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摘要
現今科技高速發展，儲能設備已然成為生活和產業必不可少的一部分。當
人們在追求更小更輕便的便攜式電子產品或者是能效更好、動力更強的電動車時，
也是在追求能量密度更高的儲能設備。因此，電池產業一直在尋求鋰離子電池技
術的突破，以達電容量大、能量密度高、可快速充放電、安全性佳、便宜以及壽
命長的需求。基於高理論電容量和便宜原材料的優點，鋰硫電池吸引著研究者的
目光。然而，由於電化學中間產物多硫化鋰的溶解嚴重影響著其效能，鋰金屬直
接作為負極也存在著安全疑慮，商業化進程掣步不前。這份研究計劃將著重探討
鋰硫電池的改質方法，以提高其庫倫效率、快速充放電能力、安全性以及循環壽
命。
在這份研究中，我們設計了一個可充放電的玻璃電池，結合數位電子顯微
鏡，可用於觀測鋰硫電池在充放電過程中現象，比如說，電極的硫含量以及電解
液濃度對於多硫化鋰溶解的影響。這個設備可以方便的辨識各種改質是否能有效
地捕捉多硫化鋰。因為玻璃電池腔體設計很薄，景深問題可以忽略不計。因此，
此設備還可用於觀測鋰金屬在充放電過程中的形貌變化。
在眾多多硫化鋰捕捉方式中，陽離子選擇性的 Nafion 高分子薄膜極具潛力
有效阻擋多硫化鋰陰離子的通過。在此，我們將系統性地探討 Nafion 在電池各組
成部分（包括硫正極、隔離膜和鋰金屬負極）的改質效用。我們將以 75%高硫含
量的硫碳奈米複合材料作為正極材料。正極改質方式有兩種，將 Nafion 預先包覆
在硫碳奈米復合材料的粉體上，或者直接將 Nafion 溶于粘著劑漿料中。隔離膜和
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鋰金屬也將分別鍍上 Nafion 薄膜。此外，因為 Nafion 源於 PVDF(一種傳統的正
極粘著劑)，也因為有燃料電池領域的報告表明 Nafion 混合 PVDF 性能更佳，我們
也將探討 PVDF 在鋰硫電池改質上的效用。有效地改質使庫倫效率、快速充放電能
力以及循環壽命得以提高。經 Nafion 改質的隔離膜可使庫倫效率達到接近 100%。
將 Nafion 混于粘著劑使用，可使 2 C 的放電電容量達 600 mAh g-1 以上、10 C
的放電電容量達 400 mAh g-1。
為了能夠直接使用鋰金屬作為負極，我們將對改質過後的鋰金屬進一步探
討。鋰金屬對鋰金屬的對稱式電池可以排除硫正極的影響，我們將從阻抗、循環
極化程度以及表面形貌的角度，廣泛地探討高分子表面改質對於鋰硫電池的適用
性。結果表明，Nafion/PVDF 混合高分子改質對於阻擋多硫化鋰及抑制鋰金屬枝
精沉積有顯著效果。

關鍵字：鋰硫電池、Nafion 高分子、隔離膜、粘著劑、鋰金屬負極
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Abstract
In the modern high tech society, the demand for high energy density power source
in portable electronic devices and electric vehicles is never diminished. The battery
community is eager for practical breakthroughs in Li-ion batteries to give higher energy
and power densities with fast charging ability, high safety, low cost and long life time.
The advantages of high specific energy and low cost of sulfur have recently brought
rechargeable lithium-sulfur (Li-S) batteries to the spotlight. Yet shuttle effects, mainly
caused by polysulfide migration in the electrolyte, remain major technical obstacles to
perfect Columbic efficiency and long-term cycle life.
In this study, a special device has been set up to directly observe the in-operando
phenomena of Li-S batteries. Effects of cathode sulfur loading and electrolyte salt
concentration on the extent of polysulfide (PS) diffusion were compared. Effectiveness
of different PS entrapment methods can be easily determined using this technique. The
thin glasscell design eliminated the depth of focus issue and is versatile for direct
observation of the macroscopic morphology evolution of the Li metal surface upon
stripping and redeposition.
Among all the polysulfide trapping methods, the cation-selective Nafion film
stands out as a promising physical barrier to the anionic polysulfide species. Effective
Nafion modifications at different cell positions, including the sulfur cathode, the
polypropylene separator and the lithium (Li) metal anode for the first time were
systematically investigated. A high sulfur-content sulfur/carbon (S/C) nanocomposite
with 75 wt% sulfur in a porous carbon (Pearl 2000) matrix was employed as the cathode
material. The sulfur cathode was modified by either coating the S/C nanocomposite
powder with Nafion or incorporating Nafion into the binder material. Solution casting
V
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method was utilized to modify the porous separator and the metallic Li anode surface. In
addition, in light of the swelling control studies of fuel cell applications, the effects of
polyvinylidene fluoride (PVDF, also a conventional binder material for the S composite
cathodes) incorporation were also discussed. With proper modifications, the Columbic
efficiency and high rate capability were substantially enhanced. Columbic efficiency of
nearly 100% was achieved with Nafion coated separator, while in-operando digital
microscopic analysis provided direct evidence for inhibited polysulfide passage through
a Nafion coated separator. Sulfur cathode with Nafion partially incorporated in binder
was capable of delivering 600 mAh g-1 at 2 C and above 400 mAh g-1 at 10 C.
In order to fulfill direct utilization of Li metal as the anode for Li-S batteries, the
effects of modified Li anode were further investigated in the symmetric cell configuration.
The simplified system eliminated the influence of sulfur cathode and allowed generalized
application to all sulfur-containing cathodes. Along with the electrochemical-impedancespectra (EIS) analysis and polarization test, SEM images of the cycled Li metal anode
revealed the insights of Li protective coatings. And a blend polymer of Nafion and PVDF
was proved to be an effective protective coating for Li metal anode in terms of
suppressing dendrite formation and prohibiting PS pathway.

Keywords: Li-S batteries, Nafion modifications, S/C composite coating, separator,
binder，Li metal anode
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Introduction

1.1 Background
Energy is becoming a more important topic in this booming era than any time
in the past. Vast consumption of fossil fuels has confronted the society with the fact of
rapid depletion in fossil fuel reservations and increasingly severe environmental crisis.
Greenhouse effect, acid rain, and air pollution have received worldwide concern [1].
Development of harvesting technologies of renewable energy sources, such as sunlight,
wind, and tides, is crucial for constructing sustainable economy and society for the
future generations. Since generation of renewable energy is highly dependent on natural
conditions (including weather, time of the day, locations, etc.), high-performance
energy storage systems are required to store the generated energy for continuous supply
of facilities. Besides, energy storage devices also play an essential role in mediating
between the clean energy and the ever increasing demand for powering portable
electronic devices and electric vehicles (EV).
Rechargeable batteries are currently the most popular energy storage devices
because of the high energy conversion efficiency from reversible electrochemical
reaction and the convenience for tailoring different electronic devices. Since launching
in the early 1990s by Sony Company, lithium-ion (Li-ion) batteries have dominated the
battery market for portable electronics because of its adequate power density, long cycle
life and environmental friendliness. However, the maximum energy density of
commercial Li-ion batteries is still too low to satisfy the key markets with high energy
demand, such as grid energy storage and power system for EVs that can afford a driving
1
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range of at less 500 km [2]. The state-of-art Li-ion batteries are inherently limited to a
capacity of about 300 mAh g-1 and an energy density of 560 Wh kg-1. If an alternative
battery technology is to emerge, it must possess substantially high capacity, high power
density, fast recharging rate, and low cost.
Lithium-sulfur (Li-S) batteries, characterized by high theoretical capacity, high
theoretical energy density, natural abundance of active material and low cost, have
attracted significant research attentions as a promising candidate to fulfill the market
requirements. Complete reaction of sulfur (S) with metallic lithium (Li) can give a
theoretical specific capacity of 1675 mAh g-1 and theoretical energy density of 2600
Wh kg-1, which is almost five times higher than that of current Li-ion batteries [3].
However, inherently poor electrical conductivity of sulfur, significant volumetric and
structural changes during discharge-charge operations and high solubility of reaction
intermediates (polysulfides, Li¬2Sn, 2 < n ≤ 8) in the electrolyte remain obstacles to be
overcome. Although good cycle life can be achieved by some low-S-content cathodes
[4-6], Li-S batteries are still suffering from limited rate capability, high self-discharge
rate and low S utilization. On the other hand, even though Li metal as an attractive
anode material has advantages of light weight, ultrahigh theoretical specific energy
capacity and lowest electronegativity, detrimental Li dendrite growth during repeated
cycles and low Columbic efficiency in Li stripping/deposition process have hindered
the direct use of metallic Li anode. Moreover, the soluble polysulfide intermediates can
react chemically in contact with Li metal surface, shuttling between the electrodes and
causing serious overcharging. To realize the commercialization of practical Li-S
batteries, researchers will need to devote efforts in developing novel sulfur composite
cathodes with high S loading, innovative cell configuration with minimized shuttle
reactions as well as well-designed Li metal anodes with efficient Li deposition.
2
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1.2 Motivation and Objectives
Recently, valuable information has been obtained by taking advantages of inoperando analytical techniques to monitor the electrochemical evolution during
discharging and charging process of Li-S batteries. X-ray diffraction (XRD) can
monitor the reactions of crystalline phases [7]. UV/Vis spectroscopy can qualitatively
and quantitatively differentiate the different polysulfide (PS) species in the catholyte [8,
9]. From a previous work of our lab, Lin et al. for the first time quantitatively revealed
the kinetics of polysulfide dissolution/re-deposition based on direct visualization of the
dimensional variation of S particles in the cathode during upon lithiation and delithiation via in-operando transmission X-ray microscopy (TXM) [10]. However, the
macroscopic migration behavior of the soluble PS has not yet been visualized. In this
study, a special in-operando glasscell design coupled with a digital microscope allows
direct observation of dissolution and back diffusion of the soluble PS species during
different depth of discharge and charge. Effects of cathode S loading and electrolyte
salt concentration on the extent of PS diffusion were compared. Effectiveness of
different PS entrapment methods can be easily determined. The thin glasscell design
eliminated the depth of focus issue and is versatile for directly observing the
macroscopic morphology evolution of the Li metal surface upon stripping and
redeposition.
The PS dissolution problem of a high-S-content cathode has been ever
challenging. In order to mitigate PS shuttles between the cathode and the anode, the
cation-selective Nafion® ionomer was selected as a promising physical barrier to the
anionic polysulfide species. Effective Nafion modifications at different cell positions,
including the sulfur cathode, the polypropylene separator and the Li metal anode, were
systematically investigated. In addition, Nafion is originated from polyvinylidene
3
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fluoride (PVDF) which has been a conventional binder material for the S composite
cathodes. And various combinations of Nafion and PVDF have presented improved
performance in proton exchange membrane fuel cells [11, 12]. Hence, effects of
blending with PVDF was also characterized. Enhancements in Columbic efficiency,
cycleability, and rate capability are the ultimate goal.
In order to fulfill direct utilization of Li metal as the anode for Li-S batteries,
the effects of modified Li anode was further investigated in the symmetric cell
configuration. The simplified system eliminated the influence of sulfur cathode and
allowed generalized application to all sulfur-containing cathodes. Along with the
electrochemical-impedance-spectra (EIS) analysis and polarization test, SEM images
of the cycled Li metal anode revealed the insights of Li protective coatings.

4
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Theory and Literature Review
2.1 Lithium-ion Batteries
With the energy issue and electronic revolution, the demand of the modern
society for rechargeable powder source has a wide range of development from mobile
phones and laptops to charged mechanical tools to electric vehicles. There are various
battery systems, such as Pd-acid, Ni-Cd, Ni-MH and Li-ion batteries, in the commercial
market [13]. Li-ion batteries show highest energy density and highest operation voltage
around 3.5-4.2V compared to Pd-acid at 2.1V, Ni-Cd at 1.35V and Ni-MH at 1.2V.
These advantage give the Li-ion battery lighter, smaller and longer usage time. Market
interest in this cost-effective, high-performance, and safe technology has driven
spectacular growth.
Basically, the Li-ion battery has a typical electrochemical configuration
composed of positive electrode (cathode), negative electrode (anode) and organic
electrolyte. The cathode is usually comprised of an active materials with high chemical
potential state like LiMPO4 or LiMO2 (M=Fe, Mn, Co, Ni), while the anode material
usually exhibit low chemical potential such as C, Si, Ge, Sn, TiO2, Li4Ti5O12 and MOx.
The principle for energy storage comes from the chemical potential difference between
the cathode and anode. The value of the energy change can be calculate as Eqn. 2-1.
Energy =

Voltage × Current d(Time) =

Voltage d(capacity)

(2-1)

For a typical Li-ion battery, Li ions are extracted electrochemically from the
cathode to the anode though aprotic electrolytes during charge. During discharge, Li
ions are extracted from the anode back to the cathode. Electrons are simultaneously
extracted from one electrode and injected into another electrode, storing and delivering
5
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electrical energy, during which materials are oxidized or reduced in positive and
negative electrodes. Li ions shuttle between positive and negative electrodes, named Li
ion batteries. When a Li ion battery is discharged, the positive material is reduced and
the negative material is oxidized. The reverse happens on charge. The following
equations are in units of moles, making it possible to use the coefficient x. The chargedischarge process in a Li ion battery is further illustrated graphically in Figure 2-1.

Cathode half-reaction:

ch arg e

LiCoO2



Li1 x CoO2  xLi   xe 

(2-2)

Disch arg e

Anode half-reaction:

6C  xLi   xe 

Ch arg e



Lix C6

(2-3)

Disch arg e

Overall reaction:

LiCoO2  C6

Ch arg e



Li1 x CoO2  Lix C6

(2-4)

Disch arg e

From a material design point of view, the anode insertion compound LixMy
should also satisfy several important criteria like the cathode insertion host: a large
degree x of lithium insertion/extraction (high capacity), high electronic and ionic
conductivity, good chemical and structural stabilities (reversibility), and affordable cost.
Although Li-ion batteries have been great success in the market of portable
electronic devices, current battery technologies have not yet satisfy the demand for
electric vehicle (EV) applications. Limited cycle life, especially at elevated
6
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temperatures, and safety concerns for large multi-cell modules are hurdles to be cleared
[14]. While there are ongoing advancements in for hybrid EVs, in which only part of
the propulsion is driven by an electrical motor and batteries [15], the ultimate goal is to
develop full EV applications. The battery community is eager for practical
breakthroughs in Li-ion batteries to give higher energy and power densities with fast
charging ability, high safety, low cost and long life time. Energy density enables longer
mileage while power density affects the acceleration and climbing performance of
vehicles. Figure 2-2 describes a suggested road map for the direction of Li-ion research
[16]. The axes are voltage and capacity, and a variety of electrode materials are marked
therein according to their corresponding values. Obviously, the limiting factor for
capacity is the cathode materials. The cathode materials of current practical batteries
has a nominal voltage below 4V and a capacity less than 200mAh g-1. To meet the
requirement grid energy storage and driving range of 500 km range for full EVs,
cathode materials with higher potential like LiMO2 (M=Mn, Ni) materials or S
containing cathodes with large capacity would be the direction for next generation Libatteries.

7
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Figure 2-1 Schematic illustration of a Li-ion battery [17].

