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With ever-increasing energy demands, tremendous efforts have been devoted to 

developing rechargeable batteries. Conventional lithium-ion batteries have been widely 

used for decades, but are approaching their theoretical limit and are unable to meet the 

rising energy demands. Lithium–sulfur (Li–S) batteries are being actively pursued 

owing to their high energy density and cost-effectiveness. However, the commercial 

implementation of Li–S batteries has been impeded by the challenges associated with 

the sulfur cathodes, including extremely low conductivity, large volumetric expansion 

and rapid capacity loss arising from the dissolution of the intermediates, and the Li 

anode, owing to the uncontrollable formation of Li dendrites. To fulfill the promise of 

Li–S batteries as high-energy devices, it is necessary to solve these issues. In this 

dissertation, effective materials as sulfur hosts have been studied and possible strategies 

to improve the performance of the sulfur cathode proposed. These involve designing the 

structure of the host material to efficiently accommodate sulfur and, at the same time, 

applying the strong adsorption properties between the active material and the host. As 

to the Li anode, approaches to suppress the growth of Li dendrites were demonstrated 

by coating the surface of the anode current collector. These strategies were successful 



 

in inhibiting Li dendrites and significantly improve the performance of Li anodes. These 

studies provide promising results for high-performance Li–S batteries for future large-

scale applications. 
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CHAPTER 1  

INTRODUCTION ON LITHIUM–SULFUR BATTERIES FOR NEXT-

GENERATION RECHARGEABLE BATTERIES 
 
1.1 Introduction on Electrochemical Energy Storage Systems 

With the fast growth of the global economy, the demand for energy is increasing 

greatly. Global energy demands are expected to grow by 30% from 2015 to 2040, as 

shown in Figure 1-1.1 From the late 1800’s until today, non-renewable energies, in 

particular, fossil fuels–coal, petroleum, and natural gas–have been the major energy 

source. Figure 1-2a shows the energy sources used in the United States. In 2017, non-

renewable energy sources accounted for 90% of U.S. energy consumption, with fossil 

fuels representing over 80%.2 However, the combustion of these fossil fuels causes 

severe air pollution and enormous emission of greenhouse gases, the primary reason for 

climate change. In 2016, CO2 produced from burning fossil fuels accounted for 76% of 

the total U.S. greenhouse gases emissions, as presented in Figure 1-2b.3 To have a 

sustainable energy supply and a cleaner environment for future generations, it is urgent 

that we move from non-renewable energy sources to renewable energies such as wind, 

solar, and geothermal. Renewable energy sources can be replenished and preclude the 

emission of greenhouse gases and other air pollutants. As the shift in energy sources 

takes place, renewable energy production and consumption will experience a rapid 

growth in upcoming years to meet the rising energy demands, as illustrated in Figure 

1-3.4 However, since renewable energy sources are intermittent, the wind does not blow 

and the sun does not shine at all times, storing the energy generated by these sources  
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Figure 1-1. World energy consumption record and projection through 1990 to 2040.1 
OECD: Countries that are members of the Organization for Economic Co-operation and 
Development. Non-OECD: Countries that are not members for the Organization for 
Economic Co-operation and Development. 
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Figure 1-2. (a) U.S. energy consumption by energy source in 2017.2 (b) U.S. 
greenhouse gas emissions in 2016.3  
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represents a major challenge. The energy consumed in transportation was 29% of the 

total energy consumption in U.S. (Figure 1-4a),2 with petroleum products accounting 

for 92% of the transportation energy used (Figure 1-4b).2 In order to reduce the use of 

fossil fuels and decrease our reliance on oil for transportation, it is important to develop 

electric and/or hybrid electric vehicles. With the increasing implementation and 

integration of renewable energy sources into the global energy landscape and the fast 

development of electric vehicles, it is essential to develop electrochemical energy 

storage technologies with high energy and power densities. 

Electrochemical energy storage technologies can be categorized in two different 

systems: electrochemical capacitors and batteries. The different charge storage 

mechanism defines the different applications of the two devices.5 Electrochemical 

capacitors operate by separating positive and negative ions under an applied electric 

field and store the physical charges in the electric double layer that forms at the interface 

between the electrode and the electrolyte. The fast reaction gives them high power 

density, which means that they can charge or discharge in a very short time scale (sub 

microsecond). However, the charges that can be stored in the capacitors are relatively 

low and very dependent on the surface area of the electrode and applied voltage. Thus 

high energy densities are hard to achieve in electrochemical capacitors. On the other 

hand, a battery stores energy in the form of chemical reactants and works based on 

Faradic processes, which involve redox reactions often accompanied by variations in 

the structure of the materials. The relatively slow reaction rates limit battery to relatively 

low power densities. However, their high capacity (especially relative capacity) enables 
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them to have high energy densities. In this dissertation, I present some new materials 

and architectures for battery systems with emphasis on lithium–sulfur batteries. 

 

 

 

 

 

Figure 1-3. World energy consumption by energy source record and predication from 
1990 to 2040.4  
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Figure 1-4. (a) Shares of total U.S. energy consumption by end-use sectors in 2017.2 
(b) Share of U.S. transportation utilization by energy sources/fuels in 2017.2  
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1.2 Lithium-Ion Batteries and Lithium–Sulfur Batteries 

A battery consists of a cathode (positive electrode), an anode (negative electrode), 

an electrolyte for ionic conductivity and a separator to prevent a short circuit.6 Since the 

invention of the first true battery in 1800 by Alessandro Volta, batteries have evolved 

dramatically. Nowadays, batteries can be classified into two general categories based 

on their reversibility: primary batteries and secondary batteries. Primary batteries are 

not rechargeable and are often used for portable devices that have low current drain. 

Common types of primary batteries include zinc-carbon and alkaline batteries. As the 

technology advanced and people attempted to extend the life of primary cells, 

rechargeable batteries started to be actively investigated. Reactants that can be reversed 

to their initial state by externally applied currents have been studied as rechargeable 

battery electrodes.7 Commercially available rechargeable batteries include lead-acid 

batteries, nickel-cadmium (NiCd), nickel-zinc (NiZn), nickel metal hydride (NiMH), 

and lithium-ion batteries (LIBs).7 Among them, lithium-ion batteries have, by far, the 

highest share of the battery market. Since the first commercialization by Sony Corp in 

1990, lithium-ion batteries have been used in widespread applications, including 

portable electronics, stationary power supplies, medical instruments and automotive. 

They can offer much higher energy density than other rechargeable batteries and are 

believed to be one of the most important electrical energy storage systems of the future.6, 

8-9  

LIBs work based on the reversible Li-ion intercalation and de-intercalation 

between two electrodes.5, 10 As shown in Figure 1-5, during the discharge, the anode is 

oxidized by de-intercalating Li ions to the electrolyte while electrons move to the  
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Figure 1-5. Schematic illustration of the operation mechanism of lithium ion batteries.7 

 

  



 

10 

cathode through the external circuit.7 In the meantime, the cathode is reduced by 

accepting the electrons and intercalating the Li ions. During the charge process, the 

reverse reactions occur. Due to the toggling of Li ions back and forth between the two 

electrodes, this reaction mechanism is called “rocking-chair” reaction.5, 10 The cell 

capacity (Ccell) is determined by both the anode capacity (Ca) and cathode capacity (Cc) 

according to the following equation6: 

1
𝐶#$%%

=	
1
𝐶(
+
1
𝐶#

 

For commercial LIBs, the capacity of the cathode is generally around 140–180 

mAh g-1, while the anode has a capacity of ~370 mAh g-1. The capacity unbalance 

between the anode and cathode materials means that the cathode in the battery will be 

thicker than the anode. This leads a slower Li ion diffusion rate in the cathode.5, 7 In 

addition, the transition metal oxides often used as cathodes in LIBs, such as cobalt in 

LiCoO2, are typically expensive, so LIBs are generally considered not suitable for large 

scale applications, such as electric grid. The current lithium-ion batteries are 

approaching their practical limits, to meet the increasing energy demands, because of 

the intercalation-de-intercalation mechanism. It is important and necessary to develop 

electrode materials with high capacity, long life, high rate and low cost for advanced 

battery systems. One promising option is materials that undergo conversion reactions, 

so that they can exchange more ions and electrons, compared to conventional Li-ion 

batteries.11 In this context, lithium–sulfur batteries are being actively pursued. 

A lithium–sulfur (Li–S) cell consists of a lithium metal anode, a sulfur composite 

electrode as the cathode and an organic electrolyte (Figure 1-6a).12 During the discharge 
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process, lithium is oxidized at the anode, producing electrons and lithium ions. The 

lithium ions travel to the cathode through the internal electrolyte, while the electrons 

move to the cathode through the external circuit. By accepting the lithium ions and 

electrons, sulfur is reduced through a sequence of intermediate steps to lithium sulfide 

at the cathode side. The charge process is the reverse reaction. Below are given the 

reactions taking place in the Li–S cell during discharge12-13: 

negative electrode:  

16𝐿𝑖 → 16𝐿𝑖. + 16𝑒0 

positive electrode:  

𝑆2 + 16𝐿𝑖. + 16𝑒0 → 8𝐿𝑖4𝑆 

overall reaction:  

𝑆2 + 16𝐿𝑖 → 8𝐿𝑖4𝑆 

During the discharge process, elemental sulfur (cyclo-S8) is reduced and the eight-

membered ring is cleaved, producing higher-order lithium polysulfieds (LiPSs) Li2Sx 

(4< x ≤ 8). As the discharge continues, lower-order LiPSs Li2Sx (2< x ≤ 4) are formed. 

As shown in Figure 1-6b,12 the typical Li–S cell has two discharge plateaus at ~2.3 V 

and 2.1 V, which correspond to the two-electron transfer reactions from S8 to Li2S. 

During the subsequent charge process, Li2S is converted back to S8.12-14  

Li–S batteries are believed to be one of the most promising electrical energy 

storage systems for next-generation rechargeable batteries. As one of the most abundant 

elements on earth, sulfur can provide a low cost and ultrahigh theoretical specific 



 

12 

 
 
 
 
 
 
 
 
 
 
 

 

Figure 1-6. (a) Schematic illustration of a lithium–sulfur cell. (b) A typical 
charge/discharge voltage profile for a lithium–sulfur cell. 
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capacity of 1675 mAh g-1 and an energy density of 2600 Wh kg-1; ten times higher than 

that of Li-ion batteries.13 Compared to lithium-intercalating transition metal oxides in 

commercial lithium-ion batteries, sulfur has a very low cost (less than $100/ton) and is 

environmentally benign. Therefore, Li–S batteries are potentially suitable for a wide 

range of applications and are promising to replace Li-ion batteries in the future. 

However, Li–S batteries have not yet achieved large-scale commercialization. Despite 

the above-mentioned advantages, a number of intrinsic challenges associated with Li–

S batteries remain and they must be overcome in order to make Li–S batteries 

commercially viable.  

 
1.3 Challenges of the Sulfur Cathode and Strategies to Tackle the Issues 

First of all, the insulating nature of sulfur as well as its discharge products 

(Li2S2/Li2S) dramatically increase the electrical resistance of the system,12-14 affecting 

the upper limit of active sulfur loading in an electrode composite. In addition, the 

conversion from sulfur to lithium sulfide involves a large volumetric expansion of 80%, 

resulting in damage of the structure of the materials and the electrode.15 An especially 

severe issue is related to the high solubility of  the intermediates; high-order (long-

chain) lithium polysulfides (Li2Sx, 4< x ≤ 8), that are generated during the redox 

reactions. The dissolved long-chain LiPSs can shuttle between the cathode and the 

anode and, even worse, react at both electrodes, leading to passivation on both 

electrodes and increased impedance. The long-chain LiPSs shuttle to the anode and are 

reduced by lithium metal to short-chain LiPSs. They then migrate back to the cathode, 

again producing long-chain LiPSs. This process is known as the “polysulfide shuttle” 
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phenomenon.12-15 Once the soluble lithium polysulfides (LiPSs) are formed, they can 

easily lose the electrical contact with the conductive substrate, giving rise to an 

increased charge transfer resistance along with the sluggish kinetics of the redox 

reactions. These issues are commonly the main reasons for Li–S batteries to have a low 

active material utilization, low efficiency along with dramatic capacity fading. 

To tackle these problems, tremendous efforts have been made in recent years. Most 

of the strategies have focused on developing new sulfur composite structures with 

efficient host materials to improve performance. Other approaches have involved the 

design of novel cell configurations by modifying the separator, introducing an 

interlayer, or adjusting the electrolyte components.11  

Physical entrapment of the LiPSs has been the most popular and straightforward 

method to improve the capacity and cycling performance of Li−S batteries. In 2009, 

Nazar’s group reported on a highly ordered mesoporous carbon/sulfur composite 

cathode which showed enhanced specific capacity and stability. In their work, sulfur 

was impregnated into ordered mesoporous carbon (CMK-3) via a melt−diffusion 

method.16 The carbon matrix served as both an electronic conductor and as a reaction 

chamber to ensure a more complete redox reaction. An extra polymer layer was coated 

on the surface of the CMK-3/S composite, in order to further mitigate the diffusion of 

LiPSs into the electrolyte. With the protection by the mesoporous carbon and the 

polymer layer, the composite could deliver a high discharge capacity of 1320 mA h g−1. 

This pioneering work spurred further developments. 
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Following this approach, various carbonaceous materials have been employed to 

increase the conductivity of sulfur electrodes and offer physical entrapment of LiPSs. 

The widely investigated carbon materials include porous carbons,17-21 activated 

carbons,22-24 graphene25-28 and polymer materials,29-30 which can provide high 

conductivity and the LiPSs can be immobilized within the porous structures. Among 

them, microporous carbon/sulfur composites were found to go through different 

reaction pathways without the formation of the long-chain LiPSs. It was found that small 

sulfur allotropes, S2−4, could be confined in a microporous carbon host with a pore size 

of ∼0.5 nm.31 Owing to the limited space within the pores, the small S2−4 molecules 

could not be transformed to the long-chain LiPSs, leading to a single discharge plateau 

at ∼1.9 V. Although the microporous carbon could greatly improve stability, the sulfur 

loading in the composite was low (< 50 wt.%) due to the limited surface area of the 

microporous carbon hosts. It is worthwhile noting that in a previous study by our group, 

we established the key parameters governing the volumetric energy density of Li−S 

batteries.32 We demonstrated that the sulfur loading played a critical role in determining 

the volumetric energy density and that in order for a Li−S cell to be competitive with a 

typical Li-ion cell, such as graphite/LiCoO2 cell, the sulfur loading had to be at or 

beyond 70% by weight. 

Although the cycling stability of Li–S batteries can be improved, to some extent, 

by employing these carbonaceous materials, the capacity decay is still severe after 

moderate to long-term cycling. This is most likely due to the fact that carbon, being 

largely non-polar in nature, cannot provide strong adsorption sites to bind the highly 
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polar and ionic LiPSs.33 Recently, exploiting chemical interactions emerged as a new 

strategy to further suppress the shuttle of lithium polysufides. Polar materials, including 

metal oxides, nitrides, and sulfides, have been widely investigated as sulfur hosts and 

utilized in composites with sulfur, as they exhibit strong affinity for polysulfide species 

by polar-polar interactions and have shown improved cycling performance in Li–S 

batteries.34 Polar hosts, such as TiO2,35-36 Ti4O7,37-38 MnO2,34 Nb2O5,39 SnO2,40 TiS2,41 

and FeS2,42 have been found to be able to adsorb LiPSs by strong chemical interactions 

or by forming intermediate complexes. However, since most polar materials, such as 

metal oxides, have poor electrical conductivity, the specific capacity of Li–S batteries 

made with these materials has, so far, been relatively low. A highly conducting polar 

host material-sulfur composite would be most promising for commercial 

implementation of high energy density Li–S batteries.  

 
1.4 Challenges of Metallic Li as Anode and Strategies to Resolve the Problems 

For Li–S batteries, numerous strategies have been proposed to inhibit LiPSs shuttle 

and enhance the utilization of active material in the cathode. However, the performance 

of Li–S batteries also strongly relies on another essential component in the cell, a 

metallic Li anode.13 Apart from the issues associated with sulfur as the cathode 

electrode, Li also poses severe challenges that must be overcome. 

