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ABSTRACT

Two of the outstanding challenges for society are to move towards a clean environment
and availability of sufficient energy and interestingly hydrogen is the key to both these
challenges. Hence tremendous interest exists on hydrogen generation from electrochemical
or photoelectrochemical water splitting. Unlike carbon based fuels, hydrogen having
highest energy density per unit mass, is eco-friendly as it produces only water after
combustion as a direct fuel or after transformation to electricity in fuel cells. Hydrogen
evolution reaction (HER) is a green and renewable process to get hydrogen from
electrolysis of water. Among earth abundant non-noble metals, molybdenum-based
materials are important for hydrogen evolution reaction because of its low cost, good

conductivity and catalytic efficiency.

This thesis deals with composites of Mo based compounds (Mo2C, MozN, MoS2 and MoP)
with reduced graphene oxide. Electrocatalytic activity and stability of these composites for
hydrogen evolution reactions were investigated.

In chapter 2, we have synthesized reduced graphene oxide based composites of Mo2C rods
using carbonization of anilinium complex of molybdenum in inert environment at 750 °C.
First a complex was synthesized by reacting aniline with ammonium molybdate at 50 °C
in pH of 3.5. For the synthesis of rGO based composites, we used rGO which was
synthesized using graphite oxidation followed by thermal exfoliation at 1100 °C for 10
mins. Different amount of rGO was used to get different composites with Mo2C. The
composite samples were marked as MC-G50, MC-G100, MC-G350 and MC-G500 for 50
mg, 100 mg, 350 mg and 500 mg of rGO respectively. We have also used different carbon

like activated carbon sheets and graphite to check HER activities of these composites. All
Vv



the composites were characterized using powder XRD, TGA and Raman. The structure and
morphology of the composites were analyzed using FESEM, TEM and elemental analysis
were carried out using XPS and EDAX.

In chapter 3, we have investigated the facile synthesis of different morphologies of Moz2N
using g-CsNas as N-source and have investigated the effect of the g-CsNa4 loading on the
morphology of Mo2N and their hydrogen evolution activity. We have demonstrated that
thin elongated hexagonal sheets of Mo2N nanoparticles are much better electrocatalyst for
hydrogen generation from water than earlier reported on modified Mo2N based systems.
Mo2N nanostructures were synthesized using anilinium complexation method in presence
g-CsNg followed by heating at 700 °C in N2 atmosphere. Different amount of g-CsN4 were
used to get various morphologies of Mo2N nanostructures. These samples were named as
MNG60, MN100, MN300, MN600 and MN900 for having g-CsN4 of 60 mg, 100 mg, 300
mg, 600 mg and 900 mg respectively. Bulk Mo2N was synthesized by heating ammonium
molybdate and guanidium hydrochloride mixture at 700 °C in Hz atm. All the materials
were characterized using powder XRD, TGA, Raman, FESEM and TEM. Elemental
analysis was carried out by EDAX and XPS.

In chapter 4, we have investigated in-situ synthesis of M02C-Moz2N composite nanowires.
We have investigated the efficiency and durability for electrochemical hydrogen evolution
in acidic medium. We explored the role of carbide and nitride for enhancing the stability
and efficiency. In details study of electrochemical hydrogen evolution, it was found that
synergistic effect of carbon and nitrogen from Mo2C and Mo2N nanostructures in the
production of hydrogen from water was responsible for such HER activity. We have shown

Mo2N rich composites having higher N-doped surfaces and interfaces exhibit much higher
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electrocatalysis which is supported by the DFT calculations of HBE on N-doped Mo2C
surfaces.

In chapter 5, we have investigated the role of interfaces or heterojunctions in HER activity
of composite materials like Mo2N-MoS2, and Mo2N-Mo2C-MoSz. The synergistic effect
and the role of the interfaces were demonstrated in detail. These composites were
synthesized using hydrothermal method followed by annealing at 500 °C in inert
atmosphere. Composites were characterized using PXRD, Raman and electron microscopy.
In chapter 6, we have synthesized rGO-MoP composites for hydrogen evolution from water
in acidic medium. The synthetic mechanism were well characterized and revealed the role
of complexation method to stabilize the precursor and to get well interconnected MoP
nanocrystals where interparticle interactions play significant role in catalysis as reflected
in HER studies. The mechanism of the HER process was investigated in detail using
impedance spectroscopy and Tafel slope.

In conclusion, we have observed that MoP is the most efficient and durable electrocatalyst for
hydrogen evolution reactions compared to other Mo-based compounds e.g. Mo2N, Mo2C and
MoS2. Our finding reveals that the electrocatalytic efficiency was observed in order of MoP >
Mo2C > MoS2 > Moz2N. It was found that the anions played very crucial role in the
electrocatalytic activity for HER as the electronegativity of the anions changes in the order of
P (2.19) <C (2.55) < S (2.58) < N (3.04). New composites and doped systems containing hetero
anions like MP|S, MS|N and MP|C (M= Mo, Ni, Co, Fe, Cu etc.) can be investigated for various
electrochemical reactions and conversions. Transition metal doped systems can also be

explored.

