reduced S utilization
with higher salt concentration.7
The comparison with AC samples (Figure 3.6b) emphasizes importance of
having the dual pore sizes, as in the OM-CDC: (i) small and possibly curved micropores
of optimized dimensions for polysulfide retention and (ii) larger, ordered straight
mesopores serving as channels for uniform S infiltration and rapid Li ion access. Since
the diffusion time is proportional to the square of the diffusion distance, the ultra-small
diameter of the microporous nanorods (shown as circles in a schematic cross-section in
Figure 3.1a) allows for excellent rate capability to be achieved (Figure 3.4).
We acknowledge that the highly resistive SEI on the Li foil building in 5M
electrolyte solution currently prevents achieving the good full cell stability (Figure 3.6b).
At the same time, the reduced cathode dissolution in high molarity electrolytes greatly
improve the coulombic efficiency (CE) of the cells (Figure 3.6c). We know that some
groups are using Columbic efficiency(CE) as discharge capacity(CLi

insertion)/charge

capacity(CLi extraction)9a, 44 and several other groups are using opposite concept.9c, 10, 45 We
have defined our Columbic efficiency as CLi extraction/CLi insertion as did in latter papers. With
this definition, first two papers also have over 120% CE and this behavior is not
abnormal because it is mainly caused by sulfur shuttle. Regardless of definition of CE,
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we have shown that the sulfur shuttle is dramatically reduced with increasing Li salt
concentration in the electrolyte thus the CE is improved with is closer to 100%.
Interestingly, the SEM studies show larger thickness and very different
morphology of the SEI on Li in case of the 5M electrolyte. As the concentration of Li
ions increases, the dendrite formation becomes greatly suppressed (which is
advantageous) and a relatively smooth SEI film with some internal sub-micron porosity is
formed (Figure 3.8). EDS studies show that higher electrolyte molarity greatly reduces
the O content in the Li SEI (mostly occurring during the unintentional oxidation of cycled
Li foil during the sample transferring to the SEM chamber), suggesting that the 5Mproduced SEI resists O2 and H2O penetration (Figure 3.9).

Figure 3.8 SEM micrographs of Li anode after cycling in (a) 1M LiTFSI and (b) 5M
LiTFSI electrolytes .
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Figure 3.9 EDS of the Li anode surface after 200 cycles in different electrolyte
concentration

The voltage profiles of the S-CDC electrodes show that the use of 5M electrolyte
leads not only to a longer plateau and higher capacity utilization, but also to a larger
overpotential (Figure 3.10), likely due to the formation of a more resistive SEI on the S
cathode combined with higher bulk electrolyte viscosity (Figure 3.11) and resistance (Re)
(Figure 3.12). Precipitation of both electrochemically inactive polysulfides combined
with the growth of the SEI on both a Li anode and S cathode increased polarization with
cycling in case of 1M and 3M electrolytes, while demonstrating similar polarization
values (Figure 3.10b). In contrast, the 5M electrolyte effectively prevented the S
dissolution, increased S utilization and minimized further growth of polarization with
cycling (Figure 3.10c).
Electrochemical impedance spectroscopy (EIS) studies (Figure 3.12) yield
similar conclusions: increasing the electrolyte molarity from 3M to 5M increases the Re
(the high frequency x-axis intercept) and 1M and 3M electrolytes show similar Re values.
The solid electrolyte interphase resistance, RSEI, which corresponds to the magnitude of
semicircle at the high frequency, increases with increasing both the electrolyte molarity
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(Figure 3.12a) and cycle number (Figure 3.12b), suggesting growing a thicker SEI layer
on Li. In spite of these limitations we find the reported material system and the
discovered opportunity to greatly reduce the cathode dissolution to be very promising.
Reduced SEI resistance on the anode can be expected with a higher surface area Li-alloy
anode (such as nanostructured lithiated Si), while the electrolyte resistivity and the
resulting polarization can likely be reduced with solvents/molarity optimization.
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Figure 3.10 Changes in the charge-discharge profiles of the S-CDC cathodes at C/5 rate:
(a) with different Li salt concentrations, (b) with cycling in 3M LiTFSI electrolyte, and
(b) with cycling in 5M LiTFSI. The capacities are normalized by the weight of S.
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Figure 3.11 The viscosity of electrolyte containing different amounts of LiTFSI in
DME/DIOX.

Figure 3.12 Electrochemical impedance spectroscopy: (a) effect of LiTFSI electrolyte
salt concentration, (b) effect of cycling in 5M LiTFSI.
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3.4 Summary
In summary, we have demonstrated for the first time formation of very uniform
nanostructured S-CDC composites. Higher CDC synthesis temperature and the resulting
lower concentration of defects and higher purity allow for higher S content, higher
capacity utilization and better rate capability of S-CDC cathodes. The opportunity to
independently tune the size of both the CDC micropores and straight, aligned mesopores
suggest a great promise of CDC technology for both the fundamental studies and
practical applications. In contrast to commercial activated carbon power, the dual pore
size distribution in CDC allow for the high rate performance and provides sufficient
freedom to study the impact of electrolyte composition. In our study, for example, higher
electrolyte molarity was found to greatly enhance capacity utilization and reduce S
dissolution in S-CDC composite cathodes, thereby overcoming the key challenges of S/Li
chemistry. We shall acknowledge that after the original submission of our manuscript on
January 16, 2013 another research group has also reached a similar conclusion on the
reduced polysulfide dissolution in high molarity (up to 7M) electrolytes 46. Due to the
presence of straight mesopore channels combined with high micropore content in CDC,
the produced S-CDC cathodes not only demonstrated nearly theoretical capacity in 5M
electrolyte solution, but also showed outstanding resistance to dissolution. Further
optimization of electrolyte and Li-containing anode is expected to further improve in full
cell stability and power performance. At the same time, the use of CDC produced from
other carbides and having smaller size of micropores is expected to further enhance the
cathode resistance to dissolution, while optimization of the particle size as well as
mesopore size is expected to enhance the power characteristics of S-CDC.
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CHAPTER 4
4PLASMA -ENHANCED ATOMIC LAYER DEPOSITION OF
ULTRATHIN OXIDE COATINGS FOR STABILIZED LITHIUMSULFUR BATTERIES

Reproduced with permission from Hyea Kim, Jung Tae Lee, Dong‐Chan Lee, Alexandre
Magasinski, Won ll Cho, Gleb Yushin, Plasma‐Enhanced Atomic Layer Deposition of
Ultrathin Oxide Coatings for Stabilized Lithium–Sulfur Batteries, Advanced Energy
Materials, 2013, Copyright 2013 WILEY-VCH Verlag GmbH & Co.

4.1 Introduction & Motivation
In previous two chapters, we have gained the knowledge that small pores of
carbon and high molarity electrolyte are effective to reduce polysulfide dissolution.
However, they may assist in avoiding the dissolution of polysulfides only for a short term,
thus other technologies are required. Theoretically, building a conformal physical barrier
for polysulfide diffusion by forming thin Li-ion permeable coatings on the surface of
active particles might be an attractive solution to maximize stability of Li/S battery.
Examples of possible coatings are conductive polymers

9e, 9h, 47

, graphene

9d, 48

and metal

oxides 49. Unfortunately, the polymer and graphene coatings cannot completely block the
polysulfide out-diffusion. Two routes for metal oxide deposition have been recently
proposed. Lee et al.

49b

soaked S-infiltrated functionalized porous C in the solution of

metal alkoxide precursors, which initiated the formation of oxide coatings (either silicon
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oxide or vanadium oxide, depending on the precursor) on the particles’ outer surfaces.
Seh et al. produced titanium oxide (TiOx) coatings on the surface of S nanoparticles via
hydrolysis of a sol-gel precursor.49a The reported sol-gel routes for the oxide formation
on the outer surface of S particles show great promise, but somewhat suffer from the
relatively high content of the oxide needed to completely block the polysulfide outdiffusion and the lack of the desired precision in controlling the coating uniformity and
microstructure. In addition, high electrical resistance of metal oxides may necessitate the
use of additional conductive additives, which reduce the gravimetric and volumetric
electrode capacities.
In this chapter we explore plasma-enhanced (PE) atomic layer deposition (ALD)
as an alternative route to produce conformal dry oxide coatings with high-speed on the
inner surface of conventionally produced S cathodes via casting of slurry and vacuum
drying. Since electrical conductivity is already maintained within the electrode, the outer
oxide coating does not harm the electrical connectivity between the individual particles.
The advantage of ALD methods is the very high degree of coating conformity on three
dimensional (3D) porous substrates due to the surface-controlled nature of chemical
reactions
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. The oxide thickness is precisely controlled by the number of second-long

precursor deposition / oxidation cycles50a. Advantages of PEALD include lower (down to
20 °C) deposition temperature, more uniform coatings and faster deposition rates. 51

4.2 Materials & Methods
The microporous activated carbon fibers(ACFs) with a length of <100 µm were
prepared by hand-grinding of the activated carbon cloth(ACC) (KynolTM, ACC-507-20).
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S was impregnated into the pores of the ACFs by melt-diffusion at 120 °C. The excess
sulfur coated the external surface of the ACFs was removed by evaporation at 230 °C.
The S-ACFs were then mixed with polyacrylic acid (PAA, Aldrich) as a binder in
ethanol/water to prepare slurry for casting an electrode. Coin cells are prepared with 3M
bis(trifluoromethanesulfonyl)imide (LiTFSI) in distilled dimethoxyethane (DME):1,3dioxolane (DIOX) (1:1, v:v) as electrolyte as described in previous chapters. The chargedischarge tests have been conducted at C/5 rate (assuming theoretical capacity) at 70 °C.
Plasma enhanced atomic layer deposition (PEALD) was carried out using the
Cambridge Fiji Plasma ALD system (Ultratech, CA). Alumina oxide film was grown on
the S-ACFs electrode using trimethylaluminum (Al(CH3)3) as a precursor and oxygen
plasma at 170 °C. The precursor pulse time of only 0.06 s was utilized in the deposition
process.
The isotherms of N2 gas adsorption on the surface of ACC were collected at
77Kusing TriStar II 3020 surface area and porosity measurement system (Micromeritics
Inc., GA). Scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy
(EDS), and thermogravimetric analysis (TGA) were carried out as described in previous
chapters. Electrochemical impedance spectroscopy (EIS) measurements were carried out
using a Gamry Reference 600 Potentiostat/Galvanostat/ZRA (Gamry Instruments, Inc.,
USA) in the frequency range of 1 Hz to 106 Hz with a 10 mV AC amplitude. X-ray
photoelectron spectroscopy (XPS) analysis was done using the Thermo K-Alpha XPS
system (Thermo Scientific, USA) equipped with a Al Kα radiation as a source, with a
step size of 1 eV for the survey scans and 0.02 eV for the high resolution scans of Al2p
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line. The X-ray gun produced a 200 μm spot size, and an electron flood gun was used for
charging compensation.
4.3 Results & Discussion
We used activated carbon fibers (ACFs) from commercial activated carbon cloth
(ACC) as a host for S infiltration. 9f, 52 The N2 adsorption/desorption studies (Figure 4.1a)
show the Type I shape of the isotherm, indicating largely microporous (≤2nm)
characteristic of ACC, as confirmed by DFT calculations (Figure 4.1b). Micropores in
ACF may be beneficial for limiting polysulfide dissolution because smaller pore size can
induce stronger interactions between the polysulfides and the closely spaced pore walls
based on the overlap of the adsorbate-adsorbent interaction potentials from both sides of
the pore. 29b On the other hand, small tortuous pores within large (in our case ~ 10 µm in
diameter) particles may limit the kinetics of the charge-discharge reactions due to the
resultant smaller diffusion coefficient of the reactive species combined with long
diffusion paths.

Figure 4.1 N2 sorption measurements and b) pore size distribution of ACF samples used
for S infiltration. The lack of a significant content of mesopores (pores > 2 nm) is evident.
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Figure 4.2 shows a schematic of S electrode preparation. S was introduced into
ACC by melt-infiltration method at 120 °C, as described in our previous study 53. The S
on the exterior of individual ACF and in some of the pores was removed by evaporating
at 230 °C. The pores remaining within S-ACF can accommodate the S volume expansion
(~80 %) during discharge (reaction with Li). After infiltration, we ground the ACC into
individual ACFs with the length of <100 µm, mixed with a polyacrilic acid (PAA)
aqueous binder solution and cast on a Ni current collector. Scanning electron microscopy
(SEM) study shows no S residues on the external surface of individual ACF after the
“excess” sulfur evaporation (Figure 4.3a) and uniform distribution of S was observed by
energy dispersive spectroscopy (EDS) S- mapping within both individual fibers (Figure
4.3a) and within the produced electrodes (Figure 4.3b).

Figure 4.2 Schematic of PEALD-coated S-ACFs electrode preparation: (a) steps
involved in the preparation process, (b) high magnification schematic showing conformal
alumina coating around S-ACF particles exposed to gaseous environment during the
PEALD deposition. Note that the procedure does not induce the oxide formation in
between the touching S-ACF particles and thus does not increase the electrode resistance.
Also note that the pores in S-ACFs available to accommodate Li insertion are not shown
in this simplified schematic.
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Thermo-gravimetric analysis (TGA) studies in N2 were carried out to obtain
insights into the thermal behavior of the S-ACF and to measure the accurate content of S
in the prepared S-ACF electrode (Figure 4.3c). TGA results identified ~50 wt. % of S
contained within the S-ACFs. The TGA curve of the S-ACF was compared with the
sample containing 12 wt. % of excess S on the outside of the fibers. Since the mass
reduction of S-ACF with temperature is caused solely by S evaporation, the two separate
derivative weight losses observed at 190 and 320 °C in the sample containing excess of S
could be identified as S evaporation from outside and within the ACF pores respectively.
We found it quite remarkable that the S confined within the small pores leaves at nearly
~130°C higher temperature due to stronger bonding to carbon.

