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ABSTRACT 

In this research work, metal-doped MoS2 of Cobalt and Manganese (Co-MoS2 and Mn-MoS2) 

nanocomposites of different ratios of dopant concentrations were synthesized with a facile 

hydrothermal technique. The samples were characterized using various instruments to elucidate 

the properties and novelties of the prepared nanomaterials and likewise to establish their 

supercapacitive suitability for energy storage devices.  

The bibliometric evaluation of the development of literary works involving supercapacitor devices 

since the use of MoS2 as the active materials in energy storage (Supercapacitor) was performed. 

The bibliometric analysis of the studied materials gives us perspectives on the strengths and 

weaknesses of the materials, which enable us to identify the area of focus and the targeted 

publication outlets. 

The Co-MoS2 electrode materials (CMS1 and CMS3) were electrochemically evaluated for their 

energy storage performance, the materials exhibit specific capacitances of 164 and 146 Fg-1 at 1 

Ag-1 for the working electrodes, respectively. Also, the energy densities of 3.67 and 2.05 Wh/kg 

with power densities of 3279.97 and 2960.26 W/kg were calculated for both electrode materials, 

respectively. While the electrochemical performance of the Mn-doped MoS2 electrode material 

showed a pseudo-capacitive behavior, with a specific capacitance of 70.37 Fg−1, and with a 

corresponding energy density of 3.14 Whkg−1 and a power density of 4346.35 Wkg−1. 

The general obtained results show that the electrode materials were well prepared and the 

enhancement of MoS2 properties is achievable with the transition metal composites. These 

improved properties of MoS2 composites showing the suitability of the nanomaterials for the 

energy storage applications have been explained in this work with possible future works 

recommended in the report. 
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1.1.MOTIVATION OF STUDY 

The environmental risks, high costs and declining availability of fossil fuels has called for the 

development of sustainable, clean, and green forms of energy. The currently available renewable 

energy sources are intermittent in nature; such as solar which produce energy only when the sun 

has higher intensity and wind which requires high wind speed to produce energy. Energy storage 

technologies, in particular batteries and supercapacitors, could offer efficient and reliable 

alternative to the currently available energy sources [1,2]. Thus, batteries and supercapacitors, as 

the two main types of electrochemical energy storage devices, have attracted tremendous attention 

worldwide for future energy storage applications. Supercapacitors are considered a rapidly 

growing cutting-edge technology, due to two outstanding features: (1) high power performance, 

and (2) long-term cycling stability [3–5]. However, the minimal charge storage of supercapacitors, 

when compared to batteries, restricts their potential future applications [6].  

Supercapacitors, or electrochemical capacitors, have attracted intense consideration because of 

their high-power density, charge-discharge rates and higher magnitude of energy density in 

comparison to batteries and other conventional capacitors [4]. Supercapacitor, as energy storage 

devices has many benefits such as environmental friendliness, short-time charge/discharge, and 

impressive power densities. The importance of supercapacitors could be useful for the optimization 

of battery-derived hybrid power system and device power performance. The various mechanisms 

for storing energy have classified the supercapacitor into two groups. The first type is the Electric 

Double Layer Capacitor (EDLC), which is based on energy charge electrostatic storage. At the 

electrode/electrolyte interface, no charge is transferred, which can store charges by non-faradaic 

reactions. In other words, there have been no electrochemical reactions. The second category is 
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Pseudo-capacitors, which use reactions to transfer charges for storage purposes by faradaic 

reactions [7]. 

Recently, efforts have been dedicated in providing new electrode (negative and positive) materials 

for supercapacitor applications in energy storage devices. Carbon-based materials (such as carbon 

black, carbon nanotubes, graphene and activated carbon) and transition metals (such as WS2, 

MoS2, and VS2) are commonly used in energy storage applications. Owing to their intrinsic 

strength, light weight and excellent electrical conductivity, activated carbon and graphene are the 

most commonly researched electrode materials for energy storage devices [8,9]. The graphene-

like single layered structure of MoS2 nanosheets has been considered for various energy storage 

and photocatalysis applications due to their unique morphology, which provides large surface area 

(27.82, 24.48 and 15.71 m2/g) and excellent mechanical and electrical properties [10–14].  

It has been established in literature that the MoS2-based supercapacitors have enhanced capacitive 

performance for supercapacitor applications [15]. The study of its nanocomposite have also been 

explored ranging from MoS2/MWCNT composite, Nickel sulfide/MoS2 (NMS) nanosheets 

composite, Biomass-derived activated carbon/MoS2, C/MoS2 composites, MoS2/graphene 

composites and other composites have been reported with improved performance [15–19]. Also, 

studies have been carried out on electrochemical properties and capacitive efficiency of transition 

metals such as nickel, cobalt, iron and other graphene composites. However, there are also a few 

metal-doped composites reported for MoS2-based supercapacitors such as Nickel [20], Manganese 

[21], Cobalt [22], and Platinum [23] for improving performance. In this project, we reported one-

pot hydrothermally assisted non-modulated synthesis of Cobalt-doped MoS2 for supercapacitor 

electrode materials. Likewise, a binder-free mixed-phase of another metal doped MoS2 

(manganese doped MoS2) for electrochemical performance was also investigated. Finally, an in-
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situ crystallites size-dependent of the electrode materials were analyzed to explore how the 

crystallite sizes of the electrode improving the supercapacitive performance. 

1.2.BRIEF OVERVIEW OF MOLYBDENUM SULFIDE (MoS2)  

After the discovery of graphene in 2004 and the developments of graphene-like 2D nanostructures, 

single-layered transition metal dichalcogenides such as molybdenum sulfide (MoS2) and tungsten 

sulfide (WS2) became materials of choice for the next generation of two-dimensional (2D) 

materials. This was due to their large intrinsic band gap which made them a perfect replacement 

for graphene’s gapless nature. Moreover, a single-layered transition metal dichalcogenides have 

narrow bandgap which can be comparable by graphene [24–27]. MoS2 nanostructures has made 

numerous advances owing to their unique physical and chemical properties. It has become a 

promising candidate for eco-friendly applications with cost-effectiveness and efficiency [28]. 

MoS2 possesses a graphite-like layered structure with Van der Waal force of attraction (between 

the S-Mo-S sandwiched layers. The spacing between the interaction of the adjacent layers of 

Molybdenum between the two Sulphur layers is 0.615 nm that’s twice the spacing between the 

graphite layers (0.335 nm) [29]. These appealing properties of MoS2, is characterized by optical, 

electronic, mechanical, magnetic, and valleytronics properties. These properties have resulted in 

various applications such as  energy storage, catalysis, light-harvesting, gas sensor, etc. due to its 

atomic layered thickness and 2D morphology [30–35]. 

1.3.OCCURRENCE 

The natural occurrence of MoS2 is from ‘molybdenite’ which is the principal source of 

molybdenum. The MoS2 can be concentrated by foam flotation from the low amount of its ores. 

Currently, molybdenite is mostly obtained as a byproduct of copper mining [36]. The metal 

dichalcogenide layer consists of one plane of hexagonally packed metal atoms between two planes 
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of chalcogenide atoms. In these layers, the chalcogen array around each metal atom is typically 

octahedral or trigonal prismatic. MoS2 belongs to the layered dichalcogenides of transition metals 

of groups IVb, Vb, and VIb, which have attracted interest on account of their highly anisotropic 

properties [37]. MoS2 exists in three crystalline structures, i.e., hexagonal (2H), trigonal (3R), and 

as well as synthetic octahedral (1T) MoS2 phases, which make it Polytypic materials. Therefore, 

the 2H structure exists in the space group of P63/mmc (a = b = 3.16 Å, c = 12.29 Å) [36], while 

the 3R structure belongs to the R3m space group (a = b = 3.16 Å and c = 18.37 Å) [38], and the 

space group of metastable 1T-MoS2 is P1(a = b = 3.36 Å, c = 6.29 Å) [39]. Also, the structures 

(2H, 3R, and 1T) have the point groups of D6h, C3v, and D6d with electronic behavior of 

semiconductor, metal, and semiconductor respectively [40]. 

1.4.AIM AND OBJECTIVES 

This study aims to focus on the enhancement of transition metal-based superconductor materials 

for improved performance.  

The specific objectives of this research will be built on synthesizing molybdenum sulfide (MoS2) 

nanomaterials. The functionalization of the composite’s compounds of cobalt doped MoS2 and 

manganese doped MoS2 will be accomplished by varying the weight percentage of each composite 

materials. The structure and properties of the prepared supercapacitor materials and their 

composites will be elucidated using various spectroscopy methods such as X-ray diffraction 

(XRD), Field emission scanning electron microscopy (FE-SEM), Raman spectroscopy, X-ray 

photoemission spectroscopy (XPS), and Brunauer-Emmett-Teller (BET) techniques. The 

electrochemical performances of the synthesized materials will be investigated using Autolab 

Electrochemical workstation. 
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1.5.SCOPE OF THE STUDY 

In this research, the synthesis of MoS2, and their composite materials will be investigated to 

establish the improvement of supercapacitors electrodes. The supercapacitance properties of the 

self-assembling electrodes from as-prepared materials will be studied using cyclic voltammetry, 

galvanostatic charge-discharge, and electrochemical impedance spectroscopy curves for the 

electrochemical evaluations of the electrodes.  

This will be monitored to establish the electronics structure and charge storage capacity of the 

materials to bring out the nitty-gritty of physics behind the enhancement of the supercapacitor 

properties. 

1.6.ORGANIZATION OF THE THESIS 

This thesis entails chapters. The chapters are divided into sections and subsections, to ensure 

accuracy and conciseness. Within this section, we will discuss the structure of the chapters of this 

study. 

Chapter One introduce supercapacitors as an energy storage device. The motivation of the 

research, the brief review of the molybdenum sulfide, the aim, and objectives, and the scope of the 

study were also presented. Chapter Two presents the literature review of the recent progress on 

the MoS2 based supercapacitors and the bibliometric study of the literature from the inception of 

using MoS2 as the active material for supercapacitor. Chapter Three detailed the preparation 

methods, properties and applications of molybdenum sulfide.  

Chapter Four provides the detailed working principle of the equipment and instrumentation 

employed in experimental techniques and the characterization procedures of this research. 

In Chapter Five, the experimental results and discussions on electrochemical analysis of non-

modulated cobalt doped MoS2 based supercapacitors. Chapter Six will present the results and 
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discussions on the electrochemical performance of the synthesis and characterizations of the 

manganese doped MoS2 electrode materials. Chapter Seven provides a general summary of the 

research studies. The published papers to peer-review journals are contained in the Appendix. 
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2.0.Introduction 

The molybdenum-based supercapacitor is a fast-promising area where researchers are exploring 

to improve the performance of its electrode materials and their derivatives for energy storage. 

MoS2 as an important material for electrochemical devices has recently attracted enormous 

attention for supercapacitor electrodes as indicated in a large number of research papers [1]. The 

reports are mainly focused on the properties of MoS2 with different morphologies as electrode 

materials for supercapacitors. In this section, the recent development of molybdenum sulfide-based 

supercapacitors is highlighted. This is to present the evolution of the MoS2-based supercapacitors 

from the nanostructured to their composites for their improved efficiencies of the energy storage 

devices. Likewise, the bibliometric overview of MoS2-based supercapacitors is presented in this 

section to elucidate the progress and research outlook of supercapacitors based on MoS2 materials. 

2.1. Recent developments in molybdenum sulfide-based supercapacitor materials 

There have been many efforts to commemorate the strength of renewable energies in terms of 

storage devices for such energies since their sources are attached to one or two factors that can 

hinder their capacities to perform to the optimum level. Supercapacitors based on molybdenum 

sulfide are fast-paced fields where researchers are exploring to increase the capacity of their 

electrode materials and their energy storage derivatives. As an important material for 

electrochemical devices, molybdenum sulfide has attracted significant attention as a 

supercapacitor electrode. The most recent improvement in supercapacitors was based on the 

composition of their active materials, such as its composites, as it was applied to the subject of 

discussion, MoS2-based active materials. This section was divided into two, based on the 

nanostructured and nanocomposites of MoS2 based electrochemical devices.  
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2.1.1. Electrochemical Analyses of MoS2 Nanostructured in Supercapacitor Devices 

Molybdenum sulfide nanostructure has been widely employed with enormous applications due 

to its superiors' characteristics, which can be attributed to the transition metal properties of 

molybdenum and Sulphur’s chemical activity. Recently, Gao et al., 2018, described three-

dimensional nanospheres of MoS2 nanosheets through a facile hydrothermal synthesis. The 

excellent performance of electrochemical outputs was attributed to the improved morphology of 

MoS2 nanosheets due to the conferment of the effect of SiO2 substrates, which provides a large 

surface area for charge transfer [2]. A simple hydrothermal method was used to prepare MoS2 

nanosheets and the electrochemical data showed an excellent retention capacity of the cyclic 

stability with an improved specific capacity. The improvement of electrochemical studies has also 

been accredited to the large specific area, unique two-dimensional (2D) nanostructures of MoS2 

nanosheets, and low series resistance [3]. Krishnamoorthy et. al., studied the electrochemical 

analyses of MoS2 nanostructure deposited on a stainless-steel substrate. The cyclic voltammetry 

and galvanostatic charge-discharge studies revealed a specific capacitance of approximately 92.85 

F/g and high retention capacity of the cyclic stability analysis after 1000 cycles for the prepared 

MoS2 [4]. High capacitance with excellent cycling stability was reported for the binder-free MoS2 

nano worms symmetric supercapacitor. 138 Fg-1 of capacitance values were reported at a rate of 1 

Ag-1 with more than 86% retention over 5000 cycles. A high energy density of 12.26 Wh kg-1 at a 

power density of 0.4 kW kg-1 was also reported [5]. Hydrothermal methods for synthesizing MoS2 

nanosheets deposited on titanium plates were described by Wang et al., 2017. 93% of cyclic 

stability retention over 1000 cycles was recorded. The authors agreed that the enhancement of the 

specific capacitance was due to the composites of MoS2 [6]. 
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Flower-like MoS2 microspheres aided with biopolymer-assisted hydrothermal methods were 

highlighted with a maximum specific capacitance of 145 F/g at 3 A/g and showed good cycle ability with 

over 100% retention capacitance after 500 cycles [7]. More recently, Javed et al., prepared MoS2 

nanospheres with a typical hydrothermal process, and as-synthesized materials were deposited on carbon 

cloth to make the supercapacitor device. The electrochemical study performance was associated with the 

low resistance values observed from electrochemical impedance spectroscopy (EIS) for MoS2 prepared [8]. 

Electrochemical analysis of few-layered MoS2 synthesized by ball milling methods was studied 

by Pazhamalai et al., 2018. The studies show the presence of the pseudocapacitive nature of charge 

storage via the ion-intercalation/de-intercalation process [9]. A MoS2-based wire-type 

supercapacitor was fabricated with few-layered MoS2 nanosheets synthesized by mechanical 

milling methods. It was found that a specific capacitance of 119 µF cm-1 and an energy density of 

8.1 nWh cm-1 with cyclic stability of 89.6% retention over 2500 cycles were recorded [10]. 

2.1.2. Nano-Composites of MoS2 in Electrochemical Device Analyses 

Various efforts have been made to analyze the properties of MoS2 composites with different 

morphologies to improve the capacitive performance for supercapacitor applications. The 

morphology and structural analysis of the layered MoS2-graphene in a three-dimensional sphere-

like structure showed tremendous improvement. The improvement in the electrochemical 

properties was due to the three-dimensional MoS2-graphene interconnected conductive network 

[11].  

Patil et al., 2016, reported a hybrid MoS2/graphene oxide for supercapacitor application. The 

electrochemical studies of the MoS2/GO hybrid electrode prepared by a facile binder-free approach 

showed a high specific capacitance at a low scan rate. The high surface area of GO and MoS2/GO 

with charge transport was reported to improve the electrochemical performance [12]. 
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Furthermore, MoS2 deposited by microwave-assisted reduced graphene oxide was studied at 

different three concentrations and electrochemical studies were taken on all the layered 

MoS2/RGO. Firmiano and colleagues concluded that the electrochemical properties can be 

improved by changing the concentration of MoS2 for the same hybrid [13]. 

Composites of MoS2/Multi-walled carbon nanotube developed from 2-dimensional graphene 

analog molybdenum sulfide/multi-walled carbon nanotube composites recorded the supercapacitor 

output. The author related the improved performance to the conductive network of the composites 

[14]. Supercapacitor application was also demonstrated by the production of porous tubular 

C/MoS2 nanocomposites by porous anodic aluminum oxide. Electrochemical analysis of the 

composite as an electrode material for applications in supercapacitors shows a high specific 

capacity with long-term cycling stability performances [15]. 

Recently, Bisset and co-workers reported the characterization of composites MoS2-graphene 

using solution-exfoliated methods in a symmetrical coin cell for high-performance supercapacitors 

with increased charge/discharge cycles up to 800%. The authors found out that electro-activation 

as a result of ion intercalation offers a significant increase in specific capacitance [16]. 

Ji and co-workers considered a hybrid preparation of MoS2/C composites for enhancing the 

supercapacitor performance through a scalable approach for synthesizing few-layer MoS2 

nanosheets. The electrochemical calculation exhibited a high specific capacity energy storage 

efficiency and excellent cycling stability retention of 104% after 2000 cycles [17]. 1T-

MoS2@TiO2/Ti exhibited superior capacitance performance, high energy density, and a high-

power density with cycle stability of 97% capacitance retention after 10,000 cycles were observed. 

The superior performance of the electrochemical studies was associated with the large surface area 

provided by the array of TiO2 nanotubes. The fast transfer of electrolyte ions, and electrons due to 
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the hydrophilicity and conductivity of the 1T-MoS2 nanosheets, and the direct deposition of TiO2 

nanotubes of titanium foil were also attributed to the performance efficiency [18]. 