vii



TABLE OF CONTENTS

Certificate

Acknowledgments
Abstract

List of Figures
List of Tables
Notations/abbreviations

11
1.2
1.3

14

1.5

1.6

1.7

1.8

CHAPTER-1: Introduction
Energy, environment & catalysis
Hydrogen as a fuel
Water splitting
1.3.1 Solar water splitting
1.3.2 Electrochemical water splitting
Electrochemistry and electrocatalysis
1.4.1. Exchange current density and Tafel slope
Electrochemical hydrogen evolution reactions
1.5.1 Overall reactions
1.5.2 Mechanism
1.5.3 Kinetics and rate equations
1.5.4 Tafel slopes in hydrogen evolution reactions
HER on transition metals
1.6.1 Volcano plot
1.6.2 H-coverage (®H) of metal surface and rate constant
1.6.3 Theoretical calculation of HBE and surface coverage
HER on Transition metal based compounds
1.7.1 Theoretical aspects
1.7.2 H-coverage and H-adsorption
1.7.3 Mechanism and Kkinetics
Electrochemical methods

1.8.1 Experimental setup
viii

XV
XXIV

XXV

O 00 ~N O w W

11
11
12
12
13
14
15
15
16
17
18
21
22
23
23



1.8.2 LSV, CV& Tafel equation 24

1.8.3 Chronopotentiometry/Chronoamperometry 27
1.8.4 Electrochemical impedance spectroscopy 28
1.9  Graphene and its Role in heterogeneous catalysis 32
1.10 Statements of thesis work 35
1.11 References 35

CHAPTER-2: Graphene Based Mo2C Composites: Synthesis and Performance in
Electrochemical Water Splitting

2.1  Abstract 43
2.2 Introduction 43
2.3 Scope of the Investigation 45
2.4 Materials and methods 46
2.4.1 Materials 46
2.4.2 Synthesis of reduced graphene oxide 46
2.4.3 Synthesis of Mo2C composites with rGO 47
2.4.4 Synthesis of Mo2C composites with graphite 47
2.5  Characterization techniques 47
2.5.1 X-ray Diffraction (XRD) studies 47
2.5.2 Transmission Electron Microscopy 48
2.5.3 Scanning Electron Microscopy 48
2.5.4 Raman Spectroscopy 48
2.5.,5 Thermogravimetric Analysis 48
2.5.6 X-ray Photoelectron Spectroscopy 48
2.5.7 Electrochemical measurements 49
2.6 Results and discussion 50
2.6.1 Structure, morphology and elemental analysis 50
2.6.2 Mo2C composite with graphite 53
2.6.3 X-ray photoelectron spectroscopic analysis 54
2.6.4 Raman spectrum analysis 56

2.6.5 Electrochemical hydrogen evolution studies 56

ixX



2.6.6 Electrochemically active surface area analysis 58

2.6.7 Role of reduced graphene oxide on HER 61
2.6.8 Mechanism of hydrogen evolution reactions 62
2.6.9 Comparative analysis of the catalytic activity 63
2.6.10 Electrochemical stability of the catalyst 65
2.6.11 Electrochemical impedance spectroscopic analysis 67
2.7 Conclusions 72
2.8 References 72

CHAPTER-3: Mo2N Nanostructures: Morphology Dependent Electrocatalytic
Activity in Water Splitting

3.1  Abstract 81
3.2 Introduction 81
3.3 Scope of the present investigation 83
3.4 Materials and methods 84
3.4.1 Materials 84
3.4.2 Synthesis of g-C3N4 84
3.4.3 Synthesis of Mo2N nanostructures 84
3.5  Characterization Techniques 85
3.5.1 X-ray Diffraction studies 85
3.5.2 Transmission Electron Microscopy 85
3.5.3 Scanning Electron Microscopy 85
3.5.4 Raman Spectroscopy 85
3.5.5 Thermogravimetric Analysis 86
3.5.6 BET Surface Area 86
3.5.7 X-ray Photoelectron Spectroscopy 86
3.5.8 Electrochemical measurements 86
3.6 Results and Discussion 87
3.6.1 Crystal structure, morphology and elemental analysis 87
3.6.2 Surface area analysis 93

3.6.3 Electrochemical Hydrogen Evolution Studies 93



3.6.4 Cyclic Voltammetric Investigations 97

3.6.5 Electrochemical Impedance Spectroscopic Investigations 99
3.7  Conclusions 103
3.8 References 104

CHAPTER-4: M02C-Mo02N Composite Nanowires: In-Situ Synthesis and Catalytic
Activity in Electrochemical Water Splitting

4.1  Abstract 111
4.2 Introduction 111
4.3  Scope of the Investigation 112
4.4 Materials and methods 113
4.4.1 Materials 113
4.4.2 Synthesis of Mo2C-Mo2N composite nanowires 114
45  Characterization techniques 114
4.5.1 X-ray Diffraction studies 114
4.5.2 Transmission Electron Microscopy 114
4.5.3 Scanning Electron Microscopy 115
4.5.4 X-ray Photoelectron Spectroscopy 115
455 Electrochemical measurements 115
4.5.6 Density Functional Theory (DFT) calculation 116
4.6  Results and discussion 118
4.6.1 Structure, morphology and elemental analysis 118
4.6.2 X-ray photoelectron spectroscopic analysis 122
4.6.3 Electrochemical hydrogen evolution studies 123
4.6.4 Mechanism of hydrogen evolution reactions 126
4.6.5 Electrochemically active surface area analysis 127
4.6.6 Theoretical investigations for the HER activity 129
4.6.7 Electrochemical stability of the catalyst 136
4.6.8 Electrochemical impedance spectroscopic analysis 137
4.7  Conclusions 139

