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BUILDING HIGH-ENERGY DENSITY LITHIUM-SULFUR BATTERIES 
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Supervisor:  Arumugam Manthiram 

 

The increasing consumption of limited fossil fuel resources is exerting much 

pressure on the modern society. Renewable energies, such as solar and wind, are attracting 

much attention; however, efficient use of these sustainable energies requires economical 

and efficient electrical energy storage (EES) systems. Among the various possibilities of 

EES systems, lithium-sulfur (Li-S) batteries are attracting much attention due to their high 

energy density and low cost. However, the practicality of Li-S technology is hindered by 

technical obstacles, such as low sulfur utilization and fast capacity decay, caused by the 

insulating sulfur and the shuttling of corrosive polysulfides. Much progress has been made 

in recent years towards enhancing the performance of Li-S batteries, but further 

understanding on the Li-S battery chemistry is needed to realize its practical use. In this 

dissertation, three critical aspects of Li-S batteries are discussed.  

First, the strategy of surface modification is used to control the deposition of sulfur 

and its reduction products. An interlayer configuration using surface-treated carbon paper 

is analyzed in the beginning, followed by the introduction of a novel surface-hydroxylated 

graphene-sulfur nanocomposite cathode with superior high-rate performance. Moreover, 



 viii 

the hydroylated graphene-sulfur composite cathode is coupled with a fluorinated ether 

electrolyte that suppresses polysulfide shuttling. The mechanisms of suppressed 

polysulfide shuttling and lithium-anode surface chemistry are investigated.  

Second, Li/polysulfide batteries and protection of lithium-metal anode are 

presented. Various cathode conductive matrices in Li/polysulfide batteries are compared 

regarding their polysulfide confinement capability and electrochemical performances. It is 

further identified that the lithium-anode corrosion is the main obstacle to increase the sulfur 

content in the cathode. Based on the characterization data, a novel anode-protection 

mechanism is proposed, which may solve the problem of electrode degradation in the case 

of high sulfur contents at high rates.  

Third, the development of an alternative, prelithiated sulfur cathode Li2S is 

presented. Li2S cathode coupled with a lithium-free anode can avoid the use of unstable 

lithium-metal anode. However, the insulating nature of Li2S and the lack of flexibility to 

form nanoparticles prevent its practical applications. To solve these problems, a low-cost 

activation of Li2S bulk particles is presented.  
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Chapter 1: Introduction 

Availability of energy at an affordable cost without adverse environmental 

consequences is one of the major challenges to modern society. The increasing 

consumption and limited availability of fossil fuels along with the environmental impacts 

caused by burning fossil fuels have prompted the development of alternate, sustainable, 

clean energy technologies. Renewable energy sources, such as solar and wind, are 

appealing in this regard, but the effective utilization of these intermittent energy sources 

requires efficient and economical electrical energy storage (EES) systems. Rechargeable 

batteries are the most viable option for EES. Among the various rechargeable battery 

systems, lithium-ion batteries offer the highest energy density. However, the energy 

density of conventional lithium-ion batteries with insertion-compound cathodes (e.g., 

LiCoO2, LiMn2O4, and LiFePO4) and anodes (graphite) is limited to fulfill the demands of 

electric vehicles and smart grid.1-4 Accordingly, new battery chemistries are being 

intensively explored.   

Recently, lithium-air (Li-air) and lithium-sulfur (Li-S) batteries with theoretical 

energy densities of, respectively, 3500 Wh kg-1 and 2500 Wh kg-1, have attracted much 

attention. However, Li-air batteries are met with unsurmountable challenges due to several 
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intrinsic problems and low practical energy density.5 Compared to Li-air batteries, the 

challenges of Li-S batteries are less severe, so Li-S batteries are believed to be more 

feasible for practical utility. The high energy density of Li-S batteries originates from the 

sulfur cathode having a high theoretical capacity of 1672 mAh g-1 and a lithium-metal 

anode having a high capacity of 3860 mAh g-1. Also, sulfur is abundant and 

environmentally benign. During discharge, Li+ ions are produced at the lithium-metal 

anode and move through the electrolyte to the sulfur cathode, while the electrons flow 

through the external circuit, producing Li2S as the final discharge product at the cathode 

(Figure 1).6  

 

Figure 1. Schematic and voltage profiles of a Li-S cell.6 

Despite the advantages of high energy density and low cost, the practical utility of 

Li-S batteries is challenging to realize. The main obstacles that prevent the 

commercialization of Li-S batteries are the low electrochemical utilization of sulfur and 

fast capacity fade.6-9 First, both sulfur and the discharge product Li2S are electronically and 
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ionically insulating.6 Therefore, incorporation of sulfur into a conductive matrix is usually 

required, which reduces the energy density. Second, unlike the insertion-compound 

cathodes, sulfur undergoes a series of complicated compositional and structural changes 

with the formation of soluble polysulfide intermediates, resulting in poor mechanical 

stability and severe capacity fade.6,9-11 Third, the dissolved polysulfide species shuttle 

between the cathode and anode, resulting in active material loss from the cathode, low 

Coulombic efficiency, and passivation of the lithium-metal surface with insoluble 

products, e.g., Li2S/Li2S2.
6,12 Fourth, the lithium-metal anode degrades due to the surface 

passivation and unstable solid-electrolyte interphase (SEI) formed with the organic 

electrolyte, prohibiting the long-term cycling stability of Li-S batteries.12  

Recently, much efforts have been made to address these obstacles and improve the 

energy densities and cycle life of Li-S batteries including: 1) encapsulation of sulfur using 

a cathode matrix (carbon, polymer, inorganic complex etc.);13-15 2) identification of novel 

electrolyte additives that suppress polysulfide shuttle and inhibit formation of insulating 

Li2S;16-18 3) development of stable solid polymer electrolytes that block the transport of 

polysulfide species;19 and 4) creative design of advanced electrode configurations.20-22 In 

general, nano-sulfur composite materials are characterized by high specific surface areas 

and the close contact between sulfur and carbon, leading to reduced diffusion lengths for 

both lithium ions and electrons.7 This has the overall effect of lowering cell impedance and 

improving contact between sulfur and conductive encapsulation matrix. However, low tap 

densities, safety concerns, and higher processing cost and complexity associated with 



 

 

 

4 

traditional nanoscale fabrication raise concerns as to the practicality of implementing 

nanostructured materials in commercial cells. In order to build high-energy density Li-S 

batteries of practical impact, a thorough understanding of the battery system and novel 

synthesis strategies are highly demanded.  

In this dissertation, three critical aspects of Li-S batteries are discussed towards 

building high-energy density, long-life Li-S batteries. In the first section, surface 

modification strategies are used to control the deposition of sulfur and its reduction 

products. An interlayer configuration using surface-treated carbon paper is analyzed in the 

beginning, followed by the introduction of a novel surface-hydroxylated graphene-sulfur 

nanocomposite cathode of superior high-rate performance. The facile and low-cost 

synthesis method is enabled by the interaction between surface functional groups and 

sulfur-containing species. Moreover, the hydroxylated graphene-sulfur nanocomposite 

cathode is coupled with a fluorinated ether electrolyte that suppresses polysulfide shuttling. 

Mechanisms of the suppressed polysulfide shuttling and lithium-anode surface chemistry 

are investigated.  

In the second section, Li/polysulfide batteries and the protection of the lithium-

metal anode are presented. The polysulfide confinement capability and electrochemical 

performances are compared with various cathode conductive matrices in Li/polysulfide 

batteries. The lithium-anode corrosion is found to be the main obstacle to increase the 

sulfur content in the cathode. Finally, a novel anode-protection mechanism is proposed, 
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which could help solve the problem of electrode passivation/degradation when the sulfur 

content is high in the electrode and the cell is operated at high rates.  

In the third section, development of an alternative, prelithiated sulfur cathode (Li2S) 

is presented to couple with a lithium-free anode and avoid the use of lithium-metal anode. 

The insulating nature of Li2S and the lack of flexibility to form nanoparticles, however, are 

obstacles to use Li2S as a cathode. Therefore, a low-cost activation of Li2S bulk particles 

is presented to overcome these problems.  
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Chapter 2: General Experimental Procedures 

2.1 Materials Synthesis 

The specific material synthesis procedures are reported in each individual chapter. 

2.2 Materials Characterization Techniques 

The general characterization techniques are presented in the following sections.  

2.2.1 X-ray Diffraction (XRD) 

XRD data were collected with a Rigaku Miniflex diffractometer with CuKα 

radiation between 10° and 80° at a scan rate of 0.03° s-1.  

2.2.2 Thermogravimetric Analysis (TGA) 

The thermal stability characterization was studied with a Perkin-Elmer TGA 7 

Thermogravimetric Analyzer at a fixed heating rate in flowing air.  

2.2.3 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray 

Spectroscopy (EDS) 

Morphology observations were conducted with a FEI Quanta 650 SEM or a Hitachi 

S-5500 SEM. EDS elemental mappings were obtained with the energy dispersive 

spectrometer.  
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2.2.4 Transmission Electron Microscopy (TEM) 

The TEM characterizations were performed with a JEOL 2010F transmission 

electron microscope. The samples were suspended in ethanol before loading onto the 

copper grid.  

2.2.5 X-ray Photoelectron Spectroscopy (XPS) 

XPS spectra were obtained by irradiating a material with a beam of X-rays while 

simultaneously measuring the kinetic energy and number of electrons that escape from the 

top 10 nm of the material. Herein, surface characteristics of the electrode materials were 

examined by XPS and sputtering analysis (Kratos Analytical Company; the XPS 

instrument is equipped with an Ar+-ion gun). An interface designed to transfer air sensitive 

samples from an inert environment under atmospheric pressure into an ultra-high vacuum 

(UHV) chamber for surface analysis is described elsewhere.23 This interface was developed 

at the Texas Materials Institute and equipped with a differentially pumped load lock, a 

buffer chamber, a detachable vacuum suitcase, turbomolecular pumped chamber, and a set 

of pressure gauges. All peaks were calibrated based on the C 1s peak at 284.6 eV. 

2.2.6 Time-of-flight Secondary Ion Mass Spectrometer (TOF.SIMS) 

TOF.SIMS5 (ION-TOF GmbH, 2010) was used to chemically map the species of 

interest (lithium, sulfur, and copper) at the surface of the passivation film. The analyzed 

area of 100 x 100 μm2 was raster scanned at 256 x 256 pixels in Burst Alignment mode 
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(high spatial (<200 nm) and mass (> 5000, m/δm) resolutios) by a 30 kV Bi1
+ primary ion 

beam (0.04 pA measured sample current). In order to (i) reduce possible residuals from the 

electrolyte that can interfere with the chemical composition of the passivation film and (ii) 

enhance the secondary ion signals of the species of interest, the analyzed area was centrally 

chosen within a 250 x 250 μm2 previously sputtered area by a secondary ion beam (Cs+ 

with 2 kV energy and ~ 85 nA measured sample current) for 60 s. All detected secondary 

ions had negative polarity. The experiments were performed in UHV at a base pressure of 

<10-9 mbar. 

2.2.7 Fourier Transform Infrared Spectroscopy (FTIR)  

FTIR experiment was conducted with a Thermo Scientific Nicolet iS5 FT-IR 

Spectrometer. 

2.2.8 Raman 

Raman spectra were recorded from 200 to 2000 cm–1 with a WITEC Alpha300 S 

micro–Raman System at room temperature with a 488 nm laser. 

2.3 Electrochemical Characterization 

2.3.1 Discharge and Charge Tests 

The discharge and charge tests were conducted with an Arbin battery cycler. 
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2.3.2 Cyclic voltammetry (CV) 

The CV profiles were obtained with a VoltaLab PGZ 402 Potentiostat.  

2.3.3 Electrochemical Impedance Spectroscopy (EIS) 

The internal resistance was measured at open-circuit voltage (OCV) by a Solartron 

1260A impedance analyzer from 10 MHz to 0.1 or 0.01 Hz with an AC voltage amplitude 

of 5 mV. 
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Chapter 3: Control of Sulfur Species Deposition 

3.1 Improved Lithium-Sulfur Cells with a Treated Carbon Paper Interlayer 

3.1.1 Introduction 

In contrast to conventional Li-ion batteries, Li-S batteries involve cathode species 

that are soluble in the organic electrolyte. In addition, sulfur and its reduction product Li2S 

are highly insulating. Consequently, effective control of the sulfur-containing species and 

their deposition are critical to ensure stable battery performances.24 In 2012, Su in our 

group reported the interlayer configuration.20 A microporous carbon interlayer was inserted 

between the cathode and the separator; the interlayer trapped the polysulfide species, 

leading to stable high-rate performances. To reduce the cost of the interlayer, we replace 

the expensive microporous carbon paper interlayer by the commercialized, low-cost Toray 

carbon fiber paper. Moreover, surface modification strategy was used to graft hydroxyl 

groups onto the surface of the carbon fiber, leading to improved cycling stability.25 The 

improved cycling stability is due to the suppressed polysulfide shuttling and controlled 

deposition of Li2S. 

                                                 

 Zu, C.; Su, Y.-S.; Fu, Y.-Z.; Manthiram, A. Improved lithium-sulfur cells with a treated carbon 

paper interlayer. Phys. Chem. Chem. Phys. 15, 2291–32297 (2013). 

C. Zu carried out the experimental work. Y.-S. Su and Y. Z. Fu provided assistance in 

experimental details. A. Manthiram supervised the project. All participated in the preparation of 

the manuscript. 
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3.1.2 Experimental  

3.1.2.1 Cathode Preparation 

The ball-milled sulfur was mixed with poly(vinylidene fluoride) (PVdF 1120, 

Kureha), carbon black (Super-P, Alfa Aesar), and N-methyl-2-pyrrolidinone (NMP, 

anhydrous, 99.5 %, Sigma-Aldrich) to form a cathode slurry. The ratio of sulfur: carbon: 

PVdF was 60: 30: 10 by weight. After mixing homogeneously overnight by magnetic 

stirring, the slurry was cast onto an aluminum current collector by a doctor blade. The 

sulfur electrodes were then cut into discs of 12 mm diameter after drying in flowing air at 

50 °C for 24 h.  

3.1.2.2 Alcohol-alkaline/thermal Treatment 

Toray carbon paper (Fuel Cell Earth) was cut into discs of 12 mm diameter, cleaned 

with de-ionized water, and dried at room temperature. The purified carbon paper discs were 

then soaked in ethanol for 24 h at room temperature, followed by heat treatment at 100 ºC 

for 12 h. The pre-oxidized carbon paper discs were then soaked in a mixture of aqueous 

alkaline solution (0.3 M NaOH) and alcohol, rinsed with de-ionized water and dried at 100 

ºC for 12 h under air atmosphere.   

3.1.2.3 Cell Assembly  

CR2032 coin cells consisting of a metallic lithium anode, a Celgard separator, and 

the sulfur cathode were assembled in an argon-filled glovebox with the insertion of a 

treated carbon paper disc between the sulfur electrode and the Celgard separator. The 

electrolyte used was 1 M lithium trifluoromethanesulfonate (LiCF3SO3, Acros Organics) 



 

 

 

12 

and 0.1 M lithium nitrate (LiNO3, Acros Organics) dissolved in 1,3-dioxolane (DOL, Acros 

Organics) and 1,2-dimethoxyethane (DME, Acros Organics) (1:1, vol %).  

3.1.2.4 Characterization 

FTIR spectra were recorded with a Perkin-Elmer Spectrum RX-1 spectrometer to 

characterize the carbon paper. To prepare a sample disk, 0.5 mg of the crushed carbon 

paper was mixed with 40 mg of potassium bromide (KBr); this low concentration of carbon 

paper was necessary due to the high absorption of carbon fibers. 

All the electrochemical measurements were carried out at room temperature. 

Galvanostatic cycling of cells was conducted with an Arbin battery cycler at 2.8–1.5 V or 

2.8–1.8 V (vs. Li/Li+). The CV data were obtained with a scan rate of 0.2 mV s-1 at 2.8–

1.5 V.       

3.1.3 Result and Discussion 

Pristine Toray carbon paper is characterized by a network of carbon fibers with low 

hydrophilicity and low surface areas. The alcohol-alkaline/thermal treatment used here is 

to introduce hydrophilic functional groups that provide chemical gradients for retarding the 

diffusion of polysulfide species and to increase the surface area through carbon corrosion.26 

Figure 2a depicts a schematic of the treatment process of the carbon fibers in Toray carbon 

paper, and the SEM images of the treated carbon paper are shown in Figure 2b and 2c. The 

carbon paper is made of interwoven carbon fibers with a diameter of ~ 7 µm, connected by 

carbon films with abundant interspaces between the carbon-film layers; the carbon films 

and the carbon fibers together form a conductive network. There are macropores in the 
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matrix as evident in the cross section SEM image in Figure 2b, providing tunnels for 

lithium-ion transport. During the alcohol-alkaline/thermal treatment, the alcohol-alkaline 

solution creates active sites on the surface of the carbon, which grow into microcracks 

when the carbon paper is heated. Meanwhile, hydrophilic functional groups are grafted on 

the carbon surface. After the treatment, the carbon paper retains its original framework as 

shown in Figure 2b, but the surface of the carbon fibers becomes highly rough along with 

micro-cracks as shown in Figure 2c. This is in contrast to the smooth surface of the pristine 

carbon fiber (inset in Figure 2c). The rough surface of the treated carbon fibers serves to 

increase surface areas of the carbon paper exposed to the liquid electrolyte. 

 
 

Figure 2. (a) Schematic of the treatment of the carbon paper, (b) front and cross-section 

SEM images of the treated carbon paper, and (c) magnified treated carbon fiber with the 

inset SEM image showing the pristine carbon fiber. 

The pristine and treated carbon papers were characterized by FTIR, and the results 

are displayed in Figure 3. The pristine carbon paper is relatively free of functional groups 

Soaked in NaOH and 

ethanol solution, 

followed by heating

pristine

treated
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with only a weak peak at around 3400 cm-1, corresponding to the O-H vibration of adsorbed 

moisture.27 On the other hand, the strong peaks found at around 3700 and 3300 cm-1 with 

the treated carbon paper are attributed to the O-H stretching in hydroxyl groups.27 There 

are also characteristic vibrations at 1450, 1366, and 690 cm-1, corresponding to C-H bonds 

in the treated carbon paper.28 Additionally, the signal of CO2 with increased intensity is 

detected at 2400 ~ 2300 cm-1 in the treated carbon paper. It indicates the increased amount 

of CO2 in the treated carbon paper, which may be introduced by the treatment process or 

decompositions of oxygen-functionalities.29 It is evident from the FTIR data that hydroxyl 

groups have been introduced after the treatment, and therefore the hydrophilicity of the 

carbon paper has been enhanced.  

 
Figure 3. FTIR spectra of the carbon paper before and after treatment. 

The CV data of the modified Li-S cell, shown in Figure 4a, were obtained without 

LiNO3 in the electrolyte to eliminate its influence on the curve. The CV starts from the 

open circuit voltage and sweeps to 1.5 V during the initial cycle to complete the first 
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discharge reaction, converting elemental sulfur to sulfides. During this process, 

intermediate polysulfides dissolve in the electrolyte and diffuse into the adjacent carbon 

paper. In the subsequent anodic sweep to 2.8 V, higher-order polysulfides (e.g., Li2S8) are 

formed mostly in the carbon paper. Slight overpotential can be observed during the initial 

cathodic sweep due to the conversion-dissolution-diffusion process undergone by the 

sulfur and polysulfides.30 Thereafter, the CV shows a complete overlapping of the anodic 

and cathodic peaks, suggesting high reversibility in the following cycles. The absence of 

further polarization may be a result of the excellent contact between the active materials 

and the conductive interlayer matrix so that fast electronic kinetics is achieved. In contrast, 

obvious shifts of the reduction peaks to lower potentials with drastic drops in peak current 

densities were observed in conventional Li-S cells, indicating inferior reversibility.30 The 

better electrochemical stability of the modified cell with the treated carbon paper interlayer 

is due to the trapping of active materials (i.e., polysulfide species) in the paper, preventing 

the aforementioned shuttle mechanism from occurring. 