The Biomass-derived activated carbon/MoS2 nanocomposite was established to have higher 

specific capacitances for both symmetric and hybrid supercapacitors with the exhibition of good 

cycle stability [19]. A hierarchical Nickel Sulfides/MoS2 (NMS) nanosheets composite on carbon 

nanotubes was invented with favorable specific capacitance and good cycling stability. The 

assembled NMS/CNT//activated carbon (AC) asymmetric supercapacitor was concluded to be a 

promising device for energy storage with high specific capacitance. The retention of almost 100% 

was recorded after 10000 cycles for cycling stability. The improvements recorded for the device 

were due to the three-dimensional structures that allow electrolyte diffusion and provide fast 

electron paths to improve its electrochemical properties [20]. MoS2/RCF composites have been 

assembled as promising candidates for conductive support for electrodes in energy storage devices. 

It was deduced that the combination of a negative MoS2/RCF electrode and a positive MnO2/RCF 

electrode enhanced the properties of the device [21]. 

More Recently, ternary composites of (MoS2/rGO/PANI) were fabricated for molybdenum-

based supercapacitors. The outstanding performance was due to the three components that make 

the pseudo-capacitance and double-layer capacitance acquired by the composites [22]. Hybrid 

MoS2-graphene nanostructures were reported via a facile one-pot chemical method with enhanced 

electrochemical performance. The electrochemical performance of the device may be associated 

with the hybridization effect of MoS2 and graphene [23].  

Furthermore, Wang et. al. recorded kelp-like layered-structured NiCo2S4-C-MoS2 composites 

for supercapacitors applications in 2018. Hydrothermal and solvothermal methods were used to 

synthesize the composites with more than 60% of their initial capacitance retained after 1000 
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charge-discharge cycles. The ternary components of a kept-like layered NiCo2S4-C-MoS2 

composite showed excellent supercapacitor performance owing to the synergistic effect of their 

mixture [24]. For high-performance supercapacitors, a cyclic volumetric analysis of a core-sheath 

holey graphene/graphite composite fiber added with nanosheets of MoS2 has been studied. The 

graphene/graphite fiber composite interpolated with MoS2 nanosheets provided abundant paths for 

electrolyte ion transfer, large surface area, and fast charge transfer to enhance the electrochemical 

properties of the device [25]. Maskhiwa et al., also observed a high performance for 

MoS2/graphene foam composites with expanded activated carbon from graphene. The stability of 

the supercapacitor cell was attributed to the addition of graphene, which allowed fast charge 

transfer without weakening the electrode material [26]. In another development, Fan et al., 2015, 

reported an electrochemical analysis of a mesoporous MoS2/C composite with the structure of a 

flower-like layer. The values reported in their studies were higher than those previously reported 

for pure molybdenum sulfide and carbon supercapacitance. The results indicate that the composites 

can increase the surface area and conductivity of the materials, which in turn enhances the 

electrochemical performance [27]. The overview of the reported works of literature in terms of 

their specific capacitances values for MoS2-based supercapacitors ranged from 14.7 F g-1 [9] to 

1601 F g-1 [24], as shown in the summary Table 2.1 [1]. 
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Table 2. 1 Summary of Electrochemical Studies on MoS2-Based Supercapacitors  

MoS2 Materials Method of 

Preparation 

Electrochemical 

Properties  

Cyclic stability  

      (%) 

MoS2-G Hydrothermal 243 F/g@ 1Ag-1 92.3@1000 cycles 

MoS2/GO–NF Exfoliation 613 F/g@ 25 mVs-1 98@1000 cycles 

MoS2-RGO  Microwaves 128/265/148 F/g@ 10 

mVs-1 

92/70@1000 cycles 

MoS2/MWCNT Hydrothermal 452.7 F/g@ 1Ag-1 95@1000 cycles 

C/MoS2 nanocomposite Hydrothermal 210 F/g@ 1Ag-1 80@1000 cycles 

MoS2/C composites Microwave-

Hydrothermal 

589/364 F/g@ 

0.5/20Ag-1 

104@2000 cycles 

MoS2 nanosheets Hydrothermal 129.2 F/g@ 1Ag-1 85@500 cycles 

MoS2 nanostructure Hydrothermal 106 F/g@ 5mVs-1 93.8@1000 cycles 

MoS2 nicrospheres Biopolymer-

assisted 

Hydrothermal 

145 F/g@ 3Ag-1 100@500 cycles 

MoS2/GF//AEG Hydrothermal 59 F/g@ 1Ag-1 95@2000 cycles 

MoS2 hierarchical nanospheres Hydrothermal 368 F/g@ 5 mVs-1 95@5000 cycles 

1T-MoS2@TiO2/Ti Hydrothermal 428.1 F/g@ 0.2Ag-1 97@10000 cycles 

DAC/MoS2 Hydrothermal 261/193 F/g@ 2 mVs-1 89/88@5000 cycles 

NMS/CNT// (AC) Glucose-assisted 

Hydrothermal 

108 F/g@ 0.5Ag-1 100@10000 cycles 

MoS2/RCF composite Hydrothermal 225 F/g@ 0.5Ag-1 81@2000 cycles 
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MoS2/rGO/PANI Hydrothermal-

Polymerization 

570 F/g@ 1Ag-1 78.6@500 cycles 

Hybrid MoS2-graphene 

nanostructures 

Hydrothermal 756 F/g@ 0.5Ag-1 88@10000 cycles 

3D-MoS2 nanosheets Hydrothermal 683 F/g@ 1Ag-1 85.1@10000 cycles 

NiCo2S4-C-MoS2 composite Hydrothermal-

Solvothermal 

1601 F/g@ 0.5Ag-1 60@1000 

few-layered MoS2 Ball Milling 14.7 F/g@ 0.75Ag-1 91.2@5000 cycles 

graphite composite/MoS2 

nanosheets 

Hydrothermal 421F/cm-3@ 5 mVs-1 51@3000 cycles 

MoS2 nanoworms Hydrothermal 138 F/g@ 1Ag-1 86@5000 cycles 

MoS2/C composite Hydrothermal 201.4 F/g@ 0.2Ag-1 94@1000 cycles 

MoS2-titanium plate Hydrothermal 133 F/g@ 1Ag-1 93@1000 cycles 

MoS2 based wire-type  Ball Milling-

Exfoliation 

119 µFcm-1@2.5µA 89.36@2500 cycles 
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2.2. Bibliometric Review of MoS2-Based Supercapacitors 

Although there are several appraisals of Molybdenum Sulfide (MoS2) based on 

supercapacitors. Nevertheless, a comprehensive overview of MoS2-based supercapacitors using 

bibliometric techniques has been presented in recent times. In 2009,  Lufrano and Staitis presented 

a bibliometric study of the literature in the supercapacitors field between 1994 and 2008 [28]. 

Meanwhile, the evolution of using MoS2 as active material in supercapacitors devices began in 

2007, so their studies might not have covered the current progress in the recent literature on MoS2-

based supercapacitors for bibliometric analysis. Therefore, their work could not have shown how 

far the MoS2-based supercapacitors have grown since 2007.  

2.2.1. Bibliometric Study 

A bibliometric study is the collection of methods for analyzing the scientific and technical 

works of literature empirically [29]. The bibliometric analysis examines scientific publications 

through a set of procedures, such as publishing reports of different journals, countries, 

organizations, writers, and citation analyses, and identifies methods that focus more on quantitative 

analysis and research evolution [30]. The use of bibliometrics or scientometrics spreads 

increasingly to all fields of study. At a time when the focus on scientific contributions generates 

broad, diverse, and divisive research sources, with the emphasis on the voluminous research items 

based on empirical contributions [31,32]. This hinders the ability to gain information from a 

collection of previous research papers and actively collect data. Literature reviews are therefore 

increasingly playing a key role in refining previous study results to use the current knowledge base 

efficiently, advance a line of research, and provide evidence-based perspective into the practice of 

professional judgment and competence exercise and maintenance [33]. To understand and 

coordinate earlier observations, researchers use numerous qualitative and quantitative literature 
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review methods. Among these approaches,  bibliometrics provides a systematic, clear, and 

reproducible analysis mechanism based on statistical measurements of science, or scientific 

operation [34–36].  

The bibliometric method employed in this field of study is a powerful tool for research in the 

quantitative analysis of the application of mathematics and statistical methods to academics’ 

publications such as books, journals, and other media of communication [36]. Bibliometric 

analysis has been widely adopted for tracing the relationships among quotations from academic 

journals.  

Content and citation analyses are two methods used in bibliometric analyses. The content 

review aims to classify current hotspots based on author keyword frequencies and other 

distributions. Bibliometric studies generally provide a useful tool for moving from the micro 

(scientist and institute) to the macro (national and global) level. Besides, the research patterns and 

current issues in the fields of study can be established by using such a method [37–41]. While 

citation analysis can be referred to as the link between citing and cited works in a specific research 

field and allows us to identify core literature, journals, countries, etc. [42]. 

The impact factor (IF) and H-index are the two major indicators to measure the quality of the 

journal, thus closely related to the bibliometric analysis. The impact factor measures the average 

number of citations received in a particular year by papers published in the journal during the two 

preceding years. It was regarded as a standardized means of evaluating the quality of journals and 

was put in place by the Institute of Scientific Information (ISI) [43,44]. In 2005, Hirsch introduced 

the H-index as a quantitative method to measure the total effective output of a researcher with 

strengths of simplicity and immediate intuitive meaning. The h-index is an objective measure and 

has a predictive value with one calculation. Giving an estimation of the relevance, significance, 
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and specific impact of cumulative research contributions by a scientist. The index may also be 

used by authors, journals, and institutions [45,46]. The impact factor used in this study was 

obtained from the 2019 journal citation reports of clarivate analytics.  

2.2.1.1. Methods and Data Collection 

In this study, R-package software (R-studio, Bibliometric, and Biblioshiny) was used to 

perform bibliometric analysis. It can extract basic information from each searched paper, including 

details about the authors (names, countries, and institutions), year of publication and journal, total 

citation times, and keywords, enabling a thorough analysis of key features of relevant research 

results. 

2.2.1.2. Data Collection 

All documents used in this study were retrieved from the Scopus database (www.scopus.com), 

which has been adjudged as the most popular literature data bank in academia. Four keywords; 

(TITLE-ABS-KEY (molybdenum AND sulfide) OR TITLE-ABS- KEY (molybdenum AND 

sulphide) OR TITLE-ABS-KEY (mos2) AND TITLE-ABS-KEY (supercapacitor)) were chosen 

to search the recent publications from 2007-2020. Out of the total 467 retrieved publications, peer-

reviewed articles have 432, 9 conference papers, 19 review papers, 2 book chapters, 2 errata, 2 

conference proceedings, and 1 note. English is the major language used in the retrieved 

publications, accounting for 98.7%, this is responsible for the global coverage of the research 

output and the remaining 1.3% is the Chinese language, which suggests the commitment and 

dominance of the authors with a Chinese background in the research field. 

 

 

http://www.scopus.com/
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2.3. Result and Discussions 

2.3.1. Main Information and Patterns of the Publications 

The description of the total retrieved publications is presented in Table 2.2. The total 

documents of 467 from 139 sources of the publication revealed more than 1900 and 800 keywords 

plus and Author’s keywords, respectively. The studied publications are between the period January 

2007 to April 2020 with average citations per document of 32.48 and more than 1400 authors, 

which implies the research is progressing towards the enhancement of the MoS2-based 

supercapacitors. The results are shown for the documents per author, authors per document, co-

authors per document, and collaboration index from the main information details accounted for 

progress made so far within the review years.  

Figure 2.1 shows the general patterns of the publications. The total number of annual 

publications (TNO) gradually increased between 2007-2020. However, the figure shows that there 

are no publications between 2008 to 2013, after the first publication by Soon and Loh in 2007 [47]. 

The non-availability of research documents between those years can be attributed to the understudy 

of MoS2 effects on the enhancement of the supercapacitor, which was later translated to an increase 

in the publication output from 2013. The highest publications output was reported in 2017, 2018, 

and 2019 with 93, 93, and 116 documents, respectively. Documents retrieved so far for 2020 were 

the fourth-highest documents that show the prospect of the MoS2-based supercapacitor as of April 

2020. 
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Figure 2. 1 General patterns of the publications. 

 

 

 

 

 

 

 

 



Ph.D. Thesis  Bello Ismaila Taiwo; UNISA  Physics 

28 

 

Table 2. 2 Main information of the retrieved publications. 

Description Results 

Documents 467 

Sources (Journals, Books, etc.) 139 

Keywords Plus (ID) 1955 

Author's Keywords (DE) 802 

Period 2007 - 2020 

Average citations per document 32.48 

Authors 1475 

Author Appearances 2738 

Authors of single-authored documents 5 

Authors of multi-authored documents 1470 

Single-authored documents 7 

Documents per Author 0.317 

Authors per Document 3.16 

Co-Authors per Documents 5.86 

Collaboration Index 3.2 

 

2.3.2. Performance of different Journals 

The total number of journals that have published articles on MoS2-based supercapacitors was 

139. The lists of the 20 most relevant journals using the h-index and other performance indicators 

are summarized in Table 2.3. Considering the total publications associated with MoS2-based 

supercapacitors over the 14 years, the top 20 journals contributed more than 14%, inferring the 
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spread distribution of these publications and a general interest in Molybdenum Sulfide-based 

supercapacitors devices. In terms of the total number of publications (TNP), Electrochimica Acta, 

Journal of Alloys and Compounds, RSC Advances, Journal of Materials Chemistry A, and ACS 

Applied Materials and Interfaces are the five most influential journals with 41, 32, 24, 20, and 16 

articles, respectively. Electrochimica Acta has the highest h-index value (17), which shows that 

Electrochimica Acta is one of the strategic journals with a substantial impact on electrochemical 

research. However, the Journal of Materials Chemistry A ranked 4th by the number of publications 

but has the second-highest h-index (14). The Journal of Alloys and Compounds ranked 2nd in terms 

of articles had an h-index of 13, followed by RSC Advance and ACS Applied Materials and 

Interfaces with the same h-index of 12 but ranked 3rd and 5th by the number of articles, respectively. 

The highest total citation was recorded for Electrochimica Acta, which shows its importance to the 

research field, as presented in Table 2.3. However, the Journal of ACS Applied Materials and 

Interfaces has the second-highest citations number but is ranked 4th by the number of articles and 

h-index values, implying the quality of the journal in terms of annual citation.  
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Table 2. 3 The lists of the 20 most relevant journals.  

N/S Source h_index IF TC NP PY_start 

1 Electrochimica Acta 17 5.38 1163 41 2013 

2 Journal of Alloys and Compounds 13 4.17 509 32 2015 

3 RSC Advances 12 3.04 319 24 2015 

4 Journal of Materials Chemistry A 14 10.73 681 20 2015 

5 ACS Applied Materials and Interfaces 12 8.45 1113 16 2015 

6 Chemical Engineering Journal 8 8.35 176 14 2017 

7 Journal of Power Sources 9 7.46 713 12 2013 

8 Materials Letters 6 3.01 94 10 2014 

9 New Journal of Chemistry 6 3.06 234 10 2014 

10 Small 8 10.85 780 10 2013 

11 Advanced Energy Materials 6 24.88 431 8 2014 

12 Applied Surface Science 6 5.15 114 8 2017 

13 International Journal of Hydrogen Energy 4 4.08 286 8 2013 

14 Nano Energy 6 15.54 514 8 2014 

15 Inorganic Chemistry Frontiers 4 5.93 115 7 2017 

16 Journal of Colloid and Interface Science 7 6.36 150 7 2017 

17 Scientific Reports 6 4.12 201 7 2016 

18 Acs Applied Energy Materials 3 - 47 6 2018 

19 Ceramics International 3 3.45 34 6 2017 

20 Energy Storage Materials 3 2.04 121 6 2017 
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The source growth of publications of MoS2-based ultracapacitors across the top five journals 

is shown in Figure 2.2.  As shown in Figure 2.2, an increasing number of publications on MoS2-

based ultracapacitors are observed. This trend might reflect the importance of MoS2-based 

ultracapacitors as an accepted method to improve the performance of electrochemical storage 

devices. Electrochimica Acta has the highest number of publications shared in electrochemical 

studies, which showed its significance in the research field. 

 

 

Figure 2. 2 Source dynamics of publications of MoS2-based ultracapacitors across the top five 

journals. 
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2.3.3. Characteristics of the Authors 

2.3.3.1. Authors’ Performances 

A total number of 1475 authors contributed to the research on MoS2-based supercapacitors. 

Figure 2.3 shows the top 10 most prolific authors with their total number of publications and h-

indexes. The smallest publications for the 10th author are 13 publications, while the total 

publications for the first author among the top 10 most productive authors are 32. More than 50% 

of these authors belong to the top ten most productive countries, implying the authors' better 

productivity in the research field. Out of these authors, Prof. Zhang Y is the most productive 

author, with 32 articles, followed by Prof. Wang Y with 22 articles, and the next three authors have 

the same number of publications (16 articles). From the h-index point of view, Prof. Zhang Y has 

the highest h-index value of 20, which shows that he has higher academic performance with 

scientific quality and most of his works are generally acknowledged. Prof. Wang Y is the second-

most productive author in terms of publications and has a relatively low h-index (8) compared to 

the fourth (Wang J) and fifth (Wang X) authors with 10 h-indexes. This only means that his works 

did not receive enough citations, which can be due to the source of his publications and the quality 

of the research. 
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Figure 2. 3 The top 10 most productive authors. 

2.3.3.2. Most Cited Authors 

Table 2.4 details the list of the top 20 most cited authors with their number of publications, h-

index values, the total number of citations, and citations per paper. With all the indicators in Table 

2.4, Prof. Zhang Y remains the most prolific author among the authors who contributed to this 

research with the highest number of global citations. Followed by Li J ranked 2nd in terms of global 

citation, but ranked 9th and 3rd by the number of articles and h-index, respectively. Wang J. ranked 

the 3rd most cited author based on the global citation indicator with 16 articles and h-index 8. The 

ranking of the authors listed in Table 2.4 is based on the number of their citations. However, there 

is a difference in the ranking of the authors' h-indexes and publications, which is likely to be 

associated with their collaboration efforts in the research study. 
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Table 2. 4 Details of the top 20 most cited authors. 

