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ABSTRACT

Global warming and carbon emissions are among the most critical challenges of the 21st
century. Hydrogen offers a promising solution to mitigate these issues. However, at the
R&D level, the cost of hydrogen production is still three times that of gasoline. To
commercialize hydrogen as a fuel, production costs must be reduced, particularly by
enhancing the efficiency of hydrogen generation and by utilizing value-added products
like oxygen generated at the anode.

Photoelectrochemical (PEC) water splitting has emerged as a viable research avenue for
harnessing solar energy. This study focuses on using hematite as a photoanode material
for solar water oxidation in a PEC cell, which produces oxygen—a critical and
thermodynamically challenging counterpart to clean hydrogen production. Despite the
hematite’s attractive properties, such as good light absorption, suitable band positions,
and robustness, experimental performance has consistently fallen short of theoretical
expectations due to significant recombination processes that limit charge separation and
collection. As a result, a large input voltage is required to oxidize water on hematite,
leading to substantial efficiency losses.

In this work, hematite thin films prepared by atomic layer deposition and electrodeposition
were systematically investigated under PEC conditions to explore the mechanisms of
oxygen formation during water oxidation. A combination of electrochemical,
photoelectrochemical, and spectroscopic analyses was employed to better understand
the fundamental mechanisms behind the performance limitations under various light
conditions. It was found that the hole transfer rate is highly dependent on illumination

conditions, Fermi level position, and band structure.
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Chapter 1:

Introduction



1.1 Motivation

The last 50 years have brought unprecedented changes to our global landscape
alongside tripling of our current population. This remarkable growth can be attributed to
improvements in public health, nutrition, personal hygiene, and medicine, leading to an

extended human lifespan.’

World: Population by broad age groups
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Figure 1.1: a) Prediction of World Population upto 2100 in different age group. b) Life
expectancy of Male and Female is set to rise in next 70 years.!

2



As of today, the world’s population is standing at 8 billion people and high and persistent
fertility rates in certain countries contribute to this unprecedented increase. Interestingly,
while it took 12 years for the global population to transition from 7 to 8 billion, the
subsequent leap to 9 billion is expected to take approximately 15 years, signaling a
slowdown in overall population growth. According to the current forecasts this number is
going to reach 10 billion by 2050, alongside a continuous growth in our collective energy
footprint. Unfortunately, rapid population expansion poses challenges to achieving the
sustainable development goals, which represent humanity’s best path toward a happy

and healthy future.

Despite the environmental impact associated with population growth, it is rising per capita
income that drives unsustainable patterns of production and consumption. Surprisingly,
the countries with the highest consumption of material resources and greenhouse gas
emissions are those where income per capita is higher, rather than those experiencing

rapid population growth.’

Our current energy supply stands at 6.12 x108 terrajoules as of 2021.2 82% of the world’s

energy supply comes combinedly from Coal, Oil and Natural Gas; basically, non-



a) Total Energy Supply by Fuel. Year: 2021

Unit: Terajoules

Electricity & Heat: 4.3 %
\ Coal: 11.9 %

Nuclear: 9.8 % -

Biofuels & Waste: 4.7 %

Oil: 35.7 %

Natural Gas: 33.7 %

b) Share Of Renewables in Total Energy Supply. Year: 2021

Unit: Terajoules

NonRenewable: 91.4/%

Renewables: 8.6 %

Figure 1.2: a) Total energy supply sources in the year of 2021. b) Still in 2021, non-

renewable is still dominating but it is significantly down from previous years.?

renewable fossil fuels make up almost 91.4% share with respect to renewable, making

the climate change transition from fossil fuel to renewable a huge political debate.?



The global fossil fuel industry, encompassing coal, oil, and gas, has seen significant
growth in recent years. As of 2021, the market size was valued at $6.3 trillion 3 and is
projected to reach $10.7 trillion by 2031. This growth is largely driven by increased
demand due to globalization and industrialization. In 2022, fossil fuels accounted for 82%
of global energy consumption,? with coal demand set to surpass 8 billion tons for the first
time,* oil consumption reaching approximately 97.3 million barrels per day, ® and natural
gas consumption at 132,290,211 million cubic feet per year. However, the excessive use
of fossil fuels has raised concerns about environmental sustainability and long-term
energy security. As the world continues to globalize, the demand for fossil fuels is

expected to rise, further driving the growth of the industry.®

Global CO2 emissions could peak as soon as 2023, |[EA reveals
Global energy-related CO2 emissions, billion tonnes

..but policy shifts since before Paris could
peak CO2 emissions as soon as 2023

Global CO2 emissions have

grown almost continuously... \

If met, the latest pledges
would close the gap to 1.5C...

...but current pledges remain /
very far from a

1970 198 199C 000 20 202( 2030

Source: |EA World Energy Outlooks carhonBrief

Figure 1.3: IEA World Energy forecasts the world's CO2 emission will peak in 2023,

eventually it will reduce in the coming years after adoption of strategic policy.”



The global CO2 emission situation is dire, with emissions steadily rising despite temporary
declines during events like the COVID-19 pandemic. According to the International
Energy Agency (IEA), global CO2 emissions rose less than initially feared in 2022 due to
clean energy growth offsetting the impact of increased coal and oil use.” Key contributors
to these emissions include the continued use of fossil fuels like coal, oil, and gas,
alongside industrial processes, and deforestation.® Rising temperatures have led to

extreme weather events, sea-level rise, and environmental degradation.®

To address this crisis, governments worldwide must implement effective policies and
agreements. Examples include carbon pricing, regulations on emissions standards, and
investments in renewable energy and clean technologies '>''. Cap and trade programs,
such as the EU Emissions Trading System and California's Cap-and-Trade Program,
have shown promise in reducing emissions while maintaining economic growth.”'
Positive impacts have been observed with the implementation of these policies, such as
reductions in carbon pollution and advancements in clean energy technologies. However,
to achieve significant progress, international cooperation and ambitious targets are
necessary. The transition to renewable energy, improved energy efficiency, and

sustainable transportation are essential steps in curbing emissions.”

The projected future without substantial intervention suggests continued increases in CO2
emissions, leading to further climate change impacts. Urgent action is required at all
levels, from individual behavior changes to global policy agreements, to avert this
scenario.® By adopting comprehensive strategies, including emissions reductions,
investment in clean technologies, and adaptation measures, we can mitigate the worst

effects of climate change.



The U.S. National Clean Hydrogen Strategy and Roadmap'® provides a comprehensive
framework to accelerate the production, processing, delivery, storage, and use of clean
hydrogen to meet ambitious decarbonization goals across multiple sectors of the
economy. The roadmap outlines clear targets and strategic milestones for hydrogen
production and utilization by 2030, 2040, and 2050, offering a detailed view of the current

hydrogen landscape in the U.S. and a pathway for future development.

Key to the strategy’s success is collaboration among various stakeholders, including
federal agencies, industry, academia, national laboratories, state and local governments,
environmental and justice groups, and labor unions. This multi-sectoral engagement is
crucial to driving progress. In support of these efforts, the Biden-Harris Administration has
launched the Hydrogen Interagency Task Force', signaling a strong commitment to

advancing the hydrogen sector.

The roadmap sets ambitious goals, including producing 10 million metric tonnes (MMT)
of clean hydrogen annually by 2030, 20 MMT by 2040, and 50 MMT by 2050. To help
meet these targets'®, $7 billion has been allocated to construct seven hydrogen hubs,
which are expected to produce 3 MMT of clean hydrogen per year by 2030. This initiative
is part of broader investments in clean energy technologies.' The strategy is designed
to be adaptable, with provisions for regular updates based on stakeholder feedback and
ongoing analysis. Recent government initiatives to promote hydrogen include support for
private sector projects and the construction of a green hydrogen plant. These projects
reflect the nation’s growing commitment to advancing hydrogen technologies and building
a sustainable energy future to further support the growth of the U.S. hydrogen industry

as part of its "Investing in America" agenda.’®



Looking at the current global energy demand, driven by population growth and
advancements in lifestyle and recent emergence of artificial intelligence, surge in energy
consumption and increasing levels of CO, and other greenhouse gases in the
atmosphere inevitable, leading to a rise in Earth's surface temperature. To combat global
warming, it is crucial to adopt renewable energy sources and make lifestyle changes. One
potential solution is hydrogen generation through conventional water electrolysis, but this
process requires substantial energy input. This challenge has sparked the development
of solar-to-hydrogen (STH) conversion, which uses sunlight as the energy source to
power electrolyzers that split water into hydrogen (H,) and oxygen (O,), offering a more

sustainable approach.

There are three main methods for water splitting. The 1) Photochemical approach is the
most cost-effective, but it has a solar-to-hydrogen (STH) efficiency of <1% and separating
the resulting hydrogen (H;) and oxygen (O,) is both challenging and expensive. The other
two prominent methods are 2) Photovoltaic (PV) water splitting and 3)

Photoelectrochemical (PEC) water splitting.

In PV water splitting, photovoltaic cells convert sunlight directly into electricity, which is
then used to power an electrolyzer that splits water (H,O) into hydrogen and oxygen via
electrolysis. This process involves two electrodes submerged in water (electrolyte), with
an electrical current that splits the water molecules. PV water splitting is widely used in
large-scale hydrogen production and integrated renewable energy systems. While PV
systems can achieve efficiencies of over 10%,'” they are expensive, and further efficiency

improvements are limited. However, advancements in PV technology, electrolyzer design,



and catalyst development can help enhance performance and improve the efficiency of

hydrogen production.

In PEC (photoelectrochemical) water splitting cells, photoelectrodes absorb sunlight and
generate electron-hole pairs, which then drive redox reactions at the electrode-electrolyte
interface, splitting water into hydrogen and oxygen at the electrode surface. This direct
approach offers potential for higher efficiency compared to PV-based methods and is well-
suited for decentralized hydrogen production, such as solar-powered water-splitting
devices for on-site use. Also, there is plenty of scope for improvements include developing
efficient and stable photoelectrodes capable of absorbing a wide range of sunlight.
Enhancing charge separation, surface reactions, and optimizing electrolytes are also
crucial for boosting device performance. Focusing on creating durable photoelectrodes,
improving light absorption and charge transport, and addressing issues like electrolyte
stability, corrosion, and scaling up PEC systems. With its moderate efficiency and
affordability, PEC water splitting holds great promise, but further advancements are

needed to maximize its potential.

In my PhD research, | have spent all my time studying PEC Water Splitting Reactions to

find out how water oxidation occurs at the semiconductor and electrolyte interface.



1.2 Theory of Photoelectrochemical Water Splitting

Photoelectrochemical (PEC) water splitting is a process where solar energy is harnessed
and converted into chemical energy, specifically stored in hydrogen bonds. This solar-
driven reaction involves two key steps: hydrogen production at the photocathode and
oxygen generation at the photoanode. The oxygen evolution reaction (OER), requiring
four electrons and holes (Figure 1.4), is the most kinetically challenging and often the

rate-limiting step in the overall process. '8

Under standard conditions, this reaction demands an energy input of 237 kJ per mole of
hydrogen produced,'® making it an endergonic (energy-absorbing) process. The field
began with Boddy’s?? initial research in 1968, followed by Fujishima and Honda'’s pivotal

work using TiO2.2!
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ad |
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Figure 1.4: Corresponding equation of HER and OER under alkaline and acidic

electrolyte. The schematic of Water Splitting reactions at cathode and anode.

Over the past five decades, a variety of semiconductors have been tested as

photoanodes, including traditional metal oxides like TiO2, WOs, SrTiOs, as well as newer
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materials such as BiVO4 and Cu20. Narrow bandgap semiconductors like GaAs and

cadmium-based materials have also been studied?-2*.

However, each material faces significant challenges. For instance, titanium dioxide's wide
3.2 eV bandgap restricts light absorption to the UV spectrum, limiting efficiency to around
1.5%, which falls short of commercial viability. Tungsten trioxide, with a 2.8 eV bandgap,

only achieves about 5% efficiency.?®

An ideal photoanode must meet several criteria: it should absorb visible light effectively,
enable efficient charge separation and movement, facilitate fast charge transfer at
interfaces, have energy bands aligned for the desired reactions, and maintain stability in
water.2> While non-oxide semiconductors may show promise, they often degrade under
operating conditions. Meanwhile, high-performance materials like 1lI-V semiconductors
remain too expensive for widespread use. Despite decades of research, no material has

yet been discovered that meets all these requirements.2627

When a semiconductor encounters an electrolyte, the system tries to reach equilibrium
by aligning their Fermi levels. In an n-type semiconductor, where electrons are the
majority carriers, the Fermi level is located just below the conduction band. At the
semiconductor-electrolyte interface, a charge imbalance forms due to the difference in
Fermi levels, leading to the creation of a double layer near the surface. This results in the
formation of a space charge layer, where the surface of the semiconductor becomes
depleted of electrons, causing "band bending" from the surface into the bulk. The extent
of this band bending is influenced by the level of doping, or dopant density (Np), which
determines the depletion width (W), i.e., the thickness of the space charge layer. The

depletion width can be calculated using the following equation:
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ZKEO(V - Vfb)

\

qNp

Where « is the dielectric constant of the semiconductor, ¢o is the vacuum permittivity

(8.854x107"* C V™' cm™), q is the electronic charge, V is the applied potential, Vi is the

flatband potential (the potential at which no band bending occurs).

