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Abstract 

 

The investigation of the use of nanomaterials for the development of sustainable 

energy sources and energy storage devices are crucial in the current situation. Here, 

battery research and fuel cell are two of the most important areas of studies for driving 

future energy demand. Lithium batteries are presently used in most electronic devices 

for the storage of energy. However, to keep up with the demand of high energy and 

power density storage batteries, investigation of alternative battery materials is 

necessary. So, NiPS3, a representative member of ternary layered materials (MPS3) is 

studied as lithium-ion anode. It possesses a high theoretical capacity (1298 mAh g-1) 

of lithium-ion storage owing to the layered structure and good conductivity. So, the 

investigation of the properties of bulk and exfoliated NiPS3 are carried out. The 

exfoliated NiPS3 delivers the discharge capacity comparable to its theoretical capacity 

and a stable rate capability. This shows a good performance as anode material. 

 

The fuel cell is considered as a clean and sustainable form of energy storage, with 

hydrogen and oxygen as fuels. As the production of hydrogen and oxygen from water 

is an important electrochemical process, the process can be promoted by using a 

catalyst so that the energy consumed for their production is much lowered. Novel 

metal-based materials are the ideal electrocatalysts. So, the materials for replacing 

expensive catalysts are needed for commercial usage and development of this 

technology. The overpotential and Tafel slope of exfoliated NiPS3 to drive the OER 

is much lower than the commercial IrO2. The abundant edge sites are 

electrochemically active sites for oxygen evolution. Upon investigation, it was found 

that the activity was due to the formation of NiOOH catalyst which in turn increases 

hydrogen adsorption at active sites. 

 

As the utilization of LIB continues, the resources of lithium are becoming scarce and 

expensive. An alternative to lithium-ion battery is sodium-ion battery as sodium is 

abundant in nature and properties are similar to that of lithium. MoS2 is an interesting 

material because of facile synthesis routes and resemblance to graphene structure. 
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However, its properties for battery and water splitting are still inadequate for 

commercial use. The theoretical calculations have shown that doping MoS2 is one of 

the methods to improve the electrochemical activity. So, MoS2 doped by Co delivers 

a high reversible specific capacity when used as SIB anode due to incorporation of 

conductive core and amorphous shell whereby conductivity is improved. As for HER 

activity, the hydrogen adsorption energy of MoS2 at S-edges is positive (nearly zero) 

and cobalt is negative in Volcano plot, when they are combined the synergistic effect 

will produce near zero hydrogen adsorption energy. Hence, the electrochemical HER 

are investigated by doping cobalt in amorphous MoS2. Thus, crystalline core-

amorphous shell (Co4S3@MoS2) nanospheres have been synthesized by optimizing 

Co/Mo precursor ratios. The study shows that Co doping reduces the overpotential 

and Tafel slope drastically, leading to an improved HER performance.  

 

The major disadvantage of MoS2 in HER reaction is that it has slow kinetics which is 

shown in its high Tafel slope and resistance. So, a rational design to improve electron 

transfer and hydrogen adsorption/desorption is necessary. Therefore, MoS2 is grown 

on carbon cloth substrate along with cation and anion doping. Eventually, doping it 

with both Selenium and Vanadium simultaneously has demonstrated an excellent 

overpotential and Tafel slope with a long-term stable performance. Such performance 

is attributed to the high activity of active sites and low resistance of V and Se co-

doped MoS2 grown on carbon cloth. 

 

Hence, the rational nanostructuring and design of nanomaterials based on transition 

metal sulfides are necessary for obtaining high electrochemical performance in their 

respective energy storage applications and devices. 
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Lay Summary 
 

There is an increasing demand for the production and storage of energy due to the 

modern technological development. The storage of energy for future technology like 

electric vehicles (EV) demand a high capacitive, sustainable and safe systems. Hence, 

the battery systems like lithium and sodium-ion batteries are under investigations 

especially for EV. Another form of energy storage, fuel cell utilizes hydrogen and 

oxygen gases. These gases are produced by hydrolysis of water. The storage and use 

of energy in the form of gases is completely sustainable. So, hydrogen is regarded as 

the clean energy source. 

 

The battery involves the electrochemical reaction between anode and cathode 

materials. The basic anode and cathode materials for a lithium-ion battery are graphite 

and LiCoO2. However, the capacity delivered by this system needs to be increased 

due to the demand of new technologies. So, the investigation on anode and cathode 

materials are important. As the sources of lithium are being used rapidly, there is a 

high chance that the price of lithium will increase and in the long run depletion of 

such sources. An alternative metal to lithium is sodium, which is abundant in the earth 

and cost effective. Hence, study of suitable electrode materials for sodium-ion battery 

is necessary. 

