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My work presents a novel approach to fabricate binder free three-dimensional carbon 

nanotubes/sulfur (3DCNTs/S) hybrid composite by a facile and scalable method increasing the 

loading amount from 1.86 to 8.33 mg/cm2 highest reported to date with excellent electrochemical 

performance exhibiting maximum specific energy of ~1233Wh/kg and specific power of 

~476W/kg, with respect to the mass of the cathode. Such an excellent performance is attributed to 

the fact that 3DCNTs offers higher loading amount of sulfur, and confine polysulfide within the 

structure. In second part of the thesis, molybdenum disulfide (MoS2) is typically studied for three 

electrochemical energy storage devices including supercapacitors, Li-ion batteries, and hybrid Li-

ion capacitors. The intrinsic sheet like morphology of MoS2 provides high surface area for double 

layer charge storage and a layered structure for efficient intercalation of H+/ Li+ ions. My work 

demonstrates the electrochemical analysis of MoS2 grown on different substrates including copper 

(conducting), and carbon nanotubes. MoS2 film on copper was investigated as a supercapacitor 

electrode in three electrode system exhibiting excellent volumetric capacitance of ~330F/cm3 

along with high volumetric power and energy density in the range of 40-80 W/cm3 and 1.6-2.4 

mWh/cm3, respectively. Furthermore, we have developed novel binder-free 3DCNTs/ MoS2 as an 

anode materials in half cell Li-ion batteries. The vertically oriented morphology of MoS2 offers 

high surface area and active electrochemical sites for efficient intercalation of Li+ ions and 

demonstrating excellent electrochemical performance with high specific capacity and cycling 

stability. This 3DCNTs/ MoS2 anode was coupled with high surface area southern yellow pine 

derived activated carbon (SYAC) cathode to obtain hybrid 3DCNTs/ MoS2 || SYAC Li-ion 



 

capacitor (LIC), which delivers large operating voltage window of 1-4.0V with excellent cycling 

stability exhibiting capacitance retention of ~80% after 5000 cycles. 
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CHAPTER 1 

GENERAL INTRODUCTION 

1.1 Introduction 

The increase in concentration of CO2 gases within the earth’s atmosphere has raised the 

average temperature of the earth’s surface by 2°C and acidified our oceans [1]. Recently, 15 meter 

tsunami disabled the power supply of three Fukushima nuclear reactors melting all nuclear cores 

in first three days and this accident released a huge amount of radioactive species [2]. This 

alarming situation compelled the developed countries like Germany to shut down all its nuclear 

power plant by 2022 and completely rely on renewable sources of energy like wind, solar, and 

hydro [3]. However, on May 8 2016 due to sunny and windy day Germany produced excess 

electricity generated by wind and solar pushing the power prices into negative and allowing 

consumers to make a profit. It is to be noted that cost for producing electricity from solar and wind 

is greater than oil and gas [4]. Therefore, in order to make a smooth transition from usage of fossil 

fuels to clean and sustainable energy there is urgent need of reliable energy storage systems to fill 

the gap of both production and demand. 

The currently available electrochemical energy storage systems, particularly rechargeable 

Li-based batteries, supercapacitors, and hybrid Li-ion capacitors plays a crucial role for the present 

and future clean and sustainable energy power sources. Li-based batteries offers high energy 

density but low power density, while supercapacitors exhibit high power density but low energy 

density. Hybrid Li-ion capacitor is a combination of both bridging the gap between Li-based 

batteries and supercapacitors [5, 6]. 

Li-ion batteries have undoubtedly made great changes in our modern life starting from the 

cell phone to laptop computers and hand-held electronic devices. However, development of 

electric vehicles, smart grid storage, and future electronic devices requires an improved battery 
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systems in terms of energy and power density, cycle life, safety and costs. Both the cathode and 

anode materials in Li-ion batteries have reached optimum electrochemical performance limits [7]. 

Additionally, currently available LIBs used in electric vehicles (Tesla Model-S) offering driving 

range of only ~200 miles per charge and are install with expensive cathode materials (electrodes) 

[8]. Therefore, it’s already under thorough investigation of other Li-based chemistries based on 

discovery of novel cathode and anode materials which can be less expensive and can offer high 

electrochemical performance of batteries in terms of energy density and cycle life. 

Beyond the horizon of Li-ion batteries, lithium-oxygen (Li-O2) and lithium sulfur (Li-S) 

are two promising technologies that have the potential to take the electrochemical energy storage 

systems a leap forward specially to meet the driving range of atleast 500km per charge. Li-O2 and 

Li-S both have the same metal anode (i.e Li) and have the cathode O2 and S which are nearest 

neighbor of group 16th of the periodic table. However, both cathodes play different chemistry and 

have different states of matter (O2-gas and S-solid) of their cathodes determining the feasibility 

towards their real-time applications [7]. It is suggested by Department of Energy (DOE) that the 

challenges for Li-O2 batteries are too overwhelming to resolve any time soon and is far from being 

commercialized [9]. Li-S batteries have the great potential to offer 3-4 times gravimetric energy 

density compared to currently available Li- ion batteries with much less cost. This is because sulfur 

as cathode material is much inexpensive ($0.02 per gram), offers high theoretical specific capacity 

(~1675 mAh/g), naturally abundant compared to lithium transition metal oxide used as cathode 

material offering low specific capacity (~130-200 mAh/g) in Li-ion battery, and offers high 

theoretical specific energy (~2600Wh.kg). However, there are critical limitations  associated with 

Li-S system such as low electrical conductivity of sulfur (~10-15S/m), formation of intermediate 

reaction products (polysulfides) shuttling back and forth between anode and cathode leading to 

parasitic reactions due to concentration gradient between two electrodes, and sulfur cathode 
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experiences a noticeable expansion of approximately 80% upon Li in-take because of the 

difference in densities of α-S8 (2.07g/cm3) and Li2S (1.66g/cm3) hindering the commercialization 

of Li-S batteries [10]. Besides these critical issues and in order to compete with commercial Li-

ion batteries, the composite cathodes should maintain high sulfur utilization rate with a sulfur 

loading amount of atleast 5mg/cm2 exceeding areal capacity of 4mAh/cm2, and good cycling 

stability at higher current densities [11]. Many researchers across the globe and many new start-

up companies (Oxis Energy-UK [12], Sion Power-USA [13]) are working particularly on critical 

issues such as shuttling of polysulfides and design of carbon nanostructure to increase the electrical 

conductivity of overall cathode, providing short diffusion path, and accommodating high loading 

amount of sulfur in order to obtain areal capacity of atleast 4 mAh/cm2; and high specific energy 

compared to Li-ion batteries for the commercial progress of Li-S batteries.  

Chapter 2 has been totally dedicated for the understanding of complex mechanism and 

limiting parameters, preventing Li-S system from the commercialization. In this part, we have 

focused only on the development of cathode material, i.e. design of different new carbon 

nanostructure, effects of binder/binder free approach, and importance of high sulfur loading 

amount to exceed the performance of currently available Li-ion batteries. 

Additionally, it is of utmost important to consider new nanostructured materials which can 

simultaneously offer both high energy and power density. 2D materials beyond graphene such as 

transition metal dichalcogenides  (TMDs), transition metal oxides (TMOs), MXenes, and metal 

sulfide hold great promise for developing clean and efficient energy storage systems because their 

properties differs from single to few layers. The electron confinement in the 2D plane offers unique 

electrical characteristics for enhancing the electronic conductivity of the material. The high surface 

area of these 2D materials enables to effectively use all the active sites available within the 
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electrode and provides short diffusion path for charge transportation. These excellent properties 

allows them to be potential candidate for energy storage [14].  

Out of all 2D materials, MoS2 (a unique class of TMDs) have attracted significant research 

interest in recent years due to their unique physicochemical properties. MoS2 crystallizes with 

three different polymorphs at room temperature namely 2H (hexagonal), 3R (Rhombohedral), and 

1T (octahedral). 2H and 3R phase are the most stable, while 1T is metastable phase. The 

reversibility of these phases (2H and 3R to 1T and vice versa) can be attributed by intra-layer 

atomic plane gliding, involving displacement of S planes. 2D MoS2 has found numerous potential 

applications including energy storage (supercapacitor, Li-ion batteries, and hybrid Li-ion 

capacitor) due to high specific surface area and layered structure [15]. 

Chapter 3 covers a detailed literature survey for addressing the relationship between the 

different morphologies of MoS2 and their composites (fabricated by various techniques)  and their 

electrochemical performance in three typical energy storage systems including Li-ion batteries, 

supercapacitors, and hybrid Li-ion capacitor is discussed.  

This PhD work has been systematically followed under two main axes. The first part of 

provides a new and innovative solution addressing some of the critical issues such as polysulfide 

shuttling effect limiting the active participation of sulfur, volumetric expansion during cycling, 

and increasing the loading amount for obtaining high areal capacity (>4 mAh/cm2). The 

electrochemical performance (both energy and power density) of the overall cell was compared 

with the other reported Li-S system in Ragone plot. The second part of the PhD work has been 

devoted to study MoS2 as a supercapacitor electrode (alternative to conventional carbon based 

electrodes), anode for half-cell Li-ion batteries (substituting to that of silicon, germanium, and tin) 

and full-cell hybrid Li-ion capacitor.  
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1.2 Motivation for Studying 3D Carbon Nanotubes (CNTs) for Li-S Batteries 

Among the available different carbon based materials, the CNTs is a promising candidate 

as it offers excellent electro and physico chemical properties. Particularly, 3DCNTs provides high 

surface area compared to its 2D part for large accommodation of Li+ ions, short pathway for Li-

ion diffusion and charge transport from the bulk electrode through the electrolyte due to its high 

porosity [16].  

Based on the unique properties of 3DCNTs and the critical limitation associated with Li-S 

system discussed in section 1.1.we have provided new and innovative solution with the design of 

binder-free cathode with large loading of active sulfur material in the 3DCNTs conducting 

network. Chapter 5 focuses on the approach to develop binder free three-dimensional (3D) CNTs-

sulfur composite with increasing loading amount to obtain high areal capacity for longer cycle life 

achieving remarkable energy and power density. 3DCNTs offers high surface area for electrolyte 

absorbability to confine polysulfides, and efficient charge transfer between anode and cathode for 

effective sulfur utilization at high loading amount. Additionally, it involves the investigation of 

cathode by structural and electrochemical characterization such as scanning electron microscopy 

(SEM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction, thermogravimetric analysis 

(TGA), cyclic voltammetry (CV), Galvanostatic charge/discharge test, and electrochemical 

impedance spectroscopy (EIS). 

1.3 Motivation for Investigating Molybdenum Disulfide (MoS2) for Electrochemical Energy 
Storage Devices  
 
The second part of the PhD dissertation focuses on exploring structure-property-

performance correlation of MoS2 with its fabrication for large scale synthesis on different substrate 

(carbon nanotubes, copper, and Polyimide) for a wide range of electrochemical energy storage 

applications. MoS2 has attracted great research attention as an electrode due to its intrinsic sheet 
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like morphology providing high surface area for double layer charge storage in supercapacitors 

and a layered structure allowing efficient intercalation of Li+ ions for Li-based batteries [17]. The 

further investigation can be categorized into several fundamental areas with sufficient scientific 

mechanism specifically focused on electrochemical energy storage devices including MoS2 hybrid 

composite anode for Li-ion batteries in half-cell and Li-ion capacitor in full-cell, and electrode for 

supercapacitors. 

Chapter 6 discusses the design of novel MoS2 thin film electrode for supercapacitor. The 

development of novel material are crucial in determining the electrochemical performance. Carbon 

based materials such as Activated carbon, carbon nanofibers, and other forms of carbon have been 

extensively studied as a supercapacitor electrode. The intriguing inter and intra sheet like structure 

providing high surface area via the diffusion from the basal plane and tendency to exhibit multiple 

oxidation states (+2 to +6) when intercalated by H+ and Li+ into S-Mo-S nanosheets offers both 

double layer and pseudo capacitive charge transfer properties. 

MoS2 is also very appealing anode material possessing high theoretical specific capacity 

of 670 mAh/g with fragile interlayer vander waal bonding and large interplanar spacing for 

efficient intercalation with low volumetric expansion compared to anodes. However, the 

conductivity is a big problem to be overcomed to use alone as an anode material. There are lots of 

literatures who has designed carbon-based MoS2 assisted by binders involving multi-step chemical 

reactions. These solution routes involving polymeric binders adds redundant weight to the anode 

decreasing the specific capacity of the cell. Chapter 7 focuses on development of binder-free 

3DCNTs/MoS2 as an anode material by simple approach to be used in half cell configuration. 

3DCNTs serve as a conducting backbone for maintaining the structural integrity, efficient 

diffusion path for Li ion, and excellent electrochemical stability accommodating volumetric 

variation during charge/discharge process. The mechanism of charge storage in 3DCNTs/MoS2 is 
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explained in detail with the schematic and was verified by structural and electrochemical 

characterization. 

MoS2 based carbon composite have been evaluated only in half cell configuration with Li 

as a counter/reference electrode. To my knowledge it has never been used as an anode material in 

full cell configuration. Chapter 8 discusses the design of hybrid Li-ion capacitor (LIC) based on 

3DCNTs/MoS2 as an anode material and activated carbon extracted from natural resources as a 

cathode material. The superior electrochemical performance of this device have been explained 

based on the charge-storage mechanism of two different electrodes.     
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CHAPTER 2 

LITERATURE REVIEW (THREE-DIMENSIONAL CARBON  

NANOSTRUCTURE FOR Li-S BATTERIES) 

2.1 Introduction to Li-Ion Batteries 

Li-ion batteries (LIBs) have dominated the market of portable electronics since its first 

commercialization by SONY in the year 1991. The unmatchable electrochemical performance of 

LIBs in terms of energy and power density makes it as an appealing candidates to replace gasoline 

powered transportation, which releases tremendous amount of greenhouse gases. It also has a great 

potential in energy harvesting from renewable sources of energy such as wind, solar, and hydro 

which may contribute to build sustainable economy [1, 2]. 

LIBs have certain fundamental advantages over other batteries chemistry due to the 

following reasons: (a) Lithium has the lowest reduction potential (Eo = -3.04V) in the periodic 

table, allowing to achieve maximum cell potential, (b) Lithium is the third lightest element with 

density = 0.535g/cm3 and atomic weight = 6.94 a.m.u, (c) Li metal releases 11680Wh/kg 

comparable to gasoline (d) and has one of the smallest ionic radii (~0.7Å) of any single charged 

ion [3]. These unique physical and chemical properties of Li, allows any Li-based batteries to have 

higher volumetric and energy density than that of other batteries (Pb-acid, Ni-Cd, and Ni-MH) as 

illustrated in Figure 2-1(a). The position of lithium–based battery in Ragone plot (Figure 2-1(b)) 

lies in between fuel cell (maximum energy density) and double layer capacitors (maximum power 

density).  

The schematic arrangement of Li-ion cells is very similar to other batteries, which consist 

of both anode and cathode electrodes, separated by separator submerged in ionic conducting 

electrolyte [6]. Lithium based transition metal oxide are often employed as a cathode 

material/positive electrode, and graphite as an anode material/negative electrode. Figure 2.2 
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illustrates the simple schematic of commercial Li-ion battery. During discharge, lithiated graphite 

acting as an anode material releases Li+ ions which pass through the electrolyte and intercalate into 

lithium cobalt oxide (positive electrode) and subsequently during charging the ions move in the 

opposite direction flowing from the positive to negative electrode  according to equation 1 and 2. 

The overall reaction is represented by equation (3) demonstrating the overall cell potential of 

4.10V [7]. 

 
Figure 2-1. (a) Comparison of electrochemical performance of different batteries in terms of 
Volumetric (Wh/l) and Gravimetric (Wh/kg) Energy Density [4]. (b) Ragone Plot of various 
electrochemical energy storage devices [5]. 

 

 
Figure 2-2. Schematic representation of Li-ion battery illustrating discharge (insertion)/charge 
(extraction) mechanism involving Li+ ions within the electrode [7]. 
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There has been great evolution of electrochemical energy storage devices over the past few 

years. But, the capabilities of currently available Li- batteries are constantly being challenged by 

the portable electronics and electric vehicles which demand better electrochemical performance in 

terms of energy and power density. The revolution in the development of miniaturized electronic 

devices has not mimicked the battery technology. Therefore, new cathode and anode materials 

need to be designed allowing higher charge storage capacity. There are different cathode materials 

available for Li-ion batteries including insertion-compound electrodes and conversion materials 

which can hold more Li+ ions and electrons. However, these cathode materials are expensive and 

accomplishing the optimum electrochemical performance is still a challenge. The two promising 

chemistry of lithium-oxygen (Li-O2) and lithium-sulfur (Li-S) technology are under investigation 

to overcome the critical limitations of Li-ion batteries. Li-O2 cells have many unresolvable and 

technical challenges with air as a cathode material, and its commercialization is still far from 

reality. On the other hand, Li-S system seems to be closer as a commercial product as there are 

few companies who have already started designing Li-S batteries for different applications [8-10].    

Li-S system offer a promising electrochemistry and is anticipated to provide 2-3 times the 

energy density of Li-ion batteries with reduced cathode cost. However, the critical limitations of 

this system hinders the transition from laboratory scale to the commercial market. The next 
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sections will be completely focused on Li-S batteries with its basic operation, limitations and 

different approaches to design the Li-S batteries. 

2.2 Introduction to Li-S Batteries 

Lithium sulphur (Li-S) battery was first invented by Herbert and Ulam in the year 1962 

[11]. Since then many research attempts have been carried out to develop primary metal sulfur 

batteries including Li/SOCl2 [12] and Li/SO2 [13]. The rapid development of electric vehicles, 

portable electronics, and stationary energy storage systems for renewable sources of energy 

demanded higher performance from the batteries. The strongest motivation to investigate Li-S 

batteries is increasing market for electric vehicles and charge storage back up for intermittent 

renewable sources of energy. The increasing attention to Li-S batteries can best be predicted with 

the increasing number of research publications every year. Figure 2-3 illustrates exponential 

growth of published journal papers related to Li-S batteries since 2002.   

 

Figure 2-3. Number of manuscript published with Li-S batteries per year. Results obtained from 
Google scholar. Statistics are till May of 2017. 
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Sulfur as a cathode material offers one of the highest theoretical specific capacity of 

1675mAh/g (calculation shown below) among all cathodes considered so far, which is 4-5 times 

higher than that of currently available lithium based transition metal oxide used in LIBs. The 

chemistry of Li-S system offers a theoretical specific energy of ~2600 Wh/kg or 5382 Wh/L 

(calculation shown below). Additionally, sulfur is inexpensive, naturally abundant, and 

environmentally benign [14, 15]. It is expected that the Li-S batteries can deliver practical energy 

density of 400-500Wh/kg, which is much higher compared to Li-ion cells and will allow to extend 

the driving range of electric vehicles [16].  

Figure 2-4. Driving range of electric vehicle in terms of specific energy with different kind of 
rechargeable batteries. The anticipated driving range is based on minimum specific energy 
and160 km driving range is for current Nissan Leaf. The cost of rechargeable batteries under 
development is set by department of energy [16].  
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The chemistry of Li-S batteries is a very promising candidate for the next generation 

rechargeable energy storage devices. It is no doubt that there has been significant research and 

industrial progress of Li-S batteries during last few years. However, there are many challenges to 

be conquered as the system faces suffers lot of technical drawbacks. The next section (section 

2.2.1) will describe the working principle of Li-S batteries which is quite different from Li-ion 

cells. 

2.2.1 Principles and Working Mechanism  

The typical configuration of Li-S battery consists of conducting sulfur based cathode as a 

positive electrode, a pure metallic lithium anode as a negative electrode which is electrically 

separated by a porous polymeric separator soaked in an organic electrolyte as illustrated in Figure 

2-5 (a). Sulfur as an active material in insulating in nature and therefore it is always accompanied 

by conducting carbon network to enhance the overall electronic conductivity of the electrode. 

Calculation of Theoretical Specific Capacity of Sulfur: 

According to faraday’s law of electrolysis, the change on in the amount of chemical system can be directly 

related to the electrical charge passed through the system and can be expressed as: 

CT = xF; CT = capacity of active material, x = number of moles of electrons, F = Faraday’s constant 

CT = ((96500/3.6) * (2/32.065)) = 1672mAh/g 

Calculation of Theoretical Energy Density of Li-S system (Wh/kg and Wh/L):  

2Li + S -----> Li2S; Eo
cell = 2.15V  

ΔG = -nFEo
cell  = -2 * 96500 * 2.15 = -414.950 kJ/mol = 115.26Wh/mol (1Wh = 3.6kJ)  

Theoretical Specific Energy = "ΔG" /"Weight of reactant = 115.26(Wh/mol)/ (2*6.94+32.06)g/mol  

                        ≈ 2600Wh/kg (Weight of Reactants = molar weight Li + weight of sulfur) 

Volumetric Specific Energy (Wh/L) = Gravimetric Specific Energy (Wh/kg)* density of sulfur 
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Sulfur is a non-metallic yellowish color solid and the most thermodynamically stable STP 

form of sulfur is orthorhombic α-sulfur with a cycloocta-S molecules. Sulfur exists with more than 

30 different allotropes having a density of 2.07 g/cm3 and atomic weight of 32.06 g/mol. The phase 

transformation of sulfur from α to β-sulfur (monoclinic) happens at 95.3°C, which melts at 120°C 

[18]. Orthorhombic sulfur is generally used for the fabrication of cathode electrodes in Li-S 

batteries. The viscosity of sulfur is lowest at 155°C and maximum at 187°C as measured by 

capillary action method and therefore 155°C temperature is chosen to infiltrate elemental sulfur 

into carbon structure [19]. 

 
Figure 2-5. (a) Schematic of Li-S battery with lithium anode, sulfur/carbon cathode, separator, 
and the organic electrolyte [20]. (b) Initial galvanostatic charge/discharge profile of Li-S battery 
[21].  

 
Li-S battery works on the basis of electrochemical reaction of sulfur with lithium to form 

lithium sulfide (S + 2Li+ + 2e- <----> Li2S). The cell operation starts from the discharge process, 

lithium gets oxidized at the negative electrode and releases Li+ ions and electrons. These Li+ ions 

diffuse through the separator/electrolyte and electrons travel by external circuit. The oxidation 

reaction at the anode is as follow: 

Li -----> Li+ + e-       (1) 
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While on the positive electrode, sulfur accepts Li+ ions and electrons gets to form Li2S according 

to equation (2): 

    S8 + 16e- -----> 8 Li2S      (2) 

Combining the equation (1) and (2), the overall electrochemical reaction is described as: 

    16 Li + S8 -----> 8 Li2S     (3) 

Subsequently, during charging Li2S formed undergoes dissociation to form Li and S according to 

the equation (4) 

    Li2S -----> S + 2Li+ + e-     (4) 

The molecular weight of sulfur cathode is less compared to lithium based transition metal oxide 

and based on two electron process it offers a very high theoretical specific capacity of sulfur. 

The working mechanism of Li-S system does not just lie within the equation mentioned 

above and however it is really complicated. The reaction mechanism does not involve intercalation 

of Li+ ions and neither direct reaction with sulfur atoms. Instead, the reduction of sulfur involves 

formation of intermediate reaction products called “lithium polysulfides (Li2Sx, 3 < x ≤ 8)” which 

are easily soluble in the organic electrolyte. The lithium based polysulfides can be categorized into 

two groups: 

(a) Soluble lithium polysulfides: long (Li2S8 and Li2S6) and medium (Li2S4 and Li2S3) chain 
polysulfide 

S8 + 2Li+ + 2e- -----> Li2S8     (5) 

3Li2S8 + 2Li+ + 2e- -----> 4Li2S6    (6) 

Li2S8 + 2Li+ + 2e- -----> 2Li2S4    (7) 

(b) Insoluble lithium polysulfides: short chain polysulfides (Li2S2/Li2S) 

    Li2S4 + 2Li+ + 2e- -----> 2Li2S2    (8) 

    Li2S2 + 2Li+ + 2e- -----> 2Li2S    (9) 
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The galvanostatic charge/discharge profile is illustrated in Figure 2-5 (b). During discharge 

process, cyclo-octa structure of sulfur gets reduced and the rings are open. As the cycling proceeds, 

the chain gets shorter and finally solid based insoluble lithium polysulfide (Li2S) is formed. As the 

discharge process starts, two voltage plateaus are observed at 2.4 and 2.1V. The first plateau at 2.4 

V corresponds to formation of higher order polysulfides (Li2S8) and eventually decays to medium-

order polysulfides (Li2S4) indicated by a step in discharge profile. The second discharge plateau at 

2.1 V attributes to the formation of shorter polysulfides (Li2S/Li2S2). Subsequently during 

recharging process, two plateaus are observed corresponding to conversion from short-chain 

polysulfides to soluble polysulfides (Li2Sx, 3 < x ≤ 8), and the second one correlates to the 

formation of elemental sulfur on cathode side at the end of charge cycle [20]. The current literature 

is full of deeper explanation of intermediate reactions and there is not a single model to generalize 

its mechanism as the electrochemical reactions depends on several parameters such as electrolyte, 

loading amount of active material, microstructure of the cathode, and other electrochemical 

parameters [15, 17, 20]. 

The mechanism clearly illustrates that there is a significant difference in operation of Li-

ion and Li-S batteries. In case of Li-S batteries, the active material (sulfur) is simply transforming 

from solid to liquid (soluble polysulfides - dissolving into the electrolyte) and then again to solid 

as the discharge end product. While, in Li-ion batteries it is only Li+ ion that intercalates/de-

intercalates between the anode and cathode electrode and there is no change in states of matter for 

the active material. Also, there is no loss of active material into the electrolyte and hence there is 

no change in the composition of electrolyte. Therefore, it is crucial to have deeper insight into the 

mechanism of Li-S battery as it is completely different from Li-ion cells. These differences of 

charge storage mechanism give rise to the detrimental electrochemical phenomena occurring in 
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Li-S batteries lowering the overall performance. The next section will cover the numerous 

limitation associated with this mechanism hindering the commercial progress of Li-S batteries. 