Under illumination, the difference between the quasi-Fermi levels of electrons and holes

determines the magnitude of the photovoltage generated at the semiconductor-electrolyte

junction (Figure 1.5). This photovoltage can be harnessed to drive uphill chemical
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Figure 1.5: Semiconductor electrolyte interface: Eco and Ew are the potentials of the

conduction and valence band edge, Er is the Fermi level, W is the width of the space-

charge or depletion layer, Voc is open-circuit potential under illumination, EFn and Erp are

the electron and hole quasi-Fermi levels under illumination.
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reactions, such as splitting water at a potential below its thermodynamic oxidation
potential. However, the actual photovoltage is often less than the theoretical maximum

due to recombination losses, which affect the positions of the quasi-Fermi levels.?

Recombination losses, both in the space charge layer and on the surface, are the main
factors limiting photovoltage during water oxidation, as they reduce the splitting between
the quasi-Fermi levels. In addition, bulk recombination of photogenerated charge carriers

reduces the charge separation efficiency, which lowers the photocurrent output.-2°

Assuming the space charge layer behaves like a parallel-plate capacitor, with depletion
width as the plate spacing, parameters such as dopant density (Np) and flatband potential
(V) can be determined using electrochemical impedance spectroscopy (EIS) and Mott-

Schottky plot:

kT
" 2 (V=V =5

qN ,AKE,

cz..
SC
where Csc is the space charge capacitance, ks is the Boltzmann constant, T is the

temperature, A is the active surface area of the electrode.

Upon illumination, electrons are excited from the valence band to the conduction band,
creating electron-hole pairs and widening the depletion region. Under steady-state
illumination, the Fermi level splits into quasi-Fermi levels for electrons and holes due to
the difference in their concentrations. The quasi-Fermi levels describe the

electrochemical potential of electrons and holes under illumination.
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The efficiency of light absorption by the semiconductor, or light harvesting efficiency (7..),
depends on the material's absorption coefficient and thickness. Once charge carriers
(electrons and holes) are generated, they move within the space charge layer: electrons
migrate to the bulk, and holes move towards the surface. The band bending in the space

charge layer provides the energy necessary to drive these movements.

Some charge carriers undergo recombination in the bulk, reducing the efficiency of
charge separation (7.s). The charge carriers that successfully reach the surface without
recombining accumulate in surface states (SS). Holes that reach SS can either participate

in oxygen generation by reacting with the electrolyte or recombine with conduction band

e
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Efficiency of water oxidation= q®[n 4(A) % Nes(V)*Nuc(V)]

Figure 1.6: A general schematic of n-type semiconductor under PEC water oxidation
under illumination. Efficiency is controlled by light harvesting, charge separation and hole
collection process. The schematic also shows potential pathways of recombination in the

bulk, depletion layer and on the surface.
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electrons. The efficiency with which holes contribute to water oxidation is called hole

collection efficiency (7.c).

When the photoanode is at the flatband potential (Vp), there is no band bending, resulting
in no charge separation and no current from water oxidation. Electrons drift towards the
cathode under an applied anodic potential, where they reduce water in the hydrogen
evolution reaction (HER). Meanwhile, holes in the space charge layer move to the surface

to drive the oxygen evolution reaction (OER).

1.3 Hematite

Hematite (a-Fe203) has emerged as a promising candidate for photoelectrochemical
(PEC) water splitting, particularly for the water oxidation half-reaction. This iron oxide

polymorph possesses several advantageous properties that make it an attractive material

Figure 1.7: The Crystal structure of a-Fe20s. The octahedral structure forming in the [001]

direction.??
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for solar energy conversion. It has attracted the attention of a wide community of
researchers in the Solar Oxidation field, a simple Google Scholar search with yield 1000s
of work on Hematite.*®* Hematite has a corundum-type crystal structure and an n-type
semiconductor, which is the most thermodynamically stable among Fe203 polymorphs.
Its structure consists of pairs of face-sharing octahedra (Fe209 dimers) aligned along the
c-axis ([001] direction). This arrangement results in a hexagonal unit cell with oxygen
anions (O?%) arranged along the [001] direction, while iron cations (Fe®*) occupy two-thirds

of the octahedral interstices. 3'-%?

Hematite's band gap of approximately 2.1 eV allows it to absorb visible light up to ~600
nm, making it suitable for solar energy harvesting. The valence band of hematite consists
of strongly hybridized Fe 3d and O 2p orbitals,**3* as revealed by soft X-ray spectroscopy
and density functional theory (DFT) studies. This hybridization contributes to its unique
electronic properties. Several factors make hematite an attractive material for PEC water
splitting- first hematite is extremely stable under alkaline conditions, ensuring long term
viability for large-scale applications. Secondly it is non-toxic and abundant, making it
economically viable for widespread use. Thirdly the valence band edge of hematite lies

below the O2/H20 redox potential, making it suitable for water oxidation.3®

Hematite has several challenges that limit its efficiency in PEC water splitting:

1. Hematite suffers from low minority charge carrier mobility and short lifetimes, resulting

in a very short charge collection length of 2-20 nm.*

2. The light absorption depth can be up to 375 nm for 550 nm light, which is significantly

longer than the charge collection length.3¢
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3. The conduction band edge lies approximately 0.4 V positive of the H2/H* potential, thus

an applied bias for proton reduction is necessary.*

4. The water oxidation kinetics on hematite surfaces are slow, with low faradaic rate

constants compared to other semiconductors like TiO2 and WQOs3.3®

Researchers have employed various strategies to overcome these limitations. Like
creating nanostructured hematite electrodes to maximize light absorption while
minimizing the distance minority carriers must travel. *# Introduced dopants to improve
electron transport properties. #' Applying thin overlayers of materials like Al203 and Gaz20s3
to reduce electron hole recombination.*? Also modifying surfaces with catalytic materials
to enhance water oxidation kinetics.** Recent studies have provided valuable insights into
the water oxidation mechanism on hematite. Both hole transfer to the electrolyte and
surface electron-hole recombination are thought to occur via surface states and sluggish
hole transfer kinetics result in hole accumulation at the surface, potentially causing partial
Fermi-level pinning.*® Similar intermediates have been observed for both electrochemical
(dark) and photoelectrochemical (light) water oxidation, suggesting a common

mechanism.*

1.4 Project Objective

Despite significant advancements in understanding and improving hematite
photoanodes, the mechanisms and kinetics of the water oxidation reaction (OER) remain
poorly understood, with many gaps still to be addressed. This thesis extensively

investigates the underlying mechanism of OER, aiming to provide deeper insights into
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this complex process and all the studies were done utilizing Electrochemical Impedance

Spectroscopy (EIS) to track photogenerated holes on surface states during OER.

Chapter 2: In this work, hematite thin films were synthesized using the Atomic Layer
Deposition (ALD) technique and employed for oxygen evolution reaction (OER) in alkaline
electrolyte. The rate law for OER was investigated under varying light intensities to
explore the underlying mechanism. Additionally, the behavior of the band structure under
high hole concentrations and changes in hole collection efficiency were examined. The
kinetic model for the rate law is still under investigation, particularly in understanding the
justification for higher-order reactions. Two potential explanations include band uplifting
closer to the OER thermodynamic potential and the presence of multiple surface states,

suggesting parallel reaction pathways for OER in hematite.

Chapter 3: In this work, the surface of ALD-deposited hematite was modified with Ga,0O;
overlayers and annealed at varying temperatures. Electrochemical Impedance
Spectroscopy (EIS) was used to measure surface state capacitance across all samples,
and J-V behavior was examined. The findings suggest a parallel reaction pathway during
the oxygen evolution reaction (OER) of hematite, with evidence of peroxo species
formation. This study also explores the dynamic interchange between peroxo and oxo

surface states, shedding light on the complexity of the OER mechanism.

Chapter 4: In this chapter, | explore the surface states involved in the oxygen evolution
reaction (OER) of CuWOQO,, an area that remains largely unexplored. Based on similar
materials, CuWO, is expected to follow a surface-state-mediated OER pathway. To
investigate the chemical nature of these surface states, | employed Photoinduced

Absorption Spectroscopy (PIAS) and operando ATR-IR spectroscopy. This ongoing work
18



aims to optimize experimental conditions by stabilizing the electrolyte and preventing
corrosion during operando studies. The findings have the potential to enhance our

understanding of CuWOQ,'s role in OER.
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2.1 Abstract

Thin film hematite (a-Fe203) of ~560 nm was deposited on FTO using Atomic Layer
Deposition (ALD). The photoelectrochemical (PEC) water oxidation performance was
evaluated through cyclic voltammetry under alkaline conditions (pH 13.6), revealing a
linear increase in PEC activity with rising light intensity. This enhanced activity is attributed
to the increased number of holes generated at the surface state during oxygen evolution
reaction (OER). Photoelectrochemical impedance spectroscopy (PEIS) measurements
showed that the surface state capacitance (Css) increased with light intensity but
plateaued beyond a certain threshold. Css was quantified as the hole density at the
interface, identifying a rate-limiting step. The accumulation of holes at the interface
induced a potential drop in the Helmholtz layer, contributing to Tafel behavior. This
demonstrates that the rate of hole transfer to the electrolyte, which impacts OER kinetics,
is light dependent. These findings illuminate the origin of the linear PEC activity with light

intensity and provide insights into the underlying mechanism.
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2.2 Introduction

Global warming has driven the search for renewable, zero-carbon energy sources.
Photoelectrochemical (PEC) water splitting holds great promise for commercial
applications and has significant potential for improvement. It can also be integrated with
Photovoltaic (PV) cells to utilize broad spectrum of light, Fuel cells to produce electricity
on demand, CO2 reduction catalyst to simultaneously generate valuable C-H chemicals,
creating a vertically integrated system.? PEC water splitting reaction involves two key
reactions: the hydrogen evolution reaction (HER), a two-electron process, and the oxygen
evolution reaction (OER), a more complex four-electron process crucial to both natural
and synthetic photosynthesis >* The OER is the bottleneck in splitting water into
hydrogen and oxygen, which is critical for sustainable fuel production. Understanding the
mechanism of this multi-electron reaction—whether it occurs stepwise or concertedly, and
whether charge carriers accumulate on single or multiple sites—remains a challenge in
the field of electrochemistry >-8. In photosynthesis, the oxygen evolution reaction (OER)
is driven by a Mn4CaOx cluster in photosystem I, which stores four oxidizing equivalents
to split water into oxygen 219, This process involves multiple light-induced oxidation steps,
with proton release helping to prevent charge buildup before the formation of the O-O
bond, the slowest step ':'? Synthetic catalysts for water oxidation have similarly focused
on multimetal centers or surfaces '3'4. Metal oxides, due to their stability under solar-
driven conditions, are being investigated, though their exact role in facilitating

multielectron reactions or stabilizing intermediates remain uncertain.

Recent studies have uncovered a novel mechanism in photoelectrochemical OER on

semiconducting oxides, revealing a multihole process. Using photoinduced absorption
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spectroscopy (PIAS), Durrant’s group investigated photoanodes like hematite (a-Fe203)
and found that the OER rate solely depends on the accumulation of photogenerated holes
at the electrode/electrolyte interface.’®'® From their PIAS studies, they observed the
accumulation of holes at the surface state during OER and how that leads to photocurrent
and concluded that the rate of OER follows a power law, transitioning from first order at
low light intensity to third-order at higher concentrations, meaning 3 holes are required to
accumulate at the surface state during water oxidation. This behavior was also observed
in other oxides like TiO2, BiVO4, and WOs, suggesting that multihole accumulation is a
universal feature of metal oxide photocatalysts.'> Similarly in photosystem Il in plants,
where hole accumulation happens first then O-O bond formation. However, studying the
active sites and intermediates in heterogeneous OER remains challenging. Progress in
spectroscopic techniques has made it possible to detect key intermediates, such as
Fe(IV)=0 in a-Fe203 78 Recent work on IrO2 also shows that water oxidation proceeds
via nucleophilic attack on surface oxyl, with the OER rate depending exponentially on

surface hole concentration 1°.