The first discharge-charge voltage profiles of the modified cell cycled at C/5 are 

presented in Figure 4b. The first plateau at ~ 2.3 V together with a following slope from 

2.3 V to nearly 2.0 V is attributed to the conversion of S8 to soluble lithium polysulfide as 

shown in reaction (1).9 

S8 + 4e- + 4Li+ → 2 Li2S4    (1) 

The second discharge plateau at ~ 2.0 V is due to the further reduction of 

polysulfides to Li2S2 and subsequently Li2S as in reaction (2).9 
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Li2S4 + 6e- + 6Li+ → 4 Li2S    (2)  

The presence of a third sloping plateau below 1.7 V is most likely attributed to the 

irreversible reduction of LiNO3.
31 

 
Figure 4. (a) CV of the first five cycles of the Li-S cell with a treated carbon paper interlayer 

at a scan rate of 0.2 mV s-1 between 2.8 and 1.5 V, and (b) discharge/charge voltage profiles 

of the Li-S cell with the treated carbon paper interlayer in the first cycle at 335 mA g-1 (C/5 

rate). 1C rate translates to a full discharge or charge in 1 hour, based on the theoretical 

specific capacity of sulfur (1C = 1672 mA g-1). 

Figure 5a presents the cycling performance of the modified cells at C/5, C/2, and 

1C rates between 2.8 V and 1.5 V at room temperature. All the capacity values in this 

article were calculated based on the sulfur mass in the cathode. It can be seen that the cells 
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with the carbon paper interlayer show initial discharge capacities of 1651, 1369, and 1224 

mAh g-1, respectively, at C/5, C/2, and 1 C rates. After 50 cycles, the cells at C/5, C/2, and 

1 C rates maintain capacities of, respectively, 900, 870, and 780 mAh g-1. The cells also 

show high Coulombic efficiencies of around 99 %. 

 
Figure 5. (a) Cycle performances of Li-S cells with treated carbon paper interlayer at C/5, 

C/2, and 1C rates between 2.8 and 1.5 V at room temperature, and (b) Nyquist plots and an 

equivalent circuit of the Li-S cell with treated carbon paper interlayer before and after 

cycling. The EIS profiles of the cell were measured before the first discharge and after the 

50th cycle at 1C rate. 

The Nyquist plots of the modified cells with the treated carbon paper interlayer 

before and after cycling are shown in Figure 5b along with a simplified equivalent circuit. 
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The semicircle in the lower frequency region corresponds to the charge-transfer resistance 

Rct occurring at the electrolyte-electrode interface.31,32 There is also a semicircle in the 

higher frequency region, reflecting the resistance from the passivation films, here 

designated as Rg.
31,32 The presence of Rg before cycling may be due to the reaction between 

functional groups and the electrolyte, as evidenced by the FTIR spectra after soaking the 

treated carbon paper in the electrolyte. There is a new peak at 1630 cm-1, which is 

characteristic of carboxyl functional groups, and the vibrations in the 1250 – 950 cm-1 

region indicate the presence of O-H deformation and C-O stretching combination.27 Also 

in the equivalent circuit, Warburg impedance is presented as Wo, CPE is the constant phase 

element about the double-layer capacitance, and CPE' describes the space charge 

capacitance.33 An increase in the electrolyte resistance (intersection between the initial part 

of the high frequency semicircle and the real axis, represented as Re) was observed after 

50 cycles, which is due to the increased viscosity of the electrolyte caused by the 

dissolution of polysulfides mostly within the carbon paper interlayer. There is no evidence 

of an increase in the Rct value for the cell with the treated carbon paper interlayer, whereas 

Rct increases a lot upon cycling with conventional Li-S cells.20 This is an evidence of good 

contact between the active material and the carbon matrix during cycling for the modified 

cell. In addition, Rg decreases after 50 cycles, indicating that the relocation of sulfur active 

materials to the carbon interlayer reduces the tendency to form a passivation layer on the 

electrodes upon cycling. These results show that the carbon paper interlayer configuration 
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can provide efficient electron migration pathways to and from the active material and 

prevent the electrodes from undergoing passivation.  

 
Figure 6. (a) Cycle performances of the Li-S cells with pristine carbon paper interlayer, 

treated carbon paper interlayer, and without the carbon paper interlayer at C/5 rate between 

2.8 and 1.5 V at room temperature, and (b) Nyquist plots of the Li-S cells with pristine 

carbon paper interlayer, treated carbon paper interlayer, and without the carbon paper 

interlayer. The EIS profiles of the cells were measured before cycling. 

The electrochemical performances of the Li-S cells with the pristine carbon paper 

interlayer, treated carbon paper interlayer, and without the carbon paper interlayer are 

displayed in Figure 6. As seen in Figure 6a, the 3-dimensional (3-D) interlayer 

configuration significantly enhances the initial and reversible capacities. The superior 

capacity delivered by the cell with the treated carbon paper stems from the low internal 
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impedance seen in Figure 6b (before cycling). The interlayer configuration effectively 

decreases the charge transfer resistance of the Li-S cell by providing a conductive network. 

The cell containing the treated carbon paper displays a marked improvement over the other 

cells when it comes to extended cycling due to the trapping of polysulfides. Additionally, 

the hydrophilic groups and the micro-cracks may enhance surface adsorption properties of 

the carbon, promoting grafting of sulfur species on the surface of the interlayer.34 It was 

reported that LiNO3 helps suppress the shuttle phenomenon by promoting the formation of 

a stable passivation film at the lithium metal anode; however, LiNO3 in the electrolyte may 

be irreversibly reduced on the carbon surface in the cathode at potentials lower than 1.6 V, 

whose reduction products can adversely affect the reversibility and capacity of Li-S cells.31 

Therefore, modified Li-S cells were cycled with a higher cutoff voltage of 1.8 V. The 

results are shown in Figure 7. It can be seen that the cycling stability is significantly 

improved with capacity retentions of above 85 % after 100 cycles for different rates of C/5, 

C/2, and 1C. The cells exhibit reversible capacities of 1057, 1002, and 929 mAh g-1 at the 

end of 100 cycles, respectively, at C/5, C/2, and 1C rates, demonstrating the excellent 

performance of this new cell configuration with a higher cut-off voltage. 
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Figure 7. Cycle performances of the Li-S cells with treated carbon paper interlayers at C/5, 

C/2, and 1C rates between 2.8 and 1.8 V at room temperature. 

The benefit of the interlayer configuration is the trapping of active materials within 

the carbon paper and providing effective electrochemical contact between the active 

material and the conductive carbon network. In order to gain further understanding, the 

cycled modified cell components were characterized by XRD, SEM, and EDS, and the 

results are presented below. The cycled electrode in fully charged state was carefully 

removed from the coin cell inside the argon-filled glovebox and then characterized by XRD 

under the protection of a Kapton film (Chemplex Industries, Inc). The XRD patterns for 

the sulfur electrode before and after cycling are shown in Figure 8. The pristine electrode 

before cycling shows diffraction peaks of crystalline sulfur along with a broad peak at 20° 

– 30° which is due to the carbon within the electrode. In contrast, the cycled electrode only 

shows the broad peak corresponding to carbon, indicating the complete conversion of 

sulfur within the electrode to polysulfides or amorphous sulfur. 
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Figure 8. XRD patterns of the sulfur electrodes before (red) and after cycling (black). 

The SEM images and mapping results of the cycled sulfur electrode (discharged to 

1.5 V) and treated carbon interlayer are shown in Figure 9. The cycled electrode (Figure 

9a) became porous without a dense passivation layer normally seen on conventional sulfur 

electrodes, indicating that sulfur is converted and relocated. The elemental mapping result 

in Figure 9b shows the presence of carbon and residual sulfur compounds homogeneously 

distributed in the porous electrode. Figure 9c-9f show the microstructure images and 

mapping results of the treated carbon paper after 50 cycles. The front and cross-section 

views of the carbon paper in Figure 9c and 9e after cycling show deposited materials within 

the interspaces and on the carbon fibers. The mapping results in Figure 9d and 9f confirm 

the trapping of sulfur-rich compounds within the carbon paper. In addition, the sulfur 

distribution in Figure 9f reveals that more sulfur compounds have been captured near the 

cathode side compared to that towards the anode side, indicating a diffusion gradient of 

dissolved polysulfides and a protection of the anode from polysulfide contamination. 
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Figure 9. SEM images and elemental mapping results of the cycled sulfur electrode and 

treated carbon paper: (a) SEM and (b) elemental map of the cycled sulfur electrode; (c) 

SEM and (d) elemental map of the cycled carbon paper on the surface of cathode side; (e) 

cross-section SEM and (f) elemental map of the cycled carbon paper. All data were 

collected after 50 cycles at 1C rate. Green refers to carbon and red refers to sulfur. 

A magnified SEM image of a single carbon fiber and elemental mappings are 

shown in Figure 10. It can be seen that the carbon fiber is covered by a layer of deposited 

materials and the mapping indicates that the coating on the carbon fiber is rich in sulfur. It 

is believed that the polysulfides diffusing into the carbon paper are converted to higher-

order polysulfides or amorphous sulfur upon charging and are converted to lithium sulfide 

upon discharging. The in situ conversion and deposition could occur in the interior space 

encapsulated by layers of carbon films or on the treated carbon fibers with rough surfaces. 
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In either case, the in situ deposition within the carbon paper is achieved with the aid of the 

functional groups on the carbon paper. The in-situ deposition in this new configuration 

reduces the loss of active material and makes possible the trapping mechanism, leading to 

improved cycle life compared to conventional Li-S cells. 

 
Figure 10. SEM image and elemental mapping results of a single carbon fiber after 50 

cycles at 1C rate. 

In summary, a low-cost modification of Li-S cells by placing a treated carbon paper 

interlayer between the sulfur cathode and the separator has been found to show improved 

electrochemical performance. The improvement is due to the 3-D architecture of the treated 

carbon paper, blocking the polysulfide intermediates from shuttling between the cathode 

and the anode and providing a conductive skeleton for the deposition of the active materials 

with the aid of the hydroxyl functional groups. The cell configuration provides good 

electronic contact between the carbon matrix and the active material, improves the 

utilization of sulfur, and prevents the sulfur electrodes from forming a passivation layer. 

We believe the cell configuration presented here coupled with further improvements in the 

sulfur electrode itself could help to alleviate some of the persistent problems of Li-S cells. 
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3.2 Hydroxylated Graphene-Sulfur Nanocomposites for High-Rate Lithium-Sulfur 

Batteries 

3.2.1 Introduction 

 

In addition to the functionalized interlayer as discussed in the previous section, 

surface modification techniques can be used for the development of advanced cathode 

nanomaterials with superior battery performance. Moreover, nucleation of sulfur particles 

and their distribution can be influenced by the functionalized surface. In order to facilitate 

this novel synthesis, firstly, a suitable cathode conductive matrix needs to be selected for 

the accommodation of sulfur and its reduction products. Recently, graphene, a single-atom-

thick carbon material with superior electrical conductivity and mechanical flexibility, has 

been successfully applied in lithium-sulfur batteries.35 For example, a graphene-sulfur 

composite material in which sulfur particles are wrapped by polyethylene glycol (PEG) 

and graphene sheets showed stable capacities of ~ 600 mAh g-1 over 100 cycles.36 Also, a 

one-pot reaction has been developed to obtain a graphene-enveloped sulfur composite 

which had high sulfur contents of 87 wt. % with acceptable cycling stability.37 In addition, 

graphene oxide (GO) network anchoring sulfur has been found to effectively enhance the 

cycle performance of lithium-sulfur batteries.38 While graphene-sulfur composite cathodes 

                                                 

 Zu, C.; Manthiram, A. Hydroxylated graphene-sulfur nanocomposites for high-rate lithium-

sulfur batteries. Adv. Energy Mater. 3, 1008–31012 (2013). 

C. Zu carried out the experimental work. A. Manthiram supervised the project. All participated in 

the discussion and preparation of the manuscript. 
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demonstrate promising electrochemical performance, their synthesis is usually 

complicated and challenging for large-scale application.30,39 In contrast, the solution-based 

synthesis without heat treatment produces large crystalline sulfur particles, resulting in low 

utilization of active materials and poor rate performance.30 Herein, we report hydroxylated 

graphene nanosheets as a substrate to produce a graphene-amorphous sulfur 

nanocomposite exhibiting superior cyclability at high rates by an in situ deposition method 

at room temperature.  

3.2.2 Experimental  

3.2.2.1 Chemicals and Materials 

The pristine graphene nanosheets (SkySpring Nanomaterials Inc., USA) were 

synthesized through a mechanical exfoliation method. Sodium hydroxide (NaOH, Fisher 

Scientific, AR), sodium thiosulfate (Na2S2O3, Fisher Scientific, AR), hydrochloride acid 

(HCl, 37 %, Fisher Scientific, AR), lithium nitrate (LiNO3, Fisher Scientific, AR), 

poly(vinylidene fluoride) (PVDF 1120, Kureha), carbon black (SuperP, Alfa Aesar), N-

methyl-2-pyrrolidinone (NMP, anhydrous, 99.5 %, Sigma-Aldrich), lithium 

trifluoromethanesulfonate (LiCF3SO3, 98%, Acros Organics), 1,3-dioxolane (DOL, Acros 

Organics), and 1,2-dimethoxyethane (DME, Acros Organics) were used as received.  

3.2.2.2 Synthesis of Hydroxylated Graphene Nanosheets  

Pristine graphene nanosheets (1.0 g) were dispersed in aqueous NaOH (3.2 g) 

solution (40 mL, 2 M) with the aid of ultrasonication (Sonics & Materials, Inc) for 30 
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minutes at room temperature.28 Next, the mixture was transferred into a stainless steel 

reaction autoclave (50 mL) with a polytetrafluoroethylene liner, heated to 180 °C for 2 h, 

and cooled to room temperature. The reaction mixture was washed with methanol and de-

ionized (DI) water until the pH reached 7.0 and dried in a vacuum oven at 50 °C.  

3.2.2.3 Synthesis of Hydroxylated Graphene-S Nanocomposite  

First, Na2S2O3 (0.02 mol) was dissolved in deionized water (500 mL), followed by 

magnetic stirring for 5 minutes. Next, the as-synthesized hydroxylated graphene 

nanosheets (0.06, 0.045, or 0.03 g) was suspended in the above solution to produce 

composites with different sulfur loadings. The mixture was ultrasonicated for 30 minutes. 

Concentrated hydrochloric acid (0.5 mL) was then added into the solution drop-wise to 

precipitate sulfur homogeneously on the hydroxylated graphene nanosheets. The reaction 

proceeded for 45 minutes before the product was filtered, washed with deionized water, 

and dried under vacuum at 50 °C.  

3.2.2.4 Structural Characterization  

UV-vis absorption spectroscopy was used to characterize the polysulfide species 

and their contents in the electrolyte after the cells completed a certain number of cycles. 

Typically, the cells containing the GNSOH-S composite cathode were cycled at C/2 rate 

for 1, 3, 5, or 8 cycles and rested for 3 days; each cycled cathode (discharged state) was 

then soaked in a mixed solution (8 mL) of DOL/DME (1:1, vol) for 5 min. The resulting 

solution was then characterized by a Cary 5000 Spectrophotometer (Varian). A baseline 

correction was used to deduct the influence of the mixture of DOL/DME (1:1, vol).  
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3.2.2.5 Electrochemical Characterization  

The cathode was prepared by mixing GNSOH-S nanocomposite (80 wt. %), SuperP 

(10 wt. %), and PVDF binder (10 wt. %) in NMP solution. The well-mixed slurry was then 

cast onto an aluminium foil and the obtained film was dried in an oven at 50 oC. CR2032 

coin cells consisting of a metallic lithium anode, a Celgard separator, and the GNSOH-S 

nanocomposite cathode were assembled in an argon-filled glovebox. The electrolyte used 

was LiCF3SO3 (1 M) and LiNO3 (0.1 M) dissolved in DOL/DME (1:1, vol). Galvanostatic 

cycling was conducted with an Arbin battery cycler at 2.8 – 1.8 V (vs. Li/Li+) at room 

temperature. The CV data were obtained with a VoltaLab PGZ 402 Potentiostat with a scan 

rate of 0.2 mV s-1 at 2.8 – 1.8 V.  

3.2.3 Result and Discussion 

 

Figure 11. Schematic of the synthesis process of the hydroxylated graphene-S 

nanocomposite. 

The synthesis of the hydroxylated graphene-sulfur (GNSOH-S) nanocomposite is 

illustrated in Figure 11. First, a modified hydrothermal treatment of graphene was 

employed,28 with the aid of ultrasonication, to graft hydroxyl groups homogeneously onto 

the graphene nanosheets. Next, sulfur was produced by the reaction of sodium thiosulfate 

with dilute hydrochloric acid, and deposited onto the hydroxylated graphene nanosheets 
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(GNSOH) under ultrasonication. The microstructure of the as-synthesized GNSOH-S 

nanocomposite was characterized by SEM. In contrast to the stacked pristine graphene 

nanosheets,40 the GNSOH-S nanocomposite possesses a sponge-like morphology with 

fully exfoliated graphene nanosheets (Figure 12a). Figure 12b shows the morphology of a 

single graphene nanosheet, in which no bulk sulfur particles can be seen. The elemental 

mapping, shown in Figure 12c and Figure 12d, however, presents homogenous distribution 

of sulfur and carbon in the single graphene nanosheet, indicating that sulfur forms highly-

dispersed nanoparticles.  

 

Figure 12. SEM and EDS characterization of the GNSOH-S nanocomposite: (a) SEM 

image of the GNSOH-S nanocomposite, (b) SEM image of the magnified sulfur-coated 

hydroxylated graphene nanosheet, (c) EDS sulfur mapping for the region shown in (b), and 

(d) EDS carbon mapping for the region shown in (b). 

To examine the surface characteristics of the GNSOH-S nanocomposite, XPS 

analysis of the GNSOH and GNSOH-S nanocomposite was compared (Figure 13a and 13b). 
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The C 1s spectrum of the GNSOH shows an overlap of three peaks at 284.3, 284.6, and 

286.0 eV, which can be ascribed to the graphitic carbon, sp2 carbon (C=C), and 

hydroxylated carbon (C-OH), respectively.41 In contrast to the GNSOH, the GNSOH-S 

nanocomposite has a C 1s spectrum with reduced intensity, due to the sulfur coverage on 

the graphene surface. In particular, the peak intensity of the hydroxylated carbon drops 

significantly, implying possible partial cleavage of the C-OH bond during the sulfur 

precipitation reaction and formation of a carbon bond with a less electronegative atom, e.g., 

a C-S bond with a binding energy of 285.7 eV. In addition, the S 2p spectrum has a S 2p3/2 

and 2p1/2 doublet with an energy separation of 1.2 eV and intensity ratio of about 2:1.41 The 

fitted S 2p3/2 peak has a binding energy of 163.6 eV, which is slightly lower than that of 

elemental sulfur, indicating possible presence of C-S species.41 
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Figure 13. High-resolution C 1s XPS spectra of the (a) GNSOH and (b) the GNSOH-S 

nanocomposite; each spectrum has been fitted with peaks for different bonded carbon and 

the sum of fitting curves (red dashed line) is consistent with the raw data (black solid line). 