Metallic lithium is the most attractive anode material and regarded as the “Holy 

Grail” for advanced electrical energy storage devices, such as Li–S batteries, because 

Li possesses the highest theoretical specific capacity of 3860 mAh g-1 and the lowest 

negative electrochemical potential (-3.04 V versus the standard hydrogen electrode) of 
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any anode material.43-45 Even though lithium metal batteries were fabricated half a 

century ago,9 this technology was suspended for decades and even today, it has not 

achieved commercialization. This is due to the intrinsic challenges associated with Li 

cycling. The highly reactive Li metal is prone to react with organic electrolytes to form 

an unstable solid electrolyte interphase (SEI)46 between the electrode and the 

electrolyte.39 In addition, the “hostless” nature of lithium metal makes it suffer from 

significant volumetric changes, leading to cracks in the SEI layer and, again, exposing 

fresh Li to the electrolyte to form a new SEI layer.39, 47 The continuous consumption of 

active Li and electrolyte reduces the Coulombic efficiency and rapidly shortens the 

cycling life. More importantly, the lithium ions tend to deposit on current collectors 

unevenly, resulting in the formation of uncontrollable lithium dendrites.47-49 The growth 

of Li dendrites during cycling induces serious problems, including capacity loss with 

“dead lithium”,50-52 potential internal short circuits and thermal runaway with the 

attendant safety concerns, such as electrolyte combustion and cell explosion.53 This is 

the most important roadblock precluding implementation of lithium metal batteries 

Researchers have investigated the deposition processes of lithium and explored 

numerous strategies to solve these issues. Solid electrolytes, based on inorganic or 

polymeric materials, have been studied for decades to mechanically block dendrite 

growth.54-57 However, the low ionic conductivity of solid electrolytes, compared to that 

of liquid electrolytes58 and the large solid-solid interfacial impedance,59 make it difficult 

to achieve high power densities at room temperature. Recently, numerous studies have 

been conducted to suppress lithium dendrites and stabilize the SEI layer by optimizing 

components of the electrolyte by employing various additives, including fluoroethylene 



 

18 

carbonate (FEC),60-61 vinylene carbonate (VC),62 LiNO3,62 KPF6,63 lithium 

bis(oxalato)borate,64 AlCl3
65 and lithium polysulfides.66 These additives can help 

suppress Li dendrite formation by reacting with Li metal, before other electrolyte 

components, to produce a dense and stable SEI layer and protecting the electrolyte from 

decomposing. Other kinds of additives including alkali metal ions67 (cesium or rubidium 

ions) and halide ions68 with carefully selected concentrations can affect Li ion diffusion 

and plating processes, instead of participating in the formation of the SEI layer. 

However, the continuous consumption of most additives during cycling makes the 

suppression approach unsustainable for long term cycling. Another strategy is the 

fabrication of a porous matrix, such as 3D porous Cu,69 so as to reduce the local current 

density and accommodate more Li in the host, in order to control the morphology of Li 

deposition.70-72 However, the construction of such porous hosts usually involves 

complex materials processing and high temperature treatment, which is time-consuming 

and economically inefficient for large-scale production.  

Alternatively, some work has focused on protecting the lithium metal surface 

through the use of stable artificial interlayer materials, such as MoS2,73 ultrathin boron 

nitride74-75 or polymers,76 to inhibit the reaction between the Li metal surface and the 

electrolyte, and suppress dendrite growth. The Guo group constructed an artificial SEI 

layer with Li3PO4 by direct reaction between polyphosphoric acid and metallic 

lithium.77 The resulting layer could enhance the lithium ion transport at the interface as 

well as suppress lithium dendrite growth with its high Young’s modulus. Recently, the 

Cui group demonstrated that a “lithiophilic” matrix is preferred for Li metal 

nucleation.49 It would be of significance to explore Li cycling performance on current 
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collectors modified with these lithiophilic materials. In addition, copper foils are 

commonly used as the current collector for anodes in the battery industry. However, 

very few efforts have been devoted to the fabrication and investigation of lithiophilic 

Cu foils in detail.78-79 

1.5 Recycling of Spent Li-Ion Batteries and Li–S Batteries 

The most common Li-ion batteries recycling methods utilizes metallurgical 

processes, such as pyrometallurgy and hydrometallurgy, in order to extract metals from 

cathodes. These processes involve high-temperature treatment and long recovery time 

with low yield.80, 81 For Li–S batteries, sulfur from the cathode can be recycled using 

melting process under Ar to prevent the reaction between sulfur and oxygen. Since 

metallic lithium is used as the anode in Li–S batteries, special pretreatments such as 

cryogenic steps are needed to avoid the safety risks. Li can also be recycled by melting 

under Ar to avoid the reaction of Li and O2. Because no heavy metal elements are 

contained in Li–S batteries, metallurgical process are not necessary and it is also too 

expensive for extracting Li.82  

1.6 Motivation and Purpose of the Current Work 

Great opportunities remain to improve Li–S batteries in terms of sulfur cathode 

and lithium anode. My work focused on designing, synthesizing and characterizing the 

new materials and architectures for Li–S batteries. The first half of this dissertation is 

focused on optimizing the performance of the sulfur cathode by developing effective 

sulfur host materials and designing efficient encapsulation methods to combine both 

effects of physical constraints and chemical interactions to further enhance the cycling 

stability and rate performance of Li–S batteries. The second half is focused on an 
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effective strategy to suppress Li dendrite formation by coating the surface of the current 

collector to regulate the lithium nucleation and deposition processes.  

In Chapter 2, porous Fe3O4 nanospheres will be discussed as a sulfur host to address 

the LiPSs shuttling issues. Through strong chemical interactions between the porous 

Fe3O4 and lithium polysulfides, the performance of the Li–S cells was greatly enhanced. 

Cryogenic scanning transmission electron microscopy was used to observe the 

morphology and distribution of sulfur particles in the composites. The sulfur was found 

not to be fully diffused into the pores of the porous Fe3O4 nanoparticles, so that the long-

term cycling was limited. To solve the problem of insufficient confinement of sulfur 

particles, In Chapter 3, a strategy based on in situ encapsulation of sulfur particles will 

be described. In this method, sulfur is coated by a heat-treated MOF-derived matrix. 

Instead of the traditional melt-diffusion approach to impregnate sulfur, this in situ 

confinement, followed by heat treatment, was found to be more efficient in 

immobilizing the sulfur/LiPSs. In Chapters 4 and 5, strategies to suppress Li dendrite 

will be presented. Coating the anode current collector, Cu foil, with nitrogen-doped 

carbon, carbonized from polydopamine, will be presented in Chapter 4. The Coulombic 

efficiency of the lithium stripping/platting was increased by the introduction of the 

nitrogen-doped carbon layer. To further enhance the performance, in Chapter 5, Cu foils 

were modified with a thin layer of zinc, via a facile electroplating method. Zn was found 

to regulate the lithium nucleation and the subsequent growth processes by forming Li-

Zn alloy phases and producing a stable Zn-containing SEI layer. Smooth lithium 

deposition without dendrite formation and significantly improved long-term cycling 

performance was achieved. It demonstrates the feasibility and validity of employing 
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modified Cu foils as Li metal current collectors to control the deposition of metallic 

lithium. These studies have provided valuable insights for the future design of high 

energy density, high rate and long life Li–S batteries for large-scale applications. 
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CHAPTER 2  

POROUS Fe3O4 NANOSPHERES AS EFFECTIVE SULFUR HOSTS FOR 

LITHIUM–SULFUR BATTERIES 
 
2.1 Introduction 

Lithium–sulfur (Li–S) batteries are considered as one of the most promising next-

generation electrical energy storage systems due to their ultrahigh theoretical capacity 

(1675 mA h g-1), low cost and the environmental friendliness of sulfur.1-3 However, the 

large-scale application/deployment of Li–S batteries is still impeded by multiple 

challenges, as mentioned in Chapter 1. First, the insulating nature of sulfur and its 

discharge products, Li2S2/Li2S, gives rise to a limited utilization of the active material. 

More importantly, higher-order lithium polysulfides (Li2Sx, 4 ≤ x ≤ 8), present as 

intermediate products during cycling, have a high solubility in the liquid electrolyte, so 

that they can shuttle between the two electrodes inevitably leading to fast capacity fade 

and decreased coulombic efficiency.4-5 In addition, the large volumetric change (80%) 

of sulfur during discharge can also affect the integrity of the electrodes.6 Inspired by the 

pioneering work of Nazar et al.11 using mesoporous carbon CMK-3 to encapsulate 

sulfur, carbonaceous materials with various morphologies, as sulfur hosts, have been 

reported to improve the electronic conductivity of the sulfur electrode and mitigate the 

diffusion of LiPSs. These carbonaceous materials can enhance the performance of sulfur 

electrodes by physical constraint. However, when considering long-term cycling and 

rate performance, it is difficult for a carbon host, by itself, to meet the above-mentioned 
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requirements. It is likely that since carbon is nonpolar in nature, it cannot provide 

efficient trapping of highly-polar and ionic polysulfides.7 

Recently, some metal oxides have been found to have strong chemical interactions 

with LiPSs, and have shown good cycling performance in Li/S batteries. The metal 

oxides and hydroxides that have been studied include TiO2,8-10 TiO,11-12 MnO2,13-15 

MnO,16 La2O3,17 Ti4O7,7, 18 Nb2O5,15 SnO2,
19

 Ni(OH)2
20

 and Co(OH)2.21-22 However, as 

most metal oxides/hydroxides have poor electrical conductivity, the specific capacity of 

Li–S batteries made with metal oxides has, so far, been relatively low/modest. 

Moreover, even though these metal oxides can provide high affinity, the content of 

sulfur in the entire electrode has been low (<60%). As Gao et al.23 have shown, the 

sulfur content must be at or higher than 70% in the whole electrode composite in order 

for a Li–S cell to compete with commercial lithium ion batteries (for example LiCoO2) 

in terms of volumetric energy density. A highly conducting metal oxide-sulfur 

composite with high sulfur content would be most promising.  

An additional challenge to overcome, when studying Li–S batteries, is to ensure 

accurate and precise characterization of the nanoscale distribution of sulfur. Some 

researchers have routinely used scanning/transmission electron microscopy 

(SEM/TEM) under high-vacuum conditions to study the nano-structure of sulfur-host 

material composites. High vacuum SEM/TEM observations have led researchers to 

attribute battery performance enhancements to the physical confinement or chemical 

adsorption of sulfur in or on the host material.8, 24-27 However, sulfur is prone to 

sublimation in high vacuum environments, like that of an electron microscope sample 

chamber. 28-29 Recent studies have begun to make the Li–S battery community aware of 
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the fact that sulfur sublimation, in an electron microscope, can cause loss of sulfur from 

a sulfur electrode sample, as well as a redistribution of sulfur within the sample, due to 

the capture of sublimated sulfur gas by porous materials.30-31 Characterization of sulfur 

battery materials by standard, room temperature electron microscopy may, therefore, 

give misleading results, and alternative methods are required.  

In this work, we have found that Fe3O4 can significantly improve the cycling 

stability of sulfur electrodes in Li–S batteries. Fe3O4 is one of the most inexpensive 

metal oxides with high electronic conductivity and low toxicity.32 Porous Fe3O4 

nanoparticles were synthesized using a facile hydrothermal reaction, and an Fe3O4/S 

composite was obtained via a melt-diffusion method, which is suitable for large scale 

production. An Fe3O4/S composite with 85% sulfur content exhibited high capacity and 

outstanding cycling stability. The initial areal capacity was 2.6 mAh cm-2 and a high 

areal capacity of 2.2 mAh cm-2 was achieved and maintained after 150 cycles.  

 

2.2 Experimental Section 

2.2.1 Preparation of Porous Fe3O4 

Porous Fe3O4 nanospheres were synthesized via a hydrothermal reaction.33 1.35 g 

of FeCl3･6H2O were dissolved in 60 mL of ethylene glycol, followed by the addition of 

3.85 g of ammonium acetate. After stirring for 90 minutes, the solution was transferred 

to a Teflon-lined stainless steel autoclave with a capacity of 100 mL, and kept at 200 ºC 

for 20 h. After cooling down, the precipitate was centrifuged and washed with deionized 

water. 
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2.2.2 Preparation of Fe3O4/S Composites 

Fe3O4/S composites were prepared via a simple melt–diffusion method. A mixture 

of porous Fe3O4 nanospheres and sulfur powder (15:85 by weight ratio) was heated 

under ambient atmosphere at 155 ºC for 12 h. 

2.2.3 Preparation of Li2S6 

A Li2S6 solution was prepared by dissolving stoichiometric amounts of Li2S and 

elemental S into DME/DOL (1:1 in volume) at 60 ºC overnight in an argon-filled 

glovebox.  

2.2.4 Structural Characterization 

X-ray Diffraction (XRD) patterns were recorded from samples of Fe3O4 and the 

Fe3O4/S composite using a Rigaku Ultima VI diffractometer with a Cu Kα source. 

Diffraction patterns were collected at a scan rate of 5 º/min and with an increment of 

0.02 º. 

A white light reflectance optical microscope (Olympus) was used to acquire 

extended depth of field images of samples of Fe3O4/S composite particles, which were 

dispersed in ethanol, and transferred onto a glass slide. Fe3O4/S composite particles 

dispersed in ethanol were transferred onto copper TEM grids with a lacey carbon film 

(Electron Microscopy Sciences) for characterization by TEM. TEM grids containing the 

sample were loaded into a Gatan model 914 cryo-holder under nitrogen gas, near liquid 

nitrogen temperature. The holder kept the sample at a stable temperature of about -180 

ºC. STEM images were acquired using an FEI Tecnai F-20 microscope operated at 200 

keV. XEDS elemental mapping was performed using an Oxford X-Max detector.  
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2.2.5 Electrochemical Measurements 

Electrodes with <1.5 mg cm-2
 sulfur loading were prepared for the basic cycling 

tests by mixing the Fe3O4/sulfur composite described above with Super P carbon and 

polyvinylidene fluoride (PVDF) binder in N-methyl-2-pyrrolidone (NMP) in a weight 

ratio of 75:15:10. The resulting slurry was doctor-blade coated onto carbon coated Al 

foil current collectors to prepare the cathodes. For the areal capacity measurements, the 

preparation of high sulfur loading electrodes (~70 wt% of sulfur in the entire electrode 

composite assembly) was conducted by dispersing Fe3O4/sulfur composites with Super 

P and PVDF binder in NMP at a weight ratio of 82: 12: 6. The slurry was coated onto a 

carbon paper. The electrodes were dried at 50 ºC overnight. 

2032-type coin cells were assembled in an argon-filled glovebox (oxygen level 

<0.30 ppm). Celgard 2300 membrane was used as the separator and Li metal as the 

anode. The electrolyte was 1.0 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) 

in 1,3-dioxolane and dimethoxyethane (1:1 by volume) with 0.2 M LiNO3 as an 

additive. The volume of electrolyte injected in the coin cell was 40 µL for electrodes 

<1.5 mg cm-2 and 60 µL for higher loading electrodes. Cyclic voltammetric (CV) 

profiles were recorded over the potential range from 1.5 to 3.0 V vs. Li+/Li at a sweep 

rate of 0.1 mV s–1. Galvanostatic charge/discharge and CV measurements were carried 

out over a voltage window of 1.5–3.0 V using a BT2000 battery cycler (Arbin 

instruments). 
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2.3 Results and Discussion 

An XRD pattern acquired from a sample of our hydrothermally synthesized porous 

Fe3O4 nanospheres showed the typical XRD features of magnetite (Figure 2-1a). The 

morphology and size distribution of the Fe3O4 nanospheres are presented in Figure 2-1b-

d. A high angle annular dark-field (HAADF) STEM image of a typical nanosphere 

(Figure 2-1b) shows a variation in contrast within the nanosphere, suggesting that 

porous channels exist inside the nanoparticle, providing large surface area for the Fe3O4 

host material to interact with sulfur and LiPSs. A specific surface area of 16.6 m2 g-1 for 

the porous Fe3O4 nanospheres was determined by Brunauer–Emmett–Teller (BET) 

analysis. Measurements of particle sizes from an HAADF-STEM image containing 

many Fe3O4 nanospheres with a typical size range suggests that a majority of the 

nanospheres are 80–140 nm in diameter (Figure 2-1c-d).  