 

Electrochemical water splitting produces hydrogen and oxygen when energy is 

applied. The electrocatalysts can be used to promote hydrogen and oxygen evolution 

so that the energy applied is decreased. Thus, investigation of such electrocatalysts 

are essential step in efficient production of hydrogen and oxygen. Pt-based materials 

are ideal for hydrogen evolution while Ir-based materials are ideal for oxygen 

evolution. Since both Pt and Ir are noble metals, the cost of such catalysts is expensive. 

Hence, alternative catalysts that have lower cost, easy to synthesize and having 

catalysis properties close to Pt/Ir are necessary. 
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The introduction of nanomaterials in energy storage systems have shown promising 

results. This thesis consists of three nanomaterial systems namely NiPS3, Co-doped 

MoS2 and, V and Se co-doped MoS2/CC. 

 

Bulk NiPS3 crystals is synthesized by chemical vapour transport method whereby, a 

loosely packed layered crystal is obtained. There is weak Van der Waals force of 

attraction between the layers. So, the layers are easily detached by using small force. 

The systematic study of various solvents to yield high quantity of NiPS3 nanosheet 

using ultrasonication is also carried out. The bulk NiPS3 crystal is exfoliated to NiPS3 

nanosheet material and investigated as anode for Li-ion battery and oxygen evolution 

reaction. The Li-ion battery has a high discharge capacity of 951 mAh g at discharge 

rate of 0.1 A g-1 (excluding the first discharge) and 318 mAh g-1 at 5 A g-1. The battery 

retains the capacity of 476 mAh g-1 at 0.1 mA g-1 after 50 cycles. Although the 

parasitic reactions and formation of solid electrolyte interface (SEI) layer limits the 

battery performance, the conversion reaction mechanism of the battery is observed. 

Moreover, the overpotentials of oxygen evolution reaction (OER) for bulk NiPS3 and 

exfoliated NiPS3 are 401 and 301 mV respectively. Also, the Tafel slope of bulk NiPS3 

and exfoliated NiPS3 is 134 and 43 mV dec-1 respectively. Hence, the performance of 

exfoliated NiPS3 is better than bulk NiPS3. In fact, it surpasses the property delivered 

by IrO2, a commercial OER catalyst. It was attributed to the high number of 

electrochemically active sites and low resistance. 

 

The crystalline core-amorphous shell (Co4S3@MoS2) nanospheres have been 

synthesized with different Co/Mo precursor ratios to understand the optimized 

composition for high HER activity and SIB properties. The study shows that the 

sample with moderate Co doping reduces the overpotential from 451 mV to 175 mV 

and Tafel slope from 207 mV dec-1 to 62 mV dec-1, leading to an improved HER 

performance. Similarly, the samples have been tested as anode for sodium-ion battery, 

an alternative to lithium-ion battery. It was observed that, the 1:5 ratio of Co to Mo 

precursor composition has the best performance among the six samples under study. 

The same sample delivers a reversible specific capacity of 461.77 mAh g-1. 
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The major disadvantage of the MoS2 in HER reaction is that it has slow kinetics which 

is shown in its high Tafel slope and resistance. A rational design to improve electron 

transfer and hydrogen adsorption/desorption is necessary in MoS2 material system. 

Therefore, by using carbon cloth as a substrate to grow MoS2, it is believed to improve 

the flow of electrons by exposing the higher number of edge sites and reducing the 

resistance during charge transfer. Eventually, doping it with both anionic (Se) and 

cationic (V) transition metals simultaneously has demonstrated an excellent 

overpotential of 66 mV and Tafel slope of 77 mV s-1 with a long-term stable 

performance. Such performance is attributed to the high activity of active sites and 

low resistance of V and Se co-doped MoS2 grown on carbon cloth. 
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activity is associated with active edge sites and in-plane defects.[17] Although, 

MoS2 catalysts are expected to have high degree of hydrogen evolution reaction 

(HER) activity, they still show sluggish kinetics for HER. Therefore, a rational 

design to improve electron transfer and hydrogen adsorption/desorption is 

necessary. 

 

1.2 Objectives and Scope 

 

The objectives and scopes of each research topic is given in following sections. 

The three works presented are based on sulfide materials. The electrochemical 

properties of each materials are carried out for the storage of energy, namely 

battery, and water splitting with their respective mechanistic investigation. 