2.2.2 Limitations Associated with Li-S Batteries 

The batteries are designed with different components including cathode, anode, electrolyte, 

and separator. In the case of Li-S batteries, as we mentioned in the above section 2.2.1, that active 

sulfur dissolves into the electrolyte and therefore each component is more or less associated with 

the critical drawbacks.  

2.2.2.1 Insulating Nature of Sulfur and End-Discharge Product (Li2S) 

The main limitation associated with sulfur is its low electrical conductivity of the order 10-

30 S cm- 1 [22] and requires the addition of conducting carbon with weight fraction greater than 50 

wt% [23]. Increasing the conductivity by adding more carbon not only reduces the volumetric and 

gravimetric energy densities but also limits the effective utilization of active material (i.e. sulfur). 

It is important to achieve efficient solid-liquid reaction kinetics in the upper discharge plateau (Q1) 

with the capacity of 418 mAh/g. The lower discharge plateau (Q2) represents the sluggish kinetics 

for the efficient conversion of medium to short chain polysulfides which offers the capacity of 

1254 mAh/g. Theoretically, the ideal capacity ratio of the lower to upper discharge plateau (Q2 = 

1254/Q1 = 418) is expected to be three [24] to have efficient conversion of long to short chain 

polysulfides (Figure 2-6). However, the realistic value involving conversion of lithium 

polysulfides to Li2S for Li-S batteries is in the range of 2-2.5. The voltage hysteresis (polarization) 

between discharge and charge plateau as indicated by ΔE in Figure 2-6 determine the kinetics of 

lithium ions and electrons during cycling which further determines the practical energy density. 

The solubility of sulfur in organic solvents is very high and therefore self-discharge can occur 

which might affect open circuit potential and the capacity performance after long term storage 

[25]. 
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Figure 2-6. Galvanostatic charge/discharge (GCD) profile showing the theoretical discharge 
capacity (lower/upper plateau) ratio with voltage hysteresis between discharge and charge 
plateau. 
 
2.2.2.2 High Solubility of Intermediate Polysulfides in the Electrolyte (Shuttle Effect) 

The intermediate lithium polysulfides formed during electrochemical reaction in Li-S 

batteries are soluble in the most organic solvents which results in performance problems including 

low coulombic efficiency, fast capacity decay, high internal resistance, and self-discharge [26]. 

These polysulfides have significant influence in the electrochemistry of Li-S batteries which are 

summarized as follows: (i) During discharging, the soluble polysulfides dissolved in the electrolyte 

which tries to migrate towards lithium anode and gets reduced to Li2S due to concentration gradient 

force between two electrodes, resulting not only in irreversible loss of active sulfur but also 

passivates the pure lithium metal [27]. (ii) During charging, the long chain polysulfides gets 

partially reduced to short chain by the lithium anode, which again migrates to cathode driven by 

the diffusion flux from the anode to cathode causing well know characteristics mechanism so 

called “polysulfide shuttle effect” (Figure 2-7(a)). This shuttle effect have tremendous effect on 

the GCD profile as shown in Figure 2-7(b). It not only resulted in low coulombic efficiency 

suggesting that after few cycles it takes prolonged time to charge Li-S cells but there is a fast 

capacity decay after initial cycles. On the other hand, the polysulfide shuttle effect might also give 
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the prior notice of cell failure and can be easily replaced. (iii) The repetitive dissolution and 

deposition of active material back and forth distorts the crystallographic arrangements of sulfur 

atoms within the conducting cathode structure leading to inhomogeneous distribution of active 

sulfur particles, increasing the overall impedance of the system. As sulfur is insulating in nature, 

polysulfides are essential for obtaining high sulfur utilization and efficient electron transport 

during electrochemical process. Therefore, control of these polysulfides needs to be balanced with 

both high sulfur utilization and cycling stability [28-30].  

 
Figure 2-7. (a) Schematic illustration of Li-S cell explaining Li plating and stripping on both sides 
of electrode i.e. anode and cathode leading to polysulfide shuttle reaction [31]. (b) Effect of 
polysulfide shuttle effect on galvanostatic charge/discharge profile. 

 

2.2.2.3 Volumetric Expansion in Li-S System 

Sulfur as an active cathode material undergoes a volumetric expansion during cycling due 

to phase transformation from orthorhombic α-sulfur to cubic Li2S (Figure 2-8). The densities of 

sulfur and Li2S at STP are 2.07 g/cm3 and 1.66 g/cm3, respectively [32]. The volume calculation 

for the phase transition from sulfur to Li2S is shown below:  

V (S) = m/ρ (S) = 32/2.07 = 15.76 cm3; 
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V (Li2S) = m/ρ (Li2S) = 45.95/1.66 = 27.68 cm3 

% volume change from S ---> Li2S = (27.68-15.76) / (15.76) ≈ 80%  

The repeated volume variation of sulfur leads to pulverization of the cathode and 

detachment of sulfur from conducting carbon matrix. The isolated sulfur particles does not 

participate in the electrochemical reaction, resulting in low sulfur utilization and capacity decay. 

  
Figure 2-8. (a) Representation of phase transformation from orthorhombic α sulfur to cubic 
lithium sulfide (Li2S) [33].   

 
2.2.2.4 Pure Metallic Lithium as an Anode 

Lithium being the lightest metal (density = 0.535g/cm3; atomic weight =  6.94amu) in the 

periodic table is an ideal anode material offering a capacity of 3860 mAh/g for high energy density 

batteries and possess lowest reduction potential (-3.04 V vs. standard hydrogen electrode) [34]. 

Lithium is very reactive and the oxidation of 1 kg of lithium metal releases 11680 Wh/kg not much 

lower than gasoline [35]. Besides, such appealing physical and chemical properties, the use of 

lithium anode is one of the most challenging aspects for the commercial realization of Li-S 

batteries due to following reasons: (i) lithium dendrites (Figure 2-9 (a)) are formed due to 

heterogeneous distribution of current density on the surface and concentration gradient between 

electrode and electrode/electrolyte interface causes short circuit within the cell; (ii) The repeated 
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plating/striping of lithium during cycling leads to large volumetric variation change and cleavage 

of lithium anode resulting in the formation of “dead lithium” (Figure 2-9 (b)), which restricts the 

active participation of lithium in the electrochemical reaction and decreases the utilization rate of 

lithium [36]; (iii) Metallic lithium is reactive and can spontaneously react with volatile organic 

solvent to form solid electrolyte interphase (SEI), which is thermodynamically unstable and 

consume the active lithium [37]; (iv) As mentioned the “polysulfide shuttle effect” lowers the 

coulombic efficiency is significantly reduced due to formation of Li2S passivation layer lowering 

the cycling stability of the cell [38].   

 
Figure 2-9. (a) Formation of lithium dendrites after charging at a current density of 2.2 mA/cm2 
[39]. (b) Dead lithium layer at the surface of the electrode [40]. 

 
2.3 Strategies Undertaken for Li/S System Improvements 

There are different strategies considered in order to mitigate all above mentioned critical 

issues 

 Low electrical conductivity of sulfur due to low utilization of sulfur during initial 
discharge 

 Diffusion of soluble polysulfides into the electrode creating parasitic shuttle reactions 
of these species 

 The morphological change due to phase transition from the repeated cycling of active 
material 

 Lithium is highly reactive and tends to form dendrite which might lead to short circuit 
of the cell 

Enhancing the performance of Li-S cells by considering one critical issue at one time may 



23 

not bring the perfect solution, as all these problems are correlated to each other and affect the 

overall electrochemical performance. There are large number of research publication based on 

designing the strategy to solve these technical issues. 

2.3.1 Positive Electrode (Cathode) 

The sulfur based composites as a cathode material has attracted more research attention 

among all other components in Li-S battery. Till now, most of the research strategy has been 

focused on the parameters related to only sulfur/carbon composites. In the next section, we will 

elaborate briefly the design strategies of cathode materials 

2.3.1.1 Carbon/Sulfur Hybrid Composite 

Carbon based materials are extensively used as electrode materials for their excellent 

physical, chemical, and mechanical properties. Materials include activated carbon, nanoporous 

carbon, carbon nanotubes, graphene sheets and other various forms. Sulphur being insulating in 

nature (5 x 10-30 S cm-1) is not usable for Li-S battery and it becomes necessary to use carbon-

based material to enhance the conductivity of the cathode materials. Wang et. al [41] proposed the 

use of worm-like mesoporous carbon as a host material for sulphur. Physical adsorption of 

polysulphides by the mesopores (10-30nm) and the uniform distribution of sulphur in the 

mesopores. Xiulei Ji. et. al [42] reported the performance of highly ordered nanostructured carbon-

sulphur composite cathode material for Li-S battery. CMK-3 (mesoporous carbon family) were 

mixed with sulphur at 155°C so that the sulphur could easily confined in the interconnected pore 

structure of mesoporous carbon. Heating sulphur at 155°C and mixing with CMK-3 has prominent 

effect on the charge/discharge profile as there is increased in specific capacity by almost 2 times. 
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Figure 2-10. (a) Schematic showing confinement of sulphur (yellow) in CMK-3 (b) Confinement 
of sulphur into the composite followed by densification on crystallization (c) Galvanostatic 
charge/discharge profile of CMK-3/S mixture with and without heating at 155°C [42]. 

 
These two strategies was considered to be most appealing as it could solved critical issues 

including: (i) High rate cycling performance due to electronic conduction between sulfur particles 

and carbon, and (ii) adsorption and confinement of polysulfides within carbon structure. Different 

types of carbon depending on their pore size and the method of synthesis were investigated as a 

cathode material for Li-S batteries such as microporous (pores size < 2 nm) [43, 44] mesoporous 

(2 - 50 nm) [41, 42, 45-47], and macroporous (> 50 nm) which were least utilized as polysulfides 

cannot be confined within the pores. It is to be noted that pore size has been classified according 

to IUPAC nomenclature for the surface area determination and porosity [48]. Combination of two 

of three different pore structure opened new avenue to design novel carbon architecture. A 

hierarchically ordered porous carbon (HOPC) with a combination of any two kinds of pores i.e. 

meso/macro pores [49, 50] or micro/meso [51] or all three kinds of pores (micro, meso, and macro) 

[52, 53] were fabricated with different physical/chemical properties and studied as a cathode 

material for Li-S batteries. Another class of carbon can be classified as hollow carbon structures 

which is intensively investigated considering different morphology such as hollow carbon 

nanofibers [54, 55], core-shell [56], and nanospheres [57, 58]. Additionally, many three-

dimensional (3D) carbon structures have been synthesized including 3D hyper-branched hollow 

nanorods [59], hollow carbon fiber foam [60], and hollow carbon nanotubes on carbon nano-fibers 
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[61]. A unique yolk shell structure was designed with internal void space to accommodate 

volumetric variation and confine polysulfides at high C-rates [62].  

However, most of the approaches mentioned are very difficult to fabricate on large scale 

as the method is too complicated with the usage of expensive reactants. On the other hand, most 

of these cathodes contained sulfur to be less than 2 mg/cm2 and the electrolyte usage of 100 µL 

giving an electrolyte to mass ratio of around 50, which is a great concern for the commercial 

progress of Li-S batteries and to compete with the currently available Li-ion batteries [63]. 

Therefore, Li-S batteries research community needs a simpler solution in terms of method of 

fabrication to scale up for potential commercialization. Importance of high sulfur loading and 

electrolyte to sulfur mass ratio will be discussed separately in the upcoming section. 

2.3.1.2 Binder and Binder-Free Cathodes 

Many sulfur based cathodes have been designed both with binder and without binder. The 

role of binder is very crucial in case of Li-S batteries as there is significant morphological changes 

due to repeated dissolution/deposition during electrochemical cycling. Binder maintains the 

structural integrity of the electrode after the loss of the active material into the electrolyte. 

Additionally, the role of the binder is to ensure homogenous distribution of sulfur and carbon 

particles. The binders should be compatible with the organic solvent used in the electrolyte [64]. 

The most common binder used in Li-S batteries is Polyvinylidene fluoride (PVDF) due to 

its high electrochemical stability and have good bonding between electrode and current collector 

[65]. However, recent reports suggest that PVDF can block the mesopores of conducting carbon 

and impacts the accessible surface area for adsorption of Li2S [66]. Additionally, some amount of 

PVDF always gets dissolved into high boiling point organic solvents such as N-methyl-2-

pyrrolidone (NMP) used to mix active material, carbon black, and PVDF. In order to remove the 

dissolve part, the solution needs to heat up to a temperature of ~80°C, which eventually lead to 
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loss active sulfur particles by sublimation and volatile solvent releases toxic gases creating unsafe 

pollution [67]. During electrochemical cycling, PVDF gets swollen, gelled, or dissolved into the 

organic solvent, resulting in deterioration of the electrode leading to poor cycling stability of Li-

based batteries [68]. 

There are many alternative binders developed including water-soluble and water-dispersed 

such as gelatin [68, 69], poly (ethylene oxide) (PEO) [70], polyamidoamine (PAMAM) dendrimers 

[71], polyvinylpyrrolidone (PVP), polyacrylic acid [72], PVP blends with Nafion [73], and 

carboxymethylcellulose: styrene-butadiene rubber (CMC:SBR) [74],  which were particularly 

investigated for Li-S batteries.  

Many researchers have also investigated the binder-free cathodes for lithium-sulfur 

batteries. Yi et al. [74] fabricated binder-free sulfur/carbon composite electrode with sublimation 

of sulfur controlling the temperature and air flow rate. The composite electrode exceeds 200 cycles 

with a reversible capacity of 700 mAh/g at 0.5C-rate with an average coulombic efficiency of 

greater than 90%. Kai et al. [75] synthesized binder-free light weight interconnected 3-D network 

with few layered graphene/sulfur composite by a sulfur solution infiltration method. The 3-D foam 

network structure shows high-rate cycling stability and excellent cycle life till 400 cycles. Bin et 

al. [76] developed electrolysis approach to confine sulfur inside the pores of carbon for effective 

utilization of sulfur, which showed good rate capability and cycling stability. 

2.3.1.3 Importance of High Sulfur Loading and Low Electrolyte/Sulfur Ratio 

The commercial progress of Li-S batteries has to consider the higher loading amount of 

sulfur and high areal capacity to achieve specific energy that is greater than that of currently 

available Li-ion batteries (LIBs). LIBs offers areal capacity of 4 mAh/cm2 for the current use in 

portable electronics and electric vehicle [77]. Considering the fact that average voltage of Li-S 

batteries (~2.2 V) is much lower compared to LIBs (~3.5V), the areal capacity needs to be atleast 
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6 mAh/cm2 to compete with the state-of-the-art LIBs. The gravimetric and volumetric energy 

density is given by equation (1) and (2).  

   Eg =  𝑉𝑉.  𝑚𝑚𝐴𝐴 .  𝐶𝐶
Ʃ𝑊𝑊𝑖𝑖

     (1)   

  Ev  = 𝑉𝑉. 𝑚𝑚𝐴𝐴 .  𝐶𝐶
Ʃ𝑊𝑊𝑖𝑖/𝜌𝜌𝑖𝑖

      (2) 

Where, Eg = specific energy (Wh/kg), Ev = volumetric energy density (Wh/L), V = average cell 

operating voltage (V), mA = active material loading (g/cm2), C =active material capacity (mAh/g), 

Wi = weight of individual cell components (g/cm2), and ρi = density of individual cell components 

(g/cm3) [78].  

As we are aware that the areal specific capacity depends on sulfur utilization and loading 

amount of sulfur in the cathode as demonstrated by the equation shown below: 

Areal capacity (mAh/cm2) = (CT * sulfur utilization * sulfur loading/1000)  (3) 

Where, CT = theoretical specific capacity of sulfur (1675 mAh/g), sulfur utilization will be in 

percentage, and sulfur loading will be in mg/cm2 

For example: considering that sulfur loading amount is 5mg/cm2 and the sulfur utilization 

is 80%, then the areal capacity will be 6.7 mAh/cm2, on similar basis in order to achieve areal 

capacity of Li-S batteries greater than 4 mAh/cm2, the sulfur loading amount should be 5 mg/cm2 

with atleast 50% sulfur utilization. It is to be noted that incrementing the sulfur loading amount in 

the cathode increases the electrode thickness, which increases the resistance for the incoming Li 

ions and electrons. The electrochemical performance obtained from low sulfur content in the 

cathode will not be reproducible when the electrode thickness increases, which will hinder the 

commercial progress of Li-S batteries. The statistical analysis of even recent publication (2015-

2016) shows that more than 50% of the cathode designed considered less than 2 mg/cm2 and ~ 

20% of the research publication shows loading amount more than 4mg/cm2 (Figure 2-11(a)). 
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Accordingly, the areal capacity reported more than 4 mAh/cm2 in recent journal publication only 

contributes to ~20% as well (Figure 2-11(b)).  

 
Figure 2-11. Statistical analysis from 2015-2016 (a) sulfur loading amount (mg/cm2) and 
corresponding (b) areal capacity (mAh/cm2) [79]. 
 

Therefore, it is very clear that most of the cathode designed reported in the literature is 

often expensive and complicated, which in case will also not offer high energy density for Li-S 

batteries as maximum loading amount of sulfur is only 1-2 mg/cm2 even though high specific 

capacity is reported [78]. The critical issues concerned with the confinement of more sulfur loading 

amount is the low pore volume of micro/mesoporous carbon host structure. The sulfur content in 

carbon/sulfur composite can be related to pore volume as given by the equation (2) 

  Sulfur content = 
𝑉𝑉
1.8∗𝑑𝑑
𝑉𝑉
1.8∗𝑑𝑑+1

       (2) 

Where V is the pore volume of the porous carbon and d is the density of sulfur (d = 2.07 

g/cm3). In order to achieve the sulfur content of 80 wt% into the porous carbon, the pore volume 

of the conducting carbon has to be ~3.5 cm3/g which is a very high value to be obtained [99]. Many 

researcher have reported various approaches to have high sulfur content and loading amount in the 

carbon structure. 

2.4 Conclusion 

There is no ambiguity in releasing that Li-S battery qualifies to be a potential candidate for 
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next-generation electrochemical energy storage devices. The sulfur cathode offers theoretical 

specific capacity of 1675mAh/g almost 4-5 times greater than currently used cathodes in Li-ion 

batteries and Li-S system specific energy of 2600Wh/kg. Looking at the research status in the last 

decade, critical limitations associated with Li-S system are not resolved fully even though 

appreciable research progress has been carried out. Various parameters including sulfur content, 

sulfur loading amount, type of electrolyte, electrolyte/sulfur ratio, and electrochemical cycling 

condition affects the energy density. Most of the Li-S batteries fabricated till date are accompanied 

by cathode with low sulfur amount and high electrolyte/sulfur ratio leading to very low practical 

energy density that cannot compete with currently available LIBs even with 100% sulfur 

utilization. Therefore, for the commercial progress of Li-S battery technology it needs lot of 

research attention especially to focus on each electrode material (anode, cathode, electrolyte, and 

separator) architecture and cell engineering. With the mathematical calculation provided in the 

literature survey, it is suggested that high sulfur loading (areal density) and low electrolyte/sulfur 

ratio are critical parameters to be optimized for obtaining high energy density of Li-S cell. Besides 

cathode material, problems associated with the use of pure lithium metal is also a great challenge 

to be resolved.  

Considering the comprehensive discussion of each component of Li-S system, there are 

several suggestions that need to be considered are addressed below: 

(a) Sulfur cathode: The minimum areal density of sulfur is to be 5 mg/cm2 to have atleast 

4mAh/cm2 areal capacity and 80% sulfur utilization to overcome the performance of LIBs. In order 

to obtain high loading amount of sulfur within the cathode, new conducting electrode material 

needs to be explored for accommodation of active species (sulfur) without much comprise in the 

conductivity of the electrode. The cathode also needs modification with conductive additives and 

binders, multi-layer, and three dimensional (3D) electrode structure for high sulfur loading 



30 

amount. The physical properties such as surface area and pore volume plays a crucial role in 

determining the sulfur content within the electrode. 

(b) Anode: As discussed the use of pure lithium is one of the most critical challenge 

associated with lithium sulfur batteries. Even though lithium as anode materials provides high 

capacity, but it is unstable in organic solvents and the safety issue related to short circuit of the cell 

due to dendrite formation restricts the practical use of such cells. Passivation of lithium metal and 

stable host for metallic lithium are two aspects to the protection of anode in Li-S batteries. Due to 

large number of reductions process involved in the system, the interface chemistry becomes more 

complicated to investigate in the Li-S system. To fabricate safe lithium batteries with excellent 

electrochemical performance and prolonged cycle life, it needs more insight and deeper 

understanding of the surface passivation layer or the dead li formed. 

Additionally, for the commercial progress of Li-S batteries the following aspects need more 

scientific and technical analysis: 

(a) The complicated electrochemistry involving a series of reduction steps leading to 

morphological and structural changes of active material. In-situ and in-operando observation using 

advanced characterization tools are needed to investigate the kinetically driven reaction process 

during electrochemical cycling. The detailed scientific understanding of these electrochemical 

reaction will assist in designing new materials for Li-S batteries. 

(b) The stability of lithium metal in organic solvents is a big challenges as it may raise the 

concern for the safety of the batteries. Therefore, it is very critical to develop solid electrolyte to 

fulfill the safety expectation. The development of solid electrolyte is still at the early stage and 

major critical issue associated with the mobility of Li+ ions and interfacial kinetics of SEI layer 

formed still need to be solved for high performance Li-S batteries. 
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(c) The performance of Li-S batteries in terms of gravimetric and volumetric energy density 

and high cycle life is crucial for energy storage applications in electric vehicles and grid storage. 

The performance is directly correlated to the properties, for example: large scale grid storage needs 

high volumetric energy density, whereas portable electronics needs high gravimetric energy 

density. 

The Li-S battery needs more scientific investigation of each component involved within 

the system. The integration of each component (anode, cathode, and electrolyte) needs to be 

optimized for optimum performance of Li-S batteries. The fabrication of each component should 

be simple and scalable for large scale industrial fabrication. It is firmly believe that Li-S system 

has a huge potential to meet the ever increasing demand of clear energy storage especially for 

transportation and grid scale in upcoming years. 
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CHAPTER 3 

LITERATURE REVIEW (MOLYBDENUM DISULFIDE (MoS2) FOR ELECTROCHEMICAL 

ENERGY STORAGE DEVICES  

3.1 Introduction to 2D Transition Metal Dichalcogenides (TMDs) 

Two-dimensional (2D) material has received great research attention after discovery of 

graphene by Geim and Novoselov in the year 2004 [1]. The crystallographic arrangement of atoms 

in two dimensional materials can result in more than 100 different layered materials which can be 

grown from nano-meter to micrometer thickness for wide range of applications [2, 3]. The 2D 

material can be from different possible combination of elements in the periodic table including 2D 

TMDs i.e. transition metals (group 3-12) and chalcogens (group 17th) such as MoS2, WS2, MoTe2, 

MoSe2; silicone (2D silicon); germanene (2D germanium), and Mxenes (2D carbides/nitrides) [4-

7]. Figure 3-1 illustrates year wise published articles on TMDs and total 2D materials, clearly 

reveals that publication has increased exponentially in last 10 years. 

 
Figure 3-1. Statistical analysis of year-wise (2005-2016) journal articles for 2D TMDs (MoS2, 
black phosphorus, and MXenes) and total 2D materials [8]. 
 

There are diverse range of physical and chemical properties that exist in various TMDs 

such as MoS2 and WS2 are semiconductor; HfS2 is insulator; WTe2 and TiSe2 are semimetals; 
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NbS2 and VSe2 are metallic [9]. Additionally, there are few TMDs such as NbSe2 and TaS2 which 

also exhibits superconducting behavior at low temperature [10]. Fabrication of these materials by 

controlling thickness from monolayers (nanometer thickness) to few layers (micrometer thickness) 

can preserve their unique properties and may possess additionally characteristics due to quantum 

confinement [9, 11]. Many TMDs crystallizes like graphite structure offering different properties 

in various crystallographic planes/direction [9]. Moreover, the chemistry of these 2D TMDs offers 

great opportunities to go beyond graphene, opening new research pathways for a variety of 

applications including electrochemical energy storage, catalysis for hydrogen evolution reaction 

(HER), sensors, and field effect transistors (FET). 

The layered 2D TMDs structure generally have 0.6-0.7 nm thickness of single layer, with 

a hexagonally closed packed layer of metal atoms sandwich between two chalcogen atoms. The 

interlayer bonding are coupled by weak van der waal forces, while intra layer are accompanied by 

covalent bonds. The weak bonding allows easy cleavage along the layer surface allowing them to 

use as a solid lubricant in dry machining [9, 10]. The electronic configuration of metal provides 

four electrons from its outer most orbitals to the chalcogen atoms in TMDs, maintaining the +4 

and -2 oxidation states of metal and chalcogen atoms, respectively. The presence of dangling bonds 

at the surface of TMDs due to termination of lone pair electrons from chalcogen atoms, provides 

stability against any kind of reaction with environmental species [9].   

