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Abstract 

Growth and Characterization of Transition Metal Oxide Semiconductors 
for the Photoelectrochemical Oxidation of Water Using Visible Light 

by 

Tyler Scott Matthews 

Doctor of Philosophy in Engineering – Materials Science and Engineering 

University of California, Berkeley 

Professor Junqiao Wu, Chair 

 

The first chapter in this thesis presents an introduction and background motivation for 
artificial photosynthesis using transition metal oxide semiconductors.  Also included is a section 
on some fundamental concepts of electrochemistry with semiconductors for the reader that may 
be unfamiliar with this research area.  The second and third chapters are devoted to copper 
tungstate (CuWO4), an n-type semiconductor with a band gap of 2.0 eV that exhibits great 
promise as the photoanode in a z-scheme water-splitting device.  The second chapter is in 
regards to CuWO4 thin films deposited via reactive-ion co-sputtering, while the third chapter 
presents a novel technique for the preparation of nanostructured CuWO4 with the aim of 
addressing some fundamental limitations when using 3rd-row transition metal oxide materials.  In 
the second chapter, a detailed systematic study into the co-sputter growth conditions of CuWO4 
will be presented with the aim of understanding the optimal growth parameters for 
photoelectrochemical applications.  Structural and electronic characterization of the thin films 
will be presented to demonstrate the quality of the growth process.  A thickness series was 
performed to determine the optimal thickness for maximizing photocurrent density.  The 
photocurrent density reported in this thesis is the highest current density thus reported in the 
literature for CuWO4 at the thermodynamic water oxidation potential.   A two-electrode 
experiment was performed in order to determine the feasibility of utilizing CuWO4 in a z-scheme 
device.  A number of oxygen evolution reaction catalysts were deposited onto the surface of 
CuWO4 thin films and their effect on the overall current density will be discussed.  Long-
duration potentiostatic measurements were carried out over a wide range of pH values to 
ascertain the stability of the material, and a discussion into possible degradation mechanisms will 
be discussed.  Finally, the efficacy of CuWO4 as a water oxidation catalyst will be demonstrated 
and discussed. 
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The third chapter in this thesis shall discuss two novel approaches for the formation of 
nanostructured CuWO4 with the aim of overcoming the inherently poor minority carrier mobility 
that has thus far slowed limited photoelectrochemical applications of the material.  In the first 
approach, anodic aluminum oxide nanotemplates were utilized in an attempt to electrochemically 
deposit CuWO4 nanowires into the pores.  In the second approach, a novel nitric acid treatment 
on tungsten thin films was utilized to develop a nanostructured surface followed by incorporation 
of copper using an combined physical vapor deposition and subsequent annealing process.  The 
overall results of both techniques will be discussed.  The fourth and final chapter in this thesis is 
a report on the growth and characterization of a nickel iron oxide alloy material to serve as a 
photoanode.  Thin films were grown via reactive-ion co-sputtering of nickel and iron metal 
targets in the presence of oxygen.  Optical, structural, electronic, and photoelectrochemical 
characterization was performed and the results shall be discussed. 

Two appendices complete the work.  The first appendix is a list of characterization and 
deposition instruments utilized throughout this body of work.  The second appendix is a 
collection of Mathematica® programs developed during the course of the author’s Ph.D. studies 
in order to aid in data collection and analysis. 
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Layout and Sign Convention 

This thesis is split into four separate chapters with two appendices.  The first chapter 
provides an introduction to the topic of alternative energy and water-splitting using inorganic 
materials.  It includes a section on some fundamental concepts of photoelectrochemistry with 
semiconductors meant as a brief introduction to the techniques and terminology that will be 
discussed at length throughout the rest of the thesis for the reader that may not be familiar with 
this particular application.  The second chapter is the longest of the four and represents the bulk 
of the research work on copper tungstate performed by the author during his time at UC 
Berkeley.  The third chapter delves into the topic of nanostructuring thin film surfaces of copper 
tungstate and presents some novel research that has to this point not been published.  The final 
chapter changes material systems from copper tungstate to a nickel iron oxide alloy.  This work 
is also unpublished to date. 

The first appendix discusses in detail each of the characterization instruments and deposition 
systems utilized during the course of the author’s Ph.D. work.  As these instruments and 
techniques were common to all data presented in this work, it was decided to place it in a single 
location for easier reference.  Any deviations from the experimental details listed in this 
appendix, if any, will be noted in the respective experimental detail section of each chapter.  The 
second appendix describes the various Mathematica® programs developed and utilized by the 
author to ease data analysis throughout his Ph.D. studies. 

Finally, a word on the sign convention used in this document for data plots.  The data 
presented in this thesis follows the inverse of the so-called “Texas convention”, named for 
Professor Bard from the University of Texas1, wherein positive current is denoted as a cathodic 
(reduction) current and is plotted above the horizontal axis line, while negative current is denoted 
as an anodic (oxidation) current and is plotted below the horizontal axis line.  In addition, the 
Texas convention flips the order along the horizontal axis, such that negative potentials increase 
in magnitude moving towards the right and positive potentials increase in magnitude towards the 
left.  In this document, positive current shall be considered anodic (oxidation) current and shall 
be plotted on a normal Cartesian coordinate system.  Negative current shall be considered 
cathodic (reduction) current.  The horizontal axis then follows the normal Cartesian coordinate 
system, in that positive potentials increase in magnitude moving to the right, and negative 
potentials increase in magnitude moving to the left.  To summarize, the following plot indicates a 
hypothetical current-voltage plot (shown in red), where <J> (current density) is plotted against E 
(potential).  The anodic/oxidation current is above the axis line in the positive direction, and the 
cathodic/reduction current is below the axis line in the negative direction.  As almost all data in 
this report deals with photoanode materials, the upper-right quadrant shall be the dominant plot 
structure. 
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Plotting and sign convention used throughout this text 

 

All potentials in this document shall be given in terms of the reversible hydrogen electrode 
(RHE) unless otherwise stated in order to better compare potential values to those found 
elsewhere in the literature.  It is important to note that no experiment was performed with a true 
reversible hydrogen electrode.  In every case, a Ag/AgCl reference electrode (+0.197 vs NHE) 
was utilized.  In addition, experiments were performed over a very wide range of pH values.  
Thus, the reported potential values were pH-corrected using the Nernst equation: 

. . pH*0.059RHE W E RefE E E= + +  

where EW.E. is the potential of the working electrode as recorded by the potentiostat, ERef  is the 
reference electrode potential vs NHE, and pH is given in the standard logarithmic scale from 0 to 
14. 
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Chapter 1: Introduction  

 

1.1 – The Fossil Fuel Trap 

Our society is currently facing a daunting challenge as the global demand for energy 
continues to grow year upon year.  This increase in demand is due in large part to the rapid 
industrialization of the developing world, and will continue to grow for the foreseeable future.  
To sustain this rapid growth in demand without adversely affecting the global economy, nations 
have relied heavily upon cheap and heretofore abundant carbon-based forms of fuel: coal, oil, 
and natural gas.  These three sources account for upwards of 80% of the world’s total energy 
supply2.  Carbon-based fuels have remained relatively cheap to extract and process for nearly a 
century, with perhaps an exception for oil as society has seen periods of high price volatility ever 
since the first oil crisis in the early 1970s3.   

The abundance of fossil fuels combined with their ease of extraction and use at low overall 
economic impact has not been without consequences.  It has become increasingly apparent in the 
last decade that anthropogenic carbon emissions into the atmosphere have dramatically altered 
the Earth’s climate4.  Carbon dioxide, the ultimate end product of hydrocarbon consumption, is a 
greenhouse gas that absorbs and re-radiates the Earth’s infrared radiation that would otherwise 
emit into space5.  The net effect is an unprecedented rate of global warming that is threatening to 
dramatically alter not only the environment but potentially our way of life.  Evidence across the 
globe has been mounting that suggest we are rapidly approaching a crucial tipping point of 
atmospheric CO2 concentrations. 

In an effort to try and reduce anthropogenic CO2 emissions as a result of energy 
consumption, academia and industry alike have spent considerable effort on alternative 
technologies for energy generation that do not rely upon fossil fuels, including photovoltaics, 
solar thermal power plants, wind turbines, thermoelectrics, thorium nuclear reactors, tidal wave 
energy, and novel microorganism engineering, among others.  Photovoltaics and solar thermal 
options have perhaps drawn the most interest in the last 30 years owing to the tremendous 
potential afforded to us by the sun.  The total energy from sunlight striking the Earth’s surface in 
one hour is sufficient to supply the global energy demand for an entire year6.  While tremendous 
progress has been made in improving energy conversion efficiencies and reducing their material 
and installation costs in a number of solar cell material systems, the cost per kilowatt hour of 
energy for the best commercial solar cell is still much greater than any of the well-established 
fossil-fuel based technologies.  In addition, the demand for electricity in any given geographical 
area does not follow the sun’s daily cycle.  Excess supply generated during peak sunlight hours 
must be stored in some other form in order to be utilized during the nighttime7. 
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1.2 – Artificial Photosynthesis 

A promising approach to help address these problems is the conversion and storage of solar 
energy in the form of commercially useful products, either for direct use in manufacturing or as 
an energy storage medium for use elsewhere6.  This has been dubbed “artificial photosynthesis” 
as the process is intended to at least partially replicate what Nature has evolved in plants and 
algae over billions of years with Photosystem I and Photosystem II.  The basic concept is thus: 
energy from sunlight is absorbed by a material (can be a traditional solid-state semiconductor, or 
even individual solution-based molecules) and that energy is directly used to drive chemical 
reduction and oxidation reactions.   In the case of water-splitting, water is the starting material 
(the source of electrons) and is split into hydrogen gas (the destination of electrons) and oxygen 
gas as the products.  Hydrogen gas is of tremendous industrial and commercial importance, with 
uses as far ranging as the production of ammonia via the Haber process8 to state-of-the-art fuel 
cell vehicles running off H2 tanks9.  The overall water-splitting reaction can be written as the 
sum of two half-reactions (standard electrode potentials given in parentheses)10: 

+ - o
2

+ - o
2 2

2 ( ) 2( ) 2( )

o

4H  + 4e   2H    (E 0.0 V)

2H O  4H  + O  + 4e   (E 1.23 V)

 2H O 2H  + O

G 237 kJ/mol

l g g

→ =

→ = +
∴ →

∆ =

 

Ultimately, the goal of most water-splitting research is to find a system that can more directly 
mimic Nature and convert carbon dioxide into chemical fuels such as carbon monoxide (syngas), 
formic acid, methanol, etc; however, the carbon dioxide reduction reaction is a much more 
difficult reaction to achieve than hydrogen reduction.  Of particular concern is the selectivity of 
the CO2 reduction catalysts currently under development, since a wide array of carbon-based 
fuels are typically produced, necessitating expensive and energy-intensive purification processes. 
The first development stage at the Joint Center for Artificial Photosynthesis, a joint DOE-funded 
research program between the California Institute of Technology and the Lawrence Berkeley 
National Laboratory (of which the author is a member), focused on hydrogen production instead 
of carbon dioxide reduction in order to develop expertise in this field.  As such, only water-
splitting with hydrogen production shall be considered in this work. 

In 1972 Fujishima and Honda reported on the photolysis of water into hydrogen and oxygen 
using TiO2

11.  They were able to demonstrate oxygen evolution on the surface of TiO2 and 
hydrogen generation on a platinum counter electrode upon illumination of the TiO2 surface with 
a Xenon lamp; however, the bandgap of TiO2 (3.2 eV) is too large to utilize a sufficient portion 
of the solar spectrum and so the total energy conversion efficiency was only 0.1%.  A schematic 
representation of the TiO2 conduction and valence band positions relative to the proton reduction 
and water oxidation potentials is given in Figure 1.1.  The conduction band (C.B.) of TiO2 is 
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slightly more positive than the proton reduction potential, and the valence band (V.B.) is 3.2 eV 
more positive than the C.B.  When photons of light of energy hν (> 3.2 eV) are absorbed by the 
semiconductor and generate electron-hole pairs, denoted by the yellow filled circle in the C.B. 
and the yellow ring in the V.B., the electrons travel to the surface where they reduce protons and 
form H2 gas.  The holes also travel to the surface where they extract electrons from water, 
forming O2 gas and free protons.  As long as the C.B. of the semiconductor lies at a potential 
more negative than the proton reduction standard potential, electrons have sufficient energy to 
drive the reaction.  In addition, as long as the V.B. of the semiconductor lies at a potential more 
positive than the water oxidation standard potential, a lower chemical potential exists for the 
electrons to be extracted from water and fill the holes.  It should be noted that C.B. and V.B. 
alignment alone is not sufficient criteria to achieve water-splitting; each half-reaction requires 
some amount of electrochemical overpotential to run at appreciable rates that may not be 
satisfied by band alignment, and competing redox couples (e.g. through the use of buffer 
reagents) may dominate either (or both) reactions. 

 

 

Figure 1.1: Schematic diagram of water-splitting reaction with a TiO2 semiconductor.  The 
proton reduction reaction at pH 0 is given by the dashed orange line, and the water oxidation 

reaction is given by the dashed green line (+1.23 V). 

Since the pioneering work by Fujishima and Honda, a large number of material systems have 
been investigated for their applicability to the photolysis of water, including, but not limited to: 
α-Fe2O3

12, SrTiO3
13, KTaO3

14, ZnO15, WO3
16, InP17, CdS18, CdSe18, CdTe19, and GaP20.  Figure 
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1.2 plots a number of such materials with aligned conduction and valence band edges relative to 
NHE.  Note that most oxides have very deep valence band positions, owing to their 
predominantly O 2p character.  Early artificial photosynthesis studies focused on finding a single 
material with (1) properly-aligned conduction and valence bands that span the proton reduction 
and water oxidation potential, (2) absorption into the visible part of the solar spectrum to 
maximize efficiency, and (3) long-term stability in acidic and/or alkaline aqueous media under 
illumination conditions.  The search for a single material to achieve all of these goals was often 
referred to as the “holy grail” of photoelectrochemical water-splitting10.  To date, no such 
material has been found.   

