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ABSTRACT 

Transition metal dichalcogenides (TMDs) form a class of two-dimensional layered materials 

comprising of one metal layer (M = groups IV to VII transition metal) sandwiched between two 

chalcogenide layers (X = S, Se, Te) resulting in a MX2 stoichiometry. Layered structure offers 

advantages such as high specific surface area, and superior in-plane charge carrier mobility which 

are crucial for electro-catalysis. While the highly explored group VI (M = Mo, W) based TMDs 

exhibit semiconducting behavior in their thermodynamic stable phase; their phase transition to 

metallic 1T phase shows enhanced electrocatalytic activity owing to high electrical conductivity. 

However, the 1T phase of group VI chalcogenides are metastable and readily converted into the 

stable 2H phase leading to relative inhibition in their electrochemical activity. In this respect, group 

V based Nb dichalcogenides show inherent metallic characteristics in all phases, characterized by 

absence of band gap which triggers attention towards their exploration for wide range of 

electrochemical applications. The thesis focuses on manipulating the electronic and catalytic 

properties of Niobium Diselenide (NbSe2) TMDs via strategies such as doping, alloying and 

heterostructure formation. We attempt to provide insights into the factors contributing to enhanced 

catalytic activity via experimental and theoretical results.  

The first chapter (Chapter 1) is dedicated to the extensive literature survey of research work related 

to TMDs, their nano heterostructures and their electrochemical applications. Chapter 2 describes 

the synthetic methodologies of these materials, electrode fabrication procedures, along with 

various techniques employed for the structural and electrochemical characterization of as-

synthesized materials. Chapter 3 examines the effect of isovalent chalcogen alloying in Nb(SxSe1-

x)2 nanosheets and demonstrates that NbSSe exhibits enhanced hydrogen evolution reaction (HER) 

activity. Building upon these findings, Chapter 4 explores the incorporation of transition metal 

dopants, specifically cobalt (Co), into the NbSSe lattice. Given the critical role of metal d-electrons 
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in tailoring electronic properties, Co doping was investigated and found to significantly improve 

HER performance at an optimal concentration while preserving the structural integrity of the host 

lattice. Moreover, the multiple accessible oxidation states of cobalt make it an ideal dopant for 

investigating both faradaic and non-faradaic charge storage mechanisms in layered NbSSe for 

supercapacitor applications. In Chapter 5, structural engineering of NbSe2 is achieved through the 

fabrication of NbSe2‒NiSe heterostructures, and their electrocatalytic performance toward HER is 

systematically evaluated. In addition to HER catalysis, the potential of NbSe2 based materials for 

anodic oxidation reactions is also explored. Chapter 6 focuses on Ni doped NbSe2 nanosheets for 

the urea oxidation reaction (UOR), where the material acted as a pre-catalyst, consistent with the 

well-known transformation of transition metal dichalcogenides into oxide phases under strongly 

alkaline conditions. Finally, Chapter 7 summarizes the key findings of the thesis and outlines 

prospective research directions, including the exploration of alternative dopants and 

heterostructure designs, as well as the extension of these materials to other electrochemical 

applications. 
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सं�ेपण 

सं�मण धातु डाइचै�ोजेनाइड्स (TMDs) दो-आयामी परतदार पदाथ� का एक वग! बनाते ह$, िजनम& एक 

धातु परत (M = समूह 4 से 7 सं�मण धातु) दो चै�ोजेनाइड परतो ं(X = S, Se, Te) के बीच स$डिवच होती 

है, िजसके प(रणाम)*प MX2 +ॉइिकयोमेट. ी बनती है। परतदार संरचना उ1 िविश3 सतह 4े5 और 

बेहतर इन-7ेन चाज! कै(रयर गितशीलता जैसे लाभ :दान करती है, जो इले;. ो-कैटेिलिसस के िलए मह<पूण! 

ह$। जबिक अ>िधक खोजे गए समूह VI (M = Mo, W) आधा(रत TMDs अपने थम@डायनािमक ABर 

अवBा म& अध!चालक Cवहार :दिश!त करते ह$; धाA<क 1T अवBा म& उनका चरण सं�मण उ1 िवद्युत 

चालकता के कारण बढ़ी Eई इले;. ोकैटेिलिटक गितिविध को दशा!ता है। हालांिक, समूह VI चै�ोजेनाइड्स 

की 1T अवBा मेटा+ेबल होती है और आसानी से ABर 2H अवBा म& प(रवित!त हो जाती है, िजससे उनकी 

इले;. ोकेिमकल गितिविध म& सापेि4क अवरोध उGH होता है। इस संदभ! म&, समूह V आधा(रत Nb 

डाइचै�ोजेनाइड्स सभी अवBाओ ंम& अंतिन!िहत धाA<क गुण :दिश!त करते ह$, िजनकी िवशेषता ब$ड गैप 