Unlike graphite, TMDs crystallizes in a variety of polymorphs with three layers of atoms 

(X-M-X) arranged in trigonal prismatic or octahedral. The most commonly polytypes are 1T, 2H, 

and 3R where T, H, and R refers to trigonal, hexagonal, and rhombohedral, respectively; and digits 

indicates number of X-M-X units in the unit cell as represented in Figure 3-2 (a). Depending on 

the history of fabrication and thermodynamic stability one of the possible combination exist. For 

example, in case of natural MoS2 its only 2H phase that is stable with a stacking sequence of AbA 
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BaB (Figure 3-2 (b), upper) and for synthetic MoS2 its 3R phase with a stacking sequence of AbA 

CaC BcB (Upper and lower case indicate chalcogen and metal atoms, respectively) [9, 13]. 2H 

and 3R phase both have trigonal prismatic metal coordination, while 1T phase is metastable with 

a stacking sequence of AbC AbC and octahedral metal coordination (Figure 3-2 (b), below). These 

crystal phases can be easily distinguished by high resolution scanning transmission electron 

microscopy as shown for 1H and 1T phase of monolayer MoS2 in Figure 3-2 (c). The phase 

engineering can tune the kind of polytype as well as the physical, chemical, and electronic 

properties of the materials. The heterogeneities present in framing up the atoms can lead to 

formation of different defects and fascinating mechanism due to distorted structure [14]. 

 
Figure 3-2. Different polymorphs of layered TMDs: (a) Crystallographic arrangement of atoms 
showing 1T, 2H, and 3R polyphaser [15], (b) representation of single layer stacking sequence of 
2H (trigonal prismatic) and 1T (octahedral), (c) Dark – field scanning transmission electron 
microscopy (STEM) image of single layer MoS2 with 2H and 1T [9]. 
  

It is very obvious that intercalation of alkali metals (H+, Li+, and Na+) ions induces phase 

transformation in 2D layered TMDs. For example, the intercalation of Li+ ions into MoS2 structure 

can transform 2H phase into 1T metallic [16]. The reversible phase change from 1T to 2H has also 

been observed in case of TaS2 [17]. The destabilization of phases disturbs the electronic 

configuration of the atoms and change the thermodynamic free energy of the two phases. Recent 
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literature have also shown that partial phase transformation can result in 2H-1T hybrid phase [18]. 

Tommy et al. [19] theoretical demonstrated that meta-stable 1T phase can be stabilized by 

substitutional doping that can local phase transformation producing metal-semiconductor hybrid 

structure. As we have seen so far that TMDs exist in a variety of phases in the same material. 

However, it is great challenge to engineer these phases for the same material at different 

dimensions. In the next section we will particularly focus on structure-processing-property-

performance correlation of Molybdenum disulfide (MoS2) for electrochemical energy storage 

devices. 

3.2 Introduction to Molybdenum Disulfide (MoS2) 

MoS2 belongs to the family member of 2D TMDs and has been intensively studied due to 

its availability as a molybdenite mineral in nature. This material has been under consideration since 

1960 since its first use as a solid lubricant in dry machining [19]. Recently, MoS2 has also been 

investigated as a semiconducting material as it possess indirect band gap of 1.2 eV and direct band 

gap of 1.8 eV when it is single layer, making it suitable for a variety of electronic application such 

as field effect transistor (FET), photodiodes, and optoelectronic devices [20, 21]. Since MoS2 is a 

2D layered structure and efficient intercalation of alkali metal (H+, Li+, and Na+) ions with high 

surface area renders its use as an electrode material for supercapacitor, Li-ion batteries, and 

electrocatalyst for hydrogen evolution reactions [21-23]. In the previous section, we discussed 

various phases of TMDs and on the same basis the most common crystal structure in MoS2 is 

hexagonal (2H) which is thermodynamically more stable compared to 3R (rhombohedral) and 1T 

(metallic) [24]. The crystallographic arrangement of atoms are similar to that described for 2D 

TMDs, with a vertically stacked inter-planar layers linked by van der waals force and strong in-

plane covalent bonds between Mo and S atoms [20]. Each sets of single layer have Mo metal 

sandwiched between two sulfur atoms and has a thickness of 6.5Å (Figure 3-3(a)). The lattice 
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parameter for single layer MoS2 are reported to be ≈ 0.322 nm with a covalent bond length of Mo-

S bond to be 2.43Å and S-Mo-S bond angle of 80° (Figure 3-3(b,c)). MoS2 as a monolayer possess 

excellent mechanical properties including in-plane stiffness of ≈180 N/m, equivalent to young 

modulus of ≈ 270 GPa which is higher than steel and bulk MoS2, offering its use even as flexible 

electronics [24].        

 
Figure 3-3. (a) Bulk MoS2 in three-dimensional form [24], (b, c) top and side view of 2D hexagonal 
representation of monolayer MoS2 [25]. 
 

Furthermore, it is very critical to distinguish between the bulk and monolayer MoS2. 

Raman spectroscopy is a simple non-destructive characterization tool to evaluate crystal phase of 

MoS2. The group theoretical analysis of Brillouin zone suggest first order four active Raman 

modes in single crystal 2H MoS2, including E2
2g, E1g, E1

2g, and A1g for wave numbers of ≈ 32, 286, 

383, and 408 cm-1 ,respectively as schematically illustrated in Figure 3-4(a, b). E2
2g mode 

corresponds to interlayer lattice vibration with other neighboring layers, E1g peak has very low 

Raman intensity because it is rejected by back scattering phenomena on basal plane, E1
2g mode 

results from in-plane vibration of sulfur atoms with respect to Mo atoms, and A1g attributes to out-

of plane vibration of relatively both S and Mo atoms in opposite direction; also indicating 

significant sensitive to the thickness of the film [26]. The factor Δk (Raman Shift) determines the 

number of layers. For a single layer, Δk ≈ 18-20 cm-1 and the value keeps on increases as we move 

from monolayer to bulk MoS2 (Figure 3-4 (c)). 
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Figure 3-4. Raman spectroscopy of MoS2: (a) schematic representation of four active vibration 
modes of 2H MoS2 [27]. (b) Raman spectrum showing characteristics peaks of 2H MoS2 [28]. (c) 
Raman spectrum of MoS2 from bulk to monolayer [29]. 
 
3.3 MoS2 for Electrochemical Energy Storage Devices 

MoS2 and its composite has recently received great research interest as it offers unique 

physical and chemical properties for various energy storage devices. In this section, we will briefly 

discuss different fabrication approach and their resulting morphological structure assisting in 

obtaining high electrochemical performance in Li-ion batteries and supercapacitors.  

3.3.1 MoS2 for Supercapacitors  

MoS2 has been effective supercapacitor electrode as it offers high surface area for double 

layer charge storage and 2D layered structure allows efficient intercalation of H+ and Li+ ions into 

stacked S-Mo-S layers for pseudocapacitance. Charge storage in MoS2 can be generalized by three 

modes: (i) intersheet double layer charge storage, (ii) intrasheet double layer on every MoS2 
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nanosheets by diffusion into basal planes, and (iii) faradic charge transfer by multiple oxidation 

state of Mo [30]. As we discussed earlier that MoS2 can be synthesized on flexible substrate and 

therefore may open new pathway for flexible supercapacitors for future energy storage 

applications. 

To the best of my knowledge, MoS2 as a supercapacitor was investigated by Jia et al. [30]. 

MoS2 was synthesized by thermal evaporation of tetrakis(diethylaminodithiocarbomate) 

molybdate (IV) precursor and SEM revealed the nanowalled morphology of MoS2 (Figure 3-5(a)) 

with 500 nm width and 100 nm thickness. Figure 3-5 (b) presents cyclic voltammetry with 

rectangular shape at different scan rates ranging from 1 to 500mV/s. The film shows capacitance 

of 70 mF/cm2 at a scan rate of 1 mV/s which is equivalent to 100 F/g. Moreover, both thick and 

thin film shows excellent capacitance in different electrolytes as demonstrated in Figure 3-5 (c) 

 
Figure 3-5. MoS2 Nanowalls as supercapacitor electrode: (a) SEM image of edge oriented 
nanowalled MoS2 fabricated by single precursor at 550°C. (b) Cyclic Voltammetry of MoS2 films 
at different scan rates in 0.5M NaOH electrolyte. (c) Normalized areal capacitance for thick and 
thin film in different electrolyte [30]. 
 

Muharrem et al. [31] synthesized chemically exfoliated 1T MoS2 supercapacitor electrode 

which shows appealing electrochemical results in both aqueous and organic electrolytes. The SEM 

morphology (Figure 3-6 (a)) shows restacked MoS2 nanosheets (5 µm thick) with inset showing 

high magnification image. These MoS2 nanosheets shows rectangular characteristics indicating 

capacitive behavior in different electrolytes (H2SO4, Na2SO4, Li2SO4, and K2SO4) (Figure 3-6 (b)) 

with maximum capacitance of 650 F/g in H2SO4 in the voltage range of -0.15 to +0.65V. Figure 
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3-6(c) demonstrate excellent cycling stability of MoS2 nanosheets showing volumetric capacitance 

value of ~ 380 F/cm3 in both H2SO4 and Li2SO4, while ~180 F/cm3 in organic electrolyte.   

 
Figure 3-6. (a) SEM morphology showing side view of restacked MoS2 nanosheets with inset of 
high magnification image. (b) Cyclic Voltammetry of 1T MoS2 in different electrolytes and 
comparison with 2H MoS2. (c) Volumetric Capacitance vs cycle number upto 5000 cycles for 
different electrolytes [31]. 
 

Yang et al. [32] synthesized edge oriented MoS2 (Figure 3-7 (a)) via two-step process 

which include electrochemical anodization of Mo films to fabricate sponge like MoO3 and then 

sulfurized by a chemical vapor deposition (CVD) technique. In order to evaluate the 

electrochemical performance of these films, the two electrode were sandwiched with a polyvinyl 

alcohol (PVA) polymer separator soaked in 1M LiOH electrolyte, to fabricate flexible solid state 

supercapacitor devices. The cyclic voltammetry of this flexible device shows quasi rectangular 

shapes in the potential range of - 0.8 to + 0.8V at different scan rates (10 V/s to 100 V/s) with 

small humps at +0.1V and -0.1V (Figure 3-7 (b)), indicating intercalation of Li+ ions and reversible 

redox reactions with different oxidation states (+4 to +3). Moreover, this flexible device showed 

increased capacitance from 2.2 to 10.5 mF/cm2 after 10000 cycles of galvanostatic 

charge/discharge testing at a current density of 10 mA/cm2 (Figure 3-7 (c)).  
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Figure 3-7. (a) TEM image showing edge oriented MoS2 film. (b) Cyclic voltammetry in voltage 
range of -0.8 to +0.8V at different scan rates. (c) Cycling stability till 10000 cycles at a current 
density of 10 mA/cm2 [32]. 
 

There are many other recently reported literature based on morphological MoS2 

synthesized by different fabrication methods. For example: Swapnil et al. [33] fabricated 

homogenous ultrathin MoS2 nanoflakes on stainless steel substrate by chemical bath deposition 

technique, demonstrating specific capacitance of 576 F/g at a scan rate of 5 mV/s with excellent 

cycling stability till 3000 cycles. Xiumei et al. [34] synthesized water coupled metallic MoS2 by 

hydrothermal method that exhibit a high capacitance of 380 F/g at a scan rate of 5 mV/s in three 

electrode system, while the symmetric cell with the same water coupled electrode showed a 

capacitance value of 249 F/g at 50 mV/s. Xiuhua et al. [35] synthesized flower-like MoS2 

nanostructure by two step hydrothermal method exhibiting a specific capacitance of 168 F/g at a 

current density of 1 A/g and excellent capacitance of ~93% after 3000 cycles. Table 3-2 shows 

additionally comparison of recently reported different morphological MoS2 synthesized by various 

fabrication method.  

Morphological 
MoS2 

Fabrication 
Method 

Capacitance Electrochemical 
Characterization 

References 

Nanowall (100nm 
thick) 

Thermal 
evaporation 

70 mF/cm2 or 
100 F/g at 1 
mV/s 

Three electrode 
system 

30 

Edge oriented (1 
μm) 

Chemical 
anodization 
followed by CVD 

12 mF/cm2 at 50 
mV/s 

Two electrode 
flexible system 

32 
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1T phase MoS2 
nanosheets (1 μm 
or 5 μm 

Chemical 
exfoliation 

400-700 F/cm3 Both two and three 
electrode system 

31 

Ultrathin 
nanoflakes 

Chemical bath 
deposition 

576 F/g at 
5mV/s 

Three electrode 
system 

33 

Water coupled 
metallic MoS2 

Hydrothermal 380 F/g at 
5mV/s 

Two and Three 
electrode system 

34 

Flower-like MoS2 
nanostructure 

Two-step 
hydrothermal 

168 F/g at 1 A/g Three electrode 35 

Sphere like MoS2 
nanostructure 

Hydrothermal 106 F/g at 
5mV/s 

Three electrode 36 

3-D semispherical 
nano-grain MoS2 

Soft chemical 
(four step) method 

180 F/g at 
5mV/s 

Three electrode 37 

h-MoS2 
nanosheets (~ 0.45  
μm) 

Spray painting and 
laser patterning 

8 mF/cm2 or 178 
F/cm3 

Two electrode 38 

Mesoporous MoS2 Hydrothermal 403 F/g at 1 
mV/s 

Three electrode 39 

Hierarchical 
nanospheres MoS2 

Hydrothermal 368 F/g at 5 
mV/s 

Flexible two 
electrode systems 

40 

 
Table 3.1. Comparison of MoS2 with different morphology as a supercapacitors electrode. 

 

3.3.2 MoS2 as an Anode Material for Li-Ion Batteries  

3.3.2.1 General Background  

The modern world is still in search of efficient electrochemical energy storage for clean 

and sustainable power generation. The advanced lithium ion batteries is in urgent need of light 

weight and higher capacity electrodes for a variety of applications including portable, hybrid 

electric vehicles, and large scale stationary energy storage systems. Lithium being the lightest 

metal has been incorporated into primary lithium based batteries since 1950’s [41]. However, the 

critical challenge remains for secondary lithium batteries which requires high capacity retention 

for over 1000 cycles along with high energy density. Due to these many primary battery systems 

were developed in 1970’s including lithium sulfur dioxide (Li/SO2) and lithium thionylchloride 
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(Li/SOCl2) [42]. Additionally, intercalation of lithium into transition metal dichalcogenides were 

investigated [43, 44]. 

The tremendous growth of nanostructured materials in last several decades has again 

brought up significant research attention in MoS2 as an anode material for LIBs [45]. MoS2 is quite 

promising anode material as it offers theoretical specific capacity of 670 mAh/g, assuming the full 

reversibility of the lithiation reaction: MoS2 + 4Li+ -----> Mo + Li2S [46] and very low volumetric 

expansion compare to other anodes [47]. Despite the promising physical and structural properties, 

the critical limitations associated with MoS2 when used as an anode materials in LIB is 

intermediate lithiation voltage (1.1 -2.0V vs Li/Li+), reducing the voltage window and therefore 

decreases the overall energy density of cell. The higher cutoff voltage for MoS2 vs. Li compared 

to graphite, makes it safer to circumvent lithium dendrite formation, there is some compromise in 

following one of the approach [42]. MoS2 was also investigated as a cathode material and patented 

in the year 1980 by Rudolph et al. [48]. The intermediate voltage of MoS2 vs Li/Li+ is generally 

considered as a limitation even when using as a cathode material. The voltage of LiMoS2 is lower 

than that of other cathode materials such as LiCoO2, but this can be compensated with high charge 

storage capacity of MoS2 (for example 1.5V * 800 mAh/g for LiMoS2 and 3.5V * 200 mAh/g). 

However, later on it was realized that these rechargeable batteries raised the safety concerns due 

to the growth of lithium dendrites [42]. Therefore, in recent years MoS2 have been investigated as 

an anode material for LIBs and next section we will cover the detailed analysis of 

lithiation/delithiation mechanism in MoS2. 

3.3.2.2 Lithiation Mechanism of MoS2 

The intercalation of Li+ in MoS2 occurs in the voltage range of 3 - 0 V. For a better 

understanding we will first consider the lithiation mechanism within the voltage range of 3 – 1.1V. 
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First lithiation occurs at a discharge voltage of 1.1 V attributing to the formation of LixMoS2 via 

the reaction shown below: 

MoS2 + xLi+ + xe- ----> LixMoS2    (5) 

Where x is the range of 0-1. The theoretical specific capacity of the above reaction is 167 

mAh/g, suggesting intercalation of one lithium ion per molybdenum atom. The fragile van der 

Waal forces between inter layer S-Mo-S sheets (Figure 3-2(b)) allows easy insertion of lithium 

ions into the hexagonal crystal structure of 2H-MoS2. If x < 0.1, the intercalation proceeds without 

little disruption, but when x increases the MoS2 host provides sites for intercalation and redox 

reactions leading to the formation of distorted octahedral structure for the accommodation of metal 

ions, which may alter the electrochemical potential of the system. The ordering of lithium ions into 

the van der Waal gaps of host lattice reaching above saturation limit compelling Mo atoms to 

rearrange itself from trigonal prismatic in 2H phase to octahedral in 1T phase and this phase change 

is generally observed at ~ 1.1V vs Li/Li+ [42, 49, 50]. This phase change effect might be attributed 

to the glide process between Mo and S atoms as previously reported for graphitic carbon by Dahn 

et al. [51] or the formation of dislocation due to lattice strain in the basal plane may form diffusion 

path for lithium ions to diffuse more and fills the active sites into the host material as reported by 

Chrissafis et al. [52]. There are several advanced characterization tools used to investigate the 

phase transition from 2H to 1T metallic including XRD studies suggesting the expansion of c and 

a- axis as performed by Whittingham et al. [43] and nuclear magnetic resonance indicating the 

ionicity of lithium in the host and its lattice strain exerted during lithiation/delithiation [44]. 

Secondly, we will consider the lithiation/delithiation mechanism from the voltage range of 

1.1 to 0V. The LixMoS2 formed in the above voltage range (3- 1.1V) is thermodynamic unstable 

and undergoes a series of disproportionation reaction to form Li2S and Mo nanoparticles as shown 

below: 
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LixMoS2 + (4-x)Li+ + (4-x)e- -----> Mo + 2Li2S (~ 0.6V vs. Li/Li+)  (6) 

The full discharge capacity of reaction (5) and (6) is 669 mAh/g. The Li2S formed during 

the discharge reaction decomposes to sulfur and lithium during delithiation as described by 

equation (7) 

S + 2Li+ +2e- -----> Li2S (~ 2.3 V vs. Li/Li+)    (7) 

The voltage of reaction (5) and (6) varies significantly depending on the structural 

properties of MoS2 and conductive carbon [71]. There are five reasons which need to be considered 

for interpreting the cathodic and anodic peaks (also discharge/charge voltage profile) which are 

mentioned below: 

(a) Nanostrcutured MoS2 is different from bulk MoS2 with large interlayer spacing, high 

surface to volume ratio, and with different defects. Large inter-planar spacing increases the volume 

related to lattice expansion in nanostructured MoS2 which improves the diffusion kinetics during 

lithiation and better active material utilization enhancing the electrochemical performance in terms 

of charge storage capacity [42, 53, 54]. The increased surface area has the effect throughout the 

cycle life of the electrode, but this effect becomes irrelevant when irreversibly MoS2 decomposes 

to Mo and Li2S during lithiation [42]. It has also been observed that dangling bonds present on the 

surface of MoS2 acts as adsorption site for lithium ions and the point defects such as vacancies in 

the sulfur basal plane also may serve as nucleation sites to create lithium superlattice [50]. 

(b) Carbon used as a conducting network to accommodate MoS2 is also electrochemically 

active in the voltage range of 0-3 V towards lithium and contributes significant amount of specific 

capacity towards nanocomposites [55]. 

(c) The formation of SEI layer due to nanoscale materials also contribute to the voltage 

profile and such additional capacity contribution from SEI can be detrimental in terms of poor 

coulombic efficiency of the cell [56]. 
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(d) The involvement of intermediate polysulfides due to formation of sulfur during 

lithiation. The exact chemical nature of these species is still under investigation and needs further 

studies especially for Li/MoS2 system [57]. 

(e) Formation of Mo nanoparticles after full discharge have dangling bonds that may trap 

polysulfides and also acts as an adsorption sites for lithium ions [58].   

As discussed the reaction in this voltage range (3 - 1.1 V) is fully reversible and we will 

discussed lithiation/delithiation mechanism as provided by various researcher using cyclic 

voltammetry (CV). The cyclic voltammetry (CV) of commercial MoS2 powder is shown in Figure 

3-8 (a) within the voltage range of 0.75 to 3.0V at a scan rate of 0.05 mV/s. During first discharge 

at a voltage of 0.8V LixMoS2 partially decomposes to Li2S and Mo metal. While the anodic peaks 

at ~ 2.0 (double centered) and ~ 2.5 V corresponds to delithiation of remaining LixMoS2 and 

formation of sulfur. Subsequently, the cathodic peak at ~ 1.0V got weaker and double centered 

anodic peak becomes single peak. From 3rd cycle there are additionally two cathodic peaks at 1.75 

and 2.3 V, attributing to the reduction of long chain polysulfides [59]. Basically, after first cycle 

of discharging/charging the redox reaction are very similar to that of Li-S batteries as presented in 

Figure 3-8 (b) [60]. Figure 3-8 (c) illustrates the cyclic voltammetry of MoS2-amorphous carbon 

hybrid nanocomposite at a scan rate of 0.2 mV/s. During first cycle, the two cathodic at ~1.0 and 

0.4 V attributes to the formation of LixMoS2 with conversion of 2H to 1T phase and conversion of 

thermodynamically unstable MoS2 to Li2S and Mo (reaction 6), while the anodic peak at ~ 1.7 

(shallow peak) and 2.4 V corresponds to delithiation of residual LixMoS2 and conversion of Li2S 

to sulfur. Subsequently, from the 2nd cycle the cathodic peaks from 1st cycle disappears indicating 

irreversibility of the electrochemical reaction. Instead, the prominent cathodic peak is observed at 

~ 2.0V implying the formation of Li2S which is known in Li-S systems and similar anodic peak at 

~ 2.4V is observed [55]. 
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Figure 3-8. Cyclic voltammetry of (a) Commercial MoS2 powder in the voltage range of 0.75 to 
3.0V (scan rate of 0.05 mV/s) [59]. (b) Sulfur copolymer at a scan rate of 20 µV/s [60] (c) MoS2-
amorphous carbon hybrid composite at a scan rate of 0.2 mV/s [55]. 
 
3.3.3 Introduction to Li-Ion Capacitor (LIC) 

LIC is one of the promising electrochemical energy storage devices that bridges the gap 

between Li-ion batteries (LIBs) and supercapacitor (Figure 3-9) to power the future electric 

vehicles. LIC adopts dual charge transfer characteristics involving faradic and non-faradic process 

to obtain high energy density compared to supercapacitors and high power density than that of 

LIBs without compensation in the cycling stability of the device. Therefore, carbon based materials 

such as activated carbon, graphene, and different morphological forms of carbon (foams and 

fibers) are favored as a negative electrode due to high specific surface area and chemical stability 

in many solvents. On the other hand, Li-insertion type of compound is used as an anode material 

[61]. 

For the selection of anode and cathode to operate in high voltage window considering the 

organic solvent, the following points should be considered. 

(a) When Al foil is used as a current collector, the operating voltage window should be 

greater than 0.5V, as LixAl is formed be below 0.5V. 

(b) Conventional carbonate (EC, PC, DEC, and DMC) safely works in the voltage window 

of 1-4.5V. Going beyond and above this voltage range might lead to severe decomposition of the 
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electrolytic solution and this might lead to formation of solid electrolyte interface (SEI) layer 

which restricts the efficient migration of Li+ ions. 

 
Figure 3-9. Ragone plot shows the classification of electrochemical energy storage devices [61]. 
 

 (c) The stability of electrodes at high current rates is an important parameter to be 

considered while selecting the anode/cathode material. For example, if the anode exhibits lower 

operating potential then there is likely chance for the lithium reduction and during cycling may 

lead to the formation of dendrite. 

(d) The design of nanostructured material for cathode/anode is favorable for efficient 

charge transfer and offers high surface to volume ratio. 

(e) In LIC, the anions (PF6
-) and cations (Li+) moves in the opposite end, which reduces 

the concentration gradient and have a positive impact on the performance of the device at high 

current rates. This also attributes to the fact that the choice of salt is also important [61]. 

3.4 Conclusion 

TMDs especially MoS2 have received significant research attention in last decade due to 

its unique physical and chemical properties. This chapter covers detailed analysis of structural 

properties of MoS2 along with their synthesis, characterization, and their applications in 
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electrochemical energy storage devices including anode material for Li-ion batteries, 

supercapacitor electrode, and electrocatalyst for HER. 

MoS2 seems to be potential candidate as a supercapacitor electrode as it offers high surface 

area for double layer charge storage and stacked layered structure of MoS2 allowing efficient 

intercalation of H+/Li+ ions with S-Mo-S for pseudocapacitive charge storage. Very few studies 

have been carried out considering scalable and high quality MoS2 fabricated by simple and facile 

for supercapacitor. Recent literature have shown excellent electrochemical performance of MoS2 

as a supercapacitor electrode both in three and two electrode system. However, it is critical 

challenge to synthesis high quality, scalable, and stable MoS2 on different substrate including 

conducting and flexible substrate for practical applications.  

Considering MoS2 as an anode material (theoretical capacity = 670 mAh/g), it offers almost 

two times theoretical specific capacity to that of graphite (~372 mAh/g) and possess low 

volumetric expansion compared to other anodes. Therefore, MoS2 needs to be accommodated by 

conducting carbon network due to its low conductivity The lithiation/delithiation mechanism of 

MoS2 is different in 1st cycle and eventually replicates to that of Li-S system. Most of the promising 

electrochemical results based on MoS2 and their composites are evaluated as half-cell vs. Li/Li+ 

and therefore now it is important to investigate MoS2 (anode material) with cathode in full cell to 

consider it for practical applications.   
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CHAPTER 4 

EXPERIMENTAL PROCESSING AND CHARACTERIZATION METHODS 

4.1 Introduction 

This chapter discusses the fabrication and characterization methods for materials used in 

electrochemical energy storage devices including Li-ion and Li-S batteries, and supercapacitors 

along with investigating electrocatalyst for HER applications. 

