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Abstract 

This thesis addresses challenges in the development of lithium-sulfur (Li-S) batteries using 

metallic MoS2 nanosheets as functional host materials. While our prior research established 

lithiated MoS2 (LixMoS2) as an effective sulfur host for Li-S batteries, two major barriers 

remain to practical implementation of LixMoS2: incomplete understanding its stability and its 

scalable synthesis. 

Therefore, the initial focus of this thesis was to comprehensively investigate the thermal and 

environmental stability of LixMoS2. This part of the thesis revealed that lithiation dramatically 

enhances the thermal stability of the meta-stable metallic 1T phase, preserving it up to 250 ÁC 

in dry airðwell above the conventional phase transformation temperature of ~100 ÁC. We 

establish that moisture is the primary degradation factor, enabling conventional fabrication 

methods in dry-room conditions rather than requiring costly fully inert environments. 

Second part of the thesis involves microwave-assisted chemical exfoliation (MWCE), a novel 

synthesis approach that dramatically reduces reaction time from 48-72 h to just 30 s while 

achieving near-complete conversion to the desirable 1T phase. By incorporating carbon-based 

microwave susceptors and replacing conventional conduction heating with microwave heating, 

effective reaction temperature increases from 66 ÁC to 144 ÁC, significantly accelerating phase 

transformation kinetics. 

The enhanced understanding of stability mechanisms and improved synthesis methods enable 

high-performance Li-S batteries. We employ melt-diffusion method to incorporate sulfur into 

the 1T MoS2 host structure, creating composite cathodes that maintain excellent 

electrochemical performance even under commercially relevant conditions. The scalability of 

MWCE further enables the fabrication of Ampere-hour pouch cells that deliver impressive 

initial capacities of 1245 mAh g ĭ with stable cycling under lean electrolyte conditions. 
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1. Introduction and context 

The rapid development of electronics and electric vehicles (EVs), energy has become one of 

the main limitations in their development. In EVs, energy density is one of the most important 

metrics. Lithium-ion batteries (LIBs) have become the industry standard over the past decade. 

However, LIBs are approaching their theoretical limit in energy density. Advanced engineering 

and manufacturing have continuously improved their performance. However, to satisfy the 

increasing demand for longer battery life and higher energy densities, new battery chemistries 

are being investigated.  

Lithium sulfur (Li-S) chemistry is being considered for future batteries. Figure 1.1(a) shows 

the energy density, applications, and materials cost for Li-S batteries. Compared to LIBs, 

energy density for Li-S battery is about 3 - 5 times higher, and its specific capacity is about 5 

ï 8 times higher. Higher energy density means that replacing Li-ion batteries with Li-S batteries 

can provide longer battery life, or significant volume and weight savings. In addition, the 

abundance of sulfur and the lack of critical metals reduces materials cost for Li-S batteries. 

However, currently, the  

 

Figure 1.1 Comparison of (a) energy densities and (b) electric vehicles travel range and materials cost 

for various Li-ion batteries and Li-S batteries. Figure reproduced from Ref. 1, 2.  

However, since the original patent regarding metal-sulfur batteries in 1962,3 fundamental 

challenges have impeded its commercialization. Mainly, the electronic and ionic insulating 

nature of sulfur and active materials loss during operation, or specifically, the shuttling of 

polysulfides (PS) have limited the performance of Li-S batteries. During operation, solid sulfur 

(S) or lithium sulfide (Li2S) can transform into liquid lithium polysulfide (LiPS) intermediates. 

The active material can shuttle between the electrodes, causing damage to the electrode and 

permanent loss of active materials. Because of this, Li-S batteries typically have a life span of 

hundreds of cycles, not enough to service consumer electronics and vehicles for a long time.  



 10 

Our prior findings suggest that metallic transition metal dichalcogenide (TMD) materials can 

be composited with sulfur to combat current challenges in Li-S batteries.4 Specifically, lithiated 

molybdenum disulfide (LixMoS2) can adsorb liquid LiPSs on the cathode and mitigate shuttling, 

and provide sufficient electrical conductivity for insulating sulfur, catalyzing the sulfur redox 

reaction (SRR) and increase cycle life of Li-S batteries. However, while electrochemical 

performance is strong, understanding of the material, especially stability after lithiation, and 

efficient synthesis of LixMoS2 are lacking. Thus, this PhD characterizes the lithiated LixMoS2 

and optimizes the synthesis so that fabrication of ampere-hour (Ah) level Li - S pouch cell 

batteries with LixMoS2 electrodes is viable and scalable.  

 

1.1. Research questions and novelty statement 

This research addresses critical scientific and engineering challenges that hinder the practical 

implementation of metallic MoS2 nanosheets in high-performance Li-S batteries. The work is 

motivated by the following key research questions:  

1. What are the fundamental stability mechanisms of lithiated MoS2 (LixMoS2), 

particularly its thermal stability at electrode processing temperatures and its 

environmental stability in oxygen-rich dry-room conditions, which determine its 

manufacturing viability?  

2. How can the synthesis of metallic MoS2 be transformed from slow, conventional 

methods to a rapid and scalable process capable of producing consistent, high-purity 

material? 

3. Can we utilize LixMoS2 in a practical Li-S pouch cell, and does its electrochemical  

performance dependent on the material quality, specifically, the metallic phase 

concentration? 

The novelty of this thesis lies in its comprehensive approach to resolving these knowledge gaps. 

It presents a systematic stability analysis which, for the first time, decouples the effects of 

moisture and oxygen, identifying moisture as the primary degradation factor and confirming 

the material's compatibility with cost-effective melt-diffusion fabrication. Furthermore, this 

work introduces a novel microwave-assisted chemical exfoliation (MWCE) process, a 

significant process innovation that reduces synthesis time from over 48 hours to just 30 seconds 

while simultaneously achieving a nearly 100% concentration of the desirable metallic 1T phase. 

By leveraging these findings, this research demonstrates the fabrication of high-performance, 
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Ampere-hour scale Li-S pouch cells, bridging the gap between fundamental material science 

and practical energy storage applications. 

 

1.2. Fundamentals of Li-S batteries 

Over the past decades, the growing energy demand has been a challenge, and the dependence 

on non-renewable energy sources such as fossil fuel has raised significant environmental 

concerns. To accommodate the intermittency of renewable energy technologies and satisfy the 

growing demand for electric transport, efficient electric energy storage should be implemented 

to allow a reliable supply of energy. Rechargeable battery systems are one of the most 

competitive and viable options for such applications. In this section, I will introduce 

fundamentals of Li-based batteries, differentiate Li-ion batteries (LIBs) and Li-S batteries, then 

discuss the performance metrics and research gap.  

Lithium-ion batteries (LIBs) have been a commercial success and have gained significant 

research attention in the past decade. Energy density describes the amount of energy a battery 

can store per given mass or volume, typically in unit of Wh kg-1 or Wh L-1.5 When compared 

to nickel metal hydride, nickel cadmium, and lead acid batteries, LIBs have much higher energy 

densities.5-7 This means that at a given mass or volume, Li-ion batteries provide more energy 

than its predecessors. Alternatively, if the total amount of energy is constrained, Li-ion batteries 

can be smaller and lighter, reducing the dimension or mass of the system.  
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Figure 1.2 (a) Comparison of volumetric and gravitational energy density between different types of 

batteries.8 (b) Schematic of ion transfer in LIBs during discharge.  A typical LIB cell contains a graphitic 

anode made of layered graphite, electrolyte, separators, and a lithiated transition metal oxide cathode. 

During discharge, the lithium ions intercalated in the graphitic layers migrate out of the anode and 

intercalate into the transition metal oxide cathode. Electrons travel from the anode to the cathode 

through the external electrical load.9  

Thus, LIBs have been the dominant solution for transport and consumer electronics 

applications. LIB electrodes are based on insertion-compound materials. Typically, organic 

electrolytes such as lithium hexaflurophosphate (LiPF6) in ethylene carbonate (EC) and diethyl 

carbonate (DEC) are used in LIBs to avoid the rapid and exothermic formations of lithium 

hydroxides and lithium carbonates.5 As shown in Figure 1.2(b), intercalated lithium is oxidized 

from Li to Li+ in the graphite anode during discharge, then intercalated into the lithiated metal 

oxide cathode.  

During discharge, electrons migrate from the anode to the cathode to generate electrical current 

when connected to an external circuit. The half-cell reactions in LIBs can be written as:  

ὒὭὅO φὅ  ὒὭ  Ὡ ὥὲέὨὭὧȟͯπȢρὠ ὺίȢὒὭ 

ὒὭ  Ὡ  ὓὕᴼ ὒὭὓὕὧὥὸὬέὨὭὧȟσȢυ τȢυὠ ὺίȢὒὭ 

Where M is a metal. There exist limitations in battery chemistry for LIBs. The operating cell 

voltage for a LIB is typically > 4.0V (vs. Li) and constrained by the electrochemical-stability 

window of organic electrolytes.5 Graphitic anode has a theoretical capacity of 372 mAh g-1, 

and the lithiated metal oxide cathodes have stagnated at a capacity limit of about 250 mAh g-

1.5, 7, 10 Besides the limitations in chemistry, LIBs also require critical metals such as cobalt. 
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Supply and price of such critical metals can affect the production of LIBs.11 Therefore, new 

battery systems are needed to bring further improvements for rechargeable batteries.  

As an emerging technology for future batteries, lithium sulfur (Li-S) batteries excel in two main 

aspects: high energy density and low materials cost (Figure 1.3). In terms of battery 

performance, Li-S batteries are attractive for high energy density, where the main capacity is 

contributed from chemical reaction between lithium and sulfur instead of intercalation.12, 13 

When the elemental sulfur cathode is completely reduced to lithium sulfide (Li2S), it has a 

theoretical capacity of 1675 mAh g-1,14 which is 3 ï 5 folds larger than that of current LIBs. 

However, challenges such as low electrical conductivity, and low cyclability due to soluble 

polysulfide intermediates need to be addressed before Li-S batteries can be widely 

implemented.13, 15-18 Extensive research efforts on identifying materials that can host the active 

sulfur cathode to improve electrochemical performance are ongoing.18-22 Compared to LIBs, 

an ideal Li-S battery has lower materials costs. This is mainly due to the elimination of critical 

metals such as cobalt. However, this does not mean that the current fabrication of Li-S batteries 

is cost effective. As shown in Figure 1.3(b), Compared to NMC-based LIBs, which cost 

116 USD kWh-1, Li-S batteries are estimated to cost 243.7 USD kWh-1. This is mainly due to 

the large amount of electrolyte, sulfur, and Li surplus in Li-S batteries, which require further 

research in high - performance components to allow efficient cell operation and cost-effective 

fabrication. 23 

As a result, the immediate and most viable applications for Li-S batteries are in sectors where 

gravimetric energy density is the paramount performance metric and where cost and cycle life 

are secondary considerations. These markets include aerospace, defense, and specialized 

unmanned aerial vehicles (UAVs), particularly high-altitude long-endurance (HALE) platforms 

where reduced weight directly translates to extended mission duration and enhanced capability. 

Mainstream automotive adoption, the largest potential market, remains a long-term objective. 

It is contingent on radical improvements in cycle life (to >1000 cycles), safety, and a significant 

reduction in the cost-per-kilowatt-hour to compete with falling LIB prices. 
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Figure 1.3 Performance and cost optimizations for Li-S batteries. (a) Specific capacities based on cell 

parameters. (b) Cost estimations based on cell parameters and pricing. 23 

 

1.2.1. Chemistry of Li-S batteries 

Li-S batteries operate on the conversion reactions between S and Li2S. This means that each 

sulfur atom can incorporate 2 electrons rather than 1 electron per metal oxide ion in LIBs.10 In 

general, sulfur has lower tap density (2 g cm-3) than metal oxide in LIBs such as 

LiNixCoyMn1 ï x - yO2 (2.6 - 3.1 g cm-3).24 While this reduces the volumetric energy density of 

Li - S batteries, it contributes to a larger gravitational energy density when compared to LIBs.  

As shown in Figure 1.4(a), a conventional Li-S battery contains lithium metal anode, organic 

electrolyte, separator, sulfur (or sulfur composite) cathode, and current collectors. When the 

battery is first assembled with solid sulfur as cathode and lithium metal as anode, it is in a 

charged state, with an open circuit voltage (OCV) between 2.4 to 2.8 V.10 Pure sulfur is 

electrically insulating and therefore a conducting scaffold is required to host it. Currently, 

porous carbon with dispersed catalyst particles is used for chemical adsorption of polysulfides 

onto the cathode to mitigate shuttling [Figure 1.4(b)]. Excessive electrolyte is needed to fill the 

pores and introduces series resistance between the carbon host and catalyst. In addition, the 

LiPS intermediates can still dissolve out of the pores, into the electrolyte, and shuttle between 

the anode and cathode, causing permanent active materials loss.  
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Figure 1.4 (a) Schematic of ion and electron transfer in Li-S batteries during discharge, as well as 

shuttling of polysulfides.16 (b) Schematic of a sulfur cathode with dispersed binding catalysts. The polar-

polar interaction between the catalyst and the LiPS can chemically adsorb the polysulfides onto the 

electrode. (c) Illustration of a simplified stepwise reduction of sulfur with stages I-IV.25 

During discharge, the sulfur redox reaction (SRR) can be simplified as a stepwise reaction 

where sulfur changes oxidation states in the form of long and short-chain polysulfides in 4 

stages [Figure 1.4(c)]. In the first stage (I), solid sulfur (S8) accepts electrons and lithium ions 

to form long-chain lithium sulfides, Li2S8. This reaction takes place at approximately 2.3 - 2.4 

V.16 The electrochemical reaction equation can be written as 

3 ς,É ςÅ ᴼ,É3 ͯ ςȢτὠ ὺίȢὒὭ 
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In the second stage (II), Li2S8 is further reduced to shorter-chain polysulfides Li2S6 and Li2S4. 

The electrochemical reaction equations are written as 

σ,É3 ς,É ςÅ ᴼτ,É3 

ς,É3 ς,É ςÅ ᴼσ,É3 

Thus, the overall reaction in stage I and II can be summarized as 

3 τ,É τÅ ᴼς,É3 ςȢτ ςȢρὠ ὺίȢὒὭ 

In the third stage (III), the battery is further discharged, the long-chain LiPS accepts more 

lithium ions and form short-chain lithium polysulfides, Li2S2, and Li2S, the final product. This 

reaction takes place at approximately 2.0 - 2.1 V.16 The reactions are:  

ὒὭὛ ςὒὭ ςὩ ᴼςὒὭὛ 

ςὒὭὛ φὒὭ ςὩ ᴼτὒὭὛ 

In the fourth stage (IV), remaining Li2S2 is reduced to the final reduction form of Li2S.  

ὒὭὛ ςὒὭ ςὩ ᴼςὒὭὛ ςȢρὠ ὺίȢὒὭ 

In summary, the net anodic reaction for full reduction of a cyclic S8 molecule during discharge 

can be written as  

ρφ,É O  ρφ,Éᴼ ρφÅ 

The net cathodic reaction during discharge can be written as  

3  ρφ,É  ρφÅ O  ψ,É3 

and the overall cell reaction during discharge can be written as  

3  ρφ,É O ψ,É3 

Thus, a total of 16 electrons are needed for the complete reduction of a cyclic S8 molecule. 

That is, 4 electrons are needed to form Li2S4 at the end of stage II, and 12 electron transfers are 

involved in the formation of Li2S by the end of stage IV. When the battery is charged, the 

reverse reaction happens at the cathode as the solid Li2S is oxidized to S8 in steps similar to the 

step-wise reduction.10   
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1.2.2. Components of Li-S batteries 

In this section, I discuss the main components of a Li-S battery, which consists of electrolyte, 

separator, lithium metal anode, and sulfur cathode.  