की अनुपABित है, जो इले;. ोकेिमकल अनु:योगो ंकी Cापक Kेणी के िलए उनके अLेषण की ओर Mान 

आकिष!त करती है। यह शोध :बंध डोिपंग, िमKधातुकरण और हेटरो+. Nर िनमा!ण जैसी रणनीितयो ंके 

माMम से िनयोिबयम िडसेलेनाइड (NbSe2)TMDs के इले;. ॉिनक और उOेरक गुणो ंम& हेरफेर करने पर 

क& िQत है। हम :ायोिगक और सैRांितक प(रणामो ंके माMम से बढ़ी Eई उOेरक गितिविध म& योगदान देने 

वाले कारको ंके बारे म& जानकारी :दान करने का :यास करते ह$। 

पहला अ�ाय (अ�ाय 1) टीएमडी, उनके नैनो हेट. ो+. Nर और उनके इले;. ोकेिमकल अनु:योगो ं से 

संबंिधत शोध काय� के Cापक सािह> सवT4ण को समिप!त है। अ�ाय 2 इन सामिUयो ंकी संVेषणाWक 

काय!:णािलयो,ं इले;. ोड िनमा!ण :ि�याओ ंऔर संVेिषत सामिUयो ंके संरचनाWक और इले;. ोकेिमकल 

ल4ण वण!न के िलए उपयोग की जाने वाली िविभH तकनीको ं का वण!न करता है। अ�ाय 3 
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एनबी(एसएXएसई1-एX)2 नैनोशीट्स म& आइसोवेल&ट चै�ोजेन िमKधातु के :भाव की जांच करता है और 

दशा!ता है िक एनबीएसएसई बढ़ी Eई हाइड. ोजन िवकास :िति�या (एचईआर) गितिविध :दिश!त करता है। 

इन िनYष� के आधार पर, अ�ाय 4 एनबीएसएसई जाली म& सं�मण धातु डोप&ट, िवशेष *प से कोबाZ 

(कोबाZ) के समावेश का अLेषण करता है। इले;. ॉिनक गुणो ंको अनुकूिलत करने म& धातु डी-इले;. ॉनो ं

की मह<पूण! भूिमका को देखते Eए, कोबाZ डोिपंग का अMयन िकया गया और पाया गया िक यह मेजबान 

जाली की संरचनाWक अखंडता को बनाए रखते Eए इ3तम सांQता पर एचईआर :दश!न म& उ[ेखनीय 

सुधार करता है। इसके अलावा, कोबाZ की कई सुलभ ऑXीकरण अवBाएँ इसे सुपरकैपेिसटर अनु:योगो ं

के िलए ^(रत NbSSe म& फैरािडक और नॉन-फैरािडकचाज! भंडारण तं5 दोनो ंकी जांच के िलए एक आदश! 

डोप&ट बनाती ह$। अ�ाय 5 म&, NbSe2‒NiSe हेटरो+. Nर के िनमा!ण के माMम से NbSe2 की संरचनाWक 

अिभयांि5की की जाती है, और िवद्युत ऊgा :ितरोध (HER) के :ित उनके िवद्युत उOेरक :दश!न का 

CवABत मूnांकन िकया जाता है। HER उOेरण के अलावा, एनोिडक ऑXीकरण अिभि�याओ ंके िलए 

NbSe2 आधा(रत सामिUयो ं की 4मता का भी पता लगाया जाता है। अ�ाय 6 यू(रया ऑXीकरण 

अिभि�या (UOR) के िलए Ni डोqड NbSe2 नैनोशीट्स पर क& िQत है, जहां यह सामUी एक पूव!-उOेरक के 

*प म& काय! करती है, जो :बल 4ारीय प(रABितयो ंम& सं�मण धातु डाइचै�ोजेनाइड्स के ऑXाइड 

चरणो ंम& सु:िसR प(रवत!न के अनु*प है। अंत म&, अ�ाय 7 शोध :बंध के :मुख िनYष� का सारांश 

:^ुत करता है और संभािवत अनुसंधान िदशाओ ंकी *परेखा तैयार करता है, िजसम& वैकArक डोप&ट और 

हेटरो+. Nर िडज़ाइनो ंकी खोज, साथ ही इन सामिUयो ंका अt िवद्युत रासायिनक अनु:योगो ंतक िव^ार 

शािमल है। 

 



viii 
 

TABLE OF CONTENTS 

 

CERTIFICATE ............................................................................................................................................ i 
ACKNOWLEDGEMENTS ........................................................................................................................ ii 
ABSTRACT ................................................................................................................................................ iv 

सं�ेपण ........................................................................................................................................................... vi 

TABLE OF CONTENTS ......................................................................................................................... viii 
LIST OF FIGURES ................................................................................................................................. xiii 
LIST OF TABLES ................................................................................................................................... xix 
GLOSSARY OF SYMBOLS AND ABBREVIATIONS ........................................................................ xx 

