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Abstract

Understanding the global energy landscape, which emphasizes on the need of transition to
sustainable alternatives, as fossil fuels, which currently supply major part of global energy,
decline. Solar energy, despite its intermittency, displays some potential. Photoelectrochemical
(PEC) and photocatalytic (PC) water splitting are promising methods for converting solar
energy into hydrogen. The heart of these processes is the photocatalyst, which should possess
suitable band gaps, high absorption, effective charge separation, chemical stability and cost
effective. In this connection, metal oxides and sulfides are promising due to their affordability
and suitability. However, their activity remains low due to challenges like high electron-hole
recombination and slow kinetics. This thesis is devoted towards the engineering of metal oxide

and metal sulfide photocatalysts for enhanced PEC and PC activity.

Chapter 1, begins with discussion of the current energy landscape, stressing the need for
renewable energy alternatives to fossil fuels. It underscores the significance of hydrogen as a
clean energy source and explores various methods of hydrogen production. The chapter places
particular emphasis on solar energy, highlighting its potential for generating hydrogen fuel
through photoelectrochemical (PEC) and photocatalytic (PC) water splitting. Additionally, it
delves into the mechanisms underlying this water splitting processes, providing a
comprehensive discussion on the selection and properties of materials crucial for efficient PEC

and PC water splitting.

In Chapter 2, we present the synthesis methods employed in the thesis, the preparation of
electrodes and cell setups, and the various characterization techniques used to investigate the
properties of semiconductor photocatalyst materials, whether in the form of powder or

electrode. It also describes the various characterization techniques utilized throughout the
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thesis. Additionally, we outline the methodology for conducting PEC and PC water splitting

experiments.

In Chapter 3, we investigated the modulation of the bulk properties of g-C3N4 through the
formation of Ni/NiO/g-C3N4 nanocomposites for photoelectrochemical (PEC) water splitting.
We elucidated the critical role of active sites in enhancing PEC activity within these
nanocomposites. Specifically, NiO facilitates the separation of photogenerated charge carriers
by establishing a type-II heterojunction, while metallic Ni promotes the exfoliation of bulk g-
C3Nj4 sheets into thinner layers. This exfoliation process reduces charge transfer resistance at
the interface, thereby improving PEC activity. These findings highlight the significant

contributions of Ni and NiO to the enhancement of the PEC properties of g-C3Na.

In Chapter 4, we focus on enhancing the surface properties of Hematite (Fe2O3) for
photoelectrochemical (PEC) water splitting applications. Hematite is hampered by poor charge
transfer dynamics and sluggish surface reaction kinetics, which limit its efficiency. To address
this, we decorated the surface of FeoO3 with a MnOx co-catalyst. Optimal deposition of the co-
catalyst, achieved with a deposition time of 100 seconds, significantly improves the
electrochemically active sites and charge carrier density, thereby enhancing PEC activity.
However, excessive deposition of the co-catalyst leads to increased back recombination, known
as shunting, which diminishes PEC performance. This study provides a mechanistic
understanding of the role of MnOx as a co-catalyst in improving the PEC performance of

semiconductor photoanodes.

In Chapter 5, we investigate ternary metal sulfide Au@Ag/AgCuS yolk@shell nanostructures
for photocatalytic (PC) hydrogen generation, employing a successive ion exchange method for

synthesis. The primary focus of this study is to examine the effect of void space on the PC
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hydrogen generation rate. Precise adjustment of the void space allowed us to evaluate its impact
on hydrogen production, revealing that larger void spaces exhibit superior photocatalytic
performance, achieving a hydrogen generation rate of 1.65 umol h™! and an apparent quantum
yield of 5.43% at 840 nm. Additionally, we underscore the importance of the yolk@shell
nanostructure compared with hollow structures, finding shows that yolk@shell nanostructures
show quite high hydrogen generation rate compared to hollow one, because in yolk@shell
configuration enhances electron transfer between the Au core and the Ag/AgCuS shell,
facilitated by upward band bending at the interface, as confirmed by ultraviolet photoelectron
spectroscopy (UPS). This study underscores the significance of yolk@shell nanostructures and

the influence of void space on PC hydrogen generation.

In Chapter 6, by tuning the Cu/In ratio, we elucidate the role of cation ratio in determining the
PC hydrogen generation rate in Au-CulnS; (Au-CIS) yolk@shell nanostructures. An increased
indium content relative to copper within the matrix elevates the work function, thereby
enhancing hydrogen production rates. This improvement is attributed to efficient charge
transfer between the Au core and the CulnS; yolk, facilitated by upward band bending at the
interface. This study highlights the significant impact of cation ratio on PC hydrogen

generation.

Overall, this thesis is devoted to tune the metal-oxide and metal sulfide semiconductors'
properties using various strategies to boost their Photoelectrochemical (PEC) and

photocatalytic (PC) hydrogen efficiency.
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measurements.

Solid state PL spectra of pristine g-CsNa, pristine NiO and their
nanocomposites.

(&) Time resolved PL of pristine g-CsN4, pristine NiO and their
nanocomposites, (b) Schematic for band structure.

SEM images of (a) bare Fe2Oz and (b) Fe2O3/MnOx 100 s. (c) and (d)
showed the corresponding XRD patterns and Raman spectra.

(a) XRD patterns of prisitne FTO and bare MnOx. (b) Raman spectrum
of bare MnOy.

(a) XPS survey spectra for bare Fe>Os and Fe,O3/MnOx 100 s. XPS
spectra of (b) O 1s, (c) Fe 2p, and (d) Mn 2p core levels for
Fe203/MnOy 100 s.