Electrolyte 

The selection of electrolyte in Li-S batteries is limited by various constraints. First, carbonate-

based solvents such as ethylene carbonate (EC) and diethyl carbonate (DEC) used in LIBs 

cannot be used in a Li-S system. It is known that carbonates irreversibly react with polysulfide 

intermediates and cause active material loss.26  Ether-based solvents are commonly used as 

Li - S electrolytes to reduce the solubility of the polysulfide ions. Currently, 1M lithium 

bis(trifluoromethanesulfonyl)imide salt (LiTFSI) in 1:1 volume ratio mixture of dioxolane 

(DOL) and dimethoxyethane (DME) is commonly used to compare performance of Li-S 

batteries.27, 28 In some cases, a small amount (0.2M) of lithium nitrate (LiNO3) is added to the 

electrolyte to form a protective passivation layer on the lithium anode and prevent reactions 

between the Li metal anode and lithium polysulfides during cycling.29 However, these 

electrolytes are not perfect. Even in ether-based electrolytes, polysulfides can be dissolved at a 

concentration of 8 M and significantly increase the electrolyte viscosity.30 In addition, 

electrolyte contributes the most (~50%) to the mass of a Li-S battery.4 This means that if a 

smaller amount of electrolyte can be used with respect to the mass of the sulfur cathode, the 

energy density of the battery can be greatly improved. As shown in Figure 1.5(a), if the 

electrolyte to sulfur (E/S) ratio is reduced from 5 to 2 ‘L mg-1, the energy density of the battery 

pack improves by 50%.30 However, operating at a low electrolyte volume is difficult as it 

requires the battery electrodes to be less porous and more lithophilic.  
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Figure 1.5 (a) Simulated specific energy of Li-S batteries with different sulfur loading and E/S ratios. 

At a given sulfur loading, the highest E/S ratio (green trendline) will provide the lowest specific energy 

while the lowest E/S ratio (black trendline) will provide the highest specific energy. (b) Simulated 

specific energy for Li-S batteries with N/P ratios ranging from 2 to 5 at different E/S ratios. It can be 

observed that at all E/S ratios, having a high N/P ratio will consistently result in higher specific energy 

for the battery. Figure reproduced from Ref. 30.  

Solid-state electrolytes (SSE) and quasi-solid-state electrolytes (QSSE) have emerged as 

alternatives to liquid electrolytes (LE) in Li-S batteries. Figure 1.6 shows electrochemical and 

structural differences between the different types of electrolytes. In LE, [Figure 1.6(a)] the 

typical 4-stage reaction is observed, where the solid sulfur is reduced to liquid LiPS 

intermediates, and two distinct discharge plateaus are observed (~2.4V and ~2.1V). In SSE, 

only one discharge plateau is observed. This means that the 4-stage reduction reaction and the 

resulting lithium polysulfides are not present and replaced with a one-step conversion reaction 

between solid Li2S and sulfur. Rather than having a step-wise reaction with a small activation 

energy or overpotential, the overpotential needed for the one-step reaction is much larger, and 

the initial reduction plateau takes places at ~ 2.0V, rather than 2.3-2.4V observed in LE cells 

representing the conversion from solid sulfur to long-chain polysulfides.  

ċ Ĥ
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Figure 1.6 Schematic of structural and electrochemical differences between LE, QSSE, and SSE Li-S 

batteries. (a) Discharge curves for LE Li-S batteries showing the 2 distinct plateaus. (b) Illustration for 

shuttling associated with liquid electrolyte. (c) discharge curve for SSE Li-S batteries showing just 1 

plateau. (d) Illustration for mitigated shuttling in SSE Li-S batteries. (e, f, g) Schematics for LE, QSSE, 

and SE electrolyte Li-S batteries.31 

The one-step solid to solid reaction and inability to dissolve polysulfides in SSE mitigates the 

polysulfide shuttling. However, due to the rigid nature of SSE, effective interphase contact 

between SSE and the electrode, especially porous electrodes, is difficult to establish. Figure 1.7 

illustrates this effect.32 In addition, as shown in Figure 1.8, ionic conductivities of SSE are 

typically lower than LE, and dependent on temperature. This means that under room 
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temperature, SSE-based Li-S batteries often struggle to provide comparable performance as 

LE-based Li-S batteries.33 

 

Figure 1.7 Illustrations for interphase contacts and effect on LiPS shuttling for LE, SSE, and QSSE.32 

 

 

Figure 1.8 Charge/discharge profiles of sulfur cathode in SSE from 25 ÁC to 100 ÁC. Figure reproduced 

from Ref. 33. 

Quasi-solid state (QSSE) electrolytes mitigates some issues related to SSE by encasing liquid 

electrolyte in a solid matrix. This means that polysulfides can dissolve in the liquid electrolyte, 

so that its electrochemical behavior is similar to LE Li-S batteries, but the shuttling of 

polysulfides between the cathode and anode is mitigated by the solid matrix.  

Anode 

Lithium metal has traditionally been used as Li-S anodes to combat the low operating voltage 

and match the high theoretical capacity of sulfur.30 Lithium has the lowest standard reduction 
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potentials of all elements. Its standard reduction potential has a value of -3.03 V when measured 

against a standard hydrogen evolution reference.34  When paired with a sulfur cathode, Li-S 

batteries have a nominal voltage of about 2.1 - 2.2 V.  

Negative to positive (N/P) ratio describes the areal capacity ratio between the lithium anode 

and sulfur.30 In an ideal case, the Li-S battery should have an N/P ratio of 1. This means that 

no excess anode or cathode material that does not contribute the battery capacity is needed. 

However, this is difficult to achieve as lithium metal is consumed in LiPS shuttling and many 

lithium ions fail to deposit on the anode.35 A large lithium reservoir such as a lithium chip is 

commonly used to compensate for the lithium loss.35 N/P ratio for high-performance Li-S 

batteries made in academic laboratories can be as large as 150.36 However, as shown in 

Figure 1.5(b), this drastically reduces the specific energy of the assembled cells.  

Cathode 

Here, details of Li-S cathode fabrication are provided. Like LIB electrodes, a polymer binder 

is used to help the active material form physical contact with the current collector, which 

typically contributes 5 to 10 weight percent to the cathode. For LIB cathodes, an electrically 

conductive additive is typically mixed with the lithium metal oxide active material to improve 

conductivity.37, 38 Sulfur is more insulating than lithium metal oxides used in LIB cathodes. 

Therefore, porous carbon and carbon nanotubes have been used as conductive hosts for sulfur 

cathodes to ensure sufficient electron transfer at the liquid-solid interface of the cathode.16 Two 

general approaches exist for Li-S cathodes: physical-confinement and chemical-adsorption.  

Physical-confinement-based cathode 

In the past decade, sulfur-carbon (SC) composite cathodes have received significant research 

attention after a mesoporous carbon and sulfur cathode was synthesized by Ji et al. in 2009.21 

In Jiôs experiment, a type of carbon with hierarchical mesopores (CMK-3) was impregnated 

with melt-diffusion of sulfur via heat treatment. Figure 1.9(a) shows a schematic of this process. 

After sulfur liquifies, it infiltrates into the carbon structure and recrystallizes. This allows the 

movement of Li ions across the conductive carbon network during charging and discharging of 

the battery. Figure 1.9(b) shows a detailed structure of the SC composite. The mesoporous 

carbon serves as a conductive framework. The mesopores trap the liquid intermediates within 

the carbon network and prevent them from entering into the electrolyte. This effect was 

reflected by the high coulombic efficiency they reported in the first charge-discharge cycle, 

which indicates a small polysulfide anion loss.  
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Figure 1.9 Sulfur encapsulation of CMK-3 carbon via heat treatment. a) Solid sulfur is heated in an 

autoclave with CMK-3 carbon, and allowed to melt, then recrystallized in the conductive carbon 

network. After the sulfur impregnates CMK-3 carbon, the composite can be used as a Li-S cathode. 

This allows charge transfer with lithium ion. b) detailed structure of the hierarchical sulfur carbon 

(CMK-3) composite.21 

While conductive porous carbons improve the conductivity of sulfur, the large amount of 

electrolyte needed to fill the pores reduces the specific capacity of the battery. This is because 

carbon hosts have a non-polar chemical composition, which means that the polar polysulfides 

bind poorly to the cathode and the sulfur redox reactions (SRR) have low reaction kinetics. In 

addition, as discussed in Section 1.2.2 Components of Li-S batteries, due to their porous 

structures, these SC composite cathodes typically do not operate well at low E/S ratios because 

of poor wetting of cathode.  

Chemical-adsorption-based cathode 

It is found that some non-carbon polar hosts adsorb polysulfides by stronger interactions 

between the host and sulfur, thus mitigating the shuttle effect.39-41 An illustration of these 

interactions and the importance of catalytic activity of the host is shown in Figure 1.10. Metal-

based polar host materials, which includes metal oxides42, 43 and metal sulfides39-41, are the 

most common. Metal oxides were first used as a catalytic host in Li-S batteries 16, as they have 

strong polar-polar interactions with LiPS. However, metal oxides are typically mixed with 

other conductive additives such as graphene to improve their conductivity. Compared to metal 

oxides, some metal sulfides have improved conductivity and a higher tap density, which 

reduces the necessity of conductive additives and improves the volumetric energy density of 

Li-S batteries.16 
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Figure 1.10 Illustration of catalytic host material in surface reaction and deposition of Li2S. (top) 

Without a catalytic host, the binding between polysulfides and the cathode is weak, and the nucleation 

barrier for SRR is high. In the absence of strong binding, shuttling of polysulfides is more likely. (middle) 

With a polar semiconductor or insulating host, liquid polysulfides will be attracted to the cathode and 

shuttling is mitigated. However, extra diffusion is required for the polysulfides to migrate to the active 

material. (bottom) With a polar conductor, the liquid polysulfides will be attracted to the cathode, and 

the charge transfer will not require an extra surface diffusion step, thus catalyzing the SRR. Figure 

adapted from Ref. 44. 

 

1.2.3. Performance metrics and challenges of Li-S batteries 

The shift in research focus for Li-S batteries has transitioned from lab-scale cells to testing of 

practical pouch cells under realistic conditions. Aiming for a practical pouch cell with energy 

density between 400-500 Wh kg-1, it is crucial to meet conditions such as a lean electrolyte to 

sulfur (E/S) ratio45, elevated areal loading of sulfur, and a minimal mass percent of conductive 

fillers.46 Simultaneously, the cell needs to demonstrate robust cyclability and capacity retention 

after hundreds of cycles. These rigorous conditions challenge the fundamentals of Li-S redox, 

and inevitably reduce electrical and ionic conductivity, potentially slowing or halting the redox 

reaction. If sulfur is not secured to the cathode, unreacted LiPS will shuttle and ruin the anode 

and cyclability. In lab-scale cells, conductive carbon fillers are added to increase the deposition 

surface area and electrical conductivity, but porous carbon necessitates a substantial amount of 

electrolyte to fully saturate and fails to immobilize inherently polar lithium polysulfides. The 
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compensation for ionic conductivity in lab-scale coin cells has often been overlooked due to 

electrolyte abundance, diluting the LiPS concentration and equalizing the loss of ionic 

conductivity as more LiPS dissolve in the electrolyte. However, under lean electrolyte 

conditions and elevated sulfur loading, dissolved LiPS lose ionic conductivity as the 

concentration surges. In DOL:DME, ionic conductivity can decrease to 4Ĭ10-3 S cm-1, and 

electrolyte viscosity can increase as sulfur concentration nears its solubility limit.47 48 

In practical Li-S batteries, the most attractive advantage over Li-ion batteries is their high 

specific capacity. Thus, specific capacity normalized to the mass of the active sulfur is a direct 

metric for determining the performance of Li-S batteries. Specific capacity measures how much 

electrical charge a battery can store per unit mass of the active material. For Li-S batteries, it 

is typically expressed in milliamp-hours per gram (mAh g-1) or amp-hours per kilogram (Ah 

kg-1). To measure this, the total absolute capacity of a Li-S battery is measured via 

Galvanostatic charge/discharge (GCD, detailed discussion in Section 2.4 Electrochemical 

characterization), then normalized to the total mass of sulfur in the battery. Currently, specific 

capacities of state-of-the-art Li-S batteries are >1200 mAh g-1.  

Cycle stability and coulombic efficiency are key metrics for evaluating Li-S battery 

performance over time. Cycle stability measures the battery longevity by tracking capacity 

retention over repeated charge-discharge cycles, with capacity typically declining due to 

shuttling and side-reactions. Coulombic efficiency, expressed as a percentage, measures the 

ratio between discharge and charge capacity in each cycle, where values below 100% indicate 

irreversible capacity loss, often caused by polysulfide shuttling between electrodes and the 

formation of inactive Li2S. The relationship between these metrics can be analyzed through 

galvanostatic charge-discharge (GCD) testing, where capacity retention over cycles indicates 

long-term viability of the battery. Currently, state-of-the-art Li-S batteries have an average 

columbic efficiency of > 97% over 500 cycles.  

To specify a realistic and practical performance, test conditions must be specified and 

considered when reviewing the metrics of a Li-S batteries. Figure 1.11 summarizes the 

following:   

1. A large areal loading of sulfur (> 5 mg cm-2) is desired for high areal capacity. Areal capacity 

is a key metric for assessing practical energy storage systems as increasing areal capacity can 

reduce the overhead mass from current collectors and separators to achieve high overall energy 
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density. However, areal capacity does not monotonically increase with increasing sulfur 

loading due to the reduced sulfur utilization rate (as indicated by specific capacity).  

2. Conductive carbon filler mass needs to be minimized (< 5 wt%). This is because carbon is 

not active during the SRR, but contributes to the cell mass, thus decreasing the overall cell 

energy density.  

3. Similarly, a low E/S ratio is crucial for achieving high energy density in Li-S batteries, as 

excess electrolyte adds unnecessary weight and volume which reduces the overall energy 

density. Achieving stable cycling at low E/S ratios (<5 ɛL mg-1) is therefore a key goal for 

making Li-S batteries commercially viable.  

4. The N/P ratio, defined as the ratio between negative and positive electrode capacities, should 

be minimized (N/P < 2) for optimal Li-S battery performance. Excessive negative electrode 

material relative to sulfur (N/P > 1) increases cell mass and reduces gravimetric energy density.  

 

Figure 1.11 Key metrics for practical Li-S batteries.  

 

1.3. Fundamentals of molybdenum disulfide 

Molybdenum disulfide (MoS2) is a transition metal dichalcogenide (TMD) and belong to a 

family of materials with versatile electronic and chemical properties. TMDs have the general 

chemical formula MX , where M represents a transition metal with an oxidation state of +4, 

and X denotes a chalcogen with an oxidation state of -2. As early as 1923, molybdenum 

disulfide (MoS ), also known as molybdenite, was characterized by X-ray analysis, revealing 

its layered hexagonal structure.49 By the 1960s, around 60 TMDs were known, with 40 of them 
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showing a layered structure.50 Since then, layered TMDs have been studied in fields of 

transistors51-53, catalysts for water splitting54-57, and energy storage.4, 58, 59 

Figure 1.12(a) illustrates TMDs with varying chemistries. Transition metals in group 4 - 7 (fully 

highlighted) tend to form layered TMDs, while transition metals such as cobalt (Co) and nickel 

(Ni) in group 9 - 10 (partially highlighted) can form layered or non-layered structures 

depending on the chalcogen ion. In layered TMDs, a plane of close-packed transition metals 

bonds with two layers of chalcogens positioned above and below the transition metal plane. 

Primary bonds between the metal and the chalcogen are strong while Van der Waals bonds 

between layers are weak. Figure 1.12(b) shows a typical layered structure, with MoS2 as an 

example. This means that layered TMDs can be readily exfoliated as two-dimensional (2D) 

sheets for further control in structural, electrical, and chemical properties.  

 

Figure 1.12. (a) A highlighted periodic table showing different TMD chemistries. Partially highlighted 

transition metals such as Co and Ni can form layered structures depending on the chalcogen ion. Figure 

reconstructed from Ref. 60. (b) MoS2 in its natural 2H phase, showing layered structure.   

 

1.3.1. Structures and properties of transition metal dichalcogenides 

Bulk TMDs typically exist in the 2-layer hexagonal (2H), 1-layer octahedral (1T), or 3-layer 

rhombohedral (3R) phases.  Figure 1.13 illustrates the structures and stacking sequences of 

these three phases. These bulk phases are composed of stacked single-layer sheets. Single 

layers of TMDs are usually thermodynamically stable in either the 1-layer hexagonal (1H) or 

1-layer tetragonal (1T) phase. 