In this study, we developed a temperature-controlled three-electrode system to
investigate the OER mechanism on hematite under very low light intensity to very high
light intensity (upto ~6Sun) under alkaline conditions. By varying light intensity, we
conducted photoelectrochemical impedance spectroscopy (PEIS) measurements and
analyzed the data using equivalent circuit models to decipher surface reactions. The
capacitance (Css) data revealed that holes accumulate prior to OER, but hole density
saturates after a certain light intensity, even as the photocurrent continues to increase

linearly. This indicates that hole accumulation alone does not drive the OER. Mott-
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Schottky analysis with a hole scavenger and cyclic voltammetry (CV) data showed shifts
in flatband potential, confirming that band alignment plays a crucial role in enhancing OER

rates 20.
2.3 Experimental Section

Hematite thin films were deposited on 1.1 mm thick aluminoborosilicate glass substrate
(Solaronix, 10 Q/sq) with fluorine doped tin oxide (FTO) coated on one side. FTO
substrates were cleaned by sonication in soap, water and isopropyl alcohol each for 10
min followed by drying with N2 stream. Previously described procedure 2'??2 was modified
to make the hematite films using atomic layer deposition (Savannah 100, Cambridge
Nanotech Inc.) technique. ‘Wet ozone’ has been observed to serve as a better oxidation
source compared to only ozone, with improved growth rate and uniformity. The FTO
substrate was heated to 200°C, and ferrocene precursor was heated to 70°C. A single
cycle consisted of a 20 s ferrocene pulse followed by an oxidation subcycles which
included 10 cycles of a 0.015 s H20 pulse followed by a 2 s ozone pulse, where each
subcycle was separated by a 5 s N2 purge. All films in this experiment were prepared by
1000 ALD cycles and measured to be ~50 nm by absorption measurements (Perkin-
Elmer, Lambda 35 with a Labsphere integrating sphere) corrected for FTO substrate.?!
Hematite was first annealed at 500°C, temperature was raised at a rate of 30°C/min, kept
at 500°C for 30mins and then cooled to room temperature overnight. Then the electrode
was further annealed in a preheated furnace at 800°C for 4 mins followed by quenching
at room temperature. The characterization of films was done by Raman Spectroscopy to
ensure the generation of hematite. An O-ring was used to attach the photoelectrode to

the custom cell, where 0.28 cm? hole area was defined as the active area for all
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photoelectrochemical measurements, since it's the only area where photoelectrode is in
contact with the electrolyte. All the experiments were performed in 1M KOH aqueous
solution (pH 13.6, determined with Fisher Scientific Accumet pH meter). Hematite
electrodes were clamped to a custom-made glass electrochemical cell. A homemade
saturated Ag/AgCl electrode was used as a reference electrode and high surface area
platinum mesh was used as the counter electrode. All potentials were converted to the
reversible hydrogen electrode (RHE) scale by the equation VrHe = Vagiagel + 0.197 V +
pH x (0.059 V). Electrochemical Impedance spectroscopy (EIS) and
photoelectrochemical measurements were made with an Eco Chemie Autolab
potentiostat coupled with Nova electrochemical software. EIS was done using a 10 mV
amplitude perturbation of between 10000 Hz and 0.1 Hz. Data were fitted using Zview
software (Scribner Associates). The light source was a 450 W Xe arc lamp (Horiba John).
An AM 1.5 solar filter was used to simulate sunlight at 100 mW cm? (1 sun), convex lens
was placed between the light source and custom cell to focus the light source onto 0.28
cm? electrode area to go beyond 1 Sun light intensity. Neutral density filters were used to
adjust the intensity ranging from 0.25 Sun to 6.21 Sun. Since the experiments were
performed at very high light intensity, the temperature was kept by circulating 25°C water
throughout the course of all experiments otherwise kinetic study might be convoluted due
to temperature contribution. All photoelectrochemical measurements were performed by
shining light on the hematite electrode through the FTO substrate (back illumination) such
that there was no competitive light absorption from the electrolyte. Light and Dark J-V

curves were measured at a scan rate of 20 mV s™.
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Hole scavenger study was conducted in presence of both 1 M KOH and 100 mM
Ka[Fe(CN)s].(Sigma Aldrich) Potassium ferrocyanide follows one electron quick redox
process, which is very ideal to perform controlled study to validate the hole collection
efficiency of our system. Higher concentration of redox couple was chosen to avoid mass

transportation limitations

Figure 2.1: Custom made temperature controlled (25°C) three electrode setup; light
source is focused using convex lens and series of neutral density filters. This same

experimental setup has been used during all our photoelectrochemical studies.

Another experiment was done to study the rapid charging and discharging of surface
states under light, which can also further confirm the hole accumulation phenomenon on

the surface of the hematite, those are «called Transient Experiment. First
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chronoamperometry was done at a constant potential in dark, after 30 sec the manual
shutter was turned on to illuminate the electrode (back illumination) where after the
illumination we get an instantaneous anodic transient spike and let it stabilize for over 10
sec, then the shutter was turned off, where we get the cathodic transient spike. Later we
plot the cathodic spike for different biases at different light intensity, integrate the cathodic
spike to calculate how much charge has passed through that electrode in those

experimental conditions.

Our active working area was 0.28 cm?, it was adjusted for a roughness factor of 1.5 23,
which make the actual area 0.42 cm? All the experimental data and graph plots were
adjusted for the actual area. In order to keep consistency of all our experiments and data,
all EIS, photoelectrochemical measurements both in water and hole scavenger was
performed during one big experiment at one time. The transient experiment and attempt
to determine helmoltz capacitance was performed during another experimental attempt,

keeping all the parameters of experimental conditions same.
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2.4 Results

2.4.1 Thin Film Characterization

During the optimization of photoanodes for this investigation, additional thin films were
deposited using Atomic Layer Deposition (ALD) to facilitate thorough characterization.
Powder X-ray Diffraction (PXRD) was performed on the 1000-cycle hematite samples;
however the data was only dominated by the peaks arriving from FTO substrate due to
thinner and planar nature of hematite. However, prior studies under similar experimental
conditions with thicker samples (3700 ALD cycles, ~200 nm thickness 2!, have been
reported from our lab and a-Fe203 was characterized.?*#?> Raman spectroscopy was
employed to analyze the structure of the iron oxide films due to the distinct spectral
signatures of common iron oxides, such as hematite (a-Fe203), maghemite (y-Fe203),
and magnetite (FesO4). The Raman spectrum obtained from the 1000 ALD-cycle iron
oxide deposited on FTO showed (Figure 2a) peaks corresponding to the crystal structure
of a-Fe20s3. The peak observed at 1300 cm™, identified as an overtone peak, is expected
to be Raman inactive.?6 Both XRD 2' and Raman data confirm that the only observable
crystallographic phase in the iron oxide deposited using ferrocene and ozone as
precursors is a-Fe203 (hematite).

Absorbance and reflectance measurements were conducted using a Perkin-Elmer
Lambda 35 UV-vis spectrometer equipped with a Labsphere integrating sphere. Building
on previous investigations from our lab, we corrected the absorbance spectra to account
for reflectance and the absorbance of the FTO substrate (Figure 2b). Klahr et al.?’
reported a linear growth in films for up to 500 ALD cycles, with a consistent absorption

coefficient and a growth rate of 0.62 A per cycle; beyond 500 cycles, however, the growth
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rate shows slight nonlinearity. Considering our sample is 1000 cycle and following similar
recipe for ALD synthesis and obtained highest absorption peak at 410 nm, our sample
corresponds to a thickness of ~50 nm. To determine bandgap, absorbance data was
utilized to plot ahv'” vs hv was plotted which is called Tauc plot and y =2 considering

indirect bandgap for hematite?' and the value of 2.2 eV was obtained as shown in Figure
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Figure 2.2: a) Raman spectroscopy plot b) Absorbance of our thin film hematite,
corrected for FTO substrate, reflectance and derived from transmittance data. c) Tauc

plot for band-gap calculation of 1000 ALD cycle Hematite.
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2.4.2 Photoelectrochemical Measurements

The overall trend observed in the current-voltage (J-V) responses is pretty much
consistent with PEC OER meaning there is no observed photocurrent in dark J-V and
with increasing light intensity the photocurrent is also increasing, as illustrated in Figure
3a. Electrochemical impedance spectroscopy (EIS) was conducted on hematite following
the same parameters as the J-V measurements under same variable light intensities.
Nyquist plots were generated using EIS studies where in presence of surface states
participating in OER and where photogenerated holes can be stored, two peaks are
expected to form near the onset potential?2. The small semi-circle gets dissolved in higher
potential or in dark. Similarly for our system we observed similar features like two
capacitive components emerged near the onset potential in the nyquist plots, all our
observations are consistent with prior findings, indicating towards a charge accumulation
step before the OER. %223 To analyze different capacitance (charge storage and bulk) and
resistance (charge transfer, trap state and solution) processes in the bulk semiconductor
and at the interface, Nyquist plots can be deconvoluted by fitting them with an appropriate
equivalent circuit in Figure 3b 2?2 This approach provides valuable insights into the
accumulation of charge carriers at the surface under PEC conditions. In this study, a
modified Randle’s circuit (Figure 3c) was used when two semicircles were observed,

while a standard Randle’s circuit (Figure 3d) was applied when only one semicircle was
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present. The equivalent circuit encompasses various components: a space-charge
capacitance (Cpui) representing the bulk hematite, a surface state capacitance (Css), and
resistances including a series resistance (Rs), a resistance reflecting hole trapping in
surface states (Rwap), and a charge transfer resistance from surface states to the solution
(Ret)- In regions where higher bias voltage prevails, characterized by the presence of a
single semicircle in the Nyquist plots, a simplified Randles circuit was utilized to analyze

impedance spectra. Under different light conditions, Css exhibits a Gaussian peak around
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Figure 2.3: a) Photoelectrochemical OER (J-V) performance under 1M KOH, pH 13.6;
Light intensity started from dark and slowly increased upto 6.21 Sun. b) Various charge
transfer and storage phenomenon happening at different regions of a semiconductor
during OER, depicted as equivalent circuits. ¢) and d) are consecutively modified

Randal’s circuit and Simple Randal’s circuit.
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the onset of photocurrent, attributed to the accumulation of surface holes.?? Beyond 1.3
VrHE in potential for water oxidation, the impedance spectra lose the low-frequency
semicircle, forming a single semicircle, making it challenging to isolate Css in the Nyquist
plots due to notable fitting errors. In such instances, the simple Randle’s circuit is
employed for fitting these impedance spectra. Consequently, the raw Css plots (potentially
up to 1.5 VreEe) from Figure 4a were further analyzed by fitting with a Gaussian function
for extrapolation across the entire dataset. This facilitates further investigation into hole

storage, as depicted in Figure 4b.
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Figure 2.4: a) Raw Css obtained from fitting Nyquist plots with appropriate equivalent

circuits. b) Fitted Css curves were obtained by fitting raw Css peaks using Gauss function.
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Figure 2.5: All the EIS parameters are plotted here. a) Series resistance (Rs), b) Charge
transfer resistance (R:t), ¢) Bulk capacitance (Couk), d) Trap resistance (Riap) under

different light intensity under OER condition.

All the EIS parameters, including resistance and capacitance from the equivalent circuits,
are plotted here, with particular attention to Cpux and Rc. These parameters reveal a
crucial insight: Rt exhibits a dip around the thermodynamic potential for water oxidation,
aligning with the peak behavior of Css. Both parameters shift cathodically with increasing
light intensity, indicating that as hole accumulation occurs at a specific light intensity, water
oxidation becomes easier at higher intensities. This shift towards more negative potential
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with increasing light intensity is a phenomenon documented previously.?? The peak of Css
corresponds with a decrease in Rct (Figure 5b), suggesting that interfacial charge transfer
during water oxidation is linked to the charging of these surface states.

Examining the Css plot in Figure 4b, it is evident that there is an accumulation of holes

near the onset potential, though saturation may occur beyond a certain light intensity. To
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Figure 2.6: Hole density and current density from Figure 2.3.a at 1.23 Vrue plotted
against light intensity. The hole density is saturating at higher light intensity followed by

rapid increase at the initial stage.

quantify this hole accumulation preceding water oxidation, we can analyze Css plots and
calculate the number of holes stored on the surface. Utilizing the formula Q = CV, where

Q represents charge and C is the capacitance, we integrate Css over the entire voltage
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range from 0.4 VrHEe to 1.8 VrHE to obtain the total stored charge. Since the charge of a
hole is the opposite of that of an electron, which is (+) 1.602 x 10-'® coulombs, dividing
the total stored charge by the charge of a hole enables us to determine the number of

holes or hole density stored at the hematite surface under a specific light intensity.