(c) FTIR spectra of the pristine graphene nanosheets, GNSOH, and GNSOH-S 

nanocomposite. (d) XRD patterns of pure sulfur, pristine graphene nanosheets, and the 

GNSOH-S nanocomposite. 

To further confirm the surface characteristics of the GNSOH and GNSOH-S 

nanocomposite, Fourier transform-infrared spectroscopy (FTIR) was conducted, as shown 

in Figure 13c. The pristine graphene shows a weak signal of stretching corresponding to 

hydroxyl groups at 3434 cm-1.27 In contrast, the peak intensity at 3434 cm-1 increases 

significantly in the spectrum of the GNSOH. In addition, the emerging peaks at around 

3162 and 1400 cm-1, which are assigned, respectively, to the stretching and bending of 

hydroxyl groups on phenols, further confirm the enriching hydroxyl groups on the 
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GNSOH.42 Moreover, the peak at 1580 cm-1 that becomes more intense could be attributed 

to the stretching of C=C bonds.43 Obviously, the peaks of hydroxyl groups at 3162 and 

1400 cm-1 almost disappear after the GNSOH was coupled with sulfur, implying that the 

C-OH bonds on the graphene nanosheets were partially converted to C-S bonds. The XPS 

and FTIR results confirm that the hydroxyl groups were introduced onto the graphene 

nanosheets by this approach, and the hydroxyl groups were involved in the sulfur 

deposition reaction, resulting in some sulfur attached to the graphene with uniform 

morphology. 

To verify the structural characteristics of the GNSOH-S nanocomposite, XRD was 

conducted on the pure sulfur powder, pristine graphene nanosheets, and GNSOH-S 

nanocomposite, as shown in Figure 13d. The pattern of the GNSOH-S nanocomposite 

reveals the graphene peak at 23° with reduced intensity,35-38 but no crystalline sulfur peaks 

due to the amorphous state of sulfur or due to its attachment to graphene. We postulate that 

(i) the hydroxyl groups on the GNSOH interact with the sulfur precursor via a hydrogen-

bonding interaction,44 creating active sites for the complete heterogeneous nucleation and 

(ii) the hydroxyl groups prevent the sulfur from growing into bulk crystalline particles.  
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Figure 14. Electrochemical characterization of the GNSOH-S nanocomposite. (a) CV of 

the Li-S cell with the GNSOH-S nanocomposite cathode at a scan rate of 0.2 mV s-1 

between 2.8 and 1.8 V, (b) discharge/charge voltage profiles of the Li-S cell with the 

GNSOH-S nanocomposite cathode at C/2, (c) cycle performance of the Li-S cell with the 

GNSOH-S nanocomposite cathode at C rates of C/2, 1C, and 2C at room temperature, (d) 

comparison of the cycle performance of the Li-S cells with the GNSOH-S nanocomposite 

and GNS-S composite cathodes.  

The electrochemical performance of the GNSOH-S nanocomposite was evaluated 

with CR2032 coin cells. The cathode contains a high loading of active material, i.e., 80 

wt. % of GNSOH-S nanocomposite. Figure 14a shows the CV profiles of the half-cell 

within the voltage window of 2.8 – 1.8 V at a scan rate of 0.2 mV s-1. The reduction peak 

at ~ 2.33 V shifts to higher potentials and the oxidation peak at ~ 2.46 V shifts to lower 

potentials upon cycling, indicating improved reversibility of the cell. After 7 cycles, the 

CV profiles show a complete overlapping of the cathodic and anodic peaks, suggesting an 
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effective retention of capacity and prevention of the shuttle mechanism. The reduction 

peaks stabilize at ~ 2.35 and ~ 2.03 V, which is in agreement with the hypothesized 

processes of reducing high-order polysulfides to Li2S4 and reducing Li2S4 to Li2S2 (or Li2S). 

The oxidation peaks stabilize at ~ 2.30 and ~ 2.43 V, suggesting a two-plateau oxidation 

process. In the CV profiles, a positive deviation of current densities from zero in the high 

voltage region during the cathodic sweep is observed in the first few cycles, implying a 

retarded transition between low-order and high-order polysulfides. It is likely that 

polysulfides formed in the redox reaction are not free but bonded to the graphene via the 

C-S bonds as indicated by the XPS and FTIR results. The bonded sulfur is slowly converted 

to free but highly dispersed reactive materials upon cycling, which is consistent with the 

later stable CV profiles (e.g., 8th, 9th, and 10th cycles).This result suggests that the hydroxyl 

groups introduced to the graphene can alter the way sulfur is formed and the redox reaction 

sulfur undergoes.  

The reduction and oxidation plateaus remain relatively constant over 100 cycles as 

shown in the selected discharge/charge curves in Figure 14b, indicating that no obvious 

polarization occurs. The reduced internal impedance also suggests a more reversible cell 

upon cycling.40 To examine the electrochemical cycle performance, cells with the GNSOH-

S nanocomposite cathode were cycled at rates of C/2, 1C, and 2C (1C = 1675 mA g-1), as 

shown in Figure 14c. High initial discharge capacities of 1277, 1136, and 815 mAh g-1 

were obtained, respectively, at C/2, 1C, and 2 C rates. The high initial discharge capacities 

attest to high utilization of the active material in the GNSOH-S nanocomposite cathode, 
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which is attributed to the unique sponge-like morphology of the GNSOH-S nanocomposite, 

allowing complete electrolyte penetration. In addition, the highly dispersed sulfur 

nanoparticles on the graphene surface provide sufficient contact between sulfur and the 

conductive matrix. Even after 100 cycles, reversible capacities of 1021, 955, and 647 mAh 

g-1 are retained, respectively, at C/2, 1C, and 2C with a capacity retention of as high as 

84 % and Coulombic efficiency of ~ 100 % for most cycles.  

Pristine graphene nanosheets were also coupled with sulfur following the same 

chemical deposition method (sulfur contents in both composites are 50 wt. %), and the 

electrochemical cycle performance is shown in Figure 14d. In contrast to the GNSOH-S 

nanocomposite, the pristine graphene-sulfur (GNS-S) composite contains micro-sized 

spherical sulfur particles;40 therefore, the GNS-S composite exhibits inferior capacity 

compared to the GNSOH-S nanocomposite due to poor electrochemical contact. It is worth 

mentioning that the pristine graphene nanosheets also have a trace amount of hydroxyl 

groups (Figure 13c), which may come from the production process. The hydroxyl groups 

on the pristine graphene could also induce the heterogeneous nucleation, rendering sulfur 

nanoparticles in the amorphous state as confirmed by XRD.40 The big capacity difference 

between the two composite cathodes remains relatively the same during cycling, indicating 

little change in the utilization of active materials during cycling. The residual hydroxyl 

groups may attract polysulfides during cycling through hydrophilic-hydrophilic 

interactions, contributing to capacity retention and morphology conservation.24 The low 

sulfur mobility in the GNSOH-S nanocomposite cathode is also supported by the UV-vis 
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absorption spectroscopy (Figure 15). The polysulfide contents in the electrolyte are 

relatively the same after the 1st, 3rd, 5th, and 8th cycles as revealed by the similar bands and 

band peak intensities of the polysulfide in the electrolyte. For a comparison, a standard 

polysulfide solution of 0.2 mM Li2S6 was prepared. The 260 nm band is attributed to the 

S6
2- or S3

2-species,45 and the 310 nm band is attributed to the S6
2- or S4

2- species.46 The cycle 

performance of the Li-S cells with the GNSOH-S nanocomposites possessing different 

sulfur contents were also compared.40 The superior high rate performance evidences the 

efficient use of active material and the effective prevention of polysulfide dissolution from 

the GNSOH-S nanocomposite cathode. 

 
Figure 15. UV-vis absorption spectra of the solutions obtained by soaking the cycled 

cathodes (discharged state) in a mixture of DOL/DME (1:1, vol).  

In summary, a novel hydroxylated graphene-sulfur nanocomposite, in which sulfur 

is in the form of amorphous nanoparticles uniformly distributed on the graphene surfaces, 
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has been developed through hydroxyl group-induced heterogeneous nucleation of bonded 

sulfur at room temperature. The GNSOH-S nanocomposite exhibits superior high rate 

performance, indicating efficient utilization of active material and effective trapping of 

polysulfides within the electrodes. This improvement could be attributed to (i) the 

homogeneously distributed hydroxyl groups, which aid the formation of an amorphous 

sulfur layer attached to the graphene and retention of polysulfides, (ii) sulfur nanoparticles, 

which can provide short pathways for ion and electron transport, and (iii) the unique 

sponge-like morphology that allows complete electrolyte penetration and absorbs the strain 

from cycling-induced volume changes. We believe that the GNSOH-S nanocomposite 

generated through this facile chemical deposition method is a promising cathode material 

for practical high rate lithium-sulfur batteries. 
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3.3 Characterization of Lithium-metal Anode in Lithium-Sulfur Batteries with a 

Fluorinated Ether Electrolyte 

3.3.1 Introduction 

In contrast to conventional sulfur cathodes in which sulfur is embedded in the 

porous system, the GNSOH-S nanocomposite has 2-D-like structure allowing facile 

contact between sulfur and electrolyte. This is advantageous in terms of the efficient use 

of electrolyte and enhancing the practical energy densities of Li-S batteries; however, the 

lack of cathode confinement results in less controlled polysulfide shuttling and requirement 

of LiNO3 as an additive in the battery system. Nevertheless, LiNO3 is consumed gradually 

with cycling and adversely decomposes at the cathode below 1.8 V, negatively impacting 

the cathode surface chemistry and battery performances.16,31 Furthermore, LiNO3 is highly 

oxidizing, causing safety concern on batteries. Consequently, novel electrolyte systems are 

highly demanded in order to promote the practical application of the GNSOH-S cathode. 

In 2013, Weng et al. disclosed that the partially fluorinated ether (D2) can blend 

with DOL as the co-solvent and couple with a novel mesoporous carbon-sulfur composite 

cathode, leading to greatly improved Coulombic efficiency of Li-S batteries.47 It was 

                                                 

 Zu, C.; Azimi, N.; Zhang, Z.; Manthiram, A Characterization of Lithium-metal Anode in Lithium-

Sulfur Batteries with a Fluorinated Ether Electrolyte, J. Mater. Chem. A., under review. 

The cell fabrication and all the subsequent electrochemical characterization and analysis work 

were performed by C. Zu at the University of Texas at Austin. The electrolyte synthesis work was 

completed by N. Azimi and Z. Zhang at the Argonne National Laboratory. All participated in the 

discussion and preparation of the manuscript. 
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hypothesized that D2 can form surface film on the lithium metal, impeding the polysulfide 

shuttling. However, clear mechanism of D2 was not available at that stage and solid 

evidence of anode passivation was absent. Moreover, when working together with LiNO3, 

the fluorinated ether electrolyte effectively suppresses the self-discharge issue.48-50 

Fluorinated ether can also function as “lubricant” and enable highly viscous electrolyte 

system when electrolyte molecules are all coordinated with Li+-ions.51,52 These coordinated 

electrolyte molecules were anticipated to have limited parasitic reactions with the lithium 

metal, which may be used in practical Li-S cells for long term cycling.51 Despite the early 

success of fluorinated electrolyte, limited information is available regarding the interaction 

between lithium-metal anode and the fluorinated ether molecule, or its application in Li-S 

batteries when sulfur is in direct contact with the electrolyte. 

In order to promote reliable Li-S batteries without sophisticated cathode 

confinement, we investigate here highly stable and efficient Li-S cells composed of a 

graphene-sulfur composite cathode, a DOL-fluorinated ether (with the chemical formula 

1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropylether, TTE) blend electrolyte, and 

lithium-metal anode (denoted as GS-DOL/TTE-Li cell). Sulfur is distributed on the surface 

of graphene flakes, enabling a facile contact with electrolyte. It is confirmed that the 

DOL/TTE electrolyte alone is able to suppress the polysulfide shuttling. Moreover, 

comprehensive characterization on the lithium-metal anode is performed. Uniform lithium 

deposition is achieved, correlating to the unique lithium-metal surface SEI. The SEI layer 

is rich in LiF due to the decomposition of the fluorinated electrolyte in the charging process. 
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In addition, the SEI layer with hierarchical chemical compositions is believed to contribute 

to the inhibition of polysulfide shuttling. Overall, we demonstrate the control of polysulfide 

shuttling and stabilization of lithium metal without a porous cathode matrix, additives, or 

complex electrolyte systems. We believe the low-cost, highly stable GS-DOL/TTE-Li 

batteries can promote the development of reliable, practical Li-S batteries.  

3.3.2 Experimental  

3.3.2.1 Preparation of Graphene-Sulfur (GS) Composite.  

First, the graphene powder (SkySpring Nanomaterials Inc., US) was dispersed in 

an aqueous solution of NaOH (2 M) and heated to 180 °C under hydrothermal condition. 

Next, the thus-oxidized graphene (0.06 g) was suspended in a solution of Na2S2O3 (0.04 

M) to initiate the GS formation reaction. The obtained GS composite was washed with 

deionized water and dried under vacuum at 50 °C. The sulfur content was estimated to be 

~ 55 wt. % by TGA test. 

3.3.2.2 Electrochemical Tests  

The cathode was prepared by mixing GS composite (75 wt. %), conductive carbon 

(15 wt. %), and PVDF binder (10 wt. %) in NMP solution. The well mixed slurry was cast 

onto an aluminum foil. The obtained film was dried in an air oven at 50 °C and cut into 

circular disc with a diameter of 1.13 cm. Sulfur loading is ~ 1-1.5 mg cm-2. CR2032 coin 

cells were assembled inside an Ar-filled glovebox. The GS cathode was coupled with 

DOL/TTE (1:1, vol) electrolyte or DOL/DME (1:1, vol) electrolyte, and the lithium-metal 

anode. Lithium bis-(trifluoromethane sulfonyl)imide (LiTFSI, 1 M) was used as the lithium 
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salt. CV plots were obtained with a scan rate of 0.2 mV s-1 between 1.5 and 2.8 V (vs. 

Li/Li+). Galvanostatic cycling was conducted with an Arbin battery cycler from 1.6 to 2.6 

V at room temperature.  

3.3.2.3 Characterization 

Fourier transform infrared spectroscopy (FTIR, Thermo Scientific Nicolet iS5 FT-

IR Spectrometer equipped with an iD5 diamond window) experiment was conducted to 

study the lithium-metal surface properties. The lithium-metal anode was washed DME 

solvent and dried before sealing it in the ATR sampler using a Capton film. The SEI layer 

faced the diamond window. UV-visible characterization was performed to identify the 

polysulfide species formed during the self-discharge process. The cycled cathode was first 

dried in the glovebox and soaked in the solvent of DOL/DME (10 mL) for 10 min before 

characterizing the cathode analyte. TGA was conducted in air at a heating rate of 15 ° C 

min-1 from room temperature to 500 °C. 

3.3.3 Result and Discussion 

Graphene flakes with high electronic conductivity were used as the cathode 

conductive matrix to accommodate sulfur reduction and sulfide oxidation. TTE electrolyte 

was selected because (1) the ether molecule is compatible with sulfur/polysulfide species; 

(2) TTE possesses lower viscosity compared to other electrolyte of low polysulfide 

solubility51,52; and (3) fluorinated segments decompose at the lithium-metal surface, 

producing LiF species that strengthen the SEI layer and enhance lithium mobility.5,45,53-55 

DOL was used to dissolve lithium salts, herein LiTFSI (1 M). Figure 16a shows the SEM 
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image of the graphene-sulfur composite. The graphene flakes were produced through a 

mechanical exfoliation method and mildly oxidized before its facile integration with sulfur. 

Sulfur, whose signal was characterized by EDS analysis, nucleates on the surface of the 

graphene flakes. Figure 16b shows the Raman spectrum of the as-synthesized GS 

composite, where the characteristic peaks of carbon and sulfur appear, respectively, at 1360 

(carbon D band) cm-1, 1590 cm-1 (carbon G bands) and below 600 cm-1 (sulfur).56,57 Sulfur 

is in direct contact with the electrolyte, ensuring the efficient use of electrolyte.  

 
Figure 16. (a) SEM image of the graphene-sulfur composite and (b) Raman spectrum of 

the graphene-sulfur composite. 

CR2032 coin cells were assembled to test the electrochemical performances of the 

GS-DOL/TTE-Li cell. Figure 17a presents the CV profiles, where two cathodic peaks exist 

at 2.3 V and 1.7 V in the first discharge, representing, respectively, the transitions from 

sulfur to lower-order polysulfides (e.g., Li2S4) and from lower-order polysulfides to Li2S. 

Compared to Li-S cells cycling in conventional electrolyte of DOL/DME (denoted as GS-

DOL/DME-Li), the GS-DOL/TTE-Li cell exhibits a down-shifted main cathodic peak at 

1.7 V, indicative of sluggishness of the electrochemical reaction during the second plateau 
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where Li2S is precipitated. This may be due to TTE molecule of low polysulfide solubility 

or lower ionic conductivity of the DOL/TTE electrolyte system, leading to controlled Li2S 

precipitation.51 The cathodic peak shifts to more positive value in the subsequent cycles, 

suggesting varied electrochemical environment (e.g., improved electronic/ionic transport 

in the electrodes or slight leaching of polysulfide species from the cathode). The 

capabilities of the DOL/DME or DOL/TTE electrolytes to suppress polysulfide shuttling 

were compared with the results shown in Figure 17b. Despite a similar initial discharge 

capacity of ~ 1100 mAh g-1, the Li-S cell cycling in DOL/DME electrolyte encounters 

polysulfide shuttling as indicated by the prolonged charging voltage plateau in the initial 

two cycles. In contrast, the sulfur cathode in the DOL/TTE electrolyte circumvents the 

problem of polysulfide shuttling.  

 

Figure 17. (a) CV profiles of the GS-DOL/TTE-Li cell and (b) discharge-charge voltage 

profiles of the GS-DOL/TTE-Li cell at a rate of C/5. 

Figure 18a compares the Coulombic efficiencies (Coulombic efficiency is defined 

as the ratio of discharge capacity to charge capacity) and cycling performances of the GS-

DOL/TTE-Li and GS-DOL/DME-Li cells. The initial Coulombic efficiency of the GS-
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DOL/TTE-Li cell (C/5 rate) is approaching 100 % in contrast to that of the GS-DOL/DME-

Li cell (80 %; the Coulombic efficiency of the GS-DOL/DME-Li cell drops to 24.7 % in 

the second cycle.) This implies the effective control of polysulfide shuttling and formation 

of a stable SEI film on the lithium-metal surface in the GS-DOL/TTE-Li cell. The 

controlled polysulfide shuttling in the initial stage could be due to low polysulfide 

solubility of the TTE electrolyte.51,52 The Coulombic efficiency of the GS-DOL/TTE-Li 

cell decreases with cycling while that of the GS-DOL/DME-Li cell increases; both of them 

stabilize at ~ 90 % after 50 cycles. The increased Coulombic efficiency of the GS-

DOL/DME-Li cell is due to the significant dissolution of polysulfide species into the 

electrolyte and the consequent reduction in the further polysulfide dissolution from the 

cathode and the shuttling effect.8,58 Figure 18a compares the performances of the GS-

DOL/TTE-Li cell at rates of C/10, C/5 and C/3. Compared to GS-DOL/DME-Li cell with 

reversible capacity of 470 mAh g-1 after 50 cycles at C/5, the GS-DOL/TTE-Li cell shows 

reversible capacity of 650 mAh g-1. Moreover, an initial discharge capacity of 1200 mAh 

g-1 is obtained at a C/10 rate and the reversible capacity stabilizes at ~ 610 mAh g-1 after 

150 cycles. The initial discharge capacity can be as high as ~ 760 mAh g-1 at a higher rate 

of C/3 using DOL/TTE electrolyte.  
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Figure 18. (a) Coulombic efficiencies and cycling performances of the GS-DOL/TTE-Li 

cell and GS-DOL/DME-Li cell. The Coulombic efficiencies are compared at a rate of C/5; 

the performances were obtained at C/10, C/5, and C/3 rates. (b) Discharge voltage profiles 

of the GS-DOL/TTE-Li cell and GS-DOL/DME-Li cell at 50th cycle and at the first cycle 

after re-assembling. 

