Copyright
by
Nathan Taylor Hahn
2012

The Dissertation Committee for Nathan Taylor Hahn Certifies that this is the
approved version of the following dissertation:

Synthesis and Characterization of Semiconductor Thin Films for
Photoelectrochemical Energy Conversion

Committee:

C. Buddie Mullins, Supervisor
Allen J. Bard
Gyeong S. Hwang
Keith J. Stevenson
Keith P. Johnston

Synthesis and Characterization of Semiconductor Thin Films for
Photoelectrochemical Energy Conversion

by
Nathan Taylor Hahn, B.S. Chem. E.

Dissertation
Presented to the Faculty of the Graduate School of
The University of Texas at Austin
in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy

The University of Texas at Austin
August 2012

Dedication

To my family and friends

Acknowledgements

I thank my advisor, Buddie, and the rest of the Mullins research group for all their
advice and practical help over the years. I also express my gratitude to Dr. Bard and Dr.
Korgel and members of their research groups (especially Dr. Heechang Ye and Dr. Vince
Holmberg) for the generous lending of their equipment and expertise to our research
efforts. I also thank several UT facility scientists and technical specialists, especially Dr.
Hugo Celio, Butch Cunningham, Jim Smitherman, and Michael Ronalter, whose valuable
help with experimentation and equipment fabrication over the years made this work
possible.

v

Synthesis and Characterization of Semiconductor Thin Films for
Photoelectrochemical Energy Conversion

Nathan Taylor Hahn, Ph.D.
The University of Texas at Austin, 2012

Supervisor: Charles Buddie Mullins

The field of solar energy conversion has experienced resurgence in recent years
due to mounting concerns related to fossil fuel consumption. The sheer quantity of
available solar energy and corresponding opportunity for technological improvement has
motivated extensive study of novel light-absorbing semiconductors for solar energy
conversion. Often, these studies have focused on new ways of synthesizing and altering
thin film semiconductor materials with unique compositions and morphologies in order to
optimize them for higher conversion efficiencies. In this dissertation, we discuss the
synthesis and electrochemical characterization of a variety of candidate semiconductor
materials exhibiting promising characteristics for photoelectrochemical solar energy
conversion.
Three specific methods of thin film deposition are detailed. The first is a physical
vapor deposition technique used to independently tune the morphology and composition
of hematite (α-Fe2O3) based materials. Because of hematite’s poor electronic properties,
these modifications were able to significantly improve its performance as a photoanode
for water oxidation. The second technique is electrodeposition, which was employed to
deposit the novel ternary metal oxide, CuBi2O4. The study of these films, along with
those prepared by physical vapor deposition, provided insight into the factors limiting the
vi

ability of this photo-active material to function as a photocathode for hydrogen evolution
from water. The third technique is chemical spray pyrolysis, which was employed to
deposit and optimize films of the bismuth chalco-halides BiOI and BiSI. These studies
were used to obtain previously unknown properties of these materials relevant to their
utilization in photoelectrochemical cells. The manipulation of deposition temperature
had significant effects on these properties and dictated the films’ overall photoconversion
performance.
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Chapter 1: Introduction
Throughout the centuries humanity has developed increasingly advanced systems
of energy conversion in order to enable the growth of population and technology. In
modern times the convenient extraction and implementation of energy-dense
carbonaceous resources known as fossil fuels have improved the quality and quantity of
global technology by leaps and bounds.

As global population and industrialization

continue to grow the demand for energy will certainly increase for the foreseeable future,
rising to over 25 TW average consumption (750 quadrillion btu per year) by 2035
according to reasonable estimates (Figure 1.1).1 This rise in energy demand will be
accompanied by a number of technological challenges that must be met if reasonable
economic growth is to be maintained.

Figure 1.1.

Right: Historical and predicted trends in annual world energy consumption.
Left: Annual world energy consumption by source.

The dominance of fossil fuels on the global energy landscape is clearly
demonstrated in figure 1.1, which shows that 85% of the world’s energy supply comes
from three primary fossil fuel sources oil, coal, and natural gas.1 When one considers the
1

total proven reserves of these three fossil fuels in terms of their global production rates,
reserve lifetimes of 46, 118, and 58 years can be estimated for oil, coal and natural gas,
respectively.2 These lifetimes are typically underestimated since new reserves are found
continually, but the bottom line is that these energy sources have finite life spans on the
order of tens to hundreds of years. Particularly worrisome is the depletion of oil as it is
also a feedstock for the production of many vitally important chemicals and materials.
For this reason a there is a great deal of motivation to develop alternative energy sources
and conversion technologies in order stave off the depletion of this extremely useful
commodity. Additionally, as the scarcity of fossil fuels increases, the effects of their
geographically defined availability become more and more apparent in global politics.
The largest oil reserves are located in the relatively politically unstable regions of
Venezuela and the Middle East, which raises concerns domestically regarding whether
the U.S. will have continued access to these at reasonable prices. The unabated depletion
of easily obtainable oil and mounting environmental regulations are likely to increase the
price of oil for the foreseeable future.
In addition to quickly depleting a finite resource, the over-consumption of fossil
fuels also results in the emission of a number of harmful pollutants. Despite extensive
advances in combustion operation methods and product treatment technologies, fossil
fuel energy sources still account for almost all CO2 produced by energy-related
technologies.3 For several decades climatologists have become increasingly concerned
over the phenomenon of anthropogenic climate change. Essentially, the widespread
consumption of fossil fuels has changed the composition of the atmosphere such that it
has begun to affect a statistically significant increase in mean global temperature.4
Although accurate climate prediction is, of course, difficult, the reasonable possibility of
disastrous consequences due to unmitigated greenhouse gas emissions is significant
2

enough motivation for the development of cleaner alternatives to fossil fuel sources. The
following section will address a number of such alternative energy technologies.

Figure 1.2. Worldwide solar insolation map.
Alternative Energy
A number of alternative energy sources to fossil fuels exist such as nuclear,
geothermal, hydropower, wind, and solar. Each comes with its own list of concerns
related to safety, capacity, and/or cost, however. Of the renewable strategies the most
interesting option from a long-term standpoint is solar. Solar energy, although the least
mature of the aforementioned alternative energy sources, possesses the largest potential
capacity by far. The sun irradiates the earth with an average of 120,000 TW of power,
meaning that only a miniscule fraction of the available solar energy must be harvested in
order to supply power on the order of 25 TW or more. For instance, using a modest
conversion efficiency of 10%, only 0.25% of the incident energy at the earth’s surface is
required to generate an average power of 25 TW. Additionally, solar energy is not
localized to the degree that some of the other renewable options such as hydropower and
geothermal are. Although certain regions enjoy greater average intensities than others,
3

the majority of the world population lives in regions enjoying an average of 1.5
MWh/m2/yr or more (Figure 1.2).5
The most common direct solar energy conversion technology of today is the
photovoltaic (PV) or solar cell, which converts the energy of solar photons into electrical
power. Unfortunately, due to the diffuse nature of sunlight large panels of these cells are
required to convert a reasonable amount of power at a given location, and the materials
and manufacturing methods for these cells often incur large production costs. As a result,
solar-generated electricity is currently much more expensive than that from any other
source (Figure 1.3).6

In addition to prohibitive costs, solar energy is plagued by

variability. Although some of this variability is predictable (seasonal, diurnal), local
weather patterns add an element of unpredictability, and the problem of matching the
energy supply to the demand is significant. So, despite an enormous capacity for growth,
there are obvious technological hurdles to overcome in order to achieve large scale solar
energy implementation.

Although it is the fastest growing energy technology on a

relative basis, the current global installed capacity is only 33 GW, 6 and significant
research is needed to develop more cost-effective strategies of converting solar energy
into usable forms. As a result, extensive research into new solar cell absorber materials,
i.e., those consisting of thin film materials such as CuInGaSe2, CdTe, a-Si, and
Cu2ZnSnS4. Thin film solar energy conversion devices are attractive compared to the
more widespread crystalline silicon cells due to their smaller raw material requirements.
Of particular interest are compounds consisting of earth-abundant elements, which are a
necessity if installation on the TW-scale is desired, and research into new absorber
materials is quite active.
The time variant nature of solar and wind energy sources as well as the desire to
achieve mobile alternatives to gasoline-fueled internal combustion engines necessitate the
4

development of efficient and transportable energy storage schemes. Some of the most
interesting candidates include electromechanical (e.g. flywheels), electrochemical (e.g.
batteries), and chemical (e.g. hydrogen) means.

However, the energy and power

densities of fuels such as hydrogen dwarf those of other transportable energy storage
media. This, as well as the fact that hydrogen does not produce harmful emissions when
combusted or reacted in a fuel cell, has caused many to christen it the fuel of the future,
forming the backbone of the “Hydrogen Economy.”7 Although significant technical
challenges still exist regarding the storage and conversion of hydrogen, much research is
underway to develop new ways of producing hydrogen sustainably, particularly by

¢/kWh

utilizing solar energy.
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Figure 1.3. US levelized electricity cost by source (2016 predicted national average).

In addition to its promising energy storage ability, hydrogen is an extremely
useful chemical feedstock, and in the US alone roughly 6 million tons per day are
consumed in the refining of petrochemicals and the production of ammonia.8 These
chemical processes account for nearly all hydrogen consumption worldwide as well.
Unfortunately the bulk of this hydrogen is produced from fossil fuel sources so the same
5

issues plaguing fossil fuels apply to hydrogen as it is currently produced. The most
common method involves the steam reforming of a hydrocarbon (such as methane),
according to eq. 1. A second reaction step known as the water-gas shift reaction can be
used to remove CO and produce more hydrogen (eq. 2).
H2O + CH4 = CO + 3H2

(1)

H2O + CO = CO2 + H2

(2)

It can be clearly observed that this method of producing hydrogen is associated with the
production of CO2 (5.5 tons of CO2 are made for every ton of H2) in addition to the
consumption of a fossil fuel feedstock, meaning that this would not be a sustainable
strategy for hydrogen production in the long-term. The primary alternative means of
producing hydrogen in practice today is electrolysis.

This involves the direct

electrochemical liberation of hydrogen from water along with the production of either
molecular oxygen (the water splitting reaction, eq. 3) or chlorine and sodium hydroxide
(the brine splitting or chlor-alkali reaction, eq.4).
H2O = H2 + 1/2O2

(3)

H2O + NaCl(aq) = H2 + NaOH(aq) + 1/2Cl2

(4)

Electrolysis only accounts for roughly 4% of the hydrogen produced in the US due to the
cost of electricity, which is consumed in large amounts as a result of the large
thermodynamic requirements of 1.23 and 1.35 V for water splitting and brine splitting,
respectively. Due to high kinetically induced overpotentials, especially at the anode,
even larger voltages (more than 1.5 V) are required in practice. This electrical power
requirement combined with the relatively large capital cost of an electrolyzer system
hamper its cost-effective utilization in areas without a cheap nearby source of electricity.
Despite these drawbacks, the fact that such a system requires only electricity in
addition to a cheap and abundant resource (water or brine) makes electrolysis schemes
6

very attractive in the long-term for sustainable hydrogen production when married to a
renewable electrical power source. The main problem is that the renewable resource with
the largest long-term capacity (solar) is also the most expensive. Hence, the combination
of an expensive electrolyzer with an expensive source of electricity is quite unattractive
at present, and a more ambitious option, the direct photoelectrochemical (PEC)
conversion of solar energy to chemical energy through the fusion of these two systems
into a single device, is of great interest.
Artificial Photosynthesis
Although water splitting is the most common reaction studied for this application,
PEC energy conversion could theoretically be applied to a number of photosynthetic
reactions, including the chlor-alkali reaction or even the synthesis of hydrocarbons such
as methanol or methane via the reduction of CO2 (combined with the oxidation of water
to oxygen). In general, all of these solar-fuel producing schemes are referred to as
artificial photosynthesis since they mimic the biological photosynthetic process used by
plant-life throughout the world.9

Plants utilize two photon absorption steps,

photosystems I and II, to increase the energy of electrons extracted from water such that
they can drive the electrochemical conversion of CO2 to carbohydrates. Ignoring the
many intermediate charge transfer and reaction steps, one can consider photosynthesis as
the combination of two redox half reactions: water oxidation and CO2 reduction (Figure
1.4). Thus, photosystems I and II act as photocathodes and photoanodes, respectively, in
an analogous photoelectrochemical cell. The most efficient plants are able to convert a
maximum of about 1% of the incident solar energy incident upon them into energy stored
in carbohydrates.10
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Figure 1.4. Simplified schematic of natural photosynthesis indicating the electron
transfer pathways and photosystems (PS’s) I and II.
The main obstacle to the practical implementation of artificial photosynthesis is
high costs as a result of low solar energy conversion efficiencies. Solar-to-hydrogen
(STH) efficiencies are defined as the chemical energy obtained in hydrogen divided by
the solar energy input,11 and a common target efficiency quoted to achieve reasonable
cost parity with other hydrogen generation schemes (10%) 9 could be achieved easily
enough with a 70% efficient electrolyzer (producing hydrogen from water) and a 14%
efficient solar cell. In fact, a state-of-the-art GaAs/GaInP2 solar cell employed as a
photocathode and wired to a platinum anode has demonstrated a STH efficiency of
12.4%, although the materials constituting the solar cell were extremely expensive and
also unstable in aqueous environments under illumination.11 The best stable PEC water
splitting systems that have been demonstrated in the laboratory are only in the 1 to 5%
efficiency range.13,14 Hence, the main thrust of research in this area is toward developing
photo-active materials that are simultaneously stable, efficient, and cheap.
However, materials showing high activity tend to be unstable for aqueous
photoelectrochemistry, and those exhibiting good stability are typically unattractive due
to poor solar conversion properties.

The problem of stability is related to the
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phenomenon of photocorrosion, which occurs when energetic charge carriers created in a
semiconductor by the absorption of photons drive a reaction that alters or dissolves the
semiconductor itself. This is often exacerbated in the presence of water. For example,
conduction band electrons generated in p-Cu2O preferentially reduce Cu+ to Cu0 rather
than reducing protons to H2, and experimental results have indicated that the PEC activity
decreases remarkably quickly.16 In other words, the electrochemical potential of Cu2O
reduction is more favorable (more positive) than that of the desired proton reduction
reaction.

This is the reason one cannot simply use a good PV material as a

photoelectrode in a PEC cell without taking measures to prevent photocorrosion from
occurring.

In practice the stabilization of such materials has been very difficult to

accomplish without simultaneously diminishing photoelectrode performance.
The problem of conversion efficiency is a combination of poor solar absorption
and fast charge-carrier recombination.

Since the energy of the solar spectrum lies

primarily in the 400 to 1100 nm wavelength range (photon energies between roughly 1
and 3 eV), semiconductors of interest must possess appropriate band gaps and absorption
coefficients to absorb as many of the photons in this region as possible (Figure 1.5).
Another constraint, however, lies in the fact that the band edge energetics must also be
optimized relative to the electrochemical potentials of the reactions of interest. If a
certain amount of overpotential (extra electrochemical potential possessed by the
electrons in the conduction band relative to the proton reduction potential, for instance) is
unavailable, the charge transfer reaction will either not proceed at all, or only at low rates
leading to the buildup and recombination of charge carriers at the surface. The required
overpotential depends significantly on the kinetics of the particular reaction. Water
oxidation, for example, even with a good catalyst requires 200 to 400 mV of
overpotential to achieve current densities on the order of 10 mA/cm2, whereas catalyzed
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proton reduction requires approximately 50 mV.16

Therefore, the electrochemical

potentials of these two reactions (1.23 V vs. RHE for water oxidation and 0 V vs. RHE
for proton reduction) along with their associated overpotential requirements place
minimum

boundaries

on

the

band

edge

positions

of

a

potential

photoelectrode/photocatalyst. A number of common examples are shown in Figure 1.5.
As shown, materials with insufficiently negative conduction band edges cannot drive
proton reduction, whereas those with insufficiently positive valence band edges cannot
drive water oxidation. Hence, the combination of two photoelectrodes (each optimized
for one half-reaction) is often a necessity.

Figure 1.5. Left: Spectral distribution of solar energy.18 Right: Band gaps and band edge
positions of some common semiconductors plotted along with the
electrochemical potentials of proton reduction and water oxidation.
In addition to satisfying these thermodynamic and reaction kinetic demands, a
PEC material must also possess sufficiently good electronic properties in order to
maximize the rate of electron and hole transport to their respectively desired destinations
before recombining. These properties can be quite sensitive to preparation method, and
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material quality can thus be manipulated a great deal experimentally.

Low carrier

mobilities can also be compensated for by minimizing their required transport distances
through the tuning of film morphology on the nanoscale.

Because of this, a good

approach to developing PEC materials is to select an initial material for study based on its
optical properties and band edge energetics and then engineer its morphology and
electronic properties to achieve higher photoconversion efficiencies.

Figure 1.6. Left: PEC tandem water splitting cell with two photoelectrodes. Right:
Photocatalyst particle scheme using individually tailored particles for
oxygen and hydrogen evolution, respectively.
Generally, there are two primary PEC water splitting systems of interest (aside
from the PV-electrolysis type mentioned earlier). The first type utilizes electrodes wired
together to create a photoelectrochemical cell (Figure 1.6). In this case each half reaction
occurs at one of the electrodes (at least one of which is a semiconductor photoelectrode),
and the products are separated spatially.

The second type utilizes semiconductor

photocatalyst particles dispersed in a solution with no external electrical wiring (Figure
1.6). The water splitting half reactions may both occur on a single particle, or they may
require two different particles either physically joined together (called a “photochemical
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diode”17) or dispersed separately in a solution with a redox shuttle. Ideally, a single
photoelectrode or photocatalyst particle would be employed for simplicity of
implementation, but finding a single material with the proper band-energetics to drive
both redox reactions and good photocatalytic properties under solar light has proven
impossible in practice so far. The goal of our research is to identify, characterize, and
optimize promising photoelectrode materials for either the water oxidation or proton
reduction half reaction. Materials were selected for study based on the identification of
desirable properties as found in the literature. Once a candidate material was identified, a
deposition technique was selected based on novelty and potential ease of synthesizing
photoelectrodes of the material.

This technique was then used to manipulate film

characteristics with the goal of a) obtaining a better understanding of material properties
relevant to photoelectrochemistry and b) optimizing the material’s performance for one
of the water splitting half-reactions.
This thesis is divided into seven chapters. Chapter 1 provides general background
information related to the motivation for and development of novel solar energy
conversion and storage strategies and also introduces some of the technical challenges
facing the development of solar absorber materials for artificial photosynthesis schemes.
The following five chapters detail scientific studies in the area of PEC energy conversion
materials that have been submitted to and/or published in peer-reviewed journals.
Finally, chapter 7 presents several conclusions based on the previously detailed research
as well as recommendations for future work along these lines.
Chapter

2

describes

the

preparation

of

α-Fe2O3

electrodes

for

photoelectrochemical (PEC) water oxidation using a technique known as reactive ballistic
deposition, which was used to control the morphology and porosity of the α-Fe2O3 films.
Iron metal was evaporatively deposited in an oxygen ambient, and synthesis parameters
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such as deposition angle, film thickness, and annealing temperature were manipulated to
optimize the structural and morphological properties in order to improve their PEC
efficiency.

Incident photon to current conversion efficiencies (IPCE) were used to

calculate an AM1.5G photocurrent of 0.55 mA/cm2 for the optimized films with an IPCE
reaching 10% at 420 nm in 1M KOH at 0.5 V vs. Ag/AgCl. We also observed that the
typically low photo-activity of extremely thin hematite films on fluorine-doped tin oxide
substrates may be improved by modification of annealing conditions in some cases.
Chapter 3 takes this study further, detailing the modification of film composition
through the incorporation of “dopants” such as titanium and tin. These doped films of αFe2O3 were prepared by co-evaporating iron and titanium or tin in a reactive oxygen
ambient, and their physical, chemical, and photoelectrochemical properties (primarily
PEC water oxidation activity) were studied.

It was found that manipulating the

deposition angle had a profound effect on the photoelectrochemical water oxidation
performance of 4% Ti-doped α-Fe2O3 films, and a maximum in photocurrent at 1.4 V vs.
RHE was achieved for films grown at 75° incidence.

It was also found that the

nanocolumnar morphology and superior porosity attained using glancing angles
improved the relative conversion of visible-light (λ > 420 nm) photons compared to
dense films deposited at normal incidence. Sn-doped films were also prepared using the
same deposition conditions, and although they were substantially better than undoped
films, their performance was somewhat worse than that of the Ti-doped films. The Tidoped films deposited using optimum conditions resulted in incident photon-to-current
efficiencies (IPCE) reaching 31% at 360 nm and 1.4 V vs. the reversible hydrogen
electrode (RHE). By comparison, Sn-doped films reached only 21% under the same
conditions. The increased photo-conversion efficiency brought about through Ti4+ or
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Sn4+ incorporation appears to be due to both the improvement of electron transport within
the bulk of the film and the suppression of recombination at the film-electrolyte interface.
In chapter 4 the focus of the research shifts from the more widely studied binary
oxide, α-Fe2O3, to the novel ternary metal oxide material CuBi2O4. This study also
represents a deviation from the previous chapters in that it focuses on a photocathode
material rather than a photoanode material. The details of this chapter concern the
synthesis of visible-light active thin films of p-CuBi2O4 utilizing electrodeposition for the
first time. Bimetallic films of copper and bismuth were deposited from a single bath onto
fluorine-doped tin oxide (FTO) substrates and thermally oxidized in air. The effects of
deposition parameters such as potential, time, and bath concentration on film morphology
and photoelectrochemistry were investigated.

In general, the films consisted of

interconnected particles roughly 250 nm in diameter and showed an onset of light
absorption at 680 nm (1.8 eV). The films were characterized by PEC techniques in order
to provide insight into the critical PEC properties of CuBi2O4 such as flat-band potential,
photocurrent stability and IPCE. Despite having a narrow band gap and quite suitable
band edge positions for PEC H2 generation, the films’ stable calculated AM1.5G
photocurrents in N2 degassed Na2SO4 were relatively small (~ 50 µA/cm2 at 0.64 V vs.
RHE) due to maximum UV quantum yields of ~1-2% that decreased significantly
throughout the visible range, becoming negligible at about 700 nm.

