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Figure 3.28. Electrostatic potentials (planar along the C-axis (black) and it’s average
(red)) along the interfacial axis of the NiV20e/BiVOs heterostructure.
Lower panel molecular models of the heterostructures along (001), and
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Figure 3.29. Top view FE-SEM images of (a) Co(OH)., (b) pristine BiVOas, (c)
CoV206/BiVOs heterostructure, and (d) Co-Pi/CoV206/BiVOs
photoanodes, respectively; (g and h) show the low and high-resolution

TEM images of COV206/BiVOa. ......cccuuuiieriiiiiiiie s

Figure 3.30. (a & b) XRD patterns and Raman spectra of pristine BiVOs, CoV20s,
and CoV206/BiVOs4 photoanodes, respectively; and (¢ & d) DRS spectra
and Tauc’s plot of BiVOs CoV20s CoV20¢/BiVOs and Co-

Pi/CoV206/BiVO4 photoanodes, respectively. ...,

Figure 3.31. XPS spectra of (a) Bi 4f, (b) Co 2p, (c) V 2p, and (d) O 1s of the pristine

BiVO4 and CoV20e/BiVO4 photoanodes...........covvvieiieinienienieiesieseeiens

Figure 3.32. LSVs of (a) CoV20e/BiVO4 and Co-Pi/CoV206/BiVO4 photoanodes in
different pH borate buffers, (b) CoV20e/BiVO, photoanode in borate
buffer with and without Na,SOs at different deposition times of Co(OH):
on FTO substrate, (c) Photocurrent densities of CoV20s/BiVO4
photoanodes at 1.23 Vrue With different atomic ratio Bi* ion solution
on Co(OH)2 layer in borate buffer with and without hole scavenger
Na>S0s; (d) LSVs of pristine BiVO4 and optimized CoV20e/BiVO4
photoanodes with and without Na>SOs. (e) LSVs for pristine BiVOg,
CoV206, CoV206/BiVOs, and Co-Pi/CoV206/BiVO4 photoanodes. (f)
LSVs of photoanodes in dark, (g) LSVs for optimization of Co-Pi
deposition time, (h) IPCE % of pristine BiVO4, CoV206/BiVO4, and Co-
Pi/CoV206/BiVO4 photoanodes, and (i) The ABPE of pristine BiVOa,
CoV206/BiVOs, and Co-Pi/CoV206/BiVO4 photoanodes for PEC water
splitting. Conditions: 100 mW cm2 with AM 1.5 G filter (a-e, g, and
i) and monochromatic light (h); electrolyte: 1.0 M borate buffer solution
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Figure 3.33. (a) The Chronoamperometrically stability test of Co-Pi/CoV20e/BiVO4
photoanode at 0.6 Vrre (b) Rate of H2 and Oz produced from the amount
of photocurrent produced and from GC at 1.23 Vwrue for Co-
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Pi/CoV20e/BiVO4 photoanode in 1.0 M borate buffer having pH=9.0
and (c) shows the respective Faradaic efficiencies. ..........cccccevvvvveviverecnnnn, 99

Figure 3.34. (a) Transient photocurrent (TPC), (b) Transient decay times, and (c)
OCP curves of BiVOs4, Co-Pi/BiVOs, CoV206/BiVOs, and Co-
Pi/CoV206/BiVO4 photoanodes. Parts (a) and (b) were measured at 1.23
V=TT 100

Figure 3.35. IMPS responses of (a) pristine BiVOs, (b) CoV20e/BiVOs, (c) Co-
Pi/CoV20e/BiVO4 photoanodes recorded in the potential window from
0.40 to 0.65 Vrue and the corresponding rate constant of (d) charge
recombination (krec), (€) charge transfer (ktr), and (f) charge transfer
BFFICIENCY . .t 101

Figure 3.36. (a) Mott-Schottky plots of pristine BiVOs, CoV206/BiVO4, and Co-
Pi/CoV206/BiVOs photoanodes, (b) band structure of BiVOs and
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Thesis Title . [Kinetics and Mechanistic Studies of Photo-induced Processes in
Vanadate-Based Binary Metal Oxide Electrodes]
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The utilization of solar hydrogen as a carbon-free chemical fuel has the potential to mitigate
carbon footprints. It can be produced by photoelectrochemical (PEC) water splitting that
consists of semiconductor photoelectrodes. It is known that the water oxidation half-
reaction (WOR) is recognized as the rate-limiting step for hydrogen generation in the PEC
cells. The pursuit of a photoactive photoanode is therefore a significant matter. Bismuth
vanadate (BiVOs) is a promising photoanode for PEC water splitting owing to its cost
competitiveness, visible light reactivity, and remarkable stability in neutral and alkaline
solutions. Nevertheless, the sluggish water oxidation on its surface causes severe charge
carrier recombination and thus reduces the overall efficiency. Also, the reported synthetic
routes for BiVO4 photoanodes either are sophisticated or exhibit low activity. To overcome
these imperfections, in this thesis, we focused on the development of a facile method for
the fabrication of BiVO4 photoanodes with improved PEC activity.
First, we prepared BiVO4 by chemical bath deposition method and modified it with
transition metal-based oxygen evolution electrocatalysts, namely, NiFe, CoNi, and CoFe—
layered double hydroxides (LDHs) oxygen evolution catalysts (OECs). The kinetics of
charge transfer and recombination in the prepared photoanodes were studied by transient
photocurrent and intensity-modulated photocurrent spectroscopy (IMPS). The rate

constants of charge transfer and recombination were determined and correlated with the

generated photocurrent to disclose the function of each electrocatalyst. It was concluded
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that the three investigated LDHSs exhibit a comparable electrocatalytic activity, but CoNi—
LDH has a superior passivation effect. Contrary to CoFe and NiFe-LDHs, CoNi —LDH
passivates the surface states and unpins the Fermi level as proved by IMPS and
photovoltage measurements. This study provides a systematic pathway to disclose the role
of LDH OECs on BiVOs4 which is an essential step for rational designing efficient
photoanodes.

Second, we developed a novel and facile solution processing method to fabricate BiVO4
and TisC2Tx-modified BiVOs (TizC2Tx/BiVOs) photoanodes. The charge transfer kinetics
of the photoinduced processes within the fabricated electrodes were studied by transient
open circuit potential (OCP), transient photocurrent (TPC), photoelectrochemical
impedance spectroscopy (PEIS), and intensity-modulated photocurrent spectroscopy
(IMPS). It was demonstrated that TisC.Tx forms a Schottky-like junction at the
BiVO4/TizC.Tx interface and acts as a hole transport/storage layer. This creates a built-in
electric field that increases the band bending and space charge layer width, eventually
enhancing the charge separation efficiency. Modification of TisC,Tx/BiVOs with a water
oxidation catalyst such as cobalt phosphate (Co-Pi) was essential to deliver the maximum
photocurrent. For instance, Co-Pi/TisC.Tx/BiVO4 photoanode delivered 4.72 mA cm™ at
1.23 Vrug, Which is 2 and 11-fold higher than those of TizC2Tx/BiVOa and pristine BiVO4
photoanodes, respectively. This study provides a practical protocol for fabricating

Ti3CoTx/BiVO4 and reveals the role of MXene in photoelectrochemical water splitting.

The short hole diffusion length (HDL) in semiconductor photoanodes is one of the main
drawbacks of BiVO4 photoanodes, thus in the third part, we introduced a facile recipe to

design a pinholes-free BiVO4 photoanode with a NiV20e back contact interfacial (BCI)
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layer, marking a significant advancement in hole-diffusion length and
photoelectrochemical activity. The fabricated BiVO4 photoanode with NiV2Os BCI layer
exhibits a twofold increase in the HDL compared to pristine BiVOa. Despite this
improvement, we found that the front surface recombination still hinders the water
oxidation process, as revealed by photoelectrochemical (PEC) studies employing Na>SO3
electron donors and by intensity-modulated photocurrent spectroscopy measurements. To
address this limitation, the surface of the NiV20e/BiVO4 photoanode was passivated with
a cobalt phosphate electrocatalyst, resulting in a dramatic enhancement in the PEC
performance. The optimized photoanode achieved a stable photocurrent density of 4.8 mA
cm at 1.23 Vrue Which is 12-fold higher than that of pristine BiVO4 photoanode. Density
Functional Theory (DFT) simulations revealed an abrupt electrostatic potential transition
at the NiV20¢/BiVO; interface with BiVO4 being more negative than NiV20s. A strong
built-in electric field is thus generated at the interface and drifts photogenerated electrons
toward the NiV20¢ BCI layer and photogenerated holes toward the BiVOastop layer. As a
result, the back-surface recombination is minimized and ultimately the HDL is extended in

agreement with the experimental findings.

Despite major developments, the PEC performance of BiVO4 based-photoanode is still less
than the theoretical value and its stability needs improvement. Generally, the quality of the
developed BiVOs film (i.e. pinhole-free) and the electronic band structure of the created
heterostructure are crucial factors. The formation of discontinuous BiVOas opens the
pathway for the undesired back reaction at the FTO substrates (i.e. the back reduction of
the photooxidized products). The focus of the fourth part is to address this challenge, we

developed a facile method to create a CoV20e/BiVO4 heterostructure using a novel hybrid
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chemical bath deposition and drop casting strategy. In our approach, a compact layer from
Co(OH). has been initially deposited on the conductive glass substrate followed by drop
casting the BiVOs precursor. The existence of Co(OH). induced the continuous
construction of CoV20e/BiVO4a film without pinholes and cracks. As a result, the pristine
CoV206/BiVOs heterostructure displayed a remarkable photocurrent density of 2.35
mA/cm? at 1.23 Vree Which is 5-fold higher than the pristine BiVO4 photoanode. Upon
modification with cobalt phosphate ions (Co-Pi) water oxidation catalysts, a stable
photocurrent density of 4.22 mA/cm? at 1.23 Vgree and 95% Faradaic efficiency were

achieved.
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1 CHAPTER ONE

INTRODUCTION

According to the latest assessment released by the Intergovernmental Panel on Climate
Change (IPCC), it has been observed that global annual anthropogenic greenhouse gas
emissions have experienced a 70% rise between 1970 and 2004 when considering their
100-year global warming potentials. Moreover, indisputable evidence demonstrates an
escalation in worldwide mean air and ocean temperatures, the thawing of snow and ice,
and a surge in global mean sea levels. The detected alterations present notable risks to our
prospective sustainable development unless considerable remedies are enacted.[1]

However, there are various viewpoints asserting that the peak of oil production has either
already been reached or will be reached soon.[2, 3] While there are differing forecast
scenarios and expectations of a shift towards coal or natural gas as fossil fuel sources, there
is a clear indication of global concern regarding energy security. This concern is primarily
driven by the high concentration of these energy supplies in geographically limited areas
and the growing importance of political and economic stability.[4] Furthermore, it is worth
noting that the global demand for energy continues to exhibit a steady upward trend on an
annual basis. This assertion is supported by the findings presented in the report published
by the International Energy Agency 2011. The report, which adopts a cautious approach in
its projections, anticipates a substantial one-third surge in energy demand between the

years 2010 and 2035.[5]



Currently, renewable energy sources, including biomass, geothermal, ocean, solar, wind,
and hydropower, contribute approximately 89 EJ/year, accounting for 17% of the total
primary energy supply.[6, 7] However, it is worth noting that a significant portion of this
contribution is derived from large hydropower plants and the utilization of traditional
biomass, which may not align optimally with sustainability objectives. Nevertheless, based
on various forecast scenarios examined by the IPCC, it is projected that renewable energy
sources have the potential to yield CO> savings ranging from 218 to 561 gigatonnes when
compared to the estimated cumulative emissions of 1530 gigatonnes CO; from fossil fuels
and industrial activities between 2010 and 2050. This equates to a potential contribution of

savings ranging from 14% to 37%.[8]

As previously mentioned, there is a growing imperative to manage global energy demands
with a focus on reducing carbon emissions, ensuring security and availability, and
promoting overall sustainability. Nowadays, scientists are paying more attention to
renewable energy sources like hydroelectric, wind, geothermal, and solar power, which
were utilized to a lesser extent. Among the array of contemporary renewable energy
resources accessible for meeting these rigorous criteria, solar energy harnessed through
sunlight utilization emerges as the most promising option as a future energy source to
address the depletion of fossil fuels and meet the increasing global energy demand.
However, their intermittent generation is a major challenge with many existing renewable

energy forms.

To overcome the issues of stability and availability in diverse environments, researchers
have explored various techniques to develop different chemical and electrochemical energy
storage methods utilizing specific molecules. One widely used method of chemical energy

2



storage involves using hydrogen gas. Hydrogen gas is a potential alternative for a carbon-
based fuel industry because H>O is the only by-product of hydrogen combustion.
Previously more than 90 % of hydrogen gas was produced by steam reforming of methane
which accounts for ~ 3% of annual global CO2 emissions. Hydrogen gas can be produced
by using photocatalytic (PC), photoelectrochemical (PEC), photovoltaic—electrochemical
(PV-EC), solar thermochemical (STC) water splitting, photothermal catalytic (PTC), and
photobiological (PB) methods[9-11], which are shown in Figure 1.1. The process of
hydrogen production by water electrolysis via water splitting is a highly encouraging
avenue for the provision of sustainable hydrogen energy. Water splitting can be achieved
through the photoelectrochemical (PEC) reaction, which utilizes an energy source capable
of dissociating water molecules into O» and H.. PEC water splitting is considered an
attractive method for directly producing solar fuel, like hydrogen, from water using
photocatalysis techniques. Another advantage of PEC water splitting is that H, and O are
formed in separate compartments which avoids serious safety concerns.[12] The hydrogen
produced is utilized in hydrogen-based boilers, and in fuel cell-based batteries, and its large
portion is used in the synthesis of NHs, which is further utilized for fertilizers for
plants.[13] The dependence on carbon footprint can be suppressed by using hydrogen.
Thus, hydrogen gas plays a key role in different applied fields and proved to be a promising
alternative to carbon. It should be noted here that hydrogen will be implemented in the
coming future, and for this type of hydrogen economy, clean hydrogen generation should
be low-cost, and substantial investment should be required to support the hydrogen fuel

cell economy.[14]
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Figure 1.1. Various solar-driven Hz production methods: (a) PC, (b) PEC, (c) PV-EC, (d) STC water splitting,
(e) PTC, and (f) PB Hz production. Adopted from ref.[15]

1.1. Basics of PEC water splitting

PEC water splitting has gained considerable interest[16], particularly due to the increasing
need to produce renewable carbon energy.[17] The method involves a redox reaction in
which charge carriers are produced through the absorption of solar energy at the catalyst
surface, known as active sites.[18] The photoelectrodes employed in this procedure consist
of semiconductors possessing a well-defined band gap, which arises from the distinct
separation between the conduction band (CB) and the valence band (VB) under light
illumination. The selection of a semiconductor material is heavily influenced by the
positioning of its band edges. Specifically, the CB edge must possess more negative

potential than the reduction potential of hydrogen, while the VB edge must have more



positive potential than the oxidation potential of oxygen to facilitate the process of water
splitting. PEC water splitting involves the generation of hydrogen and oxygen gases
through the dissociation of water on the surface of semiconducting materials, facilitated by
the absorption of adequate solar energy and appropriate electrolysis techniques. In contrast
to traditional energy generation methods reliant on fossil fuels, the utilization of
photoelectrochemical (PEC) techniques for hydrogen energy production is characterized
by its absence of greenhouse gas emissions.[19]

PEC water splitting involves the utilization of photoactive materials, specifically
semiconductors, which are like those employed in photovoltaic cells for the purpose of
generating solar electricity. The primary distinction resides in the utilization of
semiconductor materials that are submerged in the process of PEC water splitting, serving
as both the photoanode and photocathode. The absorption of solar light by the
semiconductor results in the generation of electron-hole pairs. Subsequently, the electrons
migrate towards the photocathode, where the process of hydrogen evolution takes place.
This involves the combination of hydrogen ions derived from the electrolyte or those
formed through the dissociation of water. The interaction between electrons and hydrogen
ions produced on the surface of the semiconductor occurs via water reduction[20], whereas
water is oxidized by electron acceptors known as holes. Ensuring the spatial segregation of
H> and Oz gas emissions is vital from a safety standpoint, and endeavors are undertaken to
minimize the expenses associated with the separation of evolved gases. Figure 1.2 depicts

the schematic illustration of a photoelectrochemical cell.
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Figure 1.2. Schematic representation of a PEC cell in which the working electrodes are (a) photoanode and (b)
photocathode respectively. Adopted from ref.[20]

It is anticipated that by the year 2024, there will be significant advancements in renewable
PEC water-splitting technologies, resulting in efficient hydrogen generation. These
advancements are projected to reduce the cost of hydrogen production to $4.00 per gasoline
gallon equivalent at the plant gate. This cost is expected to be lower than the cost of
hydrogen production from petroleum oil through processes such as pyrolysis, cracking, or

catalysis.[21]

Hence, PEC water-splitting presents itself as a compelling and feasible alternative for the
synthesis of solar hydrogen. In order to enhance the viability of implementing PEC water
splitting techniques for the industrial production of hydrogen gas, it is imperative to
achieve the following criteria in the construction of an optimal PEC cell: high efficiency
in terms of solar-to-hydrogen (STH) conversion, long-term and sustained stability, and

minimal capital expenditure.[22]



PEC water splitting for hydrogen generation is predicated upon the utilization of solar
energy and water, both of which possess the characteristic of renewability. Hydrogen
possesses the potential to serve as a sustainable energy source for both stationery and
transportation applications, with the advantage of a reduced carbon footprint and mitigated
climate impact. Most research endeavors have been directed toward the exploration of
optimal semiconductors that possess the capability to function as highly efficient
photoelectrodes. Nevertheless, the objective of achieving a conversion efficiency of 10%

has as far eluded attainment.

At the current level of efficiency, the generation of photocurrent at a rate of 10.0-15.0 mA
cm suggests that the cost of producing hydrogen would be economically feasible and
competitive with the costs associated with traditional fuels. The endurance of
semiconductor materials when exposed to the electrolyte of a PEC cell is a crucial factor,
with a desired level of stability set at a minimum of 2,000 operational hours. Despite
multiple attempts to overcome these obstacles, practical or commercial utilization has not
been attained. Therefore, it is imperative to enhance our comprehension of the underlying
principles associated with PEC processes to develop highly effective photoelectrode
materials that can enhance the performance of PEC water splitting. Efficiency in PEC
hydrogen production is crucial to enhance sustainability. The complete utilization of solar
photon energy by the semiconductor in PEC reactions is contingent upon maximizing the
efficiency of PEC water splitting when exposed to visible light irradiation. This visible
light irradiation corresponds to a substantial portion of 44-47% of the solar spectrum.[23]
The energy derived from the absorption of light is not fully harnessed due to various

electron-hole recombination processes, leading to the dissipation of energy in the form of



internal energy. Once sun photons are absorbed by photochemical materials, the resulting
photoinduced electrons and holes undergo relaxation towards the band boundaries of the
semiconductor. This process leads to the formation of excitons, with a portion of the energy
being dissipated as heat. The recombination of charge carriers, namely photoinduced
electrons and holes, is a significant process that leads to energy dissipation in the context
of PEC systems. To enhance the efficiency of hydrogen production, it is imperative to
create photochemical materials that optimize the absorption of solar light (photons) and
reduce the recombination of charge carriers.[22, 24, 25] In this thesis, we focus on various
hydrogen production pathways utilizing the PEC method, specifically focusing on the

utilization of BiVVO4 semiconductors.