 

Figure 1.2: A selection of semiconductors with relative conduction and valence band alignments.  Gold 
dashed lines represent the reduction and oxidation potentials of H+/H2 and O2/H2O, respectively at pH 2.  

Courtesy of Joel W Ager III at Lawrence Berkeley National Laboratory. 

 

During the course of these earlier studies, it was quickly realized that most of the traditional 
IV, III-V, and II-VI semiconductors were unstable under AM 1.5 illumination in aqueous media.  
In fact, the predictable etching of some materials upon illumination in alkaline media is often 
utilized for benefit (e.g. chemical planarization to improve the efficiency of light emitting diodes 
such as GaN21).  This photoetching is in large part due to the low oxidation state of the elements 
comprising the material.  When a photoexcited hole travels to the surface to oxidize water, it may 
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just as easily oxidize the material itself which then readily dissolves away into solution.   

 

Figure 1.3: Plot of EQE (left, blue) and current density (right, purple) as a function of semiconductor 

bandgap with a sample of popular materials highlighted. 

 

To combat the instability problems plaguing traditional semiconductors that would otherwise 
seem well-suited for the photolysis of water based on their band gaps and band alignment, 
studies have focused on transition metal oxide semiconductors, as the transition metal is most 
often already in a fully-oxidized state and thus further oxidation is not possible.  As mentioned 
previously, however, the band gaps of most metal oxide semiconductors are just too large to 
generate high efficiencies owing to the very deep O 2p orbitals which comprise the density of 
states at the top of the valence band.  A plot of the maximum external quantum efficiency (EQE) 
as a function of semiconductor band gap can readily be made by integration of the 
experimentally measured AM 1.5 spectrum (Figure 1.3).  A number of popular transition metal 
oxides as well as two traditional semiconductors are indicated on the plot based on their 
published band gap energies.  As evident in the plot, all of the stable oxide materials studied to 
date can achieve at best only 20% EQE, with a maximum current density of 15 mA/cm2.  
Experimentally, the current densities are even lower due to the very poor carrier mobility 
inherent in many transition metal oxides (e.g. α-Fe2O3).  Many efforts have been made at 
reducing the bandgaps of metal oxide materials that do exhibit high carrier mobility: a reduction 
in bandgap allows more of the solar spectrum to be absorbed and thus effects a higher energy 
conversion efficiency.  For example, WO3 is a popular subject of bandgap reduction since it has 
a relatively high carrier mobility and yet a bandgap that is too large (2.7 eV).  Those efforts have 
included doping with nitrogen, iron, nickel, and chromium, among others; however, these studies 
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have seen limited success for PEC applications, often due to a large increase in lattice defects as 
a result of the doping process22-26. 

Due to the poor energy conversion efficiencies possible when using wide bandgap metal 
oxides as a single absorber system, an alternative “z-scheme”, or heterogeneous tandem, device 
was conceived and developed in order to obtain a fully-functional water-splitting system.  A z-
scheme mimics what happens in natural photosynthesis with photosystem I and photosystem II.  
In such a scheme, two photocatalyst semiconductors are connected together, either directly in a 
heterogeneous junction, or via an intermediate “sandwich” conducting layer (or tunnel/insulating 
layer) which ideally makes low-resistance contact to both materials (Figure 1.4).  Both 
semiconductor surfaces are exposed to electrolyte, although the electrolyte must be partitioned 
with an ion exchange membrane such that the product gases at each surface do not mix.  Figure 
1.4 is a cartoon schematic depicting two semiconductors, a p-type on the left and an n-type on 
the right, joined at the center of the figure.   

 
Figure 1.4: Cartoon schematic of a z-scheme water-splitting device. 

To demonstrate how such a z-scheme system operates, first consider the p-type material on 
the left.  A photon is absorbed which generates an electron in the conduction band and a hole in 
the valence band.  The conduction band electron then migrates to the semiconductor/electrolyte 
interface, where it participates in the electrochemical reduction of a proton.  An analogous, yet 
separate, photon absorption event occurs within the n-type semiconductor, except now the hole 
in the valence band migrates to the surface and goes to electrochemically oxidize water.  The 
hole in the valence band of the p-type semiconductor and the electron in the conduction band of 
the n-type semiconductor recombine at the interface between the two materials.  With proper 
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band alignment, these two charge carriers are ideally at the same chemical potential such that the 
recombination event yields very little loss in energy.   The p-type semiconductor is called the 
photocathode in this scheme, since it performs the reduction reaction, and the n-type 
semiconductor is called the photoanode since it performs the oxidation reaction. 

By utilizing a z-scheme device, it is possible to split water into hydrogen and oxygen using 
two materials that would not otherwise be suitable to perform the overall reaction independently.  
In Figure 1.4, neither the p-type nor the n-type material can run both reactions, since the top of 
the valence band is too negative in the p-type semiconductor and the bottom of the conduction 
band is too positive in the n-type semiconductor.  A significant advantage to such a scheme is 
that the total amount of photovoltage necessary to split water (1.23 V) can be shared between 
two materials.  By employing two materials each with relatively small band gaps, one can 
maximize use of the solar spectrum since the total number of accessible solar photons increases 
substantially at lower energies.  The primary disadvantage of such a scheme is that two photons 
are required per electron-hole pair instead of only a single photon; however, this disadvantage is 
largely negated since there are simply more photons being absorbed.  A second disadvantage lies 
in the technical challenges of coupling two semiconductors together such that electron-hole 
recombination at the interface occurs efficiently. 

1.3 – Thesis Structure 

The present body of work is the cumulative effort of the author’s final three years of Ph.D. 
studies at the Joint Center for Artificial Photosynthesis (JCAP) at the Lawrence Berkeley 
National Laboratory.  JCAP is a joint effort between Caltech and UC Berkeley, funded by a 
multi-year DOE grant, with the aim of building a z-scheme water-splitting device that requires 
input only from the sun.  Research at JCAP is split into seven different subject areas: Molecular 
Catalysis, Heterogeneous Catalysis, High-Throughput Screening, Prototyping and Scale-Up, 
Membranes, Interfaces, and Light Absorbers.  The author is a member of the Light Absorbers 
group, which is responsible for investigating new semiconductor materials for both the 
photocathode and photoanode side.  As it turns out, the photoanode, responsible for the water 
oxidation reaction, is a much more challenging problem than the photocathode.  This is due in no 
small part to the problems described earlier in regards to oxidation of the material itself.  In 
addition, the water oxidation reaction requires substantial overpotential in order to run at a 
sufficient rate for commercialization.  The author’s work focused purely on the photoanode 
material and the corresponding water oxidation reaction.   

This thesis is split into four chapters.  The aim of the first chapter (the present one) is to 
provide a brief introduction to artificial photosynthesis and some fundamental concepts of 
photoelectrochemistry with semiconductors.  Chapter Two considers the utility of copper 
tungstate thin films grown via reactive-ion co-sputtering as the photoanode in a z-scheme device, 
and constitutes the bulk of the author’s research work.  Chapter Three introduces a novel 
technique for growing nanostructured copper tungstate thin films in an effort to improve the 
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carrier collection efficiency.  Chapter Four considers a nickel-iron-oxide material as a light-
absorber/catalyst material combination.  All chapters involve a substantial amount of common 
film growth and characterization techniques.  As such, all instrumental and experimental details 
have been provided in Appendix A in lieu of detailing each instrument within every chapter.  
Finally, a list of useful Mathematica programs developed by the author is provided in Appendix 
B. 

1.4 – Photoelectrochemistry with Semiconductors 

In this section I would like to give an introduction to some concepts regarding 
photoelectrochemistry with semiconductors.  This is by no means a comprehensive review nor is 
it intended to supplant any of the excellent articles, texts and book chapters on this subject6,10,27. 
Rather, it is intended as a brief review for the uninitiated reader who may not have any exposure 
to photoelectrochemistry, as this thesis makes heavy use of these concepts throughout.  Bard and 
Faulkner have devoted a chapter of their classic text “Electrochemical Methods” to this topic1, 
and a more exhaustive discussion can be found in the book titled “Modern Electrochemistry” 
from Bockris and Reddy28. 

One concept that connects solid state physics to electrochemistry is that of the semiconductor 
Fermi level and how it relates to standard electrode potentials.  As mentioned in previous 
sections, the position of the conduction and valence band density of states relative to specific 
chemical reaction potentials is an important metric in understanding what chemistry might be 
possible with a given semiconductor and electrolyte combination.  To start, it is important to note 
that standard electrochemical reduction and oxidation potentials are always given in relative 
terms.  For example, the reduction of Cu+1 to Cu0 occurs at a relative potential of +0.520 V under 
standard conditions (1 M concentration, 25 °C, 1 atm pressure, and unity activity): 

+ - 0Cu  + e   Cu(s)   (E  = 0.520 V)�  

 

This +0.520 V potential is ultimately an arbitrary value that has no origin in first principle 
thermodynamics.  It is a potential relative to the standard hydrogen electrode potential, 

+ - 0
22H  + 2e   H (g)  (E  = 0.0 V)�  

 

which has been defined for convenience purposes as the zero potential under standard conditions 
with the added condition that the electrolyte is at pH 0.  Unfortunately, the literature does not 
reference solid-state density of state energies using this relative scale.  The Fermi level in a metal 
or semiconductor is ultimately referenced to the vacuum potential via measurement of its work 
function and thus represents an absolute potential.  Fortunately, a mapping between the absolute 
potentials of solid-state physics and the relative potentials of electrochemistry has been worked 
out by Reiss and Heller, who have carefully analyzed the problem and deduced that the now 
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absolute potential value of the standard hydrogen electrode at pH 0 has a value of -4.43 V 29.  
Thus, by measuring the work function of a metal or semiconductor via physical characterization 
methods one is able to determine its Fermi level position relative to the standard hydrogen 
electrode potential. 

Perhaps the most straightforward technique for measuring the Fermi potential of a 
semiconductor is via electrochemical impedance spectroscopy (EIS).  By applying an alternating 
current of given frequency on top of a series of voltage steps over a specified potential range in a 
buffered electrolyte, the impedance of the semiconductor can directly be measured.  The 
potential range utilized must be carefully chosen such that no chemical reactions are occurring in 
the specified electrolyte.  This is easily achieved by first performing linear sweep voltammetry in 
the chosen electrolyte and identifying the potential range where negligible Faradaic current 
occurs.  Electrochemical impedance spectoscopy is typically a component of most major 
potentiostat vendors, with fine control over both the applied AC frequency and magnitude.  In 
order to ascertain whether the material exhibits a frequency-dependent permittivity, a range of 
AC frequencies are typically investigated.  With EIS data acquired, the Mott-Schottky relation 
provides us with the relevant connection between measurement and physical properties (given 
here is the equation for n-type semiconductors)30: 

2 2
0

1 2
fb

sc D

kT
E E

C A e N eνε ε
 = − − 
 

 

In this equation Csc is the measured series capacitance, A is the surface area of the sample, εv the 
permittivity of the sample, ND the donor density, E the applied potential, and Efb the flatband 
potential.  For p-type semiconductors a similar relation holds, except ND is replaced by NA, the 
density of acceptors.  Thus, a plot of 1/Csc

2 versus applied potential simultaneously yields the flat 
band potential and donor density if εv and A are known.  The flat band potential corresponds to 
the Fermi level in a semiconductor, and for heavily doped n-type semiconductors this level is 
slightly more positive than the bottom of the conduction band31.  The valence band edge can then 
be determined by adding the band gap energy of the semiconductor as determined from 
absorbance measurements or photoluminescence experiments.  It should be noted that the Mott-
Schottky relation is valid strictly when ND >> NA for n-type materials and NA >> ND for p-type 
materials.  For cases where ND is on the order of NA, the donor or acceptor density term should 
be replaced by the free carrier density: (ND-NA) for n-type and (NA-ND) for p-type. 

In order to utilize the Mott-Schottky relation, a number of assumptions must be made in 
regards to the material properties of the system30.  One assumption is that the capacitance of the 
semiconductor is much less than the capacitance of the electrochemical Helmholtz double layer 
that forms when the semiconductor is first immersed into the electrolyte; as these two 
capacitances are in series in the overall electronic circuit, the series capacitance is then 
dominated by the lesser term: 
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1 1 1

sc Film DLC C C
= +  

 If the capacitance of the semiconductor approaches that of the double layer, as in the case of 
a metal or semi-metallic electrode, the total capacitance measured via impedance spectroscopy 
would be a conflation of these two terms and thus would not represent a property of the material 
of interest.  This assumption is typically valid for most lightly or intrinsically doped 
semiconductors, as the total volume density of charge carriers within the bulk of the 
semiconductor, and by extension the capacitance, is many orders of magnitude less than the 
volume density of charge carriers in a buffered electrolyte solution.  A second assumption of 
importance is that of a frequency-independent εv, the permittivity of the semiconductor.  In cases 
where the permittivity of the semiconductor exhibits a frequency dependence, a slightly modified 
form of the Mott-Schottky relation is required, and the ND (or NA) term is no longer 
determinable. 