Figure 2-2 Roadmap for Li battery technology development [16].
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2.2 Lithium-Sulfur Batteries

2.2.1 Introduction to Li-S Batteries
The demand for clean and efficient energy storage systems is becoming more
and more critical for powering the future markets, such as light-weight portable
electronic devices and zero-emission vehicles. While energy density enables longer
mileage, power density affects the acceleration and climbing performance of EVs.
Limited to a theoretical cathode capacity below 300 mAh g-1 and an energy density of
about 800 Wh kg-1, the traditional Li-ion batteries based on insertion cathodes are
falling short in satisfactory. In order to purse high energy and power densities, fast
charging ability, high safety, low cost and long life time, researchers seek for alternative
cathode materials, such as sulfur and oxygen, which can offer capacities exceeding the
conventional insertion cathodes by an order of magnitude [1].
Sulfur, having the advantage of high abundance on earth and low cost, is a
promising cathode active material with the highest theoretical capacity of 1675 mA h
g-1 and a high theoretical energy density of 2600 W h kg-1 among the solid elements.
Moving from the traditional insertion cathodes to sulfur has many benefits besides the
high capacity, such as the improved safety with low operating voltage (2.15 V vs Li/Li+),
reduced cost of material by replacing expensive transition metals like cobalt, and
environmentally friendliness by eliminating toxic transition-metal compounds.
Reaching beyond the horizon of rechargeable lithium batteries requires an
exploration of new chemistry, especially electrochemistry, and new materials. Nonlithiated cathode materials not only exhibit higher specific capacities than lithiated
cathode materials, but also provide enhanced safety as they cannot be overcharged.
Table 2-1 compares the different kinds of lithium batteries. Rechargeable Li-S is highly
9
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efficient lithium rechargeable battery. Sulfur has one of the highest theoretical
capacities for the cathode of lithium batteries in comparison with all other cathode
materials in this kind of battery.
When moving from theory to practice, there is always an inevitable gap between
the realizable capacity and the theoretical value. Even then, since the inherent capacity
of S is an order of magnitude higher than that of the conventional insertion compound
cathodes, the under-developed packaged Li-S cells can still achieve an energy density
of 400~600 W h kg-1, which is two or three times higher than that of current Li-ion
batteries. Meeting the target for the 500 km powering mileage for EVs is in the short
future. A comparison of practical specific energies for several rechargeable batteries is
presented in Figure 2-3 [18]. For future technologies, a range of anticipated specific
energies are given as shown by the lighter shaded region on the bars in the chart for
rechargeable batteries under research and development. The values for driving ranges
are based on the minimum specific energy for each technology and scaled on the
specific energy of the Li-ion cells (140 W h kg ) and driving range (160 km) of the
-1

Nissan Leaf [19]. Therefore, the Li-S cells have been developed by, for example, Sion
Power and, based on their data, the specific energy of a Li-S cell is reduced from 2,600
W h kg to 350 W h kg-1 [20, 21], but values in the region of 600 W h kg are expected
-1

-1

in the near future.
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Table 2-1 Comparison of cathode material for lithium batteries.
Capacity (mA h g-1)
Battery

Cell voltage (V)
Theoretical

Practical

LiCoO2

4

274

110-140

LiMn2O4

3.7

148

110-120

LiFePO4

3.6

170

150

LiNi1/3Co1/3Mn1/3O2

4.1

278

210

LiNi1/2Mn3/2O4

4.7

147

-

S

2.1

1675

-

Figure 2-3 Practical specific energies for some rechargeable batteries, along with
estimated driving distances and pack prices [18].
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2.2.2 Fundamental Chemistry of Li-S Batteries
A Li-S battery is mainly composed of a sulfur containing cathode, a Li metal
anode, electrolyte, and a separator apart the two opposite electrodes (Figure 2-4). Sulfur
reduction is a multistep electrochemical process that can involve serious intermediate
species of polysulfides (PSs) [9, 22]. Figure 2-5 shows a typical discharge and charge
voltage profile for the first cycle of Li-S cells [23]. Based on the phase change of sulfur
species, the discharge process can be divided into four reduction regions:
Region I: A solid liquid two-phase reduction from elemental sulfur to Li2S8,
which shows the first upper voltage plateau at 2.2 to 2.3V.In this region, the formed
long chain PS (Li2S8 ) might dissolves into liquid electrolyte to become a liquid cathode.

S8  2 Li   2e  Li2 S8

(2-5)

Region II: A liquid-liquid single-phase reduction from the dissolved Li2S8 to
short chain PS, during that the cell’s voltage gradually decrease and the solution’s
viscosity gradually increases with a decrease in the length of PS chain and an increase
in the concentration of PS anions. The solution’s viscosity reaches a maximum value
in the end of the discharge region.

3Li2 S8  2 Li   2e  4 Li2 S6

(2-6)

2 Li2 S6  2 Li   2e  3Li2 S4

(2-7)

Region III: A liquid-solid two-phase reduction from the dissolved short chain
PS to insoluble Li2S2 or Li2S. This region forms the second lower voltage plateau at 1.9
to 2.1 V, which contributes to the major capacity of a Li/S cell.

2 Li2 S4  4 Li   4e  4 Li2 S2

(2-8)
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Region IV: A solid-solid reduction from insoluble Li2S2 to Li2S. This process is
kinetically slow and generally suffers from high polarization due to the non-conductive
and insoluble natures of Li2S2 and Li2S.

Li2 S2  2 Li   2e  2 Li2 S

(2-9)

During recharging, Li2S is oxidized back to the elemental S. However, the long
chain PS (e.g., Li2S8), which are generated at the sulfur electrode during the latter stages
of the charge, can diffuse to the lithium electrode where they react directly with the
lithium in a parasitic reaction to regenerate short chain PS (e.g., Li2S4). These species
diffuse back to the sulfur electrode to generate long chain PS again, thus creating a
shuttle mechanism as Figure 2-6 [24].
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Figure 2-4 Schematic illustration of a Li-S battery set up [25].

Figure 2-5 A typical discharge-charge profile of the first cycle of Li-S cells [2].
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Figure 2-6 Li-S cell operation scheme [24].
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2.2.3 Challenges for Li-S Batteries
Although Li-S battery system has attracted the attention of the electrochemistry
community for many years, it still suffers from several drawbacks [26]. Firstly,
regarding the intrinsic properties, sulfur and lithium sulfide are highly insulating
materials [27, 28] so the sulfur electrode must contain a significant and well-dispersed
amount of electrical conductive additives, such as carbon or metal, thus reducing the
energy density of electrode.
Secondly, PS are soluble in common ether based organic liquid electrolytes [29].
They can spontaneously diffuse through the liquid electrolyte, thus leading to lithium
metal corrosion and self-discharge, with increasing the electrolyte viscosity. Once
dissolved in the electrolyte, they can also react at the negative electrode, leading to a
shuttle mechanism that delays the end of charge [30, 31]. The shuttle phenomenon was
an important reason leading to the irreversible charge capacity of the sulfur electrode.
In addition, the fully reduced compound, Li2S, is insoluble, insulating, and may
passivate the surface of both positive and negative electrodes.
Moreover, PS anions and anionic PS radicals are extremely reactive, and they
participate in many types of reactions such as basic, nucleophilic, redox, and radical
reactions. Polysulfide is known to react with most of the common electrolyte solvents,
such as esters, carbonates, and phosphates [32]. It appears that the suitable solvents for
the Li-S cell electrolytes are only limited within the linear and cyclic ethers, such as
dimethyl ether (DME) and 1,3-dioxolane (DOL). Overall, the linear DME offers higher
polysulfide solubility and faster polysulfide reaction kinetics while being more reactive
with Li metal, whereas the cyclic DOL forms more stable solid electrolyte interface on
the Li surface while providing lower polysulfide solubility and slower polysulfide
reaction kinetics. Therefore, the combination of DME and DOL leads to synergetic
16
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effects on the specific capacity and capacity retention of sulfur as compared with the
solvent alone [20]. Even thus, the solvents are still gradually depleted with cycling of
the Li-S cells due to the reactions of solvent molecules with polysulfide and Li metal,
which results in the cell performance fading and swelling.
Although the dissolution of polysulfide causes parasitic redox shuttle reactions,
the solvents with high polysulfide solubility and low viscosity are greatly favorable for
the cycling performance of a Li-S cell. Without polysulfide’s dissolution, the reduction
of elemental sulfur only can occur on the sulfur-carbon interface, the bulk sulfur cannot
be utilized, resulting in very low specific capacity. Even in the sulfur-carbon
composites containing a significant amount of carbon, the dissolution of polysulfide in
the liquid electrolyte still is highly desired with the only difference being that the
dissolved polysulfide are physically trapped on the surfaces or/and in the pores of
carbon. Therefore, the ideal solvent should meet the following criteria: (1) it is
chemically stable against polysulfide species (anions and anionic radicals) and Li anode,
(2) it offers high polysulfide solubility, and (3) it has low viscosity for polysulfide
solution.
Chemical compatibility with polysulfide is the highest priority for the selection
of lithium salts. The conventional lithium salts such as LiPF6, LiBF4, lithium
bisoxalatoborate (LiBOB) and lithium difluoro(oxalato)borate (LiBF2C2O4) are not
suitable for the electrolyte of Li-S cells due to reactivity with PSs. Additionly, these
salts cannot be used along with DOL, one of the most common co-solvents for the LiS cell electrolytes, due to their Lewis acid property that initiates DOL molecules ringopening polymerization. Special caution should be given to the use of LiClO4 and
LiNO3 because of their oxidative property although no safety issue has been reported
yet. So far, LiSO3CF3 and LiN(SO2CF3)2 have been reported to be the most suitable salt
17
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for the electrolyte of Li-S cells, of which LiN(SO2CF3)2 is superior in providing higher
ionic conductivity and less corrosion to the Al substrate [33].
The dendrite deposition of Li metal in the Li-S cells is not as severe as those
observed in other lithium cell systems. This is attributed to the dissolved polysulfide,
which prevents the growth of Li dendrites. Dendrite Li preferentially reacts with the
dissolved polysulfide due to its high specific surface area, which chemically “dissolves”
the Li dendrites. The main problem of the Li anode is the low coulombic efficiency and
rough and loose morphology of Li plating [20], both of which are associated with the
polysulfide redox shuttle. Rough and loose Li has a very large specific surface area,
and is highly reactive with the electrolyte solvents. The reactions of Li and electrolyte
solvents lead to gaseous and solid products, which is one of the most important causes
for the capacity fading of Li-S cells. In addition, the reactions between Li metal and the
dissolved polysulfide have been identified to be the most important factor in initializing
the thermal runway of the Li-S cells at high temperatures. Protecting the Li metal from
PS shuttles becomes a crucial mission for the development of Li-S batteries.
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2.3 Advances in Lithium-Sulfur Batteries
The most serious problem of Li-S cells attribute to the dissolution of polysulfide
and subsequent parasitic reactions. Redox shuttles only occur during the charging
process, which cause low coulombic efficiency and corrosion the Li metal surface.
Whereas the parasitic reactions of polysulfide with electrolyte solvents and Li anode
accompany the whole life of the cell, which affects the cell’s capacity retention, selfdischarge rate, and safety. Since dissolution of polysulfide in the liquid electrolyte is
inevitable and essential for maintaining good performance of the cell, tremendous
research efforts have been focused on the suppression of the polysulfide dissolution out
of the cathode and prohibiting the diffusion to the Li anode, and thereby retaining the
S active material and minimizing overcharging. Novel approaches are summarized as
follows.

2.3.1 Advanced Materials for Sulfur Cathodes
Recently, significant progress has been achieved in enhancing the
electrochemical performance of Li-S batteries, mainly focused on synthesis of C/S
composites and housing sulfur in a carbon matrix, with various configurations. An ideal
carbon matrix for sulfur-carbon composites should to have the following characteristics:
high electrical conductivity, electrochemical affinity for sulfur, small cells (pores)
without large outlets to accommodate PSs, accessibility of liquid electrolyte to active
material, and stable framework to sustain the strain generated by the volume changes
of the active material during cycling [34].
Carbon spheres with micropores can encapsulate sulfur as shown in Figure 2-7
[25, 35]. The sulfur-carbon spheres composite with 42 wt. % S presents the large
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reversible capacity of about 650 mAh g-1 after 500 cycles at current density of 400 mA
g-1, but the total pore volume needs to be increased to enhance the sulfur loading.
Therefore, the synthesis of spherical ordered mesoporous carbon nanoparticles of 300
nm in diameter with a 2D-hexagonal mesostructure [36]. The material shows the
highest inner pore volumes for mesoporous carbon nanoparticles (Figure 2-8) to load
sulfur activity materials. The carbon/S spherical electrodes showed a high reversible
charge capacity of up to 800 mAh g-1. However, an overcharge capacity of about 150
mAh g-1 is observed, which we attribute to the dissolution of the reduced surface
polysulfide species which engage in the shuttle mechanism during the electrode redox
reactions. Jayaprakash et al. [37] approached for synthesizing mesoporous hollow
carbon capsules that encapsulate and sequester elemental S in its interior and porous
shell. Figure 2-9 shows the scheme and TEM images of typical carbon hollow spheres
before and after sulfur infusion. The as-prepared carbon@S nanocomposites manifest
an initial specific discharge capacity of 1071 mAh g-1 and maintains a reversible
capacity of 974 mAh g-1 (at a rate of 0.5 C) with 91% capacity retention after 100 cycles.
The Coulombic efficiency of the carbon@S nanocomposite in the first cycle is
computed to be 96% in comparison to 94% after 100 cycles, indicating reliable stability.
The small dimension of hollow carbon nanofiber-encapsulated sulfur structure (Figure
2-10) provides a large surface area per unit mass for Li2S deposition during cycling and
reduces pulverization of electrode materials due to volumetric expansion [37]. A high
specific capacity of about 730 mAh g-1 was observed at 0.2 C rate after 150 cycles of
charge/discharge. A C–S@PANI composite (Figure 2-11) with 40% sulfur content in a
conductive polymer spherical network delivered a high specific capacity of 1453 mAh
g-1 at 0.1 C current rate and a stable cycling performance of 948 mAh g-1 after 200
cycles. The composite also demonstrated high capacities of 922 and 581 mA h g-1 at 50
20
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C and 0 oC, respectively, after 200 cycles. This novel structure improves the utilization

of the active mass and dual conduction of Li ions and electrons, which are beneficial
for the enhancement of cycling performance, rate stability and low temperature
electrical properties of advanced energy storage devices [5].
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Figure 2-7 (a) Scheme of microporous carbon spheres based S composite [49]. TEM
images of (b) carbon spheres, and (c) the sulfur-carbon sphere composite with 42
wt. % sulfur [35].

Figure 2-8 (a) Scheme and (b,c) TEM images of spherical ordered mesoporous
carbon nanoparticles based S composite [25, 36].

Figure 2-9 Scheme of mesoporous carbon hollow spheres based S composite [25].
TEM images of (b) mesoporous carbon hollow spheres, and (c) C@S nanocomposite
[37]
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(a)

(b)

(c)

Figure 2-10 The (a) schematic design, (b) SEM image and (c) cycle performance of
porous hollow carbo@sulfur composite [37].