Figure 4.3 Sulfur distribution and content within S-ACF samples: (a, b) SEM micrograph
and EDS mapping of the S distribution within (a) an individual S-ACF and (b) S-ACF
electrode, showing high S uniformity and (c) TGA results comparing the thermal stability
of S confined within a typical S-ACF sample (solid line) with that of the sample
additionally containing extra S outside the ACF pores.
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Rapid PEALD of aluminum oxide was performed after casting and vacuum
drying the electrode in order to maintain good electrical connectivity between the
individual S-ACF particles, while avoiding the sulfur evaporation. The measured amount
of the deposited oxide was below the detection limit of our analytical balance. (10-5 g)
Among several candidates of metal oxides, aluminum oxide was selected because of its
common use and reasonable permeability of Li ions.
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Three different types of S-ACF

electrodes were prepared. The performance of bare S-ACF electrode (termed no-Al2O3)
was compared with that of the S-ACF samples coated by 30 and 50 PEALD cycles
(termed 30-Al2O3, and 50-Al2O3, respectively).
From our prior studies of PEALD on a glass slide, we expected the thickness of
the alumina layer of the 50-Al2O3 sample to be in the range from 3 to 5 nm. However, the
direct measurements of the alumina coating thickness in the produced samples by using
transmission electron microscopy (TEM) were not possible due to the very large diameter
of the ACFs. In order to overcome this limitation we ground the 50-Al2O3 sample and
inspected the broken fiber edge in the scanning mode of the TEM (STEM mode). Figure
4a shows a schematic of the imaging setup. By collecting the EDS spectra across the
broken tip of the fiber (Figure 4.4b-d) we could clearly detect the presence of alumina
layer, but not estimate its thickness. X-ray photoelectron spectroscopy (XPS) studies
revealed the presence of ~ 20 at. % of C in the fiber surface layer (Figure 4.4e-f),
suggesting that the average thickness of the alumina coating was less than 5 nm which
allowed a small portion of the signal to come from the underlying S-ACF. The amount of
the S detected in the surface layer was noticeably smaller than the average within the
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fibers, which may be expected since the excess of S from the top layer of the S-ACF
samples was removed by evaporation.

Figure 4.4 Alumina coating detection: (a) schematic of the STEM setup for collecting (b)
a bright field micrograph, (c) an EDS spectra and (d) a line-profile at the thin edge of a
broken alumina-coated S-infiltrated ACF (sample 50-Al2O3); (e) an XPS survey spectrum
revealing the composition of the surface layer and (f) a high-resolution XPS spectrum of
Al2p line, position of which indicates the oxidized state of Al.
Charge-discharge tests were conducted at elevated temperature of 70 °C to
accelerate the polysulfide dissolution from S-ACF cathode during cycling and induce
faster cell degradation. In addition, due to the diffusion limitations caused by the very
large diameter of the ACF (Figure 4.3a) and the small pores present in this ACF sample
(Figure 4.1), only elevated temperatures allowed us to gain moderately high accessible
capacity (up to 932 mAh·gS-1, over 50 % of the theoretical capacity at C/5 current
densities, Figure 4.5). As expected, within the initial cycles the uncoated S-ACF
electrode showed rapid capacity fading (Figure 4.5a), caused by both the dissolution of
polysulfides and its re-deposition on both the Li anode surface and the top surface of the
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ACFs. These processes decrease the amount of the active material in the cathode, form a
diffusion barrier for Li ion at the anode and plug the ACF pores. The presence of LiNO3
additive in the electrolyte induced thick SEI formation on the electrode surfaces, which
reduced the amount of the lithium polysulfide deposits

7, 14, 24, 53

and allowed the cells to

last for ~150 cycles while maintaining capacity of at least 300 mAh·gS-1 (Figure 5b). This
cycle life is not very high, but still impressive considering the high temperature (70 °C)
of the tests.
The behavior of PEALD Al2O3 - coated cathodes prepared from the same
electrode sheet was markedly different. Both 30-Al2O3 and 50-Al2O3 samples showed
lower initial capacity (Figure 4.5a), likely due to the slow diffusion of un-solvated Li ions
within large-diameter (Figure 4.3a) S-ACF particles. Interestingly, after about 150 cycles,
the cells with Al2O3 - coated cathodes show significant increase in capacity (Figure 4.5b).
We note that the cell operation temperature is close to the boiling point of the both
electrolyte solvents (75 oC for 1, 3-dioxalane and 85 oC for dimethoxyethane) and
therefore their vapor pressure within the coin cell could be significant. We propose that,
over time, solvent molecules diffuse through tiny defects and imperfections in the very
thin Al2O3 coating, resulting in enhanced Li ion diffusion within the fibers and, therefore,
higher accessible capacity at a constant current changing rate. Because the solvated ion
transport is known to be fast, the introduction of the electrolyte solvent inside the Al2O3
shells of S-ACF should significantly enhance the Li transport (faster diffusion in liquid
phase than solid phase) within the fibers, leading to the observed increase in the capacity
to 500-650 mAh·gS-1. The defects, through which the solvent diffusion takes place, could
be induced by both high-pressure sealing of the coin cells (~500 MPa) and by stresses
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induced during cycling (e.g. during S lithiation within the insufficiently large pores) or by
the combination of both processes when pre-existing defects grow under cycling stress
(the process known as fatigue). Since the observed capacity increase takes place after
over a hundred of cycles, the size and number of such defects must be small. Therefore,
further process optimization (e.g. larger coating thickness) shall be able to prevent the
defect formation and growth. Indeed, cycling stresses below the endurance limit shall not
induce fatigue in ceramic coatings, such as Al2O3 .55
Formation of the PEALD Al2O3 – coatings clearly enhanced the cycle stability of
the S-ACF electrode by hundreds of cycles. The 30-Al2O3 and 50-Al2O3 samples retained
their initial capacity (370-420 mAh·gS-1) for 300-400 cycles (Figure 4.5b). We would
also like to emphasize that since a characteristic diffusion time is proportional to a square
of the diffusion distance, smaller size of S-ACF particles shall greatly increase the
capacity of PEALD Al2O3 – coated S-ACF cathodes accessible at fast cycling rates. The
eventual decay in the cell capacities after 270-370 cycles (Figure 4.5b) could be related to
both the high-temperature growth of the SEI on Li anode and the dissolution of active S
due to the formation of defects within Al2O3 coatings. Changes in the charge-discharge
profiles of the cells and the post-mortem analyses of anodes and cathodes provided
important insights.
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Figure 4.5 The impact of alumina coatings on electrochemical performance of S-ACFs
electrodes at an elevated temperature of 70 °C: discharge capacity of the typical
electrodes at C/5 current density: (a) initial and (b) long-term performance. Capacity is
normalized by the weight of S.
There are two major plateaus commonly observed during discharge of Li-S cells.
The first upper plateau at ~2.4 V (vs. Li/Li+) is believed to represent the redox reactions
of high-order polysulfides (Li2Sx, 4≤x≤8), and the second plateau at ~2.1 V corresponds
to the conversion of high-order polysulfides to a low-order Li2S2 and eventually Li2S.10, 28
The dissolved and re-deposited polysulfides in the regular S-ACF cathode (no-Al2O3)
result in a significant overpotential (as detected by the large charge-discharge hysteresis)
after a few cycles. Interestingly, the Al2O3-coated samples exhibit lower polarization,
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more defined and higher-voltage plateaus than cells with uncoated cathodes, in-spite of
the reduced conductivity of Li ions within the electrolyte-free S-ACF particles (compare
profiles at the 10th cycle in Figure 4.6).
Over time polarization becomes significant in all the samples (compare profiles at
the 100th cycle in Figure 4.6), indicating formation of diffusion barrier(s) for Li within
cells. However, the average voltage of the cells with no-Al2O3 cathodes is noticeably
lower. Such a behavior (lowering the average cell voltage over time) has been previously
observed (see e.g. 25), but rarely explained. According to Nernst equation the equilibrium
open circuit potential of a cell varies with temperature and the activities of oxidant and
reductant. We propose that the deposition of Li2S2 on the Li anode (caused by continuous
lithium sulfide dissolution during cycling) combined with the growth of a thick SEI-Li
composite layer on the top surface of the anode increased the average anode chemical
potential. The reduction in an average open circuit cell voltage leads to the reduction in
the average operation voltage. At the 300th cycle capacity of a regular cathode (no-Al2O3)
is nearly zero, while the 30-Al2O3 and 50-Al2O3 cathodes exhibit capacity in excess of
500 mAh·gS-1 (Figure 4.6). In addition, these cells now demonstrate lower average
voltage (compare Figure 4.6a after 100 cycles and Figure 4.6b and c after 300 cycles). If
our previously discussed hypotheses are valid, the lower voltage of these cycled cells
may be related to the partial dissolution of the cathode through the fatigue-induced
defects within PEALD Al2O3.
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Figure 4.6 Charge-discharge profiles of S-ACF/Li cells at the 10th, 100th and 300th
cycles recorded at C/5 current density for (a) as-produced S-ACF cathodes, (b, c) S-ACF
cathodes Al2O3 - coated in the course of 30 and 50 PEALD cycles.
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Scanning electron microscopy (SEM) shows significant difference in the surface
morphology of the cycled cathode samples (Figure 4.7a). All samples show organic SEI
on the cathode surface caused by the LiNO3-induced electrolyte decomposition at the
potential below 1.5 V 42, which may similarly reduce Li ion transport rate and eventually
deteriorate cycle stability as previously reported

42

. However, the surface of no-Al2O3

cathodes is additionally covered with large chunks of lithium sulfides (Figure 4.7a and b),
likely blocking the pores and reducing accessible cathode capacity (Figure 4.5b). These
large particles have not been observed in 30-Al2O3 and 50-Al2O3 cathodes, fully
supporting the hypothesis of the significantly reduced polysulfide dissolution in the
coated samples. The energy dispersive spectroscopy (EDS) studies on tracking the S
content remaining in the cathodes after cycling reveal that ~90 % of the initial S remains
after 200-800 cycles in 50-Al2O3 cathodes (Figure 4.7c). In contrast, no-Al2O3 cathodes
demonstrate that more than 30 % of the initial S is lost after 300 cycles (Figure 4.7c). We
shall also keep in mind that the portion of such S is contained in the lithium sulfide
particles deposited on the S-ACF surface (Figure 4.7b) and are not electrochemically
active any longer. As a result, the effective S content within cathodes is significantly
lower. These chemical analyses further confirmed the effectiveness of the PEALD
procedure to greatly reduce cathode dissolution.
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Figure 4.7 Post-mortem analysis of S-ACF electrodes without and with Al2O3 coatings:
(a) SEM micrographs of the electrode after 200 cycles at 70 °C, showing formation of
SEI layer on both samples but the presence of large micron-size polysulfide particles
only on the un-coated electrode sample, (b) EDS S-mapping of large particles on the
regular cathode revealing its chemical composition, (c) S-to-C wt. ratio in the electrodes
as a function of cycle number, showing greatly enhanced S retention in the Al2O3
PEALD -coated electrodes.
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The surfaces of the cycled Li anodes also showed significant differences in their
morphology and composition (Figure 4.8). While the Li surface from no-Al2O3 cells
contains large content of dendrites, significantly smoother and more flat surface is seen in
cells comprising PEALD Al2O3 - coated cathodes (Figure 4.8a).
The SEI on a Li anode in Li/S cells is commonly composed of the electrolyte
decomposition products (such as the anion of the lithium salt reduction (TFSI-), Fcontaining compounds such as LiF and LiCF3, LixNOy due to the presence of LiNO3 and
organic species produced in the course of electrolyte solvent reduction) and the Scontaining compounds (such as Li2S2O4 or more generally LixSOy, LiS and Li2S)

14

. In

addition, the unintentional exposure of the samples to air while transferring to an SEM
chamber may induce oxidation of both the SEI and the Li foil. The EDS studies of the
anodes of no-Al2O3 cells showed significantly higher O and S content and no detectable
content of N. We propose that coating of Li by LiS and Li2S (triggered by the rapid S
dissolution from the no-Al2O3 S-ACF cathodes) reduced LiNO3 decomposition and
prevented formation of a thick SEI layer on Li. The high content of O in such samples
may be related to the higher degree of unintentional Li and SEI oxidation and thus faster
O2 and H2O diffusion through a smaller SEI thickness (Figure 4.8b). In contrast, the Li
SEI in the cells based on the PEALD Al2O3 - coated cathodes showed noticeably smaller
O and S content and the significant amount of N.
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Figure 4.8 SEM micrograph and EDS chemical analysis of Li anodes after 200 cycles at
70 °C showing the impact of the PEALD Al2O3 coating and the resulting reduction in the
S dissolution: (a) surface morphology of the Li anode, (b) the relative content of sulfur,
oxygen and nitrogen in the Li SEI layer, as estimated from EDS studies. Smother
morphology, reduced content of sulfur and oxygen and significant N content is visible on
Li in the cell with a PEALD Al2O3 - coated cathode.