 

1.2.1 NiPS3 as anode for LIB and OER catalyst 

 

With the synthesis of ternary compounds [18], researches have been dedicated in 

further determination of their structure, chemical properties and magnetic 

properties [1a, 1b, 1e, 3, 19]. Structurally, MPS3 are comparable with CdCl2 such that 

Cd positions are occupied by M and P-P pairs in octahedral structure, and Cl 

replaced by S[19c]. All of them are isostructural with different a, b and c, and hkl 

parameters, with space group C2/m. Since, they are layered in nature, lithium 

intercalation of the layers is explored for their electrical conductivity. It has been 

verified that Li intercalation in NiPS3 has higher mobility than in FePS3
[1a]

. The 

stable electronic configuration is obtained in the order NiPS3> CoPS3> FePS3> 

MnPS3
[20] and the amorphous NiPS3 and ZnPS3 has shown higher chemical and 

electrochemical activity[20b]. Besides that, it has been used in all solid state 

lithium secondary battery as cathode material.[21] The reversibility of the bulk 

material for solid state battery is quite low. Previously, MPS3 have been studied 

in terms of their synthesis and characterizations and nowadays, their 

electrochemical properties are being explored in terms of water splitting 

activities. Therefore, exfoliation of these materials produces nanosheets, which 

are thought to have better electrochemical properties. In addition, the exfoliation 

process decreases the band-gap energy, improves electrical conductivity and 
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exposes edge sites for electrochemical interactions. So, NiPS3 has been chosen 

for exfoliation and later, investigation as an anode material for LIB and OER. 

 

For the work, the first step is synthesis of NiPS3 crystals and later, they are 

exfoliated using solvent assisted ultrasonic bath method. Solvent selection for 

high yield of nanosheets is carried out using UV-Vis spectroscopy. Later, the 

bulk and exfoliated materials are tested as anodes for LIB and water splitting. 

 

1.2.2 Co-doped MoS2 as HER catalyst and SIB anode 

 

MoS2 is considered as a good catalyst due to theoretical studies. However, it has 

slow kinetics, so investigation on improving the S-edge sites, which are the 

active sites for hydrogen evolution is emphasized. It can be done by doping 

cobalt, because it promotes the activity of the active sites so as to improve the 

intrinsic capacity. So, the experiment is designed to optimize the doping of 

cobalt in MoS2 to obtain an enhanced performance for HER. The same materials 

can also be used as SIB anode because of their unique structure i.e. combination 

of crystalline core and amorphous shell. This helps in improving the 

conductivity of the material and fast kinetics of the lithium interaction. 

 

Co4S3@MoS2 core-shell nanospheres are synthesized such that the ratio of Co 

to Mo is varied from 1:1 to 1:5. Then, the six samples are tested under the same 

conditions for HER and SIB to obtain highly improved properties. The 

improvement in HER properties are obtained by low overpotential and low 

Tafel slope of the catalyst along with high electrochemically active surface area. 

As for anodes, the specific capacity shows the activity and further tests 

involving mechanism are studied. 

 

1.2.3 V and Se co-doped MoS2/CC as HER catalyst 

 

To improve the kinetics of MoS2 as HER catalyst, it is grown on carbon cloth 

and doped with Vanadium and Selenium. Herein, carbon cloth improves the 

conductivity of the mechanism because of low resistance during electron 

transfer and exposure of the edge structures of MoS2. Combining CC with 
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bulk NiPS3. It is verified experimentally as a stable reversible capacity of 796.2 

mAh g-1 is delivered at 150th cycle at a current density of 0.1 A g-1 by exfoliated 

NiPS3, but bulk NiPS3 delivered 200 mAh g-1
 at the end of 50 cycles. The low 

performance of bulk NiPS3 might be because of the high charge transfer 

resistance during the lithium interaction. In case of exfoliated NiPS3, the charge 

transfer resistance is low, the nanosheets allow better interaction of lithium (as 

shown by the diffusion parameters) and maintain the structures for a long and 

stable performance. 

 

As for OER, the exfoliated few-layer NiPS3 nanosheets have demonstrated 

excellent electrocatalytic performance. A low overpotential of 301 mV at the 

current density of 10 mA cm-2 and a small Tafel slope 43 mV dec-1, and an 

outstanding long-term durability. On the other hand, bulk NiPS3 and IrO2 

delivered an overpotential of 438 mV and 401 mV at 10 mA cm-2 respectively. 

The Tafel slopes of 134 and 94 mV dec-1 are observed for bulk NiPS3 and IrO2. 

The enhanced properties are due to presence of high active sites in exfoliated 

NiPS3 as shown by the ECSA calculation. Thus, exfoliation is a good method 

of nanostructing of layered materials. 