1 2 kT
= V-V ——] e (1)
Coui’ €€0A%eN, fb

Our measurements of hole density under various light intensities (Figure 6) align in similar
ranges of previous findings. For instance, Klahr et al. reported a hole density of 2.9 x 104
cm~2 under 1 sun illumination 7, Piccinin et al. 2’observed 1.05 holes/nm?, Durrant et al."®
reported range of 0.1-4.0 holes/nm?, and Hupp et al.®® found a range of 0.05-0.3

holes/nmZ.
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different light intensity.
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We applied Mott—Shottky (M-S) analysis using Eqn 1 to our impedance data, focusing on
Cwui Values, using a dielectric constant of 32 2° for hematite and the roughness factor
adjusted actual surface area (0.42 cm?) of the electrodes shown in Figure 7. Where we
can clearly observe the change of slope and intercept in the potential range between 1.0
VrHE to 1.4 VrHE. Which arises from the fact that OER is changing the flatband potential
i.e. the band edges of the semicondcutor or dopant density. Further investigation is

needed to confirm this hypothesis.
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Figure 2.8: Dopant density (Np) and flatband potential (V) were calculated from M-S

analysis using Eqn 1 and plotted against incident light intensity during OER.
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The flat band potential (V&) and dopant density (Np) for various light intensities are
depicted in Figure 2.8. Np, around 10" cm=3, ideally should remain relatively stable across
conditions. And we observed a consistent rise in flat band potential with increasing light
intensity, which is counter intuitive since our onset potential as well as peak of Css and dip
in Ret is moving cathodically. M-S analysis is always not an effective method to explain
the band structure movement and dopant density, ideally the dopant density is expected

to remain unchanged due to its intrinsic nature.20:30

For metal oxide semiconductors, changes in applied potential influence the capacitance
across the space charge and Helmholtz layers. The slope of the Mott-Schottky (M-S)
plot, determined by the M-S equation, depends on dopant density, assuming a constant
dielectric constant *'. However, when there is a possibility of increasing hole accumulation
at the surface it attracts negatively charged species from the solvent to create a double
layer across the interface or helmoltz layer, leading to a significant potential drop and it

has huge implications in kinetics. the Helmholtz capacitance causes a constant shift in

the x-axis intercept, which must be accounted for when calculating the flat band potential
32 Erratic dopant density significantly influences the depletion width, W, calculated using

Equation 2 at 1.23 VrHe based on dopant densities from M-S plots (Figure 2.9).
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Figure 2.9: Depletion layer width calculated using Eqn 2 and obtained dopant density
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from M-S analysis under different light intensity.

The Helmholtz capacitance effect causes a consistent shift in the x-axis intercept, which
must be accounted for when calculating the flat band potential from M-S plots. This shift
in flat-band potential (Vi) is associated with the charging of surface states, expressed as
AVisharging = Qiot /Cr, where Qo is the integrated value of Cpuk over voltage: Qtor = |Chui
dV. This calculation results in a Helmholtz capacitance value of Cy = 2.2x10™* F cm™,
aligning with earlier studies ?2. Nevertheless, relying on this value to determine Helmholtz
capacitance is not advisable, as explaining such a high value poses difficulties. And with

any analytical technique it is almost impossible to estimate the exact Cx parameter.
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We explored alternative methods to minimize the Vi and Np ranges by assuming

reasonable Cy values for hematite thin films under alkaline OER conditions. By correcting

100 100 100
B Hooormson | U P——
* C=22XW'Flom’ WG, =2IM WS S W C sLIEWFiam
- i, & =0 2K W°Fiom’ G =X WO Fiom’
801 e B0 oo 804 L SnnenT
E _ & 0.42 Sun = 086 5
‘:_u 504 Dark Nu 604 . S 0l | un
(i [ pgu® 4 T
& guett” ‘a'c:. ware 207 ?’I:I- ||I""'l '
= = 40 vy | = ¢
= LA -r'!'""r" = 40 "-rv"""'
I H I E [ ] : |
L 207 w207 eliy w201 ¥
T yil
r L
0.7 08 0.9 1.0 141 1.2 1.3 14 15 0.7 0.8 09 1.0 11 12 13 14 1.5 07 0.8 0.9 1.0 11 12 1.3 14 1.5
Potential (V) vs RHE Potential (V) vs RHE Potential (V) vs RHE
100 100 100
Mo caTector carEmar
:c-zzrq'-.an’ ::ﬁ-“:‘:’:?r :r‘f‘-urq--.n L
&, =02 W o T € =02 X WF fed
B0 w ceaizwrrion 80 O =GN .- 804 wgemxmreio '.
-+ 6.09 Sun M
- 1.33 Sun - .84 Sun . = . v,
E 604 E 60 Tr. n? =2 B0 LR ] ]
o I e r e Tr
-ll': 40 LT B o i ”..1-1. = b
o i ',1-!1"1""' o~ 40 = 40 e, "
H L4 : Ty TTY ~ v
5] 1 o p .
20 20 o 204 b
- ]
:'.' - ¥ -
0 R T T T T 0 L —————— 0 Rz
0.7 08 0.8 1.0 11 1.2 1.3 14 15 07 08 09 10 11 1.2 1.3 14 1.5 07 0.8 09 10 11 12 1.3 14 15
Potential (V) vs RHE Potential (V) vs RHE Potential (V) vs RHE

Figure 2.10: Mott-Schottky analysis and fitting in order to analytically calculate helmoltz
capacitance (Cr); Three different Cy values were plotted to correct Chux data. After Ch

correction Vi and Np values were calculated again to observe any significant changes.

Couik accordingly, we performed M-S analysis to determine the Vi and Np values. We also
adjusted Vp and Np using more typical Helmholtz capacitance values for hematite under
alkaline working condition, specifically 0.1 and 0.2 x 10™* F c¢cm™.3% This correction
involved adjusting the Cpux for these Cu values, as well as the 2.2 x 10™* F cm™ we
previously calculated. These adjustments were tested under various light conditions,

including dark, 0.42, 0.66, 1.33, 3.84, and 6.09 Sun shown in Figure 2.10.
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The correction for helmoltz capacitance using this above method doesn’t explain the
trends in Vi and Np we observe in our system. The assumption of Cn might have
shortened the range (Figure 2.11) still the implications are not clear, and there might be
another analytical method where we can determine the dopant density and flatband

potential with even more confidence.
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Figure 2.11: Differences in Np and Vp after correction of Chuk values against three
different Cn values, this analysis turned out not so useful to explain the band movement

of hematite at different light intensity during OER.

The flat band potential derived from M-S intercepts is often unreliable under high light

intensity due to massive amount hole generation, which causes significant helmoltz
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capacitance (Cp) and it convolute the Cpuk, makes it very difficult to analyze Cpuk data to
investigate the band edge movements during OER. Instead, the photocurrent onset
potential in the presence of a hole scavenger can provide a better estimate. A combined
approach of EIS followed by M-S analysis in the presence of a hole scavenger could
effectively determine the dopant density across different light intensities. This method has
previously demonstrated good agreement with flat band potentials derived from M-S
plots for nondegenerate doped hematite electrodes 2333, Using a 100 mM Ka[Fe(CN)e]
hole scavenger (high concentration was optimized to prevent mass transport limitations)

as the electrolyte, cyclic voltammetry and EIS were performed under the same conditions.

The M-S plot slopes remained constant (Figure 12b), yielding a dopant density of 9.54
(£0.24) x 10" cm™3. From the CV data, the flat band potential was identified at varying

light intensities (Figure 12a).

45



6
(a) N — -0.00Sun o0
£ — -0.255un 5o/ A
© — -0.50Sun "
< — -0.79Sun >
€ 44 — -100sun Lk v
= — -2.46Sun k4 _r-_‘.
© — -3.94Sun e o
- — -6.21Sun 1 !, et
b= — -o9855un ¥ -t
2 21 4 —"" PEPU LR
s = P
8 /;',—”4’”" - -
'E é’ - = o - -
2 O-M—_E:E__ﬁ
>
O ‘d
04 06 08 10 12 14 16 18
Potential vs RHE / V
(c) 075 .
L P From j-V under hole scavenger
& 0.70-
S
% 0.65{ 2
c )
3
o J
S 0.60 o
=
o
2 0.55- .
3
o
0.50 : : : : 9
0 2 4 6 8 10

Light Intensity / Sun

(b)*

log (J1.23 Vrue)

00
——o0.00sun 1M KOH +100mM K [Fe(CN) ]
= 0.25Sun
80{ ——o.50sun
= (0.79Sun
= 1.00Sun
m—2.46Sun
604 —3.945un
—5.21Sun
= 9.85Sun
40
204
04
T T T T T T T T
04 06 08 10 12 14 16 18
Potential (V) vs RHE
2.0
109 J, 5 yeue = @l0g (h.) +log k,
2.5 o [Equation y=a+bx
Weight No Weighting
Residual Sumof  0.3936
Squares 9
Pearson's r 0.92557
-3.0 1 Adj. R-Square 0.82801 - 6
Value  Standard Erro P
Intercept | -97.3891  17.13352 .7 Q
togll Slope 634674 1.16095| .
-3.54 Pig
-7 9
-4.0 4 Q P4
@ _--
454 7
o
-5.0 T T T T T
14.65 14.70 14.75 14.80 14.85 14.9

log [(hs™) / 1014 cm™2

Figure 2.12: a) J-V measurement done under increasing light intensity conditions in

presence of hole scavenger. b) M-S analysis in presence of hole scavenger shows

unchanged slope with respect to increasing light intensity, hinting towards unchanged Np

according to Eqn 1. c) The onset potential of Figure 2.12.a provides the value of Vi, and

its moving cathodically with increasing light intensity. d) Our hole density and Current

Density at 1.23 VruEe obtained during OER in presence of 1 M KOH (no hole scavenger)

was plotted against Durrant Model.
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From Figure 2.12.c the negative (Cathodic) shift of the flatband potential in hematite
during OER under increasing light intensity signifies significant changes in its band
structure. This cathodic shift indicates that less external potential is required to achieve
zero band bending, suggesting a reduction in the depletion width and band bending near
the semiconductor-electrolyte interface.3* As more photogenerated charge carriers are
injected into the space-charge region, they partially neutralize the surface charge, leading
to a "flattening" effect on the band structure.3® This results in the conduction and valence
bands effectively moving closer to the thermodynamic potential of OER i.e. 1.23 VRrhE,
improving the OER efficiency.3® The decreased band bending also leads to a narrower
space-charge region and a lower internal electric field. While the intrinsic band edges
remain relatively fixed, their apparent position at the interface shifts, aligning more
favorably with the electrolyte's potential.” This photoinduced modification of charge
dynamics enhances interfacial reaction rates due to increased carrier availability and
reduces the overpotential required for OER* as we have witnessed in our Figure 2.3.a
and Figure 2.4.b. Consequently, hematite becomes more effective at facilitating OER
under higher illumination, with its band alignment improving relative to the electrolyte's
requirements for the reaction. This phenomenon underscores the complex interplay
between light intensity, charge carrier dynamics, and electrochemical processes at the

semiconductor-electrolyte interface during photoelectrochemical water splitting.

When the OER data (Figure 2.6) was analyzed using the Durrant model 15, the observed
rate order deviated from the reported values (Figure 2.12.d). Several factors are likely to
contribute to this discrepancy. First, their PIAS measurements were conducted at 1.5

VrHE, @ condition that minimizes recombination. Second, significant methodological
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differences exist between PIAS and EIS techniques. Third, their higher-performing
sample was fabricated using PCVD, whereas ours was produced via ALD. More critically,
the model’s assumptions—Ilight-independent band edges and kwo —limit its applicability,
as it is based on a mononuclear reaction pathway governed by surface-state hole density

(Fe'V=0).

The Tafel equation is a vital tool for studying reaction kinetics. By considering the potential
drop across the Helmholtz layer as directly related to hole density and modifying the Tafel
equation accordingly, 2%3° our experimental data reveal that the water oxidation rate
constant kwo strongly depends on light intensity (Figure 2.13.a), increasing linearly. This
behavior contradicts the assumptions of the Durrant model Model,'® further supporting
the notion that a high hole density at surface states induces a significant potential drop in

the Helmholtz layer, substantially influencing the reaction kinetics.