With this basic foundation in hand, we now consider what happens when a semiconductor is 
first placed into an electrolyte solution.  For a p-type material, the Fermi level of the solution 
must equilibrate with the Fermi level of the semiconductor.  If electrons from the solution are at 
a higher chemical potential than the semiconductor Fermi level, those electrons fill the 
abundance of acceptor levels near the surface in the semiconductor.  An electric field develops as 
the ionized acceptors, which are immobile, are counterbalanced by positively charged species 
(mobile cations) in the electrolyte.  This leads to downward band bending of the semiconductor 
near the surface (that is, the surface becomes more negative than the bulk), and the width of this 
bending (referred to as the depletion width) is directly a function of the donor concentration and 
the size of the mobile cations in solution.  This band-bending is schematically drawn in Figure 
1.5. 

 

  
 

Figure 1.5: Band-bending of a p-type semiconductor (left)  

and an n-type semiconductor in solution (right)  
 

Now let us consider what happens when a photon is absorbed, generating an electron-hole 
pair in the bulk of the p-type semiconductor drawn schematically in Figure 1.5 (left).  The 
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electron (the minority carrier) travels in accordance with the electric field at the surface and 
moves to the electrolyte interface.  The majority carrier hole by necessity travels in the opposite 
direction to the back contact.  An analogous but opposite situation occurs with an n-type 
material, such that holes (the minority carrier for n-type) are driven to the surface to run an 
oxidation reaction and electrons travel to the back contact.  In a z-scheme device, the back 
contact for both layers is the other semiconductor: majority carrier electrons from the n-type 
material recombine with majority carrier holes in the p-type material, completing the circuit (see 
Figure 1.4).  Under experimental conditions, such as studying one half of the overall water-
splitting reaction, the back contact is often a transparent conducting layer (such as indium- or 
fluorine-doped tin oxide), but may also be a metal or highly conductive semiconductor. 

We now turn our attention to some standard characterization techniques employed in 
semiconductor photoelectrochemistry.  Traditional cyclic voltammetry is often employed in 
order to ascertain the nature of chemical reactions that might be occurring as the potential is 
swept in both anodic and cathodic directions.  For simpler analyses, it is often sufficient to 
perform only a single sweep in a given direction, and for this purpose linear sweep voltammetry 
is the preferred method.  To illustrate the behavior of the semiconductor bands as the potential is 
swept from cathodic to anodic potentials relative to the chemical potential of the redox species in 
solution, cartoon schematics for a hypothetical (and highly idealized) semiconductor are 
illustrated in the series of figures that follow.  In Figure 1.6 we have a classic linear sweep 
voltammetry “s” shaped curve (in red) as the potential is swept from negative potentials to 
positive potentials under dark conditions.  The orange dashed lines represent an imaginary redox 
couple: the left-most (negative) potential corresponds to a species in solution that is reduced at 
the given potential, whereas the right-most (positive) potential corresponds to a species in 
solution that is oxidized at the given potential.   

 
Figure 1.6: Hypothetical LSV curve (red) for a semiconductor in the dark 
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Three different band-bending conditions are identifiable in this hypothetical scan.  Note that 
up to this point, I have not declared what type of semiconductor is illustrated (n- or p-type).  As 
we shall see, this curve could readily apply to either type; however, the nature of the 
semiconductor band-bending is decidedly different in each case.  I shall demonstrate the case of 
an n-type semiconductor with the remaining figures.  First we consider the portion of the curve 
around the coordinate origin between the two redox potentials denoted by the dashed orange 
lines.  Within this region neither reaction can proceed: the potential is not sufficiently negative to 
run the reduction reaction, and it is not sufficiently positive to run the oxidation reaction.  A 
negligible Faradaic current exists over this entire range, assuming no reactant products are 
present near the surface of the electrode (this will be discussed in more detail shortly).  Only 
non-Faradaic currents (such as capacitance currents) are observed here.   

Since no appreciable electrochemistry is occurring within this region, the Fermi level of the 
semiconductor must be in equilibrium with that of the electrolyte.  Within this region lies the 
flatband potential of the semiconductor, Efb, so named because the applied potential essentially 
reverses the equilibrium band-bending that develops when the semiconductor is first immersed 
into an electrolyte such that the bands have completely flattened (see inset in Figure 1.7).  Any 
photoexcited charge carriers (both majority and minority) generated in the semiconductor within 
this applied potential region will thus only result in a diffusive current owing to the lack of a 
depletion region and its electric field.  As discussed earlier, EIS measurements for Mott-Schottky 
analysis are performed within this potential range since only capacitive currents are possible.  
Performing linear sweep voltammetry starting from a neutral potential (that is, within the book-
end potential values of interest) in both cathodic and anodic directions is often useful when first 
measuring a new sample to ascertain this flatband potential range and perform accurate EIS 
measurements. 

 
Figure 1.7: Identification of the flat-band potential of an n-type semiconductor in the dark 

 

While the flatband potential must exist within the range where only non-Faradaic currents are 
observed, it should be noted that the potential range may be quite large, up to and even 
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exceeding 2 V depending on the overpotentials specific to each material of interest and the 
chosen redox reactions.  Typical flatband potentials can often be measured within ±10 mV or 
better.  Thus, knowledge of the non-Faradaic current range is not sufficient by itself to identify 
the precise Efb for a semiconductor, and EIS measurements would be required to obtain a precise 
value. 

Next let us consider the cathodic (reduction) current evident in the lower-left quadrant.  This 
must correspond to the case where the band-bending inverts from that which had developed in 
the semiconductor when it was originally immersed in the electrolyte.  That is, the bands are bent 
downward at the surface compared to the bulk for an n-type semiconductor (inset, Figure 1.8).  
By applying increasingly negative potentials, the Fermi level of the semiconductor approaches 
the bottom of the conduction band edge (EC), which is pinned at the surface.  At potentials that 
place the Fermi level at an energy more negative than EC but more positive than the chemical 
potential (plus any catalytic overpotential) of the electrolyte, electrons merely accumulate at the 
surface.  Thus, this regime is denoted as the accumulation regime.  When the Fermi level energy 
within the semiconductor exceeds that corresponding to the chemical potential within the 
electrolyte (plus any catalytic overpotential), electrons can transfer to solution and a cathodic 
current results.  Eventually, the application of even more negative potentials does not yield 
greater reduction currents owing to mass transport limitations: the electrode surface is reducing 
species from solution as quickly as they arrive from solution.  The current density reaches a 
plateau.  This mass transport limitation can be somewhat compensated by rapidly stirring the 
solution.  It is important to note that this cathodic current at large negative potentials for an n-
type semiconductor is due to majority carriers; thus, any photoexcited majority carriers will yield 
a much smaller reduction current than what is possible in the anodic regime since their 
concentration is comparable or even negligible compared to the intrinsic carrier concentration. 

 
Figure 1.8: Hypothetical LSV curve (red) for a semiconductor in the dark under accumulation conditions 
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Lastly, we consider the anodic (oxidation current) given in the upper-right quadrant.  Applied 
potentials within this region reinforce the built-in band-banding and contribute to an even larger 
depletion width; for this reason, this is referred to as the depletion region.  For an n-type 
semiconductor in dark conditions, the minority carrier concentration is essentially negligible 
compared to the majority carrier concentration and so very little current is often observed until 
large overpotentials are obtained corresponding to large positive shifts in the Fermi energy level 
of the semiconductor.  When the Fermi energy of the semiconductor is sufficiently positive of 
the chemical potential (plus catalytic overpotential) of the reductant species in solution, anodic 
currents due to minority carriers are obtained.  As with the accumulation regime, eventually the 
current density plateaus indicating a mass transport-limited regime. 

 
Figure 1.9: Hypothetical LSV curve (red) for a semiconductor in the dark under depletion conditions 

 

Before we discuss illumination conditions, let us briefly revisit the possibility of Faradaic 
currents within the flatband potential region.  In the case of artificial water-splitting, the reactant 
products are H2 and O2 gas at the reduction and oxidation potentials, respectively.  Since these 
gases are essentially insoluble in aqueous electrolytes, the individual reactions can be considered 
irreversible since the reaction products will form bubbles and transport away from the surface.  
Of course, in any real system the reactions are not perfectly irreversible, and some concentration 
of newly-formed product will remain in solution near the electrode surface.  For example, after 
achieving cathodic H2 generation with a p-type semiconductor, the existence of that newly 
generated H2 near the electrode surface can be detected during a reverse (anodic) sweep as an 
oxidation current when the potential is brought to a value more positive than the standard 
electrode potential for the reaction.  This oxidation current may appear within the region that 
would otherwise yield only non-Faradaic currents in the absence of any H2 in solution.  For this 
reason, linear sweep voltammetry is typically performed by starting at a potential within the non-
Faradaic regime and swept towards either the reduction or oxidation potentials, depending on 
what reaction is being studied, to simplify analysis of the resulting J-V curves. 
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Thus far we have shown that negligible minority carrier drift currents are observed (or even 
possible) until substantial overpotentials are obtained under dark conditions.  The same cannot be 
said for illumination conditions.  Under illumination, a non-equilibrium minority carrier 
concentration is obtained and any such photoexcited minority carriers that manage to find their 
way to the depletion region will drift to the surface (absent a recombination event) and 
participate in the reduction or oxidation reaction.  [As shall be discussed at length in this work, 
recombination owing to poor minority carrier mobility is a serious impediment to the successful 
implementation of many transition metal oxides for PEC applications.]  Since the minority 
carrier concentration in the semiconductor is due to a non-equilibrium process, anodic current for 
an n-type semiconductor can be obtained even at potentials more negative than the standard 
electrode potential for the given reaction.  This case is demonstrated graphically in Figure 1.10, 
where the illuminated current is shown in blue.  As seen in the plot, an oxidation current is 
observed at potentials within the non-Faradaic current region.  The difference between the onset 
potential where oxidation current is first observed under illumination conditions (green line in 
Figure 1.10) and the standard electrode potential for the reaction is denoted as the open circuit 
voltage, Voc, and is analogous to the open circuit voltages in a photovoltaic cell.  

 
Figure 1.10: Illuminated (blue) and dark (red) LSV curves for a hypothetical semiconductor.  Inset 

demonstrates Voc as a measure of the difference between the chemical potential of the reductant in 

solution and the Fermi energy of the non-equilibrium process within the semiconductor. 

 

The open circuit voltage that develops can also be depicted in terms of the band diagram as 
the difference in potential between the Fermi energy of the semiconductor and the chemical 
potential of the reductant species in solution.  This can be understood by considering the energy 
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that could potentially be extracted from the resulting chemical products.  Electrons at a specific 
chemical potential that are transferred from the reductant (e.g. water) to the minority carrier 
holes in the semiconductor lose their energy via a non-radiative process which is transmitted as 
thermal energy to the solution.  This energy gap is fixed, since the valence band position and 
chemical potential of the reductant are pinned at the semiconductor/electrolyte interface.  The 
excess majority carriers at a potential of EF in the semiconductor thus represent the energy 
gained by the photon absorption process.  This energy is simply the difference between Ef in the 
semiconductor and the chemical potential of the reductant (µe) in solution (inset Figure 1.10).   

Let us consider the maximum Voc that can be obtained from a given semiconductor under 
illumination conditions.  Since the position of EF in the semiconductor is due to an inherently 
non-equilibrium process as carriers are photogenerated, drifted away from the surface, and 
subject to recombination events, it is also subject to constant fluctuation.  The act of generating 
excess majority carriers in an n-type semiconductor has the net effect of moving the EF energy 
level to more positive values.  As discussed in the last paragraph, the difference between EF and 
the chemical potential of the species in solution is the energy afforded to us from the 
semiconductor during photoexcitation.  There is a fixed limit to the position of EF, however.  As 
EF is brought to more negative values, eventually the bands flatten out and the depletion region is 
lost.  As a result, the minority carrier drift current necessarily must cease and little to no anodic 
current is observed.  Thus, the upper limit on Voc is the difference between the standard electrode 
potential for the reaction and the flatband potential (Efb) of the semiconductor.  For water 
oxidation, this maximum is given by the following equation: 

oc fbV (Max)=1.23 - E  

 

A great wealth of additional information can be obtained for semiconducting electrodes using 
standard electrochemistry techniques applicable to traditional metal electrodes.  Such a 
discussion is outside the scope of this introductory section, since such techniques are much more 
commonly known.  Hopefully with this brief introduction some new electrochemical concepts 
unique to light-absorbing semiconductors presented within this body of work will be readily 
understood. 
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Chapter 2: Copper Tungstate Photoanode 
This project was born out of the author’s initial studies into WO3 as a photoanode material 

and attempts to find ways to reduce its bandgap to make it more efficient.  Efforts were made to 
introduce nitrogen as a dopant using a CVD ammonalization process without much success.  
After reading the literature for WO3 dopants that might introduce new hybrid orbital states into 
the band gap above the top of the valence band, it was decided that copper would make an ideal 
dopant to try.  After further evaluation and literature searching, it was realized that an alloyed 
compound (CuWO4) had been underrepresented in the literature, and that this material would 
make for an ideal research topic. 

2.1 - Introduction 

Copper tungstate (CuWO4) is an n-type semiconductor with an indirect bandgap of 2.0 to 2.3 
eV32,33 that has been studied for its gas-sensing and catalytic properties for nearly 30 years32.  
CuWO4 forms into a distorted wolframite structure which can be roughly considered as a 
hexagonal lattice of close-packed oxygen atoms with tungsten and copper atoms sitting at certain 
octahedral interstitial sites in an ordered fashion (Figure 2.1)34.  Films and single crystal samples 
of CuWO4 have been grown in a number of ways, including electrochemical deposition using an 
aqueous electrolyte of Cu(NO3)2 and H2W2O11

35, reactive ion co-sputtering using Cu and W 
targets36, solid state reaction32, and flux reaction37, among others.  Electrochemical deposition 
affords perhaps the most scalable and inexpensive route to film deposition, as it involves 
relatively inexpensive starting materials, does not require vacuum, and can be performed at room 
temperature. 