 

1.4.2 Co4S3@ MoS2 for HER and SIB 

 

Spherical MoS2 materials doped with cobalt are successfully synthesized by 

employing hydrothermal method. Then, precursor ratio of Co:Mo is varied, yet 

their structures are maintained. The overpotential of MoS2 nanospheres is 451 

mV at the current density of 10 mA cm-2 and Tafel slope is 207 mV dec-1. The 

improved HER property is shown by the sample with moderate Co doping with 

a reduced overpotential of 175 mV and Tafel slope of 62 mV dec-1. The high 

performance is due to promotion of the active sites and decrease of the charge 

transfer resistance. 

 

Similarly, the samples have been tested as anode for sodium-ion battery, an 

alternative to lithium-ion battery. It was observed that, the 1:5 ratio of Co to Mo 

precursor composition has the best performance among the six samples under 

study. This sample delivers a reversible specific capacity of 461.77 mAh g-1 at 
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the current density of 50 mA g-1. The mechanism of this anode depends on both 

diffusion and pseudo-capacitance. 

 

1.4.3 V and Se Co-doped MoS2/CC for HER 

 

The MoS2 grown on carbon cloth delivered the overpotential of 162 mV at the 

current density of 10 mA cm-2 and Tafel slope of 147 mV dec-1. It shows the 

sluggish kinetics of this sample. So, after doping it with Vanadium first, the 

overpotential and Tafel slope are reduced to 124 mV and 148 mV sec-1 with 2% 

V doped on MoS2/CC. The second step to this doping is Selenium doping. The 

sample doped with 40% Se and 2% V has demonstrated an excellent 

overpotential of 66 mV and Tafel slope of 77 mV s-1 with a long-term stable 

performance. Such performance is attributed to the high activity of active sites 

and low resistance of V and Se co-doped MoS2 grown on carbon cloth. 
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Chapter 2 

 

Literature Review 

 

Chapter 2 describes all the literature related to the thesis report. It 

mainly focuses on Lithium ion battery, Sodium ion battery, and 

water splitting. All the materials that are associated with this thesis 

are also discussed along with their synthesis methods that are being 

used. The principles of each process and applications are also 

discussed. 
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2. 1 Overview 

 

Nanomaterials are used extensively for such applications for their unique 

physical, electrical and chemical properties, due to their quantum size effect. 

Carbonaceous materials have been used as anode material commercially in 

Lithium-ion batteries (LIB), but the capacity is lower than the demand of new 

technology. As an alternative to such carbonaceous material, transition metal 

chalcogenides, phosphides and thiophosphates have been studied for its high 

capacity as active electrode. The lithium sources are depleting due to its 

extensive use and high costs, an alternative system to LIB is sodium-ion 

batteries (SIB). Hence, the suitable anode materials for both LIB and SIB are 

being discussed that are linked to the core part of the report. 

 

2D materials are gaining high popularity due to its layered structure and lithium 

interaction properties for use as energy storage materials. Some of the 

applications of 2D materials include anode in batteries, and, water splitting. As 

of now, due to development of exfoliation process and its layered structure, 

different groups have reported for the hydrogen evolution reaction (HER) and 

oxygen evolution reaction (OER) properties. The major reaction sites are on the 

terminating group or sites, mostly phosphor group and sulfur group during the 

working. Additionally, transition metals provide good conductivity to the 

materials, so the transition metal thiophosphates are explored in such energy 

storage and conversion applications. The attractive features are high surface 

area that produces sufficient active sites for reaction and the synergistic effect 

of conductive metal, phosphorus and sulfide. The sulfide and phosphide 

materials which are predominantly researched for HER and OER are presented 

in the later part of this chapter. 

 

2. 1. 1 Introduction to Li-ion Battery 

 

Lithium-ion battery, with a high energy density surpassing the commercial Ni-

Cd battery, has been used for energy storage in electronic devices widely [1]. It 

converts the chemical energy into electrical energy i.e. storage of energy. It 

mainly has three rigid components: anode, separator and cathode. Lithium metal 
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Although lithium metal has high capacity, it is not used as anode for safety 

issues. Lithium easily reacts with non-aqueous electrolyte, which forms an inert 

layer called solid electrolyte interface (SEI). It decreases the surface of lithium 

during reaction. This results in dendrite formation and later, the problem of 

internal heating arises that causes failure of the battery.[8] Nonetheless, lithium 

metal is used as cathode for half-cell voltage and performance analysis.[9] The 

following graph i.e. Figure 2.3 shows different types of anode materials with 

their respective specific energy capacity: 

 
Figure 2.3 Schematic comparison of various anode materials for LIB, potential vs. 