(a)

(b)

(d)

(c)

Figure 2-11 The (a) schematic design, (b) FESEM image and (c) TEM image of C–
S@PANI composites and (d) EDX elemental mappings of carbon, sulfur and
nitrogen.
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2.3.2 Electrolyte Modifications
Liquid electrolyte plays a key role in commercial lithium-ion batteries for
allowing conduction of Li ions between cathode and anode. A breakthrough of Li
protection in the Li-S batteries was the finding of LiNO3 and similar compounds as an
effective electrolyte additive. The oxidative LiNO3 in the electrolyte preferentially
forms an in situ protective passivation film on the Li metal surface, which leads to high
charge efficiency [26, 38]. Zhang et al. [39] have shown that the solid electrolyte
interface (SEI) formed in the presence of LiNO3 not only protects Li metal anode from
chemical reaction with the dissolved PS but also prevents PS from electrochemical
reduction and precipitation on the Li anode surface, hence effectively suppressing the
redox shuttles. With an addition of 0.1 M LiNO3 in the electrolyte Cai et al. [40]
reported improved cycling retention with nearly 100% Columbic efficiency (Figure 212). While spectacular cathode materials enabled higher reversible capacities, LiNO3
have been a popular additive for maintaining perfect Columbic efficiency [38, 40-42].
Besides protecting the Li metal anode, a recent finding suggested another role of nitrite
anions as catalysts for facilitating the conversion of highly soluble PS species to slightly
soluble elemental sulfur [43]. While addition of the insoluble Mg(NO2)3 in the sulfur
cathode alone is capable of suppressing PS shuttles from the cathode side but unable to
protect the Li metal anode, individual utilization of soluble LiNO3 in the electrolyte
suffers from rapid depletion ( especially at the anode). The combination of insoluble
Mg(NO3)2 addition in the sulfur cathode and soluble LiNO3 additive in the electrolyte
enables synergetic enhancement on cycleability of Li-S batteries [43].
However, the protective SEI on the Li metal surface is fragile and easily broken
upon repeating Li deposition and stripping cycles. The formation of the effective
passivation layer requires continuous consumption of the LiNO3, thus LiNO3 has been
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suggested as a co-salt rather than an additive to compensate the endless SEI
regeneration at the Li anode surface [44]. On the other hand, LiNO3 undergoes a large
irreversible reduction on the surface of sulfur composite at potentials below 1.8 V and
subsequent reactions with the electrolyte solution components [45]. Precipitation of the
resulting reduction products can passivate the cathode surface, reducing the active
surface for electrochemical reactions and consequently causing capacity decay.
Although raising the cutoff voltage to 1.8 V is a simple solution to avoid the adverse
reduction, the full utilization of sulfur as active cathode material is limited, sacrificing
a significant portion of capacity. Therefore, alternative PS shuttle suppressing additives
with electrochemical stability down to 1.5 V are important. Besides, the problem of
gradual consumption of LiNO3 at the anode still remains, along with the decrease in
protection efficiency. Moreover, as a strong oxidizing agent, LiNO3 could cause safety
concerns when is used in high concentrations at elevated temperatures.
Aside from the corrosion and passivation of the lithium anode by soluble PS
species, the liquid electrolyte has to meet the following requirements: low viscosity,
high solubility of polysulfide, and good electrochemical properties in the redox reaction
of sulfur. The nature of the organic solvents and the lithium salts greatly influences the
electrochemical processes involving the sulfur species in the cathode. Proper choice of
electrolyte is crucial for the effective utilization of active materials and cycleability of
Li-S batteries. Therefore, the correlations between the ionic liquid properties (e.g., ionic
conductivity, interfacial properties at electrode/electrolyte interfaces, transference
number, etc.) and the dissolved lithium salt concentration becomes important when
considering the charge-discharge output characteristics of the batteries [46]. The
conventional salt concentration in liquid electrolyte is usually no more than 1.2 M,
comprehensively accounting the ionic conductivity, viscosity and solubility of lithium
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salts. Recently, there are emerging researches on the electrolyte salt concentration in
terms of suppressing PS dissolution. Based on common ion effects, Shin et al. [47]
reported controlled PS dissolution from the cathode by using an electrolyte with a
concentrated Li salt. The reduced overcharging was achieved by decreasing both the
PS solubility and the diffusion coefficient of bulky PS in the electrolyte. Suo et al. [48]
also proposed a new class of “Solvent-in-Salt” electrolytes for applications in Li-S
batteries. As demonstrated in Figure 2-13, the nearly 100% Columbic efficiency and
stable long cycles suggested a promising solution to the PS shuttle phenomena,
overcoming one of most challenging technological hurdles of Li-S batteries. The
“Solvent-in-Salt” electrolyte not only inhibited the dissolution of PS species but also
effectively protected metallic Li anodes against Li dendrite formation, hence enhancing
the electrochemical performances and operation safety.
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(c)

(d)

Figure 2-12 The 2nd charge-discharge profiles (a, b) at 0.2 C, and corresponding
cycling performance (c, d) of the cell using Celgard (data 1), NP/Celgard or
SNP/Celgrd membrane in the electrolyte without (a, c) or with (b, d) addition of
LiNO3 [40].
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Figure 2-13 Electrochemical performance of Li-S batteries (a) first charge-discharge
profiles of C/S electrodes in electrolytes with different ratios of LiTFSI (2#, 2M; 4#;
4M; 7#, 7M) to DOL:DME (1:1 by volume), (b) cyclic performance, and (c)
coulombic efficiency at a current rate of 0.2 C [48].
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2.3.3 Interlayers and Modify Separators
Separator is an essential component in an electrochemical cell with a primary
function of preventing the internal short circuit and maintaining the Li ion pathways.
Porous polymer separators are widely used but virtually unfavorable for Li–S batteries.
For instance, the routine polypropylene separators featuring channels for ion diffusion
and consequently are not capable of preventing polysulfide shuttle due to the large pore
sizes (≈10 2 nm) [49]. In particular, metastable polysulfides may degrade in the
electrolyte and be intercepted by the nonpolar and electrically insulating PP framework,
resulting in “dead” sulfur-containing species. Consequently, it is indispensable to
improve the structure of separators in a systematic consideration for multielectron
conversion systems.
Operation of the Li-S batteries is attributed to the high solubility of S and
polysulfide in the liquid electrolytes. During the discharge process, the lithium
polysulfide can dissolve in the electrolyte to form polysulfide anions, which can react
directly to create the solid products (Li2S2 and/or Li2S) and precipitate on lithium
electrode surface. Therefore, Nafion is a well-known perfluoro ionomer, which has
received a considerable amount of attention as a proton conductor for proton exchange
membrane fuel cells by permitting hydrogen ion transport while preventing anions
conduction. It has excellent mechanical, chemical and thermal stability [50].
Using Nafion ionomer film as separator in Li-S battery have been investigated
[51], it showed the polysulfide anions could hardly transport through the ionomer film.
Even a Nafion coated electrode prevents polysulfide anions from passing through to
improve cycle performance and coulombic efficiency [52]. However, these various
former works form thickness Nafion membrane between anode and cathode electrode
is caused by the polarization of the polysulfide anions as shown in Figure 2-14. The
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intermediate polysulfide anions accumulate on the membrane side to reduce transport
through the ionomer membrane, and cause the reduction potential difference. On the
other hand, the contact behavior between activity materials and aluminum current
collector reduced by second coating with Nafion solution process, and the Nafion
membrane were cracked during lithiation/de-lithiation process due to the expansion of
sulfur [53]. All of these problems discuss above, they could limit the application in the
future.
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Figure 2-14 The charge-discharge curves of (a) Li-S cell with the ionomer electrolyte
and liquid electrolyte [51], and (b) the electrode with and without Nafion coating
[52].
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2.3.4 Protection and Modifications of Metallic Lithium Anode
As the most electronegative (-3.04 V vs. standard hydrogen electrode) and the
lightest metal (0.53 g/cm3) on earth, lithium (Li) metal is one of the most attractive
anode materials. The intrinsic properties of exceptionally high theoretical specific
capacity (3862 mAh/g) and outstanding energy density (2047 mAh/cm3) allow Li metal
to store the same amount of energy with the lightest weight and the smallest size
compared to other battery technologies. However, direct use of Li anodes is suffering
from drawbacks of low Columbic efficiency and dendrite formation during the
repeating charging and discharging cycles [2, 13]. Even though the PS shuttle problems
overshadow the concerns of Li metal anodes upon current advancements in Li-S battery
technologies, the technical obstacles of metallic Li anode need to be solved for practical
applications of Li-S batteries. Protection of Li anode is a worthwhile choice for
preventing redox shuttle, reducing volume expansion, and improving the safety of LiS cells.
In order to protect Li effectively, the material of the protective layer should meet
these criteria: (1) it is insoluble in the liquid electrolyte, (2) it is chemically stable
against PS and Li metal, and (3) it should be highly Li ionic conductive. Due to the
extremely high reactivity of polysulfide and Li metal, the selection of materials is very
limited. Almost all of the few researches on improving the metal Li anode performance
have focused on enhancing the stability of metal Li anode surface, for example, LiNO3
was used as additive in electrolyte to improve the stability and uniformity of the solid
electrolyte interface (SEI) layer, but they have not addressed the problem
fundamentally.
Forming alloys between Li and other metals was once considered a promising
approach for Li protection. Nimon et al. [54] made a Li-Al alloy by laminating a thin
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Al foil with a Li anode. Since Li-Al alloy forms a better Al2S3 protective layer, the LiS cell using a Li-Al anode showed better specific capacity and capacity retention. A
similar concept was demonstrated by Duan et al. [55] who compared with the common
metal Li anode and Li-B alloy, Li-B alloy has better behaviors in restraining the
formation of dendritic lithium, reducing the interface impedance of electrode and
improving the cycle performance of the battery. Test results show that the Li-B alloy
has great potential as a promising anode material for Li-S battery. Zheng et al. [56] who
sputtered a thin platinum (Pt) layer onto the Li surface using the magnetron sputtering
method. Since Pt forms an alloy with Li and it has stronger complexation ability with
polysulfide (being similar in manner to poisoning of a Pt catalyst by the sulfur species),
a Li-S cell with the protected Li anode showed a specific capacity of 750 mAh g-1 after
90 cycles.
Besides protection from PS shuttle reactions, some novel approaches has been
proposed to promote dendrite-free Li deposition. Zhang et al. demonstrated that the
self-healing electrostatic shield mechanism (Figure 2-13) by employing proper
concentration of Cs+ additives [57]. Alkali cations at very dilute condition can exhibit
lower effective reduction potentials than concentrated Li ions. This mechanism
fundamenally changes the morphology of the deposited Li from needle-like dendrites
to mirror-like deposition. Free of consumption during Li deposition allow these
additives to remain effective after long-term cycling of the batteries. Utilizing a similar
concept, self-aligned nanorod structure is achievable by a synergistic effect of Cs+
additive [58]. On the other hand, Ryou et al. proposed a mechanical surface
modification strategy to create inverse micro-needle structures on the lithium metal
surface [59]. Increased active surface area effectively reduced the charge transfer
resistance of the cell and transformed the Li deposition morphology (Figure 2-14).
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Figure 2-15 Illustration of Li deposition process by self-healing electrostatic shield
mechanism [57].
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(e)

(f)

(g)

(h)

Figure 2-16 Schematic illustrations describing the Li plating mechanism on (a,b) bare
Li metal and (c,d) micro-needle treated Li metal. SEM images of (e,f) bare Li surface
and (g,h) cross-section of needle treated Li metal after polarization at 0.53 mA cm-2
for 10 min [59].
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2.3.5 In-Situ and In-Operando analytical technologies for Li-S
Batteries
In order to develop new materials for the next generation of energy storage
devices with high power and energy density, as well as longer cycling life, fundamental
understandings of the relationship between the structural changes and the
electrochemical performance of the Li-S cell is essential for providing insights
strategies to mitigate the mechanical failure. Therefore, the techniques to monitor and
study the structural changes during the electrochemical cycling are needed. Several
research in-operando analytical techniques has done with an in-situ or in-operando
analytical system, because it provide the information in a situation closest to the real
operation.
Cañas et al. [7] use in-situ X-ray diffraction (XRD) analysis and ex-situ SEM
micrographs to study the structural modifications on the cathode of Li-S batteries
during electrochemical cycling. As Figure 2-15 shows, it demonstrated that at a
discharge rate of 300 mA/g sulfur reduces consecutively during the first discharge to
Li2S. The formation of Li2S was observed for the first time at a depth of discharge of
60% in the second discharge plateau at 1.8 V. During the charge cycle, Li2S reacts
entirely and sulfur recrystallizes with a different orientated structure and smaller
particle size. The crystalline reaction products (S8 and Li2S) were semi-quantitatively
determined using the relative integrated intensity measured by means of XRD.
Patel et al [60] use presented the first study of a Li–S battery through UV/Vis
technique in operando mode, which could determine the qualitative and quantitative
differences between soluble PSs in the catholyte. Interactions between the polysulfide
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molecules and the UV/Visible electromagnetic radiation depend on the length of the
polysulfide chain, the alkali metal, and the solvent in which the PSs are dissolved.
During the discharge, at the high voltage plateau, we observed a significant evolution
of long-chain PSs in the electrolyte (Figure 2-16); the estimated concentration was 510 mM. Further discharging reduced the concentration of PSs in the separator and the
appearance of short-chain PSs was detected (the peak at approximately 500 nm). The
remainder corresponded to 1–2 mM containing short-chain PSs (likely Li2S2), and there
was probably also some precipitated Li2S present (the peak at 425 nm in (Figure 2-16e).
During charging, the UV/Vis spectra gradually moved from short wavelengths to longer
wavelengths, which corresponded to the increase in the chain length of PSs.
Interestingly, the concentration of PSs at the end of the charging process remained
relatively high (Figure 2-16d), and regarding the position of UV/Vis spectra and the
related derivatives (Figure 2-16f), non-oxidized PSs were consistent with the measured
Li2S7 and Li2S8 standards. Notably, the final polysulfide concentration was similar to
that at the beginning of discharge; however, the UV/Vis curves were slightly shifted
towards lower wavelengths, which confirmed the presence of mid-length PSs in the
electrolyte at the end of the first charge.
Lin et al. [10] used in-operando transmission X-ray microscopy (TXM) analysis
of dimensional variations of S particles in working cells to study the dynamics of
polysulfide (PS) dissolution and re-deposition during electrochemical charge/discharge
of the Li-S battery. As Figure 2-17 shows, extensive shrinkage and expansion of S
particles have been observed to result from PS dissolution and re-deposition,
respectively. The dissolution rate of PS is found to have complex dependence on the Li
content, being significantly higher for the stoichiometries of Li2S8 and Li2S4 than those
between Li2S8 and Li2S6. PS re-deposition is nucleationlimited, leading to considerable
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aggregation of the S-containing active mass and enormous dimensional variations of
active particles. In order to enhance the cycle life of S electrode, instead of using bare
large S particles as in the present study, it has nowadays been a common practice to
embed S inside the pores of porous carbon materials. The entrapment of S inside the
pores has been meant to slow down diffusion of dissolved PS species out of the
electrodes. Dissolution/re-deposition of PSs inside the pores will not cause volumetric
variations due to physical constraint imposed by the C walls. However, dissolution/redeposition of the PS species outside the pores may still impose threat to the cycle life
of the electrode. It would be highly beneficial to introduce favorable nucleation sites,
such as the particle G shown in Fig. 3b, into the electrode matrix for facilitating PS redeposition so that S/PS particles deposited outside the pores may remain in high
dispersion upon cycling. On the one hand, it can give large electrolyte/solid interfacial
area and, on the other, it may help to avoid enormous dimensional variations associated
with segregated large particles.
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Figure 2-17 In-situ X-ray diffraction data collected of Li-S battery at a rate of 300
mA g-1 (a) during discharging process, and (b) during charging process [7].
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Figure 2-18 (a) Discharge-charge profile and (b-f) selected UV/Vis spectra at various
electrochemical stages [60].
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Figure 2-19 TXM analysis of S electrode subjected to a series of electrochemical
lithiation/ de-lithiation cycles shown in (a); (b) snapshots of an area containing three
S particles respectively indexed as E, F and G. The moments when the snapshots
taken are marked in (a) with the same numbers [10]
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Experimental

3.1 Instruments
The instruments utilized in this study were listed in Table 3-1.
Table 3-1 Instruments
Instruments

Model

Brand

Hot plat/Stirrer

HMS-212

Fargo

Magnetic Stirrer

PC-420D

Corning

Vacuum Oven

VO-30L

Channel

Furnace

SJTB-04

Lindberg

Battery Tester

Series 4000

Maccor

Battery Tester

BAT-70

AcuTech

Thermo plus2
Thermo-Gravimetric/Differential Thermal
system

Rigaku

Analyzer (TG-DTA)
TG8120
Scanning Electron Microscope (SEM)

JSM-7600F

JEOL
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3.2 Materials and Chemicals
The materials and chemicals used in this study are listed in Table 3-2. All the
reagents were of laboratory reagent grade and were used as received without any further
purification.

Table 3-2 Information of materials and chemicals used in this study.
Chemical Reagent

Sulfur (S)

Formula

Assay

Company

S8

99.98%

Aldrich

LiN(SO2CF3)2

99.95%

Aldrich

5%

Aldrich

Lithium
Bis(Trifluoromethanesulfonyl
)Imide (LITFSI)
Nafion® perfluorinated resin
solution

(CF2CF2)m(CF2CFOC
3F6OC2F4SO3H)n

Black Pearl 2000

C

99.9%

Cobat Corp.

