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ABSTRACT

Global energy demands require the development of clean or alternative fuels to mitigate the
substantial environmental damage caused by the use of fossil fuels. In today's world, rising
energy demand and maintaining a pollution-free environment is a major challenge. Solar to
hydrogen conversion by electrochemical or photoelectrochemical (PEC) process
through photocatalysts is one of the most promising techniques for getting a pollution-free and
sustainable fuel. The photoelectrode is a fundamental component of PEC water splitting, and
it should be made of low-cost materials with adequate bandgaps, band edge positions, high
absorption coefficients, effective charge separation efficiency, and high electrical conductivity.
PEC cells consist of two half-reactions: the Hydrogen Evolution Reaction (HER) on the
photocathode and the Oxygen Evolution Reaction (OER) on the photoanode. The
photocathode, which reduces water, is an important part of the PEC water-splitting mechanism.
Most photocatalysts suffer from charge recombination and photocorrosion, which limits their
catalytic performances. Photocorrosion refers to the participation of photogenerated charge
carriers in the self-oxidation and/or self-reduction process, instead of water splitting. The
photocorrosion phenomenon can be minimized by forming a passivation layer on the
photocatalyst's surface, which can be accomplished by mixing the photocatalyst with other
appropriate semiconductors via a core/shell heterojunction or composite formation. As a result,
improving PEC water-splitting technology requires the creation of effective photocathodes for
water reduction.

In this thesis, the surface of a Cu20O photocathode is modified using a MoS,/rGO co-catalyst
and a NaNbOs/SnS> core/shell heterostructure to improve the photogenerated charge carrier
separation, reduce Cu>O photocorrosion, and enhance the PEC activity of the Cu.O
photocatalyst. Photocatalyst VVS4 and CuS are less explored as photocathodic materials in PEC

application, we have modified the surface of VSs and CusS to prevent the photocatalyst from

Vi



photocorrosion by making a heterostructure of VS with MoS;-rGO and CuS with BaTiOs. The
modified heterostructure is shown the improved photocurrent density due to lower
photogenerated electron-hole pairs recombination or effective charge carriers separation
efficiency. The goal is to develop a stable photocatalyst that prevents photocorrosion and

improved photoelectrochemical water splitting application.
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qay
Afyes St AT & T Shared S44 & IUANT T B aTell g wafaruiy aifd &) pa HA
& o W5 1 AU 39 & [AHM &1 ATaAHdT g | 31191 HI g-a1 H SHolf & Fadl

TR 3R TGN Yo aTaTaRvl §A1U 3G U S AT & | BieidbeoRed & Aread 9

gAaRIDG MG T HieZadeibidGd (PEC) Uihdl GRT IR ¥ 813gio FUiaRul Hguul
3R CHTS T4 U 3 & AT Tad TS dh-1h! 7 W U & | Blelsades
RS O fAUTSH &1 U Jeyd 9 5, 3R 38 Ui 967y, o8 fhaR &t fufd, 3=

SR T[UTih, THTAT aTSt YaHUT G&dT 3R 3o fdggd arddhdl & |1 HH ANTd arell
gl § o1 g anfeul e wiRkerelt & @ srdufifrant B widdde W
g SIoM SalegR RURM (HER) 3R HleHrs WR 3fTaiio SalegR RUaRM (OER)|
BICIHUTS, Sl U &1 HH HRT &, s ofd-faHTSH o &1 T HeayUl ol g | AT
Blcldbeione amel JAHaIe 3R BiaidiH ¥ Yifsd §, St 396 IARS UeRF &I diftd
BT & | ISP U b dCaR & ol Yetb-SHTRIS T SR/ Yetb-Rearr Ufshar &
BICIRCS dT6l BRIY B HITGRT Bl HafHd Bl ¢ BIcIbalic B Jds R Th
TSI URA SR BICID IRIAH UeHT Bl BH fhal ol Hebdll &, Tl BIR / Al B RIoiaRT