1.1.1. Development of BiVO4 photoanodes

Many semiconductor photoelectrodes (e.g., Fe203[26, 27], BiVO4[28, 29], TiO2[30],
WO3[31], ZnO[32], CuO[33], and C3N4[34]) have attracted significant attention due to
their potential application in PEC hydrogen production. However, as illustrated in Figure
1.3, some of them have band positions just aligned either with water oxidation (e.g., WOs3,
Fe203, BiVO4) or with water reduction (e.g., Si, Bi2Ss, GaAs, GaP, CuO). Consequently,
the central challenge persists as the development of suitable materials remains pivotal for

enhancing PEC performance.
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Figure 1.3. Band positions of photoactive materials and their redox potentials for water splitting in water under
visible light illumination at pH = 0. Adapted from ref.[35]
Bismuth vanadate (BiVVOas) is a promising n-type semiconductor material that has gained
considerable attention in the field of photo-electrocatalysis. Photo-electrocatalysis is a
process that utilizes light to drive electrochemical reactions, such as water splitting or
pollutant degradation, on the surface of a photocatalyst. Here are some key effects of
bismuth vanadate on the photo-electrocatalysis.
Q) Visible light absorption: The BiVOa4 has a narrow bandgap (around 2.4 eV), which
allows it to absorb visible light efficiently. This property is essential for utilizing solar
energy effectively, as a significant portion of solar radiation lies in the visible light
range.[36]
(i)  Efficient charge carrier separation: One of the critical factors for PEC efficiency
is the rapid and efficient separation of photogenerated charge carriers (electron-hole
pairs).[36, 37] The BiVVO4's unique crystal structure and electronic properties facilitate the
separation of these charge carriers, minimizing their recombination, and increasing the
overall photocatalytic activity.

(ili)  Favorable band positions: The BiVO4 exhibits suitable band positions for

promoting redox reactions.[38] The position of its valence band allows for effective



oxidation processes, making it suitable for applications such as water oxidation in water-
splitting reaction.

(iv)  Oxygen evolution reaction (OER) catalysis: modified BiVOs is particularly
effective for the oxygen evolution reaction, which is a key component of water splitting to
produce oxygen and hydrogen.[39] Its catalytic activity in the OER makes it a promising
material for photoelectrochemical water-splitting applications.

(V) Tunability: The properties of BiVOa can be tuned by doping with other elements
or by altering its crystal structure, leading to enhanced PEC performance. Doping can
adjust the bandgap, band positions, and charge carrier dynamics to optimize the material

for specific applications.[40]

The BiVO4 photoanode, while promising for photoelectrochemical (PEC) water splitting,

has several limitations that can impact its overall performance such as

Q) Short-hole Diffusion Length: BiVOs has a short-hole diffusion length, in the
range Of 45-70 nm which restricts the effective separation and transport of photo-generated
charge carriers, leading to recombination and reduced photocurrent.[41]

(i)  Slow Charge Carrier Dynamics: The sluggish charge carrier dynamics, especially
the slow rate of hole transport, can hinder the efficient extraction and utilization of photo-
generated charges.[42]

(i)  Insufficient Photocatalytic Activity: While BiVO4 can perform water oxidation,
its inherent photocatalytic activity for oxygen evolution is moderate, necessitating the

incorporation of efficient co-catalysts to enhance its performance.[43]
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(iv)  Surface and Interface Issues: The BiVOs surface can exhibit surface states and
defects that can trap charge carriers and lead to recombination. Proper surface engineering
is essential to mitigate these issues.[44]

(V) Stability and Corrosion: BiVOs can undergo photo-corrosion under prolonged
exposure to aggressive electrochemical conditions, leading to the degradation of the

material over time.[45]

Researchers continue to explore various modification strategies such as nanostructuring,
facet/texture engineering (001 facets)[46], doping[47], surface passivation [48],
heterojunction ~ formation[49],  deposition  of electrocatalysts  (FeOOH[50],
FeOOH/NIOOH[51], Co-Pi[52]), have been employed to overcome these limitations and
enhance the efficiency of BiVO4 photoanode and make it more viable for real-world
applications in solar fuel generation and environmental remediation. Some of the surface,
bulk, and interface engineering strategies of the BiVO4 for solar water oxidation are

presented in Figure 1.4 and some of strategies are discussed in next section.
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Figure 1.4. Surface, bulk, and interface engineering strategies of the BiVO4 for solar water oxidation. Adapted
from ref.[53]

1.2. Literature Review

The PEC water splitting was initially accomplished by Fujishima and Honda in the early
1970s using TiO2 at 0.8 V with ultraviolet light.[54] The wide bandgap of TiO; (i.e. 3.2
eV) prevented it from being used in practical water-splitting applications. Because of this,
there is now a great deal of interest in the quest for PEC photoelectrodes that are
commercially viable. In recent years, scientists have successfully harvested visible sunlight
using several photoelectrode materials to split water into chemical fuel (H2). Numerous
metal oxide photoelectrodes have been studied for PEC water splitting, including
Fe>03[26], BiVO4[28], TiO2[30], WO3[31], ZnO[32], CuO[33], and C3N4[55]. Among
these semiconducting materials, BiVOs is regarded as a highly promising photoanodes
because to its various advantageous characteristics. These include its non-toxic nature,
abundance in the Earth's crust, low valence band position, and excellent stability in aqueous
solutions. The BiVOs exist in monoclinic, orthorhombic, and tetragonal crystalline forms.

The orthorhombic and tetragonal structures exhibit limited photoactivity because of their

12



symmetric symmetry. The only crystalline form (Monoclinic) of BiVOs4 exhibits an
absorption capacity of around 30% towards solar radiation. This leads to a potential
photocurrent density of 7.5 mA cm™, which corresponds to a solar-to-hydrogen (STH)
efficiency of 9.2%. Thus far, a maximum photocurrent density of 6.72 mA cm™ at 1.23
VrHE has been documented for the WO3/BiVO4/Co-Pi photoanode system, which
represents almost 90% of its theoretical value. Nevertheless, the STH efficiency of this
system remains significantly lower than its theoretical efficiency. The observed variation
in performance can be attributed to the dissipation of energy caused by the swift
recombination of photogenerated charge carriers occurring at the surface and bulk of
BiVOyg, as well as at the interface between BiVVO4 and the substrate Figure 1.5a shows the
yearly number of publications by using BiVO4 for PEC water splitting. Figure 1.5b
illustrates the historical improvements in photocurrent of BiVOs at 1.23 Vgrne under

standard illumination conditions.
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Figure 1.5. (a) Yearly number of publications by using photoelectrochemical water splitting and BiVOs, data
extracted from Scopus (02/08/2023), and (b) Historical improvement in the photocurrent of BiVO4 at standard
conditions (1 sun and 1.23 Vrue). Reported from ref.[56-58]
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1.2.1. Surface modification with Oxygen Evolution Catalyst

One approach involves the surface’s modification of the BiVO4 photoanode would enhance
the charge separation and transfer efficiency at the semiconductor electrolyte interface
(SEI). It passivates the surface states and blocks the pinholes commonly encountered on
the surface of BiVOs films. In particular, the modification with an oxygen evolution
catalyst (OEC) overlayer can effectively minimize the surface recombination of charge
carriers and improve the charge transfer kinetics at the SEI. Metal oxide (NiFeOx, C0304,
Mo0Ox)[59-61], oxyhydroxides (FeOOH, NiOOH, CoOOH)[50, 62, 63], layered double
hydroxide (LDH)[64], Co-Pi are utilized to reach this ultimate goal.[51] Recently,
transition metal oxyhydroxides, e.g., FeFOOH, NiOOH, CoOOH, and other layered double
hydroxides (LDHs) were used to improve the kinetics of oxygen evolution reaction
(OER).[51] LDHs are attractive oxygen evolution co-catalysts (OEC) due to their large
surface area, and thus more active sites are available for water oxidation. The LDHs are
extensively used on the surface of BiVOs to enhance the catalytic process of water
oxidation.[65, 66] Among various reports on LDHs/BiVOs photoanodes, cobalt-based
LDHs showed a higher capability to passivate the BiVOs surface.[67] Zhao et al.
electrodeposited CoMn—LDH on BiVO4 photoanode to suppress the recombination and
enhance the holes injection at the semiconductor electrolyte interface (SEI).[68] Yue et al.
used plasma treatment to introduce surface defects and improve the hydrophilic nature of
the CoAI-LDH/BiVO4 photoanode to enhance charge separation and charge injection
efficiency.[65] Bai et al. used CoNi—LDH OEC decorated on the BiVVO4/CdS electrode to

get a ternary photoanode structure and achieved 2.72 mA cm~2 at 1.23 Vrye.[69]
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1.2.2. Introduction of hole transport layer on BiVO4

The charge transfer and separation efficiencies can be regulated by using a hole transport
layer (HTL) and/or hole storage layer (HSL) at the surface of semiconductor materials to
improve the PEC performance.[70, 71] For instance, introducing ferrihydrite as an HTL
protects the photo-corrosion of the TasNs electrode.[72] The PEC performance of WOs3
was improved by the addition of boron nitride as HTL.[70] The interfacial layer of
phosphorene as HTL was incorporated between the BiVO4 and NiOOH OEC to boost the
PEC performance of the BiVVO4 photoanode.[71] Inspired by the HTL effect on different
photoanode materials, it is desirable to explore the role of 2D HTLs at the BiVOa surface
to improve its PEC activity for the water oxidation process. Commonly, 2D graphene was
introduced as HTLs to enhance the PEC performance owing to its unique electronic
properties.[72] Recently, metal carbides, nitrides, or carbonitrides (MXene) were
considered an emerging class of 2D materials with great potential in the field of
photocatalysis and photo-electrochemistry as HTLs.[73, 74] Due to its excellent
conductivity, it has the potential to increase electron transport and eventually charge
separation efficiency. Furthermore, the functional groups on the surface of MXene can
encourage the creation of intimate contact surfaces between it and other semiconductors,
which not only improves photogenerated charge carrier separation but also assists in
reactant adsorption.[73] Moreover, the work function of TizC2TxMXene is higher than
BiVO4 which strengthens the built-in electric field at the TizC2Tx/BiVO4 junction, which
facilitates the extraction of photoexcited holes from the valance band of BiVO,4 to the
MXene.[75] Yu et al. coupled TiO2 nanorods with TisC> MXene nanoparticles to form a

heterostructure to enhance the PEC performance for the water oxidation process.[76] Ye
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et al. prepared MXene/hematite Nanorod heterostructure by passivating the hematite
surface with the MXene layer to improve the surface charge separation and PEC
performance for water oxidation and stability.[77] Li et al. fabricated TizCoTx/BiVOa
composite through electrostatic interaction between TisC,TxMXene nanosheets and
BiVOa4. The TizCoTx/BiVOs composite exhibits excellent charge carrier separation and
transfer due to the formation of 2D/2D heterojunction with a larger interface contact
area.[78] Bai et al. loaded the Ferrihydrite MXene (Fh-MXene) layer on BiVOa. It was
observed from the PEC analysis and DFT calculations that the Fh-MXene acts as a hole
transport layer (HTL) which significantly improves the band alignment of the Fh-
MXene/BiVOys interface by tuning work function, which strengthens the built-in electric
field for more efficient hole extraction.[79] Xie et al. grafted MXene nanosheets on ZnO
nanorods for enhanced PEC water splitting. MXene constructs a heterojunction with ZnO
nanorods to suppress the recombination of charges and efficiently enhance charge
separation efficiency.[80] Likewise, Yang et al. designed a charge transfer system by
inserting TisC.TxMXene nanosheets between hematite (Fe.O3) and the oxygen evolution
co-catalyst Co-Pi. It was incurred from the results that the MXene acts as a hole transport
layer, which efficiently enhances the mobility of the holes, and suppresses the interfacial
charge recombination.[81] Nguyen et al. synthesized TisC.TxMXene@C nanodots and
deposited on the surface of molybdenum-doped bismuth vanadate (Mo-BiVO,) as a co-
catalyst for the photoanode to enhance the oxygen evolution reaction (OER). This
incorporation results in a remarkable 1.5-fold increase in photocurrent density compared

to pristine Mo-BiVOg at a potential of 1.23 Vrne. This improvement can be attributed to
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the enhanced light absorption and enhanced charge transfer efficiency facilitated by the

Ti3CoTxMXene@C nanodots.[82]

Table 1.1. PEC performance of various recently reported TisC2Tx/BiVOa photoanodes. (Conditions: Unless
otherwise specified, all PEC measurements were carried out under standard illumination conditions (i.e. A.M
1.5 G, 100 mW cm2) with respect to VrHe.

Photoanode Fabrication method Jphoto @t 0.6 Ref.
VRrHE (MA/Ccm?)

BiVOs@Fh-MXene Electrodeposition/ 1.75 [79]
hydrothermal

TizCoTx/BiVO4 Electrodeposition/ 0.50 [83]
spin coating

MXene-BiVO4s—FeOOH  Electrodeposition/ 1.00 [75]
CV deposition

MX@C/BiVO4 Sol-gel spin coating/ 1.65 [82]
drop-casting

BiVO4/TisC: Hydrothermal/ 0.05 [78]
electrostatic interaction

Br-MXene/BiVO4/CoBi  Spin coating 1.80 [84]

NiFeOOH/MoOx/MN/Bi  Electrodeposition/ 3.10 [61]

VOq spin coating

1.2.3. Heterostructure/heterojunction formation with BiVO4

Heterostructure construction has attracted great interest in PEC water splitting and it is
regarded as one of the most promising methods to develop photoactive materials with high
efficiency.[85] It can significantly improve the charge carrier migration pathway, charge
separation efficiency, redox capacity[86], hole diffusion length[87], interfacial area, and
optical absorption properties.[88] The formation of a rationally designed BiVOs
heterostructure with thermodynamic and kinetic advantages is one of the breakthrough
directions to fulfill the criteria of the potential application of BiVOa4 for PEC water

oxidation.[89]

For instance, George et al. synthesized ms-BiVO4/RGO/AgsPO4 ternary heterostructured

photoanode that generates 3.60 mA/cm? at 1.23 Vrue under standard illumination
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conditions which is 2.3-fold higher than pristine m-BiVOs (1.58 mA/cm?). The enhanced
PEC performance was due to the improvement in the light absorption capability and the
extended hole diffusion length (209 nm) relative to pristine m-BiVO4.[90] Rao et al.
fabricated WO3 NW/BiVO4 heterojunction and reached a photocurrent of 3.1 mA/cm? and
60 % incident photon-to-current conversion efficiency (IPCE) between 300-450 nm at 1.23
VrHe. The enhancement in photocurrent and IPCE value was due to the enlarged hole
diffusion length from 70 nm for W:BiVO4 to 300 nm for WO3z NW/BiVO4 photoanode.[49]
Zhu et al. prepared a Cu2S/BiVO4 heterojunction that generates 2.94 mA cm at 1.23 Vrue
under standard illumination conditions and it exhibits 1.5-fold higher efficiency at that
applied potential compared to bare BiVVO4.[91] Li et al. used WO3/BiVO4 nanostructured-
based heterojunction to enhance the photocurrent to 1.2 mA cm at 1.23 Vrue.[92] Chen
et al. enhanced the charge separation efficiency to reach 88% at 1.2 Vrue by using
Sn02/BiVOs heterostructure under front-side illumination.[93] Besides the improved
charge separation efficiency, still, a fast oxygen evolution reaction (OER) is still needed to
enhance the PEC performance of the heterojunction-based photoanodes. The modification
of photoanodes with an oxygen evolution catalyst (OEC) can significantly reduce the onset
potential and enhance the charge transfer kinetics at the semiconductor electrolyte interface
(SEI). Many oxygen evolution catalysts such as FeOOH[94], FeOOH/NiOOH[39], and
Co-Pi[52] are used to modify the surface of BiVOs instead of using the expensive IrOx and
RuOx OECs. The amorphous Co-Pi OEC as an example is known to passivate the surface
states and at the same time enhance the hole transfer kinetics. It thus suppresses the charge
recombination at surface states by acting as a surface passivation layer and has catalytic

effects.[95]
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Pan et al. fabricated a MoS2/BiVVO4 p-n heterojunction and achieved a photocurrent of 2.72
mA/cm? at 0.6 Vrue, Which is 2.4-fold higher than BiVOs (0.79 mA/cm?). Because the
MoS2/BiVO4 heterojunction formation enhances the diffusion length of photo-excited
charge carriers as a result there is a significant decrease in the electron-hole
recombination.[96] Wang et al. designed a CdIn,S4/BiVO4 heterojunction and achieved a
2.68 mA/cm? photocurrent at 1.23 Vrue, which is 2-fold higher than pristine BiVOa. The
enhancement in photocurrent is due to enhancement in hole diffusion length and the rapid
separation of photogenerated charge carriers in the bulk. The introduction of CQDs on
CdInzS4/BiVOs heterojunction further enhances the photocurrent to 4.84 mA/cm? due to
the synergetic effect of CQDs on CdInzS4/BiVOs heterojunction.[97] Ye et al. effectively
developed a synthesis method of BiOI/BiVOs p—n junction and achieved a 3-fold increase
in PEC performance over BiVOs4. The BiOI/BiVO4 p—n junction enhances the charge
separation and transfer efficiencies and expands the light absorption range, which is the
origin of this synergetic effect.[98] Murugan et al. employed the electrodeposition method
to fabricate BiVO4/CuO heterojunction. The BiVO4/CuO heterojunction photoanode
showed a 2-fold higher PEC performance than pristine BiVO.. The enhancement in
photocurrent is due to an improvement in light absorption ability in the entire UV-Vis
region, as a result, more photo-induced charge carriers and reactive sites for water
oxidation are generated.[99] Similarly, various types of WO3/BiVO4 heterostructure were
designed to improve PEC water splitting. It’s worth mentioning, the overall efficiency of
WO3/BiVOs4 is much higher than that of bare WO3 and BiVOs. Moreover, Coelho et al.

fabricated a WO3/BiVO4 photoanode via a novel electrodeposition approach. As prepared

19


https://www.sciencedirect.com/topics/physics-and-astronomy/electrodeposition

WO3/BiVO4 photoanode unveiled a photocurrent density 35 and 23 times higher than pure

BiVO4 and WOz respectively.[100]

Table 1.2. PEC performance of benchmark BiVOa-based heterostructure photoanodes. (Conditions: Unless
otherwise specified, all PEC measurements were carried out under standard illumination conditions (i.e. A.M

1.5 G, 100 mW cm).

Photoelectrode Electrode fabrication Current density Stability Year Ref.
method (mA/cm?) at1.23  (hrs.)
VRHE
PTh/BiVO, Electrodeposition 4.72 50at0.8Vv 2024 [101]
CoPi/BiVO4/WOs3 Vacuum and Plasma Soft- 4.30 3 2023  [102]
Template Synthesis
Co-Pi/Cu20/BiVO, Electrodeposition 1.97 10 2023  [103]
TANF/BiVO4/In;03 Electrodeposition 4.20 4 2023  [104]
FOOH/CQDs/CdIn;S4/BiVO, Electrodeposition 4.99 5 2022  [97]
NiOOH/BiVO4/WOs3 Sole-gel/electrodeposition 3.00 10 2022  [62]
CuO/BiVO4 Electrodeposition 2.05 2 2022  [99]
NiFeOx-HT-BiVO, Electrodeposition 3.37 12 2022  [105]
NiCo-LDH/CuPc/BiVO, Electrodeposition 4.03 15 2022  [106]
Cobaloxime/Ni-OEC/BiVOQO4 Electrodeposition 5.10 1 2022  [107]
Co:BiVO4 Electrodeposition 4.45 0.5 2022  [108]
MoOx@2%Mo-BiVO, Dip coating 1.00 18at0.6V 2022 [109]
Co-Bi/Bi1xVO4 Spin coating 4.5 30 2021  [110]
CoFe-NiOOH/BiVO, Coating by Lifting 1.54 2 2021  [111]
method
CoFe-OH/Cu2S/BiVO, SILAR/electrodeposition 3.07 1 2021  [91]
CoNiO2/BiVO, Chemical bath deposition 1.16 2 2020 [112]
Co-Pi/NiFeOOH/BiVOQ, Sol-gel method 2.03 2 2020 [43]
BiVO4/WQ3/Sn0O; Sol-gel spin coating 3.10 2 2017  [113]
Co-Pi/NiV206/BiVO, Solution-processed 4.80 25at0.6 V 2024  This
methods work

1.3. Spectroscopic Measurements:

Electrochemical impedance spectroscopy and intensity-modulated photocurrent

spectroscopy have been used to investigate the kinetics and mechanism of water oxidation

in photoanodes.
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1.3.1. Electrochemical Impedance Spectroscopy

EIS provides detailed information on the Kkinetics and mechanisms of different
electrochemical systems. It is extensively employed in the fields of corrosion research,
semiconductor science, energy conversion and storage technologies, chemical sensing, and
biosensing, as well as noninvasive diagnostics. EIS involves disturbing an electrochemical
system that is in a stable state or equilibrium by applying a sinusoidal signal, either in the
form of alternating current or voltage, across a wide range of frequencies. The system's
response to this disturbance, measured as the sinusoidal current or voltage, is then
monitored. Given that the electrochemical system being examined is a linear time-invariant
system, meaning that the output signal is directly proportional to the input signal and the
system's behavior remains constant over time, EIS is a technique that models the
relationship between the output signal (ac current or ac voltage) and the input signal (ac

voltage or ac current) across a wide range of frequencies.