4.4 Summary
In summary, we have demonstrated the enhanced cycle stability of Li-S batteries
by PEALD of aluminum oxide. The very fast deposition procedure combined with high
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coating uniformity and compatibility with existing manufacturing techniques may allow
PEALD on cast electrodes to be scalabled to large industrial volumes. The low
temperature of PEALD allows the oxide deposition below the sulfur evaporation
temperature. In the course of our studies microporous activated carbon fibers with a
diameter of ~ 10 µm have been partially infiltrated with S and coated with aluminum
oxide during 30 and 50 PEALD cycles. EDS studies confirmed high uniformity of S
distribution within both the individual fiber and with the cast electrode. EDS and XPS
studies confirmed the presence of the oxide coatings on the S-infiltrated fiber surface.
Uncoated electrodes showed high initial capacity of ~ 900 mAh g-1, but relatively rapid
degradation during the galvanostatic cycling at 70 °C. After 150 cycles their accessible
capacity dropped to below 300 mAh g-1 and after 200 cycles to below 50 mAh g-1. The
large particles of lithium sulfides were detected by SEM and EDS on the surface of the
uncoated carbon fibers after tests. EDS studies further revealed significant decrease in the
S content within these electrodes. In contrast, the PEALD alumina coated electrodes
show smaller initial capacity of around 350-450 mAh g-1, but maintained capacity above
300 mAh g-1 for 370-470 high-temperature cycles. The coated fibers showed uniform
morphology after cycling and retained the majority of the initially present S. The cells
with the PEALD coated electrodes after cycle tests showed Li anode with a significantly
smoother surface, reduced content of S and O and enhanced amount of N. Larger PEALD
coating thickness combined with the reduction of the S-C particle size is expected to
significantly increase the accessible energy density, power density and the cycle life of
Li-S cells.

80

CHAPTER 5
5SELENIUM INFILTRATED MICRO- AND MESOPOROUS
SILICON CARBIDE DERIVED CARBON CATHODES FOR
LITHIUM SELENIUM CELLS

Reproduced

with permission from Jung Tae Lee, Hyea Kim, Martin Oschatz,

Dong‐Chan Lee, Feixiang Wu, Huan‐Ting Lin, Bogdan Zdyrko, Won Il Cho, Stefan
Kaskel, Gleb Yushin, Micro‐and Mesoporous Carbide‐Derived Carbon–Selenium
Cathodes for High‐Performance Lithium Selenium Batteries, Advanced Energy
Materials, 2014, Copyright 2014 WILEY-VCH Verlag GmbH & Co.

5.1 Introduction & Motivation
In previous chapters, we have described the relationships between pore properties
of S hosting material and Li salt concentration in electrolyte on electrochemical behavior
of S and found out CDC can be a promising material to utilize chalcogen in high molarity
electrolyte. In this study, we expand to evaluate a feasibility of the CDC used in chapter 3
as a Se host material under different Li salt concentration in electrolyte. Also, we
compare the electrochemical performance of Se-CDC and S-CDC and aim to reveal the
origin of the differences and similarities
.
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5.2 Materials & Methods
Ordered micro/mesoporous CDC was synthesized by etching Si from a silicon
carbide (SiC) precursor, having hexagonally ordered mesopores using a high temperature
chlorine treatment at 800 °C for 3 h

32b

. The Se-CDC composite powders were prepared

by diffusing Se (Alfa Aesar, 99.999%) into the CDC pores at ~260 °C and following heat
treatment at 300 °C for 3 h. The produced Se-CDC composite powders, conductive
additives, and polyacrylic acid (PAA) (Polysciences) as a binder were mixed in
water/ethanol mixture to prepare the slurry for casting an electrode. Pure black (Superior
Graphite) and purified exfoliated graphite (Superior Graphite) were used as conductive
additives and the weight ratio between Se-CDC, PAA binder, pure black, and purified
exfoliated graphite was 75:15:5:5. The slurry was stirred at room temperature for 4 hours
and cast on an aluminum (Al) foil. The active electrode mass loading was ~ 1 mg/cm 2.
After drying overnight at room temperature under vacuum, coin cells were assembled
with

the

1M,

3M,

5M,

7M

bis(trifluoromethanesulfonyl)imide

(LiTFSI)

in

dimethoxyethane (DME):1,3-dioxolane (DIOX) (1:1, v:v) as electrolyte, celgard2400
(Celgard) separator and pure Li foil (99.9%, Alfa Aesar) anode. 0.2M LiNO3 (99.9%,
Alfa Aesar) was added to the electrolyte as an SEI forming additive.

14

The cells were

equilibrated for 24 h before operation.
The coin-cells assembled inside an Ar glovebox (< 1 ppm of H2O, Innovative
Technologies) were cycled between 3.0V and 1.0 V vs Li/Li+ (V) in galvanostatic mode
via Arbin battery test system (Arbin Instruments, USA). The cells were tested with
different C-rates at C/10, C/5, C/2, 1C and 2C for 5 cycles each and then the durability
test was continued at C/5 for 150 cycles.
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Scanning electron microscopy (SEM), and energy dispersive X-ray spectroscopy
(EDS) were performed using a Zeiss Ultra60 FE-SEM (Carl Zeiss, Germany) at a beam
voltage of 1 kV and a working distance(WD) of 4 mm for imaging and 10kV beam
voltage and 8 mm WD for EDS separately. The isotherms of N2 gas adsorption on the
CDCs were collected at 77K using an ASAP 2020 surface area and porosity measurement
system (Micromeritics Inc., USA). Thermogravimetric analysis (TGA) was performed
under nitrogen atmosphere at a heating rate of 5°C/min using a TGA SDT Q600 analyzer
(TA instruments, USA). X-ray diﬀraction (XRD) experiments using Cu Kα radiation
were performed with a X'Pert PRO Alpha-1 diﬀractometer (Panalytical, USA) equipped
with a monochromator.

5.3 Results & Discussion
SEM image of Se-CDC powder (Figure 5.1a) is identical with pure CDC. No
distinct Se particles or agglomerations were observed on the surface of Se-CDC. Very
uniform distribution of Se within the micro- and mesopores of CDC was confirmed via
EDS mapping on individual Se-CDC particles (Figure 5.1b). This result indicates that Se
at the outermost surface was successfully removed during the heat treatment. The thermal
behaviors of the pure Se, CDC, and Se-CDC composite were studied and the weight ratio
of Se in Se-CDC composite sample was evaluated by using thermo-gravimetric analysis
(TGA) analysis under inert gas, N2. The masses of both Se-CDC and pure Se start to
diminish at ~270 °C. Pure Se is evaporated completely at ~460 °C, while Se in Se-CDC
composite is retained up to ~490°C, indicating a stronger bonding between Se and CDC
within the Se-CDC via physical adsorption. The Se loading in Se-CDC composite was
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~62 wt%. X-ray diffraction (XRD) studies of original Se powder exhibit distinct sharp
peaks, which are assigned to pure Se without any impurities (JCPDS Card No. 73-0465).
After Se-CDC composite preparation, only amorphous structure with very broad peaks
could be seen (Figure 5.1d) indicating the nanoconfinement of Se within the carbon host
structure.

Figure 5.1 Characterization of Se infiltrated CDC composite: (a) SEM micrograph,
showing no Se agglomerates on the particle surface, (b) EDS mapping of the Se
distribution within a Se-CDC particle, showing uniform Se infiltration, (c) typical TGA
of a Se-CDC composite and pure Se, and (d) XRD pattern of pure Se and Se infiltrated
CDC, showing conversion of crystalline Se to amorphous Se during the Se-CDC
composite fabrication.

The electrochemical properties of Se-CDC composite cathodes were tested in
2016-type coin cell at room temperature and 45°C to investigate the potential application
of Se-CDC in high power Li/Se batteries (Figure 5.2a, b). At room temperature,
increasing electrolyte molarity from 1 to 5M results in the evident improvement of the
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capacity retention and rate performance (up to 2C). The impact of electrolyte on cycle
stability is seen most clearly at a lower rate (C/10), where longer time is available for
lithium polyselenides dissolution. The reversible speciﬁc capacity of Se-CDC in 5M
changes from ~ 460 mAh/gse at C/10 charge/discharge rate to ~350 mAh/gse at 1C and
~310 mAh/gse at 2C charge/discharge rate, respectively. Based on prior Li-S studies 6e,
we postulate that higher salt concentration suppresses polyselenide dissolution due to a
common ion effect

16, 26

(the reduction in the solubility of an ionic precipitate when a

soluble compound, such as a Li salt, combining one of the ions of the precipitate, Li + in
our case, is added to the solution) from a chemical point of view and due to limited
amount of free solvent molecules available for polyselenide dissolution, from a physical
point of view. Having electrolyte salt solvation energy higher than that of polyselenides
should further assist in dissolution prevention because it makes it energetically less
favorable for solvent molecules to solvate polyselenides. The cells with 7M electrolyte
showed slightly higher capacity values up to C/5 rate (likely due to reduced polyselenide
dissolution), however from C/2 rate, the capacity values become lower than that of the
5M electrolyte cell (likely due to lower ion mobility). Over 100% improvement in
capacity at C/2 rate was achieved when the salt concentration was increased from a
common 1M to 5M, at room temperature. Compared to prior studies, the rate
performance of Se-CDC is rather high, which we attribute to the unique structure of this
composite material. Higher molarity electrolytes exhibit higher viscosity, thus reducing
rate performance and capacity utilization in microporous materials.6e, 27, 56 Furthermore,
such electrolytes may induce re-precipitation of Li2Se2 and Li2Se on the outer surface of
the particles if bottle-neck pores or impurities (which may potentially serve as nucleation
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sites) are present, thus blocking the ion access to the bulk of the particles and inducing
rapid battery failure, similar to the processes in Li-S systems.

6e, 27, 56

The CDC utilized

in our study offer hierarchical pore size distribution, with larger ordered pores allowing
for the rapid Li ion transport. As will be shown later, the high purity of CDC evidently
prevented precipitation of Li2Se2 and Li2Se crystals.
It is noteworthy that the first discharge capacities of Se-CDC samples are slightly
higher than the theoretical value, which we explain by side reactions at the cathode
surface and the formation of a surface-electrolyte interphase (SEI) film.12b After the first
cycle, the Se-CDC cathodes in high molarity electrolytes (5M and 7M) electrolyte
showed highly reversible behavior.
Rate capability of Se-CDC at 45 °C (Figure 5.2b, d) was investigated because in
EVs, the cells cycling at currents higher than 2C can experience over 38 °C of an internal
temperature.57 Furthermore, elevated temperature operation experiment can reveal
changes in ionic resistivity of cells in various electrolytes because electrical resistance is
almost unaffected by slightly higher temperature. Specifically, we hypothesized that large
capacity decrease at high rate (2C) in the 7M electrolyte could be improved with at the
elevated temperature. As we expected, the both high molarity electrolytes (5M and 7M
electrolyte) showed outstanding rate capability at the elevated temperature. The
reversible specific capacity of Se-CDC in 5M electrolyte at 45°C remains approximately
~560 mAh/gse at C/10 charge/discharge rate decreased only by 18% at C/1 and by
additional 1% (to ~440 mAh/gse) at 2C charge/discharge rate, respectively. The Se-CDC
electrode in 7M electrolyte showed capacity retention of 83% when rate was increased
from C/10 to 2C at 45oC. These excellent rate performances would be the result of the
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fast reaction and ionic diffusion kinetics within the nanosized Se-CDC particles at the
elevated temperature and suppressed polyselenide dissolution within near-saturated
electrolyte. It is noteworthy that although 1M and 3M electrolyte have higher ionic
conductivity, the capacity changes from C/2 to 1C were higher than in 5M electrolyte
because at low molarity electrolyte the capacity change is owing to both current rate and
active material loss due to the polyselenide dissolution.
Figure 5.2c and d compare voltage profiles of Se-CDC electrodes in 5M
electrolyte at different C-rate at room temperature and 45°C. One inclined slope starting
at 2.0V upon discharge was observed at all different rate regardless of temperature as
already observed in other studies.

12

The voltage hysteresis (the gap between charge and

discharge voltage profiles) was growing noticeably with faster C-rate at room
temperature (Figure 5.2c), but significantly decreased when operating temperature
increased from room temperature to 45°C. Such results indicate that the observed
polarization is mainly due to the ionic resistance and that Se-CDC composite electrodes
have excellent electronic conductivity.
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Figure 5.2 Discharge capacities of Se-CDC composites as a function of electrolyte
molarity, temperature and current densities: discharge capacity for different C-rates and
salt contents (a) at room temperature and (b) at 45 °C; changes in the shape of chargedischarge profiles of the Se-CDC cathodes at different C-rates (c) at room temperature
and (d) at 45 °C. The capacities are normalized by the weight of Se.

Figure 5.3 shows the results of long-term cycling of Se-CDC cathodes at C/5 rate
in 1M, 3M, 5M, and 7M electrolytes, respectively. Increasing Li salt concentration in the
electrolyte from 1 to 7M showed large improvements in the capacity utilization.
Somewhat to our surprise, regardless of Li salt concentration, all Se-CDC cathodes
demonstrated quite stable cycling performance up to 150 cycles. The variations in
capacity (most pronounced in 7M cell, Figure 5.3a) are related to the temperature
changes in the room. After 150 cycles, the discharge capacity of the Se-CDC in 7M
electrolyte retained approximately 96.4% of its initial capacity (~420 mAh/gse) and 5M
electrolyte cell retained ~100% (Figure 5.3a), while the same electrode in both 1M and
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3M showed relatively lower 80% capacity retention. This corresponds to only 0.024%
decrease per cycle in 7M electrolyte and ~0.13% capacity reduction per cycle in 1M and
3M electrolytes. The initial capacity increase of Se-CDC cell in 5M electrolyte was
unexpected and may be related to (i) reduction in the anode resistance during initial
cycling: as cycle proceed, the surface area of Li metal increase due to dendrite formation
and partial polyselenide precipitation, leading to the reduced overpotential; (ii) reduction
in the cathode resistance: partially dissolved polyselenide could uniformly and (if the
amount of dissolved polyselenide is relatively small) slightly precipitate on the Se-CDC
composite, blocking some of the external particle surface, and this resistive layer could
be electrochemically re-activated by forming more permeable channels with the initial
cycles.

Figure 5.3 Cycle stability studies of Se-CDC in comparison with Se-activated carbon
composites at room temperature: (a) discharge capacity of Se-CDC at a C/5 rate in
electrolytes with different LiTFSI concentration, (b) comparison of Se-CDC performance
with that of Se infiltrated into a mesoporous activated carbon powder with pore volume
and surface area similar to that of CDC. The capacities are normalized by the weight of
Se.