Studies of

ballistically deposited films of CuBi2O4 were also performed to further demonstrate the
effects of film morphology on performance. Stability tests under constant illumination
revealed that the films were more unstable in acidic electrolyte (pH 3.5) due to the
reduction and dissolution of Cu but were stable in basic electrolyte (pH 10.8) after an
initial ~50% decrease in performance.
14

The trend toward more exotic materials continues in chapters 5 and 6, which
introduce an entirely new class of materials: bismuth chalco-halides. Chapter 5 concerns
the evaluation of BiOI. Bismuth oxy-iodide is a potentially interesting visible-lightactive photocatalyst, yet there is little research regarding its photoelectrochemical
properties. In this study, BiOI nanoplatelet photoelectrodes were deposited by spray
pyrolysis onto fluorine-doped tin oxide (FTO) substrates at various temperatures. The
films exhibited n-type conductivity, most likely caused by the presence of anion
vacancies, and optimized films possessed incident photon conversion efficiencies of over
20% in the visible range for the oxidation of I - to I3- at 0.4 V vs. Ag/AgCl in acetonitrile.
Visible-light photons (λ > 420 nm) contributed approximately 75% of the overall
photocurrent under AM1.5G illumination. A deposition temperature of 260oC was found
to result in the best performance due to the balancing of morphology, crystallinity,
impurity levels, and optical absorption, leading to photocurrents of roughly 0.9 mA/cm2
at 0.4 V vs. Ag/AgCl. Although the films performed stably for up to 1 h in acetonitrile,
their performance decreased significantly upon extended exposure to water, which was
apparently caused by a loss of surface iodine and the subsequent formation of an
insulating bismuth hydroxide layer.
In chapter 6, the oxygen atom in BiOI was replaced with sulfur and the resulting
material, BiSI, was evaluated in a similar manner. Polycrystalline BiSI thin films
exhibiting promising PEC properties were deposited onto both metal foils and fluorinedoped tin oxide coated glass slides by spray pyrolysis using a single solution precursor
source. The films’ strong light absorption in the visible range and well-crystallized
layered structure gave rise to their excellent PEC performance through improved charge
carrier generation and separation under simulated sunlight. The structure and surface
composition of the films were dependent on deposition temperature, resulting in dramatic
15

differences in performance over the temperature range studied. These results reveal the
potential of n-BiSI as an alternative thin film solar energy conversion material, and
should stimulate further investigation into V-VI-VII compounds for these applications.
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Chapter 2: Reactive Ballistic Deposition of α-Fe2O3 Thin Films for
Photoelectrochemical Water Oxidation
INTRODUCTION
Efficient solar driven hydrogen production using cheap, stable materials has been
an ambitious dream for several decades, with an explosion of study originating with the
suggestion of water splitting in a Pt-TiO2 electrochemical cell in the early 1970’s.1 Due
to the recent ecological and energy crises related to fossil fuel dependence such avenues
for solar energy conversion have once again been thrust into the public view,2 and
research efforts along these lines are accelerating throughout the world with a recent
emphasis on the development of novel, nanostructured materials for hydrogen production
through photoelectrochemical water splitting. Due to the difficulty of discovering a
single semiconductor that can simultaneously produce oxygen and hydrogen from water,
a common approach is to develop and optimize semiconductor materials for the oxidation
and reduction steps of the water splitting reaction independently. In this work, we
employ a new technique known as reactive ballistic deposition3-6 to prepare and optimize
nanostructured α-Fe2O3 films for the photo-oxidation of water.
In recent years a number of groups have investigated thin films consisting of
vertically oriented nanocolumnar structures, which are thought to be ideal for
photoelectrochemical water splitting due to their ability to absorb a significant fraction of
light while still providing short charge carrier transport distances to the electrolyte,
minimizing recombination losses.7 For example, extensive research has been performed
on TiO2 nanotube arrays produced by electrochemical anodization, and impressive
19

photoconversion efficiencies have been obtained, indicating that such architectures are
quite useful for the photo-oxidation of water under UV irradiation.8,9 However, to achieve
necessary solar-to-hydrogen conversion efficiencies of more than 10%,10 materials with
the ability to absorb a good fraction of the visible light spectrum (> 400 nm) are needed.
Hematite (α-Fe2O3) was introduced as a PEC material over 30 years ago, and its 2.2 eV
band gap theoretically suggests that it can achieve a maximum photoconversion
efficiency under solar illumination of 12.9%.11 However, the best performing thin film
materials developed to date fall well short of this value. 12 This is attributed to a number
of factors including poor mobility of carriers, slow water oxidation kinetics, and high
recombination rates compared to other semiconductors of interest such as TiO2 and
WO3.13 The means of improving photocurrent response in α-Fe2O3 films are essentially
directed at aiding charge transport in the bulk and at the surface relative to recombination
in both locations. Manipulation of preparation conditions in order to optimize film
properties such as morphology and crystallinity can improve rates of charge transport in
the bulk, while the addition of a co-catalyst to the surface of the film can improve
heterogeneous charge transfer kinetics. Doping foreign elements into α-Fe2O3 films can
also be used to achieve similar improvements. Elements such as Si, 12 Ti,14 Sn,15 Pt,16 and
others have shown the ability to increase the photoelectrochemical performance of
hematite films. The use of multiple dopants simultaneously has also been investigated
with some success.15,17 For this reason there is still hope for α-Fe2O3 based materials in
the field of photoelectrochemical water splitting, and there has been a recent surge of
activity in the preparation of such thin films by techniques including spray pyrolysis, 14-16
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chemical vapor deposition (CVD),12,20 electrodeposition,21,22 and electrochemical
anodization.23,24
One technique that has received some recent attention for photoelectrochemical
applications is glancing or oblique angle deposition (GLAD or OAD).25 The method
employs a ballistic shadowing phenomenon, which occurs when a material is
directionally deposited onto a relatively cool substrate at glancing angles. The initial
roughening of the substrate surface caused by random variations in the local deposition
rate results in small agglomerates of atoms, which begin to intercept greater and greater
amounts of depositing material and shadow other regions of the surface. As this process
continues, these deposits of atoms begin to form nanocolumnar structures with
characteristic dimensions that depend on the deposition angle and substrate temperature
used. By increasing the angle between evaporant flux and substrate surface normal
(deposition angle) the films become more porous and eventually form individual
nanocolumns.

A number of groups have characterized this technique extensively,

applying it to materials such as TiO2,26 MgF2,27 indium tin oxide (ITO),28 and Pd.29
GLAD techniques carried out via the directional evaporation of a metal component in an
ambient reactive gas are known as reactive ballistic deposition3 (RBD), and can be used
to control both composition and morphology independently. However, to our knowledge
no work has been done to characterize its efficacy for producing thin films for efficient
photoelectrochemistry, although recently groups have used GLAD to evaporate TiO230
and ZnO,31 producing nanostructured electrodes for water splitting applications. In this
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work we utilize RBD to prepare undoped α-Fe2O3 films with the ultimate goal of
understanding how this method may be applied to the synthesis of useful PEC materials.

EXPERIMENTAL METHODS

Film Preparation
Hematite films were deposited onto fluorine-doped tin oxide (FTO) coated glass
substrates (Pilkington, TEC15) held at room temperature by evaporating Fe metal in a
background of O2 under high vacuum conditions (~10-6 torr). The vacuum chamber was
first pumped down to below 5 x 10 -8 torr and then backfilled to approximately 1 x 10 -6
Torr with O2 (99.99%, Matheson) using a leak valve (the majority of the remaining
background is H2O). This level of backfilling was found to be well in excess of the
amount required to fully oxidize the films based on quartz crystal microbalance uptake
measurements. Iron was evaporated from a 0.25” diameter rod (3N5 purity, ESPI) using
an electron-beam evaporator (Tectra). The substrate holder could be rotated, allowing for
utilization of the entire possible range of deposition angles (0º to 90º), and the source to
substrate distance was approximately 10 cm.

After deposition the samples were

annealed in air at temperatures ranging from 400 to 550ºC for 2 h in a box furnace
(Neytech). The temperature was brought from room temperature to the desired annealing
temperature at a rate of 10 ºC/min, and the samples were allowed to cool naturally after
the desired hold time was reached.
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Film Characterization
Scanning electron microscopy (SEM) was performed on a LEO 1530 SEM using
a 10 kV focus voltage and on a Hitachi S-5500 Scanning Transmission Electron
Microscope (STEM) using a 30 kV focus voltage. The Hitachi S-5500 was also used to
perform energy dispersive X-ray spectroscopy (EDX) and transmission electron
microscopy (TEM).
diffractometer.

X-ray diffraction (XRD) experiments utilized a Phillips

UV-vis transmission spectra were taken with a Cary 5000

spectrophotometer using a blank substrate as a baseline standard. Optical penetration
depths (α-1) were calculated using:
α-1 = −

( )

(1)

Here α is the absorption coefficient, D is the thickness of the film, and T is the measured
transmittance. Therefore, α-1 is the distance over which photons of the wavelength of
interest are attenuated to an intensity equal to their original intensity multiplied by 1/e
(0.368). X-ray photoelectron spectroscopy (XPS) was performed using a Kratos AXIS
X-ray photoelectron spectrometer.

Electrochemical Testing
The electrochemical and photoelectrochemical properties of each sample were
tested using a 3-electrode electrochemical cell with a Ag/AgCl reference electrode and Pt
mesh counter electrode. The working electrode (the photoanode consisting of the αFe2O3 film) with illuminated area 0.21 cm2 was immersed in 1M KOH and illuminated
using an unfiltered 150 W xenon lamp (Oriel) with a white-light intensity of ~130
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mW/cm2. A monochromator (Oriel) was also employed to study spectral response and
was used in conjunction with a power meter and photodiode (Newport) to calculate IPCE,
given by:
IPCE =

×
×

× 100%

(2)

Here jph is the steady state photocurrent density, λ is the wavelength of the incident light,
and I is the light power intensity at the film surface. A potentiostat (CH Instruments) was
operated by a desktop computer to perform electrochemical measurements. Steady-state
photocurrents for comparing the films to one another were recorded at +0.4 V vs.
Ag/AgCl, whereas incident photon conversion efficiency (IPCE) experiments were
performed at +0.5 V in order to maximize the ratio of illuminated current to dark current
(dark currents began to increase beyond +0.5 V).

Electrochemical impedance

spectroscopy was performed using a Solartron frequency response analyzer and
electrochemical interface system.

Plots of inverse square capacitance (C-2) versus

potential (E) can be used to determine the flat-band potential (E fb) and donor density (Nd)
of n-type semiconductor films using the Mott-Schottky equation:
C-2 =

( –

–

)

(3)

Here e is the elementary charge, ε is the dielectric constant of the electrode material, ε o is
the permittivity of vacuum, and C is the capacitance of the electrode. The x-intercept of a
linear fit to a plot of C-2 versus E reveals the flat-band potential while the slope of this fit
can be used to calculate Nd.
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RESULTS AND DISCUSSION
General Characterization
Immediately following deposition the films appeared dark brown, but after
annealing for two hours at temperatures greater than 400ºC the color of the films changed
to reddish orange. EDX performed prior to annealing reveal that the Fe:O ratio is already
close to 2:3 after removing the samples from the vacuum chamber. XRD performed on
films as-deposited showed no noticeable hematite (α-Fe2O3) formation, revealing only the
presence of a small amount of maghemite (γ-Fe2 O3) indicating that the films are mostly
amorphous before annealing. After annealing, XRD showed the presence of α-Fe2O3 with
a preferred (104) orientation, consistent with powder standards (PDF#01-071-5088)
(Figure 2.1), although some amorphous iron oxide most likely remains in the film. No
other peaks other than those belonging to the fluorine-doped tin oxide (FTO) substrate
could be observed. XPS confirmed that the films consisted of Fe2O3 after annealing (see
Appendix A, Figure A.1). UV-vis transmission experiments performed on annealed films
showed an absorption onset at just below 600 nm, indicating that these films possess a
band gap of about 2.1 eV (Figure 2.1). The absorbance spectrum also possesses a
shoulder at 540 nm and a peak at 400 nm, which are typical of α-Fe2O3 films and arise
from indirect Fe3+ d to d and direct O2- p to Fe3+ d orbital transitions.15

Electrochemical Impedance Spectroscopy
A film deposited at normal incidence (having little to no porosity) was analyzed
in order to study the semiconducting properties of hematite films prepared by our
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technique. Impedance spectroscopy was performed in pH 7 electrolyte using frequencies
ranging from 500 to 2000 Hz and an AC amplitude of 10 mV at each potential. Some
frequency dependence was observed, although the general behavior remained very
similar over this frequency range. By taking the x-intercept of a linear fit to the MottSchottky plot for 1000 Hz (Figure 2.2), a flat-band potential of -0.27 V vs. Ag/AgCl (0.07 V vs. NHE or +0.34 V vs. RHE) was estimated, which agrees well with that
expected for α-Fe2O3.11

The Mott-Schottky slope was used, assuming a dielectric

constant of 80,32 to estimate a donor density on the order or 1017 cm-3. This is also in
good agreement with literature values for single crystalline hematite electrodes, 32,33 and
indicates that the α-Fe2O3 films produced by RBD in this work possess the expected
semiconducting properties of hematite.

Figure 2.1.

Left: X-ray diffraction of an α-Fe2O3 film annealed in air for 2 hr at 450°C.
Lines belonging to the hematite powder diffraction pattern are included.
Other visible peaks are from the FTO substrate. Right: UV-vis absorbance
of an α-Fe2O3 film approximately 200 nm thick annealed in air for 2 hr at
450°C.
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Figure 2.2. Mott-Schottky plot derived from electrochemical impedance spectroscopy
performed at 1000 Hz taken at pH 7 for a film deposited at 0° and annealed
to 425°C.
Deposition Angle Effects
Glancing angle deposition techniques allow for control of thin film morphologies
by taking advantage of ballistic shadowing and creating porous, columnar structures of
the desired material. Such structures are thought to be necessary for achieving useful
water splitting efficiencies with α-Fe2O3 thin films by creating a large film/electrolyte
interfacial area and relatively short diffusion distances to this interface for holes
generated within the bulk of the film by the absorption of photons – thus improving the
rate of charge transport relative to recombination. To investigate these effects various
incident angles ranging from 0º (normal incidence) to 83º were used to deposit films of
iron oxide, which were then annealed in air to produce crystalline hematite. Since bulk
thickness is a critical factor in determining photoelectrochemical efficiency for α-Fe2O3
films, especially when effective dopants such as Si are not included,34 multiple samples
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of different thicknesses were prepared at each deposition angle to clarify any trends in
activity.

Figure 2.3. Left: SEM images of α-Fe2O3 films deposited at various angles and annealed
to 450°C. Right: High resolution SEM of a cluster of nanocolumns (a), and
bright field TEM of the top of a single nanoclumn (b). The samples were
scraped off of a film deposited at 82° on FTO and were not annealed.
SEM images revealed expected differences in morphology with films deposited at
normal incidence showing very little visible nanostructuring (essentially rough, dense
films), and films deposited at glancing angles (> 55º) showing more porous structures
(Figure 2.3).

This exemplifies the ballistic shadowing effect, which becomes more

significant when glancing deposition angles and relatively low substrate temperatures are
employed in a physical vapor deposition process.25 Sections of films deposited at 55° and
82º were scraped off onto copper grids for TEM analyses. The 82° deposition angle
28

enabled examination of the surfaces of individual nanocolumns, whereas cross-sectional
images of the 55° film appeared mostly dense at this level of resolution (Figure 2.3).

Figure 2.4. Left: Maximum steady-state jph values at 0.4 V vs Ag/AgCl for films
deposited at various angles and annealed for 2 hr at 450°C plotted with the
normalized voltametric charge (q*) transferred during CV sweeps between 0.1 and 0.1 V vs Ag/AgCl in 1M KOH for films of approximately equal
thickness and annealed for 2 hr at 450°C. Right: Schematic representation
of processes occurring during irradiation of film. (1) light absorption and
formation of electron-hole (e--h+) pairs; (2) bulk recombination; (3)
recombination at electrolyte interface; (4) hole transport; (5) electron
transport; (6) recombination at the FTO interface.
Films deposited at 55º consistently showed higher photocurrents under white light
illumination than those deposited at other angles (the best performing films for each
deposition angle are shown in Figure 2.4). This is a surprising result since it was
expected that the more porous, nanocolumnar structures present in films deposited at
more glancing angles would allow for easier hole transport to the electrolyte due to
(theoretically) more optimal feature size and interfacial area. Additionally, preliminary
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results obtained from TiO2 films deposited under very similar conditions in our
laboratory showed highest photocurrents when deposited at 80º. It may be that the
morphology of films deposited at high deposition angles is indeed better for hole
transport, but other factors such as electron transport limitations and recombination
centers act to mask this improvement in the case of α-Fe2O3. Films deposited at more
glancing angles have greater porosity and consequently larger penetration depths (smaller
photon absorption probability per unit thickness) than dense films, and photon absorption
deeper in the film and close to the film-substrate interface is not desired since electrons
and holes generated in this region are known to suffer from higher recombination rates
due to factors which will be discussed more thoroughly below.

For example, the

penetration depths (α-1) for 420 nm photons in films deposited at 55º and 80º are
approximately 27 and 66 nm, respectively, based on UV-vis transmittance experiments.
In a 150 nm thick film deposited at 55º, only 15% of the 420 nm photons are absorbed in
the bottom 100 nm of the film, but in an equivalent film deposited at 80º, nearly 50%
would be absorbed within the bottom 100 nm, revealing that many photons would be
absorbed in a layer where their probability of contributing to the photocurrent is
significantly reduced. Although 100 nm is used in this example, the actual thickness and
behavior of the “dead” layer is not well understood and probably depends on synthesis
conditions as is investigated below. A seemingly obvious approach, then, for improving
films deposited at 80º would be to significantly increase their thickness to keep so many
photons from being absorbed near the FTO interface. However, now an appreciable
amount of α-Fe2O3 lies between electrons generated near the top of the film and the
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external circuit, and the poor electronic conductivity of hematite leads to a low
probability for these electrons to “complete the journey” before recombining with holes.
These competing factors are illustrated in figure 2.4 and may provide at least some
explanation for the poor performance of high-porosity films deposited at angles above
70º, although the decrease in photocurrent as deposition angle is changed from 55º to 80º
is clearly greater than what would be expected based on the preceding discussion,
indicating that another factor, probably related to the concentration of surface states, must
be important also.
The specific surface areas of thin films deposited by RBD can vary widely as
deposition angle is changed.4,5 However, a better metric for evaluating thin films for
PEC quality using materials with relatively poor charge transport properties like α-Fe2O3
may be surface area per unit thickness, since surface area improvements due to increased
film thickness are not beneficial.22 Films of approximately equal thickness (180 nm) but
deposited at different angles (0º, 55º, 70º, and 80º) were evaluated using cyclic
voltammetry (CV). The total voltammetric charge transferred during a potential scan in
which only capacitive (non-faradaic) charge transfer occurs is proportional the number of
available surface sites.35 Integration of the charge passed during potential cycles from 0.1 to 0.1 V vs. Ag/AgCl in 1M KOH at 20 mVs-1 performed on films in the dark
indicated that the electrochemically active surface area doubled as the deposition angle
increased from 0º to 80º (Figure 2.4). It should be noted that the surface area of α-Fe2O3
per unit mass actually increased by nearly a factor of six over this range. In the case of
the more porous films there may be some error introduced due to a contribution from
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exposed FTO substrate with the electrolyte. Although 80º showed the highest surface
area of the deposition angles tested, it is unknown whether even higher deposition angles
would result in even higher surface areas. Various groups have shown that the deposition
angle corresponding to greatest surface area for ballistically deposited films is not the
same for all materials (i.e., TiO2 shows a maximum at 70º,4 while Pd shows a maximum
at 85º
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).

A high surface area per unit film thickness would theoretically be

advantageous for PEC water splitting since it implies that a significant fraction of the
holes generated in the film will be created near the interface between the film and
electrolyte, minimizing their required transport distance. However, in this study there
does not appear to be a strong correlation between available surface area (on a film
thickness basis) and photocurrent for the more porous films indicating that other factors
such as electron transport and surface recombination limit the PEC performance of films
deposited at glancing angles.

Figure 2.5. Left: Photocurrent trend at 0.4 V vs. Ag/AgCl as annealing temperature is
increased for films deposited at 55° and having thicknesses of ~ 240 nm.
Right: Mean crystallite size of the (104) grain size plotted along with the
ratio of the (110):(104) peak areas for various annealing temperatures.
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Annealing Temperature and Bulk Thickness Effects
Films with thicknesses of ~ 240 nm were deposited at 55º and annealed for 2 h in
air at temperatures ranging from 400 to 500ºC to investigate the sensitivity of PEC
performance to post-deposition heat treatment (Figure 2.5). A significant increase in
photocurrent was observed as the annealing temperature increased from 400 to 425 and
450°C, followed by a noticeable decrease for samples annealed beyond 450ºC. The
expected reason for the initial rise in photocurrent with annealing temperature is the
improvement of crystalline order and reduction of defects within the film. This should
theoretically improve charge carrier transport relative to recombination, which is a strong
limiting factor in the PEC performance in undoped α-Fe2O3 films. Most peaks in the
XRD spectrum belonging to α-Fe2O3, particularly the (104) plane, show a marked
increase in intensity relative to the SnO2 peaks as the annealing temperature increased
from 425 to 500°C, indicating a general improvement in crystalline character of the αFe2O3 film. The Scherrer equation was used to calculate the mean grain size of the (104)
plane for films at each annealing temperature (Figure 2.5). As expected, the mean (104)
grain size generally grows with increasing temperature, increasing from 33 nm to 50 nm
over the range of annealing temperatures studied. However, this is not observed between
400 and 425°C. In fact, the only obvious difference between 400 and 425°C annealed
films appears to be a decrease in (110) orientation relative to other planes. That this
change is accompanied by a strong increase in photocurrent is surprising, since a
preferred (110) orientation is thought to be beneficial to vertical electron transport within
α-Fe2O3 films due to the anisotropic conductivity of hematite, although this orientation
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may not be as important as other factors.12,14 It is quite possible that an increase in
annealing temperature from 400 to 425°C reduces the number of defects in the film, but
in a way that is not easily detectable by XRD, and this is responsible for the improvement
in photocurrent over this range.

Figure 2.6. Left: Photoelectrochemical behavior under white-light illumination in 1M
KOH for films annealed to various temperatures. The photocurrent onset
potentials (vertical lines) tended to shift negatively as temperature increased.
Right: Steady state photocurrent at 0.4 V vs. Ag/AgCl in 1M KOH for a
variety of film thicknesses. Films were deposited at 55° and annealed to
450°C for 2 hr.
Although changes in crystallinity and defect concentration are likely explanations
for the initial rise in photocurrent from 400 to 450°C, they do not explain the significant
drop in photocurrent as the annealing temperature increases from 450 to 500ºC. Since
fine, nano-scale features provide improved transport to the film-electrolyte interface for
holes photo-generated within the film, the agglomeration of these features and
corresponding increase in hole transport distance is the most likely explanation for the
decrease in performance from 450 to 500ºC, although voltammetric charge integration
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experiments performed on films annealed over this temperature range do not show
significant differences in surface area.

This method may not be precise enough to

elucidate such subtle differences. Surprisingly, the decrease in performance at higher
annealing temperatures is not observed for extremely thin films since the limiting factor
in their performance appears to be recombination due to defects near the film-FTO
interface rather than poor hole transport due increased feature size after annealing.
Additionally, SEM images of the thinnest films indicate that these have a more open
structure since, initially, Fe2O3 preferentially deposits on the peaks of the rough FTO
substrate layer. In the thin film case, deposition was halted before these deposits could
thicken and grow together as they normally would when employing a 55º deposition
angle, causing their morphology to be somewhat different than that of the thicker films
even though all other conditions were held constant.
Although photocurrent decreased when annealing temperatures increased above
450ºC, a noticeable negative shift in the photocurrent onset potential was also observed
(Figure 2.6). The trends in both peak photocurrent and photocurrent onset are very
similar to those observed by Cesar, et al. for Si-doped films prepared by CVD34 and
annealed from temperatures ranging from 450 to 490ºC. The shift in photocurrent onset
was attributed to a decrease in recombination on the α-Fe2O3 surface, which could be due
to differences in surface area and/or the nature of surface sites.