The significance of EIS compared to other electrochemical methods is in its capacity to
differentiate and, thus, offer a plethora of information on diverse -electrical,
electrochemical, and physical processes occurring in an actual electrochemical system.
This assignment is quite tough due to the diverse range of processes, each with distinct
time characteristics that vary from very quick to very slow. The resistance of a liquid
electrolyte, the conductivities in the bulk and at the grain boundaries when using a solid
polycrystalline electrolyte, the charging and discharging of the electric double layer at the
interface between electrolytes, the influence of the electrode surface morphology and
electrolyte composition on the capacitive behavior of the electric double layer, the kinetics

of charge transfer reactions at the electrode, reactions occurring uniformly and
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adsorption/desorption phenomena associated with charge transfer reactions, and mass
transfer phenomena such as species diffusion to the electrode surface, all exhibit distinct
time constants (1), which measure the time behavior of each process.[114]

The impedance expression is divided into a real part and an imaginary part. When the real
part (Zr) is plotted on the X-axis and the imaginary part (Zim) is plotted on the Y-axis, a
“Nyquist Plot” is formed. Each point on the Nyquist plot is an impedance value at a
frequency point, while the Zim is negative. At the X-axis, impedance at the right side of the
plot is conducted with low frequency, while, at the higher frequencies, their generated

impedances are exerted on the left.[115]
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Figure 1.6. Typical EIS (Nyquist plots and their equivalent circuits). Adapted from ref.[115]

1.3.2. Intensity Modulated Photocurrent Spectroscopy (IMPS)

The IMPS involve the measurement of both the amplitude and phase shift of the
photocurrent in response to the modulation of light intensity at various frequencies. The
resulting amplitude values are then plotted versus frequency in a complicated diagram

known as a Nyquist plot. Figure 1.7 depicts a schematic representation of the IMPS
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configuration. In IMPS, the photoanode is exposed to a constant light intensity, lo, which
is periodically varied by a tiny amplitude AC perturbation, Al. The Io is generated by
applying a constant voltage through the utilization of the Autolab DAC164 module, which
is coupled to the Autolab LED driver. The light modulation, Al is achieved by applying a
modulated voltage using the frequency response analyzer (FRA), which is also linked to
the LED driver. Consequently, the photoanode will provide a consistent photocurrent
response, denoted as io, which is influenced by a little fluctuation in current known as Ai.
The IMPS response is captured by monitoring the transfer function, H(w), through the
utilization of the external inputs of the FRA module. The modulated i ep is transformed
into the matching luminous intensity, and then, the photogenerated hole current is obtained

by calibrating the LED using a standard Si photodiode.[116]

I = lg+Al exp(joot) DAC164
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i =ip+Ai exp(joot)
Figure 1.7. Schematic illustration of the IMPS setup. Adapted from ref.[116]

In an n-type semiconductor, the modulated light will cause a corresponding variation in the
flow of positively charged particles (holes) towards the surface, known as Gértner flux (g).

These holes can either recombine with the photogenerated electrons at the surface or
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undergo a reaction with adsorbed water and move to the electrolyte. Consequently, the
IMPS responses consist of two separate currents. The first current is linked to the holes
formed by light, while the second current is related to the electrons generated by light.
These electrons need to move to the surface, where they participate in a process called
surface recombination. The two currents exhibit a lack of synchronization and possess
opposite polarities, resulting in the frequency-dependent variation of both the phase and
amplitude of the net photocurrent. Figure 1.8 shows the typical response of IMPS of
photoanode. Figure 1.8 contains two semicircles; one is in the 1% quadrant and the other is
in the 4" quadrant. The high frequency (HF) semicircle starts from the 4" quadrant, which
represents the attenuation time constant (RC) and comprises the total resistance of the cell
and the combined capacitance of the space charge layer and Helmholtz layer capacitance.
The charge transfer and recombination processes dominate the response in the 1% quadrant
(LF semicircle). The rate constants of charge transfer (k..) and charge recombination
(krc) at different potentials can be analyzed from the LF semicircles of IMPS results. The
LF intercepts are related to surface charge transfer efficiency (n.) and n. =

L = ktr/(ktr + Krec), whereas Wmax = 2T fmax = Ker + krec-[]-l?]
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Figure 1.8. Typical IMPS response of a photoanode. Adapted from ref.[116]
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1.4. Aim of Work

Based on the previous reports, it is apparent that nanostructured vanadate-based metal
oxide photoanodes were tested for PEC hydrogen production. However, research is still
needed to fill the gap between the current status and the ideal photocurrent expected from
the BiVOas. Thus, this dissertation’s work aims to focus on the fabrication of nanostructured
vanadate-based metal oxide photoanodes. Surface passivation with MXene and
modification with oxygen evolution co-catalyst will also be tested. Moreover, more focus
will be given to understanding the kinetics of charge transfer and recombination before and
after the alloying of BiVO4 with transition metals (Ni and Co) to enhance the photo-

induced charge carrier properties in the bulk of BiVOa.
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2 CHAPTER TWO

MATERIALS AND CHARACTERIZATIONS

This chapter outlines the materials and the experimental methods employed throughout the
thesis, which include:
1) The comprehensive synthetic procedure employed during the preparation and
surface modification of bismuth vanadate (BiVVO4) photoanodes.
2) Main techniques utilized to characterize the photoanodes.
3) The photoelectrochemical and spectroscopic techniques employed to evaluate the

PEC performance and charge transfer dynamics.
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2.1. Chemicals and Glass

All chemicals used in this study were purchased from Sigma Aldrich and used without
further purification. The BiVO4 and other modified photoanode films were fabricated on
the surface of F-doped SnO»-coated glass (FTO). Prior to the formation of BiVO4 films,
the FTO substrates underwent a comprehensive cleaning process involving detergent
washing, followed by sequential sonication in deionized water, acetone, and ethanol for a

duration of 10-15 minutes per stage. After that, all FTOs were stored in 2-propanol.

2.2. Synthesis methodologies

2.2.1. Synthesis of pristine BiVOs photoanode (chemical bath deposition

method)

The BiVO4 films were synthesized in two steps. The first step includes the fabrication of
Bi»Os films by the chemical bath deposition method as described in ref.[52] In a typical
procedure, 2.0 mL of 0.1 M Bi(NOs)z 5H,0 dissolved in 0.8 M HNO3z solution was taken
in a beaker. Afterward, 0.5 mL of 1.0 M triethanol amine was added to the solution and
stirred. Subsequently, 2.5 mL of 1.0 M KOH was added to the solution to make 5.0 mL in
total and stirred for 5 min. The solution was then transferred into an auto-cleavable vial
that contains FTO glass substrates and kept in the preheated oven at 50 °C for 50 min. A
white layer of Bi>Os was formed on the FTO surface, which was further cleaned with DI
water and dried overnight at room temperature. The second step includes drop-casting 30
pL of 0.15 M vanadyl acetylacetonate (dissolved in DMSO) on the surface of Bi>Oz and

sintering them at 450 °C for 2 h with a ramping rate of 2 °C/min. The extra content of the
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V205 layer was removed from the surface of BiVOas films by immersing them in 1.0 M
NaOH solution with gentle stirring for 5 min. Subsequently, the electrode was rinsed with

water and dried.[28]

2.2.2. Synthesis of pristine BiVO4 photoanode (drop-casting method)

The BiVO4 photoanodes were fabricated on fluorine-doped tin oxide (FTO) by a facile and
solution-processed drop-casting procedure. Briefly, 20 uL of 0.15 M bismuth nitrate
(Bi(NO3)3.5H20) and 0.15 M vanadyl acetylacetonate VO(ACAC): solution (dissolved in
DMSO and Bi/V atomic ratio equal to 1) was drop-cast on FTO. A geometric region
measuring 0.25 cm? was confined for drop-casting the solution using heat-resistant tape.
Subsequently, the FTO was kept at a hotplate and annealed at 120 °C for 2 min with a
ramping rate of 5 °C/min. Consequently, after removing the tape, the electrodes were
further annealed at 450 °C for 2 hours with a ramping rate of 2 °C/min. The extra layer of
V>0s was removed by dipping them in 1.0 M KOH solution with gentle stirring for 10-15

min and finally rinse with deionized water and dry at room temperature overnight.

2.2.3. Synthesis of TizC2TxMXenes nanosheets

The TisCoTx—MXenes were synthesized by following the reported method with slight
modifications using a mixed acid etching technique.[118] In a typical procedure with
necessary safety precautions, 1.0 g of precursor TisAlC2 MAX phase was added slowly in
10 mL mixed acid etching solutions (7.0 mL of 37% HCI and 3.0 mL of 48% HF) in 100
mL of a Teflon jar. The mixture was kept in an ice bath to cool down the contents of the
jar for 10 min, and then precursor powder was added slowly to avoid the vigorous reaction
and pre-oxidation of the precursor under constant stirring at 250 rpm for 20 min. Afterward,
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the mixture was moved to the oil bath to maintain the uniform temperature at 35 °C with
constant stirring at 400 rpm for 24 h.

The acquired product was washed and centrifuged multiple times with distilled water and
ethanol (3500 rpm, 5 min/cycle) alternatively. The first supernatant was discarded to
eliminate the presence of salts, dissolved residual metals, and the MAX phase. The
multilayer MXenes were subjected to multiple washing cycles until the pH of the solution
was neutralized to 7. The sedimented wet product was further dispersed into a 20%
(Triethylamine) TEA solution at 25°C for 4 h to delaminate the multilayered MXene into
a few-layered final product. The mixture was centrifuged initially at 5000 rpm followed by
multiple washing at 2500 rpm with supernatant collected until the transparent supernatant
was observed. The obtained product was vacuum dried at 110 °C for 2 hours and used for

further studies.

2.2.4. Modification of BiVO4 with TisC>Tx HTL and Co-Pi Catalyst

The TisCoTx HTL was immobilized on the BiVOs surface by a facile drop-casting method.
The influence of the concentration (i.e., 1, 3, and 5 wt.%) and volume (i.e., 10, 20, and 30
pL) of TisC,Tx suspension on the PEC activity of BiVO4 photoanode was investigated.
Typically, 20 pL of 3 wt%TisC,Tx (2.4 mg/cm?) was drop-casted on BiVO4 photoanode at
room temperature and dried in an oven at 70 °C. The TisC.TxMXene preparation and

formation of TisC2Tx/BiVOg are presented in Figure 2.1.
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(a)

Sol. of bismuth nitrate and

vanadyl acetylacetonate
in DMSO

WAL HOCN

Ti,C,T,MXene TisC,T/BIVO,

Figure 2.1. Schematic illustration for (a) the TisC2TxMXene synthesis and (b) synthesis of the BiVO4 photoanode
and drop-casting of the TisC2TxMXene on the BiVVO4 photoanode.

2.2.5. Fabrication of BiVOswith NiV2.0¢ BCI layer

To fabricate BiVO,4 photoanode with NiV20s BCI layer, we first deposited Ni(OH)2 films
on cleaned FTO substrates using a chemical bath deposition method. Briefly, 5.0 mL of
0.25 M aqueous solution of nickel acetate and 0.25 M aqueous solution of hexamethylene
tetramine (HMTA) were mixed and transferred into an autoclavable vial containing FTO
substrates. The sealed vial is then put in an oven preheated at 90 °C and kept for 15 min,
30 min, and 45 min. The Ni(OH) films were washed with DI water and dried overnight at
room temperature. Second, 20 pL of 0.15 M bismuth nitrate (Bi(NOsz)s)/vanadyl
acetylacetonate (VO(acac)2) mixture in DMSO were drop-casted on the Ni(OH): films and
sintered at 450 °C for 2 hours at a ramping rate of 2 °C/min in a box furnace. The atomic
ratio of Bi in the bismuth nitrate/vanadyl acetylacetonate mixture was varied between 0 to
100 at.%. The extra vanadium oxide (V20s) layer formed on the top of the fabricated
electrodes was removed by immersing them in 1.0 M NaOH solution for 5-10 min under a
gentle string. Finally, the electrodes were thoroughly washed with DI water and dried

overnight at room temperature before use. Pristine BiVOs films on FTO were prepared
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following the same recipe without using the Ni(OH)2 film. The fabrication sequence of the

NiV206/BiVO4 photoanode is presented in Figure 2.2.

1) Drop-casting

Chemical bath Deposition (Bi(NO,);+ VO(acac),)

i ’ 90 °C
\L

Aqueous solution of
Ni(CH,C0O0), and HMTA

2) Calcination and
NaOH treatment

NiV,04/BiVO,

Figure 2.2. Fabrication sequence of the NiV20s/BiVO4 photoanode.

2.2.6. Fabrication of CoV20¢/BiVOsheterostructure photoanode

The chemical bath deposition method was employed to fabricate the CoOx layer on the
FTO substrate. Briefly, 0.25 M each of cobalt acetate tetrahydrate (Co(CH3COO).. 4H,0)
and hexamethylene tetramine (HMTA) was mixed in 5.0 mL of deionized (DI) water in an
autoclavable vial containing FTO. After that, put the vial in an oven at 90-95°C for 15 min,
30 min, and 45 min. The white layer of CoOx of different thicknesses was formed due to
different deposition times. In the end, the FTOs containing CoOx layers were washed with
DI water and dried in the open air for further application.

The CoV206/BiVO4 heterostructure was formed by just drop-casting 20.0 pL of different
compositions of 0.15 M bismuth nitrate (Bi(NO3)s. 4H>O) and 0.15 M vanadyl
acetylacetonate (VO(0O2CsHv)2) solutions in DMSO. Subsequently, these electrodes were
sintered at 450 °C for 2.0 hours with a ramping rate of 2.0 °C/min in a box furnace. The

extra V205 was removed by putting the CoV20e/BiVO;4 electrode in 1.0 M KOH solution

32



for 5-10 min under gentle stirring. After that, electrodes were washed with DI water and

put overnight for drying.[28]

Mixture of Co(CH;C00), & HMTA

g’emmal bath /'

Deposition 90°C 2) calcination

Co(OH),

1) drop-casting
(mix. of Bi(NO;);+VO(acac),
in DMSO ’

NaOH treatment

Photo-assisted
electrodeposition

Figure 2.3. Schematic representation of Co-Pi/CoV206/BiVO4 photoanode fabrication.

2.2.7. Electrodeposition of LDH OECs on BiVO4 film

CoNi, CoFe, and NiFe-LDHs were electrochemically deposited on the surface of BiVO4
photoanodes at —1.0 V vs. Ag/AgClI from a 50 mL aqueous bath saturated with N2 gas. The
deposition was stopped at 50, 100, and 150 mC cm to optimize the amount of deposited
CoNi and NiFe—LDHes. In the case of CoNi—LDH, the deposition bath contained 5 mmoles
of Ni(NO3)..6H20, 10 mmoles of Co(NO3)..6H20, and 3.75 mmoles of NaNOz.[69] For
NiFe—LDHI[66], it contains 5 mmoles of Ni(NO3)2.6H.O and 5 mmoles of FeSO4.7H>0.
For the deposition of CoFe—LDH[119], 0.3 mmoles of Co(NO3z)2:6H20 and 0.3 mmoles of
Fe(NO3)3-9H20 were used and the amount of charge (i.e. 300, 400, and 500 mC cm™2) was

used to optimize the CoFe—-LDH loading on the BiVOs surface. The CoNi, CoFe, and
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NiFe-LDH/BiVO; electrodes were then rinsed with water and dried at room temperature

for5h.

2.2.8. Fabrication of Co-Pi-Ti3sC2Tx/BiVOs, Co-Pi/NiV206/BiVO4, and Co-

Pi/CoV206/BiVOs4 heterostructure photoanodes

The OEC Co-Pi has been deposited on the surface of the TisC2Tx/BiVOa, NiV20s/BiVOs,
and CoV20¢/BiVO4 photoanodes using a photo-assisted electrodeposition method.[52] The
electrodeposition was carried out at a constant applied potential of +1.0 V' vs. Ag/AgCl for
3, 5, and 7 mins. The electrolyte solution was an aqueous solution of 0.5 mM cobalt nitrate

(Co(NO:3).2.6H20) dissolved in 0.1 M pH 7 phosphate buffer.

2.3. Characterization

2.3.1. X-ray Diffraction (XRD)

Rigaku X-ray diffractometer with Cu Ka (A1 =1.54 “A) X-ray source of radiation was for
XRD measurements. The XRD pattern of all samples was recorded from 26=10°-70° with
a scan rate of 1°/min. The XRD spectrum obtained gives the relationship between light
intensities vs. detector angle. During XRD measurements the distance between the sample
to the detector and the sample to the X-ray focal point is the same. The sample position is
fixed, and the X-ray and detector are moved simultaneously at an angle 6. The peak
obtained during XRD measurements is due to the constructive interference of the diffracted
wave from the sample. The intensity of the XRD peaks only depends on the number and

type of scattering points in each plane.
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2.3.2. Field Emission Scanning Electron Microscope (FE-SEM)

FE-SEM measurements were carried out by the TESCAN field emission microscope
operating at an accelerating voltage of 15 kV. The focused beam of high-energy electrons
is utilized for high-resolution images of the surface of the materials. In FE-SEM, a high-
energy beam of electrons is generated and accelerated by the high voltage (1-30 kV). When
this high-energy electron beam strikes the sample, it penetrates the sample for a few
microns to produce different signals. The secondary and backscattered electrons are
collected by the detector and combined to produce high-resolution images on the screen.
For EDS measurements the LINKINCA program system was attached to the FE-SEM to
find out the elemental composition of the sample. The X-ray detector is positioned in such
a way that X-rays emitted by the sample are intercepted. This generates a small current
which is further changed into the voltage pulse and the size of this pulse is proportional to

the frequency of the X-rays.

2.3.3. X-ray Photoelectron Spectroscopy (XPS)

The X-ray photoelectron spectroscopy (XPS) examination was conducted using the
ESCALAB™ Xi+ X-ray photoelectron spectrometer manufactured by Thermo Scientific.
This spectrometer utilized a monochromatic micro-focused Al Ka X-ray source for the
XPS investigation. The calibration of the XPS spectra was performed using the C 1s peak

at 284.8 eV as a reference standard.
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2.3.4. Raman spectroscopy

The Raman spectroscopy analysis of the photoanodes was conducted using the HORIBA
Scientific LabRAM HR Evolution Raman spectrometer. This instrument was equipped
with an internal He-Ne laser emitting a red light with a power output of 17 mW and an
excitation wavelength of 633 nm. A 10x objective lens was used to focus the laser on
photoanode films. The acquisition time of 25 s with 2 accumulation was set for the Raman

spectra collection.

2.3.5. UV-Vis Diffuse reflectance spectroscopy (UV-Vis DRS)

The Shimadzu (UV-3600i) UV-Vis-NIR spectrophotometer was used to analyze the UV-
Vis diffuse reflectance spectra (DRS) of all electrodes with BaSO4 as a reference. The
bandgaps of pristine BiVO4 and all modified photoanodes were calculated by the Tauc

plots of the Kubelka-Munk function (F(R)E)Y2 vs. Photon energy (eV).

2.3.6. Density Functional Theory (DFT) Simulations and Calculations

All DFT simulations were conducted using the Vienna ab initio simulation package
(VASP)[120, 121] utilizing the projector augmented wave pseudopotentials (PAW).[122]
The unit cell of BiVO4 and NiV20s structures were optimized using gamma-entered
meshes of 7 x 7 x 3 and 4 x 5 x 3, respectively to sample the Brillouin zone with the
Monkhorst-Pack method.[123] To determine the electronic-level occupations, a Gaussian
smearing of 0.025 eV was applied. The Perdew—Burke—Ernzerhof (PBE)[124] functional
within the generalized gradient approximation (GGA) was employed to describe the

exchange-correlation electron interaction energy. A cutoff energy of 520 eV and a wave
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function optimization convergence criterion of 10-7 eV were utilized. Geometries were
optimized with a force criterion of 0.03 eV/A. Spin polarization was considered in all
calculations. The DFT simulations were performed using the GGA+U formalism, which
accounts for strong on-site Coulomb interactions, following Dudraev et al.'s
approach.[125] This formalism includes an effective U parameter (U-J), where U
represents the on-site Coulomb repulsion and J denotes the on-site Hund exchange
coupling. The U parameter is set to 3.25 for V and 6.20 for Ni through all simulations.
Different interfaces were built using two of the most stable facets of BiVO4 crystal (001

and 110).