The structure of Se hosting material is critical for achieving high Se utilization
especially in high molarity electrolytes. Even though sufficient amount of Li cations
presented in electrolyte would reduce lithium polyselenide dissolution via common-ion
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effect (because polyselenide dissolution results in the formation of both polyselenide
anions and Li cations), simply increasing salt concentration does not guarantee
performance improvement. Our previous experience on Li/S system showed that strictly
microporous activated carbons, particularly having larger particle size, showed
significantly reduced S utilization with higher molarity electrolyte.27,

56

In the current

study, we compare Se-CDC with a Se infiltrated micro- and mesoporous activated carbon
(AC) (Figure 5.3b) having pore volume and specific surface area similar to that of CDC
(Figure 5.4). The capacity retentions of Se-AC cells after 150 cycles are only ~49% in
1M electrolyte and ~63% in 5M electrolyte respectively. This comparison reveals the
importance of the carbon host structure. Both of these carbon samples have dual pore
sizes hence Se utilization in high molar electrolytes was initially high but the behavior on
long-term cyclability was clearly different. We propose that: (i) smaller micropores
(known from previous Ar gas sorption measurements31) present in CDC retain
polyselenides better due to stronger interactions between the polyselenides and closely
spaced pore walls, while (ii) the ordered CDC nanorods provide larger area for
polyselenide re-precipitation in the course of the polyselenide shuttle and straight pores
for faster Li diffusion, thus reducing polarization increase. Compared to S, these
behaviors are almost identical. In contrast, larger micropores of AC are evidently less
efficient in polyselenide retention, while the disordered, bottleneck pores that present in
AC samples gradually become blocked, thus reducing cell capacity (Figure 5.3b).
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Figure 5.4 (a) N2 adsorption-desorption isotherm curve of micro/mesoprous carbon and
(b) NL-DFT pore size distribution of micro/mesoprous carbon showing the presence of
micro- and mesopores.

Postmortem analysis of Se-CDC cells was performed after 25 cycles of the rate
test and 150 cycles of the durability test at C/5 (Figure 5.5). SEM studies of the cycled
cathodes show significant irregular Se re-deposition on the surface of CDC particles in
case of the 1M electrolyte solution (Figure 5.5b) and rather smooth CDC surface in case
of the 5M electrolyte (Figure 5.5c). The EDS studies on cathodes clearly corroborate
significantly improved Se retention in the cathodes when high molarity electrolytes are
utilized and active material loss is largely prevented (Figure 5.5d).
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Figure 5.5 Post-mortem analysis, revealing the impact of electrolyte salt concentration
on the changes in surface morphology and bulk composition of Se-CDC cathodes after
electrochemical tests: (a) SEM micrographs of the cathode surface before and after
cycling in (b) 1M and (c) 5M electrolytes, (d) Se/C weight ratio determined from EDS
measurements on the cathodes before and after cycling.

When compared to similarly produced S-CDC,

Se-CDC cells

6e

showed clearly

improved performance. (Figure 5.6) The average Li ion migration energies of Li2Se and
Li2S are somewhat similar.
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However, compared to S cathode, Se cathode is much

more electrically conductive and the band gap of Li2Se is lower than Li2S, thus lithiated
selenium precipitated on a Li surface would be also more conductive compared to
lithiated sulfur.59 In addition, there are some theoretical indications that ionic
conductivity of Li2Se might be higher than the same of Li2S due to the presence of the
paths with the lowest energy barrier for Li diffusion.58a Therefore, we propose that much
more stable performance of Se-CDC cells in high molarity electrolyte (Figure 5.6a) is
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caused by both (i) better electron access to reaction cites on the cathode and (ii) higher Li
mobility within the cathode and through the SEI layer on the Li anode. Indeed, the
voltage profiles comparison between Se-CDC and S-CDC in 5M electrolyte clearly show
reduced polarization of Se-CDC (Figure 5.6b).

Figure 5.6 Comparison of S and Se performance: (a) cycle stability and (b) chargedischarge profiles of S-CDC and Se-CDC cathodes in identical electrolytes. (5M LiTFSI)
S and Se loading in S-CDC and Se-CDC are also almost same. (~60%)

5.4 Summary
In this study, for the first time we have synthesized very uniform nanostructured
Se-CDC composites and studied their electrochemical behavior. Higher electrolyte
molarity was found to greatly enhance capacity utilization and reduce Se dissolution in
Se-CDC composite cathodes, similar to their positive impact in S-CDC composites. The
origin of this phenomenon has been discussed. The hierarchical microstructure of CDC
allowed Se-CDC cathodes to demonstrate high rate performance and high capacity
utilization in 5M and 7M electrolyte. The comparison between Se-CDC nanocomposites
and Se infiltrated into an activated carbon, with specific surface area and pore volume
similar to CDC, showed significantly better capacity retention of Se-CDC cathodes. The
comparison between Se-CDC and nearly identical S-CDC showed better stability and
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lower polarization of Se-CDC, suggesting a promise for Se as a high capacity cathode
material.
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CHAPTER 6
6STABILIZATION OF SELENIUM CATHODES VIA IN-SITU
FORMATION OF A PROTECTIVE SOLID ELECTROLYTE LAYER

Reproduced with permission from Jung Tae Lee, Hyea Kim, Naoki Nitta, Kwang-Sup
Eom, Dong-Chan Lee, Feixiang Wu, Huan-Ting Lin, Bogdan Zdyrko, Won Il Cho, Gleb
Yushin, Stabilization of selenium cathodes via in situ formation of protective solid
electrolyte layer, Journal of Materials Chemistry A, 2014, Copyright 2014 Royal
Society of Chemistry.

6.1 Introduction
Analogous to the study on S cathode in chapter 4, formation of Li permeable
conformal shells around porous (to accommodate volume changes) Se-based composites
may, in principle, overcome the polyselenide dissolution. However, this process increases
battery fabrication costs and is sensitive to defects in the coating. In addition, if
insufficient pores are present in the composites, expansion of Se during Li2Se formation
may lead to fracturing in the shell. In-situ formation of thin protective shells or coatings
of solid electrolytes capable to prevent permeation of polyselenides may offer a low-cost
solution to existing challenge.
In traditional Li ion batteries, many carbonate-based electrolyte additives are
successfully used to induce formation of thinner solid electrolyte interphase (SEI) layer
on graphite and Si anodes.17c, 60 Vinylene carbonate (VC) and lower-cost fluoroethylene
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carbonate (FEC) additives have been used with a particular success61 and thus
commercialized by battery industry. The SEI formed on such anodes is thinner and
impermeable to solvent molecules, which virtually prevents electrolyte decomposition
after so-called “SEI formation” cycles. It could be hypothesized, that such a solid
electrolyte coatings in-situ formed on Se cathodes may provide sufficiently fast Li ion
transport, while preventing diffusion of both solvent and polyselenide molecules, and
thus stabilize these cathodes against a dissolution.
Unfortunately, carbonate solvents are known not to be compatible with S batteries
due to their chemical reactivity with polysulfides unless appropriately isolated.62 A few
studies that adopted carbonate based electrolyte in Li/S systems showed discouraging
results.63 The general expectations of the research community have been that the
commercially proven, low cost FEC additives should be incompatible with Li/Se batteries
as well. In contrast to this common belief, in this chapter we discuss a method to induce a
formation of a very efficient protective coating with FEC on the surface of Se cathodes
for high capacity and improved cycle stability.

6.2 Materials & Methods
The porous carbon nanoparticles for Se infiltration were prepared by
carbonization of the mesoporous polymer precursor particles. For synthesis of those, we
utilized emulsion of divinylbenzene (DVB80, SigmaAldrich, USA) in water phase by
ultra-sonication, similar to that previously described64. Benzoyl peroxide was used as an
initiator for polymerization. Thus synthesized DVB particles were purified by
centrifugation, stabilized by heat treatment in air at 300 oC and carbonized at 900 oC. In
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order to enhance their porosity, carbon nanoparticles were physically activated in a CO2
gas at 950 °C, as previously described in our and other publications,65 producing submicron spherical activated carbon (SAC) particles.
The selenium was melt-infiltrated into SAC at 260°C. The extra selenium
remaining outside the carbon pores was removed via heat treatment in air at 300°C for 2h.
The Se-SAC composite powders, polyacrylic acid (PAA) (Sigma Aldrich, USA) as a
binder, and pure black (PB) (Superior Graphite, USA) as conductive additive were mixed
in a mixture of ethanol and distilled water to prepare slurry for casting an electrode. The
ratio of Se-SAC, PAA, and PB was 70:15:15. The slurry was stirred at room temperature
for 12h and cast on a nickel foil. The active electrode mass loading was ~ 1.5 mg/cm2.
After drying overnight at room temperature under vacuum, coin cells were assembled
with electrolyte, celgard2400 (Celgard, USA) separator and pure Li foil (Alfa Aesar,
99.9%) anode. The electrolytes used in this study were prepared with 7M
bis(trifluoromethanesulfonyl)imide (LiTFSI) in dimethoxyethane (DME):1,3-dioxolane
(DIOX) (1:1, v:v) with/without battery grade fluoroethylene carbonate (FEC) as an
additive (BASF, Germany). The cells were equilibrated for 24h before electrochemical
testing.
The coin-cells prepared inside an Ar glovebox (< 1 ppm of H2O, Innovative
Technologies, USA) were galvanostatically cycled between 3.0V and 1.5 V vs Li/Li+ (V)
in an Arbin battery test system (Arbin Instruments, USA). The formation cycle was
carried out with deep lithiation to 0.1V from OCV and de-lithiatiation from 0.1V to 3.0V
for one cycle at C/10. The cells were tested with different C-rates at C/10, C/5, C/2, 1C,
and 2C and then the durability test was continued at C/5 for 100 cycles.
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Scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS),
pore property characterization, thermogravimetric analysis (TGA), and X-ray diﬀraction
(XRD) experiments were performed as described in Chapter 5. XPS analysis was done
using the Kratos Axis Ultra (Kratos Analytical Ltd, UK) and Ar filled sample transfer
chamber was used to prevent air exposure of the electrodes. Electrochemical impedance
spectroscopy (EIS) measurements were carried out with a Gamry Reference 600
Potentiostat/Galvanostat/ZRA (Gamry Instruments, Inc., USA) in the frequency range of
0.1 Hz to 106 Hz with a 10 mV AC amplitude.

6.3 Results & Discussion
The overall strategy to prepare Se-C cathode with a solid electrolyte protective
layer is described in the Figure 6.1. Porous carbon (Figure 6.1a), such as spherical
activated carbon (SAC), is first melt-infiltrated with Se via capillary forces and the excess
of Se is removed from the surface by annealing at 300°C for 2h in air (Figure 6.1b).
Weaker interactions of Se with the outer surface leads to it preferential evaporation, while
the Se infiltrated into the small pores remains largely intact. The next step involves
mixing Se-SAC composite powder with a binder and casting on a current collector foil
into a regular electrode (Figure 6.1c). The cell is then assembled with a solid electrolyte
forming additive (such as FEC). The solid electrolyte protective layer is formed during
the 1st cycle when the cathode potential becomes sufficiently low to induce reduction of
the FEC (Figure 6.1d). This layer is formed both on the outer surface of the particles and
also in the pores remaining after Se expansion with Li2Se formation (Figure 6.1e). High
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ionic conductivity of this layer in combination with its resistance against solvent and
polysulfide inter-diffusion are critical for achieving good cell performance.

Figure 6.1 Schematic illustration of the proposed strategy for Se cathode stabilization:
(a) porous carbon particles (such as SAC) are (b) infiltrated with Se and (c) cast on a
current collector foil to prepare a regular electrode; (d) cell assembled with an electrolyte
containing a solid electrolyte former (such as FEC) are cycled to a potential of the
electrolyte (or additive) reduction; (e) solid electrolyte layer in-situ formed both within
the pores remaining after Li2Se formation and on the outer surface of the particles serves
as an efficient physical barrier for solvent and polyselenide diffusion and the resulting
polyselenide dissolution.
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The SEM study on pure SAC powder showed the size of spherical particles to be
around 100-300 nm in diameter (Figure 6.2a). The surface morphology of the particle is
rather rough. After Se introduction into the porous carbon, the morphology of Se-SAC
composite shows no clear Se residues on the external surface of the composite and the Se
distribution within the individual Se-SAC particle was uniform (Figure 6.2b). The N2
isotherm curve of the SAC is typical shape of type 2 isotherm, indicating dual pore size
distribution where both micropores and mesopores are present. (Figure 6.2c)
Considerably large SAC specific surface area of ~2900 m2/g and total volume of 1.85
cm3/g is attractive for achieving high Se content in the composites. Pore size distribution
acquired by DFT calculation corroborate that synthesized SAC contain both micropores
(<2nm) and both small (2-3 nm) and large (10-30 nm) mesopores (Figure 6.2d). The
small size of the particles and the presence of the large mesopores could be attractive for
achieving high rate performance. After Se infiltration, the specific surface and pore
volume decreased by ~150 and 8 times, respectively, demonstrating that all but the
largest mesopores have been successfully filled with Se and virtually no Se-free SAC
remained.
The thermal behaviors of the pure Se, SAC, and Se-SAC were studied and the Se
loading in Se-SAC composite samples were calculated via thermo-gravimetric analysis
(TGA) studies under N2 (Figure 6.2e). The weight of both Se-SAC and pure Se begin to
reduce at ~270 °C. Pure Se was fully evaporated at ~460 °C, but the Se in Se-SAC was
preserved up to ~540°C. These thermal behaviors confirm stronger bonding between Se
and SAC within nanopores of the Se-SAC. The amount of selenium within Se-SAC
composite was found to be ~70 wt.% and if all components including binder and
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conductive additives are considered, Se content is ~50 wt.%. X-ray diffraction (XRD)
studies of original Se powder exhibit distinct sharp peaks, which are assigned to pure Se
without any impurities (JCPDS Card No. 73-0465). When infiltrated into SAC pores, Se
becomes amorphous (Figure 6.2f), as also observed in a previous study.12b