Graphite (KS6)

C

99.9%

Timcal

Carbon black (Super P)

C

99.9%

Timcal
Taiwan tobacco

Ethanol

C2H5OH

95.0%

and liquid
corporation

2-Propanol

C3H8O

99.5 %

Fisher
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Table 3-2. (continued).
Chemical Reagent

Formula

Assay

Company

C3H6O2

99.8 %

Aldrich

1,2-Dimethoxyethane

C4H10O2

99.5 %

Aldrich

N-methyl pyrrolidone

C3H9NO

99%

Taiwan Maxwave

Al foil

99.0 %

Sambo

1,3-Dioxolane
(anhydrous)

Aluminum foil
(thickness: 20 m)
Poly-vinylidene-fluoride

HSV
(-C2F2Cl2-)n

(PVDF)

Kynar
900
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3.3 Preparation of the Cathode, Separator and Anode
Materials

3.3.1 Synthesis of Sulfur-Carbon Nanocomposite
The sulfur-carbon nanocomposite (S/C nanocomposite) was prepared by a
facile process of anti-solvent heating method [61]. The schematic illustration is shown
in Figure 3-1. A total 1 g of nonpolar sulfur and carbon (Pearl 2000) in weight ratios of
45:55 and 75:25 were dispersed in 15 mL of the polar N-Methyl-2-pyrrolidone (NMP)
solvent by magnetic stirring for 90 min. When the mixture was heated on a hotplate at
180 oC for another 90 min, polarity difference of the suspensions drive the low-viscous
molten sulfur to infiltrate the porous Peal 2000. The S/C nanocomposite was collected
by vacuum filtration and further drying in a vacuum oven at 50 oC for 12 hr. Mesh
screening through a 0.074 m/m mesh (No. 200) gave fine nanocomposite powder. The
desired sulfur content can be tailored by adjusting the weight ratios between sulfur and
carbon. The resulted sulfur contents of the S/C nanocomposite in this study were
determined to be 45 and 75 wt% by thermogravimetric analysis (Figure 3-2). The S/C
nanocomposites containing 45 and 75 wt% sulfur are denoted to S45 and S75 for
respectively.

3.3.2 Synthesis of Nafion-Coated S75 nanocomposite
The Nafion-coated S75 nanocomposites were synthesized by means of vigorous
mixing in liquid. Magnetic stirring for 30 min and sonication for 1 hr allowed 0.3 g of
S75 nanocomposite power to fully disperse in 10 mL of 2-propanol. Appropriate
amount of Nafion® perfluorinated resin solution was added to the suspension in weight
ratios of 95:5 or 90:10 S75 nanocomposite/Nafion. After another 15-min magnetic
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stirring and 1 hr sonication, the Nafion-coated S75 nanocomposite was collected by
evaporating the solvent in a water bath at 70 oC. The resulted powder was further dried
in a vacuum oven at 50 oC for 12 hr. Successful Nafion coating on the S75
nanocomposite was confirm by FT-IR (Figure 3-3a)[52]. The Nafion contents in the
coated nanocomposites were measured to be 5 and 10 wt% by thermogravimetric
analysis (Figure 3-4), denoting to S75n5 and S75n10.

3.3.3 Cast-Coating Separator with Nafion and PVDF
For a general S75n5 cathode, the Nafion loading is 37 μg/cm2. In order to coat
the equivalent amount of Nafion onto the 16 µm polypropylene separator, 15 μL of 1
wt% Nafion solution was used to wet the 20-mm-diameter separator. The 1 wt% Nafion
solution was diluted from the 5 wt% Nafion® perfluorinated resin solution with
additional 2-proponol. The coated separator was allowed dried in the air. Another
intense Nafion coated separator was obtained by applying 15 μL of the 5 wt% Nafion®
perfluorinated resin solution directly. The PVDF coated separator was achieved using
15 μL of 4.18 wt% PVDF solution in DMAc, in which the PVDF loading was
equivalent to the intense Nafion coating. A 2.5 wt% Nafion/PVDF solution (1.25 wt%
Nafion and 1.25 wt% PVDF in DMAc) was also used to cast coating the separator with
twice of 15 μL. The coated separators were further dried in a vacuum oven at 50 oC for
12 hr.

3.3.4 Polymer coating of Lithium Metal Anode
Dried Nafion was obtained by evaporating the solvent of the Nafion®
perfluorinated resin solution in a convection oven at 50 oC, which took approximately
2 hr for 1 mL solution in a 20-mL vail. The content was fully dried in a vacuum at 50
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C for 12 hr. Appropriate amount of DMAc solvent was added to the vail to dissolve

2.5 wt% dried Nafion in an Ar filled glove box. Clear homogeneous solution was obtain
by magnetic stirring and heating at 100 oC for 2 hr. As confirmed by FT-IR analysis,
replacement of solvent still retained the important sulfonic functional group of Nafion
(Figure 3-3b). The PVDF coating solution was prepared by dissolving 2.5 wt% PVDF
in DMAc at ambient temperature. Mixing equal mass quantities of 2.5 wt% Nafion
solution and 2.5 wt% PVDF solution gave a 2.5 wt% Nafion/PVDF solution (1.25 wt%
Nafion and 1.25 wt% PVDF in DMAc). The polymer coated Li metal anode was
prepared by casting coating the Li metal anode with corresponding polymer solution
using a paintbrush. The electrode was allowed dried on a hotplate at 65 oC in the glove
box. For further drying, the coated Li was transferred out of the glove box using an airinsulating desiccator and vacuumed overnight. The water content and oxygen content
were maintained below 1 ppm during the coating process.
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Table 3-3 The specific surface area and pore volume data of pearl 2000,
Surface Area

Pore Volume

(m2/g)

(cm3/g)

Pearl 2000

1364.1

3.46

S75 nanocomposite

41.6

0.34

S75N5 nanocomposite

36.3

0.33

S75N10 nanocomposite

30.1

0.31

Celgard 2400 separator

33.7

0.36

Sample
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Figure 3-1 Schematic illustration of the S75 nanocomposite synthesis process.

Figure 3-2 TGA plot of S75 nanocomposite. The weight loss from 200-350 oC
corresponds to the evaporation of sulfur.
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Figure 3-3 FT-IR spectra of S75n5, S75n10 and pure Nafion. The characteristic peaks at 1230,
1153, 1059, and 982 correspond to the sulfonic group on Nafion.
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(a)

(b)

Figure 3-4 TGA plot of (a) S75n5 and (b) S75n10 nanocomposites.
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3.4 Preparation of Electrolyte

3.4.1 Synthesis of General Electrolyte
Liquid electrolytes were prepared by dissolving a lithium salt in organic
solvents.

Dissolving

2.871

bis(trifluoromethanesulphonyl)imide

g

and

7.177

g

of

Lithium

(LiTFSI) into 10 mL of 1:1 vol./vol. 1,3-

dioxolane (DOL)/1,2-dimethoxyethane (DME) to obtain 1 M and 2.5 M electrolytes
respectively. Magnetic stirring was applied at ambient temperature until LiTFSI was
fully dissolved. The whole process was performed in an Ar-filled glove box, and the
water content and oxygen content were maintained below 1 ppm.

3.4.2 Synthesis of Lithium Polysulfide Solution
The lithium polysulfide (Li2S8) was synthesized by mixing 7:1 stoichiometric
mole ratios of elemental sulfur and pristine lithium sulfide (Li2S) in 1:1 vol. DOL/DME
solvent. The complete reaction and dissolution took about four days of stirring at room
temperature. The resulted Li2S8 solution was prepared as 0.05 M. Corresponding
amount of 1 M LiTFSI was subsequently dissolved in the polysulfide solution.
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3.5 Analysis and Characterizations

3.5.1 Thermo-Gravimetric Analyze
The sulfur content in the S/C nanocomposite was determined by the
thermogravimetric analysis in a temperature range from 25 oC to 800 oC with a heating
rate of 10 oC/min under air atmosphere. The weight loss at approximately 300 oC
corresponds to the evaporation of S.

3.5.2 Scanning Electron Microscopy
The scanning electron microscope (SEM) analyzes the sample morphology by
scanning the sample with a focus electron beam. The surface morphology of S/C
nanocomposites, Nafion-coated nanocomposites, S/C cathode, polymer coated
separators, and polymer coated Li metal were analyzed by SEM. The powder samples
were prepared by gently tapping a small tip of the powder onto the SEM holder with
carbon tape. The separator and S/C cathode were cut into a small piece before taped
onto the holder. Samples except Li metal were sputtered with platinum to increase
conductivity. Twice sputtering time was required for the nonconductive separators.
Since Li metal is extremely sensitive to moisture, the Li metal samples were prepared
in an Ar-filled glove box and transported to the SEM with an Ar-filled and air-insulating
desiccator. When the SEM chamber was vented and opened, the holder taped with Li
was quickly transferred into the chamber and evacuated immediately. Air exposure was
less than 2 seconds, which is believed not to affect the morphology. The Li metal
sample did not require Pt sputtering. SEM images were obtained by focusing a high
energy electron beam on the sample surface and detecting signals from the interaction
between incident electrons and the sample surface.
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3.5.3 Fourier Transform Infrared Spectroscopy
Fourier transform infrared spectroscopy is a technique that measures the infrared
absorption spectrum of a material. The raw data is converted to an actual spectrum via
Fourier transform. All samples were compressed into a 1-cm-diameter tablet for
characterization. The spectrum of potassium bromide (KBr) was taken as the
background. The Nafion sample was prepared by mixing the KBr powder with the
Nafion® perfluorinated resin solution in a KBr/Nafion weight ratio of 200:1. The
mixture was dried in a convection oven at 50 oC before being compressed into a tablet.
Other powder analyte was prepared by mixing with powder KBr in a mass ratio of 200:1
using a mortar and pestle. The spectra were obtained in the wavenumber range from
4000 to 450 cm-1.

3.5.4 Surface Area and Pore Structure Analyses
The BET (Brunauer, Emmett, and Teller) surface area and pore size distribution,
determined by nitrogen adsorption, of materials was conducted with a surface area
analyzer (Micrometrics/ASAP 2020). BET method involves multiple-payer adsorption,
of which equation is described as:
P
1
(C  1) P


V ( P0  P) Vm C Vm CP0

(3-1)

where V is the volume of adsorbed nitrogen (cm3/g); P, the pressure of adsorbed gas;
P0, the saturated vapor pressure ; Vm, the volume of mono-layer adsorbed nitrogen; and
C is constant. A linear relation of P/(V(P0-P)) and P/P0 can be obtained, which gives a
slope of (C-1)/VmC and intercept of 1/VmC; and thus the specific surface area can be
calculated based on the volume of adsorbed nitrogen. BJH (Brunauer, Joyner, and
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Halendar) scheme for determination of mesopore distribution is based on Kelvin
equation and thickness equation, showing the relation between relative pressure and
pore size. The micropore system delivers accurate porosity data on pores between 0.35
and 3 nm.

3.5.5 Determination of the Diffusion Coefficient (DLi+)
The diffusion coefficient of lithium ion (DLi+) can be measured via cyclic
voltammogram (CV) plots at various scan rates based on Randles-Sevick equation:
0.5
𝐼𝑝𝑒𝑎𝑘 = 268600 × 𝑛1.5 × 𝐴 × 𝐷𝐿𝑖+
× 𝑟 0.5

(3-2)

Where Ipeak is the peak current (A); n is the number of electrons transferred in reaction
(n=2 for Li-S batteries); A is the area of S cathode (1.327 cm2 herein); CLi+ is the
concentration of Li+ added in the electrolyte (mol mL-1); r is the CV scanning rate (V
s-1). The CVs are scanned in the voltage window between 1.5 and 3.0 V at 0.1, 0.2 and
0.5 mV s-1. DLi+ can be calculated from the linearly fitted Ipeak vs. r0.5 plots.

(3-3)
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3.6 Electrochemical Characterizations

3.6.1 Preparation of Electrodes
The basic S/C cathodes consisted of 70 wt% active materials (e.g. S/C
nanocomposite, Nafion-coated nanocomposite), 15 wt% conductive additives of
graphite flakes (KS6), and 15 wt% PVdF binder, on the dry basis. Variations of slurry
compositions are summarized in Table.
The binder solution was prepared by dissolving 3 wt% PVDF in NMP by
magnetic stirring for overnight. The current collector of Al foil was pretreated with a
layer of graphite coating. KS6, hydrophilic binder of Sodium Alginate, and deionized
water were mixed in a mass ratio of 9:1:100 by an agitator. The resulted well-mixed
slurry was coated onto a piece of Al foil using a coating machine with gap 20 and speed
3. The coated Al foil was dried on a hotplate at 80 oC.
To prepare an electrode, the active material and KS6 were weighted out in ratio
and grinded to fine mixed powder using a mortar and pestle. After 15-min hand grinding,
the powder was wetted with a small amount of NMP. Once binder solution was added,
the mixture was quickly and vigorously mixed. The well-dispersed slurry was then
spread uniformly onto a graphite-coated Al foil utilizing a coating machine with gap
100 and speed 3. The thickness of electrodes was determined by the speed of conveyer
and the gap height. The wet electrode was first dried on a hotplate at 80 oC to evaporate
the NMP solvent. After punched into 13-mm-diameter disks, the electrodes were further
dried in a vacuum oven at 50 oC for 12 hr to remove the residual solvent. The prepared
electrodes were stored in an Ar-filled glove box. The sulfur loading of each S/C cathode
was controlled to approximately 0.71 mg/cm2.
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Table 3-4 Slurry composition of S75/S75n5/S75n10 electrodes
Component

wt. %

S75 nanocomposite

70

KS6

15

PVDF

15

NMP

500

Table 3-5 Slurry composition of S75-N20 electrodes
Component

wt. %

S75 nanocomposite

66.5

KS6

15

PVDF

15

Nafion

3.5

NMP

500

Table 3-6 Slurry composition of S75-N50 electrodes
Component

wt. %

S75 nanocomposite

70

KS6

15

PVDF

7.5

Nafion

7.5

NMP

500
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Table 3-7 Slurry composition of S75-N100 electrodes
Component

wt. %

S75 nanocomposite

70

KS6

15

Nafion

15

NMP

500

3.6.2 Coin cell fabrication
CR2030-type coin cells with 20 mm in diameter and 3.2 mm in thickness were
used in this thesis. Figure 3-5 illustrates the layout of a typical coin cell, consisting of
a bottom cap, S/C composite cathode, 16 µm polypropylene separator, Li foil, a
stainless-steel plate, a spring, and a top cap, from bottom up. As a half cell, Li metal
acts as a counter electrode while the stainless steel plate provides structural support as
current collector. In a Li-Li symmetric cell, the S/C cathode was replaced with another
piece of Li foil and supporting stainless steel plate (Figure 3-6). For all cells, the amount
of electrolyte in each cell was controlled to 40 μL via a pipet, since the Li-S batteries
are sensitive to the electrolyte addition. The entire cell fabrication process was
performed in an Ar-filled glove box with oxygen and moisture level below 1.0 ppm.

3.6.3 Electrochemical Tests
The galvanostatic tests for Li-S batteries were carried out by discharging and
charging the cells with a constant current within an operating window between 1.5 and
3.0 V using a battery tester (AcuTech/BAT-70). The C-rates and the resulting capacities
were calculated based on the mass of sulfur content.
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For the Li-Li symmetric cells, the 1 C current correspond to a cathode sulfur
loading of 0.67 mg/cm2 (i.e. 2.23 mA). The stripping/deposition cycles of the Li-Li
symmetric cells were operated for full hours. For example, a typical Li-Li cell was
cycled at 1 C for repeated 1-hr discharging and 1-hr charging. The voltage limits were
set to be unreachable potentials of 4.0 and -4.0 V for charging and discharging
respectively. The electrochemical tests were carried out utilizing Maccor battery tester.
All potentials were reported with respect to Li+/Li.

3.6.4 Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) characterizes the response of an
electrochemical system to an applied potential. The impedance-dependent frequency
can reveal the internal dynamics of a cell. The complex response of a system is usually
depicted with a Nyquist plot. The impedance spectra in this study was obtain by an
frequency analyzer (Metrohm Autolab/PGSTAT30) in a frequency range from 100 kHz
to 10 mHz with an amplitude of 10 mV. The measurements were taken at the initial, 5th
cycle, 10th cycle and every 10th cycle for the Li-Li symmetric cells at an open circuit
potential (OCP) of 0.0 V.
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Figure 3-5 Schematic illustration of a Li-S coin cell.