2.4. Photoelectrochemical measurements

The PEC measurements were carried out using a NOVA Autolab electrochemical
workstation (PGSTAT302N) and a three-electrode configured cell adapted with a quartz
window. A Verasol Oriel LSS-7120 Solar Simulator was used as a light source. The light
intensity was adjusted to 1.0 sun using EKO LS-100 spectroradiometer. All the
photoanodes with 0.25 cm? geometrical area were used as working electrodes, while
Ag/AgCl and Pt wire were used as reference and counter electrodes, respectively. All the
photoanodes were illuminated from the nonconductive (back) side of FTO and 0.5 M
phosphate buffer (pH=7.0) and 1.0 M borate buffer (pH = 9) were used as an electrolyte.
The measured potentials were converted to a reversible hydrogen electrode (RHE) by

employing the following Nernst Eq. 2.1.[20]

ERHE = EAg/AgCl + 0059pH + Ejlg/AgCl (21)
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Where E g,/ 44c: 1S the applied potential and E;g/Aga =0.198 V at 25 °C.

Potentiostat

Figure 2.4. (a) NOVA PGSTAT302N potentiostat attached with (b) PEC cell under standard illumination from a
solar simulator. The PEC cell has a working electrode (WE), reference electrode (RE), and counter electrode
(CE) immersed in the 1.0 M borate buffer pH = 9.0, and (c) shows the sealed PEC cell to estimate the amount of
Hz and Oz formed during PEC water splitting.

2.4.1. Linear sweep and cyclic voltammetry measurements

The three-electrode system was used during the linear sweep voltammetry (LSV) and
cyclic voltammetry (CV) measurements in the dark and light to investigate the PEC activity
of all photoanodes. The LSV can also be measured under chopped light, which indicates
the response of the electrode under dark and light. Whereas CV can be used for the
characterization of the sample by oxidation and reduction peaks of specific elements. The

CV was also used to estimate the electrochemical surface area (ECSA) of the electrode.

2.4.2. Charge Separation efficiency

The separation efficiency was calculated using Eq. 2.2:

Nsep (%) = Iphoto (2.2)

jabs

Where j,not, is the photocurrent measured in 9.0 pH borate buffer and jass is the absorbed

light photocurrent calculated by integrating the solar photocurrent (jsolar) according to Egs.
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2.3 and 2.4. The latter represents the fraction of photocurrent expected under 1.0 sum and

AML1.5G illumination based on the light absorbance by the photoelectrode.

. A _
Jsotar = ?1_C Io(l_lo A) (2.3)
- AQ -
Jans = I Jsotar (ﬂ’) dA (2.4)
A

Where A is the absorbance, lo is the solar irradiance (mW cm nm™) of the solar spectrum
at 1.0 sun and AM 1.5G. h is the blank’s constant (J s), ¢ is the velocity of light (nm s),

is the electronic charge (C), A is the wavelength (nm).

2.4.3. Chronoamperometry (CA) measurements

The CA measurements were made to evaluate the stability of the photoanodes under
standard illumination conditions. The stability of the electrode was evaluated by measuring

the photocurrent at specific potentials (i.e. 0.6 Vrne) for modified BiVO4 photoanodes.

2.4.4. Applied bias photocurrent efficiency (ABPE) measurements

The ABPE measurements were carried out in a two-electrode system under 1.0 sun

illumination conditions. The ABPE was calculated by the following Eq. 2.5%2,

Jx(1.23=Vp)

%ABPE = x 100 (2.5)

AM1.5

Where J is the photocurrent density in mA/cm?, Vy is the applied bias vs Vrre, and Pamis

is light intensity 100 mW/cm?2.
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2.4.5. Incident photon-to-current conversion efficiency (IPCE) measurements

The half-cell efficiency (IPCE) was determined by measuring the chronopotentiometry
responses of both pristine and modified BiVO4 photoanodes at a voltage of 1.23 VRrHe.
These measurements were conducted using collimated monochromatic light with varying
wavelengths. The light source was a Verasol Oriel LSS-7120 Solar Simulator, which has
LEDs of different wavelengths. For each wavelength, the photoanode was illuminated after
20-30 s stabilized current in the dark. The stabilized photocurrent was taken, typically 120-
150 sec after illumination began. IPCE values were determined by the following Eqg.

2.6.[126]

IPCE (%) = (L220Up)x100 (2.6)

A X Plignt
Where the photocurrent density (jo) in mA cm, A is the incident light wavelength (nm),
and Piigt is the power density of incident light (mW cm™2), which is also measured with

an EKO LS-100 spectroradiometer.

2.4.6. Photoelectrochemical impedance spectroscopy (PEIS) measurements

The PEIS measurements of photoanodes were conducted using the same electrochemical
setup with a NOVA potentiostat integrated with a FRA32 M module. The Nyquist plots of
all photoanodes were assessed at different applied potentials with the 100 kHz-0.1Hz
frequency range with an amplitude-frequency of 10 mV under 1 sun illumination

conditions.
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2.4.7. Mott-Schottky (M-S) analysis

The charge carrier density (Ng) and flat-band potential (Em) of photoanodes were
investigated from the M-S analysis. The acquired data was analyzed using the M-S Eg.

2.7.[127]

12
C3-  qegoA2Ng

(E — Eps =) (2.7)

where Csc refers to the space charge capacitance of the space charge layer in (F/cm?), A
denotes the actual surface area of the electrode, measured in cm?, ¢ represents the relative
dielectric constant, which is 68 for BiVOs, & corresponds to the permittivity of vacuum,
equal to 8.85x10712 Nt C> m™?, q denotes the elementary charge, which is 1.60x107*° C.
Ng represents the charge carrier density, measured in cm3, k signifies the Boltzmann
constant, which is 1.38x102 J K™%, and T represents the absolute temperature, measured
in Kelvin (K). Em represents the flat-band potential, and E represents the applied potential,
both measured in volts. The Mott-Schottky plots were analyzed within the frequency range
of 1.0 kHz, with voltage values varying from 0.6 to 1.3 Vrwe, in the dark. A resistor and a
capacitor were connected in series to estimate the capacitance of the Csc. Under the
assumption that the value of Csc is significantly smaller than that of the double-layer
capacitance (Ca), the impact of Cq on the overall capacitance is considered to be

insignificant. Consequently, the capacitance computed using Eq. 2.8 can be regarded as

equivalent to Csc.

Im (2) = ﬁ (2.8)

In the above equation, Im (Z) represents the complex impedance (expressed in Ohms), f

denotes the frequency in Hertz, and C signifies the capacitance in Farads. Based on
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equation 2.6, it is anticipated that the graph of the logarithm of the imaginary component
of impedance (Im(Z)) plotted against the logarithm of frequency (f) will exhibit a negative

slope of 1.0 in the case of pure capacitance.

2.4.8. Intensity-modulated photocurrent spectroscopy (IMPS) measurements

The IMPS responses were carried out for pristine and modified photoanodes using a
PGSTAT302N workstation at various potentials with a frequency range from 0.1 Hz to 10
kHz. The modulated illumination was provided by a 470 nm Triple LED array, driven by
an LED driver (Thorlabs DAC164) with an FRA 32M module attached to the workstation
to perform IMPS measurements. A 10% modulation was applied over the entire frequency

range.
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CHAPTER THREE

RESULTS AND DISCUSSIONS

3.1. NiFe, CoNi, and CoFe-layered double hydroxides (LDH)

modified BiVO4 Photoanodes

The XRD patterns of the pristine and LDH-modified BiVO4 photoanodes are illustrated in
Figure 3.1a. The broad and weak diffraction peaks implied by the plus (+) sign and
observed at 26 equal to 24.2°, 28.8°, 42.2°, and 47.2° are well indexed to the monoclinic a-
Bi>Os layer formed on FTO substrate (JCPDS no. 071-0465).[128] The diffraction peaks
indicated by the star (*) symbol can be well indexed for monoclinic BiVO4 (JCPDS no.
014-0688).[50] The rest of the peaks indexed by the (o) symbol belong to the FTO layer
on the conductive glass substrate (JCPDS card no. 041-1445).[26] According to the
reference JCPDS cards of LDHSs presented in Figure 3.1a, it can be concluded that the LDH
layers are beyond the detection limit, or they have an amorphous structure.[66] Figure 3.1b
shows the Raman spectra of pristine and LDH-modified BiVOs films. The Raman peaks
in the ranges of 450-460 and 520-529 cm™ correspond to the metal-OH translation mode
evincing the formation of LDH assembly[129-131] rather than metal oxide. The peaks

observed at around 480 cm™ in all samples belong to the FTO layer.[132, 133]
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Figure 3.1. (a) XRD diffraction patterns of Bi2Os, pristine BiVO4, CoNi-LDH/BiVOs, CoFe-LDH/BiVOs, and
NiFe—LDH/BiVOa. Plus (+), star () and hollow square (0) symbols indicate the Bragg diffraction peaks of Bi2Os,
BiVO4 and FTO, respectively. The Bragg diffraction peaks of LDHSs are given as vertical lines. (b) Raman
spectra of pristine BiVOs, CoNi~LDH/BiVOs, CoFe—L DH/BiVOs, and NiFe—LDH/BiVOs respectively.

The morphologies of Bi2Os3, pristine, and LDH-modified BiVOs films were examined by
SEM. Figure 3.2a shows the Bi»Os film which consists of interconnected nanosheets to
form a flower-like 3D structure. After heat treatment with vanadyl acetylacetonate, the
Bi.O3 flower-like structure is converted into worm-like BiVO4 nanoparticles with a size of
~197 nm (Figure 3.2b). A layer of CoNi—-LDH nanosheets interconnected with one another
is observed for the CoNi—-LDH/BiVOs (Figure 3.2c). These interconnected nanosheets
form a hierarchical network that maximizes the electrochemically active surface area.[134]
The SEM images of CoFe—LDH/BiVO4 and NiFe—LDH/BiVO4 shown in Figure 3.2d and
e, respectively, indicate that the deposited CoFe and NiFe-LDH layers consist of
aggregated fine particles, and they wrap the BiVOs surface as it can be seen from the high-
resolution SEM images presented in Figure 3.2f. Figure 3.3 shows the cyclic
voltammograms recorded in the non-faradaic region and the plots of the average capacitive
current (4j/2 = (j, — j.)/2 at 0.25VAg/AgCI) vs. scan rate. The slope gives the double-
layer capacitance (Cai) which is directly proportional to the ECSA.[135] The ECSA of
BiVO4 < NiFe-LDH/BiVO4 < CoFe-LDH/BiVO4 < CoNi—-LDH/BiVO4 and the latter
exhibits 3-fold higher ECSA than that of BiVOs. The LDH deposition on BiVO4 enhances

the ECSA and more likely the active sites for the water oxidation process.[136, 137]
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Figure 3.2. FE-SEM images of (a) Bi20s, (b) BiVOs, (c) CoNi-LDH/BiVO4, (d) CoFe-LDH/BiVOs, (e), and (f)
low and high-resolution NiFe—-LDH/BiVOxs films.
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Figure 3.3. Cyclic voltammograms recorded at different scan rates (i.e., 20-100 mV s™) for (a) pristine BiVOs,
(b) CoNi-LDH/BiVOs4 (c) CoFe-LDH/BiVO4, and (d) NiFe-LDH/BiVOs electrodes in the dark. Part (e)
represents the plot of the average capacitive current versus scan rate.

The existence and oxidation states of Co, Ni, and Fe in the deposited LDHs were confirmed
by XPS analysis. Figure 3.3a shows the XPS spectra of Ni 2p in CoNi and NiFe-LDH
layers. In the CoNi—LDH, the Ni 2p core level exhibited two peaks at binding energies of
854.6 and 872.6 eV, which correspond to Ni 2ps2 and Ni 2pi2 peaks of Ni(ll),
respectively.[138] Moreover, the spin-energy separation of 17.5 eV is characteristic of
Ni2*, which indicates the formation of a-Ni(OH), phase.[139] The two satellite peaks at
859.3 and 877.7 eV further confirm that Ni is existing in the oxidation state 2+.[69] The
Ni 2ps2 and Ni 2p12 peaks of Ni in the NiFe LDH are shifted toward higher binding energy
(i.e. 855.3 eV and 872.9 eV, respectively). This is attributed to the change in the lattice
environment of Ni in the NiFe—LDH relative to that in the CoNi—LDH. Figure 3.3b shows
the XPS spectra of Co in CoNi and CoFe—LDHs. The Co 2ps2 and Co 2p1/. peaks were
observed at around 779.5 eV and 790.30 eV, respectively. The deconvolution of the Co 2p
spectra indicates the presence of cobalt in the mixed oxidation states 2+ and 3+ in the
CoNi—LDH.[139] Similar findings were observed for Co in the CoFe—LDH, but the XPS
peak were broader and less intense and they are positively shifted due to the change in the

lattice environment. The XPS spectra of Fe in the CoFe and NiFe—LDHs are shown in

Figure 3.3c. The two peaks located at 710.9 eV and 724.1 eV are attributed to the Fe 2pzp.
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and Fe 2p1 in NiFe—LDH film, respectively.[140] The deconvolution of Fe 2p spectra
indicates that Fe is present in the mixed oxidation state of Fe?* and Fe®* in NiFe—LDH.
Similar trend is also found for Fe in the CoFe-LDH, however, the peaks were shifted

towards high binding energy due to the change in the lattice environment of Fe.[141]
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Figure 3.4. XPS core spectra of (a) Ni 2p in CoNi-LDH/BiVO4 and NiFe-LDH/BiVOsa, (b) Co 2p spectra of
CoNi-LDH/BiVO4 and CoFe-LDH/BiVOsq, (c) Fe 2p spectra of CoFe-LDH/BiVO4 and NiFe-LDH/BiVO4 films.

The amount of the deposited LDH electrocatalyst on BiVO4 was controlled by applying
various amounts of charges during the electrochemical deposition. For CoNi—LDH and
NiFe-LDH/BiVO4 photoanodes, 100 mC cm was the optimum (Figure 3.5 a &b),
whereas for CoFe—LDH/BiVO4, 400 mC cm2 showed the best PEC activity (Figure 3.5c).
Figure 3.6a shows the I-V curves of pristine BiVO4s measured in the dark and under
standard test conditions (STC) in the presence and absence of an electron donor (Na2S0O3).
Pristine BiVVO4 exhibited 0.80 mA cm at 1.23 Ve in the absence of Na>SOs due to its
deprived catalytic activity for water oxidation and/or surface recombination via surface
states.[142] The photocurrent was significantly enhanced in presence of Na>SOs and
reached 2.64 mA cm at 1.23 Vrue. Sulfite ions can be readily oxidized and thus the
photogenerated holes that reach the surface are utilized.[143] Interestingly, almost the same
photocurrent can be achieved in the absence of Na,SOs after the modification of BiVO4
with CoNi-LDH (Figure 3.6b). The CoNi—LDH/BiVO4 exhibited 2.40 mA cm=2 at 1.23

Vrue Which is 3.0-fold higher than that of pristine BiVO4. The CoFe-LDH/BiVO4 and
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NiFe—LDH/BiVO4 photoanodes exhibited 2.33 and 1.95 mA cm? at 1.23 Vg,
respectively. They showed 2.7 and 2.3-fold higher photocurrent than pristine BiVOa,
respectively. The higher PEC activity of CoNi—-LDH/BiVO4 may be attributed to the good
interaction between the ultrathin nanosheets of CoNi—LDH and BiVVO4 which enhances the
charge transfer efficiency and passivates the surface states of BiVO4.[67] The passivation
effect of CoNi—LDH can be concluded also from the reduced intensity of the V4**/V/>* redox
peak positioned at around 0.4 V after the deposition of CoNi—LDH (Figure 3.5d) indicating
the fast transfer of photogenerated holes to CoNi—LDH layer before oxidizing V#* to
V> [52] Pristine and LDH-modified BiVOs photoanodes exhibited excellent optical
switching characteristics and fast response properties under chopped light (Figure 3.6c).
The incident photon-to—current conversion efficiency (IPCE) shown in Figure 3.6d
demonstrated that CoNi-LDH/BiVO4 photoanode achieves a maximum IPCE value of
19.3 % at 375 nm, which is 5.2-fold higher than that of pristine BiVO4 photoanode (3.7 %
at 375 nm). CoFe-LDH/BiVO4 and NiFe-LDH/BiVO4 photoanodes showed 3.5 and 1.9-
time higher IPCE than pristine BiVOs4 photoanode, respectively. Notably, CoNi-
LDH/BiVO. photoanode showed higher IPCE than NiFe-LDH/BiVOs and CoFe-

LDH/BiVO4 photoanodes.

48



(@)  JconiLowsivo, i (b) [niFe-Lonivo,

0 =
r "1 " 1 "1 LU
0.0 04 0.8 1.2 1.6 0.0 0.4 0.8 1.2 1.6
Potential (Vg,e) Potential (Vg,e)
CoFe-LDH/BIVO, (d) q—BIVO, dark
3 - 400mC 1.2 = = CoNi-LDH/BIVO, dark

= NiFe-LDH/BiVO, dark
CoFe-LDH/BiVO, dark

1 1 1 1 1 1 1 1
00 04 08 12 16 00 04 08 12 16
Potential (Vg,e) Potential (Vgye)

Figure 3.5. Shows I1-V curves of (a) CoNi—LDH/BiVOs, (b) NiFe—LDH/BiVOs4, and (c) CoFe—LDH/BiVO4
fabricated at different deposition charges (i.e. 50, 100, and 150 mC cm™), (i.e. 50, 100, and 150 mC c¢cm™2), and
(i.e. 300, 400, and 500 mC cm™2) respectively. (d) 1-V curves of pristine BiVOs, CoNi-LDH/BiVOa, CoFe-
LDH/BiVOas, and NiFe-LDH/BiVOs electrodes under dark.
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Figure 3.6. (a) j-V curves of BiVOs measured in 0.5 M phosphate buffer with and without NazSOs. (b)
Continuous and (c) chopped light j—V curves of BiVO4, CoNi-LDH/BiVOs, NiFe-LDH/BiVOs, and CoFe-
LDH/BiVO4 photoanodes. (d) IPCE % of BiVOs, NiFe—-LDH/BiVQO4, CoFe-LDH/BiVO4, and CoNi—LDH/BiVO4
photoanodes. Illumination conditions: 100 mW cm-2 with AM 1.5G (a, b and ¢) and monochromatic light (d);
electrolyte: 0.5 M phosphate buffer (pH 7.0).