In summary, the higher photocurrent observed under intense illumination arises primarily
from a decrease in band bending and an increase in kwo. Despite reduced band bending,
the increase in kwo dominates the kinetics, accelerating the hole transfer from the
semiconductor to the electrolyte and reducing charge transfer resistance Rc. This
observation suggests enhanced hole transport efficiency at high light intensities.
However, an additional hypothesis proposes the existence of a parallel pathway where
kwo is even faster, albeit with a short lifetime. This scenario aligns with Figure 2.6, where
hole density at surface states saturates, but rapid kwo driven transfer results in a linear
increase in photocurrent. This hypothesis warrants further investigation and experimental

validation.
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Ongoing efforts focus on developing a refined rate law that incorporates kwo and activation

energy into the model to better explain the OER mechanism for hematite.
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Figure 2.13: a) Tafel analysis using our data shows the change of kwo with respect to light
intensity. b) First hypothesis; Rate of water oxidation dependent on hole density, band

upliftment and change of water oxidation rate constant.
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2.5. Conclusion

This study provides key insights into the oxygen evolution reaction (OER) mechanism of
hematite. Notably, increased light intensity causes a cathodic shift in the flatband
potential, moving band edges closer to the OER thermodynamic potential. This shift
reduces the external bias needed for OER, enhancing efficiency by achieving favorable
band alignment under illumination. Photoelectrochemical impedance spectroscopy (EIS)
revealed that the surface state capacitance (Css), rises with light intensity before reaching
a saturation. This plateau identifies a rate-limiting step, as sufficient charge carrier
accumulation at the interface is critical to driving the multihole OER process effectively.
Furthermore, increasing light intensity strengthens the internal electric field and reduces
band bending, which narrows the depletion width and lowers recombination, allowing
more charge carriers to participate in the reaction. The Css data are inversely related to
charge transfer resistance (R¢), with higher illumination reducing Rt and promoting faster
hole transfer to the electrolyte, thereby improving OER kinetics. Tafel analysis further
supports these findings, showing that OER kinetics are strongly dependent on light, as
evidenced by an increase in the water oxidation rate constant kwo with light intensity. This
dependence suggests that higher illumination helps overcome rate limitations by
facilitating hole transfer processes. The study’s combination of EIS and Mott-Schottky
analyses confirms the interconnected roles of flatband potential shifts, surface state
capacitance, and charge transfer resistance in the OER mechanism on hematite thus
underscores the importance of band alignment, charge separation, and intermediate's
role in enhancing OER rates, offering valuable strategies for optimizing hematite for

efficient solar water splitting.
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Chapter 3:

Surface State Passivation of Hematite by Gallium
Overlayer: Insight into Water Oxidation Reaction by

Electrochemical Impedance Spectroscopy

95



3.1 Abstract

Hematite holds promise as a catalyst for photoelectrochemical water oxidation, though its
overall efficiency remains low. Enhancing this efficiency requires a better understanding
of the underlying photocatalytic mechanisms, which are difficult to fully capture through
experimental methods alone. In this study, we investigated water oxidation on bare
hematite and analyzed the influence of a Gallium Oxide overlayer using electrochemical
impedance, photoelectrochemical methods, and Raman spectroscopy. Our findings
reveal notable shifts in surface state capacitance and trap resistance, pointing to surface
state passivation rather than improved catalysis. The reaction mechanism seems largely
unaffected by specific surface terminations and involves peroxo intermediates from lattice
oxygen. It's also likely that various surface terminations coexist and shift during the
reaction. Additionally, midgap states in hematite significantly impact water oxidation by

trapping holes and facilitating recombination.
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3.2 Introduction

From the previous chapter, it is evident that water oxidation proceeds via long-lived
surface states!, commonly referred to as holes, whose chemical nature has been
explored in the transition from Fe-OH to Fe=0.%3 Consistently in our study reported in
previous chapter alongside with Le Format et. al.4, the saturation of hole density has been
observed, despite increasing photocurrent, leading to two hypotheses. The first, which
we validated in the previous chapter, suggests an increase in the water oxidation rate
constant (kwo). The second hypothesis claims the existence of another surface state,
difficult to detect through optical measurements. Recent work by Rothschild et al.
observed double-peak cathodic discharge waves, indicating the presence of two
metastable intermediates with distinct redox potentials. These peaks, revealed after long
time delays, suggest parallel reaction pathways rather than the traditionally accepted
sequential four proton-coupled electron transfer (PCET) or hydroxide-coupled hole
transfer steps. This challenges the idea that intermediates follow the same reaction
pathway in sequence.® Further investigation into these mechanisms reveals two possible
routes: the bi-functional mechanism, where H* transfers to an adjacent acceptor during
O-0O bond formation, and the bi-nuclear mechanism, where two adjacent *=O moieties
couple. The latter provides a promising way to overcome the high thermodynamic
overpotential in the mono-nuclear mechanism by breaking universal scaling relationships
between adsorbates.®” Patzke et al. noted a transition in iron-oxo kinetics from first order
to third-order at higher hole densities, suggesting that the accumulation of iron-oxo
species lowers activation energy and leads to a third-order reaction pathway. This implies

the generation of iron-peroxo species following O-O bond formation.® A prior study by
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Hamann et al.® demonstrated that applying an alumina overlayer on hematite reduces
surface state capacitance, meaning that hole accumulation decreases with Al,O3 surface
modification. However, this also leads to a reduction in photocurrent. Despite its benefits,
alumina is known to be highly unstable under harsh water oxidation conditions. Gallium
oxide (Ga,03), another material with a corundum structure, presents a potential
alternative for modifying hematite surfaces. Previous research has shown that Ga,0O; can

passivate surface states prone to recombination, thereby making more holes available at
active sites for water oxidation.%"

In this chapter we have explored the possible presence of peroxo surface state
participating in the OER. Series of J-V, EIS and characterization has proved the presence
of a surface state which doesn’t get to participate in OER after modification with gallium

monolayer.
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3.3 Experimental Section
3.3.1 Hematite Layer

Hematite thin films were deposited onto 1.1 mm thick aluminoborosilicate glass
substrates (Solaronix, 10 Q/sq) coated with fluorine-doped tin oxide (FTO) on one side.
To prepare the FTO substrates, they were cleaned through sonication in soap solution,
water, and isopropyl alcohol for 10 minutes each, followed by drying with a nitrogen
stream. Hematite films were then fabricated using a modified version of a previously
established,'>'3 employing atomic layer deposition (ALD) with the Savannah 100 system
from Cambridge Nanotech Inc. Utilizing 'wet ozone' instead of standard ozone proved to
be more effective, enhancing the growth rate and film uniformity. The FTO substrates
were heated to 200°C, while the ferrocene precursor was maintained at 70°C. Each ALD
cycle consisted of a 20-second ferrocene exposure, followed by an oxidation sequence
that included 10 subcycles of a 0.015-second H20 pulse and a 2-second ozone pulse,
with each step separated by a 5-second nitrogen purge. The hematite films were
synthesized using 1000 ALD cycles, were measured to be approximately 50 nm thick
(Detailed in Chapter 2) via absorption spectroscopy (Perkin-Elmer Lambda 35 with an
integrating sphere) with correction for reflection and substrate. The deposited films were
initially annealed at 500°C, heated at a rate of 30°C per minute, held for 30 minutes, and
then allowed to cool to room temperature overnight. Subsequently, the electrodes were
annealed again at 800°C for 4 minutes in a preheated furnace, followed by rapid cooling
to room temperature. Confirmation of the hematite phase was obtained through

characterization, as detailed in Chapter 2.
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500°C and 800°C
— — —

1000 cycle ALD Annealed at 500°C 30 mins Few cycles of
and 800°C for 4 mins Ga,0, by ALD

Figure 3.1: Synthesis schematics of GaOx overlayer Hematite, followed by annealing.

3.3.2 Gallium Overlayer

The synthesis of gallium oxide (Ga,O3) was performed following a previously reported
procedure. Ga,O; was deposited onto a hematite layer using Atomic Layer Deposition
(ALD). Tris-(dimethylamido) gallium(lll) (Ga,(NMe,)s) from Strem Chemicals Inc. was

employed as the gallium precursor, while H,O served as the oxidizing agent, following a

_ No annealing 0Ga

P ooc <o mir 1Ga300
300°C 10 min 3Ga300
_ 300°C 10 min 9Ga300
500°C 10 min 1Ga500
500°C 10 min 3Ga500
B s oo-c 10 min 9Gas00
800°C 10 min 1Ga800
800°C 10 min 3Ga800
_ 800°C 10 min 9Ga800

Table 3.1: The tables depict all the sample made using different Ga layers and annealing.

modified method from earlier studies.' During deposition, the gallium precursor was
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maintained at 150°C, and the substrate temperature was held at 200°C. The deposition
cycle included a 0.2-second pulse of the gallium precursor with an 8-second exposure,
followed by a 12-second Nz purge. Then, a 0.015-second H,O pulse was introduced for
oxidation under the same exposure and purge conditions. This process was repeated
across different cycles to prepare three samples (1, 3, and 9 cycles). The observed growth
rate of Ga,O5; was approximately 1.1 A per cycle, consistent with prior report.'* Ga®* ions
can be deposited as Ga(OH); or GaO(OH), which convert to crystalline Ga,O; at
temperatures between 300-400°C."> Hematite and Ga,O; share the same corundum
crystal structure, with minimal lattice mismatches of 1.10% for the a-plane and 2.46% for
the c-plane.'® After deposition, all samples were annealed at 300°C, 500°C, and 800°C
for 10 minutes. Table 1 above lists all the required abbreviations for the samples that are
used here within this work. Although it’'s prudent to say that only few cycles of ALD won'’t
produce 3D crystal architecture of Ga203, from now on in this study few atomic layer of

this synthesis can be considered as GaOx.
3.3.3 Photoelectrochemical Measurements

An O-ring was used to attach the photoelectrode to the custom cell, where 0.28 cm? hole
area was defined as the active area for all photoelectrochemical measurements, since it's
the only area where photoelectrode is in contact with the electrolyte. The experiments
were conducted in 1M KOH aqueous solution (pH 13.6, measured with a Fisher Scientific
Accumet pH meter). Gallium-overlayered hematite electrodes were secured in a custom-
made glass electrochemical cell. Ahomemade saturated Ag/AgCl electrode was used as
the reference electrode, and a high-surface-area platinum mesh served as the counter

electrode. Potentials were converted to the reversible hydrogen electrode (RHE) scale

61



using the equation: VrRHE = Vagiager + 0.197 + pH (0.059). Electrochemical Impedance
Spectroscopy (EIS) and photoelectrochemical measurements were conducted using an
Eco Chemie Autolab potentiostat with Nova electrochemical software. EIS was performed
with a 10 mV amplitude perturbation over a frequency range of 10,000 Hz to 0.1 Hz. Data
was analyzed with ZView software (Scribner Associates). A 450 W xenon arc lamp
(Horiba John) served as the light source, and an AM 1.5 solar filter was used to simulate
sunlight at 100 mW cm? (1 sun). All photoelectrochemical measurements were conducted
by illuminating the Gallium-overlayered hematite electrodes through the FTO substrate
(back illumination) to prevent competing light absorption from the electrolyte. Light and

dark J—V curves were recorded at a scan rate of 20 mV/s.
3.3.4 Raman Spectroscopy

X-ray diffraction (XRD) is commonly used to measure crystallinity, but for the ultrathin
films studied here, it is difficult to distinguish hematite peaks from the FTO substrate using
PXRD. Instead, Raman spectroscopy, a more surface-sensitive technique, is well-suited
for examining amorphous crystalline transitions, oxygen defects, stress, and quantum
size effects in metal oxides. Phonon confinement effects,”-'® which occur when crystal
domains are very small, can lead to frequency shifts and asymmetrical broadening in
Raman spectra. Thus, Raman spectroscopy was used to assess the crystallinity of the

thin films in this study.
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Figure 3.2: Raman Spectroscopy images of a) 1Ga, b) 3Ga and c¢) 9Ga samples and
how it differs due to annealing temperature. Bare hematite without any gallium oxide

overlayer has been shown alongside each graph for reference.
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Figure 3.2 (cont'd)
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Figure 3.2 illustrates various vibrational modes corresponding to hematite'®, with peaks
observed at 220 cm™ (A1g), 240 cm™ (Ey), 280 cm™ (Ey), 400 cm™ (Eg), 500 cm™ (A1g),
and 600 cm™ (Eg). These peaks display reduced intensity when a gallium overlayer is
applied, irrespective of annealing temperature', indicating significant alterations in the
surface characteristics and crystallinity of the photoelectrode. Notably, most hematite
peaks show increased intensity with elevated annealing temperatures and the presence
of a gallium overlayer, suggesting that high temperature annealing with Ga,O; influences
crystal growth, resulting in a reduced bandgap?°. Additionally, the 660 cm™ peak,
attributed to magnetite contamination, consistently decreases across all samples after

gallium overlayer application and annealing.'®21
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3.4 Results and Discussion

The photoelectrochemical water oxidation behavior of our all 10 samples (Table 1) was
evaluated in an alkaline electrolyte under 1 Sun illumination in Figure 3.3. Despite
variations in annealing temperature and the presence of a gallium overlayer, none of the
samples showed improved photocurrent or a shift in the onset potential for OER efficiency.
Previous studies have demonstrated that coating hematite with non-catalytic oxides like
Ga,0; and In,031022 can enhance OER performance by cathodically shifting the onset
potential. Currently it is quite well established that during OER, holes accumulate on a
surface states rather than directly transfer from the valence band edge; this surface state
acts as reaction intermediates in water oxidation rather than merely serve as charge
traps,?3 leading to site for electron-hole recombination. Recent findings suggest that a
FeV=0 intermediate?* may play a role in water oxidation and it was linked to the

absorption peak at 572 nm observed in Photo induced Absorption Spectroscopy (PIAS)
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Figure 3.3: Three graphs show the j-V response in presence of 1 M KOH, pH 13.6 under
1 Sun illumination. a) Annealing temperature 300°C b) Annealing temperature 500°C c)
Annealing temperature 800°C. Bare hematite without any further annealing has been
shown for reference.
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Figure 3.4 (cont'd)

Sun illumination. a) Annealing temperature 300°C b) Annealing temperature 500°C c)

Annealing temperature 800°C.

studies and peak at 898 cm™' in operando ATR-IR measurement.?3 Additionally, recent
studies indicate that a peroxo adsorbate is a stable species in OER®'"25 prompting
questions about its involvement in water oxidation and potential contribution to midgap

states.