Temperature

programmed desorption studies performed on MgO films3 and others produced by RBD
indicate that the surface site distribution on such materials can be manipulated through
annealing although it is not clear whether this effect would be significant over the
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annealing temperature range studied here. It may be that the sites prevalent on α-Fe2O3
surfaces in the case of the lower temperature annealed films are somehow less effective
from the point of view of charge transfer or recombination or the observed effects could
be entirely due to a decrease in surface area as previously suggested. 34
A number of films were deposited at 55º with varying thicknesses in order to
study the effects of film thickness on photocurrent performance. Increasing thickness
allows for greater light absorption but decreases electron extraction efficiency in α-Fe2O3
due to poor electron transport over such distances.

Indeed, the observed trend of

photocurrent performance shows a volcano-like dependence on film thickness (Figure
2.6). However, the observed performance trend for very thin films annealed to 450ºC
does not match the corresponding photon absorbance trend. For films less than 150 nm
thick the photocurrent drops off quite rapidly despite the fact that these films still absorb
over 90% of the available photons in the incident light. Put another way, even the
absorbed photon to current conversion efficiency (APCE) must be much lower for the
thinner films, which is somewhat counter-intuitive since one would expect electrons
generated near the surface of a thinner film to have a higher probability of reaching the
back contact if all other factors remained constant. Clearly the increase in photocurrent
observed as film thickness is increased to ~ 180 nm is not solely due to improved photon
absorption, but may be more related to the fact that most of the electrons and holes are
not generated adjacent to the film-FTO interface since it has been suggested that charge
carriers generated near this interface suffer from higher recombination rates.34,36,37 If few
photons are absorbed in this region, as is the case for thicker films, then only majority
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carriers (electrons) are present near the film-FTO interface as they pass through to the
back contact.

Since minority carrier (hole) concentrations should be low near the

interface in thick films, recombination would not be as problematic.

Figure 2.7. Left: Comparison of photocurrent at 0.4 V vs. Ag/AgCl and photon
absorption at 420 nm trends for very thin films annealed to 550°C. Right:
IPCE spectra taken at 0.5 V vs. Ag/AgCl in 1M KOH employing front and
backside illumination for films deposited at 55o incidence and annealed at
the indicated temperatures.
One possible reason put forth for this is the extension of electrons from the FTO
substrate into the bottom layers of the α-Fe2O3 film,36 although this effect would likely be
limited to a small fraction of even the thinnest films investigated here. A more probable
cause of excessive electron-hole recombination near the film-FTO interface could be
crystal defects (amorphous regions, grain boundaries, strain effects, etc.) acting as
recombination centers in the region.34 It has been suggested that intermediate energy
levels in α-Fe2O3 can be formed due to stress near the film-FTO interface and resultant
lattice defects, which are then associated with electron trapping and higher recombination
rates.37

Extremely thin films (18 - 70 nm) were deposited and annealed to higher
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temperatures (500 - 550ºC) in an attempt to improve the crystalline order near the filmsubstrate interface. The thicknesses of these thin films were estimated by depositing
thick films (which could be more easily measured), calculating their resulting film
thicknesses as functions of deposited Fe mass, and using this relationship to calculate the
thicknesses of thinner films prepared by depositing a known mass of Fe. However,
shadowing due to the roughness of the FTO substrate causes these thin films to possess
larger void fractions and be somewhat thicker than what is calculated by this method.
Interestingly enough, the films annealed to higher temperatures (greater than 450ºC)
showed much better photoactivity than the films of similar thickness annealed to 450ºC,
in stark contrast to the behavior of thicker films. Films annealed to 450ºC show quite
different activity-thickness trends compared to those annealed to 550ºC with the
photocurrents of the former films leveling off at thicknesses of 180 nm, compared to only
35 nm in the latter case (Figure 2.7). The trend in performance of the films annealed to
550ºC seems to match the optical absorption trend much more closely for small film
thicknesses, indicating that recombination near the film-FTO interface was suppressed
relative to that in films annealed to 450ºC. IPCE experiments using both front and backside illumination were performed on films deposited at 55º incidence (~ 240 nm thick)
and annealed to either 450 or 500ºC (Figure 2.7). For front-side experiments a blank
substrate was attached to the front of the electrochemical cell to mimic the transmittance
loss that would occur in the back-side illumination experiments. While films annealed to
450°C showed drastically diminished photoconversion, especially for higher energy
photons, the films annealed to 500°C showed a much less precipitous drop in photo38

activity when back-side illumination was employed. The preferential recombination of
higher-energy photons can be easily explained since their penetration depths are much
shorter, and are thus absorbed nearer the film-FTO interface.

Although clear

improvements in the photoconversion of photons absorbed near the film-FTO interface
were achieved using annealing temperatures higher than 450ºC, the best performing films
overall using front-side illumination were thicker films annealed to 450ºC.

Figure 2.8. Left: IPCE spectrum of an optimized film recorded in 1M KOH at +0.5 V vs.
Ag/AgCl. Right: Spectral photocurrent data under AM1.5 illumination
calculated from IPCE data at +0.5 V vs. Ag/AgCl.
Photoconversion Performance
Films deposited using seemingly optimum conditions (55º deposition angle, 180
nm thick, 450ºC annealing for two hours) were assessed using incident photon conversion
efficiency (IPCE) calculations at wavelengths ranging from 350 nm to 600 nm at a
potential of +0.5 V vs. Ag/AgCl (Figure 2.8), which is just below the onset of noticeable
dark electrolysis current in 1M KOH. When integrated over the AM1.5 solar spectrum38
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the IPCE data results in a solar photocurrent density of 549 µA/cm2 (Figure 2.8), which is
less than half of the white-light photocurrent measured under the Xe lamp irradiation
used in these experiments (Figure 2.9) due to the higher intensity of the lamp illumination
at the sample relative to AM1.5 as well as to the spectral mismatch between the two
sources. Additionally, the filling of trap states by photons of a wide range of energies
available under white-light illumination may allow for greater charge carrier mobility and
thus contribute to a higher photocurrent compared to the case in which monochromatic
illumination is used.

Figure 2.9. Left: IPCE spectrum of an optimized film recorded in 1M KOH at 0.5 V vs.
Ag/AgCl. Right: Spectral photocurrent data under AM1.5 illumination
calculated from IPCE data at 0.5 V vs. Ag/AgCl.
The photocurrent values achieved in this study are reasonable when compared
with literature values for undoped α-Fe2O3 prepared by various methods with most
showing values in the several hundred µA/cm2 range under AM1.5 illumination,15
although IPCE values are often not reported. The highest IPCE values reported so far for
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undoped α-Fe2O3 films appear to belong to films prepared by spray pyrolysis with a peak
IPCE of just over 20% in the UV range14,16 compared to 15% found in this study under
similar conditions. The rapid drop-off in quantum yield beyond 400 - 420 nm has been
noted by many authors and seems to occur regardless of the technique used to prepare the
α-Fe2O3 thin film.34,36,39 This is a significant problem with regard to achieving practical
water splitting efficiencies under solar irradiation since the bulk of the photons available
to α-Fe2O3 lie in the 450 - 585 nm range. One possible reason for this behavior is the
larger penetration depths of lower energy photons in hematite as evidenced by the UV-vis
absorption spectrum, which possesses a similar shape to the IPCE spectrum. Holes
generated by these photons in planar electrodes are less likely to reach the filmelectrolyte interface before recombination because of the notoriously low hole diffusion
distance in undoped α-Fe2O3 of 2-4 nm.39

Nanoporous or nanocolumnar materials

consisting of structures that closely match this hole diffusion length have been proposed
to alleviate such problems, but in practice this strategy does not seem to significantly
alter the shape of the IPCE spectrum for α-Fe2O3 films.34

This implies that holes

generated by low energy photons are somehow less inherently efficient for water
oxidation than those generated by high energy photons in α-Fe2O3. The reasons for this
are unclear, especially considering that holes generated in the O2p band should seemingly
relax to the lowest energy states available in the valence band (the top of the Fe3d band)
prior to participating in any processes at the surface of the electrode. 40 It has been
hypothesized that holes created at Fe3+ sites are somehow less available for water
oxidation than those created at O2- sites, resulting in a weaker contribution to the
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photocurrent.39 Films tested for several minutes under constant illumination showed very
little (~1%) decrease in photocurrent, and the accumulation of small bubbles could be
observed on the film surface indicating that the photocurrent is due to oxygen evolution
rather than photo-corrosion of the film.

CONCLUSIONS
We have reported on the use of a novel technique known as reactive ballistic
deposition (RBD) for preparing and optimizing α-Fe2O3 thin films on FTO substrates for
water splitting applications.

By manipulating parameters such as film thickness,

morphology, and crystallinity it is possible to tune the PEC properties of potentially
interesting materials for the photo-oxidation of water such as α-Fe2O3. Changing the
angle of deposition between 0º to 83º resulted in substantial morphological differences
between the films, which played a strong role in determining their PEC performance and
incident photon to current conversion efficiencies (IPCE). Various film thicknesses and
annealing temperatures were also investigated in order to determine the optimum film
synthesis conditions. Films approximately 180 nm thick, deposited at 55º incidence and
annealed to 450ºC show the highest photocurrents of those studied here for the photooxidation of water in 1M KOH under Xe lamp illumination. These synthesis conditions
appear to balance competing effects related to photon absorption, charge carrier transport
and recombination in α-Fe2O3 films. The optimized films of undoped α-Fe2O3 in this
study show good performance with photocurrents exceeding 0.5 mA/cm2 under solar
illumination as calculated by integration of the IPCE values over the AM1.5 spectrum.
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Chapter 3: Photoelectrochemical Performance of Nanostructured Tiand Sn-doped α-Fe2O3 Photoanodes
INTRODUCTION
The search for efficient, robust photocatalytic materials has persisted for nearly
forty years since the ground-breaking work of Fujishima and Honda, which demonstrated
the photoelectrochemical oxidation of water over an illuminated semiconducting TiO2
film.1 Since this discovery, countless attempts to develop materials capable of producing
hydrogen via the “water splitting” reaction have been made with varying degrees of
success. The generally quoted suggestion of the necessary solar-to-hydrogen (STH)
efficiency requirement for a photoelectrochemical water splitting device stands at 10% in
order for the process to attain commercial viability.2 Of course, along with this
conversion efficiency benchmark comes the requirement of long-term stability on the
order of several years as well as reasonable affordability.

To date, no material or

combination of materials has been discovered that can satisfy all of these demands. Most
semiconductors having favorable band-gaps and charge transport properties are quite
unstable for photoelectrochemistry in aqueous solutions. For instance, Turner, et. al.
demonstrated a monolithic p-n junction water splitting device capable of achieving 12.4%
STH efficiency using optimized semiconductors for the individual water oxidation and
proton reduction half-reactions, but were unable to achieve satisfactory stability.3
More recently, research has focused on improving the photo-conversion
efficiency of inherently stable materials such as metal oxides through nanostructuring or
other means, although these materials often either possess too wide a band gap (TiO2,
WO3) to utilize solar light effectively or poor photo-conversion efficiency (α-Fe2O3).
IPCE values greater than 70% have been attained for photoelectrochemical water
oxidation in each of the former cases, although only at relatively short wavelengths (λ <
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450 nm).4,5 In the latter case, however, less impressive photo-conversion efficiencies are
observed for a variety of synthesis techniques.6,7,8 For this reason dopants such as Si,9,10
Ti,11,12 Mo,13 Pt,14and Al15 have each been utilized individually to greatly improve the
efficiency of α-Fe2O3 thin films produced by many different methods, especially in the
case of Si-doping through chemical vapor deposition (CVD).9

In a few cases,

combinations of dopants such as Ti/Al and Sn/Be have had a synergistic effect on
photoelectrochemical performance.12,16 Despite these successes, more improvement is
clearly necessary if α-Fe2O3 is to be utilized as a photocatalyst for water oxidation. The
interest in α-Fe2O3 stems from its good stability in aqueous environments (pH > 3) and
relatively narrow band gap (2.0-2.2 eV).17 Additionally, although its conduction band
edge position is too far positive to produce hydrogen via the reduction of protons, it could
be utilized as the photoanode for water oxidation in a tandem photoelectrochemical
device.18
A number of groups have employed combinatorial techniques to rapidly screen
combinations of mixed-metal or doped metal oxides.16,19,20,21 One recent study in
particular indicated that manipulation of the Ti or Sn concentration in α-Fe2O3 is critical
to obtaining optimum photocurrent densities, with 4 at.% (M/(M + Fe) = 0.04) giving the
best water oxidation performance in both cases.16 This previous work employed a drop
casting method to produce photocatalyst “spots”, which are not necessarily uniform and
do not possess an optimized morphology for the photoelectrochemical oxidation of water.
In the present work, reactive ballistic deposition (RBD) is employed along with glancing
angle deposition (GLAD) as a film preparation technique since the co-deposition of metal
sources in a desired ratio would allow for the preparation of uniform, well controlled,
nanostructured thin films having the desired composition. RBD refers to the ballistic
physical vapor deposition (PVD) of a material along with the simultaneous reaction of
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this material with a non-directional ambient gas,22,23 and GLAD refers to the ballistic
deposition of a material at glancing or oblique angles of incidence (70° or
greater).24,25,26,27,28 The latter technique can be used to prepare nanocolumnar thin films
by taking advantage of the self-shadowing growth mechanism arising from the
preferential deposition of material on surfaces having direct line-of-sight to the
deposition source. At extremely glancing angles, random islands of atoms formed during
the initial stages of deposition intercept the majority of the incoming atomic flux,
shadowing the regions behind them that no longer have line-of-sight to the source. As
deposition continues these islands evolve into nanocolumnar structures and can be quite
porous having extremely high specific surface areas approaching 800 – 1000
m2/g.22,29,30,31 GLAD has previously been used to deposit films of TiO2,32,33,34 ZnO,35 and
WO336 for solar energy conversion applications. Recently we demonstrated the
preparation and optimization of nanostructured, undoped α-Fe2O3 thin films using RBD
technique, and the photo-conversion efficiencies of these films compare well with those
produced by other methods.37 For this reason along with the inherent compositional
flexibility allowed by co-evaporation we thought it promising to utilize RBD to produce
films of α-Fe2O3 doped with promising secondary components such as Ti or Sn and
investigate their performance for photoelectrochemical water oxidation.
EXPERIMENTAL SECTION
Film Preparation
Films were deposited onto fluorine-doped tin oxide (FTO) coated glass substrates
(Pilkington, TEC15) held at room temperature by evaporating Fe metal along with the
desired metal dopant in a background of O2 under high vacuum conditions (~10 -6 torr).
The base pressure of the film deposition chamber is approximately 1 x 10 -8 torr, which
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was increased to approximately 1 x 10 -6 torr by leaking in O2 (99.99%, Matheson) using a
leak valve.

Iron and Ti were evaporated from rods (Alfa) having a minimum purity of

99.9% using one home-built and one commercial (Tectra) electron-beam evaporator. Tin
was evaporated using tin shot (99.999%, Alfa) heated in a Ta crucible that was mounted
in a home-built electron-beam evaporator. Deposition rates were measured prior to
depositing the films using a quartz crystal microbalance (QCM, Inficon), which was
mounted on a linear translator such that the QCM could be positioned directly where the
substrate would be during deposition. The substrate holder could be rotated, allowing for
utilization of the entire possible range of deposition angles (0º to 90º), and the source to
substrate distance was approximately 17 cm for all evaporators.
deposition scheme is shown in figure 3.1.

A diagram of the

After deposition the samples were annealed

in air at 550ºC for 2 hr in a box furnace (Neytech). The temperature was brought from
room temperature to the desired annealing temperature at a rate of 10 ºC/min, and the
samples were allowed to cool naturally after the desired hold time was reached.
Film Characterization
Scanning electron microscopy (SEM) was performed on a LEO 1530 SEM using
a 10 kV focus voltage and on a Hitachi S-5500 Scanning Transmission Electron
Microscope (STEM) using a 30 kV focus voltage. The Hitachi S-5500 was also used to
perform energy dispersive X-ray spectroscopy (EDS) for elemental analysis. Porosity (P)
was calculated using the following equation:
=

× 100% (1)

Here Dp is the thickness of the porous film and Dd is the thickness of a dense film
consisting of the same amount of deposited material. Standard X-ray diffraction (XRD)
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and grazing incidence X-ray diffraction (GIXRD) experiments utilized a Bruker D8
diffractometer.

UV-vis transmission spectra were taken with a Cary 5000

spectrophotometer using a blank substrate as a baseline standard. Optical penetration
depths (α-1) were calculated using the Beer-Lambert law:

=−

(2)

Here α is the absorption coefficient, D is the thickness of the film, and T is the measured
transmittance. Therefore, α-1 is the distance over which photons of the wavelength of
interest are attenuated to an intensity equal to their original intensity multiplied by 1/e
(0.368). X-ray photoelectron spectroscopy (XPS) was performed using a Kratos AXIS
X-ray photoelectron spectrometer. A Veeco surface profiler was used to measure the
thickness of dense films and quantify sputtering rates for XPS depth profiles.

Figure 3.1. Diagram of the inside of the deposition chamber indicating the orientation of
the evaporators and substrate holder.
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Electrochemical Testing
The electrochemical and photoelectrochemical properties of each sample were
tested using a 3-electrode electrochemical cell with a Ag/AgCl reference electrode and Pt
wire counter electrode. The working electrode (the photoanode consisting of the α-Fe2O3
film) with illuminated area 0.21 cm2 was immersed in 1M KOH and illuminated using a
100 W xenon lamp (Newport) through a UV/IR filter (Schott, KG3). A monochromator
(Newport) was also employed to study spectral response and was used in conjunction
with a power meter and photodiode (Newport) to calculate the IPCE, given by:

=

×

× 100%

×

(3)

Here jph is the steady state photocurrent density, λ is the wavelength of the incident light,
and I is the light power intensity at the film surface. A potentiostat (CH Instruments -–
CHI832) was operated by a desktop computer to perform electrochemical measurements.
Electrochemical impedance spectroscopy (EIS) was performed using a CHI 660
electrochemical workstation. Plots of inverse square capacitance (C-2) versus potential
(E) can be used to determine the flat-band potential (Efb) and donor density (Nd) of n-type
semiconductor films using the Mott-Schottky equation:

=

×( −

−

)

(4)

Here e is the elementary charge, ε is the dielectric constant of the electrode material, εo is
the permittivity of vacuum, and C is the capacitance of the electrode. The x-intercept of a
linear fit to a plot of C-2 versus E reveals the flat-band potential while the slope of this fit
can be used to calculate Nd.
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RESULTS AND DISCUSSION
Preliminary Characterization
XRD profiles for 0% and 4% Ti doped films roughly 360 nm thick are shown in
figure 3.2a. Only a slight increase in the relative peak intensities of the hematite (PDF#
97-002-4004) (110) and (113) planes could be observed in the doped film.

An

enhancement in the (110) orientation of the film could provide for improved electron
transport vertically through the film due to the higher conductivity normal to this plane
relative to others in hematite, although this may be a minor effect.9,11 UV-vis spectra for
180 nm thick films deposited at 75° with 0 and 4% Ti are shown in figure 3.2b. Both
spectra show features typical of α-Fe2O3 films with an absorption onset of about 575 nm
(2.2 eV), shoulder at 540 nm (2.3 eV), and peak at 430 nm (2.9 eV), which are due to the
well-known indirect Fe3+ 3d - 3d and direct O2- 2p - Fe3+ 3d transitions.38 No obvious
changes in the optical absorption of α-Fe2O3 caused by Ti incorporation could be
observed at these concentrations. Different background O2 pressures were also employed
during the deposition of Ti-doped films at 75° to see if any differences in film
crystallography arose. The ratio of O2 to Fe atomic flux was varied between 0:1 and
20:1, and all samples were subjected to the standard 2 hr, 550°C heat treatment in air.
The GIXRD results for these samples showed no evidence for other iron oxide phases
besides hematite, and there was little to no discernible trend in the preferred orientation
of the films with all showing (104) as the dominant diffraction peak (see Appendix B,
Figure B.1).
Electron Microscopy
To study the effect of morphology on the performance of Ti-doped α-Fe2O3 films,
various deposition angles ranging from 0° to 80° were used employing a Fe:Ti deposition
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ratio of 24:1 (4% Ti) as determined by QCM calibration before each growth. This
composition was selected based on the previously mentioned combinatorial screening
results.16 Two to three films were deposited at each angle.

All film thicknesses were

maintained at about 180 nm, and the porosity of the films could thus be determined by
calculating the total number of iron and titanium atoms deposited using the QCM
calibration and comparing this to the number of metal atoms required to deposit a dense
film at normal incidence of the same thickness (see equation 1). The porosities of the
films deposited at 55°, 70°, 75°, and 80° are estimated (employing equation 1) to be
approximately 12%, 35%, 47%, and 60%, respectively, after annealing to 550°C. These
values roughly agree with expected trends in porosity evolution in films prepared by
GLAD as calculated from geometric considerations.39

Figure 3.2. Left: XRD profiles for films deposited at 75° incidence having thicknesses
of approximately 360 nm and annealed to 550°C for two hr both with and
without 4% Ti incorporation. Expected peak locations for hematite (PDF
#97-002-4004) are indicated by stars. Right: UV-vis absorbance spectra for
films deposited at 75° incidence, also with and without 4% Ti incorporation.
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Figure 3.3. Left: SEM images of 4% Ti-doped films approximately 180 nm thick and
deposited at various angles. Right: HRSEM images of sections of 4% Tidoped films deposited at 75° incidence.
SEM images of representative samples are shown in figure 3.3. The appearances
of the doped films are quite similar to those of undoped α-Fe2O3 deposited at the same
angles, indicating that this level of Ti incorporation had little to no effect on their
morphology.37 High-resolution SEM images of sections of a 360 nm film deposited at
75° incidence and scraped off onto a lacey carbon grid are shown in figure 3.3 in order to
provide a clearer view of the film morphology. The individual hematite crystal grains are
clearly visible at this level of resolution. The effect of the high annealing temperatures
on nanoscale morphology is somewhat noticeable when the SEM image of a Ti-doped
film deposited at 75° and annealed at 400°C (the lowest temperature at which these αFe2O3 films could be crystallized) is compared to one annealed at 550°C (see Appendix
B, Figure B.2). This reduction of nanoscale features and corresponding loss of surface
area theoretically decrease photoconversion efficiency, but the poorer performance of
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films annealed to temperatures less than 550°C indicates that superior crystallinity and/or
a reduced number of surface defects overcome this drawback at higher temperatures.