For a better understanding on the in situ formed lithium-metal surface SEI, we 

rinsed the lithium-metal anode with DOL/TTE electrolyte, coupled the rinsed anode with 

a GS cathode and DOL/DME electrolyte (denoted as GS-DOL/DME-modified Li cell). 

The GS-DOL/DME-modified Li cell exhibits a high Coulombic efficiency of ~ 100 % and 

larger reversible capacity compared to the GS-DOL/DME-Li cell,59 which evidences that 

TTE molecule reacts with the lithium-metal anode forming stable SEI. However, reversible 

capacities of the GS-DOL/DME-modified Li cell are inferior to the GS-DOL/TTE-Li cell, 

suggesting that other factors other than the stabilized lithium-metal surface and controlled 

polysulfide shuttling lead to high sulfur utilization in the DOL/TTE electrolyte system. 

One possible explanation is the controlled Li2S precipitation resulting in better electronic 

contact with the cathode conductive matrix therefore enhancing sulfur utilization.24,51 Cells 

cycled in DOL/TTE and DOL/DME electrolyte systems were dissembled after 50 cycles. 

The cycled anodes were each coupled with a new GS cathode and DOL/DME electrolyte, 
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and resumed cycling as shown in Figure 18b. Reversible capacities of 913 mAh g-1 and 

772 mAh g-1 (C/5) were obtained, respectively, with the lithium anode cycled in the 

DOL/TTE and DOL/DME electrolytes, which further confirms better preserved lithium 

quality with the TTE molecule. 

 
Figure 19. SEM images of the lithium-metal surface after the first charge in the GS-

DOL/DME-Li cell (a) and in the GS-DOL/TTE-Li cell (b). 

SEM characterization was conducted to study the morphological changes on the 

lithium-metal surface in different electrolyte systems. Figure 19a shows the lithium-metal 

surface in the GS-DOL/DME-Li cell after the first charge. Deposition of lithium bulk 

particles can be seen, causing corrugated surface texture. In contrast, a passivation layer 

composed of small particles was observed on the lithium-metal anode in the DOL/TTE 

electrolyte after lithium deposition (Figure 19b). Figure 20a shows cross-sectional SEM 

images of the lithium-metal anode in DOL/TTE electrolyte system after the 50th charge, 

where uniform lithium deposition can be seen in contrast to the lithium-metal anode cycled 

in DOL/DME electrolyte showing obvious damaged region and rough lithium deposition 
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(Figure 20b). The reduced roughness of the lithium-metal surface is beneficial for stability 

of the SEI layer.54  

 
 

Figure 20. Cross-sectional SEM images showing the lithium-metal anode cycled in (a) 

DOL/TTE electrolyte after the 50th charge; and (b) DOL/DME electrolyte after the 50th 

charge at C/5 rate.  

FTIR characterization was performed to compare chemical compositions of the SEI 

layers on the lithium anode. Figure 21a and 21b present, respectively, the IR spectra of the 

lithium anode in the DOL/DME (Figure 21a) and DOL/TTE electrolyte system (Figure 

21b) after the first cycle. Relative to the SEI layer in the DOL/DME electrolyte system, the 

SEI layer in the DOL/TTE electrolyte system consists of significant C-OH functional 

groups with the corresponding characteristic peaks at 3674 and 3563 cm-1. Moreover, 

apparent C-H species exist after the first discharge with the C-H stretching peaks at 3000 

– 2800 cm-1. Signals of C-H species are covered by sulfonates, nitrogen-containing species, 

and C-O-C species after the following charge, showing multiple peaks between 1400 – 

1000 cm-1 of pronounced intensities and peaks between 1505- 1575 cm-1. It is noticed that 

the peak of fluorine-containing species at ~ 1000 cm-1 increases significantly after the first 

charge, suggesting decomposition of the fluorinated segments of ether molecule. In 
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contrast, the SEI layer in the DOL/DME electrolyte exhibits weak peaks at ~ 1620 cm-1 

and 950 cm-1 corresponding to, respectively, the accumulated C=C and oxygen-containing 

species. There is no obvious fluorine-containing species present. 

 
Figure 21. FTIR spectra of the lithium-metal surface in the (a) GS-DOL/DME-Li cell and 

(b) GS-DOL/TTE-Li cell. 

Chemical composition of the SEI layer was further investigated by XPS 

characterization and a depth profile analysis. The lithium-metal surface was characterized 

after 50 cycles before sputtering, after sputtering for 4 s using Ar+-ion gun (~ 2 nm depth), 

and after sputtering for 300 s (~ 150 nm depth). Figure 22a compares the SEI compositional 

variation with the increased detection depth in the DOL/TTE system, showing F 1s, N 1s, 

and S 2p spectra. It can be seen that the intensity of the F 1s signal at 689.5 eV 

corresponding to fluorine- and oxygen-containing species is dominant on the first SEI layer 

but drops after sputtering for 4s.60,61 After sputtering for 4 s, i.e., down to a distance of  ~ 

2 nm from the top interface, a new peak at 685.5 eV emerges, suggesting the enriching of 

LiF species.55 With an increased detection depth of ~ 150 nm beneath the top interface 

(after 300s-sputtering), intensity of the peak at 685.5 eV increases, indicating LiF 
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accumulates near the lithium-metal surface. In contrast, the amount of nitrogen-containing 

species at ~ 400 eV reduces gradually with the increased detection depth. The nitrogen-

containing species are mainly originated from the lithium salt LiTFSI, whose 

decomposition products distribute in the entire SEI layer of the lithium anode. Similarly, 

the sulfur species exhibit two major peaks at ~ 170 and ~ 161.5 eV corresponding to, 

respectively, sulfate and sulfide species. The sulfate species originating from lithium salts 

are rich in the top SEI layer while the sulfide species accumulate near the lithium-metal 

anode, serving as self-limiting layer which can suppress parasitic reactions. It should be 

noted that quantitative analysis on S 2p and N 1s region spectra of the lithium-metal anode 

cycled in DOL/TTE electrolyte before sputtering does not show stoichiometry of LiTFSI, 

indicating that it is not a simple deposition of LiTFSI on the fresh electrode and that the 

electrode washing is reasonably enough for XPS characterization. To better resolve the 

sulfur-containing species, a high-resolution scan was conducted with the S 2p region in 

both the DOL/TTE and DOL/DME electrolyte systems after sputtering for 300 s, shown in 

Figure 22b and 22c. The S 2p 3/2 peaks at ~ 160, 161.6, and 163.4 eV are identified on the 

lithium-metal anode cycled in DOL/TTE electrolyte, translating to the presences of Li2S, 

terminal sulfur (ST
-1), and bridging sulfur (SB

0) species. It should be noted that sulfate and 

sulfite species with S 2p 3/2 binding energies at ~ 170.0 and 166.7 eV still exist in the 

passivation layer after sputtering for 300 s, although the intensities of those sulfate/sulfite 

species decrease remarkably compared to those in the top SEI layer (Figure 22a). In 

contrast, only sulfide species exists on the lithium-metal anode cycled in DOL/DME 
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electrolyte (Figure 22c), which is different from hierarchical chemical compositions of the 

SEI layers formed with TTE molecule. In addition, XPS and the associated sputtering 

experiments were performed on the pristine lithium-metal electrode rinsed in DOL/TTE 

electrolyte but without cycling. It can be seen that sulfur signals mainly accumulate near 

the top interface and are negligible after sputtering for 300s, which confirms that the 

sputtering experiment doesn’t produce artificial sulfur-containing signals with the present 

test condition and the hierarchical structure formed in DOL/TTE electrolyte is real. 

 
Figure 22. (a) XPS spectra of the lithium-metal surface after 50 cycles in the GS-

DOL/TTE-Li cell, showing F 1s, N 1s, and S 2p signals. Detailed XPS spectra and fitting 

of the S 2p region on the lithium-metal anode cycled in (b) DOL/TTE electrolyte; and (c) 

DOL/DME electrolyte after sputtering for 300 s.  
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SEM images showing the SEI layers at the corresponding XPS detection depth are 

given in Figure 23. The lithium-metal surface is covered by sulfur- and fluorine-containing 

species initially (Figure 23a). Fresh lithium morphology was gradually revealed after Ar+-

ion sputtering for 4 s (Figure 23b). Fresh lithium-metal anode morphology was observed 

after 300s-sputtering (Figure 23c). The LiF species in this SEI layer ~ 150 nm beneath the 

top interface could strengthen the SEI, avoiding the continuous breakdown of the SEI under 

the cycling-induced strain/stress. Furthermore, it was believed that chemical composition 

of the SEI layer influences lithium deposition and that LiF species could effectively 

suppress the development of lithium dendrites. No Li2S bulk particles are observed at this 

detection depth (Figure 23c), which can be attributed to the unique chemical composition 

of the SEI layer formed in the DOL/TTE electrolyte system, or due to TTE molecule of 

low polysulfide solubility that influences Li2S precipitation. The SEI layers of hierarchical 

structure is further verified. 

 
Figure 23. SEM images of the lithium-metal surface morphology after 50 cycles in the GS-

DOL/TTE-Li cell (a) without sputtering, (b) after 4s-sputtering, and (c) after 300s-

sputtering. 
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In addition to cycling stability, capability to suppress self-discharge is also a critical 

factor when evaluating reliability of Li-S batteries. Self-discharge behaviors in the GS-

DOL/DME-Li cell and GS-DOL/TTE-Li cell were compared, with the results shown in 

Figure 24a. Both cells were stored at room temperature for 120 h after the first cycle (at 

the charged state) and resumed cycling for another 50 cycles. Despite the similar initial 

discharge capacities of ~ 1100 mAh g-1 for both cells, the GS-DOL/TTE-Li cell exhibits 

better capacity retention after the 120 h-rest. The GS-DOL/TTE-Li cell delivers ~ 410 mAh 

g-1 reversible capacity in the second discharge after 120 h-rest while the GS-DOL/DME-

Li cell only recovers capacities of 190 mAh g-1. Moreover, reversible capacity of the GS-

DOL/TTE-Li cell quickly recovers to 750 mAh g-1. Relatively, the GS-DOL/DME-Li cell 

has inferior capacity retention of 267 mAh g-1 after 50 cycles. Polysulfide species generated 

during cell resting were analyzed by UV-visible absorption spectroscopy, with the results 

shown in Figure 24b. It can be seen that S6
2- species with characteristic absorption peak at 

~ 260 nm exist both in the DOL/DME electrolyte system and the DOL/TTE electrolyte 

system after the first charge before resting. In addition to the S6
2- species, new species with 

an absorption peak at ~ 290 nm emerge after 120 h-rest in the DOL/DME electrolyte 

system, which is likely related to the formation of S2
2- species due to self-discharge.45 In 

contrast, the S6
2- species are highly stable in the DOL/TTE electrolyte system and there is 

no apparent dissociation of polysulfide species identified. 
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Figure 24. (a) Self-discharge performances of the GS-DOL/DME-Li and GS-DOL/TTE-

Li cells (C/5). (b) UV-visible spectra of the sulfur cathode analyte after the first charge 

before resting and after 120 h-rest.  

In summary, we have demonstrated that fluorinated ether electrolytes can be used 

to suppress the persistent problem of polysulfide shutting in Li-S batteries. There is no 

sophisticated cathode porous matrix or oxidizing additives in the battery system, which is 

beneficial for both the efficient use of electrolyte and safe operation of Li-S batteries. 

Moreover, we studied the lithium-metal anode surface chemistry after its interaction with 

the TTE molecule and dissolved polysulfide species. The SEI layer on lithium-metal 

surface consists of hierarchical chemical compositions of LiF components that strengthen 

the SEI and sulfate/sulfite/sulfide species that serve as a self-limiting layer suppressing 

parasitic reactions on the lithium-metal anode. This helps suppress polysulfide shuttling 

and preserve the quality of the lithium-meal anode. In addition, the stabilized lithium-metal 

anode together with the low polysulfide solubility in TTE avoids the formation of 

insulating Li2S bulk particles. We believe the highly stable Li-S batteries enabled by the 
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fluorinated ether electrolyte offer a viable strategy for realizing safe, reliable, practical Li-

S batteries. 
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Chapter 4: Polysulfide Batteries and Lithium-Metal Anode Protection 

4.1 Highly Reversible Li/Dissolved Polysulfide Batteries with Binder-Free Carbon 

Nanofiber Electrodes 

4.1.1 Introduction 

For an efficient use of sulfur redox chemistry, good electrochemical contact 

between sulfur and the cathode conductive matrix is critical. In this context, Li/polysulfide 

batteries have attracted much attention. Sulfur active material is prepared as the liquid state 

polysulfide catholyte and coupled with a robust 3-D carbon fibrous current collector, 

ensuring efficient contact between sulfur species and the conductive matrix. The 3-D 

matrix can further trap polysulfide species, suppressing polysulfide diffusion and the 

parasitic reactions between polysulfide species and the lithium-metal anode.  

Li/dissolved polysulfide batteries was first reported by Rauh et al. in 1979.53 High 

sulfur utilization was achieved at that time with 1.6 electrons per sulfur at low rates; 

however, the cell suffered from fast degradation. Tarascon et al. used a liquid cathode 

obtained by either placing sulfur powder in contact with the lithium metal anode or by 

                                                 

 Manthiram, A.; Fu, Y.-Z.; Chung, S.-H.; Zu, C.; Su, Y.-S. Rechargeable lithium-sulfur 

batteries. Chem. Rev. 144, 11751–311787 (2014). 
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 Zu, C.; Fu, Y.-Z.; Manthiram, A. Highly reversible Li/dissolved polysulfide batteries with 

binder-free carbon nanofiber electrodes. J. Mater. Chem. A 1, 10362–310367 (2013). 

C. Zu carried out the experimental work. Y. Z. Fu provided assistance in experimental details. A. 

Manthiram supervised the project. All participated in the preparation of the manuscript. 
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dissolving polysulfides in the electrolyte.62 Through such approach, they reduced Li2S 

contamination and built a protective SEI layer on the anode side. In addition, Xu et al. used 

polysulfide species and LiNO3 as the co-additive to suppress active material dissolution, 

and obtained a high capacity of 1450 mAh g-1 and Coulomnbic efficiency of 100 %.58 In 

2013, Fu et al. demonstrated that Li/polysulfide batteries can exhibit a high initial capacity 

of 1600 mA h g-1 and a capacity retention of 87.5 % over 50 cycles at a C/10 rate using a 

binder-free MWCNT paper as the current collector.22 The cathode confinement from the 

nanoscaled MWCNT anchors the polysulfide species, leading to a highly reversible system. 

It is further demonstrated that Li/polysulfide batteries can be used as the half-flow-battery-

mode.63 Charge and discharge voltage were controlled within the dissolved polysulfide 

region (Li2Sx, x ≥ 4) to enable the flow-mode, and the lithium-metal surface maintained 

smooth in this voltage window. Although these results indicate that the Li/dissolved 

polysulfide battery could enhance sulfur use and facilitate capacity retention, longer cycle 

life and stable capacity delivery with higher sulfur loadings need to be demonstrated. 

4.1.2 Experimental 

4.1.2.1 Preparation of the CNF Paper Electrode  

To fabricate the interwoven, self-standing CNF paper, 150 mg of carbon nanofibers 

(Fisher Scientific) were dispersed in 750 mL of a mixed solution of de-ionized water and 

isopropyl alcohol. The mixture was ultrasonicated for 15 minutes, and the products were 

collected by vacuum filtration, washed with de-ionized water and ethanol, and dried in an 
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air-oven for 24 h. The obtained CNF paper was then punched out into circular disks with 

1.2 cm diameter (1.13 cm2).  

4.1.2.2 Preparation of Electrolyte and Polysulfide Catholyte 

Blank electrolyte was prepared by dissolving LiCF3SO3 (98%, Acros Organics, 1 

M) and LiNO3 (99+%, Acros Organics, 0.1 M) in DME (99+ %, Acros Organics) and DOL 

(99.5 %, Acros Organics) (1:1, vol). To prepare the polysulfide catholyte, commercial 

sublimed sulfur (99.5 %, Fisher Scientific) and lithium sulfide (Li2S, 99.9 %, Acros 

Organics) in an appropriate molar ratio were chemically reacted in the blank electrolyte to 

render 1.5 M sulfur in the form of Li2S6 in the solution. The obtained mixture was heated 

at 45 °C for 18 h to produce a dark brown catholyte with moderate viscosity. Concentration 

of LiNO3 in the blank electrolyte was raised to 1 M, producing the testing electrolyte for 

electrochemical characterization.  

4.1.2.3 Structural Characterization  

The CNF paper/dissolved polysulfide cells (CR2032 coin cells) were assembled 

inside a glove box. 40 µL of polysulfide catholyte was added into a CNF paper electrode, 

corresponding to 1.9 mg (1.7 mg cm-2) of sulfur. For higher sulfur loadings of 3.4 and 5.1 

mg cm-2, 80 or 120 µL of catholyte together with, respectively, 2 or 3 layers of CNF paper 

electrode was used. Next, a Celgard 2400 separator was placed on top of the CNF paper 

electrode, followed by adding 20 µL of testing electrolyte and placing the lithium metal 

anode on the separator. Assembly of the MWCNT paper/dissolved polysulfide cells 

follows the similar process. The CV profiles were obtained with a scan rate of 0.025 mV 
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s-1 between 3.4 – 1.8 V after the potential was initially swept from the OCV to 1.8 V. 

Galvanostatic cycling after the 1st discharge from OCV to 1.8 V was conducted with an 

Arbin battery cycler between 2.6 – 1.8 V (vs. Li/Li+) at room temperature.  

4.1.3 Result and Discussion 

The carbon electrode used in Li/dissolved polysulfide batteries acts as a host for 

the cathode reactions, i.e., conversion of polysulfides to high-order polysulfides during 

charge and to lithium sulfide during discharge. Previous studies with the Teflon-bonded 

carbon electrode showed only limited cyclability or low achievable capacities.53 However, 

a binder-free, fibrous carbon electrode (e.g., carbon nanotube) has been demonstrated in 

our group to support highly reversible cathode reactions. We believe that different fibrous 

carbon electrodes with variations in fiber diameter and interspaces would have different 

electrochemical behaviors in the Li/dissolved polysulfide battery system, so we conducted 

a systematic investigation on the CNF paper electrode, which also has low manufacturing 

cost advantage over MWCNTs. The configuration of this CNF paper/dissolved polysulfide 

cell is similar to our previous report and the initial discharge capacity is ~ 150 mAh g-1 

lower than that of MWCNTs.  
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Figure 25. SEM images of the (a) MWCNT paper and (b) CNF paper. The magnified 

STEM image of carbon nanotubes and SEM image of carbon nanofibers are shown, 

respectively, in the inset images of (a) and (b). 