For the 1T phase, the sheets stack to form the bulk 1T structure. It naturally occurs for TMDs 

such as titanium sulfide (TiS2). In some cases, the 1T phase undergoes distortion into a distorted 

1Tô phase, characterized by pairs of adjacent Mo atoms drawing closer together. In the 1H 

phase, the chalcogen ions above and below the metal ions align along the z-axis, creating an 

AbA stacking sequence. In contrast, the 1T phase features a shifted chalcogen layer, resulting 
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in an AbC stacking sequence. When 1H sheets stack in a 2-layer repeating pattern with a certain 

interlayer spacing, they form the 2H phase, which is the naturally occurring phase for TMDs 

such as MoS , MoSe , and WS . Similarly, stacking three 1H sheets in a 3-layer repeating order 

leads to the 3R phase. 

 

Figure 1.13 Structure and stacking sequence for 1T, 2H, and 3R phase TMDs, and effect of TMD 

composition on the electronic structure. Figure reproduced from Ref.61.  

Atomic structures and electronic properties of TMDs are directly influenced by filling of the 

d-orbital of the transition metal. As shown in Figure 1.13, for trigonal prismatic (H) phase, the 

d-orbital is split into 3 degenerate states: Ὠ ȟװ , Ὠ ȟ , and Ὠ , with an energy band gap 

of about 1eV between the Ὠ ȟ , and Ὠ  states. For 1T phase, the d-orbital is degenerated 

into 2 states: Ὠ ȟ  , and Ὠ ȟװ ȟ  . Since p-orbitals of the chalcogen are at much lower 

energy levels than the Fermi level, only the d-orbital filling of the transition metal influences 

the structure and electronic properties of the TMD material.62 Typically, filled orbitals for the 

transition metal results in semi-conducting behavior, while partially filled orbitals will result 

in metallic behavior. As illustrated in Figure 1.13, in the 1H phase, Fermi level for group 6 
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TMDs is in the band gap, resulting in semiconducting behavior. The stable phases for TMDs 

also depend on the filling of d-orbitals. As an example, group 4 (e.g. Ti, Zr) and most of group 

6 (e.g. Mo, W) TMDs have 2H phase, and group 10 (e.g. Ni, Pd) have the octahedral 1T or 

distorted 1Tô phases.60 

Many TMDs demonstrate polymorphism, which means that these TMDs can exist in more than 

one phase and have distinct electronic properties. As shown in Figure 1.13, when a group 6 

TMD such as MoS2 phase transform from the 1H to 1T phase, the Fermi level will be in the 

Ὠ ȟװ ȟ  degenerate state and demonstrate metallic properties. Figure 1.14 tabulates common 

polymorphs from frequently studied TMDs.63 

 

Figure 1.14. TMD polytypes and conducting properties.63  

 

1.3.2. Synthesis of 1T phase MoS2  

In this section, common synthesis routes for metallic 1T phase MoS2 are categorized and 

discussed. Due to the presence of polymorphism and the strong dependence on the d - orbital 

filling of the transition metal, phases of the TMDs can be tuned and engineered to fit a wide 

variety of applications. MoS2 is a semiconductor, and has been studied as channel material in 

a transistor.51, 64 In early experiments of alkali intercalation in 2H MoS2, a phase transformation 

was identified at Li : Mo ratio of 0.4.65 This phase transformation reduces the MoS2 sheets and 

makes them negatively charged. The transformed structure is identified as the octahedral 1T 

phase, which is and was predicted to be metallic.66 Metallic 1T phase can be used in high-

performance electrochemistry and energy applications such catalysis of hydrogen evolution 
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reaction (HER)55, 67-70, supercapacitors59, 71, 72, and recently, lithium sulfur (Li-S) batteries.4, 32, 

73, 74 

As shown in Figure 1.15, synthesis of 1T phase metallic MoS2 involves two approaches: phase 

transformation from the 2H phase, and direct synthesis. It is noted that some synthesis methods 

such as mechanical straining and irradiation are not bulk-compatible, meaning that they can 

only synthesize single or few-layer metallic 1T MoS2 nanosheets, which are not suitable for 

electrochemical applications where milligram or gram-scale synthesis is needed.  

 

Figure 1.15 Overview of synthesis routes for metallic 1T MoS2. Synthesis methods which are bulk-

compatible are highlighted with red dotted lines.  

Phase transformation 

Synthesis of 1T phase MoS2 via phase transformation is top-down that uses 2H MoS2 as a 

precursor. Some methods to transform 2H MoS2 include mechanical strain, irradiation, and 

intercalation.   

Mechanical strain induced phase transformation 

Tensile or compressive strain has shown to tune electronic structures of MoS2 and other TMDs. 

Stability of 1T and 2H phase is influenced by the tensile strain on the material.75 Figure 1.16 

illustrates that based on density function theory (DFT) calculations by Duerloo et al about 3% 

strain is required to initiate phase transformation in MoS2 due to the large free energy difference 
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between the 1T and 2H phase, while MoTe2 is easy to phase transform, only requiring only 0.3% 

strain for phase transformation to take place. 

In later experiments by Rhuy et al., semiconducting MoS2 nanosheets were deposited onto 

gold-coated, pre-strained thermoplastic substrates. Upon relaxation of the substrates, surface 

wrinkles formed, triggering a localized phase transition to the metallic 1T phase, as observed 

in the Raman spectra shown in Figure 1.16(d). The increasing signal from the J2 and J3 peaks 

as strain is increased indicates phase transformation to the 1T phase. This improved 

conductivity, reduced charge-transfer resistance, and boosted HER performance.76 However, it 

is worth noting that while phase transformation induced by lateral stress and strain is possible 

for single or few-layer MoS2, applying uniform strain is non-trivial for stacked sheets in a bulk 

material. This means that phase transformation from the 2H to 1T phase via strain is simple in 

principle, but scalable synthesis has yet to be achieved from this method.    

 

Figure 1.16 (a) Mechanism for strain-induced 2H Ą 1T phase transformation. (b) free energy diagram 

for 1T and 2H phase as a function of strain. (c) applied force as a function of strain. (d) Raman spectra 

of MoS2 nanosheets deposited on strained substrate. Figure reconstructed from Ref. 75 and 76.  

 



 31 

Irradiation induced phase transformation 

Irradiation is an alternative method to transform MoS2 from the 2H to the 1T phase. Common 

irradiation types include electron beam77, laser78, and ion bombardment79. Lin et al. observed 

that regions of monolayer MoS2 sheet forms stripes of intermediate phase of Ŭ under the 

electron beam of a scanning transmission electron microscope (STEM). Under further 

irradiation, a triangular region of the 1T phase is formed with intermediate phase borders 

labeled as ɓ and ɔ (Figure 1.17). Density functional theory (DFT) calculations suggest electron 

beam irradiation generates vacancies in MoS  through mechanisms such as knock-on damage 

and electronic excitations. These vacancies, which become highly mobile at elevated 

temperatures under irradiation, tend to cluster into line defects. The resulting vacancy lines, 

resembling the Ŭ stripes, contribute to mechanical strain and enable sulfur plane gliding that 

facilitate the formation of the 1T phase.80 

 

Figure 1.17. (a) STEM image of single layer 2H MoS2, with a light Re doping and illustration of the 

phase on the bottom. After 220 s of e- beam irradiation, 1T phase and different phase boundaries can be 

observed. Figure reconstructed from Ref. 77 and 80.   

Similar effect and mechanism are reported from laser irradiation and ion bombardment. Upon 

laser irradiation of few-layer MoS2 on silicon oxide (SiO2) substrate, Mine et al. observed 

thinning of the material and phase transformation on the material surface. Phase transformation 

mechanism was attributed to heat accumulation to ~ 300 ÁC under irradiation, which created 
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sulfur vacancies and promoted the formation of 1T phase.81 Similarly, Wang et al. observed 

increasing sulfur vacancy concentration with increasing time of argon-plasma treatment time.79 

It is measured that sulfur vacancy concentration can be as high as 10% after 60 s of argon ion 

bombardment. DFT calculations suggest that upon ion bombardment, the 1T phase is stabilized 

by the strain caused by sulfur vacancies. While phase transformation via irradiation introduces 

fine and localized control for phase transformation, attaining phase-pure metallic 1T MoS2 

nanosheets, especially at a scale sensible for lab-scale electrochemical applications are both 

time and energy consuming.63 

Intercalation induced phase transformation 

Intercalation of guest ions into the layered structures of TMDs is one of the earliest reported 

methods for phase transformation. Experiments of electrochemical intercalation in layered 

TMDs started as early as the 1970s.65 While intercalation of other metal species resulting in 

phase transformation has also been reported, alkali-ion intercalation is the most common 

method for phase transformation of solution-processable MoS2 nanosheets from bulk MoS2 

crystals. Common methods for intercalation of alkali ions in MoS2 include electrochemical, 

chemical, and solvent-free intercalation.  

Electrochemical alkali ion intercalation 

The layered structures of TMDs make them natural hosts for intercalation of guest species, 

especially for charge and energy storage. One of the earliest prototypes of a Li-ion battery from 

the 1970s was composed of a Li metal anode and a titanium sulfide (TiS2) cathode.
58 As shown 

in Figure 1.18, bulk TMD powder is typically mixed with conductive carbon filler and a 

polymer binder, then coated onto a copper current collector to make an electrode. This electrode 

is then paired with a lithium metal anode and discharged on an electrochemical station to 

intercalate Li ions into the TMD electrode.  
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Figure 1.18 Illustration for electrochemical Li intercalation of MoS2 in a coin cell. Figure reconstructed 

from Ref. 82.  

In an electrochemical cell, the free energy of the cell is calculated as  

Ў' Î&% 

Where Ў' is the free energy, Î is the number of electrons transferred, & is Faradayôs number, 

and % is the cell voltage. Figure 1.19(a) shows cell voltages of various TMDs vs. alkali metals 

during electrochemical intercalation. Figure 1.19(b) shows assembly of the cell. It was found 

that during intercalation, TMDs with a single phase have a monotonically decreasing cell 

voltage with a consistent slope. This indicates that Ў' decreases with increasing x, the Li to 

metal ratio. This effect is mainly due to increasing electrostatic repulsion between the positively 

charged ions and the Fermi level which increases in energy as the conduction band is filled.83 

In some cases, such as the intercalation of sodium (Na) ions in TiS2, sharp changes in the 

discharge curve slope are observed. This indicates a drastic change in Ў' and suggests phase 

transformation.83 For MoS2 specifically, a change in slope for the discharge curve is observed 

when the intercalated Li to Mo ratio reaches 0.25. A plateau at the voltage of ~ 1.1 V can be 

identified [Figure 1.19(c)]. This represents the 2H Ą 1T phase transformation, as a voltage 

plateau indicates no change in free energy of the cell. This means that composition of the 

intercalated phase in the redox reaction does not change, only concentration.  

As Li ions are intercalated, the electronic state of the Mo atom is changed, and lead to a 

structural change to the 1T phase. This is consistent with ex-situ x-ray diffraction (XRD) results 

(Figure 1.20). XRD of the intercalated electrodes reveals a change in the crystal structure, and 

the newly formed phase with 1T structure.66 The intercalation of Li ions slightly expands the 

interlayer spacing of the Mo-to-Mo planes from 0.615 to 0.63 nm, which suggests no solvent 

co-intercalation.  
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As the plateau continues with increasing x, the 1T phase concentration increases. This 

electrochemical reaction can be interpreted as 

ὼװ,É-Ï3ᴼ ,É -Ï3  

 

Figure 1.19 (a) Cell voltage for various TMDs vs. alkali metal during alkali intercalation via 

electrochemistry.83 (b) Illustration for relationship between measure cell voltage and free energy. (c) 

Cell voltage for MoS2 vs. Li during electrochemical intercalation of Li.  
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Figure 1.20 XRD patterns for 2H MoS2 (top, labeled as ɻ, not to be confused with the intermediate state 

ɻ discussed in phase transformation by irradiation) and 1T MoS2 after electrochemical intercalation 

(bottom, labeled as ɼ).66  

Over-lithiation in intercalation can lead to breakdown of the TMD to lithium sulfide (Li2S) and 

transition metal via displacement between Li and the transition metal.  
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Where M is a transition metal. Whether the displacement reaction takes place is dependent on 

the energy of intercalation Ў' of the lithiated compound and free energy of the displacement 

reaction Ў' , which can be calculated as the difference between the product and reactant of 

the displacement reaction. A table of displacement energies for various TMDs are given in  

Table 1.1.83 
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Table 1.1 Energies of displacement reaction of TMDs (kJ mol-1). Table recreated from Ref. 83. 

 

For a specific degree of lithiation, the energy of intercalation ЎὋ is calculated as  

Ў'  & % ÄØ  

Where & is Faradayôs number, and % is the cell voltage.84 To form a stable lithiated compound, 

Ў'  must be less than that of the intercalation energy. Ў' at a 1:1 Li to transition metal ratio 

is found to be ~200 kJ mol-1 for layered TMDs, and it was determined that TMDs with higher 

displacement energy than MoS2 cannot form a stable Li intercalation compound, especially at 

a high Li to transition metal ratio.82 

The synthesis of 1T MoS2 via electrochemical intercalation of alkali ions produces a 

significantly higher product mass compared to the irradiation or epitaxial growth of MoS2 

monolayers. In addition, this synthesis method uses bulk MoS2 powder as a precursor, which 

is easier to prepare. However, post-processing is challenging, as the product must be separated 

not only from the metal current collector but also from the polymer binder. In addition, due to 

the semiconducting nature of the 2H MoS2 precursor, some regions remain unreacted. As 

shown in Figure 1.20, a less intense peak at 14.4Á, representing the un-intercalated 2H phase, 

is retained. As a result, electrochemical phase transformation typically reaches about a 1T phase 

concentration of 50-70%.82 85 The electrodes are then submerged in deionized water or 

isopropyl alcohol solvents and exfoliated into nanosheets via sonication. Physical shear from 

the sonication and the formation of hydrogen gas (H2) from the reaction between the 

intercalated Li and the solvent exfoliates LixMoS2 into monolayer or few-layer nanosheets.  

Chemical exfoliation via n-butyllithium 

Chemical exfoliation of MoS2 and other TMDs via lithium intercalation from n-butyllithium 

(n-BuLi) was proposed by Dines et al. in 1975 as a cleaner alternative to electrochemical 



 37 

intercalation.86 Instead of having the product in a polymer matrix, the by-products from this 

reaction are mainly butane and octane. In this synthesis method, n-BuLi, a strong reducing 

agent in a hexane solution, is mixed with MoS2 at a certain molar ratio and left to react. This 

reaction reduces the Mo atom and transfers an electron to the Mo d-orbital. Li ions intercalate 

into the MoS2 layers as counter ions to balance the charge. The chemical equation for this 

reaction can be written as  

ὼ#(,É-Ï3ᴼ,É-Ï3
ὼ

ς
#(  

Where C4H9Li is n-BuLi, and C8H18 is octane which forms from two butyl radicals. After 

lithiation, the lithiated product is referred to as LixMoS2, where the subscript x accounts for the 

molar ratio between Li and Mo, and reflects different degrees of lithiation. LixMoS2 can be 

submerged in polar protic solvents such as water, and release H2 gas. Upon sonication, the 

physical shear and gas release exfoliates the materials into nanosheets. Figure 1.21 shows an 

illustration for this process. Alternatively, LixMoS2 can also be submerged and dispersed in 

polar aprotic solvents such as tetrahydrofuran (THF), retaining Li ions.  

 

Figure 1.21 Schematic for exfoliation of MoS2
 after intercalation. Figure reproduced from Ref. 87.  

This method is commonly compared to electrochemical intercalation due to the similar 

intercalation reaction. However, it is observed that while electrochemical intercalation 

produces a product with a crystal structure, chemically exfoliated MoS2 typically does not 

retain significant crystal structure besides planar stacking in the vertical axis. This is likely due 

to hydration of the intercalated lithium.65, 88 As a result, Figure 1.20 and Figure 1.22 show that 

the (00l) spacing for chemically exfoliated MoS2 is further expanded to 1.12 nm compared to 

2H MoS2 (0.615 nm) and electrochemical intercalated LixMoS2 (0.63 nm).4 It is also observed 

that all other features besides the (00l) planes are greatly diminished. This is possibly due to 
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restacking of exfoliated nanosheets in the (00l) direction during synthesis, making all other 

plane diffractions non-detectable in XRD.  