4.2 Fabrication of Three-Dimensional Carbon Nanotubes (3DCNTs) 

4.2.1 Deposition of Thin Ni and Ti Film by Sputtering on Copper Mesh 

Sputtering is one of the physical vapor deposition technique which involves momentum 

transfer where atoms from the cathode (target material) are directed towards the substrate (anode) 

by bombardment of ions as schematically explained in 4-1 (b). Sputtering generally operates by 

two means namely: dc (diode and triode) and ac (radio frequency), which again classifies into two 

configuration magnetron dc and ac. 

In dc sputtering, the electrons ejected from the cathode due to application of high voltage 

are accelerated away from the electrode and may not be efficiently used for sustaining the charge. 

Therefore, in order to circumvent this effect it is very necessary to create a magnetic field with the 

use of magnets, which can efficiently spiral the electrons in a closed path between the target and 

substrate. The plasma can be established uniformly over a long range and can be useful for 

fabricating large-scale contiguous thin film. To avoid chemical reaction between the target and 

substrate, Ar inert sputtering gas is used. But, in some applications to fabricate oxides and nitrides 

reactive gas is generally mixed with Ar to form desired chemical compound [1-3]. 

While, in ac sputtering the radio frequency is applied to change the polarity in order to 

sustain plasma for insulating materials. There are variety of materials that can be sputtered such as 
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oxides, nitrides, and sulfides. The major advantage of sputtering is that the deposited films have 

the same composition as that of target source. 

3D copper mesh were used as a substrate (200 mesh Copper, TWP, Inc., Berkeley, CA, 

USA) schematically shown in Figure 4-1(a) along with SEM image) to grow Ti and Ni film by dc 

magnetron sputtering. 3D geometry increases the surface area of CNTs and accommodates for Li+ 

compared to 2D architecture. For the growth of 3DCNTs, Ni acts as a catalytic layer and Ti as a 

buffer layer to prevent the formation of a Cu-Ni solid solution. The vacuum in the main chamber 

is order of 10-7 Torr with both Ti and Ni target as a cathode and substrate acting as an anode 

material (Figure 4-1(b)). The concentration of Ar gas during sputtering process is ~10 SCCM 

(standard cubic centimeters per minute) at a power of 75 W with a pressure of 5 m Torr. The 

thickness of Ti and Ni are ~ 10 and 2.5-10 nm, respectively [4]. 

 
Figure 4-1. (a) SEM image (top) and schematic representation of 3D copper mesh (bottom). (b) 
Illustrative diagram of dc magnetron sputtering with Ti and Ni target as cathode. (c) SEM 
morphology of Ni catalyst on Cu/Ti/Ni [4]. 
 
4.2.2 Fabrication of 3DCNTs by Chemical Vapor Deposition (CVD) 

CVD process involves the transportation of chemical precursor reagents (generally 

volatile) in the main reaction chamber where they thermally decompose to yield the final desired 

product. It involves few steps including: (a) transport of the chemical reagents and diffusion of 

gaseous species through the boundary layer to the reaction zone, (b) adsorption and surface 
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diffusion of the precursor to the growth site, (c) Surface chemical reaction with the formation of 

thin film and by-products, and (d) Desorption of by-products and removal of these products out of 

the reactor. 

The CVD (First Nano, a division of CVD corporation) schematic diagram is shown in 

Figure 4-2(a) for 3DCNTs growth. The proposed mechanistic model for the growth of carbon 

nanotube as demonstrated by Baker et al. [5] assumes the following steps: (a) The controlled 

spherical morphology of Ni catalyst begins to agglomerate separately to form Ni islands due to 

thermal diffusion at ~700°C; (b) Ethylene as carbon precursor is flown into the reaction chamber, 

which decomposes to form carbon atoms and diffuses into Ni islands from their surface to core; 

and finally (c) carbon dissolved into Ni islands till its optimum solubility is reached and 

precipitates below the end of Ni islands and favors the growth of CNTs. The SEM image (Figure 

4-2(b)) shows highly dense and randomly oriented CNTs, with a low order graphitization structure 

as revealed by TEM in Figure 4-2(c). The dimension (length and diameter) and high quality CNTs 

largely depends on the process parameters (concentration of precursor, temperature, and time) 

along with the morphology and thickness of the Ni catalyst. It is very important to optimize the 

growth of CNTs to obtain desired morphology. 

 
Figure 4-2. (a) Schematic illustration of a CVD process with Ethylene and hydrogen gas as a 
chemical reagents for 3D CNTs growth. (b) SEM images (scale 100 µm) showing highly dense 
CNTs grown on Cu mesh. (c) Corresponding HRTEM image of single nanotube with low graphitic 
structure [4].  
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4.2.3 Fabrication of Free Standing 3DCNTs 

The as-synthesized 3D CNTs on copper mesh (Figure 4-3(a)) were chemical etched by 

FeCl3 solution (Transene Company, Inc) to remove copper mesh, Ti and Ni as shown in Figure 4-

3(b). After chemical etching, the free standing 3DCNTs is washed repeatedly by de-ionized water 

to remove any left-over residue. Finally, 3DCNTs is vacuum dried for ~12 hours at 80°C and 

subsequently used for fabricating electrodes for Li-based batteries. 

 
Figure 4-3. Schematic diagram illustrating the fabrication process for synthesizing free standing 
CNTs: (a) CNTs grown on 3D copper mesh by CVD. (b) Chemical etching of all metallic elements 
(copper, Ni, and Ti) by FeCl3 solution. (c) Free standing CNTs after chemical etching process [6]. 
 
4.3 Fabrication of Molybdenum Disulfide (MoS2) 

MoS2 was grown by radio frequency (RF) magnetron sputtering on different substrate 

including two dimensional copper foils and 3D carbon nanotubes (CNTs). For depositing onto 

copper foils, first the Cu foils were cleaned by acetic acid, acetone, isopropyl alcohol, and finally 

by deionized water followed by nitrogen gas drying. The base pressure in the main chamber was 

~ 10-6 Torr and during deposition the pressure was reduced to 10 mTorr in an inert Ar gas 

environment. The temperature of the substrate was kept at 300-350°C with a RF power of 60W. 

4.4 Structural Characterization 

The as fabricated novel materials were characterized from micro to nanoscale by various 

structural characterization techniques including scanning electron microscopy (SEM), energy 

dispersive X-ray analysis (EDAX), transmission electron microscopy (TEM), X-ray diffraction 
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(XRD), Raman spectroscopy, X-ray photo electron spectroscopy (XPS), thermogravimetric 

analysis (TGA), atomic force microscopy (AFM), and BET surface measurements. 

4.4.1 Scanning Electron Microscopy (SEM) 

SEM works on the principle of scanning sample by highly focused beam of high energy 

electrons, generating a variety of signals at the surface. These signals revealed from sample-

electron interaction contains huge amount of information including morphology, chemical 

composition as determined by the use of energy dispersive detector (EDS), crystallinity and 

orientation of the sample. The microstructure of as fabricated CNTs and MoS2 samples were 

characterized by both type of SEM available at UNT including FEI Quanta 200 Environmental 

SEM and FEI nova NanoSEM 230 FEG-SEM equipped with field emission gun. 

4.4.2 Transmission Electron Microscopy (TEM) 

TEM experiment was carried out using a TECHNAI F20 S-twin (FEI co, Netherland) with 

an EDS operating at an accelerating voltage of 120kV. The cross-sectional images of MoS2 sample 

were taken out by lifting out with a Quanta 3D dual-focused ion beam (FIB) on the Mo half grid 

for elemental analysis.  

4.4.3 X-Ray Diffraction (XRD)  

XRD works on the principle of Bragg’s law nλ = 2d sinθ, where n is integer indicating 

order of reflection, λ is wavelength of the incident X-ray beam, d is interplanar spacing of the 

diffracting planes in a crystal, and θ is the incident angle of the X-rays beams. In XRD, n is 

generally one implying that first order reflection has the strongest diffraction and accordingly 

equation modifies to λ = 2d sinθ. XRD studies were carried out by Rigaku Ultima III diffractometer 

with a CuKα radiation (1.54Å) in θ-2θ geometry. XRD was operated at 40kV and 44mA with a 
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step ranging from 0.01-0.005 according to setting of scan speed (1-5° min). The 2θ range varies 

according to chosen sample but generally lies in the range of 10-70°. 

4.4.4 Raman Spectroscopy 

It is a technique that operates on the principle of using monochromatic light source exposed 

on the sample and detects scattered light. Most of the scattered light is of the same frequency as 

that of the excitation source and only small amount of the scattered light deviates due to interaction 

between incident waves and vibrational energy levels of the sample molecules. It provides 

information about molecular vibration for the sample identification. Raman spectra of all the 

sample were characterized by Thermo Nicolet Almega XR Raman sprectometer with laser green 

light having wavelength of 532 nm [7]. 

4.4.5 X-Ray Photoelectron Spectroscopy (XPS) 

XPS is surface sensitive technique applicable to broad range of materials such as structural, 

functional and microelectronics materials, providing quantitative analysis of the sample tested 

including elemental composition, chemical and electronic state of the elements present, and depth 

profiling. The average depth analysis of XPS measurement is ~5nm. XPS is accomplished by 

exposing the sample with mono-chromatic Al Kα which emits photoelectrons from the sample 

surface. The electron detector measures the binding energy of the emitted photoelectrons which 

quantifies and identifies all surface elements except hydrogen [8]. 

XPS measurements were performed in ultrahigh vacuum of 3.2 * 10-9 torr (base pressure), 

PHI5000 Versa Microprobe scanning XPS (smartsoff-VP). The samples were irradiate with an Al-

Kα monochromatic source of 1486.6 eV at 32.4 W and a beam diameter of 200 µm. Analysis was 

made before and after sputter (sputtered rate = 4 KeV, 4 µA, 3*3; ~105Å/min). The charging at 

the surface was compensated with neutralizer (1.5 V, 20 µA). The binding energy of adventitious 



66 

carbon showed a primary peak at 284.8eV corresponding to sp2 carbon and was taken as reference 

to measure other peaks. The survey spectrum was taken at a low resolution over a wide energy 

range from 0-1100 eV with an increment of 0.5 eV and a pass energy of 58.70 eV. The high 

resolution elemental spectra were then acquired with an incremental step of 0.05 eV at a pass 

energy of 11.75 eV. The elemental analysis was performed by PHI MULTIPAK software.  

4.4.6 Atomic Force Microscopy (AFM) 

AFM belongs to one of the category of scanning probe microscopes (SPM), which are 

designed to evaluate local properties of the sample surface such as thickness, friction, and 

magnetism. AFM measures the deflection force after interaction between the sample and tip. Both 

horizontal and vertical deflections of the cantilever are measured by AFM. The lateral resolution 

is order of ~30 nm, while the vertical resolution can be up to 0.1nm. The surface morphology and 

thickness of the sample was measured using parks NX-10 atomic force microscope (AFM) [9].  

4.4.7 Thermogravimetric Analysis (TGA) 

TGA is thermal analysis method which measures changes in the physical and chemical 

properties of the material as a function of temperature at constant time or function of time at 

constant temperature. TGA measurements was carried out by thermal analyzer (PERKIN ELMER-

Thermal analysis controller TAC 7/DX) at a heating rate of 20°C/min in the temperature range of 

50-500°C for CNT/S composite and 50-800°C for only pure CNTs [10]. 

4.4.8 BET Surface Measurements 

It helps in measuring the surface area of materials considering the physical adsorption of 

gas molecules (N2) onto solid surface. The surface area and pore volume was determined by 

Brunauer-Emmet-Teller (BET) and Brunauer-Joyner-Halenda (BJH) model, respectively.  
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4.5 Electrochemical Characterization 

The as synthesized material is assembled either in two (Figure 4-4(a)) or three electrode 

(Figure 4-4(a)) system. The two electrode system evaluates the performance of both cathode/anode 

in the whole system. In our case for half-cell 3D CNTs/MoS2 is used as working electrode and Li 

serve as reference/counter electrode, while in full cell sulfur based cathodes acts as working 

electrode and pure Li serve as reference/counter electrode. The two electrodes are separated by a 

separator soaked electrolyte. The three electrode system consists of working, reference, and 

counter electrode. It only measures the performance of working electrode. The voltage is measured 

between working and reference electrode, while the current is measured between working and 

counter electrode. Three electrode system has more advantage compared to two electrode 

configuration, as there is less voltage drop in case of three electrode system. 

The coin cell is assembled in glove box (Figure 4-4 (c)), where the H2O and O2 is kept less 

than 0.5 ppm. The coin cell are washed with ethanol, acetone, and deionized water with drying at 

80°C for few hours, before inserting into glove box. All organic electrolytes are prepared within 

the glove box as they are highly volatile and reactive in air environment. The coin cell is tested by 

both Maccor battery tester and Gamry potentiostat to evaluate the electrochemical performance of 

the cell. The three electrode system measures the performance of working electrode by Gamry 

Potentiostat, where counter electrode serve as platinum mesh and reference electrode as 

Silver/Silver Chloride Ag/AgCl or Mercury/ Mercurous Sulfate Hg/HgSO4. Cyclic Voltammetry, 

Galvanostatic charge/discharge profile (considering both positive and negative voltage), and 

Electrochemical impedance spectroscopy (EIS) are performed by Gamry potentiostat (Reference 

3000). The cycling performance and charge/discharge profile are measured by Maccor battery 

tester. 
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Figure 4-4. (a) Coin-cell two electrode configuration consisting of active (anode, cathode, and 
separator soaked electrolyte) and non-active (Casing top and bottom, gasket, wave spring, and 
spacer disk components of the cell. (b) Three-electrode system with working, counter, and 
reference electrode. (c) Digital image of Glove box (top) maintaining H2O and O2 less than 0.5 
ppm along with cell components (bottom). (d) Maccor battery tester and Gamry potentiostat. 
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CHAPTER 5 

HIGH PERFORMANCE RECHARGEABLE Li-S BATTERIES USING BINDER-FREE 

LARGE SULFUR-LOADED THREE- DIMENSIONAL CARBON NANOTUBES* 

5.1 Abstract 

The increasing demand for clean and efficient energy storage in portable electronics, 

electric vehicles, and smart energy grid has spurred attention to develop advanced battery systems. 

Complementing the high theoretical specific capacity of sulfur cathode (~1672mAh/g), 

environmentally benign, and low-cost, Li-S batteries can meet the myriad needs of inexpensive 

and high energy density energy storage. However, the intrinsic drawbacks of poor cycle life and 

low charge efficiency in conventional Li-S batteries hinder the advancement of this alluring 

technology. Here, we propose a novel and facile synthesis of binder-free three-dimensional carbon 

nanotubes (3D CNTs)/sulfur (S) hybrid composite as an electrode material, where 3D CNTs 

provide a high conduction path and short diffusion length for Li-ions, while confining soluble 

poly-sulfides within the structure for high cycling performance. The unique binder free cathode 

design results in one of the highest sulfur loading of 8.33mg/cm2 (~55wt% S in the cathode 

electrode) with excellent areal and specific capacity of 8.89mAh/cm2 and 1068mAh/g at 0.1C rate 

(~1.4mA/cm2) offering coulombic efficiency of greater than 95% for 150 cycles. The novel cell 

exhibits maximum specific energy of ~1233Wh/kg with a specific power of ~476W/kg, with 

respect to the mass of the cathode. 

5.2 Introduction 

Modern society needs advanced electrical energy storage devices that are sustainable, 

                                                 
*The entire chapter is reproduced with permission from Elsevier. Patel, M. D., Cha, E., Kang, C., Gwalani, B., & 
Choi, W. (2017). High performance rechargeable Li-S batteries using binder-free large sulfur-loaded three-
dimensional carbon nanotubes. Carbon, 118, 120-126. 
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economical, and environmentally benign. Rechargeable lithium-based batteries exemplify state-

of-the-art technology that offers high energy density to power electronic devices, electric vehicles, 

and store electrical energy from intermittent renewable sources of energy such as solar and wind. 

However, current Li-ion batteries lack energy storage capacity for longer cycle life with low-cost 

cathode material [1-5]. Lithium sulfur (Li-S) batteries have been some of the most appealing next 

generation rechargeable batteries because of unique physical and electrochemical properties [6], 

which include low cost ($0.02 per gram) [7], naturally abundant, non-toxic, environmentally 

benign [8], and low density (~2g/cm3) [9] of sulfur cathode. Theoretically, sulfur can deliver a 

high specific capacity of ~1672mAh/g and an energy density of ~2600Wh/kg in Li-S batteries 

compared with conventional Li-ion batteries (~600Wh/kg) [10]. 

Despite numerous advantages in Li-S batteries, certain critical issues prevent their widespread 

applications. The major drawbacks include (a) Low electrical conductivity of sulfur (5 x 10-30 S/m) 

limiting the proper use of active material and rate capability [11,12]; (b) formation and dissolution 

of intermediate non-conductive reduction products (lithium polysulfides-Li2Sx, 2<x<8) electrically 

isolates the active material during cycling [13]; (c) polysulfides (Li2Sn) shuttling between anode 

and cathode (“polysulfide shuttle” effect), limiting the active participation of sulfur and ultimately 

leading to cell failure [14]; and (d) volumetric expansion of the sulfur cathode which is 

approximately 80% upon Li in-take [9].  

To resolve the issues mentioned above, various carbon nanomaterials have attracted great 

attention because of their high conductivity and structural flexibility. Recent reports presented 

improved electrochemical performance by using micro/meso/macroporous carbon [15-17], hollow 

carbon [18], carbon nanotubes/nanofibers [19-23], and graphene/graphene oxide [24,25] as a 

conducting framework to improve electrical conductivity of the cathode and confining soluble 

polysulfides within the structure. Despite several strategies to enhance electrochemical 
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performance, most of the previous studies have considered the loading amount of S within the 

cathode to be < 2mg/cm2, resulting in areal capacity much less than 4mAh/cm2, which is still far 

from its use as a cathode material in practical batteries [26].  

In recent times, many research efforts have focused on increasing the sulfur loading amount 

and entrapping polysulfides within the cathode structure. For instance, a unique layer-by-layer 

design examination entailed sulfur powder (11.4mg/cm2) being coated onto nanofibers layers (six) 

and resulted in a specific and areal capacity of ~600mAh/g and ~7mAh/cm2 at 0.2C rate 

(3.84mA/cm2) [27]. Graphene foam was used as a conductive scaffold to increase the sulfur 

loading amount from 3.3-10.1 mg/cm2, thus offering high areal and specific capacity of ~13.4 

mAh/cm2 and 450mAh/g [28]. Furthermore, hollow carbon fiber foam (HCFF) served as a 3D 

current collector to accommodate multiwall carbon nanotubes (CNTs) sulfur composites with 

ultra-high loading amounts of sulfur, thereby achieving high areal and specific capacities of 12 

mAh/cm2 and ~700mAh/g, respectively with current density of 3.55 mA/cm2 at loading amount 

of 21.2 mg/cm2 [29]. However, fabrication methods for the above cathodes are complicated and 

involves mixing binder (PVDF), carbon black (super P), and solvent with sulfur; increasing the 

overall weight of the cathode material and lowers the weight percentage of sulfur (active material) 

in the whole electrode. Consider the specific energy of the cell  

    Eg (Wh/kg), = V.mA.C/∑Wi    (1) 

where, V=average cell operating potential, mA = active material loading (g/cm2), C = active 

material capacity (mAh/g), and Wi = Weight of individual cell components (g/cm2) [30]. To 

increase the practical specific energy of Li-S systems and substitute with the currently available 

Li-ion batteries, the system require higher loading amount (mA) of active material (i.e., sulfur), 

and less weight of the cathode material (if the weight of other components remains the same). Such 
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design is important because the voltage of Li-S systems (~2.1V) is much lower compared to Li-

ion batteries (generally> 3V). 

Here we fabricated binder-free three-dimensional carbon nanotubes 3D CNTs/sulfur 

composite through a simple, cost-effective, and facile approach, where 3D CNTs was used as a 

current collector and conductive scaffold contains higher loading amounts of sulfur, ranging up to 

8.33 mg/cm2 (~55wt% of Sulfur in cathode). The structure of 3D interconnected nanotubes 

provides efficient electron and ion channels for effective sulfur utilization, as the loading amount 

is increased. In addition, 3D CNTs demonstrate sufficient surface area for electrolyte absorbability 

to entrap polysulfides for high cycling stability. Consequently, the binder-free 3D CNT/S cathode 

shows areal and specific capacity of ~8.8mAh/cm2 and 1068mAh/g for a sulfur loading amount of 

8.33mg/cm2 at a current density of 1.4mA/cm2 (0.1C rate) and the best electrochemical 

performance for one of the highest loaded sulfur cathode structure. 

5.3 Experimental Design 

5.3.1 Fabrication of 3D CNTs/S Cathode 

Cathode fabrication involves carbon nanotube growth on micro-channeled Cu mesh 

(dimension of 50µm thickness and 65µm hole size, TMP Inc.). Deposition for Ni catalysts and 

barrier layer of Ti was carried out by DC magnetron sputtering (Denton Vacuum) at room 

temperature with a deposition pressure of ~10mTorr under Ar plasma. CNTs were grown on Cu 

mesh by chemical vapor deposition (Firstnano CVD Inc.) under the stoichiometric gas mixture of 

1:2 volume ratio of H2:C2H4 for 30 min. in the temperature range 650-700°C. The areal density of 

3D CNTs used in this study were in the range of 5.5-7.5 mg/cm2 after etching Cu, Ti, and Ni using 

FeCl3, thoroughly washed with deionized water, and dried in vacuum oven at 80°C for 4 hr. The 

sulfur particles (99.9%, Sigma Aldrich Inc.) were uniformly coated on 3D CNTs following sulfur 
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impregnation at 155° C and vacuum drying at 60° C for 12 hours. Final sulfur content amounts in 

the 3D CNTs/S electrodes were 25, 37, 42, and 55wt% for 1.8, 3.7, 4.9, and 8.3 mg/cm2 of sulfur, 

respectively. 

5.3.2 Material Characterization 

Morphology of the 3D CNTs/S cathode was characterized using an FEI Nova-NanoSEM 

230™ scanning electron microscope (SEM). The SEM was fitted with an energy dispersive X-ray 

(EDS) detector (EDAX, Model: Apollo X), a pure Ni standard was used to calibrate it, and 

EDAX’s Genesis Spectrum version 6.0 software was used to process raw data. Raman 

spectroscope (Almega spectrometer) with a green laser light (λ = 514nm) was used for Raman 

measurements. X-ray diffraction (XRD) patterns (Rigaku III Ultima) were recorded at a scan rate 

of 1°/min using step size of 0.05° within 2θ range of 10-70° using CuKα radiation (1.54Å) 

throughout θ-2θ mode. Thermogravimetric analysis was performed by using thermal analyzer 

(PERKIN ELMER-Thermal Analysis Controller TAC 7/DX) with a heating rate of 20°C/min from 

50°C to 500°C for 3D CNTs/S and 50°C to 800°C for 3D CNTs in air environment. X-ray 

photoelectron spectroscopy (XPS) data were collected using PHI5000 Versa probe scanning XPS. 

The sample was sputtered (1kV, 0.5µA, 4µm x 4µm) for 21 minutes to study depth profile. 

5.3.3 Electrochemical Characterization 

Electrochemical performance of 3DCNTs/S cathode material was evaluated by a multi-

channel battery testing unit (MACCOR-series 4000) in a coin cell with lithium (anode material) 

serving as a counter/reference electrode. The coin cells (CR 2032, Welcos Ltd.) were fabricated 

inside an Ar-filled glove box (MBraun, Inc. Germany) constantly maintaining humidity (H2O) and 

oxygen (O2) concentration below 0.5ppm. The size of the cathode material was 1 cm x 1cm (1cm2) 

with a square geometry. The electrolyte was prepared by dissolving lithium bis-
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trifluoromethanesulphonylimide (LITFSI, 99% Sigma Aldrich, 1M) and lithium nitrate (LiNO3, 

99.99%, Sigma Aldrich, 0.25M) salt in the organic solvent of 1,2-dimethoxyethane (DME, 99.5%, 

Sigma Aldrich), and 1,3-dioxolane (DOL, 99%, sigma Aldrich) with 1:1 volumetric ratio.  To 

isolate two electrically conducting electrodes (cathode and anode), a typical polypropylene (PP) 

(2400, Welcose Ltd.) was used as a separator. The electrolyte amount added to the coin cell was 

optimized to 60µL. Galvanostatic charge-discharge tests were carried out at room temperature 

within a voltage range of 1.5-3.0V. The C-rate was calculated based on the theoretical specific 

capacity of sulfur ((Qs= 2 x 9.65 x 104 / (3.6 x 32.065)) ≈ 1672mAh/g). Cyclic voltammetry and 

electrochemical impedance spectroscopy (EIS) measurements were performed in the frequency 

range of 106-0.01Hz with an AC perturbation of 5mV by Gamry Potentiostat (reference 3000). 

The equivalent circuit model was fitted using Echem Analyst software. Energy and power density 

were calculated by using the equation:  

E (Wh/kg) = Specific capacity of the cathode * average value of lower plateau (2.1)  (2) 

P (W/kg) = Energy density * C-rate        (3) 

5.4 Results and Discussion 

5.4.1 Fabrication and Structural Characterization of 3DCNTs/S 

Figure 5-1(a) shows the schematic of free standing 3D CNTs with a low magnification 

SEM image (left side). The sulfur particles are mechanically pressed (Figure 5-1(b)) at 155°C and 

uniformly distributed (Figure 5-1(c)), facilitates confinement of sulfur melt into the 3D CNTs 

structure by capillary action and low surface tension [20]. The interconnected carbon nanotubes 

(Figure 5-1(d)) provide large surface area (>100 m2/g) and narrow pore size distribution (2-20nm) 

as characterized in our previous reports [31, 32]. The average diameter of these CNTs is in the 

range of 100-150nm. Figure 5-1(e, f) shows an SEM image and EDX spectrum of an as-fabricated 

3DCNTs/S cathode along with EDS mapping, which suggest the uniform distribution of sulfur 
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within the conductive network of 3D CNTs. To further support these results, XRD characterization 

(Rigaku III Ultima) was performed in the range of 10-70° at a scan rate of 1°/min. The XRD 

patterns of binder-free 3D CNT/S (top) were compared with 3D CNTs (middle) and standard 

elemental sulfur (Figure 5-2(a)). 

