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ABSTRACT

Cui, Yi. M.S.M.E., Purdue University, May 2016. Studies of Rechargeable Lithium-
Sulfur Batteries. Major Professor: Yongzhu Fu.

The studies of rechargeable lithium-sulfur (Li-S) batteries are included in this

thesis.

In the first part of this thesis, a linear sweep voltammetry method to study polysul-

fide transport through separators is presented. Shuttle of polysulfide from the sulfur

cathode to lithium metal anode in rechargeable Li-S batteries is a critical issue hinder-

ing cycling efficiency and life. Several approaches have been developed to minimize

it including polysulfide-blocking separators; there is a need for measuring polysul-

fide transport through separators. We have developed a linear sweep voltammetry

method to measure the anodic (oxidization) current of polysulfides crossed separa-

tors, which can be used as a quantitative measurement of the polysulfide transport

through separators. The electrochemical oxidation of polysulfide is diffusion con-

trolled. The electrical charge in Coulombs produced by the oxidation of polysulfide is

linearly related to the concentration of polysulfide within a certain range (≤ 0.5 M).

Separators with a high porosity (large pore size) show high anodic currents, resulting

in fast capacity degradation and low Coulombic efficiencies in Li-S cells. These results

demonstrate this method can be used to correlate the polysulfide transport through

separators with the separator structure and battery performance, therefore provide

guidance for developing new separators for Li-S batteries.

The second part includes a study on improving cycling performance of Li/polysulfide

batteries by applying a functional polymer on carbon current collector. Significant

capacity decay over cycling in Li-S batteries is a major impediment for their prac-

tical applications. Polysulfides Li2Sx (3 < x ≤ 8) formed in the cycling are soluble
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in liquid electrolyte, which is the main reason for capacity loss and cycling instabil-

ity. Functional polymers can tune the structure and property of sulfur electrodes,

hold polysulfides, and improve cycle life. We have examined a polyvinylpyrrolidone-

modified carbon paper (CP-PVP) current collector in Li/polysulfide cells. PVP is

soluble in the electrolyte solvent, but shows strong affinity with lithium polysulfides.

The retention of polysulfides in the CP-PVP current collector is improved by ∼ 50%,

which is measured by a linear sweep voltammetry method. Without LiNO3 additive

in the electrolyte, the CP-PVP current collector with 50 ug of PVP can significantly

improve cycling stability with a capacity retention of > 90% over 50 cycles at C/10

rate. With LiNO3 additive in the electrolyte, the cell shows a reversible capacity of

> 1000 mAh g−1 and a capacity retention of > 80% over 100 cycles at C/5 rate.

The third part of this thesis is about a study on a binder-free sulfur/carbon com-

posite electrode prepared by a sulfur sublimation method for Li-S batteries. Sulfur

nanoparticles fill large pores in a carbon paper substrate and primarily has a mono-

clinic crystal structure. The composite electrode shows a long cycle life of over 200

cycles with a good rate performance in Li-S batteries.
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1. INTRODUCTION

With the increasing demand of advanced devices and high quality lives in modern

society, the requirement of energy is getting ever growing. After the industrial revo-

lution, the conventional non-renewable fossil fuels, such as gasoline, natural gas and

coal, were widely used in people’s lives and industrial manufacture. However, these

conventional energies caused more and more serious pollution problems on the earth

environment, like global warming, ocean pollution and atmosphere damage. Those

phenomena led people to solve the problems by studying and applying other sources

of renewable energy instead of traditional fossil fuels. Rechargeable batteries, so-

lar energy, wind energy and fuel cells are resolved solutions that have been widely

known by people and applied in our daily lives for replacing conventional energy [1–6].

Compared with the intermittent wind and solar energy, rechargeable batteries can be

used as more competitive energy sources and more effective electrical energy storages,

which make rechargeable batteries as one important option among these renewable

energies.

In the rechargeable battery system, a variety of kinds of batteries, such as lead-

acid, nickel metal hybrid, nickel-cadmium, lithium ion batteries et al., have been

applied and served our society for over a century [7–12]. For instance, lead-acid bat-

teries are used as storage batteries in automobiles, and lithium ion batteries are widely

applied in cell phones, laptops and the other portable electronic devices. Especially,

lithium ion batteries have become prominent electrical storage for portable devices in

the last two decades. Recently, lithium ion batteries are successfully applied in Tesla

vehicles to replace the conventional internal combustion engines, which offer high

energy density and power for the vehicles. In addition, Toyota applied batteries in

hybrid vehicles for saving gasoline, which make the cars more environmental friendly

and economic. So far, more and more companies start to develop new automobiles
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with rechargeable batteries. This approach demonstrates a high application potential

of rechargeable batteries in the future, including Li-S batteries, Li-air batteries and

flow batteries [13–16].

Among rechargeable batteries, lithium-sulfur (Li-S) batteries are one novel bat-

tery system which attract more and more attention and expectation. The concept of

applying sulfur as a positive electrode material in storage batteries was proposed by

Herbet and Ulam in 1962. The first generation of electrolytes was identified to be alka-

line perchlorate, bromide or chlorate dissolved in amine based solvents. Later in 1966,

high-energy-density metal-sulfur batteries with organic electrolyte was proposed and

the theoretical energy densities of metal-sulfur batteries was calculated and presented.

The electrolytes consists of one or two of solvents, which are propylene carbonate,

dimethylformamide, dimethyl sulfoxide or γ-butyrolactone. Later on an important

development of Li-S batteries, the electrolytes were changed to propylene carbon-

ate system, tetrahydrofuran (THF)-toluene and then the mixtures of dioxolane-based

electrolyte, which are being widely used now.

Starting from 2000, many efforts have been focused on rechargeable Li-S batteries

with rising number of publications. Li-S batteries have become an important focus of

energy storage research over the past decades because of the high specific capacity of

the sulfur cathode (i.e., 1672 mAh g−1) and high theoretical specific energy (i.e., 2600

Wh kg−1) [17–19]. Lithium ion batteries have high specific energy because of the high

cell voltage due to the metal oxide cathodes used, as shown in Fig. 1.1. Comparing

to Li-ion batteries, which have limited capacities of 100-250 mAh g−1 in transition

metal oxide cathodes [20,21], Li-S batteries can potentially provide 2-3 times of higher

specific energies. In addition, sulfur has several appealing characteristics such as

low cost, abundance, and environmental benignity. Therefore, Li-S batteries are

considered as a promising next-generation rechargeable battery.

However, the commercial applications of Li-S batteries are not quite successful de-

spite that many significant improvements have been made in the past decades. During

an ideal discharge process, S8 is reduced to form high-order lithium polysulfides Li2Sx
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Figure 1.1. Voltage and capacity ranges of some cathode and anode materials. Re-
printed with permission from ref 17. Copyright 2011 American Chemical Society.

(6 < x ≤ 8). In the continuous discharge process, lower order lithium polysulfides

Li2Sx (2 < x ≤ 4) are formed with additional lithium. 2.3 V and 2.1 V are shown

as two discharge plateaus with ether-based liquid electrolytes, which represent the

reactions of S8 to Li2S4 and Li2S4 to Li2S, respectively. In the end, Li2S is formed as

the discharge product, as shown in Fig. 1.2. During charge process, Li2S is converted

to solid sulfur through intermediate products of lithium polysulfides as a reversible

process [22]. Sulfur is a natural insulating material (i.e., 5 ∗ 10−30 S cm−1 at 25◦C)

which leads high resistance in Li-S batteries. The intermediate products of lithium

polysulfides (i.e., Li2Sx, x = 3-8) are soluble in liquid electrolyte, which have transfor-
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Figure 1.2. Voltage profiles of a Li-S cell. Reprinted with permission from ref 22.
Copyright 2011 Nature Publishing Group.

mations of structure and morphology leading unstable electrochemical contact with

carbon. In addition, the dissolved polysulfide shuttle through porous separators can

react with lithium anode, which results the waste of energy, low Coulombic efficiency

and fast capacity fade [23–25]. To overcome these issues, many efforts have been put

into studies on Li-S batteries [18, 26,27].
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2. POLYSULFIDE TRANSPORT THROUGH SEPARATORS MEASURED BY A

LINEAR VOLTAGE SWEEP METHOD

2.1 Introduction

Lithium polysulfides Li2Sx (x = 3-8), can dissolve in ether solvents and shuttle

through the porous separator (e.g., Celgardr separators) to the lithium metal anode

resulting in low Coulombic efficiency and poor cycle life, which make shuttle phe-

nomenon a serious issue in Li-S batteries. To improve the cycling performance of

Li-S batteries, the shuttle effect has to be suppressed in order to retain active ma-

terial in the sulfur cathode. Several approaches have been developed to overcome

this issue, such as using porous carbon materials to hold polysulfides in the cath-

ode [28,29], applying a carbon interlayer between the separator and sulfur cathode to

block the polysulfide transport [30], and developing new separators to suppress the

shuttle effect [31]. As many studies are focused on new separators such as carbon-

coated separators and polymer electrolytes, a quantitative and facile method is needed

to evaluate the polysulfide transport through these separators.