(a) J-V curves recorded on bare Fe>Os3 and various Fe2O3/MnOx
under dark and light illumination. (b) Corresponding I-t curves
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4.5

4.6

4.7

4.8

4.9

4.10

411

412

5.1

recorded under chopped light illumination. (c) Comparative I-t curves
for bare Fe2Os, bare MnOx and Fe203/MnOx 100 s. (d) Nyquist plots
recorded on bare Fe.Oz and various Fe;Os/MnOx. (e) and (f) showed
the equivalent circuits used for data fitting for bare Fe,Oz and various
Fe203/MnOy, respectively

SEM images of (a) bare Fe:0s, (b) Fe20s/MnOx 100 s, and (c)
Fe203/MnOx 150 s. In (a), the surface cracks were highlighted with
square marks, (d) CV curves of pristine FTO and bare Fe,O3 recorded
in 0.1 M KCI and 10 mM Ks[Fe(CN)e] solution at 10 mV/s scan rate.

(a) XPS spectra of Mn 2p for bare MnOyx and Fe2O3/MnOy 150 s. (b)
J-V curves recorded on bare MnOy and Fe2O3s/ MnOy 150 s under
darkness.

(a) CV curves recorded on (a) bare Fe>O3 and (b) Fe2O3/MnOy 100 s
with a varying scan rate from 10 to 100 mV/s. (c) Corresponding
capacitive current density (AJ) for bare Fe>Osand Fe.Oz/ MnOx 100
s as a function of scan rate. (d) Mott-Schottky plots for bare Fe>O3 and
Fe203/MnOx 100 s.

J-V curves recorded on (a) bare Fe>O3 and (b) Fe203/MnOx 100 s in
KOH electrolyte containing Na:SOs under light illumination. (c)
Comparison of hole injection efficiency for bare FexOs
andFe>03/MnOx 100 s.

(a) UV-visible diffuse reflectance spectra and (b) calculated band gap
from Tauc plots for bare Fe203 and Fe203/Mn0Ox 100 s.

(a) J-V curves and (b) the corresponding I-t curves recorded on
Fe203/MnOy 100 s under chopped light illumination after it was
annealed at 350 °C and 550 °C.

I-t curves recorded on Fe>O3/MnOy 100 s under chopped light
illumination.

Mechanistic illustration of the function of the deposited MnOy for the
improved PEC performance of Fe>Os.

Schematic illustration of synthetic procedures for Au@AgCuS
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6.1

6.2

6.3

() TEM images of (a) Au@Ag/AgCusS-2, (b) Au@Ag/AgCus-3, (c)
pure Ag/AgCus. (d) XRD patterns of Au@Cu+Ss and Au@Ag/AgCus-
3.

(a) TEM image, (b) low-magnitude TEM image and the corresponding
TEM-EDS mapping profile for Au@Ag/AgCus-3.

Absorption spectra for (a) Au@Ag/AgCuS-2, Au@Ag/AgCus-3, and
pure Ag/AgCusS nanostructure, and (b) pure Au NP colloidal.

TA spectra and Kkinetics traces of (a, d) Ag/AgCus, (b, e)
Au@Ag/AgCus-2, (c, f) Au@Ag/AgCusS-3.

UPS spectra for (a), (b) pure Ag/AgCusS and pure Au.

XPS spectra of (a) Cu 2p, and (b) for S 2p for Au@Ag/AgCusS-3, and
Au@CurSa.

() Constructed band structure and (b) band alignment for
Au@Ag/AgCus.

(a) Hydrogen production results for relevant samples under visible
light irradiation. (b) Wavelength-dependent AQY spectra for
Au@Ag/AgCusS-3 and pure Ag/AgCus.

(a) Stability cycles for hydrogen generation for Au@Ag/AgCus, (b-c)
FE-SEM images for fresh and used Au@Ag/AgCuS-3 nanostructure,
(d) Cu 2p core level XPS spectra, (d) Ag 3d core level XPS spectra,
and (f) S 2p core level XPS spectra of Au@Ag/AgCusS. photocatalyst
before and after hydrogen generation.

Schematic illustration of synthetic procedures for Au@CulnS;

(a) TEM images of (a) Au@CIS-1, (b) Au@CIS-2, (c) Au@ClIS-3, and
(d) XRD patterns of all Au@CIS.

(a) Absorption spectra for (a) Au@CIS-1, Au@ClIS-2, Au@CIS-3, and
pure CIS yolk@shell nanostructure, (b) absorption spectra for pure
Au NP colloidal, and (c, d, €) corresponding Taue plot for Au@CIS-
1, Au@ClIS-2, Au@CIS-3 respectively.
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6.4

6.5

6.6

6.7

6.8

6.9

UPS spectra for (a, b) CIS-1, (c, d) CIS-2, (e, f) CIS-3, and (g) Pure
Au Np respectively.

Band structure illustration based on UPS data for CIS-1, CIS-2, and
CIS-3, respectively.

(@) Cu 2p, and (b) In 3d xps spectra for Au@Cu+Ss and all Au@CIS
samples.

Band alignment for Au@CIS-2, Au@CIS-3 and (c) hydrogen
generation rate for Au@Cis-2, and Au@CIS-3 respectively.

Hydrogen production results for relevant samples under visible light
irradiation. (b) Wavelength-dependent AQY spectra for Au@CIS-3
and pure CIS from 300-800 nm.

(a) stability cycles for hydrogen generation for Au@CIS-3, (b) XRD
pattern for fresh and used sample Au@CIS-3(c, d) Cu 2p and In 3d
core level XPS spectra for fresh and used sample Au@CIS-3, (e, f)
FE-SEM images for fresh and used Au@Au@CIS-3.
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