Figure 5-1. Fabrication of binder-free 3D CNTs/S cathode structure: (a) Free-standing 3D CNTs 
with low magnification SEM image. (b) Uniform coating of sulfur onto 3D CNTs with mechanically 
pressing at ~ 155°C. (c) Schematic illustration showing distribution of sulfur into 3DCNTs. (d) 
Cross-sectional SEM image of highly dense 3D CNTs. (e) SEM image of as-synthesized binder-
free 3DCNTs/S along with carbon and sulfur EDS mapping. (f) EDX spectrum of the SEM image 
shown in Figure (e). 
 

Generally, all peak positions of 3D CNTs/S correspond to the standard orthorhombic 

crystal structure of sulfur with the space group Fddd (70) (JCPDS No. 008-0247). The XRD pattern 

(middle) of 3D CNTs in Figure 5-2(a) shows two prominent peaks related to graphitic hexagonal 

carbon at (002) and (101) with 2θ at 26.05 and 44.35°, respectively. Raman spectroscopy of 3D 

CNTs as shown in Figure 5-2(b) shows ID (intensity related to defects)/IG (intensity related to in-

plane vibration) ratio to be greater than 1, which implies that it is highly defective graphite 

structure, consistent with the broad peak (Figure 5-2(a)-middle) observed at 2θ = 26.05°. It is noted 

here that a disordered structure with a low degree of graphitization is more appealing for efficient 
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Li intercalation/deintercalation compared to highly crystalline graphite [33,34]. 

Thermogravimetric analysis (TGA) for 3DCNTs loaded with 25wt% of sulfur clearly illustrates 

the volatilization of sulfur in the temperature range of 150-300°C (Figure 5-2(c)), and confirms 

the loading amount of sulfur in 3D CNTs/S cathode structure is 25wt%. Additionally, TGA curves 

for 3D CNTs and as-fabricated 3D CNTs/S are shown in Figure 5S-1 (a, b) (Supporting 

Information). The weight percentage of removed sulfur are ~25, 37, 42, and 55 wt%, which can 

be easily calculated from Figure 5S-1 (b) (Supporting Information). To further confirm the amount 

of sulfur loading into 3D CNTs, XPS analysis was performed. The XPS spectra of 3D CNTs/S 

cathode before and after sputtering is represented in Figure 5S-2. The prominent peak at 284.4 eV 

is assigned to the sp2 carbon (C=C) of 3D CNTs (Figure 5S-2(a)-Supporting Information). The 

strong peaks observed at 163.9 and 165eV in Figure 5S-2(b) attributes to S 2p3/2 and 2p1/2 doublet 

with an energy separation of 1.2eV, which is very similar to reported literature [15]. The standard 

O 1s peak is also observed at 532 eV as shown in Figure 5S-2(c). Depth profile for all three 

elements were evaluated as a function of atomic concentration (%) (Figure 5S-2(d)), which clearly 

suggest that sulfur atomic percentage increases with the sputter time; whereas, C and O both 

decreases. The final atomic percentage of carbon, sulfur, and oxygen are 67.5, 31.7, and 0.8 %, 

respectively which is equivalent to ~55wt.% S and ~45wt.% C. 



78 

 
Figure 5-2. Structural characterization of binder-free 3DCNTs/S composite: (a) Comparison of 
XRD patterns for standard sulfur and as-grown 3D CNTs with 3DCNTs/S cathode. (b) Raman 
spectroscopy of 3DCNTs showing the characteristic D and G-band peaks. (c) Thermogravimetric 
Analysis (TGA) of 3DCNTs/S electrode, confirming the sulfur and 3D CNTs content to be 25 and 
75wt%, respectively. 

 
5.4.2 Li-S Battery Performance of 3D CNTs/S Cathode 

A series of electrochemical performance for Li-S batteries were made to evaluate the 

properties of binder-free 3D CNTs/S cathode structure. The electrochemical kinetic process and 

cyclic stability were first evaluated by cyclic voltammetry in the voltage range of 1.5-3.0V vs. 

Li/Li+ at a low scan rate of 0.05 mV/s as illustrated in Figure 5-3(a). Two reduction peaks at around 

2.3 and 2.0V are typical of Li-S cells with carbon-based cathodes. The location of the first peak at 

2.3V corresponds to the reduction of sulfur to long-chain polysulfides (Li2Sx, 3 ≤ x ≤ 8) and the 

second reduction peak at 2.0V is attributed to conversion of long-chain to short-chain polysulfides 
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(Li2S/Li2S2). Subsequently, in anodic scan the adjacent oxidation peak at 2.4 and 2.42 V 

corresponds to the conversion of lithium sulfides (Li2S/Li2S2) to polysulfides and then to sulfur. 

The shape of the CV curve remains the same even though the sulfur loading amount is increased 

as shown in Figure 5S-3 (a) (Supporting Information), demonstrating steady and reversible 

electrochemical reaction of sulfur by efficient ion/charge accessibility and entrapment of 

polysulfides within 3DCNTs/S cathode structure [29,35,36]. The galvanostatic charge-discharge 

(GCD) profile at 0.2C rate exhibits two plateaus in discharge platform at ~2.3 and ~2.0V, while 

two plateaus are observed at 2.4 and 2.42V in the charge profile, respectively (Figure 5-3(b)). 

These results are in good agreement with cyclic voltammetry curves involving reduction and 

oxidation reactions of carbon-based sulfur cathode in Li-S batteries [27]. Furthermore, the Li-S 

cells deliver excellent discharge capacity of ~3200mAh/g, and an excellent reversible capacity of 

~2200mAh/g much higher than theoretical specific capacity of S, with a coulombic efficiency of 

70% for the first cycle. The GCD profile even after 10 cycles shows a discharge and charge 

capacity of ~1600mAh/g with ~99% coulombic efficiency. Capacity fading from first to second 

cycle is evident from inevitable dissolution of polysulfides into the organic solvents [37,38]. 

Discharge capacity of Li-S system in 1st cycle is higher than the theoretical capacity of sulfur that 

is attributed to entrapment of LiF (formed from the electrolyte) into the 3D CNTs matrix. The 

underlying mechanism for the excess capacity contribution in the first discharge cycle is still under 

investigation [39]. The rate capability performance of these Li-S cells shows excellent 

electrochemical properties (Figure S3 (b), Supporting Information). When the electrode is cycled 

at different rates of 0.5C (~1.55mA/cm2), 1C (~3.10mA/cm2), 2C (~6.21mA/cm2), and 3C 

(~9.3mA/cm2), the cell delivers discharge capacities of 1520, 1145, 822, and 488 mAh/g and 

restores to 1275mAh/g at 0.5C after 25 cycles and 975mAh/g at 1C after a total of 75 cycles. 

Incrementing the loading amount of active material (here sulfur) within the electrode is 
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advantageous in terms of specific energy of the cell as illustrated by equation (1). The cycling 

performance of Li-S cells with increasing sulfur loading amount from 1.86 to 4.9 mg/cm2 was 

evaluated (Figure 3(c)). The specific discharge capacity delivered in first cycle by three different 

cells (cathode electrode with 25, 37, and 42 wt.% S) are ~1520, 1224, and 1058 mAh/g, which are 

90%, 75%, and 66% of theoretical capacity of sulfur (S = 1672mAh/g), respectively. All three 

cells show high capacity retention with specific areal capacities of 2, 3, and 3.5 mAh/cm2 after 50 

cycles as illustrated in Figure 3(d), and implies efficient conversion of sulfur to polysulfides. Also, 

the average coulombic efficiency of all these cells throughout the cycle is greater than 97%, 

demonstrating efficient utilization of sulfur within 3D CNTs/S electrode. Furthermore, 42wt.% S 

loaded cathode structure shows excellent electrochemical performance and offers specific and 

areal capacity of ~750mAh/g and 3.5mAh/cm2 at 0.1C-rate after 100 cycles with coulombic 

efficiency greater than 95% during cycling (Figure S4(a,b), Supporting Information). The cells 

were discharged/charged at current rates ranging from 0.5 to 2C-rate and then back to 0.5C-rate 

(Figure 4(a)). It clearly shows that even at higher rates (2C), the cell could deliver reversible 

specific capacities of ~653 and ~450mAh/g for 37 and 42wt. % S. When the rate is turned back to 

0.5C, the discharge capacity could be maintained at 890 mAh/g (capacity retention of ~98%) and 

~726 mAh/g (specific retention of ~ 82%), which suggests that 3DCNTs/S structure is stable under 

high C-rates. 
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Figure 5-3. Electrochemical Performance of Li-S battery: (a) Cyclic voltammetry of 3D CNT/S 
(~25wt% sulfur) at a scan rate of 0.05mV/s. (b) Galvanostatic discharge/charge (~25wt% sulfur) 
profiles at 0.2C-rate. (c) Cycling performance of the cathode at 0.5C rate. (d) Areal Capacity of 
the cathode with three different sulfur loading amount vs. cycle number. 
 

The galvanostatic discharge-charge profiles corresponding to Figure 4(a) as shown in 

Figure S5 (a,b) (Supporting Information) clearly reveals plateaus for all C-rates and imply efficient 

kinetic process with good electrical conductivity within the matrix of 3DCNTs/S structure. These 

results are superior to previously reported cathodes with similar loading amounts of sulfur as 

discussed in later section. The improved reaction kinetics can also be confirmed from the discharge 

capacity ratio between the lower (Qlower-plateau) and upper plateaus (Qupper-plateau) as represented in 

Figure S6 (a,b) (Supporting Information). The Qlower-plateau/Qupper-plateau ratios at 2C rate for both 37 
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and 42wt.% S are 1.85 and 1.8, respectively, indicating efficient conversion of soluble polysulfides 

to non-soluble sulfides at higher C-rates [40].Figure 4(b) shows specific capacity from the high 

sulfur loading amount of 55wt% S (8.33mg/cm2) and the cell delivered initial discharge capacity 

of ~1068mAh/g at 0.1C (~1.39 mA/cm2) corresponding to an areal capacity of ~8.8mAh/cm2, 

which is much higher than other Li-S batteries based on carbon/sulfur cathode [40-51]. After 150 

cycles, the cell could still deliver specific capacity of ~613mAh/g with an average capacity decay 

of ~0.4% per cycle, which is far superior compared to previously reported data (Figure 5(a) and 

S7 of the Supporting Information). Capacity decay in the first few cycles is attributed to 

irreversible loss of sulfur due to polysulfide formation that leads to shuttle effect and cannot be 

completely avoided as the sulfur loading amount is increased [29]. Figure 4(c) further presents the 

GCD profile equivalent to 55wt% S (8.33mg/cm2) up to 150 cycles, which clearly depicts the 

conversion of S to Li2S during discharging and back to S8 from polysulfides during charging. 

Additionally, electrochemical impedance spectroscopy (EIS) was performed to evaluate 

internal and charge transfer resistance of these Li-S cells in the initial condition with different 

loading amounts of sulfur, (Figure 4(d)). The Nyquist plot for all loading amounts of S in 3D 

CNTs/S consists of a semicircle in the high-to-medium frequency range and an inclined slope in 

the low frequency range. The diameter of the semicircle corresponds to charge-transfer resistance 

Rct as presented in the equivalent circuit model (inset of Figure 4(d)). Rct value increases from 

10.51 (~ 25wt% S) to 114 ohm (~ 55wt% S) as the sulfur loading amount is increased from 25 to 

55wt. % S, which is attributed to the presence of some loosely bound sulfur particles within the 

matrix [43]. Note that Rct value is smaller than that of conventional Al-based electrodes [29], which 

is attributed to the fact that our binder-free 3DCNTs/S cathode structure has low electrochemical 

resistance and facilitates efficient charge transfer during cycling. 
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Figure 5-4. (a) Rate capability of the cells with different sulfur loading amounts. (b) Cycling 
performance of high sulfur loading amount of 55wt%S (8.33mg/cm2) sulfur loaded within 
3DCNTs. (c) Corresponding galvanostatic discharge-charge profile of 55wt% sulfur loaded 
3DCNTs for 1- 150 cycles. (d) Electrochemical impedance spectra of four different cells. 

 
The areal and specific capacities of various binder-free carbon/sulfur composites 

developed recently have been compared with our work, as illustrated in Figure 5 and S6 

(Supporting Information). Our binder-free 3D CNTs/S cathode structure reaches specific energy 

of 1233Wh/kg, which is one of the highest reported value to date. The same electrode with different 

loading amounts of sulfur 25, 37, and 42 wt% S, delivered specific energy of 933, 951, and 798 

Wh/kg; while specific power reaches 467, 475, and 399 W/kg, respectively. The specific energy 

and power of 3D CNTs/S cathode structure is considerably higher than most of the previously 

reported data. 
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Figure 5-5. (a) Comparison of areal capacity for binder-free 3DCNTs/S electrode with that of 
recently published Li-S batteries cathode material. (b) Ragone plot of Li-S cell from the 
electrochemical data presented in table S1 (Supporting Information).  
 
5.5 Conclusion 

In summary, we have developed a novel and facile method to fabricate binder-free 3D 

CNTs/S electrodes with high sulfur loading. The carbon conducting network in 3DCNTs provides 

efficient electrical paths and short diffusion length for Li ion diffusion, while demonstrating high 

sulfur loading capability. With these excellent electrochemical properties, the binder-free 

3DCNTs/S electrodes offer high areal capacity of 8.89 mAh/cm2 and specific capacity of 1068 

mAh/g at a loading amount of 8.33mg/cm2 (55wt%S in the whole electrode) with high cycle life 

of over 150. The binder-free 3D CNTs cathode clearly demonstrates excellent cell performance 

and could open a new avenue to design cathode electrodes for high performance Li-S batteries. 
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5.6 Supplementary Information 

 
Figure 5-6. Thermogravimetric analysis (TGA) curves of: (a) 3D CNTs and (b) BF 3D CNTs/S for 
different loading amounts.   
 

 
Figure 5-7. X-ray photoelectron spectroscopy (XPS) spectra of 3D CNTs/hybrid composite. (a,b,c) 
C 1s, S 2p, and O 1s spectra before and after sputtering 21 minutes. (d) Depth profile of all three 
elements at different sputtering time. 



86 

 
Figure 5-8. (a) Cyclic Voltammetry of Li-S battery with ~42wt%S. (b) rate capability test for Li-S 
battery with ~ 25wt% sulfur in 3DCNTs/S electrode.  
 

 
Figure 5-9. (a) Discharge specific capacity vs cycle number for 42wt% S at 0.1C-rate with the 
inset showing coulombic efficiency. (b) Corresponding Areal capacity for 100 cycles. 
 

 
Figure 5-10. Galvanostatic discharge/charge profile at 2nd, 7th and 12th cycle for (a) 37wt%S and 
(b) 42wt%S 
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Figure 5-11. Discharge specific capacity of lower (Qlower-plateau) and upper plateau (Qupper-plateau) 
(left axis) and their ratio (Qlower-plateau/Qupper-plateau) (right axis) measured from fig.S4 measured at 
different C-rates for (a) 37wt%S and (b) 42wt%S. 
 

 
Figure 5-12. Comparison of specific discharge capacity vs sulfur loading amount in 3D CNTs/S 
corresponding to the data presented in Figure 5-5(a). 
 

Sulfur 
content 
in the 
composit
e (wt%) 

Sulfur 
content in 
the whole 
electrode 
(wt%) 

Loading 
amount 
of sulfur 
(mg/cm2) 

Specific 
capacity 
(mAh/g-
sulfur) 

Specific 
capacity  
(mAh/g-
whole 
electrode) 

Specific 
Energy 
of the 
cell 
(Wh/kg) 

Specifi
c Power 
of the 
cell 
(W/kg.) 

Ref. 

63 11 0.8 1040@0.5C 114 240 120 Ref. 52 
63 11 0.8 730@5C 80 169 843 Ref. 52 
53 13 1.0 770@5C 100 210 1051 Ref. 53 
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53 13 1.0 1152@1C 150 314 314 Ref. 53 
51 8 0.51 1050@ 0.5C 84 176 88 Ref. 54 
51 8 0.51 652@ 3C 52 110 329 Ref. 54 
64 10 0.8-1.1 1200@ 0.5C 120 252 126 Ref. 55 
64 10 0.8-1.1 713@ 10C 71 150 1500 Ref. 55 
80 12 0.8 1440@ 0.2C 169 354 71 Ref. 10 
80 12 0.8 800@ 6C 94 197 1180 Ref. 10 
60 18 1-1.5 1418@0.5C 260 546 273 Ref. 56 
60 18 1-1.5 630@ 4C 116 243 971 Ref. 56 
47 47 2.4 1150@ 0.5C 540 1133 567 Ref. 40 
47 47 2.4 950@ 3C 448 915 2744 Ref. 40 
55 55 8.33 1068@ 0.1C 587 1234 123 Our 

work 
42 42 4.9 1058@ 0.5C 444 933 467 Our 

work 
42 42 4.9 1227@ 0.1C 514 1079 108 Our 

work 
37 37 3.7 1224@ 0.5C 453 951 476 Our 

work 
25 25 1.86 1520@ 0.5C 380 798 399 Our 

work 
 
Table 5.1. Comparison of sulfur weight percentage (in composite and whole electrode), loading 
amount of sulfur, specific capacity, energy, and power calculated on the total mass of the cathode 
material.  
 
The weight percentage of sulfur in the whole electrode is calculated using the equation (S1) [57]. 

Wt. % of Sulfur in the whole electrode =  
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 𝑑𝑑𝑠𝑠𝑎𝑎𝑜𝑜𝑠𝑠𝑎𝑎

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑𝑎𝑎𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 𝑑𝑑𝑠𝑠𝑎𝑎𝑜𝑜𝑠𝑠𝑎𝑎
𝑊𝑊𝑑𝑑.% 𝑜𝑜𝑜𝑜 𝑑𝑑𝑠𝑠𝑎𝑎𝑜𝑜𝑠𝑠𝑎𝑎 𝑖𝑖𝑑𝑑 𝑑𝑑ℎ𝑎𝑎 𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐𝑜𝑜𝑑𝑑𝑖𝑖𝑑𝑑𝑎𝑎+𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 𝐴𝐴𝑎𝑎

   (S1) 
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CHAPTER 6 

DIRECT-DEPOSITED MOS2 THIN FILM ELECTRODES FOR HIGH PERFORMANCE 

SUPERCAPACITORS† 

6.1 Abstract 

Two dimensional (2D) layered materials have captivated significant research interest for 

efficient and flexible energy storage devices due to their unique physical and chemical properties. 

Here, we demonstrate a new approach of fabricating flexible and high performance MoS2 

supercapacitor electrodes by direct magnetron sputtering technique. The optimized MoS2 electrode 

shows an excellent structural flexibility, lightweight and a high capacitance of ~330 F/cm3 along 

with high volumetric power and energy density of 40-80W/cm3 and 1.6-2.4 mWh/cm3, 

respectively. In addition, it demonstrated an outstanding cyclic stability of more than 5000 cycles. 

We believe that our approach may trigger some important supercapacitor fabrication designs to be 

used in wearable electronic devices. 

6.2 Introduction  

With the advent of the miniaturized electronic devices, there has been an ever increasing 

demand for high performance energy storage devices on a small scale [1, 2]. Recently, 

supercapacitors have attracted considerable attention for the next generation portable and wearable 

electronic devices due to their high power density, fast charging, longer cycle life (~106), and less 

susceptibility to overheating at high charge/discharge rates [3, 4]. Supercapacitors have great 

potential to complement or replace the currently available batteries in a variety of applications, 

leading to their widespread use. The development of advanced electrode materials and novel 

                                                 
†The entire chapter is reproduced by permission of The Royal Society of Chemistry. Choudhary, N., Patel, M., Ho, 
Y. H., Dahotre, N. B., Lee, W., Hwang, J. Y., & Choi, W. (2015). Directly deposited MoS2 thin film electrodes for 
high performance supercapacitors. Journal of Materials Chemistry A, 3(47), 24049-24054. 
http://pubs.rsc.org/en/content/articlelanding/2015/ta/c5ta08095a#!divAbstract  
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fabrication methods are the important factors deciding the performance and quality of 

supercapacitors [5, 6]. Recently, carbon-based nanomaterials, such as activated carbon, carbon 

nanofibers, carbon nanotubes, and graphene have been studied for supercapacitor electrodes [7] 

Among them, activated carbon is the most commonly used supercapacitor electrode material 

owing to its large surface area. However, the non-uniform distribution of pore size in activated 

carbon limits the utilization of effective surface area in supercapacitors [8–10]. 

Molybdenum disulfide (MoS2) has attracted considerable attention for promising 

supercapacitor electrode applications due to its intriguing sheet-like structure, which provides a 

large surface area for double layer charge storage [11]. In addition, the presence of multiple 

oxidation states in the Mo atom facilitates pseudo-capacitive charge transfer by the intercalation 

of electrolyte ions (H+; Li+) into S–Mo–S nanosheets [12, 13]. Recent studies show that the 

electrochemical performance of MoS2 is comparable to that of graphene and carbon nanotube 

(CNT) based electrodes. The capacitive performance of MoS2 can be further enhanced by 

developing unique surfaces that promote large interaction between the electrolytes and active 

materials. Various methods have been employed to synthesize MoS2 thin films, such as mechanical 

exfoliation [14], co-evaporation [15], hydrothermal synthesis [16], and chemical vapor deposition 

(CVD) [17]. However, there are still many challenges that remain to be solved such as fabrication 

of large-scale films, and growth of layer controlled and high-quality films. Here, for the first time, 

we report on the fabrication of large-scale, high quality MoS2 film supercapacitor electrodes using 

a direct magnetron sputtering technique. Sputtering is a promising technique for the large scale 

and uniform deposition of thin films on complex and flexible surfaces with better adhesion [18, 

19]. The method reports the formation of MoS2 nanosheets with a porous structure on the top-layer 

that exhibits a high areal capacitance of 33 mF/cm2 (~330 F cm-3) at a discharge current density of 
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25.47 mA cm-2. The MoS2 electrode also shows ~97% capacitance retention over 5000 cycles, 

indicating its excellent cyclic stability. 

6.3 Experimental methods 

6.3.1 Synthesis of MoS2 Grown on Copper Foil 

The copper foil was received from Alfa Aesar company (thickness-0.60 µm, 99.99% 

purity).  For continuous films with large coverage, Cu foils (1 inch×1 inch) were thoroughly 

cleaned in acetic acid followed by acetone, isopropyl alcohol (IPA) and deionized water. MoS2 

thin films of different thicknesses were fabricated on Cu foils using magnetron sputtering 

technique. Circular disc of 2 inch diameter and 3–5 mm thick Molybdenum disulfide (MoS2) 

(99.8% pure) was used as the target material for sputtering. After mounting the substrates onto 

stage, the chamber was evacuated using a turbo molecular pump, backed by a rotary pump up to a 

high vacuum (≤ 2×10−6 Torr). An inert gas (Argon ~ 99.999% purity) was fed into the chamber 

via gas inlet valve. Sputtering of MoS2 target starts when a rf power of 60W was applied to the 

target material and MoS2 films were consequently deposited on Cu foils under Ar plasma. 

6.3.2 Electrochemical Characterization 

The electrochemical characterizations were performed in a three-electrode system using 

0.5M H2SO4 consisting of MoS2 thin film as working electrode (area-0.785cm2), saturated Calomel 

reference electrode and Platinum mesh as counter electrode. The current is measured between 

working and counter electrode, whereas voltage is computed between reference and working 

electrode. Cyclic voltammetry, Galvanostatic charge-discharge measurement and electrochemical 

impedance spectroscopy (EIS) were performed by a potentiostat (Bio-Logic Science Instruments-

SP 300). The capacitance of the MoS2 films was calculated from cyclic voltammetry (CV) and 

charge-discharge cycle by using the equation:  
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𝐶𝐶𝐴𝐴 =  1
𝐴𝐴ʋ𝛥𝛥𝑉𝑉 ∫ 𝐼𝐼(𝑉𝑉)𝑑𝑑𝑉𝑉     (1) 

 𝐶𝐶𝐴𝐴 = 2𝐼𝐼 � ∆𝑑𝑑
𝐴𝐴∆𝑉𝑉

�     (2) 

where I(V) is the response current, ʋ is scan rate, (I/A) is the applied current density (mA/cm2), Δt 

is the discharge time (s), and ΔV is the discharge potential with subtracting Potential (IR) drop.  

Volumetric energy (E) and volumetric power (P) densities were calculated by using 

equations; 

𝐸𝐸 = 0.5𝐶𝐶∆𝑉𝑉2

3600
     (3) 

𝑃𝑃 = 𝐸𝐸(3600)
∆𝑑𝑑

     (4) 

where, C is the volumetric capacitance (F/cm3), ΔV is the operating voltage window, Δt is the 

discharge time. Apparent volume (product of height and area of active electrode) has been 

considered for the calculation of capacitance. 