In 2000, Ren et al. reported a method to evaluate methanol crossover through

proton-conducting membranes in direct methanol fuel cells by measuring methanol

crossover current [32]. This method has been used in evaluating methanol crossover

through a variety of membranes [33,34]. Similarly, polysulfide transport through sep-

arators could be measured by a similar approach. Here, we report a linear voltage

sweep (LVS) method to evaluate the polysulfide transport through separators by mea-

suring the polysulfide crossover current, which can be correlated with the structure

of separators and battery cycling performance. We select polysulfide Li2S6 in this

study as it can be fully dissolved in liquid electrolyte and it also can be oxidized to

elemental sulfur or higher-order polysulfides [35].
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2.2 Experimental

2.2.1 Schematic Diagram of the Experimental Cell, Materials and Instru-

ments

Figure 2.1. Schematic diagram of the experimental cell and working principle. The
liquid polysulfide solution was added into the carbon nanotube paper. The arrows
show the polysulfide can migrate through the separator to the working electrode and
get oxidized to form elemental sulfur. The cell was connected to a potentiostat, WE:
working electrode, RE: reference electrode, CE: counter electrode.

All materials used are included in Table 2.1. All instruments used are included in

Table 2.2.

2.2.2 Experimental Section

The experimental cell is shown in Fig. 2.1, which was sealed in a home-made

Swagelok cell in an Argon-filled glove box (MBraun). The cell consists of a piece

of lithium metal (Sigma Aldrich) as the reference and counter electrode, a piece
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Table 2.1. Experimental materials

Material name Purity Provider
Lithium metal (Li) 99.9% Sigma Aldrich

Carbon nanotube paper (CNT) Not specified NanoTechLabs
Monolayer PP 2400 separator Not specified Celgardr
Monolayer PP 2400 separator Not specified Celgardr

Trilayer PP/PE/PP 2325 separator Not specified Celgardr
Sulfur (S) 99.5% Alfa Aesar

Sulfur powder (S) 99% Fisher Scientific
Lithium sulfide (Li2S) 99.99%, metal trace Sigma Aldrich

Lithium trifluoromethanesulfonate
(LiCF3SO3)

98% Acros Organics

Lithium bis(trifluoromethane)
sulfonamide (LiTFSI)

98% Acros Organics

Lithium nitrate (LiNO3) 99+% Acros Organics
Dimethoxy ethane (DME) 99+% Acros Organics

1,3-dioxolane (DOL) 99.5% Acros Organics
Polyvinylpyrrolidone

(PVP,Mw = 1, 300, 000)
Not specified Acros Organics

Anhydrous ethanol 99.5%, 200 proof Sigma-Aldrich

Table 2.2. Experimental instruments

Instrument name Provider
Argon-filled glove box MBraun

Swagelok cell Home-made
CR2032 coin cells Not specified

Potentiostat Bio-Logic VSP
Arbin battery cycler Not specified

Scanning electron microscope (SEM) JEOL JSM-7800F
X-ray diffractometer (D8 Discover A25) Bruker AXS

Gas sorption analyzer (Autosorb iQ) Quantachrome

(0.97 cm2) of carbon nanotube (CNT) paper (NanoTechLabs) which was used as

a reservoir for holding 50 µL of polysulfide solution added to it, and a stainless

steel current collector as the working electrode. A separator was placed in between
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the polysulfide-filled CNT paper and stainless steel current collector. The cell was

connected to a potentiostat (Bio-Logic VSP) and the LVS was carried out from open

circuit voltage of the cell to 4.5 V at various rates. Three Celgardr separators with

same thickness (25 µm) were evaluated, which are monolayer PP 2400 (porosity 41%,

pore size 43 nm) and 2500 (porosity 55%, pore size 64 nm), and trilayer PP/PE/PP

2325 (porosity 39%, pore size 28 nm).

To prepare the lithium polysulfide (Li2S6) solution, stoichiometric amounts of sul-

fur (Alfa Aesar) and lithium sulfide (Li2S, Sigma Aldrich) were mixed with 1.0 M

lithium trifluoromethanesulfonate (LiCF3SO3, Acros Organics) in dimethoxy ethane

(DME, Acros Organics) and 1,3-dioxolane (DOL, Acros Organics) (1:1, v/v) by stir-

ring overnight. Six polysulfide solutions of different concentration were prepared,

which are 0.1 M, 0.175 M, 0.25 M, 0.375 M, 0.5 M and 1.0 M. All the cells were

tested within 10 min after the cells were assembled to minimize the amount of poly-

sulfides that reacted with the lithium metal. To evaluate the battery performance of

these separators, lithium/dissolved polysulfide cells were selected. Coin cells with the

CNT paper as current collector were assembled in the glove box. First, 20 µL of 0.25

M polysulfide solutionwas added into the CNT current collector. Then a Celgardr

separator was placed on the top of the CNT paper. 20 µL of blank electrolyte without

polysulfide was added on the separator. Finally, the lithium metal anode was placed

on the separator. Electrochemical performances of the cells were galvanostatically

evaluated with an Arbin battery cycler between 1.5 and 3.0 V at C/5 rate (1C =

1672 mA g−1 based on the mass of sulfur in the polysulfide solution). The specific

capacity values shown in this paper are calculated by dividing the capacities obtained

by the mass of sulfur.

2.3 Results and Discussions

Fig. 2.1 shows the experimental cell setup and the principle of this method. The

prepared polysulfide solution contains fully dissolved polysulfide Li2S6. In the LVS
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measurement, polysulfides can migrate from the CNT paper to the working electrode

through the separator as indicated by the arrows in the figure when the potential of

the working electrode increases. The intermediate polysulfide Li2S6 can be oxidized

at the surface of the working electrode to form higherorder polysulfides (e.g., Li2S8) or

elemental sulfur (Li2S6 → 6S + 2Li+ + 2e−). After the measurement, a layer of dark

yellow solid material can be seen on the surface of the working electrode, which is the

oxidized product of Li2S6. Produced lithium ions migrate to the counter electrode

and get reduced on the lithium metal surface, whereas the electrons form the anodic

(oxidation) current which can be measured by the potentiostat. When 50 µL of 0.25

M Li2S6 solution was used in the experiment, the total electrical charge that can be

produced is 2.41 Coulombs if all polysulfides can be converted to elemental sulfur.

The produced anodic current is expected to be related to: 1) the voltage sweeping

rate; 2) the concentration of the polysulfide solution; and 3) the pore size and porosity

of the separator.

Figure 2.2. (a) Current density-voltage profile of cells with Celgardr 2400 and 0.25
M polysulfide solution at different voltage sweeping rates of 0.5 mV s−1, 1 mV s−1, 2
mV s−1, 3 mV s−1, and 4 mV s−1. (b) The peak current ip (A) versus square root of
voltage sweeping rate

√
v (V s−1)1/2.