Figure 3-6 Schematic illustration of a Li|Li symmetric coin cell.
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3.7 In-Operando Digital Microscopic Analysis

3.7.1 Glasscell assembly
In order to observe the in-operando phenomena of electrochemical cells, a
special assembly of a glasscell was designed. As illustrated in Figure 3-7, a glasscell
for Li-S batteries is composed of two glass slides as the top and bottom covers, a resin
frame as the thickness framework, a cap with a resin cushion, an aluminum (Al) wire
for the cathode, and a copper (Cu) wire for the anode. The top glass slide was drilled
with two 1-mm-diameter holes. The resin frame was prepared by annealing three layers
of 0.1-mm Surlyn 1706 films and cut into a frame with an outer dimension of 2.0 x 2.0
cm and an inner dimension of 1.0 x 1.0 cm. The center cutouts were attached to a glass
cap as the resin cushion. The Al wire and Cu wire were prepared by cutting the 15-μm
Al foil and 20-μm Cu foil into 3 mm x 6 cm dimensions. The Al and Cu wires were
sandwiched between two 0.3-mm resin frames giving a total thickness of 0.6 mm. The
wired resin frame was annealed to the top glass slide. The as-prepared top glass slide,
a bottom glass slide, a cap and five clamps were sent into an Ar-filled glove box for
electrochemical cells fabrication.
In an Ar-filled glove box, a 3 x 4 mm rectangle was cut from a pre-punched 13mm-diameter electrode. The Li foil was also cut into a 3 x 4 mm rectangle. After
inserting the S/C cathode and the Li metal anode between the corresponding wire and
the top glass slide, the bottom glass slide was annealed to the resin frame. Electrolyte
was filled into the glasscell with a pipet via one of the holes on the top glass slide, while
the other hole was designed to balance the pressure. The glasscell was finally sealed by
clamping the cap over the holes. Additional clamps were fixed to enhance sealing. All
annealing of resin was achieved by heating with a hairdryer for 30 s. The cell fabrication
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process was performed in an Ar atmosphere with oxygen and moisture level below 1.0
ppm.
For Li-Li symmetric cells, the glasscell assembly was very similar, except for
replacing the Al wire another Cu wire (Figure 3-8). Another piece of 3.0 x 4.0 mm Li
foil was in the place of the cathode.

3.7.2 Setup for in-operando microscopy
The glasscells were connected to a Maccor battery tester for electrochemical
operation. The electrochemical testing programs were very similar to the coin cell
settings. The potential window for Li-S cells were between 1.5 and 3.0 V. The active
material loading was calculated from the weight ratio between the cutout and the whole
13-mm-diameter electrode disk. The Li-S glasscells were tested under 0.1 C. For Li-Li
symmetric cells, setting the voltage limits to 4.0 V for charging and -4.0 V for
discharging allows the stripping/deposition process to be operated to full hours, since
these limits were designed to be unreachable. The glasscells were coupled with a digital
microscope for in-operando recording. The time lapse was 30 : 1.
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Figure 3-7 Schematic illustration of a Li-S glasscell.

Figure 3-8 Schematic illustration of a Li|Li symmetric glasscell.
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In-Operando Digital Microscopic
Study on Polysulfide Dissolution and Li
Dendrite Formation in Li-S Batteries

4.1 Introduction
The discharging and charging process of Li-S batteries involve multi-step
electrochemical reactions with various lithium polysulfide (PS; Li2Sn, 1 ≤ n ≤ 8)
intermediates. Among the intermediates, the long-chain PSs are highly soluble in the
aprotic organic electrolyte. PS dissolution is a critical challenge of Li-S batteries,
causing a series of problems including high self-discharge rate, active material loss in
the electrolyte, and corrosion of the lithium metal anode. These concerns are directly
related to deterioration of several key performance indexes, such as cycle life and
columbic efficiency, of batteries [13, 22, 24, 62-64].
In order to understand the fundamentals of PS dissolution, researchers have
utilized different in-operando analytical techniques to study the PS dissolution
behaviors. In-operando X-ray diffraction (XRD) was used to monitor the reactions of
crystalline phases in the cathode at different depth of discharge (DOD, %) [7]. Patel et
al. qualitatively and quantitatively differentiate the different PS species in the catholyte
via UV/Vis spectroscopy, as PS compounds strongly absorb radiations in the UVvisible region [8, 9]. Housing an in-operando Li-S cell in a glass tube, Cui’s group was
able to measure the color change of the electrolyte at different DOD and DOC (depth
of charge) [65]. The color change indicated the temporal and spatial distribution of the
PS species in the cell. From a previous work of our lab, Lin et al. visualized the
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shrinkage and growth of sulfur particle in the cathode during lithiation and de-lithiation
upon cycling by in-operando transmission X-ray microscopy (TXM) [10].
Besides the PS dissolution challenge from the cathode, lithium metal anode also
encounters safety concerns and practical problems to be solved before any feasible
application of the substantially high energy density Li-S batteries. During operation
cycles, rather than yielding a smooth morphology, non-uniform current density will
result in formation of loosely packed and moosy-like lithium deposition, namely
“lithium dendrite” [13, 66]. Lithium dendrite growth results in dramatic volume
expansion, increase of internal cell resistance, and eventually penetration through the
separator leading to short-circuit and thermal runaway [13]. While tremendous efforts
have been made to model and explain the dendrite growth mechanism [66-68], inoperando imaging provide valuable evidence. An optical cell proposed by Howlett et
al. allow direct observation of the dendrite formation over charge/discharge cycles [69,
70]. Recently, Mehdi et al. quantified the cycling Li electrodeposition using an
operando electrochemical stage for transmission electron microscope (TEM).
In this study, a special in-operando glasscell design was coupled with a digital
microscope enables simultaneously visualize the macroscopic PS dissoluion as well as
Li dendrite formation. Effects of cathode S loading and electrolyte salt concentration
on the extent of PS diffusion were compared. The thin glasscell design eliminated the
depth of focus issue and allowed direct observation of Li dendrite growth under
different current density.
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4.2 Visualization of Polysulfide Dissolution and Dendrite
Formation utilizing glasscell design
An in-operando glasscell with S45 cathode (0.56 mg cm-2) and Li metal anode
was discharged and charged at 0.1 C (Figure 4-1a) in the potential window of 1.5-3.0
V. The operation phenomena were monitored by a digital microscope (Figure 4-1b). As
the cell discharged at the first plateau, elemental sulfur in the cathode reduced into longchain PS and slowly diffused into the electrolyte, indicated by the yellowish flow. The
maximum PS dissolution occurs at the end of 1st plateau (Figure 4-1b2,3). As the cell
further discharged at the 2nd plateau, the soluble PS in the cathode was reduced into
solid Li2S2 and Li2S, the PS outflow was drawn back into the cathode due to
concentration gradient. The electrolyte became clear again (Figure 4-1b4,5). This result
is consistent with the in-situ UV-Vis spectroscopy [60] and operando X-ray absorption
spectroscopy [71].
Upon charging, the solid Li2S was oxidized back to long-chain PS and to
elemental sulfur. The electrolyte mainly remain clear, but a slightly reoccurrence of PS
dissolution at the second plateau of charging. Unlike discharging that the PS outflow
could diffuse back to the cathode during the reaction time of a second plateau, PS
dissolution and back diffusion happened in the same plateau during charging. Once the
PS in the cathode were fully reacted to elemental sulfur, charging terminated, leaving
no grace period for the diffused PS to return. Slight PS dissolution around the cathode
(Figure 4-1b6) indicated loss of active material in the electrolyte. This explains the facts
of capacity fading in most reports and the reason why the reported discharge capacity
is usually less than the theoretical value. Overall, PS diffusion in the electrolyte is slow
compared to the electrochemical reactions of the battery cell, which also answers the
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question why the Columbic efficiency of Li-S batteries are usually higher at high C
rates. At high C rates, the short presence of soluble PS intermediates leaves few time
for diffusion. Besides the evolution of PS movement, dendrite-like Li deposition along
the edge of the Li foil towards to cathode was clear observed during charging (Figure
4-1b6’).
Based on common ion effects, increasing Li-salt concentration in the electrolyte
is one possible method of inhibiting PS dissolution in Li-S batteries [47, 48]. By
investigating the electrochemical performance of S45 cathode in electrolyte with
LiTFSI concentration from 1 to 7 M, a previous work of lab showed an optimal salt
concentration of 2.5 M, maximizing rate performance, cycle stability and Columbic
efficiency [72]. In this study, the in-operando Li-S glasscell setup was able to give
direct evidence supporting the optimization. PS dissolutions of Li-S cells with 1 and
2.5 M LiTFSI are compared. The total sulfur loading in each cell was maintain at
approximately 90 µg for the comparison to be eligible. Figure 4-2a,b indicate the
corresponding discharge/charge profile, while Figure 4-2d,e present the instant image
at different DOD and DOC. Dissolution of PS in 2.5 M electrolyte was also maximum
at the end of the first discharge plateau (Figure 4-2e2), but travel distance was limited
compared to that in 1 M electrolyte. The presence of higher Li-ion concentration in the
electrolyte reduced the solubility of Li-PS.
One important requirement for practical application of Li-S batteries is high
sulfur loading. Only if the sulfur content can be increased, the actual energy density can
high based on the total mas of the electrode. However, higher sulfur loading usually
result in more severe PS dissolution which would further lead to overcharging. On
comparing Figure 4-2 b,d and c,f, the intense yellow colar in the electrolyte indicated
significant loss of active sulfur (Figure 4-2 f4). When the concentration of PS in the
67

doi:10.6342/NTU201602506

electrolyte was diluted and became equilibrium with the PS concentration in the
cathode, the dissolved PS was unable to return.
The glasscell design is very versatile for different types of electrochemical cells.
Simply by changing the aluminum wire to copper wire and sulfur composite cathode to
another piece of Li metal, a Li-to-Li symmetric cell was completed for studies on Li
electrochemical deposition. With a fixed total charge of 1.25 C, the effects of current
density Li dendrite formation was investigated. Upon deposition at higher current
density, dramatic volume expansion was observed. Instead of dense packing with
metallic shimmer, the deposition was black and dendrite-like (Figure 4-3a). The dark
color was result from loosely pack nano-sized structure of the deposition. When
depositing at lower current density, the volumetric expansion of the redeposition was
significantly reduced.
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Figure 4-1 Digital microscopic study of PS dissolution at various discharge and
charge state. (b) Snapshots along (a) real-time discharge and charge profile.
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Figure 4-2 Digital microscopic study of PS dissolution at various discharge and
charge state. Snapshots of S45 cathode in (d) 1 M and (e) 2.5 M LiTFSI electrolyte
and (f) S75 cathode in 1 M LiTFSI electrolyte along corresponding real-time
discharge and charge profile (a-c).
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Figure 4-3 Digital microscopic study of Li electrodeposition with different current
densities. (a) 0.4 mA for 52 min, (b) 0.2 mA for 104 min and (c) 0.1 mA for 208 min.
The total charge was fixed to 1.25 C.
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Assessments on Nafion/PVDF
Modifications at Different Cell Positions of
Li-S Batteries for Enhanced
Electrochemical Performance