T AT 7T & HIETH ¥ 30 IUGad STeiaran! o 1Y Bicidbe oRe Bl e O fard
ST bl g | Acitorad, fg ! STal-fayTer Uienfie! § JUR & fore urt & it & forg gt
WIS & AT & STa=gdhdl gl 5 |

=9 MR T TP Cu,0 BICIHUTS BT dE BT MoS»/rGO TB-SIRD 3R Th NaNbO3/SnS;
PR/ FERRCTR P ITANT Fxbs TN foram a1 § difts WIS RES aTsl BiRER
YT H GUR BT, Cu20 B 19 Bl H fBar ot Tab, 3R Cu,0 Bielidhefere B figd!
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Al BT TETT o Wb | IS debiidbd SN § Wicihe iRe VS, 3R Cus &l
BIAIb U SH Il & U & HH WIoT STl §, 4 M0S2-1GO & Y VS, BT geXReaR
3R BaTiO; & HTY CuS TAIHR BICIDhCIoRe P BIIdbaiese U Jdb & [T VS, 3R Cus
1 g DI JRMET a1 g1 HRNAUT SRR DI HH BICRCS Forae-610l Siig
GRS a1 quTdt Aot aT8d JUanRUT G&fdl & HRUT SgaRk Bicihae U faamar T
7l 9 TF RR Bleideie [THRa &3 § Sl BN 31 Jed § iR
ICISAagIh b dicR [RaeH TRIhH H YR FT 5|



TABLE OF CONTENTS

Certificate

Acknowledgment

Abstract

Table of Contents

List of Figures

List of Tables

Abbreviations and symbols

CHAPTER 1: Introduction

1.1
1.2
1.3
1.4
1.5

1.6

1.7

Global warming and energy crisis

Importance of Sustainable Energy Source

Hydrogen as an energy fuel

Fundamental of materials

Type of semiconductor materials used in

photo electrocatalysis

1.5.1 Metal Oxide Semiconductor

1.5.2 Metal Sulphide Semiconductor

1.5.3 Composite or Core/shell heterostructure

Basic requirements of Semiconductor Photocatalyst for PEC
1.6.1 Fermi Energy

1.6.2 Bandgap

Water Splitting

1.7.1  Photocatalytic water splitting

1.7.2  Photoelectrochemical water splitting

1.7.3  Efficiency calculation of a PEC cell

1.7.3.1 Photon-to-current efficiency (IPCE)

1.7.3.2 Faradaic efficiency

1.7.3.3 Applied bias photon-to-current efficiency (ABPE)

X

i

iii-v

vi-ix

X-XV

XVi-Xxi

xxii

xxili-xxiv

o O »~h O B

10
11
11
12
12
14
16
16
17
17



1.8 Material Selection for PEC Studies 17

1.8.1 Case Study I: Cu20 19
1.8.2 Case Study II: VS4 20
1.8.3 Case Study IlI: CuS 20
1.9  Photo corrosion inhibition and improvement in the 21

photoelectrochemical activity
1.10 Motivation of the Thesis 22
1.11  References 23

CHAPTER 2: Methodology

2.1 Synthesis Methodology 31
2.1.1 Hydrothermal/Solvothermal Method 31
2.1.2  Sol-gel Method 34
2.2 Characterization Techniques 35
2.2.1 X-Ray Diffraction (XRD) 35
2.2.2 Scanning Electron Microscope (SEM) 37
2.2.3 Transmission Electron Microscopy (TEM) 38
2.2.4 Energy Dispersive X-ray Spectroscopy (EDX) 39
2.2.5 Optical Properties 40
2.2.6  Photoluminescence Spectroscopy (PL) 41
2.2.7 Raman Spectroscopy 43
2.3  Photoelectrochemical (PEC) Measurements 44
2.3.1 Electrode Preparation 44
2.3.2  Linear Sweep Voltammetry (LSV) 45
2.3.3 Transient photocurrent response (TPR) 46
2.3.4 Electrochemical Impedance Spectroscopy (EIS) 47
2.3.5 Mott-Schottky Plot (M-S) 48
2.3.6  Chronoamperometry 49
24 References 50