Fig. 2.2a shows the anodic current density as a function of the voltage sweeping

rate from 0.5 to 4 mV s−1. As the rate increases, the peak current increases. The
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currents level off when the rates are 0.5 and 1 mV s−1. As the rate increases to 2

mV s−1 and above, a sharp peak current density is observed at about 3.75 V followed

by a current decrease. The peak current forms a linear relationship with the square

root of the voltage sweeping rate as shown in Fig. 2.2b, meaning the electrochemical

oxidation reaction of polysulfide is diffusion controlled. Based on Randles-Sevcik

equation (shown below), the apparent diffusion coefficient of polysulfide through the

separator can be estimated to be 4.8 ∗ 10−8cm2 s−1. If the porosity of 41% and a

tortuosity factor of 3 are considered for the Celgardr PP separator [36], the diffusion

coefficient of polysulfide in the DME/DOL electrolyte can be estimated to be 3.5 ∗

10−7cm2 s−1.

ip = 0.4463nF

√
nFD

RT
AC
√
v (2.1)

Where ip: the peak current (A), n: the number of electrons (2), F: Faraday

constant (96,485 C mol−1), D: the diffusion coefficient (cm2 s−1) of polysulfide Li2S6,

R: the gas constant (8.314 J K−1 mol−1), T: temperature (298.15 K), A: the surface

area of working electrode (0.97 cm2), C: the bulk concentration (2.5∗10−4mol cm−3),

and v: the voltage sweeping rate (V s−1).

Fig. 2.3a compares the anodic current density measured with several polysulfide

solutions of different concentration. Higher concentration the polysulfide is, higher the

anodic current density is. The peak current density also increases as the concentration

of polysulfide increases. The area under the current (A) plot can be integrated as a

function of time (s), which is the electrical charge (Coulomb) produced due to the

oxidation of polysulfide. For the 0.25 M Li2S6 solution, the measured electrical charge

is only 0.65 Coulombs, meaning only about a quarter of polysulfides in the solution

was oxidized in the LVS measurement. The produced charge can be linearly plotted

as a function of the polysulfide concentration which is ≤ 0.5 M, as shown in Fig. 2.3b.

A linear relationship has also been obtained in the cathodic reaction of polysulfide

Li2S8 as a function of polysulfide concentration by Dominko et al. [37]. When the

polysulfide concentration is as high as 1.0 M, the measured charge obviously deviates
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Figure 2.3. (a) Current density-voltage profile of cells with Celgardr 2400 and
different polysulfide solutions with concentrations of 0.1 M, 0.175 M, 0.25 M, 0.375
M, 0.5 M, and 1.0 M, the voltage sweeping rate is 1 mV s−1, and the inset figure
is a magnified profile for 0.1 M polysulfide solution. (b) The linear relationship of
the calculated electrical charge in Coulombs with the concentrations of polysulfide
solutions.

from the linear line. In addition, the peak current is generated at a much higher

voltage. With high concentration polysulfide, the oxidized solid products which are

not conductive will be heavily deposited on the surface of the working electrode,

resulting in incomplete oxidation of the polysulfide and significant overpotential.

Fig. 2.4a shows the anodic current densities of various Celgardr separators versus

sweeping voltage. For comparison, Celgardr 2400 with blank electrolyte was also

evaluated. The cutoff voltage is 4.5 V, at which anodic current slightly increases to

28.4 µA cm−2 meaning the electrolyte is still stable without significant decomposition

(oxidation). When the polysulfide solution was present in the electrolyte, the current

starts to increase significantly at about 2.5 V, which is believed to be solely due to

the oxidation of polysulfide. A peak current density of 182 µA cm−2 was achieved at

about 3.7 V, afterwards the current levels off indicating the transport of polysulfide

becomes steady. When Celgardr 2500 was evaluated in the cell, the anodic current

follows a similar trend, but with a much higher peak current density of 295 µA

cm−2. Celgardr 2500 has a higher porosity and larger pore size than Celgardr
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Figure 2.4. (a) Current density-voltage profile of cells with different Celgardr sepa-
rators (2500, 2400, and 2325) and 0.25 M polysulfide Li2S6, and a cell with Celgardr
2400 and blank electrolyte, the voltage sweeping rate is 1 mV s−1. (b) Cycling per-
formance of lithium/dissolved polysulfide cells with these separators at C/5 rate.

2400; therefore the former has a higher anodic current density than the latter. When

Celgardr 2325 was evaluated in the cell, the anodic current profile is similar and

a low peak current density of 133 µA cm−2 was achieved. Celgardr 2325 has a

similar porosity as Celgardr 2400 but much smaller pore size, which can reduce

the polysulfide transport therefore decrease the anodic current density. These results

demonstrate the anodic current due to the oxidation of polysulfide crossed separators

is closely related to the porosity and pore size of separators.

To further confirm the relationship between polysulfide transport and separator

structure, lithium/dissolved polysulfide cells with these three separators have been

evaluated at C/5 rate. The cycling performance with Coulombic efficiency is shown

in Fig. 2.4b. Without LiNO3 additive in the electrolyte, the discharge capacities

decrease continuously from about 1000 mAh g−1 to 300 mAh g−1 over 30 cycles

because of the continuous loss of active material due to the shuttle of polysulfide, and

the Coulombic efficiencies are only in the range of 70-90%. After the first 10 cycles, the

cell with Celgardr 2500 shows a faster capacity decrease rate (higher slope) than the

other two. After 30 cycles, the cell with Celgardr 2325 retains the highest capacity.

As can be seen, the Coulombic efficiencies with these three separators decrease in
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the order of Celgardr 2325 > Celgardr 2400 > Celgardr 2500, which is consistent

with the order of anodic current densities measured by the LVS method (shown in

Fig. 2.4a). If the polysulfide is easy to transport through the separator, shuttle effect

would be severe resulting in low capacity over cycles and low Coulombic efficiency.

2.4 Conclusions

In summary, we have successfully developed a new method for evaluating the

polysulfide transport through separators by measuring the anodic current density

produced by the oxidation of polysulfide under an electric field, which is diffusion

controlled. The diffusion coefficient of polysulfide in the DME/DOL electrolyte mea-

sured is 3.5 ∗ 10−7cm2 s−1. Within a concentration range (≤0.5 M) of the polysulfide

solution, the charge accumulated due to the oxidation of polysulfide is linearly related

to the polysulfide concentration. The polysulfide crossover current density can be di-

rectly correlated with the porosity and pore size of separators and battery cycling

performance. This facile method can be used for quantitative measurement of the

polysulfide transport through separators for Li-S battery applications.
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3. ENHANCED CYCLABILITY OF LI/POLYSULFIDE BATTERIES BY A

POLYMER-MODIFIED CARBON PAPER CURRENT COLLECTOR

3.1 Introduction

To improve the cyclability of Li-S batteries, many approaches, including the de-

velopment of sulfur-carbon nanocomposites [28,29,38–41], modification of cell compo-

nent and configuration [42–44], and introducing functional polymers in sulfur cath-

odes to hold polysulfides [45–51], have been developed. As polysulfides are polar

species, functional polymers instead of polytetrafluoroethylene (PTFE) or polyvinyli-

dene fluoride (PVdF) binders can have tremendous benefits for improving the prop-

erty and performance of sulfur electrodes [52]. For example, alternative binders such

as poly(ethylene oxide) (PEO) or poly(acrylic acid) (PAA) have been used in sul-

fur electrodes and have shown improved cycling performance [53]. Polyvinylpyrroli-

done (PVP) has been confirmed to have strong affinity with lithium polysulfides

and lithium sulfide, which can improve cycling performance of lithium sulfide elec-

trodes [54]. As lithium polysulfides can be synthesized ex situ and a binder-free car-

bon paper (CP) current collector can ensure high utilization of sulfur in Li/polysulfide

cells, this system can be used as a platform for studying polymer-modified current

collectors to correlate the relationship between functional polymers and cell perfor-

mance.

Herein, we report a study on PVP as a functional polymer in CP current col-

lectors in Li/polysulfide cells. PVP can be dissolved in the electrolyte solvent and

exhibits strong affinity with lithium polysulfides, which can reduce the diffusion of

polysulfides. The retention of polysulfides in PVP-modified CP collector collectors

was evaluated by a linear sweep voltammetry method, which can be used to quantify

how much polysulfides are held in the current collectors and linked to the battery
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cycling performances. This study demonstrates that functional polymers like PVP

are beneficial for Li/polysulfide cells to achieve improved cyclability.