6.3.3 Structural Characterizations 

The phase formation and crystallographic orientation of as deposited MoS2 films on Cu 

substrate were analyzed using a Rigaku III Ultima X-ray diffractometer of CuKα (1.54 Å) 

radiations in θ–2θ geometry. The operation of XRD system was carried out at 40 kV and 44 mA 

in a 2θ range of 20⁰–90⁰ with a step size of 0.04◦ and a scan speed of 1⁰/min. From the XRD 

spectra crystalline peaks/phase analysis was performed with background corrections followed by 

comparison with the standard ICDD (International center for diffraction data) files, in the JADE 

software data base acquired from the joint committee of powder diffraction standards (JCPDS).The 

MoS2 films were characterized by a TECNAI F20 S-Twin (FEI Co, Netherland) transmission 

electron microscope (TEM) operating at an accelerating voltage of 120 kV equipped with energy-
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dispersive spectroscopy (EDS). The cross-section of the TEM sample was lifted-out with a Quanta 

3D dual-focused ion beam (FIB) on the Mo half grid for quantitative EDS analysis. 

6.4 Results and Discussion 

As illustrated in Figure 6-1 (a), MoS2 thin-film electrodes were directly fabricated on Cu 

foils using the magnetron sputtering technique. The inset of Figure 6-1(a) is the digital image of 

the large area (1.5 *1.5 inch) and uniform MoS2 film deposited on a flexible (polyimide) substrate. 

Figure 6-1 (b) shows the 3D view of the surface morphology of the MoS2 film by AFM. The AFM 

image clearly reveals an island structure with cavities throughout the surface. The microstructure 

of the top surface was further studied and confirmed by the HRTEM analysis in Figure 6-2 (d). 

The XRD pattern of bare Cu foil (peaks represented by asterisk) and the MoS2 film on Cu is 

represented in Figure 6-1(c). The appearance of XRD peaks and the corresponding peak positions 

confirms the formation of a 3R polytype structure of MoS2 with R3m symmetries [JCPDS card 

no: 893040]. The strong reflections of 3R-MoS2 are obtained from the (006), (009), (107) planes. 

Among three polytype structures of MoS2, namely 1T, 2H and 3R, the hexagonal 2H-MoS2 is the 

most stable and commonly studied structure in MoS2 thin films prepared by CVD and mechanical 

exfoliation methods [20, 21]. The formation of metastable 3R-MoS2 in this study could be ascribed 

to the fact that high energetic ions produced by sputtering can easily distort the arrangement of 

atoms in S–Mo–S interlayers under a non-equilibrium thermodynamic condition [22]. Besides the 

above mentioned MoS2 phase, the reflections from MoO3 (012) and (021) planes [JCPDS card no: 

895108] could also be seen in the XRD spectra of MoS2/Cu. Raman spectroscopy was performed 

to further confirm the crystalline structure of our MoS2 films. Two distinct peaks at 378.2 and 

406.4 cm-1 with a peak difference of ~ 28 cm-1 indicate the formation of many-layer MoS2, which 

is in agreement with previous studies [23]. 
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Figure 6-1. Schematic illustration of the MoS2 growth process (a) Direct deposition of a MoS2 film 
on a substrate by sputtering, (b) Digital images of deposited MoS2 film on Cu foil (left) and 
polyimide flexible substrate (right), (c) XRD spectra of Cu substrate and as deposited MoS2 film 
(~1 µm) on Cu showing the formation of a 3R polytype structure. 
 

Figure 6-2(a) shows the high-angle annular dark field (HAADF) cross-sectional TEM 

image of the MoS2 film with EDS mapping. As evident, the EDS mapping reveals the spatial 

distribution of Mo, S, O, and Cu elements present in the MoS2 film. The cross-section of the film 

was divided into three regions, i.e., surface, middle, and interface, based on different structures 

and morphologies. At the MoS2–Cu foil interface, both the HRTEM image (Figure 6-2(b)) and 

fast Fourier transform (FFT) pattern (inset of Figure 6-2(b)) reveal a set of parallel layers with a 

d-spacing of ~0.331–0.381 nm corresponding to MoO3, as confirmed by the previously reported 

results [24]. 
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Figure 6-2. HRTEM observation of MoS2 film on Cu substrate: (a) Cross-sectional HRTEM image 
with EDS mapping of Cu/MoS2 structure, (b) HRTEM image at the Cu/MoS2 interface showing the 
formation of MoO3 layers. Inset shows the FFT image (c) Microstructure of randomly oriented 
MoS2 layers in the middle area and (d) Top surface structure demonstrating the formation of 3D-
MoS2 with open pores and MoS2 islands. 

 
The formation of MoO3 layers at the interface could be due to the Mo bonding with oxygen 

atoms present on the Cu surface. We believe that the presence of an oxide layer (MoO3) prior to 

MoS2 growth will promote adhesion and it also acts as an effective barrier layer to prevent the 

formation of sulfide on the Cu foil. Figure 6-2(c) is the HRTEM image corresponding to the middle 

portion of the MoS2 film with ~ 600 nm thickness. It shows that MoS2 grows as a layered structure 

with a lattice spacing of ~ 0.322 nm (inset of Figure 6-2(c)), which is in agreement with the XRD 

results corresponding to 3R-MoS2 (006) planes [JCPDS card no: 892905]. However, the film 

shows a stacking disorder, which is common in thin films when energetic bombardments of ions 

are involved during film growth [25]. With a further increase in the thickness up to 1 mm, the top 
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MoS2 surface leads to a 3D-island structure with open pores (shown in Figure 6-2(d)), which is 

consistent with the AFM morphology of the top surface. The growth of MoS2 islands with open 

pores could be attributed to the relaxation from the stresses that occurred due to the lattice 

mismatch between the substrate and the ad-atoms and also due to the non-equilibrium atomic 

stacking by high energetic bombardment in sputtering. 

The electrochemical performance of MoS2 film as an active supercapacitor electrode was 

investigated using cyclic voltammetry (CV) and galvanostatic charge/discharge measurements in 

a three electrode system. Figure 6-3(a) shows the CV results of MoS2/Cu electrode in a voltage 

range of -0.1 to +0.1V and at different scan rates ranging from 1V/s to 10V/s. It is observed that 

MoS2 electrode exhibits elliptical (S-shape) CV curves at all scan rates without any redox peaks 

which is an indicative of the presence of typical electrical double layer capacitance (EDLC) similar 

to previously reported results [26]. In addition, a slight deviation from the rectangular shape infers 

the presence of a weak pseudocapacitance due to the reversible redox reactions (i.e., change of Mo 

oxidation state from +4 to +3) arising from the intercalation of H+ ions of the electrolyte in MoS2. 

The absence of any peaks in the CV curves suggests that MoS2 electrode has fast charge and 

discharge properties. Figure 6-3(b) shows that thick-MoS2 electrode (~1µm) yields an average 

specific capacitance of ~33.0 mF/cm2 at a high current density of 25.47 mA/cm2, which is higher 

than the previously reported results of most commonly studied electrode materials including 

CNTs, graphene, PANI nanowire, and activated carbon and MoS2 [27-30]. 
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Figure 6-3. (a) Cyclic voltammetry performed in the voltage range of -0.1 to 0.1V in 0.5M H2SO4 
at different scan rates,  (b) Variation of capacitance with cycle number for layered and 3D MoS2 
structure at current density of 25.47mA/cm2 (c) Electrochemical impedance spectroscopy (EIS) of 
MoS2 thin film in the frequency range of 105 Hz to 0.1Hz. Inset shows the high frequency region, 
(d) Charge-discharge profiles at different current density. Inset shows the 5000th cycle at a current 
density of 25.47mA/cm2. 
 

We also found that the capacitance in 250nm thick MoS2 was ~27.82 mF/cm2 (Figure 6-

3(b)-II). Notably, with increasing MoS2 thickness from 250 nm to 1μm, the specific capacitance 

increases significantly and is interpreted on the basis of an interesting open pore structure 

developed at the top surface of MoS2 film. It is apparent from the HRTEM image of the top surface 

(Figure 6-2(d)) that MoS2 film grows with an open pore structure where MoS2-islands (ridge type) 

are embedded. The growth of MoS2 islands with open pores could be referred to a relaxation from 

the stresses that are occurred by the lattice mismatch between the substrate and the ad-atoms and 
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also due to the non-equilibrium atomic stacking by high energetic bombardment in sputtering. This 

structure offers a large surface area for electrostatic adsorption of electrolyte ions and serves as 

electrochemically active sites for dominant double layer charge storages. The coexistence of 

pseudocapacitance with the EDLC mechanism as seen in our C-V results could be due to the 

presence of some deeper cavities in island MoS2 structure. The charge transfer characteristics of 

the electrode was also studied by means of electrochemical impedance spectroscopy (EIS) 

performed in the frequency range of 0.1 to 105Hz as presented in Figure 6-3(c). The x-intercept of 

the real axis in the high frequency region represents an equivalent series resistance (ESR) that 

encompasses electrolyte resistance, contact resistance at the interface between active material and 

substrate, and intrinsic resistance of active material. The ESR value extracted from Figure 6-3(c) 

was only ~3.1Ω without the presence of any semi-circle and thereby facilitates the fast adsorption 

of ions favoring the double layer charge storage mechanism. Galvanostatic charge/discharge 

profiles were acquired at different current densities (20.38-38.21mA/cm2) as shown in Figure 6-

3(d). The existence of triangular curve without any indication of the voltage drop (IR drop) 

confirms the dominance of EDLC mechanism over pseudocapacitance. Besides this, the specific 

capacitance maintained even after 5000 cycles (inset of Figure 6-3(d)) shows an excellent cyclic 

stability. The stability of MoS2 film at higher current densities allows them to be used for fast 

charging and discharging applications. 
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Figure 6-4. Capacitance versus scan rate (a) and current density (b) of MoS2 supercapacitor 
electrode in 0.5M H2SO4. (c) Ragone plot of the maximum energy and power density from the 
commonly used power sources including Li-ion, Mxenes, graphene, electrolytic capacitor for 
comparison with our 3R MoS2 electrodes. 
 

The MoS2 electrode was further characterized to show its capacitance dependence on scan 

rate and current density. Figure 4(a) shows that the capacitance decreases gradually with increasing 

scan rate, which is attributed to the slow ion transport and adsorption-desorption process at higher 

scan rates. However, the capacitance value of 2.079mF/cm2 at a scan rate of 10V/s is still higher 

than the previously reported results [31]. It could be due to the large surface area with an open-
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pore structure [32]. Furthermore, the capacitance of the MoS2 thin film was found to decrease with 

increasing current density as depicted in Figure 4(b). The observed trend in capacitance can be 

ascribed to the fact that there is inefficient ion accumulation at the electroactive surfaces at high 

current densities [33]. Figure 4(c) presents the Ragone plot of the volumetric power and volumetric 

energy densities of commonly used power sources like lithium-ion thin film batteries, graphene, 

Mxenes, and electrolytic capacitors in comparing with our MoS2 thin film electrode [34-40]. The 

energy and power densities of our electrode as calculated by equation (3) and (4) were in the range 

of 1.62-2.33 mWh/cm3 and 40-80W/cm3, respectively. Remarkably, the power density upto ~80 

W/cm3 in our MoS2 electrode is positioned among the highest reported values while the volumetric 

energy density is higher than the activated carbon electrodes (typically <1mWh/cm3) and are 

comparable to Li-ion thin film battery and conventional electrolytic capacitors. 

6.5 Conclusions 

A new approach of fabricating large-scale, flexible and high-capacitance MoS2 supercapacitor 

electrodes by a simple direct deposition technique is presented. The fabricated MoS2 electrode 

exhibits a multi-layered structure with an open-pore top layer, and stable and strong adhesion to 

the substrate. The optimized MoS2-based supercapacitor electrode yields a high capacitance of 

~330 F/cm3 at a current density of 25.47mA/cm2 and delivered a maximum volumetric power and 

energy density of 40-80W/cm3 and 1.6-2.4 mWh/cm3, respectively. Furthermore, the electrode 

exhibited an excellent cyclic stability over 5000 cycles without any substantial decay of 

capacitance. The process enables straightforward fabrication of supercapacitor electrodes without 

the need for an additional step, and its performance can be further improved by optimizing the 

interfaces with substrates and electrolytes. The flexible and high performance MoS2-based 

supercapacitor may bring new design opportunities for efficient wearable electronic devices. 

  



106 

6.6 References  

[1] Chen, D., Chen, W., Ma, L., Ji, G., Chang, K., & Lee, J. Y. (2014). Graphene-like layered 
metal dichalcogenide/graphene composites: synthesis and applications in energy storage and 
conversion. Materials Today, 17(4), 184-193. 

[2] El-Kady, M. F., & Kaner, R. B. (2013). Scalable fabrication of high-power graphene micro-
supercapacitors for flexible and on-chip energy storage. Nature communications, 4, 1475. 

[3] Patil, S., Harle, A., Sathaye, S., & Patil, K. (2014). Development of a novel method to grow 
mono-/few-layered MoS2 films and MoS2–graphene hybrid films for supercapacitor applications. 
CrystEngComm, 16(47), 10845-10855. 

[4] Wang, W., Guo, S., Lee, I., Ahmed, K., Zhong, J., Favors, Z., ... & Ozkan, C. S. (2014). 
Hydrous ruthenium oxide nanoparticles anchored to graphene and carbon nanotube hybrid foam 
for supercapacitors. Scientific reports, 4, 1-9. 

[5] Ramadoss, A., Kim, T., Kim, G. S., & Kim, S. J. (2014). Enhanced activity of a hydrothermally 
synthesized mesoporous MoS2 nanostructure for high performance supercapacitor applications. 
New Journal of Chemistry, 38(6), 2379-2385. 

[6] da Silveira Firmiano, E. G., Rabelo, A. C., Dalmaschio, C. J., Pinheiro, A. N., Pereira, E. C., 
Schreiner, W. H., & Leite, E. R. (2014). Supercapacitor electrodes obtained by directly bonding 
2D MoS2 on reduced graphene oxide. Advanced Energy Materials, 4(6) 1301380. 

[7] Zhang, L. L., & Zhao, X. S. (2009). Carbon-based materials as supercapacitor electrodes. 
Chemical Society Reviews, 38(9), 2520-2531. 

[8] Gamby, J., Taberna, P. L., Simon, P., Fauvarque, J. F., & Chesneau, M. (2001). Studies and 
characterisations of various activated carbons used for carbon/carbon supercapacitors. Journal of 
power sources, 101(1), 109-116. 

[9] Barbieri, O., Hahn, M., Herzog, A., & Kötz, R. (2005). Capacitance limits of high surface area 
activated carbons for double layer capacitors. Carbon, 43(6), 1303-1310. 

[10] Zhu, Y., Murali, S., Stoller, M. D., Ganesh, K. J., Cai, W., Ferreira, P. J., ... & Su, D. (2011). 
Carbon-based supercapacitors produced by activation of graphene. science, 332(6037), 1537-
1541. 

[11] Das, S., Kim, M., Lee, J. W., & Choi, W. (2014). Synthesis, properties, and applications of 
2-D materials: a comprehensive review. Critical Reviews in Solid State and Materials Sciences, 
39(4), 231-252. 

[12] Wang, J., Wu, Z., Yin, H., Li, W., & Jiang, Y. (2014). Poly (3, 4-
ethylenedioxythiophene)/MoS2 nanocomposites with enhanced electrochemical capacitance 
performance. RSC Advances, 4(100), 56926-56932. 



107 

[13] Kibsgaard, J., Chen, Z., Reinecke, B. N., & Jaramillo, T. F. (2012). Engineering the surface 
structure of MoS2 to preferentially expose active edge sites for electrocatalysis. Nature materials, 
11(11), 963. 

[14] Li, H., Wu, J., Yin, Z., & Zhang, H. (2014). Preparation and applications of mechanically 
exfoliated single-layer and multilayer MoS2 and WSe2 nanosheets. Accounts of chemical 
research, 47(4), 1067-1075. 

[15] Balendhran, S., Ou, J. Z., Bhaskaran, M., Sriram, S., Ippolito, S., Vasic, Z., ... & Kalantar-
Zadeh, K. (2012). Atomically thin layers of MoS2 via a two step thermal evaporation–exfoliation 
method. Nanoscale, 4(2), 461-466. 

[16] Peng, Y., Meng, Z., Zhong, C., Lu, J., Yu, W., Jia, Y., & Qian, Y. (2001). Hydrothermal 
synthesis and characterization of single-molecular-layer MoS2 and MoSe2. Chemistry Letters, 
30(8), 772-773. 

[17] Shi, J., Ma, D., Han, G. F., Zhang, Y., Ji, Q., Gao, T., ... & Lang, X. Y. (2014). Controllable 
growth and transfer of monolayer MoS2 on Au foils and its potential application in hydrogen 
evolution reaction. ACS nano, 8(10), 10196-10204. 

[18] Choudhary, N., Kharat, D. K., & Kaur, D. (2011). Structural, electrical and mechanical 
properties of magnetron sputtered NiTi/PZT/TiOx thin film heterostructures. Surface and Coatings 
Technology, 205(11), 3387-3396. 

[19] Choudhary, N., Park, J., Hwang, J. Y., & Choi, W. (2014). Growth of large-scale and 
thickness-modulated MoS2 nanosheets. ACS applied materials & interfaces, 6(23), 21215-21222. 

[20] Lei, B., Li, G. R., & Gao, X. P. (2014). Morphology dependence of molybdenum disulfide 
transparent counter electrode in dye-sensitized solar cells. Journal of Materials Chemistry A, 2(11), 
3919-3925. 

[21] Laskar, M. R., Ma, L., Kannappan, S., Sung Park, P., Krishnamoorthy, S., Nath, D. N., ... & 
Rajan, S. (2013). Large area single crystal (0001) oriented MoS2. Applied Physics Letters, 102(25), 
252108. 

[22] Moser, J., Levy, F., & Bussy, F. (1994). Composition and growth mode of MoS x sputtered 
films. Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films, 12(2), 494-
500. 

[23] Swanson and Fuyat, Natl. Bur. Stand. (U.S.), Circ. 539, III (1954) 10, 12. 

[24] Yu, Y., Li, C., Liu, Y., Su, L., Zhang, Y., & Cao, L. (2013). Controlled scalable synthesis of 
uniform, high-quality monolayer and few-layer MoS2 films. Scientific reports, 3. 

[25] A. Oberlin, in Chemistry and Physics of Carbon, edited by P. A. Thrower (Dekker, New York, 
1989), Vol. 22, p. 1. 



108 

[26] Wang, X., Ding, J., Yao, S., Wu, X., Feng, Q., Wang, Z., & Geng, B. (2014). High 
supercapacitor and adsorption behaviors of flower-like MoS 2 nanostructures. Journal of Materials 
Chemistry A, 2(38), 15958-15963. 

[27] Fu, H., Du, Z. J., Zou, W., Li, H. Q., & Zhang, C. (2013). Carbon nanotube reinforced 
polypyrrole nanowire network as a high-performance supercapacitor electrode. Journal of 
Materials Chemistry A, 1(47), 14943-14950. 

[28] Pech, D., Brunet, M., Taberna, P. L., Simon, P., Fabre, N., Mesnilgrente, F., ... & Durou, H. 
(2010). Elaboration of a microstructured inkjet-printed carbon electrochemical capacitor. Journal 
of Power Sources, 195(4), 1266-1269. 

[29] Yoo, J. J., Balakrishnan, K., Huang, J., Meunier, V., Sumpter, B. G., Srivastava, A., ... & 
Ajayan, P. M. (2011). Ultrathin planar graphene supercapacitors. Nano letters, 11(4), 1423-1427. 

[30] Wang, K., Zou, W., Quan, B., Yu, A., Wu, H., Jiang, P., & Wei, Z. (2011). An All‐Solid‐
State Flexible Micro‐supercapacitor on a Chip. Advanced Energy M aterials, 1(6), 1068 -1072. 

[31] Soon, J. M., & Loh, K. P. (2007). Electrochemical double-layer capacitance of MoS2 nanowall 
films. Electrochemical and Solid-State Letters, 10(11), A250-A254. 

[32] Zheng, N., Bu, X., & Feng, P. (2003). Synthetic design of crystalline inorganic chalcogenides 
exhibiting fast-ion conductivity. 

[33] Yang, Y., Fei, H., Ruan, G., Xiang, C., & Tour, J. M. (2014). Edge‐oriented MoS 2 
nanoporous films as flexible electrodes for hydrogen evolution reactions and supercapacitor 
devices. Advanced Materials, 26(48), 8163-8168. 

[34] Lukatskaya, M. R., Mashtalir, O., Ren, C. E., Dall’Agnese, Y., Rozier, P., Taberna, P. L., ... 
& Gogotsi, Y. (2013). Cation intercalation and high volumetric capacitance of two-dimensional 
titanium carbide. Science, 341(6153), 1502-1505. 

[35] Wu, Z. S., Parvez, K., Feng, X., & Müllen, K. (2013). Graphene-based in-plane micro-
supercapacitors with high power and energy densities. Nature communications, 4. 

[36] El-Kady, M. F., Strong, V., Dubin, S., & Kaner, R. B. (2012). Laser scribing of high-
performance and flexible graphene-based electrochemical capacitors. Science, 335(6074), 1326-
1330. 

[37] Yang, X., Cheng, C., Wang, Y., Qiu, L., & Li, D. (2013). Liquid-mediated dense integration 
of graphene materials for compact capacitive energy storage. science, 341(6145), 534-537. 

[38] Acerce, M., Voiry, D., & Chhowalla, M. (2015). Metallic 1T phase MoS2 nanosheets as 
supercapacitor electrode materials. Nature nanotechnology, 10(4), 313-318. 

[39] Y. Tao, X. Xie, W. Lv, D. M. Tang, D. Kong, Z. Huang, H. Nishihara, T. Ishii, B. Li, D. 
Golberg, F. Kang, T. Kyotani, Q. H. Yang, Sci. Rep. 2013, 3, 2975. 



109 

[40] Pech, D., Brunet, M., Durou, H., Huang, P., Mochalin, V., Gogotsi, Y., ... & Simon, P. (2010). 
Ultrahigh-power micrometre-sized supercapacitors based on onion-like carbon. Nature 
nanotechnology, 5(9), 651-654. 

 

  



110 

CHAPTER 7 

VERTICALLY ORIENTED MoS2-NANOFLAKES COATED ON 3D CARBON 

NANOTUBES FOR NEXT GENERATION LITHIUM-ION BATTERIES‡ 

7.1 Abstract 

The advent of advanced electrode materials has led to performance enhancement of 

traditional lithium ion batteries (LIBs). We present a novel binder-free MoS2 coated 3-dimensional 

carbon nanotubes (3D CNTs) as an anode in LIBs. Scanning transmission electron microscopy 

analysis shows that vertically oriented MoS2 nanoflakes are strongly bonded to CNTs, which 

provide high surface area and active electrochemical sites, and enhanced ion conductivity at the 

interface. The electrochemical performance shows very high areal capacity of ~1.65 mAh/cm2 with 

an areal density of ~0.35 mg/cm2 at 0.5 C rate and coulombic efficiency of ~99% up to 50 cycles. 

The unique architecture of 3D CNTs-MoS2 is indicative to be a promising anode for next 

generation Li-ion batteries with high capacity and long cycle life. 

7.2 Introduction 

State-of-the art lithium ion batteries (LIBs) have faced lots of challenges to meet the rising 

demand of portable electronics, electric vehicles (EVs), and smart grid storage with high energy 

and power densities [1,2]. While LIBs offer decent amount of high energy density per electron, 

they are still limited using electrode materials [3], which offers very low theoretical specific 

capacities with conventional cathode (LiCoO2 ~274 mAh/g) [4] and anode (graphite ~372 mAh/g) 

[5] materials, and low ion/electron conductivity [6].  

                                                 
‡ The entire chapter is reproduced with permission from Nanotechnology. Patel, M. D., Cha, E., Choudhary, N., Kang, 
C., Lee, W., Hwang, J. Y., & Choi, W. (2016). Vertically oriented MoS2 nanoflakes coated on 3D carbon nanotubes 
for next generation Li-ion batteries. Nanotechnology, 27(49), 495401. 
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Carbon based nanomaterials such as carbon nanotubes (CNTs) [7,8], 3D CNTs [9], carbon 

nanofibers (CNFs) [10,11], graphene [12], and 3D graphene foam [13] have all been considered 

as suitable candidates for anode materials to address those limitations; they offer high surface area, 

electrical conductivity, and chemical inertness. Among the carbon nanomaterials, 3D CNTs offer 

a higher loading amount of active material for practical application as well as a shorter diffusion 

path for Li+ ions; thereby, resulting in high capacity with higher charge transport within the 

structure compared their 2D counterpart [14,15]. 

The design of nanocomposite anode based on carbon nanomaterials (e.g. silicon-carbon 

nanocomposites) has proven to be a rational approach for obtaining high capacity, excellent cyclic 

stability and good rate capability for high performance LIBs [16]. Molybdenum disulfide (MoS2), 

a typical layered transition-metal dichalcogenide (TMD) [17], seems to be an excellent fit for 

developing high performance anode. The van der Waals gap between MoS2 layers allows 

intercalation of Li+ ions into the structure and its 4-electron transfer conversion based on the 

reaction: MoS2 + 4Li+ + 4e- <--> 2Li2S + Mo [18]; the reaction results in a high theoretical specific 

capacity of ~670 mAh/g. Although MoS2 has shown such excellent physical and chemical 

properties, low electrical conductivity and volume change during cycling could become the 

bottleneck for its applications in LIBs [19-23]. To overcome these drawbacks, MoS2-carbon based 

nanocomposite electrodes have been designed since nanostructured carbon facilitates an electron 

pathway for enhanced electrochemical performance. Various MoS2/carbon nanocomposites have 

been fabricated through several different processing methods including: cylindrical nanostructured 

MoS2 directly grown on CNT via microwave irradiation technique [20], MoS2 overlayers 

supported on coaxial CNTs by solution-phase route [21], self-assembly of hierarchical MoSx/CNT 

through solvent thermal method [22], MoS2 coated 3D graphene networks via chemical vapor 

deposition (CVD) [23], graphene-like MoS2/amorphous carbon composites by hydrothermal route 
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[24], and hierarchical MoS2 nanosheet/active carbon fiber cloth through immersion and drying 

process [25]. The above mentioned MoS2-carbon composites have shown high specific capacity 

ranging from 400 to 1000 mAh/g but areal capacity has not been reported. Additionally, they were 

fabricated by the complicated solution routes and incorporated with polymeric binders during 

fabrication which adds redundant weight for the anode. Furthermore, they lack direct bonding 

between MoS2 and carbon nanomaterials which could potentially lead to continuous capacity 

fading with cycling [26]. 