An Fe3O4/S composite was prepared by melt–diffusion of sulfur into the Fe3O4 

nanospheres. The sulfur content of our Fe3O4/S composite was determined to be 85% 

by thermogravimetric analysis (TGA) under an argon atmosphere (Figure 2-2). XRD 

analysis of the Fe3O4/S composite exhibited the XRD peaks of both magnetite and 

crystalline orthorhombic elemental sulfur (Figure 2-1a), indicating that much of the 

sulfur in the composite is in crystalline form.  

In order to study the structure and distribution of sulfur in our Fe3O4/S composite, 

without sulfur sublimation artifacts, we employed a combination of optical microscopy 

and cryogenic scanning transmission electron microscopy (cryo-STEM). Optical 

microscopy is a useful technique for studying materials at the micrometer scale, and 

screening of samples in an optical microscope, prior to study by electron microscopy,   
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Figure 2-1. (a) Powder XRD of the as-synthesized Fe3O4 and Fe3O4/S composite 
compared with the standard XRD of Fe3O4 and elemental sulfur. (b) High-magnification 
STEM image of a representative Fe3O4 nanosphere with porous inner structure. (c) 
HAADF-STEM image of porous Fe3O4 nanospheres and (d) the corresponding particle 
distribution. 
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Figure 2-2. TGA curve of Fe3O4/S under an Ar flow with a temperature ramp rate of 
10 ºC/min. 
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helps to ensure that nanoscale observations made in an electron microscope are truly 

representative of the bulk material. This is particularly useful for samples containing 

elemental sulfur, as samples can be studied in an optical microscope without exposure 

to vacuum,31 and yellow sulfur particles are often optically distinct from particles of 

host materials, such as carbon black, or Fe3O4. After screening by optical microscopy, 

cryo-STEM with X-ray energy dispersive spectroscopy (XEDS) was used to study the 

sulfur distribution in the Fe3O4/S composite at higher magnification. Cryo-STEM has 

previously been shown to suppress sulfur sublimation in vacuum and preserve the 

inherent distribution of sulfur in Li–S battery samples in an electron microscope.31, 34 

This combination of cryo-TEM together with simple optical microscopy provides a 

more accurate understanding of the structure of our Fe3O4/S composite, and may be 

useful for studying other Li–S battery systems.  

Therefore, Fe3O4/S composite particles were examined by optical microscopy and 

cryo-STEM equipped with XEDS. Figure 2-3a shows an extended depth of field optical 

image of Fe3O4/S composite particles. The image shows yellow sulfur particles, which 

are observed to have a size of several micrometers or more, encrusted with black Fe3O4 

particles. This observation is consistent with our XRD measurements in Figure 2-1a, 

which show the presence of crystalline sulfur and Fe3O4. Optical images from a sample 

containing only sulfur particles, and a sample containing only Fe3O4 nanoparticle 

powder are shown for comparison in Figure 2-4. Since the sulfur melt-diffusion method 

was used in this work, it is important to know whether a significant quantity of elemental 

sulfur has infiltrated into the porous Fe3O4 host material at the nanometer scale. We 

used XEDS elemental mapping under cryo-STEM conditions to directly image the  
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Figure 2-3. (a) Optical microscopy images, with extended depth of field, for black 
Fe3O4 with yellow sulfur composite. (b) HAADF-STEM image of Fe3O4/S composite. 
(c) Part of the XEDS sum spectrum of the Fe3O4/S composite, showing iron and sulfur 
X-ray peaks. (d-f) XEDS elemental mapping of sulfur, iron and color overlay of sulfur 
and iron. 
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Figure 2-4. Optical microscopy images of (a) crushed commercial sulfur particles and 
(b) synthesized host material, Fe3O4 powder. 
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distribution of sulfur over the Fe3O4 host material. Figure 2-3b shows an HAADF STEM 

image of Fe3O4/S composite particles. The XEDS spectrum of these composite particles 

shows a very strong sulfur peak, which is consistent with the high mass loading (85%) 

of sulfur in the Fe3O4/S composite (Figure 2-3c). XEDS elemental maps of these 

particles in cryo-STEM show micrometer sized sulfur particles embedded in a network 

of the Fe3O4 host particles (Figure 2-3d-f). The XEDS spectrum from some of the Fe3O4 

particles exhibits a weak S signal relative to the Fe signal, indicating the relatively weak 

sulfur infiltration into Fe3O4 nanospheres (Figure 2-5). Additional images of other 

composite particles, showing the same structure, are shown in Figure 2-6. From these 

images, it is clear that a majority of the sulfur remains external to the Fe3O4. The 

micrometer sized external sulfur particles that constitute the majority of sulfur in the 

sample are insulating, and are physically separated from each other (Figure 2-3d), but 

appear to be well connected by/through the conductive network formed by Fe3O4 

nanoparticle clusters (Figure 2-3e-f). 

Although we have observed that sulfur does not infiltrate into the pores of the 

Fe3O4 nanospheres during melt diffusion, the polar nature of both Fe3O4 and LiPSs 

suggests that LiPSs may adsorb onto the Fe3O4 nanospheres due to chemical interactions 

during battery cycling. The ability of Fe3O4 to adsorb LiPSs was investigated by adding 

porous Fe3O4 nanospheres and porous carbon, respectively, to a polysulfide solution of 

1 mM Li2S6 in dioxolane/dimethoxyethane (DME/DOL, 1:1 by volume). Figure 2-7a 

shows that the polysulfide solution becomes colorless after the addition of Fe3O4 

nanospheres while the solution remains yellow after the addition of porous carbon. This 

clearly indicates that there is a strong interaction between the Fe3O4 nanospheres and  
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Figure 2-5. (a) Cryo-STEM image of Fe3O4/S composite particles (b) XEDS spectrum 
corresponding to the Fe3O4 region with a weak S signal relative the Fe signal (indicated 
in the dashed red box). 
 
 

 

Figure 2-6. (a, e) HAADF-STEM image of Fe3O4/S composite particles. (b, f) XEDS 
elemental mapping of S. (c, g) XEDS elemental mapping of Fe. (d, h) XEDS 
elemental mapping of color overlay of S and Fe.  
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LiPSs, suggesting that the Fe3O4 nanospheres will interact with the LiPSs produced 

during battery cycling.  

Electrochemical performance testing of the Fe3O4/S composites was carried out in 

2032-type coin cells. Cyclic voltammetric (CV) profiles of the Fe3O4/S composite 

employed as a cathode material in Li/S cells are shown in Figure 2-7b. In the cathodic 

scan, two well-defined reduction peaks at 2.23 V and 1.82 V can be observed, 

corresponding well to the generally accepted multi-step reduction mechanism of S8. The 

first peak corresponds to the reduction of S8 to higher order polysulfides Li2Sn (4≤n≤8) 

while the second peak corresponds to the further reduction to the lower polysulfides 

Li2Sx (x≤2). In the anodic scan, there is one oxidation peak at 2.32 V which corresponds 

to the oxidation of the lower polysulfides Li2Sx to S8.17 It can be clearly observed that 

there were no significant changes for either anodic or cathodic peaks after 10 cycles, 

pointing to the high cycling stability of the composite cathode material.  

The cycling performances of a porous Fe3O4/S composite electrode and a C/S 

electrode at a current rate of 0.2 C are displayed in Figure 2-7c. The Fe3O4/S electrode 

delivered an initial discharge capacity of 867 mAh g-1 while the C/S electrode delivered 

1090 mAh g-1. In the first few cycles, we found that the capacity of the C/S cathode was 

higher than that of the Fe3O4/S electrode, which may be due to the large surface area of 

carbon having better contact with the sulfur. However, over longer-term cycling, the 

capacity retention of the Fe3O4/S composite was superior to that of the C/S electrode. 

After 100 cycles, the Fe3O4/S electrode retained a capacity of 680 mAh g-1, 

corresponding to a capacity retention of 78%, which is much higher than that of the C/S 

electrode (49%). A stable coulombic efficiency of >99% was achieved for the Fe3O4/S  
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Figure 2-7. (a) Li2S6 adsorption test. Left to right: Li2S6 solution, Li2S6 with the addition 
of carbon and Li2S6 with Fe3O4. The solution became colorless after mixing with Fe3O4 
but remained yellow after mixing with carbon. (b) Cyclic voltammetry of Fe3O4/S at 
scan rate of 0.1 mV s-1. (c) Cycling performance of Fe3O4/S composite and C/S 
composite at 0.2C. 
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composite. Long-term cycling tests of Fe3O4/S and C/S were also carried out at a rate 

of 0.5 C (Figure 2-8). For C/S composites, only 29% of the initial capacity was retained 

after 500 cycles.  In comparison, a capacity retention, as high as 50%, was achieved 

after 500 cycles for the Fe3O4/S composite, indicating a greatly enhanced stability. 

However, we also acknowledge that this decay rate (0.1% per cycle) is not the best result 

that has been reported. We believe that this is due, at least in part, to the fact that our 

Fe3O4/S composite has a very high mass loading of sulfur (85%) and the host cannot 

provide sufficient contact area with the sulfur and, after long term cycling, some of the 

active material detaches from the host and diffuses into the electrolyte. We are currently 

working on metal oxide host materials with larger pore-filling capability and a more 

effective sulfur infiltration strategy. To rule out any capacity contribution from the 

Fe3O4, a pure Fe3O4 electrode was also tested over the potential range of 1.5 to 3.0 V. 

As Figure 2-9 illustrates, the porous Fe3O4 has negligible capacity within the working 

voltage window of sulfur. 

To evaluate the rate capability and stability, tests were carried out by increasing 

the C-rate successively from 0.2C to 2C every 10 cycles, and then switching back to 

0.2C (Figure 2-10). Our composite material delivered a high capacity of 450 mAh g-1 at 

2C. Upon returning to 0.2C, the capacity was 750 mAh g-1 at 0.2C, corresponding to 

94% of the original capacity attained at 0.2C, indicating robustness and stability of the 

composite electrode material. 

Due to the importance of high areal sulfur loadings for high volumetric energy 

density in practical applications, we prepared and tested electrodes with high sulfur 

mass loadings of 1.9 mg cm-2, 2.8 mg cm-2 and 3.7 mg cm-2. Figure 2-11a shows the 
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Figure 2-8. Long-term cycling performance of Fe3O4/S composite and C/S at a C-rate 
of 0.5C for 500 cycles. 

 
 
 

 

Figure 2-9. Electrochemical performance of the synthesized Fe3O4 nanospheres. 

  



 

51 

 

 

 

 

Figure 2-10. Rate capability of Fe3O4/S electrode at various C-rates. 
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 cycling performances of these high sulfur-loading electrodes. All of the electrodes 

exhibited excellent stability for over 150 cycles. Galvanostatic charge/discharge profiles 

are shown in Figure 2-11b. There are two discharge plateaus and one charge plateau, in 

good agreement with the CV profiles of the Fe3O4/S composite shown in Figure 2-7b. 

In addition, it is evident that increasing the areal sulfur loading did not give rise to 

increased polarization losses (overpotentials) during charge and discharge cycles, likely 

due to the fast kinetics of the material. A high areal capacity of 2.2 mAh cm-2 was 

obtained after 150 cycles.  

A comparison of sulfur content in the electrode and areal capacity after 150 cycles 

with reports from the literature that used metal oxides as host material for sulfur is 

shown in Figure 2-12. This figure clearly shows that our Fe3O4/S composite electrode 

has high sulfur content and outstanding areal capacity after 150 cycles when compared 

to other similar metal oxide/S composites. Our data indicate that our Fe3O4/S composite 

electrode could potentially be used in practical applications requiring high-energy and 

long life-time Li–S batteries. 

The excellent overall electrochemical performance of our Fe3O4/S cathodes can be 

attributed, at least in part, to the following factors. First, as a host material, Fe3O4 

provides high electrical conductivity for electron transfer. We have observed, in optical 

microscopy and cyro-STEM, that sulfur particles are embedded in a conductive, porous 

Fe3O4 nanosphere network (Figure 2-3). This conductive Fe3O4 nanosphere network 

will facilitate charge transfer during cycling, and the pore structure of the nanospheres 

observed in Figure 2-1 may also provide some physical entrapment of LiPSs. Second, 

as we have observed from the color change of polysulfide solutions (Figure 2-7a), the  
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Figure 2-11. (a) Cycling performance of high-loading Fe3O4/S at a charge/discharge 
rate of 0.2 C for 150 cycles. (All cells were pre-conditioned at 0.05C for the first cycle.) 
(b) Initial cycle voltage profile of electrodes with various sulfur mass loadings. 

 
 
 
 

 

Figure 2-12. Comparison of sulfur content in the whole electrode (including carbon 
additives and PVDF binder) and areal capacity of our Fe3O4/S electrode with other 
electrodes using metal oxides as the host matrix for sulfur, reported in the literature.  
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polar nature of Fe3O4 can provide a strong affinity for polar LiPSs, which could enrich 

the concentration of polysulfides near the surface of the conductive host, and further 

entrap LiPSs, mitigating the leaching of sulfur and/or polysulfides from the electrode 

during battery cycling. The porous structure of the nanospheres observed in Figure 2-1 

provides a large surface area for interactions between Fe3O4 and LiPSs to occur. 

Chemical adsorption of LiPSs during charging and discharging may play a key role in 

the cycling stability of our composite. 

 

2.4 Conclusions and Future Directions 

In conclusion, we have demonstrated, that Fe3O4 is a promising sulfur host for 

high-energy and stable Li–S batteries. Porous Fe3O4 nanospheres were synthesized via 

a facile hydrothermal reaction, and mixed with sulfur via melt-diffusion to form an 

Fe3O4/S composite. Cryo-STEM equipped with XEDS, together with optical 

microscopy, enabled a reliable characterization of the distribution of elemental sulfur in 

our Fe3O4/S composites without the sulfur sublimation artifacts associated with room 

temperature electron microscopy.30-31 Well-faceted, micrometer sized sulfur particles 

were found to be embedded in the conductive network of the Fe3O4 host material, which 

can facilitate charge transfer during cycling. Furthermore, the porous channels within 

the Fe3O4, and the strong affinity between Fe3O4 and LiPSs, may help to entrap LiPSs 

during battery cycling, reducing the loss of sulfur to the electrolyte. Due to the high 

conductivity and chemical adsorption properties of Fe3O4, the porous Fe3O4/S 

composite cathode exhibits excellent cycling stability. High sulfur loading electrodes 

showed superior cycling performance with a high areal capacity of 2.2 mAh cm-2 after 
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150 cycles. By combining the high conductivity of Fe3O4 with the chemical confinement 

of LiPSs, the performance of lithium–sulfur batteries has been greatly enhanced.  

However, since a large amount of sulfur particles were not constrained in the 

porous Fe3O4 (Figure 2-3), the unprotected sulfur, by Fe3O4, still has a high possibility 

to diffuse into the electrolyte, leading to an unsatisfying long term cycling performance 

(Figure 2-8). The ineffective physical entrapment is likely due to the limited surface 

area of porous Fe3O4, insufficient to attach to the high content of sulfur. In order to 

further increase the contact area between Fe3O4 and sulfur particles, some other 

structures were attempted. For example, hollow Fe3O4 particles were prepared by a hard 

template synthesis method. As can be seen in Figure 2-13, the obtained spherical 

particles have a size of 1–2 µm in diameter and the hollow morphology can be clearly 

observed from a broken particle (Figure 2-13b). Followed by that, the S/hollow Fe3O4 

composite was prepared by the melt–diffusion method with 85 wt.% of sulfur in the 

composite. It was posited that sulfur can diffuse into the void space inside the hollow 

structure, so that the LiPSs can be constrained physically by the host material. However, 

an SEM image of the S/hollow Fe3O4 composite presented in Figure 2-14 obviously 

showed that a few micrometer-sized sulfur particles were covered by the broken hollow 

Fe3O4, which is similar to the morphology of S/porous Fe3O4 composites. In addition, 

the similar morphology and same chemical interactions between LiPSs and Fe3O4 gave 

rise to a similar cycling performance (Figure 2-15). A possible reason that lies behind 

the similar morphology is that the melt-diffusion method is not effective to infiltrate 

viscous molten sulfur into the porous polar host materials, so that small sulfur particles 

tend to aggregate together to form huge particles. Therefore, to further mitigate the loss 
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of sulfur and loss of capacity during battery cycling using polar materials as sulfur hosts, 

it is necessary to develop a new strategy to effectively synthesize the sulfur composites 

which can combine both physical entrapment and chemical interactions effects. 