3.2 Experimental

All materials used are included in Table 2.1. All instruments used are included in

Table 2.2.

3.2.1 Preparation of Liquid Electrolytes

The blank electrolyte used in this study was prepared by dissolving lithium tri-

fluoromethanesulfonate (LiCF3SO3, 98%, Acros Organics) in a mixture of dimethoxy

ethane (DME, 99+%, Acros Organics) and 1,3-dioxolane (DOL, 99.5%, Acros Organ-

ics) (1:1, v/v) by magnetic stirring to render a 1.0 M LiCF3SO3 solution. Another

electrolyte containing lithium nitrate (LiNO3) additive was prepared by dissolving

an appropriate amount of LiNO3 (99+%, Acros Organics) in the blank electrolyte to

render a 0.1 M LiNO3 solution. To prepare the polysulfide catholyte, stoichiometric

amounts of sulfur powder (S, Alfa Aesar) and lithium sulfide (Li2S, Sigma-Aldrich)

were mixed in a proper amount of the blank electrolyte or the electrolyte with LiNO3

additive by magnetic stirring overnight at room temperature to render a 0.25 M Li2S6

solution. The electrolyte and polysulfide solution were prepared in an argon-filled

glovebox.

3.2.2 Preparation of PVP Solutions

To prepare PVP solution, an appropriate amount of PVP (Mw = 1 300 000, Acros

Organics) was dissolved in anhydrous ethanol (200 proof, 99.5%, Sigma-Aldrich) in

the glovebox by magnetic stirring at room temperature. Three PVP solutions with

different concentrations were prepared and used in this study; they are 0.065, 0.13,

and 0.25 wt %.
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3.2.3 Modification of Carbon Paper Current Collectors

Commercial binder-free carbon paper (CP) called buckypaper (Buckeye Compos-

ites) was used as the current collector in this study. The CP was cut into ∼1 cm2

discs (about 2.0 mg each) and dried at 100 ◦C for 24 h in a vacuum oven before use.

To modify the CP current collector with PVP, a solution filtration method was used.

A 50 µL aliquot of PVP solution was added into a CP disc slowly until all the solution

was soaked in the paper; then, the disc was dried on a hot plate at 40 ◦C for 12 h in

the glovebox to remove ethanol. The amounts of PVP in the CP are approximately

25, 50, and 100 µg, respectively, for the PVP solutions of 0.065, 0.13, and 0.25 wt

%. These three PVP modified CP current collectors are designated as CP-PVP-25,

CP-PVP-50, and CP-PVP-100, respectively.

3.2.4 Morphological Characterizations

The morphological characterizations of the CP and CP-PVP current collectors and

cycled electrodes were conducted with a JEOL JSM-7800F field emission scanning

electron microscope (SEM). The elemental mappings were performed with energy-

dispersive X-ray spectroscopy (EDX) attached to the SEM.

3.2.5 Cell Assembly

CR2032 coin cells were used to evaluate the blank CP and CP-PVP current col-

lectors. These cells were assembled in the glovebox. To prepare the control cell, 20

µL of 0.25 M Li2S6 polysulfide catholyte (sulfur content: 0.96 mg) was added into a

CP current collector, and then a Celgardr 2400 separator was placed on the top of

the carbon paper. Next, 20 µL of the blank electrolyte was added on the separator.

Finally, the lithium metal anode was placed on the separator. The cell was crimped

and taken out of the glovebox for testing. The same cell assembly procedures were

used for the CP-PVP current collectors. Some cells were made with the blank elec-
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trolyte and polysulfide catholyte without LiNO3 for studying the effect of PVP on

cycling performance. The others were made with LiNO3 additive in the electrolyte

and polysulfide catholyte for evaluating long cycle life.

3.2.6 Electrochemical Measurements

Linear sweep voltammetry was performed to evaluate polysulfide retention in the

blank CP and CP-PVP current collectors. The working principle and cell configura-

tion were described in a previous publication from our group. To prepare the cell, a

piece of lithium metal was used as a counter and reference electrode in a homemade

Swagelok cell. A piece of blank CP or CP-PVP current collector filled with 0.25 M

Li2S6 polysulfide solution was placed on the top of a lithium metal reference electrode.

A Celgardr 2400 separator was placed on the top of the current collector to separate

the carbon paper and working electrode, which is a stainless steel current collector.

To minimize the polysulfide consumption due to the reaction with the lithium metal,

all cells were tested within 10 min after assembling. The polysulfide in the current

collector is in great excess, which can ensure the accuracy of this measurement. Volt-

age was swept from open-circuit voltage (OCV) to 4.5 V at a scan rate of 1 mV s−1

with a Bio-Logic potentiostat. The cells without LiNO3 additive were galvanostati-

cally charged to 3.0 V and discharged to 1.5 V on an Arbin battery cycler with a 5

min rest time between cycles. For the cells with LiNO3 additive, the discharge cutoff

voltage was 1.8 V to avoid the reduction of LiNO3. All the cells were tested on the

battery cycler without resting to minimize self-discharge. The C-rate used for cycling

measurements was based on the mass of sulfur in the polysulfide catholyte in the

current collectors (1C = 1672 mA g−1). The specific capacity values shown in this

paper are calculated by dividing the capacities obtained by the mass of sulfur. Cyclic

voltammetry (CV) was performed on a Bio-Logic VSP potentiostat between 1.5 and

3.0 V at a scanning rate of 0.05 mV s−1. Electrochemical impedance spectroscopy

(EIS) data were collected with a Bio-Logic VSP impedance analyzer in the frequency
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range of 200 kHz-0.1 Hz on cells which were cycled on the Arbin battery cycler at

C/5 in between these tests.

3.3 Results and Discussions

Figure 3.1. (a) Photograph showing PVP powder in the dimethoxy ethane
(DME)/1,3-dioxolane (DOL) (1:1 v/v) mixture solvent. (b) Photograph showing
PVP completely dissolved in the DME/DOL solvent after 2 h. (c) Photograph of a
polysulfide solution of 0.25 M Li2S6 in the blank electrolyte. (d) Photograph show-
ing PVP in the polysulfide solution forming separated viscous phases after 2 h. (e)
Schematic showing that polysulfides are retained in the CP-PVP current collector in
a Li/polysulfide cell.

Fig. 3.1 shows the assessment of PVP’s solubility in the electrolyte solvent and

polysulfide solution. At initial, an appropriate amount of PVP powder was added in

the DME/DOL (1:1 v/v) mixture solvent, as shown in Fig. 3.1a. Two hours later,

the PVP was completely dissolved in the solvent, forming a homogeneous solution, as

shown in Fig. 3.1b. This solution is transparent, and the viscosity is slightly increased.

Fig. 3.1c shows a polysulfide solution of 0.25 M Li2S6 in the blank electrolyte. After

PVP was added in the polysulfide solution, floccules with separated viscous phases

were formed, as shown in Fig. 3.1d. This phenomenon indicates that PVP could

form complexes with lithium polysulfides due to the affinity between them, which
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can increase viscosity and reduce flowability of the polysulfide solution. This result

led to the study of PVP-modified CP current collectors in Li/polysulfide cells. The

schematic in Fig. 3.1e depicts the interaction between PVP and lithium polysulfides,

which can enhance the retention of polysulfides in the current collector and reduce

the shuttle of polysulfides to the lithium metal anode in a Li/polysulfide cell.

Figure 3.2. (a-c) SEM images of the blank CP current collector. (d-f) SEM images
of the CP-PVP-50 current collector.

