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Lithium-sulfur (Li-S) batteries have drawn tremendous interest in the next-

generation energy-storage field due to the high theoretical capacity (1675 mA h g-1) and 

low cost of the eco-friendly sulfur. Nevertheless, the practical realization of Li-S 

technology is still challenging. The major bottleneck lies in the insulating nature of sulfur 

and its redox products, together with the shuttling of intermediate polysulfides (Li2Sx, 4 ≤ 

x ≤ 8) during cycling, leading to low active-material utilization and fast capacity fade. This 

dissertation focuses on the development of advanced cell configurations with novel 

modification strategies to improve the electrochemical performance of Li-S cells. 

First, a multi-layer-coated separator is established to suppress the polysulfide 

migration. The functional coating films act as net-like filters to intercept the diffusing 

polysulfides by both physical and chemical interactions, contributing to enhanced cycling 

stability and capacity retention. 

Second, a new sulfur cathode configuration with a poached-egg-shaped architecture 

is proposed to improve the cyclability of Li-S cells. The carbon shell not only achieves an 

effective physical encapsulation of the “sulfur yolk” to localize active material, but also 

serves as interlinked electron pathways to favor the active-material reactivation, greatly 

enhancing the electrochemical utilization and reversibility. 
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Third, in addition to the physical polysulfide-entrapment, the chemical adsorbent is 

also introduced into the sulfur cathode substrate. By coupling the sulfiphilic metal 

compounds (e.g., NiS2 and SnS2) with a conductive carbon framework to construct a hybrid 

sulfur host, the polysulfide adsorptivity is significantly improved due to the physical 

confinement and chemical anchoring, further limiting the active-material loss and 

polysulfide diffusion. 

Fourth, another novel cathode design with electrocatalyst incorporation is presented 

to enhance the rate capability and cycle life of Li-S cells. The electrocatalysts (e.g., Ni and 

B4C) function as efficient redox mediators to accelerate the reaction kinetics of polysulfide 

transformation, leading to highly promoted active-material utilization and rate 

performance. 

Finally, an advanced Li-metal host is also designed with a three-dimensional 

lithiophilic architecture. The lithiophilic seeds (e.g., Mo2N) substantially lower the Li 

nucleation overpotential, thus spatially guiding the uniform Li deposition in the conductive 

matrix and suppressing the Li-dendrite formation as well as Li anode degradation. 
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Chapter 1: Introduction 

1.1 LITHIUM-SULFUR BATTERIES 

Reliable high-energy-density storage systems at an affordable cost are urgently 

needed to satisfy the requirements of thriving electric vehicle and portable electronic 

device sectors. Traditional insertion-compound-based lithium-ion (Li-ion) batteries have 

been the dominant rechargeable battery technology since their successful launch in the 

1990s.[1] However, currently they are almost approaching their limit of energy density and 

cannot satisfy the requirement of electric vehicles with longer driving ranges and higher 

energy-storage capabilities (Figure 1.1).[2, 3] Advanced next-generation rechargeable 

battery systems with new electrochemistry and new cathode materials are thus being 

intensively pursued. Among the contenders, lithium-sulfur (Li-S) batteries, based on 

conversion-reaction electrochemistry, have drawn tremendous interest because of an 

extremely high theoretical capacity of 1675 mA h g-1 from sulfur.[1, 4, 5] Considering an 

average voltage of 2.15 V, Li-S batteries are capable of delivering a high theoretical energy 

density of 2500 W h kg-1 (based on active-material mass), which is three times higher than 

the state-of-art Li-ion batteries (∼ 800 W h kg-1).[6, 7] In addition, with the merits of natural 

abundance, low cost, and environmental friendliness of sulfur, Li-S batteries prevail in 

terms of cost effectiveness and supply sustainability over conventional Li-ion batteries. 

Therefore, Li-S batteries have been regarded as one of most promising candidates as the 

next-generation energy-storage devices.[8] 
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Figure 1.1. Batteries for future energy-storage market. Reprinted from Ref. 3. 

A typical Li-S cell is mainly composed of two electrodes, a sulfur cathode and a 

Li-metal anode, separated by a polypropylene membrane to avoid short circuit. Liquid 

ether-based electrolyte is added into the cell to allow Li-ion movement between the two 

electrodes (Figure 1.2). Different from the intercalation electrochemistry occurring in Li-

ion batteries, Li-S batteries involve a multi-electron-transfer electrochemistry, where a 

reversible conversion reaction happens between the two electrodes: S8 + 16 Li+ + 16 e- → 

8 Li2S.[9] Specifically, during the discharge process, Li metal is oxidized to Li ions on the 

anode side; Li ions then move to the cathode side, triggering the reduction of sulfur to 

polysulfide intermediates (Li2Sx, 4 ≤ x ≤ 8), followed by a further reduction of polysulfides 

to the final product Li2S. Figure 1.3 displays a typical discharge curve involving the solid 

(S8) → liquid (Li2Sx) → solid (Li2S) phase transformation process. During the charge 

process, a reverse chemical reaction occurs on two electrodes, with the reformation of 

sulfur on the cathode as well as Li metal on the anode side. 



 3 

 

Figure 1.2. Illustrative configuration of a typical Li-S cell. 

 

Figure 1.3. A typical discharge/charge profile of a Li-S cell. 

1.2 CHALLENGES OF LITHIUM-SULFUR BATTERIES 

Despite the above-mentioned advantages of Li-S batteries, the practical application 

of Li-S technology is still impeded by intrinsic challenges. First, sulfur and its discharge 

product Li2S are electronically and ionically insulating in nature. Such inherently low 
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conductivity inevitably restrain the utilization of the active material and causes sluggish 

redox-reaction kinetics, thus resulting in low practical capacity and severe polarization 

during electrochemical cycling.[1, 9] 

Second, the polysulfide intermediates formed during the conversion reaction 

possess high solubility and mobility in the liquid electrolyte. These soluble long-chain 

polysulfides, driven by the concentration gradient, tend to migrate from the cathode to 

anode side and react with Li to form short-chain polysulfides, creating a “self-discharge” 

issue and irreversible loss of the active material. On the other hand, these formed short-

chain polysulfides on the anode side shuttle back to the cathode driven by the electric field 

(from the anode to cathode), giving rise to the well-known “shuttle effect” and low 

discharge/charge efficiency.[1, 6, 9] 

Third, the density difference between S (2.07 g cm-3) and Li2S (1.66 g cm-3) will 

cause a large volume expansion (~ 80%) upon the lithiation process. Such repetitive 

volume changes compromise the structural integrity of the electrode, leading to cathode 

pulverization and making sulfur particles lose contact with conductive carbon matrix and 

current collector. It essentially results in rapid capacity decay during long-term cycling.[5,9] 

Finally, the Li anode degradation is also a persistent issue. The inhomogeneous Li 

deposition mainly caused by the uneven distribution of current density triggers the 

formation of Li dendrites, raising potential short circuit and even safety concerns. 

Meanwhile, the “hostless” nature of Li-metal anode causes virtually infinite volume 

changes during repeated Li plating/stripping, resulting in a cracking of the solid-

electrolyte-interphase (SEI) layer and continuous irreversible consumption of active Li. 

Furthermore, as mentioned above, due to the polysulfide shuttle effect, the Li anode is 

inevitably corroded by the parasitic reactions with polysulfides, leading to the formation 

of passivation layers on the anode surface and low Li stripping/plating efficiency.[10, 11] 
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Ultimately, all these drawbacks give rise to irreversible capacity fade, low Coulombic 

efficiency, and poor cycle life, challenging the practical use of Li-S technology.[6, 7] 

A variety of efforts have been devoted to tackling these issues, including designing 

an optimized sulfur cathode,[12-15] inserting a conductive interlayer between the 

electrodes,[16-19] configuring a functionalized separator with coating layers,[20-23] 

developing new electrolyte formula by adding new additives,[24-27] and exploiting rational 

approaches to protect Li-metal anode.[11, 28-30] In spite of such encouraging progress, the 

research community still witnesses bottlenecks in large-scale production of Li-S batteries 

compared to the state-of-art Li-ion batteries. The majority of the research publications 

report high-performance Li-S batteries based on undesirable cell parameters, such as a low 

sulfur loading of < 4 mg cm-2, a low sulfur content of < 60 wt.%, an excess 

electrolyte/sulfur ratio of > 11 µL mg-1, and excessive lithium metal with a huge N/P 

ratio.[3] This essentially reduces the overall gravimetric and volumetric energy densities of 

Li-S batteries, far from reaching the high-energy promise and practical application of Li-S 

technology. Therefore, it is essential to establish advanced cell configurations with 

effective modification strategies and make a balance among these cell engineering 

parameters for the development of high-energy Li-S batteries.[3-5] 

1.3 OBJECTIVES 

The overall objective of my dissertation is to explore novel, efficient cell 

configuration strategies in an effort to ameliorate the above-mentioned challenges and 

improve the electrochemical performance of Li-S batteries with high practical energy 

densities. Chapter 2 presents the general experimental methods for cell assembly and 

electrochemical/material characterizations. From Chapter 3 to Chapter 7, each chapter 
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systematically illustrates one specific modification strategy of cell components (including 

separators, sulfur cathodes, and Li anodes), as summarized in Figure 1.4. 

 

Figure 1.4. Schematic illustrations of cell modification strategies in this dissertation: (a) 

a coated separator, (b) an advanced sulfur cathode with a poached-egg-shaped 

architecture, (c) a hybrid sulfur cathode with physical/chemical polysulfide-

trapping capability, (d) an electrocatalyst-incorporated sulfur cathode, (e) a 

manufactured Li-S pouch cell, and (f) a 3D lithiophilic Li-metal host. 

Chapter 3 demonstrates a modified separator configured with multi-walled carbon 

nanotubes/polyethylene glycol (MWCNT/PEG) coated films through a well-established 

layer-by-layer coating strategy. The functionalized coating films, acting as net-like filters, 

combine the physical entrapment from MWCNT and chemical affinity from PEG towards 

polysulfides, which reinforces the polysulfide-trapping ability and minimizes the 

polysulfide migration from the sulfur cathode to Li-metal anode. Moreover, a “buffer zone” 

is created in between the adjacent coating layers to localize more diffusing polysulfides, 

which further retards the continuous polysulfide migration. The multi-layered 

MWCNT/PEG coating allows the use of conventional pure sulfur cathode with a high 
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sulfur content (78 wt.%) and a high sulfur loading (up to 6.5 mg cm-2) to achieve a low 

capacity-fading rate of 0.1% per cycle after 300 cycles. 

Apart from the separator modification, a high-performance Li-S cell also strongly 

relies on the engineering of sulfur cathode with an optimized configuration. Chapter 4 

introduces a new cathode configuration composed of a sulfur yolk completely encapsulated 

inside a carbon shell, forming a poached-egg-shaped structure. This carbon shell, 

constructed by a templated-supported vacuum-filtration process, serves as a physical 

barrier to confine the sulfur species and minimize polysulfide diffusion. Meanwhile, the 

conductive carbon shell works as interlinked electron pathways and electrolyte channels, 

greatly facilitating fast electronic/ionic transport to promote active-material 

reactivation/reutilization during cycling. With such an advantageous architecture, the 

sulfur loading is successfully increased to 32 mg cm-2 with an increased areal capacity of 

> 16 mA h cm-2. 

Based on the rational design of the carbon-based sulfur host employing physical 

polysulfide confinement as discussed in Chapter 4, Chapter 5 further illustrates a hybrid, 

free-standing cathode substrate possessing both physical entrapment and chemical 

adsorption to polysulfides. This hybrid sulfur host consists of sulfiphilic metal compounds 

(e.g., NiS2 and SnS2) with excellent chemical polysulfide adsorptivity, as well as porous 

conductive carbon framework (e.g., reduced graphene oxide, RGO) as the physical 

polysulfide reservoir. Benefiting from the synergistic effect of physical and chemical 

interactions with polysulfides, the cycle life and electrochemical reversibility are 

considerably enhanced, brought by the well-designed hybrid sulfur cathode.   

Chapter 6 presents the incorporation of electrocatalysts into the sulfur cathode 

substrates, which is another efficient strategy to improve the active-material utilization and 

electrochemical reversibility of Li-S cells. The incorporated conductive electrocatalysts 
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(e.g., Ni and B4C) offer abundant catalytic sites to anchor the diffusing polysulfides and 

effectively accelerate the redox kinetics of polysulfide transformation during repeated 

cycling. A remarkable capacity retention of 80% after 500 cycles as well as stable 

cyclability at 4C rate of Li-S cells are accomplished, contributed by the electrocatalyst-

based sulfur cathode. 

Chapter 7 demonstrates an advanced 3D Li-metal host to mitigate the Li dendrite 

formation and improve the cycling efficiency of Li-metal anode. The uniformly embedded 

lithiophilic seeds (e.g., Mo2N) afford ultralow Li nucleation overpotential, which could 

spatially guide the homogeneous Li deposition in the substrate. Meanwhile, the conductive 

porous framework effectively homogenizes the current distribution and Li-ion flux, further 

suppressing the Li-dendrite formation and greatly alleviating the volume expansion. As a 

result, the Li stripping/plating efficiency at high current density is considerably enhanced 

with the mitigated voltage overpotential after extensive cycling. 

Finally, Chapter 8 presents a summary of these cell modification approaches 

discussed in Chapter 3 through Chapter 7, as well as an outlook for the future development 

of Li-S batteries. 
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Chapter 2: General Experimental Procedures 

2.1 MATERIALS SYNTHESIS 

The specific experimental procedures of materials synthesis are illustrated in each 

individual chapter. 

2.2 MATERIAL CHARACTERIZATION 

2.2.1 X-ray Diffraction (XRD) 

X-ray diffraction (XRD) was performed with a Rigaku Miniflex 600 X-ray 

diffractor under Cu Kα radiation. The typical scanning ranges of 2θ were 10 – 80˚ at a 

scanning rate of 3˚ min-1. The crystalline phases of the materials were determined by 

comparing the standard diffraction peaks in JCPDS database.  

2.2.2 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) was carried out with a Perkin-Elmer thermal 

analysis system. To determine the content of metal compound in the electrode substrate, 

the sample was performed under flowing air from 50 to 1000 °C. To test the sulfur content 

in the cathode, the sample was analyzed under flowing nitrogen from 50 to 800 °C. The 

heating rate is 20 °C min-1. 

2.2.3 Surface Area and Porosity Analysis 

The nitrogen adsorption-desorption isotherms were measured with an automated 

gas sorption analyzer (AutoSorb iQ2, Quantachrome Instruments) at 77 K. Prior to test, the 

sample (~ 100 mg) was purged with the flowing N2 atmosphere at 393 K overnight. The 

specific surface area was calculated by the Brunauer-Emmett-Teller (BET) method. The 
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pore-size distribution was derived from the adsorption isotherm based on the Barrett-

Joyner-Halenda (BJH) model.  

2.2.4 Scanning Electron Microscopy (SEM) 

Morphology observations of the as-synthesized materials were conducted with a 

scanning electron microscope instrument (FEI Quanta 650, FE-SEM). The samples were 

manually sectioned and mounted on the carbon tape. The air-sensitive samples were 

transferred from an argon-filled glove box to an argon-filled vial prior to testing.  

2.2.5 Transmission Electron Microscopy (TEM) 

Structural analysis and lattice inspection were performed with a transmission 

electron microscope instrument (TEM, JEOL 2010F). The samples were sonicated in the 

ethanol solvent, followed by dropping an appropriate amount of this suspension on the 

copper grid. 

2.2.6 Energy Dispersive X-ray Spectroscopy (EDX) 

Both SEM and TEM instruments are equipped with energy dispersive X-ray 

spectrometers (EDX) in the Bruker EDX system to collect elemental signals and carry out 

elemental mapping. 

2.2.7 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectrometer (XPS) analysis was performed with a Kratos 

Analytical spectrometer at room temperature with monochromatic Al Kα radiation. The 

deconvolution of the XPS spectrum was processed with a CasaXPS program with 

Gaussian-Lorentzian functions after subtracting the Shirley background. All peaks were 
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calibrated on the basis of the C 1s peak (284.6 eV). The XPS is equipped with an Ar+-ion 

gun to sputter the surface of samples to investigate the interface reaction. 

2.2.8 UV-vis Absorption Spectroscopy 

UV-visible absorption spectroscopy analysis was characterized with a Cary 5000 

spectrophotometer with a baseline correction (Varian). 

2.3 ELECTROCHEMICAL CHARACTERIZATION  

2.3.1 Conventional Sulfur Cathode Preparation 

A mixture of 80 wt.% precipitated sulfur (Acros Organics), 10 wt.% Super P 

(TIMCAL), and 10 wt.% polyvinylidene fluoride (PVDF, kureha) was dispersed in N-

methyl-2-pyrolidone (NMP, Sigma-Aldrich) and stirred for 2 days to form uniform active-

material slurry. The obtained viscous slurry was then cast on an aluminum foil current 

collector by the doctor blade method and dried at 50 °C for 12 h in a vacuum oven, followed 

by roll-pressing and cutting into circular disks. 

2.3.2 Cell Assembly 

Coin cells (CR2032 type) consisting of a sulfur cathode, a polypropylene separator 

(Celgard 2500), and a lithium-metal anode were assembled in an argon-filled glove box. 

The electrolyte solution was 1.85 M LiCF3SO3 (Acros Organics) in a mixed solvent of 1,2-

Dimethoxyethane (DME, Acros Organics) and 1,3-Dioxolane (DOL, Acros Organics) (1 : 

1 by volume) with 0.1 M LiNO3 (Acros Organics) as an additive. The polysulfide catholyte 

was prepared by mixing sulfur powder (99.5%, Acros Organics) and an appropriate amount 

of Li2S (99.9%, Acros Organics) into the above electrolyte inside a glove box, followed by 

heating at 65 °C under 2 days of stirring to form 1.0 M Li2S6 solution. 
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2.3.3 Cyclic Voltammetry (CV) 

Cyclic voltammetry (CV) measurements were conducted with a universal 

potentiostat (VoltaLab PGZ 402, Radiometer Analytical). The Li-ion diffusion coefficient 

(DLi+) was calculated by the Randles-Sevick equation:[8, 31, 32] 

Ipeak = 268600 × e1.5 × area × DLi+
      0.5 × concn.Li+× rate0.5 

Where Ipeak is the current of the redox peak, e is the number of electrons involved, 

area refers to the cathode area, concn.Li+  refers to the Li-ion concentration in the 

electrolyte, and rate refers to the CV scanning rate. 

2.3.4 Discharge/charge Profiles and Electrochemical Cycling Tests 

Discharge/charge profiles and cycling performance of Li-S coin cells were 

performed with a cell cycler (Arbin Instruments) at various cycling rates. Specific 

operating voltage windows and cycling rates will be described in each individual chapter. 

For pouch cell test, two formation cycles were conducted at C/20 rate, followed by cycling 

at C/10 rate (1C = 1672 mA g-1). The shuttle factor was calculated based on the relationship 

between the Coulombic efficiency and the shuttle factor as:[33, 34] 

Ceff = 
𝑄𝐷𝐻+𝑄𝐷𝐿

𝑄𝐶𝐻+𝑄𝐶𝐿
=

2𝑓+ln (1+𝑓)

2𝑓−ln (1−𝑓)
 

Where Ceff refers to the Coulombic efficiency and f refers to the shuttle factor. 

2.3.5 Electrochemical Impedance Spectroscopy (EIS) 

The electrochemical impedance spectroscopy (EIS) curves were obtained with a 

potentiostat (VMP3, Bio-Logic) in the frequency range of 1 MHz to 100 mHz with an AC 

voltage amplitude of 5 mV at the open-circuit voltage. 
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2.3.6 Galvanostatic Intermittent Titration Technique (GITT) 

The galvanostatic intermittent titration technique (GITT) profiles were obtained by 

adding a constant current of C/15 for 1 h, followed by a resting step in the absence of 

current for another 1 h. 

2.4 THEORETICAL CALCULATIONS  

The first-principle calculations were carried out using the plane wave-based 

Quantum Espresseo code based on the density functional theory (DFT) level.[35] In all 

cases, the energy and geometry optimizations of the system were performed using Ultrasoft 

PseudoPotentials (USPP) functionals with Generalized Gradient Approximation (GGA) 

exchange-correlation treatment, parameterized according to the Perdew–Burke–Ernzerhof 

(PBE) method.[36] It should be mentioned that the crystal naturally favors the low-index 

facets during the growth and the subsequent annealing steps to minimize overall system 

energy. For example, in the case of NiS2, the (001) plane was chosen as a representative 

given that NiS2 comprises a cubic structure and hence its chemical nature is isotropic along 

the three major Cartesian axes (equivalence of [100], [010], and [001]). Moreover, these 

planes are the lowest index Miller planes and thus are thermodynamically more stable than 

other high index planes. Therefore, these planes comprise the majority of surface 

topological structure from a statistical point of view at room temperature. For this system, 

a 2×2×3 supercell-slab model of NiS2 was employed, cleaved along [001] and 15 Å of 

vacuum space was introduced on each side.  

As for the B4C substrate, the (100), (110), (001), and (111) slab-supercell models 

were treated with 15 Å of vacuum space on either side of the slab. To ensure an acceptable 

convergence based on the system size, large supercells comprising 270, 360, 360, and 370 

atoms were taken into account for, respectively, the (100), (110), (001), and (111) slabs. 
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The cutoff value for the kinetic energy of the electronic waves was set to 550 eV, with a 

convergence threshold of 13.6×10-6 eV for the total energy and Γ-point K-space sampling. 

As for graphene as a control sample, it was treated as an infinitely large and periodic 2D 

lattice (5×5 super cell) with 15 Å of vacuum gap on each side. In each case, Li2S4 was 

placed at approximately 3 Å of distance away from the free-to-relax side of the substrate 

and geometry optimization was carried out until the convergence threshold (26×10-3 eV Å-

1) was achieved. Bader charge was extracted from the converged structure using the Bader 

Charge Analysis code.[37] The Li2S4–substrate binding energy was calculated by subtracting 

the total energy of the adsorbed molecule and the substrate from the precursors. 

For the binding energy between a Li monolayer on Mo and graphite substrates, The 

calculations were initiated in each case by relaxing an ensemble of a Li monolayer 

consisting of 9 atoms on top of a 3×3×2 slab-supercell of Mo, or a 5×5×2 bilayer of 

graphite. In both cases, full ionic relaxation and constrained cell relaxation were allowed 

on the x-y plane of the crystalline model to minimize the strain at the interface, while 15 Å 

of vacuum gap was maintained on either side of the slabs along the z-direction. Projector 

Augmented-Wave (PAW) functionals were used with the electron exchange-correlation 

modeled via GGA as parameterized according to the PBE method, using a 544 eV of kinetic 

energy cutoff. Due to the relatively large size of the supercell, the Γ-point specific 

algorithm was used for the evaluation of the numerical integrals. The final relaxed states 

of the Li-substrate assemblies were further analyzed through the Crystal Orbital Hamilton 

Population (COHP) method using the LOBSTER code.[38] 
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Chapter 3: Trifunctional Multi-walled Carbon Nanotubes/Polyethylene 

Glycol (MWCNT/PEG)-coated Separator through a Layer-by-layer 

Coating Strategy for High-energy Li-S Batteries 

3.1 INTRODUCTION 

Lithium-sulfur (Li-S) batteries are highly appealing for next-generation energy-

storage devices due to the high theoretical capacity (1675 mA h g-1), natural abundance, 

and low cost of sulfur.[1, 4, 6] However, the insulating nature of sulfur and its discharge 

products (Li2S/Li2S2 mixtures), a large volume change occurring between S and Li2S, and 

the severe diffusion of intermediate polysulfides (Li2Sx, x = 4 – 8) hinder the commercial 

application of Li-S technology.[4, 39] Various innovations on the cell configuration have 

been proposed to enhance the overall electrochemical performance. For instance, a free-

standing interlayer inserted between a sulfur cathode and a separator significantly reduces 

the cell resistance and traps the soluble polysulfides.[16] However, this approach inevitably 

adds extra weight, lowering the effective sulfur content and overall energy density of the 

interlayer-typed Li-S batteries. Moreover, the precondition of making a free-standing 

interlayer limits its versatility. Only a few materials with specific morphologies are able to 

form a free-standing interlayer. A possible alternative is the use of high content of binders, 

which significantly increases the mass of the resulting interlayer. To overcome these 

drawbacks, a carbon-coated separator was, therefore, developed to achieve the light-weight 

design and to allow a thorough investigation into various carbon-coated separators with 

different coating materials. As a promising cell-configuration modification, functional 

separators provide the corresponding cells with high capacity retention and electrochemical 

 
 L. Luo, S.-H. Chung, and A. Manthiram, “A Trifunctional Multi-Walled Carbon Nanotubes/Polyethylene 

Glycol (MWCNT/PEG)-Coated Separator through a Layer-by-Layer Coating Strategy for High-Energy Li–

S Batteries.” J. Mater. Chem. A 2016, 4, 16805-16811. 

L. Luo carried out the experimental work. Dr. S.-H. Chung assisted in experimental details. Prof. A. 

Manthiram supervised the project. All participated in the preparation of the manuscript. 
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utilization by employing various coating materials, including commercial Super P,[40] 

graphene oxide (GO),[33] microporous carbon (MPC),[41] single-walled carbon nanotubes 

(SWCNT),[22] multi-walled carbon nanotubes (MWCNT),[20] and other composite 

materials.[23, 42] 

The MWCNT/PEG-coated separator has been reported to demonstrate an excellent 

electrochemical performance.[43] However, it suffers from relatively low net sulfur content 

of 60 wt.%, low sulfur loading of 1.6 mg cm-2, and a relatively heavy weight of the coating 

additives up to 0.26 mg cm-2 compared to other carbon-coated separators. In this regard, 

this communication introduces a layer-by-layer coating approach for the fabrication of 

layered MWCNT/PEG-coated separator, aiming to explore the potential of applying 

lighter-weight carbon-modified separators for benefiting the electrochemical performance 

of high-loading pure sulfur cathodes. Through the layer-by-layer coating strategy, a “buffer 

zone” is created in between the coated layers and it plays a critical role in retarding the 

polysulfide diffusion, thereby significantly improving the electrochemical functionality. In 

order to investigate the contribution from the buffer zone, we utilize nonporous MWCNT 

as the coating material, thus limiting the influence of the high surface area and high porosity 

associated with porous carbon substrates on the polysulfide-trapping capability. 

3.2 EXPERIMENTAL 

3.2.1 Preparation of Layer-by-layer MWCNT/PEG-coated Separators 

The MWCNT/PEG slurry was prepared by mixing 50 wt.% multi-walled carbon 

nanotubes (MWCNT: 10 mg, NanoTechLabs, Inc.) with 50 wt.% polyethylene glycol 

(PEG: 10 mg, average molecular weight = 300 g mol-1, Aldrich) in isopropyl alcohol (IPA). 

After ultra-sonication for 30 min, the slurry was coated onto one side of a polypropylene 

membrane (Celgard 2500) through the vacuum-filtration process, followed by drying in a 
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vacuum oven at 50 °C overnight to form a standard one-layer MWCNT/PEG-coated 

(MWCNT/PEG#1) separator. For preparing a MWCNT/PEG#2-coated separator, another 

batch of MWCNT/PEG mixtures was vacuum-filtered onto the dried MWCNT/PEG#1-

coated separator. This process creates a layered configuration that has a “buffer zone” in 

between the two MWCNT/PEG coating layers. For preparing a MWCNT/PEG#3-coated 

separator, one more batch of the MWCNT/PEG mixtures was vacuum-filtered onto the 

dried MWCNT/PEG#2-coated separator, resulting in two buffer zones in between the three 

MWCNT/PEG coating layers. The diameter of the coating is 1.9 cm. The weights of the 

layer-by-layer MWCNT/PEG#1, MWCNT/PEG#2, and MWCNT/PEG#3 coatings are, 

respectively, c.a. 0.039, 0.078, and 0.117 mg cm-2 (Figure S1b). As a control experiment, 

MWCNT/PEG mixtures containing 20 mg of MWCNT and 20 mg of PEG as well as 30 

mg of MWCNT and 30 mg of PEG were directly vacuum-filtered onto a Celgard 

membrane as, respectively, the non-layer-by-layer MWCNT/PEG#2- and 

MWCNT/PEG#3-coated separators. The MWCNT/PEG-coated separators were 

configured with the coating layer facing toward the cathode so that the MWCNT/PEG 

coating could filter out the diffusing polysulfides before they diffuse out from the cathode 

region of the cells. 