 

 

Figure 2-13. SEM images of (a) hollow Fe3O4 particles and (b) a broken particle to 
present the inside void space. 

 

 
Figure 2-14. An SEM image of the S/hollow Fe3O4 composite. 
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Figure 2-15. The comparison of cycling performance for S/C, S/porous Fe3O4 and 
S/hollow Fe3O4 composites. 
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CHAPTER 3  

SULFUR ENCAPSULATION BY MOF-DERIVED CoS2 HOSTS FOR HIGH-

PERFORMANCE LITHIUM–SULFUR BATTERIES 

 

3.1 Introduction 

As mentioned in Chapter 1, polar materials, including metal oxides and metal 

sulfides, have been investigated as sulfur hosts and employed in composites with sulfur 

in Li–S cells and have been found to effectively adsorb LiPSs. However, most of these 

polar hosts are non-conducting materials and thus cannot transport electrons 

effectively.1 In addition, the limited surface area of these hosts, such as Fe3O4, cannot 

provide sufficient contact area for chemical interactions with LiPSs, or physically entrap 

lithium sulfides within the hosts.2 In the synthesis of sulfur containing composites, 

melt–diffusion is a popular and routine method to infuse sulfur into the pores of the 

hosts. However, the work on S/porous Fe3O4 composites shown in Chapter 2 

demonstrated the insufficient infiltration of sulfur into the porous host materials. In 

addition, a recent work by the Liu group3 has shown that melting sulfur into host 

materials poses some problems. For example, the sulfur species formed by melt–

diffusion are often in the form of a continuous film, which leads to the preferential 

deposition of Li2S on it. This forms a passivating layer that blocks charge transfer, 

severely affecting capacity, cycle life and rate performance. Fabricating sulfur 

composites by in situ encapsulating sulfur within a conductive hybrid framework that 

combines both physical entrapment and chemical interactions, can serve as a promising 
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method to synergistically enhance utilization of the active material and mitigate 

shuttling issues.  

Metal-organic-framework (MOF) materials have been studied as sulfur host 

materials, due to their facile and cost-effective synthesis, high surface area and tunable 

porosity. In addition, both the metal ions and heteroatomic dopant sites can show strong 

adsorption ability towards lithium polysulfides.4-10 Zeolitic imidazolate framework-67 

(ZIF-67), which is composed of metal ions (Co2+) and an organic compound (2-

methylimidazole) is a popular type of MOF.11 Most previous work utilizing MOF in Li–

S cells is based on melt diffusing sulfur into the pores of the MOF materials or initially 

carbonizing the MOF and subsequently infusing sulfur into the pores via melt–

diffusion.4, 12-15 Much less work has been conducted by in situ encapsulating sulfur by 

ZIF materials. It should be noted that ZIFs in themselves are not conducting due to the 

existence of organic linkers,7 so that compositing (insulating) sulfur with a non-

conductive ZIF will slow down the charge transfer kinetics of adsorbed polysulfides, 

leading to a low utilization of active material as well as poor cycling performance. 

Herein, we have developed a procedure for the in situ encapsulation of sulfur 

nanoparticles by ZIF-67, followed by heat treatment, in vacuum, to carbonize the MOF 

(rendering it conductive) so as to enhance the conductivity of the composite. More 

importantly, we found that after the heat treatment, the ZIF-67 was converted, by sulfur, 

to CoS2 within the carbon matrix. This CoS2 in the carbon framework served as a 

conductive host to help encapsulate sulfur into its interior structure. Moreover, it has 

been reported that cobalt pyrite, CoS2, is a sulfiphilic semi-metallic material that could 

effectively adsorb LiPSs, by chemical interactions, and, furthermore, could also serve 
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as an electrocatalyst to boost Li–S battery performance by enhancing the redox reactions 

of polysulfides.16 Thus, the resulting composite material, sulfur encapsulated by CoS2 

embedded in a conducting carbon matrix derived from ZIF-67 (S/Z-CoS2), could 

synergistically benefit from their combined properties. First, the conductive host, CoS2 

embedded in the carbon matrix, can facilitate electron transfer and ionic transport, 

increasing the utilization of active material during cycling and enhancing rate 

performance. Secondly, due to the in situ encapsulation, LiPSs diffusion can be largely 

suppressed by physical entrapment. Thirdly, CoS2 can serve as both an adsorbent and 

electrocatalyst for LiPSs. Polar CoS2 can adsorb polysulfides by chemical interactions 

and, more importantly, promote the kinetics of the redox reactions. In addition, the 

materials were obtained by a facile synthesis procedure amenable to large-scale 

production. With these advantages, the S/Z-CoS2 composite could deliver, in Li–S cells, 

a high areal capacity of 2.2 mAh cm-2 for over 150 cycles at 0.2 C and excellent cycling 

performance at both low and high current densities. An outstanding rate performance 

was also achieved at 5.0 C. S/Z-CoS2 electrodes with stable and high-areal capacity 

represent attractive and feasible high energy-density materials for commercial 

implementation of Li–S batteries. 

 

3.2 Experimental Section 

3.2.1 Preparation of S/ZIF-67 

Sulfur nanoparticles were synthesized according to our previous report.17 In a 

typical synthesis procedure, 0.015 mol of Na2S2O3 dissolved in 50 mL of water were 

added to 500 mL of a 30 mM sulfuric acid solution containing 1 wt.% of 
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polyvinylpyrrolidone (PVP, Mw ~40,000). After reaction for 2 hours the resulting sulfur 

nanoparticles were separated by centrifugation. The obtained particles were 

homogeneously dispersed in 50 mL of methanol with 2 wt.% PVP. 1.95 mmol of 

Co(NO3)2∙6H2O were dissolved in the sulfur/PVP methanol dispersion and the mixture 

was stirred for 30 min. 5.85 mmol of 2-methylimidazole were added to 50 mL of 

methanol and after uniformly mixing, the 2-methylimidazole solution was quickly 

poured into the sulfur mixture. After stirring for 5 min, the mixture was aged for 24 

hours at room temperature. 

3.2.2 Preparation of S/Z-CoS2 

S/Z-CoS2 was synthesized by heat treatment under vacuum. The as-prepared 

S/ZIF-67 composite was sealed in a quartz tube under vacuum, followed by heating at 

300 ºC for 7 h. 

3.2.3 Preparation of Hollow ZIF-67 

To obtain solid ZIF-67, 1.95 mmol of Co(NO3)2∙6H2O and 5.85 mmol of 2-

methylimidazole were dissolved in 50 mL of methanol. After fully dissolving, the 2-

methylimidazole solution was quickly added into the former solution and after stirring 

for 5 min, the mixture was aged for 24 hours at room temperature.18-19 Tannic acid has 

been reported to be able to etch the solid MOF to form hollow materials.20 Thus, the 

solid ZIF-67 was further treated with tannic acid through a modified method. Typically, 

50 mg of solid ZIF-67 particles were dispersed in 50 mL of methanol containing 500 

mg of tannic acid. After reaction for 1 hour, the particles were collected by 

centrifugation and washed with methanol three times.  
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3.2.4 Preparation of S/H-CoS2 

Sublimed sulfur, and as-prepared hollow ZIF-67, were mixed in a mortar and then 

sealed under vacuum. After heat treatment at 300 ºC for 7 hours, S/H-CoS2 was 

obtained. 

3.2.5 Preparation of Li2S6 

A Li2S6 solution was prepared by dissolving stoichiometric amounts of Li2S and 

elemental S into 1,2-dimethoxyethane and 1,3-dioxolane (DME/DOL, 1:1 in volume) 

at 60 ºC overnight in an argon glovebox.  

3.2.6 X-Ray Characterization 

Co K-edge X-ray absorption spectroscopy (XAS) measurements were conducted 

at the F-3 beamline of the Cornell High Energy Synchrotron Source (CHESS) in 

transmission mode from 150 eV below the metal edge out to k=12 using nitrogen-filled 

ion chambers. A Co metal foil spectrum was collected concurrently, and served as a 

standard to calibrate the incident X-ray energy. XANES (X-ray absorption near edge 

structure) and EXAFS (extended X-ray absorption fine structure) spectra were 

normalized and analyzed using the DEMETER (Athena and Artemis) software package. 

Background removal and spectral normalization were carried out using Athena, and 

EXAFS fitting was performed with the Artemis package using standard procedures. 

Fourier transformed EXAFS spectra were obtained by applying a Hanning window from 

3 to 10 Å-1 with k2-weighting. Spectra of S/ZIF-67 and S/Z-CoS2 were fitted with 

standard ZIF-67 and CoS2 crystal structures, respectively. X-ray diffraction (XRD) 

patterns were recorded using a Rigaku Ultima VI diffractometer with a Cu Kα source. 
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Diffraction patterns were collected at a scan rate of 5 º min-1 and with an increment of 

0.02 º. 

3.2.7 Cryogenic Electron Microscopy Characterization 

Sulfur-containing samples were dispersed in ethanol and transferred to Cu TEM 

transmission electron microscope (TEM) grids with a lacey carbon film (Electron 

Microscopy Sciences, EMS). The TEM grids were loaded into a Gatan model 914 

single-tilt cryo-holder under nitrogen gas, at near liquid N2 temperature. The holder kept 

the sample at a stable temperature of about -183 ºC to suppress sulfur sublimation. 

Cryogenic Bright-field (BF) TEM and High-angle annular dark-field (HAADF) STEM 

images were acquired using a field-emission-gun (FEG) FEI Tecnai F-20 microscope. 

XEDS elemental mapping was performed using an Oxford X-Max detector. EDX maps 

were acquired for 10-15 min to achieve more than 100 counts/pixel for sulfur and more 

than 50 counts/pixel for cobalt before noticeable sample drift was observed. STEM-

EDX mapping was set at a beam voltage of 200 keV, a beam dose of 6-7 e/(nm2 ∙ s) and 

a pixel size of 128×128. Beam damage of STEM-EDX maps has been routinely 

examined before and after EDX mapping. For Cryo-SEM imaging, sulfur-containing 

samples were loaded onto a single-crystal Si wafer on a cryo-SEM stage at -165 ºC with 

a surrounding cold finger set at -183 ºC to prevent ice contamination. Samples were 

imaged using a FEI Strata 400 STEM FIB electron microscope with a beam voltage of 

30 keV and beam current of 1 nA. 

3.2.8 Electrochemical Tests  

The cells were assembled with the prepared sulfur composite electrodes 

(composite: Super P : PVDF = 80 : 15 : 5 by weight), lithium foil, electrolyte and 
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separator (Celgard 2300) in an argon filled glovebox with low H2O and O2 levels (<0.3 

ppm). The electrolyte was 1.0 M lithium bis(trifluoromethane)sulfonamide (LiTFSI) 

dissolved in a mixed solvent of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) 

(1:1, v/v) with 0.2 M LiNO3 as an additive. The galvanostatic charge/discharge and 

cyclic voltammetric (CV) tests were performed on an Arbin battery cycler (Arbin, BT 

2000, USA) between 1.7 to 3.0 V (vs. Li+/Li). The specific capacity and C rates (1C = 

1675 mA h g-1) were calculated based on the sulfur mass in the electrode. 

 
3.3 Results and Discussion 

Materials synthesis and characterization The S, composited with CoS2 in the carbon 

matrix derived from ZIF-67 (S/Z-CoS2), was synthesized as illustrated in Figure 3-1. 

Sulfur nanoparticles (NPs) were prepared via the method we previously reported.17 The 

sulfur NPs were in situ encapsulated by ZIF-67 in the presence of polyvinylpyrrolidone 

(PVP). To increase the conductivity of the composite, the obtained S/ZIF-67 composite 

was annealed under vacuum to carbonize the ZIF-67. Figure 3-2 shows that the purple 

S/ZIF-67 changed to black after heat treatment. X-ray diffraction (XRD) patterns 

(Figure 3-3a) indicate that the S/ZIF-67 composite is a mixture of ZIF-67 and sulfur. 

After the heat treatment, the cubic-phase CoS2 (JCPDS No. 41-1471) was formed. 

Distinct diffraction peaks at 27.8, 32.5, 36.2, 39.5, 46.5 and 55.2 º can be indexed to the 

(111), (200), (210), (211), (220) and (311) crystal planes of CoS2, respectively. The 

peaks of CoS2 indicate a small crystal (domain) size and, based on the Scherrer equation, 

the average size of the crystallites was calculated to be 20~25 nm.  

 



 

71 

 

 

Figure 3-1. Schematic illustration of the synthesis procedures of S/ZIF-67, S/Z-CoS2 
and S/H-CoS2. 

 

 
 
 
 

 

Figure 3-2. Photographs of samples S/ZIF-67, S/Z-CoS2, hollow ZIF-67, S/H-CoS2 and 
ZIF-67. Purple S/ZIF-67 was transformed to the black S/Z-CoS2 composite via heat 
treatment. After the solid ZIF-67 was treated by tannic acid, dark purple hollow ZIF-67 
was obtained. The sample turned to black when the hollow ZIF-67 was mixed with 
sulfur and went through the heat treatment. 

 
  

S/ZIF-67 S/Z-CoS2 Hollow	ZIF-67 S/H-CoS2 ZIF-67
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In order to further confirm the formation of CoS2 in the S/ZIF-67 derived 

composite after heat treatment, we performed powder X-ray absorption spectroscopy 

(XAS) measurements at the Cornell High Energy Synchrotron (CHESS). The extended 

X-ray absorption fine structure (EXAFS) spectra exhibited a significant change between 

S/ZIF-67 and S/Z-CoS2 (Figure 3-3b). The first shell peak, representing the chemical 

bond between Co and its closest neighbors, at around 1.5 Å in the S/ZIF-67 sample 

shifted to about 1.9 Å in S/Z-CoS2 (both without phase correction), suggesting a 

transformation from a Co-N bond in ZIF-67 to a Co-S bond in CoS2. The Co-N and Co-

S bond lengths were calculated to be 1.988 Å and 2.253 Å, respectively, through 

EXAFS fitting using ZIF-67 and CoS2 standards, respectively (Figure 3-4). Powder X-

ray absorption near edge structure (XANES) spectra at the Co-K edge further confirmed 

that the majority of Co in ZIF-67 was successfully converted to CoS2, as evidenced by 

the shift in the Co K-edge energy, as well as the similar spectral features between S/Z-

CoS2 and the CoS2 standard (Figure 3-5). Moreover, the signature pre-edge peak feature 

for S/ZIF-67 disappeared after heat treatment, indicating a decomposition of the MOF 

structure. In addition, the microstructure of the S/Z-CoS2 composite particles was 

examined by bright-field (BF) TEM under cryogenic conditions. As shown in Figure 

3-3c, S/Z-CoS2 exhibits a projected hexagonal symmetry with a rough surface 

morphology. The atomic-scale BF-TEM image in Figure 3-3d reveals a lattice d-spacing 

of 2.3 Å, which matches the (211) lattice plane of CoS2. Raman spectra of the 

composites before and after heat treatment are presented in Figure 3-6a. Two new 

dominant peaks were found at 1350 cm-1 and 1585 cm-1 corresponding to the 

characteristic D and G bands of the carbon matrix, respectively, demonstrating that 
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Figure 3-3. (a) Powder XRD patterns of sulfur/ZIF-67 composite (S/ZIF-67) and 
sulfur/ZIF-67-derived CoS2 in a carbon framework (S/Z-CoS2) and standard XRD 
patterns of CoS2, ZIF-67 and elemental S8. (b) EXAFS spectra of S/ZIF-67 and S/Z-
CoS2 with k2-weighting and no phase correction. EXAFS fitting results and XANES 
spectra can be found in Figure 3-4 and Figure 3-5. (c) Cryogenic Bright-field (BF) 
TEM images of S/Z-CoS2 showing the projected hexagonal symmetry and the rough 
surface at T= -183 ºC. (d) Atomic-scale BF-TEM image of a CoS2 nanoparticle. 
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Figure 3-4. EXAFS profiles and fitting results for (a) S/ZIF-67 and (b) S/Z-CoS2 
composites. The fitting was performed within a Welch window between 1 and 5.5 Å. 
ZIF-67 and CoS2 standard references were used to fit the experimental data. The R-
factors of fittings results were 0.027 for S/ZIF-67 and 0.013 for S/Z-CoS2. An R factor 
less than 0.05 usually indicates a good quality of fit. 