The morphology of the blank CP and CP-PVP current collectors was examined

by SEM, as shown in Fig. 3.2. It can be seen that the blank CP current collector

has a flat surface, which is made of weaving carbon nanotubes (CNTs) and carbon

nanofibers (CNFs), as shown in Fig. 3.2 (a-c). The ultralong length and curved shape

of CNFs enable the freestanding characteristic of the CP current collector. The large

voids between CNTs and CNFs provide space for holding additional polymers and

polysulfide catholyte. After a small amount (1.2-5.0 wt %) of PVP was added into the

CP current collector by the solution filtration process, the surface becomes uneven, as

shown in Fig. 3.2d, which is due to the evaporation of ethanol. The magnified SEM

images clearly show the presence of PVP within the CNT/CNF network, as shown

in Fig. 3.2 (e, f). This long chain polymer with an Mw of ∼1 300 000 acts as a glue
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bonding the CNTs and CNFs and fills some space among them. The PVP in the CP

current collector changes the inner porosity and morphology, therefore affecting its

affinity with lithium polysulfides.

Figure 3.3. (a) Schematic of the experimental cell and working principle of the linear
sweep voltammetry method for the evaluation of polysulfide retention in the blank
CP or CP-PVP current collector, which is a reservoir for the polysulfide solution
in the experiment. (b) Current densityvoltage profile of cells with the blank CP,
CP-PVP-25, CP-PVP-50, CP-PVP-100 current collectors.

To evaluate the retention of polysulfides in the CP-PVP current collector, linear

sweep voltammetry was performed on a designed cell, as shown in Fig. 3.3a. This

experiment can be used to evaluate the transport of polysulfides through separators,

and it also can be used to evaluate the affinity property of CP current collectors

to lithium polysulfides. Under an increasing sweeping potential, polysulfide anions

can diffuse out of the CP current collector, migrate through the separator, and get

oxidized on the working electrode to produce an anodic current, which can be mea-

sured by the potentiostat. The current measured is strongly related to the separator

structure, polysulfide solution, and current collector [55]. Fig. 3.3b shows the oxida-

tion current density as a function of sweeping potential obtained with the blank CP

and CP-PVP current collectors. The sweeping potential starts at OCV and ends at

4.5 V. Polysulfides are oxidized when the potential is above 2.5 V. The current den-

sity measured with the blank CP current collector increases significantly and reaches
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a peak at 325 µA cm−2 and then levels off, which indicates that the oxidation of

polysuflides migrated through the separator is stabilized. In contrast, the current

density peaks with the CP-PVP current collectors are only half of the former. The

affinity between PVP and lithium polysulfides significantly enhances the retention of

polysulfides in the CP-PVP current collector, reducing the oxidation current mea-

sured. With various amounts of PVP in the CP current collector, the current profile

is similar. The charge in coulombs due to the oxidation of polysulfides is proportional

to the area under the current curves. The areas of all CP-PVP current collectors

under the curves are approximately 50% of that of the blank CP current collector,

indicating that almost half the lithium polysulfides are retained in the paper due to

the presence of PVP. This result demonstrates that PVP can help retain polysulfides

in the CP-PVP current collectors. The CP-PVP-25 shows a slightly higher current

and larger area under the curve than those of the CP-PVP-50 and CP-PVP-100. In

contrast, the current obtained with the CP-PVP-50 is quite similar to that obtained

with the CP-PVP-100. This means that only 50 µg of PVP is sufficient for holding

most lithium polysulfides in this case.

The cell performance of the control cell with the blank CP current collector and

those with CP-PVP current collectors are compared in Fig. 3.4a. It can be seen

that the control cell shows a high initial discharge capacity of 1100 mAh g−1, but a

continuous decrease to 200 mAh g−1 after 36 cycles. The Coulombic efficiency shown

in Fig. 3.4b follows an increase-then-decrease trend and ends at 60% after 36 cycles.

The large voids in the CP paper cannot hold polysulfides, resulting in continuous loss

of active material in the cathode. The capacity fade also results from the degradation

of the lithium metal anode due to polysulfide corrosion. Without LiNO3 additive

in the electrolyte, the Coulombic efficiency is low due to the severe shuttle effect

and continuous reduction of polysulfide on the lithium metal anode [25]. With 25

µg PVP in the CP current collector, the cell shows a high initial capacity of over

1100 mAh g−1 and relatively stable capacities over 20 cycles, followed by a significant

capacity fade. The initial high capacities are enabled by the presence of PVP in the
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Figure 3.4. (a) Cyclability and (b) Coulombic efficiency of the cells with the blank
CP and CP-PVP current collectors without LiNO3 additive in the electrolyte at
C/10 rate. (c) Voltage vs specific discharge capacity profiles of the 1st, 10th, 20th, and
50th cycles of the cell with the CP-PVP-50 current collector at C/10 rate. (d) Cyclic
voltammograms of the cell with the CP-PVP-50 current collector at a potential sweep
rate of 0.05 mV s−1 between 1.5 and 3.0 V.

CP current collector. Over cycles, PVP cannot hold polysulfides anymore due to

repeated deposition of insoluble sulfur and lithium sulfide, which could move PVP to

dead spots in the current collector. When the PVP content increases to 50 µg, the cell

shows an initial capacity of 1030 mAh g−1 and a stable capacity of over 900 mAh g−1

from the 2nd to the 50th cycle. When the PVP content further increases to 100 µg, the

cell shows a continuous decrease in the cycling profile, but it is still much better than

the control cell. With too much PVP in the CP current collector, the conductivity

of the current collector would decrease and the viscosity of the polysulfide catholyte

would increase, which can affect the electrochemical reversibility of sulfur. All the
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cells with CP-PVP current collectors show higher capacities than the control cell. In

addition, the Coulombic efficiencies of these cells are higher than that of the control

cell. These results demonstrate that the PVP in the CP current collector can improve

the utilization of sulfur in Li/dissolved polysulfide cells, retention of polysulfide in

the cathode, and Coulombic efficiency. The content of PVP can affect the complexes

formed in the polysulfide catholyte, as shown in Fig. 3.1d. More PVP would result in

better retention of polysulfides in the electrode. However, dissolved PVP also changes

the viscosity of electrolyte and conductivity in the current collector, which can affect

the utilization of sulfur. An optimized content of 50 µg of PVP in this case leads

to a good balance between the performance and affinity property of the CP current

collector.

Fig. 3.4c shows the voltage profile of the 1st, 10th, 20th, and 50th cycles of the cell

with the CP-PVP-50. The cell can be discharged to 1.5 V since no LiNO3 reduction

occurs at low potential (≤1.65 V). With the presence of PVP in the current collector

forming complexes with polysulfides, the retention of polysulfides in the electrode is

significantly enhanced; therefore, the shuttle effect can be suppressed, which can be

evidenced from the improved cycling stability. The charge and discharge plateaus

are very close to each other except for the 1st cycle, which indicates that PVP can

be an efficient binder for holding polysulfides from rapid diffusion and loss from the

cathode. In addition, no increased overpotential is observed over 50 cycles. The

significant capacity decrease after the 1st cycle could be because the PVP-modified

current collector has to optimize itself when the cathode reactions occur. After self-

optimization, the current collector reached stability, leading to stable cycle life. Fig.

3.4d shows the cyclic voltammogram (CV) of the cell with the CP-PVP-50. There

are two cathodic peaks at 2.35 and 1.95 V corresponding to the reduction reactions

of sulfur to low-order polysulfides and low-order polysulfides to Li2S, and two dis-

tinguishable anodic peaks at 2.35 and 2.45 V, which indicate the transition of Li2S

to high-order polysulfides/sulfur [35]. The cell exhibits a stable CV profile over 10

cycles without decay of peak intensity.
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Figure 3.5. (a) SEM image of the blank CP current collector after 5 cycles. (b) SEM
image of the CP-PVP-50 current collector after 5 cycles. (c) EDX elemental mapping
of SEM image in (b). (d) Nitrogen elemental mapping of the SEM image in (b). (e)
Nyquist plots of the control cell with the blank CP current collector after different
cycles. (f) Nyquist plots of a cell with the CP-PVP-50 current collector after different
cycles.

Fig. 3.5 (a, b) shows the morphology of two cycled electrodes: one is the electrode

with the blank CP current collector (Fig. 3.5a), and the other one is with the CP-

PVP-50 (Fig. 3.5b). After 5 cycles, the electrode with the blank CP current collector

shows many cracks, which are due to the repeated formation of charged and discharge

products resulting in significant volume change. The blank CP cannot hold the active

material and electrolyte together upon cycling. In contrast, the electrode with the

CP-PVP-50 shows a very uniform morphology without cracks after 5 cycles. The

CP current collector is uniformly filled and covered with discharged products and

electrolyte. The EDX analysis shows that the sulfur element in lithium sulfide and

lithium salt is uniformly distributed in the pores of the CP paper, as shown in Fig.