CHAPTER 3: Role of MoS2/rGO co-catalyst to enhance the activity and stability of Cu20

as photocatalyst toward photoelectrochemical water splitting

Abstract 53

Xi



3.1 Introduction 54

3.2  Experimental 56
3.2.1 Synthesis of Cu.O and MoS; 56
3.2.2  Synthesis of rGO 56
3.2.3 Synthesis of Cu,0-MoS; and MoS2/rGO composite 57
3.2.4 Synthesis of Cu20-MoS,/rGO 57
3.3  Characterization 57
3.3.1 Powder X-Ray Diffraction (PXRD) 57
3.3.2 Field-Emission Scanning Electron Microscopy (FESEM) 58
3.3.3 Transmission Electron Microscopy (TEM), 58
High-Resolution TEM (HRTEM)
3.3.4 Photoluminescence (PL) Spectroscopy 58
3.3.5 UV- Visible Spectroscopy 59
3.4  Results and Discussion 59
3.5  Photocorrosion Mechanism in Cu20 66
3.6  Photoelectrochemical (PEC) Studies 67
3.6.1 Linear Sweep Voltammetry (LSV) 67
3.6.2 Transient Photocurrent Response (TPR) 70
3.6.3 Faradaic efficiency (FE) 71
3.6.4 Mott-Schottky Plot (M-S) 72
3.6.3 Electrochemical Impedance Spectroscopy (EIS) 73
3.7  Stability Test 74
3.8 Conclusions 75
3.9  References 76

CHAPTER 4: Synthesis of Photocorrosion Resistant VS4-MoS2-rGO based
Nanocomposite with Efficient Photo Electrochemical Water Splitting Activity

Abstract 81
4.1 Introduction 82
4.2  Experimental 84
4.2.1 Synthesis of VSs 84
4.2.2 Synthesis of rGO 85
4.2.3 Synthesis of MoS; and MoS;-rGO 85

xii



4.2.4 Synthesis of VS4-MoS, composite 85

4.2.5 Synthesis of VS4-Mo0S2-rGO 86
4.3  Characterization 86
4.3.1 Powder X-Ray Diffraction (PXRD) 86
4.3.2 Field-Emission Scanning Electron Microscopy (FESEM) 86
4.3.3 Transmission Electron Microscopy (TEM) and 87
High-Resolution TEM (HRTEM)
4.3.4 Photoluminescence (PL) Spectroscopy 87
4.3.5 UV- Visible Spectroscopy 87
4.4  Results and Discussion 88
4.5  Photoelectrochemical (PEC) Studies 96
4.5.1 Linear Sweep Voltammetry (LSV) 97
4.5.2 Mott-Schottky Plot (M-S) 100
4.5.3 Electrochemical Impedance Spectroscopy (EIS) 102
4.5.4 Transient Photocurrent Response (TPR) 104
4.6  Stability Test 105
4.7  Conclusions 107
4.8 References 107

CHAPTER 5: Enhancing the activity and stability of Cu20 via the formation of core/shell

heterostructure of NaNbO3/SnS: for photoelectrochemical water splitting

Abstract 112
5.1 Introduction 113
5.2  Experimental 115
5.2.1 Synthesis of NaNbOs 115
5.2.2 Synthesis of Cu.O 115
5.2.3 Synthesis of SnS; 115
5.2.4 Synthesis of NaNbOs-SnS; 116
5.2.5 Synthesis of NaNbO3-SnS,-Cu,0 116
5.3  Characterization 117
5.3.1 Powder X-Ray Diffraction (PXRD) 117
5.3.2 Field-Emission Scanning Electron Microscopy (FESEM) 117
5.3.3 Transmission Electron Microscopy (TEM) and 117

Xiii



High-Resolution TEM (HRTEM)