 
 

 

Figure 3-5. XANES spectra of Co K-edge of S/ZIF-67 and S/ZIF-67 derived CoS2 (S/Z-
CoS2) composites. The XANES spectrum of S/Z-CoS2 exhibits similar features as for 
S/ZIF-67. The shift to lower energies of S/Z-CoS2, relative to that of S/ZIF-67, suggests 
a decrease in Co oxidation state during the heating treatment.  
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ZIF-67 was carbonized during the heat treatment.  

About 78 wt.% of elemental sulfur was incorporated in the S/ZIF-67, while it was 

59 wt.% in the S/Z-CoS2 as determined from thermogravimetric analysis (TGA), Figure 

3-6b, indicating that about 20 wt.% of elemental sulfur was consumed in forming CoS2, 

indicating the formation of CoS2 in the carbon framework after the heat treatment of 

S/ZIF-67. 

 

 

Figure 3-6. (a) Raman spectra of S/Z-CoS2 and S/ZIF-67. (b)TGA curves of S/Z-CoS2, 
S/ZIF-67, and S/H-CoS2 at a ramp rate of 10 ºC min-1 in Ar.  

 
 
 
 

The cryo-SEM image of the S/ZIF-67 composite displays a 2-3 µm particle with 

the typical geometry of a rhombic dodecahedron with twelve rhombic faces (Figure 

3-7a). The 2D projected geometry of a rhombic dodecahedron can be either a hexagon 

or rhombus. Cryo-STEM image of S/ZIF-67 composite at T = -183 ºC shows a particle 

with a hexagonal symmetry and well-defined sharp edges (Figure 3-7b). The 

(b)(a)
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corresponding EDX elemental maps in Figure 3-7c-e demonstrate the homogenous 

distribution of Co and S elements in the composite particle at the nanometer scale, 

which is supported by further examination of the elemental distribution of Co and S in 

four other different regions (Figure 3-8). The signals in S and Co maps reached more 

than 100 and 50 counts/pixel, respectively, before noticeable sample drift and beam 

damage was observed (Figure 3-9). Considering that the signal-to-noise (S/N) ratio is 

proportional to 𝑁, S and Co elemental maps have a high S/N ratio of more than 10 

and 7, respectively. This confirms the successful encapsulation of sulfur in the ZIF-67 

cage. In contrast to the well-defined sharp edges in Figure 3-7a-b, S/Z-CoS2, obtained 

by heat treatment, exhibits a rougher surface morphology as shown in the cryo-SEM 

image in Figure 3-7f, as was previously confirmed by BF-TEM images (Figure 3-3d) 

to have CoS2 nanoparticles on the surface. The Cryo-STEM image of a S/Z-CoS2 

particle reveals a size of 2-3 µm with hexagonal symmetry, similar to S/ZIF-67 (Figure 

3-7g). The corresponding EDX elemental maps of Co, S and Co vs. S again demonstrate 

the homogenous elemental distribution of Co and S in the S/Z-CoS2 composite, which 

is further evidenced by the EDX maps of other different S/Z-CoS2 composite particles 

(Figure 3-10). To quantitatively examine the S and Co content in the S/Z-CoS2 

composite, EDX spectral analysis was performed and the S to Co atomic ratio was 

calculated to be 6.7:1 based on the S and Co K-edges peak intensity ratio (the S/Co 

ratio of CoS2 is 2:1) (Figure 3-11), indicating that a significant amount of elemental 

sulfur stays inside the CoS2 cages after the heat treatment. This is critical and unique to 

our design, differing from the conventional strategy in which sulfur stays outside the 

host material, such as the ones in our previous studies. The homogenous encapsulation  
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Figure 3-7. Cryogenic Electron microscopy (Cryo-EM) imaging and EDX elemental 
mapping. (a) Cryo-SEM image of S/ZIF-67 composite at T = -165 ºC. (b) Cryo-STEM 
image of S/ZIF-67 at T = -183 ºC. (c-e) STEM-EDX elemental maps of Co (red), S 
(green) and color overlay (yellow) of and Co and S, corresponding to the particle in (b). 
(f) Cryo-SEM image of S/Z-CoS2. (g) Cryo-STEM image of S/Z-CoS2. (h-j) Cryo-
STEM-EDX elemental maps of Co (red), S (green) and color overlay (yellow) of and 
Co and S, corresponding to the particle in (g). EDX spectrum corresponding to the 
particle in (g) can be found in Figure 3-11.  More examples of EDX maps of S/ZIF-67 
and S/Z-CoS2 can be found in Figure 3-8 and Figure 3-10, respectively. 
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Figure 3-8. Cryo-STEM images of S/ZIF-67 composite particles and the corresponding 
maps of Co (red), S (green) and color overlay (yellow) of Co and S. 

 
 

 

Figure 3-9. (a-b) Cryo-STEM images of S/ZIF-67-derived CoS2 at its initial state and 
after EDX mapping, respectively, suggesting no noticeable beam damage during EDX 
mapping. EDX maps were acquired for 10 min to achieve more than 100 counts/pixel 
for sulfur and more than 50 counts/pixel for cobalt, with a beam voltage of 200 keV, a 
beam dose of 6-7 e/(nm2).  
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Figure 3-10. Cryo-STEM images of S/ZIF-67-derived CoS2 (S/Z-CoS2) composite 
particles and the corresponding EDX elemental maps of Co (red), S (green) and color 
overlay (yellow) of Co and S. 

 

 

Figure 3-11. EDX spectrum of S/ZIF-67-derived CoS2 composite, corresponding to the 
particle in Figure 3-7g. S/Co atomic ratio was quantified to be 6.7:1 based on S and Co 
K-edges, which is quite consistent with the S/Co ratio (about 8:1) calculated from TGA 
results. This suggests that the majority of the sulfur is confined within the cage of ZIF-
67-derived CoS2 rather than remaining external to the particles.  
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of sulfur in the matrix formed by CoS2 and carbon can facilitate both electronic transport 

and the electrochemical utilization efficiency of the sulfur.  

The S/Z-CoS2 composite was obtained by the unique strategy of integrating sulfur 

into the ZIF-derived CoS2 in the carbon framework. A common approach, in the 

literature, to constrain elemental sulfur with a hollow or porous host material, was 

through the traditional sulfur melt-infusion method at 150 ºC or sulfur vaporization at 

higher temperatures. Thus, in order to compare our method with the traditional strategy, 

a control group of hollow ZIF-67 was prepared (see Figure 3-1 for an illustration of the 

detailed preparation). In this case, hollow ZIF-67 was obtained by etching solid ZIF-67 

using tannic acid (see Figure 3-2 for the color of hollow ZIF-67). Subsequently, sulfur 

was infiltrated into the hollow structure under the same heat treatment so that ZIF-67 

was transformed to CoS2 embedded in a carbon matrix, and sulfur would sublime and 

infiltrate into the hollow host material at the same time. The formed composite is 

denoted as S/H-CoS2. Since the image intensity in ADF-STEM images is proportional 

to atomic number as well as atomic density, a lower intensity indicates a lower atomic 

density in the material with the same element. Based on this argument, Figure 3-12a-b 

suggest that the hollowed architecture was successfully obtained and µm-sized ZIF-67 

precursors generate an inner void with a shell thickness of about 100 nm. A hollow ZIF-

67 with a particle size of 2 µm and a shell thickness of 100 nm will result in a high 

theoretical void volume fraction of around 85% in the whole particle based on the 

geometry of a rhombic dodecahedron (Volume, V = 89 :
;

a3, where a is the edge length). 
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Figure 3-12. (a) HAADF-STEM image of hollow ZIF-67 micrometer-sized particles. 
(b) STEM image of a specific hollow ZIF-67 particle. Lower image contrast in the 
middle of the particles clearly suggests a hollow structure. (c) Cryo-STEM image of 
S/H-CoS2 composite particles. (e-f) Cryo-STEM-EDX elemental maps of Co (red), S 
(yellow) and color overlay of Co and S. Yellow suggests an overlay of Co and S 
elements while green indicates pure elemental sulfur. EDX spectrum of the composite 
particle in the dashed box can be found in Figure 3-13. More examples of EDX maps 
of S/H-CoS2 can be found in Figure 3-14. 

 

 

Figure 3-13. EDX spectrum of hollow ZIF-derived CoS2 (H-CoS2) composite, 
corresponding to the particle in Figure 3-12. S/Co atomic ratio was quantified to be 
around 9.5:1 based on S and Co K-edges, which is significantly larger than the S/Co 
ratio (2:1) in CoS2, suggesting the existence of elemental sulfur in the cage of H-CoS2. 
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The microstructure and chemical composition of S/H-CoS2 composites were 

examined through Cryo-STEM-EDX mapping. EDX elemental maps of S/H-CoS2 

provide insights as to the local distribution of sulfur, both within as well as outside of 

the hollow host (see STEM images in Figure 3-12c-f). Analysis of the EDX spectrum, 

extracted from one particle in the white dashed box in Figure 3-12f, suggests a S/Co 

atomic ratio of 9.5:1, which is higher than the theoretical S/Co ratio of 2:1 in CoS2 

(Figure 3-13). This indicates that a large amount of (likely) elemental sulfur stays within 

the region of the hollow ZIF-67 derived host. More importantly, an isolated µm-sized 

particle in bright green in Figure 3-12f was ascribed to be a pure elemental sulfur particle 

outside of the Co-containing hollow host. This would suggest that sulfur coexists both 

in the elemental form as well as strongly associated with the ZIF-67 derived host, both 

in as well as outside. Further examination of four other regions in S/H-CoS2 clearly 

confirms that 2-5 µm pure elemental sulfur particles co-exist and remain external to the 

hollow host (Figure 3-14). Despite the fact that hollow ZIF-67 has a high void volume 

fraction of around 85%, a considerable amount of elemental sulfur remains outside as 

sulfur particles either in physical contact with or isolated from the hollow host, in a way 

that is similar to our previous study of a porous iron oxide.29 S/H-CoS2 together with an 

integrated S/Z-CoS2 composite will later be compared (vide infra) in battery tests, to 

explore the correlation between structural design and battery performance. 

We posit that the polar sulfur host obtained, CoS2 in a carbon matrix derived from 

ZIF-67 (Z-CoS2), has a strong adsorption towards polar LiPSs (lithium polysulfides). 

To demonstrate/test the effectiveness of Z-CoS2 as host material for suppressing the 

diffusion of LiPSs, the adsorption ability of polar Z-CoS2 towards LiPSs was tested. 
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ZIF-67 derived CoS2 in a carbon matrix without sulfur (Z-CoS2), was obtained by 

subliming sulfur under high temperature (300 ºC) for 6 hours in a flow furnace. Z-CoS2 

was then mixed with a 1 mM Li2S6 in DOL/DME (1:1, v/v) solution as a representative 

polysulfide. As shown in Figure 3-15a, it is evident that the addition of Z-CoS2 to the 

polysulfide solution turns the color of the Li2S6 from yellow to colorless (immediately), 

suggesting that Z-CoS2 has a strong (and fast) adsorption capability for LiPSs. Thus, 

there would be the expectation that during cycling, Z-CoS2 can help immobilize the 

LiPSs and greatly mitigate capacity fade. As a comparison, commercial CoS2 and ZIF-

67 were also added to the polysulfide solution. The commercial CoS2 gave rise to a 

slight color change, indicating that CoS2 is beneficial for constraining LiPSs, as 

previously reported.16, 21 However, ZIF-67 did not cause any discoloration. Instead the 

solution changed to pinkish, suggesting that ZIF-67 lacks the ability to restrain the LiPSs 

from diffusing and, even worse, ZIF-67 is likely decomposing slightly with Co2+ 

diffusing into the electrolyte (giving rise to the pink coloration). UV-Vis spectra (Figure 

3-15b) further indicated that Z-CoS2 has a strong entrapment ability to polysulfides, due 

to both chemical interactions and physical constraints. The strong and fast affinity of Z-

CoS2 for LiPSs could improve cycling stability of S/Z-CoS2 composites.  
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Figure 3-14. Cryo-STEM images of S/hollow ZIF-derived CoS2 (S/H-CoS2) composite 
particles and the corresponding EDX elemental maps of Co (red), S (green) and color 
overlay of Co and S. Yellow suggests an overlay of Co and S elements while green 
indicates pure elemental sulfur.  
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Figure 3-15. (a) Photographs of Li2S6 solution and Li2S6 solutions after adding Z-CoS2, 
commercial CoS2 and ZIF-67 powders. (b) UV/Vis absorption spectra of lithium 
polysulfide (Li2S6) solution before and after adding Z-CoS2, commercial CoS2 and ZIF-
67.  

Li2S6 Z-CoS2 CoS2 ZIF-67

(a) (b)
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Electrochemical performance: Coin cells with S/Z-CoS2, S/ZIF-67 and S/H-CoS2 as 

cathode materials were prepared to evaluate their electrochemical performance. Cyclic 

voltammograms (CV) of these materials were obtained over the voltage range of 1.7-

3.0 V at a scan rate of 0.1 mV s-1 (Figure 3-16a-c). For S/Z-CoS2, two well-defined 

reduction peaks at 2.28 and 2.05 V were observed, corresponding to the reduction of 

sulfur to high-order lithium polysulfides Li2Sx (4 ≤ x ≤ 8) as well as lithium polysulfides 

to solid-state Li2S2/Li2S, respectively, while the anodic peak could be assigned to the 

oxidation of Li2S2/Li2S to S8. In the case of S/ZIF-67, the two reduction peaks were 

found at lower potentials of 2.22 V and 1.98 V, respectively. The potential shifts are 

likely due to the low electronic conductivity of ZIF-67, which results in slower redox 

kinetics. As mentioned previously, the heat treatment carbonizes the ZIF-67 material to 

produce CoS2 in the carbon matrix. Benefitting from the generated carbon as well as 

CoS2, the overall conductivity of the composite material is enhanced, facilitating 

electronic transfer. Due to the similar reaction pathways, S/H-CoS2 has higher 

conductivity than S/ZIF-67, leading to a positive shift of the reduction peaks (2.23 and 

2.01V) compared to S/ZIF-67. However, the external elemental sulfur on the surface of 

the host material impedes electron transfer between particles, so that the reaction 

kinetics are slower than S/Z-CoS2. To compare the conductivity of the materials, 

electrochemical impedance spectra (EIS) of S/Z-CoS2, S/ZIF-67 and S/H-CoS2 

cathodes are presented in Figure 3-17. S/Z-CoS2 exhibits the smallest semicircle 

diameter in the high-frequency region, suggesting that S/Z-CoS2 has the fastest charge 

transfer process. In addition, Figure 3-16a-c show that after 10 cycles, the peak  
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Figure 3-16. CV profiles of (a) S/Z-CoS2, (b) S/H-CoS2, and (c) S/ZIF-67 for 10 cycles 
at a scan rate of 0.1 mV s-1. (d) Cycling performance of S/Z-CoS2, S/H-CoS2, and S/ZIF-
67 at 0.2 C for 200 cycles. (e) Long-term cycling of S/Z-CoS2, S/H-CoS2, and S/ZIF-67 
at 1 C for 1000 cycles. 

 

 

Figure 3-17. EIS spectra of S/Z-CoS2, S/H-CoS2, and S/ZIF-67.  

(a) (b) (c)

(d)

(e)
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positions and intensities were not changed for S/Z-CoS2, indicating the stable cycling 

stability of the material. In contrast, both S/ZIF-67 and S/H-CoS2 exhibited dramatic 

shifts, due to the increased resistance during cycling and severe shuttling problem.  