5.1 Introduction
The digital microscopic observation in Chapter 4 indicated severe PS
dissolution during the 1st discharge plateau and 2nd charge plateau due to generation of
long-chain PS. Although higher sulfur content is required to meet the energy demand
for the market, high sulfur loading also encountered more severe PS dissolution
problem. Inevitable loss of active material in the electrolyte accounts for the decline of
cycleability, Columbic efficiency, and rate performance of batteries [13, 22, 24, 62-64].
Significant amount of research intend to trap sulfur in a carbon host including carbon
black [41], mesoporous carbon[73], carbon nanofibers [4], carbon nanotubes [74], and
graphene oxide [75, 76]. High electronic conductivity allows these carbon materials to
serve as reaction sites for sulfur and PS. Modifications of employing conductive
polymer polyaniline in the matrix have also been proposed [6, 77, 78]. The sulfur
content in these researches ranged from 33 to 84 wt.%, among which the high sulfur
content cell or high rate capable cells usually required complex synthesis method of
chemical deposition or additional surface modification. Moreover, nano-sized metal
oxide [79-83] and mixed carbon interlayer [82, 84-87] may act as additional PS
reservoir.
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In addition to the aforementioned materials, Nafion has been a famous proton
conducting membrane in fuel cell applications [88, 89]. Nafion is an ionomer originated
from polyvinylidene fluoride (PVDF), while PVDF happened to be a conventional
binder material for the cathode of Li-S batteries. The C-F backbone of PVDF is
functionalized with side chains containing negatively charged sulfonic groups to
become Nafion, theoretically repulsing the PS anions while allowing the passage of Li
cations. Recently, enhanced Columbic efficiency and cycleability have been enabled
by Nafion modified separators [40, 51, 90, 91] and cathodes [52, 92-94]. However,
Nafion impregnated separator were thicker than the pristine separator, disporting the
cathode and anode to a further distance, which may lead to additional internal resistance
of the cell. Nafion coating on the cathode material can reduce contact to the current
collector and thus limit the electronic conductivity. The swelling issue also challenges
the long-term mechanical properties of Nafion, which was once controlled in the fuel
cell applications by optimizing the composition between Nafion and PVDF [11, 12].
Moreover, the effect of Nafion at different cell positions are difficult to compare
between separate studies since the cathode materials, types of Nafion, and preparation
methods were different. The high rate performance of the Nafion modified cell are not
yet studied.
In this study, using the same type of active material and same type of Nafion,
effective Nafion modifications of the sulfur cathode, the 16 µm polypropylene separator
and the lithium (Li) metal anode are compared respectively. A high sulfur-content
sulfur/carbon (S/C) nanocomposite with 75 wt% sulfur in a porous carbon (Pearl 2000)
matrix was employed as the cathode material. The sulfur cathode was modified by
either coating the S/C nanocomposite powder with Nafion or incorporating Nafion into
the binder material. Solution casting method was utilized to modify the porous separator.
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And the metallic Li anode surface was modified with Nafion for the first time. In light
of the swelling control studies of fuel cell applications, the effects of PVDF
incorporation were also discussed. In-operando digital microscopic analysis rendered
complementary explanations on the electrochemical performances and gave insights to
the cell designs of Li-S batteries. A LiNO3-free electrolyte was especially chosen to
genuinely reveal the effects of modifications.
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5.2 Nafion Coating on S75 Nanocomposites
A previous work of our lab determined an optimal nanocomposite modification
of 5 wt.% Nafion coating on a low sulfur content S45 nanocomposite (45 wt.% sulfur)
[72]. Here we extend the work to a high sulfur content S75 nanocomposite to fulfil the
demand of high energy density (75 wt.% sulfur). Figure 5-1 depicts the surface
morphologies of S75, S75n5, and S75n10 nanocomposites by SEM imaging. S75n5
and S75n10 nanocomposites were S75 nanocomposite coated with 5 wt.% and 10 wt.%
Nafion, whose polymer coating content were confirmed by TGA analysis (Figure 3-4).
The particle size of the pristine S75 nanocomposite was 10-30 nm. After coating, the
nanocomposite surface became smoother. Multiple nanocomposite particles were
enveloped by the Nafion polymer coating and became a larger joint particle, marked by
arrows in Figure 5-1b, c.
Employing S75, S75n5, and S75n10 as cathode material respectively, the
discharge capacity and Columbic efficiency were measured at various current density
ranging from 0.1 C (0.1672 A g-1 sulfur) to 10 C (16.72 A g-1 sulfur). As indicated in
Figure 5-2, the three cells exhibited very similar discharge capacities at low rates (up
to 0.5 C) but improved Columbic efficiency with both 5 and 10 wt.% Nafion coating
on the composite. The initial capacities are 955, 946, and 1000 mAh g-1 for S75, S75n5,
and S75n10 respectively. The overall performance of S75n5 and S75n10 were almost
identical in terms of both discharge capacity and Columbic efficiency, so the optimal
Nafion coating was still determined to be 5 wt.% in the case of S75 nanocomposite.
From an engineering prospect, less additional content is preferred, so that a higher
percentage of effective active material (Figure 3-4) can be packed in a cell. Starting
from 1 C, the Nafion coated nanocomposite displayed a more superior discharge
capacity than the pristine cell. A discharge capacity of 540 mAh g-1 (based on S) for
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Nafion coated S75 is comparable to the 5 wt.% Nafion coated S45 [72] while
maintaining a much higher sulfur content. The resulting capacity based on the total
mass should be almost doubled. Even at 10 C, the S75n5 cell was able to discharge for
378 mAh g-1, which was more than four time higher than the pristine S75 cell.
Comparing the discharge-charge profiles (Figure 5-3), Nafion coating on the
nanocomposite minimizes the polarization over increased operation rates. Absence of
the 2nd discharge plateau accounts for the dramatic capacity drop of the pristine cell at
5 C and 10 C, while the plateau was stabilized by the Nafion coating for S75n5. The
improved performance is attributed to the cationic selective properties of Nafion by
inhibiting the diffusion of PS intermediates. However, the PS shuttle effects were yet
completely eliminated, indicated by the overcharging at low rates.
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Figure 5-1 SEM images of (a) S75, (b) S75n5, and (c) S75n10 nanocomposites.
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Figure 5-2 Rate performance of Nafion coated S75 nanocomposites. (a) Discharge
capacity and (b) Columbic efficiency. 1 C refers to a current density of 1.672 A g-1.
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Figure 5-3 The discharge-charge profiles of Nafion coated S75 nanocomposites at (a)
0.1 C, (b) 2 C, and (c) 5 C. Profiles of the 3rd cycles at each rate were plotted.
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5.3 Nafion as a Functional Additive for Binder Materials
Nafion coating on S75 nanocomposite powder has demonstrated hindered PS
shuttle and enhanced high rate performance in the previous section. However, cost
effectiveness and process simplicity are two major considerations for an industrially
viable fabrication process. Only if the material and processing costs are able to keep
low, a new battery technology can be competitive to the currently commercial lithiumion systems. In this section, the feasibility of direct incorporation of Nafion in binder is
discussed.
Instead of coating nanocomposite powder with 5 wt.% Nafion, the same amount
of Nafion was dissolved in the binder solution as an additive along with PVDF, giving
a Nafion/PVDF weigh ratio of 23 %, denoted by N20. To further investigate the
possibility of Nafion as binder, PVDF in the binder solution was replaced by 50 wt.%
and 100 wt.% Nafion, denoted by N50 and N100 respectively. The surface morphology
of the as-prepared electrodes were analyzed by SEM. Micron-sized cracks was
observed on the electrode using pure Nafion as binder, while other electrodes
maintained compact morphologies (Figure 5-4). When the N100 electrode sheet was
punched into electrode disks, pulverized detachments from the edge also indicated
weak mechanical properties and poor contact to the aluminum current collector.
The electrodes with different binder compositions were tested for rate
performance. The composition of N20 and S75n5 electrodes were equivalent, except
for Nafion was coated onto the nanocomposite powder for S75n5 but blended into
binder for N20. The resulting rate performance was very similar, giving improved
Columbic efficiency at low rates and enhanced capacity at high rates compared to the
pristine control sample (Figure 5-6). For a closer comparison, both the discharge
capacity and Columbic efficiency of the N20 cell were slightly higher than the S75n5
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cell at 0.1 C and 0.2 C. On comparing the discharge curves at 0.1 C (Figure 5-7a), the
capacity difference mainly came from the 2nd plateau where reduction of Li2S4 into
Li2S2/Li2S and solid deposition occurs. As illustrated in Figure 5-5, Nafion enclosed
the nanocomposite particles for S75n5; but in the case of N20, blending Nafion in
binder covers not only the nanocomposite aggregates but also the micro-sized
conductive additive (graphite flakes, KS6). N20 electrodes may be able to leave more
free carbon surface for Li2S2/Li2S deposition.
As further increasing the Nafion content by replacing half of the PVDF to
Nafion, the rate capacities increased, delivering above 600 mAh g-1 at 2 C and above
400 mAh g-1 at 10 C. On comparing the discharge-charge profiles, polarization was
reduced. However, to our surprise, the Columbic efficiency decreased. There seemed
to be a trade-off between capacity and Columbic efficiency regarding the Nafion
content.
When the binder material was completely replaced with Nafion, the cell
encountered severe overcharging issue. Dramatically extended 2nd charge plateau
(Figure 5-8) indicated serious PS shuttle and high self-discharge rate. Due to inability
of achieving full charge after charging for over two days at 0.1 C, the N100 cell was
terminated and continued for rate performance test starting from 0.5 C. Although the
N100 cell exhibited improved high rate capacity compared to the control cell, the
Columbic efficiency was not as good as the cells employing Nafion with PVDF in
binder. PS may have leaked through the cracks on the N100 electrode and diffused to
the Li metal anode where they were directly reduced. The reduced species diffused back
to the cathode and be oxidized. These shuttle loop led to low Columbic efficiency.
Moreover, as a polymer with high concentration of fixed charges, excessive swelling
in the electrolyte would not only result in weak mechanical properties but also reduce
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the effective volume-based ion-exchange capacity [11]. The ability to hinder PS
passage was weaken after swelling. Blending with uncharged PVDF can reinforce the
mechanical properties and control swelling [11]. On comparing the discharge-charge
curve of N100 and N20, N20 delivered similar discharge capacity with a much
mitigated polarization (Figure 5-7). This explains the importance of remaining partial
PVDF in binder.
The cycling performance presented in Figure 5-9 shows that the S75 control cell
exhibited an initial capacity of 514 mAh g-1 and gradually climbed to a maximum
discharge capacity of 546 mAh g-1 after 20 cycles. By contrast, the N20 cell and the
N50 cell delivered much higher initial capacities of 673 ad 638 mAh g-1 respectively.
Maximum discharge capacities of 752 mAh g-1 for N20 electrode and 678 mAh g-1 for
N50 electrode were achieved after a few initial cycles. This increase in capacity during
the first cycles has been explained by the formation of cavities in the nanocomposite
upon dissolution of the sulfur active material [61, 95]. Cavities provide pathway of
electrolyte to the insulating sulfur buried inner the S75 nanocomposite, which lead to
higher utilization of active material. Upon long-term cycling, the S75 control cell
maintained a high retention of 88 % based on the maximum capacity for 400 cycles at
1 C (1.672 A g-1 sulfur). Although with lower retentions, the N20 cell delivered
substantially higher discharge capacities and higher Columbic efficiency than the S75
control cell for 400 cycles.
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Figure 5-4 SEM images of the as-prepared electrodes with (a) 15 wt.% PVDF
(control), (b) 15 wt.% PVDF and 3.5 wt.% Nafion (N23), (c) 7.5 wt.% PVDF and 7.5
wt.% Nafion (N50), and (d) 15 wt.% Nafion (N100) as binder based on the total
cathode composition.

Figure 5-5 Schematic illustration of the difference between Nafion (a) coating on
nanocomposite and (b) incorporation in binder.
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Figure 5-6 Rate performance of electrodes employing different Nafion contents in
binder. (a) Discharge capacity and (b) Columbic efficiency. 1 C refers to a current
density of 1.672 A g-1.
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Figure 5-7 The discharge-charge profiles of electrodes employing different Nafion
content in binder at (a) 0.1 C, (b) 2 C, and (c) 5 C. Profiles of the 3rd cycles at each
rate were plotted.
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Figure 5-9 Cycle performance and Columbic efficiency comparisons of various
modified cathode at 1 C (16.72 mA g-1 of sulfur).
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5.4 Nafion and PVDF Coatings on Polypropylene
Separator
As a nonconductive polymer, Nafion modification of the cathode material may
eventually interfere the conductivity within the cathode. Modifications of the porous
polypropylene separator were investigated. The equivalent Nafion amount to S75n5
electrode and N20 electrode was cast coated on the separator, giving a Nafion loading
of 25 μg/cm2, denoted by “sep-N-1”. Actually, the loading was designed to be 37 μg
Nafion/cm2 for exact equivalence, but there was some material loss during the cast
coating process. Comparing the SEM image with the pristine separator (Figure 5-10a,
b), this small amount of Nafion coating only slightly thickened the separator fibers,
leaving the pores wide opened as the uncoated separator. With five times higher Nafion
loading (120 μg/cm2), Nafion uniformly coated onto the separator fiber while still
leaving minimal number of nano-size passages (Figure 5-10c). This higher Nafion
loaded separator was denoted by “sep-N-2”. Examined by rate performance test, it was
not surprised that the cell with sep-N-1 separator showed similar discharge capacity but
improved Columbic efficiency to the pristine control sample (Figure 5-11). However,
when the cell employed sep-N-2 separator, the high rate capacity was enhanced
substantially and exhibited nearly 100% Columbic efficiency. Nafion loading on the
separator directly related to the ability of blocking PS shuttles.
In-operando digital microscopic analysis of Li-S glasscells employing pristine
Celgard 2400 separator and sep-N-2 separator provided direct evidence on PS hindering
property of the sep-N-2 separator. Snapshots were taken at different depth of discharge
(Figure 5-13). During 1st plateau discharge, long-chain PS diffused into the electrolyte
and easily passed through the uncoated separator to the anode side. Upon further
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discharge at 2nd plateau, as discussed in chapter 4, the diffused PS was supposed to
return to the cathode due to reversed concentration gradient (lower PS concentration in
the cathode). However, the presence of separator became an additional barrier, resulting
in significant loss of active material in the electrolyte. In contrast, the sep-N-2 separator
was able to confide PS in the cathode side over the entire discharge process. Effective
Nafion modified separator would have three roles: 1. prohibiting direct reduction of PS
at the Li metal anode and mitigate shuttle effects; 2. Constraining PS in the cathode
side lead to a higher maximum PS concentration in the catholyte (the electrolyte volume
of the cathode side only was smaller than the volume of whole electrochemical cell),
creating a larger driving force for the back diffusion of PS during the 2nd discharge
plateau; 3. The travel distance of PS was shortened. Hence, the active material lost was
minimized by the sep-N-2 separator. This also explains the enhanced high rate
capacities with effective Nafion modifications.
On comparing the discharge profiles of the pristine cell and the cells employing
sep-N-1 and sep-N-2 separators (Figure 5-12), the high rate failure of the pristine cell
and sep-N-1 cell mainly resulted from large polarization and inability to discharge at
the 2nd plateau starting from 5 C, while the sep-N-2 cell was still able to deliver 2nd
plateau capacity at 5 C. In order to examine whether the high rate failure of the control
cell was due to intrinsic inability or deterioration through time, another rate
performance test was specially designed. Cells employing pristine separator and sepN-2 separator were directly discharge at 5 C after 5 cycles of formation at 0.1 C, then
returned to the low rate of 0.2 C and stepped up to 10 C and finally returned to 0.2 C
again (Figure 5-14). After formation cycles at 0.1 C, there was a dramatic capacity drop
during the first 5 C cycles for the cell employing pristine separator (control 2), while
the sep-N-2 cell was able maintain a four time higher discharge capacity. During
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subsequent rates, the control 2 cell exhibited almost identical performance to the control
1 cell (the cell running the previous rate performance test without 5 C cycles in between
0.1 and 0.2 C), except for lower Columbic efficiency due to additional 5 C cycles. In
contrast, the sep-N-2 cell was able to deliver enhanced high rate performance while
maintaining nearly 100% Columbic efficiency throughout. This again agrees with the
implication that effective confinement of PS in the cathode side facilitated the 2nd
plateau discharge.
The diffusion coefficients of Li+ ions (DLi+) across separators were
quantitatively evaluated by cyclic voltammogram (CV) plots and subsequent
calculations from Randles-Sevick equation (equation 3-2) [49, 87]. After five formation
cycles at 0.1 C and five 5 C cycles, CV plots were collected between 1.5 and 3.0 V at
scan rates of 0.1, 0.2 and 0.5 mV s-1. There were two cathodic peaks at about 2.2-2.3 V
and 1.9-2.0 V respectively (denoted C1 and C2 peak respectively) and one continuous
anodic peak at about 2.3-2.4 V (denoted A1 peak) at various scanning profiles (Figure
5-15), which are in agreement with the galvanostatic discharge-charge profiles (Figure
5-16). On comparing the CV plots at scan rate of 0.1 mV s-1 (Figure 5-15), the slightly
shifts in peak positions for a cell with sep-N-2 separator can be attribute to
infinitesimally increased resistance of ion diffusion across the Nafion coating [49]. By
plotting the current value of each peak versus square root of scan rates and applying
linear fitting, the DLi+ values can be calculated from the slope (equation 3-3) and the
corresponding results were summarized in Table 5-1. The calculated diffusion
coefficients are in the same order of magnitude with the routine or modified separators
in the literatures [49, 87]. The similar DLi+ values of pristine separator and sep-N-2
separator indicate that the effective Nafion coating blocked only the PS diffusion while
still maintaining smooth pathway for Li+ ions. The slight decrease in DLi+ values after
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rate performance test could be resulted from accumulation of PS intermediates on the
cathode side of the separator.
As presented in the previous section, combination of Nafion and PVDF in the
cathode possessed more superior performance. The effects of PVDF incorporation on
separator were characterized. Separators were coated with Nafion/PVDF (50/50 by
weight) blend polymer as well as pure PVDF, denoted by sep-N/P and sep-P
respectively. The polymer loadings were 120 μg/cm2. Instead of uniformly rapping
every separator fiber, both the Nafion/PVDF blend polymer coating and the pure PVDF
coating on separators appeared as coalesced spheres on top of the separator surface,
completely blocking the pores of the separator (Figure 5-10d, e). Lower magnitude
SEM images were presented in Figure A-1. The polymer spheres were 300 nm in
diameter for sep-N/P and 700-900 nm for sep-P. This surface morphology was very
similar to PVDF thin film formed on substrates at ambient temperature and low
humidity [96]. Surprisingly, cells employing sep-N/P and sep-P separators delivered
similar rate performance to the sep-N-2 cell (Figure 5-11). Although the Columbic
efficiency was not as perfect as the sep-N-2 cell, improvements in discharge capacities
and Columbic efficiencies were obvious compared to the control cell. Even though the
uncharged PVDF lacking the property of repulsing PS anions like Nafion ionomer, the
dense PVDF layer on the separator hindered the PS diffusion. While being permeable
to the electrolyte, PVDF reduced the rate of PS diffusion as a denser medium. Moreover,
on comparing the discharge-charge profiles (Figure 5-12), the presence of PVDF
appeared to facilitate the stabilization of the 2nd discharge plateau and charge plateaus,
leading to a smaller polarization at high rates.
Cycling performance of cells employing various separator was measured at 1 C
(1.672 A g-1 sulfur). As explained in the previous section, increase in capacities during
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the first cycles were observed. The cells utilizing sep-N-2 separator and sep-N/P
separator delivered discharge capacities above 500 mAh g-1 with approximately 95%
retentions (based on the maximum capacity) after 100 cycles (Figure 5-16). In contrast
to the 87% Columbic efficiency of the control cell with unmodified separator, sep-N-2
separator and sep-N/P separator allowed enhancement in Columbic efficiency to 97%
over 100 cycles. PS-shuttling effect was effectively hindered during the charging
process. The good cycle stability and steady Columbic efficiency indicated that the
polymer coatings on the separator were electrochemically stable. Unlike modifications
in the cathode, the separator fiber served as a matrix for Nafion, reinforcing the
mechanical properties even if Nafion swelled in the electrolyte. However, while
maintaining good Columbic efficiency, the capacity fading up to 500 cycles was worsen
for the cell employing modified separators than the control cell (Figure A-2). This may
due to the accumulation of intermediate PS anions on the cathode side of Nafion film,
eventually cloaking the ion transport. When employing pure PVDF modified separator
for cycling test, the Columbic efficiency was significantly improved initially, as
consistent with the Columbic efficiency behavior in rate performance test. Nevertheless,
the sep-P failed to maintain the initially satisfying Columbic efficiency over prolong
cycles. After 100th cycles at 1 C, the Columbic efficiency of sep-P cell already
approached to the performance of pristine cell. This again confirm the role of PVDF
coating as a denser medium for slowing down PS diffusion rather than a robust barrier
to PS passage like Nafion.
As proposed by Lee, the extend of self-discharge of Li-S batteries can be
quantitatively determined by the leakage current at various state of discharge [97].
Based on the Archimedes Principle, in order to maintain at a certain potential for an
electrochemical cell, the applied current should equal the leakage current by self91
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discharge. After one formation cycle at 0.1 C, the cell was discharged to 2.18 V at 0.1
C, a thermodynamically stable potential of Li-S batteries. The leakage current was
measured at potentials of 2.18, 2.25, 2.3, and 2.4 V for 5 hr respectively. To be fair and
upon equilibrium, the average value of the leakage current during the last hour of
measurement was calculated (Table). The 2.25 V is a critical potential belonging to the
transition region between 1st and 2nd plateau and the cut-off potential for shuttle effects
[97]. Figure 5-17 and Table 5-2 compare the leakage current at various potential for LiS cells employing different separators. As consistent with the Columbic efficiency
behavior during rate performance test and cycling test, all three modified separators
significantly reduced the leakage current, especially at 2.4 V where the control cell
employing pristine separator suffered from severe leakage current. In comparison, the
pure Nafion coated separator (sep-N-2) exhibited the least leakage current. In other
words, sep-N-2 was the most effective coating in terms of preventing self-discharge
and shuttle effects, since the negatively charged Nafion ionomer is capable of
chemically repulsing the PS anions. Unlike modifications in the cathode, the separator
fiber served as a matrix for Nafion, reinforcing the mechanical properties even if Nafion
swelled in the electrolyte. Hence, blending with PVDF for mechanical reinforcement
purpose is not necessary for separator modification. In addition, the role of PVDF as
separator coating simply served as a denser medium for hindering diffusion, so blending
with PVDF would conversely dilute the effects of Nafion.
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Figure 5-10 SEM images of (a) pristine 16 µm polypropylene separator and coated
separators of (b) sep-N-1, (c) sep-N-2, (d) sep-N/P and (e) sep-P.
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Figure 5-11 (a) Discharge capacity and (b) Columbic efficiency of cells employing
separators with various coating modifications.
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Figure 5-12 The discharge-charge profiles of cells employing various modified
separators at (a) 0.1 C, (b) 2 C, and (c) 5 C. Profiles of the 3rd cycles at each rate were
plotted.
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Figure 5-13 In-operando digital microscopic observations on Li-S cells with (a)
pristine Celgard 2400 separator and (b) sep-N-2 separator. Snapshots were taken at
different depth of discharge.
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Figure 5-14 Rate performance of cells employing pristine separator and sep-N-2
separator. (a) Discharge capacities and (b) Columbic efficiency.
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Figure 5-15 CV plots of Li-S cells employing control pristine separator (a) and sepN-2 separator (b, c) at 0.1, 0.2 and 0.5 mV s-1 after five 0.1 C formation cycles and
five 5 C cycles (a, b) and after the entire rate performance test (c).
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Figure 5-17 Leakage current plots for Li-S batteries with different modified Li metal
anodes, including bare Li, N-Li, P-Li, and N/P-Li. The sulfur loading in each cell
was 0.86 mg cm-2. The electrode area was 1.327 cm2.
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Table 5-1 Calculated diffusion coefficients of Li+ of various separators at different
conditions
DLi+ (cm2/s)
Peak

sep-N-2
Control

sep-N-2
(after rate)