Photoelectrochemical Impedance Spectroscopy (EIS) was conducted under water
oxidation conditions, and the Nyquist plots were fitted to equivalent circuits previously
discussed. These circuits model electron-hole generation, recombination, and transfer as
various capacitances and resistances. The surface state capacitance (Css) helps explain
how hole accumulation at the surface is a key step in initiating water oxidation, while this
accumulation reduces charge transfer resistance (Rc) as shown in both Figure 3.4 and

Figure 3.5.d, 3.5.e and 3.5.f.

In Figure.3.4.a, the 1Ga sample shows significant hole accumulation before water
oxidation, yet no corresponding increase in photocurrent, suggesting many holes do not
participate in the oxygen evolution reaction (OER). Instead, they may be trapped in mid-
gap states, leading to recombination with bulk electrons in hematite. Computational
studies suggest that 1Ga-modified hematite may form peroxo terminations during OER,
with two types of mid-gap states: one acting as a "spectator" where holes recombine

rather than contribute to water oxidation, and the other involved in the reaction.

67



10° 10° 10°
a) —=—0Ga b) —a—0Ga C) —=—0Ga
—e—1Ga300 —e— 1Ga500 —o—1Gad0o
—d—3Ga300 —i— 3Ga500 ——3Ga800
—v—9Ga300 —r—9Ga500 —v—9Gag00
£ 104 L 10°4 g 104
o b o
=] c =]
o = o
g P 8.0 g 3
& 10°5 5107 ; & 10% E
10° T T T T T 10° T T T T T 10° T T T T T
08 1.0 12 14 16 0.8 1.0 1.2 14 16 08 1.0 12 14 16
Potential vs RHE(V) Potential vs RHE(V) Potential vs RHE(V)
d) 12 e)12 f) 12
—a—0Ga —a—0Ga —a—0Ga
10 —e—1Ga300 10 —e—1Ga500 10 —e—1Ga800
4 —ﬁ—:gaggg e 3Ga500 o~ —i— 3Ga800
o~ —¥—9Ga o 9Ga500 . 9Ga800
84 8+ - £ s ——
E 5 o
G g G 8- < 6
wt?_ "2 =
T a4 = a4 = 4
o 2] 2 O 24
o o «
0 0- 0-
08 10 12 14 16 0.7 08 09 10 114 12 1.3 14 15 07 08 09 1.0 14 12 13 14 15
Potential vs RHE(V) Potential vs RHE(V) Potential vs RHE(V)

Figure 3.5: illustrates the Rct and Ryuap parameters extracted from Nyquist plots after EIS
measurements in 1M KOH under 1 Sun illumination. The graphs display data for 1Ga,
3Ga, and 9Ga samples. Panels a), b), and c) show trap resistance for samples annealed
at 300°C, 500°C, and 800°C, respectively. Panels d), e), and f) present charge transfer

resistance for the same annealing temperatures (300°C, 500°C, and 800°C).

In contrast, at the 0Ga surface (without peroxo species, bare hematite), a competition
exists between active water oxidation sites and other surface states, which trap holes.
The Ga,O; layer passivates these trapping sites, freeing holes for active water oxidation.
Additionally, the conduction band of Ga,O; is higher in energy than that of hematite,

preventing photogenerated electron recombination at the surface.
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In Figure 3.4, particularly for the 1Ga samples (Figure 3.4.a), we see that increasing the
annealing temperature reduces Css, indicating a decrease in hole trapping at the midgap
peroxo termination, earler referred as the 'spectator' state. This aligns with findings by
Zandi et al.,?® where high-temperature annealing of ALD-hematite removed surface states
at lower potentials, resulting in improved OER efficiency. Thus, eliminating these trapping
states could increase the availability of holes for OER in bare hematite. This is further
corroborate by Figure 3.5.a, 3.5.b and 3.5.c where we see Rz is decreasing with

increasing annealing temperature.
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Figure 3.6: Schematics of OER in presence of two surface states and how the population
of holes change at the peroxo surface state before a) and after b) high temperature

annealing, acting merely as a ‘Spectator’.
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Figure 3.6 (cont'd)
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1.72 (+0.06) x 10" 0.84 (+0.02)
6.60 (+0.26) x 108 0.84 (+0.01)
2.35 (+0.07) x 10"® 0.76 (+0.02)
CIerk M 6.30 (10.61) X 10™° 0.75 (10.07)
1.01 (£0.04) x 10" 0.91 (+0.02)
1.45 (+0.07) x 10" 0.92 (+0.02)
CIeRt0 M 1.62 (10.02) X 10 0.81 (10.01)
([cEEM 1.96 (+0.05) x 107° 0.78 (+0.02)
<IcE 0 2,18 (+0.05) x 1010 0.78 (+0.02)
CICEt M 4.38 (£0.23) X 107° 0.86 (+0.04)

Table 3.2: Flatband potential and Dopant Density for different samples after Mott-

Schottky analysis.
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EIS data, specifically Cpoux parameters, were analyzed to

understand bulk phenomena,
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Figure 3.7: presents the bulk capacitance (Cpui) derived from Nyquist plots following EIS
measurements in 1M KOH under 1 Sun illumination, alongside Mott-Schottky analysis
using Cpuk data. The graphs depict results for the 1Ga, 3Ga, and 9Ga samples. Panels
a), b), and c) illustrate the bulk capacitance for samples annealed at 300°C, 500°C, and
800°C, respectively, while panels d), e), and f) show the corresponding Mott-Schottky
analysis for these temperatures. The Mott-Schottky analysis allows for determining key

parameters such as flatband potential (V) and donor density (Np).

and Mott-Schottky analysis (Discussed in Chapter 2) was conducted for further insights
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into the band structure (Figure 3.7). In surface state passivation, no changes in flatband
potential (Vin) or dopant density (Np) are typically expected.?? Any variations in these
parameters suggest possible changes in band structure. For our samples, calculations of
Vin and Np showed no significant trends as shown in Table 3.2 above, supporting the
hypothesis that gallium overlayer passivates surface states, reducing charge
accumulation that pins band edges, which acts as a spectator trap site for holes. This
passivation un-pins the band edges, stabilizing their position This trap site coexists with
iron oxo sites on hematite!, interacting dynamically during the OER, complicating the

overall mechanism.®

Among the experimental results, the 9Ga samples stand out as outliers. These samples
exhibit significantly lower J-V activity (Figure 3.3), and their Css (Figure 3.4) curves show
minimal surface charge accumulation. The Css peak shifts toward anodic potential,
matching the J-V onset. Interestingly, after exposing the thicker 9Ga samples to
continuous PEC conditions for one hour, the photocurrent increases (Figure 3.8.a, b and
¢), and the onset potential shifts cathodically. A similar effect was reported by Gratzel et
al.,’ who observed Ga,0; nanoparticle formation after 24 hours of PEC, confirmed by
XPS data. During fast cyclic voltammetry experiment as shown in Figure. 3.8.e, the lower

potential peak decreases post-PEC, supporting the hypothesis that Ga,O3; modification
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increases hole density at 'spectator' trap sites which is the peak at 0.7 VrHe. As Ga,0;

forms nanoparticles, hematite is exposed, causing the lower potential peak to diminish.
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Figure 3.8: Presents data for the 9Ga samples. Chronoamperometry (PEC) was
performed at 1.69 VrHe for 1 hour under 1 Sun illumination, with J-V measurements taken
both before and after the chronoamperometry. Panels a), b), and c) show the J-V curves
for 9Ga samples annealed at 300°C, 500°C, and 800°C, respectively. Panel d) displays
the Css characteristics of the 9Ga500 sample before and after 1 hour of PEC. In panel e),
a fast cyclic voltammetry (CV) experiment is shown for the 9Ga500 sample, conducted
before and after PEC. The fast CV method involved holding the system at 2.0 VrHe for 60
seconds under 1 Sun illumination, then switching off the light and scanning CV from high
to low potentials for several cycles. f) demonstrates how current density increased over

the course of the 1-hour PEC experiment, suggesting Ga etching.
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3.5 Conclusion

In this chapter, we explored the effect of a Ga,O5; overlayer on ALD hematite using Raman
spectroscopy, J-V measurements, and EIS under PEC OER conditions. The experiments
suggest hematite has two surface states, one of them is well established iron oxo, another
can be the speculated iron peroxo, due gallium modification this peroxo terminal ets
modified or passvated in this case, where during OER the holes get accumulated and
eventually recombined. During higher temperature anneal this peroxo state gets
passivated even more so less holes acmulates then. This species accumulates holes,
which eventually recombine, shedding light on the presence of parallel water oxidation
pathways driven by multiple surface states, further complicating the 4-electron
mechanism of water oxidation. However, some aspects remain unclear: (1) the exact
proof of chemical nature of the peroxo surface state is still uncertain. While Zhao et al.?®
demonstrated the existence of this complex using ATR-IR in OER, their choice of
electrolyte raises questions due to potential IR absorption interference; (2) experimentally
inhibiting iron-oxo intermediates from participating in OER could help clarify the role of

these peroxo surface states.
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Chapter 4:
Investigation of  Photoelectrochemical  Water
Oxidation Intermediates on CuWQOs surface using

Spectroelectrochemical Techniques
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4.1 Abstract

Understanding the mechanism is crucial for developing effective electrocatalysts to
accelerate oxygen evolution reactions (OER). Identifying reaction intermediates is equally
important for this purpose. Currently, there are few reports on the surface states involved
in CuWOu. In this study, we employed a series of spectroelectrochemical techniques to
investigate the optical and chemical properties of the surface states associated with water
oxidation. Photoinduced absorption spectroscopy (PIAS) indicates the formation of an
intermediate involved in charge transfer reactions, likely to represent oxo, peroxo, or
superoxo species. Additionally, operando ATR-IR experimental data further supports the
PIAS findings by providing strong evidence for the presence of oxo and superoxo species.
Together, these results confirm the nature of the surface states as intermediates in the

water oxidation process on the CuWO4 photoanode.
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4.2 Introduction

CuWO4s is a promising n-type material with an indirect bandgap of 2.3 eV. Under the AM
1.5 solar spectrum, CuWOa4 has a theoretical photocurrent density of 9 mA cm™2 in an
ideal PEC cell, with a maximum theoretical solar-to-hydrogen efficiency of 11%.
Composed of earth-abundant elements, CuWO4 performs well in neutral to slightly basic
PEC reaction conditions and exhibits long-term stability."

However, the PEC performance of CuWOs is constrained by limitations in charge
separation and hole collection efficiencies?®> To address these challenges, several
strategies have been employed, including nanostructuring* and doping?. A significant
barrier to practical application lies in the limited understanding of the material’s
fundamental properties, particularly regarding:

1. Bulk Charge Separation: The mechanisms involved in charge separation within
the bulk of CuWO4 are not well understood.

2. Charge Transfer at the Electrode/Electrolyte Interface: The interactions
between the electrode and the electrolyte play a crucial role in the efficiency of the
reaction yet remain poorly characterized.

3. Nature and Role of Surface States: The surface states that potentially influenced
charge dynamics are not fully elucidated.

Research conducted by Gao et al.® utilized intensity-modulated photocurrent
spectroscopy (IMPS) to study the hole collection properties of CuWOa4, examining various
hole scavengers. Additionally, studies by Bartlett and coworkers® indicated that low
charge separation efficiency may arise from a mid-gap state between the valence band

(VB) and conduction band (CB), which contributes to significant surface recombination
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under both dark and illuminated conditions. This intrinsic mid-gap state arises from the
delocalized Cu(3d) orbitals and is present even in the dark.