Figure 3.4. Left: Photocurrent at 1.4 V vs. RHE for 4% Ti-doped films deposited at
various angles. Right: Photocurrent at 1.4 V vs. RHE for different doping
levels of Ti or Sn.
Water Oxidation Performance
The water oxidation performance in 1M KOH for films deposited at various
angles from 0° to 80° and annealed to 550°C is shown in figure 3.4. Films deposited at
75° incidence showing significantly higher photocurrents at 0.4 V vs. Ag/AgCl (1.4 V vs.
RHE) than those deposited at other angles. These films show over 50% greater white
light photocurrent than films deposited at 0° incidence (585 vs. 375 µA/cm2). At this
potential the band-bending within the film should be quite strong, allowing the bulk
solid-state processes within the film to dominate the photocurrent response, rather than
charge transfer limitations at the surface.38 The strong photocurrent response of Ti-doped
films deposited at very glancing angles (75° and 80°) is quite different from what was
observed for undoped α-Fe2O3 films, which only performed well when deposited at
angles ≤ 70°.37 This may be a result of the suppression of recombination at the surface,
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which is a greater problem at more glancing angles, possibly due to a larger number of
surface defects as discussed in more detail below.
Typically, the photocurrent enhancement by the substitution of Ti4+ for Fe3+ is
thought to arise from the improvement of electron transport in bulk α-Fe2O3,9 which is
carried out by a polaron hopping mechanism in which electrons hop from Fe2+ to Fe3+
sites via thermal activation rather than by free conduction, hence the poor measurable
electron mobility reported in the literature.38

It has been observed that the charge

compensation of incorporated Ti4+ (or M4+ in general) via the reduction of additional Fe3+
species to Fe2+ increases the n-type conductivity of α-Fe2O3 single crystals and films.38
Another effect of increasing the donor density by Ti4+ incorporation is a reduction of the
depletion layer width, which should increase the strength of the electric field within the
semiconductor near the film-electrolyte interface and improve the separation of
photogenerated charge carriers in this region. The passivation of recombination at grain
boundaries has also been suggested as a possible reason for the improved photoconversion efficiency of Ti or Si-doped α-Fe2O3 films.11
Films of 4% Ti-doped Fe2O3 that were deposited at 75° with a thickness of 360
nm showed almost identical performance to the 180 nm films, whereas films of undoped
α-Fe2O3 produced by RBD showed diminishing activity as their thickness was increased
beyond 180 nm.37 This reveals that vertical electron transport through the film is
improved by Ti-doping. Cesar, et al. showed that Si-doped α-Fe2O3 electrodes produced
by CVD did not suffer from a decreased in photocurrent for films as thick as 700 nm,
which was also quite different from the behavior of their undoped α-Fe2O3 films.40 The
addition of a +4 dopant in these cases appears to improve electron transport from the top
of the film to the conductive substrate.
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In order to test another +4 dopant, Sn was evaporated along with Fe using a Sn:Fe
ratio of 1:24 (4% Sn-doping). The incorporation of Sn4+ was confirmed by XPS (see
Appendix B, Figure B.3).

These films were deposited at 75° incidence and had

thicknesses of ~ 180 nm. There was a clear increase in the performance of the Sn-doped
films relative to undoped films prepared using the same conditions, although they still fell
short of the Ti-doped films. Films with even higher Sn concentrations (up to 12%) were
prepared, but 4 – 8% appeared to be the optimum range for both Sn and Ti (Figure 3.4).
The differences in performance between the Ti and Sn-doped electrodes might be
related to the size of the dopant ion. A recent study on Al3+ doped Fe2O3 used density
functional theory (DFT) calculations to show that a contraction of the hematite lattice
volume could enhance its polaronic conductivity to some extent by improving the rate of
carrier hopping between cations.15 However, in that behavior was only explicitly
predicted for iso-valent doping in α-Fe2O3 (substituting a foreign +3 species for Fe3+).
The ionic radii of Ti4+ and Sn4+ are 61 and 69 pm, respectively (Fe3+ is 65 pm). It may be
reasonable to expect that as long as the hematite crystal structure is maintained,
substituting a smaller +4 species such as Ti4+ for Fe3+ could induce similar changes in
unit cell volume, enhancing polaronic conductivity and, assuming conduction remains
dominated by polarons, the photocurrent. Conversely, substituting the larger Sn4+ ion for
Fe3+

would

not

have this

benefit,

which

lessens

photoelectrochemical performance compared to Ti-doping.

its positive

impact

on

Berry, et al. found that

doping α-Fe2O3 with Sn or Ti did in fact alter the unit cell volume in the manner expected
(slight increase for Sn and slight decrease for Ti) when 10% of the dopant was
incorporated via the hydrothermal method.41 In the present work XRD measurements of
12% Ti films seem to reveal a slight contraction of the (110) d-spacing relative to 12% Sn
films as indicated by a slight increase in the 2θ value for the (110) diffraction peak (see
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Appendix B, Figure B.4). However, these films showed somewhat worse performance
than those doped with only 4% Ti or Sn, and the much more prominent (104) peak of
12% Ti doped α-Fe2O3 films may indicate that superior overall crystallinity is the more
critical factor.

Interestingly, the best performing α-Fe2O3 films to date are doped with

Si4+,9 which has an ionic radius of only 40 nm - far smaller than any transition metal +4
species, indicating that the size of the dopant atom may indeed have an effect on the
photoelectrochemical performance.

However, another reason for the photocurrent

enhancement by reducing dopant size could be an improved ability to incorporate at
interstitial sites or to diffuse to and passivate grain boundary states.
Chemical Characterization
The incorporation and distribution of Ti atoms was characterized using EDS and
XPS techniques. To perform EDS, a 360 nm thick film deposited at 75° incidence was
scraped off of the FTO substrate and deposited on a TEM grid so that the distribution of
Ti could be observed. EDS line scans indicate that the distribution of Ti is fairly uniform
along the nanocolumnar structures (Figure 3.5) with no obvious signs of segregation.
This is quite different from the behavior observed for dense films, in which Ti was
segregated quite far from the surface during annealing (see Appendix B, Figure B.5).
XPS performed on a film deposited at 75° incidence having 4% Ti and annealed to 550°C
reveals that Ti is in the +4 state as evidenced by the 2p1/2 and 2p3/2 peaks present in the
Ti 2p spectrum at 458.5 and 464 eV, respectively (Figure 3.6). The Fe 2p spectrum, also
shown in figure 3.6, possesses the typical 2p1/2 and 2p3/2 peaks of Fe3+. The calculated
concentration of Ti (on a metals basis) from the XPS spectra of O, Ti, and Fe is 3.5%.
Although some evidence for the reduction of Fe3+ to Fe2+ would be expected from the
substitution of 3.5% Ti4+ for Fe3+, no Fe2+ satellite peaks at 715 or 730 eV could be
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observed. This may be because the overall atomic concentration of Ti is quite low
(1.33%), and only a small amount of the Ti4+ ions are compensated for by the formation
of Fe2+ ions. On the other hand, any Fe2+ species present may simply not remain in this
state at the surface due to the oxidizing annealing conditions employed here.

Figure 3.5. Vertical EDS line scan of a section of 4% Ti-doped film deposited at 75°
incidence.
A number of groups have investigated the doping of Ti into α-Fe2O3 from both
theoretical and experimental perspectives to attempt to explain how Ti is incorporated
and how this incorporation affects the electronic structure of the parent hematite material.
The hematite lattice consists of a hexagonally close-packed array of O2- ions with Fe3+
ions occupying 2/3 of the associated octahedral sites, and in general Ti4+ (or other
cationic dopant) ions may substitute for Fe3+ ions at these octahedral sites and/or occupy
interstitial octahedral sites. Authors have suggested that the most energetically favorable
process is one in which groups of three Ti4+ ions are incorporated as “defect clusters” at
both substitutional and interstitial octahedral sites with the removal of four Fe3+ ions as
the charge compensating mechanism.42 Others have calculated that in the substitutional
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case the extra electron from Ti4+ is likely to be localized on an adjacent Fe3+ species,
reducing it to Fe2+ and giving the typically observed increase in n-type conductivity upon
M4+ substitution.43 The former observation is based on a relatively large dopant
concentration (M/(M+Fe) = 0.2) whereas the latter considers M/(M+Fe) = 0.04, which
could account for the difference in their conclusions. In the present work no reduction to
Fe2+ is observed using XPS, but this could be due to differences at the surface and may
not be indicative of the bulk state of Fe.

Figure 3.6. XPS spectra of a 4% Ti-doped film deposited at 75° incidence. Left: Fe 2p
region. Right: Ti 2p region.
Mott-Schottky Analysis
Electrochemical impedance spectroscopy (EIS) was employed to study the
electronic properties of both Ti-doped and undoped films deposited at 75° incidence. The
films were analyzed in the dark at pH 13.5. In order to minimize the effect of exposing
bare FTO to the electrolyte a thin (~ 6 nm) dense layer of iron oxide was deposited on the
substrate at normal incidence before depositing the nanocolumnar films. Representative
Mott-Schottky plots for films containing 0% and 4% Ti are shown in figure 3.7. A minor
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dependence on AC frequency was observed, and the plots displayed in figure 3.7 were
recorded at 1000 Hz. Films both with and without Ti showed super linear behavior
similar to what was observed for Si-doped α-Fe2O3 films by others, which was attributed
to a decrease in the active surface area of nanostructured films as a function of
potential.40 The theory is that as nano-scale features on the surface become fully depleted
they no longer contribute to the effective capacitive surface area, resulting in a changing
capacitance with potential. The slope in the quasi-linear regions of the Mott-Schottky
plots near E fb (between -0.4 and -0.55 V vs. Ag/AgCl) where the depletion layer remains
very thin and results in a nearer approximation to a flat-plate electrode was used to
calculate donor densities of 2.0 x 1019 and 1.2 x 1020 cm-3 for the undoped and 4% Tidoped films, respectively. The value calculated for the undoped film deposited at 75°
incidence is much higher than that calculated in a previous work for a film deposited at
normal incidence (1 x 1017 cm-3).37 Clearly the nanostructured morphology affects the
calculated donor density.

The apparent donor density of the Ti-doped film is

approximately 9 x 1019 cm-3 greater than that of the undoped film, and if an Fe3+ density
of 4 x 1022 cm-3 is assumed for hematite this represents a donor incorporation of only
0.23% - much lower than the bulk incorporation level of Ti measured by XPS and EDS.
This could mean that only a small fraction of Ti4+ incorporation results in the reduction of
Fe3+ to Fe2+ and that the rest is compensated via the defect clusters involving Fe3+
vacancies suggested by Berry, et al..42 Flat-band potentials (Efb) of -0.61 V vs. Ag/AgCl
(0.41 V vs. RHE) and -0.62 vs. Ag/AgCl (0.38 V vs. RHE) were calculated for the
undoped and 4% Ti-doped electrodes, respectively, showing that the Efb was not
significantly affected by Ti incorporation.
The increased donor density as a result of Ti-doping decreases the space-charge
layer thickness and consequently strengthens the electric field near the film-electrolyte
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interface for a given applied potential, which should lead to more effective separation and
transport of electrons and holes at this interface and may be significant reason for the
improvement in photocurrent response. However, doping with Sn4+ increased the donor
density by a similar amount yet did not improve the photocurrent response to the same
degree, meaning other characteristics of Ti cause it to be a superior dopant in RBD grown
α-Fe2O3 films.

Figure 3.7. Mott-Schottky plots in 1M KOH for films deposited at 75° incidence on top
of a dense blocking layer deposited at 0° incidence.
Deposition Angle Effects
Several different photoelectrochemical tests were performed to elucidate the
effects of deposition angle on the photocurrent response of the 4% Ti-doped α-Fe2O3
electrodes. Light chopping experiments were performed between 0.6 and 1.6 V vs. RHE
to study transient photocurrent response. For all films the ratio of transient to steadystate photocurrent decreased with increasing applied potential, which is a welldocumented behavior on semiconductor electrodes and on α-Fe2O3 in particular.38 The
generally accepted theory is that when a photoanode is illuminated there is an initial
buildup of intermediate oxidation products on the electrode surface, and as their
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concentration increases during this initial period they begin to scavenge photoelectrons
generated and/or trapped at the surface resulting in a cathodic current that decreases the
observed anodic current until a steady-state balance is achieved.38 Once illumination is
halted this cathodic current persists until the intermediates are exhausted, resulting in
cathodic current spikes when the light is blocked. The extent of these recombination
events is probably related to the number of electron trap sites on the electrode surface
since electrons located in these traps are unable to migrate away from the surface under
mildly depleting conditions (at lower applied potentials) and are left to react with a
surface electron scavenger.44

Under high band-banding conditions more of these

electrons are able to escape these surface states via the stronger electric field and thus
avoid being scavenged. The ratio of transient to steady-state photocurrent at a given
potential, then, may reveal whether the surface trapping of electrons and subsequent back
reaction are significant limiting factors for the water oxidation performance of a given
film.

Figure 3.8. Left: Chopped light experiments using full spectrum illumination for 4% Tidoped films deposited at 0° and 80° incidence. Right: Ratio of visible-light
to UV-light contributions to the photocurrent at 1.4 V vs. RHE as a function
of the calculated porosity of 4% Ti-doped films deposited at angles ranging
from 0° to 80°.
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In this work a positive trend in the transient to steady-state photocurrent ratio was
observed as deposition angle was increased, indicating that films deposited at more
glancing angles possess a greater number of surface defects and traps, thus limiting the
steady-state photocurrent, most notably at lower potentials. As an example, j-E curves
under chopped illumination for films deposited at 0° and 80° incidence are shown in
figure 3.8. However, although surface recombination appears to be a more significant
problem in the films deposited at glancing angles, their morphologies appear to facilitate
better bulk charge separation and transport as evidenced by the higher transient
photocurrents (that is, before back reaction becomes a significant problem).
Interestingly, films deposited at 75° but without Ti incorporation exhibit very large
transient to steady state photocurrent ratios even compared to the Ti-doped films
deposited at 80°, which may indicate that the stronger band-bending near the surface of
the film as a result of doping drives electrons away from surface traps more readily, and
they are less likely to react with surface species. Alternatively this could be a surface
state passivation effect. This was also observed for Sn-doped films.
Another trend that was observed as deposition angle increased was in the relative
contribution of visible and UV photons to the front-side photocurrent. Due to its indirect
band gap an α-Fe2O3 film does not absorb visible photons (λ > 420 nm) with a high
probability resulting in significantly longer α -1 as the wavelength of incident photons is
increased. For example, the α-1 of a 470 nm photon is twice that of a 370 nm photon in αFe2O3 (50 vs. 25 nm), as measured for a dense film. A highly porous or nanocolumnar
film allows more of these more deeply penetrating visible photons to be absorbed
relatively close the electrolyte interface since this interface permeates through much of
the film, decreasing the required transport distance of the resulting photoholes and
reducing their probability of recombining with electrons in the bulk. The ratio of visible
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to UV photocurrent was observed to increase with increasing deposition angle. In fact,
when plotted against the estimated porosity of the films it shows an almost linear
dependence over this range of porosities (Figure 3.8). This seems to indicate that the
nanostructuring brought about by utilizing more glancing angles improves the relative
conversion of photons absorbed more deeply within the film, which helps to increase the
visible-light conversion efficiency of Ti-doped α-Fe2O3.

Figure 3.9. IPCE performance at 1.4 V vs. RHE for films deposited at 75° incidence with
either 4% Ti or 4% Sn. Right. Photoelectrochemical j-E curves comparing
the performance of an optimized 4% Ti doped film (75° incidence, 550°C
anneal) to an optimized undoped film (55° incidence, 450°C anneal) at
lower applied potentials under full spectrum illumination.
Photoconversion Efficiency
IPCE tests were performed in 1M KOH to evaluate the spectral response for water
oxidation between 340 and 600 nm of the Ti-doped and Sn-doped α-Fe2O3 deposited at
75° (Figure 3.9). Using a potential of 1.4 V vs. RHE the Ti-doped film reached IPCE
values of 31% and 17% at 360 and 420 nm.

Unfortunately these values dropped

significantly at longer wavelengths (i.e. < 4% at 500 nm), indicating that the conversion
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of photons in the green to yellow region of the visible spectrum is still quite poor. The
Sn-doped film reached IPCE values of 21% and 11% at the same wavelengths. When the
IPCE values are integrated over the AM1.5 solar spectrum45 they result in solar
photocurrents of 0.94 and 0.63 mA/cm2, respectively, which, although superior to
previously reported films of Ti-doped α-Fe2O3 (0.57 mA/cm2),11 still fall well short of Sidoped photoanodes showing greater than 2.0 mA/cm2.40 Both films performed much
better than the best undoped films studied in our previous work on α-Fe2O3 prepared by
RBD, which reached only 16% at 350 nm using a slightly more positive applied potential
of 1.5 V vs. RHE.37 Since in a realistic photoelectrochemical system lower applied
potentials would be employed, it is important to note that this improvement in
performance due to doping is not solely evident at very positive potentials (> 1.23 V vs
RHE). In fact, optimized Ti-doped films outperform optimized undoped films over the
entire range of potentials tested by a factor of two or more (Figure 3.9).
CONCLUSIONS
Reactive ballistic deposition (RBD) was employed along with glancing angle
deposition (GLAD) to deposit nanostructured films of M-doped α-Fe2O3 by evaporating
Fe and Ti or Sn simultaneously in vacuum by e-beam bombardment. Titanium doping
resulted in a higher photocurrent when each were incorporated at a level of
approximately 4 at.%.

Incorporating M4+ into α-Fe2O3 appears to improve charge

transport while decreasing recombination both in the bulk and on the surface of the film.
The effects of doping with Ti were investigated further while manipulating the
morphology and porosity of the films by varying the deposition angle. A clear effect of
the deposition angle on the photocurrent at 1.4 V vs. RHE could be observed with a
deposition angle of 75° giving the highest value under Xe lamp illumination.
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Additionally, porous films deposited at glancing angles showed a greater contribution of
visible light (λ > 420 nm) photons to the photocurrent. IPCE results for the optimized
films show good conversion of UV photons at 1.4 V vs. RHE, with quantum yields
exceeding 30% at 360 nm, but the visible light conversion efficiency, although somewhat
improved by nanostructuring, remains poor, limiting the films’ AM1.5 photocurrent
significantly.
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Chapter 4: Electrochemical Synthesis and Characterization of pCuBi2O4 Thin Film Photocathodes
INTRODUCTION
An effective PEC H2 generation scheme via water splitting requires efficient,
stable and relatively abundant photoelectrode materials. The lack of a material capable of
simultaneously evolving H2 and O2 from water with high solar conversion efficiencies
(10% or more)1 has motivated researchers to pursue tandem-cell devices utilizing two
separate solar light absorbing materials as photocathode and photoanode.2,3,4 Such
approaches have demonstrated commercially viable solar-to-hydrogen (STH) efficiencies
greater than 10%, if not long-term stability.3 These types of devices require proper
matching of the photocurrents (limited by the solar absorption of the material and its
quantum yield) and also the photovoltages of the two photoelectrodes for proton
reduction and water oxidation.5 Although high photocurrents have been attained with
some photocathode materials, their low photovoltages make effective pairing with a
photoanode material difficult. For example, stable photocurrents from H2 evolution of at
least 8 mA/cm2 were achieved using photocathodes consisting of p-Si,6 p-CuGaSe2,7 or pCuInGaSe2.8 However, the maximum cathodic photocurrent onset potentials relative to
the reversible hydrogen electrode (RHE) demonstrated for these materials were
approximately 0.5, 0.14, and 0.4 V, respectively.6-8 In a tandem-cell such materials place
an excessively large demand on the photoanode, which must provide similar
photocurrents while simultaneously making up the rest of the 1.23 V (plus overpotential)
required for unbiased water splitting. This is especially difficult to achieve since stable
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photoanode materials, such as α-Fe2O3, typically exhibit poorer electronic properties than
photocathode materials, and must also drive the more kinetically challenging water
oxidation reaction.
One recently discovered photocathode material of promise is the spinel-type
CuBi2O4.9 This material is claimed to possess a band gap of 1.5 eV and a cathodic
photocurrent onset of 1.0 V vs. RHE.10 However, photo-induced H2 generation has not
been reported and limited PEC characterization has been performed. If high, stable
photo-conversion efficiency could be demonstrated, the favorable band edge positions of
p-CuBi2O4 would make it an effective photocathode in a tandem PEC device for water
splitting.

We report the synthesis of p-CuBi2 O4 thin films by electrodepositing a

bimetallic film of Cu and Bi followed by oxidation in air at elevated temperatures.

A

number of materials for solar energy utilization have been deposited by electrodeposition
including CuInGaSe2,11 α-Fe2O3,12 and Cu2O,13 and many other groups have
demonstrated a high degree of manipulation of thin film properties using this technique.
This method was selected for the formation of CuBi2O4 films due to the proximity of the
Cu and Bi deposition potentials, which allows for co-deposition from a single bath
containing both Cu2+ and Bi3+ ions.

EXPERIMENTAL METHODS
Film Preparation
Bath solutions

for Cu-Bi co-deposition were prepared by dissolving

Bi(NO3)3∙5(H2O) and Cu(NO3)2∙3(H2O) in 10% nitric acid. Nitric acid was required to
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dissolve the bismuth nitrate precursor. Deposition was carried out in a three-electrode
cell using a Pt wire counter electrode and Ag/AgCl reference electrode. Substrates used
for deposition were ultrasonically cleaned and rinsed FTO-coated glass (Hartford Glass)
with a typical total deposition area of 1.5 to 2 cm2.

A CH Instruments CHI832

potentiostat was operated in potentiostatic mode to accomplish the cathodic codeposition.

Pulsed cathodic electrodeposition was accomplished using a CHI660

potentiostat. Following deposition the samples were rinsed with de-mineralized water
and dried in an air stream. Annealing was performed in air at various temperatures to
oxidize and crystallize the films using the desired temperature and duration in a muffle
furnace (Ney). A heating rate of 10°C/min was employed, and the samples were allowed
to cool naturally.

Film Characterization
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDS) were performed using a Quanta FEG 650 electron microscope (FEI). X-ray
diffraction (XRD) experiments utilized a Bruker D8 diffractometer. Mean grain size was
calculated using the Scherrer equation:
=

.

(1)

Here D is the mean crystallite size, λ is the X-ray wavelength employed (0.154 nm), β is
the full-width at half-max of the diffraction peak of interest at scattering angle θ. X-ray
photoelectron spectroscopy (XPS) was performed using a Kratos AXIS X-ray
photoelectron spectrometer. UV-vis-NIR direct transmittance measurements were made
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with a Cary 5000 UV-vis-NIR spectrophotometer, using a bare substrate as a baseline and
measuring the directly transmitted beam. Total transmittance and diffuse reflectance
spectra were measured with a Cary 500 UV-vis-NIR spectrophotometer attached to a
Labsphere DRA-CA-5500 integrating sphere.

For total transmittance experiments

samples were mounted on the entrance port of the integrating sphere, and the total
transmitted light (direct + diffuse) was measured.

For transmittance + reflectance

(transflectance) experiments samples were suspended in the center of the integrating
sphere using a clip-style center mount, and both the transmitted and reflected light were
collected simultaneously. In the latter case, the absorptance (A) is given by:
A = 100% – (T + R)

(2)

Here, A is the percentage of incident light absorbed by the sample and the quantity (T +
R) is the measured transflectance of the sample suspended in the integrating sphere.

Electrochemical Testing
The electrochemical and PEC properties of each sample were tested using a 3electrode electrochemical cell with a Ag/AgCl reference electrode and Pt wire counter
electrode. All potentials are given relative to Ag/AgCl unless otherwise stated. The
working electrode (the photocathode consisting of the CuBi2O4 film) with illuminated
area 0.21 cm2 was immersed in 0.1M Na2SO4 (the pH of which was adjusted by adding
either KOH or H2SO4) or in a phosphate buffer solution (pH 6.7) and illuminated by a
100 W xenon lamp (Newport) through a UV/IR filter (Schott, KG3) with a measured
overall power density at the sample surface of 73 mW/cm2 as measured by a thermopile
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(Newport). A 420 nm cut-on filter was employed at times to remove any remaining UV
photons. During linear sweep voltammograms (LSV’s) a scan rate of 25 mV/s was used.
A monochromator (Newport) was employed to study spectral response and was used in
conjunction with a monochromatic power meter and photodiode (Newport) to calculate
the IPCE, given by:
=

× 100% (3)

Here jph is the steady state photocurrent density and I is the photon flux at the film surface
for the wavelength of interest. Absorbed photon-to-current efficiencies (APCE) were
calculated by dividing the IPCE by the absorptance of the film from eq. 2 at each
wavelength of interest. A potentiostat (CH Instruments – CHI660) was operated by a
desktop computer to perform electrochemical measurements.