C1

3.10 x 10-8

2.41 x 10-8

6.96 x 10-9

C2

1.42 x 10-8

1.93 x 10-8

1.41 x 10-8

A1

2.51 x 10-8

2.73 x 10-8

1.97 x 10-8

Table 5-2 Leakage current at various potentials of Li-S cells with different modified Li
metal anodes
Leakage Current
Potential
(mA/g)
(V)
Control

Sep-N-2

Sep-N/P

Sep-P

2.18

0.036

0.068

0.032

0.015

2.25

2.056

0.51

0.37

0.54

2.3

10.71

1.82

7.49

10.76

2.4

147.75

12.76

21.27

32.19
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5.5 Lithium Metal Anode with Effective Nafion/PVDF
coating
Most engineering researches on Li-S batteries focus on confiding PS in the
cathode matrix by carefully designed cathode materials and modified separators. Other
than LiNO3 additive in the electrolyte, few study has tried to prevent PS shuttle
reactions via protecting the Li metal anode. In this study, besides Nafion modifications
at the cathode and the separator, effects of protective Nafion/PVDF coatings on the Li
metal anode were investigated for the first time. Li metal anode was coated with 200
μg /cm2 pure Nafion, Nafion/PVDF blend polymer, and pure PVDF by cast coating
methode, denoted by N-Li, N/P-Li, and P-Li respectively. Uniform surface morphology
of the coating layers were confirmed by SEM. Bare Li exhibited a clean flat surface
with a few scratches from routine anode preparation (Figure 5-18a). After coating with
pure Nafion, the scratches were covered up and resulting a smooth surface (Figure 518b). With the presence of PVDF, both the pure PVDF film and the Nafion/PVF blend
polymer film appeared as a layer of coalesced globes of diameters ranging from 3 to 5
μm (Figure 5-18c, d). The polymer spheres were an order of magnitude larger in size
than that formed on the separator surface (Figure 5-10d, e).
The cycleability and Columbic efficiency of cells employing different coated Li
metal anodes were characterized at a current density of 1.672 A g-1 (1 C) (Figure 5-19).
Similar to the previous sections, increase in capacities in the first cycles was resulted
from the intrinsic property of the high-sulfur-content S75 cathode. With a protective
polymer coating, the N-Li, N/P-Li, and P-Li cells delivered maximum discharge
capacities of 676, 640, and 690 mAh g-1 respectively, substantially higher than the 546
mAh g-1 of a control cell using bare Li. Higher reversible capacities and higher
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Columbic efficiency than the control cell were maintained through 100 cycles. Among
the three coatings, the Nafion/PVDF blend polymer coating achieved the highest
Columbic efficiency, possessing a 95% Columbic efficiency at 100th cycle. The
improved Columbic efficiency suggests inhibited PS shuttle reactions with the Li metal.
The steady cycle performance indicated that the coatings were electrochemically stable
over long-term cycling.
Rate capabilities of cells employing different coated Li metal anodes were
measured in a current density range from 0.1672 to 16.72 A g-1 (0.1 to 10 C) and
returned to 0.2 C after high rates (Figure 5-20). The cell using uncoated Li anode
delivered an initial capacity of 955 mAh g-1 at 0.1 C and gradually decreased in
discharge capacity as the current density increased. A dramatic capacity drop occurred
at 5 C due to inability of discharging at the 2nd plateau (Figure 5-21c). The pure Nafion
coated Li metal anode delivered similar rate capability to the bare Li, but the Columbic
efficiency was enhance, implying reduced reactions with the PS shuttles. Incorporation
of PVDF in the coatings improved high rate performance while maintaining high
Columbic efficiency (Figure 5-20). Both pure PVDF and Nafion/PVDF blend polymer
coatings were able to retain half of the 0.1 C capacity at 5 C. A substantially higher
initial capacity of 1116 mAh g-1 further approved the feasibility of Nafion/PVDF blend
polymer coating
As introduced in section 5.4, the diffusion coefficients of Li+ ions (DLi+) across
the protective coating layer on Li metal anode can be quantitatively evaluated by cyclic
voltammogram (CV) plots and subsequent calculations from Randles-Sevick equation
(equation 3-2) [49, 87]. After five formation cycles at 0.1 C and five 5 C cycles, CV
plots were collected between 1.5 and 3.0 V at scan rates of 0.1, 0.2 and 0.5 mV s-1
(Figure 5-22). The diffusion coefficients across N/P-Li were determined to be DLi+ (C1)
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= 1.85 × 10-8 cm2 s-1, DLi+ (C2) = 1.30 × 10-8 cm2 s-1, DLi+ (A1) = 2.83 × 10-8 cm2 s-1,
which are close to the values reported in the cell employing bare Li (Table 5-1 control,
DLi+ = 1.42 × 10-8 – 3.10 × 10-8 cm2 s-1). The incorporation of Nafion/PVDF protective
coating layer maintained decent diffusion properties of Li+ ions.
In order to quantitatively evaluate the effects of protective coatings on Li metal
anode in terms of self-discharge prevention in Li-S cells, equilibrium values of leakage
current were measured at potentials of 2.18, 2.25, 2.3, and 2.4 V for 5 hr respectively
after one formation cycle at 0.1 C. (The method of leakage current test has been detailly
introduced in section 5.4). The discharge-charge profiles of the formation cycle for
different modified Li metal anodes were plotted in Figure 5-23. The control Li-S cell
employing bare Li suffered from obvious overcharge, while all three protective coatings
(pure Nafion, Nafion/PVDF blend polymer and pure PVDF) on Li metal anodes
effectively restrained this overcharging phenomena. Consistent with the dischargecharge profile, the leakage current of cells employing modified Li metal anodes were
substantially smaller than the control cell employing bare Li anode (Figure 5-24, Table
5-3). On comparing the self-discharge suppression properties, the pure PVDF coating
was the most effective one among the three, following by Nafion/PVDF blend polymer
coating and then pure Nafion coating, which was opposite to the results of separator
modifications. Lacking the separator fibers as matrix, the seemingly contradictory
results of Li anode modifications could be attributed to the wettability of coating
solutions on Li metal during the coating process. During the drying and film formation
process, coatings on the pre-cut Li metal anode would inevitably suffer from a certain
degree of Marangoni effect. Cooling due to solvent evaporation led to stronger surface
tension on the edge and outer surface of the wet coating layer, which can cause slight
shrinkage towards the center. More sever shrinkage could be resulted from poor
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wettability on the Li metal surface. Using DMAc as the solvent, the wettability on Li
metal was PVDF solution, Nafion/PVDF solution and Nafion solution in descending
order. Consequently, the PVDF coating suffered the least Marangoni effect would
possess the best coverage and the most uniform protective layer on the Li metal anode.
More detail studies regarding the Li coatings is presented in the next chapter (Chapter
6).
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Figure 5-18 SEM images of pristine Li metal foil (a) and different modified Li
including (b) N-Li, (c) N/P-Li and (d) P-Li.

Figure 5-19 Cycle performance of Li-S batteries employing different modified
lithium metal anodes at 1 C (1.672 A g-1).
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Figure 5-20 (a) Discharge capacity and (b) retention and Columbic efficiency of cells
employing Li metal anode with various coating modifications.
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Figure 5-21 The discharge-charge profiles of cells employing various modified
lithium metal anodes at (a) 0.1 C, (b) 2 C, and (c) 5 C. Profiles of the 3rd cycles at
each rate were plotted.
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Figure 5-22 CV plots of Li-S cell employing N/P-Li anode at scan rates of 0.1, 0.2
and 0.5 mV s-1 after five 0.1 C formation cycles and five 5 C cycles. The sulfur
loading in each cell was 0.86 mg cm-2. The electrode area was 1.327 cm2.
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Figure 5-23 The discharge-charge profiles of the initial 0.1 C formation cycle of the
Li-S cells employing various modified Li metal anodes before leakage current test.
The sulfur loading in each cell was 0.86 mg cm-2. The electrode area was 1.327 cm2.
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Figure 5-24 Leakage current plots for Li-S batteries with different modified Li metal
anodes, including bare Li, N-Li, P-Li, and N/P-Li. The sulfur loading in each cell
was 0.86 mg cm-2. The electrode area was 1.327 cm2.

Table 5-3 Leakage current at various potentials of Li-S cells with different modified Li
metal anodes
Leakage Current
Potential
(mA/g)
(V)
Bare Li