Figure 6.2 Characterizations of Se and Se-SAC composites: (a) typical SEM
micrographs of SAC particles, showing their sub-micron size and rough surface
morphology, (b) SEM micrograph and EDS mapping (inset) of Se-infiltrated SAC,
showing uniform Se distribution within a SAC particle, (c) N2 sorption isotherms on
SAC and Se-SAC, showing large pore volume of SAC and efficient Se infiltration in SeSAC, (d) NL-DFT pore size distribution of SAC and Se-SAC, (e) typical TGA of a Se
and Se-SAC composite in an inert gas, showing Se loading estimation and (f) XRD
patterns of pure Se and Se-SAC composite, showing that crystalline Se becomes
amorphous when infiltrated into SAC pores.
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The discharge capacities of Se-SAC recorded at various current densities (C-rates)
represent the relative rate performance of the cells. The Se-SAC cathode in a cell
comprising FEC-enhanced electrolyte and coated with the FEC-induced protective solid
electrolyte layer during a deep lithiation cycle (sample termed “Se-SAC-FD”) show a
high and stable discharge capacity of ~650 mAh/gSe at a C/10 charge/discharge rate
(Figure 6.3a). This capacity is almost theoretical. To the best of our knowledge, no prior
Se study was reported to achieve a combination of such a high capacity and cycle
stability. In contrast, the discharge capacity of Se-SAC cathode in a cell comprising a
normal/regular electrolyte (without FEC) and cycled regularly (without a formation cycle)
(sample termed “Se-SAC-NR”) showed significant capacity lost from the first cycle
(~650 mAh/gSe) to a second cycle (500mAh/gSe) (Figure 6.3a), indicating a polyselenide
dissolution has taken place. When relative rates are compared, we see that Se-SAC-FD
exhibited better rate performance (over 2.5 times higher capacity at the highest rate of 2C)
in spite of the formation of a solvent-blocking solid electrolyte layer.
Figure 6.3b shows the first three charge-discharge profiles of Se-SAC-FD
recorded at a C/10 rate. It is noteworthy that the discharge capacity of Se-SAC during
formation cycle (1st cycle) is almost same with other the next two cycles, if we only
consider discharge capacity acquired from OCV to 1.5V voltage range. The extra
capacity obtained from 1V to 0.1V is likely due (i) electrolyte reduction and solid
electrolyte interphase (SEI) layer formation as well as (ii) Li intercalation into carbon
(with the last one being reversible).
Figure 6.3c shows the differential capacity vs. voltage plot for the Li/Se-SAC-FD
cell. The peaks at 1.95 V can be assigned to lithiation and 2.15V to delithiation. Near
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0.1V, the differential capacity was increased and this could be originated from lithium
insertion into carbon. The electrolyte (FEC) reduction takes place continuously within a
broad 1.5-0.1 V range and thus is not clearly visible on this graph.
The long-term cycling stability of the Se-SAC cathode was investigated and
several control groups are compared to identify the origin of stability improvement
(Figure 6.3d). Se-SAC-FD cathode exhibited outstanding cycling stability during the 100
cycles at C/5 rate with discharge capacity retention over 94% of its initial value, which
corresponds to less than only 0.06% decrease per cycle. In order to distinguish the impact
of adding FEC into electrolyte alone (e.g. due to formation of a protective layer on a Li
surface), Se-SAC cathode in FEC-comprising electrolyte was studied under a regular
cycling protocol (without formation cycle) (sample termed “Se-SAC-FR”). While the
initial capacity of such cell is nearly identical to that of Se-SEC-FD, extended cycling
showed gradual cell degradation with more than 35 % of the capacity lost after 100
cycles (Figure 6.3d).
As expected, cells that did not contain FEC additive, showed very similar
performance in terms of capacity and cycle stability whether or not (samples “Se-SACND” and “Se-SAC-NR”) deep lithiation down to 0.1V was performed. These
comparisons clearly corroborate that only a combination of a good solid-electrolyte
inducing additive (FEC) and SEI formation cycle leads to good stabilization. S(sulfur)SAC cathode could not be stabilized and the origin of this phenomenon is not yet clear.
But we hypothesize that sulfur or polysulfide can inhibit stable solid electrolyte layer
formation during a formation cycle, possibly due to higher reactivity. (Figure 6.3d).
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Comparison of the charge-discharge profiles of Se-SAC-FR and Se-SAC-FD
showed that the FEC-induced solid electrolyte layer formation not only improved
stability, but also reduced polarization (compare Figure 6.3e and f). Without stable
protection layer, the overpotential was gradually increasing while the capacity was
gradually decreasing (Figure 6.3e). Such a rise in the overpotential likely originates from
to the precipitation of low order lithium selenide, reduced on the surface of electrodes
from the dissolved high order lithium selenides. On the contrary, with the protective solid
electrolyte layer formation, almost identical polarization and capacities were observed at
different cycles. (Figure 6.3f) This is a good indication that further precipitation or
electrolyte/salt decomposition might not occurred in such cells.
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Figure 6.3 Electrochemical characterizations of Se-SAC: (a) discharge capacity of SeSAC cathodes at different C-rates, (b) first three charge-discharge curves at a C/10 rate,
including a formation cycle, (c) a typical differential capacity plot, (d) cycling stability
studies of Se-SAC in comparison with control electrodes, (e) voltage profiles of Se-SACFR at different cycle number, and (f) voltage profiles of Se-SAC-FD at different cycle
numbers, showing a positive impact of the formation cycle in FEC comprising electrolyte
on reduced polarization. The capacities are normalized by the weight of Se. FD, FR, ND,
and NR stand for “FEC-comprising electrolyte with one deep lithiation cycle” (FD),
“FEC-comprising electrolyte with regular cycling” (FR), “normal (FEC-free) electrolyte
with one deep lithiation cycling” (ND) and “normal (FEC-free) electrolyte with regular
cycling” (NR), respectively.

Post mortem SEM and EDS studies fully supported the discussed above
hypothesis (Figure 6.4). After one deep lithiation (formation) cycle, the Se-SAC-FD
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electrodes showed formation of a conformal solid electrolyte layer on their surface
(compare Figure 6.4a and Figure 6.4b). In contrast, Se-SAC-NR cathode showed
morphology almost identical to that of the original sample before cycling (compare
Figure 6.4a and Figure 6.4c). The Se-SAC particles before and after one deep lithiation
cycling in FEC-containing electrolyte were also characterized via high resolution
transmission electron microscopy (HRTEM) to investigate the layer formed on individual
particle. The HRTEM images clearly demonstrate the formation of protective layer with
one deep lithiation cycle in FEC-cotaining electrolyte whereas Se-SAC particles before
cycling have no layer on the surface. (Figure 6.5) SEM and optical microscopy studies on
Li anodes showed a clear evidence of the effective Se retention with the proposed
technique. The Li from the Se-SAC-FD shows a visually clean surface (compare inset in
Fig 4e with that in Fig. 4d, optical microscopy) and a formation of a thin layer (Figure
6.4e, SEM) formed upon FEC reduction.66 In sharp contrast, a Li anode of the Se-SACNR cell showed a thick layer of a non-uniform, rough yellow/brown coating on the
surface (inset in Figure 6.4f). SEM study further confirmed that the Li anode surface
became covered with lithium selenide granular deposits (Figure 6.4f), as could be
expected from the polyselenide dissolution. EDS studies on the cathodes provided
additional quantitative comparison between the chemical composition of the electrode
samples. In particular, within an experimental error, the content of Se in the Se-SAC-FD
cathode surface did not change after the first cycle, while that of the Se-SAC-NR cell
diminished nearly by 40% (Figure 6.4g). This significant Se loss only after one cycle is
quite surprising, but it clearly corroborates large capacity fade of Se-SAC-NR cell from
1st cycle (~650 mAh/gSe) to second cycle (~500 mAh/gSe). Theoretically ~70% of Se
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would deliver ~500 mAh/gSe hence ~60% residual Se in Se-SAC-NR cathode is likely
due to a relatively thin penetration depth of electrons (few µm)56 compared to that of the
electrode thickness (~20 µm). The Se close to the electrolyte would be preferentially
diffused out from the pores, thus surface of Se-SAC-NR exposed to electrolyte could
have lower Se contents compared to Se-SAC particles close to current collector. A large
amount of Se compounds precipitated on the Li metal of the Se-SAC-NR cell , but
virtually no Se could be detected on the Li anode of the Se-SAC-FD cell.(Figure 6.4h)

Figure 6.4 The impact of FEC-induced solid electrolyte layer on Se loss from cathode
and its Se precipitation on a Li anode: SEM micrographs of Se-SAC (a) before
electrochemical test, (b) after one deep lithiation (formation) (to 0.1 V vs. Li/Li+) cycle
with an FEC enriched electrolyte (Se-SAC-FD), (c) after one regular cycle with a normal
electrolyte (Se-SAC-NR); SEM micrographs and optical micrographs (insets) of lithium
foil (d) before cycling, (e) after one formation cycle with FEC-enriched electrolyte (LiFD), (f) after one regular cycle with a normal electrolyte (Li-NR), (g) Relative fractions
of Se in two cells, as determined from EDS measurements on the cathode surface, and (h)
weight fraction of elements measured by EDS on the Li-FD and Li-NR after one cycle.
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Figure 6.5 HRTEM micrographs of Se-SAC (a) before electrochemical test, (b) after one
formation (to 0.1 V vs. Li/Li+) cycle with an FEC enriched electrolyte (Se-SAC-FD).
The surface chemistries of the Se-SAC-FD and Se-SAC-NR electrodes after one
cycle were additionally evaluated by using X-ray photoelectron spectroscopy (XPS) and
Eelectrochemical impedance spectroscopic (EIS) analysis (Figure 6.6). Compared to a
Se-SAC-NR cathode, the surface layer on the Se-SAC-FD cathode exhibits significantly
higher intensity of C-O and C-O3 bonds in a C1s core spectra (Figure 6.6a). These could
be originated from (CH2OCO2Li)2 and Li2CO3 which are the components of the solid
electrolyte layer formed upon carbonate reduction .67 In addition, Se-SAC-FD cathode
surface shows a much higher intensity of LiF, which is resistant to decomposition based
on high bonding energy, indicating that the produced solid electrolyte is chemically
stable.68
EIS studies provided complimentary insights (Figure 6.6c and Figure 6.6d). The
experimental Nyquist and Bode plots of Li/Se-SAC cells are fitted using the simplified
equivalent circuit (inset in Fig. Figure 6.6c)), in which Rs, RSEI, Rct, CPE stands for the
solid resistance, solid electrolyte resistance, charge transfer resistance, and constant
phase-angle element, respectively. The Rs of the Se-SAC-FD (32.3 Ohm) and the SeSAC-NR (26.7 Ohm) are similar, but Se-SAC-FD cell exhibits significantly higher RSEI
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(241.9 Ohm) than Se-SAC-NR does (65.6 Ohm), indicating that the FEC addition into
electrolyte does not significantly affect solid resistance (as expected), but does induce a
formation of a protective SEI layer, as confirmed in XPS studies (Figure 6.6b). The fitted
Bode plots of the two samples (Figure 6.6d) clearly show validity of our fitting in all the
frequency regions.

Figure 6.6 The spectroscopic analysis on chemical and electrochemical properties of SEI
layer; XPS (a) C1s , (b) F1s core spectra, (c) Nyquist plot, and (d) Bode plot of Se-SACNR and Se-SAC-FD. Solid lines in Nyquist and Bode plots are fitted to the equivalent
circuit(inset of (c)).
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6.4 Summary
In summary, we have successfully demonstrated dramatic improvements in the
stability and rate performance of Se cathodes by a in-situ formation of a solid electrolyte
protective coating on the cathode during the first cycle. The discovered greatly reduced
reactivity between polyselenides and FEC, allowed us to utilize this low-cost,
commercially viable SEI forming additive in a regular ether-based electrolyte for the
formation of ionically conductive layer, which remains largely impermeable to
polyselenides during cycling. Without any optimization, our electrochemical studies
already revealed an order of magnitude increase in cycle stability and a significant
reduction in polarization at C/5 rate. Post-mortem analysis using optical microscopy,
SEM, EDS and XPS techniques conducted on the surface of both anodes and cathodes in
combination with EIS studies confirmed significant cathode dissolution and lithium
selenide precipitation on a Li anode in a regular cell, in contrast with virtually no
polyselenide dissolution in a cell, where FEC-induced protective layer was formed. Our
results in combination with the low-cost and simplicity of the proposed process will
contribute to the faster development of alternative battery chemistries and emphasize a
promise of in-situ coating formation for the protection of electrode surfaces from
unwanted side reactions.
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CHAPTER 7
7CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions
In this thesis, we have investigated the effects of a variety of different factors and
their correlations on the performance of lithium-chalcogen battery electrodes. The pore
properties, particle size, operating temperature, electrolyte composition, and physical
diffusion barrier layer play critical roles on active material utilization and its stability.
We