RESULTS AND DISCUSSION

Deposition potential effects
Films of Cu and Bi were deposited from nitric acid baths containing 4 mM
Cu(NO3)2 and 8 mM Bi(NO3)3 at potentials ranging from -0.3 V to -0.8 V vs Ag/AgCl.
Most films appeared dark-grey to black, depending on thickness, although films
deposited at more negative potentials showed a copper-like color. The deposition time
was decreased when more negative potentials were employed in order to deposit similar
amounts of metal in each case.

SEM and EDS were used to investigate how the

deposition potential affected the morphology and composition of the films. SEM images
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revealed that the films consist of clusters of particles that are about 100 nm in diameter.
Variations in film morphology were observed as the deposition potential was changed,
with a general trend toward smaller particles and higher nucleation density at the more
negative potentials (Figure 4.1). EDS analyses indicated that the Cu content of the films
increases as deposition potential becomes more negative (Figure 4.2). The general trend
in composition appears to indicate that films near the desired Bi:Cu ratio of 2:1 are
deposited at potentials between -0.4 and -0.6 V vs Ag/AgCl so a potential of -0.5 V was
selected to deposit subsequent films.

Figure 4.1. Electrodeposited films of Cu-Bi deposited at a) -0.3 V, b) -0.5 V, or c) -0.7 V
vs Ag/AgCl from a nitric acid bath. The scale bar applies to all images.
Bi and Cu electrodeposition onto conductive oxide substrates such as FTO
typically proceeds via instantaneous nucleation and three-dimensional growth, yielding
films with poor surface coverage.14,15 The sequence of Bi deposition onto FTO films has
been described as: cluster formation after double-layer discharge, critical nuclei
formation, coalescence of nuclei, and diffusion controlled growth.16 Deposition from Birich baths led to films with more particle clustering and lower nucleation density at the
same deposition potentials. Bi appears to be the main contributor to the poor surface
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coverage of mixed metal particle clusters.

Deposition from a bath containing only

Bi(NO3)3 resulted in branched Bi nanowires across the substrate, as has been reported by
others.14

Figure 4.2. EDS analysis results for the ratio of Bi to Cu in the Cu-Bi films deposited at
various potentials vs Ag/AgCl. The desired Bi:Cu ratio is indicated by the
horizontal dashed line. The error bars represent the standard deviation of
the five EDS spot analyses taken on each film.
Annealing temperature effects
In order to form the desired CuBi2O4 phase, films deposited at -0.5 V were
annealed in air at temperatures ranging from 350 to 600°C. XRD was used to investigate
the dependence of crystal structure on annealing temperature (Figure 4.3).

Prior to

annealing only crystalline Bi (PDF# 01-071-4642) and SnO2 (PDF# 01-070-6153) are
observed. When a bath containing only Cu was employed a faint peak suggestive of
crystalline Cu was observed in the XRD pattern of the deposited film, but films deposited
from a mixed bath did not show this feature, and the Bi peak positions were not shifted
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from their expected values, presumably indicating that the Cu in these films remains
amorphous rather than crystallizing to any great extent or forming a solid solution with
Bi. Annealing the bimetallic films at 350°C for 2 h resulted in crystallization, and a
number of bismuth oxide phases appeared. At 450°C, peaks belonging to the kusachiite
CuBi2O4 phase (PDF # 00-042-0334) developed and by 600°C only kusachiite and SnO2
peaks from the FTO substrate remained.

All CuBi2O4 films show preferred (211)

orientation, as observed for CuBi2O4 materials prepared by other methods.9,17

The

present annealing conditions for the co-deposited Cu-Bi films are much less demanding
than those required for the solid state reaction of CuO and Bi2 O3 (700°C, 24-25 h).10,17 In
addition to becoming more phase pure, the films demonstrate greater crystallinity at
higher temperatures, as indicated by both an increase in CuBi2 O4 peak height relative to
SnO2 and an increase in the average CuBi2O4 (211) grain size, calculated via the Scherrer
equation from 19 nm at 450°C to 21 nm at 550°C and 24 nm at 600°C. Further annealing
the 600°C samples for another 2 hours increased the intensity of all CuBi2 O4 peaks
relative to those of the substrate, but did not appear to increase the (211) grain size.
Increased annealing temperature led to larger, smoother particles that appeared to be
better interconnected (Figure 4.3). Preliminary PEC testing in pH 6 electrolyte (0.1M
Na2SO4) showed higher and more consistent photocurrents at -0.2 V vs Ag/AgCl (the
onset potential of large dark current) for films annealed at 600°C compared to those
annealed at lower temperatures (see Appendix C, Figure C.1). These photocurrents,
below 50 μA/cm2, are quite low for a material capable of absorbing through the entire
visible range, revealing that the photo-conversion efficiency must be very poor for these
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films.

However, they lie in the same range as those observed by others for films

deposited by metal-organic decomposition (MOD), although only currents were reported
rather than current densities.9,10 It is quite possible that p-CuBi2O4 inherently contains a
large number of defect states acting as recombination centers.

Figure 4.3. Left: XRD patterns for films deposited at -0.5 V vs Ag/AgCl and annealed to
various temperatures. A standard kusachiite line pattern (PDF # 00-0420334) is also displayed. Observable SnO2 peak positions are indicated by Δ.
Right: SEM images of CuBi2O4 particulate films deposited at -0.5 V for 2
min with overall cation concentration of 12 mM. These samples were then
annealed to a) 350°C, b) 450°C, c) 550°C or d) 600°C for 2 h in air. The
scale bar applies to all images.
Bath concentration effects
Another possible hindrance to the photo-conversion efficiency of the present films
for water reduction could be their poor coverage of the FTO substrates. Therefore, the
PEC performance may be improved by increasing the nucleation density of Cu-Bi
clusters and improving the contact between the particles and the substrate. Various bath
cation concentrations ranging from 24 mM (8 mM Cu2+, 16 mM Bi3+) down to 1.2 mM
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(0.4 mM Cu2+, 0.8 mM Bi3+) were employed in an effort to study their effects on film
morphology. In each case the deposition potential was maintained at -0.5 V. Due to the
differences in deposition rate among the various bath concentrations, the deposition time
was adjusted in each case to result in a similar amount of deposited material. SEM
images reveal that the nucleation density and surface coverage could be manipulated to a
large extent by altering the bath concentration, with lower concentrations yielding
improved coverage and somewhat smaller particles, even after annealing (Figure 4.4).
However, only a minor influence on PEC performance was observed.

Figure 4.4. SEM images of CuBi2O4 particulate films deposited -0.5 V with varying
overall cation concentrations: a) 24 mM, b) 6 mM, c) 3 mM or d) 1.2 mM.
Approximately the same amount of CuBi2O4 was deposited in each case and
all samples were annealed to 600°C for 2 h in air. The scale bar applies to
all images.
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Film thickness effects
In an attempt to study the effects of deposition time and thus, film thickness, films
were deposited at -0.5 V for times ranging from 2 to 8 min from a bath concentration of 6
mM and annealed at 600°C (Figure 4.5).

At 2 min the films consist of a relatively

uniform layer of particles (1 to 3 particles thick) with a surface coverage of
approximately 50%. At longer times the surface coverage does not increase, but appears
to decrease slightly due to particle coalescence. Apparently, new particles are added on
top of existing ones rather than attaching directly to the substrate. From the various SEM
images, it would appear that for the CuBi2O4 films deposited for longer than 2 min,
relatively few particles are actually in close contact with the FTO substrate.

PEC

performance did not show clear correlation with deposition time over the range
investigated, likely due to the fact that increased light absorption was balanced by
decreased hole collection efficiency. One would expect that holes photo-generated near
the top of a thick film can only reach the substrate by traversing numerous grain and
particle boundaries where recombination is likely. In films deposited for 2 min or less,
this would appear to be less of an issue as most of the particles in these films seem to be
adjacent to or within one or two particle layers of the substrate. However, the physical
interaction of the particles with the substrate may not be particularly strong, as indicated
by the relative ease with which the films can be wiped off by dragging a tissue across the
surface. This poor contact at the film-substrate interface and resulting poor electron
transfer is another likely source of recombination in all films, regardless of thickness.
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Figure 4.5. SEM images of CuBi2O4 films deposited at -0.5 V from a bath cation
concentration of 6 mM for a) 2 min, b) 4 min, and c) 8 min, and annealed at
600°C for 2 h.
Optical properties
Interestingly, all films appeared light brown after annealing unlike CuBi2O4
powder formed in our lab by the solid state reaction of Cu2O and Bi2O3 at 700°C for 24 h,
which was black. However, when placed in front of a white light source so that only
transmitted light was viewed, the films had a dark reddish grey color.

A likely

explanation is that light scattering from the particle clusters plays a significant role in the
optical properties of these films, leading to the lighter color when reflected light is
viewed. The UV-vis-NIR absorptance spectra, taken in transmittance and transflectance
mode, respectively, for films deposited for 5 min from a 6 mM bath and annealed to
600°C are shown in figure 4.6. The films show a noticeable absorption threshold at 680
nm (1.8 eV) and weak, featureless absorption at longer wavelengths. The absorptance of
the FTO substrate appears to contribute to a majority of the observed NIR absorptance of
the film. The light-brown color of the films appears to be due to the reflected light in the
500 to 700 nm range. When only directly transmitted light was measured the absorbance
gradually increased starting from wavelengths longer than 1200 nm, peaked near 600 nm
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and decreased at shorter wavelengths (see Appendix C, Figure C.2). Tauc analyses of
these plots tended to yield estimated direct band gaps of 1.4 - 1.5 eV, which agree with
early reports.9,17 However, it is clear that diffusely reflecting and transmitting light must
be taken into account in order to obtain an accurate view of the light absorbing properties
of films that exhibit significant light scattering. When these are taken into account the
observed band gap appears to be 1.8 eV. Although the estimated band gap is promising,
the overall absorbance in the UV-vis range is somewhat weak, which is due to the
incomplete coverage of the substrate by the CuBi2O4 film and significant reflectance by
the particles in the film.

Figure 4.6. UV-vis-NIR absorptance spectra calculated using a) total transmittance (direct
+ diffuse) of a film on FTO, b) transmittance + reflectance of a film on
FTO, and c) transmittance + reflectance of an FTO substrate only. The
films were deposited at -0.5 V for 5 min from a bath concentration of 6 mM.
A photograph of the film is shown at top-right.
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PEC behavior
The PEC performance of films deposited from a 6 mM bath cation concentration
for 5 min was tested in neutral (phosphate buffer: pH 6.7), acidic (pH 3.5), and basic (pH
10.8) electrolytes. Photocurrents were similar in each electrolyte when the potential
ranges were corrected for a Nernstian shift with pH. However, testing in basic electrolyte
tended to result in slightly more positive photocurrent and dark current onset potentials.
A cathodic photocurrent onset potential between 1.05 and 1.1 V vs RHE was determined
at pH 10.8, which is similar to that observed in a previous study in pH 5.8 electrolyte
(Figure 4.7).10 At pH 10.8 significant dark currents were observed at potentials below 0.6
V vs. RHE and could originate from a number of processes such as reduction of the pCuBi2O4 film or of the exposed FTO substrate or possibly the reduction of cathodically
unstable impurity phases in the film undetected by XRD, such as Cu xO or BixOy. A
previous study on p-CuBi2 O4 that showed similar dark current behavior also
demonstrated a turnover number of over 13 for long-term illumination, indicating
satisfactory PEC stability despite this dark reduction current.9 To assess the PEC stability
of our films over time, constant potential tests were performed at the dark current onset
potential (-0.2 V for pH 10.8 and 0.0 V for pH 3.5) under full-spectrum illumination for
over 1 h (Figure 4.8). The performance in acid and basic electrolyte differed remarkably.
Although both films showed a large initial drop in photocurrent, the photocurrent
stabilized at a steady-state value of 33 µA/cm2 in basic electrolyte. However, in acidic
electrolyte the photocurrent continued to decay throughout the experimental time
window, dropping to 5 µA/cm2 after 1 h. Examination of the films confirmed a slightly
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darkened color for those films tested in both electrolytes over long times, although the
color change was more pronounced for the acidic electrolyte.

Figure 4.7. Photoelectrochemical response under “chopped” Xe-lamp illumination of a
typical film deposited at -0.5 V for 5 min. The inset indicates the switch
from anodic to cathodic photocurrent between 1.05 and 1.1 V vs. RHE. The
electrolyte is N2 degassed aqueous Na2SO4 (adjusted to pH 10.8), and the
scan rate is 25 mV/s.
The photo-cathodic instability of metal oxides such as Cu xO is typically due to the
preferential reduction of metal cations such as Cu2+ or Cu+ to Cu rather than the reduction
of protons to H2.19 If this were the case for CuBi2 O4, one would expect the surface Cu2+
or Bi3+ species of the particles to be reduced after testing. Films subjected to 1.5 h of
steady state photocurrent passage in each electrolyte (pH 3.5 and pH 10.8) were studied
by XPS to elucidate any surface chemical/compositional differences between the films
before and after testing. Prior to testing, the XPS spectra for Cu and Bi showed peaks
indicative of Cu2+ and Bi3+ as expected (see Appendix C, Figure C.3).20,21 Although the
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Bi 4f spectra remained largely unchanged, clear differences between the films could be
discerned in the Cu 2p spectra (Figure 4.8). Both films showed a strong Cu2+ peak at
933.8 eV prior to testing and the addition of a reduced Cu+ (or Cu) peak at 932.4 eV
after. However, for the acid-tested film the Cu2+ peak essentially disappeared after
testing and the Cu 2p peak intensities were diminished overall indicating that the acidic
environment promoted the dissolution of Cu. After prolonged testing the films showed
surface Cu:Bi ratios of 0.16 and 0.43 for acid and base, respectively.

Figure 4.8. Left: One hour photocurrent vs. time plots for CuBi2O4 films held at contant
potentials in pH 10.8 (a) or 3.5 (b) in 0.1M Na2SO4 solutions under full
spectrum Xe-lamp illumination. Right: XPS Cu 2p spectra for CuBi2O4
films after more than one hour of constant photocurrent passage in either pH
10.8 (a) or pH 3.5 (b) aqueous Na2SO4 electrolyte. The Cu 2p3/2 peak
positions for Cu+ and Cu2+ at 932.4 and 933.8 eV are indicated by the
dashed lines.
These results are consistent with the photocurrent vs. time behavior, which
showed a continuous reduction in activity for the acid-tested film but only transient
reduction leading to eventually steady photo-activity for the base-tested film. In base, the
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CuBi2O4 films appear to suffer from photocathodic corrosion for a brief period, but
eventually reach a passivated state after which further photocorrosion either does not
occur or only occurs very slowly. In acid, the films do not appear to reach this passivated
state. In basic electrolyte the fact that this steady-state photocurrent proceeds indefinitely
while the electrolyte is continuously bubbled with N2 indicates that the photo-current is
most likely from the reduction of protons or water to form H2, although at quite low rates.

Photo-conversion efficiency
The IPCE spectra of films deposited at -0.5 V for 5 min from a bath concentration
of 6 mM were recorded in pH 10.8 electrolyte after extensive steady-state photocurrent
passage in order to assess their stable PEC performance as a function of wavelength of
incident light for both front and backside illumination (Figure 4.9). Quantum yields of
only ~1-2% were achieved with UV-irradiation, and these decreased throughout the
visible range, becoming negligible between 660 and 700 nm. This photocurrent onset
wavelength corresponds to a photon energy of about 1.8 eV, in good agreement with the
optical absorption threshold observed when total transmittance and reflectance were
accounted for. This apparent band gap value is somewhat larger than the reported band
gap of 1.4 to 1.5 eV, although as noted previously, only one optical absorption spectrum
has ever been published for CuBi2O4.18 When the IPCE values were integrated over the
standard AM1.5G spectrum,22 whole spectrum photocurrents of 44 and 55 µA/cm2 for
front and backside illumination, respectively, were calculated for these conditions (0.64
V vs RHE).

Visible light (wavelengths of 420 nm and above) contributed 66% and 61%
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of these photocurrent values, respectively, which is very consistent with the change in
photocurrent observed when the Xe lamp was blocked by a 420 nm cut-on filter. These
calculated photocurrents are much lower than what one would expect from a material
with a band gap of 1.8 eV, but are consistent with the fact that the full-spectrum steadystate photocurrents measured for these films at this potential were generally in the 25 to
35 µA/cm2 range when illuminated by a Xe lamp with a light intensity of nearly 0.75
suns. Prior to long-term steady-state photocurrent passage, IPCE’s were nearly three
times higher, resulting in integrated front-side illumination photocurrents of 110 – 120
µA/cm2 (see Appendix C, Figure C.4). This larger initial photocurrent could be due to
the presence of reducible impurities on the surfaces of the films as well as the initial
reduction of the films themselves.

Figure 4.9. Left: IPCE plots for front and backside illumination of a typical CuBi2O4
film held at -0.2 V vs Ag/AgCl in pH 10.8 Na2SO4 after 1 h steady
photocurrent passage. Right: Comparison of IPCE and APCE for a typical
film after 1 h steady photocurrent passage at -0.2 V vs Ag/AgCl in pH 10.8
Na2SO4.
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The reasons for the poor photo-conversion efficiency of these electrodes may be
manifold. To study the effects of poor light absorption in the visible range, absorbed
photon-to-current conversion efficiencies (APCE), also known as internal quantum
yields, were calculated by dividing the IPCE values by the absorptance of the films at the
same wavelengths (Figure 4.9). The absorptance spectrum of the film shown in figure
4.9b was employed as a first order approximation – APCE values will be slightly
underestimated due to absorption by the FTO. Although this spectrum showed a less
dramatic decrease in the visible range than the IPCE spectrum, the internal quantum yield
of the film was still quite low. As discussed earlier the particulate morphology may not
be ideal for high photo-conversion efficiency due to the difficulty of transporting photogenerated holes to the substrate across particle boundaries. For example, when the films
were illuminated from the backside the quantum yields improved by 50% in the UVrange, indicating that holes were more efficiently collected when they were generated in
the underside rather than in the top layer of the particulate film. This illustrates that
majority carrier transport is hindered in these films, as has been observed for other metal
oxide films such as α-Fe2O3 and BiVO4.23,24,25,26 Also, the poor mechanical adhesion of
the films to the substrate indicates that the particles were only weakly attached to the
FTO, which may play a role in hindering hole transfer from the film to the substrate.
The presence of native defects in the CuBi2O4 material on the surface or in the
bulk could greatly increase recombination rates. Previous studies on CuBi2O4 films
prepared by metal-organic decomposition9,10 also showed low photocurrents in the µA
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range, revealing that CuBi2O4 may possess inherently poor electronic properties due to
such defects. The optical absorptance spectra indicate that a significant amount of light
absorption occurs for wavelengths far greater than the photocurrent onset threshold of
680 nm (and even beyond 1000 nm). This absorption could be a result of a large number
of trap states within the mid-gap of CuBi2O4, either on the surface or in the bulk.27 A
common test to probe for the effects of surface traps lying within the band gap is the
addition of species to the electrolyte that are thermodynamically easier to either reduce or
oxidize depending on whether cathodic or anodic behavior is being studied. 28 In this case
molecules with more positive reduction potentials could be reduced by electrons trapped
in surface states below the conduction band edge. Attempts to probe this behavior by the
addition of formaldehyde (E0 = 0.23 V vs. RHE) or methanol (E0 = 0.59 V vs. RHE) to
the electrolyte showed almost no effect, revealing that surface mid-gap trap states may
not be the rate-limiting factor for the conversion efficiency of these films.

Non-

stoichiometric regions of the nominally CuBi2O4 particles or small domains of binary
oxide phases of CuxO or BixOy could instead be responsible for higher recombination
rates.
Several attempts were made to improve the morphology of the films through the
addition of common Bi3+ chelating agents such as triethyleamine (TEA) or EDTA or by
employing pulsed electrodeposition techniques to increase nucleation density. Chelating
agents such as EDTA and TEA are sometimes employed to improve the uniformity of
electrodeposited films of Bi on conductive oxide substrates.14,16 However, in the present
work the addition of EDTA or TEA in various amounts did not significantly improve the
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nucleation density or the photocurrent. Although these additives are known to have a
positive effect on Bi deposition, these effects may be mitigated in the current experiments
in which Cu and Bi are deposited simultaneously.

Another technique commonly

employed to increase nucleation density is pulsed electrodeposition (PED).

This

technique calls for short deposition periods separated by quiescent periods, which are
needed to avoid diffusion limitations that can become significant as the solution near the
electrode becomes depleted of metal cations.29 Various pulse times (with equivalent rest
times) ranging from 0.25 to 10 s were investigated with total deposition times of 1 or 2
min, but significant improvements in neither the surface coverage nor photocurrent were
observed. It may be reasonable to conclude that the mild potential of -0.5 V vs Ag/AgCl
fixed in this work for Cu and Bi co-deposition did not generate large enough deposition
current densities relative to precursor concentration for PED to have a noticeable effect.
Typical steady-state deposition current densities observed were only on the order of 1
mA/cm2.
Since in general the nucleation density of electrodeposited films increases as the
overpotential increases (is made more negative in this case), attempts were made to
deposit films at more negative potentials than -0.5 V using a higher ratio of Bi:Cu in the
bath in order to maintain the correct stoichiometry of the deposit, which varies with
potential. SEM images of films deposited from a bath of 3:1 Bi:Cu at -0.7 and -0.9 V did
not reveal significant improvement in film coverage or uniformity (see Appendix C,
Figure C.5) and no improvements in PEC performance were observed. Increasing the
ratio of Bi:Cu in the bath did succeed in achieving a 2.1:1 ratio in the film at -0.9 V,
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however.

These as well as preliminary experiments appear to indicate that the

composition of the depositing films has a strong effect on the deposition coverage and
uniformity with more Bi-rich films exhibiting poorer such characteristics.

Figure 4.10. Left: Measured photocurrents during LSV scans (25 mV/s) at -0.2 V vs.
Ag/AgCl in N2 bubbled 0.1M Na2SO4 (pH 10.8) for various deposition bath
temperatures. Right: SEM images of CuBi2O4 films deposited from baths at
different temperatures at -0.5 V vs. Ag/AgCl for 5 min. with a cation
concentration of 6 mM. The scale bar is 2 µm and applies to all images.
The effects of changing the deposition bath temperature between 15 and 45oC on
the film coverage and PEC performance were also explored. Temperatures greater than
room temperature resulted in worse coverage and lower photocurrent, but lower
temperatures resulted in a slight improvement in both characteristics. The measured
photocurrents of these films at -0.2 V vs. Ag/AgCl and representative SEM images can be
found in figure 4.10. Overall, the most successful means of achieving improved film
coverage and uniformity was reducing the concentration of cations in the deposition bath,
although improvements in PEC performance were limited.
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Ballistically deposited CuBi2O4 films
Since a likely reason for the poor PEC performance of electrodeposited CuBi2O4
films is their poor coverage and uniformity, a second film deposition method capable of
depositing much more uniform films was employed for the sake of comparison. Films of
Cu and Bi having the desired 1:2 ratio were deposited by co-evaporation at normal
incidence and annealed at 600oC for two hours in air. Large polycrystalline grains were
observed by SEM both before and after annealing, and the films exhibited low porosity as
expected (Figure 4.11). Film thicknesses were between 200 and 300 nm after annealing,
and XRD confirmed that the films were well crystallized as CuBi2O4.