Holes from the VB can either directly oxidize water or become trapped in the mid-gap
state before transferring into the solution. Meanwhile, photogenerated electrons in the CB
can migrate to the bulk, recombine with VB holes, or transfer to the mid-gap state.
Recent work by Yuan Gao® from our group suggested that the surface states involved in
water oxidation on the CuWO4 surface are not intrinsic but rather evolve as intermediates
during the water oxidation reaction, like Fe20s. This indicates that the maximum number
of holes is stored on the surface until water oxidation is initiated. We hypothesize that
these surface states evolve as intermediates during the water oxidation reaction in
CuWO:s. However, to date, there have been no reports detailing the nature and role of
these surface states. In this chapter, we employ various spectroelectrochemical
techniques to investigate the intermediates involved in the OER, while also
acknowledging some experimental limitations of our study and proposing strategies to
further advance this research. In our hypothesis, a wide range of metal oxo, peroxo and
superoxo intermediates are probable intermediates, confirmed by a peak at 440 nm in
PIAS and IR peaks at 750 cm™', 1050 cm™ and 1300 cm™ during ATR-IR operando

experiments.
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4.3 Experimental Section

4.3.1 CuWO4u4 film preparation

CuWOs4 thin films were synthesized via a sol-gel technique (Spray Pyrolysis) using an
adapted version of a previously established method. 7 The films were deposited onto a
1.1 mm thick aluminoborosilicate glass substrate (Solaronix, 10 Q/sq) that was coated on
one side with fluorine-doped tin oxide (FTO). The FTO substrates underwent a cleaning
process involving sonication in soap solution, water, and isopropyl alcohol, each for 10
minutes, followed by drying with a nitrogen (N2) stream. An aqueous precursor solution
containing CuCl2 and ammonium metatungstate (AMT) was prepared, maintaining
equimolar concentrations of Cu?* and W®* ions (0.01 M). The FTO substrate was then
placed on a hot plate set to 275 °C, and the precursor solution was sprayed onto the
heated surface using a glass nozzle with a deposition cycle of 1-second spraying and a
5-second resting interval (Figure 4.1). This 5-second pause between sprays allowed the
solvent to evaporate during each cycle. The reaction proceeded according to the following

equation:

12CuClz(aq) + (NHa)sH2W12040(aq) + 8H20(1) = 12CuWOa(s) + 6NHa(g) + 24HCI(g)

The film thickness was regulated by adjusting the total volume of the precursor solution
used. Post-deposition, the films were subjected to crystallization through annealing in a
furnace for 1 hour at 550 °C. For this experiment, a total of 20 mL of the precursor solution
was used to fabricate the CuWOs4 thin film, and all subsequent characterizations and

experiments were conducted using this sample.
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Figure 4.1: Experimental setup for CuWO4 preparation by Spray Pyrolysis method.

4.3.2 Film Characterization

Powder X-ray diffraction (PXRD) was carried out using a Bruker Davinci Diffractometer
operating at 40 kV and 40 mA with Cu Ka radiation. The PXRD analysis (Figure 4.2.b)
confirmed the formation of CuWO4 (PDF 01-080-5325), which was further verified by
Raman Spectroscopy (Figure 4.2.d). X-ray photoelectron spectroscopy (XPS)
measurements were performed at a takeoff angle of 45° utilizing a Perkin Elmer Phi 5600
ESCA system equipped with a magnesium Ka X-ray source. The XPS spectra displayed
(Figure 4.2.c) the characteristic W 4d, Cu 2p, and O 2p peaks corresponding to CuWOa4.
The thickness of the film prepared from the 20 mL precursor solution was determined to
be 300 nm through cross-sectional scanning electron microscopy (SEM) using a Carl
Zeiss Microscope. The cross-sectional image is shown in (Figure 4.2.a), while the top-

view reveals the surface morphology and crystallite structure of the film.
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Figure 4.2: a) Shows the Cross Section SEM images which confirms a thickness of 300
nm, also it offers the top view of CuWOa4. b) Powder X-ray Diffraction analysis of CuWO4
thin film. c) X-ray Photoelectron Spectroscopy shows the presence of Cu 2p, O 2p and

W 4d states. d) Raman spectroscopy of CuWOs.

4.3.3 Photoelectrochemical Measurements

CuWO4 on FTO was used as the working electrode in a three-electrode
photoelectrochemical setup with an Eco Chemie Autolab potentiostat (Nova
electrochemical software) in back illumination configuration (photon passing through the
electrode surface before reaching the solution). A homemade saturated Ag/AgCl, and Pt

mesh were used as reference and counter electrode. All measurements were carried out
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at room temperature in 1.0 M KBi buffer solution at pH 9 (Fisher Scientific Accumet pH
meter) made up of KOH pallets and HzBO3s. Aqueous solutions were prepared with ultra-
pure water (resistivity 18 MQ.cm) from a Milli-Q water purifier.

A 450 W Xe arc lamp (Horiba Jobin Yvon) was used as white light source with an AM 1.5
solar filter to obtain simulated solar spectrum with 100 mW cm-2 (1 sun) intensity. All
electrochemical potentials are reported with respect to the reversible hydrogen electrode

(RHE)

RE
CE

=
=

UV-Vis Source m= mm w=pp D- == > Detector

)
a®
¥
Vo

Figure 4.3: Schematic of PIAS experimental setup. WE was mounted on a side of Cuvette
with a hole. Cuvette was placed in between Source and Detector of the
spectrophotometer. 405 nm laser excitation source was pointed towards the WE making

sure it's targeting the place where WE is in touch with the electrolyte.

4.3.4 Photo Induced Absorption Spectroscopy (PIAS)
The electrodes were secured to a 1 cm quartz cuvette that had a cut-out to enable
electrolyte contact with the electrode surface. A 2 mm homemade Ag/AgCl electrode

served as the reference, while a 0.5 mm platinum wire functioned as the counter
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electrode. This entire arrangement was positioned inside a PerkinElmer Lambda 35 UV-
vis spectrometer. Electrical connections from a yJAUTOLAB Il unit were integrated into
the UV-vis chamber. To illuminate the CuWO4 sample with monochromatic light, a 405
nm, 40 mW laser diode (Sanyo), managed by a ThorLabs benchtop current controller,
was employed. Four pieces of a 475 nm long-pass filter were placed to block the laser
from reaching the UV-vis detector, ensuring an optimal signal-to-noise ratio. The
experimental setup is illustrated in Figure 4.3.

4.3.5 Operando ATR-IR Spectroscopy

The experimental setup was inspired by one of our previous studies where operando
ATR-IR was done to investigate the chemical nature of surface states involved during
OER of Hematite in alkaline media®. The CuWO4 electrodes were cut into dimensions of
1 cm x 5 cm, and two small holes were drilled at both ends to accommodate the counter
electrode (CE) and reference electrode (RE). Copper wires were attached to the
electrodes using silver paste, and the electrical connections were then insulated with
epoxy resin (Loctite EA-1C). Given that the ATR beam penetrates only a few microns in
depth, a very thin layer of electrolyte (20 uL) was utilized (either 0.1 M KCI in D20 with
pH 7.3 or 1.0 M KBi in H20 with pH 9). The electrolyte was applied between the ZnSe
ATR crystal and the CuWOs photoanode. A custom-made small Ag/AgCl reference
electrode and a platinum wire as the counter electrode were employed. The RE and CE
were positioned through the small holes on the backside of the CuWO4 working electrode
(WE) to ensure electrical contact through the thin electrolyte layer. The CuWOs4 electrode
was securely held in place using a Teflon holder. For the photoelectrochemical (PEC)

measurements, a UV LED flashlight (395 nm) served as the light source. The
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experimental setup for operando PEC IR measurements is depicted in (Figure 4.4). All
potentials in the KBi buffer were referenced to the reversible hydrogen electrode (RHE).
Infrared (IR) spectra were collected using a Magna-IR 550 Spectrometer equipped with

a Gateway Flow Through Top-Plate cell in a multi-reflection ATR setup (Specac). A ZnSe

Ol b)

uv Suunﬂ

Teflon

Electrode

Counter

Reference Electrod

IR beam /

ATR crystal Detector

Figure 4.4: Schematic of the experimental setup for operando ATR-IR measurements. a)
Depicts a thin layer of electrolyte was introduced between WE and ZnSe crystal, then CE
and RE was mounted on the setup. b) Actual picture of the customize setup, the WE was

placed between ATR setup and Teflon station.

crystal with a 45° angle and a cut-off energy of 625 cm™ was employed. Operando
measurements were performed as a function of both light illumination and applied
potential. Each IR spectrum was obtained by averaging 64 scans at a resolution of 4 cm™,
with background correction applied before each measurement. All electrochemical

measurements were conducted using a micro-Autolab potentiostat.
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4.4 Results and Discussion

The photoelectrochemical (PEC) water oxidation behavior of CuWOQOa4, prepared from a 20
mL precursor solution, was assessed by measuring the current density (J) versus the
applied potential (V) in a 1 M KBi buffer (pH=9) under both illuminated (1 Sun) and dark
conditions as shown in Figure 4.5 In alignment with previous studies, CuWO4 exhibited a
lower efficiency than hematite.® Prior research®® has shown that the oxygen evolution
reaction (OER) on CuWOs: is facilitated by surface hole accumulation, like hematite©.
This was predominantly verified through electrochemical impedance spectroscopy (EIS)
conducted under PEC OER conditions over a range of applied potentials, where the
surface state capacitance (Css) displayed a Gaussian trend centered around the
photocurrent onset potential (1.0 Vrxe). Additional confirmation came from rapid cyclic

voltammetry, which

0-25 p 1Sun

0.201
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0.10+

0.05 -

—
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Current Density (J) / mA cm2

08 10 12 14 16 18
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Figure 4.5: J-V responses of CuWOs4 electrode measured in 1.0 M Potassium borate
buffer (KBi) at pH 9 in the dark (blue solid line) and under 1 Sun illumination (solid red

line).
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demonstrated the charging and discharging of surface states. These combined findings
underscore the crucial role of surface states as intermediates during the OER process on
CuWQg4.3

CuWOs4 has an indirect band gap of 2.3 eV, corresponding to an absorption edge around
540-560 nm.” This indicates that absorbance begins to rise within this wavelength range,
transitioning from the visible to the UV region. The indirect nature of the band gap is
evidenced by a gradual increase in absorption near the band edge, rather than a sharp
cutoff. In the visible range (400—600 nm), charge transfer and d-d transitions involving
Cu?* ions are anticipated.! Additionally, a strong absorption band is observed in the UV
region (300—400 nm), attributed to charge transfer transitions from oxygen 2p orbitals to
the metal cation orbitals (Cu?* and W¢*).

For water oxidation, CuWO4 can form oxo, peroxo, and superoxo species on its surface.
Cu?* ions may interact with molecular oxygen, resulting in the formation of transient
complexes. While d-d transitions in CuWO4 are typically Laporte-forbidden and therefore
weak, they may become partially allowed due to vibronic coupling and the distorted
octahedral coordination of Cu?* ions."

To investigate the presence of oxo, peroxo, or superoxo species in CuWO4 systems, we
utilized Photoinduced Absorption Spectroscopy (PIAS) at a low light intensity of 1
mW/cm?, chosen to minimize vigorous O, evolution, although this may influence the
transmittance data. In the PIAS setup, we first measured the current-voltage (i-V)
performance under the reaction conditions and light intensity. As evident from Figure 4.6
No significant UV absorption was observed in the 500-600 nm range, likely due to LaPorte

forbidden transitions." Our UV scans were limited to 475 nm due to experimental
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Figure 4.6: PIAS measurement in 1.0 M KBi in H20, pH 9. a) i-V response of CuWO4
measured within the PIAS setup. b) in the dark. ¢) under monochromatic 405 nm laser

and 1 mW/cm? intensity.

constraints and the use of a long-pass filter; however, under dark conditions, we extended

the measurements into the UV range, revealing a notable peak around 440 nm. This peak
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suggests the formation of intermediate species involving charge transfer transitions from
oxygen 2p orbitals to Cu?* and W®* ions. Initially, Cu?* on the CuWQ4 surface can form
oxo (Cu=0) and hydroxo (Cu—-OH) species, which modify the local electronic structure.
As the reaction progresses, more complex intermediates, such as peroxo (Cu-OOH) and
superoxo (Cu-O,") species, form from interactions between surface Cu?* ions and
adsorbed oxygen or water molecules. These intermediates facilitate charge transfer
processes, contributing to the UV absorption peak. Furthermore, W®* centers may
participate in the reaction, enhancing charge transfer. The presence of these species
confirms that CuWOa4 actively participates in the water oxidation process, with these
intermediates playing a crucial role in catalysis.

This peak near 440 nm can be further verified in two ways: first, by reducing the working
light intensity below 1 mW/cm? and optimizing the conditions to achieve a significant
photocurrent while performing PIAS without the 475 nm long-pass filter. Second, an ATR-
IR operando study could be conducted to provide additional verification. We also
conducted an operando ATR-IR experiment. However, due to water's strong absorption
in the expected range for oxo and peroxo vibrational modes (600-850 cm™1) 2, we opted
to use D,0O as the solvent to mitigate this issue (Figure 4.7). We prepared an electrolyte
solution consisting of approximately 20 uL of 0.2 M KCl in D,0. Initially, we measured the
current-voltage (j-V) response to ensure that our system was operating correctly.