3.2.2 Electrochemical Test 

The assembled Li-S cells were placed to rest for 10 h before conducting the cycling 

test. The electrolyte/sulfur (E/S) ratio was controlled to be 15. The cells were cycled at a 

voltage window of 1.8 – 2.8 V at various cycling rates (C/5 – 1C). The scanning rate of 

CV test was 0.075 mV s-1. Other electrochemical and material analyses have been 

described in Chapter 2. 
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3.3 RESULTS AND DISCUSSION 

Figure 3.1a illustrates the custom MWCNT/PEG-coated separator that employs a 

commercial MWCNT skeleton with the support of functional PEG polymer via a facile 

layer-by-layer vacuum-filtration coating strategy. The MWCNT/PEG mixtures are 

smoothly attached onto one side of the Celgard separator, forming a light-weight coating 

layer. The resulting three-layer MWCNT/PEG coating weighs only 0.12 mg cm-2. For a 

comparison, the Celgard polypropylene (PP) membrane weighs 1.00 mg cm-2. Such 

optimized MWCNT/PEG-coated separator greatly reduces the weight of added 

components and simplifies the assembly process of the cells as compared to other novel 

cell configurations with additional free-standing architectures.[16] Various MWCNT/PEG-

coated separators with different numbers of coating layers were prepared and are denoted 

as MWCNT/PEG#1 (one layer), MWCNT/PEG#2 (two layers), and MWCNT/PEG#3 

(three layers). The MWCNT/PEG-coated separators prepared by different methods were 

investigated. A comparative analysis provides experimental results elucidating the benefit 

of multi-layered coating on improving the electrochemical performance. 

 

Figure 3.1. (a) Schematic configuration of the layer-by-layer MWCNT/PEG-coated 

separator. Porosity analyses of MWCNT: (b) isotherms and (c) pore-size 

distribution with the Barrett-Joyner-Halenda (BJH) method. 
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Figure 3.1b and 3.1c identify the nonporous structure of the commercial MWCNT 

measured by nitrogen adsorption-desorption isotherms at 77.35 K. The MWCNT displays 

the Type II isotherms, which is typical for a nonporous material with low surface area and 

low porosity.[44] The Brunauer-Emmett-Teller (BET) surface area, the total pore volume, 

and the average pore size of the MWCNT are, respectively, 40 m2 g-1, 0.2 cm3 g-1, and 2.22 

nm.  

 

Figure 3.2. Digital photos showing the layer-by-layer structure for the (a) 

MWCNT/PEG#2- and (b) MWCNT/PEG#3-coated separators. SEM images 

of the scratched fresh separators with the (c) MWCNT/PEG#2 and (d) 

MWCNT/PEG#3 coatings. 

 The digital photos and surface scanning electron microscopy (SEM) images in 

Figure 3.2 confirm the presence of the layer-by-layer structure in, respectively, the 

MWCNT/PEG#2 and MWCNT/PEG#3 coatings. Figure 3.3a, 3.4a, and 3.4c demonstrate 

the identical surface morphology of the uncycled separators with different numbers of the 

MWCNT/PEG coating layers. The smooth coatings with tunable coating layers are tightly 

attached onto the Celgard membrane. This suggests our coating method as a feasible and 

facile fabrication process, which could be easily transferred into an industrial process. 

Moreover, the commercial MWCNT possesses a long-range reticular architecture in which 
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curved carbon nanotubes (CNT) are tightly adhered to the carbon nanofiber (CNF) 

backbone. This interwoven CNT-CNF framework creates strong tortuosity to effectively 

intercept the migrating polysulfides.[20, 33] The corresponding energy dispersive X-ray 

spectroscopy (EDX) elemental mapping results indicate that the coating layer is initially 

free from sulfur-containing species. On the other hand, the cycled MWCNT/PEG-coated 

separators shown in Figure 3.3b, 3.4b, and 3.4d exhibit no obvious changes of their surface 

morphologies, implying their high integrity and excellent mechanical strength to guarantee 

the normal function during cycling. Additionally, the corresponding EDX elemental 

mappings reveal distinguishable sulfur signals (marked as red) uniformly distributed on the 

cycled MWCNT/PEG-coated separators with no evidence of agglomerated sulfur-

containing species. This comparative phenomenon suggests that the conductive 

MWCNT/PEG coating successfully suppresses the polysulfide diffusion by ways of 

physical interception and chemical localization of the dissolved polysulfides.[41] 

Meanwhile, the trapped active material localized within the conductive matrix maintains 

high electrochemical activity, avoiding the formation of sulfur-related insulating 

precipitates during incomplete redox reactions. Both of these aspects are crucial for 

mitigating the serious capacity fade in Li-S cells.[16, 33] 
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Figure 3.3. SEM images and elemental analysis of the separator employing the 

MWCNT/PEG#3 coating (a) before and (b) after cycling. (c) Cross-sectional 

SEM images and elemental analysis of the cycled separator with the 

MWCNT/PEG#3 coating. 

The cross-sectional SEM and elemental mapping results of the cycled cells further 

demonstrate the effective active-material reutilization and polysulfide-trapping capability 

of the layer-by-layer MWCNT/PEG-coated separators. In Figure 3.3c, 3.4e, and 3.4f, the 

thicknesses of the MWCNT/PEG#1, MWCNT/PEG#2, and MWCNT/PEG#3 coatings are, 

respectively, c.a. 8 μm, 16 μm, and 25 μm. The corresponding elemental mapping results 

detect no dense-spotted sulfur signals. Evidence of no agglomerated insulating deposits 

implies the successive reactivation of the active material during repeated cycling. On the 

other hand, the intense sulfur signals found on the interface between the cathode and 

MWCNT/PEG coating demonstrate that the majority of the diffusing polysulfides are 

trapped by the MWCNT/PEG coating and immobilized within the cathode region of the 

cell. Hence the suppressed polysulfide diffusion contributed by the layer-by-layer 
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MWCNT/PEG coating results in the weak sulfur signals detected in the Celgard-membrane 

region. 

 

Figure 3.4. SEM images and elemental analysis of the separators with (a) uncycled and 

(b) cycled MWCNT/PEG#1 coatings and (c) uncycled and (d) cycled 

MWCNT/PEG#2 coatings. Cross-sectional SEM images of cycled separators 

with (e) MWCNT/PEG#1 and (f) MWCNT/PEG#2 coatings. 
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The electrochemical impedance spectroscopy (EIS) in Figure 3.5 depicts that the 

cells employing the layer-by-layer MWCNT/PEG-coated separators show low cell 

resistance before and after cycling; in contrast, a high and increasing cell resistance could 

be found in the control cell with a bare Celgard separator. The low cell resistance indicates 

a fast reaction capability contributed by the conductive MWCNT/PEG coating. 

 

Figure 3.5. EIS of cells with the separators having various numbers of the MWCNT/PEG 

coating layers and with a bare Celgard separator (a) before and (b) after 300 

cycles. 

Figure 3.6a – 3.6c demonstrate the cyclic voltammograms (CVs) at a scan rate of 

0.075 mV s-1. The cells employing the MWCNT/PEG-coated separators with different 

coating layers display similar redox peaks, which are related to the typical two-step sulfur 

redox reactions. In the cathodic scan, the first peak at 2.35 V and the second peak at 2.05 
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V correspond to, respectively, the reduction of elemental sulfur to polysulfides and further 

reduction of polysulfides to sulfide mixtures. In the anodic scan, the two overlapping peaks 

at 2.41 and 2.45 V represent the reversible oxidation reactions of Li2S2/Li2S to Li2S8/S.[41] 

It is worth emphasizing that the current density peaks gradually increase during the initial 

several scanning cycles, and this activation process takes longer as the layers of 

MWCNT/PEG coatings increase. This tendency is possibly because the thick 

MWCNT/PEG#3 coating that has high tortuosity is prone to delay the rearrangement of 

the active material.[16] However, once the rearranged active material migrates to and then 

occupies the electrochemically favorable positions, more accessible active materials join 

the subsequent electrochemical reaction and thereby enable the increase in the cell 

capacity. Therefore, during subsequent sweepings, the overlapping peak positions are 

observed, implying that the layer-by-layer MWCNT/PEG-coated separator is efficient in 

blocking the migrating polysulfides and thereby achieves outstanding reversibility and 

stability. Moreover, the cell with the MWCNT/PEG#3-coated separator shows the sharpest 

peaks, a result of better polysulfide retention and electrochemical utilization than those of 

other two coating configurations. The improved redox chemistry proves that the strong 

tortuosity of the MWCNT/PEG#3 coating is more effective in immobilizing the active 

material within the cathode region and trapping the diffusing polysulfides in its conductive 

framework. 
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Figure 3.6. CV curves of cells with the (a) MWCNT/PEG#1-, (b) MWCNT/PEG#2-, and 

(c) MWCNT/PEG#3-coated separators. Discharge/charge curves of cells with 

(d) MWCNT/PEG#1-, (e) MWCNT/PEG#2-, and (f) MWCNT/PEG#3-

coated separators at C/5 rate. QH/RQH analyses of the cells employing the 

MWCNT/PEG#1-, MWCNT/PEG#2-, and MWCNT/PEG#3-coated 

separators at (g) C/5, (h) C/2, and (i) 1C rates. 

Figure 3.6d – 3.6f demonstrate the discharge/charge voltage profiles of the cells 

utilizing MWCNT/PEG#1 – #3-coated separators at various cycling rates. The upper- and 

lower-discharge plateaus and two continuous charge plateaus are all consistent with the 
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specific peaks detected in the abovementioned CVs curves. The vertical rise in voltage 

from 2.4 V to 2.8 V at the end of charge implies a complete charge process with limited 

polysulfide shuttle.[44] The overlapping discharge/charge curves in the successive cycles 

indicate the enhanced cycle stability and electrochemical reversibility. As the cycling rate 

increases, the consistent discharge/charge curves further reveal the excellent rate 

performance. Notably, the cell configured with the MWCNT/PEG#3-coated separator 

exhibits the lowest polarization (ΔE), indicating faster reaction kinetics due to the higher 

conductivity of the MWCNT/PEG#3 coating as compared to those of other two 

MWCNT/PEG coatings.[33] The ΔE values of the cells with MWCNT/PEG#1-, 

MWCNT/PEG#2-, and MWCNT/PEG#3-coated separators are, respectively, 0.31 V, 0.27 

V, and 0.24 V at C/5 rate.   

The changes in the upper-plateau discharge capacity (QH, theoretical value = 419 

mA h g-1) are investigated as a valid pre-evaluation for the polysulfide retention level of 

the cells.[45] The cells with the separators containing different layers of MWCNT/PEG 

coatings all remarkably outperform the cell with pristine Celgard separators as evidenced 

in Figure 3.6g – 3.6i. In particular, the cell with the MWCNT/PEG#3-coated separator 

reaches the highest QH utilization of 90%, 79%, and 74% at the cycling rates of, 

respectively, C/5, C/2, and 1C. As a reference, the capacity retention and fade rates are 

calculated based on the peak capacity rather than the initial capacity. A fair comparison 

reflects a clear tendency. After 300 cycles, the cell with the MWCNT/PEG#3-coated 

separator maintains a QH retention rate (RH) as high as 61%, 57%, and 54% at the cycling 

rates of, respectively, C/5, C/2, and 1C. This analytical result validates the highly reduced 

polysulfide diffusion by the design of multi-layered MWCNT/PEG coatings on the 

separator.  
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Figure 3.7. Cycling performance of the Li-S cells exploiting the MWCNT/PEG#1-

MWCNT/PEG#2-, and MWCNT/PEG#3-coated separators at (a) C/5, (b) 

C/2, and (c) 1C rates. (d) Long-term cycling performance of the cells with the 

MWCNT/PEG#3-coated separator at 1C rate. (e) Comparison of the cycling 

performance of the cells with the MWCNT/PEG-coated separator with and 

without the layer-by-layer coating approach. (f) Cycling performance of the 

cells with high sulfur loading utilizing the MWCNT/PEG#3-coated separator 

at C/5 rate. 

Figure 3.7a – 3.7c illustrate that the cells with the MWCNT/PEG-coated separators 

fabricated by the layer-by-layer coating strategy enable the conventional pure sulfur 
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cathode (78 wt.%, sulfur content) to achieve impressive rate capability and cycling 

performance. There are two prerequisites. First, in order to determine the successfulness of 

the layer-by-layer coating strategy, which introduces the buffer zone between the layers as 

a polysulfide reservoir, we chose nonporous MWCNT as the coating materials to eliminate 

the polysulfide-trapping contribution from porous carbon substrates with high surface area 

and high porosity.[22] Second, as the number of coating layers increases from 

MWCNT/PEG#1 to MWCNT/PEG#3, the mass and thickness of the corresponding 

coating materials increase. Considering the cathode with a high sulfur loading of 3.9 mg 

cm-2 was designed for the cell employing the MWCNT/PEG#3-coated separator, we 

controlled the sulfur loadings to 1.3 and 2.6 mg cm-2 to couple with the cells utilizing, 

respectively, MWCNT/PEG#1- and MWCNT/PEG#2-coated separators. This 

optimization ensures the same S/C ratio (6.9 : 1) in each cathode.  

As expected, a gradual capacity increase is observed in the initial several cycles. 

After the activation process, the cells with the MWCNT/PEG#1-, MWCNT/PEG#2-, and 

MWCNT/PEG#3-coated separators reach the peak discharge capacities of, respectively, 

1011, 1112, and 1206 mA h g-1 at C/5 rate; 981, 962, and 1015 mA h g-1 at C/2 rate; and 

762, 955, and 961 mA h g-1 at 1C rate. After 300 cycles, the reversible discharge capacities 

(capacity retention and capacity decay rates in parentheses) of the cells with the 

MWCNT/PEG#1-, MWCNT/PEG#2-, and MWCNT/PEG#3-coated separators are, 

respectively, 340 mA h g-1 (34%, 0.22% per cycle), 480 mA h g-1 (43%, 0.19% per cycle), 

and 630 mA h g-1 (52%, 0.16% per cycle) at C/5 rate; 205 mA h g-1 (21%, 0.26% per cycle), 

384 mA h g-1 (40%, 0.20% per cycle), and 615 mA h g-1 (61%, 0.13% per cycle) at C/2 

rate; 190 mA h g-1 (25%, 0.25% per cycle), 417 mA h g-1 (44%, 0.19% per cycle), and 571 

mA h g-1 (59%, 0.13% per cycle) at 1C rate. As a comparison, the conventional cell with 

pristine Celgard separator suffers from severe capacity decay in a short cycling life. 



 29 

Moreover, the long-term cycling performance in Figure 3.7d reveals that the cell with 

MWCNT/PEG#3-coated separator exhibits a corresponding low capacity fade rate of 

0.14% per cycle after 400 cycles at high cycle rate (1C rate). The boosted cyclability and 

rate capability are benefited from two aspects. On the one hand, the MWCNT/PEG coating 

provides physical polysulfide interception by the intertwined CNT-CNF network, and 

chemical polysulfide anchoring by the highly hydrophilic ether groups from PEG binders, 

as illustrated by various PEG modified cathodes.[46] On the other hand, the multi-layered 

coatings create a buffer zone between the layers as an additional reservoir to localize the 

diffusing polysulfides, thereby resulting in further enhanced electrochemical performance.  

To further verify the polysulfide-trapping benefit from the buffer zone generated 

through the layer-by-layer coating, it is instructive to compare the cells with the 

MWCNT/PEG-coated separator with and without the layer-by-layer coating methods. 

Based on the same weight and composition of coating materials, the separators utilizing 

different coating strategies present diverse cycling performance, as demonstrated in Figure 

3.7e. Initially, after going through the activation period, the cells all achieve high peak 

capacities (> 1100 mA h g-1) at C/5 rate. While in subsequent cycles, cells with the 

MWCNT/PEG#2- and MWCNT/PEG#3-coated separators fabricated by a non-layer-by-

layer coating display faster capacity fade rates of up to, respectively, 0.53% and 0.39% per 

cycle in 100 cycles. On the contrary, the cells with the layer-by-layer MWCNT/PEG#2- 

and MWCNT/PEG#3-coated separators reveal much lower capacity fade rates of, 

respectively, 0.29% and 0.17% per cycle, which is almost two-fold decrease in comparison 

to the former. This prominent reduction in the capacity fade rate is attributed to the buffer 

zone generated between the uneven-surface layers via the layer-by-layer fabrication 

process. The buffer zone acts as a transition reservoir for confining the diffusing 

polysulfides so that further penetration of the trapped active material could be efficiently 
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retarded. The buffer zone also works as a flexible cushion to alleviate the volume change 

of the trapped active material during its conversion reactions. Therefore, it is reasonable to 

conclude that introducing the layer-by-layer coating technique for the MWCNT/PEG-

coated separator is an advantageous option to significantly improve the cyclability and 

stability of the cell system.  

Additionally, the impressive electrochemical functionality of the cell employing 

the multi-layered MWCNT/PEG-coated separator is further confirmed by increasing the 

sulfur loading and the corresponding S/C ratio in the cathode, as shown in Figure 3.7f. 

Equipped with the MWCNT/PEG#3-coated separator, the cells with sulfur loadings of 4.5 

and 6.5 mg cm-2 based on the same sulfur content of 78 wt.% accomplish high discharge 

capacities of, respectively, 1106 and 1007 mA h g-1 with reversible capacities (S/C ratio, 

capacity retention, and capacity fade rates in parentheses) of, respectively, 640 mA h g-1 

(6.9, 57%, 0.21% per cycle) and 530 mA h g-1 (7.1, 52%, 0.24% per cycle) at C/5 rate after 

200 cycles. As a result, this optimized cell configuration offers a viable possibility for 

allowing the pure sulfur cathode with higher sulfur loading to achieve excellent cell 

performance. 

As a result, the calculated shuttle factor of the cells with layer-by-layer 

MWCNT/PEG#1-, MWCNT/PEG#2-, and MWCNT/PEG#3-coated separators are, 

respectively, 0.11, 0.08, and 0.05 at C/5 rate, as shown in Figure 3.8. In contrast, the control 

cell with a Celgard separator has a high shuttle factor of up to 0.84. This further confirms 

the MWCNT/PEG coating benefits the suppression of polysulfide diffusion. Moreover, the 

decrease in the shuttle factor with an increase in the number of coating layers indicates that 

the layer-by-layer configuration further improves the polysulfide-retention capability of 

the coating layer. 
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Figure 3.8. Shuttle factor of the cells with the separators having various numbers of the 

MWCNT/PEG coating layers and with a bare Celgard separator at C/5 rate. 

3.4 CONCLUSION 

In summary, the MWCNT/PEG-coated separator shows its feasibility of promoting 

the battery performance of Li-S cells from a functional layered-coating configuration. 

Benefitting from the layer-by-layer coating approach, the MWCNT/PEG-coated separator 

has a unique “buffer zone” that inhibits the continuous diffusion of the trapped active 

material. As a result, the composite MWCNT/PEG-coated separator demonstrates a high 

discharge capacity of 1206 mA h g-1 and a low capacity fade rate of 0.16% per cycle after 

300 cycles. The cell employing the MWCNT/PEG#3-coated separator further exhibits 

excellent rate capability at C/5 – 1C rates, long lifespan of 400 cycles, and high-

loading/content cyclability up to 6.5 mg cm-2/78 wt.%. These features demonstrate the 

layer-by-layer coating strategy and the optimized layered configuration for the 

improvement of functional separators towards good cycle stability of high-energy-density 

Li-S batteries. 
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Chapter 4: Rational Design of High-loading Sulfur Cathodes with a 

Poached-egg-shaped Architecture for Long-cycle Lithium-sulfur 

Batteries 

4.1 INTRODUCTION 

In the wake of rapid development in electric vehicles and portable electronics 

market, the demand for high energy density is drastically increasing, triggering the 

exploration of an advanced substitute for the traditional lithium-ion (Li-ion) batteries. 

Lithium-sulfur (Li-S) batteries, with a high theoretical capacity and cost-effective 

advantage as illustrated before, are capturing growing interest as one of the most attractive 

candidates for the next-generation rechargeable battery technology. Nevertheless, the 

practical application of Li-S batteries is still restricted by several formidable challenges – 

mainly originating from the insulating nature of sulfur and its discharge products together 

with the dissolution of intermediate polysulfides. These drawbacks are plaguing the Li-S 

batteries with low active-material utilization, fast capacity fade, and a short cycle life.[39, 

47]  

A variety of efforts have been devoted to tackling these issues, including 

configuring a functionalized separator with coating layers (as demonstrated in Chapter 

3),[34, 41, 42, 48] designing an optimized sulfur cathode,[13, 14, 49] adding new additives into the 

electrolyte,[25, 26] exploiting rational approaches to protect the Li-metal anode,[50, 51] and 

other approaches.[52-54] For instance, in terms of cathode design, confining the sulfur 

species in a conductive carbonaceous host has been extensively investigated as a preferable 

strategy to mitigate polysulfide diffusion and improve electrochemical utilization.[49] 

 
 L. Luo and A. Manthiram, “Rational Design of High-Loading Sulfur Cathodes with a Poached-Egg-Shaped 

Architecture for Long-Cycle Lithium–Sulfur Batteries.” ACS Energy Lett. 2017, 2, 2205-2211. 

L. Luo carried out the experimental work. Prof. A. Manthiram supervised the project. All participated in the 

preparation of the manuscript. 
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However, despite encouraging progress, more than 95% of the contemporary reports are 

targeted only at a low sulfur loading (< 2 mg cm-2), which is far from sufficient to achieve 

the end goal of high energy density.[14, 55] More attention thus needs to be paid on high-

loading sulfur cathodes. In fact, when it comes to high sulfur loading, the intrinsic 

challenges of Li-S batteries are magnified. More severe diffusion of polysulfides along 

with lower electrochemical utilization of the active material occurs during cell cycling, 

which accelerates cathode degradation. Moreover, the high sulfur loading is often 

accompanied by a compromise in sulfur content, since more binders and conductive 

additives are needed during fabrication to stabilize the cathode. The sulfur content would 

further be decreased if we take into account the weight of the conventional current collector 

(aluminum foil), which to some extent offsets the expected improvement brought about by 

the high loading of sulfur.[14, 56] Therefore, it is still essential to establish a feasible sulfur 

cathode to improve the performance of Li-S batteries with a high sulfur loading. 

In this regard, we present here a poached-egg-shaped cathode by a facile template-

supported vacuum-filtration route. As illustrated in Figure 4.1a, one piece of the vacuum-

filtered carbon nanofiber (CNF) layer was covered by a unique template layer 

(polypropylene membrane) with several punched holes (7 mm in diameter). Sulfur slurry 

(containing 2 wt.% CNF) was then dropped into these holes under vacuum filtration 

condition, generating a stack of “sulfur yolk” sediments firmly attached to the bottom CNF 

layer. After peeling off the template, another CNF layer was vacuum filtrated onto the top, 

followed by cutting into a disk with a diameter (11.3 mm) a little larger than the sulfur 

yolk, thus forming a poached-egg-shaped cathode (1 cm2 in size).  
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Figure 4.1. Fabrication processes of (a) the poached-egg-shaped, (b) the edge-free, and 

(c) the vacuum-filtration-free cathodes. 

4.2 EXPERIMENTAL 

4.2.1 Fabrication of a Poached-egg-shaped Cathode 

The poached-egg-shaped cathode was prepared by a facile template-supported 

vacuum-filtration strategy. Typically, 40 mg of carbon nanofibers (CNF, Pyrograf 

Products, Inc.) in isopropyl alcohol (IPA) was vacuum filtered into a piece of CNF film, 

acting as the bottom current collector, followed by placing a unique template layer 

(polypropylene membranes, Celgard 2500). This template has uniformly punched holes (7 

mm in diameter) which serve as the sulfur deposition sites. Then, 250 mg of sublimed 

sulfur powder (99.5%, Acros Organics) with 5 mg of CNF was mixed in IPA to form a 

well-dispersed slurry. After transferring the slurry dropwise into the holes of the template 

under vacuum-filtration condition, sulfur yolks were well precipitated in these holes and 
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firmly attached to the bottom CNF layer. Then, the template layer was peeled off, followed 

by vacuum-filtering another layer of CNF film (55 mg) on the top. By doing so, the edge 

of the sulfur yolk was tightly sealed due to the vacuum-filtration treatment. Finally, after 

cutting into a round disk (1.0 cm2 in size), which is a little larger than the sulfur yolk (0.4 

cm2 in size), a poached-egg-shaped cathode was fabricated with a sulfur loading of 2 mg 

cm-2 and a sulfur content of 70 wt.%. Higher sulfur-loading cathodes were also then 

prepared with the same procedure, except proportionally adjusting the total amount of CNF 

and sulfur species. The thicknesses of the poached-egg-shaped cathodes with sulfur 

loadings of 2, 4, 8, 16, and 32 mg cm-2 are, respectively, 150, 220, 310, 480, and 800 µm.  

In order to investigate the effectiveness of the unique poached-egg-shaped 

architecture, two types of control cathodes were also prepared as a reference. One control 

cathode was fabricated by directly vacuum-filtering the sulfur layer onto the CNF layer 

without the hole-containing template layer, followed by vacuum-filtering another CNF 

layer onto the sulfur layer. In this way, a sandwiched carbon-sulfur-carbon electrode was 

formed in which the edge of the sulfur layer was directly exposed outside of the electrode 

(denoted as edge-free cathode). This control electrode aimed to examine the effect of the 

edge on the cell performance. The other control cathode was prepared by directly 

dispersing the sulfur species in the middle of the bottom CNF layer, followed by placing 

another CNF layer on the top. By doing so, the sulfur yolks were fully covered by the CNF 

network but without the vacuum-filtration process to strengthen the adhesion between the 

edges of the two CNF layers (denoted as vacuum-filtration-free cathode). All the resultant 

cathodes (1 cm2 in size) were dried in a vacuum oven at 50 °C overnight before cell 

assembly. 
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4.2.2 Electrochemical Test 

The assembled Li-S cells were placed to rest for 10 h before conducting the cycling 

test. The electrolyte/sulfur (E/S) ratio in all cells was controlled to be 12. The cells were 

cycled at a voltage window of 1.8 – 2.8 V at various cycling rates (C/10 – 1C). CV plots 

were conducted at scanning rates of 0.05 and 0.10 mV s-1. Other electrochemical and 

material analyses have been described in Chapter 2. 