 
 

Chapter 1 ....................................................................................................................................................... 1 

Introduction ................................................................................................................................................... 1 

1.1 Nanomaterials and Nanotechnology .............................................................................................. 1 
1.2 Two-dimensional materials ............................................................................................................. 3 
1.3 Transition Metal Dichalcogenides .................................................................................................. 4 

1.3.1 Crystal Structure of Transition Metal Dichalcogenides ....................................................................... 6 
1.3.2 Electronic Structure of Transition Metal Dichalcogenides .................................................................. 7 
1.3.3 Electrochemical Properties of Transition Metal Dichalcogenides ....................................................... 9 

1.4 Group V Metallic Transition Metal Dichalcogenides .................................................................. 10 
1.4.1 Structure and Properties of NbSe2 Transition Metal Dichalcogenide ................................................ 11 

1.5 Structure and property of Nickel Selenide (NiSe) nanoplates ..................................................... 12 
1.6 Energy Conversion and Storage Applications .............................................................................. 12 

1.6.1 Hydrogen Evolution Reaction ............................................................................................................ 12 
1.6.2 Oxygen Evolution Reaction ............................................................................................................... 15 
1.6.3 Urea Oxidation Reaction .................................................................................................................... 16 
1.6.4 Supercapacitor .................................................................................................................................... 18 

1.7 Aim of the present work ................................................................................................................ 20 

 

Chapter 2 ...................................................................................................................................................... 24 

Materials and Methods ................................................................................................................................ 24 

2.1 Materials ........................................................................................................................................ 25 



ix 
 

2.1.1 Precursors ........................................................................................................................................... 25 
2.1.2 Solvents and Ligands used for synthesis and washing ....................................................................... 25 
2.1.3 Solvents and reagents used for electrochemical studies ..................................................................... 25 

2.2 Synthesis of TMD Nanosheets ...................................................................................................... 25 
2.2.1 Hot Injection Colloidal Synthesis ....................................................................................................... 26 
2.2.2 One Pot Colloidal Synthesis ............................................................................................................... 27 
2.2.3 Synthesis of Nanoheterostructures ..................................................................................................... 27 

2.3 Characterization of Nanosheets .................................................................................................... 28 
2.3.1 Powder X-Ray Diffraction ................................................................................................................. 28 
2.3.2 Field Emission Scanning Electron Microscopy ................................................................................. 30 
2.3.3 Transmission Electron Microscopy .................................................................................................... 31 
2.3.4 Atomic Force Microscopy .................................................................................................................. 34 
2.3.5 Fourier Transform Infrared Spectroscopy .......................................................................................... 34 
2.4.6 Electron Paramagnetic Resonance ..................................................................................................... 34 
2.4.7 UV-Vis NIR Spectroscopy ................................................................................................................. 35 
2.4.8 Raman Spectroscopy .......................................................................................................................... 36 
2.4.9 X-Ray Photoelectron Spectroscopy .................................................................................................... 36 
2.4.10 Inductively Coupled Plasma Mass Spectrometry ............................................................................. 37 
2.4.11 X-ray Absorption Spectroscopy ....................................................................................................... 37 

2.4 Electrochemical Measurements .................................................................................................... 38 
2.4.1 Linear Sweep Voltammetry ................................................................................................................ 39 
2.4.2 Tafel Slope ......................................................................................................................................... 40 
2.4.3 Cyclic Voltammetry ........................................................................................................................... 40 
2.4.4 Electrochemical Impedance Spectroscopy ......................................................................................... 41 
2.4.5 Chronoamperometry ........................................................................................................................... 41 
2.4.6 Electrochemical Surface Area Measurement ..................................................................................... 42 
2.4.7 Galvanostatic charge discharge .......................................................................................................... 42 

 

Chapter 3 ..................................................................................................................................................... 44 

Chalcogen Alloying Mediated Electronic Structure Modulation in Ultrathin Nb(SxSe(1-x))2 Nanosheets for 
Hydrogen Evolution Reaction ..................................................................................................................... 44 

3.1 Introduction ................................................................................................................................... 45 
3.2 Materials and Methods .................................................................................................................. 47 

3.2.1 Materials ............................................................................................................................................. 47 
3.2.2 Colloidal Synthesis of Nb(SxSe(1-x))2 Nanosheets ............................................................................... 47 
3.2.3 Characterization techniques ............................................................................................................... 48 



x 
 

3.2.4 Electrochemical Measurements .......................................................................................................... 49 
3.2.5 Theoretical Details ............................................................................................................................. 49 

