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Abstract

The worldwide supply of energy is one of the most significant challenges that scientists
and technologists have faced in the twenty-first century. The energy consumption rate in
2008 reached 15 TW, and due to the expanding world population and production, it has
been estimated that this rate will nearly double by 2050. The need for sustainable energy
is becoming more critical as environmental degradation and energy demand rise. The
total energy resources available worldwide are generally classified into nuclear, fossil, and
renewable ones. Fossil fuels are one of the primary causes of greenhouse gas emissions,
but over time, the gap between supply and demand has grown. The generation of
renewable and sustainable energy sources is one of the major challenges in today’s world
and to meet the global energy requirements, there has been a huge surge towards
developing clean energy sources. In this scenario, solar energy usage remains the most
viable way to give a sustainable solution to the energy issue. The solar energy provided to
the earth (173000 TW) is approximately 9600 times larger than the daily global energy
consumption (17.91 TW in 2017). Converting solar energy into hydrogen appears to be an
excellent solution because hydrogen combustion emits no greenhouse gases. Nowadays,
the production of hydrogen is attributed to fossil fuels as a feedstock in 96% of cases, with
direct water electrolysis accounting for 4% of hydrogen production. Therefore, to reduce
dependence on fossil fuels, current efforts are focused on improving hydrogen production
from water. Among numerous strategies, Photoelectrochemical (PEC) water-splitting is
an edge-cutting technology for solar hydrogen production to build a sustainable,
renewable, and clean energy economy. The principle behind PEC water splitting is the
conversion of photons incident on the surface of the semiconductor, with energy higher
than the bandgap of the semiconductor into electrochemical energy that can split water
directly into molecules of H2 and O.. To split water into its components the reaction must
carry with a large Gibbs free energy change of AG° = +237 kJ/mol and 1.23V is the
thermodynamic voltage for overall water splitting. The PEC cell efficiency is mainly
affected by the performance of semiconducting electrodes which includes absorption of
light, charge separation, and charge transfer at the interface. The conduction

band and valence band edges of the semiconducting material should be placed at a



position more negative than the reduction potential of H-O (0 V vs SHE) and more
positive than the oxidation potential of H-O (1.23 V vs SHE). To get the profitable PEC
splitting response, the semiconducting electrode must have a tuned bandgap for good
visible light absorption, favorable band edge alignment with water redox potential, and
photo-stability against photo corrosion. Achieving all the aforementioned requirements
in a single photoelectrode is still one of the major challenges for the fabrication of PEC
electrodes. The above background forms the basis of the objective of the present work.
The central objective of the thesis is to explore the metal oxide and chalcogenides-based
materials for enhanced PEC water splitting response. In this regard, various
methodologies have been adopted for improving PEC performance such as geometry
modification, heterojunction, doping, plasmonic effect, and effect of magnetic field. To
serve that purpose Ag.S, MoS., W03, and CO30,4 nanostructures were fabricated by
glancing angle deposition (GLAD), electron-beam evaporation, chemical vapor
deposition, and solution method. In the present research work, the GLAD technique was
used for the fabrication of Ag.S nanorods because it provides different columnar films
with controlled porosity due to geometric shadowing effects. The geometry and length of
the nanorods as well as the inter-nanorods separation can be adjusted by varying

the deposition conditions.

In the initial section of the work, we fabricated the zig-zag nanorods of Ag.S utilizing the
GLAD technique followed by sulfurization. The PEC performance was studied by varying
the number of zig-zag arms of Ag-S. The zig-zag nanorods of Ag-S offer better optical
absorption than perpendicular nanorod arrays. This might be attributed to the significant
photon loss by reflection from the substrate in perpendicular nanorods. However, the
wavy nature of zig-zag nanostructures provides enhanced scattering and increased rod-
to-rod plasmonic coupling due to a fixed gap between nanorods, leading to superior light
absorption. The optical absorption was also theoretically investigated using rigorous
coupled wave analysis (RCWA) simulations. The as-prepared four-arm Ag.S zig-zag
electrodes exhibited the highest photocurrent density of 3.04 mA/cm?2 (at 1 Vvs Ag/AgCl),
compared to one-arm Ag.S nanorods with minimum charge transfer resistance at the
semiconducting electrode/electrolyte interface. The improved photocurrent density of

the four-arm Ag.S zig-zag nanorods electrode was attributed to increased optical trapping
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and hence, effective absorption of light due to its wavy structure. Thus, this work provides
a simple and effective approach to the development of an efficient PEC electrode by tuning

the morphology of nanostructured materials.