4.8 References 139

xi



CHAPTER-5: Heterojunctions of Mo2N, MoS2 and Mo2C Nanostructures: Effect in
Electrochemical Water Splitting

51  Abstract 147
5.2  Introduction 147
5.3  Scope of the Investigation 150
54 Materials and methods 150
5.4.1 Materials 150
5.4.2 MoS2 synthesis 150
5.4.3 Synthesis of Mo2N-MoS2and Mo2C-Mo2N-MoS2composites 151
5.5  Characterization techniques 151
5.5.1 X-ray Diffraction studies 151
5.5.2 Transmission Electron Microscopy 152
5.5.3 X-ray Photoelectron Spectroscopy 152
5.5.4 Electrochemical measurements 152
5.6  Results and discussion 153
5.6.1 Structure, morphology and elemental analysis 153
5.6.2 X-ray photoelectron spectroscopic analysis 158
5.6.3 Electrochemical hydrogen evolution studies 159
5.6.4 Mechanism of hydrogen evolution reactions 162
5.6.5 Cyclic voltammogram of the catalyst 163
5.6.6 Electrochemical stability of the catalyst 163
5.6.7 Electrochemical impedance spectroscopic analysis 164
5.7  Conclusions 166
5.8  References 166

CHAPTER-6: Graphene Based Mop Composites: Synthesis and Performance in
Electrochemical Water Splitting

6.1 Abstract 173
6.2 Introduction 173



6.3.
6.4

6.5

6.6

6.7
6.8

7.1
7.2

Al

Scope of Investigation

Materials and methods

6.4.1 Materials

6.4.2 Synthesis of reduced graphene oxide (rGO)
6.4.3 Synthesis of rGO-MoP composite
Characterization techniques

6.5.1 X-ray Diffraction (XRD) studies

6.5.2 Transmission Electron Microscopy (TEM)
6.5.3 Scanning Electron Microscopy (SEM) and elemental mapping
6.5.4 Raman Spectroscopy

6.5.5 FTIR Analysis

6.5.6 X-ray Photoelectron Spectroscopy

6.5.7 Electrochemical measurements

Results and discussion

6.6.1 Structure, morphology and elemental analysis
6.6.2 XPS analysis

6.6.3 Electrochemical analysis

6.6.4 Electrochemical active surface area analysis
6.6.5 Stability analysis

6.6.5 Mechanism of hydrogen evolution reactions
6.6.6 Electrochemical impedance spectroscopy
Conclusions

References

CHAPTER-7: Summary and Future Prospects

Summary

Future prospects

ANNEXURE: Biomass for Supercapacitor Application

Introduction

174
175
175
175
175
176
176
176
176
176
177
177
177
178
178
181
183
186
187
188
191
197
198

205
208

213



A2
A3

A4

AS
A.6

Materials and Experimental
Characterization techniques

A.3.1 Scanning Electron Microscopy
A.3.2 FTIR and Raman Spectroscopy
A.3.3 Thermogravimetric Analysis
A.3.4 Electrochemical measurements
Result and Discussion

A.4.1 Electrochemical studies
Conclusions

References

xiv

215
216
216
216
217
217
217
222
224
225



Figure 1.1

Figure 1.2
Figure 1.3

Figure 1.4

Figure 1.5

Figure 1.6

Figure 1.7

LIST OF FIGURES

Schematic of fuel cell showing different types of fuel cells with their
reactions, operating temperature and conditions.-------------==-==--=---o----- 4
Schematic of the Gibbs free energy change in water splitting reaction.-----6
Schematic of Solar water splitting (a) half-cell reactions on semiconductor
and (b) self-sufficient solar device for water splitting (adapted from the ref.
11 with permission Of AAAS)--------mmmmm oo 7
(@) The current density vs. overpotential plot at different transfer
coefficient, (b) Current density of the process having different exchange
current density (Jo) and (c) Tafel plot showing different slopes at different
transfer coefficient. (Adapted from the ref. 13 with the permission of Royal
Society of Chemistry)----------mmmmm oo 10
Volcano plot of different metals (a) in acidic medium and (b) in alkaline
medium (figure a has been adapted from the ref. 5 and Figure b has been
adapted from the ref. 19 with the permission of Royal Society of
Chemistry).--m-mmm oo 15
Theoretical aspect of HER catalyzed by transition metals, (a) adsorbate-
metal bond formation showing metal projected density of states (adapted
from the ref. 42 with the permission of National Academy of Sciences), (b)
hybridization between adsorbate sigma orbitals and metal d-band, (c)
showing shift in the d-band center with bandwidth (adapted from the ref. 40
with the permission of Elsevier) and (d) variation of d-band center in metal
alloy (adapted from the ref. 43 with the permission of American Chemical
SOCiety). e 20

d-band center in different metals, (a) Metal projected density of state
showing the position of antibonding state respect to the Fermi level (adapted
from the ref. 44) (b) variation of hydrogen binding energy in different
metals with d-band center and (c) variation of HBE with d-band center upon