In the present study, we have developed a novel binder-free 3D CNTs-MoS2 electrode by 

using a simple but efficient magnetron sputtering to deposit MoS2 onto 3D CNT structure without 

any complicated chemical processing steps. The strongly bonded interface between MoS2 and 3D 

CNTs not only improves the charge transport, but also facilitates a higher loading amount of the 

active materials. The entangled conducting framework of 3D CNTs act as a backbone to constrain 

the possible volume change of MoS2 during the charge/discharge process; thereby, maintaining 

good structural integrity and electrochemical stability while offering short diffusion path for Li+ 

ions [15,27]. This 3D CNTs-MoS2 hybrid structure has shown outstanding electrochemical 

performance with an areal capacity of ~1.65 mAh/cm2 (~450 mAh/g) at 0.5C. Such results are 

reported for the first time in conjunction with low charge transfer resistance and cycling stability 

of up to 50 cycles with a coulombic efficiency of ~99%. This rational approach with low cost and 

large-scale fabrication of 3D CNTs-MoS2 will open a new pathway to design anode materials for 

superior electrochemical performance of LIBs. 

7.3 Experimental Methods 

7.3.1 Synthesis of 3D CNT-MoS2 

In this work, we fabricated 3D CNTs-MoS2 following the key steps: (a) 1cm × 1cm Cu 

mesh (50 µm thickness and 65 µm hole size, TMP Inc.) was used as a substrate to deposit 5nm of 
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Ti (barrier layer) and 30nm Ni (catalyst) by dc magnetron sputtering with a deposition pressure of 

10m Torr under Ar gas (99.99%) plasma and at room temperature, (b) CNTs were grown on Cu 

mesh by chemical vapor deposition (CVD), the gaseous mixture of H2 and C2H4 with a volumetric 

ratio of 1:2 was flowed into the tube furnace for 30 minutes at 650°C, and (c) finally, MoS2 

nanoflakes were directly deposited onto 3D CNTs by radio-frequency (RF) sputtering of the MoS2 

sputtering target (2 inch diameter, 3 mm thick) from Plasmaterials Inc. (>99% purity). The base 

pressure in the sputtering chamber was maintained below 10-6 Torr, and the deposition was carried 

out at 10 mTorr under Ar gas (99.99%) plasma. The sputtered Mo and S atoms were deposited as 

MoS2 nanoflakes on 3D CNTs at a substrate temperature of 300°C. The reaction time and power 

during the sputtering process was about 10 minutes at 60 W. 

7.3.2 Materials Characterization 

The morphology of 3D CNTs-MoS2 was observed by using SEM (460L-FEI-XHR SEM, 

Verios) and TEM (TECNAI F20 S-Twin-FEI) at an accelerating voltage of 120 kV. Using an 

Almega XR spectrometer with a green laser light of 532 nm, Raman spectra of the sample was 

collected. XPS data were collected using PHI5000 Versa probe scanning XPS. Sheet resistance of 

the 3D CNTs-MoS2 structure was measured using a four-probe station connected to a test unit 

(Jandel, RM3000). Lastly, the crystallinity of the 3D CNTs-MoS2 was determined via X-ray 

diffractometer (XRD, Rigaku III Ultima) with CuKα (1.54 Å) radiations throughout θ-2θ mode. 

7.3.3 Electrochemical Characterization 

The electrochemical performance of 3D CNTs-MoS2 was evaluated using two-electrode 

system in a coin cell (CR 2032, Welcos Ltd.). The coin cells were fabricated in a glove box 

(MBraun, Inc. Germany) with humidity (H2O) and oxygen both less than 0.5 ppm. 3D CNTs/MoS2 

was used a working electrode, pure Li-metal foil as a counter/reference electrode, a typical 
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polypropylene (PP) was used as a separator (2400, Welcos Ltd.). 1M solution of lithium hexa-

fluorophosphate (LiPF6) salt with a 1:1:1 (volume ratio) mixture solvent of ethylene carbonate 

(EC), dimethylene carbonate (DMC) and diethylene carbonate (DEC) was used as electrolyte. The 

charge-discharge tests were evaluated in a multi-channel (32 channels) battery-testing unit 

(MACCOR-series 4000) at room temperature. Cyclic voltammetry and electrochemical impedance 

spectroscopy (EIS) were carried out by Gamry potentiostat (reference 3000). The EchemAnlayst 

software (Gamry Instrument) was used to fit the Nyquist plot corresponding to equivalent circuit 

model. 

7.4 Results and Discussion 

7.4.1 Morphologies and Structures 

Figure 7-1(a) shows the schematic illustration of MoS2 deposition on 3D CNTs that was 

used as an active anode for Li-ion batteries (LIBs). The surface morphology and structure of 3D 

CNTs-MoS2 hybrid structure were studied by field emission scanning electron microscopy 

(FESEM) and high resolution transmission electron microscopy (HRTEM). Figure 7-1(b-e) are 

the FESEM images of MoS2 coated 3D CNTs. The SEM image in Figure 7-1(b) shows that CNTs 

were entangled with an average diameter size of 100-150 nm. Figure 7-1(c) clearly demonstrates 

the large area deposition of MoS2 on CNTs and CNTs appear thicker due to MoS2 deposition. The 

average thickness of the CNTs coated with MoS2 were around 250 nm as determined by the SEM 

and TEM images of Figure 7-1 (d-f). Figure 7-1 (e) shows the magnified SEM image of 3D CNTs-

MoS2. It is apparent from Figure 7-1 (d) and (e) that as-deposited MoS2 films on 3D CNTs were 

vertically oriented nanoflake structure with respect to the surface of CNTs. The TEM image in 

Figure 7-1(f) was taken after sonication of 3D CNTs-MoS2; as a result, strong adhesion between 

the MoS2 flakes and 3D CNT was observed. 
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The HRTEM analysis was carried out for detailed structural characterization of 3D CNTs-

MoS2. Figure 7-2(a) shows the formation of MoS2 nanoflakes with the inter-planar spacing of 0.62 

nm, which agrees with the previous reports [28,29]. The images in Figure 7-2 (b-d) confirms a 

typical MoS2 hexagonal (2H) structure with the crystalline formation of the molybdenum (Mo) 

atom bonded between two sulfur (S) atoms. The formation of MoS2 nanoflakes structure could be 

explained by the fact that underlying CNTs grown by CVD method are always associated with 

some surface defects and dangling bonds that tends to act as preferred nucleation sites for the MoS2 

growth. 

 

Figure 7-1. (a) Schematic illustration of MoS2 deposition on 3D CNTs (b), (c) MoS2 coated on 3D 
CNTs: (d,e) The close-up SEM images of MoS2 nanoflakes directly deposited onto the surface of 
3D CNTs. (f) Low-resolution TEM image showing vertically oriented MoS2 nanoflakes on a CNT. 
Scale bars in (b), (d) to (f) are 200 nm. 

 
Moreover, Mo and S ions coming from highly bombarded MoS2 target with Ar ions reach 

the CNTs with much faster rate than surface atom diffusion on CNTs, leading to the formation of 
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MoS2 nanoflakes perpendicular to the substrate plane [30]. Figure 7-2(e) shows the Raman spectra 

of MoS2 film deposited on 3D CNTs excited by 532 nm laser. The representative Raman peaks 

present in the high and low frequency regions clearly shows the formation of high quality CNTs 

and MoS2, respectively. CNTs show the commonly observed D-band and G-band at 1352.8 and 

1585.0 cm-1, respectively. A ratio of ID/IG ≈ 1.23 suggests the formation of some defects in CNTs 

that maybe arise during the growth of CNTs at low temperature [14]. 

 
Figure 7-2. (a) HRTEM image showing the formation of layered MoS2 flakes with inter-planar 
spacing of 0.62nm. (b) Close-up of the HRTEM showing the overlayer structure of 3D CNTs-MoS2. 
(c) Enlarged interfacial image of 3D CNTs-MoS2 showing hexagonal MoS2 (2H) structure on CNT 
(red hexagon), and (d) the Mo atom sandwiched between two S atoms (red and yellow circles, 
respectively). (e) Raman spectrum of 3D CNTs-MoS2 and bare 3D CNTs with the inset showing 
E2g and A1g peaks of MoS2 at ~376 and ~401 cm-1. 
 

The inset of Figure 7-2 (e) shows the magnified image of MoS2 Raman spectra. The 

presence of sharp peaks from in-plane (𝐸𝐸2𝑔𝑔1 ) and out-of-plane (𝐴𝐴1𝑔𝑔) vibration modes at the 

respective 376 and 401 cm-1 signifies a highly crystalline MoS2. The peak frequency difference 

measured between the two vibration modes was about 25 cm-1, indicating a few number of MoS2 

atomic layers [31,32]. The 3D CNTs-MoS2 was further characterized by X-ray photoelectron 
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spectroscopy (XPS) to verify its surface electronic structure and chemical composition. Figure 7-

3(a) shows the wide survey of XPS from 3D CNTs-MoS2. 

 
Figure 7-3. Chemical compositional analysis of 3D CNTs-MoS2 using X-Ray photoelectron 
spectroscopy (XPS). (a) Wide XPS spectrum of 3D CNT-MoS2 with (b) Mo 3d, (c) S 2p and (d) C 
1s spectrum. 
 

The presence of Mo doublets (i.e. Mo3d5/2 and Mo3d3/2) at binding energies of 229.18 and 

232.28 eV (Figure 7-3(b)) and S2p3/2 and S2p1/2 peaks at binding energies of 162.08 and 163.18 

eV (Figure 7-3(c)) confirms the formation of MoS2 films on CNTs without the formation of 

secondary phases like MoO3. The quantification of the peaks gives an atomic ratio of Mo/S to be 

~0.507 which is very close to stoichiometric MoS2. The binding energies for Mo and S are 

consistent with the previous reported results [33]. Figure 7-3(d) shows the presence of standard 

carbon peak at 284.28 eV indicating the presence of C-C groups with graphitic-like carbon atoms 
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of the CNTs [34]. The crystallographic orientation and phase formation of the 3D CNTs-MoS2 as 

predicated by X-ray diffraction (XRD) is illustrated in Figure 7S-1. The strongest diffraction peaks 

of 3D CNTs appear at an angle (2θ) of ~ 26.4° and ~44.3° which correspond to (002) and (101) 

plane, respectively; the less intense peak at ~42.8° is equivalent to (100) plane. Furthermore, both 

MoS2 and 3D CNTs-MoS2 shows a distinct peak at a diffraction angle of ~14.3° corresponding to 

(002) plane of 2H-MoS2, which is consistent with that of JCPDS (card no. 37-1492) reported data. 

The primary peak of MoS2 in 3D CNTs-MoS2 has less intensity compared to MoS2 target, 

indicating MoS2 deposited on 3D CNTs has low crystallite size than pristine MoS2 (target). 

Brunauer-Emmett-Teller (BET) method was used to determine the specific surface area of 

the electrode materials. The nitrogen adsorption-desorption isotherms of the two anode materials 

(3D CNTs and 3D CNTs-MoS2) exhibit type IV pattern with a H3 hysteresis curve (Figure 7-4(a)) 

indicating the presence of mesoporous structure [35]. The high specific surface area of 3D CNTs 

(~102 m2/g) provides more sites for direct attachment of MoS2. The specific surface area of the 

3D CNTs-MoS2, on the other hand, showed 55.82 m2/g; as a result, the overall diameter of the 

structure is noticeably larger than that of the uncoated CNTs as observed in the SEM and TEM 

images (see Figure 7-1). Additionally, the decrease in the surface area and pore volume can be 

attributed to the MoS2 filling-in the pores of the CNTs [36]. The narrow pore size distribution of 

3D CNTs-MoS2 (~2-20 nm; mesopores) as shown in Figure 7-4(b) [27] offers a better morphology 

for Li diffusion and constraint volume expansion during charge/discharge cycles. 
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Figure 7-4. (a) Nitrogen adsorption-desorption isotherms with an inset illustrating BET surface 
area and pore volume with corresponding (b) BJH Pore size distribution curves of 3D CNTs and 
3D CNTs-MoS2. 
 
7.4.2 Electrochemical Performance 

To evaluate the performance of 3D CNTs-MoS2 based electrode, cyclic voltammetry was 

carried out as shown in Figure 7-5(a). The synthesized 3D CNTs-MoS2 shows the cathodic peak 

at ~ 0.7-0.8V in the first cycle corresponds to the formation of LixMoS2 according to the reaction: 

MoS2 + xLi+ + xe- ---> LixMoS2. The thermodynamically unstable LixMoS2 further decomposes 

to Mo and Li2S, allowing lithium ions to penetrate the deeper MoS2 structure that is clearly 

depicted by the cathodic peak observed at ~ 0.4V (magnified image shown in inset) in the 1st cycle 

[37,38]. Such reaction shows how MoS2 nanoflakes decompose upon lithiation; that is, the van der 

Waals forces between the MoS2 layers are weakened by the intercalation of lithium ions [39]. The 

small anodic peaks at ~1.9 V corresponds to the delithiation of residual LixMoS2 and the prominent 

peak at ~2.3V corresponds to the formation of sulfur (S8) due to the dissociation of all kinds of 

polysulphides (Li2Sn, 2<n<8), promoted by kinetically driven charge transfer reactions [40]. The 

two cathodic peaks (~0.8 and ~0.4V) in the first cycle disappear in the subsequent cycles 

suggesting thermodynamically irreversible decomposition of MoS2 [23]. Instead, the dominant 

peak cathodic peak at ~1.8V is observed and can be attributed to the formation of Li2S based on 
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Li-S redox reactions and a broader peak at ~0.9V can be assigned to further reduction of LixMoS2 

into Mo and Li2S [41,42]. After 1st cycle, the repeatability of cyclic voltammetry indicates the 

good structurally stability of 3D CNTs-MoS2. Furthermore, the LIB performance of 3D CNTs-

MoS2 based anode is examined by galvanostatic charge/discharge analysis in the voltage range of 

0.01-3.0V. Figure 7-5 (b) shows charge/discharge voltage profile for 1st, 2nd and 5th cycle. The 

formation of LixMoS2 (0.1<x<1) is attributed to the lithium intercalation into the structure of MoS2 

at around 1V lithiation [41,43]. The weak van der Waal force in the trigonal prismatic geometry 

of MoS2 allows intercalation of Li+ ions into S-Mo-S layers and promote the phase transition to 

octahedral MoS2 [23]. The intercalation of lithium ions into the CNTs morphology is also 

confirmed by the non-linear voltage behavior, which is responsible for the short-range order of 

CNT structure. Accordingly, the defective CNTs structure offers electroactive sites with different 

energies for lithium ion intercalation into the CNT structure [43]. The first discharge and charge 

areal capacity of 3D CNTs-MoS2 hybrid anode shows ~3.05 (~875mAh/g) and ~2.5mAh/cm2 

(~710mAh/g), respectively, with corresponding coulombic efficiency of ~82%, which is much 

higher than the previously reported MoS2/CNT composite anode (~60%) [20,39]. The irreversible 

capacity loss is closely related to the formation of solid electrolyte interphase (SEI) layer on the 

surface of CNTs and nanostructured MoS2 by electrolyte decomposition [30,44]. The cycling 

performance is compared for both 3D CNTs and 3D CNTs-MoS2 at 0.5C rate as illustrated in 

Figure 7-5 (c). The initial areal capacity of 3D CNTs-MoS2 with areal density of ~0.35mg/cm2 is 

~2.1mAh/cm2 (~550mAh/g) and the capacity decreases to ~1.65mAh/cm2 (~450mAh/g; capacity 

retention of ~82%) after 50 cycles at 0.5C rate. It is noted that the areal capacity of 3D CNTs-

MoS2 is higher than those of 3D CNTs, bare MoS2, and CNT composites such as Si/CNT 

composite [45,46]. Furthermore, its specific capacity is comparable to those of other reported 

MoS2/CNT anodes [21,42,47,48]. The capacity enhancement is mainly due to the presence of 
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MoS2 layer with its 3D structure of CNTs [39]. Furthermore, the stable cycling performance is 

associated with the strong interfacial bonding between CNTs and MoS2, which was observed in 

Figure 7-2. Therefore, the structural integrity of both CNTs and MoS2 plays a significant role in 

achieving the cycling stability [15, 19]. Moreover, the measured sheet resistance of the 3D CNTs-

MoS2 structure (~10 Ω/sq) is like those of control 3D CNTs (~8 Ω/sq) and CNT paper ((~10 Ω/sq) 

[52]; this finding verifies the facilitated electron transfer at the interface between 3D CNTs and 

MoS2. Figure 7-5 (d) illustrates the rate performance of 3D CNTs-MoS2 at different C rates. The 

5th cycle discharge areal capacities (shown in the inset of Figure 7-5 (d)) shows ~2.52 (~681 

mAh/g), ~1.75 (~470 mAh/g), ~1.38 (~366 mAh/g), ~1 (~270 mAh/g) and ~0.8 mAh/cm2 (~212 

mAh/g) at C rates of 0.1, 0.5, 1.0, 2.0, and 3.0, respectively. These values are superior to that of 

bare CNT anode [45]. In addition, comparison between the electrochemical performances of 3D 

CNTs-MoS2 with that of MoS2 is carried out. MoS2 was directly deposited on 3D copper mesh and 

its electrochemical performance was measured under the same condition (0.5C rate) as that of bare 

3D CNTs and 3D CNTs-MoS2. The specific capacity of MoS2 on Cu mesh (~400 mAh/g after 50 

cycles) lies in between 3D CNTs and 3D CNTs-MoS2 (Figure 7S-2). However, the areal capacity 

is lower than that of both 3D CNTs and 3D CNTs-MoS2; therefore, 3D CNTs-MoS2 structure is 

comparatively superior. These results ensure that 3D CNTs provide efficient conducting pathways 

for MoS2 and structural buffer against the strain induced by the large volume variations of 

electrode during cycling. 
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Figure 7-5. Electrochemical performance of 3D CNTs-MoS2 as an anode material for Li-ion 
batteries: (a) Cyclic voltammetry curves for first five cycles at a scan rate of 1mV/s; (b) 
galvanostatic charge/discharge profile with specific and areal capacities at 0.1C rate; (c) 
comparison of cycling behavior with bare 3D CNTs at 0.5C rate with the inset showing the 
coulombic efficiency (C.E.); (d) cycling performance at different C rates with the inset illustrating 
the areal capacity at the 5th cycle. 
 

Once C rate returns from 3C to 0.5C, the areal capacity can recover to 1.77 mAh/cm2 

showing ~90% capacity retention after 5th cycle. Even, at high C-rates of 3C, the 3D CNTs-MoS2 

delivers areal capacity of ~1 mAh/cm2. The excellent C-rate capability is ascribed to the high 

structural integrity of 3D CNTs-MoS2 based anode and the high interfacial bonding strength 

between CNTs and MoS2. It is suggested that the strong interfacial structure of MoS2 with CNTs 

has caused the high capacity retention at high rates (Figure 7-5(c), (d)). 
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Figure 7-6. Electrochemical impedance spectroscopy of 3D CNTs-MoS2 (a) Nyquist plot with a 
magnified view of the high frequency region provided in the inset, (b) Equivalent circuit model 
fitting the impedance data, (c) Bode plots were recorded from the fitted EIS results, and (d) 
Schematic illustration explaining the lithiation/delithiation by the diffusion of Li+ ions through the 
electrolyte into the architecture of 3D CNTs-MoS2 electrode. 
 

In order to further gain insight for the excellent electrochemical performance of 3D CNTs-

MoS2, we performed electrochemical impedance spectroscopy as shown in Figure 7-6 (a). The 

equivalent circuit corresponding to the Nyquist plot was developed to understand the kinetic 

processes of 3D CNTs-MoS2 (Figure 7-6 (b)). The low resistance at high frequency (small diameter 

of semicircle; 106 to 1.26×104 Hz) in inset Figure 7-6 (a) is attributed to the formation of solid 

electrolyte interface (SEI) film with resistance of film (Rf) and constant phase element related to 

SEI formation (CPE-SEI). The intermediate frequency range (1.26×104 to 12.4 Hz) corresponds 

to the charge transfer resistance of the electrode (Rct) and its related constant phase element (CPE-

charge transfer) [49]. The inclined line (slope 45°) of the impedance spectra at low frequency (12.4 
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to 0.01 Hz) demonstrates better solid-state diffusion of Li+ ions into 3D CNTs-MoS2 structures. 

The Re is the equivalent series resistance (ESR) or internal resistance of Li-ion battery obtained by 

the intersection between Nyquist curve and real axis of impedance [50]. The measured values for 

Re, Rf, and Rct are 4.37, 14.14, and 17.64 Ω, respectively. The internal resistance (Re = 4.37 Ω) is 

remarkably low due to efficient electrical pathways between MoS2 and 3D CNTs. The low value 

of Rct indicates low resistance at the electrode/electrolyte interface; thus, the vertically oriented 

MoS2 on 3D CNTs facilitates rapid ion and electron transport during lithiation/delithiation process. 

Additionally, the small Rf value of 3D CNTs-MoS2 and Li metal (~14.14 Ω) is attributed to low 

resistance SEI layer, which also enhance ionic and electron conduction between two electrodes. 

The large slope line of the impedance spectra in the low frequency region demonstrates better 

solid-state diffusion of Li+ ions into 3D CNTs-MoS2 structures [21]. The Bode plot of impedance 

spectra is shown in Figure 7-6 (c), where the impedance is in the range of 3-150 Ω throughout the 

frequency range (0.01 to 106 Hz). The maximum phase angle was obtained to be -70°, a value close 

to -90° for ideal supercapacitor indicating good double layer charge storage of Li+ ions within the 

electrode [51]. 

The schematic in Figure 7-6 (d) explains the lithiation/delithiation process in the 3D CNTs-

MoS2. The outstanding electrochemical performance by the 3D CNTs-MoS2 can be attributed to 

the unique architecture of 3D CNTs-MoS2 and its strong interfacial bonding. The morphology of 

MoS2 coated 3D CNTs provides proper conduction channel and short diffusion path of Li+ with a 

strong interfacial bonding between CNTs-MoS2 and accommodation of volume expansion during 

lithiation/delithiation [52]. Hence, this novel 3D CNTs coated with vertically oriented MoS2 

provides better capacity, cycling stability, and excellent charge transport throughout the system. 
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7.5 Conclusion 

In summary, we have developed a novel binder-free 3D CNTs-MoS2 anode by direct 

deposition of MoS2 on the as-grown CNTs in a 3D structure. Structural characterization by SEM, 

TEM and Raman spectroscopy clearly reveals that vertically-oriented MoS2 nanoflakes are 

strongly bonded on the CNTs. The electrochemical investigation of 3D CNTs-MoS2 shows high 

capacity, outstanding cycling stability, and good rate capability performance, which can be 

attributed to the synergetic effect of unique nanoflakes morphology of MoS2 and highly conductive 

3D CNTs framework. In addition, the high areal capacity of the anode has been demonstrated due 

to higher loading amount of the active materials. By implementing a simple yet effective 

magnetron sputtering method, we have fabricated the 3D CNTs-MoS2 electrode that has potential 

application for the large-scale, next-generation Li-ion batteries. 

7.6 Supplementary Information 

 
Figure 7-7. XRD patterns of (a) MoS2, (b) 3D CNTs-MoS2, and (c) 3D CNTs. 
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Figure 7-8. Specific and areal capacities of MoS2 directly deposited on 3D copper mesh under 
0.5C rate. Inset illustrates the coulombic efficiency (C.E.) 
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CHAPTER 8 

HIGH PERFORMANCE LI-ION CAPACITOR WITH COMBINATION OF 3DCNTS/MoS2 

ANODE AND HIGH SURFACE AREA SOUTHERN YELLOW PINE CATHODE 

8.1 Abstract 

Lithium-ion capacitors (LICs) are appealing electrochemical energy storage devices 

providing the hybrid combination of high energy density Li-ion batteries and high power density 

supercapacitors. The critical limitations associated with this design is different energy storage 

mechanism of both cathode and anode, leading to degradation in charge storage capacity at high 

power density because of sluggish and slow kinetically driven process at the battery type anode 

material and fast charge transfer kinetics at the cathode. Here, we demonstrate a unique design of 

LICs by assimilating high capacity 3DCNTs/MoS2 battery kind anode with high surface area 

activated carbon derived from southern yellow pine. The binder free 3DCNTs-MoS2 fabricated by 

a facile approach confines MoS2 into interconnecting conducting network of carbon structure, 

offering high capacity for longer cycle life and excellent C-rate performance. On the other hand, 

newly derived activated carbon from southern yellow pine fabricated by self-activation possess 

high surface area and carbon purity to obtain high electrochemical performance of cathode 

material. The assembled LIC (3DCNTs/MoS2) device delivers large operating voltage window of 

1-4.0V with excellent cycling stability with a capacitance retention of ~80% after 5000 cycles. 

The maximum energy and power density of 3DCNTs/MoS2||SYAC hybrid LIC is 105 Wh/kg and 

3332 W/kg, respectively. This work will certainly open new pathways for future design of anode 

and cathode for high performance Li-ion capacitors. 