3.5c. A small amount of nitrogen element can also be detected, as shown in Fig.

3.5d, which can be only from the PVP since no LiNO3 additive was added in the
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polysulfide catholyte. It can be seen that PVP is also uniformly distributed across

the electrode. The electrolytesoluble PVP molecules can dynamically change their

morphology to stabilize the electrode upon cycling, which is beneficial for maintaining

a stable electrode in Li-S batteries.

Fig. 3.5 (e, f) compares the Nyquist plots of two cells with the blank CP and

CP-PVP-50 current collectors. The impedances were measured after different cycles.

The intercepts of Nyquist plots in the high-frequency regions are attributed to the

bulk resistance of the liquid electrolyte, and the semicircles in the high-medium fre-

quency regions are charge transfer resistances of the electrode/electrolyte interfaces.

The linear segment in the low-frequency region corresponds to the diffusion limita-

tion within the electrodes. It can be seen that the cell with the CP-PVP-50 has

a lower bulk resistance (26 ohms) but higher charge transfer resistance (206 ohms)

than the cell with the blank CP current collector before cycling. PVP can hold

polysulfides in the cathode side and reduce diffusion of polysulfides into the bulk

electrolyte between the cathode and lithium metal anode, which helps maintain a low

bulk resistance. However, its insulating property makes the charge transfer difficult

at the electrode/electrolyte interface. After the 1st and 50th cycles, the bulk resis-

tance slightly decreases when the CP-PVP-50 was used in the cell, whereas the bulk

resistance significantly increases when the blank CP current collector was in the cell.

After the 50th cycle, the charge transfer resistance increases from 94 to 186 ohms in

the cell with the blank CP current collector and from 206 to 483 ohms in the cell

with the CP-PVP-50.

To further improve the cycling performance, the CP-PVP-50 was tested with the

electrolyte containing LiNO3 additive, which can show a synergistic benefit. Fig.

3.6a shows the cycling performance of the cell. A high initial discharge capacity of

over 1300 mAh g−1 and a reversible capacity of 1200 mAh g−1 in the first 20 cycles

were obtained. Afterward, the cell maintains an average capacity of about 1000 mAh

g−1 for 80 cycles. The Coulombic efficiency is 95-99%. With LiNO3 additive in the

electrolyte, the lithium metal anode is passivated, which stops aggressive reduction
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Figure 3.6. (a) Cyclability and Coulombic efficiency of the cell with the CP-PVP-50
current collector and 0.1 M LiNO3 additive in the electrolyte at C/5 rate. (b) Voltage
vs specific discharge capacity profiles of the 1st, 10th, 50th, and 100th cycles of the cell.
(c) Cyclability of the cell at C/10, C/5, C/2, and 1C rates. The capacity values are
in terms of the sulfur mass in the Li2S6 solution.

of polysulfides, therefore improving capacity retention and Coulombic efficiency [56].

Fig. 3.6b indicates the voltage profile of the 1st, 10th, 50th, and 100th cycles. After

100 cycles, the capacity is over 1000 mAh g−1 on the voltage profile. During the first

100 cycles, the capacity fade is only 0.25% per cycle and the voltage plateaus are

relatively stable. The rate capability of the cell is shown in Fig. 3.6c. A specific

capacity of about 1300 mAh g−1 is achieved at C/10, and a specific capacity of 1250

mAh g−1 is achieved at C/5 rate. The specific capacity is around 1200 mAh g−1

at C/2 and 1100 mAh g−1 at 1C rate, respectively. When the rate was switched

back to C/10 rate after 1C rate, the capacity is a little higher than that before. The
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slight capacity decay observed during the cycling is not permanent. After multiple

C rate tests, the capacity at C/10 rate in the 3rd cycle is back to the high capacity

level of more than 1200 mAh g−1. These results show the good rate capability and

reversibility of cells enabled by the PVP-modified CP current collectors with LiNO3

additive in the electrolyte.

3.4 Conclusions

In summary, we have studied PVP-modified CP current collectors in Li/polysulfide

cells. PVP is soluble in the electrolyte solvent, but it can form complexes with lithium

polysulfides because of the affinity between them, which can improve the retention of

polysulfides in the current collector. About 50% of lithium polysulfide Li2S6 can be

retained in the CP-PVP current collectors when only 50 µg of PVP was used, which

is measured by the linear sweep voltammetry method. The PVP-modified CP current

collectors can increase utilization of sulfur and Coulombic efficiency, enhance cycling

stability, and maintain integrity of the electrode. Although PVP can increase charge

transfer resistance in the cell due to its insulating property, it can help maintain

a low bulk resistance by preventing polysulfides in the cathode from diffusing into

the blank electrolyte. When the CP-PVP current collector worked with electrolyte

containing LiNO3 additive, a high reversible capacity of over 1000 mAh g−1 with a

high Coulombic efficiency of close to 100% was achieved at C/5 rate for 100 cycles.

This study demonstrates that functional polymers like PVP can optimize the property

of CP current collectors, which can lead to improved cycling stability in Li/polysulfide

cells.
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4. A BINDER-FREE SULFUR/CARBON COMPOSITE ELECTRODE

PREPARED BY SULFUR SUBLIMATION METHOD FOR LI-S BATTERIES

4.1 Introduction

The conventional method of making sulfur electrodes by mixing sulfur powder, car-

bon, and polymer binder is inappropriate for making uniform and high performance

electrodes. Poor contact between large sulfur particles and carbon results in low uti-

lization and inhomogeneous distribution of current upon cycling [29,52]. To overcome

these issues, many approaches including the synthesis of sulfur-carbon nanocompos-

ites [47, 57–60], fabrication of novel cathode and cell configurations [14, 61, 62], and

making polysulfide-blocking separators have been developed [63]. The primary meth-

ods for making sulfur-carbon nanocomposites are (i) heat treatment and (ii) solution-

based synthesis. The heat treatment method is to impregnate a micro or mesoporous

carbon matrix with melted sulfur, which can result in nanoscaled sulfur in the car-

bon matrix. The solution-based synthesis is to precipitate sulfur particles in solution

through a heterogeneous nucleation reaction, which tends to form larger sulfur parti-

cles.

Sulfur can sublime at elevated temperature. Hagen et al. sublimed sulfur into a

vertical-aligned carbon nanotube (CNT) substrate [64]. Fu et al. sublimed sulfur into

a CNT paper current collector using Argon as a carrier gas [65]. Herein, we present

a study on a binder-free sulfur/carbon composite electrode prepared by the sulfur

sublimation method in air. At certain temperature and air flow rate, sulfur can be

melted and vaporized. Solid sulfur nanoparticles can be deposited into commercial

binder-free carbon paper which also acts as a current collector in batteries. Compared

with the other methods for making sulfur/carbon composite electrodes, this method

has several advantages. Firstly, it is a green, solvent-free method and the sulfur
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powder undergoes a physical deposition process maintaining its intrinsic composition.

Secondly, the sulfur vapor can infiltrate large pores in the carbon paper forming

intimate contact with carbon. Finally, it is scalable and provides another synthesis

route for making high performance sulfur-carbon composite electrodes.

4.2 Experimental

All materials used are included in Table 2.1. All instruments used are included in

Table 2.2.

4.2.1 Preparation of Sulfur/Carbon Composite Electrodes

Commercial binder-free carbon paper called buckypaper (Buckeye Composites)

was used as a support for sulfur and the current collector in this study. To prepare

the composite electrode, 1.5 g of sulfur powder (Fisher Scientific) was uniformly

loaded in a 20 mL beaker. A disc of carbon paper (∼ 10 cm2) was put on top of the

beaker. The beaker was heated at about 200 ◦C on a hot plate. The whole setup was

installed in a fume hood with constant air flow (55 ft/min) to enhance sulfur vapor

infiltration. The sulfur powder was fully melted into liquid phase and sulfur vapor

with white/yellow mixed color went into the carbon paper. Four deposition times,

which are 2, 4, 8, and 15 minutes, were applied for making these electrodes which

are designated as SE-2, SE-4, SE-8 and SE-15, respectively. Finally the prepared

electrode was cut into ∼ 1 cm2 discs, each contains 1.9 mg carbon.