 

Figure 2.1: Structure of CuWO4, with Cu atoms shown in brown, W in light blue and O in red. 
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Theoretical density of state calculations of the CuWO4 structure suggest that the Cu 3d 
orbitals hybridize with the O 2p orbitals and form a new valence band maximum that is 0.5 eV 
higher than the valence band of WO3

33, which is comprised of purely O 2p character.  The 
conduction band minimum, which is formed primarily by the tungsten 5d orbitals, remains 
unaltered between WO3 and CuWO4.  The resulting 0.5 eV reduction in the overall bandgap 
should lead to a more than 200% increase in the EQE, from 15.5% for a 2.5 eV bandgap material 
to 33.8% for a 2.0 eV bandgap material.  This dramatic potential improvement in energy 
conversion efficiency warrants investigation into using CuWO4 as the photoanode in a z-scheme 
water-splitting device.  

The primary disadvantage to using CuWO4 as the photoanode is that the greatest overall 
illuminated current density achieved thus far is only ~300 µA/cm2 at a potential of +1.2 V vs 
RHE, which was reported for electrochemically deposited films35.  This value represents only 
2% of the maximum current density for a 2.0 eV bandgap material (14.6 mA/cm2).  For 
comparison, single crystal samples of p-InP have achieved more than 90% of the maximum 
current density for the proton reduction reaction38.  Chen et al reported on the ability to tune the 
bandgap of CuWO4 using magnetron co-sputtering by varying the Cu:W ratio; however, the 
resultant films were amorphous and exhibited poor performance for water oxidation36.  More 
recently, Chang et al reported on co-sputtered thin films of CuWO4 that exhibited improved 
photoelectrochemical performance in acidic media after thermal post-treatment when compared 
to the as-deposited amorphous film39.  

A full account into the nature of the low current density is lacking, as CuWO4 has not 
received considerable attention in the literature as a photocatalyst for water oxidation, perhaps 
due in no small part to its underperformance.  Experimental reports on the electronic properties 
of CuWO4 suggested that a low carrier mobility, particularly the minority carrier (hole) mobility, 
is a potential reason for the decrease in current37.  Transition metal oxides in general have very 
low carrier mobility values compared to more traditional III-V or IV semiconductors owing to 
the strong local polarization of carriers in mixed-valency compounds leading to a “hopping 
conduction” model.  It is therefore not unreasonable to hypothesize that the poor mobility, and 
subsequent high carrier recombination, is part of the root cause of the poor performance of these 
films. 

The present work aims to build upon the prior body of knowledge by systematically 
investigating the growth parameters and the resulting photoelectrochemical properties of 
reactive-ion co-sputtered thin films of CuWO4.  Film thickness and temperature series were 
performed to determine the optimal growth conditions, and the structural, chemical bonding, and 
morphological properties were characterized using Raman, x-ray diffraction, x-ray photoelectron 
spectroscopy and scanning electron microscopy.  The photoelectrochemical performance over a 
range of pH values is presented for the optimized film growth conditions using linear sweep 
voltammetry under illuminated and dark conditions.  Evidence for oxygen evolution under 
illuminated conditions at a fixed potential over long durations is demonstrated using a 
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fluorescent O2 probe and chronoamperometry.  The effect of catalyst loading on the surface at a 
number of pH values is discussed.  The long-term illuminated stability at a fixed oxidation 
potential over a range of pH values and the resultant morphological changes at the surface are 
presented.  Finally, the overall solar to hydrogen efficiency of CuWO4 when coupled with a 
photocathode in a traditional z-scheme setup using different applied bias values is reported.  The 
chapter will conclude with a summary of progress and future outlook. 

2.2 - Experimental Details 

Fluorine-doped tin oxide (FTO) coated glass (Sigma Aldrich, 7 Ω/□ sheet resistance) served 
as the transparent conducting substrate for all PEC samples.  Samples prepared for absorption 
and electronic characterization were deposited on sapphire or quartz.  The as-received glass 
panes were cut into smaller (~1 cm2) pieces and cleaned prior to film deposition via 
ultrasonication in acetone and isopropyl alcohol for 20 minutes each then dried completely using 
a nitrogen stream with a semiconductor grade air filtration nozzle.  High purity Cu (99.999%), W 
(99.95%), Co (99.95%) and Al (99.999%) sputter targets (2” diameter and 0.25” thickness) were 
purchased from AJA International.  The total chamber pressure was varied from 5.0 to 6.5 mTorr 
during deposition, with a fixed 5.0 mTorr Ar flow with the remaining pressure consisting of O2 
(O2 being the reactive component of reactive-ion sputtering).  Post-deposition annealing was 
performed in a quartz tube with open ends exposed to the atmosphere (78% N2, 21% O2) using a 
tube furnace from MTI Corporation.   

Samples with catalyst loading were prepared by sputter coating a very thin (<5 nm) layer on 
the post-annealed CuWO4 surface using the respective metal targets at low power (< 100 W).  
Oxide-based catalysts were deposited under 5.0/1.5 mTorr Ar/O2, while non-oxide catalysts were 
deposited in 5.0 mTorr Ar without O2 present.  For dark current verification of catalyst efficacy, 
test samples were prepared by sputtering the catalyst on cleaned FTO substrates without CuWO4.  
In all cases, a small section of FTO was masked off during deposition to enable direct electrical 
contact to the conducting back layer. 

Transmission line measurement (TLM) samples were prepared by depositing on insulating c-
plane sapphire substrates in order to determine the best metal to serve as ohmic (or near-ohmic) 
contact.  The pads were defined using photolithography and metals were deposited onto the 
photoresist surface via e-beam evaporation.  The photoresist was then removed using a standard 
liftoff procedure by soaking in acetone for up to 12 hours followed by light sonication.  Four 
different metals and adhesion layers were tested: Ti/Au, Cr/Au, Ti/Pt, and Ti/Al.  Typical 
thicknesses were 5-10 nm for the adhesion layer and 75-100 nm for the metal layer.   

Working PEC samples were typically mounted on microscope slides and electrically 
connected using copper SEM tape (Ted Pella) or aluminum foil as the conductive lead.  Contact 
to the masked FTO layer was made with silver paint (Ted Pella).  All conducting leads and silver 
paint were thoroughly coated and thus electrically insulated using MICCROStop Stop-Off 
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Lacquer (Tolber Chemical Division), leaving only the CuWO4 surface exposed to electrolyte.  
Sample thicknesses were measured in one of two ways.  For films greater than 200 nm in 
thickness, a Dektak II Profilometer (Sloan Technology Group) with an accuracy of +/- 25 nm 
was utilized.  For thinner films, samples were cleaved and their cross-sectional film thickness 
measured using a scanning electron microscope. 

2.3 – Growth and Structural Properties 

The RF co-sputtering growth conditions for stoichiometric thin films of CuWO4 was first 
investigated by systematically varying the Cu:W power ratio and measuring the resultant Cu:W 
elemental ratio via ex situ SEM-EDS and quantitative XPS.  Samples were deposited onto 
cleaned sapphire substrates (instead of glass or quartz) to avoid conflict between Si and W 
during EDS analysis.  In a typical deposition procedure, the tungsten target RF power was held 
constant (usually 150 watts), while the copper target RF power was systematically varied 
(typically 75 to 150 watts).  All samples were deposited at ambient temperature with a sputter 
chamber pressure of 5.0/1.5 mT Ar/O2.  Careful attention was paid to using dedicated sputter 
target locations within the chamber from one deposition run to the next in order to ensure 
reproducibility once the desired power ratio was obtained.  A nearly stoichiometric 1:1 ratio (that 
is, a Cu:W ratio between 0.95 and 1.05) was achieved by sputtering the W target at 150 watts 
and the Cu target at 115 watts, yielding a deposition rate of ~14.1 nm/min.  The Cu:W ratio was 
found to vary slightly from one deposition to the next, even with careful attention paid to 
ensuring constant process parameters wherever possible.  Samples that varied by more than 5% 
(that is, a Cu:W ratio less than 0.95 or greater than 1.05) were rejected for all further studies.  

A method for preparing successful CuWO4 photocatalyst films via electrochemical 
deposition had been previously reported by Yourey et al35.  The key process parameter taken 
from that report was the long annealing step at high temperature that converted the as-deposited 
amorphous CuO and WO3 into CuWO4.  Based on the prior report from Chen et al on their 
amorphous CuWO4 material deposited via RI co-sputtering without any annealing step36, it was 
determined that a systematic study into post-annealing temperature was necessary in order to 
identify the post-treatment conditions necessary for obtaining the highest quality films deposited 
via this method.  Twelve samples (two per temperature step) were prepared on FTO-coated glass 
in one sputter deposition run to ensure uniform thickness.  The samples were deposited at 
ambient temperature for 30 minutes (yielding a thickness of ~500 nm) with a chamber pressure 
of 5.0/1.5 mT Ar/O2 and 150/115 watts power to the tungsten and copper targets, respectively.  
While the substrate temperature was maintained at an ambient level (no substrate heating, and no 
active cooling), during the course of the deposition the temperature of the substrate rose steadily 
owing to the radiant heat from the target plasmas as measured by a built-in thermocouple 
mounted above the top side of the substrate mounting plate.  From the thermocouple readings the 
substrate temperature did not measure above 50 °C at any time during the deposition.  
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After deposition, the samples were annealed two at a time for 12 hours under atmospheric 
conditions (~78% N2 and 21% O2) at temperatures from 100 up to 500 °C in 100 ° increments.  
Temperatures exceeding 500 °C were not attempted owing to softening of the underlying glass 
substrate.  Two samples were retained as-is (no annealing step) for comparison purposes.  Raman 
and XRD spectra were acquired for each temperature sample (Figures 2.1 and 2.3).  As reported 
by Chen et al, films deposited at ambient temperature without any post-deposition annealing 
were found to be amorphous (black line in Figure 2.1).  In addition, those films exhibited rather 
modest to almost no photocurrent response and degraded rapidly in aqueous media 
(electrochemical data not shown).   

The first signs of film crystallinity not due to the underlying FTO substrate were obtained at 
300 °C (green line in Figure 2.2), and a full transformation to the distorted monoclinic crystal 
structure of CuWO4 was not obtained until 500 °C, in agreement with the thermal treatment 
study undertaken by Chang et al39 (this project was initiated and completed prior to their report).  
For all temperatures tested, the underlying 60 nm FTO film diffraction pattern was present in the 
obtained spectrum (brown plots in Figures 2.2 and 2.3), owing to the modest thickness deposited 
for this experiment.  The Raman and XRD spectra for the 500 °C samples are in excellent 
agreement with the literature40-42.  An indexing of the 500 °C XRD spectrum is given in Figure 
2.3 using crystal lattice parameters of a=4.703, b=5.834, c=4.878, α=91.677°, β=92.469°, and 
γ=82.805° 33,43. 

 
Figure 2.2: XRD spectra for the annealing temperature series: ambient (black), 100 °C (red), 200 °C 

(blue), 300 °C (green), 400 °C (orange) and 500 °C (grey).  A bare FTO sample is shown in brown. 
 



22 
 

 
Figure 2.3: indexed XRD spectrum for 500 °C annealed sample (grey).   

Bare FTO spectrum is shown in brown. 

 

 
Figure 2.4: Raman spectra for the annealing temperature series: ambient (black), 100 °C (red), 200 °C 

(blue), 300 °C (green), 400 °C (orange) and 500 °C (grey).   
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Depositing material at ambient temperature affords a significant practical advantage over 
films deposited at high temperature: the process takes considerably less time and requires far less 
energy consumption.  As demonstrated previously, films deposited at ambient temperature and 
annealed during post-treatment at temperatures exceeding 300 °C exhibited signs of crystallinity; 
however, the photocatalytic properties of such films were unsatisfactory.  A comparison of films 
deposited at 500 °C versus films deposited at ambient temperature and annealed during post-
treatment demonstrated a clear advantage for the former.  A discussion into the comparisons of 
photoelectrochemical performance shall be reserved for section 2.5.  Owing to those results, the 
temperature series experiment was revisited during the course of this project in order to ascertain 
the structural and morphological properties of films deposited at elevated temperatures.   

A second temperature series experiment was performed verbatim as before, except the films 
were deposited at the same temperature as the post-annealing step using the substrate heating 
stage in the AJA sputter system.  All other parameters were held constant for all samples: total 
deposition time, Ar/O2 pressures, post-treatment annealing time and environment, etc.  Since five 
different temperatures were investigated, five separate runs were performed instead of just one 
single run.  Two samples were prepared at each temperature: one was retained as-deposited, 
while the second was treated with a post-deposition annealing procedure.  Scanning electron 
microscope images were acquired for the as-deposited and annealed surfaces (Figure 2.5).  
Images on the left side of the figure represent the as-deposited film surface, while images on the 
right represent the final annealed surface.  Images within the same row represent the same 
temperature.   

 

 

  

1 µm 

Ambient 



24 
 

  
  

  
  

  
  

1 µm 1 µm 

100 °C 

200 °C 

1 µm 1 µm 

300 °C 

1 µm 1 µm 



25 
 

  
  

  
Figure 2.5: SEM images of as-deposited (left) and annealed (right) samples for each temperature sample 

from 100 to 500 °C 

 

The SEM images of the film surfaces (Figure 2.5) very clearly follow the same trend 
observed with the XRD and Raman data.  All samples deposited at temperatures below 300 °C 
look nearly identical: small, spherical clusters on the order of 80-150 nm in dimension coat the 
entire surface.  Only the sample annealed at 200 °C exhibited any sign of agglomeration or 
sintering, albeit very minor.  At these low temperatures, it is evident that RI co-sputtering results 
in the nucleation of sputtered material only at certain surface sites of the underlying FTO.  Once 
nucleated, the grains/clusters grow in size as additional material is sputtered towards the surface 
and accumulated.  After sufficient time, the clusters grow large enough to encounter neighboring 
clusters and begin to overlap, forming a contiguous film over the entire surface.  Below a certain 
thickness, such films would have a considerable density of voids or pinholes that would expose 
the FTO surface during electrochemical experiments.  Fortunately, FTO is an electrochemically 
inert surface over the potential range of interest for the experiments in this project, and thus 

400 °C 

1 µm 1 µm 

500 °C 

1 µm 1 µm 
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exposed FTO is not a complication; however, film growth that results in a large pinhole/void 
density may pose a problem during incorporation with other interfaces in a functioning device. 