4.3 RESULTS AND DISCUSSION 

This unique structure demonstrates three-fold advantages. First, owing to the top 

and bottom covers as well as the vacuum-sealed edge, the sulfur yolk is completely 

enveloped within the intertwined CNF framework. Such an integral configuration 

efficiently minimizes the polysulfide diffusion and, therefore, suppresses the loss of active 

material.[1, 14] Second, during cycling, the conductive and porous CNF network serves both 

as an interconnected current collector and an electrolyte-retaining channel. The conductive 

CNF host framework not only facilitates fast electron and ion transport, but also helps 

anchor the soluble polysulfides and continuously reactivate the trapped active material.[13, 

14] This benefit is reinforced by the intimate contact between the active material and the 

host framework due to the vacuum-filtration process, further improving the redox kinetics 

as well as the electrochemical utilization of sulfur.[34, 57] Third, the flexible CNF network 

enables the cathode to have a binder-free structure and also accommodates the volume 

changes during the solid-liquid-solid transition of the active material.[10, 13] It greatly 

reduces the weight of inert additives and alleviates electrode degradation during long-term 

cycling. Such advantageous attributes allow the poached-egg-shaped cathode to 

simultaneously achieve an ultrahigh sulfur loading (2 – 32 mg cm-2) along with high sulfur 

content (70 wt.%), yet still delivering impressive electrochemical performances. 
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In order to illustrate the superiority of the well-designed cathode, two types of 

control cathodes were prepared for a comparison (Figure 4.1b and 4.1c). One control 

cathode has a sandwiched vacuum-filtered CNF–sulfur–CNF structure without applying 

the hole-filled template, so that the edge of the sulfur layer is directly exposed outside of 

the cathode (denoted as “edge-free cathode”). The other control cathode was fabricated by 

directly dispersing sulfur slurry in the middle of the bottom CNF layer, and then placing 

another CNF layer on the top in the absence of vacuum-filtration condition. In this way, 

the sulfur species are fully surrounded by the CNF framework, but the edge of the cathode 

is not vacuum-sealed (denoted as “vacuum-filtration-free cathode”). All these three types 

of cells were had the same sulfur loading (2 mg cm-2) and sulfur content (~ 70 wt.%). The 

sulfur content was determined by thermogravimetric analysis (TGA) (Figure 4.2a). 

In Figure 4.2b, the surface scanning electron microscopy and the corresponding 

energy-dispersive X-ray spectroscopy (SEM/EDX) observations of the inner side of the 

cycled poached-egg-shaped cathode reveal unchanged surface morphology and uniformly 

distributed sulfur signals. It indicates an effective immobilization and continuous 

reactivation of the active material within the robust framework. Moreover, the poached-

egg-shaped cathode demonstrates stronger sulfur signals than those shown with the two 

control cathodes (Figure 4.3), reflecting a better active-material localization within the 

cathode region.[34, 41] Notably, the intensity contrast of the sulfur signals between the inner 

(Figure 4.2b) and outer (Figure 4.3a) of the cycled poached-egg-shaped cathode also 

suggests that the sulfur-containing species are efficiently stabilized inside the host 

framework.[10, 14] 
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Figure 4.2. (a) TGA curves of various cathodes in N2 flow. (b) SEM/EDX inspections of 

the inner side of the poached-egg-shaped cathode after cycling. (c) Cross-

sectional SEM/EDX inspections and line scan survey of the poached-egg-

shaped cathode after cycling. (d) Digital photos of the glass vials with the Li-

S cells employing poached-egg-shaped, vacuum-filtration-free, and edge-free 

cathodes (from top to bottom) during increased discharge time and 

corresponding UV-vis absorption spectroscopy of electrolyte with different 

cathodes after 12 h. 
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Figure 4.3. SEM/EDX inspections of the outer side of the (a) poached-egg-shaped, (b) 

vacuum-filtration-free, and (c) edge-free cathodes retrieved from the cycled 

cells. 

The cross-sectional SEM/EDX inspection and the line scan survey of the cycled 

cathode in Figure 4.2c confirm that the sulfur species are well-confined inside the integral 

poached-egg-shaped configuration. Additionally, stronger sulfur signals detected from the 

poached-egg-shaped cathode suggest highly promoted active-material retention compared 

to the two control cathodes (Figure 4.4), in accordance with the surface SEM/EDX 

analysis. Such distinct signal diversity is primarily attributed to the difference in the 

cathode edge, as evidenced by the cross-sectional SEM/EDX observations of the edge in 

Figure 4.5. Although these three types of cathodes all have the same configuration 
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consisting of the top and bottom CNF networks, which is effective in confining the active 

material and intercepting the diffusing polysulfides, the strategies applied in the two control 

cathodes are not efficient for long-term cycling, especially in the case of high-loading 

cathodes. For the edge-free cathode, the edge of sulfur yolk is directly exposed outside of 

the cathode, which gives polysulfides an express way to more easily leak out from the 

cathode region. On the other hand, although the vacuum-filtration-free cathode initially 

allows the sulfur yolk to be wholly wrapped by the CNF framework, without the vacuum-

filtration treatment, the edges of the top and bottom CNF layers are not well-adhered to 

each other. Thus, during long-term cycling, a crack is readily generated along the edges, 

which paves a way for polysulfides to diffuse out from the CNF host framework. In 

contrast, neither obvious crevices of the CNF host framework nor strong sulfur EDX 

signals are observed in the edge of the poached-egg-shaped cathode, indicating the firmly 

adhered edge through the vacuum-filtration treatment. As a result, the well-sealed edge, 

together with the top and bottom CNF backbone, offers an integral reticular shield to 

efficiently confine the sulfur and inhibit the polysulfide diffusion. Even during prolonged 

cycling, the entrapped active material could still be well-retained and reactivated within 

the conductive framework, exhibiting greatly enhanced electrochemical utilization and 

stable cyclability. Such comparative results are further attested to by the visual evidence of 

the color changes and corresponding UV-vis absorption spectroscopy of the electrolyte 

with different cathodes as shown in Figure 4.2d.[49, 58] 
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Figure 4.4. Cross-sectional SEM/EDX inspections of the (a) poached-egg-shaped, (b) 

vacuum-filtration-free, and (c) edge-free cathodes retrieved from the cycled 

cells. 
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Figure 4.5. Cross-sectional SEM/EDX inspections of the edge of the (a) poached-egg-

shaped, (b) vacuum-filtration-free, and (c) edge-free cathodes retrieved from 

the cycled cells. 

The cyclic voltammetry (CV) plots in Figure 4.6a depict two discernible cathodic 

peaks and a broad continuous anodic peak in Li-S cells at a scan rate of 0.05 mV s-1. The 

first cathodic peak at 2.4 – 2.3 V and the second one at 2.1 – 1.9 V are associated with, 

respectively, the reduction of elemental sulfur to polysulfides and further reduction of 

polysulfides to Li2S2/Li2S.[34, 44] While the broad anodic peak at 2.3 – 2.5 V represents the 

reversible oxidation of Li2S2/Li2S to Li2S8/S.[32, 59] Notably, with respect to the two control 

cells, the sharper peaks are observed in the cell with the poached-egg-shaped cathode, 

unveiling a more electrochemically accessible environment and higher redox 
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reversibility.[13, 34] This merit is verified by the overlapping CV curves during repeated 

scanning in Figure 4.6b. Moreover, the poached-egg-shaped cathode also shows a lower 

peak separation, indicative of a facilitated electron pathway and an improved redox 

accessibility contributed by the closer contact between the active material and the 

conductive host framework. Such facilitated electrochemical kinetics in the poached-egg-

shaped cathode is also evidenced by the low cell resistance seen in the electrochemical 

impedance spectroscopy (EIS) measurements (Figure 4.6c).[34, 60] 

 

Figure 4.6. (a) CV plots of the Li-S cells with different cathodes at a scan rate of 0.05 mV 

s-1. (b) CV plots of the Li-S cell with the poached-egg-shaped cathode at a 

scan rate of 0.10 mV s-1. (c) EIS spectra of the fresh and cycled Li-S cells 

with different cathodes. (d) Discharge/charge curves of the Li-S cell with the 

poached-egg-shaped cathode at C/5 rate. (e) QH and RQH analysis and (f) QL 

and RQL analysis of the Li-S cells with various cathodes. 
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The discharge/charge profiles of the Li-S cell with the poached-egg-shaped cathode 

in Figure 4.6d display the upper- and lower-discharge plateaus and two continuous charge 

plateaus, consistent with the redox-reaction behavior in the CV curves. Note that the 

vertical rise of voltage at the end of charge (2.4 – 2.8 V) reveals a complete charge process 

with suppressed polysulfide migration.[32, 61] Upon successive cycling, the overlapping 

discharge/charge curves indicate enhanced electrochemical utilization and cycling 

stability.[39, 57] Additionally, during prolonged cycling, longer and flatter plateaus along 

with higher capacity and lower polarization (ΔE) are found with the poached-egg-shaped 

cathode as compared to the control cathodes (Figure 4.7). Such features evidently reveal 

the facilitated redox kinetics and promoted electrochemical reversibility.[34, 59] Here the ΔE 

value refers to the separation between the discharge and charge curves obtained at a 50% 

depth of discharge.[14, 62] Moreover, the electrochemical behavior is further characterized 

by the changes in the upper-plateau discharge capacity (QH, theoretical value = 419 mA h 

g-1) and lower-plateau discharge capacity (QL, theoretical value = 1256 mA h g-1). They 

are both analyzed as quantitative solid indicators for, respectively, the polysulfide-retention 

capability and the redox accessibility of the cells.[63-65] In Figure 4.6e and 4.6f, at C/5 rate, 

the cell equipped with the poached-egg-shaped cathode approaches a high initial QH of 380 

mA h g-1, representing a QH utilization of up to 91%. After 500 cycles, the cell still 

maintains a high QH retention rate (RQH) of 56%. On the contrary, both the control cells 

suffer from severe capacity decay with much lower RQH values (< 25%). As with the QL 

evaluation, the cell with the poached-egg-shaped cathode is capable of attaining a QL 

retention rate (RQL) of 53% after 500 cycles, much higher than those of the other two 

control cells (RQL < 20%). The comparative results evidence the limited polysulfide 

diffusion and the improved redox-conversion capability in the well-designed poached-egg-

shaped cathode. 



 45 

 

Figure 4.7. Discharge-charge curves of the cells with (a) vacuum-filtration-free and (b) 

edge-free cathodes after different number of cycles at C/5 rate. 

Figure 4.8a demonstrates the long-term cycling performances of the Li-S cells. At 

C/5 rate, the cell with the poached-egg-shaped cathode delivers a high peak discharge 

capacity of 1200 mA h g-1. After 500 cycles, the reversible discharge capacity still remains 

at 640 mA h g-1, corresponding to a high capacity retention of 54% and a capacity-fade rate 

of as low as 0.09% cycle-1. In sharp contrast, the two control cells undergo rapid capacity 

decay. The remaining capacities (capacity retention and capacity-fade rate in parentheses) 

of vacuum-filtration-free and edge-free cathodes are only, respectively, 263 mA h g-1 (23% 

retention, 0.15% cycle-1) and 120 mA h g-1 (10% retention, 0.18% cycle-1) after 500 cycles. 

Such striking comparisons clearly clarify that the poached-egg-shaped cathode is more 

successful in limiting the active-material loss and thus increasing the electrochemical 

utilization and cycling stability. 
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Figure 4.8. (a) Cycling performance of the Li-S cells with different cathodes at C/5 rate 

(sulfur loading: 2mg cm-2). (b) Rate performance of the cells with the 

poached-egg-shaped cathodes at different cycling rates (sulfur loading: 2mg 

cm-2). (c) Discharge capacities and (d) areal capacities of the Li-S cells 

employing the poached-egg-shaped cathodes with higher sulfur loadings. 

Additionally, the exceptional electrochemical functionality contributed by the 

poached-egg-shaped electrode is also reflected in the outstanding cyclability at various 

cycling rates (Figure 4.8b). At C/5, C/2, and 1C rates, the peak discharge capacities 

approach, respectively, 1200, 1060, and 1013 mA h g-1. After 300 cycles, the reversible 

capacities still remain at, respectively, 720, 607, and 551 mA h g-1. It is thus evident that 
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with an excellent polysulfide-trapping capability and electrochemical accessibility, the 

unique poached-egg-shaped cathode also exhibits good rate performance. 

Regarding such significantly improved cell performance employing the poached-

egg-shaped electrode with a sulfur loading of 2 mg cm-2, it is instructive to investigate the 

feasibility of this superior cathode configuration with higher sulfur loadings. Figure 4.8c 

demonstrates the cycling performance with a further increase in sulfur loading from 4 to 

32 mg cm-2 based on the same high sulfur content (70 wt.%). At C/10 rate, the cells utilizing 

the poached-egg-shaped cathodes with sulfur loadings of 4, 8, 16, and 32 mg cm-2 attain 

peak discharge capacities of, respectively, 1150, 1070, 835, and 515 mA h g-1. After 100 

cycles, the corresponding discharge capacities remain, respectively, at 810, 605, 481, and 

300 mA h g-1. Moreover, the areal capacities are significantly enhanced as shown in Figure 

4.8d. For instance, with a sulfur loading of 32 mg cm-2, the areal capacity of the cell reaches 

up to 16 mA h cm-2 and is still stabilized at 10 mA h cm-2 after 100 cycles, which is much 

higher than that of the current Li-ion cells (4 mA h cm-2).[55] To the best of our knowledge, 

considering the sulfur loading/content and the cell performance, this work outperforms 

majority of the reports in the literature on Li-S cells. The SEM/EDX analyses of the high 

loading cathodes are summarized in Figure 4.9 and 4.10. Besides, even with such highly 

increased sulfur loading, the cells with the poached-egg-shaped cathodes still display good 

redox kinetics and electrochemical characteristics, as evidenced by the relatively low cell 

resistances (Figure 4.11). The polarization also remains at a reasonably low value (Figure 

4.12). The above prominent features conclude that this unique poached-egg-shaped 

configuration offers a viable strategy for allowing ultrahigh sulfur-loading cathode to 

achieve improved cell performance. 
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Figure 4.9. Cross-sectional SEM/EDX inspections of the fresh cells employing the 

poached-egg-shaped cathodes with sulfur loadings of (a) 4 mg cm-2, (b) 8 mg 

cm-2, (c) 16 mg cm-2, and (d) 32 mg cm-2. 

 

Figure 4.10. Cross-sectional SEM/EDX inspections of the cycled cells employing the 

poached-egg-shaped cathodes with sulfur loadings of (a) 4 mg cm-2, (b) 8 mg 

cm-2, (c) 16 mg cm-2, and (d) 32 mg cm-2. 
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Figure 4.11. EIS spectra of the cells employing the poached-egg-shaped cathodes with 

sulfur loadings of (a) 4 mg cm-2, (b) 8 mg cm-2, (c) 16 mg cm-2, and (d) 32 mg 

cm-2. 

 

Figure 4.12. Discharge-charge curves of the cells employing the poached-egg-shaped 

cathodes with sulfur loadings of (a) 4 mg cm-2, (b) 8 mg cm-2, (c) 16 mg cm-

2, and (d) 32 mg cm-2 at C/10 rate. 
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4.4 CONCLUSION 

In summary, we have developed a novel poached-egg-shaped cathode by a facile 

template-supported vacuum-filtration fabrication. The poached-egg-shaped cathode 

consists of a conductive CNF host framework to fully encapsulate the “sulfur yolk” within 

the cathode region during cycling. This specially designed cathode configuration 

demonstrates a high peak discharge capacity (1206 mA h g-1), a low capacity fade rate 

(0.09% cycle-1) for 500 cycles, and excellent rate capability (C/5 – 1C rates). More 

importantly, benefiting from the completely vacuum-sealed architecture, the poached-egg-

shaped cathode enables a high sulfur loading up to 32 mg cm-2 along with a high sulfur 

content of 70 wt.%, delivering an areal capacity up to 16 mA h cm-2. As a result, this novel 

cathode design sheds new light on the development of superior sulfur cathodes for high-

energy-density Li-S batteries. 
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Chapter 5: Hybrid Sulfur Cathode Substrates with both Physical 

Entrapment and Chemical Anchoring effect towards Polysulfides 

5.1 A THREE-DIMENSIONAL SELF-ASSEMBLED SNS2-NANO-DOTS@GRAPHENE HYBRID 

AEROGEL AS AN EFFICIENT POLYSULFIDE RESERVOIR FOR HIGH-PERFORMANCE 

LITHIUM-SULFUR BATTERIES 

5.1.1 Introduction 

In the sulfur cathode configuration studies, numerous efforts have been focused on 

carbonaceous materials as effective substrates to encapsulate sulfur species, as illustrated 

in Chapter 4.[1] Among them, graphene has emerged as a prospective candidate because of 

its high electrical conductivity, high surface area, excellent mechanical flexibility, and 

good compatibility with other additives.[66-69] Nevertheless, graphene itself has been proved 

to have weak physical absorption towards polysulfides. This makes it difficult to be used 

alone in improving the electrochemical stability of Li-S cells,[68, 70] and even hard to build 

high-loading sulfur cathodes with long cycle life. 

Transition metal oxides (TiO,[71] TiO2,
[68] Ti4O7,

[72] MnO2,
[73] MgO,[74] CuO,[75]), 

sulfides (CoS2,
[76]21 TiS2,

[77, 78] and CuS,[79]), and nitrides (WN, TiN, and VN)[80] have been 

reported (i) as efficient polysulfide barriers due to the strong chemical bonding with 

polysulfides for enhanced polysulfide-trapping ability and (ii) for fast reaction capability 

because of the catalytic effects in increasing the conversion rate of soluble long-chain 

polysulfides to insoluble short-chain Li2S2/Li2S.[80] However, their conductivity is 

relatively low with respect to the carbon conductive agent. As a result, constructing hybrid 

substrates that combine both conductive carbon and transition-metal compounds is a better 

 
 L. Luo, S.-H. Chung, and A. Manthiram, “A Three-Dimensional Self-Assembled Sns2-Nano-

Dots@Graphene Hybrid Aerogel as an Efficient Polysulfide Reservoir for High-Performance Lithium–Sulfur 

Batteries.” J. Mater. Chem. A 2018, 6, 7659-7667. 

L. Luo carried out the experimental work. Dr. S.-H. Chung assisted in experimental details. Prof. A. 

Manthiram supervised the project. All participated in the preparation of the manuscript. 



 52 

choice to improve the electrochemical performance of Li-S batteries.[68, 79] The mostly 

reported metal sulfides/carbon composites that demonstrated enhanced Li-S cell 

performance contained above 50 wt. % metal sulfides in the mixtures, in which metal 

sulfides with large particles were used.[76, 81] The high content of metal sulfides and the use 

of large chunk of the adsorbent agents, however, might greatly lower the conductivity of 

the mixture and accessible active sites.[80] Accordingly, in order to enhance the function of 

metal sulfides as an efficient sulfur host in boosting the cell performance, synthesizing 

small-sized metal sulfides with decreased content in the functional mixtures is crucial to 

simultaneously guarantee good polysulfide-trapping ability and decent electronic 

conductivity.[80] 

In this regard, we present here a three-dimensional cathode substrate configured 

with tin disulfide (SnS2) nano dots in-situ grown in a conductive graphene aerogel as the 

SnS2 nano dots@graphene (SnS2-ND@G). The (SnS2-ND@G) obtained via a facile one-

pot hydrothermal process exhibits three-dimensional, hierarchically porous architecture, as 

illustrated in Figure 5.1a. This unique structure renders multiple advantages. First, the 

conductive graphene aerogel (conductivity: 2 – 3 S cm-1) creates interconnected conductive 

pathways for fast electron/ion transport, favoring promoted redox kinetics during the 

charge/discharge processes.[70] Second, apart from storing the active material, the porous 

framework of the graphene aerogel serves as interlinked channels to retain electrolyte and 

physically localize the soluble polysulfides.[14, 32] Third, the uniformly anchored SnS2 nano 

dots act as abundant reaction sites to chemically adsorb polysulfides, further suppressing 

the polysulfide diffusion and minimizing the loss of active material. Fourth, SnS2 has the 

layered CdI2-type structure where each tier of tin atoms is sandwiched in between double 

tiers of hexagonally close-packed sulfur atoms.[82, 83] As a polysulfide adsorbent, the 

interlayer spacing between adjacent sulfur layers due to the weak Van der Waals interaction 
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is beneficial for fast lithium-ion transfer.[83-86] Finally, such self-supported and elastic 

architecture is free from the use of extra current collector and binder, and also helps buffer 

the volume changes during the phase transitions of sulfur. It minimizes the weight of inert 

additives and ensures the electrode integrity as well during long cycling.[32, 45] With these 

desirable features, the electrochemical utilization of sulfur and cycling stability are 

significantly improved when applying SnS2-ND@G aerogel as the sulfur host with high 

sulfur content (75 wt. %) and high sulfur loading (up to 10 mg cm-2). Both values exceed 

the majority of previous sulfur-cathode studies involving metal-sulfides or other metal 

compounds (< 60 wt.% sulfur content and < 3 mg sulfur loading), as shown in Figure 5.1b. 

As a result, the promoted high-loading areal capacity is up to 3 times higher than that in 

the previous studies, as reflected in Figure 5.1c and Table 5.1. 

 

Figure 5.1. (a) Schematic illustration of the fabrication procedure and digital photo of the 

SnS2-ND@G aerogel. (b) and (c) Comparative analyses of the cell parameters 

in this work and other reported studies involving metal-sulfide/carbon and 

other metal compounds as sulfur cathodes. 
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Table 5.1. Comparative summary of the Li-S cell parameters of the cell parameters in this 

work and other reported studies involving metal-sulfide/carbon and other 

metal compounds as sulfur cathode materials. 

Cathode 

material 

Preparation 

method 

Metal sulfide 

content in the 

composite 

(wt.%) 

Sulfur 

content 

in the 

cathode 

(wt.%) 

Sulfur 

loading 

(mg cm-2) 

Peak areal 

capacity 

(mA h 

cm-2) 

Cycle 

number 

Capacity 

retention 

(%) 

Capacity-

fate rate 

(% per 

cycle) 

E/S ratio Condition  Reference 

MoS2 + rGO Physical 

mixing 

22 60 2 – 4 3.6 600 52 0.083 13 – 25 1.8 – 2.6 V 

(C/2) 

[87] 

CoS2+G Physical 

mixing 

15 – 30 60 0.4 – 2.9 3.2 250 55 0.18 4 – 30 1.7 – 2.8 V 

(C/2) 

[76] 

VS2@G/CNT Ball-milling 50 56 0.5 – 0.6 0.5 300 84 0.052 33 – 40 1.5 – 2.8 V 

(C/2) 

[81] 

CoS2@G/CNT Ball-milling 50 56 0.5 – 0.6 0.41 300 85 0.049 33 – 40 1.5 – 2.8 V 

(C/2) 

[81] 

TiS2@G/CNT Ball-milling 50 56 0.5 – 0.6 0.42 300 78 0.073 33 – 40 1.5 – 2.8 V 

(C/2) 

[81] 

FeS@G/CNT Ball-milling 50 56 0.5 – 0.6 0.42 300 47.4 0.175 33 – 40 1.5 – 2.8 V 

(C/2) 

[81] 

SnS2@G/CNT Ball-milling 50 56 0.5 – 0.6 0.37 300 31.3 0.23 33 – 40 1.5 – 2.8 V 

(C/2) 

[81] 

Ni3S2@G/CNT Ball-milling 50 56 0.5 – 0.6 0.32 300 29.1 0.24 33 – 40 1.5 – 2.8 V 

(C/2) 

[81] 

CuS + carbon 

aerogel 

Physical 

mixing 

-- 48 1.3 – 3.0 2.4 500 74 0.05 -- 1.8 – 3.0 V 

(C/2) 

[79] 

TiO2 + G Hydrothermal 41 52 1.1 – 1.3 1.3 100 62 0.38 -- 1.7 – 2.8 V 

(C/10) 

[68] 

Co3S4 + S Hydrothermal 21 – 34 53 2 – 4 2.1 200 78 0.11 10 – 20  1.6 – 2.6 V 

(C/2) 

[88] 

TiS2 + S Physical 

mixing 

45 45 -- -- 30 93 0.25 -- 1.7 – 2.8 V 

(C/10) 

[78] 
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Table 5.1: continued. 

Co9S8 + S Melt-

diffusion 

25 60 1.5 4.3 400 75 0.06 -- 1.8 – 3.0 V 

(2C) 

[89] 

TiO + carbon 

hollow sphere 

Coating and 

annealing 

57 56 1.5 3.5 500 63 0.08 36 1.9 – 2.6 V 

(C/5) 

[71] 

MgO + S Ball-milling 10 54 1.8 – 2.0 1.6 100 81 0.19 -- 1.5 – 3.0 V 

(C/5) 

[74] 

MnO2 + S Physical 

mixing 

25 56 0.7 – 1.0 1.12 200 92 0.04 -- 1.8 – 3.0 V 

(C/5) 

[73] 

Ti4O7 + S Melt-

diffusion 

30 – 40 56 1.5 – 1.8 1.53 500 88 0.06 28 – 33 1.7 – 3.0 V 

(2C) 

[72] 

SnS2-ND@G Hydrothermal 

process 

16 75 2.5 – 10  11 300 82 0.06 10 1.7 – 2.8 V 

(C/5) 

This work 

5.1.2 Experimental 

5.1.2.1 Synthesis of SnS2-ND@G Hybrid Aerogel 

Graphene oxide (GO) was synthesized from natural flake graphite by a modified 

Hummers method. Hydrothermal assembly and freeze-drying procedure were combined to 

prepare the SnS2-ND@G hybrid aerogel. Typically, 35.1 mg of SnCl4∙5H2O was dissolved 

in 60 mL of GO aqueous dispersion (3 mg mL-1). After magnetic stirring for 30 min, 36.3 

mg of L-cysteine was added to the mixture suspension, followed by vigorously stirring and 

ultrasonicating for 30 min. The obtained suspension was then transferred into a 100 ml 

Teflon-lined stainless-steel autoclave and hydrothermally treated at 190 °C for 24 h. After 

the autoclave was naturally cooled to room temperature, the black hybrid hydrogel was 

washed with distilled water several times, followed by freeze-drying for 3 days to obtain 

the SnS2-ND@G aerogel. The graphene aerogel was prepared in the same procedure 

without adding SnCl4∙5H2O and L-cysteine and was used as a control. 
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5.1.2.2 Electrochemical Test 

The as-prepared 0.8 M Li2S6 catholyte was injected into the manually compressed 

SnS2-ND@G aerogel as cathode. The electrolyte/sulfur (E/S) ratio was controlled to be 10. 

The assembled Li-S cells were placed to rest for 30 min before performing the cycling test. 

The cells were cycled at a voltage window of 1.7 – 2.8 V at various cycling rates (C/10 – 

3C). The scanning rate of CV test was 0.05 mV s-1. Other electrochemical and material 

analyses have been described in Chapter 2. 

5.1.3 Results and Discussion 

The scanning electron microscopy (SEM) images in Figure 5.2a – 5.2c demonstrate 

that SnS2-ND@G aerogel possesses a highly porous, hierarchical architecture. Such 

structure guarantees abundant storage space to localize the active material and favor the 

electrolyte access. Meanwhile, as shown in Figure 5.2c, SnS2 nanoparticles with ~ 120 nm 

in diameter are deposited uniformly on the wrinkling graphene sheets without obvious 

aggregations. It is probably ascribed to the interaction between the graphene oxide (GO) 

surface containing multiple functional groups and the well-dispersed Sn precursor during 

the initial synthesis of the SnS2-ND@G aerogel. Therefore, abundant nucleation sites are 

provided to induce homogenous growth of SnS2 nanoparticles during the subsequent 

hydrothermal reaction.[85] The morphology of SnS2-ND@G aerogel is further characterized 

by transmission electron microscopy (TEM). As shown in Figure 5.2d, even after strong 

ultrasonication during the preparation of TEM samples, the hexagonal SnS2 nanoparticles 

are still tightly anchored in the ultrathin graphene layers, confirming a strong adhesion 

between the in-situ grown SnS2 and graphene.[90] The corresponding energy-dispersive X-

ray (EDX) elemental mapping analysis in Figure 5.2e further ascertains these nanoparticles 

in the form of Sn and S elements. Moreover, the high-resolution TEM (HRTEM) image 
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(Figure 5.2f) exhibits parallel fringes with a lattice spacing of 0.59 nm, which corresponds 

to the (001) interplanar distance of SnS2.
[91, 92] It is worth mentioning that Figure 5.2g also 

detects a variety of smaller SnS2 nano dots (~ 5 nm in diameter) distributed on the graphene 

sheets (marked as dotted circle). Furthermore, HRTEM image of an individual smaller 

SnS2 nano dots in Figure 5.2h presents well-resolved crystal lattice with an interplanar 

spacing of 0.31 nm, which is related to the (100) plane of SnS2.
[90, 92] Therefore, it is 

reasonable to conclude that crystalline SnS2 nano dots are homogenously deposited in the 

SnS2-ND@G aerogel, acting as sufficient adsorption sites to minimize polysulfide 

migration.  