 

Figure 1.22 XRD patterns for LixMoS2 synthesized via chemical exfoliation and bulk 2H MoS2 powder 

Modern synthesis of LixMoS2 increases the Li: Mo ratio from the originally proposed 1 : 1 or 

1.5 : 1 to about 2.5 : 1,4, 53, 86, 89 and increases the reaction temperature to reduce the reaction 

time. However, even at the highest reaction temperature of 66 ÁC, which is the boiling point of 

hexane, a reaction time of 48 h or longer is expected for a uniform product with a phase 

concentration of ~70% 1T phase.85, 89 Currently, chemical exfoliation and phase transformation 

of MoS2 is one of the most used synthesis methods for producing 1T MoS2 nanosheets due to 

a high metallic phase concentration, and its scale. A batch size of 300-600 mg can be used for 

a chemical exfoliation process compared to single flakes in other methods.  

Solvent-free alkali ion intercalation 

Other Li-containing compounds have been employed as lithium sources for intercalation. For 

instance, lithium borohydride (LiBH4) has been successfully utilized for this purpose.
56 The Li 

intercalation was achieved by mixing solid LiBH4 with MoS  powder and subjecting the 

mixture to a temperature of 300 ÁC. This process resulted in approximately 80% of the 1T MoS  

phase in the as-exfoliated monolayers, a higher yield compared to the average values obtained 

using wet-phase intercalation exfoliation methods at room temperature. However, while the 

phase transformation is more complete, impurities of various boron compounds and unreacted 

LiBH4 are difficult to separate from the product without exfoliating the material in water, where 

the impurities are the most soluble. This means that this method is less suitable for applications 

where retaining the Li ion is preferable.  
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Direct synthesis 

Direct synthesis of 1T phase MoS2 are bottom-up synthesis routes which do not use MoS2 as a 

precursor. Some bottom-up direct synthesis approaches include solid-gas reaction from a 

molybdate precursor90, 91, and hydrothermal reactions from other molybdenum compounds.92 

Compared to phase transformation approaches, which often involve exfoliation of the material 

and produce nanosheets, bottom-up approaches offer routes to synthesize crystals of the 1T 

phase.  

Solid-gas reaction 

The solid-gas reaction between potassium molybdate (K2MoO4) and a reducing gas, including 

hydrogen sulfide (H2S) and hydrogen gas (H2), were one of the first methods for direct 

synthesis of 1T phase MoS2 crystals.
90 Figure 1.23(a) illustrates steps for this reaction. In this 

synthesis, K2MoO4 is used as a precursor, and annealed in a furnace with dry H2S gas. This 

step is associated with the formation of potassium tetrathiomolybdate intermediates (K2MoS4). 

In a more recent study by Yu et al. in 2018, it was found that a post-processing step oxidizing 

the product material with iodine (I2) in acetonitrile (ACN) was necessary to remove unreacted 

K2MoS4.
91  

The resulting product is annealed with H2 gas to form H2S, K2S and potassium intercalated 

KxMoS2 crystals. Thus, steps for this synthesis include 

+-Ï/ (3O +-Ï3 (/ / (Step 1) 

+-Ï3 ( ᴼ+-Ï3 +3 (3 (Step 2) 
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Figure 1.23 (a) Schematic for synthesis of 1T MoS2 crystals via solid-gas reaction.93 (b) XRD pattern 

for 1T MoS2 crystal synthesized via solid-gas reaction.90 (c) Illustration of the relationship between K: 

Li ratio and phase preference in CVD of KxMoS2.94 

Figure 1.23(b) displays a XRD pattern for 1T phase MoS2 produced via direct solid-gas 

synthesis. In chemical exfoliation, which produces exfoliated nanosheets, the (001) interlayer 

spacing is expanded to ~1.12 nm, and other planar features have been diminished (Figure 1.22). 

Solid-gas reaction synthesis produces 1T MoS2 crystals with a (001) interlayer spacing of just 

0.59 nm.90, 91 This decrease in interlayer spacing is attributed to the attraction between the 

negatively charged MoS2 sheets and the positively charged intercalated ions in absence of 

moisture and solvents.  

Besides synthesis of 1T MoS2 crystals, this reaction has also been adapted for direct synthesis 

of single-layer MoS2 films in the 1T phase via chemical vapor deposition (CVD). Direct CVD 

synthesis of MoS2 films in the 1T phase is difficult due to its higher energy of formation than 

2H films.94 Liu et al. found that potassium ions in deposited KxMoS2 stabilize the phase above 

a certain concentration, and by altering the K:Mo ratio to > 0.44, formation of the 1T phase can 
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be promoted over the 2H phase [Figure 1.23(c)].  While direct synthesis of 1T MoS2 via the 

solid-gas reaction can maintain product crystallinity and reach relatively high 1T phase 

concentration (80 ï 90%), the main disadvantages remain as long reaction time (3 ï 4 days) at 

high temperatures (400 ï 900 ÜC).90, 91 

Hydrothermal reaction 

Synthesis of 1T MoS2 via hydrothermal reactions circumvents the use of flammable n-BuLi 

solution for an aqueous solution. Similar to solid-gas reactions, hydrothermal reactions 

typically involve the reduction of a molybdenum compound, such as molybdate, with a sulfur 

source and a reducing agent. In a study by Liu et al., a reduction-first reaction mechanism for 

hydrothermal synthesis of 1T MoS2 was proposed.
92 After creating an acidic condition with 

propanoic acid, the Mo (VI) in sodium molybdate (Na2MoO4) was first reduced to Mo (IV) in 

Na2MoO3 with an octahedral structure. This was then sulfurized by sulfur-containing thiourea 

[CS(NH2)2]. It was found that without the presence of propanoic acid to reduce Na2MoO4, the 

molybdate does not rearrange into an octahedral structure (Figure 1.24).  

 

Figure 1.24 Illustration for synthesis of 1T MoS2 via hydrothermal reaction. 95  

 

1.3.3. Characterization of metallic 1T phase 

Identification and characterization of 1T phase MoS2 are commonly conducted with XRD, 

Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS). Main identifying 

characteristics are discussed in this section while working principles and example data will be 

discussed in detail in Section 2.2 Materials characterization.  

XRD measurements provide crystal structure information of the material, and is a common 

technique for identifying phase transformation through changes in interlayer spacings.66 The 

insertion of ions between MoS2 layers changes interlayer spacing as evidenced by the shift of 

the (002) peak from 14.4Á in 2H MoS2 to (001) at 7.8Á in solvent exfoliation such as chemical 

exfoliation.65, 83 While both (002) in 2H phase and (001) in 1T phase describe the interlayer 
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spacing between adjacent Mo layers, the change in Miller indices arise from the difference in 

unit cell after phase transformation. However, XRD patterns alone cannot definitively confirm 

phase identity, as various intercalants can cause similar spacing changes without necessarily 

inducing phase transformation. In addition, for electrochemical intercalation and direct 

synthesis, a layer contraction of 0.15 nm is observed due to attraction between the negatively 

charged MoS2 sheets and positively charged intercalated ions.66, 90, 91 Therefore, comprehensive 

characterization requires the combination of all three techniques to verify both structural 

changes and electronic phase transformation.  

Raman spectroscopy provides qualitative phase identification through distinct bond vibrations, 

or phonons. 2H phase exhibits characteristic Ὁ   and ὃ   modes corresponding to in-plane 

Mo-S displacement and out-of-plane S atom motion, respectively.62, 96 The emergence of J1 

(158 cm ĭ), J2 (226 cm ĭ), and J3 (330 cm ĭ) peaks, coupled with diminished Ὁ   and ὃ   

intensities, indicates formation of the 1T phase. However, quantitative phase concentration 

cannot be obtained from Raman spectroscopy.  

XPS analysis enables quantitative determination of phase composition through characteristic 

binding energy shifts. The 1T phase exhibits Mo 3d5/2 and Mo 3d3/2 peaks at 228.0 and 231.1 

eV, respectively, shifted approximately 0.9 eV lower than their 2H counterparts (228.9 and 

232.0 eV) due to increased electron densities in the metallic structure and lower oxidation state 

due to the transferred charge in the Mo atom. 89 This systematic shift, observed in both Mo 3d 

and S 2p regions, allows precise quantification of phase percentages. Synthesis and 

preparations mostly achieve mixed-phase synthesis, reaching 70-73% 1T phase content.59, 89, 97, 

98 

 

1.3.4. Electrochemical applications of 1T MoS2 nanosheets 

MoS2, in its 2H phase, is commonly studied for electronic devices.51, 64 After phase 

transformation to the 1T phase, it is more electronically conductive and electrochemically 

active for energy storage and conversion, such catalysis of hydrogen evolution reaction 

(HER),55, 67-70 supercapacitors,59, 71, 72 and lithium sulfur (Li-S) batteries.4, 32, 73, 74 In these 

applications, ratio between the metallic 1T phase to the semiconducting 2H phase directly 

impacts electrochemical performance of the material.56 
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Catalysis of HER 

Hydrogen evolution reaction (HER) catalysis is an electrochemical process that is essential for 

sustainable hydrogen production. HER involves the reduction of protons to hydrogen gas, 

typically occurring in acidic electrolytes. The reaction follows two main steps: proton 

adsorption on the catalyst surface (Volmer step) and subsequent hydrogen molecule formation 

via recombination (Tafel step).99 Efficient HER catalysis requires materials with optimal 

binding energies for hydrogen intermediates, balancing adsorption and desorption processes.  

While platinum remains the benchmark HER catalyst, its scarcity and high cost severely limit 

large-scale applications, driving the search for earth-abundant alternatives. Owing to its 

abundance, MoS2 nanosheets have potential to realize large-scale and low-energy-usage 

production of hydrogen. In an early study by Jaramillo et al., the edges of 2H MoS2 were found 

to be active and HER increased with edge concentration as seen by the increase in exchange 

current density (Figure 1.25). The basal planes of 2H MoS2 nanosheets are not 

electrochemically active for HER catalysis.  

 

Figure 1.25 Imaging and HER activity for 2H MoS2 catalysts. Scanning tunneling microscopy images 

for MoS2 nanoparticles with (a) lower and (b) higher edge concentration. (c) Exchange current density 

in relation to edge concentration. Figure reproduced from Ref. 100.  

The first successful engineering of 1T MoS2 as an HER electrocatalyst was achieved by 

Lukowski et al. using chemical exfoliation of flowerlike MoS2 with n-BuLi, where lithium 

intercalation transformed 2H to 1T phase.67 The resulting 1T MoS2 demonstrated superior 

catalytic performance with a low overpotential of -187 mV vs. reversible hydrogen electrode 

(RHE) at 10 mA cm-2, and small Tafel slope of 43 mV dec-1, significantly outperforming the 

unexfoliated 2H MoS2 which required -320 mV overpotential and showed a much larger Tafel 

slope of 110 mV dec-1. 
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Unlike 2H MoS2, where catalytic activity primarily occurs at edge sites, 1T MoS2 demonstrate 

enhanced performance stems from inherent catalytic activity across its basal plane 

(Figure 1.26). This effect is demonstrated by Voiry et al. through edge oxidation experiments. 

1T MoS2 retained its catalytic activity despite edge site oxidation, while performance for 2H 

MoS2 dramatically decreased under the same conditions.
56 The phase transformation from 2H 

to 1T effectively activates the previously inert basal plane sites, creating many more active sites 

for hydrogen evolution. In addition, it is shown that HER performance of 1T MoS2 is directly 

influenced by the 1T phase concentration. Solvent-free chemical exfoliation via LiBH4 as the 

intercalant achieved ~80% 1T phase content (compared to ~50-70% with n-BuLi), resulting in 

even better HER performance with an overpotential of ~100 mV and Tafel slope of ~40 mV 

dec-1.  

 

Figure 1.26 (a) High-resolution transmission electron microscopy (HRTEM) and b) high-angle annular 

dark-field scanning transmission electron microscopy (HAADF-STEM), revealing edge distortions 

induced by oxidation treatment, with scale bars of 5 nm and 1 nm respectively. (c) Diagram depicting 

the edge oxidation mechanism and subsequent partial edge reconstruction. (d) HER activity comparison 

via polarization curves for both 1T and 2H phases of MoS2 nanosheets, measured before and after edge 

oxidation, with solution resistance (iR) compensated data shown as dashed lines. Figure reconstructed 

from Ref. 56.  

Supercapacitors 

Supercapacitors are energy storage devices that bridge the gap between conventional capacitors 

and batteries. They store energy through two main mechanisms: electrochemical double-layer 

capacitance (EDLC), where energy is stored via ion adsorption at the electrode-electrolyte 

interface, and pseudo-capacitance, involving fast, reversible redox reactions at the electrode 

surface.101 Supercapacitors offer high power density, fast charge-discharge rates, and 

exceptional cycle life, making them ideal for applications requiring rapid energy delivery or 
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short-term storage. While some carbon-based materials exhibit high specific surface area, these 

materials primarily rely on the double-layer charge storage mechanism, which restricts their 

specific capacitance and energy density.102  

Applications of metallic MoS2 as electrodes for supercapacitors was first reported by Acerce 

et al. in 2015. In this study, bulk 2H MoS2 was chemically exfoliated into metallic 1T MoS2 

nanosheets with n-BuLi and restacked via vacuum filtration to fabricate the electrode, which 

was found to be hydrophilic and 107 times more electronically conductive than semiconducting 

2H MoS2 electrodes. Volumetric capacitance ranged from 400 to 700 F cm į at a scan rate of 

20 mV s ĭ in aqueous electrolytes, with a peak capacitance of 250 F cm į achieved in the 

organic electrolyte at 5 mV s ĭ. XRD analysis found that the layered structures of MoS2 can 

expand its interlayer spacings to accommodate various guest ions, which contributes greatly to 

the overall capacitance and charge storage. This is enabled by the increased electronic 

conductivity of the 1T phase, which facilitates the necessary charge transfer during these redox 

reactions (Figure 1.27).  

 

Figure 1.27 (a)XRD spectra from as exfoliated 1T phase MoS2 nanosheets in different electrolytes and 

intercalating species. (b) Schematics of restacked non-intercalated and intercalated 1T MoS2 nanosheets. 
59 
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Li-S batteries 

Apart from being used a dry lubricant, utilizing the layered structure of MoS2 for alkali ion 

energy storage in Li-ion and Na-ion batteries was one of the earliest applications considered. 

However, MoS2 faces two problems in acting as electrode for Li-ion batteries. The first being 

the semiconducting electronic properties of bulk 2H MoS2, which means that compared to 

naturally metallic TMDs such as VS2 and NbS2, MoS2 either needs to be phase transformed to 

the metallic phase or be mixed with the conductive carbon fillers before fabrication of the 

electrodes. The second problem is the reduction potential of MoS2. In a battery, low reduction 

potential for the anode and high reduction potential for the cathode are necessary for a large 

cell voltage, which directly impacts the energy density of the battery. Compared to the standard 

reduction potential of 0.1V vs. Li for graphite, the reduction potential of about 0.8 ï 1.1V vs. 

Li for MoS2 is too high to be an effective anode. Furthermore, compared to metal oxides which 

have reduction potential of > 4 V or even TiS2 which operates between 2.4 ï 1.8V, MoS2 is not 

a competitive cathode material either.  

These shortcomings are circumvented in using MoS2 as a cathode host for Li-S batteries. 