3.3 Results and Discussion .................................................................................................................. 50 
3.3.1 Synthesis of Nb(SxSe(1-x))2 Nanosheets ............................................................................................... 50 
3.3.2 Structural Characterization ................................................................................................................. 52 
3.3.2.1 Powder X-Ray Diffraction .............................................................................................................. 52 
3.3.2.2 Atomic Force Microscopy ............................................................................................................... 53 
3.3.2.3 Transmission Electron Microscopy ................................................................................................. 54 
3.3.2.4 Field-Emission Electron Microscopy .............................................................................................. 56 
3.3.2.5 X-Ray Photoelectron Spectroscopy ................................................................................................. 58 
3.3.3 Optical Characterization ..................................................................................................................... 59 
3.3.3.1 UV-Visible NIR Spectroscopy ........................................................................................................ 59 
3.3.4 Electronic Structure Calculations (Density Functional Theory) ........................................................ 60 
3.3.5 Hydrogen Evolution Reaction (HER) Activity of Electro-catalysts .................................................. 62 
3.3.6 Gibbs Free Energy Calculations for HER .......................................................................................... 66 

3.4 Conclusion ..................................................................................................................................... 71 

 

Chapter 4 ..................................................................................................................................................... 73 

Cobalt Doped Ternary NbSSe Nanosheets for Efficient Hydrogen Evolution Reaction and Supercapacitor 
Application .................................................................................................................................................. 73 

4.1 Introduction ................................................................................................................................... 74 
4.2 Materials and Methods .................................................................................................................. 76 

4.2.1 Materials ............................................................................................................................................. 76 
4.2.2 Synthesis of Co doped NbSSe Nanosheets (NSs) .............................................................................. 76 
4.2.3 Electrochemical Studies ..................................................................................................................... 77 
4.2.4 Characterization techniques ............................................................................................................... 78 

4.3 Results and Discussion .................................................................................................................. 79 
4.3.1 Synthesis of Co doped NbSSe Nanosheets ........................................................................................ 79 
4.3.2 Structural Characterization ................................................................................................................. 80 
4.3.2.1 Powder X-Ray Diffraction .............................................................................................................. 80 
4.3.2.2 Inductively Coupled Plasma – Mass Spectroscopy, Elemental Distribution and ............................ 81 
Transmission Electron Microscopy ............................................................................................................. 81 
4.3.2.3 Electron Paramagnetic Resonance .................................................................................................. 83 
4.3.2.4 X-ray Photoelectron Spectroscopy .................................................................................................. 84 
4.3.3 Hydrogen Evolution Reaction ............................................................................................................ 86 
4.3.4 Three Electrode Supercapacitor Studies ............................................................................................. 89 



xi 
 

4.4 Conclusion ............................................................................................................................................. 93 

 

Chapter 5 ..................................................................................................................................................... 96 

Electron Redistribution Assisted Enhanced Hydrogen Evolution Activity of NbSe2-NiSe 
Nanoheterostructures ................................................................................................................................... 96 

5.1 Introduction ................................................................................................................................... 97 
5.2 Materials and Methods .................................................................................................................. 98 

5.2.1 Materials ............................................................................................................................................. 98 
5.2.2 Synthesis of pristine NbSe2 Nanosheets ............................................................................................. 99 
5.2.3 Synthesis of pristine NiSe Nanoplates ............................................................................................... 99 
5.2.4 Synthesis of NbSe2‒NiSe Nanoheterostructures (NHSs) ................................................................... 99 
5.2.5 Characterization techniques ............................................................................................................. 100 
5.2.6 Electrochemical Studies ................................................................................................................... 100 
5.2.7 Theoretical Details ........................................................................................................................... 101 

5.3 Results and Discussion ................................................................................................................ 102 
5.3.1 Synthesis of NbSe2-NiSe NHSs ....................................................................................................... 102 
5.3.2 Structural characterization ................................................................................................................ 103 
5.3.2.1 Powder XRD pattern ..................................................................................................................... 103 
5.3.2.2 Field-Emission Scanning Electron Microscopy ............................................................................ 104 
5.3.2.3 Transmission Electron Microscopy ............................................................................................... 105 
5.3.2.4 X-ray Photoelectron Spectroscopy ................................................................................................ 107 
5.3.2.5 Electron Paramagnetic Resonance ................................................................................................ 110 
5.3.3 Electronic Structure Calculations (Density Functional Theory) ...................................................... 111 
5.3.4 Hydrogen Evolution Reaction (HER) Activity of Electrocatalysts .................................................. 112 
5.3.5 Controlled Reactions ........................................................................................................................ 117 
5.3.6 Gibbs Free Energy Calculations ....................................................................................................... 118 
5.4 Conclusion ........................................................................................................................................... 119 

 

Chapter 6 ................................................................................................................................................... 123 

Ni doped NbSe2 Nanosheets as Effective Catalyst for Urea Oxidation Reaction ..................................... 123 

6.1 Introduction ................................................................................................................................. 124 
6.2 Materials and Methods ................................................................................................................ 126 