Li/Li+[4] 

 

The commercially used graphite delivers the capacity of 372 mAh g-1 at an 

ambient temperature. The research is focused on porous carbon, carbon 

nanotubes (CNTs), nanofibers and graphene as anode materials in the recent 

years. There are two different types of carbon: soft carbon and hard carbon. Soft 

carbon are the forms of carbon that are semi-solid and can be graphitized by 

annealing at elevated temperatures. Hard carbon has graphitic domains in them 

although it cannot be graphitized. Both types of carbons can deliver a range of 

capacities depending upon the type of carbon and heat treatment at different 

temperature. Among these carbons, hard carbons are favored as they have high 

reversible capacity at low voltage (0 - 1.5V). Many researches have shown the 

capacity to be 300-600 mAh g-1. However, the main project is low initial 

Coulombic Efficiency (CE).  

 

Carbonaceous materials are also used as conductive matrix in the battery 

applications because they provide rigidity to the materials. A simple coating of 
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which drastically decreases the capacity. Therefore, the investigation should be 

carried out for its anode, cathode and electrolyte. Since this report deals with 

anode materials, they are discussed in detail in the following sub-section. 

 

2. 1. 2. 1 Anodes materials for SIB 

 

 
Figure 2.5 Gravimetric capacities delivered by conversion type materials at different 

potentials vs. Na/Na+.[25] Reproduced from Ref. 25 with permission from the PCCP 

Owner Societies. 

 

Figure 2.5 shows different types of materials that are capable of conversion-

type reaction with sodium metal as cathode. It can be seen that sulfides, oxides 

and phosphides can deliver a range of capacities at a low voltage which builds 

potential of these materials as anodes. In particular, phosphides and oxides have 

very high volume expansion while intercalation of sodium, so sulfides are 

studied more rigorously.[25] 

 

2. 1. 3 Water Splitting 

 

An alternative to fossil fuel consumption is using H2 and O2 as fuel. This kind 

of fuel is pollution free and is sustainable because water is used. Hence, it helps 

in preserving the environmental resources with less pollution. So, water splitting 

is an important electrochemical process for production of H2 and O2. 
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have been synthesized and studied in the 80s and 90s primarily as thermoelectric 

material. Their crystal structure, electrical conductivity, magnetic properties 

and lithium intercalation capacity have been researched since then [40, 42]. They 

have been used as cathode for all solid-state battery although the performance 

cannot be compared to the new nanomaterials[43]. These days 2D materials of 

different structures like nanosheet, nanoplates, etc. have been researched much 

for the energy storage purpose [44] and hence, nanostructuring transition metal 

thiophosphate has become a new choice in various applications. 

 

The bulk MPX3 (M=transition metal, X=chalcogenides) have good lithium 

intercalation property, as many as 9 units of Li+ can be intercalated and hence, 

has high theoretical value of capacity per gram. Also, the oxidation number of 

P is -4 compared to its normal +2. This type of material has rarely been explored 

as anode material for LIB. With all these properties, MPX3 is a good choice for 

water splitting and battery. 

 

The crystal structure has two arrangements. The first arrangement has (P2S6)4-
 

as center core and surrounded by six metal sites as in Fig 5(a). The second 

crystal arrangement is as in C2/m space group and weak Van der Waal force of 

attraction is present between the atomic layers. Thus, this arrangement is easily 

exfoliated by small mechanical force or simple scotch-tape method. 

 
Figure 2.8 (a) Honeycomb structured metal with (P2S6)4- core structure (b) Layered 

structure of MPS3.[38b] Reprinted with permission from [38b]. Copyright 2016 

American Chemical Society. 
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During intercalation studies, the electrical conductivity of bulk NiPS3 has 

increased as their activation energy is decreased. This occurs because of 

reduction of Ni2+ to Ni0.[45] As many as 9 lithium atoms can be accommodated 

per molecule of MPS3.[46] This has further shown that, they are good as battery 

electrode. The bulk material has previously been used for all solid state lithium 

secondary battery[43] and as cathode electrode for primary lithium batteries[46]. 

For the lithium battery with liquid electrolyte, they have theoretical capacity as 

high as 1300 mAh g-1.[46] 

 

Exfoliated FePS3 and NiPS3 have been used for both HER and OER, and they 

have effective catalytic activity. The table below shows the details: 

 

Table 2.1 FePS3 and NiPS3 for HER studies 

Hydrogen Evolution Reaction studies 

No. Material type Medium 

Onset 

potential 

(mV vs 

RHE) 

Overpotential 

at 10 mA/cm2 

(mV) 

Tafel 

Slope 

(mV/dec) 

Ref. 