To explore the reason behind the high PEC activity of CoNi—LDH/BiVO4 photoanode, the
transient photocurrent (TPC) responses were measured and presented in Figure 3.7a.
According to the previous reports[26, 144], the transient decay time (1) defined as the time
at which Ln(D) = -1 can be used to compare the lifetime of the photogenerated holes. The

parameter D is determined by using Eqn. 3.1:[32]

D _ (It_IS)

B (Im_ls) (31)

where Im, It, and Is correspond to the photocurrent anodic spike, photocurrent at time t, and
steady-state photocurrent, respectively. The t values extracted from Figure 3.7b for BiVOs,

NiFe—LDH/BiVOs4, CoFe-LDH/BiVOs4, and CoNi—LDH/BiVO4 photoanodes are 0.26,
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0.79, 2.30, and 3.80 s, respectively. These values revealed that CoNi—LDH/BiVO4
exhibited a 15-fold enhancement in the transient decay time relative to BiVVO4 photoanode
and it has the highest t among the investigated LDHs. This indicates that the surface
recombination is significantly suppressed in the presence of the CoNi—LDH layer which
might act as a passivation layer. This assumption is further confirmed by measuring the
generated photovoltage. Figure 3.7c shows the open circuit potential (OCP) measured
under light (OCPiigt) and dark (OCPgark) for pristine and LDH-modified BiVO4
photoanodes. The photovoltages (AOCP = OCPjight — OCPqark) Of all the photoanodes are
depicted in Figure 3.7c. A negative shift in the potential was observed under light
illumination as expected for n-type semiconductors.[145] The photovoltages of CoNi-
LDH/BiVOs, CoFe-LDH/BiVOs, and NiFe-LDH/BiVO4 photoanodes are 0.47 V, 0.31 V,
and 0.28 V, respectively. The significantly high photovoltage value of CoNi—LDH/BiVO4
indicates that the CoNi—LDH layer indeed passivates the surface states and reduces the
surface recombination better than CoFe and NiFe—LDHSs. The Nyquist plots measured at
0.6 Vrre under STC showed (Figure 3.7d) that the charge transfer resistance of BiVOs is
significantly reduced after the modification with the LDHSs, particularly in the case of
CoNi—LDH/BiVOsa. It seems that the CoNi—LDH suppresses the charge transfer resistance
and enhances the charge transfer kinetics more efficiently than CoFe and NiFe-LDHSs and
thus improve the water oxidation process. Subsequently, the rate of oxygen evolution
reaction at the photoanode and hydrogen evolution at the counter electrode will be
accelerated. To investigate this assumption, the rate constant of charge transfer and

recombination was determined from the IMPS measurements.
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Figure 3.7. (a) Transient photocurrent (TPC) and (b) Transient decay times of BiVO4, CoNi-LDH/BiVOs,
CoFe-LDH/BiVOs, and NiFe-LDH/BiVO4 photoanodes at an applied potential of 1.23 Vrre, (c) Photovoltage
and (d) Nyquist plots of BiVOa, NiFe—~LDH/BiVO4, CoFe-LDH/BiVO4 and CoNi-LDH/BiVOs4 photoanodes.

Figure 3.8(a-c) shows the typical IMPS spectra of pristine and LDH-modified BiVO4
photoanodes. The rate constants of charge transfer (ki) and recombination (k...) were
calculated from the radial frequency at the apex (wmaex = 27 fmax = Kir + krec) and the
L.F. intercept I1 = ky./ (ki + krec) and presented in Figure 3.8(d-f).[116] It can be seen
from Figure 3.8d that the order of k... is as follow: k.. of NiFe-LDH/BiVOs > k. Of
BiVO4 > k. 0of CoFe—LDH/BiVO4 > k... 0f CONi-LDH/BiVOa. The latter showed the
lowest recombination rate as expected from the photocurrent trend observed in Figure 3.6Db.
Surprisingly, the k.. of NiFe-LDH/BiVOs is higher than that of CoNi—-LDH/BiVQg,
however, it showed less PEC activity (Figure 3.8e). It seems that the kinetic of charge
transfer on NiFe—-LDH/BiV O is superior but the surface recombination limits its overall

PEC activity as evident from the short t value. The charge transfer efficiency (1. % =
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(kr/ (ke + krec) X 100) of CoNi-LDH/BiVO4 photoanode is still the highest (Figure 6f).
From Figure 3.8a, b, and c, it is obvious that the values of the H.F. intercepts (I2) of pristine
BiVO,4, CoFe-LDH/BiVOs, and NiFe-LDH/BiVO4 photoanodes are almost constant at
different applied potential evincing that the Fermi level is pinned and the surface
passivation is not effective. However, in the case of CoNi—LDH/BiVOg, the value of I,
increases with increasing the applied potential (Figure 3.8a), which indicates that the
CoNi-LDH layer passivates the surface states and unpin the Fermi level as schematically
shown in Figure 3.9. These results fairly indicate that the high efficiency of CoNi—LDH is
due to its dual characteristic functions (i.e. passivation and catalysis) and the passivation
effect is important to enhance the overall efficiency. The CoNi—LDH stores the
photogenerated holes via the oxidation of Co?*/Co%" and Ni?* to a higher oxidation state
(i.e., Co®*/Co* and Ni**/Ni**). The high valence state species are involved in the water
oxidation and the release of oxygen gas and converted back to the original Co?*/Co%* and
Ni2* oxidation state. This cyclic process greatly promotes the hole transfer and effectively
enhances the charge separation efficiency, which improves the sluggish water oxidation

process on the BiVO4 photoanode surface.
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Figure 3.8. IMPS responses were measured for (a) CoNi—-LDH/BiVO4, (b) CoFe-LDH/BiVO4 and (c) NiFe-
LDH/BiVOa4electrodes at various applied potentials in 0.5 M phosphate buffer (pH 7.0) and potential
dependence of the rate constants of (d) charge recombination (krec), (e) charge transference (k.,), and (f) charge
transfer efficiencies (nct) of BiVO4, CoNi—-LDH/BiVOs, CoFe-LDH/BiVO4and NiFe-LDH/BiVO4electrodes.
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Figure 3.9. Energetic schemes for (a) BiVOs and (b) CoNi-LDH/BiV Qs illustrate the charge transfer rate (kir)
and surface recombination rate (Krec) at BiVO4/CoNi—-LDH interfaces. R-ss and 1-ss represents the
recombination and intermediate surface states.
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3.2. Co-Pi/TisC,Tx/BiVO4 Photoanodes

The X-ray diffraction method was used to test the crystallinity of the prepared materials
and electrodes. The X-ray patterns for TisCzTx, BiVOs, TizC2Tx/BiVOs4, and Co-
Pi/TizCoTx/BiVO4 are shown in Figure 3.10a. All diffraction peaks of pristine BiVO4 were
closely matched with the JCPDS card (14-0688) evincing the formation of monoclinic
BiVOs film on the FTO surface.[146] The XRD peaks of the FTO layer were also seen.
After the loading 20 pL of TizC,Tx suspension (3.0 wt%) by drop casting into the BiVO4
surface, the XRD analysis was not sensitive enough to detect the diffraction peaks of
TisC,Tx deposited on the surface of BiVOa. This can be due to the low mass loading and
the high dispersion of TizC2Txwithin the porous BiVOs film. The pristine TisC2Tx MXene
exhibited diffraction peaks at 20 = 7°, 15°, 27°, 39°, and 58°.[147] As reported[148], the
characteristic (002) peak at 20=9.5° of the MAX phase (TizAlC>) is broadened and shifted
to 7°, which results from the larger d-spacing and can be explained by the structural
expansion from etching and substitution of Al with -F and -OH/-O terminating groups. The
most intense peak of the MAX phase at 20 = 39° has nearly disappeared, confirming the
removal of Al layers from TizAlC,. After loading Co-Pi onto the TisC2Tx/BiVOs electrode,
no obvious difference in its diffraction pattern could be seen mainly due to the low amount
of Co-Pi and its amorphous nature as previously reported.[149]

Raman spectra of BiVOs, TisC2Tx,and TisC2Tx/BiVO4 electrodes were collected to confirm
the existence of the TisC2Tx on the surface of the TisC.Tx/BiVOaselectrode (Figure 3.10D).
The vibrational bands of BiVO, at 216, 333, 366, 701, and 830 cm™ were detected, and
they matched the external vibration modes and asymmetric-symmetric bending vibrations

of the V03~ ions.[150] The distinctive Raman bands located at 701 and 830 cm™ are
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corresponding to the asymmetric and symmetric V-O stretching modes.[151] The
distinctive Raman peaks of TisC2Tx at 196, 231, 336, 611, 694, 1354, and 1465 cm™ are
well matching for the TisC,Tx reported in the literature.[152] The oxygen-terminated
TisC202's exhibited the Ti-C and C-C vibrational peaks (Az symmetry) located peaks at
231 and 611 cm™, respectively. The O atoms' Eq vibrations are said to be responsible for
the peak at 336 cm™. The C atoms in the OH-terminated MXene's Eg vibrations are mostly
responsible for the peak at 611 cm™. The data shown above with less intense bands
demonstrates that MXene's surface has a few surface terminations, including -OH and -O.
The presence of multiple surface-terminated functional groups, which may have an impact
on the phonon dispersion of MXene, is likely the cause of the blended and less intense
Raman peaks. Further evidence that no titanium dioxide has developed on the surface of
TisC,Tx is provided by the lack of the TiO> characteristic peak at 144 cm™. Moreover, the
two peaks observed at 1354 and 1465 cm ™ are characteristic of the D- and G-modes of
graphitic carbon in TisC2Tx.[94] For the Raman bands of TizC2Tx/BiVO4 photoanode, a
broadening in the peaks located at 214 cm™ and 333 cm™ is observed due to the blending
of BiVO4 peaks with that of MXenes. Besides, after loading the TizC,Tx on the surface of
BiVOs; it is observed that the most of Raman bands of TisC>Tx have vanished due to the
porous structure of the BiVO4 base material. Moreover, the Raman peaks located at 1390
and 1486 cm™, which are assigned to the D and G bands of carbon in TisC2Tx and do not
overlap with that of BiVOg, indicate the existence of TisC2Tx on the BiVO4 surface.[153]

The optical characteristic is a crucial parameter and has a great influence on the
photoelectrode activity. In this regard, we used UV-Vis spectroscopy to explore the

influence of TisC,Tx loading on the optical characteristics of BiVOs, and the findings are
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shown in Figure 3.10c. The BiVO4 absorption edge was calculated to be at wavelengths of

511 nm.[154] The bandgap (Eg) of BiVO4 was determined to be 2.45 eV, using the Tauc

plot presented in Figure 1d.
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Figure 3.10. (a and b) XRD diffraction patterns and Raman spectra for TisC2TxMXene, pristine BiVOa,
TizC2Tx/BiVOs, and Co-Pi/TisC2Tx/BiVOas. A solid dot (¢), star (), and hollow circle (0) symbols indicate the
Bragg diffraction peaks of TisC2TxMXene, BiVO4, and FTO, respectively; (c, and d) DRS and Tauc’s plots of
BiVOg4, TisC2Tx/BiVOs, and Co-Pi/TisC2Tx/BiVO4 photoanodes.

The UV-Vis spectra after the modification of BiVO4 with TisC,Tx and/or Co-Pi were also

collected for the prepared photoanodes. There was no obvious difference in the optical

properties observed except that the Co-Pi/TizC,Tx/BiVO4 photoanode exhibited slightly

lower absorption in the UV and visible light regions than that of parent BiVO4 photoanodes

due to the deposition of the Co-Pi layer, but the absorption onset remains the same
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confirming that no change in bandgap energies after modification as shown in Figure
3.10d.[83] The Co-Pi layer on the top of BiVO4 seems to block a little light absorption.
Thus, backside illumination is used in this study.

The morphology and elemental composition of TisCoTxMXene, BiVOas, TizCoTx/BiVOsy,
and Co-Pi/TisCoTx/BiVOs were investigated with FE-SEM, FE-TEM, and EDS,
respectively. Figure 3.11a displays the FE-SEM image of Pristine BiVOs, whereas Figure
3.11b shows the TisCoTx/BiVO4 Nanocomposite that depicts how BiVO4 seems to adhere
to the MXene surface. Figure 3.11b shows the morphological evolution after the drop-
casting of 3% TisC,Ty; the translucent film as speculated to be of TisC,Tx attached on the
surface of the BiVO4 was observed, confirming the physical adhesion of MXenes film on
the surface of BiVO4 without affecting the morphology of the base material. The FE-SEM
images of Co-Pi/TizC2T«/BiVO4 photoanodes are presented in Figure 3.11c. The layered
structure of the TisC2Tx was further verified by the TEM technique, the nanosheets of the
layered TizC,Tx can be seen in Figure 3.11d. The Ti-C-Ti stacked transparent layers
observed confirm the few-layered thickness of the prepared MXenes, which is favorable
for faster inter-band electronic transition.[155, 156] To create a porous network of
TisC,Tx/BiVOs Nanocomposite, the non-uniform translucent cluster of TisC2Tx seems to
combine with the BiVO4. The TEM image indicates that TisC.TxMXene nanosheets are
well embedded in BiVOs4 film (Figure 3.11e), which facilitates the migration of

photocarriers between bulk and surface.
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Figure 3.11. (a, b, and c) denotes the FE-SEM images of pristine BiVOa, TisC2Tx/BiVO4, and Co-
Pi/TisC2Tx/BiVO4 photoanodes, respectively; (d, e and f) denote the TEM images of TisC2Tx, BiVOs, and
TizC2Tx/BiVOs, respectively.

The PEC measurements of all electrodes were measured under AM 1.5 G illumination (100
mW/cm?) in 1.0 M borate buffer (pH = 9). The electrolyte was stirred and bubbled with N2
gas before measurements for 30 min. Firstly, TizC2TxMXene is deposited on the BiVO4
photoanode by drop-casting and the areal loading is optimized using linear sweep
voltammetry (LSV, Figure 3.12 (a and b)). The optimized TisC>Tx/BiVO4 photoanode (i.e.
loaded with 2.4 mg/cm? of MXenes) shows a significant enhancement in photocurrent than
pristine BiVOs in the absence and presence of a hole scavenger Na>SOs as shown in Figure
3.13a. In the absence of Na;SOs, the pristine BiVO4, and TisC2Tx/BiVOas photoanodes
showed 0.45 mA/cm? and 2.31 mA/cm?, respectively. But in the presence of a hole

scavenger, both photoanodes showed enhanced photocurrent relative to that obtained in

borate buffer (i.e. 3.20 and 5.27 mA/cm? for BiVO4 and TisC,T«/BiVOs, respectively).
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Sulfite ions (S0%7) can be easily oxidized and usually, it is assumed that almost all surface
photogenerated holes can be captured and reflected in the generated photocurrent in the
presence of (SO37) ions. Based on this assumption, the maximum photocurrent expected
for pristine BiVOa should be 3.20 mA/cm? and the loading of TisC.TxMXene film onto the
BiVO4 should result in a significant improvement in the photocurrent and 5.27 mA/cm?
could be achieved. Assuming that all holes generated in the space charge layer (SCL) and
the near vicinity of pristine BiVO4 could diffuse and reach the surface and be collected by
the sulfite ions, it can be concluded from these results that the TizCoTxMXene layer does
not only reduce the surface recombination but also increase the hole collection. Figure
3.13b shows the LSVs of pristine BiVOs, TisCoTx/BiVOs, and Co-Pi/TizCoTx/BiVOs
photoanodes. All photoanodes show approximately zero dark currents which indicates that
there is no reaction in the dark. As expected, under light illumination, the Co-
Pi/Ti3C2TxMXene/BiVO4 photoanode shows a higher photocurrent of 4.72 mA/cm? which
is 2 times higher than TisC2TxMXene/BiVO; (2.31 mA/cm?) and approximately 11 times
than that of pristine BiVOa (0.45 mA/cm?) photoanodes. The enlarged I-V curves of pristine
BiVOs, TizsC,T«/BiVOs4, and Co-Pi/TisC2Tx/BiVOs in the dark are presented in Figure
3.12d. The redox peak of V#*/V°* at 0.4 Vrre Was observed and significantly reduced after
the deposition Co-Pi on TisCoT«/BiVOs indicating the passivation effect of Co-Pi and the
fast transfer of photogenerated holes to Co-Pi layer before oxidizing V** to V°*.[52] Figure
3.13c shows the incident photon to current efficiencies (IPCE) of all photoanodes. There
is a significant enhancement in overall optical response for TisCoTx/BiVOs, and Co-
Pi/TisCoTx/BiVO4 photoanodes. As described earlier there is no significant change in the

absorption capability before and after loading TizC2Ty, and Co-Pi/TisC2Tx on the BiVOs
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photoanode. So the enhancement of IPCE might be ascribed to the improvement of bulk
carrier's transfer dynamics and surface reaction.[79] The Co-Pi/TizC2Tx/BiVOs
photoanode shows excellent PEC stability tested by applying a constant bias potential of
0.6 Vrue for 72 hours and is presented in Figure 3.13d. After 72 hours there is only a 12 %

decrease in photocurrent.
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Figure 3.12. (a) LSVs of drop-casting 3% (10, 20, and 30 pL) of TisC2TxMXene on BiVO4 with and without
Na2SOs in 1.0 M (9.0 pH) borate buffer. (b) LSVs of drop-casting 20 pL (1, 3, and 5%) of TisC2TxMXene on
BiVO4 with and without Na2SOs in 1.0 M (9.0 pH) borate buffer. (¢) LSVs of photoelectrochemical deposition of
oxygen evolution co-catalyst Co-Pi on TisC2Tx/BiVOs at different time intervals. (d) LSVs of pristine BiVO4 and
the modified photoanodes under dark.

The applied bias photo-to-current (ABPE) is another evaluation metric to test the overall
water-splitting reaction for pristine BiVOs, TisC2Tx/BiVOs, and Co-Pi/TisCoTx/BiVO4
photoanodes (Figure 3.13e). The Co-Pi/TisC2Tx/BiVOs photoanode exhibits 1.29%
efficiency at 0.45 Vrug, which is 2 and 8 times higher than those of TisC2Tx/BiVOa (0.64%
at 0.47 Vrue) and pristine BiVO4 (0.16% at 0.61 Vrre). It should be noticed that the bias

potential corresponding to the highest efficiency value for the TizC2Tyx/BiVO4 photoanode
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is shifted cathodically, indicating that the introduction of MXene reduces the carrier
recombination and enhance the generated Photovoltage.[75]

To confirm that the obtained photocurrent is produced due to the water-splitting process, it
is crucial to quantify the quantities of hydrogen (H2) and oxygen (O2) gases generated by
the water-splitting process. For this, an airtight PEC cell was constructed, having a typical
3-electrodes setup of a Co-Pi/TizC2Tx/BiVO4 photoanode, a Pt counter electrode, and an
Ag/AgCI reference electrode. The PEC cell was directly connected to the gas
chromatograph. Consequently, it is possible to concurrently assess the photocurrent and
the concentration of the generated H2/O gases. Figure 3.13f shows the evolution of both
gases and the simultaneously recorded photocurrent over time, respectively. The
experiment was conducted in the 1.0 M borate buffer solution pH 9.0 at 1.23 Vrne under
AML15 simulated solar light. Figure 3.13g illustrates the Faradaic efficiency that
corresponds to the ratio between the directly measured gas production rate and the
photocurrent produced during the run. The photoanode achieved a faradaic efficiency of

around 90-91%.
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Figure 3.13. (a) I-V curves for pristine BiVO4 and TizsC2Tx/BiVO4 photoanodes measured with and without
Naz2S0s; (b, ¢, and e) I1-V, IPCE %, and ABPE % curves of Co-Pi/TisC2Tx/BiVO4 photoanode measured without
Na2SOs (for clarity the curves for BiVOas, Co-Pi/BiVOs, and TisC2Tx/BiVO4 were also added); and (d)
chronoamperometry stability test for Co-Pi/TisC2Tx/BiVO4 photoanode measured at 0.6 Vrue, (f) number of
moles of Hz2 and Oz produced from the amount of photocurrent produced and from GC at 1.23 Vrre in 1.0 M
borate buffer solution pH 9.0, and (g) shows the respective Faraday efficiencies of Co-Pi/TizC2Tx/BiVOs
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photoanode. Illumination conditions: 100 MW cm2 with AM 1.5 G filter except for IPCE monochromatic light
of LEDs was used; electrolyte: 1.0 M borate buffer solution pH 9.0.
The EIS tests are performed to further visualize the barrier of carrier migration of all
photoanodes under AM 1.5 G illuminations at 0.8 VrHe as shown in Figure 3.14a. The
semicircle of Nyquist plot of TisC2Tx/BiVOs photoanode is much smaller than pristine
BiVO4 suggesting that MXene effectively reduces the impedance for charge transfer at the
electrode/electrolyte interface and as a result carrier separation and migration to the surface
is enhanced. The Co-Pi further reduces the charge transfer resistance, but, still, we can
conclude that the TisC2oTx MXene layer has a significant impact. Co-Pi is known to
accelerate the water oxidation kinetics and improve the carrier transfer efficiency at the
electrode-electrolyte interface, either by passivation and catalysis effects or by the creation
of a p-n junction.[157] The open circuit potential (OCP) was examined to further explain
the improvement in charge carrier separation of all photoanodes. The change in open circuit
potential (AOCP) is shown in Figure 3.14b. From the above OCP graph, the decay lifetime

(t) of accumulated electrons can be calculated by using the model presented by Bisquert

and co-workers by using the given equation 3.2.[158]
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Figure 3.14. (a, b, ¢, and d) Nyquist, OCP, OCP transient plots, and t values of pristine BiVOg, TisC2Tx/BiVOs,
and Co-Pi/TizC2Tx/BiVO4 photoanodes. Condition: part a: potential is 0.8 VrHe and 1.0 M borate buffer pH 9.0.