Ranks Authors Articles h_index TC Cites/Articles 

1 Zhang Y 32 20 1581 4.5554 

2 Li J 13 8 1010 2.0079 

3 Wang J 16 10 987 2.1357 

4 Wang L 14 10 838 2.4472 

5 Zhang X 16 8 801 2.4718 

6 Ma L 12 10 647 2.025 

7 Wang X 16 10 484 2.1907 

8 Liu H 11 6 421 1.7845 

9 Liu J 15 8 363 2.2723 

10 Li Y 16 7 354 2.0858 

11 Li L 13 7 346 1.8874 

12 Zhang J 13 8 319 1.7556 

13 Wang Y 22 8 289 4.1615 

14 Yang X 12 6 268 2.3278 

15 Zhang Z 12 6 255 1.7682 

16 Li X 13 5 208 1.864 

17 Li Z 11 6 160 2.075 

18 Liu Y 13 6 136 2.3206 

19 Wang H 13 6 125 1.9159 

20 Li H 12 4 93 1.5552 
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2.3.3.3. Authors’ Collaborations 

Figure 2.4 presents the collaboration clusters between the active authors contributing to the 

study of MoS2-based supercapacitors. The 5 most active research groups are shown according to 

their academic collaborative relationships in five clusters. Each cluster represents a group of 

collaborated authors. The largest author node belongs to Prof. Zhang Y and the most collaborated 

works within his cluster are with the other three authors (Zhang L, Wang S, and Wang R). The 

activeness of the collaborated works can be related to the thickness of the cluster lines linking 

authors to each. The second, third, and fourth authors' nodes belong to Wang X, Zhang X, and 

Wang Y with their respective collaborative relationships, while the fifth authors' nodes belong to 

Zhang C with just three collaborations. However, some isolated nodes were removed because there 

was no collaboration with other authors. The VOSviewer computer tool was initiated for the 

graphical representation in building the bibliometric network with various parameters thus, 

allowing the bibliometric system construction with different settings. 
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Figure 2. 4 Top 5 most active collaborative clusters authors. 

2.4.The Features of Countries and Institutions 

2.4.1. Countries’ Characteristics 

A total number of 467 documents were studied for countries and affiliated institutes in the 

Scopus database. Between 2007-2020, 29 countries have contributed to the publications of 

research articles on MoS2-based supercapacitors. Figure 2.5 shows the country's scientific 

productions of MoS2-based supercapacitors' research based on geographical location. China 

produced 520 publications on MoS2-based supercapacitors within the period of study (2007-2020), 

indicating its interest in improving energy storage optimization. Other countries, such as India 

(151), South Korea (105), the USA (78), Singapore (40), Australia (20), UK (19), are the countries 

that have contributed to the study of electrochemical devices using MoS2 as an active material. 

Additional studies on supercapacitors using MoS2 were found in many other countries like Taiwan, 
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Saudi Arabia, Germany, and Italy with greater than 10 research outputs, and Japan with only 10 

research documents. Only two countries from the African continent, Egypt (10) and South Africa 

(7), were found in the supercapacitors of MoS2 devices. The number of publications from one 

country represents the country's focus and overall strengths in its related fields of research.  

Table 2.5 shows the top 15 most relevant countries according to some indicators, such as the 

total number of articles, total global citations, and average article citations or average citation per 

year. China is the most productive country with the highest stake in all indicators, indicating its 

investment in energy storage development. India is the second most ranked productive country by 

the number of publications but ranked 6th by the total citations. The disparities between the rank 

of the number of publications and global total citations, likely indicate the quality of the research 

and sources of publication.  
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Figure 2. 5 The Geographical Spread of Country Scientific Production. 
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Table 2. 5 The top 15 most relevant countries. 

Rank Country Publication 

Frequency 

Total 

Citations 

Average 

Citations per 

Years 

1 China 520 2890 38.5 

2 India 151 356 13.2 

3 South Korea 105 1057 24.6 

4 USA 78 1867 207.4 

5 Singapore 40 1618 124.5 

6 Australia 20 0 0 

7 UK 19 492 82 

8 Taiwan 17 61 15.2 

9 Saudi Arabia 14 0 0 

10 Germany 13 93 46.5 

11 Italy 12 196 32.7 

12 Egypt 10 0 0 

13 Japan 10 62 31 

14 South Africa 7 2 2 

15 Brazil 6 266 266 
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2.4.2. Academic Cooperation 

The importance of academic collaboration between countries is that they can share many 

innovative ideas. Furthermore, it enhances their way of understanding and experience in the search 

for a creative solution and knowledge advancement. Collaborations between developed and 

developing countries usually provide access to sophisticated technologies with a series of 

experiences that might not be available in developing countries. Figure 2.6 shows the academic 

cooperative relationship between the top 16 collaborative countries. As shown in Figure 2.6, the 

collaboration strength is represented by the size of the circle. The bigger the circle, the more 

international active the country is. The thickness of the line joining one country to others 

corresponds to the collaborative frequencies between them. China is the most internationally active 

country in cooperative publications with Saudi Arabia, India, Korea, the United Kingdom, the 

United States, Pakistan, Singapore, Germany, Australia, Canada, and Japan. China and the USA 

have the highest collaborative frequency, which indicates that both countries (as the economic 

power of the world) have more interest in improving and diversifying their energy storage 

technologies with better research collaborations. There are also some collaborative frequencies 

between the UK, the USA, and China. Interestingly, there are some cooperative improvements 

between Saudi Arabia, Malaysia, Korea, India, and Egypt. Some isolated nodes were removed 

from the cluster because there was no link with other countries. 
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Figure 2. 6 The academic cooperative relationship between the top 16 countries. 

2.4.3. Institutions’ Performances 

The 20 most relevant institutions are shown in Table 2.6. All of them are from the top five 

most productive countries, except the United Kingdom. Among the top 20 most creative 

institutions, fourteen are located in China, indicating that Chinese universities are more active in 

the research field, which also reflects their collaborative relationships with researchers from both 

developed and developing countries. Two institutions from Singapore and the USA, respectively, 

and one each from England and South Korea. Nanyang Technological University, Singapore is the 
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most productive university with the highest number of publications (22). Thus, it is not surprising 

that a Singaporean University ranked first, which may be likely due to its collaborative 

relationships with many universities in the region. Jiangsu University, China, and Jeju National 

University, South Korea ranked 2nd and 3rd most relevant universities with 18 and 16 publications, 

respectively. It must be also noted that the overbearing of Chinese universities in the top 20 shows 

the great attention of their government and researchers in the development of energy storage 

technologies. 
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Table 2. 6 Top 20 most relevant institutions. 

Rank Affiliations Articles Country 

1 Nanyang Technological University 22 Singapore 

2 Jiangsu University 18 China 

3 Jeju National University 16 South Korea 

4 Tsinghua University 13 China 

5 Xinyang Normal University 12 China 

6 University of Chinese Academy of Sciences 11 China 

7 University of Manchester 11 England 

8 Shanghai Jiao Tong University 10 China 

9 South China University of Technology 10 China 

10 Tongji University 10 China 

11 China University of Geosciences 9 China 

12 National University of Singapore 9 Singapore 

13 Tianjin University 9 China 

14 Jilin University 8 China 

15 Lanzhou Institute of Chemical Physics 8 China 

16 Nanjing University 8 China 

17 Rice University 8 USA 

18 Southern Illinois University 8 USA 

19 Taiyuan University of Technology 8 China 

20 Tianjin University of Technology and Education 8 China 
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2.5.  Keywords 

Keywords reflect the priority of the authors' main research area and therefore allow the reader 

to identify the specific articles' key research contents. Keyword reviews were carried out to identify 

the core study patterns in MoS2-based supercapacitors. Figure 2.7 represents the 10 most 

frequently used keywords of the total 1955 keywords with a cumulative appearance of 8343 times. 

The top 10 most frequent words appeared (1892 times), accounting for 22.7% of the appearance 

of the total keyword from the analyzed publications. This indicates that these 10 most frequent 

words are the hotspot areas of the study of supercapacitors using molybdenum sulfide. Among 

these keywords, the molybdenum compound appeared 337 times, supercapacitor (305 times), 

layered semiconductors (228 times), capacitance (199 times), sulfur compounds (184 times), 

electrodes (167 times), electrochemical performance (134 times), nanosheets (120 times), 

electrochemical electrodes (110 times), and graphene (108 times). Other keywords that appear 

more than 50 times are specific capacitance, molybdenum disulfide, electrolytes, high specific 

capacitances, supercapacitor electrodes, energy storage, electric discharges, asymmetric 

supercapacitor, MoS2, and nanocomposites. 
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Figure 2. 7 Top 10 most frequently used keywords. 

2.6. Most Cited Articles 

 Table 2.7 presents the top 20 most cited articles for the period under consideration (2007-

2020), comprising the title of the articles, name of the journal, number of total citations, total 

citations per year, and the country of the first authors. The effect of publications and the influence 

of the authors can be measured by differences in the number of citations or references in a year 

[48].  As presented in Table 2.7, eight authors were from China, four from the USA and Singapore, 

two from India, and the remaining two authors are from Brazil and the United Kingdom. The most 

frequently cited articles among the listed articles had 1157 total citations and the highest total 

citations per year of 192.83 times. It was published in Nature Nanotechnology, titled “Metallic 1T 
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phase MoS2 nanosheets as supercapacitor electrode materials”. This paper presents the exfoliation 

of MoS2 nanosheets containing a high concentration of the metallic 1T phase electrode to improve 

the electrochemical properties [49]. The second most cited article is “Nanostructured metal 

sulfides for energy storage”, published in 2014 in Nanoscale with 529 total citations and a total 

citation per year of 75.57 times. This paper highlights a general overview and the importance of 

nanostructures and summarizes the recent progress on nanostructured metal sulfides [50]. The third 

most cited article is “Growth of polypyrrole ultrathin films on MoS2 monolayers as high-

performance supercapacitor electrodes”. It was published in Advanced Materials in 2015 with 439 

total citations and citations per year of 73.17 times. The paper revealed scalable solution-based 

methods to grow polypyrrole ultrathin films on MoS2 monolayer electrodes with high capacitance 

performance [51]. Among the remaining 17 articles listed in Table 2.7, three had more than 300 

citations, eight had more than 200 citations, and the remaining six had more than 150 citations. 
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Table 2. 7 The top 20 most cited articles. 

Rank Paper Journal  Year Total 

Citations 

TC per 

Year 

Country 

1 Metallic 1T phase MoS2 nanosheets as supercapacitor electrode 

materials 

Nature 

Nanotechnology 

2015 1157 192 USA 

2 Nanostructured metal sulfides for energy storage Nanoscale 2014 529 75 China 

3 Growth of polypyrrole ultrathin films on MoS2 monolayers as 

high‐performance supercapacitor electrodes 

Advanced 

Materials 

2015 439 73 China 

4 Edge‐Oriented MoS2 Nanoporous Films as Flexible Electrodes 

for Hydrogen Evolution Reactions and Supercapacitor Devices 

Advanced 

Materials 

2014 378 54 USA 

5 2D space-confined synthesis of few-layer MoS2 anchored on 

carbon nanosheet for lithium-ion battery anode 

ACS Nano 2015 368 61 China 

6 Direct laser‐patterned micro‐supercapacitors from paintable 

MoS2 films 

Small 2013 308 38 USA 
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7 Two-dimensional (2D) layered MoS2: rational design, properties, 

and electrochemical applications 

Energy & 

Environmental 

Science 

2016 296 59 China 

8 In situ intercalative polymerization of pyrrole in graphene 

analogue of MoS2 as advanced electrode material in 

supercapacitor 

Journal of 

Power Sources 

2013 290 36 India 

9 Electrochemical double-layer capacitance of MoS2 nanowall 

films 

Electrochemical 

and Solid State 

Letters 

2007 272 19 Singapore 

10 Supercapacitor electrodes obtained by directly bonding 2D MoS2 

on reduced graphene oxide 

Advanced 

Energy 

Materials 

2014 266 38 Brazil 

11 Hybrid fibers made of molybdenum disulfide, reduced graphene 

oxide, and multi‐walled carbon nanotubes for solid‐state, flexible, 

asymmetric supercapacitors 

Angewandte 

Chemie 

International 

Edition 

2015 252 42 Singapore 
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12 Layered MoS2–graphene composites for supercapacitor 

applications with enhanced capacitive performance 

International 

Journal of 

Hydrogen 

Energy 

2013 239 29 China 

13 Comparative study of potential applications of graphene, MoS2, 

and other two-dimensional (2D) materials in energy devices, 

sensors, and related areas 

ACS Applied 

Materials & 

Interfaces 

2015 222 37 India 

14 Characterization of MoS2–graphene composites for high-

performance coin cell supercapacitors 

ACS Applied 

Materials & 

Interfaces 

2015 206 34 United 

Kingdom 

15 Synthesis of polyaniline/2-dimensional graphene analog MoS2 

composites for high-performance supercapacitor 

Electrochimica 

Acta 

2013 188 23 China 

16 High performance solid state flexible supercapacitor based on 

molybdenum sulfide hierarchical nanospheres 

Journal of 

Power Sources 

2015 178 29 China 

17 Ni3S2@MoS2 core/shell nanorod arrays on Ni foam for high-

performance electrochemical energy storage 

Nano Energy 2014 173 24 Singapore 
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18 Two-dimensional (2D) water-coupled metallic MoS2 with 

nanochannels for ultrafast supercapacitors 

Nano Letters 2017 153 38 USA 

19 One‐Pot Synthesis of Tunable Crystalline Ni3S4@ Amorphous 

MoS2 Core/Shell Nanospheres for High‐Performance 

Supercapacitors 

Small 2015 152 25 Singapore 

20 One-step preparation of layered molybdenum disulfide/multi-

walled carbon nanotube composites for enhanced performance 

supercapacitor 

Energy 2014 152 21 China 
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2.7. Summary  

The recent progress in the electrochemical performance of the MoS2-based supercapacitors shows 

that their efficiencies are based on the fundamental formation of composite materials from 

different types of two-dimensional (2D) nanomaterials to resolve the drawbacks and unstable 

features. The bibliometric analysis of the evolution of literary works related to its supercapacitor 

devices since the usage of MoS2 as the active materials in energy storage (Supercapacitor) was 

evaluated. The bibliometric studies will guide researchers to explore the previously prioritized 

areas and encourage future collaborations. The realization of advanced storage capacity from 

flexible and wearable supercapacitors should be achievable soon with the current pace at which 

the study of MoS2-based supercapacitors is growing. 
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3.1. Introduction 

The recent advances in the synthesis techniques, properties, and applications of molybdenum 

sulfide (MoS2) were detailed in this section. The general methods of preparing MoS2 in terms of 

the top-down and bottom-up techniques were also highlighted. The characterized properties of the 

MoS2 such as bulk, optical, electronic, mechanical, magnetic, and valleytronic properties were also 

discussed with their respective applications. This is to have a better understanding of the material 

used in this study.  

3.2. Preparation Methods 

The two general approaches employed for synthesizing a few- or mono- and multi-layer 2D 

nanomaterials and MoS2 can be categorized into top-down and bottom-up approaches. The top-

down approach depends on the exfoliation of layered bulk materials, it includes mechanical and 

liquid phase exfoliation methods that employ physical and solvent assisted processes, respectively. 

On the other hand, the bottom-up methods rely on metal salts as precursors to produce a nanosheets 

material via chemical reactions. The fascinating and significant properties of MoS2 nanostructures 

have led to the design of several preparation techniques, such as wet chemical synthesis 

(Hydrothermal and Solvothermal) [1,2], chemical vapor deposition [3,4], electrochemical Li-

intercalation and exfoliation [5,6], and mechanical exfoliation [7–11]. 

3.2.1. Top-down Approaches 

The top-down approach depends on the exfoliation of layered bulk materials, it includes 

mechanical and liquid phase exfoliation methods that employ physical- and solvent-assisted 

processes, respectively. Other top-down approaches include Solvent-based exfoliation, Surfactant-

assisted exfoliation, Ion-intercalation/exfoliation, electrochemical lithiation-intercalation, and 

other sonication methods. 
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3.2.1.1.Mechanical Exfoliation 

The mechanical exfoliation of MoS2 nanostructure and other graphene-like 2D materials was 

derived from the exfoliation of graphene from bulk graphite using a simple “Scotch Tape method” 

[12,13]. This method has been traditionally used for intrinsic sheet production and fundamental 

study, owing to the highest quality of monolayer (2D materials) occurring from mechanical 

exfoliation techniques to study the pristine properties and device performances [14]. Some of the 

mechanical exfoliation methods include anodic bonding and micro-exfoliation techniques. The 

anodic bonding method was proposed by Karim et al., as a general method for synthesizing high-

quality 2D materials. A larger and comparably controllable size of a few-layer MoS2 (10 −

100 𝜇𝑚) was obtained using the anodic bonding method [15]. In the same vein, micro-exfoliation 

methods have been used to produce MoS2 monolayers that are applicable in ultrasensitive 

photodetectors [16], metal-insulator transition, mobility engineering [17], analog [18], and digital 

circuits [19]. However, the van der Waals bond of many transition metals dichalcogenides (TMDs) 

to a typical substrate (SiO2) was found to be much weaker than that of graphene, which makes the 

lateral size of the obtained flakes to be very small. These results can be improved by slightly 

modifying the exfoliation methods to produce a large area of MoS2 flakes  [20]. A monolayer of 

MoS2 with a lateral size (10 − 100 𝜇𝑚) was reported by Magda et al., [20], by substituting the 

MoS2-substrate to improve the adhesion between the sulfur atoms. The mechanism shows that 

sulfur can strongly bind to gold than to SiO2 substrates. The disadvantage of this mechanism is 

that the as-exfoliated MoS2 flakes must be transferred to another substrate for application purposes, 

which requires low electrical conductivity. Additionally, the mechanical exfoliation method is not 

suitable for large-scale production because it offers a very low yield and is limited in controlling 

the size and number of layers. That is why this method is limited to the synthesis of MoS2 at a 
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laboratory scale for fundamental research. A schematic diagram of mechanical methods is shown 

in Figure 3.1 [21]. 

 

Figure 3. 1 Schematic Diagram of Mechanical Exfoliation Methods. 