4.2.2 Preparation of Liquid Electrolytes

The blank electrolyte used in this study was prepared by dissolving lithium bis (tri-

fluoromethane) sulfonimide (LiTFSI, 98%, Acros Organics) in a mixture of dimethoxy

ethane (DME, 99+%, Acros Organics) and 1,3-dioxolane (DOL, 99.5%, Sigma Aldrich)

(1:1, v/v) by magnetic stirring to render 1.0 M LiTFSI solution. Another electrolyte
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containing lithium nitrate (LiNO3) additive was prepared by dissolving an appropri-

ate amount of LiNO3 (99+%, Acros Organics) in the blank electrolyte to render 1.0

M LiTFSI/0.1 M LiNO3 solution. The electrolytes were prepared in an Argon-filled

glove box.

4.2.3 Morphological Characterizations

The morphological characterizations of the electrodes were conducted with a JEOL

JSM-7800F field emission scanning electron microscopy (SEM). X-Ray Diffraction

(XRD) patterns were recorded by using Cu-Kα radiation at 50 kV with an X-ray

diffractometer (D8 Discover A25, Bruker AXS). N2 sorption/desorption measurement

was carried out on a Quantachrome Autosorb iQ gas sorption analyzer, and the pore

size distribution was calculated based on the NLDFT model assuming a slit-shape

pore structure.

4.2.4 Cell Assembly

CR2032 coin cells were used and assembled in the Argon-filled glove box to eval-

uate the electrochemical performance of as-prepared electrodes. To prepare the cells,

20 µL of the electrolyte was added into an electrode, and then a Celgardr 2400 sepa-

rator was placed on top of the electrode. Another 20 µL of the electrolyte was added

on the separator. Finally, the lithium metal anode was placed on the separator. The

cell was crimped and taken out of the glove box for testing. Cells with the blank

electrolyte were made for the measurement of cyclic voltammetry. Cells with LiNO3

additive in the electrolyte were made for evaluating cycle life.

4.2.5 Electrochemical Measurements

Cells were galvanostatically discharged to 1.7 V and charged to 2.8 V on an Arbin

battery cycler with 5-minute rest time between cycles. All cells were tested immedi-
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ately after they were made. The C-rate used for cycling measurements was based on

the mass of sulfur in the electrode (1C = 1,672 mA g−1). The specific capacity values

shown in this paper are calculated by dividing the capacities obtained by the mass of

sulfur. Cyclic voltammetry was performed on a Bio-Logic VSP potentiostat between

1.5 V and 3.0 V at a scanning rate of 0.05 mV s−1.

4.3 Results and Discussions

Figure 4.1. (a) Schematic illustration of the experimental process for making a
binder-free sulfur/carbon composite electrode by the sulfur sublimation method. (b)
XRD patterns of the sulfur/carbon composite electrodes SE-2, SE-4, SE-8, and SE-15,
and the control sample of commercial sulfur on carbon paper.

Fig. 4.1a shows the experimental setup in a fume hood with constant air flow. To

prepare the composite electrode, sulfur powder was uniformly loaded in a beaker. A

disc of carbon paper was put on top of the beaker. The beaker was heated at about

200 ◦C, at which sulfur vapor can be formed modestly and continuously. When

the sulfur is vaporized, individual sulfur rings or sulfur clusters are small enough to

penetrate small pores and get deposited in the carbon matrix. The air flow enhances

sulfur infiltration in the carbon paper. This process helps break down large sulfur

particles into small ones which are beneficial for achieving high utilization of sulfur

in batteries. Under these conditions, desirable sulfur contents can be obtained within
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15 min. Four deposition times (i.e., 2, 4, 8, and 15 min) resulted in sulfur loading of

approximately 0.4, 0.9, 1.7, and 2.8 mg cm−2, and these electrodes are designated as

SE-2, SE-4, SE-8 and SE-15, respectively. The prepared electrode was cut into ∼1

cm2 discs, each contains 1.9 mg carbon.

X-Ray Diffraction (XRD) was used to qualitatively analyze the sulfur crystal

structure formed in the electrodes. For comparison, commercial sulfur on a piece of

carbon paper was also examined by XRD. Fig. 4.1b shows the XRD patterns in the 2θ

range between 13◦ and 40◦ wherein the characteristic peaks of sulfur and carbon can be

seen. The main peak at 26.0◦ is a characteristic peak of (002) crystal plane of carbon

nanotubes [66]. The commercial sulfur powder on the carbon paper shows peaks that

are matched with the XRD pattern of the orthorhombic sulfur [67,68]. The SE-2 does

not show any peaks of sulfur besides the carbon peak, indicating a small amount of

sulfur was deposited in the sample. The SE-4 shows a few peaks, but they cannot

be assigned to either orthorhombic crystal or monoclinic crystal structure. When

the deposition time increases to 8 and 15 min, several major peaks of monoclinic

sulfur crystal can be seen along with few small unknown peaks. It is reported that

sulfur undergoes a phase transition from the orthorhombic to monoclinic structure

when the temperature is 200 ◦C [67, 69]. Vaporized sulfur rings re-stack into the

favorite monoclinic crystal structure that is stable at elevated temperature [67]. The

monoclinic sulfur may transition to other structures, e.g., orthorhombic structure,

over a long period of time, but it is not interest of this work.

The morphology of the sulfur/carbon composite electrode was examined by SEM,

as shown in Fig. 4.2a. Such carbon paper has been used in Li/polysulfide batteries

as it can hold polysulfide solution and cycled products [35]. It can be seen that a lot

of irregular sulfur particles were deposited in the voids of the carbon paper. Some

sulfur particles are large, which are in the range of a few microns. Overall, it is a

uniform composite electrode. The magnified SEM image in the inset picture shows

that the large sulfur particles are in the form of many nanoparticles filling all space

between carbon nanofibers and nanotubes. The SEM results show that this sulfur
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Figure 4.2. (a) SEM image of a prepared electrode, the inset figure is a magnified
SEM image showing sulfur nanoparticles formed within voids of the carbon paper.
(b) Pore size distribution of the blank carbon paper (CP), SE-2, SE-4, and SE-8.

sublimation method can facilitate breaking down large sulfur particles and dispersing

sulfur nanoparticles into a carbon matrix. These sulfur nanoparticles would have

good contact with carbon in the electrode, which can improve the ion and electron

transport within the composite electrode in batteries.

Fig. 4.2b shows the pore size distribution within the blank carbon paper and

composite electrodes. In the blank carbon paper, a broad pore size in the range of 8

- 33 nm is observed. The carbon paper consists of thin carbon nanotubes and thick

carbon nanofibers as seen in the SEM image in Fig. 4.2a forming a variety of pores

among them. As sulfur nanoparticles are formed in the carbon paper, the volume of

large pores starts to decrease and smaller pores start to appear. For example, the

SE-4 has a significant volume of pores with a diameter centered at about 7 nm which

is smaller than all pores in the blank carbon paper and SE-2. In contrast, the SE-8

only shows a volume of pores with a diameter centered at about 3 nm and almost

all pores between 8 - 33 nm are gone. The small pores in the SE-4 and 8 can only

be formed between or within the newly formed sulfur nanoparticles, which filled all

large pores in the carbon paper as seen in Fig. 4.2a.

The SE electrodes exhibited different cycling behaviour, as shown in Fig. 4.3a.