T = ""i(doﬁ)_1 (3.2)

e dt

Where t is the carrier lifetime which depends on potential, kg is the Boltzmann constant,
T is the absolute temperature, e is the charge on an electron, and Voc is the open circuit
potential at lifetime (7). The AOCP value of modified photoanodes is greater than pristine
BiVO4, which indicated better charge separation in modified photoanodes than pristine
BiVOa. Figure 3.14(c and d) shows the 7 values of all photoanodes, and their values are
0.24 s, 0.08 s, and 0.04 s for pristine BiVOs, TisCoTx/BiVOa, and Co-Pi/TizC2Tx/BiVOs
photoanodes, respectively. The shorter 7 value of modified photoanodes indicates that,
under illumination, there is a significant enhancement in charge separation and
accumulation of charges at the surface of modified photoanodes than pristine BiVOas. Once
the light is switched off, the electrons recombine fast with the accumulated holes at the

surface.
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The flat-band potentials (Ef) of all electrodes were estimated from the Mott-Schottky (M-
S) plots shown in Figure 3.15a. The value of Es is 0.80 Vrue for all electrodes. It means
that there is no significant influence of MXene and Co-Pi deposition on flat-band potential.
The donor density values of BiVOs, TisCoTx/BiVOs, and Co-Pi/TisCoTx/BiVO4
photoanodes are 1.72x 10%°, 1.40x 10%, and 1.64x 10%, respectively. Such results can be
explained by considering that higher electron density is induced in modified photoanodes
after modification with TisCoTx MXenes.[159] To intensely understand the effect of Co-
Pi/TizC2Tx on BiVO4 photoanode on charge transfer and recombination, the transient
photocurrent decay occurring immediately upon illumination was evaluated. Figure 3.15b
represents the transient photocurrent of all photoanodes at 1.23 Vrue When the light is
switched on and off. At light on, an anodic photocurrent spike was observed due to the
sudden and rapid evacuation of trapped electrons in the surface states. The anodic spike
areas of TizC,T«/BiVOs4and Co-Pi/TisC2Tx are relatively small relative to that of BiVO4
indicating that the Co-Pi and TisC.Tx passivate the surface states. This can be further
assured by the absence of cathodic spikes upon the light is turned off. The accumulation of
holes in surface defects would cause a large cathodic spike when the light is turned off, and
electrons present in the conduction band react with them. There is no cathodic transient
observed in Figure 3.15c, suggesting that the accumulation of holes at the surface defects
is not the main recombination pathway and TisC,Tx can effectively transfer the
photogenerated holes to the electrolyte solution. The transient decay time (InD) in the
photoanodes was calculated from Equation3.1. The transient decay time is the time at
whichthe InD = —1. Based on the transient photocurrent profile measured in Figure 3.15c,

the transient decay time of BiVOs, TisC2Tx/BiVOs, and Co-Pi/TizCoT«/BiVO4 photoanodes
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are presented in Figure 3.15d. The transient decay times of Co-Pi/TizC2Tx/BiVOs
photoanode is 2.80 s which is 2.5 and 11.0 times higher than TizC,Tx/BiVO4 (1.10 s) and
pristine BiVO4 (0.26 s), respectively. Based on the above analysis of charge carrier
dynamics, it demonstrates that the MXene layer acts as a hole transport layer. It blokes the
surface recombination of electron/hole pairs allowing the electrons to stay for a longer
time. The Co-Pi further enhances this effect together with its catalysis role in the water

oxidation reaction.
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Figure 3.15. (a) Mott-Schottky plots of pristine BiVOas, TisC2T«/BiVOas, and Co-Pi/TisC2Tx/BiVO4 photoanodes
measured at 1.0 kHz in dark in 1.0 M borate buffer solution pH 9.0, (b) Transient photo-responses show the
chopped current densities (light on/light off) as a function of time, (c) the transient decay time for the same

electrodes.

The synergy between TisC2Tx and BiVO4 and its influence on the charge transfer kinetics
has been further explained through IMPS studies. Figure 3.16(a-c) shows the typical
responses of IMPS of the pristine BiVOs, TisCoTx/BiVOs, and Co-Pi/TizC2Tx/BiVOs
photoanodes, respectively. These three Figures contain two semicircles, one is in the 1%
quadrant and the other is in the 4" quadrant. The high frequency (HF) semicircle starts
from the 4" quadrant, which represents RC attenuation and comprises the total resistance
of the cell and the combined capacitance of the space charge layer and Helmholtz layer
capacitance. The charge transfer and recombination processes dominate the response in the

1% quadrant (LF semicircle). The rate constants of charge transfer (k..) and charge
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recombination (k,..) at different potentials can be analyzed from the LF semicircles of
IMPS results. The LF intercepts are related to surface charge transfer efficiency (n.;) and
Net = kir/ (Ker + kyec), Whereas  wmax = 2T fmax = Ker + Kree [160]  From  these
equations k.., ks, and n; at various potentials are calculated and are presented in Figure
3.16(d-f) for the pristine BiVOa, TisC2Tx/BiVOs, and Co-Pi/TizC2Tx/BiVO4 photoanodes.
The k,.. value of TizC2Tx/BiVOs is higher than pristine BiVO4 and Co-Pi/TizC2Tx/BiVO4
photoanodes. Considering the fact that k., and k,... are phenomenological rate constants
and they may depend on the hole charge carrier concentration, it can be concluded that the
high value of k,... in the presence of MXene is due to the accumulated holes in the Mxene
layer. The Co-Pi modification facilitates the electron transfer at the interface and thus the
concentration of the accumulated holes is reduced and consequently, the k.. is also
decreasing. This finding is consistent with the carrier lifetime extracted from the
photovoltage change at the OCP presented in Figure 3.14c. As shown in Figure 3.16e, the
k. values are in the order of TizCoTx/BiVO4s>Co-Pi/TizCoTx/BiVO4>BiVOs4. The
TisCoTx/BiVOs exhibited the highest k;.values at relatively high bias, despite, it also
exhibiting the highest k,... However, the TisC2Tx layer has a positive impact as a hole
storage layer and facilitates the charge transfer, the high recombination rate is still an issue.
It seems that the charge transfer kinetics for TisC2Tx/BiVO4 photoanode is superior, but
the charge recombination limits the overall PEC activity. The overall performance of the
photoelectrode is governed by the charge transfer and recombination and thus the charge
transfer efficiency is calculated for all electrodes and presented in Figure 3.16f. The Co-
Pi/TisCoTx/BiVOs photoanode showed the highest efficiency in agreement with the

photocurrent responses presented in 3.13b. Based on the analysis of the
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photoelectrochemical results it seems that the TisC2Tx layer acts as a hole storage layer.
Increasing the concentration of the photogenerated holes at the surface will increase the
charge transfer, but also will increase the rate of the recombination with the conduction
band electrons. Despite that, it has a positive impact on the overall performance. The
enhancement in ki and charge transfer efficiency after the deposition of TisC2TxMXene on
the BiVOs is further explained due to the difference in the work function of TisC2TxMXene
and BiVOs. The work function of TisCoTxMXene is 5.0 eV [161], which is higher than
pristine BiVO4 (4.15 eV). When the BiVO4 and TisC2TxMXene layers are connected, a
strong built-in electric field is produced at the TisCoTx/BiVOs Schottky junction and the
space charge layer width is enhanced (see Figure 3.17).[79] So, the photo-generated holes
are easily transferred from the valance band of BiVOs to TisC,TxMXene, and these
transferred holes in the TisC2TxMXene layer are immediately used for water oxidation. At
the same time, electrons in the conduction band of BiVVO4 are not able to cross this Schottky

barrier.
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Figure 3.16. IMPS responses were measured for (a) Pristine BiVO4, (b) TisC2Tx/BiVOs,and (c) Co-
Pi/TisC.Tx/BiVO4 photoanodes at various applied potentials in 1.0 M borate buffer (pH 9.0) and potential
dependence of the rate constants of (d) charge recombination (krec), (€) charge transference (ky.), and (f) Charge
transfer efficiencies (1nct) 0of BiVOs, TisC2Tx/BiVO4, and Co-Pi/TisC2Tx/BiVO4 photoanodes.
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Figure 3.17. Energetic schemes of before (a) pristine BiVOa4 and after Schottky junction formation (b)
TisC2Tx/BiVO4 photoanodes.
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3.3. BiVO4 Photoanode with NiV»Os Back Contact Interfacial Layer

The XRD patterns of Ni(OH)z, pristine BiVO4, NiV20¢/BiVO4, and Co-Pi/NiV20s/BiVO4
films are represented in Figure 3.18a. The diffraction peaks indicated by the star (*) symbol
in the XRD spectra can be well indexed for monoclinic BiVO4 (JCPDS no. 14-0688).[50]
The other peaks, referred to by the (o) symbol, are for the F-SnO: layer of the conductive
glass substrate (JCPDS card no. 041-1445).[26] From Figure 3.18a, there are no diffraction
peaks observed for the Ni(OH)2, NiV20s and Co-Pi layers, likely due to their low
concentrations. Raman spectroscopy is more sensitive and thus we used it to confirm the
formation of NiV20e. The Raman scattering spectra of pristine BiVO4 and NiV20s/BiVO4
films in Figure 3.18b and Ni(OH)2 and pristine NiV20s, are presented in Figure 3.18c. The
Raman spectrum of pristine BiVO4 contains five vibration peaks at 212, 323, 366, 707, and
823 cm™* corresponding to stretching and bending vibrations of the V-O bond in the BiVO..
The intense band at 823 cm is attributed to the shorter symmetric V—O stretching mode
(A1g) and the weak band at 707 cm™ is assigned to the long (Aig) asymmetric V-O
stretching mode. The asymmetric and symmetric bending vibrations of the VO4 tetrahedron
are detected at 323 and 366 cm™, respectively.[162] The NiV20¢ has Raman peaks located
at 280 cm™ due to Ni-O vibration and at 935, 690, and 585 cm™ due to the V-O shorter
symmetric stretching (Ayg), and asymmetric long stretching (Azg) and short asymmetric
(Asg) vibrations, respectively. The two bands that appeared below 200 cm™ are ascribed to
the lattice vibrations.[163, 164] For comparison the the Raman spectrum of Ni(OH)2 has
been also added to Figure 3.18b. Ni(OH), has Raman peaks at 320 and 448 cm ™! which are
identified to be translational Aig(T) and Eg(T) phonons while the Raman peak at
861 cm ! is assigned to the rotational Eq(R) mode. For the NiV20¢/BiVO4 film, ten Raman
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peaks have been detected. Five of them (i.e. 212, 327, 369, 708, and 827 cm™) can be
readily indexed to the BiVVOas. The other five peaks are located at 124, 144, 280, 589, and
941 cm™ and can be assigned to the stretching and bending vibration modes of NiV20s.
The little shift observed in NiV20s/BiVO4 Raman bands relative to the pristine NiV20s
and BiVO; indicates the electronic interaction between them. The appearance of both

BiVO4 and NiV20s Raman peaks confirms the coexistence of NiV20e/BiVOa.

(@)l ] Co-Piiv,0/8\V0] (Iy) NIVOJBIVO, ()=
—_ -'L—Lt* fax { x2 124 212
E NiV,04/BiVO, ':; 144 5,350 589 ’;
s " alz g 280 708 A 941 5_“,
% IS 5% e %0 O :gi ‘l _ ‘? NiV,0¢
s givo, | & 212 | P g 280
c Q [ FTO
£ . o = IA\ 32:43;36 /‘\ i J 199 v s % e
DA ox 9 %% % %0 O '\ ;U' 07 |\ 48FTO Ni(OH
() < p«/ M/ \\w—c———v-'/ 320 i(OH),
I o p0gh: 861
— T T 1 1 T 1
20 30 40 50 60 70 100 400 700 1000 200 450 700 950
20 (degree) Raman Shift (cm™) Raman Shift (cm™)

Figure 3.18. (a) XRD diffraction patterns of Ni(OH)z, pristine BiVOa, NiV206/BiVO4, and Co-Pi/ NiV20s/BiVOs
photoanodes. Star (*) and hollow circle (0) symbols indicate the Bragg diffraction peaks of BiVO4 and FTO,
respectively. (b) Raman spectra of pristine BiVO4 and NiV20s/BiVO4 heterostructure photoanodes.

Figure 3.19 shows the low magnification FE-SEM images of the synthesized Ni(OH),
BiVO4, NiV206/BiVO4, and Co-Pi/NiV20e/BiVOs films grown on the FTO substrate. Low
magnification images are presented here to represent to a greater extent the overall quality
of the film rather than focusing on a small area. Figure 3.19a represents the vertically
standing nanosheets of Ni(OH), on the FTO substrate, which are continuously
interconnected with one another, and the film has no cracks and is free of pinholes.
Controversially, the SEM image of pristine BiVO4 (Figure 3.19b), fabricated in the absence
of Ni(OH)2 film, is discontinuous and exhibits pinholes between the secondary particles
that consist of small primary particles of 95 nm. The SEM image of NiV20s/BiVO4 shown

in Figure 3.19c indicated that the use of Ni(OH). layer leads to the formation of a
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continuous and pinholes-free film. Figure 3.19d shows the FE-SEM image of the Co-
Pi/NiV206/BiVO4 film. No significant change in the morphology has been observed after
the deposition of Co-Pi on the top surface of the NiV20e/BiVOs film. The thickness of
pristine BiVO4 and NiV20e/BiVO4 films were estimated from the cross-sectional FE-SEM
image presented in Figure 3.19(e & f), respectively. Figure 3.19e shows the typical worm-
like morphology of pristine BiVVO4 and the film is approximately 840 nm. The thickness of
NiV20e/BiVO;4 film is approximately 1250 nm. The film is thicker than that of pristine
BiVO4 and has a porous structure. The EDX analysis of the bottom and upper parts of the
NiV20e/BiVO;4 film (Figure 3.19¢) showed that the bottom part which is near the FTO
substrate contains a higher quantity of Ni, while the upper layer is rich in Bi suggesting the
formation NiV20s BCI layer between BiVO4 and FTO substrate. The transmission electron
microscopy (TEM) measurements were performed to further investigate the formation of
NiV206/BiVO4 heterostructure. The low-magnification TEM image shown in Figure 3.19g
indicates that the NiV20e/BiVO4 film is composed of interconnected nanoparticles.
Meanwhile, the high-resolution image (Figure 3.19h) indicated the formation of
NiV206/BiVOs heterostructure. The NiV20e lattice fringes were observed with an
interplanar distance of 0.24 nm corresponding to the (012) facet.[165] The lattice spacing

of 0.31 nm could be indexed to the (130) reflections of monoclinic BiVO4.[166]
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Figure 3.19. Top view FE-SEM images of (a) Ni(OH)z, (b) pristine BiVOs, (c) NiV206/BiVOs, and (d) Co-
Pi/NiV206/BiVOas films; and (e & f) cross-sectional FE-SEM images of pristine BiVO4 and NiV20s/BiVOs films,
respectively; (g & h) TEM images of NiV20e/BiVOs heterostructure at low and high magnification.

Figure 3.20a shows the absorption spectra of all films, and all of them exhibit absorbance
edges around 500 nm, suggesting no modification for the bandgap. This further suggested
that the enhancement in the photocurrent of the Co-Pi/NiV20e¢/BiVOs photoanode is
mainly due to the enhancement in the charge transfer and separation efficiencies. The
optical bandgap energies of pristine BiVO4, NiV20s/BiVOs, and Co-Pi/NiV20e/BiVO4

were calculated from absorption spectra using the Tauc’s plot presented in Figure 3.20b
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assuming indirect bandgap transition.[167] A bandgap of 2.44 eV was observed for all

films.
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Figure 3.20. (a) UV-vis absorption spectra and inset (b) Tauc’s plots of pristine BiVOu, NiV20¢/BiVO4, and Co-
Pi/BiVO4/NiV20s photoelectrodes.
The surface chemical composition and oxidation states of elements of pristine BiVO4 and
NiV20e/BiVO;4 films were determined by XPS and presented in Figure 3.21. Figure 3.21a
shows the XPS spectra of bismuth 4f core levels. The doublet peaks appear at 164.6 eV
and 159.2 eV representing the binding energies of Bi 4fs, and Bi 4f7. respectively,
indicating that Bi exists in +3 oxidation state.[168] The XPS spectra of Ni 2p core levels
in NiV20e/BiVO;4 film before and after etching are presented in Figure 3.21b. No Ni peaks
were observed before etching evincing that the top layer is mainly BiVOa. After etching,
the characteristic peaks of Ni?* located at 873.3 eV and 856.0 eV have been observed. The
peaks that appeared at 879.6 eV and 861.8 eV belong to the satellite peaks.[169] From
Figure 3.21c, the V 2p binding energy peaks at 524.6 and 516.7 eV confirm that the V
presents in a +5 oxidation state.[170] A broad XPS spectra are observed for the O 1s in
pristine BiVOs and NiV20e/BiVOs (Figure 3.21d) indicating that there are different

chemical environments. The XPS spectrum of O 1s in pristine BiVVOa4 can be deconvoluted

into three peaks, the peaks at 529.9 and 531.5 eV are assigned to the lattice oxygen and
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oxygen defects, respectively, while the peak observed at 532.7 eV is due to hydroxyl
groups and water molecules adsorbed at the surface. The O 1s XPS spectrum of the etched
NiV206/BiVO4 sample can be deconvoluted into two peaks located at 530.2 and 532.2 eV
which are assigned to lattice oxygen and oxygen defects. The peak of the adsorbed water

molecules is missing due to the etching.[171]
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Figure 3.21. XPS spectra of (a) Bi 4f, (b) Ni 2p, (c) V 2p, and (d) O 1s of pristine BiVO4 and NiV20¢/BiVOs films.
The influence of the drop-casting solution’s composition and Ni(OH) film’s deposition

time on the PEC performance of NiV20e/BiVO4 photoanode was investigated. First, the
deposition time for Ni(OH)2 film on the FTO substrate was fixed to 30 min. Then, drop-
casting solutions containing different Bi atomic ratios (i.e. 0.0 - 100% Bi at.% calculated
as [Bi]/([Bi]+[V]) were used to fabricate the photoelectrodes. Figure 3.23a shows the
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generated photocurrent densities at 1.23 Vrne for the resulted photoanodes as a function of
the Bi at.%. The photocurrent was measured in the absence and presence of Na>SO3
electron donors. In both cases, the maximum photocurrent was achieved at 43 at.% of Bi,
which is 0.65+0.08 mA/cm? and 5.4+0.22 mA/cm? in the absence and presence of Na;SOs
(0.5 M), respectively. For simplicity, we keep using the abbreviation NiV206/BiVO; for
the photoanode prepared using the drop-casting solution with this composition (optimized
[Bi]/([Bi]+[V]) ratio). It is worth mentioning that the illumination in this study was done
from the back side and thus the thickness of the BCI layer is crucial. If the thickness of the
BCI layer is high, it could shield the light and induce back-surface recombination.
Therefore, we have optimized the thickness of the BCI layer by varying the deposition time
of the Ni(OH). sacrificial film (Figure 3.22a). It was found that 30 min deposition time is
the optimum and the best annealing temperature for getting NiV20e/BiVO4 with high PEC
performance is 450 °C (Figure 3.22b). Figure 3.23b shows the linear sweep
voltammograms (LSVs) of BiVOs, NiV20e/BiVOs, and Co-Pi/NiV20e/BiVO4
photoanodes in the absence and presence of Na;SOsz. The BiVO4/NiV20s photoanode
showed a significant increase in photocurrent compared to BiVOs in the presence of
Na2SO:z. In the absence of Na2SOsions, both electrodes exhibited comparable performance.
These results show that more holes can diffuse and reach the surface of NiV20¢/BiVO4
compared to BiVOa4 but the former still suffers from a high surface recombination rate. It
is known that Co-Pi cocatalyst can passivate the surface defects and accelerate the water
oxidation kinetics.[52] Indeed, the modification of NiV20e/BiVOs with Co-Pi (Co-Pi/
NiV206/BiVOs) has enhanced dramatically the PEC performance in the absence of Na.SOs