have

successfully

prepared

S-AC

nanocomposite

electrodes

via

infiltration/evaporation process. Under the same condition, the S loading into the pores of
ACs becomes different depending on the physical parameters of porous carbons. We
have found out the pore size and particle size distribution of the carbon affect the
available specific capacity of S in electrolytes having different Li ion concentration.
Strictly microporous AC exhibited lower but more stable S utilization compared to
mesoporous ACs at room temperature. However, at an elevated temperature of 70 °C,
microporous AC showed over 4-times higher capacity but mesoporous ACs were not
affected by temperature or increased only slightly indicating that either an electron
transport is a rate-limiting step in the corresponding reduction-oxidation reactions of SAC cathodes or increased cathode dissolution is considerably compensated by the
improved ionic transport. We could also learn that the cathode dissolution rate within the
few initial cycles at 70 °C was the highest in mesoporous S-ACs having the smallest
specific surface area. The best rate capability at 70 °C was acquired with microporous
carbon, implying that at this temperatures the rate may be limited not by the diffusion of
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ions within the pores, but rather by the diffusion of ions through the solid phase(low
order polysulfides) deposited on a Li foil and re-deposited on the surface of S-AC
particles. Increasing a salt concentration in electrolytes resulted in high S utilization up to
certain point depending physical properties of AC yet undesirably formed thicker SEI on
a Li foil anodes and more inactive low-order polysulfides on the surface of S-AC
particles.
We have introduced uniform nanostructured CDC as both S and Se storage
material for the first time. Higher CDC synthesis temperature resulted in lower
concentration of defects and higher purity porous carbon and those allow higher S
loading, higher capacity utilization, and even better rate capability of S-CDC cathodes. In
contrast to microporous activated carbon, the bimodal pore size distribution in CDC
allow for the high rate performance and S utilization under high molarity electrolyte. This
suggest the importance of having the dual pore sizes because small and possibly curved
micropores of optimized dimensions are beneficial for polysulfide retention and larger,
ordered straight mesopores can provide channels for uniform S infiltration and rapid Li
ion access. The ultra-small diameter of the microporous nanorods can also contribute to
the excellent rate capability since the diffusion time is proportional to the square of the
diffusion distance.
We have confirmed the prolonged cycle stability of Li/S batteries via PEALD of
aluminum oxide. The beauties of PEALD can be the rapid deposition process, high
coating uniformity, and compatibility with existing manufacturing techniques which are
the critical factors for industrial scale production. The low deposition temperature of
PEALD excludes the concern of sulfur evaporation during oxide coating. EDS and XPS
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studies corroborated the presence of the oxide coatings on the S-infiltrated fiber surface.
Uncoated electrodes showed rapid capacity fade under accelerated testing at 70 °C but
the PEALD alumina coated electrodes demonstrated stable ~400 high-temperature cycles.
The coated fibers retained uniform morphology after cycling and greatly suppress the
active material loss. The cells with the PEALD coated electrodes also demonstrated Li
anode with a significantly smoother surface, reduced content of S and O and enhanced
amount of N. All of these results clearly suggest polysufide diffusion barrier layer can be
effective to increase long term stability of S cathodes as well as anode (Li metal)
stabilization.
Based on fundamental knowledge acquired from S studies, we have designed very
uniform nanostructured Se-CDC composites and studied their electrochemical behavior.
Similar with S-CDC study, increasing electrolyte molarity was found to be efficient
methodology to enhance capacity utilization and reduce Se dissolution in Se-CDC
nanocomposites. The unique straight small mesopores and hierarchical microstructure of
CDC allowed Se-CDC cathodes to demonstrate high rate performance and high capacity
utilization in both 5M and 7M electrolytes. The comparison between Se-CDC
nanocomposites and Se infiltrated into an activated carbon, with similar specific surface
area and pore volume with CDC, showed notably better cycle stability of Se-CDC
cathodes suggesting Se host material is critical component for high molarity electrolyte
utilization. The comparison between Se-CDC and almost identical S-CDC showed better
stability and lower polarization of Se-CDC, implying in some sense Se is better than S
and Se is a promising candidate for alternative high capacity cathode material.
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By adopting solid electrolyte forming agent (FEC) and its in-situ electrochemical
reduction, we could form an effective polyselenids diffusion barrier layer on the Se
cathode. This technique allowed us to utilize a low-cost, commercially viable SEI
forming additive in a regular ether-based electrolyte for the formation of ionically
conductive layer, which remains largely impermeable to polyselenides during cycling.
We could learn that most of active material is dissolved in the first cycle without
appropriate protection however almost all Se was retained after one cycle with this solid
electrolyte layer formed in-situ suggesting this layer effectively delayed polyselenides
diffusion into the electrolyte.
In conclusion, we have gained valuable fundamental insights on the effects of
various structural and chemical factors and their correlations on the performance of
lithium-chalcogen battery electrodes. This information may assist in the future design and
commercialization of viable chalcogen-C nanocomposite cathode materials.

7.2 Recommendations
While significantly improved performance has been demonstrated, high specific
capacity reported in this thesis and in various journal articles only considers active
materials in calculating the energy density for performance comparisons. Comparison
with existing batteries shall be done as a whole device, not a single component. Thus one
can further expand to develop battery systems with high areal active material loading and
optimized cell design including current collectors, binder, and other components.
Through multiple studies on Se and S battery, we could identify several important
dissimilarities between S and Se (even though they also exhibit quite similar chemical
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and electrochemical behaviors). Likewise, studying additional chalcogen material, Te,
might further provide complementary fundamental knowledge revealing the impact of
chalcogen atomic mass and band structure on chalcogen battery system performance.
Studying mixtures and/or compounds of chalcogens such as SexSy and TexSy may, in
principle, offer open new paths for the improved performance of high capacity active
materials, provided various chalcogens would offer complimentary properties to the
mixed composites.
Although aluminum oxide as polysulfide diffusion barrier was investigated in this
study, other metal oxides could also be explored using a same method to design
functional materials with significantly enhanced electrochemical performances.
Zirconium oxide, silicon oxide, and titanium oxide are the good candidates. Furthermore
studying the effect of nidride coating including AlN, SiN, TiN, and ZrN can be
interesting. N doping on carbon was found to be effective way to suppress S dissolution.
Nitride layer coating may provide both physical and chemical barrier of
polychalcogenides. Furthermore, due to large size of the activated carbon fiber samples
used in our proof-of-concept studies, their rate performance and stability was limited. It
might be interesting to investigate ALD coatings on smaller C-Se and C-S composites.
In-situ formed solid electrolyte layer on Se cathode was found to be effective to
improve long term cycle stability. However we still lack the information regarding the
optimum condition of solid electrolyte layer formation. Further studies on reduction
voltage cut off, current rate, different solid electrolyte forming additive, layer forming
temperature would result in interesting and promising results. Also same technique can
be applied to other chalcogen materials such as S and Te.
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Finally, a more comprehensive study of the impact of electrolyte composition
(chemistry of salt(s) and solvent(s)) on the performance of S, Se and Te cathodes might
provide additional pathways for controlling electrochemical reactions and further
improvement of cell performance.

116

REFERENCES
1.
(a) Dunn, B.; Kamath, H.; Tarascon, J.-M., Electrical energy storage for the grid:
A battery of choices. Science 2011, 334 (6058), 928-935; (b) Lowe, M. A.; Gao, J.;
Abruna, H. D., Mechanistic insights into operational lithium-sulfur batteries by in situ Xray diffraction and absorption spectroscopy. RSC Advances 2014, 4 (35), 18347-18353.
2.
(a) Scrosati, B.; Hassoun, J.; Sun, Y.-K., Lithium-ion batteries. A look into the
future. Energy & Environmental Science 2011, 4 (9), 3287-3295; (b) Armand, M.;
Tarascon, J.-M., Building better batteries. Nature 2008, 451 (7179), 652-657; (c) Choi,
N. S.; Chen, Z.; Freunberger, S. A.; Ji, X.; Sun, Y. K.; Amine, K.; Yushin, G.; Nazar, L.
F.; Cho, J.; Bruce, P. G., Challenges Facing Lithium Batteries and Electrical
Double‐Layer Capacitors. Angewandte Chemie International Edition 2012, 51 (40),
9994-10024; (d) Bruce, P. G.; Freunberger, S. A.; Hardwick, L. J.; Tarascon, J.-M., LiO2 and Li-S batteries with high energy storage. Nature materials 2012, 11 (1), 19-29.
3.
(a) Chan, C. K.; Peng, H.; Liu, G.; McIlwrath, K.; Zhang, X. F.; Huggins, R. A.;
Cui, Y., High-performance lithium battery anodes using silicon nanowires. Nature
nanotechnology 2007, 3 (1), 31-35; (b) Magasinski, A.; Dixon, P.; Hertzberg, B.; Kvit,
A.; Ayala, J.; Yushin, G., High-performance lithium-ion anodes using a hierarchical
bottom-up approach. Nature materials 2010, 9 (4), 353-358; (c) Bates, J. B., Protective
lithium ion conducting ceramic coating for lithium metal anodes and associate method.
Google Patents: 1994; (d) Nitta, N.; Yushin, G., High-Capacity Anode Materials for
Lithium-ion Batteries: Choice of Elements and Structures for Active Particles. Part. Part.
Syst. Char. 2013, DOI 10.1002/ppsc.201300231.
4.
(a) Manthiram, A.; Fu, Y.; Su, Y.-S., Challenges and prospects of lithium–sulfur
batteries. Accounts of chemical research 2012, 46 (5), 1125-1134; (b) Song, M.-K.;
Cairns, E. J.; Zhang, Y., Lithium/sulfur batteries with high specific energy: old
challenges and new opportunities. Nanoscale 2013, 5 (6), 2186-2204.
5.
Palacín, M. R., Recent advances in rechargeable battery materials: a chemist’s
perspective. Chemical Society Reviews 2009, 38 (9), 2565-2575.
6.
(a) Song, M.-K.; Zhang, Y.; Cairns, E. J., A Long-Life, High-Rate Lithium/Sulfur
Cell: A Multifaceted Approach to Enhancing Cell Performance. Nano letters 2013, 13
(12), 5891-5899; (b) Xiao, L.; Cao, Y.; Xiao, J.; Schwenzer, B.; Engelhard, M. H.; Saraf,
L. V.; Nie, Z.; Exarhos, G. J.; Liu, J., A Soft Approach to Encapsulate Sulfur: Polyaniline
Nanotubes for Lithium‐Sulfur Batteries with Long Cycle Life. Advanced Materials 2012,
24 (9), 1176-1181; (c) Seh, Z. W.; Li, W.; Cha, J. J.; Zheng, G.; Yang, Y.; McDowell, M.
T.; Hsu, P.-C.; Cui, Y., Sulphur–TiO2 yolk–shell nanoarchitecture with internal void
space for long-cycle lithium–sulphur batteries. Nature Communications 2013, 4, 1331;
(d) Su, Y.-S.; Fu, Y.; Cochell, T.; Manthiram, A., A strategic approach to recharging
lithium-sulphur batteries for long cycle life. Nature communications 2013, 4; (e) Lee, J.
T.; Zhao, Y.; Thieme, S.; Kim, H.; Oschatz, M.; Borchardt, L.; Magasinski, A.; Cho, W.I.; Kaskel, S.; Yushin, G., Sulfur-Infiltrated Micro- and Mesoporous Silicon CarbideDerived Carbon Cathode for High-Performance Lithium Sulfur Batteries. Advanced
Materials 2013, 25 (33), 4573-4579; (f) Lee, J. T.; Zhao, Y.; Kim, H.; Cho, W. I.;
Yushin, G., Sulfur infiltrated activated carbon cathodes for lithium sulfur cells: The
combined effects of pore size distribution and electrolyte molarity. Journal of Power
Sources 2014, 248, 752-761; (g) Wu, F.; Lee, J. T.; Magasinski, A.; Kim, H.; Yushin, G.,

117

Solution‐Based Processing of Graphene–Li2S Composite Cathodes for Lithium‐Ion and
Lithium–Sulfur Batteries. Particle & Particle Systems Characterization 2014; (h) Wu, F.;
Kim, H.; Magasinski, A.; Lee, J. T.; Lin, H. T.; Yushin, G., Harnessing Steric Separation
of Freshly Nucleated Li2S Nanoparticles for Bottom‐Up Assembly of High‐Performance
Cathodes for Lithium‐Sulfur and Lithium‐Ion Batteries. Advanced Energy Materials
2014; (i) Brückner, J.; Thieme, S.; Böttger-Hiller, F.; Bauer, I.; Grossmann, H. T.;
Strubel, P.; Althues, H.; Spange, S.; Kaskel, S., Carbon-Based Anodes for Lithium Sulfur
Full Cells with High Cycle Stability. Adv. Funct. Mater. 2013, n/a-n/a.
7.
Akridge, J. R.; Mikhaylik, Y. V.; White, N., Li/S fundamental chemistry and
application to high-performance rechargeable batteries. Solid State Ionics 2004, 175 (14), 243-245.
8.
Bruce, P. G.; Freunberger, S. A.; Hardwick, L. J.; Tarascon, J.-M., Li-O2 and LiS batteries with high energy storage. Nat Mater 2012, 11 (1), 19-29.
9.
(a) Jayaprakash, N.; Shen, J.; Moganty, S. S.; Corona, A.; Archer, L. A., Porous
Hollow Carbon@Sulfur Composites for High-Power Lithium-Sulfur Batteries.
Angewandte Chemie-International Edition 2011, 50 (26), 5904-5908; (b) Yang, Y.;
McDowell, M. T.; Jackson, A.; Cha, J. J.; Hong, S. S.; Cui, Y., New Nanostructured
Li2S/Silicon Rechargeable Battery with High Specific Energy. Nano Letters 2010, 10 (4),
1486-1491; (c) Zhang, B.; Qin, X.; Li, G. R.; Gao, X. P., Enhancement of long stability
of sulfur cathode by encapsulating sulfur into micropores of carbon spheres. Energy &
Environmental Science 2010, 3 (10), 1531-1537; (d) Ji, L.; Rao, M.; Zheng, H.; Zhang,
L.; Li, Y.; Duan, W.; Guo, J.; Cairns, E. J.; Zhang, Y., Graphene Oxide as a Sulfur
Immobilizer in High Performance Lithium/Sulfur Cells. Journal of the American
Chemical Society 2011, 133 (46), 18522-18525; (e) Fu, Y.; Manthiram, A., Orthorhombic
Bipyramidal Sulfur Coated with Polypyrrole Nanolayers As a Cathode Material for
Lithium-Sulfur Batteries. Journal of Physical Chemistry C 2012, 116 (16), 8910-8915; (f)
Elazari, R.; Salitra, G.; Garsuch, A.; Panchenko, A.; Aurbach, D., Sulfur-Impregnated
Activated Carbon Fiber Cloth as a Binder-Free Cathode for Rechargeable Li-S Batteries.
Advanced Materials 2011, 23 (47), 5641-+; (g) Guo, J. C.; Xu, Y. H.; Wang, C. S.,
Sulfur-Impregnated Disordered Carbon Nanotubes Cathode for Lithium-Sulfur Batteries.
Nano Letters 2011, 11 (10), 4288-4294; (h) Xiao, L.; Cao, Y.; Xiao, J.; Schwenzer, B.;
Engelhard, M. H.; Saraf, L. V.; Nie, Z.; Exarhos, G. J.; Liu, J., A Soft Approach to
Encapsulate Sulfur: Polyaniline Nanotubes for Lithium-Sulfur Batteries with Long Cycle
Life. Advanced Materials 2012, 24 (9), 1176-1181; (i) Ji, L.; Rao, M.; Aloni, S.; Wang,
L.; Cairns, E. J.; Zhang, Y., Porous carbon nanofiber-sulfur composite electrodes for
lithium/sulfur cells. Energy & Environmental Science 2011, 4 (12), 5053-5059.
10.
Ji, X.; Lee, K. T.; Nazar, L. F., A highly ordered nanostructured carbon-sulphur
cathode for lithium-sulphur batteries. Nature Materials 2009, 8 (6), 500-506.
11.
Lee, K. T.; Black, R.; Yim, T.; Ji, X.; Nazar, L. F., Surface‐Initiated Growth of
Thin Oxide Coatings for Li–Sulfur Battery Cathodes. Advanced Energy Materials 2012,
2 (12), 1490-1496.
12.
(a) Luo, C.; Xu, Y.; Zhu, Y.; Liu, Y.; Zheng, S.; Liu, Y.; Langrock, A.; Wang, C.,
Selenium@ Mesoporous Carbon Composite with Superior Lithium and Sodium Storage
Capacity. ACS nano 2013, 7 (9), 8003-8010; (b) Yang, C. P.; Xin, S.; Yin, Y. X.; Ye, H.;
Zhang, J.; Guo, Y. G., An Advanced Selenium–Carbon Cathode for Rechargeable