3.2.1.2.Liquid-Phase Exfoliation 

Liquid-phase exfoliation (LPE) is a class of solvent-assisted exfoliation methods. The method 

is like the mechanical exfoliation techniques. The main distinction is the wet chemistry which 

involves sonicating bulk materials in organic solvents. LPE is easy to implement for the exfoliation 

of layered materials, including solvent-based and ion intercalation exfoliation [22–25]. The nature 

of the solvents used has been established to mainly affected the product of exfoliation. When the 

surface tension of the solvent matches that of immersed layered bulk materials, it reduces the 

economic cost of exfoliation. Furthermore, the process results in high stability with a reduced level 

of and with high stability aggregation and re-stacking [26]. Solvent-based exfoliation (SBE) was 

first reported by Coleman’s group in 2011, in which a single- and few-layer MoS2 was exfoliated 

by sonication of submerged bulk MoS2 in the organic solvent [24]. The result showed that 1-

methyl-2pyrrolidone (NMP) was the most active solvent for exfoliation of MoS2 with the solvent 

surface tension around 40 mJm-2. Later, O’Neill et al. further optimized the SBE method by 

systematically controlling the starting mass, sonication time, centrifugation conditions, and 
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sonication power, resulting in a higher concentration of exfoliated MoS2 and relatively increased 

lateral size [27]. However, the toxicity and difficulty in the separation of nanosheets from NMP 

are impediments, which can be unfavorable for certain applications [28,29]. The development of 

different exfoliation methods using an aqueous solution or volatile solvent is imperative, to 

overcome the problems associated with NMP. Recently, Zhang et al. proposed an alternative 

solvent for exfoliating MoS2 nanosheets via a mixture of ethanol and water [30]. Significantly, the 

non-toxic mixture of water and ethanol are solvents that can be easily dispersed. Besides, another 

mixture of solvents has been demonstrated to exfoliate MoS2 nanosheets under different 

conditions, such as a mixture of chloroform and acetonitrile [31], in which a few-layer MoS2 

nanosheet with 0.4 mg/mL concentration was obtained. Similarly, Lu et al., also proposed that the 

mixture of H2O2 and NMP could be an excellent replacement solvent for exfoliating MoS2 

nanosheets but unexpected oxidation of MoS2 nanosheets has been a major drawback [32]. 

3.2.1.3.Surfactant-assisted Exfoliation Methods  

Surfactant-assisted exfoliation methods are another class of liquid phase exfoliation aided by 

organic compounds. It has been categorized as an alternative way of isolating MoS2 nanosheets 

[33,34]. Significantly, exfoliation of MoS2 can be achieved when small organic molecules, 

polymers, or surfactants with high adsorption energy on the basal plane of MoS2 nanosheets are 

used. For example, Coleman et al., employed sodium cholate as an ionic surfactant to support the 

exfoliation and stabilization of MoS2 nanosheets, leading to the formation of sodium cholate-

coated MoS2 nanosheets. The exfoliated MoS2 was stable in an aqueous solution and can simply 

form a composite with carbon nanotubes and graphene [33]. Huang’s group similarly demonstrated 

the exfoliation of MoS2 nanosheets using an alkylamine-assisted liquid sonication technique with 

different alkyl chains. It was observed that butylamine in NMP was effective in increasing the 
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exfoliation yield. The obtained MoS2 nanosheets were stable in sequences of polar and nonpolar 

organic solvents [35]. More recently, Han et al., reported the use of bovine serum albumin (BSA) 

as the exfoliating and stabilizing agent to produce MoS2 nanosheets in water. The result showed 

that BSA can adsorb onto MoS2 layers to form a composite (MoS2-BSA) that possesses good 

biocompatibility and a higher binding capacity in comparison to pesticides [36]. On the other hand, 

Liu et al., demonstrated that polyvinylpyrrolidone (PVP) can be used in ethanol to improve the 

exfoliation of MoS2 nanosheets from its bulk materials. They found that PVP could easily be 

adsorbed on the MoS2 surfaces, due to its excellent solubility thereby forming PVP-coated MoS2 

composite nanosheets [34]. 

3.2.1.4.Ion-intercalation/exfoliation Methods 

Ion-intercalation/exfoliation methods are another way of improving the exfoliated layered 

material's efficiency through inorganic ions intercalators. Due to the small interlayer space of 

MoS2, only alkali-metal ions and Lewis bases with small radii can penetrate the interlayer space 

of bulk MoS2 materials [37]. Lithium-ion intercalation (LII) is one of the most effective and 

generally accepted intercalators for exfoliating MoS2 nanosheets resulting in high throughput 

nanosheets. In the LII method, an intercalated MoS2 can be obtained in three steps, firstly, the 

intercalation of lithium into the interlayer space of bulk MoS2 is followed by exfoliation, and 

thereafter the sonication of the intercalated compound. Importantly, it should be noted that there 

is a phase structural transformation of Li-ion intercalation of MoS2 from hexagonal (2H) to 

octahedral (1T) phase [5,38–41]. Chhowalla et al., reported a non-controllable Li-ion intercalated 

single-layer MoS2 using n-butyllithium as the source of intercalation [39,41]. Loh’s group recently 

demonstrated a two-step process of expansion and intercalation technique to obtain high-quality 
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intercalated single-layer MoS2 nanosheets [42]. However, the process may be hazardous due to the 

possibility of self-explosion of intercalators (Li, Na, and K) in the air. 

3.2.1.5.Electrochemical Lithiation-intercalation Methods  

More recently, Huang et al. developed a more efficient and highly controllable method of 

intercalating MoS2 via an electrochemical lithiation-intercalation of bulk MoS2, which indicated 

some advantages compared to the aforementioned methods [5]. The experimental setup of the 

electrochemical lithiation-intercalation is shown in Figure 3.2. Briefly, bulk MoS2 was integrated 

with a test cell as the cathode, and lithium ions were provided from the lithium foil used as the 

anode. After the completion of the lithium intercalation process, the intercalated compound was 

washed with acetone and ultrasonicated in ethanol or water to remove the residual electrolyte. The 

MoS2 2D nanosheets were successfully exfoliated and isolated respectively. A similar 

electrochemical method for the structural evolution of intercalated MoS2 by controlling Na+ was 

recently reported [43].  Likewise, Dravid and colleagues have recently demonstrated the 

controllable recovery of the semiconducting properties of the MoS2 nanosheets treated with Li 

directly in solution [44]. Generally, the product of this method was dramatically improved in 

comparison to mechanical exfoliation. Liquid phase exfoliation presents a simple low-cost process, 

producing relatively high-quality, large quantities of 2D nanosheets. It was therefore considered 

to be the most appropriate method for large-scale industrial production of single- to few-layer 2D 

materials at a low expense [24].  
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Figure 3. 2 Experimental setup of the electrochemical lithiation-intercalation. 

3.2.1.6.Other Sonication Methods  

There are few other sonication methods to enhance the efficacy of the exfoliation of MoS2 

nanosheets through external forces. Typically, the shear force generated from mechanical grinding 

could be used to detach the MoS2 layer from bulk materials, thus promoting the exfoliation of 

MoS2 nanosheets [45]. This method was reported by Wong et al., which combined grinding and 

sonication techniques to prepare a highly concentrated solution of MoS2 nanosheets from bulk 

MoS2 powder [45]. Similarly, a grinding-assisted sonication process was employed to exfoliate 

MoS2 from the mixture of sodium dodecyl sulfate (SDS), water, and NMP solution [46,47]. Also, 

Kalantar and colleagues investigated the effect of different solvents and their advantages on the 

exfoliation of MoS2 nanosheets using the grinding-assisted exfoliation method. It was discovered 

that the solvents play a critical role in determining the yield of exfoliation as well as the layer sizes 

and thickness [48]. Wei and colleagues have recently demonstrated that the "quenching cracks" 

induced by liquid nitrogen could greatly enhance the exfoliation efficiency of MoS2 nanosheets, 

as the quenching cracks induced by instant cooling could break the van der Waals forces between 

the adjacent layers of MoS2 [49]. Nonetheless, caution must be taken when using this method since 

careful handling of liquid nitrogen is required. Alternatively, electrochemical exfoliation using a 
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two-electrode cell can be employed. Lee et al. reported the use of two-electrode cells for MoS2 

nanosheets exfoliation from bulk MoS2 crystal [50]. However, there is some degree of oxidation 

of the exfoliated MoS2 nanosheets during the electrochemical exfoliation and the obtained 

nanosheets were multi-layers instead of single-layer nanosheets.  

3.2.2.  Bottom-up Approach 

The bottom-up methods rely on metal salts as precursors to produce a nanosheets material via 

chemical reactions. Among the generally accepted bottom-up techniques are chemical vapor 

deposition, hydrothermal, solvothermal, and Hot-injection methods. 

3.2.2.1.Chemical Vapor Deposition (CVD) 

 The chemical vapor deposition (CVD) method has been widely accepted as the most suitable 

method to prepare high-quality and controllable MoS2 among all the synthesis techniques. The 

formation of highly uniform, large surface area MoS2 using the CVD method is most compatible 

with the existing semiconductor fabrication processes. This method directly highlights the 

heterostructures layered formation that can be devoid of injection of interfacial contamination 

during layer by the layer transfer process, and continuous preparation of a single film with a certain 

thickness [51–53]. The starting precursors currently used for the preparation of MoS2 include 

Molybdenum (Mo) based powder [54,55], Molybdenum Sulfide (MoS2) powder [56], deposited 

molybdenum (Mo) based film [57,58] and ammonium molybdates [4]. The sulfurization of the 

Mo-based compound was first reported by Lain-Jong et al., [54], to prepare large-area single-layer 

MoS2 films on SiO2 (silicon dioxide) substrate at room temperature through the CVD method. 

Solid precursors of MoO3 and sulfur were used with a graphene-like pretreated SiO2 substrate to 

increase the nucleation points (Figure 3.3a). Recently, Yu and coworkers also demonstrated a self-

limiting CVD technique to grow uniform MoS2 films under the pressure of around 2-Torr. The 
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starting reactant used for the sulfurization procedure was Molybdenum chloride (MoCl5) [55]. 

Yongjie and colleagues further improve large areas of uniform MoS2 via sulfurization of Mo and 

Mo oxides using the CVD method. Briefly, they employed electron beam evaporation to pre-

deposited a thin layer of Mo (~1-5 nm) on SiO2 substrate, followed by sulfur vaporization of the 

substrate in a tube furnace at 750 0C. The thickness of the obtained MoS2 was bi- or tri-layer with 

an interlayer spacing of approximately 6.6 ± 0.2 Å [58]. The resulting MoS2 of both Lain-Jong and 

Yongjie groups were found to display excellent electrical properties.  

Alternatively, another operational method to prepare MoS2 with high controllability on a 

wafer-scale was through simple thermal decomposition of (NH4)2MoS4, called thermolysis. In 

2012, a bi- or tri-layer of continuous MoS2 films on insulating substrates was prepared through the 

thermolysis method (Figure 3.3b) by Liu’s group [4]. It was found that the crystallization and 

electrical behavior of the samples improved significantly due to the second-step high-temperature 

sulfurization process. Importantly, they noted that the key factor that must be carefully monitored 

is to have homogeneous dip-coated precursor films on the substrate. Very recently, Wu and 

colleagues proposed a vapor-solid growth mechanism as a forthright approach to synthesizing 

MoS2 from MoS2 powder. The schematic preparation setup of monolayer MoS2 films on various 

substrates is shown in (Figure 3.3c). While figure 3.3d shown the furnace schematic set-up of as-

grown MoS2 nanosheets on graphene. The nanosheets exhibited good Photoluminescence (PL) 

polarization in the ambient environment. The sample uniformity was the major limitation of this 

method due to the random nucleation of MoS2 crystal causing the presence of the thicker zones 

[56].  
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Figure 3. 3 (a) CVD sulfurization MoO3 with Sulfur, (b) Schematic diagram of Thermolysis, (c) 

Growth setup of Vapor-solid Mechanism, (d) furnace set up for growth MoS2. 

Some of the reactions involving typical CVD methods are [51]: 

 

MoO3 + 2H2S + H2 = MoS2 + 3H2O        (1) 

8MoO3 + 24H2S = 8MoS2 + 24H2O+S8       (2) 

16MoO3 + 7S8 = 16MoS2 + 24SO2        (3) 

 

3.2.2.2. Solution Chemical Synthesis 

Solution chemistry synthesis (SCS) methods have been explored to synthesize MoS2 

nanosheets of different sizes and thicknesses. Hydrothermal and solvothermal methods are the two 

typical approaches of the SCS used to prepare MoS2 nanosheets using metal salts as starting 

precursors [59,60]. Both techniques are analogs to each other as they are usually conducted under 

high temperature and pressure in a sealed vessel (bomb or autoclave). Hydrothermal methods use 
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water while solvothermal employ organic solvents, as their respective medium of preparations. 

Owing to its simplicity and wide-ranging applicability, the hydrothermal method has attracted 

great attention for the synthesis of MoS2 [60–62]. For instance, Rao et al., employed a 

hydrothermal method to synthesize MoS2 nanosheets at a high temperature of 453 K using MoO3 

and KSCN as the molybdenum and sulfur sources respectively [59]. The preparation of defect-rich 

MoS2 nanosheets was recently reported, where thiourea was used as a reducing and stabilizing 

agent to obtain ultrathin MoS2 nanosheets via the hydrothermal method [63]. More recently, 

ammonium molybdate ((NH4)2MoS4) and sulfur powder were used to obtain three-dimensional 

(3D) tubular structures of MoS2 through the hydrothermal method [60]. It is worth noting that 

MoS2 nanosheets obtained from hydrothermal methods usually aggregate to form nanoflowers 

[64] and nanotubes [60] structures. However, the hydrothermal method is not easy to obtain well-

dispersed single-layer MoS2 nanosheets, since the ultrathin 2D nanosheets can be easily achieved. 

Very often, the powders are post-annealed at high temperatures to improve their crystalline quality 

and purity [26,51]. The schematic representation of solution chemical synthesis of preparing MoS2 

nanosheets is shown in figure 3.4(a, b). 
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Figure 3. 4 (a) microwave-assisted solvothermal methods, (b) Hydrothermal methods. 

3.2.2.3.Hot Injection Methods 

A hot injection is another method established for the preparation of MoS2 nanosheets. This 

reaction is normally performed in an organic high-boiling mixture (100 ℃ − 500 ℃), where the 

efficient nucleation and growth process takes place. Organic ligands are specifically used to 

control the morphology and size, as well as improve the dispersibility of the MoS2 nanosheets 

obtained. Synthesis of free-standing MoS2 nanosheets by decomposition of ammonium 

tetrathiomolybdate in oleylamine at high temperature (360 ℃) was reported by Altavilla et al., 

[65]. Concisely, the precursor (ammonium tetrathiomolybdate) was stirred in Oleylamine at 

100 ℃ for 15 min under N2 atmosphere, and the mixture was further heated up to 360 ℃. The 

resulting nanosheets were coated with oleylamine, which stabilized their suspension and prevented 

their oxidation and aggregation. Likewise, Rao et al., demonstrated the preparation of MoS2 
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nanosheets under N2 flow using molybdic acid and thiourea at a high temperature of 773 K [59]. 

The above-mentioned methods can be used for large-scale synthesis of MoS2 nanosheets, however, 

the required inert gas makes its preparation conditions rigid, with difficulty in removing ligands 

coated on MoS2 nanosheets. Hence, these challenges affect electron transport and mainly limit 

their use in catalysis and electronics fields.  Many chemical processes of the solution begin at 

nearly room temperature and atmospheric pressure, where post-annealing is mostly used. 

Depending on the preparation methods, the products can be either a powder or a thin film [4,66–

69]. An infographic representation of the synthesis methods of MoS2 was shown in figure 3.5, and 

the summary of the synthesis methods of MoS2 is presented in Table 3.1 [70]. 

 

Figure 3. 5 Infographic representation of synthesis methods of MoS2. 
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Table 3. 1 Summary of the synthesis methods of MoS2  

Synthetic methods Precursors Nanostructures Morphology 

Chemical Vapor 

deposition: 

Sulfurization of Mo based 

Compound 

 

 

MoO3, S, 

MoO3 nanoribbons, S 

 

 

nanosheets 

 

 

Monolayer 

Sulfurization of Mo and Mo 

based oxides 

Mo Film, S 

MoO2 flakes, S  

nanosheets Mono-to-few 

layers, 

Rhomboid shape 

Thermal decomposition  (NH4)2MoS4, S nanosheets 2-3 layers 

Hydrothermal (NH4)2MoO4/CH4N2S nanoflowers/ 

nanotubes 

Single-layer 

Ion-intercalation MoS2/NMP nanosheets Single-/few-layer 

Hot-injection (NH4)2MoS4/oleylamine nanosheets 2-3 layers 

Surfactant-assisted 

exfoliation 

MoS2/PVP nanosheets Few-layer 

Solvent-assisted exfoliation Bulk MoS2/H2O2-NMP Porous 

nanosheets 

Few-layer  
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3.2.3. Properties of MoS2 

The bulk properties and other various properties of MoS2 such as optical, electronic, mechanical, 

magnetic, and valleytronics have been extensively studied owing to their two-dimensional (2D) 

layered material nature. The exceptional properties of the bulk MoS2 from the other features have 

been highlighted below. 

3.2.3.1.Bulk Properties 

The natural occurrence of MoS2 in its bulk form, is a molybdenite mineral, with a shiny solid and 

a dark appearance. They possessed a weak interlayers force of attractions that easily allow sheets 

to slide over one another. The weak attraction force makes them regularly employed as lubricants. 

Also, in high vacuum applications bulk MoS2 is often used as a replacement for graphite, but 

graphite has a higher maximum operating temperature than MoS2 [71]. As a semiconductor with 

an indirect bandgap (~1.2 eV), bulk MoS2 has a lower bandgap compared to its monolayer form 

with a direct bandgap of ~1.8 eV, which has limited its applicability in the optoelectronics industry 

[72]. Recently, special consideration has been given to the production of single-layer MoS2 from 

its bulk, as the transition owing to its interesting properties in the monolayer state [7,24,73].  