6.2.1 Materials ........................................................................................................................................... 126 
6.2.2 Colloidal Synthesis of NixNb(1-x)Se2 Nanosheets .............................................................................. 126 
6.2.3 Characterization techniques ............................................................................................................. 127 
6.2.4 Electrochemical Measurements ........................................................................................................ 128 



xii 
 

6.3 Results and Discussion ................................................................................................................ 129 
6.3.1 Synthesis of NixNb1-xSe2 Nanosheets ............................................................................................... 129 
6.3.2 Structural Characterization ............................................................................................................... 130 
6.3.2.1 Powder X-Ray Diffraction ............................................................................................................ 130 
6.3.2.2 Transmission Electron Microscopy ............................................................................................... 131 
6.3.2.3 Field Emission Scanning Electron Microscopy and Inductively Coupled Plasma – Mass 
Spectroscopy ............................................................................................................................................. 133 
6.3.2.4 Raman Spectroscopy ..................................................................................................................... 135 
6.3.2.5 X-Ray Photoelectron Spectroscopy ............................................................................................... 136 
6.3.2.6 Electron Paramagnetic Resonance ................................................................................................ 138 
6.3.2.7 X-ray Absorption Spectroscopy .................................................................................................... 139 
6.3.3 Electrochemical activity of catalysts towards UOR ......................................................................... 140 
6.3.4 Post Urea Oxidation Reaction Studies ............................................................................................. 143 

6.4 Conclusion ................................................................................................................................... 147 

 

Chapter 7 ................................................................................................................................................... 149 

Summary and Future Scope ...................................................................................................................... 149 

7.1 Summary ...................................................................................................................................... 149 
7.2 Future Scope ................................................................................................................................ 151 

 

BIBLIOGRAPHY ................................................................................................................................... 153 
CURRICULUM VITAE ......................................................................................................................... 188 

 

 



xiii 
 

 

LIST OF FIGURES 

 
 

Figure 
No. 

Figure Caption Page No. 

1.1 Schematic illustration of different classes of nanomaterials categorized 
according to their dimensions in nanoscale range 

2 

1.2 electronic density of states for (a) 3D; (b) 2D; (c) 1D and (d) 0D 
nanomaterials 

3 

1.3 The transition-metal and chalcogen elements that most commonly 
crystallize in layered structures are indicated in the periodic table. The 
partial highlighting of Co, Rh, Ir, and Ni reflects that only few of their 
corresponding dichalcogenide compounds adopt layered structural 
motifs 

5 

1.4 Schematic illustrations (top-views showing the 002 planes and side-views 
along 100 directions) showing different coordination geometry around 
central transition metal atom 

7 

1.5 A schematic illustration showing two coordination geometry for 
monolayer TMD i.e octahedral and trigonal prismatic 

9 

1.6 A schematic illustration showing two sites available for catalysis in 
TMDs i.e. basal planes and edge sites 

10 

1.7 Schematic showing pathways for hydrogen evolution in acidic media 15 

1.8 Types of supercapacitors (SCs)based on the charge storage mechanism 
(a) EDLC, (b) Pseudocapacitive, (c) Hybrid 

19 

2.1 Schematic representation of hot injection colloidal synthesis 
methodology 

26 

2.2 Schematic representation of one pot colloidal synthesis methodology 27 

2.3 Representation of Bragg’s law 29 

2.4 Schematic representation of instrumentation of FE-SEM 31 

2.5 Schematic representation of generation of signal on incidence of high 
energy electron beam on the sample 

32 

     2.6 Schematic representation of TEM instrumentation          33 

 
 



xiv 
 

2.7 Schematic representation of UV-Vis-NIR instrumentation 36 

2.8 Photograph of measurement facility for electrochemical studies 39 

2.9 Representative of Randles equivalent circuit diagram 41 

3.1 Schematic for the synthesis of Nb(SxSe(1-x))2 alloy NSs via hot-injection 
colloidal route 

50 

3.2 (a) Color of precursor solution containing (PhCH2)2Se2/(PhCH2)2S2, 
NbCl5 and oleyl amine (OLAM); (b) Dropwise injection of precursor 
solution into pre-heated OLAM solution kept at 300°C; (c) Color change 
to black upon precursor injection 

51 

3.3 powder XRD pattern for Nb(SxSe(1-x))2 with x = 0, 0.25, 0.5, 0.75, 1.0 
along with standard pattern for hexagonal phase of NbSe2 (JCPDS No. 
87-2415) and NbS2 (JCPDS No.  41-0980); magnified PXRD pattern 
along (100) and (110) planes show shift towards higher 2θ with 
increasing x values 

53 

3.4 (a,b) AFM image and height profile of NbSe2 nanosheets; (c,d) AFM 
image and height profile of NbS2 nanosheets 