1 Pt/C (40% wt) 0.5M H2SO4   28 [47] 

2 Bulk NiPS3 0.5M H2SO4   119 [47] 

3 Exfoliated NiPS3 0.5M H2SO4 -159 -297 69 [47] 

4 Exfoliated NiPS3 1M KOH -146 -398  [47] 

5 Exfoliated NiPS3 3.5% NaCl -565 -816  [47] 

6 
rGO- Exfoliated 

NiPS3 
0.5M H2SO4 -62 -178 55 [47] 

7 
rGO- Exfoliated 

NiPS3 
1M KOH -65 -281  [47] 

8 
rGO- Exfoliated 

NiPS3 
3.5% NaCl -298 -543  [47] 

9 Bulk FePS3 0.5M H2SO4   95 [48] 

10 Few-layer FePS3 0.5M H2SO4 -95  42 [48] 

11 
rGO-Few layer 

FePS3 
0.5M H2SO4 -50  54 [48] 

 

Table 2.2 Table showing OER studies of Ni materials with commercial RuO2 

Oxygen Evolution Reaction studies 
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No. Material type Medium 
Onset potential 

(V vs RHE) 

Potential at 10 

mAcm-2 (mV) 

Tafel Slope 

(mV/dec) 
Ref. 

1 RuO2 0.1M KOH  410  [49] 

2 
NiPS3@NiOOH 

core-shell 
0.1M KOH 1.48 350 80 [49] 

3 Ni(OH)2 1M KOH  550  [49] 

 

2.1.5 Molybdenum Sulfide 

 

MoS2 is a potential anode to both LIB and SIB. Among the other transition metal 

dichalcogenides, MoS2 has attracted attention due to its abundance, flexibility 

in design, low cost, layered crystal and unique electronic structure.[50] The edge 

sites are considered active sites for HER however, the basal sites are inactive. 

In 2005, Hinnemann et al. found computationally that the first H that bonds to 

the edge is strongly bound and later at an H coverage above 0.25, the differential 

free energy of adsorption is 0.1 eV.[51] It was subsequently verified as well. 

Therefore, it is considered a good HER catalyst. There have been many 

instances where, MoS2 has shown hydrogen generation. However, the catalytic 

active can be improved by using three different strategy: (i) to improve the 

intrinsic reactivity of the catalyst and (ii) to increase the amount of edges per 

mole MoS2.[50a] Intrinsic activity can be improved by optimizing the binding 

energy of hydrogen, which can be by doping. An example to increase the edge 

sites is decrease the size of MoS2 and grown it on carbon matrix like 

graphene.[50a] Following table summarizes the HER studies related to MoS2. 

 

Amorphous MoS2 is seldom investigated as a catalyst although their synthesis 

is simple and low cost. Morales-Guio and Hu have described about their 

electrochemical in-situ preparation of MoS2+x species by using CV. The activity 

of this film catalysts can be further promoted by divalent Fe, Co, and Ni ions. 

The reason for this enhanced activity was attributed to unsaturated Mo and S 

sites that are the active sites for the HER.[52] 

 

Doping can modify the electronic structures of material and enhance the 

intrinsic HER properties of MoS2. Addition of dopants like Ni, Fe, Co, etc. from 
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13 M-MoS2 0.5 M H2SO4  175 41 [61] 

14 MoS2+x film 0.5 M H2SO4  160 40 [52] 

15 
M-MoS2+1 

film 
0.5 M H2SO4  181-192 39-43 [52] 

16 
MoS3 

particles 
0.5 M H2SO4  220 63 [52] 

17 
M-MoS2+1 

particles 
0.5 M H2SO4  200 35 [52] 

 

2. 2 Questions to answer based on literature  

 

In terms of battery, there is still need of anode materials to replace commercial 

graphite in LIB, that are cheap to manufacture, precursors are abundant in 

nature, cost effective, and deliver high gravimetric specific capacity for a long 

period of time. NiPS3 materials, were previously used as cathodes but delivered 

a low capacity. Although the theoretical specific capacity of NiPS3 is1300 mAh 

g-1. However, their properties as anode has not been studied. One of the chapters 

in this report is focused on this material and its exfoliation for observing their 

capacities. They are also attractive because of the layered structure which can 

be exfoliated into nanosheets or few layered structures. The exfoliation of such 

layered structure has been demonstrated to improve their catalysis as well. So, 

their usage as catalyst is also studied. 

 

SIB has not been commercialized yet, so the need for the development of 

suitable cathode, anode and electrolyte is necessary. Hence, the anode materials 

that are explored in the report can shed light to a group of materials (core shell 

type Co-doping of MoS2) which deliver high specific capacity. 

 

2. 3 Questions to answer based on literature  

 

The commercial catalysts for HER and OER are Pt/C and IrO2 respectively. As 

both materials are based on noble metals, their costs tend to be extremely high 

in comparison to naturally abundant metals, especially transition metals. 