3.2.3.2.Electronic Properties 

As iterated in Section 3.3.2.1, the indirect bandgap of bulk MoS2 increases upon thinning from the 

bulk layers resulting in a direct bandgap of 1.8 eV. Although the narrow bandgap indicates good 

potential, it is still lower than the direct bandgap of silicon (1.12 eV) [74]. The bandgap of MoS2 

is grossly affected by mechanical strains, thus changes from direct to indirect bandgap and 

upgraded to a metallic material from a semiconducting one. The projected density of states (PDOS) 

of a monolayer MoS2 possessed some peaks that distinguished it from bulk MoS2, as their PDOS 

is almost the same [75]. The electronic properties of material change when doped with other types 
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of materials. Therefore, a monolayer MoS2 doped with scandium, chromium, and copper changes 

to an n-type semiconductor and changes to a p-type semiconductor when doped with Zinc or 

Nickel [76]. Similarly, Titanium doped MoS2 changes p-type to n-type (or vice-versa) 

semiconductor-based on the dopant concentration and sites of doping. MoS2 behaves as a p-type 

material when the doping concentration of Ti is below 2.04% and behaves as an n-type when the 

doping concentration is around 3.57%. This is because the covalent bond between MoS2 and Ti is 

strong, thereby increasing the surface dipole moment which induces the reduction of the electron 

affinity to 0.49 eV when substitutional chemical doping is applied. The Fermi level shifts towards 

the conduction band at a high doping concentration of 7.69% and merges into the conduction band, 

where the surface dipole moment decreases and the electron affinity increases, shifting the Fermi 

level above the conduction band. MoS2 transforms into a ferromagnetic half-metal with a spin 

polarization of 1 (arb. unit) in this situation, which is promising for spintronics application. On the 

other hand, for the three doping concentrations (2.04%, 3.57%, 7.69% ), interstitial doping of Ti 

did not demonstrate any change in electrical characteristics [77]. 

3.2.3.3.Optical Properties 

When a certain wavelength passes through a material, the parameters that determine its response 

are the absorption coefficient and refractive index. The distance at which a spectrum penetrates 

the material before being absorbed is controlled by the absorption coefficient, and it indicates a 

high attenuation to the applied wave. Semiconductors do not have the required energy to move 

electrons from one excitation state to another (i.e., valence band to conduction band), thereby 

having a low absorption coefficient for long wavelengths. Likewise, they have a high absorption 

coefficient for high energy and frequency spectrum (short wavelengths). In terms of absorption 

coefficient, MoS2 has a moderately large coefficient for a certain range of wavelengths (400 to 500 
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nm) with a sharp decay at 500 nm [78]. The tunable bandgap of the MoS2 that changes with size 

and structure, is the main factor behind its wide range of applications, which infer from the tunable 

photoresponsivity from different bandgap, response time, and specific detectivity [79]. The high 

refractive index (>2) of both bulk and monolayers MoS2, perfect its usage in coating applications. 

MoS2 has different photoluminescence (PL) activity since the PL spectra are influenced by doping, 

structure, and bandgap of the material. A single layer of MoS2 has a PL peak exciton (A) and its 

PL properties can be improved by adding an H2O2 solution, which serves as a strong oxidizer with 

the MoS2 crystalline structure remaining unchanged [80]. The ratio of the number of emitted 

photons to the number of generated electron-hole pairs, which is PL quantum yield (QY) are 

known to be relatively low for the TMDs and they are between 0.01 to 6%. Amani et. al., were 

able to enhance the QY of MoS2 to a near-unity of 95% through the chemical treatment of an 

organic superacid. They observed a lifetime of MoS2 carriers to be around 10.8 ns, which allows 

it to be applied in solar cells and high-performance lasers [81]. 

3.2.3.4.Magnetic Properties  

The non-magnetization properties of TMDs are well established [82]. However, the advances in 

the study of electron spin properties of one of the promising candidates of TMDs such as MoS2 

become a must, as the scientific communities are progressing toward nanotechnology and 

nanoscale materials. So, the tunability of semiconductor features can be achieved, when we 

successfully added magnetism to them [83]. There have been attempts to induce magnetism into 

TMDS by various researchers [76,83,84]. For instance, Liang et al., 2017, reported a magnetic 

characteristic of a bulk MoS2 via an electrical spin injection and detection. A two-terminal spin-

valve configuration geometry was used to prove the electrical spin and detection in the conduction 

band of a semiconducting bulk MoS2. It was observed that MoS2 possesses a long spin diffusion 
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length of about 235 nm and the electron spin-relaxation in MoS2 can be influenced by an in-plane 

spin polarization [84]. The magnetism studies using muon spin rotation and scanning tunneling 

semiconducting were also reported in semiconducting molybdenum dichalcogenides [83]. The 

presence of a large and homogeneous internal magnetic field was observed and randomly 

distributed metal vacancies and chalcogen-metal antisites in the lattice at the sub-percent level 

were also established. In the same vein, semi-metallic ferromagnetism and a unity spin polarization 

were observed for MoS2 when doped with Scandium in Tsai and Li's work [76]. The progress 

recorded so far on the magnetic properties of MoS2 has shown that the material is a favorable 

candidate and opens a new way for the study of TMDs in spintronics applications. 

3.2.3.5.Valleytronics Properties 

Valleytronics is the process of exploring a semiconductor’s degrees of freedom for spin-based 

information processing and data storage applications. TMDs especially MoS2 have been presented 

as the material to be investigated beyond their electronic technologies, by using their degrees of 

freedom for the application of information processing or storage [85]. The electronic band 

structure of MoS2 exhibits maxima energy in the valence band and minima in the conduction band, 

at both K and K' (commonly referred to as -K) points in the Brillouin zone. The energy gap between 

these two discrete 'valleys' is the same, yet they are distinct in position in momentum space. 

Angular momentum shifts of +1 for the K-point and -1 for the K' point are required for optical 

transitions in these valleys. Excitons can thus be purposefully excited into a valley using circularly 

polarized light, with right-handed (σ+) polarized light exciting excitons in the K valley and left-

handed (σ-) polarized light excitons in the K' valley [86]. Light emitted by exciton recombination 

in the K valley is σ+ polarized, while light emitted by exciton recombination in the K' valley is σ- 

polarized. These valleys provide a degree of freedom known as 'valley pseudospin,' which could 
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be utilized in 'valleytronic' devices because they can be addressed individually [87]. Furthermore, 

at the K and K' points, the spin-orbit split valence band has opposing signs of spin for each of the 

valleys. This means that the valley pseudospin and charge carrier spin degrees of freedom are 

related (spin-valley coupling), and charge carrier spin and valley attributes can be controlled 

optically - through excitation polarization (to choose the valley) and energy (to choose the spin) 

[88,89]. Excitons in MoS2 have a valley lifespan of a few picoseconds (the amount of time they 

stay in their original valley before scattering out). The valley lifespan of electrons exceeds 100 

nanoseconds, while the lifetime of holes may be substantially longer. This is the amount of time it 

takes to accomplish logic operations with the valley pseudospin, and it should be as large as 

possible for practical applications [90]. 

3.2.3.6.Mechanical Properties 

Comparing the mechanical properties of the bulk MoS2 with its monolayer structure, a monolayer 

MoS2 has more flexibility than its bulk counterpart with Young’s modulus of 0.24 TPa. It also has 

good elasticity properties similar to that of graphene oxide and high strength less than that of 

graphene, with 0.33 ±0.07 TPa values of its Young’s modulus [53]. The deformation and bandgap 

shift that used to occur in the crystalline structure of other semiconductors when subjected to strain, 

was prevented in MoS2 semiconductors due to their flexibility. Nevertheless, the phase 

transformation of MoS2 from semiconductor to metal and its electronic characteristics can be 

altered by a mechanical strain. This changes a MoS2 monolayer from a direct bandgap to an 

indirect bandgap and the structural deformation and the transformation to metal can occur in MoS2, 

when high strain values are applied [91]. 
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3.3. Applications 

Among the layered metal dichalcogenides such as  MoS2, WS2, TiS2, and other various transition 

metals-based materials that have been previously studied in various applications, MoS2 was 

extensively investigated in recent times [92–95]. The high electrical conductivity, sheet-like, and 

surface morphology make it exhibit good capacitive properties [96–99]. MoS2 heterostructures 

have demonstrated high-performance ability in photocatalysis applications such as photocatalytic 

decomposition and adsorption of organic dyes and photocatalytic hydrogen production. It has also 

been reported to enhance a solid lubricant under severe conditions in tribological applications 

[92,95]. Additionally, some three-dimensional (3D) structures comprising pristine 2D MoS2 

nanosheets demonstrated good robustness, which efficiently preserves the individual nanosheets 

with a largely exposed surface area, thereby achieving the full quality of 2D MoS2 [100–103]. 

MoS2 nanosheets and their composites have been comprehensively applied to improve the 

performance of supercapacitors [104–112], batteries [113,114], solar cells [115–117], sensors 

[118,119], hydrogen evolution [120–124], photothermal and chemotherapy of cancer [125,126], 

nano-electronics [127–129], thermoelectric and thermal management [130,131], lubrications 

[132–134], and dehyrosulfurization [135,136].  

3.4. Summary 

This chapter examined the methods of synthesis of MoS2 nanomaterials. In the top-down approach 

to synthesizing MoS2, mechanical exfoliation produced the best quality of MoS2 materials but it 

offers very low yields with the problem of controlling the size and number of layers. Solvent-

assisted exfoliation methods were also regarded as an easy process but the nature of the solvent 

has been the major factor affecting the product of exfoliation. On the other hand, both CVD and 

solution chemical methods in the bottom-up approaches have been widely accepted as the most 
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suitable techniques to synthesize controllably, and high-quality materials on a large scale at a low 

cost. Hydrothermal methods have been regarded as the most attractive way of synthesizing MoS2 

nanosheets because of their simplicity and wide range of applicability with relatively high 

electrochemical performance. The hydrothermal method was adopted in the synthesis of the 

electrode materials used in this study due to its general acceptability. 
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4.1. Instrumentation 

This section detailed the working principle of the equipment and instruments employed in 

characterizing the prepared electrode materials used in this study.  The following techniques were 

used to elucidate the properties of the synthesized electrode materials. Brunauer-Emmett-Teller 

(BET) (prosimetra, TriStar II 3020 version 2.00) was employed to determine the surface area, the 

morphology and microstructure studies were carried out by Field emission scanning electron 

microscopy (FE-SEM JSM-7800 F, JOEL Ltd.) and the structural defects and the vibrational states 

of the materials were analyzed by Raman spectroscopy (HORIBA scientific XploRA). X-ray 

diffraction (Rigaku Smartlab), TEM, and XPS techniques were respectively utilized to determine 

the crystallinity, internal imaging structure, and elemental composition of the materials. The 

electrochemical performance of the electrode materials was studied using Autolab 

(PGSTAT302N) electrochemical working station. All the characterizations were under ambient 

temperature. 

4.2. Brunauer-Emmett-Teller (BET) 

The Brunauer-Emmett-Teller (BET) surface area analysis model was first reported by Brunauer 

et. al., 1938. It was named BET from the initials of the scientists (Brunauer-Emmett-Teller) who 

proposed the model [1].  BET is used to determine the surface area, and pore size distribution in a 

porous material and to predict moisture sorption of solids. Generally, depending on the nature of 

the material and type of sorption isotherm, the BET model can properly define their relative 

isothermal humidity to an accuracy of approximately 50%.  

 Equation 4.1 can be used to evaluate the surface area of material and define optimal moisture content 

for drying and storage stability of materials [2].  
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𝑎𝑤

𝑅(1−𝑎𝑤)
=

1

𝛼𝑅𝜊
+

𝛼−1

𝛼𝑅𝜊
𝛼𝑤,         (4.1). 

where R is the moisture regain, Ro is the monolayer moisture regain, aw is the water activity, 

and α is approximately equal to the net heat of sorption. 

The BET working principles utilize a nitrogen data template for surface area analysis. Nitrogen data is used 

because of its high purity and strong interaction with most materials [3]. Due to the weak contact 

between gaseous and solid phases, the surface is cooled with liquid N2 to obtain detectable levels 

of adsorption. The pressure of nitrogen gas is gradually increased, causing more molecules to 

attach to the surface [4]. The higher the surface area accessible for gas adsorption, the smaller the 

pores, which is determined by closely observing the volume and pressure of the gas at a constant 

temperature. Figure 4.1 shows the schematic of the volumetric system for measuring BET surface 

area using nitrogen gas adsorption [5]. In this study, a BET surface analyzer (prosimetra, TriStar 

II 3020 version 2.00), was employed to measure the surface areas of the electrode materials.  

 

Figure 4. 1 Schematic diagram of a volumetric system for measuring BET surface area using 

nitrogen gas adsorption [5]. 
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4.3. Field Emission Scanning Electron Spectroscopy (FE-SEM) 

Since the invention of the electron microscope (EM) in 1931, the microscopical study of both 

biological and non-biological samples has been transformed. Advances in electron microscopy 

techniques, including scanning EM and transmission EM, have broadened their usefulness in a 

range of fields, including drug toxicity research, mechanism development, crime site investigation, 

and nano-molecule characterization [6]. FE-SEM spectroscopy is an imaging technique to 

characterize the morphology and microstructure of nanomaterial. It is frequently employed to 

provide information on the morphology, topography, and composition of various kinds of 

materials using electron beam analysis with up to 5,00,000 times magnifications [7].  To form an 

image in an FE-SEM machine, the surface of the material will be scanned with an electron beam, 

after being carbon-coated to avoid the charging effect when the material interacts with the beam’s 

radiation. Thus, emitting sequences of radiations and exploited to display the morphology of the 

nanomaterials [8].  

The Scanning Electron Microscope (SEM) operates on the premise of using kinetic energy to 

generate signals from electron interactions. Secondary electrons, backscattered electrons, and 

diffracted backscattered electrons are all types of electrons used to observe crystalline elements 

and photons [6]. An image is created using secondary and backscattered electrons. The primary 

role of the secondary electrons generated by the specimen is to detect the shape and topography of 

the specimen, whilst the backscattered electrons exhibit a contrast in the composition of the 

specimen's constituents [9]. The FE-SEM equipment used to study the microstructure and 

morphology of the electrode materials procured from Joel of the JSM-7800F model, which 

operates between the voltage range of 0.5 t0 30 kV. Figure 4.2 shows the schematic working 

principle of Scanning Electron Spectroscopy (SEM) [10]. 
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Figure 4. 2 The schematic working principle of Scanning Electron Spectroscopy (SEM) [10].  

4.4. Raman spectroscopy 

The vibrational states of various molecules were first investigated with Raman scattering in the 

1930s after it was first observed in 1928. The generational progress of laser sources and new 

monochromators and detectors in the last two decades has provided a wide range of Raman 

spectroscopy applicability to the solution of different problems of technological interest. It is 

regularly used with infrared spectroscopy, for vibrational spectra acquisition [11]. Raman 

spectroscopy is a technique for characterizing materials that depend on the scattering of inelastic 

monochromatic light from a laser source focused on the sample. When the monochromatic light 

interacts with a sample, the rate of photons in the laser causes a transition in the monochromatic 

light. The sample absorbed and emitted these photons from the laser light, providing information 

on the sample's defect. There is a shift in the speed of the emitted photons when compared to 

monochromatic frequency. The Raman effect describes this shift. The effect of rotation and 
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vibration is likewise affected by this shift [11,12]. The graphical representation of the working 

principle of Raman Spectroscopy is shown in figure 4.3 [11].  

 

 

Figure 4. 3 Graphical representation of Raman Spectroscopy working principle [11]. 

4.5. Transmission Electron Microscopy (TEM) 

Since its first discovery in 1931 by Ernst Ruska [13], the study of modern-day science has been 

significantly influenced by the transmission electron microscope (TEM) analytical technique. The 

electron beam and the high vacuum and radiation damages were the major limitations that hindered 

its usability. However, the development of sample preparation methods made TEM to playing an 

important role in nanomaterial and material sciences [14]. The TEM creates a wide spectrum of 

signals, allowing the collection of images and a variety of spectra from a single isolated area of 

the specimen. TEM is a technique for characterizing material to obtain structural dislocations, 

crystal structure, grain boundaries, as well as chemical analysis [15]. High-resolution images are 

obtained from TEM analysis when a high-energy beam of an electron is incident on a thin sample. 

The interaction between the electron beam and the sample causes an interactions between electrons 
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and the atoms [15]. The composition, defects, and layers growth in a semiconductor can be 

examined by TEM, and the high-resolution types (HRTEMs) can be used to further analyze the 

shape, density, size, and quality of quantum dots wells, and wires. Most importantly, TEM can 

reveal the finest details of the internal structure (individual atoms) of a material, because of its 

basic working principle of a light microscope, which uses electrons instead of light [16]. Figure 

4.4 shows the schematic diagram of the TEM microscope [7]. 

 

Figure 4. 4 The schematic diagram of the TEM microscope [7].  

4.6. X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a common technique for determining the diffraction pattern of a 

nanomaterial. The analytical technique of X-ray diffraction (XRD) is based on the diffraction of 

X-rays by crystalline materials. X-ray diffraction is an elastic scattering (without loss of photon 

energy) that results in increasing interference of the studied structured material [17]. X-ray 

diffraction (XRD) is used to probe the crystal structure, crystalline phases, and crystallite size of 
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the materials. Furthermore, the X-ray spectrum produced in a cathode ray tube is reliant on the 

bombardment of intense electrons, which are then filtered to create radiation that is focused on the 

material. The constructive interference between X-ray monochromatic beams and crystalline 

materials produces an XRD diffracted pattern, which is a representative blueprint of the material 

characterized [17]. Constructive interference is created by the interaction of incident rays with the 

material, which obeys Bragg's Law [18] and results in diffracted patterns. Bragg’s Law is the 

fundamental equation on which XRD operates and is given as;  

𝑛𝝀 = 2𝑑 sin 𝜃,          (4.2). 

where 𝑛 is the reflection number, 𝜆 is the X-ray wavelength, d is the lattice distance and θ is 

the diffracted angle. Similarly, the crystalline size of the material can be calculated using the Debye 

Scherrer’s equation [19] given as: 

𝐷 = 𝑘𝜆/𝛽 cos 𝜃,          (4.3). 

where 𝐷 is the crystallite size, 𝑘 is ~0.9, λ is the wavelength of x-ray (1.54 Å), β is the full 

width at half maximum and 𝜃 is Bragg's angle. 

The X-ray diffractometer facility used in the characterization of the electrode materials used in 

this study was procured from Rigaku Smartlab. The wavelength (λ=0.154 nm) with Cu Kα-line 

radiation was used during the measurements. A schematic representation of Bragg’s Law equation 

is shown in figure 4.5. 
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Figure 4. 5 Schematic representation of the Bragg’s Law equation. 