The morphology difference between MWCNT and CNF paper electrodes is 

revealed by the STEM and SEM analyses, as shown in Figure 25. In contrast to the 

densified MWCNT paper with interspaces of several hundreds of nanometers (Figure 25a), 

the CNF paper has micron-sized interspaces (Figure 25b) which are at least an order of 

magnitude larger than those of the MWCNT paper. Furthermore, the carbon nanofiber has 

a diameter of ~ 200 nm (inset image in Figure 25b), which is also an order of magnitude 

larger than that of the carbon nanotube (~ 20 nm, inset image in Figure 25a). The large 

interspaces within the CNF paper electrode can accommodate more cycled products, which 

is supported by the high porosity (97 %) of the CNF paper electrode, estimated based on 

the density of graphite, the volume, and weight of the circular electrode disk. In addition, 

the thick nanofibers can support a robust electrode structure. 
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Figure 26. Electrochemical characterization of the CNF paper/dissolved polysulfide cells: 

(a) CV at a scan rate of 0.025 mV s-1 between 3.4 and 1.8 V, (b) discharge/charge voltage 

profiles at C/5 rate between 2.6 and 1.8 V, (c) cycle performance and Coulombic efficiency 

at C/5 rate between 2.6 and 1.8 V. 

Electrochemical performance of the CNF paper/dissolved polysulfide battery is 

demonstrated in Figure 26. As reflected in the CV profile in Figure 26a, a small peak at ~ 

2.13 V, which may correspond to the conversion of Li2S6 to Li2S4, is associated with the 

main reduction peak at ~ 2.05 V during the 1st cathodic scan. After the 1st cycle, the 

reduction peaks stabilize at 2.35 V and 2.05 V corresponding to, respectively, the 

transitions from S/Li2S8 to Li2S4 and from Li2S4 to Li2S2/Li2S. The oxidation peaks 

stabilize at 2.33 and 2.43 V, representing the backward transitions. Peak positions and 

intensities overlap perfectly, indicating the high reversibility of the cell. Consistent with 
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the CV profile, the discharge/charge voltage plateaus remain constant over 50 cycles 

(Figure 26b) except for the 1st discharge, which only shows the low-voltage plateau, 

revealing that no obvious polarization occurs. Figure 26c presents the cycle performance 

and Coulombic efficiency of the CNF paper/dissolved polysulfide cell at C/5 rate between 

2.6 – 1.8 V. It can be seen that a high discharge capacity of 1139 mAh g-1 (based on the 

mass of sulfur in the catholyte) is obtained during the 2nd discharge (the 1st discharge only 

has the low-voltage plateau), attesting to high utilization of active polysulfide species. The 

reversible capacity experiences a small increase to 1192 mAh g-1 in the first 10 cycles, 

which resembles an activation process possibly attributed to the redistribution of active 

materials to a more homogeneous state during cycling. A reversible capacity of 1094 mAh 

g-1 is retained after 80 cycles with a capacity retention rate as high as 96 % and Coulombic 

efficiency above 98 % for most cycles. In addition, the weight of the CNF paper electrode 

increased from 2.91 mg before cycling to 5.01 mg after the 1st discharge, indicating that ~ 

76% of the active material has been conserved in the CNF paper electrode considering 1.9 

mg of the sulfur loading per cell. 
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Figure 27. (a) XRD patterns of the CNF paper electrode after 1st discharge and 2nd charge, 

(b) SEM image of the CNF paper electrode after 1st discharge, (c) SEM image of the CNF 

paper electrode after 2nd charge, (d) EDS sulfur and carbon mappings for the region shown 

in (c) (sulfur signal is in red and carbon signal is in green). 

XRD studies on the cycled CNF paper electrodes were also conducted, with the 

results shown in Figure 27a. The appearance of reflection near 2θ = 27, 32, 45, and 53° 

indicates the formation of crystallined Li2S at the end of the 1st discharge.64 However, the 

crystallined Li2S gradually converts to the amorphous state with cycling. Li2S converts to 

polysulfides or amorphous sulfur at the end of 2nd charge as evidenced by the disappearance 

of the Li2S peaks. The peak at ~ 26° is ascribed to the graphitic carbon in the carbon 

nanofiber, and the broad peaks at 2θ = 10 – 25° are due to the Kapton film.65,66 To further 

investigate Li2S precipitation and its conversion to polysulfides during cycling, the cycled 

CNF paper electrodes were observed by SEM. Solid precipitates deposit into the 

interspaces of the CNF paper electrode after the 1st discharge (Figure 27b). In contrast to 
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conventional Li-S cells whose cycled cathodes are usually covered by a dense passivation 

film, the CNF paper electrode retains the robust porous framework, allowing complete 

electrolyte penetration during cycling. Moreover, no bulk particles exist in the CNF paper 

electrode after the 2nd charge (Figure 27c). Only tiny high-order polysulfides/sulfur 

particles homogeneously dispersed in the CNF framework exist as evidenced by EDS 

analysis, presented in Figure 27d. On the other hand, the lithium metal anode experiences 

continuous corrosion and uneven stripping/plating gradually with cycling, leading to a 

rough surface which may need further improvement. However, only mossy Li metal 

structure is observed, absent of the dendritic structure which is consistent with literature. 

XPS analysis was performed on the cycled CNF paper electrodes to identify the 

composition of the polysulfide species during cycling. Figure 28a and 28b present, 

respectively, the S 2p spectra of the CNF paper electrodes after the 1st discharge and 2nd 

charge. The strong dual peaks at 162.1 and 160.9 eV in Figure 28a could be ascribed to 

Li2S,67 and the small dual peaks at 165.0 and 163.7 eV are assigned to the bridging sulfur 

atoms of polysulfides, which could be due to the unreacted active material.62 The peaks at 

high binding energies, shifting to 164.8 and 163.5 eV, become the major component after 

the 2nd charge, indicating a conversion of most of the Li2S and the slightly increased ratio 

of low-coordinated sulfur (e.g., low-order polysulfides).68 An emerging peak at 162.2 eV, 

which may be assigned to terminal sulfur, is observed, suggesting the incomplete 

conversion between Li2S and high-order polysulfide during the 2nd charge.62 The large 

interspaces within the CNF paper electrode may be the reason for the incomplete cathode 
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reactions and its inferior initial discharge capacity compared to the MWCNT paper 

electrode. To further examine the polysulfide species, UV-visible absorption spectroscopy 

analysis was conducted and the results are shown in Figure 28c. The UV-visible absorption 

spectrum of the CNF paper electrode after the 1st discharge demonstrates a broad peak in 

the 250 – 280 nm region, indicating the possible existence of S2-, S2
2-, S6

2- and elemental 

sulfur,69 while that after the 2nd charge presents strong characteristic peaks of S6
2- species 

at 260 and 300 nm.45 A broad shoulder peak at 420 nm, which can be assigned to the S4
2- 

species due to the disproportionation of high-order polysulfides, also exist in the CNF 

paper electrode after the 2nd charge.45  

 
Figure 28. High-resolution S 2p XPS spectra of the CNF paper electrode (a) after 1st 

discharge, and (b) after 2nd charge; each spectrum has been fitted with peaks for different 

bonded sulfur and the sum of fitting curves (pink dashed line) is consistent with the raw 

data (black solid line). (c) UV-visible absorption spectra of the washing analyte of the CNF 

paper electrode after 1st discharge and 2nd charge. 
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Figure 29 demonstrates the EIS analysis conducted on the CNF paper/dissolved 

polysulfide cell. Figure 29a displays the discharge/charge voltage profile of the 2nd cycle. 

The cell was discharged to a depth of 6, 19, 38, and 75 %, respectively, corresponding to 

the Li2Sx state of, x > 8, 8 > x > 4, 4 > x > 2, and 2 > x > 1. Nyquist plots of the cells in the 

corresponding discharged state are shown in Figure 29b. The depressed semicircle in each 

discharged state could be composed of at least two semicircles, relating to the impedance 

of a passivation film on both the electrodes and the charge-transfer occurring at the 

electrolyte-electrode interface.32,33,70 There is no significant increase in these depressed 

semicircles during discharge, suggesting the stable passivation film and similar charge-

transfer impedance with high-order and low-order polysulfides. A new semicircle in the 

high frequency region is observed in the Nyquist plot of the cell after 75 % discharge, 

which may be related to the formation of a passivation film of Li2S/Li2S2 on the carbon 

nanofibers.33 Furthermore, electrolyte resistance (intersection between the initial part of 

the high frequency semicircle and the real axis, represented as Re) increases from the 6 % 

discharged state to 38 % discharged state, due to the increased viscosity of the discharged 

polysulfide electrolyte.33 Re decreases in the 75 % discharged state compared to the 19 % 

and 38 % discharged state, suggesting the reduced number of long-chain polysulfides when 

approaching the end of the low-voltage plateau. Figure 29c presents the impedance of the 

cell at its OCV before cycling and after the cell completes the 2nd and 10th charge. The 

impedance keeps decreasing in the first 10 cycles, implying the improved electrochemical 

environment for reaction within the cell, possibly due to the reorganization of the 
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passivation film and redistribution of the active material. Re remains constant during 

cycling, suggesting no polysulfide dissolution out of the CNF paper electrode. Impedance 

evaluation upon storage is shown in Figure 29d. The impedance increases rapidly during 

the first 5 h, which could be mainly due to the increase of interfacial impedance related to 

the formation and growth of the passivation layer on the lithium metal anode.32,62 After this 

period, the impedance becomes stable, implying that a protective film has been formed and 

equilibrium has been established on the surfaces of the electrodes.62 

 
Figure 29. (a) Discharge/charge voltage profiles between 2.6 and 1.8 V of the 2nd cycle, (b) 

Nyquist plots of the cell after 6 %, 19 %, 38 %, and 75 % discharge, (c) Nyquist plots of 

the cell before cycling, and after the 2nd and 10th charges, (d) Nyquist plots of the fresh cell, 

after aging the cells for 5 and 48 h before the 1st discharge. 

Charging time (maximum charge capacity) could be controlled to eliminate the 

formation of high-order polysulfides (e.g., Li2S8), so there is no high-voltage plateau during 
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discharge. In contrast to cycling with two discharge plateaus, cycling with only the low-

voltage plateau leads to 0.1 – 0.2 V smaller overpotential (Figure 30a). This may result 

from better penetration and closer contact between polysulfides and the CNF matrix 

without high-order polysulfides/sulfur, as evidenced by the SEM images of the cycled CNF 

paper electrode in the charged state. In contrast to the cycled electrode after the two-plateau 

cycling in which high-order polysulfides/sulfur forms tiny particles depositing on the 

surface of the carbon nanofibers, here sulfur clouds homogeneously distribute in the CNF 

matrix without individual particles.66 Figure 30b demonstrates the superior cycle 

performance and Coulombic efficiency of the capacity-controlled one-plateau cycling at 

C/5 rate. Capacity degradation rate is below 0.6 mAh g-1 cycle-1 from 2nd to 80th cycle. 

 
Figure 30. (a) Discharge/charge voltage profiles with only the low-voltage plateau at C/5, 

(b) cycle performance and Coulombic efficiency of the capacity-controlled one-plateau 

cycling shown in (a). 

The polysulfide catholyte with CNF paper electrodes can be easily scaled up to high 

sulfur loadings. Figure 31 shows the cycle life of cells with different sulfur loadings, i.e., 

1.7, 3.4, and 5.1 mg cm-2. Compared to the sulfur loading of 1.7 mg cm-2, higher sulfur 

loadings lead to lower reversible capacities which may be due to inferior sulfur 
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dispersion.71 However, degradation remains slow with high sulfur loadings and the 

reversible capacities stabilize at ~ 900 mAh g-1 when the sulfur loadings are 3.4 and 5.1 

mg cm-2. This is because of the abundant interspaces in the CNF paper electrode, so the 

saturation loading level (the loading level beyond which the porous structure collapses) is 

high. The stable capacity delivery at high sulfur loadings verifies that this CNF 

paper/dissolved polysulfide cell configuration is promising for practical Li-S battery 

application. 

 
Figure 31. Comparison of the cycle performances with sulfur loadings of 1.7, 3.4, and 5.1 

mg cm-2. 

In summary, a systematic investigation on the Li/dissolved polysulfide cells with a 

binder-free CNF paper electrode with high porosity, low manufacturing cost, and high 

polysulfide loadings has been conducted. The cells demonstrate high reversibility, which 

is attributed to (1) the 3D structure of the CNF paper, which has abundant interspaces, 

accommodating reaction products and allowing complete electrolyte penetration to 

facilitate the cathode reactions and (2) the close contact of the active polysulfide species 
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with the CNF matrix. This highly reversible Li/dissolved polysulfide batteries with binder-

free 3D carbon electrodes offer a viable approach to solve the persistent problem of 

capacity fade in practical Li-S batteries and are promising for large-scale energy storage. 
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4.2 High-Performance Li/Dissolved Polysulfide Batteries with an Advanced Cathode 

Structure Containing High Sulfur Loading 

4.2.1 Introduction 

With the experience that cathode matrix influences the Li2S deposition and battery 

performances, we further performed the rational design of a sandwiched cathode for 

Li/polysulfide batteries. The sandwiched cathode contains two functional layers: the upper 

current collector contains a hybrid of hydrophilic polymer (sodium alginate and polyvinyl 

alcohol) and microporous carbon (Ketjenblack carbon), while the bottom current collector 

is composed of low-cost carbon nanofibers of large interspaces to accommodate sulfur 

(Figure 32a). The rigid sodium alginate has been reported to strengthen the membranes, 

while polyvinyl alcohol has superior flexibility and contributes to the integrity of the 

carbon film.72 Reversible capacities approaching 1000 mAh g-1 are obtained even with 

sulfur concentrations of more than 60 wt. % in the whole sandwich cathode (including the 

weight of the current collector) and with a high sulfur loading of 5.5 mg cm-2. It represents, 

for the first time, the realization of high-performance Li-S batteries with high sulfur 

concentration and loading, fabricated by a simple, low-cost method. 

                                                 

 Zu, C.; Manthiram, A. High-performance Li/dissolved polysulfide batteries with an advanced 

cathode structure containing high sulfur content. Adv. Energy Mater. 4, 1400897 (2014). 

C. Zu carried out the experimental work. A. Manthiram supervised the project. All participated in 

the discussion and preparation of the manuscript. 
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4.2.2 Experimental 

4.2.2.1 Preparation of the Composite Current Collector  

Carbon nanofiber (120 mg), sodium alginate (10 mg), polyvinyl alcohol (10 mg), 

and ketjenblack carbon nanopowders (40 mg) were dispersed in a miscible solution of 

water (100 mL) and isopropyl alcohol (100 mL) and stirred under ultra-sonication for 30 

min to prepare the film-formation slurry. In order to generate a thin film with tunable 

thickness, certain amount of the film-formation slurry was suspended on a nylon filter 

paper. The obtained product was washed with de-ionized water and ethanol and dried in 

vacuum for 24 h before being punched out into circular disks of 3/8-inch diameter. For the 

preparation of the pristine CNF current collector, carbon nanofibers (120 mg) were 

dispersed in the miscible solution of water (700 mL) and isopropyl alcohol (50 mL) and 

the film was formed following a procedure similar to the one descrobed above. 

4.2.2.2 Preparation of Electrolyte and Polysulfide Catholyte  

The basic electrolyte was prepared by dissolving LiCF3SO3 (98 %, Acros Organics, 

1 M) and LiNO3 (99+ %, Acros Organics, 0.1 M) in DME (99+ %, Acros Organics) and 

DOL (99.5 %, Acros Organics) (1:1, vol). Sublimed sulfur (99.5 %, Fisher Scientific) and 

lithium sulfide (Li2S, 99.9 %, Acros Organics) were chemically reacted in the basic 

electrolyte to produce Li2S6 (average chemical composition, 0.5 M) in the basic electrolyte 

as the polysulfide catholyte. Concentration of LiNO3 in the basic electrolyte was raised to 

1 M and used as the testing electrolyte for adding into the anode side for electrochemical 

characterization. 
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4.2.2.3 Electrochemical Test  

Li/dissolved polysulfide cells with a sandwich cathode (CR2032 coin cells) were 

assembled inside an argon-filled glovebox. 40 µL of polysulfide catholyte was added into 

a CNF current collector, corresponding to a high sulfur concentration of more than 60 wt. % 

in the overall cathode including the weight of the current collector and a high sulfur loading 

of 5.5 mg cm-2. The composite current collector and Celgard 2400 separator were 

sequentially placed on top of the CNF current collector, followed by adding 20 µL of the 

testing electrolyte and placing the lithium metal anode. Li/dissolved polysulfide cells with 

only the CNF current collector were also assembled following similar procedures for a 

comparison. The CV profiles were obtained with a scan rate of 0.05 mV s-1 at 2.8 – 1.6 V. 

Galvanostatic cycling after the first discharge from OCV to 1.8 V was conducted with an 

Arbin battery cycler at 2.6 – 1.8 V (vs. Li/Li+) at room temperature.  

4.2.2.4 Characterization  

In order to evaluate the compactness of the current collectors, a 2-D projection 

analysis on the 3-D SEM images was conducted with an image processing software of 

ImageJ. Vacant area in the converted 2-D images was calculated after contrast comparison 

and progammed calculation. UV-visible absorption spectroscopy analysis was performed 

to identify the sulfur/polysulfide species. The cycled cathode was soaked in 4 mL of 

DOL/DME (1:1, vol) for 5 min, and the obtained cathode analyte was characterized by a 

Cary 5000 spectrophotometer with baseline correction (Varian).  
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4.2.3 Result and Discussion 

 

 

Figure 32. (a) Schematic showing a Li/dissolved polysulfide cell with a sandwich cathode. 

SEM images of (b) the pristine CNF current collector and (c) the composite upper current 

collector. The corresponding magnified SEM images of a single carbon nanofiber in (b) 

and (c) are shown, respectively, in (d) and (e). The scale bars in (b) and (c) represent 10 

μm. The scale bars in (d) and (e) represent 1 μm. 

For the synthesis of the composite carbon film, functional polymers of sodium 

alginate and polyvinyl alcohol and Ketjenblack carbon nanopowders were dispersed by 

ultra-sonication in a miscible solution of water and isopropanol containing pristine carbon 

nanofibers to obtain a film-forming slurry. Varying amounts of the film-formation slurry 

could be used to prepare the composite carbon film with tunable thickness by vacuum-

filtration. Morphology of the as-prepared composite film was characterized by SEM. In 

contrast to the pristine CNF film (Figure 32b), the composite film has a more compact 

structure (Figure 32c) with smaller interspaces between individual fibers, as revealed by 

the 2-D projection image analysis (Figure 33). Additionally, a magnified image of a single 

nanofiber in the composite film shows a rough surface, possibly covered in nanoparticles 

of hydrophilic polymers (i.e., sodium alginate and polyvinyl alcohol) and Ketjenblack 
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carbon (Figure 32e). This is in contrast to the smooth surface of pristine carbon nanofibers 

(Figure 32d). Hydroxyl and carbonyl groups were identified on the composite film,27,40 

which may enhance interactions between individual fibers, enabling the formation of 

strong, free-standing films as low as ~ 15 μm in thickness.  

 

Figure 33. (a) 2-D projection of Figure 32b. (b) 2D projection of Figure 32c. The 2D 

projection analysis was conducted with the image processing software of ImageJ. 

Interspaces between individual fibers in (a) and (b) account for, respectively, 76.4 % and 

62.2 %. 