54 

3.5 TEM images of (a) x=1 (NbS2); (b) x=0.75  (NbS3/2Se1/2); (c) x=0.5 
(NbSSe); (d) x=0.25 (NbS1/2Se3/2) and (e) x=0 (NbSe2). All show 
nanosheet type morphology indicating inherent alloying-related atomic-
level compositional changes 

55 

3.6 (a-c) SAED and HR-TEM image for x = 0, x = 0.5, x = 1 compositions 
respectively; images for x = 0.5 shows lattice fringes with d spacing = 
0.28 nm corresponding to (100) planes 0.67 nm corresponding to (002) 
planes which are reduced relative to NbSe2 showing lattice contraction 

56 

3.7 FE-SEM image and corresponding elemental mapping of (a) x = 0; (b) 
x=0.25; (c) x= 0.5; (d) x= 0.75 and x = 1. All show nanosheet type 
surface morphology 

57 

3.8 high resolution Nb-3d XPS spectra for x = 0, x = 0.5, x =1 59 

3.9 absorbance spectra of Nb(SxSe(1-x))2 nanosheets 
 

60 

3.10 (a) band structure of x=0.5 composition; (b - d) DOS plots for x=0.5, 0 
and 1 compositions, respectively, exhibiting modulation of d-band 
electronic structure of Nb at fermi level with variation in Se:S ratio 

61 

3.11 (a,b) TGA curves of NbS2 and NbSe2 nanosheets (NSs) respectively; (c,d) 
FTIR spectra of NbS2 and NbSe2 NSs respectively, before and after 
annealing at 500°C 

62 

3.12 (a) polarization curves; (b) corresponding Tafel slopes at scan rate of 
5mV/s; (c) capacitive current as a function of different scan rates; (d)  

 
64 



xv 
 

chronoamperometric response (I-t) for x = 0.5 at -280 mV; (e) nyquist 
plot and corresponding Randles equivalent circuit diagram. All the 
electrochemical measurements were done in 0.5M aqueous H2SO4 
electrolyte solution 

3.13 (a-e) Cyclic voltametric curves of  Nb(SxSe(1-x))2 for x=0, 0.25, 0.5, 0.75, 
1. CV for all compositions of 2D Nb(SxSe(1-x)) NSs were collected in the 
non-faradaic potential window  i.e., 0 – 0.2V vs RHE at scan rates 5mV 
/s, 10mV /s, 20mV/s, 40mV/s and 60 mV/s 

65 

3.14 (a) Gibbs free energy (���∗) diagrams for HER sites at x = 1 (NbSe2), x 
= 0 (NbS2) and x = 0.5 (NbSSe);  (b , c) chemical structure reaction 
intermediates for H adsorbed on Setop and on Sevac at x = 0; (d , e) H 
adsorbed at Stop and on Svac at x = 1; (f - i) reaction intermediates for H 
adsorbed for x = 0.5 on Se-top(near VSe), S-top(near VSe), on VSe(top 
layer), on VSe in-between layers respectively. The atoms for Nb, S, and Se 
are represented by light indigo, pink and yellow balls 

69 

3.15 (a,b) chemical structure of reaction intermediates for H adsorbed on 
Setop and Setop near S for defect free model in x=0.5 (NbSeS) composition 
respectively. Lower Gibbs free energy (∆��∗) value reflects role of 
polarized electric field in alloy sample due to crystal distortion leading 
to easy desorption process; (c) reaction intermediate depicting H 
adsorption on sulphur vacancy (Vs) in between layers 

70 

4.1 Schematic illustrating synthesis of Co doped NbSSe nanosheets via hot 
injection colloidal method 

79 

4.2 powder XRD pattern of Co doped NbSSe nanosheets along with standard 
pattern for hexagonal phase of NbSe2 (JCPDS No. 87-2415); (b) powder 
XRD pattern showing secondary nucleation in 15%, 20% and 40% Co 
doped NbSSe nanosheets along with orthorhombic phase of CoSe2 
(JCPDS No. - 53-0449) 

80 

4.3 (a-c) TEM analysis of pristine NbSSe, 5% Co and 10% Co doped NbSSe 
nanosheets; for 10% Co_NbSSe (d) SEM image; (e,f) HR-TEM  images 
showing lattice fringes corresponding to (100) and (002) planes 
respectively; (g) SAED pattern; (h) HAADF-STEM image and 
corresponding elemental mapping showing uniform distribution of Nb, S, 
Se, and Co in the entire area of examination 

82 

4.4 EPR spectra of Co doped NbSSe NSs at 9.65GHz 83 

4.5 (a) XPS survey scan; high resolution (b) Se‒3d spectra; (c) Nb‒3d; (d) 
S‒2p; (e) Co‒2p; and (f) O‒1s for pristine NbSSe and 10% Co doped 
NbSSe NSs 