4.7. X-ray Photoelectron Spectroscopy (XPS) 

XPS techniques are used to examine the chemical and electronic states, and the elemental 

composition of materials. The working principle of XPS is based on the photoelectric effect, which 

involves the emission of photoelectrons from the surface of a material [20]. X-ray photoelectron 

spectroscopy (XPS) is a surface-sensitive analytical technique that involves bombarding a 

material's surface with x-rays and measuring the kinetic energy of the emitted electrons [21]. 

Surface sensitivity and the capacity to reveal chemical state information from the elements in the 

sample are two important properties of this approach that make it powerful as an analytical tool. 

XPS has been used to analyze the surfaces of materials and can identify all elemental components 

except hydrogen and helium because they have an extremely small photoelectron cross-section for 

photoemission [21]. The details of how core electrons are been ejected from a characterized 

material are shown in Figure 4.6. 
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Figure 4. 6 (a) Schematic representation of the core-level photoelectron emission by the 

photoelectric effect in a metal. (b) Energy-level illustration of the sample and the spectrometer in 

a core-level photoemission experiment of a metallic sample [22]. 

Equation 4.4 describes the core electrons being ejected  

𝐾𝐸 = ℎ𝑣 − 𝐸𝑏 − 𝜑,          (4.4), 

and for an insulating material, the equation becomes: 

𝐸𝑏 = ℎ𝑣 − 𝐾𝐸,          (4.5). 

where 𝐾𝐸 is the kinetic energy of the electron, ℎ is Planck's constant, 𝜐 is the frequency of the 

incident radiation, 𝐸𝑏 is the binding energy and 𝜑 is the work function. 

The exceptional features of XPS to determine the presence and atomic/ weight quantification of 

elements in a sample can be attributed to the monochromatic Al Kα X-ray source with excitation 

energy (hv=1486.6 eV) and base pressure of 1.2 x 10-9 Torr [23]. Subsequently, the understanding 

of the surface structure of the material is made easy, with the information on the state and 

environment of atoms obtained from the high-resolution scans of the peaks in the sample. 

Therefore, the purity of the sample can be determined from the XPS analysis. The identity of the 

functional groups can be established using XPS spectra, which ascertains functionalization. 
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In this work, XPS KRATOS-SUPRA spectrometer with monochromatic A1 Kα, radiation with 

excitation energy (hv=1486.6 eV), and base pressure of 1.2 x 10-9 Torr was utilized to establish 

the functionalization of the electrode materials. 

4.8. Electrochemical Workstation 

In an electrochemical cell, current and voltage are usually generated from chemical reactions by 

the input of the electrochemical signals. Three-electrode systems containing working electrodes 

(WE), reference electrodes (RE), and current electrodes (CE), are the commonly used 

electrochemical workstation. The WE are coupled with the prepared electrode and placed on its 

surface into the electrolyte where the reaction occurs. After a certain potential is applied to the 

WE, the transfer of electron occurs between the electrode and the electrolyte, and the generated 

current will pass through CE for balance. The RE serves as a reference when measuring WE 

potential, while no current passes through it (RE) [24]. A Metrohm Autolab workstation 

(PGSTAT302N) coupled with Nova 2.1 electrochemical software was employed to investigate the 

supercapacitive behavior of the electrode materials. The cyclic voltammetry (CV), and 

galvanostatic charge-discharge (GCD) were measured in the voltage range of 0 to 1 V and the 

electrochemical impedance spectroscopy (EIS) was also executed on the same workstation in the 

frequency range 10 mHz-100 kHz. The PGSTAT302N is an electronic tool developed to regulate 

the applied potential difference to an electrochemical cell between the working electrode (WE) 

and a reference electrode (RE). Noteworthily, there is a flow of current in WE, while there is no 

flow of current in RE. Generally, the potential difference between the WE and the RE was 

measured using a potentiostat, which applies the current via the counter electrode (CE) and 

measures the current as an iR voltage drop [25,26]. The PGSTAT302N provides cyclic 
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voltammetry, galvanostatic charge-discharge, and electrochemical impedance spectroscopy curves 

for the electrochemical evaluations of the electrodes.  
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Non-Modulated Synthesis of Cobalt-Doped MoS2 (Co-MoS2) for Improved 

Supercapacitor Performance 
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5.1. Introduction 

Of recent, we have seen numerous changes in our society that have sparked an ever-increasing 

desire for environmentally friendly energy storage systems with increased performance. Regular 

sources of energy, such as (biomass, hydroelectric power, wind, and solar energy), are 

inconvenient to use as a primary energy source in practical applications due to their inconstancy 

[1,2]. Electrochemical capacitors, as one of the energy storage devices (i.e., fuel cells, batteries, 

and capacitors), have garnered tremendous attention because of the prominent roles they played in 

solving the energy crisis, global warming, and environmental pollution. The environmental 

friendliness, fast charge-discharge rates, high power densities, and exceptional cyclic stabilities 

properties of supercapacitor are promising features of the device over existing energy storage 

devices [3,4]. On the other hand, conventional batteries, exhibit slow discharge rates but can store 

a large quantity of charge (i.e., exhibit high energy density). The typical capacitor is noted for 

having a low energy density, although it has a high charge-discharge rate.  Fuel cells are not 

economical due to the unceasing contribution of external energy for their operation. However, the 

shortfall on existing devices can be highly improved with the supercapacitors that possess high 

power density, instantaneous discharge capacity, and remarkable life-cycle. The only drawback 

affecting supercapacitors is their low energy densities. Interestingly, new electrodes and 

electrolytes have been developed by the scientific communities to enhance the supercapacitors’ 

energy densities without adversely affecting the devices’ high-power densities [4–6].  

Electrochemical double-layer capacitors, pseudo-capacitors, and hybrid capacitors are the three 

types of supercapacitors categorized by their made-up materials. The electrochemical double-layer 

capacitors (EDLCs) consist of carbon-based material and store charges via an electric double layer 

phenomenon. While pseudo-capacitors, which are made of any conducting polymers, metal 
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nitrides, metal oxides, metal sulfides, among others, used reversible redox processes to store 

charge, and hybrid capacitors involve both EDLC and pseudo-capacitors materials [7–10]. Pseudo-

capacitors have high capacitance with low stability compared to EDLCs that have low capacitance 

with high stability. As a result, composite materials are needed to achieve a better capacitive 

property while also improving stability. To overcome these limitations, two-dimensional (2D) 

materials can be explored as suitable replacements due to their different physicochemical 

properties. The Van der Waals force, improved surface area, and layered structure of two-

dimensional (2D) nanosheets with few atomic thicknesses allow the interaction of ions from 

electrolytes with its rare flexibility and mechanical strength [11–13].  

Nowadays, transition metal dichalcogenides (TMDs) with the prevalent structure of MX2 (M = 

Mo, W, X = S, or Se) have been actively studied for the performance improvement of the 

supercapacitor’s materials. TMDs are graphene analogs with varying oxidation states and large 

surface areas, enabling them to store energy in EDLCs and exhibit pseudo-capacitor behavior 

[13,14]. Because of their natural abundance, easily controllable morphologies, multiple valences, 

and acceptable bandgap widths, various transition metal sulfides, including that of copper sulfide, 

nickel sulfide, zinc sulfide, molybdenum sulfide, manganese sulfide, strontium sulfide, and 

vanadium sulfide, have stirred interest for supercapacitor applications. Among the transition metal 

sulfides, MoS2 is a promising electrode material for supercapacitor applications, because of its 

fascinating sheet-like structure, which provides a huge surface area for double-layered charge 

storage and a greater intrinsic fast ionic conductivity [15–17]. MoS2 is made up of covalently S-

Mo-S atoms held together by weak van der Waals interactions and has a theoretically larger 

capacity than graphite. It comes in a variety of polytype formations, including 2H and 1T phases, 

as well as oxidation states ranging from +2 to +6. In addition, it has a higher in-plane ionic and 
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electrical conductivity than oxides [10,18]. Because of its unique morphology, outstanding 

mechanical, and electrical properties, MoS2 has been investigated for different energy storage, 

optoelectronics, sensing, and photocatalysis applications due to its similar structure to graphene 

[19,20]. 

Molybdenum sulfide (MoS2) is a member of TMDs families that are analogous to graphene with 

an akin lamellar structure and a weak Van der Waals force of attraction between S-Mo-S layers. 

MoS2 materials have become a popular alternative for supercapacitors due to their graphene-like 

structure and intriguing electrical, mechanical, and optical properties  [21]. The high theoretical 

capacitance (approx. 1504 Fg-1) of MoS2 has pinched the attention of the scientific world to 

extensively explore its promising properties for supercapacitor candidates [22]. Based on its 

theoretical capacitance values, the intensive investigation of several composites of MoS2-based 

supercapacitors has been successfully reported for metal hydroxides, activated carbon, graphene, 

metal oxide, carbon nanotubes, polymers, and metal sulfides [23–29].  

There are also a few metal-doped composites reported for MoS2-based supercapacitors such as 

Nickel [30], Manganese [31], Cobalt [11], and Platinum [32] for improving performance. In this 

work, we reported one-pot hydrothermally assisted non-modulated synthesis of Cobalt-doped 

MoS2 for supercapacitor electrode materials. The structural elucidation of the as-prepared 

composites was done using XRD, Raman spectroscopy, SEM, TEM, and BET analyses. The cyclic 

voltammetry (CV), electrochemical impedance (EIS), and galvanostatic charge-discharge (GCD) 

measurements were used to investigate the capacitive properties of the electrode materials. Improved 

specific capacitance values of 164 Fg-1 and 146 Fg-1 were, respectively, reported for electrodes at 

1A/g, as compared with recent reports on cobalt doped MoS2 electrodes. 
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5.2. Methodology  

5.2.1. Preparation of Non-modulated Co-doped MoS2 

In the preparation of Co-doped MoS2, the source of molybdenum is ammonium molybdate, while 

thiourea serves as the sulfur source and the cobalt source was from cobalt nitrate. The doped MoS2 

was synthesized in a one-pot hydrothermally assisted method with different cobalt concentrations. 

1.0 mmol and 30 mmol of molybdenum and sulfur salts were respectively dissolved in 30 mL of 

deionized water containing cobalt salt. The resultant solutions were vigorously stirred until a 

homogenous solution was formed. The solution was transferred to a 100 mL Teflon-lined 

Autoclave and heated at 220 °C for 18 hours. After cooling to ambient temperature, the black 

precipitate was collected by centrifugation. The washing was done severally with deionized water 

followed by ethanol to remove any residual impurities and dried overnight at 80 °C. The molar 

ratio of the dopant (cobalt) to molybdenum was 1:1 and 3:1, while the ratio of the sulfur was kept 

constant throughout the preparations. Lastly, the as-synthesized materials were denoted as CMS1 

and CMS3 respectively. 

5.2.2. Working Electrode Preparation  

When making the electrodes, a commercially available 1 cm x 1 cm nickel foam was cleaned with 

2.0 M HCl, deionized water, and ethanol through a sonication process for 15 min and dried in a 

vacuum. An active material (CMS1 and CMS3) was mixed with mesoporous carbon black, PVDF 

(in the ratio 80:10:10) with appropriate droppings of NMP and sonicated for 10 minutes to make 

a slurry. The slurry was dropped over the cleaned nickel foam and dried for 12 hours in a vacuum 

oven at 80 °C. The mass of the active material deposited on the nickel foam after drying was 

approximately 1 to 2 mg. 
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5.2.3. Characterizations 

A Rigaku Smartlab X-ray diffractometer (0.154 nm Cu Kα line) was successfully employed to 

study the crystal structures of the prepared materials. Field emission scanning electron microscopy 

(FE-SEM JSM-7800 F, JOEL Ltd) and transmission electron microscopy (TEM) were used to 

analyze the surface morphology and microstructure, respectively. HORIBA scientific XploRA was 

used to measure Raman spectra at 532 nm (2.411 eV) LASER light excitation energy. A surface 

area prosimetra (TriStar II 3020 version 2.00) was used to determine the Brunauer-Emmett-Teller 

(BET) surface area. 

5.2.4. Electrochemical Measurements 

A three-electrode configuration of Autolab PGSTAT302N electrochemical working station was 

employed to investigate the electrochemical performance of the electrode materials (CMS1 and 

CMS3) in an electrolyte medium of 1 M KOH. The three-electrode cells included the prepared 

working electrode on nickel foam, a counter electrode (Platinum wire), and a reference electrode 

(Ag/AgCl, 3 M KCl). The cyclic voltammetry (CV) loops were analyzed at a different scan rate, 

ranging from 5, 10, 20, 50, and 100 mVs-1 in a potential window between -0.1 to 0.4 V. At varying 

current densities of 1, 2, 3, 5, and 10 Ag-1, galvanostatic charge-discharge (GCD) tests were taken.  

The electrochemical impedance spectroscopy (EIS) was also tested at an amplitude of 5 mV, 

between the frequency range of 100 kHz to 10 MHz, and the cyclic stability was tested at 1 Ag-1 

with 0 to 0.5 V cut-off voltage. To calculate the performance parameters of the supercapacitor 

electrodes, equations 1, 2, and 3 were respectively used to determine the specific capacitances 

(Csp) from GCD curves, energy (E), and power densities (P). 

𝐶𝑠𝑝 =
IΔt

mΔ𝑉
               (5.1) 
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where I, is the current density, m, active mass, Δt, and ΔV are the average of charge-discharge time 

and voltage. 

𝐸 = 1
2⁄

𝐶𝑠∆𝑉2

3.6
                                               (5.2), 

 

𝑃 =
3600×𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

∆𝑡
                                 (5.3). 

5.3.  Results and Discussion 

5.3.1. X-ray diffraction patterns 

The X-ray diffraction (XRD) patterns of the Co-doped MoS2 (CMS1 and CMS3) are shown in 

Figure 5.1, which reveals the structural and polycrystalline nature of the materials. The presence 

of laminar structures initiating from the intercalation guest ions and molecules was corroborated 

by the diffraction peaks corresponding to the plane (002) at 14 degrees. At the (002) and (001) 

corresponding planes, the peaks appeared to split into two individual peaks, one at a higher angle 

and the other at a lower angle [33–35]. The observed diffraction peaks at 2 thetas = 260 and 28.80 

correspond to the reflection from (220) and (311) planes of face-centered cubic Co9S8, revealing 

the formation of the small amount of cobalt sulfide [36]. Also, the two theta diffraction peaks 

located at 33.140, 36.070, and 58.970 matched well with the planes of (100), (102), and (110), 

respectively, for hexagonal Co-MoS2 with JCPDS card number: 37-1492. Besides, the weakening 

and broadening of some of the diffraction peaks with slight shifts affirmed the inclusion of cobalt 

in the electrode materials [37]. These further indicate the ideal nature of the samples, which is 

confirmed by the SEM images. In addition, some of the extra peaks pronounced in CMS3 may 

depict the excessive presence of cobalt ions as their concentration increases, which might also 

affect the electrochemical performance of their respective electrodes. 
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Figure 5. 1 X-ray diffraction (XRD) patterns of the Co-doped MoS2. 

5.3.2. Raman Spectroscopy Analysis 

Raman spectroscopy technique was employed to study the doping effects and variations caused by 

the addition of cobalt to the pristine structure of MoS2. The active peaks of MoS2 from the Raman 

spectra are shown in Figure 5.2. The in-plane E1
2g and A1g out-plane vibrational modes of the MoS2 

are, respectively, corresponding to peaks located at 373.5 cm-1 and 400.8 cm-1. Both the E1
2g and 

A1g vibrational modes are red-shifted compared to bulk MoS2 (383 and 408 cm-1), and a similar 

redshift has been reported in the presence of biaxial strain on free-standing MoS2 sheets [38]. 

However, the observed shift and biaxial strain could be due to the presence of abundant dopants 

and defects. Furthermore, as seen by the integrated intensity ratio of E1
2g/A1g (approx. ~0.5) as 

expected for the Co-Mo-S- phase, Raman spectroscopy similarly shows the abundance of edge-

terminated structures. This is because the A1g (E
1
2g) mode is preferentially excited for the edge-
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(terrace-) terminated layers, and the Co-doped MoS2 reveals many active sites for enhancing its 

electrochemical performances [22,38,39].     

 

Figure 5. 2 Raman Spectra of the Co-doped MoS2. 

5.3.3. Scanning Electron Microscopy  

The morphology and elemental composition of the electrode materials were studied using field 

emission scanning electron microscopy (FE-SEM).  The SEM image (Figure 5.3a) revealed a 

flower-like morphology of MoS2-based materials, which shows that more active sites can be 

anticipated. The flower-like architecture will effectively increase the pore surface area of the easier 

accessibility of electrolytic ions, resulting in improved electrochemical performance. The detailed 

elemental composition of the Co-doped MoS2 electrode materials was shown in figure 5.3b, with 

the confirmations of the Co incorporated.  The carbon peak can be traced to be originated from the 

carbon capping of the samples before starting SEM-EDS measurement to avoid charging of the 
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samples during the measurement. The molybdenum and sulfur are situated on the same peaks, due 

to the operating energy levels of both elements which were respectively around 2.29 and 2.30 KeV. 

 

Figure 5. 3 (a) SEM image and (b) EDS Spectra of the as-synthesized electrode materials. 

  

Figure 5. 4 (a-d): EDS-Mapping Images of the Co-doped MoS2 electrode materials. 
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At a high magnification of 10 µm, the EDS mapping technique was used to analyze the elemental 

distribution of the electrode materials. As shown in figure 5.4a-d, the mapping studies of the 

electrode materials showed a uniform distribution of Mo, S, and the incorporated Co.  

5.3.4. Transmission Electron Microscopy 

Transmission electron microscopy is a technique for characterizing material to obtain structural 

dislocations, crystal structure, grain boundaries, as well as chemical analysis [40]. The 

microstructural studies from the TEM image Figure 5.5 show that the microstructure of electrode 

materials created by agglomerating nanosheets of various nanometer diameters has been validated. 

Because the S-S joins the lamellar structures through a feeble van der Waals interaction, the sheets 

are arranged into the structure as produced [41].  