5.3.4 Diffuse Reflectance Spectroscopy (DRS) 118
5.4  Results and Discussion 118
5.5  Photoelectrochemical (PEC) Studies 126
5.5.1 Linear Sweep Voltammetry (LSV) 127
5.5.2 Mott-Schottky Plot (M-S) 129
5.5.3 Electrochemical Impedance Spectroscopy (EIS) 131
5.5.4 Transient Photocurrent Response (TPR) 132
5.6  Conclusions 134
5.7 References 134

CHAPTER 6: Study of photoelectrochemical activity of BaTiO3/CuS heterostructure

towards water splitting application

Abstract 139
6.1 Introduction 140
6.2  Experimental 142
6.2.1 Synthesis of BaTiOs 142
6.2.2 Synthesis of CuS 142
6.2.3 Synthesis of BaTiOs/CuS 143
6.3  Characterization 143
6.3.1 Powder X-Ray Diffraction (PXRD) 143
6.3.2 Field-Emission Scanning Electron Microscopy (FESEM) 143
6.3.3 Transmission Electron Microscopy (TEM) 144
6.3.4 Diffuse Reflectance Spectroscopy (DRS) 144
6.4  Results and Discussion 145
6.5  Photoelectrochemical (PEC) Studies 152
6.5.1 Linear Sweep Voltammetry (LSV) 152
6.5.2 Mott-Schottky Plot (M-S) 154
6.5.3 Electrochemical Impedance Spectroscopy (EIS) 155
6.5.4 Transient Photocurrent Response (TPR) 157
6.6  Conclusions 158
6.7 References 159

Xiv



CHAPTER 7: Conclusions and Future Prospects
7.1  Summary of the Thesis
7.2 Future Aims

7.3  References

List of Publications

Curriculum Vitae

XV

163
165
167

168
170



Figure No.

Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5

Figure 1.6

Figure 1.7

Figure 1.8

Figure 1.9

Figure 1.10

Figure 2.1

LIST OF FIGURES

Figure Caption

Energy consumption projection by fuel type from 1990-2040,
shown in tetra watt-year units

Global energy system transition, 1850 —2150

Utilization of renewable energy through hydrogen storage
pathways

Band edge position representation in metals, semiconductors,
and insulators

Schematic representation of different types of semiconductors
heterojunction

Schematic graphical representation of the photocatalytic

water splitting through semiconductor photocatalyst.

Schematic representation of one-step photocatalytic water
splitting

Schematic diagram of Z-scheme system for water splitting.
Schematic representation of the photoelectrochemical water
splitting on semiconductor photocatalyst

Band edge position and bandgap of the various semiconductor
photocatalyst for PEC water splitting.

Pressure-Temperature phase diagram of water in

Hydrothermal process.

XVi

Page.
No.

13

14

15

19

32



Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10

Figure 2.11

Figure 3.1

Schematic of typical hydrothermal method apparatus.
Graphical representation of the procedure of hydrothermal

synthesis of microparticles.

Various steps from the precursor to aerogel in the sol-gel
synthesis method.

Schematic depiction of the diffraction pattern of a crystal
system.

Principle of Photoluminescence Spectroscopy

Graphic representation of the atomic force microscopy.
Schematic representation of three-electrode configurations in

Teflon cell for PEC measurements.

Graphical representation of (a) potential variation with
respect to time and (b) characteristic linear sweep

voltammogram (LSV) curve respectively.

Pictorial representation of Transient Photocurrent Response
(TPR).

Schematic representation of (a) Randle’s circuit and (b)
Nyquist plot.

Powder x-ray diffraction (PXRD) pattern of bare Cu.O,

MoSz, composite Cu.O-MoS; and rGO-Cu,0O-MoS..

XVii

33

34

35

36

42

43

44

46

47

48

60



Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Scheme 3.1

Figure 3.8

Figure 3.9

Figure 3.10

FESEM images of (a) Cu20 (b) Cu20-MoS: and (c) Cu.O-
MoS2/rGO composite.