Figure 4.11. SEM images of a film synthesized using ballistic deposition. Left: before
annealing. Right: after annealing at 600oC. The scale bar applies to both
images.
The PEC performance of these ballistically deposited films was significantly
better than those deposited by electrodeposition, often possessing higher photocurrents
over the entire range of potentials tested. The j-E behavior was more ideal for the dense
films in that the photocurrent rose quickly at relatively anodic potentials, indicating more
efficient separation and extraction of electrons and holes under conditions of mild band
bending (Figure 4.12). These films also exhibited lower dark currents due to their
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improved coverage of the FTO substrates. When the IPCE spectra of films deposited by
the two methods were compared, clear qualitative and quantitative differences in
behavior were observed. Most noticeably, the UV-activity of the dense, ballistically
deposited films greatly exceeded that of the electrodeposited films, despite the fact that
their long wavelength (> 550 nm) response was essentially identical (Figure 4.12). The
relatively high UV-efficiency of the dense films likely resulted from more efficient
transport of holes to the substrate combined with the short transport distance of UVgenerated electrons to the electrolyte interface. However, conduction band electrons
generated by longer wavelength photons (which were absorbed farther from the
electrolyte interface) were not efficiently transported to the electrolyte, leading to
comparable performance to the electrodeposited films.

These results suggest that

ballistically deposited, dense CuBi2O4 films are more limited by electron transport to the
electrolyte, whereas particulate CuBi2O4 films are more limited by hole transport to the
substrate.

Figure 4.12. Comparison of the PEC performance CuBi2O4 films in N2 bubbled aqueous
Na2SO4 (pH 10.8). Left: LSV behavior under chopped illumination. Right:
IPCE spectra taken at 0.64 V vs. RHE.
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CONCLUSIONS
CuBi2O4 photocathodes were successfully synthesized by the electrodeposition of
particles containing both Cu and Bi followed by their oxidation and crystallization at
600°C in air. The particulate films possessed a light brown color when viewed normally,
and optical and PEC tests indicated that the films absorb light throughout the visible
range with both an absorption and photocurrent onset threshold near 680 nm. This
appears to reveal that the true band gap of CuBi2 O4 relevant for PEC applications is 1.8
eV. Based on PEC testing, a flat-band potential of 1.05 V vs. RHE is estimated from the
onset of cathodic photocurrent in pH 10.8 electrolyte, indicating that the band edge
positions of CuBi2O4 are quite suitable for generating H2 from water, provided a
moderate bias could be supplied by a photo-anode in a tandem configuration. Although
the photocurrent decayed significantly upon initial illumination, stable values of 25 to 35
µA/cm2 were achieved after several minutes and persisted for more than 1 h. These low
photocurrents were consistent with the measured IPCE spectra, which possessed maxima
in the UV-range of 1 - 2% and decreased throughout the visible range, reaching 0.0% at
700 nm. Calculated AM1.5G photocurrents for a typical film were 44 and 55 µA/cm2 for
front and backside illumination, respectively.

Dense films deposited by evaporation

showed better performance due to the improved transport of holes to the substrate.
Clearly, significant improvements in the electronic properties of p-CuBi2O4 thin films via
improved thin film synthesis techniques and/or doping are required in order to make it a
viable photo-cathode material for PEC H2 generation from water.
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Chapter 5: Spray Pyrolysis Deposition and Photoelectrochemical
Properties of n-type BiOI Nano-Platelet Thin Films
INTRODUCTION
Photocatalysis is an active area of research due to its application in renewable and
sustainable efforts such as artificial photosynthesis and hazardous pollutant removal. 1,2
Classically, wide band gap materials such as TiO2 (3.0 - 3.2 eV) have been employed
extensively for these purposes at the laboratory scale,3 but in order to achieve commercial
viability materials capable of absorbing and utilizing visible light (420 < λ < 700 nm),
comprising nearly half of the terrestrial solar spectrum, must be developed.

A

particularly ambitious goal of photocatalyst research is the development of materials
capable of acting as photo-electrodes for water splitting, the generation of molecular
hydrogen and oxygen from water.4 Although a great deal of work has been performed in
this area, further research of promising candidate materials is needed if reasonable solar
conversion efficiencies are to be realized in such a photoelectrochemical (PEC) system.
One such material that has seen a recent surge of interest in the field of
photocatalysis is BiOI.5,6,7,8,9 This layered oxy-halide compound is typically synthesized
in solution by precipitation or solvothermal methods, leading to powders having a bright
red color indicative of its excellent band gap for solar energy utilization (1.8 – 1.9 eV).5,6
Several such studies have found BiOI powders to be superior photocatalysts for the
degradation of water-borne organic contaminants compared to other bismuth oxy-halides
or doped TiO2.7,8,9 The high photocatalytic activity of bismuth oxyhalides has been
attributed to their superior charge separation and transfer as a result of their open, layered
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crystal structure and more dispersive band characteristics compared to those present in
transition metal oxides such as TiO2.10 Heterojunction photocatalysts such as BiOI-TiO2,
BiOI-ZnO, and BiOI-AgI have also been studied for photocatalytic applications.11,12,13
Thin films of BiOI have recently been synthesized by successive ionic layer adsorption
and reaction (SILAR) for characterization in photoelectrochemical solar cells, although
the observed photocurrent (0.24 mA/cm2) and efficiency (0.09%) were somewhat low.14
One characteristic of such layered semiconductors is that they possess covalently
bonded slabs that are joined together by van der Waals interactions. As a result, their
single-crystal surfaces (formed at this so-called van der Waals face) do not have dangling
bonds and are expected to be self-passivating, minimizing the influence of surface states
and photocorrosion, making them particularly interesting for PEC applications.15
Additionally, the positions of the band edges of BiOI appear to be favorable for photooxidizing a variety of possible solution species.16

These characteristics provide

significant motivation for the further study of BiOI thin film photo-electrodes. Although
the earliest PEC studies on BiOI thin films exhibited p-type behavior and poor PEC
performance,17 we have found that nanostructured films of n-type BiOI exhibiting strong
PEC performance can be synthesized by a spray-pyrolysis technique from a solution
containing dissolved Bi(NO3)3 and NH4I precursors in ethylene glycol. PEC studies of
these films revealed promising photo-conversion characteristics for the oxidation of facile
electron donors such as I -, although stability concerns must be addressed if such films are
to be utilized as photoelectrodes in aqueous solutions. A deposition temperature of
260oC is found to be ideal for PEC performance, with photocurrents under AM1.5G
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illumination reaching nearly 1 mA/cm2 at 0.4 V vs. Ag/AgCl in 0.25M NaI/acetonitrile
for optimized conditions. When a 420 nm cut-on filter was applied the photocurrent
remained nearly 80% of this value, demonstrating the high visible-light activity of these
films.

EXPERIMENTAL SECTION
Precursor solutions containing bismuth and iodine were prepared by dissolving
Bi(NO3)3•5H2O (Alfa) and NH4I (Acros) in ethylene glycol (99+%, Acros). Ethylene
glycol was employed as the solvent in order to dissolve bismuth nitrate and prevent its
premature reaction with NH4I. This precursor solution was loaded into a syringe and
pumped through an ultrasonic spray nozzle (130 kHz, Sonotech) positioned above a
hotplate in a ventilated enclosure. The spray parameters were controlled by a syringe
pump (New Era), which was programmed to spray intermittently (a spray pulse, followed
by a rest period) for a set number of deposition cycles. Various nozzle heights and spray
parameters were investigated, and those selected for further study were a nozzle height of
12 cm, flow rates between 1.0 and 1.5 ml/min, a pulse volume of 0.3 ml, and a rest time
of 25 s.

The FTO substrates were mounted on a hotplate using a stainless steel mask,

which allowed for a controllable deposition area. Prior to mounting, the substrates were
ultrasonically cleaned with ethanol, rinsed with water and dried in air. The substrate
surface temperature was calibrated for various hot plate settings using an infrared
pyrometer (Micro-epsilon).
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Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDX) were performed using a Quanta FEG 650 electron microscope (FEI). Highresolution transmission electron microscopy (HRTEM) was performed using a JEOL
2010F microscope with an accelerating voltage of 200 kV. X-ray diffraction (XRD)
experiments utilized a Bruker D8 diffractometer. Mean grain size was calculated using
the Scherrer equation:
=

(1)

Here D is the mean crystallite size, λ is the X-ray wavelength employed (0.154 nm), β is
the full-width at half-max of the diffraction peak of interest. K is a shape factor, typically
approximated as 0.9.31 X-ray photoelectron spectroscopy (XPS) was performed using a
Kratos AXIS X-ray photoelectron spectrometer. The XPS spectra were calibrated to the
adventitious carbon peak at 284.5 eV. Total transmittance and diffuse reflectance spectra
were measured with a Cary 500 UV-vis-NIR spectrophotometer attached to a Labsphere
DRA-CA-5500 integrating sphere. A bare FTO substrate was employed as a baseline
standard, and corrected values of transmittance (T) were used to calculate the absorbance
(A) using:
A = -log10(T) (2)
The electrochemical and photoelectrochemical properties of each sample were
tested using a 3-electrode electrochemical cell with a Ag/AgCl reference electrode and Pt
wire counter electrode. All potentials are given relative to Ag/AgCl unless otherwise
stated.

The working electrode (the photoanode consisting of the BiOI film) with
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illuminated area 0.21 cm2 was immersed in the desired electrolyte (typically 0.25M NaI
in acetonitrile) and illuminated by a 150 W solar simulator with an AM1.5G filter
(Newport), the overall power density of which was calibrated to 100 mW/cm2 at the
sample surface using a thermopile (Newport). A 420 nm cut-on filter was employed at
times to remove UV light. Anodic currents were plotted on the negative axis of the I-V
plots. A monochromator (Newport) was employed to study spectral response and was
used in conjunction with a monochromatic power meter and photodiode (Newport) to
calculate the incident photon conversion efficiency (IPCE) from the measured
photocurrent density (Jph) and photon flux (I) at a given wavelength (λ) according to:
=

( )
( )

× 100%

(3)

For each IPCE test, the monochromatic light power incident on the film was calibrated to
100 µW (476 µW/cm2) at 460 nm, which was the wavelength of highest intensity.
Monochromatic intensities ranged from this value down to 190 µW/cm2, depending on
the wavelength selected (see Appendix D, Figure D.1).

A potentiostat (CH Instruments

– CHI660D) was operated by a desktop computer to perform electrochemical
measurements.

RESULTS AND DISCUSSION
Deposition parameters such as temperature, concentration, and number of cycles
were varied in order to manipulate the PEC performance and discover the optimum
conditions for the spray pyrolysis of BiOI thin films. Of these parameters, deposition
temperature had the most influence on film properties. A precursor concentration of
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0.06M (0.02M Bi(NO3)3 and 0.04M NH4I) in ethylene glycol was sprayed onto the
heated substrates held at various temperatures. The spray rate was adjusted accordingly
to produce uniform films of similar thicknesses. Ethylene glycol was required as the
solvent in order to prevent the premature reaction of Bi3+ with I- and water to produce
BiOI precipitate. Since the autoignition temperature of ethylene glycol (410oC) is much
higher than the substrate temperatures studied, it is unlikely that there would be any
effects of ethylene glycol combustion during deposition.

Both potassium iodide and

elemental iodine were tried as iodide sources in the precursor solution, but the former
resulted in a large potassium contamination in the films and the latter did not react to
form BiOI under any of the attempted conditions (only Bi2O3 was formed).

Figure 5.1. Left: SEM images of BiOI films deposited at the indicated temperatures on
FTO-coated glass substrates. Right: (a) HRTEM image and discretefourier-transform (DFT) of a BiOI platelet deposited at 260oC, and (b)
HRTEM image and DFT of a platelet deposited at 275oC along with the
measured d-spacing.
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SEM images of films deposited between 225 and 300oC revealed a clear trend in
size and shape with increasing deposition temperature (Figure 5.1).

In all cases

nanoplatelets were observed, and these platelets grew larger and more square-shaped with
increasing deposition temperature. At 225oC uniform platelet coverage was not observed
over the entire sample suggesting that higher temperatures were necessary to consistently
form platelets across the entire substrate.

Profile SEM images indicated that the

thicknesses of typical BiOI films were approximately 1 μm (Figure 5.1). Nearly all
previous studies on BiOI show platelet-type structures as well, although the platelets are
typically aggregated into larger (1-5 µm diameter) particles rather than remaining stable
as a uniformly distributed thin film.5,18,19,20 These earlier studies have also demonstrated
that BiOI platelets typically grow within the (001) plane, meaning that the c-axis is
normal to the platelet faces.10,16,20 This results from the layered crystal structure of BiOI,
which consists of non-bonding layers of [I-Bi-O-Bi-I] slabs stacked along the c-axis.20,21
This structure suggests that the platelet faces would normally be terminated by iodine,
although vacancies and/or substitution by other species appears to occur in some cases.
Another major implication of this layered structure is that the electronic properties of
BiOI are anisotropic, with better electronic conductivity within the (001) plane compared
to along the [001] direction.
HRTEM analyses of films deposited at 260 and 275oC indicated that the platelets
did not consistently form as single-crystals until 275oC. The nano-platelets deposited at
260oC were not single-crystalline in all cases, but tended to show a preferred in-plane
(010) orientation (perpendicular to the b-axis), whereas platelets deposited at 275oC
104

showed an in-plane (001) orientation (perpendicular to the c-axis) (Figure 5.1). Due to
the layered structure of BiOI, one would expect the (001) orientation to be the preferred
structure.

Estimates of average platelet thicknesses measured from SEM images

increased from 24 to 43 nm as the deposition temperature increased from 225 and 300 oC,
respectively, although the standard deviations of the thicknesses measured in each film
are 8 – 10 nm (Figure 5.2). XRD patterns of films deposited over this temperature range
also showed an increase in peak sharpness as the deposition temperature increased,
signifying the growth of larger crystals (Figure 5.2). All films showed polycrystalline
patterns corresponding to tetragonal BiOI (powder diffraction file # 01-075-5209), and in
each case the preferred orientation overall was (102) followed by (110).

Figure 5.2. Left: Trend in mean platelet thicknesses measured from SEM images for
various deposition temperatures. Right: XRD patterns for films deposited at
the indicated temperatures. The indices of the peaks corresponding to BiOI
are labeled, and the peaks from the FTO substrate are indicated by *.
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Preliminary EDX results indicated that a stoichiometric (1:1) ratio of iodine to
bismuth in the precursor solution resulted in very I-deficient films. However, a 2:1 ratio
of iodine to bismuth achieved only slight iodine deficiencies in films deposited between
225 and 300oC (Figure 5.3). Only at 325oC was significant bulk iodine lost, presumably
due to further oxidation of the films toward Bi4O5I2, which we observed by XRD when
BiOI powders were annealed to 350oC. EDX analyses also showed that the films were
deficient in oxygen, although the accuracy of this technique for the detection of such light
elements is poor. BiOI powders produced by a low temperature precipitation method
also showed both oxygen and iodine deficiencies, indicating that anion vacancies may not
be isolated to films deposited by spray pyrolysis alone and may occur in other BiOI
materials also. To better understand the formation mechanism of BiOI, samples were
deposited onto substrates held at lower temperatures and analyzed by XRD (see
Appendix D, Figure D.2). At a substrate temperature of 150oC no crystalline phases were
observed, but at 190oC XRD peaks corresponding to BiI3 were observed, indicating that
the reaction of the dissolved precursor compounds to form BiOI likely proceeds via two
steps:
Bi3+ + 3I- = BiI3
BiI3 + ½O2 = BiOI + I2

(4)
(5)

From XPS analyses the average surface ratio of I:Bi was determined to be 0.74 ±
0.03 for the samples deposited between 250 and 300oC, suggesting that surface iodine
loss under exposure to the atmosphere at these temperatures may be unavoidable. A
possible reason for this is the substitution of OH - species for I- on the surface of the films,
106

based on the enhanced ratio of O:Bi measured by XPS (0.8 to 1.1) relative to the bulk
values measured by EDX (~ 0.7). The O 1s spectrum measured by XPS for a film
deposited at 260oC is displayed in figure 5.3 along with fitted component peaks located at
529.9, 531.4, and 532.9 eV. The lowest binding energy peak is typical of that observed
for metal oxides, indicating that it should be assigned to lattice O in BiOI. 9,22 The other
two fitted peaks are more difficult to assign, but likely represent surface bound Ocontaining species such as OH and/or organic impurities.9 The ratio of the lattice O peak
area relative to the adsorbate peak areas increased monotonically with deposition
temperature from 54% at 250oC to 65% at 300oC, indicating that some of these impurities
may have been left behind by solution residue that does not completely decompose
during deposition.

However, part of this impurity signal is likely from the substitution

of OH groups for I, resulting in the observed surface I-deficiency. The Bi 4f and I 3d
core level spectra for the BiOI films showed peak positions corresponding to those
expected for Bi3+ and I- (see Appendix D, Figure D.3).9,22
Optical characterization of films deposited at temperatures between 225 and
300oC was performed using UV-vis diffuse reflectance measurements.

Measured

transflectance (transmittance + reflectance) values of both the films and a reference FTO
substrate were used to calculate absorbance values for each BiOI film (Figure 5.4).
Qualitatively, the films’ light absorption properties changed somewhat with deposition
temperature. In particular, a noticeable shoulder was observed at about 640 nm in the
spectrum of the film deposited at 225oC, but this feature diminished as deposition
temperature increased, indicating that it is probably an impurity signal from the
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incomplete decomposition and/or reaction of the precursors. Aside from this feature, the
films’ qualitative optical properties are similar, although the low coverage of the 300 oC
film resulted in significantly lower absorbance values across all wavelengths. When Tauc
plots of (αhν)1/2 vs. photon energy were generated from the absorbance spectra, the films’
indirect band gaps were seen to increase from about 1.7 to 1.8 eV over the given
deposition temperature range (Figure 5.4).

This increase in the apparent band gap

probably originates from the removal of impurity states near the band edges. The indirect
band gap reported for BiOI typically lies between 1.7 and 1.9 eV, 5,7,8,16 and the ability of
BiOI to absorb a large fraction of the visible spectrum is clearly one of its most
interesting features as a prospective photocatalyst.

Figure 5.3. Left: EDX composition of films deposited at various temperatures. The
dashed line is added to guide the eye. Right: Deconvoluted O 1s core-level
spectrum obtained for a BiOI film deposited at 260oC. The position of each
fitted peak is indicated in the legend.
The PEC performances of films deposited at different temperatures were tested in
0.25M NaI/acetonitrile. In these experiments I- acted as a hole scavenger, minimizing the
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influence of slow charge transfer kinetics to the solution and allowing the bulk charge
separation and transport within the films to be analyzed more directly. PEC performance
was assessed using both IPCE calculations under monochromatic illumination as well as
linear sweep voltammetry (LSV) under 100 mW/cm2 illumination from a solar simulator.
In all cases clear cathodic shifts in open circuit potential under illumination and anodic
photocurrents were observed indicating that these films were n-type, which is surprising
given the fact that BiOI formed by the anodization of bismuth films in KI electrolyte
were reported to be p-type in the earliest study of the PEC properties of BiOI.17

We

observed n-type behavior in both aqueous and non-aqueous solutions and for a number of
different electrolyte species indicating this is not an artifact of solution choice.

Figure 5.4. Left: Absorbance spectra of films deposited at various temperatures
calculated from UV-vis transflectance measurements in an integrating
sphere. Right: Tauc plots created for the absorbance values above, with
linear extrapolations to (αhν)1/2 = 0.
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To our knowledge, this is the first claim of n-type conductivity put forth for BiOI
in the literature. All recent studies employing particulate BiOI photocatalysts appear to
have assumed, based on the original thin film study, that BiOI particles are p-type,
despite the fact that a few of these recent studies show anodic photocurrents generated by
films consisting of BiOI particles.11,12

Clearly, the common assumption of p-type

conductivity in BiOI is not necessarily correct in light of the present results, which
suggests that synthesis method may affect the majority carrier type of BiOI. The origin
of n-type conductivity in the present films most likely arises from the formation of anion
(I- or O2-) vacancies, which are probably formed due to the elevated synthesis
temperatures relative to those employed for the anodic synthesis of p-BiOI.17 EDX
analyses indicated that the films were deficient in both oxygen and iodine, and this is the
most logical explanation for the n-type nature of the films. Typical

LSV’s

in

NaI/acetonitrile under intermittent illumination for films deposited at various
temperatures are displayed in figure 5.5.

In general, films deposited at higher

temperatures (275 – 300oC) showed smaller dark currents and larger photocurrents.
Further experimentation revealed that intermediate temperatures between 250 and 275 oC
(e.g. 260oC) performed the best, reaching 0.9 mA/cm2 at 0.4 V vs. Ag/AgCl, which is
over 20 times higher than the photocurrent density observed for p-BiOI films deposited
by anodization (Figure 5.5).17 Films deposited in this temperature range also showed a
photocurrent onset at approximately -0.35 V vs. Ag/AgCl, whereas the onset of
significant dark current occurred near 0.5 V. For lower deposition temperatures, the films
exhibited relatively high dark currents over a wide potential range, which may be caused
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by the higher impurity concentration suggested by the optical absorbance spectra.
Although the removal of impurities and the improvement in crystallinity would be
expected to improve PEC performance at even higher temperatures, these properties may
be offset by the decreased light absorption and higher anion vacancy concentrations.

Figure 5.5. Left: LSV behavior in NaI/Acetonitrile for BiOI films deposited at the
indicated temperatures. The anodic scan rate employed was 25 mV/s.
Right: Photocurrent values measured at 0.4 V vs. Ag/AgCl for these films as
well as a film deposited at 260oC.
When a filter was employed to remove UV light (λ < 420 nm) the photocurrents
remained roughly 75% of those measured under full spectrum illumination for all the
films, revleaing their excellent PEC activity in the visible range (Figure 5.6). The ability
of a photocatalyst or photoelectrode to respond to visible light effectively is very
important for solar utilization. In this respect these n-BiOI films outperformed other
nanostructured photoanodes, such as those composed of TaON or α-Fe2O3 nanotubes,
which yielded visible-light photocurrent fractions of 47% and 50%, respectively, in an
earlier work.23 IPCE data measured at 0.4 V vs. Ag/AgCl in NaI/acetonitrile confirmed
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the strong spectral response of these films for wavelengths greater than 420 nm. IPCE’s
for a typical film deposited at 260oC are displayed in figure 5.6, showing reasonably high
conversion efficiencies of up to 25% at 360 nm.

The IPCE values decreased

significantly above 500 nm and became negligible (< 1%) above 620 nm. When the
IPCE values were integrated over the AM1.5G solar spectrum24 an overall photocurrent
of 1.45 mA/cm2 was calculated.

However, the measured photocurrents for these films

under simulated AM1.5G illumination was approximately 1 mA/cm2, suggesting that the
photoconversion efficiency was light intensity dependent.