118

Lithium–Selenium Batteries. Angewandte Chemie International Edition 2013, 52 (32),
8363-8367.
13.
Mikhaylik, Y. V., Electrolytes for lithium sulfur cells. Google Patents: 2008.
14.
Aurbach, D.; Pollak, E.; Elazari, R.; Salitra, G.; Kelley, C. S.; Affinito, J., On the
Surface Chemical Aspects of Very High Energy Density, Rechargeable Li-Sulfur
Batteries. Journal of the Electrochemical Society 2009, 156 (8), A694-A702.
15.
Lin, Z.; Liu, Z.; Fu, W.; Dudney, N. J.; Liang, C., Phosphorous Pentasulfide as a
Novel Additive for High‐Performance Lithium‐Sulfur Batteries. Advanced Functional
Materials 2012.
16.
Suo, L.; Hu, Y.-S.; Li, H.; Armand, M.; Chen, L., A new class of Solvent-in-Salt
electrolyte for high-energy rechargeable metallic lithium batteries. Nature
Communications 2013, 4, 1481.
17.
(a) Hoffman, E. N.; Yushin, G.; El-Raghy, T.; Gogotsi, Y.; Barsoum, M. W.,
Micro and mesoporosity of carbon derived from ternary and binary metal carbides.
Microporous Mesoporous Mater. 2008, 112 (1-3), 526-532; (b) Korenblit, Y.; Kajdos,
A.; West, W. C.; Smart, M. C.; Brandon, E. J.; Kvit, A.; Jagiello, J.; Yushin, G., In Situ
Studies of Ion Transport in Microporous Supercapacitor Electrodes at Ultralow
Temperatures. Adv. Funct. Mater. 2012, 22 (8), 1655-1662; (c) Evanoff, K.; Khan, J.;
Balandin, A. A.; Magasinski, A.; Ready, W. J.; Fuller, T. F.; Yushin, G., Towards
Ultrathick Battery Electrodes: Aligned Carbon Nanotube - Enabled Architecture. Adv.
Mater. 2012, 24 (4), 533-+; (d) Rose, M.; Korenblit, Y.; Kockrick, E.; Borchardt, L.;
Oschatz, M.; Kaskel, S.; Yushin, G., Hierarchical Micro- and Mesoporous CarbideDerived Carbon as High Performance Electrode Material in Supercapacitors. Small 2011,
pp 1108-1117.
18.
(a) Lu, W.; Yushin, G., Lithographically Patterned Thin Activated Carbon Films
as a New Technology Platform for On-Chip Devices. 2013, (submitted ); (b) Choi, N. S.;
Chen, Z. H.; Freunberger, S. A.; Ji, X. L.; Sun, Y. K.; Amine, K.; Yushin, G.; Nazar, L.
F.; Cho, J.; Bruce, P. G., Challenges Facing Lithium Batteries and Electrical DoubleLayer Capacitors. Angewandte Chemie-International Edition 2012, 51 (40), 9994-10024;
(c) Wei, L.; Sevilla, M.; Fuertes, A. B.; Mokaya, R.; Yushin, G., Polypyrrole-Derived
Activated Carbons for High-Performance Electrical Double-Layer Capacitors with Ionic
Liquid Electrolyte. Adv. Funct. Mater. 2012, 22 (4), 827-834; (d) Wei, L.; Sevilla, M.;
Fuertesc, A. B.; Mokaya, R.; Yushin, G., Hydrothermal Carbonisation of Abundant
Renewable Natural Organic Chemicals for High-Performance Supercapacitor Electrodes.
Advanced Energy Materials 2011, 1, 356-361.
19.
(a) Kim, I. T.; Magasinski, A.; Jacob, K.; Yushin, G.; Tannenbaum, R., Synthesis
and electrochemical performance of reduced graphene oxide/maghemite composite anode
for lithium ion batteries. Carbon 2013, 52, 56-64; (b) Magasinki, A.; Zdyrko, B.;
Kovalenko, I.; Hertzberg, B.; Burtovyy, I.; Fuller, T.; Luzinov, I.; Yushin, G., Towards
Efficient Binders for Li-ion Battery Si-Based Anodes: Polyacrylic Acid. ACS Appl.
Mater. Interfaces 2010, 2 (11), 3004-3010.
20.
Sands, D. E., The crystal structure of monoclinic (β) sulfur. Journal of the
American Chemical Society 1965, 87 (6), 1395-1396.
21.
Frauenheim, T.; Jungnickel, G.; Köhler, T.; Stephan, U., Structure and electronic
properties of amorphous carbon: from semimetallic to insulating behaviour. Journal of
non-crystalline solids 1995, 182 (1), 186-197.

119

22.
Setoyama, N.; Suzuki, T.; Kaneko, K., Simulation study on the relationship
between a high resolution αs-plot and the pore size distribution for activated carbon.
Carbon 1998, 36 (10), 1459-1467.
23.
Polat, Ö .; Aytug, T.; Lupini, A. R.; Paranthaman, P. M.; Ertugrul, M.; Bogorin, D.
F.; Meyer, H. M.; Wang, W.; Pennycook, S. J.; Christen, D. K., Nanostructured columnar
heterostructures of TiO2 and Cu2O enabled by a thin-film self-assembly approach:
Potential for photovoltaics. Materials Research Bulletin 2013, 48 (2), 352-356.
24.
Liang, C.; Dudney, N. J.; Howe, J. Y., Hierarchically Structured Sulfur/Carbon
Nanocomposite Material for High-Energy Lithium Battery. Chemistry of Materials 2009,
21 (19), 4724-4730.
25.
Kim, H.; Lee, J. T.; Yushin, G., High temperature stabilization of lithium–sulfur
cells with carbon nanotube current collector. Journal of Power Sources 2013, 226 (0),
256-265.
26.
SungáShin, E.; HyoungáOh, S.; IláCho, W., Polysulfide dissolution control: the
common ion effect. Chemical Communications 2013, 49 (20), 2004-2006.
27.
Mikhaylik, Y. V.; Akridge, J. R., Polysulfide shuttle study in the Li/S battery
system. Journal of the Electrochemical Society 2004, 151 (11), A1969-A1976.
28.
Bruce, P. G.; Freunberger, S. A.; Hardwick, L. J.; Tarascon, J.-M., Li-O-2 and LiS batteries with high energy storage. Nature Materials 2012, 11 (1), 19-29.
29.
(a) Yushin, G., Gogotsi, Y., Nikitin, A., Carbide Derived Carbon In nanomterials
Handbook. CRC Press: Boca Raton, FL, 2006; (b) Yushin, G.; Dash, R.; Jagiello, J.;
Fischer, J. E.; Gogotsi, Y., Carbide-derived carbons: Effect of pore size on hydrogen
uptake and heat of adsorption. Advanced Functional Materials 2006, 16 (17), 2288-2293;
(c) Hoffman, E.; Yushin, G. N.; Barsoum, B. M.; Gogotsi, G., Synthesis of Nanoporous
Carbide-Derived Carbon by Chlorination of Titanium Aluminum Carbide. Chem. Mater.
2005, 17 (9), 2317-2322; (d) Gogotsi, Y.; Nikitin, A.; Ye, H.; Zhou, W.; Fischer, J. E.;
Yi, B.; Foley, H. C.; Barsoum, M. W., Nanoporous Carbide-Derived Carbon with
Tunable Pore Size. Nature Materials 2003, 2, 591-594; (e) Arulepp, M.; Leis, J.; Latt,
M.; Miller, F.; Rumma, K.; Lust, E.; Burke, A. F., The advanced carbide-derived carbon
based supercapacitor. J. Power Sources 2006, 162 (2), 1460-1466; (f) Urbonaite, S.;
Juarez-Galan, J. M.; Leis, J.; Rodriguez-Reinoso, F.; Svensson, G., Porosity development
along the synthesis of carbons from metal carbides. Microporous Mesoporous Mater.
2008, 113 (1-3), 14-21.
30.
Yushin, G.; Dash, R. K.; Gogotsi, Y.; Jagiello, J.; Fischer, J. E., Carbide-derived
carbons: Effect of pore size on hydrogen uptake and heat of adsorption. Adv. Funct.
Mater. 2006, 16, 2288-2293.
31.
Portet, C.; Yushin, G.; Gogotsi, Y., Effect of Carbon Particle Size on
Electrochemical Performance of EDLC J. Electrochem. Soc 2008, 155 (7), A531-A536.
32.
(a) Oschatz, M.; Kockrick, E.; Rose, M.; Borchardt, L.; Klein, N.; Senkovska, I.;
Freudenberg, T.; Korenblit, Y.; Yushin, G.; Kaskel, S., A cubic ordered, mesoporous
carbide-derived carbon for gas and energy storage applications. Carbon 2010, 48 (14),
3987-3992; (b) Korenblit, Y.; Rose, M.; Kockrick, E.; Borchardt, L.; Kvit, A.; Kaskel, S.;
Yushin, G., High-Rate Electrochemical Capacitors Based on Ordered Mesoporous
Silicon Carbide-Derived Carbon. Acs Nano 2010, 4 (3), 1337-1344.

120

33.
Kajdos, A.; Kvit, A.; Jones, F.; Jagiello, J.; Yushin, G., Tailoring the Pore
Alignment for Rapid Ion Transport in Microporous Carbons. J. Am. Chem. Soc. 2010,
132 (10), 3252.
34.
Kockrick, E.; Schrage, C.; Borchardt, L.; Klein, N.; Rose, M.; Senkovska, I.;
Kaskel, S., Ordered mesoporous carbide derived carbons for high pressure gas storage.
Carbon 2010, 48 (6), 1707-1717.
35.
Portet, C.; Yushin, G.; Gogotsi, Y., Effect of carbon particle size on
electrochemical performance of EDLC. Journal of the Electrochemical Society 2008, 155
(7), A531-A536.
36.
Tan, P.; Dimovski, S.; Gogotsi, Y., Raman Scattering of Non-Planar Graphite:
Arched Edges, Polyhedral Crystals, Whiskers and Cones. Phil. Trans. R. Soc. Lond. A
2004, 362, 2289-2310.
37.
Attar, A.; Corcoran, W. H., DESULFURIZATION OF ORGANIC SULFURCOMPOUNDS BY SELECTIVE OXIDATION .1. REGENERABLE AND
NONREGENERABLE OXYGEN CARRIERS. Industrial & Engineering Chemistry
Product Research and Development 1978, 17 (2), 102-109.
38.
Boukhalfa, S.; He, L.; Melnichenko, Y. B.; Yushin, G., Small Angle Neutron
Scattering for the In-Situ Probing of Ion Adsorption Inside Micropores Angew. Chem.
Int. Ed. 2013, DOI: 10.1002/ange.201209141.
39.
Yang, R. T., Adsorbents: Fundamentals and Applications. Wiley & Sons, Inc.:
Hoboken, NJ, USA, 2003.
40.
Kondrat, S.; Kornyshev, A., Superionic state in double-layer capacitors with
nanoporous electrodes. Journal of Physics-Condensed Matter 2011, 23 (2).
41.
Frackowiak, E.; Beguin, F., Carbon materials for the electrochemical storage of
energy in capacitors. Carbon 2001, 39 (6), 937-950.
42.
Zhang, S. S., Effect of Discharge Cutoff Voltage on Reversibility of
Lithium/Sulfur Batteries with LiNO3-Contained Electrolyte. Journal of the
Electrochemical Society 2012, 159 (7), A920-A923.
43.
Raviolo, A., Assessing students' conceptual understanding of solubility
equilibrium. Journal of Chemical Education 2001, 78 (5), 629-631.
44.
Hassoun, J.; Scrosati, B., A High-Performance Polymer Tin Sulfur Lithium Ion
Battery. Angewandte Chemie-International Edition 2010, 49 (13), 2371-2374.
45.
Ji, X.; Evers, S.; Black, R.; Nazar, L. F., Stabilizing lithium–sulphur cathodes
using polysulphide reservoirs. Nature Communications 2011, 2, 325.
46.
Suo, L. M.; Hu, Y. S.; Li, H.; Armand, M.; Chen, L. Q., A new class of Solventin-Salt electrolyte for high-energy rechargeable metallic lithium batteries. Nature
Communications 2013, 4.
47.
(a) Wang, J. L.; Yang, J.; Xie, J. Y.; Xu, N. X., A novel conductive polymersulfur composite cathode material for rechargeable lithium batteries. Advanced Materials
2002, 14 (13-14), 963-+; (b) Yang, Y.; Yu, G.; Cha, J. J.; Wu, H.; Vosgueritchian, M.;
Yao, Y.; Bao, Z.; Cui, Y., Improving the Performance of Lithium-Sulfur Batteries by
Conductive Polymer Coating. Acs Nano 2011, 5 (11), 9187-9193; (c) Wu, F.; Chen, J.;
Chen, R.; Wu, S.; Li, L.; Chen, S.; Zhao, T., Sulfur/Polythiophene with a Core/Shell
Structure: Synthesis and Electrochemical Properties of the Cathode for Rechargeable
Lithium Batteries. Journal of Physical Chemistry C 2011, 115 (13), 6057-6063.