The cycling performance of these three electrodes are compared at a current density 

of 0.2 C (Figure 3-16d). S/Z-CoS2, S/ZIF-67 and S/H-CoS2 delivered initial capacities 

of 993, 900, and 970 mAh g-1, respectively. However, after only 50 cycles, the discharge 

capacity of S/ZIF-67 dropped rapidly to 300 mAh g-1, corresponding to a capacity 

retention of only 30%. The rapid capacity decay is due to the fast polysulfide dissolution 

and the increased resistance of the composite during cycling, which is in agreement with 

Figure 3-16c. The S/H-CoS2 electrode delivered a somewhat higher capacity with 

slightly better capacity retention than S/ZIF-67 because of the increased electrical 

conductivity, caused by heat treatment, and chemical interactions between CoS2 and 

LiPSs during cycling. However, with minimal chemical adsorption effects, the capacity 

fade was still severe with only 28% retention after 200 cycles. In contrast, S/Z-CoS2 

electrodes exhibited a significantly enhanced cycling stability. A much higher capacity 

of 750 mAh g-1 was achieved with an excellent capacity retention of 76% after 200 

cycles. The improved stability is likely due to the increased conductivity of the material, 

compared to S/ZIF-67, and mitigated loss of active material, through LiPSs dissolution, 

by both physical confinement and the chemical interactions of LiPSs with CoS2 in the 

carbon matrix. The capacity values obtained based on the mass of the composite are 

shown in Figure 3-18. The prolonged cycling stability of the materials was further tested 

at 1 C (Figure 3-16e). S/Z-CoS2 exhibited a highly stabilized capacity of 440 mAh g-1 

after 1000 cycles, corresponding to a low average capacity drop rate of 0.04% per cycle.  
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Figure 3-18. Cycling performance of S/Z-CoS2, S/H-CoS2, and S/ZIF-67 at 0.2 C for 
200 cycles. (The capacity values were calculated based on the mass of the composite). 

 

 
The rate capabilities and the electrode kinetics were investigated at various current 

densities (Figure 3-19a). As the current density was increased stepwise from 0.1 to 5 C, 

the S/Z-CoS2 delivered high capacity values of 1100, 910, 740, 640, 580, 490 and 430 

mAh g-1, respectively. When the current density was decreased back to 0.1 C, a capacity 

of 930 mAh g-1 was obtained, indicating a high structural stability, even at high C-rates. 

Compared with S/Z-CoS2, the S/ZIF-67 shows much lower discharge capacities at 

various current densities, and almost no capacity at current densities higher than 2 C. 

The dramatically low capacities are caused, at least in part, by the low conductivity of 

the composite material (Figure 3-17). Owing to the higher conductivity of H-CoS2, the 

rate capability of S/H-CoS2 is better than S/ZIF-67 at high current densities. However, 

without efficient physical constraint, the ineffective LiPSs confinement of H-CoS2 

results in relatively low capacities at low C-rates. It is worth noting that S/H-CoS2 and 

S/Z-CoS2 have similarly high capacities at high current densities. This could be due to 

CoS2, serving as an electrocatalyst, could favorably affect the redox reactions.16, 21  
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Figure 3-19. (a) Rate performance of S/Z-CoS2, S/H-CoS2, and S/ZIF-67 at C rates 
from 0.1 C to 5.0 C. (b) Rate performance of high sulfur loading electrodes of S/Z-CoS2. 
(c) Cycling performance of S/Z-CoS2 with high sulfur loading at 0.2 C rate. 

  

(a) (b)

(c)
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Ascribed to the improved conductivity and efficient LiPSs entrapment by both physical 

confinement and chemical adsorption effects, S/Z-CoS2 exhibited the best performance 

in terms of redox kinetics and cycling stability. 

High sulfur loading of the electrode composite is of great significance for the 

practical use of Li–S batteries. Thus, S/Z-CoS2 electrodes with high areal sulfur loadings 

of 2.5-2.9 mg cm-2 were further tested. Figure 3-19c presents cycling performance of 

the high-loading electrodes cycled at 0.2 C for 150 cycles. An initial discharge capacity 

of 1030 mAh g-1 was achieved, corresponding to an areal capacity of 3 mAh cm-2. After 

150 cycles, a high and stabilized specific capacity of 750 mAh g-1, corresponding to 2.2 

mAh cm-2, was obtained. The stable cycling performance of high-loading sulfur 

electrodes of S/Z-CoS2 is ascribed to the high conductivity of S/Z-CoS2 and efficient 

confinement of LiPSs by both physical and chemical entrapment. The rate performance 

of high-loading electrodes in Figure 3-19b shows that the S/Z-CoS2 electrode can 

provide a high areal capacity of 1.5 mAh cm-2 even at a high C rate of 1 C. Two well-

defined discharge plateaus were observed at various current densities (Figure 3-20), 

illustrating the fast redox kinetics of the electrodes.  
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Figure 3-20. Charge/discharge profiles of S/Z-CoS2 at high loading at various C-rates. 

 
 

 

Figure 3-21. (a) GITT profiles of S/Z-CoS2 and calculated lithium ion diffusion 
coefficients. (b) Comparison of lithium ion diffusion coefficients of S/Z-CoS2, S/H-
CoS2, and S/ZIF-67. 

 
  

(a) (b)
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Furthermore, to study the reaction kinetics of the electrodes, the galvanostatic 

intermittent titration technique (GITT) was employed by discharging/charging the cell 

for 30 min at 0.1 C followed by a 10-hour rest period. The lithium ion diffusion 

coefficient at different states of charge (SOC), could be calculated from the transient 

voltage response using the expression developed by Weppner and Huggins.22 The 

lithium ion diffusion coefficients calculated using this equation at different SOC are 

plotted in Figure 3-21a-b. The values are found to be higher at the first discharge plateau 

than those at the second plateau, confirming that the reaction of S8 to Li2S4 is faster than 

the transformation of Li2S4 to Li2S, so the liquid-solid reaction is the rate-determining 

step in the sulfur reduction. Moreover, CV tests at different scan rates were further 

conducted to study the reaction kinetics of the electrodes (Figure 3-22a-c). At higher 

sweep rates, the potentials of the reduction peaks of S/Z-CoS2 are the highest while 

those of the oxidation peaks are the lowest among three samples of S/Z-CoS2, S/ZIF-67 

and S/H-CoS2, further indicating that the S/Z-CoS2 composites have the fastest kinetics 

for the reaction between Li2S and S8. The Li+ diffusion coefficient can be derived by 

analyzing the CV data at different scan rates according to the Randles-Sevcik equation:  

Ip = 2.69 × 105n3/2AD1/2 Cυ1/2 

where Ip is the peak current, n is the charge transfer number, A is the geometric 

area of the active electrode, D is the lithium ion diffusion coefficient, C is the 

concentration of Li+, and υ is the potential scan rate. The lithium ion diffusion 

coefficients can be determined by plotting the current density Ip, versus the square root 

of the scan rate υ1/2 (Figure 3-22d-f). The linear relationship of Ip versus υ1/2 indicates 

that the reaction is a diffusion-controlled process. For Z-CoS2 encapsulating sulfur 
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electrode, the slopes are the highest among the three samples. For peak C1 (Figure 

3-22d), the diffusion rate increased by 29% and 34% for peak C2, respectively (Figure 

3-22e), compared to S/ZIF-67 electrodes. These results suggest that ZIF-67 derived 

CoS2 embedded in carbon framework could significantly enhance the redox reaction 

kinetics, especially for the transformation from Li2S4 to Li2S.  

All of these results indicate that S/Z-CoS2 is a promising sulfur cathode material 

for high energy density Li–S batteries with stable cycling life and outstanding rate 

performance. By comparing with other cathodes based on carbon, metal sulfides/oxides 

or MOF materials as hosts (Table 3-1), it is evident that our S/Z-CoS2 exhibits highly 

enhanced rate capability and outstanding cycling stability. The significantly improved 

performance is ascribed to various reasons. First, the heat treatment which produced a 

carbon framework, significantly increased the conductivity of the composite (Figure 

3-17), increasing the utilization of active material during cycling and lowering the 

polarization in the coin cells. Second, the polar CoS2 embedded in the carbon framework 

can provide strong adsorption to LiPSs, enriching the LiPSs concentration on the 

conductive host surface, thus accelerating the redox reaction. This has been verified by 

the adsorption test (Figure 3-15). Third, in situ encapsulation of sulfur particles gives 

rise to an intimate contact between the host material and sulfur particles, and at the same 

time, provides a protective cage for physically restraining the LiPSs from diffusing into 

the electrolyte. The combined effects of physical confinement and chemical interactions 

give rise to the enhanced cycling stability. In addition to the physical and chemical 

entrapment of LiPSs, CoS2 also serves as an electrocatalyst which can accelerate the 
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Figure 3-22. CV profiles of (a) S/Z-CoS2, (b) S/H-CoS2, and (c) S/ZIF-67 at various 
scan rates from 0.1 mV s-1 to 0.5 mV s-1. Plots of S/Z-CoS2, S/H-CoS2, and S/ZIF-67 
peak current vs square root of scan rates for (d) cathodic peak 1, (e) cathodic peak 2, 
and (f) anodic peak 1. 
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Figure 3-23. SEM images of S/Z-CoS2 electrodes (a, b) before cycling, and (c, d) after 
20 cycles. 
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polysulfides redox kinetics, especially for the liquid-solid state reaction, as manifested 

by the kinetic analysis (Figure 3-22). It is also proposed that CoS2 could control the 

precipitation of insoluble Li2S. The SEM images of a fully discharged cell after 20 

cycles displayed in Figure 3-23 indicate that there are no bulk Li2S particles present on 

the surface and the morphology of the composite has no noticeable changes, indicating 

the controlled precipitation and stable encapsulation of the active material. We believe 

that optimizing the composite composition ratio and other components in the cell, such 

as introduction of interlayer or separator modification, will likely further enhance 

electrochemical performance. 
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Materials 
 

Rate 
performance 
 

Cycling stability 
 

Reference 
 

S/Z-CoS2 5C, 430 mAh g-1 0.2C, 750 mAh g-1, 
200 cycles 
1C, 440 mAh g-1, 
1000 cycles 

This work 

Hierarchical 
micro/mesoporous 
carbonaceous 
nanotube 

2C, 616 mAh g-1 
 

1C, 558 mAh g-1, 
160 cycles 
 

Ref. 23 

MoO2 2C, 635 mAh g-1 
 

0.1C, 570 mAh g-1, 
250 cycles 
 

Ref. 24 
 

Ni-MOF 
 

2C, 287 mAh g-1 
 

0.2C, 520 mAh g-1, 
200 cycles 
 

Ref. 25 
 

CoSx 
 

2C, 525 mAh g-1 
 

0.1C, 423 mAh g-1, 
100 cycles 
 

Ref. 26 
 

CoS2/graphene 
 

2C, 1000 mAh g-1 
 

2C, 320 mAh g-1, 
2000 cycles 
 

Ref. 27 
 

CoS2@G/CNT 
 

4C, 480 mAh g-1 
 

0.5C, 581 mAh g-1, 
300 cycles 
 

Ref. 28 
 

Co9S8 
 

2C, 880 mAh g-1 
 

0.5C, 250 mAh g-1, 
1500 cycles 
 

Ref. 29 
 

Activated carbon 
nanofiber/Co3S4 
 

2C, 752 mAh g-1 
 

1C, 610 mAh g-1, 
450 cycles 
 

Ref. 30 
 

 

Table 3-1. Comparison of electrochemical properties of S/Z-CoS2 to other reported 
carbon, metal oxides/sulfides, MOF as sulfur hosts. 
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3.4 Conclusions 

In summary, a facile and scalable method was developed to synthesize S/Z-CoS2 

composites via in situ encapsulation followed by heat treatment. The annealing process 

transformed ZIF-67 to CoS2 embedded in a carbon framework. The formation of CoS2 

embedded in a carbon framework was confirmed by XAS and Cryo-TEM. The 

successful encapsulation of sulfur by ZIF-derived CoS2 in a carbon matrix was 

examined through Cryo-S/TEM imaging together with EDX elemental mapping. We 

have demonstrated that the encapsulation of sulfur particles by CoS2 embedded in a 

carbon framework is beneficial for preventing/precluding the LiPSs from diffusing into 

the electrolyte during cycling and can also accelerate the redox reactions. Benefitting 

from the improved conductivity, both physical entrapment of LiPSs and their chemical 

binding to CoS2, and more importantly, accelerated redox kinetics induced by CoS2 as 

an electrocatalyst, the resulting S/Z-CoS2 could achieve a high areal capacity, excellent 

cycling stability and enhanced rate performance. This work provides valuable insights 

for novel and cost-effective sulfur host materials design for the future practical 

application of high-energy, high-power and long-life Li–S batteries.  
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CHAPTER 4  

CURRENT COLLECTORS COATED WITH N-DOPED CARBON FOR 

UNIFORM LITHIUM DEPOSITION 

 
4.1 Introduction 

Li metal anodes serve as an essential component in Li–S batteries. Improvements 

on Li anodes should be achieved in order to enable high-performance Li–S cells. 

Conventional lithium-ion batteries, using graphite as anode, have been widely used for 

decades, but are approaching their theoretical energy density limit and are unable to 

meet the rising energy demands.1-4 Advanced rechargeable batteries, including Li–

sulfur, Li–air and Li–selenium batteries, are being actively pursued owing to their high 

energy density and cost-effectiveness; compared to lithium-ion batteries.3-5 To fulfill 

their promise as high energy density devices, they will require the use of anode materials 

with correspondingly high energy densities. Metallic lithium is the most attractive anode 

material and regarded as the “Holy Grail” for these advanced electrical energy storage 

devices, because Li possesses the highest theoretical specific capacity of 3860 mAh g-1 

and the lowest negative electrochemical potential (-3.04 V versus the standard hydrogen 

electrode).2, 6-7 However, the commercialization of lithium metal anodes has yet to 

achieve success. This is due to multiple reasons including the low Coulombic efficiency, 

infinite relative volumetric change and the severe growth of lithium dendrites.8 

Particularly, the uncontrolled formation of Li dendrites can not only give rise to “dead 

Li”, which leads to a fast capacity loss, but also poses safety concerns by penetrating 

the separator and causing an internal short circuit leading to thermal runaway.2, 8 
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To tackle these obstacles, various approaches have been proposed, including 

developing solid-state electrolytes to mechanically prevent dendrite formation,9-11 

modification of electrolyte concentration and additives to stabilize the SEI layer,12-14 

and construction of porous matrices to accommodate lithium.15-16 Various carbon 

materials have been widely studied and employed as conductive lithium hosts.17-19 In 

order to render carbon lithiophilic for homogeneous lithium deposition with lower 

nucleation overpotentials, doping strategies have been proposed.20 Nitrogen-doped 

graphene was found to guide Li nucleation and suppress lithium dendrite formation, 

increasing the Coulombic efficiency.21 Designing a host material for Li deposition can 

prevent the growth of lithium dendrites, however, the construction of these hosts usually 

involves complex procedures, not suitable for industrial manufacturing. Introducing 

inactive host materials will also decrease the specific gravimetric and volumetric energy 

densities of the batteries. Therefore, controlling the lithium deposition on a traditional 

anode current collector, copper foil, is of great significance for the large-scale and 

economic-effective production of lithium metal anodes. However, much less work has 

focused on the modification of lithiophilic Cu foil.  

Herein, we report a facile method to regulate lithium nucleation and growth by 

coating copper foil with a thin layer of nitrogen-doped carbon, which was derived from 

the carbonization of polydopamine as a carbon precursor. The lithiophilic nitrogen-

doped carbon on the Cu foil can significantly reduce the nucleation overpotential and 

effectively suppress the formation of lithium filaments. The Li deposits, on the Cu foil 

coated with nitrogen-doped carbon (N-C), exhibited spherical morphology, in contrast 

to the needle-like dendrites formed on the bare Cu foil. In addition, due to the efficient 
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inhibition of Li dendrites, the Coulombic efficiencies of lithium stripping/platting were 

significantly improved at both high current densities and high areal capacities. 

 

4.2 Experimental Section 

4.2.1 Coating a Cu foil with Polydopamine 

A piece of a copper foil of 20 cm × 20 cm was placed in a petri dish. Tris buffer 

solution was prepared by dissolving 0.121 g of tris(hydroxymethyl)aminomethane in 

100 mL of H2O, followed by the addition of 0.2 g of dopamine hydrochloride. The 

mixture was subsequently stirred for 10 mins. The brown solution was poured on the 

Cu foil in the petri dish and kept still for the polymerization of dopamine to occur, thus 

coating the Cu foil surface. After 24 hours, the polydopamine-coated Cu foil was rinsed 

with water and ethanol three times, respectively.  