At temperatures of 300 °C and greater, there is clear evidence of crystallite formation and 
faceting, along with an increase in overall grain size. The most striking change occurs at 400 and 
500 °C, at which point the clusters began to take on non-spherical shapes with sharp facets that 
reached more than a few hundred nm in dimension.  This would indicate that surface diffusion of 
material during deposition had occurred, and that agglomeration was no longer centered on 
nucleation sites.  In these cases, further annealing post deposition served to increase the average 
grain size and reduce the overall density of pinholes/voids. 

Cross-sectional SEM images were acquired for the 500 °C sample in order to evaluate the 
quality of the film and its adhesive character to the underlying substrate (Figure 2.6).  The FTO 
film can be seen in the image as a thin (60 nm) layer between the underlying glass support 
substrate and the deposited film.  Adhesion of the film to this FTO layer was quite excellent, 
with no evidence of delamination or cracking.  The CuWO4 film appeared uniform and 
contiguous at the FTO interface, suggesting growth had mostly occurred across the entire surface 
simultaneously, as in a Frank-van der Merwe growth model, rather than at specific nucleation 
sites as in a Volmer-Weber formation model.  Most likely, a Stranski-Krastanov model wherein 
layer-by-layer growth is accompanied by some degree of island formation, is the dominant 
growth mechanism for these films at elevated temperatures.  The CuWO4 film near the surface 
exhibited some signs of cracking; however, it is not certain whether this behavior was due to the 
action of cleaving the sample and the large amount of force applied in order to do so.  Some 
degree of void formation is evident, in agreement with conclusions drawn earlier from the top-
down SEM images. 

 

Figure 2.6: Cross-sectional SEM image of CuWO4 film on FTO-coated glass deposited at 500 °C 
 

600 nm 
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2.4 –Electronic Properties 

XPS spectra were acquired for a representative sample annealed at 500 °C to ascertain the 
nature of chemical bonding at the surface as well as confirm quantitative elemental composition 
as determined from EDS. The normalized elemental peaks for oxygen, copper, and tungsten are 
given in Figures 2.7.  The spectra reveal a strong oxygen 1s peak at 531 eV, as expected.  The 
tungsten 4f 7/2 and 5/2 peaks were observed at 36 and 37 eV, which represent strong shifts to 
higher binding energies as compared to the elemental tungsten 4f 7/2-5/2 peaks at 31 and 33 eV.  
Unfortunately, a fitting of these peaks was not possible owing to the lack of finer resolution at 
this energy scale.  The strong shift to higher binding energies is indicative of WO3

44.  The copper 
2p3 peaks are similarly shifted to higher binding energies.  Fitting of the 2p3 peak was 
satisfactorily achieved by assuming a three component fit after background substraction: a strong 
+2 oxidation state peak at 934 eV contributing 77% of the total, a smaller +1 oxidation state 
shoulder at 932 eV contributing 21%, and the remaining 2% from a very small shoulder at 937 
eV.  The peak at 934 eV is easily assigned to Cu2+, just as in CuO.  The +1 oxidation state can be 
attributed to a combination of oxygen vacancies, which are abundantly inherent in almost all n-
type metal oxides grown via this method, and dangling bonds of atoms both at the surface and 
along grain boundaries.  This +1 Cu may also exist as phase-separated Cu2O at or near the 
surface.  The small shoulder at 937 eV may be assigned to copper atoms at the surface in the +2 
oxidation state with hydroxide groups attached owing to exposure to atmospheric water vapor.  
These may be attributed to copper sites along embedded voids and/or grain boundaries since the 
Ar sputter cleaning of the surface prior to obtaining the spectra likely removed such hydroxides 
at the topmost surface.  A summary of peak assignments is given in Table 2.1. 

The shift to more positive binding energies for copper and tungsten in the presence of oxygen 
as compared to their elemental states can be understood when considering the structure of 
CuWO4, which forms into a distorted wolframite structure that can be roughly considered as a 
hexagonal lattice of close-packed oxygen atoms with tungsten and copper atoms sitting at certain 
octahedral interstitial sites in an ordered fashion34.   It is evident that these higher binding 
energies are due to the substantial deshielding effect of the strongly electronegative oxygen 
nearest neighbors.  These spectra are in good agreement with the literature data for wolframite 
CuWO4

45.  

As found with the EDS quantitative elemental data, the XPS quantitative data revealed a 
Cu:W ratio that varied slightly from sample to sample.  This slight variation was also found 
between spectra acquired before and after Ar sputtering, suggesting there may be some degree of 
both bulk and surface phase segregation into CuO and/or WO3.  For samples that deviated 
significantly from 1:1 stoichiometry, this segregation was made apparent as visible spotting on 
the surface in the form of large macroscopic clusters of the much darker CuO phase.  Careful 
adjustment of the Cu:W power ratio must be performed for a given RF sputtering system in order 
to achieve a high degree of reproducibility, and this ratio is often subject to a host of influential 
system variables such as target location within the chamber, target aging, and distance to 
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substrate.  Given these constraints, however, it can be concluded based on the structural and 
chemical composition data presented thus far that reactive ion co-sputtering followed by post-
deposition annealing (both at 500 °C) provides a facile route for the reproducible deposition of 
good quality, uniform and nearly stoichiometric CuWO4 thin films of controllable thickness. 

 

  
  

  
Figure 2.7: XPS spectra for CuWO4 sample prepared at 500 °C.  a) O 1s, b) W 4f7, c) Cu 2p3,  

and d) Cu 2p3 peak fitting 

 

Peak (eV) Intensity (a.u.) FWHM (eV) Area (a.u.) % Assignment 
934.2 16385 3.36 58603 77.5 Cu2+ (CuO) 
931.9 6610 2.23 15961 20.7 Cu1+ (Cu2O) 
936.9 1100 1.14 1335 1.8 Cu2+ (Cu(OH)2) 
Table 2.1: Summary of Cu 2p3 peak fitting results 

 

Using the TLM samples prepared on c-plane sapphire, it was found that Ti/Pt yielded the 
lowest contact resistance of the four metals tested (<500 Ω).  As the film resistance was orders of 
magnitude greater than the contact resistance, the Ti/Pt pads essentially served as Ohmic 
contacts.  One growth process parameter that provides a direct route to adjusting both film 
resistance and overall photoelectrochemical performance is the oxygen partial pressure.  It is 
well known that the intrinsic n-type behavior of many transition metal-oxide semiconductors is 
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due to oxygen vacancies within the lattice.  These oxygen vacancies reveal themselves as 
reduced forms of the transition metal(s) since charge neutrality must be maintained at all times.  
As shown earlier with the XPS peak fitting results, oxygen vacancies in CuWO4 appear as Cu1+ 
centers, although reduced forms of tungsten may also be present.   

In order to determine the effect of oxygen partial pressure on the films’ electronic properties 
and ultimately their photoelectrochemical performance, a series of samples were prepared by 
varying the oxygen partial pressure maintained during the sputter deposition from a minimum of 
0.2 mTorr to a maximum of 1.8 mTorr in 0.2 mTorr steps.  As with the temperature series, all 
other process variables were held constant:  500 °C substrate temperature, 1.5 mTorr Ar, 150/115 
watts W/Cu RF power, and 60 minutes total deposition time.  Samples were prepared on both c-
plane sapphire for electronic characterization and FTO-coated glass for photoelectrochemical 
characterization.  Unlike the temperature series, however, samples were not annealed after 
deposition using a tube furnace owing to the experimental difficulty in maintaining the proper 
Ar:O2 ratio throughout the annealing step; instead, the samples were post-annealed within the 
AJA sputter system itself by simply shutting off the RF power supplies but not the substrate 
heater or the Ar/O2 mass flow controllers.  Each sample was annealed in such a manner for 6 
hours before the substrate heater was turned off,  allowing the films to cool to room temperature 
in a fixed Ar:O2 ratio.  After deposition and in situ annealing, Ohmic contact pads were defined 
on the surfaces of each sample using photolithography and by depositing Ti/Pt via e-beam 
evaporation.   

Resistivity measurements were acquired for each O2 partial pressure sample at room 
temperature.  A log plot of resistivity versus O2 partial pressure is given in Figure 2.8.  As seen 
in the figure, all samples deposited in an O2 partial pressure of less than 1 mTorr showed 
exceptionally low resistivity and were nearly metallic in behavior.  The films were dark brown or 
gray in color, and completely opaque.  A sharp rise in resistivity occurred at 1.2 mTorr O2 partial 
pressure, changing from 10-1 Ω-m to 103 Ω-m.  For all partial pressures above 1.2 mTorr, the 
film resistivity deviated very little from 103 Ω-m.  These values very likely depend completely 
on the total flux of material being deposited at any given time; that is, how much material reacts 
with the ambient environment inside the sputter chamber prior to reaching the surface.  At the 
chosen RF power levels (150/115 watts for W/Cu), a minimum of 1.2 mTorr of O2 is necessary 
to fully react with all of the copper and tungsten and form the composite oxide.  Below that 
value, a large percentage of copper and tungsten arrive at the surface in either fully reduced or 
nearly fully reduced form, and a metallic or semi-metallic film results.  Above 1.2 mTorr O2, the 
additional O2 present has no bearing on the electronic properties of the film and does not interact 
with the material flux to any degree.  This result suggests that a very narrow window (~0.2 
mTorr) exists where fine control over the film resistivity can be achieved via manipulation of the 
O2 partial pressure alone.  Further attempts to refine the O2 partial pressure spacing to obtain this 
relationship were unsuccessful, perhaps owing to the lack of fine control required to obtain the 
small pressure differences within such a narrow window. 
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Figure 2.8: Log plot of resistivity as a function of O2 partial pressure during deposition and annealing 

 

As discussed in the introductory section, it is important to determine the position of the 
valence and conduction band edges relative to the proton reduction potential (0.0 V at pH 0) and 
the water oxidation potential (+1.23 V at pH 0), respectively, in order to determine whether a 
given semiconductor is capable of performing either (or both) of these two reactions. 
Electrochemical impedance spectroscopy was performed on a sample deposited on FTO-coated 
glass using the growth recipe outlined thus far: 500 °C deposition temperature, 5.0/1.5 mTorr 
Ar/O2, 150/115 watts W/Cu power, 60 minute total deposition time, and a post-annealing process 
in air at 500 °C for 12 hours.  The sample was measured in the dark using a 0.1 M KH2PO4 
buffer at pH 7.  Mott-Schottky plots for five different AC frequencies (from 0.25 to 10 kHz) are 
given in Figure 2.9.  Excellent linear fits were obtained for each frequency, with an intersection 
point at ~+0.45 V vs RHE.  The permittivity of CuWO4 was experimentally found to have a 
frequency dependence by Arora et al37,  which is confirmed from the results shown in Figure 2.8.  
For materials that exhibit such a frequency dependence, a slightly modified form of the Mott-
Schottky relation is required46: 
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where ε(0) is the static dielectric constant and ε(f) the dielectric constant at frequency f.  In this 
case, a 1/C2 versus E plot can still yield the flat band potential; however, ND cannot be computed 
since ND will be a function of frequency.  Interpolating the permittivity results from Arora et al 
for the frequencies used in this experiment thus yields a frequency-averaged donor density of 
1.42 ± 0.7 x 1019 cm-3, which is in good agreement with previous work on electrochemically 
deposited and co-sputtered films35,39.  The donor density for the two extreme frequency cases 
used in this experiment (10 and 0.25 kHz) did not vary by more than an order of magnitude, so 
the averaged donor density can be assumed to be reasonably valid over this entire operating 
range. 

 
Figure 2.9: Mott-Schottky plots over a range of AC frequencies: 10 (red), 7.5 (orange), 5.0 (green), 2.5 

(blue) and 0.25 (pink) kHz.  Impedance measurements performed in phosphate buffer at pH 7. 

 

The flat band potential for all measured frequencies did not converge precisely at zero 
capacitance, and ranged from +0.48 V RHE for the lowest frequency (250 Hz) to +0.40 V for the 
highest frequency (10 kHz), yielding an average of +0.44 V RHE which is also in agreement 
with prior work35,39.  Such a positive flat band potential for the conduction band of CuWO4 
confirms that the material is incapable of performing the proton reduction reaction; however, the 
valence band is more than sufficiently situated at +2.74 V (assuming a band gap of 2.3 eV; this 
value may be more negative at 2.44 eV assuming a band gap of 2.0 eV) to run the water 
oxidation reaction considering band alignment alone.  Based on these results, the conduction and 
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valence band edges for CuWO4 can be aligned with other prominent semiconductors (Figure 
2.10, adapted from a review by Kudo and Miseki47). 

 
Figure 2.10: Plot of band edges for a number of prominent semiconductors.  CuWO4 is plotted on the 

right, in brown.  Adapted from Kudo and Miseki47. 