For the IR measurements, we held the CuWO4 under a constant potential using
chronoamperometry, starting the IR measurements only after three minutes to confirm
system stability. Each spectrum was adjusted to reference the potential of 1.0 VruE,

corresponding to the flatband potential where no photocurrent is expected.
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In examining Figure 4.8.a and Figure 4.8.b, we observed a declining baseline, and post-
experiment analysis revealed that the CuWO4 electrode appeared etched near the
cathode. This etching suggests the potential production of acid, leading to a decrease in
pH, which could destabilize the entire reaction setup. Similar phenomena 13 have
previously been reported with WO3, where researchers conducted ICP-MS and
chronoamperometry studies to investigate this issue. Therefore, before proceeding with
ATR-IR measurements, it is essential to identify a suitable electrolyte that prevents
etching. Then only optimized reaction setup will be achieved for further investigation of

the surface state’s chemical nature.

2.0
—Dy0
—H20
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Figure 4.7: The Absorbance of the ZnSe ATR crystal in contact with D20 (solid red line),
H20 (solid blue line), 1.0 M KBi in H20 (solid majenta line), 0.2 M KCI in H20 (solid olive

line) and 0.2 M KCI in D20 (solid deep blue line).
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within the ATR-IR experimental setup. All the IR spectra were corrected with respect to

Despite the limitations of my experimental setup, we can still validate several

observations that contribute to our conclusions. Figure 4.8.a and Figure 4.8.b shows a
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small peak emerging at 750 cm™, accompanied by a decrease in the D,0 signal at 1200
cm™'. The peak at 1500 cm™ is attributed to the vibrational modes of the O-D bond stretch.
The vibrational frequencies of the expected oxo, peroxo, and superoxo species are listed
in the table below. Notably, the stretching mode of O-O in peroxides typically falls within
the 730-920 cm™ range, 121415 suggesting that our observed peak at 750 cm™ may

indicate the formation of W-O-O-W/D or Cu-O-O-Cu/D surface states.

870-970'6.17 Cu-O-O-Cu 83218
W-0-O-D 900-9501° W-0O-O 1100-1300 420
W-0-O-W  900-950"° Cu-O-O 1100-1300 ™

Table 4.1: The list of potential functional groups and their anticipated IR absorption.

D20 exhibits strong absorption in the 1100-1300 cm™" region, where superoxo species
are anticipated to appear. We conducted the same operando ATR-IR measurements in
water (1.0 M KBi, pH = 9), but KBi also absorbs in the 1300-1700 cm™ range, which limits
our ability to investigate the IR characteristics of any surface states effectively. In Figure
4.9, some potential peak signatures are observed between 1050-1300 cm™, where we
might expect superoxo species such as W-0O-0O or Cu-O-O. Distinguishing between W-O-
O-WI/D or Cu-O-0O-Cu/D and W-O-O or Cu-O-O will be challenging. To address this, we

could utilize isotope labeling; O-18 would be particularly useful for clearly identifying the
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4.5 Conclusion

In this chapter, we examined the CuWO4 electrode using PIAS and operando ATR-IR
spectroscopy under PEC OER conditions. These experiments indicate the potential
presence of oxo, peroxo, and superoxo surface states during the OER of CuWOa. To gain
further insights into the exact nature of these surface states, we need to address several
key factors. First, we must identify a suitable electrolyte that prevents etching to ensure
system stability and avoid corrosion. Second, during PIAS, we should utilize a very low
intensity of 405 nm laser illumination (<1 mW/cm?) while ensuring the OER performance
of CuWO4 remains prominent. This may involve exploring different synthetic procedures,
such as ALD or CVD, which could lead to fewer pinholes, reducing recombination and
enhancing performance. Third, we can incorporate isotope labeling by selecting H,O or
DO for the operando ATR-IR measurements. Lastly, although ambitious, we could use
isotope-labeled solvents during the synthesis of CuWO4 thin films while adopt synthetic

techniques that minimize the risk of air contamination.
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5.1 Conclusion

This research provides substantial insights into photoelectrochemical (PEC) water

splitting, focusing on n-type metal oxide semiconductors as photoanodes for the oxygen

evolution reaction (OER). The study centers on Hematite, synthesized via Atomic Layer

Deposition (ALD), and CuWQ,, synthesized by Spray Pyrolysis. Each synthesis process

was precisely optimized, offering scalable routes for material production with potential for

further refinement. The synthesized semiconductors underwent detailed characterization

through advanced spectroscopic techniques, including PXRD, Raman, UV-Vis, SEM, and

XPS. This work addresses key challenges in charge separation, surface state dynamics,

and intermediate formation, with each chapter's findings enhancing our understanding of

material optimization for water-splitting applications.

In earlier models of the OER,'-3 the rate of oxygen production was thought to depend
only on the density of holes at the surface, without any change in band positions or
the water oxidation rate constant (kwo). Our work in Chapter 2 shows that increasing
light intensity creates a significant shift of both Conduction and Valence Band Edges
and moves it closer to the thermodynamic OER potential of 1.23VrHe. This shift
reduces the external voltage needed for OER, making the process more efficient by
aligning the semiconductor's energy bands favorably under light. Through
photoelectrochemical impedance spectroscopy (EIS), we observed that as light
intensity rises, the holes at surface state also increases until it levels off. This leveling
indicates a bottleneck in the reaction, where sufficient charge build-up at the interface
is essential to drive the multi-hole OER process.

The higher photocurrent under intense illumination is primarily due to an increase in
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kwo, Which accelerates hole transfer from the semiconductor to the electrolyte,
subsequently reducing charge transfer resistance, supporting this observation. Thus
disproves the primary assumption of the previous models, where it was assumed to
be unchanged under various illuminations.

Chapter 2 explores two possible hypotheses for the mechanism of the multi-electron
OER process under intense illumination. The first hypothesis suggests that under high
light intensity, the band edges shift upwards, closer to the thermodynamic potential,
additionally the rate of hole transfer from the semiconductor interface (surface state)
to the solution increases. However, even after the hole density reaches saturation,
OER continues to increase, raising questions about whether an alternative pathway
exists for hole transfer. The second hypothesis proposes that while Fe'V=0 is known
as the primary surface state where holes accumulate, another surface state might also
participate in OER. If holes accumulate at this unidentified surface state and have a
different transfer rate (kwo) than those at the iron-oxo site, this parallel pathway could
make the OER mechanism more complex, suggesting multiple active sites for hole
transfer.

Chapter 3 investigates the second hypothesis introduced earlier. Our results suggest
that modifying hematite’s surface with a gallium monolayer may lead to the formation
of a iron peroxo species during OER under light. This peroxo species seems to act as
a "spectator," accumulating holes in the rate limiting step that eventually recombine,
indicating that multiple surface states may play a role in water oxidation. This adds
complexity to the typical 4-electron pathway, as it appears that both iron-oxo and

peroxo states participate in OER on hematite, with these states possibly interchanging

102



dynamically. Understanding the exact nature and kinetics of this peroxo state remains
a challenging task, underscoring the complexity of the OER mechanism on hematite.
In Chapter 4, we aimed to understand the chemical nature of CuWQO,'s surface states
to explore its OER mechanism. We used Photoinduced Absorption Spectroscopy
(PIAS) and operando ATR-IR spectroscopy under PEC OER conditions. While PIAS
didn’t provide information on surface states, ATR-IR revealed the presence of oxo,
peroxo, and superoxo surface states during OER. To further investigate these states,
we identified several key points: first, selecting an electrolyte that prevents etching to
maintain stability and avoid corrosion; second, ensuring high-quality CuWO,
synthesis, as this can limit surface state detection in in-situ studies; third, using isotope
labeling with H,O or D,O in ATR-IR measurements to gain more insights into surface
states; and finally, employing isotope-labeled solvents during synthesis to help detect

surface states in both PIAS and ATR-IR.
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5.2 Future Directions
Understanding the mechanism of OER is crucial for deploying suitable electrocatalysts
that can improve the efficiency of oxygen formation, which will ultimately reduce the cost
of green hydrogen production at the R&D level. Based on the findings of this work, several
open questions remain regarding hematite OER:
e If multiple surface states exist, what is the exact chemical nature of the peroxo
species we expect, as discussed in Chapter 3 to support our second hypothesis?
e Experimentally, detecting the ‘Spectator’ surface state is also challenging. While
operando ATR-IR was used to detect species previously*, the choice of electrolyte
should be reconsidered. Additionally, the peroxo species is expected to be
dynamic, making it nearly impossible to detect its stable form spectroscopically.
¢ Different synthetic methods have revealed varying surface chemistries of hematite
during OER, the mechanism must be uniform across all synthetic methods. Instead
of using ALD, we employed electrodeposition techniques to fabricate hematite to
build on our work at Chapter 2.
Hematite electrodes were prepared by electrodepositing FeOOH from an FeCl,
solution using a modified method®. Acidic electrodeposition was performed in 0.1 M
FeCl,-4H,0 (pH 4.2) at 60°C, applying 1.2 V vs. Ag/AgClI under gentle stirring. The
film thickness was controlled by deposition time (total charge passed). This method
produced planar films with excellent uniformity and reproducibility. After deposition,
the electrodes were annealed at 800°C by placing them on a flat Si wafer in a

preheated furnace for 10 minutes, followed by quenching at room temperature.

104



P

-
it m.ﬁ.‘u "‘h” i

100 nm EHT= 200 kV Date :24 Aug 2021
WD= 21mm Mag IUUUSKX Time :15:57.59

O =

T= 200k Signal A = inLens Date :24 Aug 2021 ZEISS
WD= 56 mm Mag = 10058 K X Time :15:04:23

®
C) a-Fep03 d) [ a-FepOg
O 1s
>
S 2
8 e2p s
2 = o5 o £E
[7)] S L
c =
it ©
£ S
Sn 3d o g
)
1000 800 600 400 200 O 20 30 40 50 60 70 80
Binding energy (eV) 20 / Degree

Figure 5.1: Anodic electrodeposition technique produces ED-Hematite. a) Uniform
surface of ED-Hematite under SEM, b) Cross section SEM was performed to determine

the thickness of the film on FTO substrate, which is 51 nm, c) XPS data, d) PXRD data.

The electrodeposited hematite sample (ED-Hematite) was prepared by 30 minutes of
anodic deposition followed by 10 minutes of annealing at 800°C. The sample was
thoroughly characterized using XPS, PXRD, and SEM. The cross-sectional SEM (Figure
5.1.b) shows the sample thickness to be approximately ~50 nm. Previous work in our lab
has demonstrated that ED-Hematite outperforms® ALD-Hematite in OER performance in
alkaline media, and our results further support this finding. The characterization results in

Figure 5.1 and j-V (Figure 5.2.a) measurements align well with our previous work.
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However, during EIS studies, we observed some interesting phenomena that could help

strengthen our peroxo hypothesis and its role in the kinetics of OER for hematite.
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Figure 5.2: All electrochemical measurements ED-Hematite was performed in a similar
setup used in Chapter 2, keeping the temperature variable constant a) j-V performance
in 1 M KOH pH 13.6 electrolyte, where the scan rate is 20 mV/s, b) Css plot against applied
potential vs RHE, derived from Nyquist plots obtained from EIS, The Css plots were fitted
with bi-gaussian function to deconvolute both the peaks and plotted separately in ¢) and
d), The Css curves were integrated in the wide potential region and quantified using the

technique previously mentioned in Chapter 2 to produce e).
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Figure 5.2 (cont'd)
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EIS data in Figure 5.2.b was analyzed (process explained in Chapter 2) by fitting the
Nyquist plot to equivalent circuits, with surface state capacitance (Css) plotted against
applied voltage. Unlike ALD-Hematite, ED-Hematite shows an additional peak at 0.8
VrHE, Which has also been observed in a recent hematite study, although its role in OER
was not explored. The Css peaks were fitted with a bi-Gaussian function, revealing that
both peaks behave similarly during OER, suggesting they represent hole accumulation
prior to OER. The peaks saturate with increasing light intensity (Figure 5.2.e), similar to
ALD-Hematite (Chapter 2). While both peaks appear to participate in OER, it remains
unclear whether they are dynamic or interchangeable. One peak at 1.1 VrHE corresponds
to the well-established iron-oxo surface state, while the state at 0.8 VruEg, as discussed in
Chapter 3, can be assumed to be the ‘Spectator State’ or peroxo surface state. Both

surface states actively participate in OER, and further investigations, including Tafel and
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Mott-Schottky analyses, are needed to understand the hole transfer rate at the ‘Spectator

State’ and its role in the OER mechanism.

e To explore the surface states involved in the OER of CuWQ,, it is crucial to select a
suitable electrolyte to prevent corrosion. Proper isotope labeling of the electrolyte
should also be performed to identify the chemical nature of the oxo / peroxo surface /
superoxo states. Alternatively, isotopic labeling of Cu or W during synthesis could help
further clarify the surface states, though this approach can be costly and

experimentally challenging.
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