4.2.2 Preparation of the Cu Foil Coated with Nitrogen-Doped Carbon 

The copper foil, coated with polydopamine, was cut into circular disks 0.5 inch in 

diameter. The disks were transferred to a flow furnace and carbonized at 600 ºC for 2.5 

hours in flowing Ar gas.  

4.2.3 Electrochemical Measurements 

2023-type coin cells were assembled with bare Cu foils or Cu foils coated with N-

C as a working electrode, and a Li foil as a counter/reference electrode. The electrolyte 

was 1M lithium hexafluorophosphate (LiPF6) in ethylene carbonate (EC) and diethyl 

carbonate (DEC) (1:1, by volume). To investigate Li nucleation and deposition 

processes, galvanostatic charge/discharge tests were performed on an Arbin battery 

cycler (Arbin, BT 2000, USA). The working electrode was deposited with Li at a 
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prescribed current density for a certain amount of time and, subsequently, stripped to a 

cutoff voltage of 0.8 V (vs Li+/Li) at the same current density. The Coulombic efficiency 

(CE) was obtained from the ratio of Li stripping to deposition, following the equation: 

CE = Qstripping/Qdeposition × 100%. Symmetric cells were assembled using a pristine Cu 

foil or a N-C coated Cu foil with a pre-stored Li capacity of 4 mAh cm-2 as one electrode 

and a commercial Li foil as the other. 1M LiPF6 in EC/DEC (1:1) was used as the 

electrolyte.  

4.2.4 Structural and morphological characterization 

Field emission scanning electron microscope images were obtained with a Keck 

SEM (Zeiss 1550 FESEM). To observe the morphology of Li deposited on the current 

collectors, electrodes were extracted by disassembling the cells in an Ar-filled glovebox 

with low H2O and O2 level (<0.3 ppm), which were then rinsed with dimethyl carbonate 

(DMC) to remove residual electrolyte and salts.  

 

4.3 Results and Discussion 

Coating with polydopamine is an easy and versatile method for modifying 

surfaces.22 Thus, a commercial anode current collector, Cu foil, was initially coated 

with polydopamine via polymerization of dopamine on the surface. The coated foil was 

carbonized in an inert atmosphere (Ar) to produce the nitrogen-doped carbon. The 

coating process of the Cu foil is illustrated by the scheme in Figure 4-1a and the color 

of the Cu foil at each coating stage can be seen in Figure 4-1b, which shows that the Cu 

surface turns darker after the carbonization process. The Raman spectrum of the N-C  
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Figure 4-1. (a) Schematic illustration of the coating process on the surface of a Cu foil 
with a layer of nitrogen-doped carbon. (b) The color changes of the surface on the Cu 
foil at each coating stage. (c) Raman spectra of a bare Cu foil and a nitrogen-doped 
carbon coated Cu foil. 
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coated Cu foil, in Figure 4-1c, clearly presents two peaks at 1350 cm-1 and 1585 cm-1, 

corresponding to the characteristic D and G bands of carbon, respectively. This 

demonstrates that the surface of the Cu foil was coated with nitrogen-doped carbon, 

derived from the polydopamine. Several reports have demonstrated that N-doped 

carbons are lithiophilic and can control the Li nucleation and growth.20-21, 23 Therefore, 

it is reasonable to posit that the N-C coated Cu foil could suppress the Li dendrite growth 

and improve the cycling performance. 

To probe the Li nucleation process on the bare Cu foil and the N-C coated Cu foil, 

half cells were assembled by employing a bare Cu or N-C coated Cu foil as a working 

electrode and a Li foil as the counter/reference electrode in a carbonate-based electrolyte 

(1M LiPF6 in EC/DEC). By applying a constant current density for a specified period 

of time, a desired amount of Li could be deposited on the current collector. The 

nucleation overpotential for Li is an important parameter for evaluating the 

lithiophilicity of the surface of the current collector. Figure 4-2a shows the charge-

discharge voltage profiles of Li deposition on the bare Cu and N-C coated Cu foils at a 

current density of 1 mA cm-2. The lithium nucleation overpotential is determined by the 

difference between the initial voltage drop and the subsequent flat voltage plateau. Li 

deposited on bare Cu foil exhibited a nucleation overpotential of ~313 mV. In contrast, 

the N-C Cu foil exhibited a much smaller nucleation overpotential of ~219 mV. In 

addition, the flat voltage plateau at -80 mV on the N-C coated Cu foil which corresponds 

to the mass-transfer overpotential, affected by Li migration, was much lower than at the 

bare Cu foil (-115 mV). The diminished nucleation overpotential is largely due to  
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Figure 4-2. (a) Galvanostatic charge/discharge voltage profiles for a bare Cu foil and a 
N-C coated Cu foil at a current density of 1 mAh cm-2. (b) The cycling performance of 
symmetric cells using the Li deposited on a bare Cu foil and a N-C coated Cu foil as a 
working electrode. The Coulombic efficiency of Li stripping/platting for the bare Cu 
foil and N-C coated Cu foil (c) at a current density of 1 mA cm-2 with a capacity of 1 
mAh cm-2, (d) at a current density of 1 mA cm-2 with a capacity of 2 mAh cm-2, and (e) 
at a current density of 5 mA cm-2 with a capacity of 2 mAh cm-2. 
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the lithiophilic N-doped carbon coating, lowering the resistance for lithium to nucleate 

and plate on the surface.  

The long-term cycling stability of the deposited Li was studied in a symmetric 

Li/Li cell. A pre-stored Li capacity of 4 mAh cm-2 was initially plated on the bare Cu 

foil or N-C coated Cu foil as a working electrode and a commercial Li foil was used as 

the counter/reference electrode. The cells were subsequently cycled at a current density 

of 1 mA cm-2 with a capacity of 0.042 mAh cm-2. As shown in Figure 4-2b, Li on the 

N-C coated Cu foil exhibited a much longer cycling stability. In the beginning, the 

overpotential of Li stripping from the bare Cu foil is similar to that of the N-C coated 

Cu foil. However, after about 420 cycles, the overpotential for the bare Cu foil electrode 

increased dramatically, so that less and less lithium could be stripped off from the 

electrode. In contrast, the overpotential for the N-C coated Cu foil remained stable for 

over 550 cycles. This reflects an improved stability of the Li deposited on the N-C 

coated Cu foil, which is likely due to much lower formation of “dead Li”.24 

The Coulombic efficiency, defined as the capacity ratio of Li stripping to plating, 

is also a critical factor to evaluate the performance of metallic Li anodes.25-26 Efficiency 

tests were conducted in half cells with bare Cu or N-C coated Cu foils as the working 

electrode. The cells were initially cycled at a low current density of 50 µA cm-2 in a 

voltage window of 0–1 V for 3 cycles to stabilize the SEI layer and remove 

contaminants.27 As shown in Figure 4-2c-d, the Coulombic efficiency of the N-C Cu 

foil stabilized at 90% after over 50 cycles at a current density of 1 mA cm-2, while the 

efficiency of the bare Cu foil fell below 70% after 35 cycles and 40 cycles, for capacities 

of 1 mAh cm-2 and 2 mAh cm-2, respectively. More significantly, high current density 
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measurements are important for practical operation of lithium metal batteries. 

Therefore, the Coulombic efficiency was further tested at the high current density of 5 

mA cm-2 with a high capacity of 2 mAh cm-2. As shown in Figure 4-2e, the efficiency 

for the N-C coated Cu foil was higher and more stable than that for the bare Cu foil. 

This indicates that the nitrogen-doped carbon enables a stable cycling performance with 

improved Coulombic efficiencies at both high current densities and high capacities, 

suggesting the feasibility for practical applications. It should be noted that in this work, 

we employed a corrosive carbonate-based electrolyte without any additives. Thus, much 

higher improvements can be expected when employing ether-based electrolytes, such 

as 1,3-dioxolane and 1,2-dimethoxyethane (DOL/DME), or electrolyte additives (e.g. 

fluoroethylene carbonate).28  

The greatly enhanced performance is ascribed to the lithiophilic nitrogen-doped 

carbon which can not only regulate the lithium nucleation, but also suppress the growth 

of lithium dendrites. The morphology of the Li deposits was studied by SEM as shown 

in Figure 4-3a-d. Lithium was plated on the bare Cu or N-C coated Cu at a current 

density of 1 mA cm-2 for a capacity of 0.25 mAh cm-2. As shown in Figure 4-3a-b, the 

lithium deposited on the bare Cu foil clearly exhibits the formation of filamentous 

structures with lengths of a few micometers at the nucleation stage. For the N-C coated 

Cu foil (Figure 4-3c-d), there were no dendrites formed, but instead, large spherical Li 

particles with a size of 2–10 µm were observed, indicating the effective control of Li 

plating. As reported, initial homogenous Li nucleation can also regulate the following 

uniform Li growth.29 Therefore, efficient suppression of Li dendrites can be realized by 

the lithiophilic nitrogen-doped carbon layer on the surface of Cu foils.  
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The Li nucleation behaviors on a bare Cu foil and a N-C coated Cu foil were 

illustrated in Figure 4-4. When a bare Cu foil is employed as the current collector, the 

nucleation sites for Li are random and Li prefers to nucleate at the protuberances, 

resulting in non-uniform Li deposition. In addition, the surface of the Cu foil is not 

lithiophilic, making the Li nucleation barrier so high that Li is more likely to grow on 

the pre-existed deposits,21 leading to the fast formation of lithium dendrites. In contrast, 

for the N-C coated Cu foil, the nitrogen-doped carbon coating layer is lithiophilic with 

a much lower Li nucleation overpotential, than on the bare Cu foil. Thus, Li can deposit 

uniformly on the surface of the N-C coated Cu foil and yield homogeneous deposits 

without dendrite formation. The successful inhibition of lithium dendrite growth could 

ensure a stable cycling performance for Li stripping/platting, by avoiding the increased 

surface area induced by the dendrites and preventing the fast consumption of the 

electrolyte.  
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Figure 4-3. The SEM images of the lithium deposited on the bare Cu foil at (a) low 
magnification and (b) high magnification. The morphology of Li deposited on the N-
doped carbon coated Cu foil at (c) low magnification and (d) high magnification.   
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Figure 4-4. Schematic representation of the Li nucleation and growth on (a) the bare 
Cu foil and (b) the N-doped carbon coated Cu foil. 
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4.4 Conclusions 

In summary, a surface modified current collector, Cu foil, coated with a nitrogen-

doped carbon film was obtained by carbonizing polydopamine. The homogeneous 

lithiophilic N-doped carbon layer was effective in controlling the nucleation process of 

Li and suppressing the growth of Li dendrites. By lowering the nucleation overpotential, 

N-C promotes the uniform formation of spherical Li particles instead of Li filaments. 

As a result, the Coulombic efficiency of Li stripping/platting on the N-C Cu foil 

exhibited great improvements at both high current densities and high capacities. The 

long-term cycling stability of symmetric cells was also significantly enhanced due to 

the dendrite-free morphology and reduced side reactions. This work demonstrates that 

the coating strategy of the anode current collector, Cu foil, with a lithiophilic material, 

N-doped carbon, is an effective method to suppress Li dendrite growth and is also cost-

effective for large-scale production.  
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CHAPTER 5  

REGULATING LI NUCLEATION AND GROWTH BY ZINC MODIFIED 

CURRENT COLLECTORS  

 
5.1 Introduction 

Recently, to enhance the Coulombic efficiency of lithium metal deposition, the Cui 

group demonstrated that a “lithiophilic” matrix is preferred for Li metal nucleation.1 

They found that no overpotential is needed for Li nucleation on the surface of metals 

such as Ag, Pt, Ag, Zn and Mg. The elimination of the nucleation barriers is due to the 

solubility of the substrate in Li and the formation of a solid solution buffer layer for 

subsequent Li metal deposition. It would be of significance to explore the Li cycling 

performance on current collectors modified by these lithiophilic materials. In addition, 

copper foils are commonly used as current collectors for anodes in the battery industry, 

but limited efforts have been devoted to the fabrication and investigation of lithiophilic 

Cu foils in detail.2-3 

In this work, we have developed a facile method to modify Cu foil by coating the 

surface with a thin layer of electrodeposited Zn. The Zn layer on the Cu foil can serve 

as a lithiophilic layer to regulate Li nucleation, and therefore, inhibit Li dendrite 

formation. With the introduction of the lithiophilic Zn coating layer, the Li nucleation 

overpotential is greatly reduced, compared to pristine Cu foils, owing to the formation 

of Li-Zn alloys as well as a solid solution buffer layer. The uniform Li nucleation gives 

rise to a flat and smooth Li deposit without dendrite formation. Further electrochemical 

studies revealed that the thickness of the Zn layer is an important factor in determining 
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the cycling performance. Greatly enhanced Coulombic efficiencies, during 

stripping/plating of lithium metal, have been achieved with the appropriate Zn 

thickness. When paired with a commercial LiFePO4 or a sulfur cathode, Li deposited 

on the Zn modified Cu current collector as the anode, demonstrated better cycling 

stability with higher capacity retention when compared to a pristine Cu foil.  

 

5.2 Experimental section 

5.2.1 Coating Copper Foils with Zinc 

A copper foil and a zinc foil were placed in a beaker cell. 0.5 M solution of 

Zn(NO3)2 was used as the electrolyte. By applying a constant current density (0.5 mA 

cm-2) for a prescribed amount of time (30s, 1min, 1min30s, 2min, 3min), a layer of zinc 

was deposited on the surface of the Cu foil. The obtained Zn coated Cu foil was rinsed 

with deionized water. The thickness of the Zn layer could be controlled by the 

deposition time.  

5.2.2 Electrochemical Measurements 

Coin cells were assembled with pristine Cu foils or Zn coated Cu foils as a working 

electrode and a Li foil as a counter/reference electrode. 1 M LiPF6 in ethylene carbonate 

(EC) and diethyl carbonate (DEC) (1:1, by volume) was used as the electrolyte to study 

Li nucleation and deposition processes in the cells. Galvanostatic charge/discharge tests 

were performed on an Arbin battery cycler (Arbin, BT 2000, USA). To test the 

performance efficiency, the working electrode was first coated with Li at a current 

density of 1 mA cm-2 for 2h and then stripped to a cutoff voltage of 0.8V (vs Li+/Li) at 

the same current density. The Coulombic efficiency (CE) was calculated from the ratio 
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of Li stripping to deposition, as shown by the equation: CE = Qstripping/Qdeposition × 100%. 

Full cells were assembled using a pristine Cu foil or a Zn coated Cu foil with a pre-

deposited 6 mAh cm-2 of Li as the anode, and a commercial LiFePO4 or a sulfur 

electrode as the cathode. To prepare the LiFePO4 electrode, commercial LiFePO4 

power, Super P and polyvinylidene fluoride (PVDF) were mixed at a weight ratio of 

8:1:1 to form a homogeneous slurry and then coated onto a carbon coated Al foil. 1 M 

LiPF6 in EC/DEC (1:1) was used as the electrolyte. Sulfur electrodes were prepared by 

mixing commercial sulfur powder, Super P, and PVDF in a mass ratio of 70:25:5. The 

electrolyte for Li–S was 1 M bis(trifluoromethane)sulfonamide lithium salt (LiTFSI) 

dissolved in a mixed solvent of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) 

(1:1, v/v) with 0.2 M LiNO3 as an additive. The Li–LiFePO4 full cells were tested at a 

rate of 1 C (1 C=170 mAh g-1) and the Li–S cells were initially activated at a rate of 0.2 

C (1 C = 1675 mA h g-1) for 3 cycles, followed by cycling at 0.5 C.  

5.2.3 Structure and Morphology Characterizations 

Field-emission scanning electron microscope images were obtained with a Keck 

SEM (Zeiss 1550 FESEM). To observe the morphology of Li deposited on the current 

collectors, the cells were disassembled in an Ar-filled glovebox with low H2O and O2 

level (<0.3 ppm) to extract the electrode, which was subsequently rinsed with dimethyl 

carbonate (DMC) to remove residual electrolyte and salts. 