 

Figure 5.2. (a – c) SEM images of SnS2-ND@G aerogel. (d) and (e) TEM images of SnS2-

ND@G aerogel and corresponding EDX elemental mapping results. (f – h) 

HRTEM images of SnS2 nano dots in the SnS2-ND@G aerogel. 



 58 

Figure 5.3a displays X-ray diffraction (XRD) patterns of the as-synthesized SnS2-

ND@G aerogel, clearly evidencing the successful incorporation of SnS2 into graphene 

scaffold. The sharp characteristic peaks of SnS2 (magnetite, JCPDS No. 23-677) suggest 

the high crystallinity of hexagonal SnS2 prepared by this method.[83, 85, 92] To determine the 

SnS2 content in the obtained aerogel, thermogravimetric analysis (TGA) was conducted in 

air at a heating rate of 20 °C min-1, as shown in Figure 5.3b. The initial weight loss below 

200 °C is due to the removal of absorbed water.[70, 83] The second weight loss between 200 

and 400 °C is mainly attributed to the phase transformation from SnS2 to SnO2.
[83, 85] The 

last weight loss above 400 °C results from the decomposition of graphene and further 

oxidation of SnS2 into SnO2.
[83, 92] From Figure 5.3b, the weight fraction of SnS2 in the 

SnS2-ND@G aerogel calculated from the residual SnO2 (~ 13 wt.%) is 16 wt.%. With such 

a relatively low content of SnS2, the resulting SnS2-ND@G aerogel still preserves high 

porosity as shown in Figure 5.3c.[83, 93] Accordingly, the Brunauer–Emmett–Teller (BET) 

specific surface area of the SnS2-ND@G aerogel is 132 m2 g-1 with the pore size mainly 

distributed from 3 to 10 nm (~ 1.5 nm in average) via the arrett–Joyner–Halenda (BJH) 

method. As a reference, the specific surface area of graphene aerogel is 120 m2 g-1 with an 

average pore size of 3 nm (Figure 5.3d). The relatively high specific surface area and 

numerous hierarchical pores in the SnS2-ND@G aerogel are beneficial for fast Li+ diffusion 

and electrolyte access during repeated cycling.[82, 83] 
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Figure 5.3. (a) XRD patterns of pristine SnS2, graphene, and SnS2-ND@G aerogel. (b) 

TGA curve of SnS2-ND@G aerogel in air. Isotherms and pore-size 

distribution by the Barrett-Joyner-Halenda (BJH) method: (c) SnS2-ND@G 

and (d) graphene aerogels. 

On the other hand, the X-ray photoelectron spectroscopy (XPS) survey spectrum 

(Figure 5.4) detects the presence of Sn, S, and C components in the SnS2-ND@G aerogel, 

which is consistent with the XRD result. In particular, the high-resolution C 1s XPS 

spectrum of GO (Figure 5.5a) displays four peaks at 284.6, 286.6, 288.1, and 288.8 eV 

representing, respectively, C–C/C=C, C–O, C=O, and O–C=O bonding.[82, 94] As expected, 

the peak intensity ratio of these oxygen-containing functional groups to C–C/C=C bonding 

in SnS2-ND@G aerogel is much lower than that in the GO samples (Figure 5.5b), in good 

line with the above-mentioned XPS survey result. Such comparison clearly indicates that 

GO could be effectively reduced to graphene during the hydrothermal process.[82, 86, 94]  
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Figure 5.4. XPS survey spectra of GO (gray line) and SnS2-ND@G aerogels (pink line). 

 

Figure 5.5. C 1s spectra of (a) GO and (b) SnS2-ND@G aerogel. (c) Digital photo of 

polysulfide (Li2S6) adsorption by graphene and SnS2-ND@G aerogel and (d) 

corresponding UV-vis absorption spectroscopy of the residual Li2S6 solution. 

(e) Sn 3d spectra of SnS2-ND@G aerogel before and after Li2S6 adsorption. 

(f) Li 1s spectra of the Li2S6 solution before and after adsorption test. 
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To evaluate the polysulfide-adsorption capability, the as-prepared SnS2-ND@G 

aerogel was immersed into a pure polysulfide (Li2S6) solution. A graphene aerogel was 

also immersed into the same solution as a control. The comparison is shown in Figure 5.5c. 

The Li2S6 solution changes color from yellow to almost transparent after adding the SnS2-

ND@G aerogel; in sharp contrast, the Li2S6 solution remains a visible yellow color with 

the addition of only graphene aerogel. The concentration variations of the residual Li2S6 

solutions of both samples and the original Li2S6 solution were then quantitatively analyzed 

with ultraviolet–visible (UV-vis) absorption spectroscopy (Figure 5.5d). The characteristic 

peaks of Li2S6 solution located at 260, 280, 300, and 340 nm are attributed to the S6
2- 

species.[94] It is demonstrated that the intensity of these S6
2- absorption peaks declines 

slightly in the residual solution collected from the Li2S6 solution with graphene aerogel, as 

a result of weak physical polysulfide-absorption on graphene. In striking contrast, the 

residual solution collected from the Li2S6 solution with SnS2-ND@G aerogel shows a 

significant decrease in the peak intensity, implying a strong chemical adsorption of SnS2 

towards polysulfides.[81, 94] Furthermore, such a chemical interaction is further reflected in 

the XPS analysis (Figure 5.5e). In the high-resolution Sn 3d spectrum of fresh SnS2-

ND@G aerogel, the peaks centered at 487.1 and 495.6 eV are ascribed to the 3d5/2 and 3d3/2 

peaks of Sn4+ in SnS2.
[82, 83, 86, 95] After contacting with the Li2S6 solution, both the 3d5/2 and 

3d3/2 peaks shift towards lower binding energies. Meanwhile, the Li 1s spectrum of pristine 

Li2S6 depicts a Li−S peak at 56.3 eV, and this peak negatively shifts to 56.1 eV after 

contacting with SnS2-ND@G (Figure 5.5f). Both peak shifts in Sn 3d and Li 1s suggest the 

formation of chemical bonds between SnS2 and Li2S6.
[72, 73, 81, 88] These analytical results 

indicate that SnS2-ND@G aerogel exhibits prominent polysulfide-trapping ability owing 

to the synergy between physical absorption and chemical adsorptivity towards 

polysulfides.[76] 
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Figure 5.6a depicts the cyclic voltammetry (CV) profiles of the Li-S cell employing 

the SnS2-ND@G aerogel cathode at a scan rate of 0.05 mV s-1 under the voltage window 

of 1.7 – 2.8 V. It demonstrates a typical two-step redox reaction. The first cathodic peak at 

~ 2.35 V (marked as C1) and the second one at ~ 2.05 V (marked as C2) represent, 

respectively, the transition from elemental sulfur to polysulfides and then to sulfide 

mixtures (Li2S2/Li2S).[34, 45] And the continuous anodic peak at 2.41 ~ 2.45 V (marked as 

A1) corresponds to the reversible conversion from Li2S2/Li2S to Li2S8/S.[45] Figure 5.6b 

displays the charge/discharge curves of the Li-S cell with SnS2-ND@G aerogel cathode. 

The two separated upper and lower-discharge plateaus and two incessant charge plateaus 

confirm the two-step redox reaction shown in the CV profiles.[10, 96] In addition, the 

polarization value obtained from the charge/discharge curves at C/5 rate is ~ 0.29 V. It is 

noted that the CV and charge/discharge curves both demonstrate superior electrochemical 

accessibility and redox-conversion reversibility, as evidenced by the overlapping sharp CV 

peaks and well-preserved charge/discharge plateaus during repeated cycling.[32, 44, 45] 

Furthermore, the enhanced electrochemical redox kinetics is further validated by the result 

of the galvanostatic intermittent titration technique (GITT) on the SnS2-ND@G aerogel. 

The GITT profiles were obtained by adding a constant current of C/15 for 1 h, followed by 

a resting step in the absence of current for another 1 h. Figure 5.6c detects only slight 

changes in voltages (~ 0.03 V) upon removing the current, indicating a promoted 

electrochemical stability and reversible redox-reaction capability.[97] It should be noted that 

as the cycling rate declines to C/15, the polarization value of the cell is significantly 

decreased to ~ 0.19 V. Moreover, the electrochemical impedance spectroscopy (EIS) 

measurements in Figure 5.6d display low cell resistance of the Li-S cell equipped with the 

SnS2-ND@G cathode before and after cycling, further confirming the improved 

electrochemical kinetics in the hybrid aerogel architecture.[34, 87, 89] 
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Figure 5.6. (a) CV plots and (b) charge/discharge profiles of the cell with the SnS2-

ND@G cathode. (c) GITT curves of the cell employing the SnS2-ND@G 

cathode. The voltage at the end of the relaxation is marked with a black circle. 

(d) EIS spectra of the fresh and cycled cells employing SnS2-ND@G and 

graphene cathodes. (e) QH/RQH and (f) QL/RQL analyses. 

On the other hand, the electrochemical behavior is also reflected in the changes of 

the upper-plateau discharge capacity (QH, theoretical value: 419 mA h g-1) and lower-

plateau discharge capacity (QL, theoretical value: 1256 mA h g-1). Both electrochemical 

parameters are investigated as quantitative indicators for, respectively, the level of 

polysulfide-trapping ability and the accessibility of redox reaction of the cells.[32, 45, 98] In 
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Figure 5.6e, at C/5 rate, the Li-S cell utilizing the SnS2-ND@G aerogel cathode delivers 

an initial QH of as high as 390 mA h g-1, achieving a QH utilization up to 93%. After 300 

cycles, the cell still delivers a high QH value of 250 mA h g-1, corresponding to a QH 

retention rate (RQH) of 64%. Meanwhile, Figure 5.6f displays a high initial QL of 844 mA 

h g-1 in the Li-S cell employing the SnS2-ND@G aerogel cathode, and the QL value is 

retained at 766 mA h g-1 after 300 cycles, representing a high QL retention rate (RQL) of up 

to 91%. In sharp contrast, the control cell fabricated with pristine graphene cathode suffers 

from rapid capacity fade, leading to much lower RQH (24%) and RQL (35%) values after 

250 cycles. Such quantitative comparison analytically evidences the greatly limited 

polysulfide diffusion and highly improved electrochemical reactivity contributed by the 

SnS2-ND@G aerogel architecture.[45, 98] 

Figure 5.7a demonstrates the long-term cycling performance of the Li-S cells with 

a sulfur loading of 2.5 mg cm-2. At C/5 rate, the SnS2-ND@G aerogel approaches a peak 

discharge capacity of 1234 mA h g-1. After 300 cycles, the discharge capacity is still 

stabilized at 1016 mA h g-1, representing a high capacity retention of 82% and a low 

capacity-fading rate of 0.06% per cycle. In striking contrast, after 250 cycles, the control 

cell ends up with a discharge capacity of 360 mA h g-1 which is over three times lower than 

that with SnS2-ND@G aerogel. Such a low remaining discharge capacity in the control cell 

is accompanied by low capacity retention (32%) and fast capacity decay (0.3% per cycle), 

resulting in limited polysulfide-retention ability and short cycle life. Notably, the 

Coulombic efficiency drop during long cycles could be ascribed to the irreversible 

consumption of LiNO3 in the electrolyte.[78]
 Moreover, the SnS2-ND@G aerogel also 

renders considerable enhancement in rate performance, as evidenced by higher capacity 

and better electrochemical stability under varied cycling rates. (C/10 – 3C rates). As shown 

in Figure 5.7b, at C/10, C/5, C/3, C/2, 1C, and 2C rates, the Li-S cell employing the SnS2-
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ND@G aerogel cathode delivers high discharge capacities of, respectively, 1263, 1042, 

870, 650, 514, and 412 mA h g-1, advantageously outperforming the rate capability of the 

control cell. Even at 3C rate, the discharge capacity of SnS2-ND@G still remains at 350 

mA h g-1, remarkably exceeding the control cell with no observable discharge capacity. 

Such comparative results clearly validate that the SnS2-ND@G aerogel cathode has more 

pronounced effect on suppressing polysulfide diffusion and minimizing the active-material 

loss, contributing to the greatly improved electrochemical utilization and stable cyclability 

of cells. 

 

Figure 5.7. (a) Long-term cycling and (b) rate performances of the cells with SnS2-

ND@G and graphene cathodes. Cycling performance of the cells employing 

the SnS2-ND@G cathodes with higher sulfur loadings: (c) discharge 

capacities and (d) areal capacities. 

Furthermore, the superiority of the SnS2-ND@G aerogel configuration as a cathode 

substrate could be further extended to higher sulfur loading, as illustrated in Figure 5.7c. 

At C/5 rate, loaded with 6 and 10 mg cm-2 sulfur, the SnS2-ND@G cathode is able to reach 
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discharge capacities of, respectively, 1120 and 1133 mA h g-1. Note that the initial drop in 

the capacity is mainly attributed to the LiNO3 decomposition and the formation of a solid 

electrolyte interface (SEI) film.[94] After 100 cycles, the reversible discharge capacities 

maintain, respectively, at 750 and 816 mA h g-1, achieving a high capacity retention 

stabilized at ~ 70%. Additionally, the corresponding areal capacity could achieve up to 11 

mA h cm-2 and sustain around 6 ~ 8 mA h cm-2 during 100 cycles (Figure 5.7d). As a 

reference, the current commercial Li-ion cell has an areal capacity of 4 mA h cm-2.[98] As 

a result, this well-designed SnS2-ND@G aerogel cathode structure exhibits excellent 

polysulfide-retention capability and electrochemical stability, enabling the high sulfur-

loading cathode to achieve impressive cell performance. 

5.1.4 Conclusion 

In summary, we have established a novel self-assembled graphene aerogel 

incorporated with in-situ deposited SnS2 nano dots (SnS2-ND@G) as an efficient sulfur 

host. Benefiting from the synergistic effect of physical and chemical interaction with 

polysulfides, the porous conductive SnS2-ND@G aerogel architecture exhibits 

significantly improved polysulfide-trapping capability and redox-conversion reversibility. 

With a high sulfur content and loading (75 wt.% and 2.5 mg cm-2), the cell shows a high 

peak discharge capacity of 1234 mA h g-1, a high capacity retention (82%) after 300 cycles, 

and superior rate capability (C/10 – 3C rates). Furthermore, even equipped with a higher 

sulfur loading (up to 10 mg cm-2), the SnS2-ND@G aerogel cathode still achieves a high 

discharge capacity of 1133 mA h g-1, corresponding to an areal capacity of up to 11 mA h 

cm-2. This work demonstrates that the combination of graphene substrate and metal sulfides 

with nano structure has the potential to be reliable cathodes for high-performance Li-S 

batteries. 
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5.2 RATIONAL DESIGN OF A HYBRID NIS2-RGO CATHODE SUBSTRATE FOR LITHIUM-

SULFUR BATTERIES 

5.2.1 Introduction 

As discussed in Section 5.1, a nonpolar carbon matrix as a sulfur host with only 

physical polysulfide confinement is insufficient for high-loading cycling stability and long 

cycle life of Li-S cells.[76, 80, 99] Thus, numerous efforts have been focused on the chemical 

restriction for polysulfides to further improve the electrochemical functionality.[80] 

Transition-metal compounds, including metal oxides,[73] sulfides,[76] nitrides,[17] and 

carbides,[100] have been proven as efficient polysulfide traps by offering chemical 

polysulfide-adsorption sites. Among them, metal sulfides attract particular interest due to 

their strong sulfiphilicity together with multiple thermodynamically stable crystal 

structures and stoichiometric compositions.[101] For instance, cobalt disulfide (CoS2),
[76] 

titanium disulfide (TiS2),
[102, 103] and iron disulfide (FeS2),

[104] have been applied as sulfur 

hosts and have been demonstrated with a strong chemical interaction capability towards 

migrating polysulfides.[80] However, these metal sulfides mainly exist in the form of large 

particles with varying levels of agglomeration, greatly shrinking the surface area for 

polysulfide adsorption and limiting the amount of sulfur species that could be loaded.[101] 

Accordingly, the sulfur cathodes used in most metal sulfide-related reports have an 

insignificant sulfur content of less than 60 wt.% and a low sulfur loading of less than 3 mg 

cm-2. Such low sulfur content and loading in the cathode design make the Li-S technology 

fail to realize its high-energy-density promise.[76, 81, 104] Another consequence of the 

aggregated metal sulfides is the raising cell resistance and compromised rate performance, 

 
 L. Luo, S.-H. Chung, and A. Manthiram, “Rational Design of a Dual-Function Hybrid Cathode Substrate 

for Lithium-Sulfur Batteries.” Adv. Energy Mater. 2018, 8, 1801014. 
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especially considering that most of the metal sulfides have low electronic conductivity as 

compared to carbon materials.[80] Therefore, nanostructured metal sulfides without 

agglomeration are preferred for the sake of maximizing polysulfide-adsorption capability 

in a practical sulfur cathode achieving high sulfur content/loading.  

One way to achieve favorable nanosized metal sulfides is to introduce porous 

carbon medium with abundant dispersion spaces to fabricate a bifunctional hybrid 

electrode substrate in sulfur electrochemistry.[101, 105] Reduced graphene oxide (RGO) has 

been proven to be a prospective cathode substrate due to its excellent electrical 

conductivity, high surface area, chemical stability, and mechanical flexibility.[106-110] A 

three-dimensional (3D) porous RGO structure could be obtained by reducing graphene 

oxide (GO) solution under a hydrothermal condition, forming a cylinder-shaped 

hydrogel.[94] Nevertheless, due to the strong π–π interaction, electrostatic interactions, and 

hydrogen bonds, the GO sheets have a strong tendency to reunite and stack with each other, 

leading to a shrunken hydrogel with low accessible surface area.[111, 112] Interestingly, it has 

been reported that incorporation of nanoparticles during the reduction reaction could avoid 

the stacking of GO and contribute to a structure with higher porosity.[111, 112] Therefore, 

coupling RGO with metal sulfide nanoparticles is a better option to engineer an advanced 

hybrid sulfur host. Both components have confinement on each other’s growth and prevent 

possible agglomeration and stacking, synergistically contributing to a 3D porous RGO 

framework embedded with nanostructured metal sulfides. However, such a hybrid cathode 

substrate integrating RGO with high electrical conductivity and nanosized metal sulfides 

with strong polysulfide-adsorption capability has rarely been reported. 

In this regard, we choose nickel disulfide (NiS2) due to its ease of synthesis and 

versatility of controllable nanostructure (such as hollow sphere, nanowire, and layer-rolled 

morphologies)[113] and in-situ incorporate it into 3D RGO sponge. Here, we adopt a 
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biomolecule-assisted self-assembly synthesis to construct the hybrid NiS2-RGO sponge. 

As illustrated in Figure 5.8a, L-Cysteine (C3H7NO2S) and NiCl2·6H2O were mixed in the 

GO solution to go through a hydrothermal reaction, followed by a freeze-drying process to 

produce the NiS2-RGO sponge. L-Cysteine, an environmentally friendly amino acid, is 

chosen as the self-assembly reagent and sulfur source of NiS2 owing to its multifunctional 

groups such as –SH, –NH2, and –COOH.[114, 115] Besides, L-Cysteine also functions as a 

reducing agent to reduce GO to RGO.[115] During initial solution mixing, owing to its thiol 

side chain (HS–CH2–), L-Cysteine strongly tends to coordinate with the inorganic cation 

Ni2+, forming a Ni2+–L-Cysteine complex.[116] Meanwhile, in the GO solution, the Ni2+–L-

Cysteine complex would be absorbed on the surface of GO sheets due to the interaction 

with oxygen-containing functional groups of GO sheets. As the hydrothermal reaction 

proceeds, GO would be reduced to RGO, accompanied by the homogenous formation of 

NiS2 nanoparticles and the release of gaseous H2S, which is beneficial for pore 

generation.[114, 115] During this process, RGO effectively prevents NiS2 nanoparticles from 

agglomeration, and NiS2 nanoparticles, in turn, avoid the stacking of RGO, producing a 

more hierarchically porous sponge as compared to the RGO sample. Figure 5.8c – 5.8f 

provides a straightforward evidence of the volume variance between the as-prepared NiS2-

RGO and RGO sponges. 
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Figure 5.8. (a) Synthesis procedure of the hybrid NiS2-RGO sponge. (b) Illustration of 

the advantage of the hybrid NiS2-RGO sponge for static polysulfide-trapping 

and dynamic polysulfide-conversion capability. Digital photos of the as-

prepared (c) RGO, (d) NiS2-RGO, (e) L-NiS2-RGO, and (f) H-NiS2-RGO 

sponges. 

Such a unique hybrid NiS2-RGO sponge delivers multiple benefits. First, the porous 

conductive RGO matrix provides sufficient storing space for sulfur species, 3D electron 

pathway for fast charge transfer, and physical barrier for polysulfide localization. Second, 

the well distributed NiS2 nanoparticles with a large surface area serve as multiple active 
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sites to chemically adsorb polysulfides (Figure 5.8b). Third, during in-situ hydrothermal 

synthesis, a strong chemical coupling is formed between NiS2 and RGO. Such a chemical 

coupling enables RGO to offer continuous electron channels towards the NiS2-polysulfide 

adsorption interface, greatly promoting the redox conversion of polysulfides and the rate 

capability (Scheme 1b). Fourth, as a free-standing framework, this hybrid sponge can serve 

as the electrode substrate by itself. This feature avoids the use of the conventional 

aluminum foil as a current collector and other additional binder, minimizing the mass 

fraction of the extra inactive material on the cathode side. As a result, this NiS2-RGO 

cathode could hold a sulfur loading up to 21 mg cm-2 and a high sulfur content of 75 wt.%, 

delivering an impressive areal capacity of up to 16 mA h cm-2. 

5.2.2 Experimental 

5.2.2.1 Synthesis of NiS2-RGO Hybrid Sponge 

Graphene oxide (GO) was synthesized from natural flake graphite (Alfa Aesar) by 

a modified Hummers method.[117] In a typical batch, 47.5 mg of NiCl2∙6H2O (Alfa Aesar) 

was added to 30 mL of aqueous GO dispersion (3 mg mL-1), and 121.2 mg of L-cysteine 

(Amresco) was dissolved into another 30 mL of GO solution. After vigorously stirring for 

1 h and ultrasonicating for 1 h, they were mixed together and stirred for another 30 min. 

Afterwards, the mixture was transferred into a 100 mL Teflon-lined stainless-steel 

autoclave and heated at 200 °C for 24 h, followed by cooling down to room temperature 

naturally. The obtained black hybrid hydrogel was washed with deionized water and 

ethanol several times and then went through a freeze-drying process for 4 days, yielding 

the nickel disulfide-reduced graphene oxide (NiS2-RGO) sponge (18 wt.% NiS2 content).  

As a control, an RGO sponge without NiS2 incorporation was prepared in the same 

way without adding the precursor NiCl2∙6H2O and L-cysteine. Additionally, to rationally 
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design an advanced hybrid cathode substrate, NiS2-RGO sponges with different NiS2 

contents were prepared to investigate the effect of NiS2 concentration on the Li-S battery 

chemistry, which is rarely studied in other graphene/metal compound-related work. A 

NiS2-RGO sponge having a low NiS2 content of 8 wt.% was synthesized and named as L-

NiS2-RGO sponge. It was prepared with the same procedure except the addition of 

NiCl2∙6H2O (23.8 mg) and L-cysteine (60.6 mg). A NiS2-RGO sponge having a high NiS2 

content of 38 wt.% was also synthesized by adding a high amount of NiCl2∙6H2O (118.8 

mg) and L-cysteine (302.9 mg), which was named as H-NiS2-RGO sponge. 

5.2.2.2 Electrochemical Test 

The assembled Li-S cells were placed to rest for 30 min before cycling. The 

electrolyte/sulfur (E/S) ratio was fixed to be 10. The cells were cycled at a voltage window 

of 1.7 – 2.8 V at various cycling rates (C/20 – 4C). The scanning rates of CV test were 0.1, 

0.2, and 0.5 mV s-1. Other electrochemical and material analyses have been described in 

Chapter 2. 

5.2.3 Results and Discussion 

The co-existence of NiS2 and RGO in the hybrid sponge is identified in the X-ray 

diffraction (XRD) patterns, as shown in Figure 5.9a (red line). The broad diffraction peak 

at 2θ = 24.7˚ is indexed to the (002) plane of graphitic carbon from RGO.[115] The rest of 

the characteristic peaks at 2θ = 27.2˚, 31.4˚, 35.3˚, 38.9˚, 45.1˚, 53.4˚, 56.0˚, 58.6˚, and 

70.0˚ correspond to, respectively, the (111), (200), (210), (211), (220), (311), (222), (230), 

and (321) planes of the cubic pyrite NiS2 (JCPDS Card No.11-0099).[115, 118] These peaks 

also agree well with the XRD patterns of the RGO (blue line) and NiS2 (green line). To 

determine the NiS2 content in the hybrid sponge, thermogravimetric analysis (TGA) was 
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conducted in air atmosphere at a heating rate of 20 °C min-1 (Figure 5.9b). The weight loss 

curves undergo several processes. Initially, below 120 °C, the weight loss is ascribed to the 

evaporation of absorbed water.[115] Afterwards, the lost weight at 120 ~ 400 °C is associated 

with the removal of oxygen-containing functional groups and the decomposition of 

RGO.[119] When the temperature goes up over 400 °C, the weight is reduced mainly because 

of further decomposition of RGO and the oxidation of NiS2.
[118, 119] The oxidation of NiS2 

in air goes through multiple steps: NiS2 + O2 → NiS + SO2↑, 2NiS + 3O2 → 2NiO + 2SO2↑, 

2NiO + 2SO2 + O2 → 2NiSO4, NiSO4 → NiO + SO3↑.[118] Considering that RGO could be 

completely decomposed under 700 °C in air,[115, 119] the terminal residue of the samples 

contains only NiO.[115] Therefore, the NiS2 content in the hybrid could be calculated based 

on the weight fraction of the final product NiO.[120] From Figure 5.9b, it is shown that the 

NiS2 content of the NiS2-RGO sponge is ~ 18 wt.%. 

The morphology of the as-prepared NiS2-RGO sponge was characterized by 

transmission electron microscopy (TEM). As shown in Figure 5.9c, The NiS2 particle with 

~ 100 nm in size features a nanoflower-like architecture firmly attached to the crumpled 

RGO nanosheets. Moreover, such a nanoflower-like NiS2 possess a hierarchically porous 

inner structure containing numerous interlinked pores. Such a porous nanoflower induces 

larger surface area and thus provides more accessible active sites to adsorb polysulfides.[105] 

Moreover, the corresponding high-resolution TEM (HRTEM) image (Figure 5.9d) 

detected parallel fringes with a lattice spacing of 0.28 nm, which could be indexed to the 

(200) plane of NiS2.
[105, 121] The existence of NiS2 in the NiS2-RGO sample is also verified 

by the energy-dispersive X-ray (EDX) spectrum (Figure 5.10c) and elemental mapping 

analysis (Figure 5.9e – 5.9h). These results clearly indicate that the NiS2 with a porous 

nanoflower-like architecture is successfully incorporated in the RGO matrix.  
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Figure 5.9. (a) XRD patterns of the NiS2, RGO, and as-synthesized NiS2-RGO sponges. 