N-Li

P-Li

N/P-Li

2.18

0.036

1.49

0.090

0

2.25

2.056

2.17

0.38

0.27

2.3

10.71

8.71

1.61

2.39

2.4

147.75

28.00

11.25

20.40
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Dendrite-Suppressing Coatings for
Practical Lithium Metal Anode
6.1 Introduction
In the modern high tech society, the demand for high energy density power
source in portable electronic devices and electric vehicles is never diminished. As the
most electronegative (-3.04 V vs. standard hydrogen electrode) and the lightest metal
(0.53 g/cm3) on earth, lithium (Li) metal has become one of the most attractive anode
materials. The intrinsic properties of exceptionally high theoretical specific capacity
(3862 mAh/g) and outstanding energy density (2047 mAh/cm3) allow Li metal to store
the same amount of energy with the lightest weight and the smallest size compared to
other battery technologies [13]. Directly using metallic Li anode also eliminates the use
of carbon or silicon to construct the anode structure, hence reducing the cost, size and
weight as well as simplifying the cell fabrication process. [98]
However, low Columbic efficiency and dendrite formation during the repeating
charging and discharging cycles are two main drawbacks of the Li anodes [2, 13].
Although excess Li can compensate the Columbic efficiency problem and avoid loss of
energy density over cycles, the cost of materials increases nevertheless [2]. More
urgently, safety concerns arise from dendrite growth must be solved before any
practical applications. Dendrites are needle-like Li electrodeposition resulted from
uneven transport of cations and anions at the electrolyte interface [13]. The high
specific surface area of Li dendrite deposition leads to high reactivity with the
electrolyte solvent and the dissolved PS species. Dendrite growth would cause dramatic
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volume expansion in the interelectrode space and eventual penetration of the separator,
short-circuiting the cell and inducing thermal runaway and even explosion.
Researchers have devoted numerous efforts to suppress the dendrite
formation.[2, 13, 58] Some groups try to stabilize the solid electrolyte interface (SEI)
on the Li metal surface by optimizing the solvents, salts, and electrolyte additives.[13,
58] A stable and uniform SEI plays a significant role in even current distribution during
the Li stripping and re-deposition process and thus suppress the dendrite growth.
However, the weak mechanical strength of the SEI restrain its ability to completely
eliminate the dendrite formation. Another approach is to form an alloy layer of Li and
another metal on the Li metal surface during electrodeposition to suppress the dendrite
formation [58]. The non-Li metal cations are added to the electrolytes in forms of
inorganic compounds or a second salt. Yet the continuous consumption most of the
metal cations is unsustainable. A third approach utilizes mechanical barriers, such as
polymeric solid electrolytes, inorganic solid-state Li-ion conductors, and inorganicorganic hybrid electrolytes, to block the dendrite penetration.[58] However, since the
fundamental growth mechanism of the Li dendrite is not changed, massive Li dendrite
would still form underneath the physical barrier, resulting in a significant increase in
impedance and thus accelerating the battery failure.[58]
Our approach is to modify the Li metal surface with a protective coating which
allows lithium ion access but restricts direct contact with the reactive solvents and PS
species. The flexible polymer layer intends to act as an artificial SEI that mediate the
uniform distribution of Li+ ions, yet giving enough mechanical strength to withstand
the charging and discharging operations. In Chapter 5, Li metal anodes coated with
Nafion, Nafion/PVDF blend polymer, and PVDF have been proved to possess enhanced
cycle performance and rate capability in Li-S batteries. These coatings are speculated
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to reduce shuttle effects and prohibit precipitation of insulating Li2S on the Li metal
surface. In this chapter, the modified Li metal anodes were further investigated in a
simplified Li|Li symmetric system to isolate the effects of cathode.
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6.2 Effects of Li2S8 on Li Metal Anode
Directly using Li metal as the anode is an ultimate goal for ideal Li-S batteries.
A well-developed Li metal anode should be versatile for types of sulfur containing
cathode, no matter the cathode is capable of confiding the problematic PS species or
not. Herein, the Li metal anodes were investigated in a Li|Li symmetric configuration,
eliminating the influence of the sulfur cathode. In order to generalize the performance
for all sulfur cathode, two electrolytes with or without the presence of PS species were
employed for comparative control studies on the pristine Li metal anode. One
electrolyte was the routine 1 M LiTFSI in 1:1 vol. ratio of DOL/DME; another
electrolyte contained additional 0.05 M Li2S8, assuming all S in a typical S75 cathode
(sulfur loading of ~0.7 mg cm-2) were dissolved into the electrolyte.
Two symmetric cells with different electrolytes were at rest for 10 days. The
electrochemical-impedance-spectra (EIS) were measured at various time to forecast the
stability of bare Li in electrolytes. As demonstrated in Figure 6-1, significant increase
in impedance in both electrolytes occurred in the first 10 hr and followed by a gradual
enlargement until stable in the next ten days. This can be attributed to increased
interfacial resistance due to formation of solid-electrolyte-interface (SEI). And the SEI
formed in the presence of PS (Li2S6 instead) has been reported stable [99]. Clearly, the
overall impedance of bare Li was smaller in the presence of Li2S8 than in the routine
electrolyte, which may result from contributing additional Li cations in the electrolyte.
Along with the EIS results, effects of the presence of PS species on the
polarization process (Li stripping/deposition).The symmetric cells were cycled at a
current density of 1.1 mA cm-1 and 1 hr for each half cycle, mimicking the chargingdischarging process at corresponding 1 C cycles. A total current of 2.23 mA was applied
for a 13-mm diameter Li metal anode. Figure 6-2 illustrates the potential-cycle profile
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during galvanostatic cycling. The symmetric cells of bare Li show similar performance.
Starting with an over potential below 0.05 V, the over potential gradually increased to
above 0.15 V at the end of 100th cycle both with and without the presence of Li2S8.
Consistent with the EIS results presented in Figure 6-3, the significant higher
impedance was resulted after cycles, but the values were smaller for the cell with Li2S8
addition. This may due to the high reactivity of the loosely packed Li deposition with
Li2S8, partially dissolving the Li dendrite [20] and reducing the impedance. However,
this reaction did not alter the overall surface morphology of the Li deposition. As
revealed in Figure 6-4, lithium deposition formed in both electrolytes were dense at the
center and loosely and rough towards to edge, deviating from the flat morphology of a
fresh Li foil (Figure 5-15a). The relatively smooth morphology at the center may
resulted from stress against the separator, while the thinner deposition towards the edge
had more free space to loosely packed. Speculated from the lithium dendrite
morphology at the edge, the center lithium deposition was layered up with a thick
volume expansion, which explains the enlarging cell resistance upon cycling. In order
to fulfill requirements for long-cycle practical applications, the uneven Li deposition
problem need to be solved.
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Figure 6-1 Nyquist plots of the Li|Li symmetric cells of bare Li with (a) 1 M LiTFSI
and (b) 1 M LiTFSI and 0.05 M Li2S8 electrolyte at rest at room temperature.
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Figure 6-2 Potential profiles of Li|Li symmetric cells during galvanostatic cycling in
electrolytes of (a) 1 M LiTFSI and (b) 1 M LiTFSI and 0.05 M Li2S8. The current
density is 1.109 mA cm-2.
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Figure 6-3 Nyquist plots of the Li|Li symmetric cells of bare Li with (a) 1 M LiTFSI
and (b) 1 M LiTFSI and 0.05 M Li2S8 electrolyte at different cycles.
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Figure 6-4 SEM images of deposited lithium after 20th cycles in 1 M LiTFSI (a-c)
and 1 M LiTFSI & 0.05 M Li2S8. (a, e) Morphology of the center and (b, c, f, g)
towards the edge.
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6.3 Li Metal Anode Modified with Protective Coatings
As presented in Section 5.5, the modified Li metal anode with Nafion coating,
Nafion/PVDF blend polymer coating and even pure PVDF coating delivered superior
rate capability and cycle performance compared to the bare Li metal anode. The
modified Li metal anodes were further investigated in the symmetric cell configuration,
isolation from the effects of sulfur cathode.
Since the dendrite formation problem was more serious in the routine 1 M
LiTFSI electrolyte, the polarization test of the coated Li metal anodes were first
performed in this routine electrolyte with operating conditions exactly the same as the
control cell employing bare Li. Galvanostatic cycling tests were performed at a current
density of 1.1 mA cm-2 with 1 hr for each half cycle. This current density mimics the 1
C cycling of a Li-S cell with cathode sulfur loading of 0.71 mg cm-2. The potential
changes were monitored as a function of time. Although there were still slow increase
in polarization over cycles, the resulted over potentials of the modified cells were half
of control cell (Figure 6-5). Compared with an absolute overpotential of As well
associated with the fresh symmetric cells (Figure 6-6), a higher starting potential value
and a larger initial impedance of a fresh cell were resulted from the additional layer.
Even though the initial was higher, the modified cells employing protected Li showed
their advantages over prolonged cycles. The interfacial resistance of the symmetric cell
with bare Li increased dramatically from 5th to 100th cycle, while the cells employing
modified Li metal electrodes remained low interfacial resistance through galvanostatic
cycles (Figure 6-7). Among the coating layers, Nafion contributed the highest
impedance, which was consistent with the larger polarization in Li-S cell when using
pure Nafion for modifications (including applications in binder and separator). By
blending with PVDF, impedance was lowered.. Even in the presence of Li2S8 in the
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electrolyte, the N/P-Li showed stable polarization behavior (Figure 6-8) and impedance
(Figure 6-9) over 100 cycles at 1 C, similar to the performance in the routine electrolyte
of 1 M LiTFSI.
In a practical Li-S battery, the cell is usually first discharged, stripping Li ions
off the Li metal anode. Li stripping is a crucial step in setting the key stone for the
evolution of Li morphology. The effects of effective Nafion coating was further
explained by the digital microscopic analysis in glasscell configuration. With the same
total charge of 1.25 C, the bared Li was always strip from the edge at all current
densities (Figure 6-10a, c, e). In contrast, the Nafion coated Li was able to be stripped
from the surface as well, especially at low current density (Figure 6-10f). This indicates
that Nafion is able to facilitate even distribution of Li ions, which in theory should
suppress the Li dendrite formation.
In order to confirm the dendrite suppressing capability and the stability of the
protective coating, the surface morphologies of the coated Li metal was characterized
by SEM after 20th cycles at 1 C (Figure 6-11). The puffed up and winkled morphology
as well as dendrite outbreaks through polymer defects (Figure 6-12) reaffirmed Li
deposition underneath the protective polymer layers of PVDF and Nafion/PVDF blend.
The coalesced sphere film structure of PVDF containing coatings render more
flexibility than the plain Nafion film. On the other hand, either Li dendrite growth
(toward the edge or from defects) or fresh coated surface in the middle was observed
on the cycled N-Li anode. There was no observed Li deposition underneath the Nafion
layer (Figure 6-11), which suggested low permeability of Li ions across the Nafion film.
This explains the poor performance of N-Li anode compared to P-Li an N/P-Li anodes.
The improved Columbic efficiency and initial cycle performance (Figure 5-16, 17) was
probably resulted from reduced effective surface area of the Li anode. Less reactive
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surface for the PS shuttles and thus improved Columbic efficiency. The increasing
impedance over cycles is also explained. Revisiting the performance of all three
polymers, the blend polymer of Nafion/PVDF was proved to inherit the merits of both
Nafion and PVDF.
Inspired by the mechanism of dendrite-free Li deposition on glass fiber (GF)
cloth modified Cu foil [100], the effects of Nafion/PVDF coating regarding Li dendrite
suppression can also be explained in a similar manner. As described in Figure 6-13a,
due to intrinsic roughness of Li foil, protuberances concentrate stronger local electric
field, commonly known as “tip effects”. The accumulation of charges attracts Li
deposition and triggers continuous dendrite growth. The malignant self-amplification
of would cause rapid volume expansion of Li deposition and dramatic increases in
interfacial resistance (Figure 6-3). Since electron transfer is much faster than Li+ ion
diffusion, the morphology of Li deposition essentially depends on the ion distribution
near the Li metal surface. According to Chazalviel’s theory, constant Li+ concentration
at the Li interface can infinitely retard the Li dendrite formation [101]. Similar to the
large quantities of polar functional groups (Si-O, O-H, O-B) on GF cloth, Nafion/PVDF
protective layer contains significant amount of polar C-F bonds and anionic sulfonic
functional groups, possessing strong interaction with Li+ ions and compensating the
electrostatic interactions between Li+ ions and protuberances. Even distribution of Li+
in the polymer layer and tortuous pathways to protuberances allow redistribution of Li+
ions and dendrite-free Li deposition on the Li metal surface. In addition, the protective
polymer coating avoids direct contact and reaction with dissolved PS in the electrolyte,
preventing precipitation of passivating layer.
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Figure 6-5 Potential profiles of symmetric cells during galvanostatic cycling with (a)
Nafion coated Li (N-Li), (b) Nafion/PVDF blend polymer coated Li (N/P-Li) and (c)
PVDF coated Li in 1 M LiTFSI electrolyte. The current density is 1.1 mA cm-2.

123

doi:10.6342/NTU201602506

-Z''/Ohm

500
Bare Li
P-Li
N/P-Li
N-Li

400
300
200
100
0
0

200

400

600

800

1000

Z'/Ohm
Figure 6-6 Nyquist plots of fresh symmetric cells in 1 M LiTFSI before cycling.
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Figure 6-7 Nyquist plots of symmetric cells employing different Li metal anodes at
the 5th and 100th galvanostatic cycles in 1 M LiTFSI electrolyte. The current density
was 1.1 mA cm-2.
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Figure 6-8 Potential profiles of symmetric cells during galvanostatic cycling with
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Figure 6-9 Nyquist plots of fresh symmetric cells with N/P-Li anode during
galvanostatic cycling in electrolyte of 1 M LiTFSI and 0.05 M Li2S8.
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Figure 6-10 Digital microscopic observations on the stripping of (a, c, e) bare Li and
(b, d, f) Nafion coated Li at various current densities. The total charge was fixed at
1.25 C.

127

doi:10.6342/NTU201602506

Figure 6-11 SEM images of (a,b) N-Li, (c,d) N/P-Li and (e,f) P-Li anodes after 20th
galvanostatic cycle at 1 C (1.1 mA cm-2). The electrolyte was 1 M LiTFSI and 0.05
M Li2S8.
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Figure 6-12 SEM images of dendrite outbreaks from the coating defects on (a) P-Li
and (b) N/P-Li anodes after 20th galvanostatic cycle at 1 C (1.1 mA cm-2). The
electrolyte was 1 M LiTFSI and 0.05 M Li2S8

Figure 6-13 Schematic illustrations of Li deposition. (a) The bare Li foil with an
uneven surface induces dendrite formation by attracting Li deposition at tips with
stronger electric field. (b) The Nafion/PVDF coating with large quantities of polar CF bonds and anionic sulfonic functional groups lead to strong interaction with Li+
ions and even distribution of Li+ ion, hence rendering dendrite-free Li deposition.
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6.4 Polymer Modified Cu Foils as Current Collectors for
Li Metal Anode
Although Cu foils are commonly accepted as current collectors for Li metal
anode, surface roughness of untreated Cu foils inevitably encounter problems of
inhomogeneous Li deposition and further dendrite formation. Similar to bare Li metal
anode, large protuberances on the rough surface of untreated Cu foil can also cause “tip
effect” due to uneven electric field near the surface. However, modifications of Cu are
much more convenient than directly modifying Li metal. In contrast to the highly
reactive Li metal that always require operations in Ar-fill glovebox to avoid moisture
and oxygen, process of Cu modifications can be simply performed under ambient
conditions. Utilizing an automatic coating machine, the thickness and mass loading of
polymer coatings on Cu foils can be carefully controlled. The modified Cu foils were
subsequently punched into 13-mm electrode disks.
In this study, Cu foils were coated with 200 μg /cm2 pure Nafion, Nafion/PVDF
blend polymer, and pure PVDF by cast coating methode, denoted by N-Cu, N/P-Cu,
and P-Cu respectively. Uniform surface morphology of the coating layers were
confirmed by SEM. Pristine Cu exhibited a clean flat surface with scratches and defects
(Figure 6-14a). After coating with pure Nafion, the scratches and defects were
completely covered up and resulting a smooth surface (Figure 6-14b). With the
presence of PVDF, both the pure PVDF film and the Nafion/PVF blend polymer film
appeared as a layer of coalesced globes of diameters ranging from 1 to 3 μm (Figure 614c, d), similar to the coating morphologies on Li metal. However, utilizing a higher
resolution SEM instrument, more details were revealed. As described by the schematic
illustration (Figure 6-14 e, f), unlike the homogenous spheres of pure PVDF, each
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Nafion/PVDF sphere enclosed multiple nano-sized sphere. In other words, each
Nafion/PVDF sphere appeared as an aggregate of smaller spheres.
In a Cu|Li coincell configuration, Li was deposited onto the Cu electrodes with
a constant current density of 1.1 mA cm-2 for 1 hr. As shown in Figure 6-15a, loosely
packed Li dendrite deposition was resulted on pristine Cu. With pure Nafion coating,
there were either unreacted flat coated surface or concentrated Li deposition (Figure 615 b). Comparatively, the Li deposition on N-Cu was free of spike-like deposition and
more densely packed than on pristine Cu. From the puffed up and winkled morphology
(Figure 6-15 c, d), Li deposition underneath the pure PVDF coating and Nafion/PVDF
coating can be speculated. These morphology results were very similar to the results of
modified Li anodes. The effectiveness of polymer coating in terms of Li dendrite
suppression can be preliminarily characterized on Cu before undergoing more
complicated Li metal coating processes. In addition, since Cu is generally inert to
aqueous and organic solvents, the solvent replacement step for Li metal coating can be
simplified in the preliminary characterization on Cu.
To demonstrate the interaction between Li ions and different polymer coatings
at the macroscopic prospective, the contact angle analysis was performed by vertically
dripping one drop of the electrolyte (1 M LiTFSI in 1:1 vol. DOL/DME) onto different
modified Cu foils (Figure 6-16). The contact angles of electrolyte droplet on the N-Cu,
N/P-Cu and P-Cu as-prepared were measured to be 40.84o, 22.34o and 5.85o
respectively, indicating an increasing hydrophilicity in order. Compared to the compact
and unified Nafion film, the flexible PVDF containing coatings with coalesced unit
spheres render a better initial wetting state for the electrolyte. Nevertheless, the coating
layer would eventually impregnated with electrolyte. Holdup of electrolyte in the
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coating layer helps reducing the Li+ ion concentration gradient before Li+ ions reach
the electrode surface, applying the same mechanism as illustrated in Figure 6-13b.
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Figure 6-14 SEM images of (a) pristine Cu foil, (b) N-Cu, (c) P-Cu and (d) N/P-Cu.
And schematic illustration of each PVDF sphere (e) and each Nafion/PVDF sphere.
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Figure 6-15 SEM images of (a) pristine Cu foil, (b) N-Cu, (c) P-Cu and (d) N/P-Cu
after 1 hr Li deposition at a constant current density of 1.1 mA cm-2.

Figure 6-16 Contact angles of 1 M LiTFSI electrolyte (in 1:1 vol. DOL/DME solvent)
on (a) N-Cu, (b) N/P-Cu and (c) P-Cu.
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Conclusion
In this study, a special device has been set up to enable visualization of the inoperando phenomena of Li-S batteries. Severe PS dissolution was observed in cells
employing higher-S-content cathode and lower electrolyte salt concentration.
Effectiveness of different PS entrapment methods can be easily determined using this
technique. The thin glasscell design eliminated the depth of focus issue and is versatile
for other electrochemical cells. Direct observation of the macroscopic morphology
evolution of the Li metal surface upon stripping and redeposition became possible.
Effective Nafion modifications at different cell positions, including the sulfur
cathode, the polypropylene separator (16 µm) and the lithium (Li) metal anode for the
first time were systematically investigated. A high sulfur-content S/C nanocomposite
with 75 wt% sulfur was employed as the cathode material. At the sulfur cathode, both
Nafion coating on S/C nanocomposite powder and partial Nafion incorporation in
binder enhanced the high rate performance and Columbic efficiency. Columbic
efficiency of nearly 100% was achieved with Nafion coated separator, while inoperando digital microscopic analysis provided direct evidence for inhibited
polysulfide passage through a Nafion coated separator. Even with Nafion coating, the
separator retained good Li ion diffusion. Polarization was reduced with the addition of
PVDF. Although Nafion/PVDF blend polymer and pure PVDF initially served as
effective physical barriers to PS diffusion by covering the pores on the porous separator,
pure PVDF coating as simply a denser medium for reducing PS diffusion rate was not
able to maintain perfect Columbic efficiency through prolonged cycles like Nafion.
Regarding the coatings on Li, the Nafion/PVDF blend polymer coating delivered the
best performance in both high rate capability, cycleability and Columbic efficiency.
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The Li]Li symmetric cell configuration eliminated the influence of sulfur
cathode and allowed generalized application to all sulfur-containing cathodes. The EIS
analysis and polarization test indicated improved cycle stability with all three modified
Li metal anodes (N-Li, N/P-Li, and P-Li), while SEM images of the cycled Li metal
anode revealed the insights of Li protective coatings. The flexible PVDF coating and
Nafion/PVDF blend polymer coating suppressed dendrite formation by allowing even
Li deposition underneath the protective layer. In contrast, instead of suppressing Li
dendrite growth, the pure Nafion coating actually prohibited Li deposition at the well
coated surface and reduced the active surface of Li metal. Similar results observed on
the Cu foils with the same polymer coatings.
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Appendix A

Figure A-1. SEM images of (a) pristine Celgard 2400 separator and coated separators
of (b) sep-N-1, (c) sep-N-2, (d) sep-N/P and (e) sep-P. (Lower magnitude)
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Figure A-2. Cycle performance of Li-S batteries employing different modified
separators at 1 C (1.672 A g-1)
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