84 



xvi 
 

4.6 (a) linear sweep voltammtery curves; (b) corresponding Tafel 
slopes; (c) nyquist plot (d) capacitive current as a function of 
different scan rates; (d) chronoamperometric response for 
10%Co_NbSSe at -230 mV 

88 

4.7 (a) linear sweep voltammtery curves; (b) corresponding Tafel 
slopes; (c) nyquist plot (d) capacitive current as a function of 
different scan rates; (d) chronoamperometric response for 
10%Co_NbSSe at -230 mV 

89 

4.8 (a) CV curves at scan rate of 50 mV/s; (b) galvanostatic charge-
discharge curves at 1Ag-1; (c) specific capacitance values from 
corresponding charge-discharge curves; (d) stability test for 10% 
Co_NbSSe. All measurements were taken in 0.5M H2SO4 

electrolyte 

90 

4.9 for 10%Co_NbSSe (a) CV curves in different electrolytes; (b) 
different operating potential windows; (c) scan-rate-dependent 
CV measurements 

91 

4.10 (a) plot of log � versus log �; (b) plot of �	/
 vs �/�	/
; (c) 
separation of the capacitive and diffusion‒controlled currents at 
a scan rate of 5 mV/s; (d) capacitive contribution behavior over 
different scan rates for 10% Co‒NbSSe nanosheets 

92 

5.1 Synthesis schematic of NbSe2-NiSe nanoheterostructures 
 

103 

5.2 (a) PXRD pattern of hexagonal NbSe2 with corresponding reference of 
2H NbSe2 ( JCPDS 87-2415 ), NiSe with corresponding reference of 
hexagonal NiSe ( JCPDS 65-9451 ) and NbSe2-NiSe nanoheterostructure 
 

104 

5.3 (a) FE-SEM image and corresponding elemental distribution of (a) 
NbSe2; (b) NiSe; (c) NbSe2-NiSe NHSs 
 

105 

5.4 TEM images of (a) NbSe2 nanosheets showing few layers thickness 
towards the edges; (b) NiSe nanoplates; (c-d) NHSs at different 
magnifications; for NbSe2-NiSe NHSs (e) HR-TEM image showing lattice 
fringes corresponding to both NbSe2 and NiSe; (i) SAED pattern showing 
co-existence of planes of NbSe2 and NiSe; (g) STEM image (h-j) 
corresponding elemental mapping showing uniform distribution of Nb 
and Se in entire region with growth of Ni seen on selected areas where 

106 



xvii 
 

growth of NiSe takes place 
 

5.5 (a) XPS Survey scan spectra of NbSe2-NiSe NHSs; (b) high resolution Se 
3d spectra of NHSs; (c) comparison of high resolution Nb 3d spectra of 
NHSs and pristine NbSe2 NSs; (d) Ni 2p spectra showing shifts in Ni +2 
oxidation state peak in NHSs and pristine NiSe 
 

109 

5.6 EPR spectra of NbSe2 NSs and NbSe2-NiSe NHSs 
 

110 

5.7 the electronic density of states plots for (a) NiSe; (b) NbSe2; (c) NbSe2-
NiSe nano heterostructure; (d) the 3D isosurface of the charge density 
difference in NbSe2-NiSe NHSs, plotted at isosurface of 0.0005 e/Å3, 
where yellow color indicates charge accumulation and blue color 
represents charge depletion region; (e) the charge density plot showing 
dangling Nb d-orbitals around VSe in NHSs 
 

112 

5.8 all the electrochemical measurements were done in 0.5 M aqueous 
H2SO4 electrolyte solution. (a) linear sweep voltammetry polarization 
curves; (b) corresponding Tafel slope values collected at scan rate of 10 
mV/s; (c) double layer capacitance values derived from cyclic 
voltammetry curves collected at different scan rates; (d) 
chronoamperometric response for NbSe2-NiSe at -0.19 V (V vs RHE) 
showing stability upto 30 h 
 

115 

5.9 steady state chronoamperometric responses of (a) NbSe2; (b) NiSe and 
(c) NbSe2-NiSe heterostructure at different overpotentials. (d-f) linear fit 
of overpotential vs logarithm of current density values at the 90th second 
yields Tafel slope values of corresponding samples 

116 

5.10 (a) Nyquist plots for NbSe2, NiSe and NHSs; (b-c) equivalent circuit 
diagrams for NbSe2 and NHSs respectively and their corresponding 
schematic representation 

117 

5.11 (a) PXRD pattern of different compositions of NHSs by varying the 
amount of metal loading concentration; (b-c) TEM  image of 1:2 and 2:1 
compositions 

118 

5.12 (a) Gibbs free energy of hydrogen adsorption (∆��∗) calculated at Se 
site in pristine NbSe2 and selenium vacancy site (VSe) in NbSe2-NiSe 
heterostructure; (b) reaction intermediates for H adsorbed on monolayer 
NbSe2; (c-d) reaction intermediates for NHSs with H adsorbed on VSe site
of NbSe2 and on Se site of NiSe respectively 