(b) TGA curve of NiS2-RGO in air. (c) TEM and (d) HRTEM images of NiS2-

RGO. (e – h) TEM image and corresponding EDX elemental mapping results 

of NiS2-RGO. 
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Figure 5.10. (a) XRD patterns and (b) TGA curves of L-NiS2-RGO and H-NiS2-RGO. (c) 

EDX spectrum of the as-synthesized NiS2-RGO. 

To confirm the chemical coupling between NiS2 and RGO, X-ray photoelectron 

spectroscopy (XPS) was carried out. As depicted in Figure 5.11a, the C 1s spectrum of the 

NiS2-RGO sample can be deconvoluted into four peaks. The main peak located at 284.6 

eV represents C–C/C=C bonding; the other three oxygen-containing peaks at 285.6, 287.5, 

and 288.9 eV correspond to, respectively, C–O/C–S, C=O, and O–C=O.[94, 122] Notably, in 

the NiS2-RGO sponge, the intensity ratio of peaks that involve oxygen functional groups 

to the peak containing C–C/C=C bonding is much lower than that in GO (Figure 5.11b). It 

could result from the removal of oxygen functional groups and possible C–S bonding 

formation in the resulting NiS2-RGO sponge during hydrothermal reduction.[94] On the 

other hand, S 2p XPS data were also collected as shown in Figure 5.11c. The peaks at 162.6 

and 163.9 eV are ascribed to, respectively, the S 2p3/2 and S 2p1/2 of S–S bonding in 
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NiS2.
[113, 123, 124] Note that 163.9 eV could be also assigned to C–S bonding.[94, 101, 125] 

Moreover, another peak at 165.2 eV representing C=S bonding is observed, evidently 

confirming the formation of C–S chemical coupling in the as-synthesized NiS2-RGO 

sponge.[101]  

 

Figure 5.11. C 1s XPS data of (a) NiS2-RGO and (b) GO. (c) S 2p XPS spectra of NiS2-

RGO. (d) Digital photo of polysulfide (Li2S4) adsorption test. Ni 2p3/2 XPS 

spectra of NiS2-RGO (e) before and (f) after contacting with Li2S4 solution. 
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As indicated before, the enhanced polysulfide-retention capability in the NiS2-RGO 

sponge is primarily attributed to two aspects. On the one hand, the sulfiphilic NiS2 

nanoparticles offer multiple active sites that have strong chemical polysulfide-adsorption 

capability, which statically trap the polysulfides.[76] On the other hand, the strong chemical 

coupling between RGO and NiS2 allows RGO matrix to provide fast and continuous 

electron pathway towards the NiS2-polysulfide adsorption interface, thus dynamically 

accelerating the redox conversion of the trapped polysulfides during repeated cycling.[101] 

Therefore, the polysulfide utilization could be considerably promoted, driven by both static 

and dynamic factors, which will be separately discussed later. 

To testify the static polysulfide-trapping capability, a polysulfide solution 

consisting of 3 mM Li2S4 (in the nominal formulation) dissolved in DOL/DME cosolvent 

(1 : 1 by volume) was prepared as the adsorbate. The NiS2-RGO sponge as adsorbent was 

immersed in the Li2S4 solution, and the RGO sponge was also added into another Li2S4 

solution as a comparison. The masses of both sponges were fixed to be 10 mg. Figure 5.11d 

apparently reveals that after 5 h of static rest, the NiS2-RGO sponge thoroughly decolors 

the Li2S4 solution, in sharp contrast to the RGO sample which ends up with visible yellow 

color in the Li2S4 solution. Such a visual comparison implies a strong affinity of sulfiphilic 

NiS2 to Li2S4 as compared to the nonpolar RGO possessing weak physical Li2S4 

absorption.[76] Furthermore, additional evidence for the chemical interaction between NiS2 

and Li2S4 is provided by the XPS analysis on the NiS2-RGO sponge before and after the 

Li2S4 adsorption test. In the deconvoluted Ni 2p3/2 spectrum of the fresh NiS2-RGO sponge 

(Figure 5.11e), the peaks located at 854.6 and 856.3 eV can be assigned to 2p3/2 of, 

respectively, Ni2+ and Ni3+.[124, 126] Note that the existence of Ni3+ may result from Ni3S2 or 

partial oxidation of NiS2 on the surface, which has also been reported in previous 

studies.[124, 127] Another peak at 858.0 eV could be assigned to shakeup satellite (identified 
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as “Sat.”).[113, 124] After the Li2S4 adsorption test, however, the Ni2+ and Ni3+ peaks shift 

around ~ 0.5 eV towards lower binding energies (Figure 5.11f), indicating the chemical 

bonding between NiS2 and Li2S4.
[73, 81]  

Moreover, such a chemical interaction between NiS2 and Li2S4 is further verified 

by the first-principle calculations based on the density functional theory (DFT) as shown 

in Figure 5.12a. For NiS2, a 2×2×3 supercell-slab model was employed and cleaved along 

[001]. As a control, graphene was also performed on a monolayer comprising a 5×5×1 

supercell. For both systems, Li2S4 was placed adjacent to the active substrate face and 

geometry optimization was carried out. As a result, graphene with only nonpolar C–C 

bonding has a binding energy of 2.36 eV to Li2S4, while the binding energy between NiS2 

and Li2S4 is 3.60 eV, which is 1.24 eV higher than the former.[76] To make a more 

straightforward comparison, electron density distribution is also displayed in Figure 5.12a. 

It is evident that there is no electron density between C (from graphene) and Li (from 

Li2S4), in sharp contrast to the existing electron density between Ni (from NiS2) and Li 

(from Li2S4) as highlighted with a black circle. Such a distinct comparison validates the 

chemical interaction between NiS2 and Li2S4.
[128, 129] Combining the experimental 

inspection and theoretical calculation, it evidently reveals that in the NiS2-RGO sponge, 

NiS2 functions as the chemisorption sites to greatly promote polysulfide-trapping 

capability.  
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Figure 5.12. (a) Binding geometry and electron density of Li2S4 on graphene (left, top and 

side views) and NiS2 (right, cleaved along [001]) derived from theoretical 

calculation at DFT level. (b) CV curves of symmetric cells and (c) EIS data 

of symmetric Li2S6−Li2S6 cells. 

On the other hand, the dynamic effect on the redox conversion of polysulfides was 

examined by cyclic voltammetry (CV) in symmetric cells, employing two identical 

electrodes with Li2S6 solution as the electrolyte. One symmetric cell contains two NiS2-

RGO electrodes as the experimental sample, while the other has two RGO electrodes as a 

control. To eliminate the influence from the capacitive current in the CV curves, the 

symmetric cells with Li2S6-free electrolyte were also measured as a reference, which shows 

near-zero contribution to the current density (Figure 5.12b).[87] It is clearly demonstrated 
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that the current density of NiS2-RGO sample is much higher than that of RGO sample, 

indicative of considerable enhancement on the redox reactions of polysulfides. This could 

result from the chemical coupling between NiS2 and RGO for enabling the electron to 

readily reach the NiS2-polysulfide adsorption interface, accelerating fast charge transfer 

and redox kinetics of polysulfide conversion.[76, 101] The substantially promoted charge 

transfer is further confirmed by the electrochemical impedance spectroscopy (EIS) 

analysis. The semicircle in the Nyquist plots is related to the charge-transfer resistance at 

the polysulfide/electrode interface.[76] As shown in Figure 5.12c, the NiS2-RGO presents 

much lower charge-transfer resistance than RGO, verifying promoted redox-conversion 

capability. Therefore, the above results provide a solid evidence that NiS2-RGO sponge 

not only affords chemical adsorptivity to statically confine polysulfides within the 

framework, but also favors fast charge transfer towards the adsorption interface, 

dynamically accelerating polysulfide-conversion reversibility.[76, 87] 

Based on above analyses, the hybrid NiS2-RGO sponge demonstrates unique 

advantages as a sulfur host. However, considering the hybridization of two individual 

materials with distinct functions, it is instructive to investigate the balance between NiS2 

and RGO during the hybrid engineering. With less NiS2, the chemisorption sites may not 

be sufficient to confine a large amount of polysulfides, thus compromising the polysulfide-

trapping ability. On the other hand, more incorporated NiS2 could cause severe aggregation 

of nanoparticles, which not only limits the effective surface for polysulfide adsorption, but 

also decreases the electrical conductivity of the sponge as a whole. Thus, besides our 

experimental NiS2-RGO sponge (18 wt.% NiS2) as discussed above, two other control 

samples with varied NiS2 content were prepared. One has a lower NiS2 content of 8 wt.% 

and is designated as L-NiS2-RGO, while the other has a higher NiS2 content of 38 wt.%, 

which is designated as H-NiS2-RGO (Figure 5.10b).  
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Figure 5.13 depicts the scanning electron microscopy (SEM) images of these 

sponges. Typically, all these sponges demonstrate a 3D net-like skeleton with abundant 

hierarchical pores formed by interlinked RGO sheets. The porous conductive framework 

not only functions as absorption/buffering reservoirs of polysulfides, but also facilitates 

ion/electron transport as the interconnected channels during repeated cycling.[76, 94] 

However, the distribution of NiS2 varies in these samples. In the NiS2-RGO sponge, the 

nanoflower-like NiS2 particles with ~ 100 nm in size are uniformly grown in the corrugated 

RGO framework (Figure 5.13a and 5.13b). No obvious agglomeration is observed at low 

and high magnifications. It implies that the RGO sheets and NiS2 particles have been well 

dispersed and integrated together with an intimate interfacial contact by the in-situ self-

assembly approach.[130] In comparison, it is hard to detect the existence of NiS2 in the L-

NiS2-RGO sponge (Figure 5.13c and 5.13d); at a high magnification, a few NiS2 

nanoparticles are sparsely scattered in the porous network, which is unable to offer 

sufficient adsorption sites for diffusing polysulfides. In the case of H-NiS2-RGO sponge, 

the NiS2 nanoparticles are much more distinguishable with a larger particle size of ~ 250 

nm (Figure 5.13e and 5.13f). Moreover, with a denser distribution of NiS2, some severe 

particle aggregation emerges in the wrinkled RGO framework due to the relatively high 

NiS2 content. In fact, from Figure 5.14, due to the high concentration of precursors, the 

NiS2 has evolved into a nanoball-like structure in the H-NiS2-RGO sponge, displaying 

relatively denser surface as compared to nanoflower-like morphology in NiS2-RGO sponge 

as discussed before. Such a morphology could prevent polysulfides from penetrating into 

the inner side of NiS2 particles and thus greatly limiting the adsorption sites. Furthermore, 

it is worth mentioning that a high NiS2 content would greatly undermine the electrical 

conductivity of the entire sponge, resulting in inferior electrochemical utilization and poor 

rate capability. The SEM inspections imply that the NiS2-RGO sponge with the optimal 
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NiS2 content of 18 wt.% demonstrates a uniform NiS2 deposition and limited particle 

agglomeration, effectively maximizing the adsorption surface area and suppressing the 

polysulfide migration. 

 

Figure 5.13. SEM images of (a – b) L-NiS2-RGO, (c – d) NiS2-RGO, and (e – f) H-NiS2-

RGO. 
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Figure 5.14. SEM image of the H-NiS2-RGO sponge under high magnification. 

Figure 5.15a gives more information on the porosity characteristics of these 

samples. In the nitrogen adsorption-desorption isotherms, all these samples exhibit 

predominant slit-pore adsorption behavior. The porosity analyses are summarized in Table 

5.2. The Brunauer–Emmett–Teller (BET) specific surface areas of L-NiS2-RGO, NiS2-

RGO, and H-NiS2-RGO sponges are, respectively, 146, 256, and 184 m2g-1, which are all 

higher than that of RGO (94 m2g-1). It confirms that an incorporation of nanoparticles is 

beneficial for GO-stacking prevention and larger surface area during RGO formation. Such 

high surface area and porosity in the hybrid sponges would facilitate electrolyte access to 

electrochemically active sites, accelerating the lithium-ion diffusion and active-material 

utilization.[131, 132]. Additionally, it should be noted that the relatively lower specific surface 

area of H-NiS2-RGO sponge compared to the NiS2-RGO sponge could be attributed to the 

strong accumulation of NiS2 particles due to the high NiS2 content, which is consistent with 

the above-mentioned SEM inspections.[111] 
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Figure 5.15. (a) Isotherms and (b) pore-size distribution by the Barrett-Joyner-Halenda 

(BJH) method for different samples. (c) Repeated CV plots and (d) 

discharge/charge curves of the cells with the NiS2-RGO cathodes. (e) CV 

plots of the cells with the NiS2-RGO cathodes at different scan rates and (f) 

linear fitting of the scanning rate0.5 based on (e). 
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Table 5.2. BET surface area and total pore volume of different sponges. 

Sample BET surface area 

(m2 g-1) 

Total pore volume 

(cm3 g-1) 

RGO 93.5 0.44 

L-NiS2-RGO 145.5 0.92 

H-NiS2-RGO 183.5 1.09 

NiS2-RGO 256.3 1.42 

After the morphology and porosity investigation, electrochemical analyses were 

also conducted to compare the effect of these sponges on cell performance. The CV curves 

in Figure 5.15c depict a similar shape with a pair of reduction/oxidation peaks for the cells 

employing different sponge cathodes. The two existing cathodic peaks (C1 and C2) 

correspond to the transitions from sulfur to polysulfides and then to lithium sulfide 

mixtures (Li2S2/Li2S),[98] while the continuous anodic peaks (A1) are associated with the 

reversible transformation from lithium sulfide mixtures to Li2S8/S.[76] In contrast to the 

RGO sponge cathode with broad redox peaks and huge polarization, the hybrid sponge 

cathodes present much sharper cathodic and anodic peaks, manifesting substantially 

improved redox kinetics after NiS2 incorporation (Figure 5.16).[76, 101] Moreover, among 

these hybrid sponges, the NiS2-RGO exhibits the lowest redox peak separation in CV 

curves, consistent with the smallest voltage hysteresis obtained in the discharge/charge 

profiles (Figure 5.17). Here, the voltage hysteresis is defined to be the voltage difference 

between the middle of the charge and discharge curves.[133] Such lowest polarization in the 

NiS2-RGO sponge reconfirms that with an optimal amount of NiS2, polysulfides could be 
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efficiently adsorbed by sufficient active sites, and the redox kinetics of their conversion 

could be subsequently promoted due to the chemical coupling between RGO and NiS2.
[101] 

Even upon succeeding scanning, the NiS2-RGO sponge preserves well-overlapped CV 

curves and discharge/charge profiles (Figure 5.15d), indicating the enduring redox-

conversion enhancement and excellent electrochemical reversibility.[22] In fact, even at 

higher scanning rates (0.1 and 0.2 mV s-1) as shown in Figure 5.15e, the NiS2-RGO sponge 

still exhibits reversible electrochemical stability. The Li-ion diffusion coefficient (DLi+) 

values derived from the CV curves at different scanning rates are 2.8×10-8, 8.1×10-8, and 

1.4×10-7 cm2 s-1 at, respectively, C1, C2, and A1 peaks in the NiS2-RGO sponge, which 

are much higher than the reference values in the conventional Li-S cells (2×10-8 ~ 9×10-9 

cm2 s-1).[22, 32] Such promoted ion diffusion favors superior rate performance and dynamic 

stability during cycling.  

 

Figure 5.16. CV curves of the cells employing the (a) RGO, (b) L-NiS2-RGO, and (c) H-

NiS2-RGO cathodes at a scan rate of 0.1 mV s-1. CV curves of the cells 

employing NiS2-RGO at a scan rate of (d) 0.2 and (e) 0.5 mV s-1. 
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Figure 5.17. Discharge/charge curves of the cells with different cathodes at C/5 rate. 

Figure 5.18a illustrates the high-rate performance of the cell employing the NiS2-

RGO sponge cathode with a high sulfur loading of 5 mg cm-2 at varied cycling rates. At a 

low C/20 rate, the NiS2-RGO is able to achieve a peak discharge capacity of 1560 mA h g-

1, corresponding to a high active-material utilization of 93%. When the cycling rates 

increase from C/10, C/5, C/2, 1C, to 2C, the reversible discharge capacities are still 

stabilized at, respectively, 1385, 1212, 1034, 790, and 508 mA h g-1. Even at a high 4C 

rate, the discharge capacity of NiS2-RGO could reach as high as 304 mA h g-1 (the 

corresponding discharge/charge curves are shown in Figure 5.19). The remarkable 

electrochemical stability of the NiS2-RGO sponge is further illustrated by a comparison 

with control samples (i.e., L-NiS2-RGO, H-NiS2-RGO, and RGO) at C/5 rate in Figure 

5.18b. The initial discharge capacities of the RGO, L-NiS2-RGO, H-NiS2-RGO, and NiS2-

RGO reach, respectively, 1195, 1147, 1060, and 1244 mA h g-1. After cycling for 100 

cycles, it demonstrates diverse electrochemical stability. For the RGO sample, it undergoes 

a serious capacity fade and suffers from a capacity-retention rate of only 35% (i.e., 422 mA 

h g-1) after 100 cycles. As for the L-NiS2-RGO and H-NiS2-RGO, the capacity fade is 

slightly alleviated, maintaining higher reversible discharge capacities of, respectively, 588 
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and 648 mA h g-1 after 100 cycles. Although their corresponding capacity-retention rates 

are increased to 51% and 61% as compared to the RGO, an obvious capacity fade starts 

after ~ 50 cycles. In contrast to these control samples, the NiS2-RGO delivers a much 

higher reversible discharge capacity of 1041 mA h g-1, representing a capacity-retention 

rate of as high as 84%. Such pronounced electrochemical cyclability indicates that the 

NiS2-RGO sponge cathode with optimal amount and distribution of NiS2 in the conductive 

RGO matrix has the better polysulfide-retention capability to improve the redox chemistry 

and electrochemical stability of the cells.[76] Inspired by the enhanced rate performance and 

cycling stability brought about by the NiS2-RGO sponge, we next investigated its long-

term cyclability (300 cycles) at high 1C rate. As revealed in Figure 5.18c, the discharge 

capacity could initially attain 908 mA h g-1. After 300 cycles, the reversible discharge 

capacity remains at 601 mA h g-1 with a corresponding capacity-retention rate of 66%. 

These comparative cycling results reveal that the NiS2-RGO sponge is successful in 

limiting the active-material loss, promoting the cycling stability and prolonging the cycle 

life of the cells. These three features are currently proved to be the necessary 

electrochemical factors in developing high-loading sulfur cathodes for making Li-S 

batteries a reality.[32] 
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Figure 5.18. (a) Rate performance of the cell employing the NiS2-RGO cathode. (b) 

Cycling performance of the cells with the NiS2-RGO and control cathodes. 

(c) Long-term cycles of the cell employing the NiS2-RGO cathode. (d – e) 

Cycling performance of the cells employing the NiS2-RGO cathodes with 

higher sulfur loading in terms of discharge capacity and areal capacity. 
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Figure 5.19. Discharge/charge curves of the cell with NiS2-RGO at C/20 – 4C rates. 

Figure 5.18d and 5.18e demonstrate the excellent cycling performance of the NiS2-

RGO sponge with increasing sulfur loading from 5 to 21 mg cm-2. The discharge capacities 

of the cells employing the NiS2-RGO sponges attain 961 and 935 mA h g-1 with a high 

sulfur loading of, respectively, 7 and 10 mg cm-2. After cycling for 100 cycles, the 

reversible discharge capacities sustain at, respectively, 757 and 626 mA h g-1, reaching 

high capacity-retention rates of, respectively, 79% and 67% (the corresponding 

discharge/charge curves are shown in Figure 5.20). As shown in Figure 5.18e, even after 

we further increased the sulfur loading to 21 mg cm-2, the cell with the NiS2-RGO cathode 

still achieves a high discharge capacity of 776 mA h g-1, representing a high areal capacity 

of over 16 mA h cm-2 (Figure 5.21). Such a high-loading sulfur cathode maintains high 

discharge and areal capacities of, respectively, 610 mA h g-1 and 13 mA h cm-2 after 50 

cycles. As a reference, the areal capacity of the commercial Li-ion cell is 4 mA h cm-2.[98] 

These results show that even the high sulfur-loading cells could still preserve highly stable 

cycling capability by applying the NiS2-RGO sponge as a sulfur host. As a result, it is 

reasonable to conclude that the well-designed NiS2-RGO sponge has the advantage of 

maximizing the polysulfide-trapping ability and active-material utilization, allowing high 
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sulfur-loading cathodes to achieve significantly enhanced electrochemical reversibility and 

cycling stability. 

 

Figure 5.20. Discharge/charge curves of the cells employing the NiS2-RGO cathodes with 

higher sulfur loading at C/5 rate. 

 

Figure 5.21. Areal capacity of the cells employing NiS2-RGO with higher sulfur loading 

at C/5 rate. 
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5.2.4 Conclusion 

In summary, we presented a self-assembled 3D hybrid sponge composed of 

sulphifilic NiS2 and conductive RGO through a facile synthetic method. Benefiting from 

the synergistic effect of the NiS2 and RGO, this unique sponge combines the advantages of 

the porous RGO framework as storing reservoirs to physically hosting the dissolved 

polysulfides and the nanoporous NiS2 as abundant chemisorption sites to chemically trap 

the diffusing polysulfides. More importantly, due to favorable chemical coupling between 

NiS2 and RGO formed during in-situ synthesis, the conductive RGO matrix provides fast 

and continuous charge transfer towards the NiS2-polysulfide adsorption interface, 

contributing to greatly enhanced redox kinetics of polysulfide conversion and 

electrochemical reversibility. As a result, such an advanced hybrid sponge could obtain 

long cycling stability at a high cycling rate (300 cycles, 1C) and improved rate capability 

(up to 4C). Moreover, a high sulfur content (75 wt.%) and a high sulfur loading (up to 21 

mg cm-2) were successfully achieved, leading to a remarkable areal capacity of over 16 mA 

h cm-2. This integrated hybrid system could be extended to other metal-sulfides and it 

provides a new possibility to engineer advanced sulfur cathode for high-performance Li-S 

technology with a necessary high sulfur loading. 
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Chapter 6: Incorporation of Electrocatalysts into Sulfur Cathode 

Substrates for High-loading Cell Performance 

6.1 A NICKEL-FOAM@CARBON-SHELL WITH A PIE-LIKE ARCHITECTURE AS AN 

EFFICIENT POLYSULFIDE TRAP FOR HIGH-ENERGY LI-S BATTERIES 

6.1.1 Introduction 

The current Li-S research is stalled at demonstrating good battery performances by 

using low-loading sulfur cathodes because of severe polysulfide diffusion, which becomes 

even more serious at high sulfur loadings. The high amount of polysulfides generated from 

the high-loading sulfur cathodes aggravates the capacity fade, resulting in poor 

cyclability.[14] Thus, only very limited studies have focused on high-loading sulfur cathodes 

and assessing their possibility in establishing high-energy-density rechargeable Li-S 

batteries.[32, 134, 135] It has been reported that the polysulfide diffusion can be greatly 

controlled by means of electrocatalysis.[136, 137] Electrocatalytic electrodes have been found 

to facilitate the reaction kinetics and system stability in electrochemical energy-conversion 

devices, such as photoelectrochemical solar cells[138] and redox flow cells.[139] Recently, 

nickel has been reported to exhibit the best electrocatalytic effect on lithium-polysulfides 

conversion reactions among other metallic electrodes such as platinum and gold.[136] 

However, the electrocatalytic cathodes reported so far are based on low-loading sulfur 

cathodes.[136, 137, 140, 141] To our knowledge, the use of electrocatalytic electrodes with 

ultrahigh sulfur-loading in Li-S cells has not yet been explored. The resulting performance 

improvements and mechanism also need more attention. Even worse, as pointed out in the 

review and research articles, the use of low-loading sulfur cathodes could lead to serious 
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problems in analyzing sulfur cathode chemistry and obtaining high energy density in Li-S 

cells.[12, 55] 

In this regard, we demonstrate a new concept of establishing an electrocatalytic 

electrode design for developing high-loading sulfur cathodes and for understanding the 

corresponding high-loading electrochemical characteristics. The electrocatalytic electrode 

consists of a nickel-foam as the inner “filling” encapsulated within a carbon shell as the 

outer “crust”, forming a pie-like architecture (Figure 6.1a). Based on their conductive and 

porous structure, the nickel-foam and the carbon shell simultaneously function as 

interlinked current collectors to facilitate fast electron transport and as polysulfide 

reservoirs to hold the active material. The hydrophilic nickel-foam provides chemical 

polysulfide-trapping capability. It works as an electrocatalytic center to adsorb polysulfides 

and help bond lithium-polysulfides during discharge.[136] Its electrocatalytic capability 

further promotes the reversible reaction for the trapped polysulfide species during 

charge.[136, 137] The carbon shell mainly offers the physically polysulfide-trapping 

capability to deter and confine polysulfides within the cathode region. The integrated 

polysulfide-trapping capability is proved by directly injecting and encapsulating a high 

amount of dissolved polysulfides into the nickel-foam@carbon-shell electrode as 

catholytes.[44, 142] As a result, the bi-functional nickel-foam@carbon-shell cathode provides 

insights of efficient electrocatalytic effect and steady polysulfide suppression based on the 

superior design of a new high-loading sulfur cathode (40 mg cm-2 sulfur) at a low 

electrolyte/sulfur (E/S) ratio of 7. 
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Figure 6.1. (a) Schematic configuration of a nickel-foam@carbon-shell cathode with pie-

like architecture. SEM/EDX inspections of (b) nickel-foam, (c) inner and (d) 

outer sides of the carbon shell retrieved from a cycled nickel-foam@carbon-

shell cathode. 

6.1.2 Experimental 

6.1.2.1 Preparation of Nickel-foam@carbon-shell Cathodes 

The nickel foam (Pred Materials Inc.) was dispersed in 50 mL hydrochloric acid 

for 5 min to remove the oxide layer on the surface, followed by washing with water and 

ethanol and drying in a vacuum oven for 5 h. The pre-treated nickel foam was pressed and 

cut into a disk with 5 mm in diameter. The mass of the nickel foam is 5.3 mg (areal mass 

of 27 mg cm-2), and the thickness of the nickel foam is 320 µm. The nickel-foam@carbon-

shell cathode was fabricated inside an Ar-filled glove box by incorporating the nickel foam 

into the carbon shell (7 mm in diameter, Nano Tech Labs), followed by injecting the 

catholyte into the middle of the nickel foam (5 mm in diameter). The carbon shell utilized 

in this work weighs 0.73 mg (areal mass of 1.9 mg cm-2). The as-prepared electrode had a 

sulfur loading of 40 mg cm-2 and the weight ratio of sulfur and the other host materials 

(including nickel foam and carbon shell) is 1.34 : 1 (i.e., ~ 60 wt.% sulfur content). In order 
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to investigate the effect of the nickel-foam@carbon-shell architecture, two types of control 

cells were assembled with the cathodes: one with the carbon shell only (carbon-shell 

cathodes) and the other with the nickel-foam only (nickel-foam cathodes). 

6.1.2.2 Assembly of Polysulfide-trap Cells 

The polysulfide-trap cells were prepared by placing the polypropylene separator – 

carbon paper – polypropylene separator architecture between the cathode and the lithium-

metal anode. The rest of cell-assembly procedures were the same as those of making a 

regular Li-S coin cell. The inserted carbon paper between the two separators serves as the 

polysulfide-trap platform to monitor the presence of the polysulfides diffusing from the 

cathode region and assess the polysulfide-retention level of the specially designed 

cathodes, i.e., the nickel-foam@carbon-shell electrode architecture. 