 

Figure 5. 5 TEM image of the Co-doped MoS2 electrode materials. 
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5.3.5. BET Measurements  

The electrode material's surface area has a substantial impact on a supercapacitor's electrochemical 

performance. Physical gas adsorption is the method of choice for investigating the porous 

properties of the electrode materials. The isotherm data obtained from these adsorptions employed 

to determine the surface area, pore-volume, and pore size distribution.  [42]. Figures (5.6a and 

5.6b) show the N2 adsorption-desorption isotherms of CMS1 and CMS3 with inset of their pore 

size distributions, respectively. The calculated BET results from N2 adsorption-desorption 

isotherms of CMS1 and CMS3 have the surface areas to be 18.0607 m2/g and 14.5519 m2/g 

respectively. BET surface areas calculated in this study are higher than the previously reported 

values for Co-MoS2 (11.6082 m2/g) [11], which can translate to an improvement in their 

supercapacitor performances. Monolayer gas adsorption inside the pores can be identified using 

the linear increase in adsorption at low pressure (P/Po = 0.00–0.10).  After that, up to P/Po = 0.8, 

the curve reveals a near plateau zone, showing some nanopores alongside mesopores. A rapid and 

spiky increase in adsorption (P/Po = 0.8–1.0) indicates gas adsorption between the interlayers of 

the sample. [36]. As shown in the inset Figure (4a and 4b), the pore size distributions of the 

electrode materials were calculated by the Barret-Joyner-Halenda (BJH) from adsorption 

isotherms. The adsorption average pore width (4V/A by BET) for the electrode samples are 

12.91897 nm and 14.80209 nm, respectively. The cumulative pore volume (BHJ adsorption) 

between 1.7000 nm and 300.0000 nm widths for the samples, were, respectively, found to be 

0.065693 cm³/g and 0.060905 cm³/g. The presence of mesoporous structure was confirmed by type 

IV isotherms with a typical hysteresis loop in all electrode materials. 
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Figure 5. 6 N2 adsorption-desorption isotherms of CMS1 (a) and CMS3 (b) with an inset of their 

pore size distributions. 

5.3.6. Electrochemical Performance Analysis 

The electrochemical performance of the electrode materials was investigated using cyclic 

voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance 

spectroscopy (EIS) (CMS1 and CMS3). The CV curves of the CMS electrodes at the scan sweep 

of 5, 10, 20, 50, and 100 mVs-1 are shown in Figure (5.7a and 5.7b), the electrodes loop from the 

CV showed rectangular shapes with typical redox peak from molybdenum ions (Mo4+/Mo (4-∆) +) 

and cobalt ions (Co2+/Co3+). At a high scan rate of 100 mVs-1, the CV loops sustained their shapes, 

which show the perfect pseudocapacitive reaction of the electrode materials with low contact 

resistance. The weird-like CV curves as observed might be due to the oxygen trace in the cell 

because oxygen reduction is quasi-reversible on the CV. Although the electrodes containing Co9S8 

were identified from the XRD patterns (Figure 5.1), their overall contributions to the 

electrochemical performance of the electrodes are negligible. The fast response of the electrodes 
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and fast charge-discharging properties was also observed, and a distinct change between the 

cathodic (reduction) peaks of the CV loops of the electrodes was obvious. The redox peaks are 

visible in the composite, confirming the pseudo-capacitance behavior. The Faradaic processes that 

occur at the electrode-electrolyte interface are responsible for the pseudocapacitive performance 

[43]. 

 The GCD analysis of the electrode materials was conducted at different current densities 

of 1, 2, 3, 5, and 10 Ag-1 in 1M KOH electrolyte. Figures (5.7c and 5.7d) revealed the GCD curves 

of almost perfect triangular shapes, with a little drop of internal resistance at the start of discharge 

curves, which could be attributable to the active materials’ contact resistance with highly 

conductive nickel foam surface. Also, the oxidation and reduction reaction at the electrode-

electrolyte boundary of the electrode materials shows the pseudo-capacitance properties of the 

electrodes as observed from semi-symmetry curves of the GCD [44]. Both electrodes showed an 

excellent capacitance rate, with the specific capacities of 164, 154, 129, 104, and 61 Fg-1 obtained 

for the CMS1 electrode at 1,2,3,5, and 10 Ag-1 current densities. Likewise, for the CMS3 electrode 

the capacities of 146, 127, 115, 75, and 42 Fg-1 were, respectively, obtained at 1,2,3,5, and 10 Ag-

1 current densities. The highest specific capacitance of 164 and 146 Fg-1 is correspondingly 

achieved for the two electrodes at 1 Ag-1 current density. The lengthier period of discharge was 

observed at 1 Ag-1, which may be due to the large surface area of the electrodes. Moreover, as the 

current densities increase, there is a decrement in the discharge time, which is corresponding to 

the reported CV data. Equations (2) and (3) were used to compute the energy and power densities 

of the electrode materials, using the capacitance obtained from the GCD curves.  The energy 

densities of 3.67 and 2.05 Wh/kg with power densities of 3279.97 and 2960.26 W/kg were 

calculated for both electrode materials, respectively. The comparative performance of this study 
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with the electrochemical performance of the reported works on cobalt and other metal-doped 

MoS2-based supercapacitors is shown in Table 5.1. 

 

Figure 5. 7 (a-d): CV and GCD curves for both (CMS1 and CMS3) Electrodes. 

To further confirm the pseudocapacitive behavior of the electrode materials as an ideal composite 

for supercapacitor applications, the anodic and cathodic peak current analysis was conducted as 

depicted in Figure 5.8 (a, b),  which was linearly proportional to the square root of the scan rate 

[45]. The inset in Figure 5.8 (a, b), shows the intercept, slope, and R. square values of both the 

anodic and cathodic peaks. This confirmed the confined surface and diffusion control process of 

the electrode materials.  



Ph.D. Thesis  Bello Ismaila Taiwo; UNISA  Physics 

130 

 

The improvement mechanism of the electrodes was further investigated using electrochemical 

impedance spectroscopy (EIS). The EIS study helps in the prediction of a theoretical circuit model 

for a better understanding of the electrode-electrolyte interface, conductivity calculation, and even 

electrolyte resistance. Over a frequency range of 100 kHz to 10 MHz, with an amplitude of 5 mV 

and a bias voltage of 0.23 V, EIS was also used to measure ion transfer and electrical conductivity 

of the electrodes.  Figure 5.8 (c and d) depict the related Nyquist plots with their inset lower 

frequencies’ plots. The x-intercept at the high-frequency area of the Nyquist plot gives equivalent 

series resistance (ESR), which includes three distinct resistances: (i) resistance of the electroactive 

material, (ii) resistance of the electrolyte, and (iii) contact resistance at the interface, which is 

estimated to be around 5.3 Ω. The diameter of the semicircle at a medium frequency can be used 

to calculate the charge transfer resistance (Rct) resulting from the faradic redox process. The 

Warburg region, which is connected to the diffusion of redox species in the sample and mirrors 

the slope of the curve in the low-frequency zone, is the third region. 

As shown in Figure 5.9a, the capacitances decrease slightly as the current density increases, which 

shows an outstanding ability of fast charge-discharge and the restriction of ions on the surface of 

the electrode materials could also be responsible. Moreover, the capacitance retention of 85.5% 

and 79% ratio were observed at 1 Ag-1 after 3000 cycles during the cyclic stability test of the CMS1 

and CMS3 electrodes, respectively, as shown in Figure 5.9b. Co-MoS2 is an efficient electrode 

material for supercapacitors due to its high capacitive performance and outstanding cycle stability. 
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Figure 5.8 (a, b) Peak current against the square root of scan rate, and Peak current against the 

scan rate, and (c, d) EIS Nyquist plots (inset lower frequencies plots). 

 

Figure 5.9 (a) Specific capacitance comparison with current density, and (b) Cyclic stability tests 

after 3000 cycles. 
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Table 5. 1 Comparison performance of metal-doped MoS2-based supercapacitors. 

Electrode 

substrates 

Electrolytes Current 

density 

Electrode 

configurations 

Specific capacitance 

(Fg-1) 

Ref. 

Mn-MoS2 

nanoflower 

0.5 M Na2SO4 1 Ag-1 2 88 [31] 

Pt-MoS2 

nanosheets 

1 M Na2SO4 1 Ag-1 2 200.87 [32] 

Cu-MoS2 

film 

1 M Na2SO4 1 Ag-1 3 502 [46] 

Co-MoS2 

nanosheets 

2 M KOH 1 Ag-1 3 510 [33] 

Ni-MoS2 

nanosheets 

1 M Na2SO4 1 Ag-1 3 286 [30] 

Co-MoS2 

nanoflower 

1 M KOH 1 Ag-1 2 86 [11] 

Co-MoS2 

nanoflower 

1 M KOH 1 Ag-1 3 164 (CMS1) 

146 (CMS3) 

This 

work 

 

5.4.  Conclusion  

A one-pot hydrothermally assisted technique has been successfully employed to synthesize cobalt-

doped MoS2 nanoflowers. The structural, surface morphology and microstructural, and surface 

areas of the samples were established by XRD, Raman, SEM, TEM, and BET analyses. The BET 

analyses confirmed the presence of mesoporous structure with a typical hysteresis loop of type IV 
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isotherms in all electrode materials The fabrication of the supercapacitor electrode was 

successfully done by drop-casting the slurry prepared from the as-synthesized active materials, 

carbon black, and PVDF in NMP. The energy storage performances of the electrodes were 

electrochemically investigated using CV, GCD, and EIS measurements in a three-electrode 

configuration system. The Co-MoS2 (CMS1) electrode offered the highest specific capacitance 

value of 164 Fg-1 at 1 Ag-1 with cyclic stability of 85.5% after 3000 cycles. This study also 

confirmed that the oxygen reduction is quasi-reversible due to the observed weird-like CV curves. 

These results inferred that Co-doped MoS2 can be making an outstanding electrode material for 

supercapacitor applications. This method can potentially be developed to improve the charge 

storage capabilities of other transition metal sulfides. 
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Chapter Six51 

Synthesis, Characterization, and Supercapacitor Performance of a mixed-phase Mn-

doped MoS2 Nanoflower 
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6.1. Introduction  

Electrochemical energy storage devices have currently attracted substantial consideration for 

harnessing their energy potentials across the scientific world. This is due to the ever-increasing 

demand for eco-friendly energy storage devices (fuel cells, battery, and supercapacitors) as the 

better replacement to the existing energy sources (fossil fuel) that are deteriorating climatic 

conditions around the world [1–3]. The seasonal recurrence of the conventional form of renewable 

energy resources like solar, hydel, wind, biomass, and tidal have made the storing mechanism of 

such energies become vigorous. Therefore, the fast depletion of these energy resources based on 

their availability has called for developing alternative sources of energy storage devices [4]. The 

desire to produce a storage device that has a fast charge-discharge ability, with stable cyclic 

performance, safe operation and cost-effectiveness led to the development of supercapacitors. 

Supercapacitors are high-power energy storage devices that possess better capacitance output than 

conventional capacitors [5]. In the field of energy harvesting devices, the supercapacitor is one of 

the most researched topics. High energy/power density, fast charge/discharge capability, and 

excellent cycling stability are some of the distinguishing characteristics of supercapacitors that 

make them an appealing candidate [5–9]. Based on the storage mechanisms, supercapacitors are 

classified into electrochemical double-layer capacitors (EDLC) and Pseudo-capacitor. EDLC 

stores charge via the accumulation of electrolyte ions at the interface of electrode-electrolyte. At 

the electrode/electrolyte interface, no charge is transferred, which can store charges by non-

faradaic reactions. The second category is pseudo-capacitors, which uses the redox reaction system 

to store charge between electrode-electrolyte. The faradaic reactions are used to transfer charges 

for energy storage applications [10–12]. 
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Recently, carbon-based materials such as activated carbon, carbon black, graphene, carbon 

nanotubes, and their derivatives are commonly used as active materials in designing EDLC devices 

because of their good conductivity and excellent stability [4,11]. However, graphene's strong 

hydrophobicity, poor dispersity, and aggregation property prevent it from being used as an efficient 

supercapacitor electrode material [13–15]. Various transition metal sulfides such as copper sulfide, 

Nickel Sulfide, Zinc sulfide, Molybdenum sulfide, manganese sulfide, strontium sulfide, 

vanadium sulfide have attracted wide attention for supercapacitors applications, due to their natural 

abundance, easily controlled morphologies, multiple valences, and appropriate bandgap widths. 

Among them, MoS2 is a potential electrode material for supercapacitor applications due to its 

intriguing sheet-like structure, which offers a large surface area for double-layered charge storage 

and higher intrinsic fast ionic conductivity [4,16–18]. The analogous structure of molybdenum 

sulfide (MoS2) with that of graphene has made it considered for various energy storage, 

optoelectronics, sensing, and photocatalysis applications owing to their unique morphology, 

excellent mechanical, and electrical properties [12,19–22]. MoS2 comprises covalently bonded S-

Mo-S atoms, which are held together by weak van der Waals forces with higher capacity 

(theoretical) than graphite [23,24]. It has different polytype structures of 2H and 1T phases, 

coupled with variable oxidation states of +2 and +6. It also possesses higher in-plane ionic and 

electrical conductivity than oxide [25,26]. Through the faradaic charge transfer mechanism, MoS2 

can store charge in both inter and intralayer. As a result, MoS2 and its composite become viable 

materials for high-performance pseudo-capacitor electrodes [9,12]. Considerable attention has 

been paid to MoS2 to improve its charge storage performance and to circumvent the interlayer self-

aggregation because of the S-M-S interlayer van der Waals force. Therefore, the adjustment of its 
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structural design and microscopic morphology and its composite optimizations is highly needed 

to improve their super-capacitive behavior.  

Several findings have been reported on the successfully prepared composite materials with 

activated carbon [27,28], metal oxides [29,30], graphene [31–33], metal hydroxide [34,35], 

conducting polymers [36–38], carbon nanotube [8], and metal sulfides [39,40]. However, there are 

few reported works on the metal-doped composites of MoS2-based supercapacitors. Nickel-doped 

MoS2 nanosheets were reported by Palanisamy and his colleagues for the fabrication of 

asymmetric supercapacitor with the specific capacitance of 286 Fg-1 at 1 Ag-1 using three electrode 

systems in 1 M Na2SO4 [41]. Falola et al., 2017, reported a specific capacitance of 502 Fg-1 at 1Ag-

1 using three-electrode configurations in 1 M Na2SO4, from the copper doped MoS2 film [42]. Two 

system electrode configurations were also employed to study the electrochemical performance of 

platinum doped MoS2 nanosheets by Shao and co-workers [43]. The specific capacitance of 200.87 

Fg-1 at 1 Ag-1 in 1 M concentration of Na2SO4 electrolyte was obtained. Recently, Singha et al., 

2020, obtained a specific capacitance of 88 Fg-1 at 1 Ag-1 in 2 M KOH using two-electrode 

configuration systems with Manganese doped MoS2 nanoflower as an active material [44]. More 

recently, cobalt doped MoS2 nanosheets and nanoflowers were, respectively, reported by Sun et 

al., 2018, and Rohit et al., 2021. The specific capacitance of 510 Fg-1 at 1 Ag-1 in 2 M KOH for 

Co-MoS2 nanosheets using three configuration systems was reported [45]. Likewise, two system 

configurations were used to study the capacitive behavior of Co-MoS2 nanoflowers with a specific 

capacitance of 86 Fg-1 at 1 Ag-1 in 1 M KOH electrolytes [46]. However, several types of binders 

were included as part of the active materials for all aforementioned successful reports for the metal-

doped MoS2-based supercapacitors. The binder is an inactive element that restricts capacitance by 

contributing its weight to the total mass of the active material. As a result, there is a need to 
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leverage various synthesis approaches that lead to the production of binder-free electrodes cost-

effectively. 

In this work, we reported binder-free mixed-phase manganese doped MoS2 (Mn-doped MoS2) 

electrodes for electrochemical performance behavior. The synthesis, and characterizations were 

reported in detail in the subsequent sections, and the electrochemical measurements were 

employed to investigate the capacitive behavior of the electrode materials. The specific 

capacitance of 70.37 Fg-1 at 1 Ag-1 in 1 M KOH using three configuration electrode systems is 

reported. This suggests a potential material for a binder-free electrode material for metal-doped 

MoS2-based supercapacitors. 

6.2. Methodology 

6.2.1. Synthesis of Manganese doped MoS2 (Mn-MoS2) Nanoflowers 

Manganese doped MoS2 was synthesized through facile hydrothermally assisted techniques. 2.5 g 

of ammonium molybdate and 4.5 g of thiourea were, respectively, dissolved in 60 mL of deionized 

water with vigorous stirring at room temperature. After 30 minutes of continuous stirring, 0.7 g of 

manganese (II) acetate tetrahydrate was added to make a composite solution. The resulting solution 

was aggressively agitated until it became homogeneous. The solution was transferred to a 100 mL 

Teflon-lined Autoclave and heated at 220 °C for 18 hours [47]. After cooling to ambient 

temperature, the black precipitate was collected by centrifugation. To eliminate any remaining 

impurities, the washing was repeated many times with deionized water and ethanol, then dried in 

a vacuum oven at 80 °C for 12 hours. The obtained sample of manganese doped MoS2 was denoted 

as (MMS). 
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6.2.2. Preparation of Working Electrodes 

A commercially available 1 cm × 3 cm nickel foam was cleaned using 2.0 M HCl, deionized water, 

and ethanol in a sonication procedure for 15 minutes before being vacuum dried. To make a slurry, 

an active substance of Mn-doped MoS2 (MMS) was mixed with carbon black (in the ratio 80:20), 

and appropriate NMP drops and sonicated for 10 minutes. The slurry was drop cast over cleaned 

nickel foam and dried for 12 hours in a vacuum oven at 80 degrees Celsius. After drying, the active 

material on the nickel foam was approximately weighed to be 2 mg. 

6.2.3. Characterizations 

A Rigaku Smartlab X-ray diffractometer (0.154 nm Cu Kα line), field emission scanning electron 

microscopy (FE-SEM JSM-7800 F, JOEL Ltd), and HORIBA scientific XploRA with LASER 

light excitation energy (2.411 eV) at 532 nm, were respectively employed to study the crystal 

structures, morphological and Raman spectroscopic properties of the electrode material. A surface 

area prosimetra (TriStar II 3020 version 2.00) was used to determine the Brunauer-Emmett-Teller 

(BET) surface area. 