 
5.3 Results and Discussion 

Copper foils were coated with Zn via a facile electroplating process. A Cu foil and 

a Zn foil were placed in a Zn(NO3)2 solution and underwent galvanostatic electroplating 
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to deposit a thin layer of Zn on the surface of the copper foil, as illustrated by the scheme 

in Figure 5-1. The scanning electron microscope (SEM) images of the pristine Cu foil 

and the Zn coated Cu foil are shown in Figure 5-2a-b, respectively. Compared to the 

pristine Cu foil, the surface of the Zn coated Cu foil is flatter and smoother, which is 

beneficial for the subsequent uniform Li nucleation and growth. The thickness of the Zn 

film was calculated based on Faraday’s law of electrolysis. The Zn layer is too thin 

(10~50 nm) to be detectable by X-ray diffraction (XRD) (Figure 5-3), so that it shows 

the same XRD pattern before and after the coating. The investigation of dendrite growth 

was carried out under conditions of Li plating/stripping at a current density of 1 mA cm-

2 with an areal capacity of 2 mAh cm-2, as shown in Figure 5-2c-d. Direct deposition of 

Li on the bare Cu foil results in a loose and rough surface with a ragged growth of Li 

filaments, which likely arises from an uneven distribution of the current density along 

the foil. In sharp contrast, a smooth and dense Li surface is observed on the Zn coated 

Cu foils, clearly reflecting that Zn can effectively yield a uniform Li growth on the 

current collectors.  

 

 

 

Figure 5-1. Schematic illustration of the electroplating process of Zn on Cu foil by 
applying a constant current density of 0.5 mA cm-2.  

Electrodeposit ZnCu foil Zn

Cu	foil
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To demonstrate the reversibility and effectiveness of the Zn coated Cu foil for Li 

deposition, half cells consisting of the modified current collector, as a working 

electrode, and a lithium foil as a reference/counter electrode were used to study the 

cycling stability and Coulombic efficiency of Li plating/stripping. 1 M LiPF6 in 1:1 

ethylene carbonate (EC) and diethyl carbonate (DEC) was used as the electrolyte. The 

cells were first cycled at a current density of 50 µA cm-2 within the voltage range from 

0 to 1 V for 3 cycles to stabilize the SEI layer and remove contaminants.4 The 

Coulombic efficiency, an important parameter to evaluate the electrochemical 

performance of Li metal anodes, was calculated by the capacity ratio of Li stripped from 

the current collector to that during the deposition cycle.5-6 As shown in Figure 5-2e, the 

cell using the bare Cu foil shows a gradual decay in Coulombic efficiency, and an 

efficiency of only ~25% was obtained after 50 cycles at 1 mA cm-2 with an areal 

capacity of 2 mAh cm-2, indicating that during the cycling, less and less Li could be 

stripped off from the bare Cu film. This is likely due, at least in part, to the formation 

of a large amount of Li dendrites, resulting in “dead Li” which detaches from the current 

collector.7 In addition, the increased surface area arising from the formation of mossy 

Li dendrites, causes the repeated consumption of the electrolyte, leading to its rapid 

exhaustion. In contrast, for the Zn modified Cu current collector with different Zn 

deposition times (in other words, different Zn thicknesses), all cells exhibited improved 

Coulombic efficiency compared to the bare Cu foil. We found that when the Zn 

deposition time reached 1.5 mins and beyond, corresponding to a Zn thickness of ~22nm 

(by calculation), the Li deposition showed the best stability. The Coulombic efficiency   
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Figure 5-2. SEM images of (a) a bare Cu foil and (b) a Cu foil coated with Zn by the 
electroplating method at low magnification and at high magnification (inset). SEM 
images of Li deposition of 1 mAh cm-2 on (c) a bare Cu foil and (d) a Zn modified Cu 
foil. (e) Comparison of the Coulombic efficiencies at a current density of 1 mA cm-2 in 
1 M LiPF6 in EC/DEC on a bare Cu foil and on Zn coated Cu foils with different Zn 
layer thicknesses.   
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Figure 5-3. XRD spectra of the pristine Cu foil and the Zn modified Cu foil. 
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remained at as high as 91% for 80 cycles at 1mA cm-2 with an areal capacity of 2 mAh 

cm-2. This points out that the Zn layer is able to stabilize the long-term platting/stripping 

performance of deposited Li when the thickness of the Zn is sufficient to suppress Li 

dendrite growth. It should be noted that no additives were added to the electrolytes in 

this study and that the alkyl carbonate electrolytes usually show worse cycling 

performance than ether-based electrolytes for Li deposition.8 But compared to our N-C 

coated Cu foil presented in Chapter 4, this Zn modified Cu foil has better performance. 

It is important to assess whether the dendrite-free morphology can be maintained 

after numerous cycles, therefore the Li deposited on the Zn modified Cu current 

collectors was extracted after 80 cycles (320 hours) of stripping/platting. It can be 

clearly seen from the top-view SEM images of the film in Figure 5-4a that the Li surface 

remains smooth and flat. The cross-sectional SEM image (Figure 5-4b) further 

illustrates the dense and homogeneous deposit, demonstrating the excellent reversibility 

of Li deposition/stripping process and the effective suppression of Li dendrites for long-

term cycling with a high Coulombic efficiency.  

In order to better understand the effects of the Zn layer on suppressing the growth 

of Li dendrites, the components of the SEI layer were studied. Elemental mapping was 

conducted on a long-term cycled Li deposited on the Zn modified Cu foil. During 

disassembling of coin cells, some regions of the film were cracked, exposing the Li 

underneath the SEI layer. To observe the SEI layer and compare it with the fresh Li 

underneath, a region containing both areas was selected for elemental mapping (Figure 

5-4c). The mapping results in Figure 5-4d show distinct differences between the SEI 

layer and fresh Li. Signals from C, O, F and P were clearly found in the SEI layer instead  
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Figure 5-4. (a) Top-view SEM images of the Li deposited on a Zn coated Cu foil with 
an areal capacity of 2 mAh cm-2 after 80 cycles at low magnification and at high 
magnification (inset). (b) Cross-sectional SEM image of the deposited Li, where a 
smooth surface can be observed. (c) Region of the electrode selected for elemental 
mapping and (d) the corresponding mapping signals from carbon, oxygen, fluorine, 
phosphorous, copper and zinc. The crack on the electrode exposed the lithium metal 
underneath the SEI layer, which made it easier to observe the differences between the 
SEI layer and the Li underneath. 
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of in the Li underneath, which are ascribed to electrolyte decomposition during cycling. 

More significantly, Zn was also detected in the SEI layer. This suggests that Zn likely 

participates in the formation of the SEI which is quite likely due to the formation of a 

solid buffer layer and Li-Zn alloy phases during the lithium nucleation and growth 

processes. Figure 5-5a-b present the cyclic voltammetric (CV) profiles of half cells 

containing bare Cu or Zn modified Cu current collectors and Li foil cycled between 0 

to 1.5 V at a scan rate of 0.1 mV s-1 along with the galvanostatic voltage profiles at a 

current density of 50 µA cm-2, from which distinct behaviors are evident. During the 

cathodic scan of the Zn coated Cu foil (Figure 5-5a), peaks at 0.9 V, 0.5 V and 0.02 V 

can be observed in the CV profiles. The high voltage peak at 0.9 V is likely related to 

the conversion of ZnO (most likely formed as a thin layer when Zn was deposited in an 

aqueous environment) to Zn, while the lower voltage peaks likely arise from the alloying 

reactions of Zn with Li to form different LixZny phases (e.g., LiZn4, Li2Zn5, LiZn2, 

Li2Zn3, and LiZn)9-10 as well as decomposition of the electrolyte. Interestingly, there are 

no evident peaks at low voltages found during the following oxidation sweep, 

suggesting that the formed alloys cannot be reversibly dealloyed and are stable during 

the subsequent Li platting/stripping. The broad peak above 1.2 V is related to the 

conversion of Zn back to ZnO.10 Similar features can be found in galvanostatic voltage 

profiles (Figure 5-5b). During the lithiation process, clear voltage plateaus can be found 

at about 0.9 V and 0.6 V, which likely arise from the conversion of ZnO and the 

formation of Li-Zn alloys along with the formation of the SEI, as discussed above. The 

increase of the plateau at the low voltage, as the amount of Zn increased (Zn deposition 

time) can be attributed to more Zn reacting with Li to form alloys, corresponding well 
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to our interpretation of the CV profiles. In addition, research has shown that Li prefers 

to deposit and grow on Li-Zn alloys,11-12 so the irreversibly produced Li-Zn alloy phases 

are beneficial for inducing controllable Li nucleation and growth, and thus 

restrain/preclude Li dendrite formation. 

To further demonstrate the effectiveness of the lithiophillic Zn coated Cu foil in 

regulating Li nucleation and deposition processes, the overpotentials of Li plating on 

the bare Cu and the Zn modified Cu foils were investigated at the relatively high current 

density of 1 mA cm-2. The nucleation overpotential can be obtained by comparing the 

difference between the sharp voltage peaks and the voltage plateaus.13 At the beginning 

of Li plating on the bare Cu foil, a sharp voltage drop to -420mV is observed in Figure 

5-5c, which is related to the nucleation processes. The voltage then rises to a relatively 

stable value of -120 mV, which is the mass transfer controlled overpotential. Thus, for 

the pristine Cu current collector, the nucleation overpotential is ca. 300 mV. In contrast, 

the Zn modified Cu foil shows a relatively shallow voltage peak with a nucleation 

overpotential of 200 mV, which is much smaller than the value for the bare Cu foil. It 

can be inferred that the Zn layer helps decrease the Li nucleation barrier. As can be seen 

in the phase diagram of Zn-Li (Figure 5-5d),14 Zn can not only form various alloy phases 

with Li, but more importantly, it has a solubility zone of Zn inside Li. As demonstrated 

by the Cui group,1 the solubility zone leads to a solid solution buffer layer before the 

formation of Li metal. Therefore, both the formation of a buffer layer and Li-Zn alloys 

render the surface of the modified Cu foil lithiophilic, which helps induce the uniform 

nucleation and homogenous growth of Li, so that the formation of Li filaments and 

dendrites is largely suppressed.  
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Figure 5-5. (a) Cyclic voltammograms of a Cu foil and a Zn coated Cu foil in coin cells 
using 1 M LiPF6 in EC/DEC as the electrolyte and Li as the counter and reference 
electrodes at a scan rate of 0.1 mV s-1 with the voltage cutoff between 0 to 1.5 V. (b) 
Galvanostatic voltage profiles of the cells using pristine/modified Cu foil as the working 
electrode and Li as the reference/counter electrodes at a current density of 50 µA cm-2. 
(c) Voltage profile of Li nucleation at 1 mA cm-2 on a pristine Cu foil and a Zn modified 
Cu foil. (d) Phase diagram of Zn-Li.14 
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The effects of the Zn layer in preventing the Li from growing into long dendritic 

shapes can be illustrated by the scheme shown in Figure 5-6. For the pristine Cu foil, 

the initial Li nucleation is not uniform as Li prefers to nucleate at the protuberances, 

where a high local current density further accelerates the growth of Li dendrites, leading 

to an unstable cycling performance with a low Coulombic efficiency. In contrast, the 

Zn coating layer favors a more uniform current density on the surface. During the 

nucleation process, Li will react with Zn to produce Li-Zn alloys and at the same time 

form a solid solution buffer layer that lowers the Li nucleation barrier, regulating a 

homogeneous Li nucleation and further controlling the subsequent Li deposition with a 

stable Zn-containing SEI layer. This can also explain why the Zn modified Cu foil has 

a better performance compared to N-C coated Cu foil results presented in Chapter 4. 

 

 

Figure 5-6. Schematic illustration of the proposed lithium nucleation and deposition 
processes on a bare Cu foil (left) and a Zn modified Cu foil (right). The rough surface 
of the bare Cu foil gives rise to non-uniform Li nucleation, which accelerates the growth 
of dendritic lithium. The Zn layer is able to regulate the homogeneous Li nucleation 
process by forming a Li-Zn alloy as well as a solid solution buffer layer, which leads to 
uniform Li growth.  
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In order to explore the possible practical applications of Li deposited on the Zn 

coated Cu foil, full cells were fabricated using Li deposited on the Zn coated Cu foil or 

the bare Cu foil as an anode electrode, combined with a commercial cathode electrode. 

When paired with a LiFePO4 cathode, the cycling stability of the cells was conducted 

at a rate of 1 C (1 C=170 mAh g-1). As evident in Figure 5-7a, the cell using the lithium 

deposited on the Zn coated Cu foils delivered a higher capacity and better cycling 

performance up to 100 cycles, while Li on the bare Cu foils showed comparable capacity 

at first but decayed fast after only 60 cycles. These results illustrate the excellent 

reversibility of our anode of Zn modified Cu foils. The voltage profiles for the cells are 

presented in Figure 5-7b and Figure 5-8a-b, where it can be clearly seen that the full 

cell utilizing Li on Zn coated Cu foil had a stable performance and a reduced voltage 

hysteresis between charge and discharge cycles (Figure 5-8b). Furthermore, a Li metal 

battery utilizing deposited Li as the anode and a sulfur electrode as the cathode was 

tested at 0.5 C (1 C=1675 mAh g-1) for 100 cycles. Figure 5-7c-d show that the cell 

with Li on Zn modified Cu as the anode, had a higher capacity and significantly 

improved cycling stability when compared to Li on the bare Cu foil. With a Zn-

containing SEI on the Li surface, the SEI is more stable and in addition, due to the 

suppression of Li dendrites, the surface area is much smaller when compared to Li 

grown on the bare Cu, so that it lowers the possibility of lithium polysulfies reacting 

with the Li anode. In contrast, Li grown on pristine Cu foils presents severe dendrite 

formation, augmenting the surface area and accelerating the reaction of lithium 

polysulfides with active Li metal. The continuous polysulfides shuttle and corrosion of 

the Li anode on pristine Cu foils leads to a fast capacity decay and short cycle life.  
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Figure 5-7. (a) Cycling performance of Li-LiFePO4 full cells at a rate of 1 C with Li 
pre-deposited on a pristine Cu foil or a Zn coated Cu foil as the anode. (b) Voltage 
profiles of the Li-LiFePO4 full cell using Li deposited on a Zn modified Cu foil as the 
anode for different cycles at 1 C. (c) Cycling performance of Li–S full cells tested at 0.2 
C for the first 3 cycles and at 0.5 C for the subsequent cycles. (d) Voltage profiles of the 
Li–S cell using Li on the Zn modified Cu foil as the anode for different cycles. 
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Figure 5-8. (a) Galvanostatic voltage profile of a Li-LiFePO4 full cell using Li deposited 
on a pristine Cu foil as the anode. (b) Comparison of the overpotential between charging 
and discharging at the 60th cycle for the Li-LiFePO4 full cells using Li on a pristine Cu 
foil and a Zn modified Cu foil. 
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A similar effect of a protective layer on the anode to improve Li–S batteries performance 

has also been reported by the Choi group.15 It should be noted that the sulfur cathodes 

used in our full cell test were obtained by simply mixing 70 wt.% commercial sulfur 

with Super P and binder, without any other special treatment such as melt-diffusion. 

The Li–S full cell tests indicate that our Zn coated Cu current collector can not only 

control the nucleation and growth of Li, but also enhance the cycling performance in 

Li–S batteries that are considered as one of the most promising candidates for next-

generation rechargeable batteries. 

 
5.4 Conclusions 

In conclusion, we have demonstrated a facile method to modify Cu foils as Li metal 

anode current collectors by electrodepositing a thin layer of Zn on the surface, serving 

as a lithiophilic layer to regulate the nucleation and growth of Li metal. With the Zn 

coating layer, the Coulombic efficiencies of platting/stripping were higher and more 

stable than on a bare (pristine) Cu foil. The nucleation overpotential was greatly reduced 

and the long-term cycling stability was significantly enhanced. Full cells using 

deposited Li and LiFePO4 or sulfur were fabricated, demonstrating the feasibility of 

using Zn coated Cu foils as Li metal current collectors in practical applications. 

Considering the facile and low-cost preparation process, the introduction of a coating 

layer of Zn by electroplating can easily improve the morphology and performance of 

metallic Li. Thus, the method presented here is suitable for large-scale application and 

can also be applied to other reported 3D current collectors to further inhibit Li dendrite 
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formation and improve the stripping/platting performance of the deposited Li metal and 

enable lithium metal anodes.  
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