6.1.2.3 Electrochemical Test 

The assembled Li-S cells were placed to rest for 30 min before conducting the 

cycling test. The electrolyte/sulfur (E/S) ratio was controlled to be 7. The cells were cycled 

at a voltage window of 1.7 – 2.8 V. The scanning rates of CV test were 0.02, 0.05, and 0.1 

mV s-1. Other electrochemical and material analyses have been described in Chapter 2. 

6.1.3 Results and Discussion 

The scanning electron microscopy (SEM) inspections of the nickel-foam and 

carbon shell of a fresh cell are shown in Figure 6.2. The nickel-foam has a 3D porous 

architecture and uneven surface, guaranteeing sufficient storing space for having high 

active-material loading and abundant accessible reaction sites. The carbon shell consists of 

interwoven carbon nanotubes (CNTs) entangled with a long-range carbon nanofiber (CNF) 

network, generating a strong tortuosity for the effective polysulfide retention.[14] In order 
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to investigate the significance of the integral structure contributed by both of the nickel-

foam and the carbon shell in the nickel-foam@carbon-shell cathode, two types of control 

cells were prepared, which employed, respectively, only a nickel-foam (with no carbon 

shell) and a carbon shell (with no nickel-foam). Figure 6.1b – 6.1d display the SEM images 

of the nickel-foam and carbon shell retrieved from the nickel-foam@carbon-shell cathodes 

after 100 cycles. No obvious changes in their morphologies imply their excellent 

mechanical strength. The high structural integrity assures good electrode stability during 

long cycling. The corresponding elemental mapping results reveal stronger sulfur signals 

uniformly dispersed on both the nickel-foam and the carbon shell without dense spots as 

compared to the control cells (Figure 6.3 and 6.4). This indicates a better immobilization 

of sulfur-containing species, higher electrochemical redox activity for thoroughly 

converting them, and an efficient elimination of the formation of insulating precipitates in 

the nickel-foam@carbon-shell cathode.[34] Notably, the sulfur signals detected from the 

inner side of the carbon shell, facing the nickel-foam, are much stronger than that from the 

outer side of the shell (Figure 6.1c and 6.1d). Such an intensity difference in the elemental 

sulfur signals confirms the excellent active-material encapsulation inside the carbon shell. 

On the other hand, the cycled nickel-foam from the nickel-foam@carbon-shell cathode 

(Figure 6.3c) shows small amounts of the carbon residue from the carbon shell remaining 

on its surface. This indicates the intimate contact between the carbon shell and the nickel-

foam to assure continuous electron transfer, which is a key factor for the constant 

reactivation/reutilization of the high amount of active material within the nickel-

foam@carbon-shell cathode. 
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Figure 6.2. SEM/EDX inspections of (a) a nickel-foam and (b) a carbon shell from an 

uncycled nickel-foam@carbon-shell cathode. 

 

Figure 6.3. SEM/EDX inspections of the nickel-foam retrieved from a cycled nickel-

foam@carbon-shell cathode under (a) low- and (c) high-magnifications. 

SEM/EDX inspections of (b) a nickel-foam retrieved from a cycled nickel-

foam cathode. 
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Figure 6.4. SEM/EDX inspections of the carbon shell retrieved from (a) a carbon-shell 

cathode and (b) a nickel-foam@carbon-shell cathode. 

The cyclic voltammetry (CV) plots in Figure 6.5a indicate that the Li-S cells with 

nickel-foam@carbon-shell cathodes display two typical cathodic peaks (marked as C1 and 

C2) and continuous anodic peaks (marked as A1 and A2). The C1 and C2 peaks are, 

respectively, associated with the reduction of sulfur (S8) to polysulfides and the subsequent 

reduction of polysulfides to Li2S2/Li2S. On the other hand, the A1 and A2 peaks involve 

the oxidation of Li2S2/Li2S to Li2S8/S.[59] Upon repeated scanning, the overlapping CV 

curves suggest enhanced electrochemical reversibility.[136] Compared with the control cells 

as shown in Figure 6.5b, the sharpest cathodic and anodic peaks in the nickel-

foam@carbon-shell cathode imply an electrochemically more stable environment within 

the cathode region, contributing to complete reduction and oxidation processes.[143] 

Notably, the cell with the nickel-foam@carbon-shell cathode displays a positive shift in 

the cathodic peaks and a negative shift in the anodic peaks, relative to the control cell with 

carbon-shell cathode. The resulting smaller peak separation in the nickel-foam@carbon-

shell cathode suggests the superior electrocatalytic effect of the existing nickel-foam on 

the redox conversion of lithium polysulfides and the facilitation of fast redox chemistry.[59, 

137] Moreover, as compared to the other control cell with the nickel-foam cathode, a further 

decreased peak separation in the nickel-foam@carbon-shell cathode suggests higher 
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electrochemical activity and enhanced redox chemistry due to the coexistence of the 

integrated nickel-foam and carbon shell.[59] 

 

Figure 6.5. CV curves of (a) the nickel-foam@carbon-shell cathode and (b) the nickel-

foam@carbon-shell and control cathodes at a scan rate of 0.02 mV s-1. S 2p 

XPS spectra of (c) the carbon-shell cathode and (d) the nickel-foam@carbon-

shell cathode at charged state. 

In addition, the cell with the nickel-foam@carbon-shell cathode has high Li-ion 

diffusion coefficient (DLi+ ) values ranging from 9.7×10-9 to 2.3×10-8 cm2 s-1 for the 

cathodic and anodic peaks, which are an order of magnitude higher than those of the control 

cell having only carbon-shell cathode (DLi+  = 8.8×10-10 – 9.2×10-10 cm2 s-1) (Figure 6.6). 

This is ascribed to the strong affinity of the nickel-foam towards polysulfides in the nickel-

foam@carbon-shell cathode, which decreases the polysulfides concentration in the 
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electrolyte and thus reduces the electrolyte viscosity.[144, 145] The lower electrolyte viscosity 

results in improved Li-ion flux and higher ion conductivity as compared to the control cell, 

facilitating enhanced redox chemistry in the nickel-foam@carbon-shell cathode.[42, 144, 146] 

 

Figure 6.6. (a) CV curves of the Li-S cells with the nickel-foam@carbon-shell cathodes 

at scanning rates of 0.02, 0.05, and 0.1 mV s-1. (b) Linear fitting of the 

scanning rate0.5 based on (a). 

The electrocatalytic effect of the nickel-foam was further validated by X-ray 

photoelectron spectroscopy (XPS). The high-resolution S 2p XPS spectra in Figure 6.5c 

and 6.5d display three doublet peaks at 160.0/161.2, 161.5/162.7, and 163.0/164.2 eV, 

representing, respectively, Li2S, terminal sulfur (ST), and bridging sulfur (SB) of 

polysulfides.[59, 72] Higher binding energies with positive peak shifts (~ 0.4 eV) in the 

nickel-foam@carbon-shell cathode (Figure 6.5d) with regard to the carbon-shell cathode 

(Figure 6.5c) indicate a strong interaction between ST/SB and nickel foam.[59] Additionally, 

at the charged state, the content of remaining Li2S in the nickel-foam@carbon-shell 

cathode (34%) is lower than that in the carbon-shell cathode (53%) (Table 6.1). It further 

evidences the electrocatalytic effect of nickel-foam on polysulfides to improve the 

conversion of Li2S during charge, hence rendering better electrochemical utilization.[59] 
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Furthermore, from the deconvoluted 2p3/2 peak of Ni (Figure 6.7), the presence of Ni2+ in 

the form of NiS (853.8 eV)[141] reconfirms the interaction between nickel-foam and 

polysulfides. During the charge process, the content of Ni2+ is significantly reduced as 

compared to that during discharge (Table 6.2). It is clearly demonstrated that nickel-foam 

acts as electrocatalyst sites to adsorb polysulfide species during discharge and help convert 

them into elemental sulfur during charge. Such beneficial features give rise to promoted 

polysulfide retention and enhanced electrochemical reversibility.[137] 

 

Figure 6.7. Ni 2p3/2 XPS spectra of the nickel-foam in the nickel-foam@carbon-shell 

cathode at (a) discharged state and (b) charged state. 

Table 6.1. Relative areas of different sulfur peaks in the S 2p XPS of the carbon-shell and 

nickel-foam@carbon-shell cathodes. 

Carbon-shell cathode Nickel-foam@carbon-shell cathode 

Position (eV) % Area Position (eV) % Area 

160.0 53.40 160.4 34.04 

161.2 26.70 161.6 17.01 
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Table 6.1: continued. 

161.5 10.02 161.8 22.70 

162.7 5.18 163.0 11.35 

163.0 3.13 163.4 6.61 

164.2 1.57 164.6 8.29 

Table 6.2. Relative areas of the different nickel peaks in the Ni 2p3/2 XPS of the nickel-

foam@carbon-shell cathode at discharge and charged states. 

Discharged state Charged state 

Position (eV) % Area Position (eV) % Area 

852.5 67.99 852.5 81.48 

853.8 32.01 853.8 18.52 

 

The discharge/charge profiles at C/5 rate in Figure 6.8a represent the upper- and 

lower-discharge plateaus and two continuous charge plateaus, consistent with the 

corresponding peaks in the CV curves. The nickel-foam@carbon-shell cathode has longer 

and flatter plateaus with higher capacity and lower polarization (ΔE) as compared to the 

control cells, which indicates effective redox reactions and high electrochemical 

reversibility.[59] The ΔE value is defined as the difference between the voltages of the 

discharge and charge curves obtained at a 50% depth of discharge. The overlapping 

discharge/charge curves (Figure 6.8b) further confirm the superior electrochemical 

properties of the nickel-foam@carbon-shell cathode.[34] On the other hand, the changes of 
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the upper- and lower-plateau discharge capacities (QH and QL) are employed as a valid 

quantitative analysis for, respectively, the polysulfide-retention level and the redox-

conversion capability of the cells (Figure 6.9).[14] At C/5 rate, the cell with the nickel-

foam@carbon-shell cathode attains a high QH utilization of 85%, with high QH and QL 

retention rates (RQH and RQL) of, respectively, 66% and 65% after 100 cycles. In contrast, 

the control cells end up with much lower RQH and RQL values (< 11%). This result 

analytically demonstrates the highly reduced polysulfide diffusion and improved 

electrochemical reactivity contributed from the nickel-foam@carbon-shell architecture. 

 

Figure 6.8. Discharge/charge curves of (a) the nickel-foam@carbon-shell and the control 

cathodes and (b) the nickel-foam@carbon-shell cathode after different cycles 

at C/5 rate. (c) Cycling performance of the nickel-foam@carbon-shell and 

control cathodes and (d) the areal capacity of the nickel-foam@carbon-shell 

cathode at C/5 rate. 
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Figure 6.9. (a) QH and RQH analysis. (b) QL and RQL analysis. 

To further evaluate the electrochemical functionality of the nickel-foam@carbon-

shell electrode, its cycling performance in Li-S cell was investigated and compared with 

that of control cells, as shown in Figure 6.8c. At C/5 rate, the cell with the nickel-

foam@carbon-shell cathode delivers a high initial discharge capacity of 1024 mA h g-1 and 

a reversible capacity of 669 mA h g-1 after 100 cycles. More importantly, benefiting from 

the high-loading of sulfur (40 mg cm-2 sulfur), the nickel-foam@carbon-shell cathode 

enables the areal capacity to reach 41 mA h cm-2 (Figure 6.8d). After 100 cycles, the 

corresponding areal capacity still remains as high as 27 mA h cm-2, which is over six times 

higher than that of current commercial lithium-ion cells (4 mA h cm-2).[55, 134] In fact, to the 

best of our knowledge, such high areal capacity remarkably outperforms the majority of 

the previous reports on Li-S cells.[135] On the contrary, the control cells suffer from severe 

capacity fade with a low reversible capacity of only 102 mA h g-1 after 100 cycles. Such 

striking comparison provides valid evidence that superior cycling performance and 

ultrahigh-loading capability are achievable with Li-S cells in the presence of a nickel-

foam@carbon-shell electrode architecture. The nickel-foam and carbon shell work 

together to synergistically enhance the electrochemical utilization and cycle life.  
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Figure 6.10 illustrates that the nickel-foam@carbon-shell cathode also possesses 

impressive cycling stability at different cycling rates. The initial discharge capacity 

approaches 1236 mA h g-1 at C/20 rate, corresponding to 75% sulfur utilization and an 

areal capacity of 49 mA h cm-2. Even at 2C rate, the areal capacity still retains at 12 mA h 

cm-2. Notably, the reversible discharge capacity returns to 1045 mA h g-1 as the cycling rate 

reverts back to C/20, corresponding to a high areal capacity of 42 mA h cm-2. Such a high 

electrochemical reversibility is indicative of an excellent rate capability. Additionally, after 

continuously cycling at a high C/2 rate, starting at the 56th cycle and ending at the 120th 

cycle, the areal capacity stabilizes at 28 ~ 25 mA h cm-2, corresponding to a high capacity-

retention rate of 90%. These positive features demonstrate the effectiveness of the nickel-

foam@carbon-shell cathode in enhancing the excellent rate performance and the 

electrochemical stability at high cycling rates. 

 

Figure 6.10. (a) Cycling performance and (b) corresponding areal capacity of the cell with 

the nickel-foam@carbon-shell cathode at different cycling rates. 
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To further confirm the success of the nickel-foam@carbon-shell structure on the 

suppression of polysulfide migration, we utilized a polysulfide-trap cell in which an extra 

carbon layer, acting as a polysulfide-trap platform, was inserted in between the two 

separators (Figure 6.11a). By detecting any trapped polysulfides on the polysulfide-trap 

platform, it is straightforward to evaluate the polysulfide-retention capability of the 

designed nickel-foam@carbon-shell cathodes.[14] The SEM and elemental mapping 

observations of the cycled polysulfide-trap cells detect less sulfur species and weaker sulfur 

signals in the nickel-foam@carbon-shell cathode as compared to that of the control cells 

(Figure 6.11b – 6.11d). Such a qualitative comparison reconfirms that the polysulfide 

species are well confined and stabilized in the nickel-foam@carbon-shell cathode, 

resulting in limited active-material loss and improved electrochemical utilization. 

 

Figure 6.11. (a) Illustration of the configuration of the polysulfide-trap cell. SEM/EDX 

inspections of the cycled polysulfide traps from (b) nickel-foam@carbon-

shell cathode, (c) carbon-shell cathode, and (d) nickel-foam cathode. 
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6.1.4 Conclusion 

In summary, we have developed a pie-like nickel-foam@carbon-shell electrode 

architecture with an ultrahigh sulfur loading of 40 mg cm-2. Benefiting from the synergy 

of the electrocatalytic nickel-foam and the conductive carbon shell, this unique 

configuration, with a low electrolyte/sulfur (E/S) ratio of 7, exhibits an ultrahigh areal 

capacity of 41 mA h cm-2 and a reversible capacity of 27 mA h cm-2 after 100 cycles at C/5 

rate. It also demonstrates good rate capability up to 2C rate as well as remarkable cycling 

stability with a high remaining areal capacity of 25 mA h cm-2 after 120 cycles at C/2 rate. 

Such excellent electrochemical characteristics are due to both the chemical and physical 

polysulfide-trapping capabilities contributed by the coexistence of the nickel-foam and the 

carbon shell in the well-designed nickel-foam@carbon-shell electrode. We believe this 

work will help direct the research to develop optimized cathodes for the realization of high-

energy-density Li-S cells. 

6.2 LONG-LIFE LITHIUM-SULFUR BATTERIES WITH A BIFUNCTIONAL CATHODE 

SUBSTRATE CONFIGURED WITH LIGHTWEIGHT BORON CARBIDE NANOWIRES 

6.2.1 Introduction 

Developing high-energy-density, long-life Li-S batteries relies on the rational 

design of electrode substrates that can host a high sulfur loading/content and still attain 

high electrochemical utilization. Recently, the research community has witnessed the 

application of functional polar substrates as efficient sulfur hosts. For instance, the 

utilization of metal oxides, sulfides, carbides, and nitrides as sulfur substrates has shown 

 
 L. Luo, S.-H. Chung, H. Yaghoobnejad Asl, and A. Manthiram, “Long-Life Lithium-Sulfur Batteries with 

a Bifunctional Cathode Substrate Configured with Boron Carbide Nanowires.” Adv. Mater. 2018, 30, 

1804149. 

L. Luo carried out the experimental work. Dr. S.-H. Chung assisted in experimental details. Dr. H. 
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greatly improved polysulfide-retention capability by introducing Lewis acid–base 

interaction,[24, 147] forming strong chemical bonding,[98, 148, 149] or exerting a catalytic effect 

on the diffusing polysulfides.[76, 80, 98] Very recently, transition-metal carbides such as 

TiC,[150, 151] Ti2C,[147] Mo2C,[152] W2C,[152] and WC[151] have been applied to sulfur cathode 

configurations and proved to be effective in improving the electrochemical functionality 

of Li-S batteries. However, most of them suffer from a critical drawback of low sulfur 

content (< 56 wt.%) and low sulfur loading (< 2 mg cm-2).[147, 151] Blade-casting method is 

usually adopted to make sulfur substrates where carbides are mixed with additional carbon 

black and binder (such as poly(vinylidene fluoride)), followed by casting onto a current 

collector.[147, 150] These inert additives and current collector account for a considerable 

weight fraction in cathodes. Besides, most carbides have much higher density than sulfur, 

which also limits the sulfur content achievable.[151, 152] It is thus essential to explore 

lightweight yet efficient materials with a binder/current collector-free fabrication strategy 

to improve polysulfide-retention ability and realize acceptable electrochemical 

performance for Li-S batteries. 

Boron carbide (B4C), by virtue of its low density (~ 2.5 g cm-3),[153] good 

conductivity (1.25 ~ 3.33 S cm-1),[154] and superior catalytic effect,[154, 155] is a promising 

candidate for battery applications. Herein, for the first time, the lightweight B4C substrate 

is successfully applied in the Li-S system by a facile, scalable fabrication process and 

demonstrated to endow excellent anchoring/catalytic effect on diffusing polysulfides. 

6.2.2 Experimental 

6.2.2.1 Synthesis of B4C@CNF 

The B4C@CNF composite was prepared by a catalyst-assisted synthetic method. 

200 mg of Ni(NO3)2∙6H2O (Sigma Aldrich) and 200 mg of boron powder (Alfa Aesar) 
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were mixed with 80 mL of ethanol to form a Ni–B emulsion. After 1 h of stirring and 

another 1 h of ultrasonication, 300 mg of carbon nanofibers (CNF, Pyrograf Products, Inc.) 

was added to the mixture, followed by another 2 h of stirring and ultrasonication. 

Afterwards, the well dispersed solution was dried at 70 °C under stirring and then cured at 

105 °C for 2.5 h. The dried precursors were then placed in a tube furnace and heated at 

1150 °C for 5 h under argon flow. The B4C@CNF cathode substrate was prepared by 

dispersing an appropriate amount of B4C@CNF composite in isopropyl alcohol (IPA) 

solution and vacuum filtrating into films with different thicknesses according to different 

sulfur amounts that would be loaded to ensure 70 wt.% of sulfur content in each case. The 

as-prepared films were punched into circular electrodes with 1 cm in diameter. The control 

cathode substrate composed of only CNF was also fabricated using the same way. 

6.2.2.2 Electrochemical Test 

The assembled coin cells were stored for 30 min before electrochemical cycling. 

The electrolyte/sulfur (E/S) ratio was controlled to be 10. For pouch-cell assembly, the 

electrode area was larger (12 cm2 for a sulfur mass of 40 mg per cathode and 40 cm2 for a 

sulfur mass of 200 mg per cathode) and the E/S ratio was 7. In order to obtain good 

discharge-charge profiles of the cells at a high 4C rate, the voltage window was set to be 

at 1.6 – 3.0 V, which also applied to other cycling rates (C/20 – 3C) to make all 

experimental parameters consistent in the coin cells. For pouch cell test, two formation 

cycles were conducted at C/20 rate, followed by cycling at C/10 rate under a voltage 

window of 1.5 – 3.0 V. 
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6.2.3 Results and Discussion 

B4C nanowires were synthesized through a catalyst-assisted strategy in which 

excess carbon nanofibers (CNF) act as both a template and a carbon source to react with 

boron powder (the boron source), and nickel functions as a catalyst to direct the tip-growth 

of B4C nanowires,[153, 155] as schematized in Figure 6.12a. Initially, Ni(NO3)2∙6H2O is 

deposited on the CNF surface, offering catalytic sites to absorb boron vapor and form 

eutectic Ni–B–C liquid droplets. Once the droplets are oversaturated with boron and 

carbon, it initiates the nucleation of B4C from the tip droplets. After B4C precipitation, the 

boron vapor continues to diffuse into the catalytic droplets, prolonging B4C growth along 

the length direction.[155, 156] The scanning electron microscopy (SEM) image in Figure 

6.12b displays the self-supported architecture with radially aligned B4C-nanowire array (4 

~ 10 µm in length) grown on the CNF backbone (denoted as B4C@CNF). Meanwhile, 

Figure 6.12c presents that the B4C nanowire with a diameter ranging from 90 to 180 nm 

features a slightly larger spherical particle on the tip. The corresponding energy-dispersive 

X-ray (EDX) elemental mapping inspections (Figure 6.12d – 6.12f) reveal that B and C 

elements are distributed along the nanowires, while Ni is only detected on the tip of the 

nanowires. It suggests that the Ni-containing tip particles serve as a catalytic center for the 

initial nucleation and successive growth of B4C nanowires.[153, 155] 
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Figure 6.12. (a) Schematic structure of B4C@CNF through a template-supported catalyst-

directed growth. (b) and (c) SEM images of the as-synthesized B4C@CNF 

and (d) – (f) corresponding EDX elemental mapping results. (g) XRD patterns 

of CNF and B4C@CNF. (h) Isotherms and (i) pore-size distribution of 

B4C@CNF. 

Furthermore, X-ray diffraction (XRD) patterns in Figure 6.12g verify the successful 

formation of B4C on the CNF template. The sharp characteristic peaks of B4C (JCPDS No. 

01-075-0424) imply its high crystallinity by the catalyst-assisted synthesis. It should be 

noted that in order to evaluate the effectiveness of the incorporated B4C on the polysulfide-

retention capability, the CNF template was chosen with a low specific surface area of 25.2 
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m2 g-1 as proved by Brunauer–Emmett–Teller method, and no micropore absorption 

behavior (Figure 6.13 and Table 6.3). This merit eliminates any supplemental polysulfide-

diffusion contribution from porous carbon substrates with a high surface area and high 

porosity.[14, 34] Figure 6.12h and 6.12i demonstrate that the as-prepared B4C@CNF has a 

higher specific surface area of 34.4 m2 g-1, indicating a reasonably larger surface area 

brought by the incorporated B4C nanowires.  

 

Figure 6.13. (a) Isotherms and (b) pore-size distribution of CNF. 

Table 6.3. Summary of specific area and porosity of B4C@CNF and CNF. 

Sample Surface 

area 

(m2 g-1) 

Pore volume 

(cm3 g-1) 

Average 

pore size 

(nm) 

Micropore 

volume 

(cm3 g-1) 

Micropore 

area 

(m2 g-1) 

CNF 25.2 0.168 3.84 0 0 

B4C@CNF 34.4 0.137 3.85 0 0 
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Figure 6.14a and 6.14b present the transmission electron microscopy (TEM) and 

corresponding EDX elemental mapping results of B4C@CNF. It reveals that the mass 

fractions of B, C, and Ni are, respectively, 29.5 wt.%, 68.1 wt.%, and 2.4 wt.% (Table 6.4). 

Based on the B content, the mass ratio of B4C is calculated to be ~ 37.7 wt.%, which is 

confirmed by the thermogravimetric analysis (TGA) result (Figure 6.15). It also reveals 

that Ni content in the B4C@CNF composite is very limited compared to the other two 

elements (B and C). It should be mentioned that Ni also has a catalytic effect to adsorb 

polysulfides and accelerate their redox reactions during the charge/discharge process, as 

has been shown in our previous work.[98] However, given the limited Ni content in 

B4C@CNF, the catalytic contribution from Ni is negligible compared to B4C in this work. 

On the other hand, in Figure 6.14c, the selected area electron diffraction (SAED) pattern 

of an B4C nanowire is indexed in a trigonal crystal system, with lattice parameters exactly 

matching with that of B4C (a = 5.6 Å, c = 12.12 Å). Furthermore, the high-resolution TEM 

(HRTEM) image of the same crystal shows lattice fringes corresponding to the d101 

interplanar spacing (Figure 6.14d). Superimposing the reciprocal lattice vectors obtained 

through SAED on the top of the real-space TEM micrograph allows us to identify [-103] 

as the growth direction for the B4C nanowire. Accordingly, a tentative nanowire model of 

B4C is reconstructed, which contains the three-fold (103) planes at the tip and base as well 

as the (100) and (110) facets exposed laterally along the growth direction (Figure 6.14e). 
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Figure 6.14. (a) TEM image and (b) corresponding EDX elemental mapping inspection of 

B4C@CNF. (c) SAED, (d) HRTEM, and (e) corresponding model of the B4C 

nanowire. 

Table 6.4. Weight fraction of each element in B4C@CNF. 

Element Content (wt.%) 

B 29.5 

C 68.1 

Ni 2.4 

Total 100 
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Figure 6.15. TGA curve of the B4C@CNF composite in air atmosphere. 

The as-synthesized B4C@CNF composite was then dispersed in isopropyl alcohol 

(IPA) solution and vacuum filtrated into a film as a free-standing cathode substrate. Such 

an integrated B4C@CNF substrate imparts multiple benefits to improve Li-S cell 

performance. First, the sulfiphilic B4C nanowires provide anchoring sites to chemically 

adsorb polysulfides, so that the polysulfides are effectively confined within the network of 

B4C and CNF.[157] Only when the localized polysulfides are adsorbed on the conductive 

surface of substrates, their redox reaction can be triggered. Second, the catalytic effect of 

B4C could help reduce the overpotentials and facilitate the redox kinetics of polysulfide 

conversion.[152] Specifically, during the discharge process, B4C could accelerate the 

reduction of long-chain Li2Sx (4 < x ≤ 8) to the final product short-chain Li2S/Li2S2, which 

will be deposited on the area around the B4C nanowires. Similarly, during the charge 

process, these deposited short-chain Li2S/Li2S2 will be adsorbed on the surface of B4C and 

quickly oxidized to long-chain Li2Sx (4 < x ≤ 8) due to the catalytic capability of B4C. Such 

a promoted oxidization rate of Li2S/Li2S2 tends to further accelerate the initial activation 

of Li2S due to the change of chemical equilibrium.[152] Besides the improved polysulfide-

adsorption and polysulfide-conversion capability, as a free-standing structure, the 
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B4C@CNF substrate also excludes the use of an additional current collector and inert 

binder. It greatly minimizes the mass of inactive materials and potential electrode 

degradation,[45] assuring a high sulfur content of 70 wt.% while still securing excellent cell 

performance. 