6.2.4. Electrochemical Measurements 

A three-electrode configuration system of Autolab PGSTAT302N electrochemical working station 

was employed to study the electrochemical performance of Mn-doped MoS2 in 1 M KOH 

electrolyte. The three-electrode cells include a reference electrode (Ag/AgCl, 3 M KCl), a counter 

electrode (Platinum wire), and the working electrode (nickel foam). The cyclic voltammetry (CV) 

curves were measured in a potential window between -0.4 and 0.4 V at a different scan rate, 

ranging from 5, 10, 20, 50, and 100 mVs-1. The galvanostatic charge-discharge (GCD) 

measurements were recorded at different current densities of 1, 2, 3, 5, and 10 Ag-1, respectively. 



Ph.D. Thesis  Bello Ismaila Taiwo; UNISA  Physics 

147 

 

The electrochemical impedance spectroscopy (EIS) was also tested at an amplitude of 5 mV, 

between the frequency range of 100 kHz to 10 MHz. 

6.3. Results and Discussion 

6.3.1. Morphology and Elemental Composition Analysis  

The morphology and elemental composition of the electrode material were studied using field 

emission scanning electron microscopy with an EDS analysis system attachment (FE-SEM JSM-

7800 F, JOEL Ltd). The as-synthesized materials showed a hierarchical 3D-structure flower-like 

morphology. The flower-like morphology of the material is highly porous, as shown in Figure 

6.1a. The porosity of the material might be due to the weak Van der Waals force of attraction 

between flexible MoS2 layers [48,49]. The porosity of the material contributed highly to the 

performance of the electrochemical behavior. Figure 6.1b, shows the elemental composition of the 

prepared sample, which shows the presence of the incorporated Mn. The carbon and oxygen 

originated from carbon capping of the sample and the oxygen peak can be traced to the oxygen 

from the methods of preparation, which includes water. 
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Figure 6. 1 (a, b): SEM and EDS spectra of the Mn-doped MoS2 electrode material. 

The molybdenum and sulfur peaks were overlapping as both elements are operating at the same 

energy level of 2.29 and 2.30 KeV, respectively. Meanwhile, the appearance of the sulfur element 

in the mapping images shows its presence in the sample but was overlapped on the EDS peaks due 

to the proximity of molybdenum and sulfur energy levels. 

The elemental distribution of the sample was performed using EDS elemental mapping analysis 

recorded at a higher magnification of 10 µm. The studies also showed a uniform distribution of 

the Mo, S, and incorporated Mn, as shown in the mapping analysis of the sample in figure 6.2(a-

f). Table 6.1 shows a fundamental composition of the sample. 
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Figure 6. 2 (a-f): Elemental mapping of the Mn-doped MoS2 electrode material. 

Table 6. 1 Quantitative composition of the elements present in the Mn-doped MoS2.  

Element 

  Line 

Weight % 

 

 Norm. 

 Wt.% 

Atom % 

 

Formula 

 

Compnd % 

 

  Norm. 

Compnd% 

   C K    26.7    26.7    57.3       C    26.7    26.7 

   O K    16.5    16.5    26.4       O    16.5    16.5 

  Mn K    5.4    5.4      2.5      Mn    5.4    5.4 

  Mo L    51.4    51.4    13.8      Mo    51.4    51.4 

Total   100.0   100.0  100.0    100.0   100.0 
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6.3.2. Raman Spectroscopy Studies 

The crystal structure of the sample was investigated by Raman spectroscopy analysis. Figure 6.3 

shows the pattern of the Raman measurement of the Mn-doped MoS2. The characteristic peaks at 

289, 381, 411, and 454 cm-1 correspond to the in-plan and out-plane vibrations of E1g, E
1
2g, A1g, 

and A2u modes of 2H-phase MoS2, respectively. The extra peak of 1T-phase MoS2 is located at 

341 cm-1, indicating that the as-prepared material is of mixed phases [50]. Also, an additional peak  

emerges at 481 cm-1, which may belong to local vibrational modes of Mn2+ dopants [51]. This 

strongly suggests the successful preparation of the Mn-doped MoS2 nanoflower for electrode 

material usage.  

 

Figure 6. 3 Raman patterns of the Mn-doped MoS2 electrode material. 
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6.3.3. X-ray diffraction Measurements 

Figure 6.4 depicts the patterns from the XRD measurement results. The corresponding planes 

(002), (101), (103), (105), and (110) of the 2H-phase MoS2 were associated with the diffraction 

peaks at about 14.11, 33.31, 39.25, 49.52, and 58.98 degrees (JCPDS No. 37-14920) [49,52]. The 

high-intensity peak of the (002) plane indicates a well-stacked layer structure along the c-axis.  

The diffraction peaks represented by the (#) located at angle 23.01, 30.68, 36.83, and 53.58 degrees 

corresponding to the Mn2O3 planes of (211), (222), (400), and (440) orientations (JSPDS No. 41-

1442) [53]. 

 

Figure 6. 4 XRD patterns of the Mn-doped MoS2 electrode material. The (#) corresponds to Mn2O3 

planes of the XRD patterns. 
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6.3.4. N2 Adsorption-desorption Studies 

The electrochemical performance of a supercapacitor is greatly influenced by the surface area of 

the electrode material. Physical gas adsorption is the preferred approach for evaluating the porous 

characteristics of electrode materials. The isotherm obtained from these adsorption data is used to 

calculate the surface area, pore volume, and pore size distribution [54]. Figure 6.5 shows the N2 

adsorption-desorption isotherms of Mn-doped MoS2 with an inset of its pore size distributions. 

The calculated BET results from N2 adsorption-desorption isotherms of Mn-doped MoS2 have a 

surface area of 46.0628 m2/g. BET surface area calculated in this study was higher than the 

previously reported values for bare MoS2 (23.9 m2/g) [55], which can translate to an improvement 

in its supercapacitor performances. The linear increase in adsorption at low pressure (P/Po = 0.00–

0.10) can be used to identify monolayer gas adsorption inside the pores. After that, up to P/Po = 

0.8, the curve reveals a near plateau zone, showing the presence of some nanopores alongside 

mesopores. The adsorption of the gas between the interlayers of the sample is indicated by a rapid 

and spiky increase in the adsorption (P/Po = 0.8–1.0) [56]. As shown in the inset figure 4a, the 

pore size distributions of the electrode material were calculated by the Barret-Joyner-Halenda 

(BJH) from adsorption isotherms. The adsorption average pore width (4V/A by BET) for the 

electrode sample is 11.26607 nm. The cumulative pore volume (BJH adsorption and desorption) 

between 1.7000 nm and 300.0000 nm widths for the sample, were, respectively, found to be 

0.141921 cm³/g and 0.140928 cm³/g. Type IV isotherms with a characteristic hysteresis loop 

indicated the mesoporous structure in the electrode material. 
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Figure 6. 5 N2 adsorption-desorption isotherms of Mn-doped MoS2 with an inset of its pore size 

distributions. 

6.3.5. Electrochemical Performance Analysis 

6.3.5.1. Electrochemical Impedance Spectroscopy studies 

Electrochemical impedance spectroscopy (EIS) was used to evaluate the electrodes' improved 

mechanism. The EIS research aids in the development of a theoretical circuit model for a better 

understanding of the electrode-electrolyte interface, conductivity calculations, and even electrolyte 

resistance [45,46]. Figure 6.6 depicts the related Nyquist plots with their inset lower frequency 

plot and the equivalent circuits. Over a frequency range of 100 kHz to 10 MHz, with an amplitude 

of 5 mV and a bias voltage of 0.23 V, EIS was used to measure ion transport and electrical 
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conductivity of the electrodes. The x-intercept at the high-frequency area of the Nyquist plot gives 

equivalent series resistance (ESR), which includes three distinct resistances: (i) resistance of the 

electroactive material, (ii) resistance of the electrolyte, and (iii) contact resistance at the interface, 

which is estimated to be around 5.3 Ω. The charge transfer resistance (Rct) resulting from the 

faradic redox process can be calculated using the diameter of the semicircle at a medium frequency. 

The third region is the Warburg region, which is linked to redox species diffusion in the sample 

and mimics the slope of the curve in the low-frequency zone. 

 

Figure 6. 6 Nyquist plots (inset lower frequency and equivalent circuit). 
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6.3.5.2. Cyclic Voltammetry (CV) 

The CV tests of Mn-doped MoS2 electrode were studied within the potential window of -0.4 V to 

0.5 V with a scan rate between 5 mVs-1 to 100 mVs-1 (5, 10, 20, 50, and 100 mVs-1). As shown in 

figure 6.7, the CV loops show a typical quasi-rectangular shape with the presence of a redox peak 

between 0.2 V and 0.4 V in the forward and reverse scan, which may be due to the different state 

valences (Mo4+/Mo (4-∆)+) from the molybdenum ions. This represents the ideal pseudocapacitive 

behavior of the Mn-doped MoS2 electrodes, with low contact resistance. The CV loops increase as 

the scan rate increased, with their curves remaining constant at the highest scan rate of 100 mVs-

1. The current drawn increases with the voltage as the scan rate increase, increasing the loop area. 

The electrodes' fast response and charge-discharging capabilities were also noticed, as well as a 

clear distinction between the cathodic (reduction) peaks of the electrodes' CV loops. The pseudo-

capacitance behavior is confirmed by the presence of redox peaks in the composite. The 

pseudocapacitive performance is due to the Faradaic reactions that occur at the electrode-

electrolyte interface [57]. 
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Figure 6. 7 CV Curves of the Mn-doped MoS2 electrode. 

6.3.5.3.Galvanostatic charge-discharge (GCD) Analysis 

The GCD plots of the Mn-doped MoS2 electrode material were shown in figure 6.8. The GCD 

studies of the electrode material were conducted at different current densities of 1, 2, 3, 5, and 10 

Ag-1. The GCD curves have nearly perfect triangular forms, with a small reduction in internal 

resistance at the onset of discharge curves, which could be due to the active materials' contact 

resistance with the highly conductive nickel foam surface. Also, as seen in semi-symmetry curves 

of the GCD, the oxidation and reduction processes at the electrode-electrolyte border of the 

electrode materials indicate the pseudo-capacitance behavior of the electrodes [58]. The specific 

capacitances were calculated from the GCD curves using  𝐶𝑠𝑝 =
IΔt

mΔ𝑉
  to determine the 
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performance parameters of the supercapacitor electrode. The Mn-doped MoS2 electrode showed 

the specific capacitances of 70.37, 58.89, 57.69, 44.11, and 29.90 Fg-1 at the current densities of 

1, 2, 3, 5, and 10 Ag-1, respectively. The highest specific capacitance of the electrode observed 

was 70.37 Fg-1 at 1 Ag-1 current density. 

The highest specific energy and power densities obtained were calculated using both 𝐸 =

1
2⁄

𝐶𝑠∆𝑉2

3.6
  and 𝑃 =

3600×𝐸

∆𝑡
  equations to have 3.14 Wh/kg and 4346.35 W/kg, respectively. At the 

current density of 1 Ag-1, the lengthier period of the discharge was observed, which may be due to 

the electrode’s surface area. Furthermore, when the current densities increase, the discharge time 

decreases, which corresponds to the stated CV data. The charge storage in the material occurred 

because of either a surface-limited non-faradaic reaction (i.e., adsorption) or the intercalation of 

electrolyte ions into the material's interlayer spacing [59]. The performance parameters of the 

galvanostatic charge-discharge curve were presented in Table 6.2. As shown in Table 6.2, the 

energy density decreases as the current density increases, due to their proportionality to the specific 

capacitance. Also, while the contact between the electrolyte and electrode is limited, power density 

increases with scan rate because it offers less resistance at higher scan rates. 
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Figure 6. 8 GCD curves of the Mn-doped MoS2 Electrode Material. 

6.3.5.4.Anodic and Cathodic Peak Current Measurement 

The anodic and cathodic peak current measurement, as shown in Figure 6.9a, was directly 

proportional to the square root of the scan rate, to further corroborate the electrode materials' 

pseudocapacitive behavior as an appropriate composite for supercapacitor applications [60]. The 

intercept, slope, and R square values of both the anodic and cathodic peaks are shown in the inset 

of Figure 6.9a. The capacitances dramatically decrease as the current density increases, as shown 
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in Figure 6.9b, indicating an exceptional ability for fast charge-discharge, and the restriction of 

ions on the electrode materials' surfaces could be responsible. 

 

Figure 6. 9 (a) Peak current against the square root of scan rate, and (b) Specific capacitance 

comparison with current density. 

Table 6. 2 Performance Parameters of the Galvanostatic Charge-Discharge. 

Current Density 

(A/g) 

Specific Capacitance 

(F/g) 

Energy Density 

(Wh/kg) 

Power Density 

(W/kg) 

1 70.37 2.07 257.14 

2 58.89 2.29 529.69 

3 57.69 2.31 805.85 

5 44.11 2.58 1454.52 

10 29.90 3.14 4346.35 
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6.4. Conclusion  

A mixed-phase Mn-doped MoS2 nanoflower was synthesized by a one-pot facile hydrothermal 

technique. The elucidation of the as-synthesized material was done by XRD, RAMAN, SEM-EDS, 

BET methods. The presence of a mixed-phase in the as-synthesized electrode material was 

established from the XRD and RAMAN spectrum results. The nanoflower morphology of the Mn-

doped MoS2 was also established from the SEM-EDS images and the surface of areas with the 

presence of mesoporous structure was likewise revealed from the BET techniques.  The 

supercapacitor performance of the fabricated supercapacitor electrode was electrochemically 

investigated using cyclic voltammetry, galvanostatic charge-discharge, and electrochemical 

impedance spectroscopy measurements in a three-electrodes cells system. The Mn-doped MoS2 

nanoflower exhibit a specific capacitance of 70. 37 Fg-1 at a current density of 1 Ag-1, with 

corresponding energy and power densities of 3.14 Whkg-1 and 4346.35 Wkg-1 respectively. The 

electrode’s performance shows that a mixed-phase Mn-doped MoS2 can be an outstanding material 

for the metal-doped MoS2 supercapacitive electrodes. Smart device fabrication and further 

optimization of the electrode performance such as the characterization of the electrodes before and 

after cycles were recommended for future work for a better understanding of the electrode-

electrolyte interface of the materials. 
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This chapter summarizes the main results obtained from the entire period of experimental findings. 

The main achievements from the study such as the published work and the recommendations for 

future works were highlighted in this section. 

7.1.  Conclusion   

In this study, we investigated the improvement of transition metal-based superconductor 

materials for improved performance in an energy storage application. The hydrothermal method 

was employed as the synthesis technique in the work to prepare the electrode materials samples. 

The methods of the preparation were the best among the reviewed techniques harnessed during 

this study due to their simplicity, cost-effectiveness, and ability to obtain 2D-or-3D nanomaterials 

as their final products. Hydrothermal methods have been regarded as the most attractive way of 

synthesizing MoS2 nanosheets because of their simplicity and wide range of applicability with 

relatively high electrochemical performance. The hydrothermal method was adopted in the 

synthesis of the electrode materials used in this study due to its general acceptability. 

The bibliometric analysis of the evolution of literary works related to its supercapacitor 

devices since the usage of MoS2 as the active materials in energy storage (Supercapacitor) was 

evaluated. The bibliometric studies will guide researchers to explore the previously prioritized 

areas and encourage future collaborations. The bibliometric analysis of the studied materials gives 

us perspectives on the strengths and weaknesses of the materials, which enable us to identify the 

area of focus and the targeted publication outlets.  

The elucidation of the prepared samples in terms of their morphology and elemental 

compositions, structural and microstructural properties, and surface area of the electrode materials 

was carried out by the characterization techniques listed in the previous chapter four. The 

objectives set from the onset of the experimental phase were to optimize the effect of the single 
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metal-based composite of the TMDs nanomaterials. The choice of MoS2 among the TMDs families 

was dues to its wider spread applicability, which has been highlighted in chapter three of this 

report. The major objectives presently studied for metal-composites in this work are Cobalt and 

Manganese doped electrodes for their electrochemical properties. 

The electrochemical behaviors of both metal-based composites of MoS2 electrodes were 

fascinating and improved values of the specific capacitances of the fabricated electrodes. The 

results from Co-doped MoS2 electrodes inferred that they can be an outstanding electrode material 

for supercapacitor applications. This study also confirmed that the oxygen reduction is quasi-

reversible due to the observed weird-like CV curves. This method can potentially be developed to 

improve the charge storage capabilities of other transition metal sulfides. Likewise, the results of 

Mn-doped MoS2 composites showed mixed-phase Mn-doped MoS2 nanoflowers with mesoporous 

structures from their surface areas. The electrode’s performance shows that a mixed-phase Mn-

doped MoS2 can be an excellent material for the metal-doped MoS2 supercapacitive electrodes.  

Finally, during the investigation, we observed that the optoelectronic properties of Co-doped 

MoS2 nanocomposites can be altered by the concentration of cobalt and be a formidable candidate 

for photoconductivity. 

7.2. Future Work and Recommendations  

Notwithstanding the improved synthetic samples obtained and the excellent supercapacitive 

behavior reported, the purity of the prepared metal composites of MoS2 must be improved. 

Furthermore, more functionalization of transition metals with MoS2 and other TMDs families for 

enhancement of energy storage applications. 

The following studies could be considered for future works: 
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• Smart device fabrication and further optimization of the electrode performance such as the 

characterization of the electrodes before and after cycles were recommended for future 

work for a better understanding of the electrode-electrolyte interface of the materials. 

• The realization of advanced storage capacity from flexible and wearable supercapacitors 

should be achievable soon with the current pace at which the study of MoS2-based 

supercapacitors is growing. 

• In-depth kinetic analysis for a better understanding of the electrode materials should be 

done. 

• Upscaling fabrication of energy storage devices using Plasma Enhanced Chemical Vapor 

Deposition (PECVD) techniques is required. 

• Further studies on the photoconductivity application of Co-doped MoS2. 

• Further optimization study such as the effect of the temperature and time on the structural 

and morphological properties of the materials must be investigated for the future works.  
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