XV



alloying of different metals. (Figure b and ¢ were adapted from the ref. 13
with the permission of Royal Society of Chemistry) ------------------------ 21
Figure 1.8 Relation between surface coverage and hydrogen binding energy, (a) H
adsorption energy decreases with increase in surface coverage (The figure
was adapted from ref 45with the permission of Royal Society of
Chemistry), (b) H adsorption energy of different metal phosphides with
surface coverage and (c) H adsorption energy for different metals.(Figure b
and ¢ were adapted from the ref. 46 and ref. 47 with the permission of Royal
Society of Chemistry)----------m-mmm oo 22
Figure 1.9 Schematic and image of a three electrode cell showing different electrodes
(WE= working electrode, CE= counter electrode and RE= reference
leCtrode).-------mm o 24
Figure 1.10 Schematic of the electrodes of a three electrode system at different
condition during electrochemical measurements.-------------==-=--=--=------ 25
Figure 1.11 Schematic of potential waveform of (a) LSV and (b) CV. Scan rate or sweep
rate = AE/AtIMe.-=-----===== o oo oo e 25
Figure 1.12 (a) Cyclic voltammogram showing redox couple peak at different scan rate
and (b) LSV showing irreversible peak at different scan rate.-------------- 26
Figure 1.13 Example of an EIS spectrum showing (a) Nyquist plot and (b) Bode plot.--

Figure 1.14 (a) Electrical double layer on the electrode showing different contribution
to EIS data and (b) corresponding equivalent circuit.------------------------ 30
Figure 1.15 EIS equivalent circuits for (a) HER without mass transfer and (b) HER with

Mass transfer. -------m-mmmmm e 32

Figure 2.1 (a) Powder XRD pattern, (b) FESEM micrograph and (c) Raman spectrum
of reduced graphene oxide (rGQO).------=-==-==mmmmm oo 50
Figure 2.2 (a) Powder XRD pattern of the precursor anilinium molybdate complex and
(b) TEM image showing rod morphology of the precursor. --------------- 51
Figure 2.3 Powder XRD pattern of Mo2C synthesized in presence different amount of
rGO e.g. 50 mg (MC-G50), 100 mg (MC-G100), 350 mg (MC-G350) and
500 mg (MC-G500). =mmmmmmmmmmmm e 51

xvi



Figure 2.4 SEM micrographs of Mo2C synthesized in presence of different amount of
rGO (a) 50 mg rGO (b) 100 mg rGO, (c) 350 mg rGO and (d) 500 mg rGO.
TEM micrograph of Mo2C (e) MC-G350. (f) SEM EDAX data of MC-

G350, mmmm e 52
Figure 2.5 Thermogravimetric analysis (TGA) of anilinium molybdate complex
precursor and rGO-Mo2C composite (MC-G350). ------------=--=--=----- 53

Figure 2.6 Graphite based composite with B-Mo2C (MC-graphite), (a) powder XRD
pattern showing presence of 3-Mo2C along with graphite planes and (b)
FESEM of MC-Graphite composite. ---------=-==-=-m-mmmmemm oo 54
Figure 2.7 X-ray Photoelectron spectroscopic study of MC-G350 showing binding
energies of (a) Mo 3d, (b) C 1s and (c) O 1s. XPS data of MC-graphite

showing binding energies of (d) Mo 3d, (e) C 1sand (f) O 1s.-------------- 55
Figure 2.8 Raman bands of MC-G350 and MC-graphite composites showing presence
of rGO and surface impurity of MOO3.------=-=-=-===mmmmmm e 56

Figure 2.9 Hydrogen evolution reactions studies in 0.5 M H2SO4. (a) Linear sweep
voltammogram (LSV) recorded at a scan rate of 2 mV/s and (b) Tafel plot
of MC-G50, MC-G100, MC-G350, MC-G500 and Pt wire. --------------- 57
Figure 2.10 LSV polarization curve and (b) Tafel plot of MC-G350 composite (mass
loading = 1.6 mg-cm-2) at a sweep rate of 5 mV/s. ------------m-mmmmmemmme 58
Figure 2.11 Cyclic voltammogram of the composites in the potential range of 0.05-0.45
V vs. RHE at different scan rates (1, 2, 5, 10, 15, 25, 50, 75 and 100 mV/s).
(@) MC-G50, (b) MC-G100, (c) MC-G350 and (d) MC-G500.  ---------

Figure 2.12 Current density difference (Aj =ja-jc) at 0.2 V vs. RHE plotted against scan
rate. The slope of the linear fit is equal to the double of the specific
capacitance (Cdl).  —-mmmmmmmmm 60

Figure 2.13 LSV polarization curve of graphite-Mo2C composite at a sweep rate of 5
mV/s and (b) Tafel plot of MC-graphite showing Tafel slope of 72 mV/dec.

Figure 2.14 Stability studies (a) Variation of the overpotential with time obtained from

chronopotentiometric studies of graphene-Mo2C composite (MC-G350) at

xvil



an applied current density of 10 mA/cm2 and (b) LSV curves at a scan rate

of 2 mV/s before and after chrono study.  --------------mmmmmcmmm - 66
Figure 2.15 LSV curve of MC-G350 at a scan rate of 5 mV/s before and after 1225 LSV
cycles (catalyst coated on GCE: mass loading 1.6 mg-cm-2).--------------- 66
Figure 2.16 Raman spectrum of MC-G350 catalyst after 2600 LSV cycles and the
presence of surface oxide impurities was not observed.---------------------- 67
Figure 2.17 (a) Nyquist plot of MC-G350 and (b) Bode plot of MC-G350 on application
of different bias (0-140 mV vs. RHE).------=-==-==mmmmmm e 68

Figure 2.18 Overpotential vs. Log (Rct-1) plot of MC-G350 showing a slope of 75
mV/dec as the Tafel slope.  -=-----==-m-mmmmmmm e 71