Working principles and fundamentals of Li-S batteries are discussed in Section 1.2 

Fundamentals of Li-S batteries. As discussed in Section 1.2.3 Performance metrics and 

challenges of Li-S batteries, the main challenge in electrode design for Li-S batteries is the 

conductive host, which must provide anchoring for liquid lithium polysulfide (LiPS) 

intermediates and enough conductive sites for the sluggish sulfur redox. Metallic MoS2 and 

LixMoS2 are intrinsically polar and bind to polysulfides strongly as a host material for active 

sulfur. Li et al. has shown that the absorption of lithium polysulfides is enhanced when the 

intercalated Li is retained in metallic MoS2 nanosheets.
4 This is indicated by the UV-Vis results 

that show efficient adsorption of Li2S4 on LixMoS2 leaves a clear solution with low absorbance 

[Figure 1.28(a)]. This higher affinity of LixMoS2 host for polysulfides is ascribed to the polar 

nature of metallic 1T phase and the additional binding sites introduced by lithiation. A specific 

capacity of 1425 mAh g-1 was achieved with LixMoS2 electrodes, meaning that over 85% of 

the sulfur material is active in the redox process [Figure 1.28(b)]. In addition, strong binding 

reduced active material loss, retaining 85% of its capacity after 200 cycles.  

Compared to other metallic TMDs, which are electronically conductive but difficult to exfoliate, 

the nanosheet morphology of MoS2 can provide sufficient surface area and active sites for the 
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sulfur redox. Furthermore, MoS2 is electrochemically stable in the voltage window of 1.7 ï 

2.8V, preventing degradation of the material during operation.  

 

Figure 1.28 (a) Photograph (inset) and UVïvis spectra of the Li2S4 solutions. The inset shows that the 

supernatant liquid with LixMoS2 is transparentðsuggesting excellent adsorption of the LiPS. This is 

confirmed quantitively by the UVïvis spectra, showing that the Li2S4 solution exposed to LixMoS2 host 

has the lowest UV-vis absorbance. (b) Galvanostatic charge/discharge curves for various MoS2 

electrodes, showing LixMoS2 electrodes with the highest specific capacity. Figure reproduced from Ref. 
4.  

 

1.3.5. Challenges of synthesis of metallic MoS2 

While metallic MoS2 nanosheets have shown promise in many energy applications, challenges 

including low 1T phase concentration and their stability, and low production rate remain 

unsolved. Specific challenges for various synthesis methods are already discussed in Section 

1.3.2. General overview and specific challenges for chemical exfoliation (CE), the most 

common synthesis method, are discussed here. 

First, a high 1T phase concentration is desired, as 1T phase concentration directly impacts the 

electrochemical performance of metallic MoS2. Voiry et al has shown that electronic 

conductivity of MoS2 nanosheets increase with 1T phase concentration, and the conductivity 

can reach up to 102 S cm-1 for metallic 1T phase MoS2, compared to the significantly lower 

conductivity of semiconducting 2H phase.56 However, achieving and maintaining high 1T 

phase concentration remains challenging due to the metastable nature of the 1T phase, which 

tends to gradually convert back to the thermodynamically stable 2H phase. As discussed in 

Section 1.3.2, current synthesis strategies can only reach 50-70% 1T phase concentrations.  
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Additionally, current synthesis strategies typically take hours or days to complete, making the 

production rate of metallic MoS2 nanosheets extremely slow. In addition, many synthesis 

methods such as local irradiation are incompatible with gram-scale batches. Table 1.2 

summarizes batch size and hourly production rate of various synthesis methods.  

Table 1.2 Batch size and hourly production rate of various synthesis methods for metallic MoS2 

Method 
Batch size 

(g) 

Reaction 

time (min) 

Hourly flow 

rate (g h-1) 
Reference 

Chemical exfoliation 

via n-BuLi 
0.3 2880 0.00625 89 

Molten metal 

intercalation 
0.5 60 0.5 70 

Electrochemical 

intercalation 
0.4 150 0.16 54 

Hydrothermal 

reaction 
0.41 720 0.034 103 

Ball Milling 32 720 2.66 104 

NH4 intercalation 0.88 1140 0.046 105 

Photoredox CE ~ρ ρπ 5 ~0 106 

Mg intercalation 0.17 1800 0.0056 107 

Solvent free CE 0.3 4320 0.0041 56 

 

Despite its relatively slow hourly production rate, CE with n-butyllithium (n-BuLi) in hexane 

is the most common method for transforming bulk 2H TMDs into metallic 1T nanosheets due 

to its simplicity and lack of complex by-products.60, 62, 86, 89 CE reaction is kinetically slow.86 A 

long reaction time of 48 h is usually needed for a homogeneous product.65, 86  Conventional 

method for accelerating the chemical reaction by increasing the reactant n-BuLi concentration 

leads to over-lithiation, thereby resulting in decomposition of the LixMoS2 into Mo metal and 

lithium sulfide (Li2S).
83 Increasing reaction temperature is an effective way to enhance reaction 

kinetics. However, due to the strong reducing and deprotonating effects of n-BuLi, it is mostly 

prepared in a hexane solution for chemical stability. This limits the reaction temperature to the 

boiling point of hexane (66 ÁC).108 The limited thermal energy reduces reactant collisions and 

the likelihood of overcoming the activation energy barrier required for lithiation and phase 

transformation. This restricts both the reaction rate and 1T phase concentration of the LixMoS2 

product.109 Currently, CE takes 48 to 72 h to phase transform bulk MoS2 into nanosheets with 

~70 % 1T phase concentration.52, 53, 59, 110, 111  
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1.4. Summary of this work 

While metallic MoS2 nanosheets demonstrate significant potential for energy storage 

applications, particularly in lithium-sulfur (Li-S) batteries, key scientific and engineering 

challenges remain. Our prior research has demonstrated that lithiated MoS2 (LixMoS2) 

effectively mitigates the polysulfide shuttling effect by adsorbing liquid lithium polysulfides, 

while simultaneously providing the electrical conductivity necessary to enable sulfur redox 

reactions. However, two critical knowledge gaps limit the practical implementation of this 

technology. First, the fundamental stability mechanisms and characteristics of LixMoS2 post-

lithiation remain poorly understood, with concerns regarding its environmental and thermal 

stability. The material sensitivity to oxygen necessitates careful evaluation of its dry-room 

compatibility, as oxidation issues could mandate costly fabrication processes under completely 

inert environments such as argon. Furthermore, thermal stability of the 1T phase presents 

additional challenges, as the electrode fabrication temperature of 155 ÁC coincides with the 

temperature at which the desirable 1T phase relaxes back to the less conductive 2H phase. 

Secondly, current synthesis methods for LixMoS2 face significant scalability challenges, 

particularly in maintaining consistent phase concentrations and material properties during 

large-scale production.  

The specific content of subsequent chapters is summarized below.  

Chapter 2 discusses the experimental methods used in my research. Specifically, the process 

for conventional chemical exfoliation of MoS2 and synthesis of metallic MoS2 nanosheets, 

materials characterization, and electrochemical characterization techniques.  

Chapter 3 examines the thermal and environmental stability characteristics of 1T phase MoS2 

in lithiated (LixMoS2) and pure MoS2 form. The investigation reveals that lithiation enhances 

the thermal stability of the 1T phase. We also demonstrate that LixMoS2 undergoes oxidation 

in ambient conditions for up to 48 h, forming lithium molybdate (Li2MoO4) through sulfur loss. 

The material exhibits phase and chemical stability in dry, oxygen-rich environments at 

temperatures up to 250 ÁC. These findings establish that moisture, rather than oxygen, is the 

primary degradation factor, enabling the use of conventional melt-diffusion methods for 

cathode preparation in lithium-sulfur batteries. The chapter presents characterization data and 

stability analyses.  

Chapter 4 describes microwave-assisted chemical exfoliation (MWCE), a process developed 

in this thesis based on conventional chemical exfoliation, which enables rapid synthesis of 
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metallic MoS2 nanosheets. Microwave heating and the use of carbon black microwave 

susceptors to increase microwave absorption are investigated. We found this to increase the 

reaction temperature to 144 ÁC from 66 ÁC and shorten the reaction time from 48 ï 72 h to 30 s. 

Improvements to the 1T phase concentration is also observed from MoS2 nanosheets 

synthesized via MWCE, which exhibits ~100% 1T phase.  

Chapter 5 reports Li-S batteries using metallic MoS2 nanosheets as host materials. Building on 

the enhanced thermal stability of lithiated MoS2 demonstrated in Chapter 3, we employ a melt-

diffusion method to incorporate sulfur into the 1T MoS2 host structure, creating high-

performance composite cathodes for lithium-sulfur batteries. In addition, we demonstrate 

fabrication of Ampere-hour pouch cells, which is enabled by the increased synthesis scale in 

MWCE introduced in Chapter 4.  

Chapter 6 provides summarized conclusions and outlooks for this work, as well as future works 

to be considered.   
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Chapter 2 

 

Experimental Methods  
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2. Experimental methods 

In this chapter, I discuss the experimental methods I have used in my thesis. This includes 

existing synthesis procedures, materials and electrochemical characterization techniques.  

 

2.1. Chemical exfoliation of TMDs 

Chemical exfoliation is a top-down synthesis technique for exfoliation and phase 

transformation of bulk MoS2. It was originally proposed in 1975, as a way of intercalating 

lithium ions into layered transition metal dichalcogenide (TMD) materials. n-butyllithium (n-

BuLi) in hexane solution is used as a reducing agent to donate an electron to the TMDs, and Li 

ions intercalate as counterions to balance the charge. In group IV TMDs such as MoS2 and WS2, 

this induces phase transformation.  

Figure 2.1 shows a schematic of the process steps used in chemical exfoliation of MoS2. 

Typically, 0.3g of MoS2, 3 mL of 1.6M n-BuLi in hexane and 15 mL of hexane are mixed in a 

round bottom flask and purged with argon (Ar) gas. The flask is partially submerged in an oil 

bath at 80 ̄C. This maintains the solution at the boiling of hexane (66 C̄). Hexane vapor 

condenses by the water-cooled condenser attached to the flask. After a reaction time of 48-72 

h, the solution is mixed and washed with hexane to remove unreacted n-BuLi and octane by-

products. The washed nanosheets are dispersed in deionized (DI) water or tetrahydrofuran 

(THF) for further usage and process.  

 

Figure 2.1 Schematic for chemical exfoliation steps for synthesis of metallic phase MoS2 nanosheets. 

First, the round bottom flask connected to the condenser is submerged in an oil bath which is controlled 

to be 80 ÁC. After 48 h, the mixture is washed with hexane (50 mL per 0.1 g LixMoS2).  
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2.2. Materials characterization 

In this section, I introduce  materials characterization techniques that I used in my research.  

 

2.2.1. Raman spectroscopy 

Raman spectroscopy is a non-destructive technique used to characterize 2D materials based on 

inelastic scattering of light. Typically, a monochromatic laser is used to excite vibrational 

modes (phonons) in a sample, and the energy shift of the scattered light, caused by interactions 

with the material vibrational modes, is quantitatively captured by a detector. An illustration of 

a scattering energy diagram is shown as Figure 2.2. When molecules are excited by photons 

with frequency ʇ , most scatter elastically, re-emitting photons with the same frequency and 

relaxing to the original energy state. This process is known as Rayleigh scattering. Occasionally, 

the molecule relaxes to an energy state higher or lower than the original state, resulting in a 

shift in the wavelength of the scattered photon. This shift is known as Stokes (for energy loss) 

or anti-Stokes (for energy gain) Raman scattering, respectively. The energy transferred to 

specific vibrational modes is unique for different phonons, allowing Raman spectroscopy to 

provide a fingerprint of the phonons in the sample. The Raman shift can be calculated via the 

equation 

2ÁÍÁÎװÓÈÉÆÔװὧά װ
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װ
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Where ʇ  is the wavelength of the incident laser, and ʇװis the wavelength of the Raman-shifted 

photon. Due to the distribution of molecular energy levels following the asymmetric Boltzmann 

distribution, the population of molecules in different energy states is not uniform. As a result, 

while Stokes and anti-Stokes Raman shifts are symmetric about the 0 cm ĭ shift, Stokes shifts 

are typically more intense and thus preferred for experimental analysis. 
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Figure 2.2 Illustration of Raman and Rayleigh shifts in scattering energy diagrams. Raman scattering 

(left): Shows an excitation photon with wavelength ɚex being scattered with a shift in energy, 

corresponding to the Stokes shift where the scattered photon (with wavelength ɚ) has lower energy than 

ɚex. Rayleigh scattering (center): Depicts elastic scattering where the scattered photon has the same 

wavelength (ɚ) as ɚex, with no net energy transfer. Raman (anti-Stokes) shift (right): Illustrates the anti-

Stokes process where the scattered photon (with wavelength ɚ) has higher energy than ɚex. The vertical 

arrows indicate transitions between energy states, while the wavy arrows represent excitation and 

scattered photons with their respective wavelengths. 

In phase engineering of 2D materials, Raman shifts offer qualitative phase identification. There 

are 4 Raman active modes for bulk MoS2, in its natural 2H phase. Figure 2.3(a) shows 

illustrations for the Raman active modes Ὁ ÃÍװσςװ ÃÍװςψχװװὉ ,װ Ὁװ  , ÃÍװσψςװ ȟ 

and ὃװ  τπωװÃÍ  . Among these, the in-plane Ὁ  are the  װvibration and out-of-plane ὃ װ

most prominent. After phase transformation to the metastable 1T phase, additional J peaks are 

observed (Figure 2.3). While the exact phonon assignment for these peaks is non-trivial due to 

the presence of inter-layer water and reducing agents, structural calculations attribute these to 

distortion of superlattices in the 1T phase.112 Typically, higher 1T phase concentration results 

in stronger peak intensities for the J peaks, and a suppression of the Ὁ  peak.62 In MoS2, the 

1T phase is metastable and transforms back to the 2H phase under annealing or aging in the 

ambient, resulting in the diminishing of the J peaks and a stronger Ὁ  peak (Figure 2.3(b).62, 

89, 112  
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Figure 2.3 (a) Illustration of Raman active modes in 2H MoS2. (b) Raman shifts for fresh and aged 1T 

phase MoS2 nanosheets, and bulk 2H powder. Reproduced from Ref. 112.  

For my work, Raman spectroscopy measurements were done at 0.1-1% power rating on a 

Renishaw Invia Raman system with a 514 nm laser source and 500 mW of maximum power 

rating. 

 

2.2.2. X-ray powder diffraction and Rietveld refinement 

X-ray powder diffraction (XRD) is a technique for analyzing the crystal structure of a material. 

The schematic of X-rays diffracted by planes of atoms is shown as Figure 2.4(a). Typically, a 

X ï ray source is used to generate parallel beams with a wavelength ʇ. The incident beams are 

diffracted by arrangements of atoms, so that constructive interference takes place when extra 

distance ɝ travelled by a parallel beam is an integer multiple (n) of ʇ, producing a peak in 

diffracted beam intensity on the XRD pattern. This phenomenon is known as Braggôs Law 

ɝ ςὨ ÓÉÎʃ Î 

where Ὠ  is the interlayer spacing between planes with miller indices of (h k l), ʃ is the angleװ

between the incidence beam and the (h k l) plane, and n is an integer, which represents order 

of diffraction. On some occasions, higher-order reflection occurs when the path difference 

between reflected X-ray beams is equal to multiples of ʇ, leading to constructive interference 

at multiples of the ʃ value. An X-ray generator in an XRD instrument typically uses copper to 

produce copper K-alpha (Cu Kɻ) radiations with a wavelength (~1.54 ¡) short enough for 

measuring sub-nano meter interlayer spacings, and long enough to avoid many higher-order 

reflections. From Braggôs Law and the diffraction pattern, interlayer spacing of atomic 

arrangements can be determined.  
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In phase-transformed TMD materials, phase changes alter the interlayer spacing. Therefore, 

XRD patterns can be employed to identify both parent and product phases following phase 

transformation. In chemical and electrochemical exfoliation of TMDs, XRD is potent for 

identifying lithiation. For example, chemically exfoliating bulk MoS2 with n-BuLi in hexane, 

washing with deionized water then restacking the nanosheets via vacuum filtration changes the 

XRD pattern shown in Figure 2.4(b). As lithium (Li) intercalates between the 2H MoS2 layers, 

the interlayer spacing increases from 0.62 to 1.13 nm, and the stacking sequence changes from 

a 2-layer AB stacking in 2H phase to a 1-layer AA stacking in 1T phase. As a result, a new 

(001) peak emerges at 7.8Á, and its second-order Bragg reflection (002) appears at 15.6Á. All 

other features and peaks in the XRD pattern are greatly diminished, as planes in directions 

other than (0 0 l) are disrupted by exfoliation and intercalation.113, 114  

In my research, XRD measurements from  ςʃ = 5 ï 80Á with a 0.05Á step were done on a Bruker 

D8 Advance powder X-ray diffractometer using Cu KŬ radiation, equipped with automatic 

divergence slits and a LynxEye-XE position sensitive detector.  