Figure 5.6. Left: LSV plot using a 3-electrode configuration in I -/acetonitrile both with
and without a 420 nm cut-on filter for an optimized film deposited at 260oC.
The anodic scan rate was 25 mV/s. Right: IPCE spectrum recorded at 0.4 V
vs Ag/AgCl for a typical film deposited at 260oC with a peak light intensity
of 476 µW/cm2.
Indeed, when the light intensity was decreased from 100 mW/cm2 to 67 and then
50 mW/cm2, a sub-linear power law dependence between the photocurrent and light
intensity (J ∝ I0.59) became apparent, in contrast with the linear dependence observed
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under low intensity monochromatic (λ = 460 nm) illumination (Figure 5.7). Deviation
from linear photocurrent vs. intensity behavior could be caused by several factors such as
the direct recombination of conduction band electrons with valence band holes in the
space charge region (Langevin recombination) or by surface defects.25,26 As an example
of the latter case, Parkinson, et al. observed a pronounced sub-linear dependence for
single-crystals of the layered compounds n-WS2 and n-MoS2 containing many surface
steps.

Crystals with well-cleaved surfaces, on the other hand, showed linear

photocurrent vs. intensity response even at high intensities, suggesting that surface states
can play a significant role.26 White, et al. also observed an influence of unpassivated
surface states on the light intensity dependence of another layered compound, n-WSe2.27
Their results suggested that exposed non-van der Waals faces (surface states) could
facilitate the transfer of conduction band electrons to oxidation reaction products such as
I3-, which are present at higher concentrations when high light intensities are employed.
This is a very reasonable explanation for the observations in the present study since these
films expose many such non-van der Waals surfaces.
I-V behavior was also measured using a 2-electrode configuration and the I -/I3redox couple (see Appendix D, Figure D.4). Short circuit current densities of ~0.48
mA/cm2 were attained under AM1.5G illumination, which are twice as high as those
measured in a previous study on BiOI nano-flake solar cells.14 However, the open circuit
voltage we observed is lower than that reported in the previous study (0.45 vs. 0.62 V).
Further optimization of PEC cell geometry and electrolyte may afford further
improvements in these properties.
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Figure 5.7. Log-log plots of photocurrent vs. light intensity at 0.4 V vs. Ag/AgCl for a
film deposited at 260oC in the low (a) and high (b) light intensity regimes.
The slopes of the resulting plots are indicated.
Further investigation of films deposited at various temperatures was accomplished
using electrochemical impedance spectroscopy (EIS) in a solution of 0.5M NaI and
0.05M I2 in acetonitrile.

Impedance data was collected over a range of potentials

between -0.2 and 0.5 V vs. Ag/AgCl, and the results for frequencies between 0.5 and 5
kHz were fitted by an RC circuit to generate Mott-Schottky plots of Csc-2 vs. potential,
where Csc-2 is the space charge capacitance of the semiconductor electrode. The slopes
and x-intercepts of such plots are often used to estimate the donor density (Nd) and flatband potential (Efb) of semiconductor films. Although these particular films are not ideal
for Mott-Schottky analysis due to their nanostructured, polycrystalline nature, restricting
the frequencies of measurement to moderately high values allowed for consistent results
to be obtained. Representative Mott-Schottky plots using different frequencies for a film
deposited at 260oC are shown in figure 5.8, indicating their linear character as well as
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their frequency dependence caused by the non-ideality of the film-solution interface. The
flat-band potentials derived from Mott-Schottky plots (frequency = 1 kHz) for films
deposited at various temperatures are also shown in figure 5.8 and range from -0.23 to 0.39 V vs. Ag/AgCl, which are similar to the photocurrent onset potentials observed
during LSV scans. Films deposited at 300oC did not yield reliable EIS results due to their
lack of coverage of the FTO substrate, however.

Figure 5.8. Left: Mott-Schottky plots measured in 0.5M NaI/0.05M I2 in acetonitrile for
a film deposited at 260oC. Right: Derived Mott-Schottky plot parameters at
a frequency of 1 kHz displayed as a function of deposition temperature.
To further corroborate the flat-band potential measurements, open circuit
potentials measured under high intensity (400 mW/cm2) illumination were measured.
Values of approximately -0.3 V vs. Ag/AgCl were observed for all deposition
temperatures (Figure 5.9), similar to the results of the Mott-Schottky analyses in this
solution, and these results indicate that the flat-band potential does not change
significantly with deposition temperature.

Another observation that could be made

regarding the Mott-Schottky plots is that their slopes decreased consistently as the
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deposition temperature increased. This implies that the donor concentration in the films
depends on deposition temperature, which would be expected if the electron donors in
these films are indeed anion vacancies, the concentration of which was likely elevated by
the higher temperature conditions. The removal of charge-compensating impurities may
also result the apparent increase in donor density, especially between 225 and 250 oC.
Differences in electrochemically active surface area could also partly explain some of the
differences in the Mott-Schottky slopes, although the growth of larger features at high
temperatures should have the opposite effect compared to the observed trend.

Figure 5.9. Open circuit potential measurements performed in 0.5M NaI in acetonitrile
under 400 mW/cm2 illumination for films deposited at various temperatures.
The PEC activity and stability of BiOI in aqueous solutions are of particular
interest for practical application. To assess these, BiOI films were tested at various pH’s
and, at times, with the addition a hole scavenger, SO32-.

In general, photocurrents

measured in aqueous solutions were somewhat lower than those measured in acetonitrile,
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which seems to have been caused by the reaction of water with the films, particularly at
high pH, as discussed below.

Markedly different behavior was observed between

aqueous 1M Na2SO3 and 1M NaSO4 solutions at neutral pH (Figure 5.10). Adding hole
scavenger species clearly resulted in much higher photocurrents, particularly at more
cathodic potentials, and greatly diminished the transient photocurrent behavior, indicating
that charge transfer kinetics were improved. The oxidation of SO32- to either SO42- or
S2O62- is known to be quite thermodynamically favorable, with an initial hole-transfer
potential of 0.63 V vs. NHE.28 Without SO32- in the electrolyte the only possible fates of
valence band holes in n-BiOI are trapping and recombination with electrons (evidenced
by the transient photocurrents), the oxidation of water, or the surface oxidation of BiOI
with water (photocorrosion).

Figure 5.10. Left: LSV’s recorded under intermittent illumination both with and without
hole scavenger species at pH 7. Right: Photocurrent vs. time plots at a
constant potential of 0.5 V vs. Ag/AgCl in the same solutions.
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Comparing the photocurrent vs. time behavior of these films in the two solutions
revealed that photocorrosion is a major factor in aqueous solutions, especially without a
hole scavenger (Figure 5.10). This indicates that the kinetics of film photocorrosion are
more facile than those of water oxidation, which probably results from a lack of
overpotential available for water oxidation in the absence of a multi-electron transfer
catalyst on the surface of BiOI.29 Without such a catalyst water oxidation probably
proceeds via the single hole oxidation of H2O to OH•, which requires an electrochemical
potential of 2.73 V vs. NHE, which is a full 1.5 V more positive than the potential for the
four-hole oxidation of H2O to O2.28 The predicted valence band edge of BiOI (roughly
2.4 V vs. NHE)11,30 is insufficiently positive to drive this initial charge transfer step
efficiently using photogenerated holes. Indeed, a number of studies have suggested that
OH• species are not produced on BiOI by valence band holes under illumination in
aqueous solutions,13,16 consistent with these results.

Figure 5.11. Left: Photocurrent performance at 0.4 V vs. Ag/AgCl in 1M Na2SO3 of a
film deposited at 260oC measured (a) before and (b) after 20 min. soaking in
the dark at pH 7. Right: XPS O 1s spectrum recorded after soaking a film
(deposited at 260oC) in water for several hours.
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Although the addition of SO32- to aqueous solutions impeded photocorrosion to a
large extent, it clearly did not fully suppress the degradation of the PEC activity of nBiOI, in contrast to the stable behavior observed in acetonitrile solutions containing I (see Appendix D, Figure D.5). Upon further testing it became clear that even simply
immersing the BiOI films in water for an extended period of time led to their
deactivation. For example, the photocurrent of a film was measured briefly in 1M
Na2SO3 after which it was allowed to soak in this solution in the dark for 20 min.
Following this soaking period, the same test was performed, yet the photocurrent was
roughly 25% of the initial value (Figure 5.11). Similar results were obtained for films
soaked in pure water as well. XPS analyses performed on a film before and after
immersion in water for an extended period of time showed substantial differences in the
O 1s spectra, particularly in the pronounced growth of the OH peak at 531.3 eV
compared to that observed in figure 5.2. However, no differences existed between XRD
patterns for the films before and after soaking. This suggests that only a surface layer of
bismuth hydroxide may form on these films upon their exposure to water, which would
act as an insulating layer, inhibiting charge transfer. This reaction appeared to be more
favorable at higher pH’s, as the photocurrents measured in basic solution (pH > 12) were
very low. The films appeared to be more stable in acidic electrolytes (pH 1 – 3) by
comparison, but more concentrated acid solutions (pH < 1) led to their fast dissolution.
Unfortunately, the chemical instability of BiOI appears to inhibit its use as a
photoelectrode in aqueous solutions, despite many reports of its utilization for aqueous
photocatalysis. It may be that the surface changes inhibiting the PEC activity in this case
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have a less drastic effect on the photocatalytic mechanisms typically studied. The coating
of a co-catalyst layer, however, may improve both stability and activity in aqueous
environments.

CONCLUSIONS
N-type BiOI nanoplatelet films have been synthesized by spray pyrolysis for the
first time, and their properties have been studied for various deposition conditions.
Deposition temperature affected the platelets’ size and crystallographic properties in
addition to modifying their chemical composition and optical properties. PEC testing
revealed that 260oC was the optimum substrate temperature during deposition for
achieving high anodic photocurrents from the oxidation of I - to I3- in acetonitrile (0.9
mA/cm2 at 0.4 V vs. Ag/AgCl under AM1.5G). The films responded well to visible light
(~75% photocurrent contribution), and possessed indirect band gaps ranging from 1.7 to
1.8 eV. The films showed poor stability in aqueous solutions due to the formation of a
surface hydroxide layer that hindered hole transfer to electrolyte species. However, the
protection of n-BiOI films with a catalyst layer or employing them as a bottom layer in a
buried

heterojunction

scheme

may

allow

photoelectrochemistry.
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their

stable

use

for

aqueous
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Chapter 6: BiSI Micro-Rod Thin Films: Efficient Solar Absorber
Electrodes?
INTRODUCTION
Recent interest in alternative thin film photovoltaic (PV) absorber materials has
been motivated by problems related to the low absorption coefficient and therefore large
required thicknesses of the silicon layers in crystalline-silicon (c-Si) solar cells, leading to
excessive material costs. Direct bandgap materials such as CuIn1-xGaxSe2 (CIGS) or
CdTe, which possess large absorption coefficients near their absorption threshold, afford
an advantage over c-Si by allowing for the utilization of much thinner absorber layers,
typically orders of magnitude thinner than those of c-Si cells.1

However, these

compounds include a substantial amount of indium and tellurium, respectively, (global
reserve bases for In and Te are roughly 16 and 47 kton, respectively, as of 2008), 2
limiting their future viability as a widespread PV solution. Because of this, research is
spreading to alternative materials such as Cu2ZnSnS4 (CZTS) that contain more earthabundant elements.3-5 Such materials have shown quite promising photoelectrochemical
(PEC) properties, even producing H2 from the reduction of water at reasonable rates
when employed as a photocathode.6
Bismuth would not generally be considered “earth-abundant” (reserve base ~ 680
kton) but is many times more abundant than indium, and for this reason bismuth based
compounds such as Cu3BiS3 and Cu4Bi4S9 have received interest as indium-free thin film
absorber materials.7-11 BiSI in particular, however, has received little study in the past,
although a few of its properties, such as ferroelectricity (Curie temperature of -160oC)
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and

photoconductivity

have

been

explored.12-14

Nitsche

et

al.

measured

photoconductivities for various V-VI-VII compounds, noting their wavelength of
maximum photo-response (785 nm in the case of BiSI, as also noted by Sasaki). 12,14
Horak et al. studied the photoelectric properties of BiSI in particular, observing
anisotropic photovoltaic effects and n-type conductivity.13 These studies were performed
on single crystals grown by various methods. More recently, polycrystalline BiSI has
been synthesized by both hydrothermal reaction and spray pyrolysis from solution phase
precursors, although only physiochemical characterization was performed in each
case.15,16 To date there have not been any studies exploring the electrochemical or PEC
behavior of BiSI.

EXPERIMENTAL SECTION

Synthesis
Precursor solutions containing bismuth, sulfur, and iodine were prepared by
dissolving Bi(NO3)3*5H2O (Alfa), Thiourea (Fisher), and NH4I (Acros) in ethylene
glycol (99+%, Acros). All three precursors remained stably dissolved in ethylene glycol.
This precursor solution was loaded into a syringe and pumped through an ultrasonic
spray nozzle (130 kHz, Sonotech) positioned above a hotplate in a ventilated enclosure
under normal atmospheric conditions. The spray parameters were controlled by a syringe
pump (New Era), which was programmed to spray intermittently (a spray pulse, followed
by a rest period) for a set number of deposition cycles or layers.

Various nozzle heights

and spray parameters were investigated, and those selected for further study were a
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nozzle height of 12 cm, pulse volume of 0.3 ml, and rest times of 25 s.

Prior to

deposition, the substrates were ultrasonically cleaned with ethanol, rinsed with water, and
dried in air. The substrate surface temperature was calibrated for different hot plate
settings using an infrared pyrometer (Micro-epsilon).

Characterization
SEM and EDX were performed using a Quanta FEG 650 electron microscope
(FEI). Additional SEM was performed using a Hitachi S-5500 electron microscope.
XRD experiments utilized a Bruker D8 diffractometer. Mean grain size was calculated
using the Scherrer equation:
D=

( )

(1)

Here D is the mean crystallite size, λ is the X-ray wavelength employed (0.154 nm), β is
the full-width at half-max of the diffraction peak of interest. K is a shape factor, typically
approximated as 0.9.27 XPS was performed using a Kratos AXIS X-ray photoelectron
spectrometer. The XPS spectra were calibrated to the adventitious carbon peak at 284.5
eV.

UV-vis-NIR transflectance spectra were measured with a Cary 500

spectrophotometer attached to a Labsphere DRA-CA-5500 integrating sphere. The true
value of transmittance (T) was calculated by correcting for substrate and film scattering
effects, and this was used to calculate film absorbance (A) using:
A = -log10(T) (2)
The electrochemical and photoelectrochemical properties of each sample were
tested using a 3-electrode electrochemical cell with a Ag/AgCl reference electrode and Pt
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wire counter electrode. All potentials are given relative to Ag/AgCl unless otherwise
stated.

The working electrode (the photoanode consisting of the BiSI film) with

illuminated area 0.21 cm2 was immersed in the desired electrolyte (typically 0.25M NaI
in acetonitrile) and illuminated by a 150 W solar simulator with an AM1.5G filter
(Newport), the overall power density of which was calibrated to 100 mW/cm2 at the
sample surface using a thermopile (Newport). A 420 nm cut-on filter was employed at
times to remove UV light. A monochromator (Newport) was employed to study spectral
response and was used in conjunction with a monochromatic power meter and
photodiode (Newport) to calculate the IPCE from the measured photocurrent density (Jph)
and photon flux (I) at a given wavelength (λ) according to:
IPCE =

( )
( )

× 100%

(3)

For each IPCE test, the monochromatic light power incident on the film was adjusted to
100 µW (476 µW/cm2) at 460 nm, which was the most intense wavelength.
Monochromatic intensities ranged from this value down to 190 µW/cm2 depending on the
wavelength selected. A potentiostat (CH Instruments – CHI660D) was operated by a
desktop computer to perform electrochemical measurements.

RESULTS AND DISCUSSION
X-ray diffraction (XRD) results for the as-deposited dark gray films indicated that
all consisted of polycrystalline BiSI (PDF# 01-073-1171), although at 300oC there were
several new peaks that could be indexed to a second, sulfur-rich Bi-S-I phase (PDF# 01073-1157) (Figure 6.1). The mean size of the (210) crystallites calculated by the Scherrer
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equation increased when deposition temperature was increased from 225 to 250oC, but
remained relatively constant thereafter at approximately 26 nm (see Appendix E, Figure
E.1). A previous study by Wang et al. suggested that the formation of BiSI by spray
pyrolysis can occur via the reaction of BiI3 and Bi2S3, which may form initially upon
precursor decomposition on the substrate surface.10

Energy dispersive X-ray

spectroscopy (EDX) analyses of films deposited at each temperature showed ratios of
I:Bi and S:Bi somewhat below 1:1, indicating that the films are likely “doped“ with many
anion vacancies (Figure 6.1). Impurities from the precursor solution (C, N, O) could also
be envisioned as possible dopants in these films. EDX gave no evidence of N, but did
show about 1-3 at.% of O and C, although the influence of the substrate could not be
ruled out completely.

Figure 6.1. Bulk analyses of BiSI films sprayed at various temperatures. Left: XRD
diffraction patterns with the non-BiSI peaks indicated. Right: EDX atomic
% ratios of sulfur and iodine to bismuth.
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Scanning electron microscopy (SEM) images show that the BiSI films consisted
of rod-like crystals measuring roughly 0.5 to 1 µm across as deposited (Figure 6.2).
Similar morphologies were observed in a previous study.10 Further electron microscopy
of broken rod segments revealed that the large crystalline rods consisted of many smaller
rod-shaped crystallites (Figure 6.2). The evolution of this bundled rod morphology is
consistent with the crystal structure of BiSI, which features covalently bonded chains of
atoms that are attached to other chains via weaker van der Waals forces.17

This

information suggests that the micro-rods are oriented along the BiSI c-axis.
Morphologically, films deposited between 250 and 275oC were quite similar, but the rodlike bundles deposited at 225oC appeared less uniform and more individual grains were
visible near the ends of the rods, probably due to the fact that at 225 oC there was
insufficient thermal energy to completely merge these grains into the larger micron-sized
structures. At 300oC the rod-like morphology was largely maintained, but some regions
of the film showed patches of nano-platelets, most likely due to the formation of BiOI,
which possesses such a morphology.18
X-ray photoelectron spectroscopy (XPS) was employed to further study the
surface chemical differences between films deposited between 250 and 300oC. The ratios
of I:Bi, S:Bi, and O:Bi are plotted in figure 6.3.

Immediately surprising were the

amounts of oxygen present on the surfaces of the films. When the O 1s spectra were
examined further, a clear evolution in the chemical state of oxygen on the surface could
be observed (Figure 6.4). In each case the peaks present in the O 1s spectra were best fit
by a trio of Gaussian components located at binding energies of approximately 530,
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531.3, and 533.2 eV. The peak at 530 eV most likely arises from O incorporated into the
lattice, as was observed for BiOI.19 The peaks at 531.3 and 533.2 eV are typically
assigned to surface adsorbates such as hydroxyl or carbonate species.19,20 At 250oC the O
1s spectrum was dominated by these higher binding energy components, indicating that
the oxygen species are primarily surface impurities. A quantitative analysis of the fitted
peak areas revealed a 5% contribution of the lattice-oxygen peak (530 eV). At 275oC the
contribution of this peak increased to 16%, and at 300oC its contribution rose
dramatically to 44% of the O 1s spectrum. This reveals that more and more oxygen was
incorporated into the surface of the BiSI films as deposition temperature was increased.
Although BiOI peaks could not be deconvoluted from the strong BiSI peaks present in
the XRD patterns for these films, SEM images did reveal that nano-platelets formed on
certain regions of the films deposited at 300oC. These nano-platelets were reminiscent of
those found in BiOI films previously deposited in our group by spraying a sulfur-free, but
otherwise identical, precursor solution. SEM images, combined with the O 1s XPS
spectra, suggest that surface BiOI formation occurred readily at 300oC. This was further
corroborated by the Bi 4f XPS spectra, which also evolved with deposition temperature
(Figure 6.3). At 250oC, the Bi 4f spectrum displays relatively narrow peaks at 158.5 and
163.8 eV along with two smaller S 2p peaks at 161.3 and 162.6 eV, consistent with an
XPS study of BiSI by Grigas et al.17 At 300oC the bismuth peaks broadened and shifted
to higher binding energies. The Bi 4f spectrum for the intermediate temperature, 275oC,
reveals shoulders on the higher binding energy sides of these primary peaks, indicating
that a second pair of bismuth peak components “grows into” the spectrum as the
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temperature is increased. The binding energies of this pair (159.3 and 164.6 eV) are quite
similar to those observed for Bi3+ in BiOI films deposited in the absence of thiourea and
are thus consistent with the suspected formation of surface BiOI at elevated deposition
temperatures.

Figure 6.2. Electron microscopy images of the micro-rod morphology of the BiSI films.
Left: SEM images of films deposited at a) 225, b) 250, c) 275, and d) 300oC.
Right: STEM image of a broken micro-rod from a film deposited at 275oC,
exposing the internal structure.
PEC testing was performed in a three-electrode cell in 0.25M NaI dissolved in
acetonitrile. The films displayed anodic photocurrents (from the oxidation of I - to I3-)
with an onset of approximately -0.25 V vs. Ag/AgCl (see Appendix E, Figure E.2). Since
the electrolyte contained a high hole scavenger concentration to miminize the effects of
electron transfer kinetics, the onset of anodic photocurrents should provide a reasonable
estimation of the flat-band potential (Efb) in this solution. The oxidation of I- in the dark
was observed at potentials positive of 0.5 V. The photocurrent vs. deposition temperature
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trend for the BiSI electrodes is shown in figure 6.5. Films deposited at temperatures
between 250 and 275 oC were the best performing, yielding photocurrents of nearly 5
mA/cm2 at 0.4 V vs. Ag/AgCl. At 225oC the BiSI rods do not appear as well-formed
when observed by SEM and likely possess a greater number of defects promoting
recombination, leading to lower PEC performance. At 300oC the samples exhibited
lower coverages and their partial conversion to BiOI could also cause them to exhibit
lower photocurrent. Maximum open circuit voltages observed using a two-electrode
configuration with I -/I3- as the redox couple (in acetonitrile) for films deposited at 275oC
were approximately 0.37 V. Further optimization of redox couple and solvent should
allow this value to be increased closer to the band gap value.