SEM images of (a) bare MoS: (b) rGO and (c) MoS2/rGO
composite

Elemental mapping of the Cu20-MoS/rGO ternary
composite.

(@ TEM image and (b) HRTEM image of the Cu,O-
MoS2/rGO composite.

Photoluminescence spectra of Cu20, Cu.0-MoS; and Cu20-
MoS2/rGO composite

(@) UV-Vis. absorption plot and (b) Tauc plot of Cu20, Cu20-

MoS,, and Cu20-MoS;-rGO composite.

Schematic illustration of photogenerated charge carriers (e- &

h*) after solar irradiation on the transfer of Cu20-MoS./rGO.

Photoelectrochemical current density (J-V) graphs of Cu20,
Cu20-MoSz, and Cu20-MoS2/rGO heterostructures in light
(I) and dark (d).

Photoelectrochemical current density (J-V) plot of Cu20,
Cu20-MoS;, and Cu20-MoS,/rGO heterostructure under light
(I) and dark (d) for water oxidation.

Transient photocurrent response measurements of the Cu.0,

MoS,, Cu,0-MoS; and Cu,0-MoS,/rGO.

XViii

61

61

62

63

64

65

67

68

69

71



Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Faradaic efficiency of Cu20, Cu20-MoS: and Cu20-
MoS2/rGO heterostructure respectively.

Mott-Schottky plots of (a) Cu20 (b) MoS: (c) Cu20-MoS>
and (d) Cu2OMoS2/rGO.

Electrochemical Impedance Spectroscopy (Nyquist plot) for
the Cu20MoS; and Cu20-MoS,/rGO heterostructures.
Powder XRD pattern of Cu20-MoS2/rGO before and after

photoelectrochemical activity

FESEM images of Cu.O-MoS,/rGO before and after
photoelectrochemical activity.

(@) Powder X-ray diffraction patterns of VSs, MoS2, VSs-
MoS> and VSs-MoS,- rGO composite, and (b) represent the
magnified X-ray pattern of VS4-MoS,-rGO from 24 to 30

degrees.

Field Emission Scanning Electron Microscopic (FESEM)
images of (a) VS4 (b) MoS: (c) VS4-MoS: and (d) VSs-MoS,-
rGO.

Energy Dispersive X-ray Spectroscopy (EDX) mapping
images of the ternary composite VS4-MoS,-rGO

(@) TEM (b) HRTEM images of composite and its shows the
fringes of VS4- M0S»-rGO in ternary composition.

Tauc plot of VS4, Mo0S2, VSs-MoS; and VSs-MoSz-rGO

composite heterostructure.

XiX

72

73

74

75

75

88

89

90

91

92



Figure 4.6

Scheme 4.1

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 5.1

Figure 5.2

Photoluminescence (PL) spectra of the photocatalyst VSa,
VS4-MoS; and VSs- MoS,-rGO composite.

Schematic design of photo generated charge carriers (" & h*)
route after solar irradiation on as synthesized heterostructure.
(@) represent the I-V curves of the bare materials and the
composite heterostructure under dark and light irradiations
and (b) represent the magnified data of the 1-V curve.

(@) AFM topography image of VS4-MoS2-rGO photocatalyst
electrode (b) represents the depth profile.

Mott-Schottky plots of (a) VS4 (b) MoS: (c) VS4-MoS; and

(d) VS4-M0S2-1GO.

Electrochemical Impedance Spectroscopy (EIS) plots of VSs,
VS4-MoS;, and VS4-MoS,-rGO.

Transient photocurrent response of the VS4, VSs-MoS;, and
VS4-MoS;-rGO.

Linear Sweep Voltammetry curves up to 10th cycles

Powder XRD pattern of VS4-MoS-rGO before and after PEC
activity.

Powder X-ray diffraction patterns of NaNbO3, Cu20, SnSy,

NaNbO3-SnS,, NaNbO3-SnS,-Cu20 heterostructure.