Electrochemical performances of the Li/dissolved polysulfide cells were analyzed 

with CR2032 coin cells. Sulfur concentration in the cathode framework was more than 60 

wt. % and the sulfur loading was ~ 5.5 mg cm-2. Figure 34a shows a representative CV 

profile of the Li/dissolved polysulfide cell with the sandwich cathode, revealing two 

cathodic peaks and one anodic peak after the initial conditioning process. The cathodic 

peaks at ~ 2.3 V and ~ 1.9 V are ascribed to, respectively, transitions from S/Li2S8 to Li2S4 

and from Li2S4 to Li2S2/Li2S, while the anodic peak is attributed to the oxidation of Li2S 

directly to polysulfides or sulfur.9 Figure 34b presents the discharge/charge voltage profiles 

of the Li/dissolved polysulfide cell at C/5, exhibiting stable voltage plateaus for over 50 

cycles without obvious polarization. Obvious voltage gap exists between discharge and 
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charge, which is typical in Li-S batteries and has been reported to originate from the 

inherent differences between the reduction and oxidation reactions. During reduction, there 

will be supersaturation of S2- and delay in Li2S precipitation.9,73 During oxidation, surface 

oxidation of Li2S proceeds straightforwardly through polysulfide species.73 If the particle 

size of Li2S involved in the surface oxidation is large, electron transport may become slow 

and more energy may be needed for the surface oxidation, resulting in large voltage gap. 

As shown in Figure 34c, the voltage gap is obviously reduced when using a sandwich 

cathode compared to using a single-layer CNF current collector with even a lower sulfur 

loading of 3.8 mg cm-2 (denoted as CNF cathode). The charging voltage plateau decreases 

obviously, implying improved kinetics in the surface oxidation reaction using our strategy. 

The improved charging kinetics can be attributed to the hydrophilic composite upper 

current collector creating more active sites for nucleation of smaller Li2S particles and 

enhancing the electrical contact between active material and the carbon matrix. 

Consistently, it can be seen from the EIS results that the cell with the sandwich cathode 

has lower resistance than that with the CNF cathode.40 Furthermore, more active sites for 

Li2S deposition and facile surface charging can lead to high sulfur utilization. In addition, 

the charging voltage plateau and voltage gap can further be reduced with a lower charging 

current density. In Figure 34d, a smaller voltage gap is identified using the sandwich 

cathode with a sulfur concentration of 60 wt. % and a higher loading of 6.5 mg cm-2, when 

the charging current density is reduced from C/5 to C/10. It confirms that the resistance in 

the surface charging of Li2S to polysulfides, which has relatively slow kinetics, is one of 
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the key factors leading to large voltage gap in the high-sulfur-content system. It also 

significantly impacts sulfur utilization. 

 

Figure 34. (a) CV profile of the Li/dissolved polysulfide cell with the sandwich cathode in 

the 3rd cycle. (b) Discharge/charge voltage profiles of the Li/dissolved polysulfide cell 

with the sandwich cathode at C/5 rate. (c) Discharge/charge voltage profiles of the 

Li/dissolved polysulfide cell with the sandwich cathode and with the CNF cathode at C/5 

rate in the 2nd cycle. (d) Discharge/charge voltage profiles of the Li/dissolved polysulfide 

cell with the sandwich cathode and a higher sulfur loading of 6.5 mg cm-2 at a discharge 

rate of C/5 and a charge rate of C/10. (e) Cycling performance at C/5 rate of the 

Li/dissolved polysulfide cells. 
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Figure 34e shows the cycling performances of the Li/dissolved polysulfide cells at 

C/5 rate with the sandwich cathode or with the CNF cathode. Reversible capacities 

approaching 1000 mA h g (sulfur)-1 or ~ 600 mA h g (cathode)-1 could be obtained with 

the sandwich cathode, superior to the CNF cathode. The Coulombic efficiency approached 

100 % for most cycles. It is worth mentioning that the long-term cycle stability of the high-

sulfur-content cells may be limited by lithium-metal anode corrosion (Figure 35). A 

systematic investigation of lithium-metal protection will be discussed later. 

 
 

Figure 35. SEM image showing the lithium-metal surface morphology after the 50th charge 

in the Li/dissolved polysulfide cell with the sandwich cathode. 

Figure 36a shows the cross-sectional SEM image of the cycled sandwich cathode 

after the 50th charge. Obvious vacant space of ~ 60 μm from the top of the composite 

current collector is identified, possibly due to the interweaving of the carbon nanofibers 

from the CNF current collector into the composite current collector during cycling. Figure 

36b and 36c display the corresponding magnified SEM images showing, respectively, the 

CNF and the composite current collectors. In Figure 36b and 36c, sulfur is uniformly 

integrated throughout the carbon matrix without individual, segregated sulfur particles, 

10 μm
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revealing the efficient contact between the active material and the carbon matrix. Figure 

36d shows an EDS line scan on the cross-section of the sandwich cathode. Sulfur is 

distributed within the sandwich cathode but its concentration decreases in the middle, 

indicating the reorganization of sulfur species along with the structural changes of the 

carbon matrix. Despite the reorganization of the carbon matrix and sulfur species, the 

overall integrity of the fibrous cathode is maintained, without any pulverization or 

breakdown of the conductive matrix. This demonstrates the superior flexibility and 

robustness of the sandwich cathode, which further establishes its advantages for enabling 

reversible Li-S batteries with high sulfur content (i.e., high concentration and high loading).  

 
 

Figure 36. (a) Cross-sectional SEM image of the sandwich cathode after the 50th charge 

with the corresponding magnified SEM images of (b) the CNF current collector and (c) the 

composite current collector. (d) EDS line scan (for sulfur signal) along the cross-section of 

the sandwich cathode. The scale bars in (a), (b), and (c) represent, respectively, 100, 1, and 

1 μm. The scales in (d) represent the position on the sandwich cathode. 
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Structural and compositional variations of the high-sulfur-content sandwich 

cathodes were analyzed, providing insights into the chemistry and practical utility of Li-S 

batteries. Figure 37a exhibits the XRD patterns of the discharged and charged cathodes. 

The appearance of reflections near 2θ = 27, 32, 45, and 53° indicates the formation of 

crystalline Li2S at the end of the first discharge.62 Crystalline Li2S is converted to 

polysulfides or amorphous sulfur at the end of the following charge (the first charge), with 

the XRD pattern exhibiting only one obvious peak at ~ 26° relating to the graphitic carbon 

in the carbon nanofibers.65 On the other hand, UV-visible absorption spectroscopy analysis 

was conducted to detect polysulfide species in the discharged and charged cathodes, with 

the results shown in Figure 37b. The elemental sulfur (S8) peak at ~ 280 nm appears in the 

cathode analyte spectrum after the 50th discharge, indicating the incomplete discharge and 

the presence of remaining higher-order polysulfides or sulfur in the cathode framework.45 

Moreover, the S3
2- species with characteristic peak at ~ 340 nm is also observed, possibly 

due to its formation as a major intermediate reduction product during the sulfur reduction 

reaction.45 On the other hand, strong signals for S8 and a weak S4
2- species peak are 

identified in the spectrum of the cathode analyte after the 50th charge, suggesting the 

formation of S4
2- residuals during the transitions from Li2S to higher-order polysulfides or 

sulfur.45 

XPS was performed to confirm the surface composition of the cathode. High-

resolution S 2p region spectra of the composite current collector are shown in Figure 37c. 

Characteristic S 2p3/2 peaks at 160.9, 162.3, and 163.9 eV corresponding to, respectively, 
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Li2S/Li2S2, lower-order polysulfides (Li2Sx II), and higher-order polysulfides or elemental 

sulfur (Li2Sx I) are observed on the cathode surface after the 50th charge.16,62 The 

incomplete conversion can be attributed to the large amount of active material saturating 

the surface of the sandwich cathode, resulting in a lack of direct contact between some 

active material and the conductive matrix and retarded/incomplete surface oxidation of 

Li2S particles.73 This is consistent with the UV-visible spectra, electrochemical 

performance, and voltage profiles that show the obvious voltage hysteresis. It would be 

possible for these Li2S/Li2S2 or lower-order polysulfide species to be further utilized if the 

cathode matrix is treated to have more surface area, e.g., through thermal or chemical 

activation of the carbon current collectors.74 In addition, C 1s region spectra of the 

composite current collector demonstrate a main peak at 284.3 eV corresponding to sp2 

carbon (Figure 37d).75 Furthermore, the peaks with higher binding energies at 286.0 and 

288.2 eV are assigned, respectively, to the hydroxyl (C–OH) and carbonyl (>C=O) groups 

originating from the polymers of polyvinyl alcohol and sodium alginate, implying the 

chemical stability of the functional polymers.41 sp3 carbon and Li-C species with 

corresponding binding energies at, respectively, ~ 284.8 and ~ 283.4 eV are also 

identified.16,67  
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Figure 37. (a) XRD patterns of the discharged and charged cathodes. (b) UV-visible 

absorption spectrum of the discharged and charged cathode analyte. (c) High-resolution S 

2p region spectrum of the composite current collector after the 50th charge. (d) High-

resolution C 1s region spectrum of the composite current collector after the 50th charge. 

In summary, we have demonstrated herein an effective, low-cost method to 

optimize Li/dissolved polysulfide cells for high sulfur utilization in a high-sulfur-content 

system. Synthesis of a free-standing, composite film with tunable thickness has been 

accomplished, which is not only beneficial to enhancing the cathode framework for 

Li/dissolved polysulfide cells, but also significant for the carbon thin film preparation 

technique in general. The pristine CNF bottom current collector enables a loading of a large 

amount of active material, while the incorporation of a composite upper-current collector 

improves sulfur utilization by providing more active sites for Li2S deposition, avoiding the 
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formation of large Li2S particles, and enhancing the electrical contact between active 

material and the conductive matrix. Surface oxidation of Li2S is identified to be one key 

factor influencing the voltage gap in discharge/charge and sulfur utilization in a high-

sulfur-content system. Additionally, the cathode framework formed using long fibers has 

superior integrity and an improved ability to accommodate the volume changes of the 

active material. These properties maintain the pathway for ion and electron transport and 

prevent cathode pulverization. Reversible capacities approaching 1,000 mA h g-1 have been 

realized with high sulfur concentrations of more than 60 wt. % and extremely high sulfur 

loading of ~ 5.5 mg cm-2 and 6.5 mg cm-2. Finally, the presence of S3
2- and S4

2- species was 

observed in the discharged and charged cathode, suggesting their involvement in the Li-S 

battery redox reaction. We believe the strategy reported herein is promising for the 

development of Li-S batteries with high practical energy density. 
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4.3 Stabilized Lithium-Metal Surface in a Polysulfide-Rich Environment of Lithium-

Sulfur Batteries 

4.3.1 Introduction 

 
Despite the success of sulfur cathode, the problem of the lithium-metal anode 

degradation remains unsolved as shown in Figure 35. Although metallic lithium has a high 

theoretical capacity of ~ 3860 mA h g-1 as an anode, it suffers from dendrite formation and 

poor cycling efficiency with complicated surface chemistry.54 The dendrite formation and 

low lithium cycling efficiency were believed to result from the instability of the passivation 

layer (SEI layer) on metallic lithium anode. The unstable SEI cannot accommodate the 

shape and volume change of the lithium electrode during cycling, leading to non-uniform 

lithium deposition and dissolution, resulting in lithium dendrite formation. Moreover, the 

breakdown of the SEI results in the exposure of fresh lithium surface to the electrolyte and 

parasitic reactions to form a new SEI layer, which decreases the lithium cycling 

efficiency.76 In addition, Li-S batteries involve polysulfide shuttling and parasitic side 

reactions between polysulfides and lithium metal, causing passivation by bulk Li2S 

particles and electrolyte decomposition products on lithium-metal surface; therefore, it is 

difficult to conserve a stable passivation film and degradation of the lithium-metal anode 

                                                 

 Zu, C.; Manthiram, A. Stabilized lithium surface in a polysulfide-rich environment of lithium-

sulfur batteries. J. Phys. Chem. Lett. 5, 2522–32527 (2014). 

C. Zu carried out the experimental work. A. Manthiram supervised the project. All participated in 

the discussion and preparation of the manuscript. 
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is more severe in Li-S batteries.16,77,78 Excess lithium is usually required in Li-S batteries, 

decreasing their practical energy density. 

It is reasonable to comment that the success of Li-S batteries requires a reliable 

lithium-metal anode. The reliability of the lithium-metal anode depends significantly on 

the stability of its passivation layer, which could be improved by changing the electrolyte 

solvents and introducing additives.79,80 For example, DOL is one of the most commonly 

used electrolyte solvents in Li-S batteries.81 During the discharge/charge electrochemical 

process, DOL is reduced to several ROLi (R refers to alkyl) species and oligomers with -

OLi edge groups, enhancing the flexibility of the passivation layer on the lithium surface, 

which assists the passivation layer’s ability to accommodate lithium morphological 

changes upon cycling.16 Moreover, fluoroethylene carbonate (FEC) solvent was identified 

to help the formation of a robust protective layer by a UV-curing polymerization.61 The 

protective layer on the lithium-anode surface formed in the FEC-based electrolyte consists 

of LiF along with LixPFy and LixPOFy, which effectively mitigates the overcharging related 

to polysulfide shuttling in Li-S batteries. Recently, ILs have been considered as a promising 

new class of electrolyte solvents for Li-S batteries.82 IL-enhanced passivation layer on the 

lithium surface is found to exhibit smoother morphology and less complicated surface 

chemistry compared to that formed with the conventional organic electrolytes. Lithium 

metal was reported to be protected from the continuous attack by polysulfides with N-

methyl-N-butylpyrrolidinium bis(trifluoromethylsulfonyl)imide (Py14TFSI) modified 

passivation layer, leading to improved Coulombic efficiency and cycle stability.82 
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 In addition to electrolyte solvents and lithium salts, additives have been reported 

to effectively modify the physical and chemical properties of the passivation layer on 

lithium surface. Recently, Mikhaylik patented an additive that includes N-O bonds, e.g., 

LiNO3.
78,83-85 It was found that LiNO3 as an electrolyte additive could prevent polysulfide 

shuttling, leading to higher reversible capacities with the Li-S batteries. Aurbach et al. 

rigorously studied the effect of the presence of LiNO3 on Li surface through 

electrochemical and spectroscopic analyses.16 With the combined use of FTIR and XPS, 

LiNO3 was identified to suppress polysulfide shuttling because of its direct reduction by 

lithium to LixNOy species and its oxidation of sulfur species to LixSOy moieties, passivating 

the lithium anode surface and alleviating parasitic reactions between lithium and sulfur 

species. A more stable passivation layer on lithium surface could thereby be expected. 

Moreover, the passivation layer that forms in the presence of LiNO3 is beneficial to the 

lithium cycling efficiency. Liang et al. studied the function of LiNO3 on lithium 

deposition/dissolution and concluded that the efficiency increased with the concentration 

of LiNO3 and reached the highest value for electrolyte containing 0.4 M LiNO3, possibly 

due to the protective passivation layer formed with the modified electrolyte compositions.86  

Recently, it was revealed that the polysulfide is one essential component to keep 

the stability of the passivation layer in Li-S batteries.87 The stable passivation layer in Li-

S batteries was assumed to consist of two sub layers, the top layer composed of oxidized 

products of polysulfides and the bottom layer composed of the reduced products of 

polysulfides and LiNO3,
87 consistent with the earlier work by Aurbach et al.16 In general, 
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the efficacy of forming an enhanced passivation layer in the presence of LiNO3 has been 

confirmed by previous work. However, it is worth mentioning that LiNO3 is progressively 

consumed with the development of new lithium dendrites and the formation of a new 

passivation layer during Li-S cell operation, which limits its ability to stabilize the lithium 

surface for long-term cycling or in a polysulfide-rich environment. Additionally, LiNO3 

could be irreversibly reduced on the cathode at potentials lower than 1.8 V, which 

negatively impacts the cycle stability of Li-S batteries.31,88 Therefore, further 

improvements to stabilize the lithium surface passivation layer is demanded.  

Alternative to LiNO3, lithium bis(oxalato)borate (LiBOB) was identified to modify 

the passivation layer on lithium surface in Li-S batteries.89 Higher discharge capacity and 

smoother lithium surface morphology were obtained in the presence of LiBOB in the 

electrolyte. Finally, phosphorous pentasulfide (P2S5) disclosed by Lin et al. as an 

electrolyte additive was found to passivate lithium surface, alleviating the polysulfide 

shuttling.18 The passivation layer that formed on lithium surface consisting mainly of 

Li3PS4 was reported to have fast lithium-ion conduction while blocking the direct contact 

between lithium metal and polysulfides. The long-term cycle stability of this passivation 

layer is still under investigation. 

Despite the advances in lithium-metal protection in previous studies, complete 

control of the stability of the passivation layer and the roughness of the lithium-metal 

surface during cycling, especially in Li-S batteries, has not been achieved, which hinders 

the commercialization of Li-S batteries. Herein, a novel anode protection mechanism is 
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proposed, which may solve the problem of electrode passivation and degradation with high 

sulfur content and high rates. Since polysulfide dissolution is thermodynamically favorable, 

the reliable lithium-metal anode should be stable under a certain degree of attack by 

polysulfide species; otherwise, leaking of polysulfides would easily induce anode 

instability. We show here that copper acetate can act as a surface stabilizer for lithium 

metal in a polysulfide-rich environment of Li-S batteries.  

4.3.2 Experimental  

4.3.2.1 Preparation of CNF Paper Current Collector  

Carbon nanofibers (90 mg, Fisher Scientific) were dispersed in a miscible solution 

of de-ionized water (700 mL) and isopropyl alcohol (50 mL), ultrasonicated for 15 min to 

produce the film-formation slurry. Certain amount of the film-formation slurry was 

collected by vacuum filtration to obtain the free-standing pristine CNF paper. The 

composite carbon current collector was prepared as described in section 4.2.2.1. 

4.3.2.2 Preparation of Electrolyte and Polysulfide Catholyte  

LiCF3SO3 (98 %, Acros Organics, 1 M) was dissolved in DME (99+ %, Acros 

Organics) and DOL (99+ %, Acros Organics) (1:1, vol) to obtain the base electrolyte. 

Commercial sublimed sulfur (99+ %, Fisher Scientific) and Li2S (99+ %, Acros Organics) 

(5:1 ratio, by mole) were chemically reacted in the base electrolyte for 18 h at 45 °C to 

produce the polysulfide catholyte consisting of Li2S6 (the average chemical composition, 

0.25 M, corresponding to 1.5 M sulfur). For the preparation of the testing electrolyte, 

LiNO3 (99+ %, Acros Organics, 1 M) was added to the base electrolyte. Copper acetate 
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monohydrate (99+ %, Fisher Scientific) was dried in an air-oven for 48 h to remove any 

absorbed moisture before using it as an electrolyte additive.  

4.3.2.3 Electrochemical Test  

CNF paper/dissolved polysulfide cells (CR2032 coin cells) were assembled inside 

an Argon-filled glovebox. 40 µL of polysulfide catholyte was added into a CNF paper 

electrode, followed by placing the Celgard 2400 separator on the top. Next, 20 µL of the 

testing electrolyte was added into the anode side followed by placing the metallic lithium 

anode. Galvanostatic cycling after the first discharge from the OCV to 1.8 V was conducted 

with an Arbin battery cycler at 2.6 - 1.8 V (vs. Li+/Li) at room temperature. The specific 

discharge capacity was calculated based on the mass of sulfur.  

4.3.2.4 Characterization 

UV-visible absorption spectroscopy analysis was carried out to identify the 

polysulfide species after the 100th charge. The cycled CNF paper electrode was soaked in 

10 mL DOL/DME (1:1 ratio, by volume) for 5 min, and the cathode analyte was 

characterized by a Cary 5000 Spectrophotometer with baseline correction (Varian). 