 

2.5 –Photoelectrochemical Properties  

Photoelectrochemical data were acquired for annealed films of 1 µm thickness using linear 
sweep voltammetry in 0.1 M KH2PO4 buffered solution at pH 7 under dark, illuminated, and 
chopped conditions (a typical scan is given in Figure 2.11).   A slight rise in dark current was 
observed at +1.8 V vs RHE (black line in Figure 2.11), which can be attributed to electrocatalytic 
oxidation of water at the CuWO4 surface.  Any dark current contribution from pinholes or voids 
that may allow for electrolyte to reach the underlying FTO layer is ruled out in this case, since a 
dark current scan of a completely bare FTO substrate (data not shown) reveals no such rise at 
+1.8 V.  This dark current onset represents a ~600 mV overpotential for electrocatalytic water 
oxidation; further discussion of the catalytic use of CuWO4 shall be reserved for later in this 
section.   

Under AM 1.5 illuminated conditions (red line in Figure 2.11), the photocurrent onset was 
observed at +0.60 V vs RHE, which represents an open circuit voltage (Voc) of 0.63 V, or 84% of 
the maximum 0.75 V achievable based on the measured flatband potential of +0.48 V.  The 
illuminated photocurrent density was 0.21 mA/cm2 at the water oxidation potential (+1.23 V), 
and reached a high of 0.36 mA/cm2 immediately before the onset of the electrocatalytic dark 
current at +1.8 V.  Chopped illumination scans reveal fully recoverable photocurrent densities 
with no long-lasting transient behavior (green line in Figure 2.11).  The maximum fill factor was 
found to be at +1.0 V with a value of 52.9% (inset in Figure 2.11).  This fill factor is analogous 
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to a fill factor measurement in photovoltaic systems, and can be computed by first integrating the 
total area under the illuminated curve from the onset potential (+0.6 V in this case) to the water 
oxidation potential (+1.23 V).  The fill factor then at any point between the onset potential and 
the water oxidation potential is merely the difference in those two potentials multiplied by the 
current density at that potential.  In equation form: 
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where J(E) is the current density at a given potential, E, and Eo is the onset potential.  An ideal 
semiconductor for PEC applications would have a fill factor approaching 100%, such that the 
illuminated LSV curve approximates a step function at precisely the onset potential.  The 
maximum current in that case would be immediately available at the lowest possible bias 
voltage.  In reality, of course, no semiconductor can achieve a perfect fill factor, and the best 
commercial solar cells achieve only around 70%.   

  
Figure 2.11: LSV scan for a 1 μm sample under AM 1.5 illumination (red line), dark (black line) and 

chopped AM 1.5 illumination (green line) in 0.1 M KH2PO4 at pH 7.  Inset: fill factor maximum at +1.0 V. 
 

The primary losses associated with a drop in fill factor are film resistance (series and shunt) 
and recombination, both of which result in a loss of current.  Recombination is particularly 
problematic for polycrystalline materials with small grain sizes, as is the case with CuWO4 
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grown via RI co-sputtering, owing to the exceptionally large density of dangling bonds at the 
grain boundaries which act as efficient recombination centers.  In addition, CuWO4 suffers from 
a high series resistance due to its minority carrier small-polaron hopping conduction mode which 
exists even in single crystal form37.  This polaronic hopping model has been attributed to the 
position of the Cu 3d orbitals at or near the top of the valence band edge33,37,  since the Cu 3d 
orbitals are much more strongly localized compared to the O 2p orbitals which typically 
comprise the density of states near the top of the valance band in transition metal oxide 
semiconductors.  Unfortunately, it is precisely the position of these orbitals that provides the 
reduction in band gap when comparing WO3 to CuWO4.  Thus, it would appear that the 
introduction of Cu into WO3 is a double-edged sword: light absorption is improved by the 
reduction in band gap energy, but the minority carrier mobility is so adversely affected that the 
material exhibits a greatly reduced overall current density.  The question of whether series 
resistance or carrier recombination is the dominant loss mechanism shall be discussed next with 
a study of PEC performance as a function of film thickness. 

The 1 µm thick film shown in Figure 2.11 indicates an ever-increasing illuminated current 
density at large potential values (exceeding 0.4 mA/cm2 beyond +2.0 V RHE) and may suggest 
that even greater current densities lay beyond the voltage range studied in this experiment.  
However, any current density above the thermodynamic water oxidation potential is 
meaningless, at least in terms of efficiency for a light-absorbing semiconductor, since metal 
electrodes (such as Pt) start to become exceptionally efficient at oxidizing water at those 
potentials.  Essentially, any voltage advantage gained from the semiconductor itself is lost.  
Thus, our main interest while interpreting LSV plots lies at potentials more negative than +1.23 
V. 

In order to determine the optimal film thickness that maximizes photocurrent density at 
potentials more negative than the water oxidation potential, a series of films were deposited for 
varying durations: 30, 60, 90, 120, 180, and 240 minutes yielding thicknesses of 0.62, 1.04, 1.37, 
1.71, 2.50, and 3.18 µm thicknesses, respectively.  Three samples were prepared for each 
thickness in order to obtain statistically significant average current densities.  A plot of the 
photocurrent density measured at +1.23 V RHE versus film thickness (black squares in Figure 
2.12, left) reveals a maximum average current density of 0.225 mA/cm2 at a thickness of 1.37 
µm, corresponding to the films deposited for 90 minutes.  This value exceeds the ~0.18 mA/cm2 
achieved by Chang et al for their co-sputtered films of thickness 2 µm (current density from the 
literature report was extracted from the published J-V plot in the absence of a specific reported 
value)39.  While no films were deposited at precisely 2 µm thickness during this project, a simple 
linear interpolation between the 1.71 and 2.50 µm samples yielded a current density of 0.206 
mA/cm2 at 2 µm which would represent a 14% improvement over the previous literature report.  
This finding reveals the inherent trade-off when considering absorption length and carrier 
mobility: sufficient material is necessary to fully absorb the incoming solar flux, but excessive 
thickness prohibits majority carriers from reaching the back conducting interface before they 
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recombine in the bulk.  In the case of CuWO4, the optimal trade-off occurs at a thickness around 
1.5 µm. 

  
 

Figure 2.12: (Left) Plot of average current density at the water oxidation potential (black squares) and fill 

factor percentage (red triangles) as functions of film thickness.  (Right) LSV plots for selected films of 

given thicknesses: 0.62 μm (dark blue), 1.04 μm (red), 1.37 μm (green), 1.71 μm (purple), 2.50 μm (gray), 
and 3.18 μm (orange).  All data acquired in 0.1 M KH2PO4 at pH 7. 

 

While the average current density exhibits a very strong dependence on film thickness, the 
average fill factor was found to be completely independent of film thickness (red triangles in 
Figure 2.12, left).  The average fill factor over all 18 samples was 51.7 ± 0.7%, with the lowest 
value being 50.4% and the highest 52.9%.  This consistency is also evident in a plot of the 
illuminated LSV scans for selected samples at each thickness value (Figure 2.12, right).  Each 
film had a nearly identical onset potential around +0.6 V RHE and the shape of the LSV scans 
followed the same general trend up to the water oxidation potential.  The films thicker than 1.71 
µm exhibited current densities that began to tail off at potentials greater than ~+1.0 V RHE, 
which did not occur for thinner films which exhibited a steady increase in current density well 
beyond the water oxidation potential.  From these results it can be concluded that series 
resistance is likely not the dominant loss mechanism in CuWO4 for films thinner than 1.71 µm; 
rather, carrier recombination is the primary loss mechanism.  At thicknesses greater than 1.71 
µm, series resistance becomes more significant and contributes a substantial amount to current 
degradation; however, carrier recombination is still the dominant loss mechanism. 
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To determine the efficacy of a CuWO4 thin film electrode as the photoanode in a functional 
water-splitting z-scheme device, two-electrode experiments were carried out with a nanopillared 
InP photocathode prepared by our group and decorated with Ru as a catalyst.  Preparation of the 
InP nanopillar photocathode has been discussed previously38.  In these experiments the CuWO4 
film served as the working electrode while the InP sample served as the counter electrode.  To 
mimic a DC power supply applying a fixed bias to the overall circuit, the reference electrode 
lead of the potentiostat was connected directly to the counter electrode.  This configuration 
sacrifices knowledge of the absolute electrochemical potentials for either working or counter 
electrodes, since no reference electrode whatsoever is utilized.  In exchange, the equivalent 
circuit replicates what would be possible in a functioning device assuming the applied bias can 
be sourced from either semiconductor through improvements of their material properties or 
inclusion of a third light-absorbing layer in the overall stack (e.g. a buried p-n junction).  The 
two electrode surfaces were immersed into the electrolyte in a side-by-side configuration.  A 
more accurate experiment would place the higher band gap material in front of the lower band 
gap material to replicate an actual device, since it is assumed that any portion of the solar 
spectrum absorbed by the higher band gap material would not be available to the lower band gap 
material in a layered device stack.  However, the band gaps of InP (1.35 eV) and CuWO4 (2.0 
eV) are sufficiently separated such that only a tiny fraction of the total illuminated power density 
impinging on the surface of InP would be lost by placing CuWO4 in front.  In addition, the vast 
differences in maximum current densities obtained for each film (>30 mA/cm2 and 0.2 mA/cm2 
for InP and CuWO4, respectively) imply that InP represents essentially an infinite current density 
at its onset potential.   

Chronoamperometry was employed to monitor the current density of the device as a function 
of time from 0 to 120 s.  The chronoamperometric potential, which directly represents the bias 
potential, was varied from -0.2 to 1.2 V in 0.1 V increments.  The negative bias potentials were 
chosen to determine how much excess voltage was available to the system.  In effect, this 
determined what voltage was required to turn the device off.  After allowing the system to 
equilibrate in the dark for 20 seconds at each bias potential, the AM 1.5 solar simulator was 
turned on and left on for the duration of the experiment.  A plot of four representative bias 
voltages (0, +0.2, +0.4, and +0.6 V) is given in Figure 2.13.  The blue line corresponding to zero 
applied bias represents spontaneous water-splitting of the combined device, since the potentiostat 
in this configuration is only recording the current passing through the system.  The InP/CuWO4 
z-scheme setup is capable of achieving a steady-state spontaneous photocurrent density of ~11 
µA/cm2.  The steady-state current was measured by averaging the current density at times greater 
than 60 s.  While 11 µA/cm2 is a modest figure, and represents only a small fraction of the total 
power incident on the system, it does demonstrate that InP/CuWO4 is a viable 
photocathode/photoanode system that operates spontaneously under visible light illumination.  
The maximum current density obtained was ~180 µA/cm2 for the largest bias potential tested, 
+1.2 V (data not shown). 
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Figure 2.13: Chronoamperometric data for InP/CuWO4 two-electrode setup over four sample bias 

potentials: 0 V (blue line), 0.2 V (red line), 0.4 V (green line), and 0.6 V (purple line). 

 

A plot of the steady-state current density as a function of applied bias is given in Figure 2.14 
(left).  Two sets of data are given: the blue circles represent the experimental data points as 
measured using the chronoamperometric two-electrode setup while the red line represents the 
expected data points as calculated from the LSV scans of each electrode independently in a 
traditional 3-electrode setup under the same electrolyte conditions (pH 7, 0.1 M KH2PO4).  As 
shown in the figure, the experimental results very closely align with the expected results over the 
entire bias range.  The system still exhibited spontaneous water oxidation at a bias of -0.2 V, 
suggesting that the system produces more voltage than necessary.  The expected results were 
calculated by inverting the photocathode (InP) LSV AM 1.5 illuminated current density data to 
consider its absolute value on the same potential scale as the photoanode.  The intersection points 
of the InP LSV data with the CuWO4 LSV AM 1.5 illuminated data as a function of applied bias 
(obtained by shifting the potential in either of the two plots by a specified amount) yields the 
expected overall current density from the device, since each electrode is contributing some 
voltage to the overall 1.23 V sum.  As discussed earlier, the films prepared via RI co-sputtering 
in this report yield a Voc of 0.63 V; the remaining 0.6 V came from InP. 

The general overall efficiency (η) of an electrochemical device can be calculated by dividing 
the power output by the power input.  The power input for a light absorbing semiconductor is the 
power density of AM 1.5 illumination, or 100 mW cm2.  The power output is given by the 
difference in electrochemical energy of the reduced and oxidized products of the reaction (H2 
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and O2 in this case, 1.23 V) multiplied by the realizable current density of the device (J).  The 
electrochemical energy must be reduced by an amount equal to the bias voltage (VBias) applied to 
effect the reaction.  Thus, the maximum efficiency lies at an applied bias somewhere between 0 
and 1.23 V: 

Out
2

In

P (1.23 )

P 100 mW cm
BiasJ Vη −= =  

A plot of efficiency of the InP/CuWO4 device as a function of applied bias is given in Figure 
2.14 (right).  The expected efficiency is given by the red line, while the blue circles indicate the 
experimental efficiency.  The maximum efficiency of the device was expected to be 0.147% at a 
bias of 0.47 V.  The actual maximum efficiency was 0.157% at a bias of 0.6 V.  These low 
efficiencies are not driven by the lack of photovoltage in the device, since it exhibits not only 
spontaneous water-splitting but also an excess of 0.2 V.  Rather, the poor efficiency is due to the 
very low current densities obtainable with CuWO4. 

  
Figure 2.14: InP/CuWO4 two-electrode current density (left) and device efficiency (right) as functions of 

applied bias.  Expected values are given by the red lines.  Experimental values at specific bias voltages 

are given by the blue circles. 