Figure 3.1 Powder X-ray diffraction of (a) g-C3N4, (b) Anilinium ammonium

molybdate complex precursor, (c) different Mo2N samples and (d) slow

scan of (112) reflection of MO2N.-------=-===-mmmmmom oo 88
Figure 3.2 FESEM images of different Mo2N samples, (a) MNG60, (b) MN100, (c)
MN300, (d) MN600, () MN900 and (f) bulk M02N.----------=--=--=------- 89

Figure 3.3 TEM micrographs of different Mo2N samples (a) MN60, (b) MN100, (c)
MN300, (d) MN600 and (¢) MN900.(f) FESEM EDAX spectrum of
MN100 and bulk Mo2N.High resolution TEM images showing lattice

fringes (g) MN100, (h) MN300 and (i) MN900.---------=-=-=--=-=-=--=-=---- 90
Figure 3.4 (a) Thermogravimetric analysis (TGA) data of different Mo2N samples and
(b) Powder XRD pattern of MN100 after heating at 900 °C.---------------- 91

Figure 3.5 X-ray photoelectron spectroscopic studies of the electrocatalyst (MN100)
showing binding energy of C 1s, O 1s, Mo 3p and Mo 3d. --------------- 91
Figure 3.6 (a) N2 gas adsorption profiles of Mo2N samples, (b) Pore radius profile of
Mo2N samples. TEM images showing interconnected nanoparticles (c)
MNZ100, (d) MN300 and (€) MN90O0. --------=-====nmnmmmmmmmmm oo 92
Figure 3.7 Electrochemical hydrogen evolution of different Mo2N materials, (a) linear
sweep voltammetry (LSV) in 0.5M H2S04 electrolyte, (b) ir compensated
LSV of Mo2N samples, (c) Tafel plot of different Mo2N samples and (d)
LSV of elongated hexagonal sheet (MN100) after 2000 LSV cycles. All the

LSV data have been recorded at a scan rate of 5 mV/s.---========-mccmeeemv 94

xviii



Figure 3.8 (a) Chronopotentiometry study of MN100 at an applied current density of -
100 mA-cm-2. (b) Raman spectrum of MN100 before and after catalysis.
(c, d)TEM images of MN100 after electrocatalysis. ------------------------ 97
Figure 3.9 Cyclic voltammogram of Mo2N (MN100) showing very high oxidation
current density after 0.8 V vs. RHE in 1st cycle due to conversion to oxide.
Inset is showing HER activity of Mo2N before (black) and after cyclic
voltammogram studies (red). ------=-====-=-mmmmmm oo 98

Figure 3.10 Equivalent circuit used to model the Hydrogen evolution reaction process.-

Figure 3.11 Electrochemical impedance spectroscopy showing (a) Nyquist plot and (b)

corresponding Bode phase diagram of MN100 varying the applied bias

from0V1t0-0.203Vvs.RHE. --memmmmmmmm e 100
Figure 3.12 Nyquist plot (left) and corresponding Bode phase plot (right) of (a) MNG60,
(b) MN300, (c) MN900 and (d) Bulk MO2N ----------=-=--m-mmmemm e 102

Figure 3.13 Variation of Rct on various applied potential during HER process using

different Mo2N nanostructures as electrocatalyst.  ---------------------- 103

Figure 4.1 Optimized geometries of the 1 x 1 x 1 unit cells obtained for bulk
M02CxN(1-x) in the (a)-(f) tetragonal structure and in the (g)-()
orthorhombic structure. The systems shown are (a), () Mo2N; (b), (h)
Mo02C0.25N0.75; (c), (d), (i), () Mo2C0.50N0.50; (e), (k)
Mo02C0.75N0.25; and (f), (I) Mo2C. The grey, green and red spheres
represent Mo, N and C atoms respectively. ----------mmmmmmmmmmmmmmmaeeen 117

Figure 4.2 Powder XRD pattern of the Mo2C-Mo2N composite nanowires.-------- 119

Figure 4.3 FESEM images of the Mo2C-Mo2N composites (a) CN25, (b) CN50, (c)
CN100 and (d, e, f) EDAX mapping of CN50 showing C (red), Mo (blue)
and N (green) respectively.  ------mmmmmmm oo 120

Figure 4.4 TEM micrograph of (a) CN25, (b) CN50, (c) CN100 and (d) high resolution
TEM image of CN50 showing the presence of (112) and (121) lattice fringes
of Mo2N and Mo2C respectively . ------mmmmmmmmm oo 121

Figure 4.5 X-ray photoelectron spectroscopy of Mo2C-Mo2N composite (CN50)
showing the binding energies of (a) C1s, (b) O 1s, (c) Mo 3d and (d) Mo
P, - 123

Figure 4.6 (a) Linear sweep voltammetry (LSV) curve showing the current density of
Mo2C-Mo2N composite nanowires at a scan rate of 5 mV/sec. (b) Tafel
plot of the COMPOSItES. -=-==-===-m = 124



Figure 4.7

Figure 4.8
Figure 4.9

(@) LSV curve of M0o2C-Mo2N composite nanowires and (b) LSV curve of
bare Mo2C and bare Mo2Nat a mass loading of 1.6 mg/cm2.------------- 124
Cyclic voltammogram of CN25 at a scan rate of 10 mV/s. ------------- 127

Cyclic voltammogram of the composites in the potential range of 0.05-0.45
V vs. RHE at different scan rates (5, 10, 15, 25, 50, 75 and 100 mV/s). (a)
CN25, (b) CN50, (c) CN100 and (d) Current density difference (Aj = ja-jc)
at 0.25 V vs. RHE plotted against scan rate. The slope of the linear fit is
equal to the double of the specific capacitance (Cdl).----------------------- 128