 

Figure 2.4 (a) Schematic of X-ray diffraction from planes of atoms. The extra length travel by a parallel 

incident beam (highlighted in orange) must be a multiple of the wavelength ʇ  for constructive 
interference. (b) XRD pattern for bulk 2H MoS2 (top) and chemically exfoliated 1T MoS2 nanosheets 

(bottom). Recreated form Ref. 59.   

Rietveld refinement is an analysis technique for providing quantitative information in powder 

diffraction. 115 Diffraction pattern of a homogenous mixture is the sum of diffraction patterns 

of individual phases present in the mixture, and the intensity of each peak is directly 

proportional to the quantity of the material. Rietveld refinement constructs and refines 

parameters (peak shape, width, structure factor, preferred orientation correction) of the 

structural model and the scale factor (proportional to quantity) of each phase based on 

experimental data. 116 Thus, based on patterns from a mixture with known phase quantities, 

quantification of phases can be acquired.   
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2.2.3. X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique that provides chemical 

and oxidation state information. Figure 2.5 shows the schematic of XPS operation and 

mechanism. Monochromatic incident X-rays with energy, Èʉ, emitted from an X-ray source 

(typically aluminum +ɻ  at 1486.6 eV) incident on the sample leads to photoemission of 

electrons (e-). The kinetic energy (KE) of the emitted electrons is analyzed, so that binding 

energy (BE) can be determined based on the equation  

+% Èʉ "%  ɮװ

Where È is plankôs constant, and ʉ is frequency of the photon, and ɮ is work function of the 

spectrometer. In XPS measurements, the sample is electronically ground to the spectrometer. 

When emitted electrons enter the spectrometer, they must overcome the work function of the 

spectrometer.117 

 

Figure 2.5 Schematic for a semiconductor XPS measurement, where an e- is represented by an orange 

sphere.  

In p, d, f orbital spectra, spin-orbit splitting is observed. Electrons of different energy levels 

cause the orbitals to be spilt with area ratios that are proportional to the number of electrons 

with the same energy levels (degeneracy). Quantum number j can be calculated based on the 

angular momentum l and the spin Ñ 

Ê Ìװ װ
ρ

ς
 

And degeneracy can be calculated based on j 
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For example, d-orbital has an angular momentum l = 2, quantum numbers   and  , and 

degeneracies of 6 and 4, respectively. This will cause the d-orbital peaks to be split in a 6 : 4 

area ratio. In characterization of MoS2, Mo 3d orbital exhibits such orbital splitting. Figure 2.6 

shows Mo 3d orbital splitting in 2H MoS2 of the Mo 3d5/2 and Mo 3d3/2 peaks at 228.9 and 

232.0 eV, respectively. In the phase engineering of MoS2, XPS can be used to quantify metallic 

phase from the semiconducting phase. In chemical exfoliation, additional peak doublets with 

~0.9 eV lower binding energy appear in 1T MoS2. The S 2p orbital exhibits a similar trend 

(Figure 2.6).  

In my research, XPS measurements were done on a Thermofisher Nexsa G2 system with an Al 

KŬ source. Samples were calibrated to single-bond carbon at 284.6 eV, and a pass energy of 

20 eV, and a spot size of 50-400 Õm.  

 

Figure 2.6 (a) High resolution Mo 3d XPS spectra of chemically exfoliated MoS2, showing the presence 

of both 1T and 2H phase. (b) High resolution S 2p XPS spectra of chemically exfoliated MoS2, showing 

the presence of both 1T and 2H phase. Figure reproduced from Ref.89.  
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2.2.4. Scanning electron microscopy  

Scanning electron microscopy (SEM) is a microscopy technique with high depth of field and 

magnification compared to optical microscopy. Figure 2.7(a) shows the schematic of a SEM. 

Typically, a modern SEM uses a field-emission-gun made of single crystal tungsten, etched to 

a thin tip to produce electron beams with high energy density. The beam of electrons will first 

go through a condenser lens, which controls the beam size and current, then an objective lens, 

which focuses the beam onto the sample. In SEM, lenses are solenoids of copper wires. By 

manipulating the current, magnetic field of different strengths bend the electron beams to a 

point of convergence. Scan coils deflect the beam systematically across the sample imaging 

area, producing a scanned image. Typically, the sample chamber is under ~ 10-6 Torr vacuum, 

so that collisions of electrons with atmospheric molecules are minimized. Common detectors 

in SEM include secondary electron (SE) detectors for high-resolution topology, and atomic 

number-sensitive back-scattered electron (BSE) detectors. For 2D materials characterization, 

SEM imaging is typically used to study topography and morphology of the material. Thus, SE 

detectors are most used. SEs are low energy (10-50 eV) electrons generated from collisions 

between incoming primary electrons and outer electrons of an atom. Since only SEs generated 

close to the top surface can escape, images from SE detectors provide topographic information 

with resolution limited by the electron beam diameter. For this work, SEM measurements were 

done on a FEI Nova NanoSEM with 5-10 kV beam accelerating voltage.  

 

Figure 2.7 (a) schematic for a SEM. Reproduced from Ref. 118 (b) An SEM image for MoS2 powder 

with 2Õm diameters from an SE detector.  
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2.2.5. Transmission electron microscopy and scanning transmission electron microscopy 

Transmission electron microscopy (TEM) is an atomic-resolution imaging technique used to 

obtain information about crystal structure, chemical composition, and electronic structure. The 

main strength of TEM imaging is spatial resolution. While SEM resolution is limited by the 

beam size to about 0.5 nm, image resolution for TEM can reach up to 50 pm.  

Figure 2.8 shows the schematic of a TEM. Electron beam generation in TEM is similar to that 

of SEM. Typically, a field-emission or thermionic electron gun is used to generate a beam of 

electrons. However, while SEM uses an acceleration voltage of about 10-30 kV, TEM typically 

operates in higher acceleration voltages between 60 to 300 kV. The electron beam travels 

through a series of magnetic lenses before reaching a fluorescent screen for imaging perceptible 

to the human eye. The main difference in lens arrangement between SEM and TEM is the 

placement of the sample and detector. While the electron beam is focused on the sample via 

condenser and objective lenses in SEM, and reflective detector is placed above the sample, 

electron beams transmitted through the sample is focused on to a detector screen below the 

sample in TEM. This means that TEM samples must be thin (< 200 nm) to transmit the 

electrons.  

 

Figure 2.8 Schematic of (a) TEM and (b) STEM.  

Some TEMs can perform scanning transmission electron microscopy (STEM). In this mode, 

sub-angstrom electron beams are deflected by scan coils and scan across the sample. Several 

images can be obtained from different detectors, including bright field (BF) and high angle 
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annular dark field (HAADF). The electrons that are diffracted at a small angle (0 - 20 mrad) to 

the orthogonal line to the sample are collected by the BF detector. Atoms typically appear to 

be dark, and background appear to be bright in this image, as electrons cannot directly pass 

through the atom. Electrons that are diffracted at a higher angle (68 ï 200 mrad) are collected 

by the HAADF detector. Larger atoms are more likely to diffract electrons at a higher angle. 

Thus, HAADF is sensitive to atomic number Z, and larger atoms appear to be bright, while 

background remains dark.  

STEM is commonly used to observe and image phase transformation in phase engineering of 

2D materials. Figure 2.9 shows STEM images of 1T phase and 2H phase regions. Sulfur (S) 

atom signal is enhanced due to the complete overlap in the 2H structure, reaching ~74% 

intensity of the molybdenum (Mo) atom. Thus, the hexagonal shape of 3 Mo sites and 3 S sites 

can be seen. In contrast, only sulfur sites reach 3% of the Mo site intensity in the 1T phase. 

Thus, only a trigonal shape from the Mo atoms is seen.  

 

Figure 2.9. STEM image and line intensity maps of (a) 2H and (b) 1T phase regions of chemically 

exfoliated MoS2. A hexagonal shape from the Mo and S atoms can be seen in the 2H phase region, while 

only the trigonal shape from the Mo atom can be seen in the 1T phase region. Figure reproduced from 

Ref. 119.  

 

2.2.6. X-ray absorption spectroscopy  

X-ray absorption spectroscopy (XAS) is a technique used to determine the electronic structure, 

oxidation states, and coordination environment of materials. In XAS, a monochromator varies 

the X-ray wavelength, and the beam first passes through a metal mesh, where the photoelectric 

effect generates a current (i0) proportional to the incident intensity. The X-rays then interact 

with the sample, producing another photoelectric current (isample) that relates to the transmitted 
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intensity. By comparing i0 and isample, the absorption characteristics of the sample are 

determined. At certain energies, known as absorption edges or white lines, the X-rays can excite 

core electrons (e.g., from the 1s, 2s, or 2p orbital) to unoccupied states. As an example, the 

S K-- edge (~2470 eV) represents the energy needed to promote an electron from S 1s to 3p 

[Figure 2.10(b)].  

 

Figure 2.10 (a) Schematic of XAS. (b) Electronic structure of S. The energy absorption for S K-edge is 

shown with the red dotted line.  

In phase engineering of 2D materials, XAS can provide information about oxidation state and 

phase information. In atoms with higher oxidation state, core electrons are attracted to the 

nuclei more strongly. This increases the energy to excite the core electrons to the unoccupied 

higher energy state. As discussed in Section 2.2.3 X-ray photoelectron spectroscopy, Mo atoms 

in the 1T phase have a lower effective oxidation state due to electron donation from the 

reducing agent. Thus, a pre-edge shoulder below the white line indicating the widened energy 

states can be observed in both the Mo L3-edge and the S K-edge of 1T MoS2.  

 

Figure 2.11 (a) Mo L3-edge for 1T (red) and 2H (black) MoS2. (b) S K-edge for 1T (red) and 2H (black) 

MoS2.Figure reproduced from Ref. 120.  

 



 63 

2.2.7. Differential scanning calorimetry and thermogravimetric analysis 

Differential Scanning Calorimetry (DSC) is a technique that identifies thermal events and 

reactions by measuring the heat required to maintain both a sample pan and a reference pan at 

the same temperature. Depending on the nature of the thermal event (endothermic or 

exothermic), the sample will absorb or release heat, creating a difference in heat flow between 

the sample and the reference. This can be plotted as a heat flow vs. temperature plot, where 

peaks and valleys show the temperature that these thermal events take place.  

Thermogravimetric analysis (TGA) can be performed separately or simultaneously with DSC. 

In TGA, mass change of the sample is recorded. As an example, when certain substance in the 

sample reaches boiling point and evaporates, the mass of the sample will sharply decrease.  

DSC can be used to observe the phase change caused by annealing in 2D TMDs. As an example, 

the metastable 1T phase MoS2 will relax to the 2H phase up heating. DSC can be used to 

determine the phase transformation temperature. Figure 2.12 shows a TGA-DSC curve for 1T 

MoS2 crystal. During heating up to 200 C̄, an exothermic peak at 97.2 C̄ can be observed in 

the DSC curve while the crystal mass remains constant, indicating absence of solvents or 

absorbed water. The metastable 1T phase MoS2 has higher energy of formation, and energy is 

released upon phase transformation.90, 91, 121 For this work, TGA-DSC was performed on a SDT 

Simultaneous DSC-TGA system under Ar, and a heating rate of 10 ÁC min-1.  

 

Figure 2.12 TGA-DSC of 1T MoS2 crystals exhibiting thermodynamically metastability. An exothermic 

thermal event with a peak at 97.2 C̄ representing the 1T Ą 2H phase transformation is seen in the DSC 

curve.  
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2.3. Preparation of coin and pouch cell batteries 

Coin cell batteries are small and easy to assemble. This makes them ideal to test battery 

performance metrics with small quantities of materials. Figure 2.13(a) shows the schematic of 

a coin cell battery. Coin cell batteries are comprised of cathode, electrolyte, separator, and 

anode. A spacer and a washer/spring are used to apply pressure in the cell and ensure good 

contact. Prior to coin cell battery assembly, electrodes are prepared from a slurry. In this study, 

conductive hosts and sulfur were mixed in a 50:50 mass ratio. A poly(vinylidene fluoride) 

(PVDF) binder accounting for 10% of the total slurry mass was added to the mixture. The solids 

were added to N-methyl-2-pyrrolidone (NMP) solvent and stirred for 24 h until a uniform slurry 

was achieved. The slurry was transferred to carbon-coated aluminum foil with a doctor blade 

to make cathodes. Thus, the materials ratio of the electrode for the coin cell is 45 wt % sulfur, 

45 wt % conductive host, and 10 wt % PVDF binder. The sulfur loading was set to be about 

0.8 mg cmï2. Electrodes were dried in vacuum at 60 ÁC overnight.  

 

Figure 2.13 (a) Schematic of a Li-S batteries. a, schematic of a Li-S coin cell battery.122 (b) schematic 

of a Li-S pouch cell battery.123 

Pouch cell batteries are larger than coin cell batteries both in dimensions and capacities. They 

are ideal for testing battery performance in a practical setting, where electrolyte and Li source 

are limited. This means that the electrolyte to sulfur (E/S) and negative to positive (N/P) ratios 

are low. Figure 2.13(b) shows the schematic of a Li-S pouch cell battery. In this work, the 

pouch cell MoS2 electrodes were prepared similarly to that of the coin cells, but the cathode 

coating was thicker to achieve a higher areal sulfur loading of 2ï8 mg cm-2. 6 cm Ĭ 4.5 cm 

pouch cells were assembled in a dry room (relative humidity <0.1%). The MoS2 cathode, a 

Celgard polypropylene separator, and a lithium foil anode (100 ɛm) were stacked and packed 

into Al-laminated films (MTI Corporation). Al and Ni tabs (MTI Corporation) were used for 

the outward connection of the cathode and anode, respectively. The N/P ratio of the cell was 
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controlled to be 2. The pouch cell was then transferred into an Ar-filled glovebox for the 

injection of electrolyte and encapsulation.  

 

2.4. Electrochemical characterization 

Galvanostatic charge/discharge 

Galvanostatic charge/discharge (GCD) is a basic method for testing battery capacity and cycle 

stability. In GCD measurements, a battery is cycled between upper and lower potentials at a 

constant current. Typically, the current can be specified as an absolute value in Ampere or a C-

rate. C-rates relate to the time for battery to fully charge or discharge. If a cell is being charged 

at a C-rate of 1C, it means that the charging current is enough to charge the cell from its lower 

to upper potential limit in one hour. For this work, GCD was done on a LAND CT2001A battery 

testing system at various C-rates. The upper and lower potential for the cell were 1.7 and 2.8 V.  

 

Figure 2.14. (a) GCD curves for a typical Li-S battery. During discharge, cyclic sulfur is reduced to 

polysulfides in the form of Li2Sn (1 Ò n Ò 8). The upper plateau located at ~2.4V correlates to the 

reduction of sulfur to form long-chain polysulfides (Li2S8 and Li2S6). The lower plateau at ~2.1V 

correlates to the reduction of Li2S4 to further reduction products. (b) CV plot for a Li-S battery at various 

scan rates from 0.05 to 1mV s-1. One oxidation peak, representing the charge process can be observed, 

and two reduction peaks located at 2.4 V and 2.1 V correlate to the two distinct discharge plateaus 

observed in the GCD curve.4 (c) Nyquist plot and equivalent impedance circuit for a Li-S battery. Two 

semicircles (5 - 35 ɋ and 35 - 50 ɋ) represent the surface resistance and charge transfer resistance, 

respectively.124 

Cyclic voltammetry 

Cyclic voltammetry (CV) is a technique used to probe electrochemical response at a given 

potential. CV measurements are based on the Nernst equation, which states that for a reduction 

reaction in the form of  

/ØÉὲÅ ᴼ2ÅÄ 

ċ Ħ
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Where /ØÉ is the species being reduced, Î is the number of electrons being transferred, Å is 

an electron, and 2ÅÄ is the reduced species. The reduction potential can be calculated as  

Ὁ ὉЈ
2Ὕ

ὲ&
ÌÎ
ὙὩὨ

ὕὼὭ
 

Where Ὁ is the reduction potential, ὉЈ is the standard reduction potential, 2 is the universal gas 

constant, Ὕ  is temperature in Kelvin, ὲ  is the number of electrons transferred, &  is Faraday 

constant, ὙὩὨװis the concentration of the reduced species, and ὕὼὭ is the concentration of 

the species being reduced. Nernst equation shows that an overpotential dictates the ion 

concentration via redox reactions, which can be measured as current. 