To probe the polysulfide-adsorption capability contributed by B4C, polysulfide 

adsorption test was conducted as revealed in Figure 6.16a. B4C@CNF and CNF as the 

adsorbents were separately immersed in a polysulfide solution comprising 0.5 mM Li2S4 

in 1,3-dioxolane (DOL) / dimethoxy ethane (DME). Interestingly, after a short static rest 

of 30 min, B4C@CNF thoroughly decolorizes the Li2S4 solution compared to the CNF 

sample in which the yellow color of Li2S4 is still retained. This visually straightforward 

comparison suggests the advantage of B4C with prominent polysulfide-anchoring effect 

over bare CNF showing weak physical interaction towards polysulfides. Furthermore, in 

order to gain deeper insight into the remarkable chemical polysulfide adsorption from B4C, 

theoretical calculations based on density functional theory (DFT) were performed to 

simulate the binding geometries and energies. Based on the previous discussion that B4C 

nanowires expose various facets (Figure 6.14e), different representative facets (100), (110), 

(001), and (111) of B4C were chosen to interact with Li2S4 to obtain a more comprehensive 

profile of Li2S4–B4C interactions. The basal plane of graphite was also investigated as a 

reference. It is demonstrated that the graphite possessing only nonpolar C–C bonding has 

a binding energy of 1.18 eV towards Li2S4 (Figure 6.17). As a sharp comparison, the 

binding energy between Li2S4 and B4C is much higher, ranging from 3.84 to 12.51 eV 

depending on the nature and orientation of the surface cleavage (Figure 6.16b). It clearly 

evidences that B4C has considerably enhanced polysulfide adsorptivity, in support of the 

above-mentioned adsorption test results.[76] Moreover, a deeper inspection of the variation 

in the binding energies depending on different B4C facets reveals more profound facts 
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regarding the nature of the attractive Li2S4–B4C interactions. As depicted in Figure 6.16d, 

when approaching (110) and (001) facets, Li2S4 still maintains its S–S connectivity, 

contributing to the binding energies of, respectively, 3.84 and 5.84 eV. When it comes to 

(111) and (100) facets, however, S–S bonds break and new bonds are subsequently formed 

between S and the surface atoms of the B4C substrate. Furthermore, the analysis of the 

bonding patterns indicates that the magnitude of Li2S4–B4C interactions correlates 

positively with the number of S–B bonds formed. For example, the (100) facet with 4 S–B 

bonds delivers the highest binding energy of 12.51 eV as compared to the lowest binding 

energy of 3.84 eV for the (110) facet with no S–B bond and 2 S–C bonds. Moreover, it is 

evident that the formation of S–C bonds is not as favorable as S–B bonds, as the addition 

of S–C bond would comparatively decrease the binding energy (Table 6.5).  

 

Figure 6.16. (a) Digital photos of polysulfide adsorption tests. (b) Binding energy and (c) 

Bader charge for S atoms regarding different B4C@CNF facets. (d) Binding 

geometry and (e) electron charge transfer when Li2S4 adsorbs on different 

B4C facets. 
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Figure 6.17. Binding geometry of Li2S4 on the (001) facet of graphite. 

Table 6.5. Summary of the binding energy between Li2S4 and different facets of B4C and 

corresponding S–C/S–B bonds in DFT calculation. 

Facet Binding energy 

(eV) 

S–C bond count S–B bond count 

(110) 3.84 2 0 

(001) 5.84 1 1 

(111) 9.63 1 5 

(100) 12.51 0 4 

 

To get a more detailed understanding of the interaction between Li2S4 and B4C, 

Bader charge analysis was conducted to quantitatively disclose the electron charge transfer 

between these atoms. Here, the charge difference refers to the variation of atomic electron 

density between the adsorbed and isolated Li2S4–B4C systems.[158] As illustrated in Figure 

 
 Here, binding energy (EB) = -(ELi2S4-B4C(hkl)-(ELi2S4+EB4C(hkl))). 
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6.16c, the magnitude of the binding energy correlates well with the Bader charge of S 

atoms. Originally, in an isolated Li2S4 molecule, the average Bader charge for each S atom 

(denoted as 𝜎𝐵̅̅ ̅ (S)) is -0.45, close to its classical oxidation state (-0.50). Upon adsorption 

on (111) and (100) facets, Li2S4 ends up with more negative values of 𝜎𝐵̅̅ ̅ (S) (-0.66 and -

1.29 eV, respectively), indicating a further reduction of the partially reduced S atoms in 

the initially isolated Li2S4 form. As for the (001) and (110) facets, the values of 𝜎𝐵̅̅ ̅ (S) 

become more positive (-0.11 and -0.036 eV, respectively), implying partial oxidation of S 

atoms by surface C atoms and leading to comparatively lower binding energy with respect 

to the former case.[158, 159] These observations may be justified based on the relative 

electronegativities of  S, B, and C atoms, and the oxidizing role of undercoordinated surface 

C atoms. Additionally, the summed values of Bader charges for all B and C atoms 

comprising the facet (Table 6.6) give insight into the direction of electron flow as Li2S4 

adsorbs on the B4C substrate. Notably, the fundamental electron charge transfer can also 

be visualized by plotting the charge density difference between the adsorbed Li2S4–B4C 

system and superposition of atomic densities (Figure 6.16e). Here, the blue and red surface 

contours represent the spatial regions of, respectively, gained and lost charge after 

adsorption. It provides a straightforward evidence that the electron density increases 

between S and the surface atoms of B4C after adsorption (blue part), indicating the 

formation of chemical bonds between Li2S4 and B4C.[158, 159] As a result, the theoretical 

analyses validate that B4C exhibits remarkable polysulfide-adsorption capability, 

contributing to a binding energy of up to 12.51 eV. In fact, this value is even higher than 

other reported work involving Lewis-acid active substrate such as transition-metal 

chalcogenides (TMCs) (3.5 ~ 7.0 eV).[24] It may result from the more redox active nature 

of B4C as compared to TMCs, given that transition-metal atoms in TMCs have often low 
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oxidation states which are less likely to be changed by the redox properties of polysulfides 

and their retention mainly relies on the pure acid-base interactions.[160]  

Table 6.6. Summary of Bader charge analysis for Li2S4 adsorption on different facets of 

B4C. 

Bader charge Li2S4 B4C facet 

(110) (001) (111) (100) 

𝜎𝐵̅̅ ̅ (S) -0.45 -0.036 -0.11 -0.66 -1.29 

∑ Δ𝜎𝐵(B) 

 

-- -2.2 -0.11 +2.82 +4.0 

∑ Δ𝜎𝐵(C) -- +0.56 -1.24 -1.94 -0.64 

 

Figure 6.18a displays the cyclic voltammetry (CV) profiles of coin cells with 

different sulfur cathodes using CNF and B4C@CNF as the cathode substrates. The 

recorded CV curves consist of two cathodic peaks (1.9 ~ 2.3 V) and a broad anodic peak 

(2.4 ~ 2.5 V), representing, respectively, the reduction of sulfur to polysulfides followed 

by their reduction to lithium sulfide mixtures (Li2S2/Li2S)[102, 161] and the reverse oxidation 

reaction (Li2S2/Li2S to Li2S8/S).[162] The cell employing B4C@CNF demonstrates higher 

peak current as well as smaller peak separation (between cathodic and anodic peaks) with 

respect to the control cell utilizing the pristine CNF, indicating accelerated redox kinetics 

of polysulfide transformation due to the catalytic effect of B4C.[59, 152] Additionally, the 

 
 Here, ∑ Δ𝜎𝐵(B) and ∑ Δ𝜎𝐵(C) refer to the summed values of Bader charges for all B and C atoms 

comprising the facet, where ∑ Δ𝜎𝑗 = ∑(σ𝑗,𝐿𝑖2𝑆4@𝐵4𝐶 − σ𝑗,𝐵4𝐶). The majority of the Bader charge difference 

originates from a narrow layer of atoms lying within 10% (2 Å thick) of the active surface. 
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catalytic capability of B4C is also validated by CV test in symmetric cells comprising two 

identical electrodes and Li2S6 solution as the electrolyte. As a reference, the symmetric cell 

with Li2S6-free electrolyte was also conducted to remove the impact from the capacitive 

current in CV, which turns out to be a near-zero contribution to the current.[76] At a scan 

rate of 15 mV s-1 (Figure 6.19), it reveals that the CV current in the cell employing the 

B4C@CNF electrodes is much higher than that of the control cell employing CNF, 

indicating the great enhancement of the redox kinetics of polysulfide conversion brought 

by the catalytic effect of B4C.[76] As the scan rate is reduced to 3 mV s-1, more pronounced 

redox peaks with higher current are observed in the cell using B4C@CNF in comparison 

to the control cell, indicative of good electrochemical reversibility and facilitated 

polysulfide conversion. Furthermore, the Li-ion diffusion coefficient (DLi+) values at the 

anodic (A1) and cathodic (C1, C2) peaks of the cell with B4C@CNF are, respectively, 

1.3×10-7, 2.4×10-8, and 1.6×10-7 cm2 s-1 (Figure 6.20), which are higher than the reference 

values in the conventional Li-S cells (2×10-8 ~ 9×10-9 cm2 s-1).[98] Such promoted Li-ion 

diffusion reconfirms a more favorable electrochemical environment and accelerated redox 

kinetics contributed by the catalytic effect of B4C during the charge/discharge process. 
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Figure 6.18. Electrochemical performances of coin cells: (a) CV curves, (b) rate capability, 

(c) energy efficiency, (d) long-term cycling performance, and (e) cyclability 

with higher sulfur loadings. Electrochemical performances of pouch cells: (f) 

EIS plots, (g) cycling performance with sulfur mass of 40 mg per cathode, 

and (h) discharge capacities of B4C@CNF with higher sulfur mass. 

 

Figure 6.19. CV curves of symmetric cells at (a) 15 mV s-1 and (b) 3 mV s-1. 
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Figure 6.20. (a) CV curves of the cells with B4C@CNF at different scan rates and (b) linear 

fitting of the scan rate0.5 based on (a). 

Moreover, the improved redox chemistry environment in B4C@CNF is also 

reflected in the superior rate capability, as shown in Figure 6.18b. At C/20 rate, the cell 

with B4C@CNF delivers a peak discharge capacity of up to 1570 mA h g-1, approaching a 

high sulfur utilization of 94%. As the cycling rates mount up, the cell with B4C@CNF 

attains comparatively higher discharge capacities than the control cell. Such a tendency is 

more pronounced at a high 4C rate, where the discharge capacity of the cell with 

B4C@CNF could reach as high as 304 mA h g-1 in contrast to the control cell using CNF 

with no detectable discharge capacity. Notably, when the cycling rate reverts to C/5, the 

discharge capacity of B4C@CNF could recover to 1120 mA h g-1, while the control cell 

irreversibly suffers from considerable capacity loss. The long cyclability of the cell at 4C 

rate was also tested to demonstrate the effectiveness of B4C@CNF towards 

electrochemical reversibility at a high cycling rate (Figure 6.21). The substantially 

enhanced rate performance of the cell with B4C@CNF indicates the facilitated 

electrochemical reaction kinetics and charge transfer, which is also confirmed by the 

discharge-charge profiles at varying cycling rates (Figure 6.22). With longer, flatter 

plateaus and higher capacity, the cell employing B4C@CNF renders smaller voltage 
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hysteresis than the control cell, indicative of lower polarization and more electrochemically 

active redox environment.[59, 81] Note that the voltage hysteresis refers to the voltage 

difference between the discharge and charge curves at a 50% depth of discharge.[14] The 

alleviated polarization in B4C@CNF is crucial to improving the energy efficiency, a 

significant factor to assess the cost of the energy supplied by the storage device. Unlike 

Coulombic efficiency, which only refers to the ratio of charge output (discharge) to input 

(charge), energy efficiency is the ratio of energy output (discharge) to input (charge) that 

also takes the voltage polarization into account.[76] Therefore, the energy efficiency serves 

as a more practical indicator for the application of Li-S technology in a high-efficiency 

grid system. As demonstrated in Figure 6.18c, the energy efficiency of the cell employing 

B4C@CNF is considerably increased from 80% to 90% with respect to the control cell at 

C/20 rate. Such a difference in energy efficiency is more pronounced at a high 4C rate, 

with a reasonably good energy efficiency of over 60% in the cell employing B4C@CNF 

and an unstable and much lower energy efficiency of the control cell. Therefore, these 

results collectively suggest that apart from excellent polysulfide adsorptivity, B4C with 

catalytic reactivity also helps propel the redox kinetics of polysulfide conversion, greatly 

enhancing the electrochemical cyclability and rate performance. 

 

Figure 6.21. Cycling performance of the coin cell employing B4C@CNF at 4C rate. 
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Figure 6.22. Discharge-charge curves of the coin cells employing (a) B4C@CNF and (b) 

CNF at different cycling rates. 

Benefiting from the remarkable polysulfide-trapping and redox-conversion 

capability, the coin cell employing B4C@CNF exhibits a considerable enhancement in 

long-term cycling performance (Figure 6.18d). Initially, the cells (sulfur loading: 2 mg cm-

2) with B4C@CNF and CNF both deliver high peak discharge capacities of, respectively, 

1024 and 1021 mA h g-1 at 1C rate. However, upon extensive cycling, the control cell 

undergoes severe capacity fade, ending up with a low discharge capacity of 447 mA h g-1 

and a low capacity retention of 44% after 500 cycles. It indicates that the limited physical 

polysulfide entrapment by CNF fails to guarantee a long stable cycle life. In striking 

contrast, B4C@CNF exhibits greatly improved electrochemical reversibility and cycling 

stability, as evidenced by a high discharge capacity of 815 mA h g-1 after 500 cycles, 

corresponding to a high capacity retention of 80% and a high capacity-fading rate of 0.04% 

per cycle. It ascertains that applying B4C@CNF as a cathode substrate is better at 

promoting polysulfide retention and active-material utilization, owing to the anchoring and 

catalytic effects of B4C toward polysulfides. Moreover, we further investigated the 

feasibility of B4C@CNF for the cells with higher sulfur loading (Figure 6.18e). At C/5 rate, 

with the sulfur loadings of 2.4, 6.1, and 10.3 mg cm-2, the cells exhibit discharge capacities 
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of, respectively, 1212, 1017, and 860 mA h g-1. After 100 cycles, the reversible discharge 

capacities maintain at, respectively, 1120, 964, and 705 mA h g-1, achieving a high capacity 

retention of 82 – 95%. Accordingly, the corresponding areal capacity could achieve up to 

9 mA h cm-2 (Figure 6.23), which is comparable to the current available Li-ion cell (4 mA 

h cm-2).[45] 

 

Figure 6.23. Areal capacity of the coin cells employing the B4C@CNF substrates with 

higher sulfur loadings at C/5 rate. 

Encouraged by the impressive electrochemical performance of the high-sulfur-

loading coin cells, pouch cells were also assembled to further explore the potential of the 

B4C@CNF substrate for practical application. When 40 mg sulfur was loaded in a 12 cm2 

of cathode substrate, the pouch cell employing B4C@CNF renders lower cell resistance 

than the control cell (Figure 6.18f) and approaches a peak discharge capacity of 1008 mA 

h g-1 (Figure 6.18g). After the initial several cycles of capacity drop due to the SEI 

formation on lithium metal,[94] the discharge capacity is well maintained at 505 mA h g-1 

after 100 cycles. For a comparison, the control pouch cell goes through rapid capacity fade, 

retaining a low discharge capacity of only 187 mA h g-1 after 100 cycles. Such a contrast 

clearly shows that B4C@CNF as an efficient sulfur host is able to deliver good cyclability 
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in pouch cells. Furthermore, even when the sulfur mass is increased to 200 mg with the 

larger cathode area of 40 cm2, the pouch cell with B4C@CNF could still preserve descent 

electrochemical functionality, reaching a discharge capacity of 625 mA h g-1 after 50 cycles 

(Figure 6.18h). These cell parameters, to the best of our knowledge, outperform the 

majority of the Li-S pouch-cells reported in the literature that have < 125 mg sulfur mass 

and a cycle life of < 20 cycles.[97, 163, 164] In addition, with a low polarization during the 

charge/discharge process, the pouch cell also delivers a high energy efficiency of up to 

90% and remains ~ 70% after 50 cycles (Figure 6.24). The cycling performances of the 

pouch cell at C/20 – 1C rates also reflect descent rate capability (Figure 6.25). As a result, 

based on the coin-cell and pouch-cell performances, it is reasonable to conclude that the 

well-designed B4C@CNF as an effective sulfur substrate provides a promising option for 

the practical fabrication of high-energy-density Li-S batteries. 

 

Figure 6.24. (a) Discharge-charge curves and (b) energy efficiency of the pouch cell 

employing the B4C@CNF substrate with a sulfur mass of 200 mg per cathode 

at C/10 rate. 
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Figure 6.25. Rate performance of the pouch cell employing B4C@CNF at different cycling 

rates. 

6.2.4 Conclusion 

In summary, we presented a unique free-standing B4C@CNF cathode substrate 

through a scalable fabrication process. The bifunctional B4C nanowires afford effective 

anchoring/catalytic sites to polysulfides, not only enhancing the polysulfide-adsorption 

ability but also accelerating the fast redox kinetics of polysulfide conversion during 

extensive cycling. Accordingly, the cycle stability and rate performance of the cells 

fabricated with the B4C@CNF cathode substrates are significantly improved, as reflected 

in the low capacity-fading rate of 0.04% per cycle after 500 cycles and good cyclability at 

varying cycling rates (C/20 – 4C). Additionally, benefit from the superiority of the 

B4C@CNF structure, both high sulfur content (70 wt.%) and high sulfur loading (2.4 – 

10.3 mg cm-2) are successfully achieved in coin cells. Moreover, the B4C@CNF substrate 

is further applied to pouch cells with a high sulfur mass (40 – 200 mg per cathode), 

contributing to high discharge capacities (40 – 160 mA h) with good cyclability (50 – 100 

cycles). This work sheds a new light on the development of the practical Li−S batteries 

with high energy density. 
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Chapter 7: A Three-dimensional Lithiophilic Mo2N-modified Carbon 

Nanofiber Architecture for Dendrite-free Lithium-metal Anodes 

7.1 INTRODUCTION 

High-energy-density rechargeable batteries are attracting growing interest and are 

being intensively pursued, driven by the rapid development of portable electronic devices 

and electric vehicles.[2] Among all the available solid anode materials, lithium (Li) metal 

is widely deemed as one of the most ideal anodes due to its ultrahigh theoretical specific 

capacity (3,860 mA h g-1) and the lowest reduction potential (-3.04 V vs standard hydrogen 

electrode).[28] However, the practical application of Li-metal anode is still hindered by the 

challenges associated with its inherent problems. The inhomogeneous Li deposition 

triggers the formation of dendritic or mossy Li, giving rise to internal short circuit and 

posing safety concerns.[165] Meanwhile, the “hostless” nature of Li-metal anode causes 

virtually infinite volume change during repeated Li plating/stripping. It consequently leads 

to cracking and reconstruction of the solid-electrolyte-interphase (SEI) layer, accompanied 

by continuous consumption of newly exposed fresh Li and electrolyte. Ultimately, these 

issues result in low Coulombic efficiency, fast capacity fade, and a short lifespan in Li-

based batteries.[166] 

Tremendous research efforts have been devoted to the rational modification of Li-

electrolyte interphase to mitigate the Li dendrite growth. These strategies include (i) in-situ 

formation of a stable SEI layer by introducing new electrolyte additives (e.g., 

fluoroethylene carbonate, boric acid, and LiNO3);
[167-169] (ii) ex-situ formation of an 
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artificial layer via protective Li surface coating (e.g., LiF, Li3N, Li3PO4, and Li3PS4);
[29, 

170-173] and (iii) development of high-modulus solid-state/polymer electrolytes to resist 

dendrite penetration.[30, 174] Despite the encouraging progress on the interphase 

engineering, the intrinsic volume expansions caused by the hostless Li plating/stripping are 

still detrimental to the SEI stabilization, which inevitably aggravates the Li-metal depletion 

and accelerates dendrite growth, especially at high current densities and cycling 

capacities.[175, 176] In this regard, 3-dimensional (3D) structures have emerged as a 

promising host to accommodate Li and relieve the volume changes.[177] Besides, based on 

the Sand’s law that the growth of Li dendrites is greatly affected by the local current 

density, a conductive 3D host with high surface area could spatially reduce the local current 

density and avoid charge accumulation, beneficially smoothing the Li-ion flux and 

mitigating the Li dendrite formation.[178] Thus, various 3D substrates such as Cu/Ni foams 

and carbon sponges have been applied as efficient Li hosts to improve the electrochemical 

performance of Li-metal anodes.[50, 179, 180] Nevertheless, the intrinsic “lithiophobic” nature 

of these 3D hosts brings about a huge barrier for Li nucleation, which is still undesirable 

for the uniform Li deposition and long-term cyclability.[181] Therefore, an advanced 3D 

matrix integrating lithiophilic materials with low Li nucleation overpotential is a better 

choice for stable, dendrite-free Li-metal anodes.[182]  

In this contribution, we present a new 3D hybrid architecture composed of 

lithiophilic Mo2N homogeneously anchored onto a carbon nanofiber (CNF) matrix via a 

facile, in-situ reduction-nitridation method. This hybrid Mo2N@CNF structure embraces 

multiple benefits as an Li host. First, the well-distributed Mo2N with strong lithiophilicity 

works as a pre-planted nucleation seed to direct uniform Li nucleation and deposition along 

the 3D skeleton. Second, the conductive CNF backbone with high surface area functions 

as a 3D current collector to facilitate fast electron transport as well as evenly distributed 
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electric field, which effectively avoids charge accumulation and reinforces the suppression 

of Li dendrite growth.[179] Third, this porous framework with good mechanical strength 

offers sufficient Li accommodation sites, which substantially alleviates the volume 

expansion issues of “hostless” Li and also guarantees electrode integrity during extensive 

cycling.[183] Benefiting from the synergistic effect of Mo2N and CNF, the 3D lithiophilic 

host contributes to dendrite-free Li plating behavior, greatly improved Coulombic 

efficiency, and ultralow voltage overpotential in long-life symmetric cells. More 

importantly, remarkable cycling stability in full cells paired with LiNi0.8Co0.1Mn0.1O2 

(NMC811) cathodes is also achieved even at a high charging voltage of up to 4.4 V in 

carbonate electrolyte systems. 

7.2 EXPERIMENTAL 

7.2.1 Synthesis of Mo2N@CNF 

The Mo2N@CNF substrate was prepared by an in-situ reduction-nitridation 

method. Ammonium heptamolybdate tetrahydrate (AHM, (NH4)6Mo7O24∙4H2O, Alfa 

Aesar) precursor was used as both molybdenum and nitrogen sources. In a typical 

procedure, 1.24 g of AHM and 0.15 g of CNF (Pyrograf Products, Inc.) were mixed in 50 

mL of distilled water and then stirred and sonicated for 2 h. Afterwards, an appropriate 

amount of hexamethylenetetramine (Sigma Aldrich) was added to the above mixed 

solution, followed by ultrasonication and vigorous stirring for 24 h. The well-dispersed 

solution was then vacuum filtrated into a thin film and washed with distilled water several 

times. The obtained film was peeled off from the filter paper and then placed in a tube 

furnace, followed by heating at 800 °C for 2 h. After cooling down to room temperature, 

the as-synthesized Mo2N@CNF film was cut into round disk as the electrode substrate. 
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7.2.2 Electrochemical Test 

To evaluate the electrochemical performance of Li plating/stripping, coin cells were 

assembled in an argon-filled glove box with Mo2N@CNF, CNF, or Cu foil as the working 

electrode and Li foil as the counter electrode. The liquid electrolyte consisted of 1 M 

bis(trifluoromethanesulfonyl)imide lithium salt (LITFSI) dissolved in 1,3-dioxolane/1,2-

dimethoxyethane (1 : 1 by volume), with 2 wt.% LiNO3 as the additive. The as-assembled 

cells were rested for 3 h before cycling. The Coulombic efficiency test was conducted at 

different current densities. At 1 mA cm-2, the cells were discharged for 1 h, corresponding 

to a Li plating capacity of 1 mA h cm-2 on the substrate, followed by charging to 1 V (vs 

Li/Li+) at 1 mA cm-2. At a higher current density of 4 mA cm-2, the cycling condition was 

similar except the plating capacity was 3 mA h cm-2. The Coulombic efficiency was 

calculated by the stripping capacity vs plating capacity. For the symmetric cell test, both 

the CNF and Mo2N@CNF substrates went through a pre-lithiation process prior to long-

term cycling, with 12 mA h cm-2 of Li pre-electroplated on the substrates. At current 

densities of 3 mA cm-2 and 6 mA cm-2, both the discharge and charge processes last for 1 

h, corresponding to areal capacities of, respectively, 3 mA h cm-2 and 6 mA h cm-2. For 

full cell test, the NMC811 cathode was prepared by mixing the active material 

(LiNi0.8Co0.1Mn0.1O2), Super P carbon black, and poly(vinylidene) fluoride (PVDF) (9 : 

0.5 : 0.5 by weight) in N-methyl-2-pyrolidone (NMP) solvent under vigorous stirring. The 

obtained slurry was cast onto an aluminum foil with an active-material loading of 8 ~ 10 

mg cm-2. Prior to cycling, the anodes with Mo2N@CNF, CNF, or Cu foil as the substrates 

were pre-lithiated with electrodeposition method. The resultant N/P ratio in the full cell 

was controlled to be 5. The electrolyte solution was 1.0 M LiPF6 in a mixture of ethylene 

carbonate/ethyl methyl carbonate (EC: EMC = 3 : 7 by weight) with 2 wt.% vinylene 

carbonate (VC). The electrolyte to active-material ratio was 5 µL/mg (corresponding to 
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E/C ratio of 25 g/Ah). For full cell test, two formation cycles were initiated at C/10 rate, 

followed by cycling at a constant rate of C/3 at 4.4 – 2.8 V (1C = 180 mA g-1). To 

investigate the interaction between Li and Mo2N, Li metal was electroplated onto the 

Mo2N@CNF substrate at a low current density of 0.5 mA cm-2 with the carbonate 

electrolyte (1.0 M LiPF6 in a mixture of EC: EMC (3 : 7 by weight) with 2 wt.% VC). The 

lithiated Mo2N@CNF substrate was washed with EMC solvent and then analyzed with 

XPS after 5 min of Argon-sputtering on the electrode surface. 

7.3 RESULTS AND DISCUSSION 

Figure 7.1a schematically illustrates the Li nucleation and plating process on 

different electrode substrates. Initially, Li ions migrate to the substrate, driven by the 

electric field and concentration gradient, and then start nucleation after receiving the 

electrons.[178] When employing a Cu foil (the conventional current collector) as a substrate, 

the isolated ball-like Li nuclei are randomly formed on the rough, lithiophobic surface of 

Cu foil in the ether-based electrolyte system, especially at a low current density, while the 

carbonate electrolyte system typically demonstrates filamentary or wire-like morphology 

of Li nuclei.[178, 184] After nucleation, Li ions prefer to continuously deposit on these 

protruding Li nuclei rather than on the Cu surface, owing to the tip effect and huge 

overpotential of Cu for Li plating.[185] Consequently, the accumulated uneven Li plating 

process gives rise to the formation of needle-like Li dendrites on the planar Cu foil. As for 

the bare CNF substrate, the isolated formation of Li deposits could be constrained to some 

degree, primarily attributed to the reduced local current density in the 3D conductive 

framework.[175] However, due to its poor lithiophilicity, the bare CNF still fails to realize a 

homogeneous distribution of Li nuclei and well-regulated Li deposition, leading to an 

unsatisfactory Li plating morphology.[186] In contrast, in the case of the Mo2N@CNF 
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substrate, the lithiophilic Mo2N offers abundant nucleation sites with ultralow Li 

nucleation overpotential, greatly facilitating much more uniform formation of Li nuclei and 

subsequent Li deposition within the 3D CNF framework.  

 

Figure 7.1. (a) Schematic illustration of the Li nucleation and plating process on different 

substrates. (b) and (c) SEM images of the as-synthesized Mo2N@CNF. (d) 

XRD pattern of Mo2N@CNF. (e) Mo 3d and (f) N 1s XPS spectra of 

Mo2N@CNF. (g) Voltage profiles during initial Li plating on different 

substrates at 1 mA cm-2. 