Figure 4.10 The d-band center position of surface Mo atoms as a function of dopant

CONCENEIALION. =======m == mmmeme e e oo e 130

Figure 4.11 Optimized geometries obtained for H atom adsorption at different sites on

the p-Mo2N (001) surface. They are arranged in order of decreasing
stability. In (a), the H atoms is adsorbed at the hollow sites binding to four
surface Mo atoms; in (b), the H atom is adsorbed such that it forms a Mo-
H-Mo bridge; in (c) and (d), the H atom is adsorbed atop the two Mo atoms,
Mo2 and Mo1, respectively, on the surface; and in (e) the H atoms is
adsorbed atop the surface N atom. The gray, green and blue spheres
represent Mo, N and H atoms respectively. For clarity, the Mo atoms in the
odd/even layers are colored dark/light grey. (f) four inequivalent hollow
sites are marked on the B-Mo2C (100) surface, (g), (h), (i) and (j) are
optimized geometries obtained for the adsorption of H atom on the Mo2C
(100) at the sites D, B, A and C, respectively. The gray, red and blue spheres
represent Mo, C and H atoms respectively. For clarity, the Mo atoms and C
atoms in the odd/even layers are colored dark/light grey and maroon/red
reSPECHIVElY.  —-mmmm oo 131

Figure 4.12 (a) Hydrogen adsorption energy as a function of nitrogen doping

concentration in M0o2C(1-x)Nx. Note that for x = 0, 0.2 and 0.4, we have
considered the orthorhombic structure for Mo2C(1-x)Nx, while for x = 0.6,
0.8 and 1, we have considered the tetragonal structure for Mo2C(1-X)NX.
(b) Hydrogen binding energies as a function of d-band center.------------ 134

Figure 4.13 (a) our results for hydrogen adsorption energy as a function of N-doping

concentration in the substrate M02C1-xNx. (b) volcano plot obtained by
plotting experimentally measured exchange current [log(io)] as a function
of hydrogen adsorption energy; reproduced from Ngrskov et al.36. Our
results for the hydrogen binding energies are marked on this volcano plot to
give us information about the hydrogen evolution performance of the
Systems CONSIAEred.  ------mmmmmmmmm oo e o 135

Figure 4.14 (a)Chronopotentiometric study of CN100 at an applied current density of

10 mA/cm2 and (b) LSV curve of CN100 before and after chrono studies
Of 30 NOUIS.  ===mmmmmmeme e oo oo 137

XX



Figure 4.15 Electrochemical impedance spectroscopy (EIS) measurement shows
Nyquist plot and Bode plot of (a, b) CN25, (¢, d) CN50 and (d, f) CN100 at
different applied bias (zero to -250 mV vs. RHE).  ---------------------- 138

Figure 5.1 Powder XRD pattern of (a) MoS2 synthesized hydrothermally and (b)

composites of M02N-M0S2. ------=-=-=-mmmmmmmmmm oo 153

Figure 5.2 Powder XRD pattern of Mo2C-MoN-MoS2 composite (CN25MS).
---------------------------------------------------------------------------- 154

Figure5.3 (a) TEM image and (b) Raman spectrum of MoS2 synthesized
hydrothermally followed by annealing.-----------=-=-==-===-mcmmmeem - 154

Figure 5.4 TEM micrographs of (a-c) hexagon MN-MS, (d-f) triangle MN-MS and (g-
1) NANOWIre MIN-MS. —---mmmm oo 155

Figure 5.5 TEM images of (a-b) CN25MS, (c-d) CN50MS and (e-f) CN100OMS.
---------------------------------------------------------------------------- 157

Figure 5.6 X-ray photoelectron spectroscopy of Mo2N-MoS2 composite (triangular
MN-MS) showing the binding energies of (a) Mo 3d, (b) Mo 3p and (c) S
P, - 159
Figure 5.7 (a) Linear sweep voltammetry (LSV) curve showing the current density of
triangle MN-MS composite varying MoS2 content and (b) LSV curve of
different Mo2N-MoS2 composites where 0.1 mmol ammonium molybdate

was used to get M0S2.  —rmmrmmm e 160
Figure 5.8 LSV curve of M02C-Mo02N-MoS2 composites at a mass loading of 0.53
MO/CM2. e 161
Figure 5.9 Tafel plots of triangle MN-MS and CN100MS composites. ------------- 162

Figure 5.10 Cyclic voltammogram of Mo2N-MoS2where (a) CV upto +1.2V potential
and inset showing large oxidation currentat 0.9 V. (b) CV upto + 0.8 V (vs.
RHE). =mmm o e s oo e 163
Figure 5.11 Electrochemical stability of triangular MN-MS composite where (a) LSV
curves of the composite before and after 3000 LSV cycles at 50 mV/s and
(b) Chronopotentiometric study of the composite at an applied current
density of 10 MA/CM2. —-mmmmmm e 164
Figure 5.12 Electrochemical impedance spectroscopy (EIS) measurement shows
Nyquist plot and Bode plot of triangular MN-MS at different applied bias

(-20t0 -200 MV VS. RHE).  =---mmmmmem s 165
Figure 5.13 EIS studies of M0o2C-Mo02N-Mo0S2 composites at 100 mV and 250 mV of
applied potentials showing (a) Nyquist plot and (b) Bode plot.------------ 165