electron donors (Figure 3.23c). The back-side illumination gives higher PEC activity,
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particularly, for the Co-Pi/NiV20e/BiVOs, and implies that the photogenerated holes
generated at the back side can diffuse and reach the electrode/electrolyte interface more
efficiently in the presence of the BCI layer. This assumption has been supported later by
determining the recombination rate constants and hole diffusion length. Under standard
illumination, Co-Pi/NiV206/BiVOs could deliver 4.8 mA/cm? at 1.23 Vgrue Which is
approximately 2 times higher than Co-Pi/BiVOs (2.36 mA/cm?), 8 times higher than
NiV206/BiVO4 (0.65 mA/cm?) and 12 times higher than pristine BiVO4 (0.42 mA/cm?).
The incident photon-to-current conversion efficiency (IPCE) of pristine BiVOa,
NiV206/BiVO4, and Co-Pi/NiV206/BiVOs photoanodes at 1.23 VrHe measured in the
absence of electron donors are presented in Figure 3.23d. The Co-Pi/NiV20¢/BiVO4
photoanode shows a maximum IPCE value of 61% at 420 nm. It also showed a high applied
bias photon-to-current efficiency (ABPE) value of 0.83 % (Figure 3.23e) at a Faradaic
efficiency of 85 %. The ABPE was evaluated using a two-electrode configuration to
account for the reaction at both electrodes.[172] The charge separation efficiency (nsep) was
also calculated[173] and the results are plotted in Figure 3.22 (e and f). The details of the
calculation are given in the supporting information. It was found that the nsp Of
NiV206/BiVO4 and pristine BiVO4 are low throughout the applied potential window
envincing the high surface recombination and low charge transfer efficiency at both
photoanodes. However, after Co-Pi deposition, the Co-Pi/NiV206/BiVO4 photoanode
showed approximately 7.5 and 10-fold enhancement in nsep at 1.23 Vgrue than
NiV206/BiVO4 and BiVOs photoanodes, which is consistent with the LSV results and
supported later by IMPS analysis. Figure 3.22f shows the Nyquist plots at various

potentials (0.5-0.8 Vrne). It can be concluded from the reduced semicircle size that the
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charge transfer for water is greatly reduced after the modification with Co-Pi in agreement
with previous reports.[174] The long-term stability test, presented in Figure 3.23f,
indicated that the Co-Pi/NiV20¢/BiVO4 photoanode exhibits excellent stability for over 25
hours at an applied potential of 0.6 Vrye. Considering our facile recipe, the developed Co-
Pi/NiV206/BiVO4 photoanode exhibits considerable PEC activity and stability relative to
those of the most active BiVOs-based photoanodes (Table 1.2). The remarkable PEC
performance is mainly due to the better charge separation induced by the BCI layer at the
back interface and the facile water oxidation by the Co-Pi OEC at the front interface. To
assess the Faradaic efficiency of water oxidation on the Co-Pi/NiV206/BiVO4 photoanode,
the rate of PEC O, and H> evolution was measured and presented in Figure 3.23g. A sealed
single-chamber PEC cell connected with gas chromatography was used to quantify the
generated Oz and H> gases at the photoanode and counter electrode, respectively. An Hz/O:
ratio of almost 2/1 was achieved and the Faradaic efficiency of the oxygen evolution
reaction was 85 %. The other 15 % might be due to the formation of liquid phase species

(e.g. H202) and dissolved oxygen.[175]
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Figure 3.22. (a & b) Influence of the chemical deposition time of Ni(OH)2 layer and annealing temperature on
the PEC performance of NiV20s/BiVO4 photoanodes respectively, (c) 1-V curves for NiV20e/BiVO4 and Co-
Pi/NiV206/BiVO4 photoanodes in different pH of borate buffers, and (d & €) Jabs and calculated Charge
separation efficiencies of pristine BiVO4, NiV20e/BiVOs, and Co-Pi/NiV20e/BiVO4 photoanodes, and (f) Nyquist
plots of BiVOa, NiV206/BiVO4, and Co-Pi/NiV206/BiVO4 photoanodes at 0.8 VrHe.
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Figure 3.23. (a) Photocurrent measured at 1.23 Vrre Versus the atomic ratio of Bi in the drop-casting solution;
(b, ¢, and d) LSVs and IPCE % of BiVOa, NiV206/BiVO4, and Co-Pi/NiV206/BiVO4 photoanodes; () ABPE of
BiVOas, NiV206/BiVO4, and Co-Pi/NiV206/BiVO4 photoanodes; (f) Chronoamperometric stability test for Co-
Pi/NiV206/BiVO4 photoanode measured at 0.6 VrrE, and (g) Rate of PEC Hz and Oz evolution from 1.0 M
borate buffer (pH=9.0) at 1.23 VrHe and inset figure shows the Hz and O: Faraday efficiencies. Electrolyte: 1.0
M borate buffer solution (pH 9.0) with or without Na>SOs as indicated in the figure.

Up to here, it has been found that the creation of a NiV.Os BCI layer between the BiVO4
layer and FTO substrate enhances the availability of holes at the surface. To elucidate this

finding more, we have measured the flat band potential (Erg), donor density (Np), and hole
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diffusion length for pristine and NiV20e/BiVO4 photoanodes. The Mott-Schottky (M-S)
plots for all electrodes and presented in Figure 3.24a. All electrodes showed positive
slopes, suggesting that all exhibit the characteristics of n-type semiconductors. The Erg and
Np values were derived from equations 2.4 and 3.3, respectively [176]

-1
N, = Ll@l (3.3)

ggpeo | dE
where C is the capacitance, A is the area in cm?, ¢ is the dielectric constant, which is 68 for
BiVOys, &, is the permittivity of free space (8.85x102Fm™), e is the charge on an electron
(1.62x10*° C), Np is the charge carrier density (cm™2), and Eapp is the applied potential

referenced to the RHE, kg is the Boltzmann constant, and T is the temperature in K. From

the intercept of Figure 3.24a, the Ers values of pristine BiVO4, NiV20e¢/BiVOs, and Co-
Pi/NiV206/BiVO4 electrodes were calculated as 0.79, 0.73, and 0.73 VruE, respectively.
The Ers of BiVO4 and NiV20g/BiVO4 photoanodes extracted from the onset of the J%pnoto-
E curve (see Figure 3.24b) agreed to a great extent with the obtained values from the M-S
plots evincing the consistency of the measured values. From the slope of Figure 3.24a and
using Equation 3.3, the doping densities (Np) of pristine BiVO4, BiVO4/NiV20e, and Co-
Pi/BiVO4/NiV20s photoanodes are 1.7x10%° 2.8x10'° and 1.9x10%° cm™3, respectively.
Assuming an ideal semiconductor behavior, the space charge layer (Wsc) could be

calculated from the following equation 3.4.

2 R
Wsc = WolVapp = Vro = |5 \Vaww — Vo (3.4)

It is worth mentioning here that the NiV20s BCI layer is much thinner than the top BiVO4

layer (Figure 3.19f), thus it is reasonable to employ M-S analysis for both electrodes using
the BiVO;4 dielectric constant. Assuming the recombination in the space charge layer is
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neglectable, the maximum distance the holes will travel to reach the surface can be given

by:[177]

2
D =Wsc+Lpess = ef:; Vo — Vib + Lpess (3.5)

Where Lpes is the hole diffusion length, which is independent of applied potential. The
condition of low surface recombination can be satisfied to a great extent in the presence of
Na>S0s. So, it is reasonable considering that all holes reacting at the surface of
photoanodes and reacting with Na>SOs are generated between the surface and the distance
D inside the semiconductor. The absence of an anodic spike peak in the transient
photocurrent curves presented in Figure 2.24(c & d) and measured in the presence of
Na>SO3z confirms the validity of this assumption. So, it is reasonable to assume that the
current measured is due to the number of positive charges (holes) reaching the surface of
the photoanode. Based on the Lambertian absorption and assuming negligible loss in
reflection (with Transmittance = 1- Absorption), the distance D can be calculated from

equation 3.6:[177]

D=—-allog(1—A)=—-allog (1 - L) (3.6)

]pulse intensity

Where A is the absorption, and « is the absorption coefficient, and its value for BiVOs at
430 nm is 4.0x103 nm™.[95] Ajssand jiightintensity iS the photocurrent density and hole current
density (corresponding to the light intensity of 430 nm LED), respectively. The ratio
between Ajssand the hole current density is equal to the Lambertian absorption. According
to equation 3.6, the graph between the calculated D (from equation 3.6) at different applied
potentials versus (E,p, — Erp)Y? should yield a straight line with a y-intercept equal to the

hole diffusion length. Indeed, as shown in Figure 3.24c, straight lines with positive y-axis
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intercepts have been observed for BiVO4 and NiV20s/BiVOs. The calculated hole diffusion
length of BiVVO4 was found to be 44 nm which is consistent with the literature value[41]
and for NiV20e/BiVOs it has been extended to 95 nm. This finding indicates that the
NiV20g BCI layer increases the hole diffusion length by a factor of 2-fold. This is an

important reason for the enhanced PEC observed in this study.
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Figure 3.24. (a) Mott-Schottky plots of BiVOas, NiV206/BiVOs, and Co-Pi/NiV206/BiVO4 photoanodes; (b) jZphoto—
V curve for BiVOs and NiV206/BiVO4 photoanodes; TPC of (c) pristine BiVOa, (d) NiV20e/BiVO4
heterostructure photoanodes in Na2SOs, and (d) Plot of D (in nm) versus the square root of the potential drop
within the space charge layer for BiVO4 and NiV206/BiVOa.

The generated photovoltage (Vph) was also measured to investigate further the influence of
NiV206/BiVO4 formation on the PEC performance. In the dark, the OCPgark represents the
equilibrium potential with the electrolyte's redox species. Under illumination, the
photogenerated holes are captured by the hydroxyl ions present in the electrolyte, while the
separated electrons are accumulated at the electrode. The accumulation of electrons shifts
the Fermi level toward negative potential, hence the OCPiignt is cathodically shifted. Once
the accumulation of electrons is maximum and reaches a steady state (i.e electron
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separation competes with charge recombination), the Vpn is measured as the difference
between OCPiignt and OCPdark from Figure 3.25a. Slight improvement has been observed in
the Vph of the NiV20e/BiVO4 (0.21 V) compared to BiVO4 (0.15 V). This agrees well with
the little improvement in the photocurrent and confirms that though the creation of the
NiV20g BCI layer increases the hole diffusion length, the high surface recombination limits
the PEC performance. The loading of Co-Pi as a passivation material is crucial and
significantly enhanced the photovoltage to 0.37 V. When light is turned off accumulated
electrons undergo recombination with holes[178] and the potential dependent lifetime (7)
of the accumulated electrons can be calculated by using the model presented by Bisquert
and co-workers using equation 3.2:[158] Figure 3.25b shows the decay profiles for the
measured Vocp after switching off the light. The T values for BiVOs, NiV20s/BiVOs, and
Co-Pi/NiV206/BiVOs photoanodes have been calculated using Eq. 6 and presented in
Figure 3.25c. A comparable electron lifetime was observed for BiVOsand NiV20e/BiVO4
indicating that the formation of the NiV2O¢ BCI layer does not significantly alter the
kinetics of electron reaction with the surface states and/or surface-trapped holes at the
electrode/electrolyte interface.[179] A shorter electron lifetime was observed after the
loading of Co-Pi evincing that the Co-Pi passivates the surface states effectively and thus
the accumulated electrons can fast react with the surface accumulated holes once the light
is off. To further confirm this finding, the rate constants for surface recombination (Krec)
and transfer rate (ki) were calculated using the IMPS technique.[180] Figure 3.26(a-c)
showed the IMPS responses of pristine BiVO4, NiV20e/BiVO4, and Co-Pi/NiV206/BiVO4
photoanodes. The IMPS spectra contain two semicircles, the lower semicircle corresponds

to resistance-capacitance attenuation (RC attenuation) and the upper semicircle
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corresponds to the competition between charge recombination and charge transfer.[181]
The upper semicircle can be used to determine krec and ki using the equation (Krectkir =

2T frnax = Wmayx) @nd the normalized low frequency (L.F.) intercept (11= Kir/(Krectkir)).[182,

183] The latter corresponds to charge transfer efficiency (n.;).
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Figure 3.25. (a) Open circuit potential (OCP) and (c) carrier lifetime derived from OCP decay curves presented
in part (b) for BiVOs, NiV206/BiVOs, and Co-Pi/NiV206/BiVOs photoanodes.
Indeed, it can be seen from the krec Values presented in Figure 3.25d that the NiV20e/BiVO4
photoanode exhibits the highest recombination rate however it has a higher hole diffusion
length than that of BiVOa. The long hole diffusion length will allow more holes to reach
the surface, but it seems that not all of them can be involved in the water oxidation and
thus the electron/hole surface recombination will be increased as well.[184] The
passivation of NiV20s/BiVO4 with Co-Pi blocks the recombination mediated by the surface
states and decreases (increases) significantly krec (kir) across the entire potential range
(Figure 3.25d and e, respectively). As a result, the overall charge transfer efficiency and

PEC performance of the Co-Pi/NiV20e/BiVOs photoanode are increased dramatically

(Figure 3.25f).
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Figure 3.26. Potential dependent IMPS responses for (a) pristine BiVOs, (b) BiVO4/NiV20s, (c) Co-
Pi/NiV206/BiVO4 photoanodes measured in 1.0 M borate buffer solution; and the potential dependence of rate
constants of (d) charge recombination (krec), (€) charge transference (k..), and (f) charge transfer efficiencies

(ncy).

DFT simulations were utilized to explore the electrostatic potential at NiV20e/BiVOs
interfacial contact. Initially, bulk calculations were performed to analyze the electronic
structure of BiVO4 and NiV20e crystals. The purpose of these calculations was to validate
the use of the DFT+U approach in accurately describing the electronic properties of these
materials. BiVO4 exhibits various morphologies, with the monoclinic clinobisvanite phase

being the most thermodynamically stable (a=b=5.15 A, and c¢=11.72 A)[185], with

favorable photoelectrochemical properties.[186] The bandgap of BiVVOs falls within the
range of 2.4 to 2.5 eV.[187, 188] By performing volume geometric relaxations on the
BiVOs unit cell, the lattice parameters were optimized to values very close to the

experimental ones: a=b=5.19 A and c=11.72 A. The application of DFT+U predicted an
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indirect bandgap of 2.30 eV, demonstrating an excellent agreement with the experimental
data. Likewise, the crystal structure of NiV20g was optimized which displays experimental
lattice constants of a=7.13 A, b=4.79 A, and c=8.83 A.[189] Dang et al. reported an indirect
bandgap of 2.13 eV for NiV20s, which aligns well with our findings®. The optimized unit
cell of NiV2Og displays lattice constants that closely match the experimental values; a=7.24
A, b=4.86 A, and c=8.92 A. Regarding the bandgap, our calculations yielded a value of
2.10 eV, exhibiting excellent agreement with the experimental bandgap.[190] The DFT+U
approach effectively reproduces the experimental geometric and electronic bandgaps of
both structures. The band edge structures of both BiVO4 and NiV20s exhibit a similar
pattern (Figure 3.27): the valence band is primarily dominated by the 2p states of oxygen,

while the conduction band is dominated by the 3d states of vanadium.
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Figure 3.27. The density of states (DOS) and the partial DOS of BiVO4 and NiV20e structures. The molecular
representation of the unit cells of both structures is shown.

To assess the electrostatic potential at the interface between NiV20s and BiVOs, DFT

calculations were performed along two stable facets, namely (001) and (110), to determine
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the evolution of the electrostatic potential along the interfacial plane. Figure 3.28 illustrates
the planar electrostatic potential (depicted in black) and its average along the crystal c-axis
(depicted in red), which is perpendicular to the interfacial plane. For the two facets, BiVO4
exhibited on average more negative electrostatic potential than that of NiV20e. The
electrostatic potential profile exhibits a sharp change at the interface, with a change of 1.74
V observed for the (110) facet and nearly 4.0 V for the (001) facet. Such a significant
change in the electrostatic potential is expected to facilitate the dissociation of the
generated excitons at the interface and enhance their diffusion length. Similar findings have
been reported by Gao et al. for heterostructures involving transition metal

dichalcogenides.[191]
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Figure 3.28. Electrostatic potentials (planar along the C-axis (black) and it’s average (red)) along the interfacial
axis of the NiV20e/BiVOus heterostructure. Lower panel molecular models of the heterostructures along (001),
and (110) facets.

Further, Buchaca-Domingo et al.[192] reported a direct correlation between the charge
transfer state and the interfacial area between donor/acceptor for the polymer-fullerene
photovoltaic systems. The authors mentioned that there is an optimal interfacial area that
could minimize the recombination and enhance the exciton diffusion. The steep change in

electrostatic potential at the NiV20s/BiVO; interface, predicted by DFT, is expected to

significantly affect charge separation and transport. The sudden change creates a strong
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built-in electric field at the back-contact side, hindering back recombination and directing
photogenerated electrons toward the NiV20s back contact layer due to its more positive
electrostatic potential. Conversely, the photogenerated holes will move towards the BiVO4
top layer due to its higher negative electrostatic potential compared to NiV20e.
Consequently, the back-surface recombination will be minimized, and hole diffusion

length will be improved, which is consistent with the experimental observations.
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3.4. CoV:206/BiVO4 heterostructured Photoanodes

To avoid the formation of pine holes and block the plausible back-reduction reaction at the
FTO layer, we have developed a facile two-step strategy to fabricate CoV20e/BiVOs
photoanode. The Co(OH): film was grown on the FTO substrate, and subsequently, this
layer was used as a sacrificial layer to form the CoV.0e/BiVOs heterostructure. Figs.
3.29(a-d) shows the SEM images of Co(OH), pristine BiVOs4, CoV20e/BiVO4
heterostructure, and Co-Pi/CoV206/BiVO4 photoanodes. It is observed from Figure 3.29a
that the Co(OH)2 layer has a flower-like morphology consisting of thin fused rose petals.
These fused petals are homogeneously and continuously grown on the FTO substrate.
Figure 3.29b shows the pristine BiVO4 grown directly on the FTO substrate. It has a
discontinuous layer and has peanut-like nanoparticles that are aggregated and leave behind
cracks. Due to this discontinuous layer formation, the pristine BiVO4 photoanode shows a
very low PEC activity, which could be due to the back-reduction reaction.[193] In the
presence of the Co(OH)2 layer, a continuous CoV20e/BiVOa heterostructure was readily
formed (Figure 3.29c). For clarity, the low and high magnification images of pristine
BiVO4 and CoV206/BiVOs are presented in Figure 3.29(b & c), and Figure 3.29c clearly
shows the absence of cracks in the CoV206/BiVOs film. Figure 3.29d shows the FE-SEM
image of Co-Pi/CoV206/BiVO4 modified with Co-Pi co-catalyst. The thickness of pristine
BiVO4 and CoV206/BiVO4 photoanodes films were estimated through the cross-sectional
FE-SEM analysis and presented in Figs. 3.29e and f, respectively. The thickness of BiVO4
and CoV206/BiVO4 photoanodes was approximately 0.84 and 1.08 um respectively. Figs.
3.29(g & h) show the low and high-resolution images of CoV20e/BiVOa4. The high-

resolution TEM image indicates the formation of CoV.0s/BiVO4 heterostructure. The

91



lattice fringes of BiVO4 were observed with an interplanar distance of 0.243 and 0.463 nm
corresponding to the (220) and (110) crystal planes[194] and the (110) lattice fringes with

a lattice spacing of 0.385 nm demonstrating the presence of crystallinity CoV20s.[195]

—
500 nm 500 nm

Figure 3.29. Top view FE-SEM images of (a) Co(OH)z, (b) pristine BiVOs, (c) CoV206/BiVO4 heterostructure,
and (d) Co-Pi/CoV206/BiVO4 photoanodes, respectively; (g and h) show the low and high-resolution TEM
images of CoV206/BiVOa.