The SE-2 and SE-4 show higher discharge capacities and better cycling stability than
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Figure 4.3. (a) Cyclability and Coulombic efficiency of the cells with SE-2, SE-4,
SE-8, and SE-15 electrodes at C/5 rate. (b) The 1st cyclic voltammograms of the
cells without LiNO3 additive in the electrolyte at a potential sweep rate of 0.05 mV
s−1 between 1.5 and 3.0 V. (c) Cyclability and Coulombic efficiency of the electrode
with sulfur loading of 1.1 mg cm−2 at C/2 rate. (d) Rate capability of the cell used
in (c).

the SE-8 and SE-15 due to the low sulfur contents. The initial discharge capacity of

the SE-2 and SE-4 can be as high as ∼1,400 mAh g−1, in contrast to ∼1,100 mAh

g−1 of the SE-8 and SE-15. The SE-2, SE-4, and SE-8 maintain a high reversible

capacity of 850, 1000, and 820 mAh g−1 after 200 cycles, respectively; however, the

SE-15 shows continuous capacity decay to 300 mAh g−1 after 120 cycles. The long

sublimation time (15 min) results in high sulfur loading (2.8 mg cm−2) in the SE-

15. The formed sulfur particles are very large in the electrode, which result in low

utilization of sulfur and fast capacity fade. All cells show a high Coulombic efficiency

of >95% during cycling.
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Fig. 4.3b shows the 1st cyclic voltammograms (CV) of cells with these electrodes.

All cells show two typical cathodic peaks representing the reduction reactions of sulfur

to low-order polysulfides and low-order polysulfides to Li2S. As the sulfur loading

increases, the peak shifts to lower potential and the peak area increases. Similarly, all

cells show distinguishable anodic peaks which represent the reverse oxidation of Li2S

to high-order polysulfides/sulfur. Due to the high sulfur contents in the SE-8 and SE-

15, the anodic peaks are much broader and higher than those in the SE-2 and SE-4. In

addition, the 2nd anodic peak at high potential increases more significantly than the

1st anodic peak at low potential as the sulfur content increases. This indicates slower

electrode kinetics and more incomplete conversion of active material to elemental

sulfur in the anodic sweep as the sulfur content is higher.

To further evaluate long cycle life, an electrode with sulfur loading of 1.1 mg cm−2

was cycled for 300 cycles at C/2 rate, as shown in Fig. 4.3c. A high initial discharge

capacity of over 1,300 mAh g−1 and a reversible capacity of 1,000 mAh g−1 in the

first 50 cycles were obtained. Afterwards, the cell maintains a reversible capacity of

about 700 mAh g−1 after 300 cycles. The capacity fade is only 0.17% per cycle and

the voltage plateaus are relatively stable (not shown). The Coulombic efficiency is

over 90%. With LiNO3 additive in the electrolyte, lithium metal anode was passivated

which stops aggressive reduction of polysulfides, therefore improves capacity retention

and Coulombic efficiency [25,56]. The rate capability of the cell is shown in Fig. 4.3d.

A specific capacity of about 1,300 mAh g−1 is achieved in the 1st cycle at C/10 rate

and is stable at 1,150 mAh g−1 after 10 cycles. A reversible capacity of 1,100 mAh

g−1 is achieved at C/5 rate. The specific capacity is around 1,000, 950, and 850 mAh

g−1 at C/2, 1C, and 2C rate, respectively. When the rate was switched back to C/10

rate after 2C rate, the capacity went back to 1,100 mAh g−1. At C/5 and C/2 rates,

the specific capacities are quite similar as those obtained before the rate testing cycle.

These results show the good reversibility and rate capability of the cells enabled by

the sulfur nanoparticles deposited in the carbon paper electrodes.
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Figure 4.4. (a) SEM image of the SE electrode after one cycle. (b) Nyquist plots of
the cell after different cycles.

Fig. 4.4a shows the SEM image of a cycled electrode. After one cycle at the

charged state, the electrode was washed by pure DME solvent for 1 hour to remove

all soluble species and then scanned under SEM for comparison with the as-prepared

electrode shown in Fig. 4.2a. The carbon paper is uniformly filled and covered with in-

soluble charged products, probably elemental sulfur. The sulfur morphology changed

completely from nanoparticle to continuous film. The carbon paper provides a robust

matrix holding all cycled products, therefore maintaining stable cycle life as shown

in Fig. 4.3. Fig. 4.4b shows the Nyquist plot of the cell after different cycling sta-

tus. The intercepts of Nyquist plots in the high-frequency are attributed to the bulk

resistance of the liquid electrolyte and the semicircles in the high-medium frequency

regions are charge transfer resistance of the electrode/electrolyte interfaces [45]. The

linear segment in the low-frequency region corresponds to the diffusion limitation

within the electrodes. It is shown the cell has a low bulk resistance (20 ohms) and

a low charge transfer resistance (22 ohms) before cycling. The monoclinic sulfur

nanoparticles in the electrode have a good contact with carbon and the electrolyte,

which helps to maintain a low charge transfer resistance. After the 1st cycle at the

charged state, the charge transfer resistance increases to 57 ohms which is due to the

change in sulfur morphology as shown in Fig. 4.4a. After the 20th and 50th cycle,
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the bulk resistance slightly increases to 38 ohms and 31 ohms, respectively, and the

charge transfer resistance increases to 82 ohms and 118 ohms, respectively. The bulk

resistance increase is due to the depletion of electrolyte and dissolved polysulfide in

it, and the charge transfer resistance increases is due to the insulating property at

the electrode/electrolyte interface making the charge transfer more difficult.

4.4 Conclusions

In summary, we have successfully prepared binder-free sulfur/carbon composite

electrodes by a sulfur sublimation method in air. The sulfur deposited in the elec-

trode mainly has a monoclinic crystal structure and it is in the form of nanoparticles

filling all large pores in the carbon paper. Several composite electrodes with a vari-

ety of sulfur loading were prepared and evaluated in batteries. The electrodes show

high utilization of sulfur, good cycling stability, and rate capability when the sulfur

loading is <2.0 mg. The cell with sulfur loading of 1.1 mg cm−2 was cycled over

300 cycles at C/2 rate, remaining a reversible capacity of over 700 mAh g−1 and a

Coulombic efficiency of over 90%. This study demonstrates that the sulfur subli-

mation method is a clean, scalable, and viable route for making high performance

binder-free sulfur/carbon composite electrodes for Li-S batteries.
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5. SUMMARY

In this thesis three aspects of Li-S batteries have been studied, including study on

polysulfide transport through separators, improved cycling performance by functional

polymer, and binder-free sulfur/carbon composite electrode prepared by a sulfur sub-

limation method.

Firstly, polysulfide transport through separators has been studied. A new method

has been developed to evaluate it by measuring the anodic current density produced

by the oxidation of polysulfide under an electric field and this oxidation process is

diffusion controlled. In the DME/DOL electrolyte, the diffusion coefficient of poly-

sulfide is measured as 3.5 ∗ 10−7cm2 s−1. In a concentration range (≤0.5 M) of the

polysulfide solution, the charge of oxidation of polysulfide shows linear relationship

with polysulfide concentration. This method can be used as quantitative analysis to

evaluate the polysulfide crossover, which is correlated with the porosity, the pore size

of separators and battery cycling performance.

Secondly, PVP was used to modify CP current collectors in Li/polysulfide cells.

The soluble PVP shows strong affinity with polysulfide in the electrolyte and can

form complex. This PVP-modified CP has the ability to improve utilization of sulfur

and Coulombic efficiency, to enhance cycling performance and to maintain integrity

of the electrode. This study demonstrates that functional polymers, such as PVP et

al., can improve cycling stability in Li/polysulfide cells by optimizing the property of

CP current collectors.

Finally, a binder-free sulfur/carbon composite electrode was successfully prepared

by a sulfur sublimation method. The deposited sulfur mainly shows a monoclinic crys-

tal structure and fills all large pores of carbon paper as nanoparticles. This binder-free

electrode shows high utilization of sulfur, good cycling performance and rate capa-

bility when its sulfur loading is below 2 mg cm−2. This sulfur sublimation method is
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also a clean and scalable way to make high performance binder-free sulfur/composite

electrodes for Li-S batteries. Generally speaking, polysulfide transport through sepa-

rators, functional polymer PVP for improving cycle life and binder-free sulfur/carbon

composite electrodes in Li-S batteries have been studied and understood.
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