8.2 Introduction 

There is no ambiguity in accepting the fact that increasing usage of fossil fuels especially 

in automobile industry has led to severe environmental pollution and greenhouse gases, boosting 
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up the average temperature of earth’s crust by 2-4°C in last decade and threatening up the 

geopolitical instability of the world [1, 2]. Therefore, the demand for efficient, sustainable, and 

clean energy storage systems that can power the portable electronics and hybrid electric vehicles 

without comprising in energy and power density along with high cycling stability is highly 

desirable [3, 4]. Rechargeable Li-ion batteries (LIBs) and electrochemical double layer 

supercapacitors (EDLSs) exemplifies the state-of the-art energy storage devices with each 

possessing unique charge storage mechanism based on interaction between electrolytic ions and 

electrode, demonstrating complementary electrochemical performance [5, 6]. For example: LIBs 

works on the principle of lithiation/delithiation in an active material offering high energy densities 

generally in the range of 100 -200 Wh/kg, but very low [7, 8] but possess very low power density 

(< 1000 W/kg) and cycle life (<1000 cycles) due to sluggish kinetics of solid state diffusion and 

redox reactions [9, 10]. Contrary on the other hand, EDLSs operates on rapid 

adsorption/desorption of electrolytic ions onto the electrode delivering high power density 

(>10000 W/kg) and provides long cycle life (> 105 cycles), but low energy density (2-5 Wh/kg) 

[5, 11, 12]. Hence, there is urgent need of electrical energy storage system that offers both high 

power and energy density. 

The positive characteristics of EDLSs and Li-ion batteries if combined, results into new 

hybrid system so called Li-ion capacitors (LICs) which has attracted recent research attention as it 

has capability to deliver both high energy and power density [13, 14]. LICs commonly employs 

high surface area cathode (Activated carbon, graphene, and porous carbon) demonstrating double 

layer supercapacitor electrode and LIB type anode (Sn-C, Si-C, and graphite) along with Li-based 

salt dissolved in organic solvents as an electrolyte. This unique combination of high energy density 

anode and power density cathode with extensive voltage range is expected to deliver both high 

energy and power density [15-17]. However, there are few critical limitations associated with 
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development of LICs including: (a) inequality between power capability and energy storage 

capacity due to two different kinetics mechanism of operation in one single system [18, 19], (b) 

the high capacity anodes may lead to pulverization of electrodes due to volume variation and 

restricts it to match with high power cathodes [20], and last but not least (c) the low capacity (30-

35 mAh/g) carbon cathodes will not be able to match high capacity anodes which will lead to low 

energy density of LICs as also illustrated by equation (1) (1/CLIC = 1/Ccathode + 1/Canode) [21, 22].    

Recently, different combination of LIBs anode and supercapacitor cathode have been 

optimized to fabricate several LICs systems with enhanced electrochemical performance. For 

instance, 3D interconnected TiC nanoparticles as an anode and pyridine-derived hierarchical 

porous nitrogen-doped carbon (PHPNC) as a cathode is used in LIC that delivers energy and power 

density of 101.5 Wh/kg and 67.5 kW/kg, respectively, with reasonably good cycling stability in 

the voltage range of 0 – 4.5V [21]. Amalgamation of mixed transition metal oxides (MTMO) such 

as ZnMn2O4 with a theoretical specific capacity of 784 mAh/g when combined with graphene 

nanosheets offers excellent hybrid anode characteristics and N-doped carbon nanosheets as a 

cathode delivers high performance LICs with energy density of 98 Wh/kg at a power density (P.D.) 

of 21 kW/kg [23]. The hybrid LICs as assembled from Sn-C anode and biomass-derived 

microporous activated carbon as a cathode material offered excellent energy densities of 195.7 

Wh/kg and 84.6 Wh/kg at a power densities of 731.25 W/kg and 24.375 kW/kg, respectively [17]. 

Additionally, there are several combination of anode and cathode systems including Li4Ti5O12 || 

activated carbon (AC) (Energy density (E.D.) > 20 Wh/kg) [24], hard carbon || AC (E.D. = 85.7 

Wh/kg; P.D. = 7.6 kW/kg) [25], Fe3O4/graphene || 3D graphene (E.D. = 86 Wh/kg at P.D. = 2587 

W/kg) [26], SnO2/C || mesoporous carbon (E.D. = 110 Wh/kg; P.D. = 2960 W/kg) [27], soft carbon 

|| AC (E.D. = 48Wh/kg; P.D. = 9 kW/kg) [28], Li4Ti5O12/C || 3D porous graphene macroform 

(PGM) (E.D. = 40 Wh/kg at P.D. = 8.3 kW/kg) [29], and graphite || AC (E.D. = 20 Wh/L; P.D. = 
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2.2 kW/L) have been investigated successfully. In contempt of numerous research efforts, there is 

still plenty of room to explore and optimize new anode and cathode materials to improve kinetics 

between the two electrodes for optimum electrochemical performance of LICs. 

The high performance LICs depends on the coupling of high rate capacity retention anode 

and large capacity cathode [17]. Recently, MoS2 a tempting family member of 2D layered 

transition metal dichalcogenides (TMDs) has brought up great research attention as an anode 

material as it offers theoretical specific capacity of ~ 670 mAh/g, assuming the full reversibility of 

the reaction: MoS2 + 4Li+ -----> Mo + Li2S [30]. Moreover, there is very less volumetric expansion 

(103%) during conversion of MoS2 to Li2S compared to other anodes such as Si (297%), Ge (270 

%), and Sn (257%) upon full lithiation [31, 32]. MoS2 alone has less electrical conductivity and to 

compensate volumetric expansion, needs to be accommodated by conducting network [33]. 

Various MoS2/carbon based composites (anode material) have been evaluated as an half cell vs 

Li/Li+ including MoS2 coated hollow carbon spheres [34], MoS2/graphene composites [35], 

3DCNTs/MoS2 [33], and many other demonstrated in recently published review articles [31, 36, 

37] obtaining maximum specific capacity of 554 mAh/g at very high rate capability of 50C-rate in 

LIBs [31]. Additionally, activated carbon fabricated from biomass sources are identified as 

promising high performance cathode material due to high surface area, easy availability of 

precursor material, uncomplicated fabrication method, controlled morphology, and simple for 

large-scale synthesis. 

Herein, we first time demonstrate a rational design novel by integrating of 3DCNTs/MoS2 

as an anode and southern yellow pine-derived activated carbon as a cathode material. The 

3DCNTs/MoS2 hybrid composite anode fabricated by a simple and facile method providing 

homogenous distribution of MoS2 in three-dimensional interconnected network structure of CNTs 

and high surface area for efficient charge transport to obtain high specific capacity even at large 
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current density (C-rates). On the other hand, high capacity activated carbon has been fabricated 

from southern yellow pine by physical activation at a temperature of 1050°C with activation time 

of 12 hours. Combination of these two electrodes to synthesis high performance LICs 

(3DCNTs/MoS2 || SYAC), operating in wide range potential of 1-4.0V to yield maximum energy 

and power density of 105Wh/kg and 3332 W/kg, respectively. These promising results compared 

to other design of electrodes in LICs will certainly open new avenues for developing anode and 

cathode materials to obtain optimum electrochemical performance of LICs.    

8.3 Experimental Methods 

8.3.1 Preparation of Southern Yellow Pine Derived Activated Carbon (SYAC) 

Southern yellow pine wood was cut into seven strips of 7.25” x 1.5” with an average 

thickness of 0.37” and average volume of 4.06 in2. The wood was loaded into a ceramic crucible 

without a lid and placed into the versatile box furnace (STY-1600C, Sentro Tech Corp). The 

furnace was then vacuumed to a pressure of -730 mmHg. After vacuuming to -730 mmHg, all 

valves of the furnace were sealed to create a closed system. The temperature of the furnace was 

then increased at a maximum rate of 10°C/min until 1050°C was reached. After 12 hours, the 

temperature was decreased at a maximum rate of 10°C/min back to room temperature. The cathode 

electrode preparation involves mixing of SYAC (80 wt.%), carbon black (10 wt.%), and 

polyvinylidene fluoride (PVDF, 10 wt.%) in an N-Methyl-2-pyrrolidone (NMP) organic solvent 

to form uniform slurry for stirring upto 12 hours, and then coated onto carbon coated Al foil. The 

as-fabricated electrode was dried in vacuum for few hours. The loading amount of active material 

is ~2mg/cm2. 

8.3.2 Fabrication of 3DCNTs/MoS2 

The detailed process for the fabrication of 3DCNTs/MoS2 is mentioned in the chapter 7 



136 

(see section 7.3.1). 

8.3.3 Material Characterization 

The microstructure and crystal structure were analyzed by SEM (FEI Nova-NanoSEM 

230TM), TEM (TECHNAI F20 S-Twin-FEI), and XRD (Rigaku III Ultima) with CuKα radiation 

(1.54Å). XPS was performed using Al Kα monochromatic radiation. Raman spectra was obtained 

using green laser light (λ = 514 nm) by Raman spectrometer. The BET surface area and N2 

adsorption/desorption measurements were carried out with the help of VacPrep 061 (Micromeritics 

Instrument Corp.).  

8.3.4 Electrochemical Characterization 

3DCNTs/MoS2 and SYAC were first investigated as an anode and cathode material in half 

coin cell configuration using lithium metal foil as the counter/reference electrode. 1M LiPF6 in 

equal volumetric ratio of Ethylene carbonate (EC) and Dimethly carbonate (DMC) (1:1) was used 

an electrolyte for the fabrication of coin cell. Polypropylene (PP, 2400 Welcose, Ltd.) was used as 

separator. The hybrid LIC device was fabricated using prelithiated 3DCNTs/MoS2 (cycled for 3 

cycles at 0.1C-rate) for using as an anode material and SYAC as a cathode material. The coin cells 

were fabricated in glove box with H2O and O2 concentration less than 0.5ppm. 

Galvanostatic charge/discharge profile were tested by an active 32 channel battery testing 

unit (Maccor-series 4000). The voltage window for 3DCNTs/MoS2 and SYAC vs. Li/Li+ are 0-

3.0V and 2-4.5V, respectively. Cyclic Voltammetry and Electrochemical Impedance spectroscopy 

(EIS) were performed by Gamry potentiostat (reference 3000). The frequency range in the case of 

EIS was 0.01 to 106 Hz at an amplitude of 5mV. For 3DCNTs/MoS2||SYAC LIC capacitor the 

voltage window was chosen as 1-4.0V and the current density was normalized to the weight of the 

cathode. 
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8.4 Results and Discussion 

8.4.1 Anode Material: 3D Carbon Nanotubes (CNTs)-MoS2 Hybrid Composite 

Based on the excellent structural and electrochemical properties of 3DCNTs/MoS2 anode 

material as demonstrated in chapter 7. It was used as an anode material to assemble in full cell Li-

ion capacitor with its prelithiated state. 

8.4.2 Southern Yellow Pine Derived Activated Cathode (SYAC) 

To increase the energy density of hybrid Li-ion capacitor, it is imperative to have high-

performance adsorption cathode. In this work, we have synthesized activated carbon from 

environmentally friendly and large scale available precursor so called southern yellow pine by the 

simple and facile approach of physical activation in an Ar inert atmosphere with the dwelling 

temperature and time of 1050°C and 12 hours, respectively. The SYAC was coupled with 

3DCNTs-MoS2 to obtain high electrochemical performance Li-ion capacitor. 

Figure 8-1(a) shows the Raman spectra of SYAC indicating two prominent peaks at ~ 1345 

and ~ 1600 cm-1 corresponding to signature peak of D and G band. The D/G ratio is greater than 1 

implying that there is a considerable amount of defects present due to breaking of translational 

symmetry at elevated temperature processing. Interestingly, the Raman spectra also shows low 

intense characteristics peaks of few layers graphene at ~2700 (2D band) and ~2950 cm-1 (D+G 

combination mode) which is activated due to disorder arrangements of carbon particles [38, 39]. 

The N2 adsorption/desorption isotherms (Figure 8-1(b)) of SYAC shows a typical type IV 

adsorption isotherm signifying dominant mesoporous structure [40], which is also evident from 

the detailed information provided in table S1(Supporting Information) that the percentage of 

mesopores contributes to 66%. The pore size distribution is shown in Figure 8-1(c) which indicates 
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average pore width of 3.3 nm and DFT specific surface area of 1600 m2/g, respectively. The SYAC 

possess one of the highest BET surface area of 2529.6 m2/g and pore volume of 1.5 cm3/g. 

X-ray photoelectron spectroscopy (XPS) was performed to do elemental and chemical 

analysis of SYAC. The wide survey spectrum (Figure S4, Supporting Information) of SYAC 

shows the number of elements present, with the inset table showing C1s (90.54%), F1s (8.18%), 

and O 1s (1.28%), respectively. The high resolution C1s can be deconvulated (Figure 8-1(d)) into 

four peaks corresponding to C-sp2: 284.7 eV, C-sp3: 285.5 eV, C=O: 288.3eV, and O=C-O: 290 

eV; respectively [41]. 

 
Figure 8-1. (a) Raman spectra of SYAC. (b) N2 adsorption isotherm of SYAC. (c) DFT pore size 
distribution of SYAC. (d) X-ray photoelectron spectroscopy (XPS) of C1s spectrum for SYAC. 
 

The electrochemical performance of SYAC cathode material was investigated in the half 

cell system vs Li/Li+ in the voltage range of 2-4.5V (Figure 8-2(a)). The cyclic voltammetry (CV) 

of SYAC shows a typical quasi-rectangular characteristics at all scan rates (2, 5, 10, and 20 mV/s) 
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and linear GCD profile at different current densities (Figure 8-2(b)) with slight humps exhibiting 

both double layer and pseudo capacitance charge storage behavior.  

 
Figure 8-2. Electrochemical performance of SYAC in half cell configuration. (a) Cyclic 
voltammetry of SYAC in the voltage window of 2.0-4.5 V at different scan rates ranging from 2 to 
20 mV/s. (b) Galvanostatic charge-discharge (GCD) profiles of SYAC at different current 
densities. (c) Rate capability performance of SYAC at different current densities. (d) Cycling 
performance of SYAC at a current density of 0.1 A/g for 2000 cycles. 
 
The double layer charge storage arises due to adsorption of PF6

- on the cathode from the 

decomposition of electrolyte and the minor contribution from faradic charge transfer arises in the 

voltage range of 3.5-4.0V due to interaction between electrolyte and carbon matrix [27]. Based on 

the GCD profile at different current densities, the specific capacities are 85 mAh/g (~122 F/g), 79 
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mAh/g (~114 F/g), 76 mAh/g (~109 F/g), 73 mAh/g (~105 F/g), 70 mAh/g (~101 F/g), and 67 

mAh/g (~97 F/g) at a current densities of 0.1, 0.4, 1, 1.5, 3,  and 4 A/g for each 5th cycle. The 

capacity retention of the half-cell after 50 cycles running with different current densities is 94% 

demonstrating excellent electrochemical performance (Figure 8-2(c)). The SYAC electrode 

exhibit a high specific capacity of ~ 84 mAh/g at a current density of 0.1A/g with outstanding 

cycling stability of 89% after 2000 cycles and average coulombic efficiency of ~99% throughout 

the cycles (Figure 8-2(d)) which is much better than that of other reported values [17, 42, 43]. 

These magnificent electrochemical properties are much superior compared to conventional 

activated carbon and other forms of carbon (capacity = 30-60 mAh/g) [42, 43, 44, 45, 17].   

8.4.3 3DCNTs/MoS2||SYAC Hybrid Li-Ion Capacitor (LIC) 

The hybrid LIC is designed using a pre-lithiated 3DCNTs/MoS2 composite anode material 

and SYAC as a cathode material (the hybrid LIC is denoted by 3DCNTs/MoS2||SYAC). The 

operating principle of LIC is simply based on adsorption of PF6
- ion in the pores of SYAC during 

charging and simultaneously Li+ ions from the electrolyte are intercalated into 3DCNTs/MoS2 

structure. Consequently, during discharge process PF6
- and Li+ ions move from the cathode and 

anode, respectively.  Figure 8-3(a) shows the CV curves at different scan rates ranging from 2 to 

20 mV/s, which is deviated from ideal rectangular profile indicating a coupling effect of two charge 

storage mechanism going on two different electrodes. The quasi-triangular GCD profiles at 

different current densities as shown in Figure 8-3(b) attributes that the electrochemical reactions 

are confined to the active and is not diffusion-limited [45]. The discharge capacitance of the cell 

was calculated by using the equation: Ccell = (it/ΔV); where i is the discharge current, t is the 

discharge time and ΔV is the voltage range. Considering the gravimetric capacitance the equation 

is modified as CSP = (4Ccell/m); where m is the mass of the both electrode [46]. Figure 8-3(c) 

demonstrates the specific capacitance of LIC at a current density of 0.25A/g till 5000 cycles with 
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cycling stability of 80%. The repetition of GCD profiles (inset of Figure 8-3(c)) also indicates 

efficient EDLC and pseudocapacitance charge storage mechanism in LIC [47]. The Ragone plot 

of the 3DCNTs/MoS2||SYAC LIC is illustrates in Figure 5(d). The energy (E) and power density 

(P) is calculated by the equation E = PΔt = iΔt (Vmax+Vmin)/2m [45] from the GCD profiles (Figure 

8-3(b)). The 3DCNTs/MoS2||SYAC LIC delivers power density of 417 W/kg at a energy density 

of 105 W/kg and even at a high power density of 2.3 kW/kg, the cell can still reach energy density 

of 38 Wh/kg (Figure 8-3(d)). These values are much higher compared to other reported values [29, 

48, 49, 50, 51, 52].  

 
Figure 8-3. Electrochemical performance of 3DCNTs/MoS2||SYAC. (a) Cyclic Voltammetry (CV) 
in the voltage window of 1-4.0V at different scan rates (2, 5, 10, and 20 mV/s). (b) Galvanostatic 
charge-discharge profiles at different current densities. (c) Cycling performance of LIC till 2000 
cycles at a current density of 0.25 A/g. (d) Ragone plot (Energy vs. Power Density) representing 
comparison of 3DCNTs/MoS2||SYAC.  
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The unique design of our lithiated 3DCNTs/MoS2 anode material and high surface area 

SYAC cathode material couples to form 3DCNTs/MoS2||SYAC LIC device demonstrating 

excellent electrochemical performance. The as-synthesized MoS2 on 3DCNTs is pseudocapacitive 

in nature in the wide potential window of 0-3.0V. The 3DCNTs conducting network offers 

efficient charge transfer while maintaining structural integrity and electrochemical stability during 

cycling. On the other hand, SYAC fabricated from a simple and facile approach of physical 

activation offers high surface area and pore volume for the effective adsorption/desorption of 

electrolytic ions which provide high specific capacity and excellent rate capability.  

8.5 Conclusion 

In summary, a novel LIC have been designed based on the coupling of 3DCNTs/MoS2 

anode and a southern yellow pine derived activated carbon (SYAC) in organic electrolyte to 

operate in large voltage window for obtaining high energy and power density. The excellent 

electrochemical performance of the 3DCNTs/MoS2||SYAC LIC connects the bridge between LIBs 

and supercapacitor. The LIC capacitor demonstrates excellent cycling stability in the wide voltage 

window of 1-4.0V with capacitance retention of ~80% after 5000 cycles.The maximum energy 

and power density obtained from LIC are 105 Wh/kg and 3332 W/kg, respectively. This work will 

definitely open avenues for the design of new 2D TMDs based composite as an anode material 

and facile synthesis of activated carbon from natural resources.  
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8.6 Supplementary Information 

Table 8.1. Physicochemical properties of SYAC illustrating different kind of pore size distribution. 
 

Figure 8-4. XPS survey spectrum of SYAC  
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CHAPTER 9 

CONCLUSION AND FUTURE PERSPECTIVE 

9.1 Conclusions 

The increase in the global temperature due to the excessive usage of fossil fuels for various 

applications including fuels for vehicles and power to run homes and industry, cannot be ignored 

anymore. Therefore, there is great demand for environmentally benign and sustainable energy 

technologies to replace these harmful fossil fuels. Among the available candidates, electrochemical 

energy storage devices including Li-S batteries, next-generation Li-based batteries, 

supercapacitors, and Li-ion capacitor represent the state of-the-art technologies for clean energy 

storage.  

In this PhD work, there are two aspect of electrochemical energy storage devices have been 

systematically followed. The first one primarily covers a detailed understanding of operation and 

mechanism of Li-S batteries along with its advantages and limitations. Based on detailed literature 

survey (chapter 2), the limiting parameters for the cathode material such as fabrication method, 

loading amount, electrolyte/mass ratio, and cycle life; restricting the commercialization of  this 

promising technology have been identified. In order to make a smooth transition from scientific 

solution to commercialization of Li-S system, we have provided new and innovative idea to design 

a binder free cathode with the combination of 3DCNTs and sulfur by simple thermo-mechanical 

pressing at 155°C; eventually allowing to increase the loading amount of sulfur from 1.86 to 8.33 

mg/cm2. 3D micro channels of carbon offered efficient ion transport through insulting sulfur for 

effective sulfur utilization. The cell delivered maximum specific energy and power density of 1234 

Wh/kg and 476 W/kg, respectively; based on the weight of cathode with excellent cycling stability 

till 150 cycles. The performance of our Li-S cell was compared with others in Ragone plot.  
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Additionally, 2D materials graphene analogues have attracted great attention due to its 

unique physical and chemical properties including high surface area, property variation from single 

to few layer, and electron confinement in 2D layers providing efficient path for charge transfer 

holds a great promise for energy storage applications. Based on this motivation, the second aspect 

of PhD thesis outlines the investigation of molybdenum disulfide (MoS2)-potential candidate of 

2D transition metal dichalcogenides (TMDs) for different electrochemical energy storage devices 

including electrode for supercapacitors, anode material for half-cell LIBs, and full cell hybrid Li-

ion capacitor (LIC).  

MoS2 fabricated on copper substrate from sputtering was first time investigated as a 

supercapacitor electrode. 3D open porous morphological structure as demonstrated by TEM, SEM, 

and AFM was obtained at the top surface by this method that demonstrated excellent 

supercapacitor performance with an areal capacitance of ~33mF/cm2 at a very high current density 

of 25.47 mA/cm2. The electrode also showed excellent cycling stability upto 5000 cycles with a 

capacitance retention of ~97%. The maximum volumetric energy and power density are 2.33 

mWh/cm3 and 80 W/cm3, respectively. This electrochemical performance was much higher 

compared to conventional activated carbon and other metal oxides used for supercapacitor 

electrode. 

MoS2 has also attracted as an anode material as it shows high theoretical specific capacity 

of ~ 670 mAh/g compared to graphite and low volumetric expansion when correlated to other 

anodes such as Si and Sn. A hybrid binder free 3DCNTs/MoS2 composite anode was developed 

by direct depositing MoS2 on 3DCNTs. The vertically oriented MoS2 nanoflakes was fabricated 

by this method. This anode material was evaluated in a half-cell vs. Li/Li+ with organic electrolyte 

medium to analyze the electrochemical performance by cyclic voltammetry, GCD test, and EIS. It 

showed excellent electrochemical performance with outstanding cycling stability. This anode was 
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tested in a full cell for Li-ion capacitor, where activated carbon was used as a cathode material. 

The coupling of these two electrodes formed hybrid Li-ion capacitor 3DCNTs/MoS2||SYAC, 

which showed excellent electrochemical performance delivering maximum power and energy 

density of 3332 W/kg and 417 Wh/kg, respectively. 

9.2 Future Perspective 

Despite the appreciable research efforts to develop high performance Li-S batteries as 

reported in this thesis and by many other researchers, it is critical to have further insight for its 

advancement to the next level. There is no doubt that sulfur as a cathode material has excellent 

physical and chemical properties compared to other expensive and low theoretical specific 

capacity transition metal oxides. Additionally, many scientists believes that the Li-S batteries have 

the capability to overcome the electrochemical performance of currently available Li-ion batteries. 

However, with the assessment of this Li-S system it still need lots of efforts for protecting lithium, 

reduce the shuttling effect of polysulfide leading to parasitic reactions, and other safety issue 

related to use of organic solvents. The mechanism of charge storage in Li-S system is still 

questionable and in order to have deeper understanding it is necessary to develop in situ and in-

operando methodology to have direct monitoring of electrochemical properties of a battery during 

cycling.  

After discovery of graphene, there have been significant progress in the development of 

2D layered transition metal dichalcogenides (TMDs). Even though MoS2 have been considered 

for different electrochemical energy storage devices, it has still not been commercialized. MoS2 

have been widely studied as a supercapacitor electrode and anode material for LIBs. The doping 

or functionalization of MoS2 may provide further enhancement to the electrochemical performance 

and stability in different electrolytic medium. It is important to understand the variation of physical 

and chemical properties that give rise to the electrochemical performance. MoS2 exist in different 
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polymorphs such as 1T, 2H, and 3R and it is important to tune these crystal structure on different 

substrate to obtain the desired properties for various applications. The most critical challenge still 

remains to be solved is synthesizing high quality, scalable, and electrochemically stable MoS2 on 

different substrate from a simple and cost-effective approach. It is also the right time to consider 

others family members of 2D TMDs as an electrode for supercapacitors, LIBs, and Li-ion 

capacitor. 

In the case of anode material for Li-ion battery, it needs to be accommodated by conducting 

carbon network which reduces the first cycle coulombic efficiency due to adsorption of electrolyte 

by high surface area carbon nanoparticles. This is critical issue in every kind of Li-ion batteries 

involving carbon nanoparticles. Moreover, most of the reported values of MoS2 based composite 

have been evaluated in a half-cell reaction vs Li/Li+. In order to determine its true performance as 

an anode material and for a practical significance, it needs to be tested with the suitable cathode 

material. Additionally, new ways needs to be developed for measuring electrochemical impedance 

spectroscopy (EIS) of individual components such as 3DCNTs and MoS2, when hybrid composite 

is developed. I firmly believe that the future generation of academic researchers and scientists will 

surely find way to commercialize Li-S batteries and explore other family members of 2D TMDs 

to obtain the optimum performance for electrochemical energy storage devices. 
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