Figure 6.3. XPS analyses of BiSI films deposited at various temperatures. Left: Surface
atomic % ratios of iodine, sulfur, and oxygen to bismuth. Middle: Core
level Bi 4f spectra indicating the designations of the observed peaks. Right:
Core level Bi 4f spectra comparing a BiSI and BiOI film deposited at 250oC,
with the indicated binding energies of the observed peaks.
Linear sweep voltammetry (LSV) scans performed with and without a 420 nm
cut-on filter in acetonitrile for a film deposited at 275oC are shown in figure 6.5,
revealing that visible and infrared light contribute nearly all of the photocurrent observed
under AM1.5G illumination. This is a very valuable property for terrestrial application
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since the bulk of the available solar energy at the earth’s surface lies in these spectral
ranges. Although high photocurrents were achieved at relatively anodic potentials (e.g.
0.65 V vs. Efb), one major performance limitation observed for these films was their
relatively poor performance at potentials near Efb. Instead of rising sharply beginning at
Efb and quickly reaching a light-intensity limited plateau (ideal semiconductor
photoelectrode behavior), the photocurrent increases slowly and steadily beginning at Efb
and never reaches a true plateau current, i.e. the fill factor is low. This may be caused by
a combination of high resistivity, short minority carrier (hole) diffusion length and/or
small depletion layer widths at the tested potentials.21 Sasaki measured a room
temperature resistivity on the order of 1010 Ω∙cm and an electron drift mobility of 1
cm2/s∙V along the c-axis for BiSI single crystals.14 One may assume that the hole
mobility is even smaller than the electron mobility in BiSI due to the larger hole effective
mass, which can be inferred from band structure calculations in the literature.22

Figure 6.4. Core level O 1s spectra including the fitted component peak positions for BiSI
films deposited at various temperatures.
Rough estimates of the hole diffusion lengths in n-BiSI films deposited at 275oC
were calculated by plotting ln(1-φ) vs. (E-Efb)1/2 under monochromatic illumination
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where φ is the quantum yield (see Appendix E, Figure E.3). It has been shown that the yintercept of such plots, assuming negligible effects of charge transfer kinetics and space
charge region recombination, can be used to estimate the hole diffusion length.23,24 These
assumptions should be reasonable for large anodic biases and low photon fluxes in the
presence of an electrolyte hole scavenger. The aforementioned plots, constructed using
monochromated light with 420, 460, and 500 nm wavelengths (light intensity < 0.25
mW/cm2), yielded a mean hole diffusion length of approximately 5x10 -6 cm. This value
is lower than those found in more common solar cell absorbers and may be a result of
their polycrystalline nature and relatively high defect concentration.

Further

improvements in film quality, then, could have a significant effect on photoconversion
efficiency. LSV scans were also performed on films deposited on metal foil substrates
(titanium and stainless steel) to assess whether film properties were substrate dependent.
The photocurrent responses of BiSI films deposited at 275oC on both titanium and
stainless steel were quite similar to those measured on FTO (see Appendix E, Figure
E.4). This is an interesting result since it implies that this spray pyrolysis technique can
be used to deposit V-VI-VII films with good PEC properties on a variety of substrates,
which may be more desirable for practical applications.
Studies of the spectral response of films deposited at 275oC on FTO were
performed employing monochromatic illumination to calculate IPCE spectra at 0 and 0.4
V vs. Ag/AgCl in acetonitrile (Figure 6.6). At 0.4 V the conversion efficiency rose
quickly beginning at 800 nm, reaching a maximum of about 40% between 460 and 560
nm.

Incident photon conversion efficiency (IPCE) spectra recorded at 0 V were
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qualitatively similar, but the conversion efficiencies were much lower due to the
inefficient separation of electrons and holes in the bulk of the film.

UV-vis-NIR

absorbance data collected by measuring the total transflectance (trasmittance + diffuse
reflectance) were quite consistent with the IPCE data, showing an absorption onset at
about 800 nm and an absorption shoulder near 700 nm that qualitatively matches that
observed in the IPCE spectra. Tauc plots of (αhν)1/2 and (αhν)2 vs. photon energy were
used to calculate the indirect (1.57 eV) and direct (1.63 eV) bandgaps, respectively,
which were very similar to literature values.25 Absorption coefficients (α) calculated
using the film thickness measured by profilometry (325 nm) exceeded 5 x 104 cm-1 for
wavelengths of 600 nm and below (Figure 6.6). These values approach those of other
popular thin film absorber materials.26 The favorable optical properties of BiSI clearly
contribute to their strong photo-response under AM1.5G illumination.

Figure 6.5. Left: Photocurrents recorded at 0.4 V vs. Ag/AgCl for films deposited at
various temperatures. Right: LSV behavior (with and without a UV cut-off
filter) of a film deposited at 275oC.
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Figure 6.6. Left: IPCE spectra of a film deposited at 275oC. Right: Optical absorption
coefficients calculated for a film deposited at 275oC from transflectance
measurements along with a photograph of the film.
The PEC stability of typical n-BiSI films deposited at 275oC was assessed by
applying a constant potential of 0.4 V vs. Ag/AgCl for 10 min (Figure 6.7). During these
experiments, illumination was accomplished through the back of the substrate to avoid
solution absorption effects due to the oxidation of I- to I3-. Although the high initial
photocurrents persisted for the first 1 to 3 min, they decayed continuously after this initial
plateau, reaching currents only one third of the initial values after 10 min. To better
understand the mechanism of deactivation, several films were deposited and tested for
times ranging from 30 s to 5 min, after which they were examined by SEM and XPS.
This provided “snapshots” of the film morphology and chemistry over the course of the
stability test. SEM images revealed that film dissolution occurred throughout the testing
period, meaning that the initial increase in photocurrent was likely caused by an increase
in surface area due to PEC etching (Figure 6.7). XPS measurements did not reveal a
trend in composition, indicating that the preferential dissolution of one or more
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components was unlikely. A possible electrochemical mechanism, then, for the oxidative
dissolution of the film involving photogenerated valence band holes (h+) could be:
BiSI + 2h+ = Bi3+ + S + I-

(4)

This reaction must proceed quite rapidly in order to effectively compete with the
scavenging of holes via the oxidation of solution I- to I3-. Another possibility is that
highly reactive I3 - generated at the surface of the film could decompose the film
chemically. To investigate this, other electrolyte species such as SCN - were employed as
hole scavengers, but qualitatively identical behavior was observed. This points to a
photocorrosion reaction as the reason for film deactivation.

The fact that this

photocorrosion reaction occurs even in acetonitrile indicates that n-BiSI films are
probably not suitable for PEC applications without extensive modification. They may,
however, prove useful for solid-state thin film solar cell applications.

Figure 6.7. Left: Photocurrent vs. time behavior at 0.4 V vs. Ag/AgCl in 0.25M NaI in
acetonitrile for a film deposited at 275oC. Right: SEM images of films
tested under the same conditions for the indicated times: a) 1m, b) 2m, c)
5m, d) 10m.
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CONCLUSIONS
The spray pyrolysis deposition and characterization of n-type BiSI thin films have
been accomplished for a range of deposition temperatures, and the films displayed microrod morphologies consistent with the microscopic crystal structure of BiSI. PEC testing
of these films in NaI/acetonitrile revealed strong photoconversion efficiencies throughout
the visible range of 25 to 40% and photocurrents of up to 5 mA/cm2 under AM1.5G
illumination. These results demonstrate that n-BiSI can efficiently absorb light and
transport photogenerated holes and electrons to the film surface and back contact,
respectively. Deposition temperatures between 250 and 275oC appeared to optimize the
films’ performance due to their formation of well crystallized micro-rods without their
subsequent surface conversion to BiOI. The convenience and scalability of this synthesis
approach give it promising potential for depositing solar cell absorber layers composed of
V-VI-VII materials.
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Chapter 7: Concluding Remarks and Future Research
OVERVIEW OF COMPLETED WORK
In the previous chapters, we have discussed the deposition and characterization of
a number of candidate materials for photoelectrochemical (PEC) applications. We have
shown that techniques such as ballistic deposition, electrodeposition, and spray pyrolysis
can be used to prepare and manipulate the properties of a number of novel photo-active
materials by controlling composition and structure to varying degrees. Each material was
characterized by its own combination of positive and negative traits. Factors such as
light absorption, electron/hole transport, and electrochemical stability varied widely
across the different materials studied, and each requires a unique approach to
optimization. In the same way, we found that each film deposition technique possessed
its own strengths and weaknesses.

For example, although well-controlled ballistic

deposition can be used to finely tune composition and morphology independently for
some materials, it is quite costly in terms of both time and money and is poorly suited for
some materials. The techniques of electrodeposition and spray pyrolysis, while more
amenable to larger-scale application, provide less control over film growth and in the
case of electrodeposition, is even more restrictive in terms of both film and substrate
material selection. In studying such a range of materials and film growth techniques,
further insight was gained into the underlying principles and application of
semiconductor thin film photoelectrochemistry.
In chapters 2 and 3 we employed reactive ballistic deposition (RBD) to control
the feature size and porosity of nanostructured α-Fe2O3 photoanodes for water oxidation.
As expected, higher deposition angles led to increased porosity, and film morphologies
ranged from dense to nanocolumnar.1 Although nanocolumnar films would generally be
expected to outperform those possessing a more continuous structure due to differences
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in minority carrier transport lengths to the film-electrolyte interface, we found that films
possessing only modest porosity (deposited at 55o) resulted in the highest photocurrents.
The reasons for this appear to be related to poor electron transport in thick hematite films
(the more porous the film, the thicker the film must be to absorb many photons), as well
as surface recombination, which becomes more problematic as a greater number of
surface trap states are exposed on the films deposited at higher angles. Utilizing coevaporation to deposit hematite films doped with titanium or tin showed much different
behavior (higher deposition angles were more optimal), and the problems of electron
transport and surface recombination were apparently reduced, leading to photoconversion
efficiencies approximately twice as high (IPCE up to ~ 30% for titanium-doped) as in the
undoped case.2

The precise mechanisms of these improvements are still somewhat

mysterious, although the results suggest that a combination of electronic doping and
reduction of surface recombination play the largest roles. Despite these improvements,
the overall performance of hematite photoanodes for water oxidation remains insufficient
for practical application due to its relatively low efficiency for converting visible-light
photons, despite its 2.1 eV band gap, and the large band bending (i.e. applied bias)
required to achieve high charge separation and low surface recombination rates.
In chapter 4 an entirely different technique, electrodeposition, was used to
synthesize the spinel p-type ternary oxide CuBi2O4.3 Whereas hematite has received
extensive study in the past, CuBi2O4 is a newly discovered photocathode material that
showed promise for water splitting applications in a recent combinatorial study.4 In order
to conduct a more rigorous study of its PEC properties, we selected electrodeposition as a
fast, low cost deposition technique. Deposition potential and bath concentration were
found to have the greatest effects on composition and morphology. Well crystallized
films of p-CuBi2O4 consisting of interconnected particles roughly 200 nm in diameter
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were achieved after annealing the as-deposited metallic films. PEC results indicated that
the band edge positions of CuBi2O4 make it nearly ideal as a photocathode for hydrogen
evolution, with a flat-band potential near 1.1 V vs. RHE. Although the reported band gap
of CuBi2O4 is 1.5 eV,4 our optical spectra suggested that light absorption was essentially
negligible for photon energies lower than 1.8 eV.

Photoconversion vs. wavelength

experiments gave similar spectral results, and also indicated that the films had poor
conversion efficiencies, on the order of 1 - 2% maximum. Front vs. back-side
illumination experiments as well as comparison with films deposited by ballistic
deposition indicated that charge transport is very poor in CuBi2O4. Photocorrosion via
the reduction of Cu2+ to Cu+ was confirmed by XPS and is a concern for future
application of this material for aqueous photoelectrochemistry.
In chapters 5 and 6 we investigated two other bismuth containing compounds,
BiOI and BiSI. BiOI, like CuBi2O4, is a material that has received extensive study and
has shown promising photocatalytic properties, particularly under visible light, due to its
1.8 eV band gap.5 The lack of available PEC characterization, however, motivated us to
study photoelectrodes composed of this material with the hope that BiOI thin films could
be used as photoanodes for water oxidation, based on expected band edge positions.
Spray pyrolysis, another scalable synthesis technique employed for its flexibility, was
used to deposit BiOI films in a single step.6 Although the films showed interesting
nanoscale features, good crystallinity, and good optical properties, their surprising
surface chemical instability in water prevented their study for water oxidation, and the
films’ PEC properties were instead investigated in acetonitrile, employing the oxidation
of I- as a model system. The films exhibited n-type conductivity, contrary to the p-type
character mentioned extensively in the literature. N-type conductivity could be expected
due to the formation of anion vacancies, the number of which appeared to increase with
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deposition temperature. Indeed, deposition temperature had significant influence on the
films’ properties and performance, and 260oC was found to be optimum.
Photoconversion efficiencies up to 20% in the visible range were observed, indicating
that, aside from their aqueous instability, n-BiOI films possess promising PEC
conversion characteristics.
As an extension of the BiOI study, the formation of BiSI was attempted due to its
presumably narrower band gap leading to greater solar absorption potential.

We

discovered that simply adding thiourea as a sulfur source to the BiOI precursor solution
resulted in the formation of well-crystallized BiSI when deposited under the same
conditions. The PEC performance of n-BiSI greately exceeded that of BiOI due to
improvements in both light absorption and photoconversion efficiency, which remained
strong until wavelengths of nearly 800 nm (1.6 eV).7 This led to photocurrents of
roughly 5 mA/cm2 for the oxidation of I- in acetonitrile under AM1.5G illumination.
This represents the first evaluation of BiSI’s PEC performance and provides motivation
for its further study as a solar absorber material along with other under-studied V-VI-VII
compounds. Unfortunately, these films were unstable even in this non-aqueous system
meaning n-BiSI films are more interesting for solid-state photovoltaic applications, rather
than for photoelectrochemistry.
ONGOING AND FUTURE WORK
We are continuing studies of novel photoelectrode materials for both PEC water
splitting and thin film solar cell applications. In particular, combinatorial studies are
being undertaken to identify promising dopants to improve the photoconversion
efficiency of CuBi2O4. CuBi2O4 remains an interesting photo-active material due to its
combination of band gap and band edge positions, provided its stability and
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photoconversion efficiency can be improved. Preliminary combinatorial results in our
group have indicated that the incorporation of silver may improve both properties and
further scaled-up bulk film experiments are currently being untaken. Although new
photocathode materials are certainly important, for overall PEC water splitting, the most
room for improvement seems to lie in the water oxidizing material or photoanode, since
the best available thin film photoanodes show neither the necessary photocurrents or
photovoltages to approach practical implementation.8,9

To achieve this, stable

photoanodes with band gaps of 2.0 eV or less and flat-band positions close to or even
negative of 0 V vs. RHE will probably be required. The best oxide materials currently
studied, α-Fe2O3 and BiVO4, possess band gaps of 2.1 and 2.4 eV and flat-band potentials
of roughly 0.4 and 0 V vs. RHE, respectively (Figure 7.1).

Figure 7.1. Band edge energetics of promising semiconductors for PEC water splitting
compared to those of hematite and BiVO4. The band edge positions relative
to the water splitting redox potentials are estimated from data in the
literature. The line color corresponds to the material band gap.
144

Two materials receiving some study as promising water splitting materials are
Ta3N5 and TiSi2, although their stability with respect to oxidation is a concern. 10,11
Theoretical studies have indicated that another non-oxide material, GaSbxN1-x, may also
possess near-ideal band edge energetics for water splitting (as a photocathode,
presumably), and pristine GaN is known to be stable for this application.12 Although
these materials are interesting objects of PEC research, preparing them as photoelectrodes
is quite difficult compared to those of the more often studied metal oxides. In fact,
GaSbxN1-x has never been studied experimentally, but the formation of Sb-doped Ga2O3
followed by its ammonolysis may be a promising starting point. TiSi2 has primarily been
studied in the form of a commercial powder meaning that nanostructured film preparation
has not been thoroughly investigated. Ballistic deposition may be a promising route to
preparing films in order to facilitate a better understanding TiSi2 ’s somewhat mysterious
photocatalytic properties.
Another class of semiconductors receiving recent interest for PEC water splitting
is the perovskite oxy-nitride group (e.g. LaTiO2 N).13 These materials show excellent
visible light absorption and some have demonstrated the ability to generate hydrogen
and/or oxygen from water under illumination.14 Some PEC data also exists for select
members of this group, although the photocurrents demonstrated so far are relatively
low.15 As with the previously mentioned nitride compounds, these materials are difficult
to synthesize since they require high temperature ammonolysis conditions which are fatal
to most substrates. Their preparation on tantalum foils may be possible, however, via the
deposition of a parent perovskite oxide by spray pyrolysis or ballistic deposition,
followed by ammonolysis.
Another important consideration for novel photoanode materials is the application
of appropriate film coatings acting as either water oxidation catalysts capable of
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facilitating multi-electron transfer steps or as hole-scavenging layers preventing surface
recombination. Such strategies are critical for narrow band-gap photoanodes, which do
not possess deep valence band edges providing high built-in overpotential for water
oxidation via single electron transfer mechanisms.

An appropriate coating material

would enhance both the performance and stability of the photoanode material by
minimizing the buildup of holes at the semiconductor-electrolyte interface.16,17 Studies of
relatively abundant (e.g. cobalt based) water oxidation catalysts as applied to these new,
narrower band gap semiconductor photoanodes would be very important to achieving
necessary performance.
Regarding the chalco-halide work, we are conducting further investigation of
BiSI-based photoanodes for thin film solar cells rather than for photoelectrochemistry
due to their PEC instability. In particular, we are curious as to whether the substitution
of selenium for sulfur enhances photovoltaic performance by increasing light absorption
and/or improving the electronic properties by altering the structure of BiSI. Preliminary
PEC results have confirmed that the absorption and conversion of NIR photons is
improved, but the overall photoconversion efficiency is reduced slightly (Figure 7.2).
Further understanding and manipulation of n-BiSI films and related compounds could
lead to excellent novel thin film absorber materials for solar cells.
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Figure 7.2. Left: Photoconversion spectra for pristine and Se-doped BiSI films under the
short circuit condition (2-electrode configuration, 0 V vs. Pt) employing I/I3- in acetonitrile as the electrolyte. Illumination was accomplished through
the backside of the photoanodes. Right: Proposed layered heterojunction
scheme for a PEC cell employing a n-BiSI film and an optimized overlayer
material.
We are also attempting to implement these films in actual solar cell devices using
a solid-state hole conductor.18 Our hope is that these devices will exhibit high stability
compared to the PEC solar cells we have studied with these films previously. A different
approach that could also prove quite interesting for stabilizing n-BiSI films for PEC
applications is to form a buried heterojunction with a n-BiSI film underlayer and a more
stable overlayer semiconductor (Figure 7.2). However, proper matching of the band edge
energetics appears difficult since there are almost no photoelectrochemically stable
materials with valence band edges more negative than that of n-BiSI. In any case, there
are a number of potentially exciting directions to pursue further research on these and
other novel materials for solar energy conversion applications.
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Appendix A: Supplemental Information for Reactive Ballistic
Deposition of α-Fe2O3 Thin Films for Photoelectrochemical Water
Oxidation

Figure A.1. XPS Fe 2p spectrum of a film deposited at 80o incidence and annealed at
450oC for 2 h. The core level designations of the primary peaks and the
position of the visible satellite peak are indicated.
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Figure A.2. SEM image of a 1 μm thick α-Fe2O3 film deposited at 80oC. The film was
scratched to provide a clearer view of the nanocolumnar structure.
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Appendix B: Supplemental Information for Photoelectrochemical
Performance of Nanostructured Ti- and Sn-doped α-Fe2O3 Photoanodes

Figure B.1. Grazing incidence X-ray diffraction patterns for Ti-doped films deposited at
75o incidence with various flux ratios of O2:Fe. The un-indexed peak at
37.5o belongs to cassiterite (SnO2).
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Figure B.2. SEM images of 5% Ti-doped samples deposited at 75o incidence and
annealed to either 400oC (bottom) or 550oC (top) for 2 h.
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Figure B.3. XPS Sn 2p spectrum for a 4% Sn-doped α-Fe2O3 film, with the indicated
core level peak designations.
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Figure B.4. XRD profiles of 12% Ti or Sn-doped α-Fe2O3 films deposited at 75oC
incidence and annealed to 550oC for 2 h. Two-theta peak positions for
hematite (PDF #97-002-4004) (o) and cassiterite (PDF #97-000-9163) (Δ)
are indicated.
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Figure B.5. XPS depth profile of a 4% Ti-doped α-Fe2O3 film deposited at 0o incidence
and annealed to 450oC for 2 h. Ar+ sputter depth was determined using
profilometry.
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Appendix C: Supplemental Information for Electrochemical Synthesis
and Characterization of p-CuBi2O4 Thin Film Photocathodes

Figure C.1. Steady-state photocurrent density at -0.2 V vs. Ag/AgCl (in N2 bubbled
aqueous Na2SO4, pH ~6) for CuBi2O4 films deposited from a bath
concentration of 12 mM and annealed to various temperatures.
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Figure C.2. UV-vis-NIR direct transmittance spectrum of a typical CuBi2O4 film
deposited from a bath concentration of 6 mM. The inset shows the
corresponding Tauc plot indicating an apparent 1.4 eV direct band gap.
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Figure C.3. XPS (a) Bi 4f and (b) Cu 2p spectra for a film prior to PEC testing. Corelevel designations for the observed Bi3+ and Cu2+ peaks are indicated.
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Figure C.4. IPCE values for a typical film before and after 1 h steady photocurrent
passage at -0.2 V vs. Ag/AgCl in pH 10.8 aqueous Na2SO4.
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Figure C.5. SEM images of films deposited at -0.7 V for 3.5 min (a) and 7 min (b) as as 0.9 V for 2.5 min (c) and 5 min (d) from a bath containing a 3:1 ratio of
Bi:Cu. The scale bar is 2 μm and applies to all images.
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Figure C.6. SEM images of CuBi2O4 films deposited from baths at different
temperatures at -0.5 V vs. Ag/AgCl for 5 min. with a cation concentration of
6 mM. The scale bar is 2 μm and applies to all images.

162

Appendix D: Supplemental Information for Spray Pyrolysis Deposition
and Photoelectrochemical Properties of n-type BiOI Nano-platelet Thin
Films

Figure D.1. Monochromatic light intensity at the surface of the film employed for IPCE
testing.
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Figure D.2. XRD patterns of films created by spraying the BiOI precursor solution at
low temperatures. The arrows indicate the peak positions of BiI3, diamonds
indicate unidentified peaks, and all other peaks originate from SnO2 in the
substrate.
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Figure D.3. XPS core-level spectra (Bi 4f and I 3d) for a BiOI film deposited at 260oC,
indicating the positions of the Bi3+ and I- peaks and their orbital
designations.

165

Figure D.4. I-V curves in the dark and under illumination for a BiOI film deposited at
260oC tested using a 2-electrode configuration in 0.5M NaI / 0.05M I2 in
acetonitrile. The working electrode was illuminated from the backside.
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Figure D.5. Steady-state photocurrent test at 0.4 V vs. Ag/AgCl in 0.25M NaI in
acetonitrile. The film was deposited at 260oC and illuminated from the
backside.
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Appendix E: Supplemental Information for BiSI Micro-Rod Thin
Films: Efficient Solar Absorber Electrodes?

Figure E.1. Mean (210) crystallite sizes calculated from the XRD patterns of films
deposited at various temperatures.
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Figure E.2. Linear sweep voltammogram under chopped illumination at cathodic
potentials with and without a 420 nm cut-on filter for a film deposited at
275oC. Anodic photocurrents are displayed in the negative direction. The
solution was 0.25M NaI in acetonitrile, and the scan rate was 25 mV/s.
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Figure E.3. Plots of ln(1-φ) vs. (E-Efb)1/2 under monochromatic illumination for two
different BiSI films deposited at 275C. The average calculated hole
diffusion length (Lp) for each set of three measurements is displayed.
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Figure E.4. Linear sweep voltammogram under chopped illumination for films deposited
at 275oC on metal foil substrates. The solution was 0.25M NaI in
acetonitrile, and the scan rate was 25 mV/s.

171

Figure E.5. Tauc plots constructed using total transflectance measurements for a film
deposited at 275oC to determine the indirect (black) and direct (blue)
bandgaps of BiSI (1.57 and 1.63 eV) from linear fits indicated by the dashed
lines.
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