Figure 3.30a shows the X-ray diffraction (XRD) pattern of BiVO4, CoV20s, and
CoV206/BiVOs photoanodes. The hollow circles (o) represent the XRD peaks of the FTO

substrate and appear at 26 equal to 26.3° 33.4° 37.4° 51.3° 54.2° 61.2° and 65.1°,
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respectively according to JCPDS card no. 041-1445.[26] The diffraction peaks of the

BiVOg are represented by stars (*) and appear at 26 equals 18.7°, 28.8°, 30.4°, 35.1°, 39.7°,
42.3°, 47.0°,50.2° 53.1° and 59.2°, respectively. The CoV20e showed diffraction peaks at
23.35°, 27.56°, 29.73°, 30.82°, 32.85°, 33.81°, 34.98°, 35.96°, 40.01°, and 58.03° according
to JCPDS card no. 51-0130.[196] There is no characteristic peak for Co(OH). and CoV20e
observed in the CoV20e/BiVOs, either due to their low concentration and/or amorphous
nature[134], but there is little peak shifting for the BiVO4 (121) peak towards the lower
angle. This might be due to internal stress generated during the formation of
CoV206/BiVOs heterostructure (see inset Figure 3.30a). Figure 3.30b shows the Raman
spectra of pristine BiVOs, CoV20e, and CoV20e/BiVOs. The typical Raman peaks of
BiVO4 (CoV20e) at 218, 330, 371, 712, and 831cm™ (138, 194, 283, 398, 570, 698, 862
cm™) have been observed.[197] By comparison, it is obvious that the Raman spectrum of
CoV206/BiVO4 photoanodes exhibits the scattering peaks of both BiVO4 and CoV20e with
little shifting for the peaks appearing at 136, 145, 288, 575, and 865 cm™.[163] This results
in conjugation with the TEM analysis inferred the formation of CoV20s/BiVOs
heterostructure. Figure 3.30c shows the UV-Vis diffuse reflectance spectra of the
developed photoanodes. The optical band gap energies of all photoanodes are estimated
from the Tauc plots presented in Figure 3.30d. The pristine and Co-Pi modified
CoV206/BiVO4 photoanodes have the same energy band gap of 2.39 eV, which is less than

the pristine BiVOs (2.50 eV) and higher than that of CoV20s (2.28 eV).[198]
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Figure 3.30. (a & b) XRD patterns and Raman spectra of pristine BiVO4, CoV20s, and CoV206/BiVO4
photoanodes, respectively; and (c & d) DRS spectra and Tauc’s plot of BiVO4, CoV20s, CoV206/BiVO4, and Co-
Pi/CoV206/BiVO4 photoanodes, respectively.

The existence of cobalt in the CoV206/BiVO4 photoanode was further confirmed by XPS
analysis. Figure 3.31 shows the ultra-high-vacuum Al Ka spectrum of Bi 4f, Co 2p, V 2p,
and O 1s of the CoV206/BiVO4 photoanodes. For comparison, the XPS spectra of BiVOa
were also included. The two high-intensity peaks observed in Figure 3.31a with binding
energies of 164.14 eV and 158.92 eV are the splitting signals of 4fs, and 4f7> orbitals
respectively, which are the characteristic peaks of Bi®*.[199] The Co 2pszand Co
2p12 peaks observed in Figure 3.31b (Co 2p XPS spectrum) at 795.60 eV and 780.24 eV

and the two satellite peaks indicated that cobalt is present in a +2-oxidation state in the
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CoV206/BiV04.[200] Furthermore, Figure 3.31c shows V 2p XPS spectra of the 2p1/2 and
2p32 orbitals, and their characteristic peaks are observed at 523.92 eV and 516.48 eV,

respectively, indicating that V is present in +5 oxidation state.[201]
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Figure 3.31. XPS spectra of (a) Bi 4f, (b) Co 2p, (c) V 2p, and (d) O 1s of the pristine
BiVO4 and CoV206/BiVO4 photoanodes.

The O 1s spectrum of pristine BiVO4 and CoV20e/BiVO4 can be deconvoluted into three
peaks (Figure 3.31d), the first observed at 529.56 eV corresponds to lattice oxygen (Ovr),
the second corresponds to the linkage of metal cations in the oxygen-deficient region (Ov),
and the third peak is associated with chemisorbed or dissociated oxygen species (Oc) such

as adsorbed H20.[202]
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The PEC performance of the fabricated photoanodes is checked under simulated sunlight
irradiation using 1.0 M borate buffer (pH 9.0) as an electrolyte (after pH optimization
Figure 3.32a). Figure 3.32b shows the influence of the Co(OH). chemical deposition time
on the PEC performance of CoV206/BiVO4 photoanodes. It was found that 30 min
deposition time is optimum. Figure 3.32c shows the photocurrent densities at 1.23 Vrre
measured in the presence and absence of Na,SOs for the CoV20e/BiVOs photoanodes
fabricated using different atomic ratios of Bi in the drop-casting solution. This graph shows
that the maximum photocurrent is delivered by the CoV206/BiVO4 photoanode fabricated
using a drop-casting solution containing 45 at% Bi and 55 at% V. The maximum
photocurrent achieved is 2.35 mA/cm? without and 4.65 mA/cm? with hole scavenger
Na2SOg, respectively. So, this optimized photoanode is utilized for further measurements.
Figure 3.32d presents the comparison of photocurrents of pristine BiVOs and
CoV206/BiVOs photoanodes with and without Na SOz in 1.0 M borate buffer. It is
observed from Figure 3.32d that there is approximately a 2-fold enhancement in
photocurrent in a buffer solution containing Na,SOz. Figure 3.32e represents the Linear
Sweep Voltammograms (LSVs) of pristine BiVO4, CoV206/BiVOs, Co-Pi/BiVO4, and Co-
Pi/CoV20e/BiVOs4 photoanodes under dark and one sun illumination. Under dark
conditions, the photocurrent of all photoanodes is zero, which indicates that there is no
reaction under dark. However, we observe a V**/V°®* redox peak at 0.4 Vrue (see Figure
3.32f).[52] The intensity of this redox peak is decreased after deposition of Co-Pi on
CoV206/BiVOs heterostructured photoanode due to the passivation effect of Co-Pi
cocatalyst.[52] Under light illumination pristine BiVO, displayed 0.43 mA/cm?

photocurrent. After the formation of CoV20e/BiVO4 heterostructure, the photocurrent is
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approximately 6-fold enhanced (2.35 mA/cm?) as compared to pristine BiVO,. After the
deposition of co-catalyst Co-Pi on CoV206/BiVOs, the photocurrent of optimized Co-
Pi/CoV-0s/BiVO4 photoanode is further enhanced to 4.22 mA/cm? (Figure 3.32g), which
is 2 and 10 times higher than that of CoV20e/BiVO4 and pristine BiVO4 photoanodes,
respectively. The enhancement in the photocurrent is further verified by incident photon—
to-current conversion efficiency (IPCE) and is presented in Figure 3.32h. There is a
significant enhancement in the IPCE value of the Co-Pi/CoV206/BiVO4 photoanode (59%
at 420 nm) as compared to CoV206/BiVO4 and pristine BiVO4 photoanodes at 1.23 VRrHE.
To further evaluate the overall water-splitting efficiency, the photoanodes' applied bias
photon-to-current efficiency (ABPE) is shown in Figure 3.32i and calculated according to
equation 2.1 assuming Faradaic efficiency is equal to 1. The Co-Pi/CoV20¢/BiVO4
photoanode exhibited a 1.45 % ABPE value. This value is 1.5 and 7.0-fold higher than that
of CoV206/BiVOs (i.e., 0.91%) and pristine BiVOas (i.e., 0.23%), respectively. The
enhancement in ABPE value after the deposition of Co—Pi on CoV206/BiVO4 photoanode
is usually attributed to the reduction of the surface recombination and acceleration of water
oxidation Kinetics.[27] The Co-Pi/CoV20e/BiVO4 photoanode shows excellent stability
measured chronoamperometrically at 0.6 Vrne for 24 hours and presented in Figure 3.33a.
There is only a 7% decrease in photocurrent after 24 hours. To assess the Faradaic
efficiency of water oxidation of the Co-Pi/CoV206/BiVO4 photoanode, a PEC test (Figure
3.33b) was performed using a sealed PEC cell at 1.23 VrHEe. The cell was connected online
with a gas chromatograph (GC) to quantify the amount of the evolved H; and O gases. A

Faradaic efficiency of 95 % was achieved (Figure 3.33c).
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Figure 3.32. LSVs of (a) CoV206/BiVO4 and Co-Pi/CoV206/BiVO4 photoanodes in different pH borate buffers,
(b) CoV206/BiVO4 photoanode in borate buffer with and without Na>SOs at different deposition times of
Co(OH)2 on FTO substrate, (c) Photocurrent densities of CoV20e/BiVO4 photoanodes at 1.23 Vrre With

different atomic ratio Bi3* ion solution on Co(OH):2 layer in borate buffer with and without hole scavenger

NazSOs; (d) LSVs of pristine BiVO4 and optimized CoV206/BiVO4 photoanodes with and without Na2SOs. ()

LSVs for pristine BiVO4, CoV20s, CoV206/BiVO4, and Co-Pi/CoV20e/BiVO4 photoanodes. (f) LSVs of
photoanodes in dark, (g) LSVs for optimization of Co-Pi deposition time, (h) IPCE % of pristine BiVOa,

CoV206/BiV0Os, and Co-Pi/CoV206/BiVO4 photoanodes, and (i) The ABPE of pristine BiVO4, CoV206/BiVOs,

and Co-Pi/CoV206/BiVO4 photoanodes for PEC water splitting. Conditions: 100 mW cm? with AM 1.5 G filter
(a-e, g, and i) and monochromatic light (h); electrolyte: 1.0 M borate buffer solution with pH 9.0.

98



(3]

(@ ~
~4 -
o o Co-Pi/CoV,0,/BiVO,
E . S
< o~
E
22
.—9'1 -
0 T 1 ] 1 ] 1 L] 1 1
0 5 10 15 20 25 30
Time (hours)
2.0
(b) ] co-pircov,048BivO,
light on
§1'5"' oy e L light off
E 1 }
©1.0 = '
£
5 o
DQaere | | J )oeed ™t ool s s oo
0.5
m =
00 T 1 L 1 L 1 L] 1
0 100 200 300 400 500
Time (min)
(c) g 100

b = o o o T

75 =
50 =

25 =

Faradaic efficiency (%)

e i~ = S i o o A o<ia=i-00=a

80 130

180

2 | = |
230 280
Time (min)

330

380

430

Figure 3.33. (@) The Chronoamperometrically stability test of Co-Pi/CoV20s/BiVO4 photoanode at 0.6 VrHe (b)
Rate of Hz2 and O2 produced from the amount of photocurrent produced and from GC at 1.23 Vrne for Co-
Pi/CoV206/BiVO4 photoanode in 1.0 M borate buffer having pH=9.0 and (c) shows the respective Faradaic

efficiencies.

To explore the effect of CoV20e/BiVO4 heterostructure formation on the lifetime of the

photogenerated holes, the transient photocurrent (TPC) decay upon illumination is

measured and presented in Figure 3.34a. The lifetime was estimated as the time at which

Ln(D) = -1, where the parameter D is determined from equation 3.1 and presented in Fig

6b:[26] The transient decay times estimated from Figure 3.34b for BiVOas, Co-Pi/BiVOs,

CoV206/BiVOs, and Co-Pi/CoV20e/BiVO4 photoanodes are 0.26, 1.50, 1.45, and 2.20 s,
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respectively. These values indicated that there is an approximately 5-fold enhancement in
the transient decay time after the formation of CoV206/BiVO4 heterostructure and a 9-fold
enhancement after Co-Pi deposition on CoV20e/BiVOs. This indicates that the
CoV206/BiVOs heterostructure formation significantly suppresses the surface
recombination and prolongs the minority carriers' lifetime. The prolonged minority
carriers' lifetime and reduced recombination should result in an improved photovoltage.
Indeed, the measured transient open circuit potential (OCP) in the dark and light
illumination showed a significant improvement in the generated photovoltage (Vph =

OCPuight - OCV4ark), see Figure 3.34c.
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Figure 3.34. (a) Transient photocurrent (TPC), (b) Transient decay times, and (¢c) OCP curves of BiVOs, Co-
Pi/BiVOs, CoV206/BiVO4, and Co-Pi/CoV206/BiVO4 photoanodes. Parts (a) and (b) were measured at 1.23
VRHE.

So far, the improved PEC performance of CoV20e/BiVOys is mainly due to the prolonged
hole lifetime and the reduced surface recombination. To further affirm this conclusion, the
rate constants for charge transfer (k;.) and recombination (k,...) at the CoV20e/BiVO4
surface were determined from the intensity-modulated photocurrent spectroscopy (IMPS)
analysis. According to the general theory of IMPS, as the frequency increases, the

relaxation in the concentration of photogenerated at the surface of the photoanode is
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characterized by f,.. (at the apex of the upper semicircle), where 2ntf,0 = © = k¢ +

Krec.[203]
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Figure 3.35. IMPS responses of (a) pristine BiVOs, (b) CoV206/BiVOs4, (c) Co-Pi/CoV206/BiVOs photoanodes
recorded in the potential window from 0.40 to 0.65 Vrre and the corresponding rate constant of (d) charge
recombination (krec), (€) charge transfer (ki.), and (f) charge transfer efficiency.

The charge transfer efficiency (n..) can be derived from the intersections of the upper
semicircle with the real axis at low frequency (l1), which is equal to
(Met=h=ke/ker + krec).[52] Figure 3.35(a-c) show the IMPS spectra of pristine BiVOs,
CoV20¢/BiVO4 heterostructure, Co-Pi/CoV206/BiVOs4, and Co-Pi/BiVOs photoanodes,
respectively. It is observed from Fig. 3.35(d & e) that the CoV20e/BiVOs has a lower
(higher) kyoc (ky) value than pristine CoV206/BiVOs and the k.. (k) was further
reduced (enhanced) after loading the CoV206/BiVOs with Co-Pi. Fig. 3.35f shows the

charge transfer efficiency (nNet=(k¢-/ (ke + ko)) Of COV206/BiVOs is significantly higher
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than that of the pristine BiVOas. The Co-Pi loading further improves the charge transfer
efficiency due to the passivation and catalysis effect, as reported previously.[52, 204]

The hole transfer between the BiVO4and CoV20e could cause reduced recombination, a
prolonged hole lifetime, and eventually improved PEC performance. The band structures
of BiVO4 and CoV20e have been constructed to examine this possibility. From the Mott-
Schottky plot presented in Fig. 3.36a, the flat band potential (V) and doping density (Na)
of pristine BiVO4 and CoV20s photoanodes were estimated using equations 3 and 4
respectively.[176] Assuming that the flatband potential represents the conduction band
minimum (CBM), the valance band maximum (VBM) was set by adding the value of the
bandgap obtained from the Tau’s plot presented in Fig. 3.30d. Based on this information
the band structures of BiVO4 and CoV20e have been drawn in Fig. 3.36b. It is obvious
from the VBM of BiVOs is positioned more positively than that of CoV20s. Upon
illumination, the photogenerated holes in BiVO4 can thus migrate to the CoV20e Where

they might be stored by the oxidation of Co?" into Co®* to store holes for water oxidation

process.
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Figure 3.36. (a) Mott-Schottky plots of pristine BiVOs, CoV206/BiVOas, and Co-Pi/CoV206/BiVO4 photoanodes,
(b) band structure of BiVO4 and CoV20e.
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4. CONCLUSION & FUTURE RECOMMENDATIONS

BiVOys is a promising material with a suitable bandgap (2.4-2.5 eV) to absorb a significant
portion of solar light relative to wide-bandgap semiconductors such as TiOz. But, it has
some drawbacks such as the sluggish water oxidation kinetics on its surface leading to
severe charge carrier recombination and thus reducing the overall efficiency. In this thesis,
we modified BiVO4 with CoNi, CoFe, and NiFe—LDHs to passivate the surface states and
elongate the transient decay time of photogenerated holes. The CoNi—LDH showed the
highest passivation capability and the CoNi—LDH/BiV O photoanode exhibited the longest
transient decay time (3.80s, 15-fold higher than pristine BiVO4). The measured
photovoltages of BiVO4, NiFe-LDH/BiVOs, CoFe-LDH/BiVO4, and CoNi-LDH/BiVO4
photoanodes further confirmed that the latter exhibits the best passivation capability. The
IMPS studies confirmed fairly that the deposition of CoNi—LDH on BiVO4 passivates the
surface states and unpins the Fermi level. NiFe-LDH and CoFe—-LDH passivate the surface
of BiVOs to a lesser extent and the Fermi level pinning is observed. NiFe—LDH has higher
electrocatalytic activity than CoFe—LDH, and CoNi—LDH, but the PEC response of the
NiFe—LDH/BiVOzs is less than that of CoNi—LDH/BiVOa. This indicates that the overall
efficiency is determined by the passivation and catalysis and CoNi—LDH/BiVO4 has a dual
function.

Pristine BiVO4 and TizC,TxMxene/BiVO4 photoanodes were also fabricated using a novel
and facile solution processing method and thoroughly tested for photoelectrochemical
water splitting. The charge carrier dynamics in the fabricated photoanodes were

investigated using transient open circuit potential (OCP), transient photocurrent (TPC),
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photoelectrochemical impedance spectroscopy (PEIS), and intensity-modulated
photocurrent spectroscopy (IMPS). It was found that the TisCoTxMxene acts as a hole
transport and/or storage layer between the BiVVO4 surface and the electrolyte. Due to the
difference in work function, the TisCoTxMxene layer forms a Schottky-like junction at the
TisC2TxMxene/BiVO; interface and creates a strong built-in electric field that increases the
band bending and space charge layer, eventually drifting the photo-generated electrons
toward the bulk, whereas the photogenerated electrons are transported via the MXene layer
to the electrode/electrolyte interface, where they are utilized for water oxidation. Despite
the enhancement by TisCoTxMxene on the overall efficiency, the IMPS results indicate that
TisCoTxMxene/BiVO4 exhibits high values for the phenomenological recombination rate
constant. This is attributed to the high concentration of holes (stored holes) at the surface
and the slow kinetics for water oxidation on the TizC2TxMxene layer. The modification of
the TisCoTxMxene/BiVOs photoanode with an OEC, like Co-Pi, is thus necessary to
achieve the full PEC output. Indeed, the Co-Pi/TizC2TxMxene/BiVO4 photoanode showed
a current density of 4.72 mA cm, which is 11.0 times higher than that of pristine BiVO4

at 1.23 Vrue under standard illumination conditions and among the best-reported values.

A pinhole-free BiVVO4 photoanode with a NiV20e back contact layer was fabricated using
a facile method. A nickel hydroxide layer was grown on the FTO substrate using a chemical
bath deposition method and used as a sacrificial layer for the formation of BiVO4 with
NiV20e back contact (BCI) interfacial layer. This has been readily achieved by drop-
casting and heat treatment. The NiV20s/BiVOs exhibited a 2-fold higher hole diffusion
length than pristine BiVOa, but still, the high surface recombination limits the PEC

performance as confirmed by the intensity-modulated photocurrent spectroscopy. Surface
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passivation with Co-Pi was crucial for substantial improvement. The optimized Co-Pi
modified photoanode achieved a stable photocurrent density of 4.8 mA cm which is 12-
fold higher than pristine BiVO4. DFT simulations demonstrated a sharp electrostatic
potential change at the NiV.Og BCI layer and BiVOs interface. The average electrostatic
potential on BiVO4 is more negative than that of NiV20e and thus a strong built-in electric
field is generated at the interface. Such an electric field drifts the photoelectrons toward the
back contact (NiV20s layer) and photogenerated holes toward the front surface (BiVOa
layer) and thus reduces the back surface recombination and improves the hole diffusion
length. This study marks a significant advancement in fabricating bismuth vanadate-based
photoanodes with a back contact interfacial layer for improved photoelectrochemical

performance.

Using the same approach for NiV20e/BiVO4 synthesis, the CoV20e/BiVO4 heterostructure
was successfully fabricated and showed enhanced PEC performance for water oxidation
after modification with Co-Pi OEC. The Co-Pi/CoV206/BiVOs photoanode exhibited
approximately 10-fold higher photocurrent density than pristine BiVOa. The enhancement
in photocurrent was attributed to the elongation of the lifetime of the photogenerated holes
and the improved charge transfer efficiency as revealed by the TPC and IMPS

measurements.
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Future Work

In this thesis, a facile and handy protocol has been developed for the fabrication of BiVO4
photoanodes with photoelectrochemical activity close to the theoretical value. In future
work, we aim to investigate the long-term stability of the fabricated electrodes under
practical operational conditions. These photoanodes can be integrated with a suitable

photocathode to fabricate a bias-free device for PEC water splitting.
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