(a-e) represents the FESEM images and (f-j) represents the
TEM images of NaNbOs, Cu20, SnSz, NaNbOs-SnS;, and

NaNbO3z/SnS,/Cu20 respectively.

XX

93

95

97

99

100

102

103

104

105

119

120



Figure 5.3

Figure 5.4

Figure 5.5

Scheme 5.1

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 6.1

(@ TEM image and (b) HRTEM image of the
NaNbOs/SnS2/Cu20 heterostructure.

Elemental mapping of the  NaNbO3/SnS,/Cu.0O
heterostructure.

(a) Diffuse reflectance spectra (and inset image of the
synthesized materials) (b) Tauc plot of NaNbOs, SnS,, Cu.0,
NaNbO3-SnS; and NaNbO3/SnS,/Cu20 heterostructure (Inset
magnified the Tauc plot of Cu20 and NaNbOs).

Schematic illustration of photogenerated charge carriers (e” &

h*) after solar irradiation on the heterostructure
NaNbO3/SnS,/Cu20.

Photoelectrochemical current density (J-V) graphs of
NaNbOs, SnS;, Cu20, NaNbOz-SnSz, and NaNbOs-
SnS2/Cu20 heterostructures under light (I) and dark (d)
conditions.

Mott-Schottky plots of NaNbOs, Cu20, NaNbOs-SnS,, and
NaNbO3/SnS,/Cu.0 heterostructures respectively.
Electrochemical Impedance Spectroscopy (Nyquist plot) for
the NaNbOs, Cu20, NaNbO3-SnSz, and NaNbO3/SnS,/Cu,0
heterostructures respectively.

Transient photocurrent response measurements of the

NaNbOs, Cu20, NaNbO3z-SnSz, and NaNbOs/SnS2/Cu.0O
heterostructures.

Powder X-ray diffraction patterns of BaTiOs, CuS, and

BaTiO3-CusS heterostructure.

XXi

121

121

123

125

128

130

131

132

145



Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Scheme 6.1

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

(a-c) represents the FESEM images and (d-f) represents the
TEM images of BaTiOs, CuS, and BaTiO3/CuS
heterostructure.

(@ TEM (b) HRTEM images of the BaTiOs/CuS
heterostructure.

Elemental mapping of the BaTiO3z/CusS heterostructure.

(@) Diffuse reflectance spectra DRS (inset: magnified the
CuS, DRS data) and (b) Tauc plot of BaTiOs, CuS, and
BaTiOs/CusS heterostructure (inset: magnified the CuS, Tauc
plot).

Schematic illustration of photogenerated charge carriers (e” &
h*) after solar irradiation on the BaTiO3-CusS heterostructure.
represents the 1-V curves of the bare photocatalysts BaTiO3,
CuS and BaTiOs/CusS heterostructure under dark (d) and light
(I) conditions.

Mott-Schottky plots (a) BaTiOs, (b) CusS, and (c) BaTiO3/CuS
heterostructure respectively.

Electrochemical Impedance Spectroscopy (Nyquist plot) for
BaTiOs, CuS, and BaTiOs/CusS heterostructure respectively.
Transient photocurrent response measurements of the

BaTiOs, CuS, and BaTiOs/CusS heterostructure.
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Abbreviations and Symbols
Angstroms
Centigrade
Micrometer
Nanometer
Second
Minutes
Hours
milliliter
molar
X-ray Diffraction
Powder X-Ray Diffraction

Transmission Electron Microscopy

HRTEM High-Resolution Transmission Electron Microscopy

FESEM Field Emission Scanning Electron Microscopy

EDX

AFM

PL

VB

CB

NHE

RHE

eV

Energy Dispersive X-Ray Spectroscopy
Atomic Force Microscopy
Photoluminescence

Valence band

Conduction band

Normal Hydrogen Electrode

Reversible Hydrogen Electrode

Electron — Volt

Kelvin

XXV



Eg

CB
VB
uv
PEC
HER
OER
STH

LSV

EIS

TPR

Degree (angle)
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