 

 



39 
 

One of the biggest concerns when attempting to build semiconductor devices that require 
immersing the semiconductor into an aqueous electrolyte is that of stability.  This is never more 
apparent than with water-splitting systems, which require extreme pH values, either acidic or 
alkaline, in order to effect efficient proton or hydroxide diffusion, respectively, across the gas 
separation membrane.  It is precisely because of these caustic operating conditions that research 
into water-splitting materials, particularly on the anode side, have focused on transition metal 
oxide semiconductors; however, even transition metal oxide materials have a limited stability 
range (in terms of pH) over which the material can operate for the long durations required in a 
commercial device.  As perhaps the most relevant example, WO3 is only stable in acidic media 
(pH < 6) as it readily dissolves into WO4

2+ when exposed to solutions of pH > 6 48. 

In order to determine the optimal pH operating range for CuWO4, a series of long-duration 
stability tests were performed under AM 1.5 illumination conditions using a buffered 0.1 M 
KH2PO4 electrolyte adjusted to specific pH values using H3PO4 or KOH.  The pH range chosen 
was 1 to 13 in increments of 2 (all odd pH values) and each electrolyte pH tested was prepared 
independently (no solutions were reused).  Potentiostatic coulometry was employed for a 
duration of four hours at a potential of +1.23 V RHE using a standard three-electrode setup.  
Samples were prepared on FTO-coated glass following the optimized recipe outlined thus far 
(~1.4 µm thickness) in a single batch.  All samples were processed and handled together, from 
deposition to annealing, in order to ensure consistent material properties.  The +1.23 potential 
was chosen as the absolute highest value that might possibly be employed in a functional device.  
In all likelihood, a real device would operate at more negative potentials since the semiconductor 
is providing most, if not all, of the required voltage.  Thus, these experiments should be 
considered as the worst case scenario.  The four hour time duration was chosen for practical 
considerations, owing to the shared use of the instruments involved and the number of samples 
tested.  In an ideal test, the samples would be operated for much longer durations (hundreds if 
not thousands of hours) with cyclic illumination periods to more realistically simulate what a 
real-world device would encounter; however, this sort of rigor was not possible given the 
constraints of the research environment. 

A plot of the potentiostatic results for all pH values tested is given in Figure 2.15.  The 
samples exhibited varying current densities over the entire pH range tested and dramatically 
different long-duration behavior, making an overlaid plot rather complicated and difficult to 
interpret.  Thus, the potentiostatic data for each sample was normalized to 1 using the initial 
current density as the maximum, and each plot is offset on the vertical axis to uncover the trends 
in current density as a function of time.  The most striking behavior evident in these plots is the 
behavior from time 0 to 60 minutes for the two extreme pH values tested (1 and 13, dark blue 
and green lines, respectively).  As seen in the plots, the current density was seen at first to 
decrease rapidly only to then reverse course and suddenly increase again before reaching a 
maximum.  After the maximum was reached, a steady decline in current density was once again 
observed before finally leveling off.  A similar trend was also evident in the two alkaline samples 



40 
 

(pH 9 and 11, light blue and orange lines, respectively), although the rise to a maximum occurred 
over a much longer duration (more than 180 minutes).  The remaining three samples, for pH 7 
through pH 3, demonstrated a slightly different behavior in that there was no initial drop in 
current followed by a maximum; rather, the current density declined over the entire duration of 
the experiment.  That said, there is clear evidence for “shoulder”-like behavior up to 60 minutes 
elapsed time for each of these three samples, perhaps most evident with the pH 3 sample (red 
line). 

 
Figure 2.15: Long-term stability tests performed via potentiostaic coulometry under AM 1.5 illumination 

with a range of pH values: 1 (dark blue), 3 (red), 5 (light green), 7 (purple), 9 (light blue), 11 (orange), and 

13 (green). 

 

To quantify the change in normalized current density over the course of the experiment as a 
function of pH, the final current density fraction was computed by comparing the current density 
at time t=1 minute to the final current at time=240 minutes (Figure 2.16).  The 1 minute interval 
was chosen to eliminate the capacitive charging current seen during the first few seconds of the 
potentiostatic experiment.  The final current density after the four-hour test was ~60% of the 
initial current density for those samples measured at low pH values (<6).  For slightly to 
moderately alkaline pH values (7 to 11), the samples retained 70 to 85% of the initial current 
density, with the maximum 85% occurring at pH 11.  The sample measured in pH 13 fared the 
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worse by far, as only 29% of the initial current density was observed at the end of the 
experiment. 

 

Figure 2.16: Final current density fraction as a function of pH after the four-hour illuminated 

potentiostatic experiments. 

 

It was speculated that the unusual behavior seen in Figure 2.15 was due to temperature 
variation, considering that each pH electrolyte was prepared independently and the AM 1.5 
illumination (consisting of a wide infrared spectrum) was steadily heating the electrolyte solution 
throughout the duration of the experiment.  An increase in solution temperature may lead to both 
an increase in carrier mobility within the semiconductor (and thus an increase in carrier 
collection) as well as a reduction in water oxidation activation energy.  Both effects would 
increase current density up to a certain point before leveling off, at which point a normal decay 
curve would again become dominant.  The temperature variation was indeed confirmed by 
monitoring the temperature during successive runs with a thermometer, yielding an initial 
temperature of ~22 °C and a final temperature of ~27 °C.  To eliminate temperature variation as 
the cause, however, a separate experiment at pH 1 was performed by first allowing the solution 
to heat to a steady-state value of 27 °C prior to beginning the potentiostatic step.  The current 
decay and subsequent increase was observed for the pre-heated electrolyte just as with the non 
pre-heated electrolyte (data not shown), eliminating temperature fluctuation as the cause. 

The most probable explanation for both the current density trend in Figure 2.15 and the final 
current density fraction in Figure 2.16 is that of sample aging and/or selective etching, or 
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“cleaning” of the surface.  As noted earlier with the XPS results, the surface of the sample likely 
consists of a mixture of Cu2O, Cu(OH)2, and WO3.  This phase separation is difficult, if not 
impossible, to avoid with PVD techniques such as RI sputtering where species arriving at the 
film surface are subject to random fluctuations both in particle size and composition.  This 
problem is exacerbated with tertiary compounds (such as CuWO4) which yield an ever-
increasing complexity in material composition.  It is well known that WO3 and Cu2O have a 
narrow range of chemical stability: WO3 is not stable at pH values greater than 6, as it converts 
to soluble WO4

2+
; and Cu2O is not stable at pH values less than 5, as it converts to Cu2+ at the 

potentials used in this experiment48.  In addition, Cu2O has a very narrow potential stability 
range under neutral and alkaline conditions, and as it is, the anodic potentials used in this 
experiment suggest that Cu2+ will be the dominant form present.  Thus, under extremely acidic 
and oxidizing conditions, Cu2O will be oxidized to Cu2+ and likely dissolve into solution prior to 
being incorporated into CuWO4.  Under extremely alkaline and oxidizing conditions, WO3 will 
be converted to soluble WO4

2+ and also dissolve into solution.  The only pH range where neither 
dissolution mechanism is likely to occur is from pH 5 to 6.  It is perhaps not a coincidence that 
the pH 5 sample (light green in Figure 2.15) was the only such plot to exhibit neither a rise in 
current after initial decay (with subsequent maximum peak) nor a “shoulder”-like effect. 

To determine the degree and nature of etching that had occurred for each pH range, the long-
term stability samples were removed from their experimental mounting by dissolving the lacquer 
with acetone and drying under a N2 stream.  Optical and scanning electron microscopy images 
were acquired for each surface in order to examine their morphological changes.  Figure 2.17 
consists of two columns: the left-hand column contains the optical image acquired using a digital 
desktop computer scanner, while the right-hand column contains an SEM image of the same 
surface.  Each pH tested is represented by a row in the figure.  The last row is an SEM image of 
the as-prepared CuWO4 surface (no potentiostatic test).  The surfaces of most samples were 
visibly altered from before the experiment, as they had changed color from a transparent yellow 
to an opaque yellow.  This alteration was evinced by a border around the perimeter of the 
samples where the lacquer had protected the surface from contact with the electrolyte.  As such, 
this section of each surface can essentially be considered “as-prepared”.  In some of the images 
this border is not as apparent, and so a red corner marking has been made to aid in identification.   

The most striking images correspond to the SEM images for those samples that were run in 
extreme pH values: pH 1 and pH 13.  In particular, the sample measured in pH 13 exhibited a 
large amount of etching/corrosion in the form of large pits and voids that had formed over the 
entire surface leaving pillar-like structures.  The existence of pillars suggests that the corrosion 
mechanism may have been selective, and lends credence to the idea that the alkaline media had 
preferentially attacked WO3 and WO3-like phases in the film.  Uniform etching across the entire 
surface - in lieu of the pillar-like structures - would have indicated that all phases had undergone 
a similar corrosion mechanism.   
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Figure 2.17: Optical (left column) and SEM (right column) images obtained of the surfaces for each pH 

value tested during the long-duration stability tests.  The last row is an SEM image of the as-prepared 

surface (no potentiostatic test) for comparison purposes. 

 

Further evidence for phase-selective etching can be seen in the morphology differences 
between the pH 1 sample and the pH 13 sample.  While substantial etching had occurred with the 
sample measured at pH 1, the surface morphology was more plate-like, as seen with the as-
prepared surface (bottom image in Figure 2.17), with a notable absence of pillar-like formations.  
The samples measured at pH 3 and 5 exhibited remarkably similar surface morphologies as the 

pH 13 

1 µm 

1 µm 

As prepared 
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pH 1 sample, consistent with the fact that WO3 is stable at pH values less than 6.  The deep 
etching and pillar-like formation began with the pH 7 sample and progressively worsened as the 
electrolyte alkalinity was increased.  It is the author’s belief that all samples measured in pH 
values greater than 6 would exhibit identical trends in current density behavior as a function of 
time over very long periods (hundreds of hours); that is, the behavior exhibited within the first 60 
minutes for the sample measured at pH 13 would manifest itself in all but acidic media given 
sufficient time for the corrosion mechanism to complete.  As it were, the practicality of such 
measurements precluded such experiments. 

From these findings it can be concluded that the unusual behavior observed under both 
extremely acidic and alkaline conditions was due to a rapid phase-selective etching of phase 
impurities at the surface.  These phase impurities and etching mechanisms consisted of Cu2O 
dissolution as Cu2+ under acidic conditions, and WO3 dissolution as WO4

2+ under neutral and 
alkaline conditions.  Before dissolution, the phase impurities hindered water oxidation owing to 
unfavorable band edge alignment (as in the case of WO3) or unfavorable minority carrier type (as 
in the case of p-type Cu2O).  Removal of those phase impurities exposed phase-pure CuWO4, 
yielding an increase in photocatalytic sites at the surface and a corresponding increase in current 
density.  Underlying the beneficial etching effect seen during the first 30 minutes of the 
experiment was a long-term decay in current density owing to steady catalytic deactivation.   

As mentioned previously, the photoelectrochemical efficiency of layered thin films is often 
dominated by surface properties such as crystal orientation, oxygen vacancies, and defects49; 
however, these surface effects are more difficult to control in polycrystalline samples that 
invariably result from deposition techniques such as electrochemical deposition and RF 
sputtering.  Thus, the primary technique for altering the behavior at the surface (e.g. lowering the 
onset potential in a photoanode thus improving the overall photovoltage) is via the incorporation 
of a co-catalyst on the surface.  The role of the co-catalyst is to reduce the energy barrier for the 
transfer of charge between semiconductor and electrolyte.  The co-catalyst is most often not a 
photocatalyst; that is, its activity does not depend upon the absorption of light.  In fact, some of 
the best catalyst materials are the precious metals (Pt, RuO2, Au, Rh, IrO2) in nanoparticulate 
form; however, the cost of utilizing precious metals warrants investigation into cheaper, Earth-
abundant materials.  A number of active oxide-based co-catalysts have been reported in the 
literature, including Co3O4

50, “Co-Pi”51, NiCo2O4
52, LaNiO3

53, NiFeOx
54, and recently, 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ
55.  Many of these catalysts employ solution-based deposition methods, 

making them ideal candidates for scalable synthesis techniques. 

To test the efficacy of co-catalyst loading on the surface of CuWO4, a number of popular 
catalyst materials were considered.  For the purposes of narrowing the scope of this sub-project, 
it was decided to focus on metal and metal-oxide catalysts that could be deposited via RF 
sputtering in order to eliminate additional complexities from the wide variety of deposition 
techniques.  RuO2, IrO2, Ir, and Co3O4 were chosen for the experiments.  Each catalyst material 
was first deposited via RI co-sputtering onto FTO-coated glass to a thickness of ~10-20 nm and 
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tested in neutral to moderately alkaline media (pH 7 to 10) in order to determine suitable growth 
conditions.  Sputtering conditions included 1.5/5.0 mT O2/Ar (except for the case with Ir, in 
which no O2 was present), ambient temperature, and a RF power of 100 W.  The catalyst was 
deposited at ambient temperature in consideration of later difficulties with atomic diffusion into 
the bulk of CuWO4.  Thicknesses were determined via extrapolation of profilometry 
measurements on very thick films first grown on glass substrates in order to obtain deposition 
rate data.   

Linear sweep voltammograms were acquired for each catalyst sample in 0.1 M KH2PO4 
adjusted to specific pH values using KOH.  Current density vs overpotential (η) plots are given 
in Figures 2.18 (all measured potential values were first corrected for reference electrode and 
solution pH).  It should be noted that overpotential in this case represents the amount of voltage 
required above the thermodynamic potential (1.23 V) that needs to be applied before the onset of 
an oxidative current.  Thus, an overpotential of zero is equivalent to an electrochemical potential 
of +1.23 V.  A primary goal of catalyst research is to minimize the overpotential thereby 
maximizing the efficiency of the device.  All measurements were performed in the dark since the 
catalyst layer is not the light-absorbing component of the system.  The minimum overpotential 
required for each catalyst tested occurred in pH 7 and the maximum overpotential occurred in pH 
10, with the exception of Co3O4 which exhibited the lowest overpotential in pH 8.  The Co3O4 

sample yielded the most pH-independent overpotentials of all four materials, exhibiting very 
minor differences from pH 7 to 10.  In contrast, both the Ir and IrO2 samples exhibted rather 
strong dependencies on pH, with a difference of up to 200 mV from pH 7 to 10.  This pH 
dependence was rather unexpected, considering that the oxidation reaction should have benefited 
by the presence of excess OH- anions in solution.  