Transition metals are specifically useful in this type of application because they 

produce semi-conductive behavior which are beneficial in the water splitting 
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properties. Pure metals are capable of generating and absorbing hydrogen which 

in long run incline to failure of the metals. An alternative catalyst for both HER 

and OER are based on transition metals with edge sites. The edge sites act as 

active sites for the oxidation or reduction reactions, so nanosheets structures are 

widely used in such experiments. As such, MoS2, considered similar in structure 

to graphite, is studied for HER. However, amorphous MoS2 is rarely used for 

HER and investigations related to amorphous MoS2 are necessary to understand 

their behavior as catalyst. The effect of doping MoS2 by another transition metal 

has shown improvement in the catalysis. However, more investigative studies 

are lacking for anodic and cathodic doping. 

  

2. 4 PhD in context of literature   

 

The projects undertaken are based on NiPS3 and MoS2 materials. The first work 

on exfoliation NiPS3 to understand its electrochemical properties for OER and 

LIB are investigated. The second work is on doping of nanospherical MoS2 by 

cobalt to improve HER activity and SIB anode capacity. The third work is on 

simultaneous doping of anionic and cationic metals MoS2 grown on carbon 

cloth to study the HER properties. 
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Chapter 3 

 

Experimental Methodology 

 

The rationale for the selection of materials/synthesis 

methods/characterization methods will be discussed in this chapter. 

Next, the working principles of the synthesis methods will be 

elaborated. Lastly, the working principles, analyses, and limitations 

of each characterization techniques will be presented.  
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MPS3 nanosheets can reduce the overpotential (100-200 mV) for 

electrocatalytic hydrogen evolution compared with their bulk counterparts. 

 

Another area of water splitting is hydrogen evolution reaction (HER). So, it is 

also important to be focused. As in the case of OER, commercial HER catalysts 

are based on Pt or rare earth metals. It is necessary to find an alternative to such 

rare and expensive metal-based catalysts. Catalysts based on transition metals 

sulphides; phosphides can be alternative to such expensive electrocatalysts. The 

facile and cost-effectiveness of the synthesis are some of the factors that are 

desirable for such catalysts. MoS2 has a unique structure of S-Mo-S structure 

stacked in c-direction, so it is attractive for many types of applications. This 

structure is suitable for HER catalyst. Doping is an important strategy for 

improving the properties of materials whereby the hydrogen absorption energy 

can be tuned as required.[1] Thus, investigation of MoS2 doped with cobalt, and 

vanadium and selenium are selected.  

 

LIB have been extensively used at present, but the existing lithium resources 

are not enough to the high rate of demands that are predicted. As such, sodium-

ion batteries are thought to be an alternative of LIB for commercial purpose. 

Sodium is the next choice of metal as it belongs to same group of metals as Li 

and have similar chemical properties. So, MoS2 doped with cobalt is also used 

as anode for SIB.  

 

3. 2 Principles and Analysis of Synthesis Methods 

 

There are three major methods of materials synthesis are solid state synthesis, 

oil phase synthesis, and hydrothermal/solvothermal synthesis. Among these, 

solid state synthesis and hydrothermal/solvothermal methods have been used. 

Solid state synthesis namely Chemical Vapour Transport (CVT) is used to 

synthesize Metal thiophosphate (MPS3) type material whereas hydrothermal 

synthesis can be used to synthesize many types of nanomaterials, for example 

metal sulphides, phosphides and carbides. The methods are described in detail 

in the following sections. 
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products have flexible micrometer sized wires if the precursors are stirred. 

However, if it is not stirred, the MnO2 is straight wires. So, it is a powerful 

synthesis method. 

 

3.2.3 Liquid-assisted Exfoliation 

 
Figure 3.3 Liquid-assisted exfoliation and determination of good solvent for 

exfoliation, adapted from [5] 

 

Exfoliation, having the literal meaning of peeling, is a method that is used to 

detach the layers of the materials. There are many types of exfoliation 

techniques that include physical exfoliation (using scotch tape), ultrasonic and 

liquid assisted exfoliation, and ion-intercalation. This method is mainly used to 

delaminate the layered materials into single or few layered structures as well as 

to introduce defects in the structures. The advantages of exfoliation are that the 

delaminated layers possess high surface area and it decreases the band-gap 

energy of the nanosheets compared to the bulk, resulting in improved electrical 

conductivity.  

 

The scotch tape exfoliation method gives off less yield and is time consuming. 