Another approach is the fabrication of a heterojunction-based system. This is one of the
most viable ways as it prolongs the light absorption by tuning the band gap of base
material with effective separation of charge carriers at the semiconductor interface.
Among all semiconducting materials, WO3 has gained enormous attention, as it shows
excellent electron-transport properties, good visible light absorption, and longer hole
diffusion length. To prepare the working electrodes of WO3 /Ag-S-based heterojunction,
a two-step method was adopted which includes, a thin film of WO3 deposited using DC
sputtering and well-separated Ag.S nanorods fabricated by glancing angle
deposition. The PEC response was studied for bare WO3;, Ag-S, and WO3/Ag-S
heterojunction. The as-prepared WO3/Ag>S heterojunction samples revealed higher
absorption as well as a higher photocurrent density of 2.40 mA/cm2 (at 1 V Ag/AgCl) as
compared to bare WOj5 thin film (0.34 mA/cm?). The enhancement in the photocurrent
density of WO3/Ag-S electrodes could be ascribed to the formation of the type-II
heterojunction between WO3; and Ag.S which effectively separates and transfers the
charge carriers at the interface. In addition, increased trapping of light due to vertically
tilted Ag.S nanorod structures results in effective absorption of light. Furthermore,
electrochemical impedance spectra measurements showed that WO3/Ag-S samples have
lower charge transfer resistance at the semiconductor electrolyte interface with high flat
band potential. This work offers not only an effective way to tune the PEC electrode's
performance but also provides a deeper insight into the mechanism behind
nanostructured WO3;/Ag-S heterojunction. Furthermore, the functionalization of
semiconducting materials with plasmonic nanoparticles (NPs) has been widely used in
PEC water splitting due to their enormous light-confining capability in the vicinity of the
semiconducting material’s surface. The localized surface plasmonic resonance of the
noble metal nanoparticle is sensitive to incident light which enhances the local
electromagnetic field, expands the solar light absorption range, and internally excites the
electron-hole pairs. Therefore, to study the role of plasmonics in PEC, we have fabricated

the Ag.S/Au/Al-O3 photoelectrode using the GLAD method followed by RF sputtering
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and atomic layer deposition. However, to improve the photostability and reduce the
surface charge recombination, a passivating layer of Al-O; was deposited. The as-
prepared Ag-S/Au/Al.O5 samples revealed a higher photocurrent density of 2.50 mA/cm?2
(at 0.95 V Ag/AgCl) as compared to bare Ag-S (1.70 mA/cm?) with a corresponding less
charge transfer resistance at the semiconducting interface. The superior PEC response
may be ascribed to the synergic effect of plasmonic Au NPs and the tilted Ag-S nanorods.
The plasmonic effect of Au NPs increases the visible-light response of Ag.S as well as
provides the hot electrons to enhance the photocurrent density. In addition, the increased
trapping of light due to the tilted architecture of Ag-S nanorods resulted in an effective
absorption of light. The theoretical simulations based on finite difference time domain
were also performed to explore the distribution of the electric-field intensity and optical
trapping of light between the nanorods of Ag-S and Ag-S/Au. The experimental and
theoretical results not only show a deeper insight into the role of plasmonic
nanostructures decorated Ag»S nanorods but also shed light on designing semiconductor

nanostructures for the next generation photoelectrodes.

In addition to harnessing the visible light, it is crucial to alter the electronic band structure
of the solids. Doping could be a way to tune the position of energy levels and electronic
band structure for better PEC response. Here, the influence of Ti and Co-doping on the
PEC response of WO3 nanocomposite with MoS: photoanode is being investigated using
experimental and theoretical studies. A simple hydrothermal and sol-gel method was
adopted for the growth of working electrodes. Among all samples, the Ti-doped WO3-
MoS. sample showed the maximum optical absorption with a photocurrent density of 1.15
mA/cm?2 at 1.6 V vs Ag/AgCl. The improvement in photocurrent density may be due to the
presence of a large number of active sites in MoS- as well as the upward shifting of the
conduction band edge towards the H+/H- redox potential which results in better transfer
and separation of charge carriers. Mott-Schottky results also confirmed the highest values
of flat band potential in Ti-doped WO3-MoS- with the lowest charge transfer resistance at
the semiconducting electrode/electrolyte interface. Furthermore, density functional
theory calculations indicate that on doping WO; with Ti and Co, there is a
slight upward shift in the conduction band minimum, without any significant change in

the valance band maximum, with respect to the Fermi level. As a result, the conduction
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band minimum of WOj shifts upward closer to H*/H- redox potential. Therefore, by
modifying the morphology as well as doping of the nanostructured materials, this study
represents a straightforward and practical technique for developing an efficient PEC

electrode.

In recent years, external field-supported techniques have emerged as an effective strategy
for improving photoelectrochemical performance. The key stage in the external field-
assisted PEC water-splitting process is the recombination of manipulated carriers, which
has been a hot issue. The fundamental cause is that the external field supplies more
energy to the electrode system and promotes greater electron-hole pair separation,
thereby improving PEC water-splitting efficiency. In the present study, we have fabricated
the Co304 nanorods (NRs) and thin film (TF) to achieve enhanced PEC water-splitting
performance in the presence of a magnetic field. The working electrodes of Co304 NRs
and TF were deposited using a two-step procedure. The synthesis was carried out using
the glancing angle electron beam evaporation method followed by chemical vapor
deposition. The PEC performance was studied for Co304 NRs and TF in a magnetic field.
The Co304 NRs samples exhibit better optical absorption compared to the TF of Co30,.
Among all the samples, Co3O04 NRs showed the highest photocurrent density of 0.12
mA/cm2 in the presence of a magnetic field. The enhancement in photocurrent density of
Co304 NRs in the presence of a magnetic field may be due to the limitation of non-
radiative recombination of carriers manipulated by Lorentz force and due to shape
anisotropy. Electrochemical impedance spectra of Co304 NRs in the presence of a
magnetic field show the least charge transfer resistance at the semiconductor electrolyte
interface. This work offers a straightforward and practical method for modifying the
morphology of nanostructured materials using an external magnetic field to create an

efficient PEC electrode.
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