In a CV scan for batteries, the operating voltage window is swept at a specified scan rate. A 

higher scan rate shows higher currents, increase cell resistance, and distort CV curves. By 

applying the overpotential, the current generated by the redox reactions in the battery can be 

measured. The redox peak positions and peak intensities can be used to compare reaction 

kinetics in the same battery system. Generally, faster reaction kinetics would lower the 

oxidation peak potential, increase reduction peak potential, and increase the current density. 

Figure 2.14(b) shows the effect of scan rates on redox peak positions for a Li-S battery.  

Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a technique for investigating kinetics in 

electrochemical systems. In an EIS measurement, an oscillating potential is applied to the 

electrochemical cell, and the resulting current is measured in the linear domain.  

By applying Ohmôs law, the total impedance Ztot can be expressed as: 

ὤ ʖ
ὠʖ

Ὅʖ
 

Where ʖ is the angular frequency, 6ʖ is the complex sinusoidal function of potential and 

)ʖ is the complex sinusoidal function of current. The total impedance Ztot is made of a real 

part (Zr) and an imaginary part (Zj), which are also commonly denoted as Zô and Zôô.  

ὤ ὤ Êὤ 

Zj and Zr are most commonly represented with the Nyquist plot, where Zr is the x-axis and Zj is 

the y-axis, and each data point represents a measurement at a certain frequency.125  
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Figure 2.14(c) shows a typical Nyquist plot and equivalent impedance for a Li-S battery. In Li-

S systems, a typical Nyquist plot consists of two semicircles in the high and middle frequencies, 

and a sloping line at lower frequencies. The semicircles in a Nyquist plot represent resistance 

of charge transfer (Rct) and SEI (RSEI or RSurf) and sometimes overlap as a larger semicircle. 

The sloping line is known as Warburg impedance, which relates to Li ion diffusion in the 

electrode.16 Generally, a smaller diameter for the semicircle would indicate fast reaction 

kinetics, and a steeper slope for the Warburg impedance would indicate faster ion diffusion in 

the electrode. For this work, EIS measurements are done on a Biologic VMP3 potentiostat. The 

cell response frequency range was set to be 100 kHz to 10 mHz with a perturbation voltage of 

5 mV. The Nyquist plots are Z-fitted in the Biologic EC-Lab software.  
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3. Thermal and environmental stability of chemically exfoliated MoS2 nanosheets 

The polymorphic nature of transition metal dichalcogenides (TMDs) enables distinct phases 

with different electronic properties. As discussed in Section 1.3 Fundamentals of molybdenum 

disulfide, for molybdenum disulfide (MoS2), the thermodynamically stable hexagonal (2H) 

phase exhibits semiconducting behavior, while the metastable tetragonal (1T) phase 

demonstrates metallic properties. Phase transformation from 2H to 1T can be achieved through 

chemical intercalation of alkali ions, specifically, using reducing agents such as n-butyllithium 

(n-BuLi, see Section 1.3.2). The mechanism of this transformation involves electron transfer 

from the butyl molecule to the molybdenum d-orbital, accompanied by lithium (Li) ion 

intercalation as charge-balancing species, yielding metallic lithiated MoS2 (LixMoS2). 

Subsequent processing with deionized water removes the intercalated alkali ions while 

preserving the 1T phase structure. This phase engineering methodology critically influences 

the material electronic structure and functionality in energy storage applications, where the 

metallic 1T phase exhibits superior performance compared to its semiconducting 2H 

counterpart. 

However, the metastable nature of the 1T phase presents challenges for practical 

implementation, as it relaxes to the thermodynamically stable 2H configuration upon aging or 

annealing. This phase instability manifests through ambient degradation over 60-day periods 

and thermal relaxation at temperatures as low as 97 ÁC. Various stabilization strategies have 

been investigated, including chemical doping, hydrogenation treatments, and substrate 

engineering.126-129 

In this chapter, I characterized 1T phase MoS2 in the lithiated (LixMoS2) and pure MoS2 form 

(1T MoS2) with Raman spectroscopy, X-ray diffraction (XRD), and X-ray photoelectron 

spectroscopy (XPS). I then investigated the thermal stability of LixMoS2 and 1T MoS2 via 

annealing in argon and identify phase change via ex-situ XPS. Environmental stability of 

LixMoS2 and 1T MoS2 was investigated by in-situ XRD as the material was allowed to oxidize 

in the ambient. Bulk oxidation was quantified via Rietveld refinement of the XRD patterns, 

while surface oxidation was quantified via XPS. Transmission electron microscopy (TEM) 

revealed that oxidation takes places on the edges of the MoS2 nanosheets and progress to the 

center. Aging and annealing in dry and humid air showed that moisture is the key cause of 

oxidation in ambient.  
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3.1. Synthesis and characterization of as-synthesized LixMoS2 and 1T MoS2 

The transformation of semiconducting 2H MoS2 to metallic LixMoS2 was initiated through 

lithium intercalation using chemical exfoliation via n-BuLi solution (Section 1.3.2). 

Subsequently, sonication-assisted dispersion in solvents exfoliated LixMoS2 into single-layered 

nanosheets, with the choice of solvent determining the final product composition. Specifically, 

dispersion in polar protic solvents such as deionized (DI) water removed the intercalated 

lithium ions, yielding metallic 1T MoS2 nanosheets, while dispersion in polar aprotic 

tetrahydrofuran (THF) preserved the lithium ions, resulting in LixMoS2 nanosheets. The final 

nanosheet products were obtained through solvent removal via freeze-drying or vacuum 

filtration techniques. While water in 1T MoS2 was removed via freeze-drying, most freeze-

driers do not reach the triple point for THF in LixMoS2 for effective freeze-drying. We therefore 

used vacuum filtration to separate THF from LixMoS2. As discussed in detail in Section 2.2 

Materials characterization, distinct features in Raman spectroscopy, X-ray diffraction (XRD), 

and X-ray photoelectron spectroscopy (XPS) can be used to identify the 1T phase.  

 

3.1.1. Effect of centrifuge speed on LixMoS2 nanosheet separation 

In chemical exfoliation, some powder precursors may be unreacted and do not exfoliate. Thus, 

they must be removed from the nanosheet product. Centrifuge separation is well known and 

studied for aqueous-based dispersion. The high zeta-potential of the 1T nanosheets (~50 mV at 

neutral pH) and their small lateral size enables stable dispersion, and centrifuging at 1000-1500 

rotation-per-min (RPM) for 10 mins can remove the un-reacted precursor powder. Dispersion 

of LixMoS2 nanosheets in THF is less stable than water. As shown in Figure 3.1, significant 

settling was observed after 24 h of initial dispersion. While previous studies relied on overnight 

gravitational settling for separation, this method introduced uncertainties in mass yield and 

separation efficiency.4 To improve repeatability, we implemented a standardized centrifugation 

separation protocol with a conservative 50% nanosheet yield threshold.  



 71 

 

Figure 3.1 Photograph of LixMoS2 dispersed in THF at 2 mg mL-1. (a) 30 mins and (b) 24 h after initial 

dispersion.  

The duration of the centrifuge process was set to be 210 s, and concentration of the dispersion 

was set to be 2 mg mL-1.  Supernatants of the centrifuge process was filtered onto aluminum 

oxide filters, dried in vacuum, and collected as restacked sheets. The restacked sheets were 

dried under vacuum. As shown in Figure 3.2, a centrifuge speed of 550 RPM offered a mass 

yield of ~53%, which satisfies the tailing requirements.  

 

Figure 3.2 Mass yield vs. centrifuge speed for LixMoS2 nanosheet separation 

 

3.1.2. Raman spectroscopy and quantification of intercalated Li 

Raman spectroscopy serves as a routine characterization technique for identifying different 

phases of MoS2 through their distinct vibrational modes. Figure 3.3 shows Raman spectra for 

the 2H MoS2 powder precursor, and exfoliated LixMoS2 and 1T MoS2 nanosheets. 2H phase 
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exhibits characteristic phonon modes at 382 cm ĭ (Ὁ , in-plane vibration) and 406 cm ĭ (A1g, 

out-of-plane vibration). The 1T phase transformation was evidenced by the emergence of three 

distinctive peaks: J (153 cm ĭ), J (220 cm ĭ), and J (325 cm ĭ). In LixMoS2, the J peak 

intensity diminished, indicating successful phase transformation, with its residual presence 

attributed to structural disorder at 1T-2H phase boundaries.127 Additionally, LixMoS2 exhibits 

a characteristic peak at 250 cm ĭ (denoted as c), corresponding to out-of-plane sulfur-lithium 

interactions when the lithium-to-molybdenum (nLi : nMo) ratio exceeds 1.130  

 

Figure 3.3 (a) Raman spectra for 1T MoS2, LixMoS2, and 2H MoS2, showing ὉςὫ
ρ  (in-plane; 382 cmï1) 

and A1g (out-of-plane; 406 cmï1) peaks, and 1T features (J1, J2, and J3 peaks at 153, 220, and 325 cmï1) 

and c peak at 250 cmï1. (b) XRD patterns showing a new (001) peak at 7.8Á in LixMoS2, suggesting 2H 

to 1T phase transformation and an increase in interlayer spacing. A broader and less sharp peak at the 

same position can observed in 1T MoS2. 

To determine the exact nLi: nMo ratio, we conducted quantitative analysis using inductively 

coupled plasma mass spectrometry (ICP-MS) on LixMoS2 before and after separation via 

centrifugation. The analysis revealed nLi : nMo to be 2.8 in the LixMoS2 nanosheets following 

centrifugal separation. Prior to separation of unreacted 2H powder, the initial nLi : nMo ratio was 

determined to be 2.5, consistent with the molar ratio of n-BuLi (1.6 M, 3mL) to MoS2 (0.3 g) 

used in the chemical exfoliation reaction. This high lithium content exceeds the critical 

threshold of nLi : nMo > 0.4 required for the thermodynamic stabilization of the 1T phase. The 

presence of excess lithium ions appears to enhance the 1T phase concentration, as evidenced 
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by the suppression of the Ὁ   Raman mode characteristic of the 2H phase. However, it is 

possible that significant decomposition may have occurred, as intercalation of Li ions 

electrochemically into MoS2 leads to the formation of Li2S especially when nLi : nMo > 1.  

3.1.3. X-ray diffraction 

X-ray diffraction (XRD) analysis revealed distinct structural modifications resulting from 

lithium intercalation and exfoliation in LixMoS2 and 1T MoS2 nanosheets from their 2H powder 

precursors [Figure 3.3(b)]. The emergence of characteristic diffraction peaks at 7.8Á and 15.6Á, 

corresponding to the (001) and (002) Bragg reflections respectively, indicated intercalation in 

both 1T MoS2 and LixMoS2 nanosheets. These new diffraction features signified substantial 

interlayer expansion, with the interlayer spacing increasing from 0.62 nm in the original 2H 

phase to approximately 1.13 nm in both 1T MoS2 and LixMoS2 structures. The diffraction 

patterns of 1T MoS2 nanosheets exhibited broadened, less intense (001) and (002) peaks, 

attributed to reduced preferred orientation resulting from the freeze-drying process used for 

water removal. As explained earlier in this chapter, we used vacuum filtration to separate THF 

from LixMoS2, which led to restacking of the nanosheets and resulted in a strong (001) XRD 

peak. While the (001) and its Bragg reflections are present, all other XRD features are 

diminished after LixMoS2 is exfoliated and restacked. Notably, other crystallographic features 

typically observed in the parent 2H phase are significantly attenuated in both freeze-dried 1T 

MoS2 and LixMoS2 nanosheet samples, indicating effective separation discussed in 

Section 3.1.1. 

3.1.4. X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) analysis of the Mo 3d, S 2p, and Li 1s core level 

spectra provided quantitative phase composition information for the MoS2 samples (Figure 3.4). 

Phase differentiation can be observed in both the Mo 3d and S 2p spectra. As discussed in 

Section 1.3.3, due to the additional electron donated by n-BuLi, effective oxidation state of the 

1T phase is lower than that of the 2H phase, which resulted in a binding energy that is 0.9 eV 

lower for the Mo 3d peaks, this allows for quantification of the phases. The metallic 1T phase 

concentration was determined to be approximately 79% in LixMoS2 nanosheets, compared to 

74% in the non-lithiated 1T MoS2 sample. Notably, LixMoS2 nanosheets exhibited significant 

Mo  content, indicating partial oxidation, which intrigued further investigation in this chapter. 
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In addition, sulfite and sulfates (SO3
2- and SO4

2-) were observed in LixMoS2 nanosheets. The 

formation of these compounds relates to synthesis time, which will be discussed in detail in the 

later Section 4.3.  

 

Figure 3.4 Deconvoluted high-resolution (a) Mo 3d (b) S 2p, and (c) Li 1s XPS spectra, showing only 

2H phase in the precursor powder, Ḑ74% 1T phase concentration for 1T MoS2 nanosheets, and Ḑ79% 
for LixMoS2 nanosheets. 

 

3.2. Thermal stability of LixMoS2 and 1T MoS2 in argon 

The 1T phase of MoS2 is known to be metastable and relaxes to the 2H phase upon annealing 

and aging.89 However, thermal stability of lithiated LixMoS2 is rarely studied. Here, the thermal 

stabilities of 1T MoS2 and LixMoS2 nanosheets were systematically investigated through 

thermal annealing of 60 min at 150 ÁC, 250 ÁC, and 400 ÁC under argon atmosphere. Raman 

spectroscopy was used to identify phase changes in both MoS2 and LixMoS2 nanosheets 

following cooling, while differential scanning calorimetry (DSC) quantified the heat flow 

associated with phase transformations and other thermal events. Concurrent thermogravimetric 

analysis (TGA) provided insights into mass loss behavior during the annealing process.  

The thermal behavior of 1T MoS2 and LixMoS2 nanosheets was investigated using DSC 

coupled with Raman spectroscopy and TGA. In 1T MoS2, an initial endothermic peak in its 

DSC profile corresponded to the removal of interlayer water and residual solvent molecules, 

evidenced by a 10% mass loss in the TGA curve. An exothermic event initiating at 112 ÁC 

marked the 1T to 2H phase transformation, corroborated by the disappearance of characteristic 
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1T phase Raman features (J1, J2, J3 peaks) and consistent with theoretical predictions from 

density functional theory calculations.91 This transformation completed by 150 ÁC, as 

confirmed by the emergence of stable 2H phase Raman signatures. Mass loss beyond 350 ÁC 

was attributed to the sublimation of sulfur from MoS2.  

 

Figure 3.5 Thermal phase stability of 1T MoS2 nanosheets after annealing at 150, 250, and 400 ÁC for 

60 min under Ar. (a) Respective Raman spectra taken at various annealing temperatures and the 

corresponding DSC curve, showing loss of 1T features after 150 ÁC for 1T MoS2. (b) DSC and 

corresponding TGA curve for 1T MoS2 nanosheets. 

An initial endothermic peak was seen on the DSC curve for LixMoS2 and corresponded to a 

mass loss in the TGA curve, which suggested solvent evaporation [Figure 3.6(a, b)]. However, 

the solvent evaporation peak was at ~120 ÁC, higher than the boiling point of THF and water. 

It was identified that the endothermic peak corresponded to the evaporation of octane (C8H18, 

with boiling point at 126 ÁC). Octane is a by-product of the reaction between n-BuLi and MoS2 

(Section 2.1 Chemical exfoliation of TMDs). It is possible that additional octane has been 

removed by dispersing and freeze-drying 1T MoS2 nanosheets in water, but not vacuum 

filtration used for separation of LixMoS2 from the THF solvent. In contrast, LixMoS2 

nanosheets demonstrated enhanced thermal stability, maintaining the 1T phase up to 150 ÁC. 