121

48.
Wang, H.; Yang, Y.; Liang, Y.; Robinson, J. T.; Li, Y.; Jackson, A.; Cui, Y.; Dai,
H., Graphene-wrapped sulfur particles as a rechargeable lithium–sulfur battery cathode
material with high capacity and cycling stability. Nano letters 2011, 11 (7), 2644-2647.
49.
(a) Seh, Z. W.; Li, W.; Cha, J. J.; Zheng, G.; Yang, Y.; McDowell, M. T.; Hsu, P.C.; Cui, Y., Sulphur–TiO2 yolk–shell nanoarchitecture with internal void space for longcycle lithium–sulphur batteries. Nature Communications 2013, 4; (b) Lee, K. T.; Black,
R.; Yim, T.; Ji, X. L.; Nazar, L. F., Surface-Initiated Growth of Thin Oxide Coatings for
Li-Sulfur Battery Cathodes. Advanced Energy Materials 2012, 2 (12), 1490-1496.
50.
(a) Boukhalfa, S.; Evanoff, K.; Yushin, G., Atomic layer deposition of vanadium
oxide on carbon nanotubes for high-power supercapacitor electrodes. Energy &
Environmental Science 2012, 5 (5), 6872-6879; (b) Benson, J.; Boukhalfa, S.;
Magasinski, A.; Kvit, A.; Yushin, G., Chemical Vapor Deposition of Aluminum
Nanowires on Metal Substrates for Electrical Energy Storage Applications. Acs Nano
2012, 6 (1), 118-125.
51.
(a) Langereis, E.; Creatore, M.; Heil, S.; Van de Sanden, M.; Kessels, W.,
Plasma-assisted atomic layer deposition of AlO moisture permeation barriers on
polymers. Applied physics letters 2006, 89, 081915; (b) Van Hemmen, J.; Heil, S.;
Klootwijk, J.; Roozeboom, F.; Hodson, C.; Van de Sanden, M.; Kessels, W., Plasma and
Thermal ALD of Al2O3 in a Commercial 200 mm ALD Reactor. Journal of the
Electrochemical Society 2007, 154 (7), G165-G169; (c) Musschoot, J.; Deduytsche, D.;
Poelman, H.; Haemers, J.; Van Meirhaeghe, R.; Van den Berghe, S.; Detavernier, C.,
Comparison of Thermal and Plasma-Enhanced ALD/CVD of Vanadium Pentoxide.
Journal of the Electrochemical Society 2009, 156 (7), P122-P126; (d) Jung, Y. S.;
Cavanagh, A. S.; Riley, L. A.; Kang, S. H.; Dillon, A. C.; Groner, M. D.; George, S. M.;
Lee, S. H., Ultrathin Direct Atomic Layer Deposition on Composite Electrodes for
Highly Durable and Safe Li‐Ion Batteries. Advanced Materials 2010, 22 (19), 2172-2176.
52.
Zhang, S. S.; Tran, D. T., A proof-of-concept lithium/sulfur liquid battery with
exceptionally high capacity density. Journal of Power Sources 2012.
53.
Kim, H.; Lee, J. T.; Yushin, G., High Temperature Stabilization of Lithium-Sulfur
Cells with Carbon Nanotube Current Collector. Journal of Power Sources 2012.
54.
Myung, S. T.; Izumi, K.; Komaba, S.; Sun, Y. K.; Yashiro, H.; Kumagai, N., Role
of alumina coating on Li-Ni-Co-Mn-O particles as positive electrode material for lithiumion batteries. Chemistry of Materials 2005, 17 (14), 3695-3704.
55.
(a) Callister, W. D.; Rethwisch, D. G., Materials science and engineering: an
introduction. Wiley New York: 2007; Vol. 7; (b) Krohn, D.; Hasselman, D., Static and
cyclic fatigue behavior of a polycrystalline alumina. Journal of the American Ceramic
Society 1972, 55 (4), 208-211; (c) Shin, H. S.; Katagiri, K., Influences of Cracking
Behavior of Coating Film on Fatigue Strength in Alumina Coated Stainless Steels. Key
Engineering Materials 2004, 270, 1866-1871.
56.
Lee, J. T.; Zhao, Y.; Kim, H.; Cho, W. I.; Yushin, G., Sulfur infiltrated activated
carbon cathodes for lithium sulfur cells: The combined effects of pore size distribution
and electrolyte molarity. Journal of Power Sources 2014, 248 (0), 752-761.
57.
Shim, J.; Kostecki, R.; Richardson, T.; Song, X.; Striebel, K., Electrochemical
analysis for cycle performance and capacity fading of a lithium-ion battery cycled at
elevated temperature. Journal of power sources 2002, 112 (1), 222-230.

122

58.
(a) Koyama, Y.; Yamada, Y.; Tanaka, I.; Nishitani, S. R.; Adachi, H.; Murayama,
M.; Kanno, R., Evaluation of migration energy of lithium ions in chalcogenides and
halides by first principles calculation. Materials Transactions 2002, 43 (7), 1460-1463;
(b) Kishida, I.; Koyama, Y.; Kuwabara, A.; Yamamoto, T.; Oba, F.; Tanaka, I., Firstprinciples calculations of migration energy of lithium ions in halides and chalcogenides.
The Journal of Physical Chemistry B 2006, 110 (16), 8258-8262.
59.
(a) Eithiraj, R.; Jaiganesh, G.; Kalpana, G.; Rajagopalan, M., First‐principles
study of electronic structure and ground‐state properties of alkali‐metal sulfides–Li2S,
Na2S, K2S and Rb2S. physica status solidi (b) 2007, 244 (4), 1337-1346; (b) Eithiraj, R.;
Jaiganesh, G.; Kalpana, G., First-Principles Study of Electronic Structure and GroundState Properties of Alkali-Metal Selenides and Tellurides (M2A)[M: Li, Na, k; a: Se, Te].
International Journal of Modern Physics B 2009, 23 (25), 5027-5037.
60.
(a) Wang, Y.; Nakamura, S.; Tasaki, K.; Balbuena, P. B., Theoretical studies to
understand surface chemistry on carbon anodes for lithium-ion batteries: how does
vinylene carbonate play its role as an electrolyte additive? Journal of the American
Chemical Society 2002, 124 (16), 4408-4421; (b) Zhuang, Q.-C.; Li, J.; Tian, L.-L.,
Potassium carbonate as film forming electrolyte additive for lithium-ion batteries.
Journal of Power Sources 2013, 222 (0), 177-183; (c) Aurbach, D.; Markovsky, B.;
Weissman, I.; Levi, E.; Ein-Eli, Y., On the correlation between surface chemistry and
performance of graphite negative electrodes for Li ion batteries. Electrochimica acta
1999, 45 (1), 67-86; (d) Besenhard, J.; Winter, M.; Yang, J.; Biberacher, W., Filming
mechanism of lithium-carbon anodes in organic and inorganic electrolytes. Journal of
Power Sources 1995, 54 (2), 228-231; (e) Profatilova, I. A.; Stock, C.; Schmitz, A.;
Passerini, S.; Winter, M., Enhanced thermal stability of a lithiated nano-silicon electrode
by fluoroethylene carbonate and vinylene carbonate. Journal of Power Sources 2013,
222, 140-149; (f) Lee, J.-T.; Lin, Y.-W.; Jan, Y.-S., Allyl ethyl carbonate as an additive
for lithium-ion battery electrolytes. Journal of power sources 2004, 132 (1), 244-248; (g)
Evanoff, K.; Benson, J.; Schauer, M.; Kovalenko, I.; Lashmore, D.; Ready, W. J.;
Yushin, G., Ultra Strong Silicon-Coated Carbon Nanotube Nonwoven Fabric as a
Multifunctional Lithium-Ion Battery Anode. Acs Nano 2012, 6 (11), 9837-9845.
61.
(a) Dalavi, S.; Guduru, P.; Lucht, B. L., Performance enhancing electrolyte
additives for lithium ion batteries with silicon anodes. Journal of The Electrochemical
Society 2012, 159 (5), A642-A646; (b) McMillan, R.; Slegr, H.; Shu, Z. X.; Wang, W.,
Fluoroethylene carbonate electrolyte and its use in lithium ion batteries with graphite
anodes. Journal of Power Sources 1999, 81–82 (0), 20-26; (c) Etacheri, V.; Haik, O.;
Goffer, Y.; Roberts, G. A.; Stefan, I. C.; Fasching, R.; Aurbach, D., Effect of
fluoroethylene carbonate (FEC) on the performance and surface chemistry of Si-nanowire
Li-ion battery anodes. Langmuir 2011, 28 (1), 965-976; (d) Elazari, R.; Salitra, G.;
Gershinsky, G.; Garsuch, A.; Panchenko, A.; Aurbach, D., Li ion cells comprising
lithiated columnar silicon film anodes, TiS2 cathodes and fluoroethyene carbonate (FEC)
as a critically important component. Journal of The Electrochemical Society 2012, 159
(9), A1440-A1445; (e) Chen, L.; Wang, K.; Xie, X.; Xie, J., Effect of vinylene carbonate
(VC) as electrolyte additive on electrochemical performance of Si film anode for lithium
ion batteries. Journal of Power Sources 2007, 174 (2), 538-543.
62.
Yim, T.; Park, M.-S.; Yu, J.-S.; Kim, K. J.; Im, K. Y.; Kim, J.-H.; Jeong, G.; Jo,
Y. N.; Woo, S.-G.; Kang, K. S., Effect of chemical reactivity of polysulfide toward

123

carbonate-based electrolyte on the electrochemical performance of Li–S batteries.
Electrochimica Acta 2013, 107, 454-460.
63.
(a) Gao, . Lowe, M. A. Kiya, . Abru a, H. c. D., Effects of liquid electrolytes
on the charge–discharge performance of rechargeable lithium/sulfur batteries:
electrochemical and in-situ X-ray absorption spectroscopic studies. The Journal of
Physical Chemistry C 2011, 115 (50), 25132-25137; (b) Zhang, S. S., Liquid electrolyte
lithium/sulfur battery: fundamental chemistry, problems, and solutions. Journal of Power
Sources 2013, 231, 153-162.
64.
Sherrington, D. C., Preparation, structure and morphology of polymer supports.
Chem. Commun. 1998, (21), 2275-2286.
65.
(a) Wei, L.; Nitta, N.; Yushin, G., Lithographically Patterned Thin Activated
Carbon Films as a New Technology Platform for On-Chip Devices. Acs Nano 2013, 7
(8), 6498-6506; (b) Wei, L.; Yushin, G., Nanostructured activated carbons from natural
precursors for electrical double layer capacitors. Nano Energy 2012, 1 (4), 552-565; (c)
Wei, L.; Yushin, G., Electrical Double Layer Capacitors with Sucrose Derived Carbon
Electrodes in Ionic Liquid Electrolytes Power Sources 2011, 196 (8), 4072 - 4079.
66.
Song, J.-H.; Yeon, J.-T.; Jang, J.-Y.; Han, J.-G.; Lee, S.-M.; Choi, N.-S., Effect of
fluoroethylene carbonate on electrochemical performances of lithium electrodes and
lithium-sulfur batteries. Journal of The Electrochemical Society 2013, 160 (6), A873A881.
67.
Lee, J. T.; Nitta, N.; Benson, J.; Magasinski, A.; Fuller, T. F.; Yushin, G.,
Comparative study of the solid electrolyte interphase on graphite in full Li-ion battery
cells using X-ray photoelectron spectroscopy, secondary ion mass spectrometry, and
electron microscopy. Carbon 2013, 52, 388-397.
68.
Choi, N.-S.; Yew, K. H.; Lee, K. Y.; Sung, M.; Kim, H.; Kim, S.-S., Effect of
fluoroethylene carbonate additive on interfacial properties of silicon thin-film electrode.
Journal of Power Sources 2006, 161 (2), 1254-1259.

124

VITA
JUNG TAE LEE

Jung Tae was born in Bucheon, Korea. He received his B.S. in Food Science and
Technology (Life Science Department) and B.S.S. in Global Management from
Kyunghee University in 2008, and M.S. in Materials Science and Engineering from Seoul
National University in 2010. He then pursued a doctoral degree in Materials Science
Engineering at Georgia Institute of Technology.

125