The scanning electron microscopy (SEM) images in Figure 7.1b and 7.1c display 

the self-supported structure with the well-distributed Mo2N particles on the CNF skeleton. 

X-ray diffraction (XRD) data further validates the successful incorporation of Mo2N 
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(JCPDS 01-076-3075) in the CNF matrix (Figure 7.1d). Moreover, Figure 7.1e and 7.1f 

present the X-ray photoelectron spectroscopy (XPS) analysis of the as-synthesized 

Mo2N@CNF. As seen, the peaks centered at 231.7 and 228.4 eV in the Mo 3d spectra are 

assigned, respectively, to the Mo 3d3/2 and Mo 3d5/2 of Mo-N bonding in Mo2N.[187, 188] The 

shoulder peak appearing at 230.2 eV could be related to Mo4+ from MoO2.
[188] Additionally, 

in the N 1s spectra, the deconvoluted peaks located at 400.6, 398.2, and 397.2 eV 

correspond to, respectively, graphitic N, pyrrolic N, and pyridinic N. It is noteworthy that 

Mo 3p3/2 partially overlaps with the N 1s peak, hence the peak at 394.5 eV corresponding 

to Mo 3p3/2 also appears in the N 1s spectrum.[187] 

To investigate the lithiophilic feature of Mo2N@CNF, Li metal was electroplated 

on different substrates to measure the energy barrier of heterogeneous Li nucleation. As 

depicted in the discharge curves (Figure 7.1g), the overpotential during Li plating 

originates from two parts: (i) the mass-transfer, charge-transfer, and ohmic resistances and 

(ii) Li nucleation barrier.[177] The mass-transfer overpotential, which is the driving force 

for the Li-ion migration to the electrode surface, exists throughout the whole process of Li 

plating and depends on the current density as well as the mobility of Li ions in the 

electrolyte. The nucleation overpotential (μn), on the other hand, emerges only at the 

beginning of plating and refers to the voltage difference between the bottom of the voltage 

dip and the latter voltage plateau. The μn reflects the energy barrier of Li nucleation, 

indicating the lithiophilicity of the substrate.[165, 177] As demonstrated in Figure 7.1g, at a 

current density of 1 mA cm-2, the Cu foil substrate renders the highest μn up to -106 mV 

among the three samples, implying poor lithiophilicity and huge Li nucleation barrier of 

the planar Cu foil. In sharp contrast, the Mo2N@CNF substrate exhibits the lowest μn of 

only -10 mV. It clearly evidences the strong lithiophilicity of Mo2N to significantly lower 
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the Li nucleation overpotential, which is favorable for uniform Li deposition and dendrite-

free morphology. 

To gain an in-depth understanding of the interaction between Li and Mo2N during 

Li deposition, XPS characterization was conducted on the lithiated Mo2N@CNF substrate 

after 5 min of Ar-sputtering in order to penetrate the SEI layer and reach the active Li-

Mo2N interface. As evidenced in the Mo 3d spectra in Figure 7.2a, apart from the two 

Mo2N peaks (231.8 and 228.5 eV), two new peaks are formed at 230.5 and 227.5 eV, which 

correspond, respectively, to Mo 3d3/2 and Mo 3d5/2 peaks of metallic Mo.[189-191] Meanwhile, 

the Li 1s spectra of the lithiated Mo2N@CNF in Figure 7.2b reveal the formation of Li3N 

peak (55.1 eV).[192] Thus, it suggests that during initial Li nucleation, Mo2N would be 

converted into metallic Mo and Li3N by the highly reductive Li metal (3Li + Mo2N → 2Mo 

+ Li3N). The in-situ formed Mo phase thereafter serves as the preferred nucleation sites for 

the subsequent Li deposition, which is validated by the theoretical calculations based on 

density functional theory (DFT). Figure 7.2c demonstrates the relaxed state of a Li 

monolayer on a slab-supercell of Mo, terminated in [100]. Also, the bonds between Li-Li, 

Li-Mo, and the first layer of the Mo-Mo atomic pairs are highlighted in colors proportional 

to the strengths of the orbital overlap (i.e. bonding) as obtained through the Crystal Orbital 

Hamilton Population (COHP) analysis.[38] Briefly, COHP extracts the nature (bonding has 

a negative sign) and strengths (the modulus) of interactions between pairs of atoms at the 

orbital angular momentum level.  
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Figure 7.2. (a) Mo 3d and (b) Li 1s XPS spectra of the lithiated Mo2N@CNF substrate 

after 5 min of Ar-sputtering. Relaxed state of a Li monolayer on (c) semi-bulk 

Mo slab and (d) graphite bilayer. In each case, the strength of the interatomic 

orbital overlaps is highlighted according to the value of the Crystal Orbital 

Hamilton Population (COHP). 

The COHP values for the Mo-Mo pairs lie within a range of -0.3416 to -0.3731, 

suggesting a strong interatomic bonding between Mo atoms; while the COHP values for 

Li-Li pairs (-0.0870 to -0.1117) imply a relatively weak bonding between Li atoms. It is 

interesting to note that the COHP values for Li-Mo pairs range from -0.2200 to -0.2658, 

indicating the strength of the interfacial Li-Mo bond is considerably stronger than the Li-

Li bond. The Bader charge analysis further demonstrates that a fraction of the Li charge 

density (charge = +0.8) is transferred to the surface of Mo atoms (charge = -0.8), thus 

explaining the nature of the bonding between Li and Mo. Note that Li and Mo do not form 

intermetallic compounds at ambient conditions. This means despite a tendency to bond 

formation at the Li-Mo interface, there is a lack of driving force for a bulk reaction between 

these two metals.  
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Moreover, considering the lattice similarity that Li and Mo both crystallize in the 

body centered cubic system (space group: I m -3 m, with a-axis lattice parameters of 

3.51070 and 3.1430 Å for, respectively, Li and Mo), Li can be deposited on Mo in an 

epitaxial manner with the lattice strain accommodated at the interface. Therefore, the 

accumulative effects of the above factors lead to a preferential adhesion of Li on top of 

Mo, favored by an adhesion energy of -1.328 eV/Li atom. By a comparison, the adhesion 

energy of the Li monolayer to the Li slab-supercell is only -0.663 eV/Li atom. In the case 

of CNF substrate (represented by graphite), however, the adhesion energy of Li on top of 

graphite is almost zero (0.011 eV/Li atom), a result of the net effect of stabilization of Li 

monolayer on graphite surface as well as the crystal strain due to the lattice mismatch 

between Li and graphite (Figure 7.2d). Besides, the Bader charge result indicates that 

essentially no charge transfer occurs between Li and C atoms, which agrees well with the 

weak interaction between Li and C in the COHP analysis. As a result, compared to the 

lithiophobic CNF, the lithiophilic Mo2N@CNF substrate could provide Li nucleation sites 

and effectively regulate the Li deposition through the in-situ formed Mo phase and the 

chemically favored Li-Mo interactions. On the other hand, the in-situ formed Li3N during 

Mo2N conversion has high ionic conductivity, which facilities fast Li-ion diffusion and 

further contributes to a uniform Li plating/stripping and cycling stability in the 

Mo2N@CNF host.[193, 194] Additionally, the Li3N-rich SEI film has better chemical and 

mechanical stability, which acts as a robust protective layer for the stabilization of Li-metal 

surface and dendrite-free morphology.[173] 

On the other hand, the Coulombic efficiency, determined by the ratio of Li stripping 

capacity to plating capacity, is another solid indicator to evaluate the electrochemical 

reversibility of the Li plating/stripping process.[175] As illustrated in Figure 7.3a, when the 

cells employing the ether-based electrolyte were discharged at 1 mA cm2 for 1 mA h cm-2 
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and then charged to 1 V (vs Li/Li+), the Coulombic efficiency for the Cu foil sample sharply 

decreases to < 50% after 60 cycles, followed by random oscillations upon subsequent 

cycling. Such unstable Coulombic efficiency suggests uncontrollable Li deposition and 

thus irreversible Li plating/stripping on the planar Cu foil.[195] In the case of CNF substrate, 

the Li plating/stripping behavior is better regulated in the 3D matrix, as reflected in the 

stable and high Coulombic efficiency over 80 cycles. Its long-term cycling stability, 

however, is still challenging due to the lithiophobic feature of the CNF matrix, as evidenced 

by the gradual decrease in Coulombic efficiency after 80 cycles. In striking comparison, 

the Mo2N@CNF substrate exhibits significantly improved Li plating/stripping 

reversibility, with a well-maintained Coulombic efficiency of ~ 99.6% after 150 cycles. 

Additionally, the corresponding discharge-charge curves of Mo2N@CNF demonstrate the 

lower Li nucleation overpotential together with constant, overlapping plateaus during 

repetitive cycling than the Cu sample (Figure 7.3b and 7.3c).  
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Figure 7.3. (a) Coulombic efficiency and (b) – (c) voltage profiles of Li plating/stripping 

on different substrates at 1 mA cm-2 with the plating capacity of 1 mA h cm-

2. (d) Coulombic efficiency profiles at 4 mA cm-2 with 3 mA h cm-2. SEM 

images of Li plating (3 mA h cm-2) on different substrates: surface 

morphologies of (e) and (f) Cu, (g) CNF, and (j) Mo2N@CNF substrates; 

cross-sectional morphologies of (h) and (i) CNF, (k) and (l) Mo2N@CNF 

substrates. 

Furthermore, the variation in Coulombic efficiency for different substrates is more 

pronounced at higher current density and plating capacity. As shown in Figure 7.3d, with 
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the increased current density of 4 mA cm-2 for 3 mA h cm-2, the Cu sample apparently 

suffers from a faster drop of Coulombic efficiency starting from 30 cycles, ending up with 

a low Coulombic efficiency of < 10% after 100 cycles. The inferior Coulombic efficiency 

stability of the Cu sample is mainly attributed to the deteriorated Li dendrite growth and 

more rapidly formed “dead Li” at higher current density.[195] In sharp contrast, the 

Mo2N@CNF substrate at 4 mA cm-2 still maintains excellent cyclability, with a high 

Coulombic efficiency of 99.2% after 150 cycles. Furthermore, the discharge-charge curves 

at 4 mA cm-2 (Figure 7.4) indicate that the Mo2N@CNF substrate renders the lowest 

voltage hysteresis without distinct increase upon extensive cycling compared to the other 

two samples. Besides the ether-based electrolyte, the cells were also tested with carbonate 

electrolyte system at different current densities as shown in Figure 7.5. Due to the corrosive 

nature of the carbonate electrolyte, the cycling performance of the cells is comparatively 

inferior to that with the ether-based electrolyte,[196] as evidenced by the faster drop of 

Coulombic efficiency in the Cu foil sample, with the Coulombic efficiency of < 40% after 

40 cycles at 1 mA cm2 (for 1 mA h cm2). As for the CNF substrate, the cell shows better 

cyclability, but fails to maintain high and stable Coulombic efficiency after 50 cycles. For 

the Mo2N@CNF host, however, the Coulombic efficiency could be stabilized at ~ 96.5% 

and remains 93.6% after 100 cycles. When the current density is increased to 4 mA cm2 

(for 3 mA h cm-2), both the Cu foil and CNF samples suffer from considerable loss of 

Coulombic efficiency upon repeated cycling, ending up with a low Coulombic efficiency 

of < 30% after 50 cycles. As a comparison, the Mo2N@CNF host still maintains a relatively 

high Coulombic efficiency of 92.4% after 100 cycles. Therefore, these comparative results 

collectively demonstrate the 3D lithiophilic Mo2N@CNF substrate is more effective in 

stabilizing the Coulombic efficiency and enhancing the electrochemical reversibility of Li 

plating/stripping. 
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Figure 7.4. Voltage profiles of Li plating/stripping on (a) Cu, (b) CNF, and (c) 

Mo2N@CNF substrates at 4 mA cm-2 with plating capacity of 3 mA h cm-2. 

 

Figure 7.5. Coulombic efficiency of Li plating/stripping on different substrates at (a) 1 

mA cm-2 with a plating capacity of 1 mA h cm-2 and (b) 4 mA cm-2 with the 

plating capacity of 3 mA h cm-2, employing the carbonate electrolyte. 

Meanwhile, the morphology evolution was also characterized with SEM to gain a 

deeper insight into the Li plating behavior on different substrates. With the plating capacity 

of 3 mA h cm-2 at 4 mA cm-2, the surface of Cu foil is covered with massive uneven Li 

dendrites with the length over tens of micrometers (Figure 7.3e and 7.3f). Such poorly 

regulated Li deposition and dendritic morphology account for the low and unstable 

Coulombic efficiency in the Cu foil sample as discussed before.[197] In the case of CNF 

substrate, the growth of Li dendrites is largely controlled compared to the Cu foil, resulting 

in a comparatively flatter Li plating surface (Figure 7.3g). However, the CNF surface still 

reveals unevenness with inhomogeneous Li deposition and small Li dendrites visible. This 
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mainly results from the poor lithiophilicity of CNF, so that the Li nuclei fail to be 

homogeneously formed in the network, which is evidenced by the big chunks of Li deposits 

randomly distributed along the CNF skeleton (Figure 7.3i). Notably, the surface of the 

Mo2N@CNF substrate demonstrates smoother and denser morphology without obvious 

dendritic formation (Figure 7.3j), as a result of the well-guided Li deposition contributed 

by the synergistic effect of lithiophilic Mo2N and conductive CNF framework. It should be 

noted from the cross-sectional image (Figure 7.3k), the thickness of the Mo2N@CNF 

substrate is ~ 120 µm after plating 3 mA h cm-2 of Li, which is similar to its original 

thickness before cycling. It indicates that the plated Li is well accommodated within the 

porous framework without volume changes. The magnified cross-sectional SEM image 

(Figure 7.3l) further verifies that the lithiophilic Mo2N@CNF architecture could spatially 

direct Li nucleation, resulting in uniformly distributed Li deposits along the 3D matrix. 

Similar trend in the surface morphology changes is also observed at different current 

densities, as summarized in Figure 7.6 and 7.7. These morphology comparisons provide a 

solid evidence for the effectiveness of the 3D lithiophilic Mo2N@CNF substrate to 

homogenize the distribution of Li nucleation, contributing to smooth Li deposition and 

dendrite-free morphology. 
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Figure 7.6. Surface morphologies of Li plating on (a) Cu, (b) CNF, and (c) Mo2N@CNF 

substrates at 1 mA cm-2 with a plating capacity of 1 mA h cm-2. 

 

Figure 7.7. Surface morphologies of Li plating on (a) Cu, (b) CNF, and (c) Mo2N@CNF 

substrates at 4 mA cm-2 with a plating capacity of 3 mA h cm-2. 

To further illustrate the merit of 3D Mo2N@CNF host to regulate Li deposition 

within the porous structure, Figure 7.8a – 7.8f presents the cross-sectional SEM images of 

the pristine and lithiated Mo2N@CNF electrodes. It is evident that after plating 3 mA h cm-

2 and 10 mA h cm-2 of Li on the Mo2N@CNF electrodes at a current density of 0.5 mA cm-

2, there is no obvious change in thickness compared to the pristine sample (~ 120 nm in 
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thickness). It clearly indicates that the 3D Mo2N@CNF framework is capable of spatially 

accommodating Li within its porous architecture without distinct volume expansions of the 

electrode. Note the maximum deposition capacity of Li in the Mo2N@CNF host is ~ 10 

mA h cm-2 (Figure 7.8c and 7.8f), as Li completely resides inside the 3D host without 

accumulation on the top surface. Moreover, the corresponding surface morphologies of 

these lithiated Mo2N@CNF electrodes (Figure 7.8g and 7.8h) further demonstrate a denser 

texture, with the plated Li well localized in the porous network. It reconfirms the effective 

confinement of Li inside the 3D Mo2N@CNF framework during Li plating. On the other 

hand, after Li stripping from the 3D host (Figure 7.8i), the Mo2N@CNF electrode still 

preserves intact surface morphology with a porous net-like architecture free from Li 

dendrite growth. It evidences the excellent structural stability of the Mo2N@CNF electrode 

and good reversibility of Li plating/stripping process. Therefore, these results collectively 

indicate the well-regulated Li plating/stripping within the 3D Mo2N@CNF framework, 

contributing to minimized volume changes of the electrode and good electrochemical 

cycling stability. 
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Figure 7.8. Cross-sectional SEM images of (a), (d) fresh Mo2N@CNF, (b), (e) lithiated 

Mo2N@CNF substrate with a plating capacity of 3 mA h cm-2, and (c), (f) 

lithiated Mo2N@CNF substrate with a plating capacity of 10 mA h cm-2 at 

0.5 mA cm-2. Surface morphologies of Mo2N@CNF substrates after (g), (h) 

10 mA cm-2 of Li plating and (i) Li stripping. 

Symmetric cells were also tested to further probe the long-term electrochemical 

stability of the Mo2N@CNF substrate at high current density and capacity. 12 mA h cm-2 

of Li was pre-electroplated on the CNF and Mo2N@CNF substrates prior to cycling. Figure 

7.9a displays the voltage profiles of symmetric cells employing the ether-based electrolyte 

with different electrodes at 3 mA cm-2 with a capacity of 3 mA h cm-2. As observed, the 

symmetric cell with bare Li foil demonstrates the highest voltage overpotential among the 

three cells. As cycling proceeds, the voltage undergoes a conspicuous increase with random 

fluctuation, indicative of unstable SEI layer and aggravated Li dendrite growth in the Li 
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symmetric cell.[4] As a comparison, the Mo2N@CNF symmetric cell exhibits remarkable 

long-term cyclability, as reflected in the flatter voltage plateaus with negligible fluctuation 

over 1,500 h (750 cycles). The inset figures in Figure 7.9a further clearly reveal the 

discrepancy in voltage overpotential for different symmetric cells. The Mo2N@CNF 

renders a voltage overpotential of only 24 mV after 400 h (200 cycles), which is much 

lower than that for the Li foil (90 mV) and CNF (50 mV) samples. Even after 1,200 h of 

cycling (600 cycles), the voltage overpotential in the Mo2N@CNF symmetric cell is still 

stably maintained at as low as < 30 mV.  

Figure 7.9b further compares the symmetric cell performance at a higher current 

density of 6 mA cm-2 with a capacity of 6 mA h cm-2. The Li symmetric cell delivers a 

higher voltage overpotential of ~ 240 mV after 150 cycles, accompanied by more severe 

voltage oscillations. The sudden voltage drop detected during cycling is associated with an 

internal short circuit caused by the Li dendrite penetration.[183, 198] Such poor cyclability in 

the Li symmetric cell indicates deteriorated SEI damage and accelerated Li dendrite growth 

at higher current density. As for the CNF sample, the symmetric cell demonstrates 

enhanced cyclability than the former, yet its voltage overpotential still gradually increases 

after 250 cycles, ending up with 280 mV after 400 cycles. Remarkably, the Mo2N@CNF 

symmetric cell is free from drastic voltage fluctuation, capable of maintaining a low 

overpotential of 30 mV even after 600 cycles. 
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Figure 7.9. Long-term cycling performance of symmetric cells with different electrodes 

at (a) 3 mA cm-2 and (b) 6 mA cm-2. (c) Cycling performance of full cells 

paired with different anode substrates. Corresponding discharge-charge 

curves of the (d) Cu- and (e) Mo2N@CNF-based full cells. 
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In addition, Figure 7.10 also presents the long-term cycling performance of 

symmetric cells with the carbonate electrolyte. At 3 mA cm-2 for 3 mA h cm-2, the bare Li 

symmetric cell encounters aggravated voltage fluctuations and a huge overpotential of > 

400 mV after 400 h of cycling. The CNF symmetric cell undergoes a gradual overpotential 

increase upon cycling, with an overpotential of > 200 mV after 500 h of cycling. The 

Mo2N@CNF symmetric cell, however, exhibits enhanced cycling stability, maintaining a 

low overpotential of < 50 mV after 500 h of cycling. Notably, even at a higher current 

density of 6 mA cm-2 (for 6 mA h cm-2), the Mo2N@CNF symmetric cell still demonstrates 

better cycling stability with respect to other two samples, with an average overpotential of 

~ 100 mV over 300 h of cycling. It still retains a lower overpotential of < 200 mV after 500 

h of cycling than the Li foil (600 mV) and CNF (400 mV) samples. Therefore, the 

symmetric cell test reconfirms the superiority of the lithiophilic Mo2N@CNF for 

improving the reversibility of Li plating/stripping over long-term cycling. 

 

Figure 7.10. Cycling performance of symmetric cells with different electrodes at (a) 3 mA 

cm-2 for 3 mA h cm-2 and (b) 6 mA cm-2 for 6 mA h cm-2, employing the 

carbonate electrolyte. 

Furthermore, full cells were also fabricated to explore the potential of Mo2N@CNF 

as Li host in a practical cell system. It is worth mentioning that instead of using LiFePO4 
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as the cathode with the ether-based electrolyte, a harsher condition was applied here – the 

high-Ni layered oxide LiNi0.8Co0.1Mn0.1O2 (NMC811) was employed as the cathode, with 

a high charging voltage of up to 4.4 V operated in the carbonate electrolyte system. Prior 

to cycling, the full cells were activated at C/10 rate in the initial three cycles. As illustrated 

in Figure 7.9c, the full cell with Cu foil as the anode substrate suffers from rapid capacity 

fade after 15 cycles, with a low remaining capacity of only 20 mA h g-1 after 100 cycles. 

Such inferior cycling performance reconfirms the disadvantage of the planar Cu foil in 

regulating Li deposition, leading to accelerated Li dendrite growth and capacity decay. As 

for the full cell with the CNF substrate, the cycling stability could be prolonged to 50 

cycles, yet a fast capacity drop is still observed in the subsequent cycling. The resultant 

low reversible capacity of 30 mA h g-1 after 100 cycles validates the limitation of CNF for 

the long-term stability of Li plating/stripping. Notably, the full cell with the Mo2N@CNF 

anode substrate greatly outperforms the other two cells, delivering much higher remaining 

capacity of 163 mA h g-1 after 150 cycles, corresponding to a capacity retention up to 90%. 

Figure 7.9d further indicates that the Mo2N@CNF-based full cell exhibits overlapping 

discharge-charge curves along with well-maintained plateaus during repeated cycling, in 

sharp contrast to the inferior discharge-charge behavior in the other two full cells (Figure 

7.9e and Figure 7.11). Moreover, the Coulombic efficiency of the Mo2N@CNF-based full 

cell remains constantly high and stable at above 99.7% after 150 cycles (Figure 7.12). As 

a reference, the other two full cells reveal decreasing and fluctuating Coulombic efficiency 

upon prolonged cycling. 
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Figure 7.11. Discharge-charge curves of the full cell paired with the NMC811 cathode 

employing the CNF anode substrate at C/3 rate. 

 

Figure 7.12. Coulombic efficiency of the full cells paired with NMC811 cathodes 

employing different anode substrates. 

7.4 CONCLUSION 

In summary, a new 3D hybrid architecture coupling the lithiophilic Mo2N and 

conductive CNF skeleton has been fabricated to suppress the growth of Li dendrites and 

mitigate volume changes during repeated Li plating/stripping. The well-distributed Mo2N 

in the matrix serves as nucleation sites to reduce the Li nucleation overpotential and 

regulate the homogeneous Li deposition. The conductive CNF scaffold spatially lowers the 
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local current density to avoid charge accumulation, further inhibiting the Li dendrite 

formation. As a result, the hybrid Mo2N@CNF structure achieves highly reversible Li 

plating/stripping, as reflected in the promoted Coulombic efficiency of up to 99.2% after 

150 cycles at 4 mA cm-2. Additionally, the long-term cycling stability (up to 1,500 h) at 

high current density (6 mA cm-2) is also accomplished in the symmetric cells. More 

importantly, the full cells coupled with NMC811 cathodes exhibit extraordinary 

performance, with a greatly enhanced capacity retention of up to 90% after 150 cycles. 

This work presents the potential of transition-metal nitrides with ultralow Li nucleation 

overpotential in combination with conductive framework towards stable, dendrite-free Li-

metal anodes. 



 154 

Chapter 8: Summary 

As a prospective candidate for the next-generation energy-storage devices, the 

high-energy, low-cost Li-S batteries hold great promise to replace the traditional Li-ion 

batteries. This dissertation focused on the exploration of advanced cell configurations with 

new modification strategies to improve the electrochemical utilization and cycling stability 

of high-loading Li-S batteries. The approaches presented in this dissertation are beneficial 

to establishing facile, practical cell designs for the commercialization of Li-S technology. 

The summary of this dissertation is briefly summarized below: 

• A multi-layered MWCNT/PEG-coated separator has been developed to effectively 

suppress the polysulfide shuttling in Li-S cells. The conductive MWCNT/PEG 

coating serves as (i) an upper current collector for accelerating the electron 

transport and benefiting the electrochemical reaction kinetics of the cell, (ii) a net-

like filter for blocking and intercepting the migrating polysulfides through a 

synergistic effect including physical and chemical interactions, and (iii) a layered 

barrier for inhibiting the continuous polysulfide diffusion and alleviating the 

volume changes of the trapped active material by introducing a “buffer zone” in 

between the adjacent coating layers. 

• A new carbon-based cathode configuration configured with a poached-egg-shaped 

structure has been established as a sulfur host to improve the high-loading cell 

performance. This unique architecture guarantees an effective encapsulation of the 

“sulfur yolk” inside the fully vacuum-sealed carbon framework, greatly limiting the 

active-material loss and polysulfide diffusion. Also, the conductive framework 

offers interlinked electron channels, favoring efficient reactivation/reutilization of 

the localized active material and enhanced electrochemical reversibility. 
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• A 3D hybrid cathode substrate possessing both physical entrapment and chemical 

adsorption to polysulfides has been fabricated to further promote the active-

material utilization and prolong the cycle life of high-loading Li-S cells. The 

reduced graphene oxide framework with in-situ anchored sulfiphilic metal 

compounds (e.g., NiS2 and SnS2) affords abundant physical/chemical adsorption 

sites, which synergistically mitigates the polysulfide migration and improves the 

capacity retention during long-term cycling. 

• The incorporation of electrocatalysts into sulfur cathode substrates has proved to 

be another effective approach to achieve stable cycling and excellent rate capability 

with Li-S cells. The incorporated redox mediators (e.g., Ni and B4C) provide 

abundant catalytic sites to anchor polysulfides and facilitate the reaction kinetics of 

their conversion during prolonged cycling, contributing to greatly improved redox 

chemistry and electrochemical cycling efficiency. 

• An advanced 3D lithiophilic Li-metal host has also been designed to address the 

uncontrollable Li dendrite growth and huge volume changes on the Li-metal anode 

side. The homogeneously distributed Mo2N works as lithiophilic seeds to spatially 

regulate the uniform Li nucleation/deposition in the matrix. The conductive CNF 

matrix effectively reduces the local current density and avoids charge 

accumulation, thus further suppressing the Li dendrite formation and achieving 

better enhanced Li stripping/plating efficiency with longer cycle life. 

In summary, different modification strategies for cell components involving 

separators, sulfur cathodes, and Li-metal anodes have been illustrated in this dissertation. 

The electrochemical performance of Li-S cells is significantly improved in terms of peak 

capacity, capacity retention, cycle life, and rate capability. Moreover, in-house Li-S pouch 

cells have also been manufactured by integrating these advanced techniques. Currently, the 
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cycle life for the assembled Li-S pouch cells is only 50 – 100 cycles with acceptable 

capacity retention (70 – 80%), which is still not comparable to the state-of-art Li-ion pouch 

cells. More efforts including the optimization of electrolyte formulation, exploration of 

novel additives/polysulfide mediators and stabilization of Li-metal anodes are necessary to 

further advance the cell cyclability and electrochemical stability for the practical 

application of Li-S batteries. 
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