Figure 6.1 (a) Powder XRD pattern of the sample heated at 600 °C at N2 atm showing
formation of MoO2 (JCPDS no. 86-0135).(b) Powder XRD pattern of rGO-
A-MoP and rGO-C-MOP COMPOSIteS.---=-=-=-=-=n=nmnmmmmmmmm oo oo 178

xxi



Figure 6.2 Spectroscopic analysis (a) FTIR and (b) Raman spectrum of the composite
showing presence of rGO in the composite. ------------=--=-==-m-emnmmnoo- 179
Figure 6.3 Microscopic analysis of the composites. (a, ¢) TEM and SEM (scale bar =
2 um) images of rGO-A-MoP. (b, d) TEM and SEM (scale bar = 2 um)
images of rGO-C-MOP.  —-mmm e 180
Figure 6.4 Elemental analysis of the composite (a) EDAX pattern of rGO-A-MoP and
(b-g) EDAX elemental mapping of rGO-A-MoP showing the presence of
Mo and P in the composite.  ------=--m-mmmmmm oo 181
Figure 6.5 X-ray photoelectron spectroscopy of rGO-A-MoP composite. (a) Survey
scan from 0 to 1400 eV. High resolution binding energy spectra of (b) Mo
3d, (c) P 2p, (d) C 1sand (€) O1S.  ----m-mmmmmmmmmmm oo 182
Figure 6.6 (a) Linear sweep voltammetry curves of the composites at a scan rate of 5
mV/s. (b) LSV curves of rGO-A-MoP at different mass loading at a scan
rate of 5 mV/s. (c) LSV curves of the rGO-A-MoP at different electrolyte
at a scan rate of 5 mV/s. (d) Tafel slopes of the composites in particular
electrolyte.  —--m-mmmmmm 184
Figure 6.7 (a) Magnified LSV curve of rGO-A-MoP in 0.5 M H2SO4 showing one
reduction step before hydrogen evolution and (b) LSV curve of rGO-A-
MOoP in phosphate buffer (pH=7).  —-----mmmmmmm o 185
Figure 6.8 Cyclic voltammogram of the composites in the potential range of 0.05-0.45
V vs. RHE at different scan rates (5, 10, 15, 25, 50, 75 and 100 mV/s) at
different mass loading. (a-f) rGO-A-MoP, (g) rGO-C-MoP with mass
loading of 1.6 mg/cm2, (h, i) Current density difference (Aj = ja-jc) at 0.25
V vs. RHE plotted against scan rate. The slope of the linear fit is equal to
the half of the specific capacitance (Cdl).  ------------=--m-mmemmmmm - 186
Figure 6.9 Stability and HER performance of the composite rGO-A-MoP. (a)
Chronopotentiometric study at an applied current density of 100 mA/cm2
for 21 hours and (b) LSV curve before and after chrono study at a scan rate
Of 5 MV/S. e 188
Figure 6.10 Electrochemical impedance spectra of rGO-A-MoP composite at various
applied bias (0-200 mV). (a) Nyquist plot, (b) Bode diagram in acidic
medium. (c¢) Nyquist plot and (d) Bode diagram in alkaline medium.

Figure 6.11 Equivalent circuit used to fit the impedance data.-----------------=--------- 192
Figure 6.12 (a) Variation of Rct and capacitance with applied potentials in acidic
medium, (b) corresponding Tafel plot calculated from Rct. (c) Variation of
Rct and capacitance with applied potentials in alkaline medium and (d)
corresponding Tafel plot calculated from Rct.------------==-==-mmmmmmmmmmeem 195
Figure 6.13 LSV curves of (a) MoP synthesized at 850 °C in presence of citric acid and
(b) MoP synthesized at 850 °C and MoP-A synthesized at 850 °C in H2 in
presence of aniling.  ------mmmmmm s 196

xxii



Figure A.1
Figure A.2
Figure A.3
Figure A.4

Figure A5
Figure A.6

Figure A.7
Figure A.8

Figure A.9

Ragone plot showing energy density vs. power density of various energy
storage SyStemsS3.  =--mmemmemeemeeee e 213
Schematic of the reaction steps for the synthesis of biomass derived carbon.

FESEM images of (a) GO, (b) rGO, (c) non-Ac-sugar, (d) Ac-sugar, (e) Ac-
hemp and (f) Ac-rice husk. — --=--==-=mmm oo 219
FTIR spectrum of carbon nanostructures (a) non-activated carbon, (b)
activated carbons. (c-d) Raman spectrum of carbon nanostructures.----220

TGA profile of various carbon nanostructures.--------------=--=----------—- 221
N2 gas adsorption profile of different carbon materials showing BET
SUIfACE @rea.  —----mmmmmmmmm oo oo e 221
Cyclic voltammogram of (a) Ac-sugar, (b) Ac-rice husk, (c) Ac-jute and (d)
non-Ac-sugar at various scan rate,  ----------mm-mmmmmmmm e 222
(a) Galvanostatic charge-discharge of Ac-sugar at different current density.
(b) Specific capacitance as a function of applied current density.--------- 223
Bar diagram of specific capacitance of various carbons at current density of
0.2 Alg. e 224