Above this temperature, structural changes became evident through the intensification of the 

previously suppressed Ὁ  Raman mode at 250 ÁC, accompanied by diminishing lithium-sulfur 

interactions indicated by a weakened c peak. An endothermic event initiating at 175 ÁC in the 

DSC profile suggested lithium deintercalation, while a subsequent exothermic feature 

beginning at 282 ÁC corresponded to the formation of lithium sulfide (Li2S), likely resulting 

from the reaction between deintercalated lithium and partially sublimated sulfur. This high-
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temperature transformation is further supported by observed changes in material heat capacity 

and an intense change in the non-reversing heat baseline deconvoluted from the DSC curve via 

modulation of the heating rate [Figure 3.6(c)]. 

 

Figure 3.6 Thermal phase stability of LixMoS2 nanosheets after annealing at 150, 250, and 400 ÁC for 

60 min under Ar. (a) Respective Raman spectra taken at various annealing temperatures and the 

corresponding DSC curve, showing maintenance of 1T features after 150 ÁC for LixMoS2. (b) DSC and 

corresponding TGA curve for LixMoS2 nanosheets. (c) Modulated DSC curve for LixMoS2, 

deconvoluting the reversing and non-reversing thermal events.  

Ex-situ XPS analysis in Figure 3.7 revealed that annealing at 150 ÁC induced a reduction in 1T 

phase concentration from 75% to 9% in non-lithiated MoS2. In contrast, LixMoS2 exhibited 

enhanced phase stability, maintaining a 1T phase concentration above 70% even after annealing 

at 400 ÁC. This enhanced thermal stability can be attributed to the high initial lithium content 

(nLi : nMo = 2.8 : 1), which provides sufficient lithium to maintain the 1T phase structure even 

after partial sulfur sublimation and Li2S formation.  
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Figure 3.7 (a) Quantitative analysis of phase concentrations from Mo 3d XPS spectra as a function of 

thermal treatment temperature showing LixMoS2 retaining over 70% 1T phase content after annealing 

at 400 ÁC. Deconvoluted Mo 3d XPS spectra showing phase evolution with increasing annealing 

temperature for: (b) 1T MoS2 nanosheets and (c) LixMoS2 nanosheets. 

 

3.3. Environmental stability of LixMoS2 and 1T MoS2 

LixMoS2 demonstrated phase stability in inert (argon) atmosphere, even at elevated 

temperatures. Understanding the oxidation behavior of LixMoS2 under ambient conditions is 
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crucial for its practical implementation in battery applications, as the requirement for 

continuous inert atmosphere processing would significantly complicate manufacturing and 

increase production costs. To investigate this behavior at ambient conditions (23 ÁC, 50% 

relative humidity), we conducted time-dependent XRD and ex-situ XPS and Raman analyses 

to determine the oxidation product and oxidation process. Following this, we determined the 

cause of oxidation via annealing under different environmental conditions.  

 

3.3.1. Identification and quantification of the ambient oxidation product 

Figure 3.8(a) shows that through monitoring the relative peak intensities in the XRD patterns, 

we were able to track changes in material composition over time. Notably, the (001) peak 

position of LixMoS2 remained constant throughout the exposure period, indicating that the 

interlayer spacing was maintained during ambient aging. During ambient exposure, new 

diffraction peaks emerged in the XRD patterns of LixMoS2. Figure 3.8(b) shows that these 

peaks, specifically the (012) and (121←) reflections, were identified as lithium molybdate 

(Li2MoO4) through comparison with reference patterns (PDF 01-070-8448).131 This finding 

was interesting, as it suggested that sulfur, rather than lithium, was the primary species reacting 

with air. This observation contrasts with previous studies in literature, which had not reported 

Li2MoO4 as an oxidation product.
98, 121, 127, 128 

 

Figure 3.8 (a) XRD patterns for as-synthesized LixMoS2 and after 6, 24, and 48 h of aging. While all 

XRD patterns retained the (001) and (002) peaks, additional peaks (012) and (121←) from Li2MoO4 are 

observed after aging. (b) XRD pattern for lithium molybdate (Li2MoO4), as-synthesized and 48-hour-

aged LixMoS2. Additional peaks at 19.8Á and 21.1Á can be seen on the aged sample. They are identified 

as peaks that represent (πρς) and (ρςρ) from Li2MoO4.131 

In collaboration with Dr. Giulio Lampronti, A structural model in C2 with a double c axis was 

constructed by modifying a .cif file in space group P-3m1 (ICSD database reference number: 
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254956). Figure 3.9 shows the atomic model for LixMoS2 used for quantitative analysis and 

calculated XRD pattern compared to experimental data.   

 

Figure 3.9 Top and side view of rendered model for LixMoS2, and experimental (blue curve), calculated 

(red curve), and difference (grey curve) patterns for the Rietveld plot of the C2 model of phase 1T. Blue 

marks indicate peak positions. 

Quantitative analysis of the XRD data using Rietveld refinement revealed distinct kinetics in 

the formation of Li2MoO4. This is done by using 4 mg of in-house aluminum oxide powder 

(Al2O3) as reference standard for 20 mg of LixMoS2 nanosheets and arranged on a silicon low 

background sample holder. Figure 3.10(a) shows XRD pattern for as-synthesized LixMoS2 with 

additional reference peaks from Al2O3. Relative quantity can be determined based on the 

relative intensity of the peaks. Iterative XRD measurements were taken on the same sample 

consecutively at different degrees of oxidation (0-96 h) without unloading the sample. 

Figure 3.10(b) shows that the oxidation process exhibited two regimes: a rapid initial phase 

during the first 12 h, followed by a slower phase that reached a plateau after 48 h. Initially, 

Li2MoO4 comprised only 1.8% of the XRD signal in the as-synthesized LixMoS2. This 

proportion increased significantly to approximately 17% after 12 h of aging and ultimately 

stabilized at 31% after 48 h. In addition, the (001) planes did not change interlayer spacing as 

the oxidation progresses [Figure 3.10(c)].  



 80 

 

Figure 3.10 (a) Experimental (blue curve), calculated (red curve), and difference (grey curve) patterns 

for one of the Rietveld plots of the quantitative analysis. Peak positions for Li2MoO4 (blue marks), 2H 

phase (green marks), 1T phase (purple marks), corundum reference standard (pale blue marks) is 

indicated at the bottom. (b) Rietveld quantification of Li2MoO4 and MoS2 as a function of time. (c) 

Interlayer spacing between LixMoS2 nanosheets calculated based on the position of the (001) peak as 

LixMoS2 nanosheets are aged in air for 1-96 h. 

Ex-situ XPS analysis 

The degree of surface oxidation was analyzed using XPS spectra. The XPS results from 

as - synthesized and LixMoS2 exposed to the ambient for 48 h were included in Figure 3.11, 

which showed the peak doublet of Mo6+ at 232.5 and 235.6 eV. The intensities of these peaks 

were noticeably higher after ambient air exposure. Deconvolution of the Mo 3d XPS spectra 

from as-synthesized LixMoS2 nanosheets revealed that the Li2MoO4 contributes to 47% of the 

signal, which is much higher than the 1.8% value obtained from XRD quantification. This 

indicated that surface oxidation is more severe than that in the bulk. Li2MoO4 concentration 

increased with exposure time and the 1T phase MoS2 concentration decreased, while the 2H 

phase concentration was low and did not change with exposure time. This was consistent with 

Raman spectra measured with increasing exposure time to ambient shown in the later section 

(Li2MoO4 Raman analysis, Figure 3.14) and suggested that the lithiated 1T phase directly 
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converts to Li2MoO4 and did not transform to the 2H phase.  This is interesting, as alkali 

molybdates (A2MoO4) are common precursors for direct synthesis of 1T MoS2 crystals.  

 

Figure 3.11 (a) Overlaid Mo 3d XPS spectra of as-synthesized LixMoS2 nanosheets and after 48 h of 

aging, normalized to the Mo4+ 3d5/2 peak intensity. The peak intensities for Li2MoO4 (Mo6+) at 232.5 

and 235.6 eV increase with aging time. (b) Surface quantification of Li2MoO4, 1T, and 2H phase 

MoS2 from Mo 3d XPS peak deconvolution as a function of time. 

For comparison, Figure 3.12 shows that when non-lithiated 1T MoS2 was subjected to the same 

ambient conditions for 96 h, no oxide peaks were detected in the XRD patterns, highlighting 

the distinct oxidation behavior of the lithiated phase.  

 

Figure 3.12 XRD pattern for as-synthesized and 96-h-aged 1T MoS2. While the (001) peak located at 

7.6Á decreases in intensity after aging in ambient air for 96h, no additional peaks, including the 

characteristic (πρς) and (ρςρ) from lithium molybdate (Li2MoO4), can be identified. 
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Li2MoO4 Raman analysis 

The presence of the oxidation product was then investigated via Raman spectroscopy. The 

characteristic Eg (825 cm
-1) and A1g (900 cm

-1) peaks for Li2MoO4 were only observed on aged 

LixMoS2, which becomes more prominent under high laser power.
132 

 

Figure 3.13 Raman spectra for Li2MoO4, 2H MoS2 powder, LixMoS2 and 1T MoS2 nanosheets after 

aging in ambient for 6 h.  

Time-dependent Raman spectroscopy was employed to monitor the structural evolution of 

LixMoS2 during ambient exposure. The spectra shown in Figure 3.14 reveals that the J peaks, 

which are characteristic of the 1T phase, persisted even after 48 h of ambient exposure. 

However, we observed a progressive decrease in the intensity of the c peak, which completely 

disappeared after 24 h of exposure. This can be attributed to the gradual depletion of excess 

lithium as it was consumed in the formation of Li2MoO4. The persistence of the J peaks despite 

lithium loss suggested that sufficient lithium content remained to maintain the 1T phase 

structure. 
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Figure 3.14 Raman spectra for as-synthesized LixMoS2 and after 6, 12, 24, and 48 h of aging in ambient 

conditions (23 ÁC, 50% relative humidity).   

As discussed above, surface oxidation probed by XPS is more severe than bulk oxidation 

shown in XRD. The oxidation mechanism of LixMoS2 was investigated using electron 

microscopy. With help from Dr. Jung-in Lee, transmission electron microscopy (TEM) coupled 

with selected-area electron diffraction (SAED) revealed the initial structure consisting of a 

crystalline core [Figure 3.15(a), region 2] with a thin disordered surface layer [Figure 3.15(a), 

region 1, ~5 nm]. Upon exposure to ambient conditions for 48 h, this disordered region 

expanded significantly to approximately 25 nm in width [Figure 3.15(b), region 1], while the 
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interior region exhibited mixed crystalline and disordered diffraction patterns [Figure 3.15(b), 

region 2].  

 

Figure 3.15 LixMoS2 oxidation pathway characterization. TEM image and SAED patterns of (a) as-

synthesized and (b) 48-h aged LixMoS2. 

 

3.3.2. Effect of moisture on environmental oxidation 

From a battery manufacturing perspective, while oxygen-induced degradation of battery 

materials can be managed through dry room processing, moisture-induced degradation presents 

a more challenging obstacle. To determine the oxidation mechanism of LixMoS2, we conducted 

a comparative study under controlled humidity conditions. Samples were exposed for 48 h to 

two distinct environments: a dry room with <0.1% relative humidity and standard ambient 

conditions with 50% relative humidity. X-ray diffraction analysis [Figure 3.16(a)] revealed that 

samples exposed to ambient humidity exhibited characteristic Li2MoO4 diffraction peaks, 

while those exposed to dry air maintained the pristine LixMoS2 diffraction pattern. 
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Figure 3.16 (a) Comparison of XRD patterns of as-synthesized LixMoS2 nanosheets and LixMoS2 

exposed to dry and humid air for 48 h. LixMoS2 exposed to humid air shows peaks at 19.8Á and 21.1Á, 
which are characteristic to Li2MoO4. (b) Comparison of Raman spectra of as-synthesized LixMoS2 

nanosheets and LixMoS2 exposed to dry and humid air for 48 h. The Raman spectra of both samples 

show features unique to the 1T phase. However, the sample exposed to humid air has lost intensity for 

J1 and J3 and did not retain the c peak located at 250 cm-1. 

These findings were agreed by Raman spectroscopy [Figure 3.16(b)]. The sample exposed to 

dry air retained all characteristic features of lithiated LixMoS2, including the J1 (153 cm
-1), J3 

(325 cm-1), and c (250 cm-1) peaks, while showing the expected suppression of J2 and E2g
1 

peaks. In contrast, while the humid air-exposed sample maintained the J1 and J3 peaks, it 

notably lacked the c peak. This absence of the c peak indicates a reduction in excess intercalated 

lithium content, consistent with its consumption during Li2MoO4 formation. These results 

demonstrated that moisture is necessary in initiating the oxidation process of LixMoS2. 

To verify the phase and chemical stability of LixMoS2 in the absence of moisture, LixMoS2 

were annealed in humid and dry air for up to 400 ÁC. We found that even in an oxygen-rich 

environment (Ḑ20% oxygen, <0.1% humidity), LixMoS2 is both phase and chemically stable 

at 250 ÁC. In humid air (50% humidity), however, LixMoS2 relaxed to the 2H phase below 

150 ÁC. Our results indicated that moisture is the cause of oxidation, and a possible reaction 

for the oxidation of LixMoS2 in humid air is 
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Figure 3.17 and Figure 3.18 show that at 150 ÁC, LixMoS2 annealed in humid air phase 

transformed to the 2H phase after 3 h, while LixMoS2 annealed in dry air remained 1T. At 

250 ÁC, LixMoS2 annealed in humid air is phase transformed to the 2H phase after 1 h, while 

LixMoS2 annealed in dry air remained 1T. At 400 ÁC, which is higher than the sulfur 

sublimation temperature of MoS2, LixMoS2 annealed in humid air was fully converted to MoO3 

after 6 h, as seen by the disappearance of the A1g and Ὁ  peaks. LixMoS2 annealed in dry air 

was phase transformed to the 2H phase, and minor MoO3 signals can be seen after 3 h of 

annealing. 

 

Figure 3.17 Raman spectra for LixMoS2 annealed in humid air for (a) 1 h, (b) 3 h, and (c) 6 h.  
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Figure 3.18 Raman spectra for LixMoS2 annealed in dry air for (a) 1 h, (b) 3 h, and (c) 6 h. 

In XRD patterns for LixMoS2 annealed in humid and dry air (shown in Figure 3.19 and Figure 

3.20), it was observed that at 150 ÁC, LixMoS2 annealed in humid air phase transforms to the 

2H phase after 3 h, as evidenced by the (002) peak at 14.3Á. The phase transformation reached 

completion after 6 h, evidenced by the disappearance of the (001) peak at 7.8Á. LixMoS2 

annealed in dry air at 150 ÁC remained 1T. At 250 ÁC, LixMoS2 annealed in humid air was 

phase transformed to the 2H phase after 1 h, while LixMoS2 annealed in dry air remained 1T. 

At 400 ÁC, LixMoS2 annealed in humid air was fully converted to MoO3 after 6 h, as evidenced 

by the disappearance of both (001) and (002) peaks for 1T and 2H MoS2, and an intense (021) 

peak for MoO3 at 27.3Á. LixMoS2 annealed in dry air was phase transformed to 2H phase. 

Li2SO4 and MoO3 peaks were also seen, with increasing intensities as annealing time became 

longer. This suggested that at temperatures above 250 ÁC, a possible oxidation reaction of 

LixMoS2 in the absence of moisture is  

LixMoS2 + O2 Ą MoO3 + Li2SO4 
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Figure 3.19 XRD patterns for LixMoS2 annealed in humid air for (a) 1 h, (b) 3 h, and (c) 6 h 

 

Figure 3.20 XRD patterns for LixMoS2 annealed in dry air for (a) 1 h, (b) 3 h, and (c) 6 h. 

Table 3.1 presents information extracted from Figure 3.19 and Figure 3.20 on the stability of 

LixMoS2 annealed in dry and humid air.  
























































































