4.3.2.5 Cathode Innovation  

Characteristics of the cathode play a dominant role on sulfur utilization. In order to 

demonstrate the feasibility of a prototype of Li-S batteries with an advanced sulfur cathode 

and a protected lithium-metal anode, the cathode framework was switched from one-

single-layer CNF current collector to a sandwich-structured cathode. To assemble the CNF 

paper/dissolved polysulfide cell with a sandwich-structured cathode, polysulfide catholyte, 



 

 

 

89 

corresponding to 5 mg cm-2 sulfur and 55 wt. % in the flexible cathode, was loaded into 

the sandwiched free-standing cathode. Next, Celgard 2400 separator were sequentially 

added, followed by the addition of 20 µL of the testing electrolyte and placing of the 

lithium-metal anode.  

4.3.2.6 Rate Performance 

Influence of copper acetate on the rate performance of Li-S batteries was examined 

with Li/dissolved polysulfide cells consisting of a sandwich-structured cathode. The initial 

discharge capacity of the cell with copper acetate is lower than that without copper acetate 

at higher rates of C/2 and 1C. However, capacity retention of the cell with copper acetate 

is better and capacity of the cell with copper acetate outperforms the cell without copper 

acetate after a few cycles. In contrast, the cell without copper acetate experiences quick 

capacity fade after a few cycles at high rates, possibly due to the deteriorated anode surface. 

It is confirmed that the cell with copper acetate has better rate performance, evidencing the 

advantage of stabilized-lithium surface. The better high-rate performance could be due to 

the lower resistance of the experimental cell with cycling. The experimental cell has lower 

resistance compared to the control cell because there is no serious passivation of insulating 

large Li2S particles or electrolyte decomposition products/polysulfides on the anode 

surface in the experimental cell, ensuring better ionic conductivity of the passivation film. 

Furthermore, lithium is uniformly deposited in the experimental cell ensuring better 

electronic conductivity of the anode. 

4.3.2.7 Electrochemical Test with a Common Sulfur Electrode 



 

 

 

90 

CR2032 coin cells were assembled with ordinary sulfur electrode disks with Al foil 

as the current collector. Copper acetate, nickel acetate, or copper nitrate was introduced 

into the electrolyte for adding into the anode side.90 The cell with copper acetate addition 

exhibits a lower initial discharge capacity, but superior cycle stability. After a few cycles, 

the capacity of the cell with copper acetate outperforms the cell without copper acetate. It 

is evident that the lithium-metal protection strategy reported herein can be applicable for 

the common sulfur cathodes as well. 

4.3.3 Result and Discussion 

Carbon nanofiber (CNF) paper/dissolved polysulfide cells (Figure 38a) were used 

to explore this strategy as the open macro-size interspaces of CNF can readily allow the 

corrosive polysulfides in direct contact with the lithium-metal anode and help assess the 

effectiveness of the additive in protecting lithium metal when there is limited inhibition of 

polysulfide diffusion; accordingly, the sulfur content in the present study is increased 

further to ~ 50 wt. % and 2 mg cm-2 compared to that in our previous work,66 translating 

to 3 M sulfur in polysulfide catholyte. Lithium trifluoromethanesulfonate (LiCF3SO3, 1 M) 

in 1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL) (1:1 ratio, by volume) was used 

as the electrolyte. In a full cell, the polysulfide catholyte consisting of active material of 

Li2S6 was added into a CNF paper electrode and coupled with the metallic lithium anode. 

In order to suppress polysulfide shuttling before a stable passivation film was formed, 

LiNO3 was added to the electrolyte that was introduced into the anode side for both the 

control cell and the experimental cell. Copper acetate (0.03 M) was then added only to the 
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experimental cell, and the resulting discharge/charge voltage profiles of the experimental 

cell are shown in Figure 38b. In contrast to that of the control cell without copper acetate, 

the lower-voltage plateau (~ 1.9 V) of the experimental cell is transformed into a sloping 

region due to the formation of a passivation film in the first few cycles by parasitic reactions 

among copper acetate, lithium metal, and polysulfide species. Resistance to lithium-ion 

conduction through the passivation film decreases with cycling, which is typical in the 

conditioning process.40 

 

Figure 38. (a) Schematic showing the structure of a CNF paper/dissolved polysulfide cell. 

(b) Discharge/charge voltage profiles of the CNF paper/dissolved polysulfide cell with 

copper acetate in the electrolyte at C/5 rate. (c) Cycling performance at C/5 rate of the 

control cell without copper acetate and the experimental cell with copper acetate in the 

polysulfide-rich environment. 

The conditioning process was completed after ~ 25 cycles, as indicated by the 

recovery of the upper plateau. After 100 cycles, the classical discharge behavior of Li-S 
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batteries was observed, in which the upper plateau at ~ 2.25 V together with the following 

sloping region correspond to the reduction of S/Li2S8 to Li2S4, and the lower-voltage 

plateau at ~ 2.0 V is attributed to the reduction of Li2S4 to Li2S2/Li2S. The corresponding 

oxidation plateaus at ~ 2.35 V and ~ 2.5 V were observed during charge. Figure 38c 

presents the cycling performance of the CNF paper/dissolved polysulfide cells. Discharge 

capacity of the experimental cell is lower than that of the control cell in the first few cycles, 

possibly due to the chemical formation of the lithium surface passivation film in the 

polysulfide-rich electrolyte environment. The experimental cell containing copper acetate 

outperformed the control cell without copper acetate in cycling stability. The control cell 

without copper acetate experienced a sudden capacity and Coulombic efficiency drop when 

approaching 100 cycles, possibly due to lithium anode degradation. In contrast, the 

experimental cell was stable in the highly corrosive polysulfide-rich environment, with a 

capacity retention of 75 % after 300 cycles and a Coulombic efficiency of ~ 100 % for 

most of the cycles. In addition, as shown by the EIS results in Figure 39, while the control 

cell indicates an increase in electrolyte resistance and an emerged linear segment in the 

low-frequency region related to Li2S evolution and polysulfide migration after 100 cycles, 

the experimental cell maintains the conserved shape of the impedance spectrum with a 

lower resistance compared to the control cell, confirming the enhanced cycling stability. 

The lower resistance of the experimental cell with cycling further ensures its better 

performance at C/2 and 1 C rates.  



 

 

 

93 

 

Figure 39. Nyquist plots and the equivalent circuits of the CNF paper/dissolved polysulfide 

cells in the testing electrolytes (a) without copper acetate (control cell) and (b) with copper 

acetate (experimental cell). The cells were cycled at C/5. Re represents electrolyte 

resistance; Rg represents resistance from the passivation film on the lithium surface; Rct 

represents charge transfer resistance; Wo represents Warburg impedance.30 CPE1 and 

CPE2 are phase constants and “f” represents frequency.  

It is worth mentioning that the lithium protection strategy reported herein is also 

applicable for lower-cost Li-S cells consisting of commercial S/C cathode materials with 

Al foil current collector.90 The results demonstrate the advantages of the lithium protection 

strategy in effectively enabling the use of low-cost cathodes without requiring intricate 

nano-engineering. In addition, sulfur utilization can be significantly improved by 

innovations in the cathode configurations. For example, the initial capacity can be raised 

to approaching 1400 mAh g-1 and the reversible capacity can be more than 800 mAh g-1 

after 150 cycles with a high sulfur content of 55 wt. % in the flexible cathode and 5 mg 

cm-2, at a high discharge rate of C/2 (denoted as advanced cell, Figure 40). Compared to 

pristine Li/polysulfide cells with a single-layer CNF current collector and Li/polysulfide 

cells with a sandwiched cathode but without copper acetate, the advanced cell with both 

cathode engineering and anode modification exhibits the lowest voltage hysteresis between 
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the discharge voltage plateau and the charge voltage plateau, and the most stable 

Coulombic efficiency approaching 100 %. The combination of an advanced cathode 

structure and a protected lithium-metal anode demonstrates the prospects of prototypes of 

Li-S batteries.  

 

Figure 40. (a) Voltage profiles of the advanced cell; (b) Overpotential profile of the pristine 

cell, sandwiched cell, and advanced cell; (c) Coulombic efficiency of the pristine cell, 

sandwiched cell, and advanced cell; (d) cycling performances of the pristine cell, 

sandwiched cell, and advanced cell at a high discharge rate of C/2. 

In order to investigate the variation of the lithium surface morphology in the 

polysulfide-rich environment of Li-S batteries, SEM characterization was conducted, and 

the results are shown in Figure 41. After the first charge, the lithium surface of the control 

cell (Figure 41a) was characterized by bulk Li2S/Li2S2 precipitates and non-uniformly 
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deposited mossy lithium, confirming that LiNO3 alone was not able to conserve the lithium 

morphology in the polysulfide-rich environment. In contrast, the experimental cell with 

copper acetate (Figure 41b) had a smoother lithium surface covered by a sulfur- and 

copper-containing passivation film. After the 100th charge, the lithium surface in the 

control cell (Figure 41c) exhibited dendritic morphology and build-up of sulfur-containing 

by-products in contrast to the experimental cell, where lithium deposition was uniform 

(Figure 41d) because of the reduced surface roughness of the lithium metal in the first 

cycle. The sulfur- and copper-containing clusters could fill in the irregular pits left from 

lithium extraction, reducing the lithium-surface roughness and protecting the lithium 

surface from the bulk Li2S/Li2S2 deposition; therefore more uniform lithium deposition and 

dissolution can be expected. Furthermore, the EDS line scans on the cross sections of 

lithium metal after the 100th charge in the control cell and in the experimental cell are 

shown, respectively, in Figure 41e and 41f. Thickness of the passivation film is ~ 20 μm 

in the experimental cell. As shown in Figure 41e and 41f, the sulfur signals are pierced 

deeply into the bulk of lithium metal in the control cell while the sulfur signals are 

concentrated in a layer (~ 20 μm) coated directly at the lithium surface in the experimental 

cell, indicating that the passivation film in the experimental cell is effective in preventing 

the migrating polysulfides from penetrating. The effective prevention of polysulfide 

penetration, which reduces contaminants in the lithium electrode, may help inhibit the 

formation of dendritic structures from the interior of lithium metal.91 
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Figure 41. SEM characterizations of lithium-metal surface after the first charge in the (a) 

control cell and (b) experimental cell and after the 100th charge in the (c) control cell and 

(d) experimental cell. Cross-sectional EDS line scans (for sulfur) of the lithium metal after 

the 100th charge in the (e) control cell and (f) experimental cell. The scale bars in a-d 

represent 100 μm. The scales in e and f represent the position in lithium metal. The cells 

were cycled at C/5. 

TOF-SIMS was used to study lithium deposition through the sulfur- and copper-

containing passivation film in the experimental cell. Figure 42a and 42b present the TOF-

SIMS chemical mapping images showing, respectively, the overlay of sulfur and copper 

and the overlay of sulfur and lithium signals at the surface of the passivation film after the 
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first charge. Lithium is identified to have good overlapping with copper and to be rich in 

the interspaces of the sulfur-containing clusters. Additionally, we speculate that the 

presence of copper on the lithium surface may suppress the formation of bulk Li2S particles 

due to the interaction between copper and sulfur species, interrupting the formation of 

crystalline Li2S with long-range order. The absence of crystalline Li2S on the lithium 

surface in the experimental cell is further confirmed by XRD patterns of the cycled lithium 

anode after the first discharge (Figure 42c) and after the first charge (Figure 42d) without 

obvious Li2S signals. 

 

Figure 42. TOF-SIMS chemical mapping images showing the overlay of sulfur and copper 

(a; sulfur signal is in red and copper signal is in blue) and overlay of sulfur and lithium (b; 

sulfur signal is in red and lithium signal is in blue) at the surface of the passivation film 

after the first charge in the experimental cell. XRD patterns of the lithium-metal anode 

after the first discharge (c) and after the first charge (d). (e) A simplified schematic showing 

the passivation film and lithium deposition. The cells were cycled at C/5. 
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In Figure 42c, two identical peaks at 2 θ = 36.0° and 52.1° can be ascribed to the 

(011) and (002) peaks of crystalline lithium.18 The relative intensities of the (011) and (002) 

peaks change in the XRD pattern of the deposited lithium, suggesting lithium deposition 

with a preferential orientation in contrast to the bulk lithium metal due to the presence of 

the passivation film.92 The varied surface condition of the passivation film could result in 

lithium deposition as particles instead of dendrites or whiskers.93 It is evident from the 

results of TOF-SIMS and XRD characterizations that lithium deposition is influenced by 

the passivation film and lithium ions deposit in the interspaces of the sulfur-containing 

clusters, where they are closer to copper species and the bulk lithium metal reducing the 

surface roughness. The corresponding simplified schematic is shown in Figure 42e. 

Detailed mechanistic investigation on the lithium deposition strategy will be conducted in 

the future. 

XPS analysis was conducted to examine the effect of copper acetate on the lithium 

surface chemistry. High-resolution S 2p XPS spectra of the lithium surface after the first 

and 100th charge are shown in Figure 43. Lithium surface in the experimental cell had much 

less polysulfide adhesion after the first charge compared to that in the control cell as 

indicated by the disappearance of the S 2p3/2 peak centered at 164.1 eV (Figure 43a).16 

The passivation film on the lithium surface in the experimental cell is comprised of mainly 

Li2S, Li2S2/CuS/Cu2S species, lithium salts, and electrolyte decomposition products 

(denoted as LixSOy) with the characteristic S 2p3/2 peaks identified, respectively, at 159.8, 

162.1, 169.1 and ~ 167.0 eV.16,75,82 In contrast to that in the control cell, the concentration 
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of electrolyte decomposition products, e.g., sulfone or sulfite species,82 did not increase 

after 100 cycles in the cell containing copper acetate, indicating that fewer parasitic 

reactions have occurred on the lithium surface in the experimental cell (Figure 43b). 

 
Figure 43. High-resolution S 2p XPS spectra of the lithium surface after the first charge (a) 

and after the 100th charge (b). Each spectrum was fitted with peaks for differently bonded 

S species and the sum of the fitting curves (black solid line) is consistent with the raw data 

(red dotted line). (c) UV-visible absorption spectra of the cathode analyte after the 100th 

charge. The cells were cycled at C/5. 

The electronic conductivity of copper sulfide is ~ 10-3 S cm-1, which is higher than 

that of bulk Li2S. Moreover, the concentration of copper acetate is only 0.03 M, so copper 

sulfides will not dominate the electronic properties of lithium-metal surface.94 The 

electrolyte decomposition is more likely to be suppressed due to the smoother lithium 
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surface and better mechanical strength of the sulfide matrix, leading to passivation films 

less likely to break and no continuous chemical reactions to form a new passivation film. 

To verify the chemical compositions in the cycled CNF electrode, UV-visible absorption 

spectroscopy analysis was performed on the cathode analyte after the 100th charge (Figure 

43c). Relative to the cathode analyte spectrum of the control cell that only exhibits a weak 

absorption peak at ~ 310 nm attributed to S6
2- species, the cathode analyte spectrum of the 

experimental cell exhibits peaks of S6
2-, S8, and S4

2- species with higher intensities,18 

confirming enhanced conservation of the active material in the experimental cell.  

It is worth mentioning that several factors are considered in selecting an appropriate 

additive salt, i.e., the chemical properties of the transition-metal ions themselves, including 

expected resistivity and the predicted stability of the interface between the lithium-metal 

anode and the transition metal ion. Furthermore, highly corrosive anions may impair the 

formation and diminish the stability of the passivation film. We also believe the selected 

anion should control the release of the transition-metal ion in the specific solvent. Finally, 

cost of the additive salts is critical to the practical utility of this technology.  

In summary, for the first time, we have demonstrated that the lithium surface in the 

corrosive polysulfide-rich environment of Li-S batteries can be stabilized by the addition 

of copper acetate, which is promising for effective lithium protection and a safe, long-term 

operation of high energy density Li-S batteries, especially with high sulfur content for 

practical use. The copper acetate additive improves the physical/chemical characteristics 

of lithium-metal anode and the performance of Li-S cells. The improved surface 
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morphology and chemistry could be attributed to the in situ chemical formation of a stable 

passivation film consisting of a good combination of a sulfide matrix and electrolyte 

decomposition products. The passivation film suppresses lithium dendrite development by 

controlling the lithium deposition sites. In addition, the robust passivation film with a 

sulfide matrix is less likely to break during battery operation, protecting the bulk lithium 

metal from parasitic reactions with the organic electrolyte and polysulfides. This is critical 

for maintaining the high energy density of Li-S batteries. Superior cycle stability and lower 

cell resistance upon cycling are obtained due to the stabilized lithium surface characterized 

by a dendrite-free morphology and less insulating passivation by large Li2S particles and 

electrolyte decomposition products/polysulfides. Considering the low-cost and 

environmentally friendly nature of copper acetate, we believe this lithium-protection 

strategy is benign for large scale application of Li-S batteries. Furthermore, protection of 

lithium metal by the in situ surface chemical formation of a passivation film with a 3-D 

structure and a robust matrix could be extended for using lithium-metal anode in lithium-

ion batteries or lithium-air batteries, or for enabling the protection of other metallic anodes 

(e.g., Na, Mg, Al), significantly impacting the energy storage area for a sustainable and 

mobile society. 

  



 

 

 

102 

Chapter 5: Efficient Use of Lithium Sulfide 

5.1 Introduction 

Despite significant progress in recent years, degradation of lithium metal anode 

remains a major challenge for Li–S batteries, hindering their practical utility. One possible 

strategy to circumvent the aforementioned problems is to use alternative, high–capacity, 

lithium–free anodes (e.g., Si, Sn, or carbon–based anodes) coupled with a lithium–

containing sulfur–based cathode. In this context, Li2S with a theoretical capacity of ~ 1166 

mAh g–1, has attracted much attention as a prospective cathode material.  

Despite the advantages of Li2S such as the high capacity and the associated flexible 

anode selections, the Li2S bulk particle is highly insulating. Yang et al. discovered a large 

potential barrier during the initial charge of micron-size Li2S particles, whose magnitude 

is influenced by kinetic factors such as the electronic conductivity of Li2S, lithium-ion 

diffusivity in Li2S, and charge transfer at the surface of Li2S particles.95 Moreover, they 

reported using a high initial charging cut-off voltage to activate the Li2S bulk particles, 

resulting in the initial discharge capacity greater than 800 mAh g (Li2S)-1. Adopting the 
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strategy of applying a high charging-cut-off-voltage, our group initially developed 

sandwiched cathode configurations composed of pristine Li2S powder between two layers 

of self-weaving MWCNT electrodes to promote the utility of micron-size Li2S cathode 

materials towards a low-cost Li-S batteries.96 The two MWCNT electrodes facilitate 

efficient electron conduction in the cathode and fast ionic transport through the interspaces 

of the 3-D framework and trap the polysulfide species within the sandwiched cathode 

during cell operation. An initial discharge capacity of 838 mAh g (Li2S)-1 was achieved 

based on this configuration and capacity retention was above 80 wt. % after 100 cycles.  

Although the strategy of applying a high charging-cut-off-voltage effectively activate 

the Li2S bulk particles, it causes instability of the ether-based electrolyte and safety concern 

in Li-S batteries. Consequently, synthesis of electrochemically active Li2S without the 

initial charging barrier is critical to the wide application of Li2S cathode material. For 

example, Guo et al. used the interaction between Li+ ion in solution and nitrile groups along 

the polymer backbone to produce lithium sulfide that is uniformly dispersed in a carbon 

host.97 A reversible capacity of 900 mAh g (Li2S)−1 could be obtained at a low current 

density of 10 mA g−1. Moreover, Zheng et al. sprayed commercial stabilized lithium metal 

powder (SLMP) onto a sulfur/microporous carbon cathode film to prepare the 

Li2S/microporous carbon cathode.98 When coupled with a graphite anode, this cathode was 

able to deliver a stable capacity of around 600 mAh g (Li2S)−1 in 150 cycles. In addition, 

our group used a novel in situ lithiation method to improve the performance of Li2S 

particles. The Li2S was in situ formed in a lithiated graphite electrode.99 The pre-lithiated 
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carbon paper (graphite) electrode was used as a lithium donor and a matrix for holding the 

polysulfide precursor. The Li2S synthesis is based on the chemical reaction between one 

Li2S6 molecule and six lithium atoms, where 48.4 % of the Li2S6 molecule was converted 

to Li2S as indicated by the XPS surface analysis. The lithium atom donation is also 

confirmed by the up-shifts of the (002) peaks in the XRD pattern of the lithiated graphite. 