119 

6.1 Synthesis schematic for NixNb1-xSe2 nanosheets 129 



xviii 
 

6.2 (a) Powder XRD pattern for NixNb1-xSe2 with x = 0, 0.05, and 0.10 along 
with standard pattern for hexagonal phase of NbSe2 (JCPDS No. 87-
2415); magnified PXRD pattern along (100) and (110) planes show shift 
towards higher 2θ with increasing Ni doping amount;(b) PXRD pattern 
for x = 0.15 and 0.20 which show formation of secondary phase of NiSe 
along with NbSe2 planes 
 

130 

6.3 for x = 0.10 (a), (b) TEM image at different magnifications showing 
nanosheet morphology; (c) HR-TEM image shows lattice fringes 
corresponding to (103) and (002) planes; (d) SAED pattern; (e – h) 
HAADF-STEM image and corresponding elemental mapping showing 
uniform distribution of elements i.e. Nb, Ni and Se in the entire area of 
examination 
 

131 

6.4 FE-SEM spectra with corresponding elemental distribution showing 
uniform distribution of Nb, Se and Ni in the entire region of examination 
 

133 

6.5 Raman spectra of NixNb1-xSe2 nanosheets 135 

6.6 XPS spectra of NixNb1-xSe2 nanosheets – (a) survey can; (b) high 
resolution Ni-2p; (c) high resolution Se-3d; (d) high resolution Nb-3d; 
(e) progressive increase in the integrated area vs actual Ni at % 
indicating formation of chalcogen defects and (f) EPR spectra of NixNb1-

xSe2 nanosheets using X-band at 9.65 GHz 
 

137 

6.7 (a) XANES spectra; (b) EXAFS spectra collected at the Nb K-edge for x 
= 0, x = 0.05 and x = 0.10 composition 
 

138 

6.8 (a) LSV curves for NbSe2 in different electrolyte concentrations; for x = 
0, 0.05 and 0.10 (b) polarization curves collected in 1M KOH + 0.5M 
Urea; (c) LSV curves in 1M KOH  for OER study; (d) corresponding 
tafel slopes derived from UOR polarization curves; (e) ��
 curves for 
UOR; (f) Nyquist plots taken in 1M KOH + 0.5M Urea   
 

141 

6.9 post urea oxidation reaction structural analysis of Ni0.10Nb0.90Se2 NSs (a) 
PXRD; high resolution XPS spectra (b) Ni-2p; (c) Nb-3d; (d) Se-3d; (e) 
XANES; and (f) EXAFS spectra 

144 

 
 



xix 
 

LIST OF TABLES 

 

Table 
No. 

Table Caption Page 
No. 

3.1  S:Se ratios of loaded composition and FE-SEM EDS elemental    
mapping for all compositions highlighting the actual S content is 
lesser compared to the nominal amounts 

58 

3.2   Electrochemical Impedance fitting parameters 65 

4.1   EDX and ICP-MS Analysis of Co doped NbSSe nanosheets 85 

4.2   Electrochemical Impedance fitting parameters 87 

5.1   Electrochemical Impedance Fitting Parameters 117 

6.1   EDX and ICP-MS Analysis of NixNb1-xSe2 Nanosheets 134 

6.2   Fitting parameters for Nb K edge of NixNb1-xSe2 Nanosheets 139 

6.3 Electrochemical Impedance Fitting Parameters 142 

6.4   Fitting parameters for Ni K edge of Ni0.10Nb0.90Se2 Nanosheets 145 
 
 



xx 
 

GLOSSARY OF SYMBOLS AND ABBREVIATIONS 

 

0D Zero-dimensional 

1D One-dimensional 

2D Two-dimensional 

3D Three-dimensional 

NSs nanosheets 

NHSs nanoheterostructures 

TMDs transition metal dichalcogenides 

DOS density of states 

NbSe2 niobium diselenide 

NiSe nickel selenide 

EIS electron impedance spectra 

LSV linear sweep voltammetry 

CV cyclic voltammetry 

EDLC electric double layer capacitance 

GCD galvanostatic charge discharge 

CA chronoamperometry 

HER hydrogen evolution reaction 

OER oxygen evolution reaction 

UOR urea oxidation reaction 

SCs supercapacitors 

DFT density functional theory 

DOS density of state 

PAW projected augmented wave 

FWHM full width half maximum 

Δ�� Gibbs free energy 

��� reversible hydrogen evolution 

� energy density 

� power density 

η overpotential 

� tafel slope 



xxi 
 

��
 double layer capacitance 

nm nanometer 

mL millilitre 

μL microlitre 

mg milligram 

h hour 

min minute 

i.e. that is 

V volts 

mV millivolts 

°C degree centigrade 

M molar 