The ion-intercalation requires the use of hazardous lithium compounds which 

easily catches fire in air. Among many types of exfoliation methods, liquid 

assisted exfoliation is selected because the yield is much higher, and the 

obtained exfoliated products bear same crystal structure and phase as the 

starting crystal. The layered crystal is sonicated in a solvent, resulting in 

exfoliation and nanosheets formation. Due to the surface energy of solvent and 

nanosheets, the exfoliated nanosheets are either stabilized against re-

aggregation or re-agglomeration and sedimentation will occur. Hence, a good 

solvent is the one that can suspend the nanosheets for a long period of time.[4] 
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In this method, the crystals are simply put into the solvent and this setup is 

subjected to ultrasonic bath. After the ultrasonication, the sample is left 

undisturbed for 12 hours so that the bulk is sediment on the bottom. The few-

layered materials are obtained by taking the upper part of the solvent, removing 

the solvent by centrifuge method, and drying off the sample in vacuum. 

 

3. 3 Principles and Analysis of Characterization Techniques 

 

In terms of characterization of materials, the crystal phase and morphology are 

two of the most significant factors. Hence, X-ray diffractometry (XRD) has 

been employed to obtain the crystal phase. Field-Effect Scanning Electron 

Microscopy (FESEM) and Transmission Electron Microscopy (TEM) are 

utilized for acquiring the morphology of materials. High-resolution TEM 

(HRTEM), Selected Area Electron Diffraction (SAED) and Scanning 

Tunnelling Electron Microscopy (STEM) incorporated in TEM can be used to 

determine the lattice spacing, plane and semi-quantitative mapping of elements. 

Hence, these techniques have been exercised extensively. Furthermore, Raman 

spectroscopy, UV-Vis and Atomic Force Microscopy have also been used. The 

detailed description of these techniques and their purpose are given in the 

following chapters. 

 

3. 3. 1 X-Ray Diffractometer 

 

X-Ray Diffractometer (XRD) is chosen to determine the crystalline phase and 

purity of the material as, it is non-destructive technique and convenience of use 

in short span of time. It can identify the poly-crystallinity and various phases of 

the materials, and, show the presence of impurities if any. Other reasons for 

using this method for characterization are that, the amount of samples required 

is less and can be re-used after the characterization. 

 

A crystal lattice is a regularly arranged three-dimension distribution of atoms in 

space such that they form a regular series of adjacent and parallel planes 

separated from one another by a distance d, which varies depending on the 

material property. Crystallographic planes exist in various orientations with 
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Figure 3.6 Schematic diagram of a scanning electron microscope. The same x- and 

y-scan waveforms are applied to the SEM column and to the display device. 
Adapted from Creative Commons Attribution-Share Alike 3.0 Unported 

 

3. 3. 3 Transmission Electron Microscopy (TEM) 

 

Transmission Electron Microscopy (TEM) is also electron microscopy, which 

exploits the particle-wave nature of the electron beam for focusing a thin sample 

and thus, for observing size, morphology and crystalline details about the 

sample. The intricate instrumentation consists mainly of electron gun, aperture 

and lens system, fluorescent screen and detector. The electron beam is 

manipulated by using electromagnetic field and the magnification is controlled 

by changing the current passing through it, hence, changing the magnification 

can be done easily. The primary beam formation is controlled by condenser 

lenses while objective lenses focus the beam that comes through the sample and 

projector lenses project the beam on to phosphor screen or CCD. In a bright 

field image, thicker and denser areas of the sample with a higher atomic number 

will block more electrons and appear dark in an image, while the regions with 

thinner samples possessing lower density and atomic number will appear bright. 

Another important mode is Selected Area Electron Diffraction (SAED) in which 

the high-energy parallel electrons act as wave and the spacing between atoms 

of sample act as a diffraction grating to the electrons, which are then diffracted. 

The resultant spots on the screen is collected as SAED pattern, interprets the 

single or poly-crystalline behaviour and their respective plane which is 

significant for analysis. Another added advantage of TEM is High-angle annular 

dark-field (HAADF) imaging. This type of imaging brings out the contract 
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according to the atomic weight of the different elements. This method of 

identification of distribution of the elements in the sample is similar to EDX in 

SEM, but in TEM the area under investigation can be small, such that better 

resolution and accuracy is observed using TEM-EDX. 

 

 
Figure 3.7 Schematic diagram of basic components of transmission electron 

microscope, courtesy of Wikipedia Creative Commons 

 

3. 3. 4 X-ray Photoelectron Spectroscopy (XPS) 

 

X-ray Photoelectron Spectroscopy (XPS) is surface sensitive quantitative 

technique that can be used to determine the elemental composition of a sample. 

The elements within 20nm of the surface are detectable using XPS. The main 

working principle of XPS is that when X-ray hits a sample, some electrons may 

gain sufficient energy to escape from the sample and the detection of this 

escaped electron in ultrahigh vacuum. The spectrometer has data of number of 

electrons vs. binding energy in eV. Here, the detectors can detect both the 
































































































































































