xxiii



LIST OF TABLES

Table 2.1. Intrinsic and apparent catalytic activity of the composites. ----------=--=--=----- 60
Table 2.2.Comparison table of the HER performance of Molybdenum carbide catalysts.63
Table 2.3. Comparison table of the HER performance of metal phosphide catalysts. ---- 65
Table 2.4. Parameters obtained from the EIS data fitting. ------------=--=--=--=-mmsmmmmmmeee- 69
Table 3.1. Tabulated data of crystallite size, thickness, surface area and pore volume--- 93
Table 3.2. Tabulated data of morphology, current density and Tafel slope. --------------- 95
Table 3.3. Morphology dependent electrocatalytic activity with respect to actual surface

area of the electrocatalyst. -------==-=-mmmmm oo s 96
Table 4.1. Calculated equilibrium lattice parameters for the bulk and doped systems.--118
Table 4.2. Intrinsic and apparent catalytic activity of the composites. --------------------- 128
Table 4.3. Calculated energy differences between the orthorhombic and tetragonal

STMUCTUIES ====mmm e m e e e oo e e e e e e e e e e e 129

Table 4.4. Surface energies of the different surfaces considered for pristine Mo2C and

Table 4.5. H adsorption energies of Mo2N and Mo2C at different sites. ------------------ 132
Table 4.6. H adsorption energies of M0o2C and Mo2N at different dopant concentrations.

Table 6.1. HER performance of the composites and the actual catalytic activity of the
COMPOSITES. ====m=mmmmmmmmmm e e oo oo e e e e e e e oo e e e 187
Table 6.2. Comparison chart of the electrocatalytic activity of our composite and earlier

]8T R 189
Table 6.3. EIS fitting parameters of rGO-A-MoP composite in 0.5 M H2S04 at different
applied potentials. --========s=ememmeme e e e 193

Table 6.4. EIS semicircle fitting parameters of rGO-A-MoP in 1M KOH at different applied
POteNtialS. =---mmmmmmemm oo 194

XX1V



°C
um

cm

PXRD
TEM
FESEM
EDX
TGA
FTIR
CVv
LSV
ECSA
EIS
HER
OER
RHE
Jo
GCE
CPE
Cal
EDLC
Ret

Rs

HBE
DFT

NOTATIONS/ABBREVIATIONS

Angstrom

Centigrade

Micrometer

centimeter

Hours

Powder X-ray diffraction

Transmission Electron Microscopy

Field Emission Scanning Electron Microscopy
Energy Dispersive X-ray Analysis
Thermogravimetric analysis

Furrier transformed Infra-red spectroscopy
Cyclic Voltammetry

Linear Sweep Voltammetry
Electrochemically Active Surface Area
Electrochemical Impedance Spectroscopy
Hydrogen Evolution Reaction

Oxygen Evolution Reaction

Reversible Hydrogen Electrode
Exchange Current Density

Glassy Carbon Electrode

Constant Phase Element

Double layer Capacitance
Electrochemical Double Layer Capacitor
Charge Transfer Resistance

Solution Resistance

Bode Phase angle

Surface coverage by hydrogen

Hydrogen binding energy

Density Functional Theory

XXV



XPS
BET
eV

X-ray Photoelectron spectroscopy
Brunauer-Emmett-Teller

Electron — Volt

Kelvin

Degree (angle)

Wavelength

Ohm

xXxXVi



	Kasinath Ojha_Thesis_Oct2016.pdf
	Kasinath Thesis Final Oct2016
	Kasinath Thesis 2010CYZ8798mod3.pdf
	CHAPTER 1_1
	chapter 1
	CHAPTER 2_1
	chapter 2
	CHAPTER 3_1
	Chapter 3
	CHAPTER 4_1
	chapter 4
	CHAPTER 5_1
	chapter 5
	CHAPTER 6_1
	chapter 6
	CHAPTER 7_1
	Chapter 7
	chapter 8_1
	Chapter 8

	bio data
	Kasinath Ojha_Thesis_Oct2016.pdf
	Kasinath Thesis Final Oct2016
	Kasinath Thesis 2010CYZ8798mod3.pdf
	CHAPTER 1_1
	chapter 1
	CHAPTER 2_1
	chapter 2
	CHAPTER 3_1
	Chapter 3
	CHAPTER 4_1
	chapter 4
	CHAPTER 5_1
	chapter 5
	CHAPTER 6_1
	chapter 6
	CHAPTER 7_1
	Chapter 7
	chapter 8_1
	Chapter 8

	bio data

	Kasinath Ojha_Thesis_Oct2016.pdf
	Kasinath Thesis Final Oct2016
	Kasinath Thesis 2010CYZ8798mod3.pdf
	CHAPTER 1_1
	chapter 1
	CHAPTER 2_1
	chapter 2
	CHAPTER 3_1
	Chapter 3
	CHAPTER 4_1
	chapter 4
	CHAPTER 5_1
	chapter 5
	CHAPTER 6_1
	chapter 6
	CHAPTER 7_1
	Chapter 7
	chapter 8_1
	Chapter 8

	bio data

	Kasinath Ojha_Thesis_Oct2016.pdf
	Kasinath Thesis Final Oct2016
	Kasinath Thesis 2010CYZ8798mod3.pdf
	CHAPTER 1_1
	chapter 1
	CHAPTER 2_1
	chapter 2
	CHAPTER 3_1
	Chapter 3
	CHAPTER 4_1
	chapter 4
	CHAPTER 5_1
	chapter 5
	CHAPTER 6_1
	chapter 6
	CHAPTER 7_1
	Chapter 7
	chapter 8_1
	Chapter 8

	bio data