A stable capacity of as high as 800 mA h g (sulfur)-1 over 50 cycles at a rate of C/10 could 

be obtained through this method. 

In addition to the development of novel synthesis methods, facile, low-cost activation 

of Li2S bulk particle is important for decreasing the manufacturing cost of Li2S. Meini et 

al. proposed the concept of using redox mediators (RM, e.g., cobaltocene, 

dibenzenechromium, decamethylferrocene, LiI, and ferrocene) to enhance the utilization 

of Li2S.100 Specifically, decamethylferrocene enabled the use of lithium sulfide at a low 

charging potential of 3.2 V. Stable capacity values of more than 490 mAh g (Li2S)−1 could 

be achieved for 150 cycles. The nature of activation was assumed to be due to dramatically 

enhanced electronic transfer from the active material to the electrode assisted by RM. 

Moreover, it has recently been reported that P2S5 reacts with Li2S in ether–based 

electrolytes.18 In this context, we systematically investigate the interaction between P2S5 

and Li2S and identify the possibility of using P2S5 as an electrolyte additive to activate 

commercially available bulk Li2S particles for their direct use in room–temperature 

rechargeable Li–S batteries without applying a high charging-cut-off voltage. It is found 

that the electrolyte with the P2S5 additive effectively enhances the electrochemical activity 
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of Li2S. The activated Li2S cathode exhibits a greatly lowered initial charging voltage 

plateau, indicating effective oxidation of Li2S to polysulfides. Furthermore, the activation 

correlates to the formation of intermediate sulfur– and phosphorus–containing species on 

the surface of Li2S, assisting the surface charge transfer.  

5.2 Experimental 

5.2.1 Preparation of Li2S Catholyte  

Appropriate amount of P2S5 (99+ %, Acros Organics) were dissolved in 

tetraethylene glycol dimethyl ether (TEGDME, 99+ %, Acros Organics). In order to 

prepare the Li2S catholyte, commercially available Li2S particles (99+ %, Acros Organics) 

were suspended in the P2S5–containing electrolyte and heated overnight at 50 °C. 

Following a similar procedure, Li2S bulk particles were pre–treated in TEGDME without 

P2S5 as a reference.  

5.2.2 Preparation of Carbon Nanofiber Current Collector  

Carbon nanofibers (CNF, 120 mg, Pyrograf Products Inc.) were dispersed in a 

miscible solution of de–ionized water (700 mL) and isopropyl alcohol (50 mL), 

ultrasonicated for 15 min, and collected by vacuum filtration to obtain a free–standing CNF 

paper. The product CNF paper was dried in an air–oven for 24 h before being punched out 

into circular disks with 1.2 cm diameter for use as the current collector. 

5.2.3 Electrochemical Test  

LiCF3SO3 (98 %, Acros Organics, 1 M) and LiNO3 (99+ %, Acros Organics, 1 M) 

in TEGDME is used as the anolyte. The corresponding catholyte was loaded onto the CNF 
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current collector before placing the Celgard separator, anolyte, lithium–metal anode, and 

assembled into CR2032 coin cells inside an argon–filled glovebox. The Li2S loading was 

~ 1 mg cm–2. The CV profiles were obtained with a scan rate of 0.05 mV s–1 from 1.5 to 

4.0 V after the initial charge from OCV to 4.0 V. Galvanostatic cycling was conducted 

with an Arbin battery cycler at room temperature. The cells were charged from OCV to 4.0 

V (vs. Li+/Li) in the investigation of the initial charge of the P2S5–activated Li2S cathodes. 

The cells were cycled between 1.8 and 3.0 V in the investigation of cycling performance.  

5.3 Result and Discussion 

 

 

Figure 44. (a) Initial charging voltage profiles and (b) electrochemical impedance spectra 

of the pristine Li2S and P2S5–activated Li2S cathodes when the molar ratio between Li2S 

and P2S5 is 10:1, 7:1, 5:1, and 3:1. 

Figure 44a compares the initial charging voltage profiles of bulk Li2S particles pre–

treated in TEGDME without P2S5 (defined as pristine Li2S) and with P2S5 (defined as P2S5–

activated Li2S). In contrast to the pristine Li2S, the P2S5–activated Li2S cathodes 
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demonstrate lower initial charging voltage plateaus. Furthermore, the lowest charging 

voltage plateau appears when the molar ratio between Li2S and P2S5 is 7:1, resulting in an 

activation of ~ 80 % of the theoretical capacity of Li2S below 3.0 V at C/10 (1 C = 1166 

mAh g (Li2S)–1). Considering that both the pristine Li2S and P2S5 are electrochemically–

inactive before charging above 3.0 V, we believe the accessible charge capacity below 3.0 

V is attributed to the interaction between P2S5 and Li2S leading to Li2S activation. 

However, further increase in the concentration of P2S5 in the electrolyte (when the molar 

ratio between Li2S and P2S5 is 5:1 or 3:1) produces a gradual increase in the charging 

voltage plateau, likely due to the increased cell resistance. The increase in cell resistance 

is also evidenced by EIS. The impedance measurement was conducted before charging. In 

Figure 44b, the cell resistance is constant with P2S5 addition until the molar ratio between 

Li2S and P2S5 is 7:1, and the cell exhibits its lowest resistance indicating an accelerated 

charge transfer process,101 consistent with its initial charging voltage plateau exhibiting the 

most effective activation. It is noted that despite a lack of significant decrease in cell 

resistance when the molar ratio between Li2S and P2S5 is 10:1, there is still a dramatic 

decrease in the activation overpotential (Figure 44a), demonstrating that the effect of P2S5 

addition is not limited to its influence on the electronic or ionic conductivity of the cell. 

The cell resistance grows with further addition of P2S5 (when the molar ratio between Li2S 

and P2S5 is 5:1 or 3:1), indicating increased resistance from passivation layer formation, 

inhibiting the charge transfer process, and/or increased viscosity of the electrolyte, limiting 

ionic conductivity.  
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Figure 45. SEM images of the P2S5–activated Li2S particles when the molar ratio between 

Li2S and P2S5 is (a) 10:1, (b) 7:1, and (c) 5:1. (d) STEM image of a single Li2S particle at 

the composition of (c). 

SEM characterization was conducted to examine the morphology variation of the 

activated Li2S, with typical particle morphologies shown in Figure 45. Pristine Li2S 

appeared as irregular bulk particles with a rough surface.102 In Figure 45a, a spherical 

morphology was observed for Li2S after suspending in TEGDME with P2S5 (molar ratio 

of Li2S:P2S5 is 10:1). With increasing concentration of P2S5 (when the molar ratio between 

Li2S and P2S5 is 7:1), the spherical morphology is retained, but some dark spots are 

observed on the surface of the Li2S particles (Figure 45b). In addition, when the molar ratio 

between Li2S and P2S5 is 5:1, a core–shell–like morphology appeared (Figure 45c). Figure 

45d shows the scanning transmission electron microscopy (STEM) image of one selected 
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Li2S particle at this concentration, where morphological contrast between the core and the 

shell can be identified, and indicating compositional variation. Moreover, low–

magnification SEM images showing Li2S particle distribution at different P2S5 

concentrations were analyzed by ImageJ.102 It can be seen that the Li2S particles exhibited 

a small increase in average particle size with slight addition of P2S5 to the electrolyte. It is 

obvious that the typical Li2S particles are micron–sized when the molar ratio between Li2S 

and P2S5 is more than 5:1. Obvious decrease in Li2S particle size occurs when the molar 

ratio of Li2S:P2S5 reaches 3:1, which is the stoichiometric ratio for the reaction to form 

Li3PS4.
64 

In order to verify the structural change in the bulk core of the Li2S cathode with the 

gradual addition of P2S5, XRD characterization was performed, with the results shown in 

Figure 46a. It can be seen from Figure 46a that when the molar ratio between Li2S and P2S5 

is 7:1, the P2S5–activated Li2S samples exhibit characteristic Li2S reflection peaks at 2θ = 

27, 31, 45, 53, 56, 65, 72, and 74°.103 The broad amorphous peak at low angles is from the 

Kapton film used to protect the samples. The activated Li2S exhibits large particle size and 

crystalline structure, in contrast to the electrochemically–obtained Li2S after the first 

discharge, which possesses an amorphous XRD pattern. The characteristic peaks of 

crystalline Li2S are retained when the molar ratio between Li2S and P2S5 is increased to 

5:1. With increasing P2S5 addition into the electrolyte (when the molar ratio between Li2S 

and P2S5 is 3:1), the activated Li2S exhibits an amorphous XRD pattern, with only one 
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obvious peak at 26° related to the carbon substrate underneath. This indicates a major 

structural change in the bulk core of the Li2S cathode. 

 

Figure 46. (a) XRD patterns of the P2S5–activated Li2S when the molar ratio between Li2S 

and P2S5 is 7:1, 5:1, and 3:1. XPS S 2p (b) and P 2p (c) region spectra of P2S5 and the P2S5–

activated Li2S when the molar ratio between Li2S and P2S5 is 10:1, 7:1, 5:1, and 3:1. 

In order to further understand the activation effect, surface properties of the pristine 

P2S5 and the P2S5–activated Li2S cathodes were investigated by XPS, with the results 

shown in Figure 46b and 46c. In Figure 46b, when the molar ratio between Li2S and P2S5 

is 10:1, the S 2p region spectra can be deconvolved into three signals, with S 2p 3/2 peaks 

centered at 159.8, 161.0, and 162.6 eV. The 159.8 eV peak is characteristic of Li2S, 

indicating it is still present at the particle surface at this composition.16,75 The 159.8 eV 

Li2S peak is still present when the Li2S:P2S5 ratio is 7:1, but disappears when the ratio 

reaches 5:1, indicating a change in surface composition. The peaks at 161.0 and 162.6 eV 
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are consistent with the binding energies associated with sulfur–sulfur bonds, as in 

polysulfide species, as well as sulfur–phosphorous bonds.104 The S 2p spectra for P2S5 

contains S 2p 3/2 peaks centered at 162.1 and 163.5 eV; the lack of any higher binding 

energy peaks above 163 eV in the P2S5–activated Li2S surface indicates the formation of a 

new sulfur– and phosphorous–containing surface species, and not simply the deposition of 

P2S5. This is confirmed by the P 2p signal (Figure 46c). In contrast to the P 2p 3/2 peak in 

P2S5 that is centered at 133.9 eV, in the activated Li2S samples with Li2S:P2S5 ratios of 

10:1, 7:1, and 5:1, the P 2p 3/2 peak is centered at 131.9 eV. With increasing P2S5 

concentration (i.e., the molar ratio of Li2S:P2S5 is 3:1), the S 2p signal exhibits new 

intensity above 163 eV and the P 2p signal is greatly altered with multiple peaks in the 

deconvolution. This suggests a complete change in the particles’ surface composition, in 

agreement with the structural changes observed by XRD and SEM. The existence of 

sulfur– and phosphorus–containing intermediate species at the Li2S surface in electrolytes 

containing P2S5 is further evidenced by Raman spectroscopy, as shown in Figure 47. In 

contrast to pristine Li2S showing one major peak at ~ 375 cm–1, which corresponds to Li–

S bond stretching, a weak shoulder peak at ~ 425 cm–1 corresponding to the stretching 

vibration of the P–S bonds in PS4
3– ion is identified in the P2S5–activated Li2S (with molar 

ratio of 7:1 between Li2S and P2S5).
105,106 Considering the SEM and XRD results 

evidencing the retained core structure of Li2S with the slight addition of P2S5, and the XPS 

and Raman results showing the formation of intermediate surface species, we believe that 

these sulfur– and phosphorus–containing surface species accelerate surface charge 
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transport and thus Li2S oxidation, thereby resulting in a greatly decreased cell resistance 

and lowered charging voltage plateau. This is in agreement with previous work that surface 

charge transfer dominates the Li2S activation.  

 
 

Figure 47. Raman spectra of the pristine Li2S and P2S5–activated Li2S when the molar ratio 

of Li2S:P2S5 is 7:1. 

Electrochemical performance of the Li2S cathode in electrolyte with P2S5 was 

examined with CR2032 coin cells, with the results shown in Figure 48 for the cell where 

the molar ratio between Li2S and P2S5 is 7:1. Figure 48a presents the CV profiles, revealing 

one anodic shoulder peak at ~ 2.3 V and a main peak at 2.6 V in the first charge from the 

OCV to 4.0 V. The shoulder peak at ~ 2.3 V, which is likely related to the existence of 

intermediate sulfur– and phosphorus–containing surface species, disappears in the second 

charge and only one major peak at ~ 2.46 V exists thereafter corresponding to the oxidation 

of Li2S to polysulfides or sulfur. Because the major redox reactions are proceeding below 

3.0 V, cell performances with the P2S5–activated Li2S cathodes were evaluated between 

1.8 and 3.0 V at a rate of C/10. Figure 48b demonstrates the discharge–charge voltage 
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profiles in the first two cycles. One main plateau at ~ 2.5 V related to the transition from 

Li2S to higher–order polysulfides/sulfur is identified in the first charge cycle, in agreement 

with the CV profile. During discharge, typical sulfur redox reactions are identified, where 

the higher voltage plateaus at ~ 2.4 and 2.3 V together with the ensuing sloping region 

correlate to transitions from higher–order polysulfides/sulfur to Li2S4, and the lower 

voltage plateau at ~ 2.0 V corresponds to transition from Li2S4 to Li2S/Li2S2.
 Discharge 

voltage profiles overlap between the first two cycles, suggesting the high reversibility of 

the cathode materials between 1.8 and 3.0 V. Cycling performance of the activated Li2S 

cathode is shown in Figure 48c. Reversible discharge capacities of ~ 800 mAh g (Li2S)–1 

are obtained and the capacity retention is as high as 83 % after 80 cycles. Moreover, 

Coulombic efficiency remains near 100 % with cycling. This is in contrast to the pristine 

Li2S that delivers limited reactivity and inferior capacity due to the incomplete oxidation 

reaction below 3.0 V. Furthermore, Coulombic efficiency of the pristine Li2S cathode far 

exceeded 100 % in the first few cycles, possibly due to the electrochemical utilization of 

previously inaccessible Li2S and/or side reactions. The superior reversible capacity of the 

activated Li2S cathode can be attributed to the more complete surface oxidation of Li2S 

and less formation of irreversible Li2S. 
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Figure 48. (a) CV profiles, (b) discharge/charge voltage profiles (C/10), and (c) cycling 

performance of the P2S5–activated Li2S (C/10). CE refers to Coulombic efficiency. 

In summary, we have demonstrated in this work that commercially available bulk Li2S 

particles can be effectively activated by an electrolyte containing P2S5 additive, resulting 

in a room–temperature, high capacity cathode without the initial charging barrier. The 

interaction between P2S5 and Li2S results in reduced cell resistance and enhanced surface 

oxidation of Li2S to polysulfides, significantly lowering the initial charging voltage 

plateau. Morphological, structural, and compositional changes in Li2S are observed with 

the gradual addition of P2S5 into the conventional TEGDME electrolyte. The most effective 

electrochemical activation occurs when the molar ratio between Li2S and P2S5 is 7:1, before 

a thick solid electrolyte layer forms on the surface of Li2S. Since the core structure of the 
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P2S5–activated, micron–sized Li2S is retained when the most effective activation occurs; 

the activation is mainly a surface effect. Sulfur– and phosphorus–containing surface 

species are identified, which may serves as active sites facilitating the surface charge 

transfer and Li2S oxidation. Reversible capacities of ~ 800 mAh g (Li2S)–1 are obtained. 

This facile activation enables the direct use of commercially available bulk Li2S particles 

as high–capacity cathode materials for rechargeable Li–S batteries, without intricate 

synthesis or application of a high charging–cut–off voltage that deteriorates the electrolyte 

stability and safety of Li–S batteries. This significantly decreases the manufacturing cost 

of Li–S batteries with a Li2S cathode. We believe this strategy is of great significance for 

the safe and effective use of Li2S as a cathode material, and is a promising step toward the 

low–cost fabrication of metallic lithium–free Li–S batteries. 
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Chapter 6: Summary 

This dissertation focused on the understanding and chemistry innovation of Li-S 

batteries. As a promising candidate for next-generation high-energy density batteries, the 

Li-S batteries provide both high energy and low cost to replace the current dominant Li-

ion batteries. The goal of this dissertation was to tackle the challenges that limit the 

performance of Li-S batteries and put forward possible solutions. More importantly, 

surface/interface study has been applied as one important tool to explore the chemical 

characteristics of Li-S batteries and study the electrochemical processes. The conclusions 

of this dissertation are summarized as below: 

 Control of sulfur species deposition: Sulfur/lithium polysulfide/lithium sulfide 

deposition is influenced by their surrounding chemical environment. Hydrophilic 

environment facilitates uniform deposition of sulfur-containing active materials and 

avoids severe aggregation. The 2-D-like graphene material can be functionalized and 

used as the cathode substrate to accommodate sulfur-containing materials. However, 

new electrolyte chemistry is needed to promote the practical applications of sulfur 

cathodes with an open structure (e.g., 2-D-like sulfur cathode material or cathode 

without hierarchical porous structure). Finally, alternative sulfur host (e.g., MX, X = F, 

O, N, S, etc.) with unique properties can be explored. 

 Polysulfide batteries and lithium-metal anode protection: Polysulfide batteries enable 

high sulfur utilization. Cathode matrix dominants the properties of the deposited Li2S, 
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thereby dominating the electrochemical performances of polysulfide batteries. In 

addition, lithium-metal corrosion is apparent when the sulfur content is high or the 

polysulfide mobility is high, as in the case of Li/polysulfide batteries. Lithium 

deposition is influenced by the properties of the SEI and should be controlled to 

guarantee stable battery performance and safety.  

 Efficient use of lithium sulfide: Lithium sulfide can be used as a cathode material and 

coupled with lithium-free anode (e.g., silicon, graphite, and tin); however, lithium 

sulfide is highly insulating. Synthesis of electrochemically active lithium sulfide or 

low-cost chemical pre-activation of lithium sulfide bulk particles can facilitate 

widespread applications of lithium sulfide cathode. Activated lithium sulfide usually 

contains upshifted S 2p peaks, indicating the formation of new surface species. 

Chemical pre-activation can introduce various types of interfaces of organic and 

inorganic compositions, which needs further understanding. 

In summary, progress has been made as reviewed in this dissertation regarding the 

following: (1) design of novel Li-S cell configurations and new redox chemistry; (2) 

controlled deposition of sulfur/lithium polysulfide/lithium sulfide species; 3) lithium-metal 

protection; and (4) lithium-sulfide activation. However, challenges still exist to make the 

Li-S cells a commercial reality: for example, (1) the degradation of lithium-metal anode 

cannot been totally avoided; (2) all-solid-state batteries with high practical energy density 

and superior safety have not been realized; (3) more explorations on lithium-free anode 
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(e.g., Si, Sn, C, etc.) and its integration with the lithium sulfide cathode are needed before 

a dendrite-free lithium deposition can be achieved.  
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