The Co3O4 and RuO2 samples yielded similar minimum overpotentials of 660 and 665 mV, 
respectively, while the IrO2 and Ir samples yielded roughly half those values, at 320 and 300 
mV, respectively.  The low overpotentials achieved with the Ir-based catalysts – the best known 
catalysts in terms of overpotential – are similar to those reported in the literature (~250 mV)56,57.  
The current densities for the Ir-based catalysts greatly exceeded those for both Co3O4 and RuO2.  
At an overpotential of 500 mV, the Ir-based catalysts produced current densities in excess of 5 
mA/cm2, while the non-Ir-based catalysts did not exceed even 0.5 mA/cm2 at any overpotential 
tested (up to 1 V, data not shown).  In contrast, the Ir-based catalysts achieved >10 mA/cm2 at an 
overpotential of 1 V.  This current density is well within the requirements for a JCAP water-
splitting device, indicating a sufficient turnover number for water oxidation is possible.  The 
remaining challenge, however, is in extracting sufficient voltage in the underlying light-
absorbing semiconductor and effecting efficient charge-transfer from semiconductor to catalyst.  
A summary of each catalyst prepared on FTO-coated glass is given in Table 2.2. 
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Figure 2.18: Plots of current density vs overpotential for four catalyst materials: Co3O4 (top left), RuO2 

(top right), IrO2 (bottom left), and Ir (bottom right) in pH 7 (blue line), pH 8 (red line), pH 9 (green line), 

and pH 10 (purple line) 0.1 M KH2PO4. 
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Catalyst Overpotential (mV) Optimal pH Jover (mA/cm2) 

Co3O4 660 8 0.034 

RuO2 665 7 0.043 

IrO2 320 7 0.534 

Ir 300 7 0.506 

Table 2.2: Summary of electrochemical data for various catalyst materials deposited on FTO-coated 

glass.  Jover represents the current density at the specified overpotential. 

 

With confirmation that the catalyst deposition process yielded effective water oxidation 
currents on FTO-coated glass, the processes were repeated on CuWO4 samples.  The CuWO4 
samples were first prepared following the optimal conditions reported earlier to a thickness of 
1.2 µm and included the full annealing step.  All CuWO4 samples were prepared at the same time 
to avoid any discrepancies in thickness or processing parameters.  Three samples were kept as 
control samples and had no catalyst loading.  After depositing the catalyst layer at ambient 
temperature, the films were used as-prepared – that is, not annealed – in order to avoid diffusion 
of the catalyst material into the bulk of the semiconductor.  This problem had been observed 
from prior experience during catalyst loading on WO3.  Linear sweep voltammograms were 
acquired for each catalyst loading on CuWO4 under AM 1.5 illumination in 0.1 M KH2PO4 at 
four pH values (7 to 10) adjusted using KOH.  Figures 2.19 are plots of LSV scans grouped by 
pH value with the control sample denoted by the red line, Co3O4 brown, RuO2 dark blue, IrO2 
purple, and Ir green. 
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Figure 2.19: LSV scans for four catalyst materials deposited on CuWO4 grouped by electrolyte pH.  

Control sample denoted by red line, Co3O4 brown, RuO2 dark blue, IrO2 purple, and Ir green. 

 

 
Figure 2.20: Current density at +1.23 V RHE as a function of pH for the four catalyst materials tested.  

Control sample denoted by red line, Co3O4 brown, RuO2 dark blue, IrO2 purple, and Ir green. 
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The most striking feature of the plots in Figure 2.19 is that the largest current density at the 
water oxidation potential (+1.23 V) was achieved with the control sample regardless of pH tested 
(Figure 2.20).  The difference between the control sample and the catalyst-loaded samples was 
minimal in pH 7 electrolyte, and yet was considerably different in pH 10 (~60%).  In pH 7 the Ir-
based catalysts exhibited improved current densities at low potentials (<+1 V RHE) and large 
overpotentials where dark currents became prominent.  While the latter represented the greatest 
current densities for CuWO4 yet measured, they occur at potentials where the efficiency is 0%.  
The RuO2 sample exhibited rather modest pH-independent current densities and suffered from a 
substantial shunting effect; for all pH values the RuO2 sample yielded the lowest current density.  
While the Co3O4 sample on FTO-coated glass exhibited the lowest current density (0.034 
mA/cm2) and a large overpotential (660 mV), the Co3O4 on CuWO4 sample was the only catalyst 
that tracked the control sample at all pH values.  Both of the Ir-based catalyst samples exhibited 
a sharp drop in current density at +1.23 V RHE when moving from pH 7 to pH 8. 

Based on the catalyst loading results summarized in Figure 2.20, it can be concluded that 
CuWO4 does not in fact benefit from the presence of a water oxidation catalyst, even though the 
catalysts functioned correctly when deposited on FTO-coated glass and gave reasonably low 
overpotentials (Table 2.2).  The reason for this lack of benefit may be due to the existence of an 
interfacial potential barrier between CuWO4 and the catalyst that serves to impede charge 
transfer across the interface.  Another possibility is that CuWO4 by itself sufficiently catalyzes 
the water oxidation reaction to the extent that any impediment to charge transfer, regardless of its 
form, results in an overall current reduction.  With the very low minority carrier mobility present 
in CuWO4, it would appear that the primary obstacle to carrier collection is due to bulk 
recombination, and not surface or interfacial charge transfer effects.  Simply put, any and all 
carriers that can manage to make it to the surface will find a suitable path to the electrolyte.  A 
similar situation would not be expected in a material with a very high carrier mobility and poor 
intrinsic water oxidation catalysis, since the charge carriers would build up at the surface in the 
absence of a catalyst that could effect rapid turnover frequency.  Such a build-up would reduce 
the magnitude of the electric field within the depletion region, thereby further reducing carrier 
collection. 

To test the idea that CuWO4 might be serving as an efficient water catalyst by itself, a very 
thin film (<30 nm) was deposited onto FTO-coated glass following the optimized RI co-
sputtering deposition procedure outlined in this section.  The sample was annealed at 500 °C for 
12 hours in air as with the thicker films.  A light greenish/yellow film was observed on the 
surface of the sample after annealing, and the film was mostly transparent.  An LSV scan was 
performed in the dark in 0.1 M KH2PO4 adjusted to pH 7, and the data was plotted with the other 
catalyst materials deposited on FTO glass and measured in the dark at pH 7 (Figure 2.21).  The 
CuWO4 thin film yielded an overpotential of 725 mV and comparable current density to both 
Co3O4 and RuO2.  The CuWO4 sample yielded a current density of ~0.50 mA/cm2 at an 



52 
 

overpotential of 800 mV and actually exceeded both RuO2 and Co3O4 at overpotentials greater 
than ~730 mV.  While these numbers pale in comparison to noble metal catalysts such as IrO2, 
they are comparable to Co3O4 which shares the same Earth-abundant advantage as CuWO4 that 
the noble metals do not.   

 
Figure 2.21: Dark LSV scans in pH 7 buffered electrolyte for all catalyst materials including CuWO4 in 

ultra-thin film form (red line) 

 

2.6 - Summary and Future Outlook 

Thin films of copper tungstate (CuWO4) have been prepared using reactive-ion co-sputtering.  
A systematic study of growth parameters was performed in order to find the optimal conditions 
for PEC applications.  Sputter growth conditions included an RF power of 150 watts to the W 
target and 115 watts to the Cu target and an Ar/O2 ratio of 3.33 to yield ±5% stoichiometric n-
type CuWO4.  It was found that a substrate temperature of 500 °C during growth with a post-
deposition annealing temperature of 500 °C for 12 hours in open air yielded the most 
polycrystalline thin films as evidenced by XRD and Raman spectra measurements.  XPS analysis 
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revealed that the surface Cu atoms existed in a mixed oxidation state of Cu1+ and Cu2+, although 
the predominant form was Cu2+, consistent with CuO or CuWO4. 

Photoelectrochemical measurements in buffered electrolyte at pH 7 under AM 1.5 
illumination yielded a photocurrent density of 0.21 mA/cm2 at the water oxidation potential 
(+1.23 V RHE) for films of thickness 1 µm, which improved to 0.225 mA/cm2 for films of 
thickness 1.37 µm after a thickness series was performed.  To the best of my knowledge, this is 
the highest reported current density for films prepared via RI co-sputtering.  The open circuit 
voltage was determined to be 0.63 V, corresponding to 84% of the maximum possible open 
circuit voltage of 0.75 V based on a flat-band potential of +0.48 V vs RHE as determined via 
electrochemical impedance spectroscopy.  The fill factor was found to be largely independent of 
film thickness and averaged 51.7%. 

Two-electrode experiments were carried out with a p-InP/Ru co-catalyst sample in order to 
determine the overall efficiency of a spontaneous z-scheme water-splitting device.  The 
combination yielded a spontaneous photocurrent of 11 µA/cm2 (or 0.032% energy conversion 
efficiency) in pH 7 electrolyte, which improved to 180 µA/cm2 at a bias of +1.2 V.  The greatest 
energy conversion efficiency was measured to be 0.157% at an applied bias of 0.6 V. 

Long-duration stability tests were performed over the entire pH range from 1 to 13 in 
buffered electrolyte to determine the extent of degradation and surface corrosion.  Samples 
measured for four hours under the extreme pH conditions (pH 1 and pH 13) exhibited the most 
dramatic overall surface degradation as evidenced by SEM and optical images.  The pH 13 
sample showed the most degradation in current density, dropping to less than 30% of the initial 
t=0 current density at the end of the four hour stability test.  The most stable pH measured was 
pH 11, which maintained close to 85% of the initial current density.  The samples measured at 
pH 7 and pH 9 also maintained greater than 70% of the initial current density, while those 
samples measured under acidic conditions (pH of less than 7) averaged around 40% loss. 

Catalyst loading experiments were performed using Ir, IrO2, RuO2, and Co3O4.  In all cases, 
the catalyst did not yield an improvement in overall current density at the water oxidation 
potential, although the onset potential was improved for the Ir-based catalyst samples.  The 
efficacy of CuWO4 as a catalyst was measured using a 30 nm thick sample, yielding an 
overpotential of 725 mV for the water oxidation reaction with a corresponding current density of 
0.5 mA/cm2.  It was concluded that CuWO4 self-catalyzes the water oxidation reaction and that 
the poor minority carrier mobility is the predominant limitation that must be overcome if CuWO4 
is to serve as the photoanode in a z-scheme water-splitting device. 
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Chapter 3 - Nanostructured CuWO4 
Photoanode 

As evident from the discussion of transition metal oxides for photoelectrochemical energy 
conversion and storage to this point, poor carrier mobility is a severe limitation that must be 
overcome if we are to realize the goal of efficient and inexpensive artificial photosynthesis using 
materials with these deficiencies.  Two techniques popular in the literature for tackling the 
problem of poor mobility are nanostructuring and doping/alloying.  In this section we shall 
address the potential for working around inherently poor carrier mobility via careful design of 
the surface to volume ratio. 

3.1 - Introduction 

One technique for overcoming the limitations of the inherently poor carrier transport in 
transition metal oxides is via the use of nanostructuring: either texturing of the surface (e.g. 
porous or mesoporous) or via the directed design of nanowires, rods, or other such structures 
with large aspect ratios.  By dramatically increasing the surface to volume ratio, photoexcited 
carriers in the bulk of the semiconductor have a much shorter distance to travel before reaching 
the surface and reacting with species in solution.  In the case of an immersed photoelectrode, a 
photoexcited charge carrier need only be generated within one diffusion length distance of the 
depletion region that develops at the electrolyte/semiconductor interface in order for that carrier 
to reach the interfacial region and participate in redox chemistry (Figure 3.1).  A larger overall 
interfacial surface area brings the added benefit of more catalyst sites where the reduction or 
oxidation reactions occur, helping to minimize mass transfer effects.  This type of material 
morphology design is perhaps more important in 3d transition metal-oxide materials than in any 
other material system owing to their inherently poor carrier transport.  To boost carrier transport 
properties, a metal-oxide semiconductor is often heavily doped; however, such doping 
necessarily results in a reduction in the depletion region width that develops when immersed in 
an electrolyte, further compounding the problem. 

A large number of recent literature reports have explored the potential benefits of nanowire 
and nanostructured semiconductors for artificial photosynthesis and photoelectrochemical water-
splitting, indicating very strong support of the concept from within the community at large.  Hu 
et al grew periodic arrays of n-GaAs nanowires via MOCVD that produced nearly 100% carrier 
collection efficiency (8% energy conversion efficiency) with a photovoltage of 590 mV and a 
current density of 25 mA/cm2 in a non-aqueous electrolyte; however, the very poor stability of 
GaAs in aqueous media prevents its use in an unprotected z-scheme device58.   Lee et al 
developed a process for forming nanopillared p-InP photocathodes from single-crystal p-InP 
substrates using a masked reactive ion etch treatment and achieved 14% energy conversion 
efficiency at 37 mA/cm2 with a Ru co-catalyst, improving upon the planar form of p-InP38.  Sun 
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et al developed a solution-based process for the growth of p-GaP nanowires that exhibited H2 
production under AM 1.5 illumination when loaded with a Pt co-catalyst on the surface59.  
Hwang et al grew n-Si/n-InGaN core/shell nanowire arrays using VLS-grown Si core nanowire 
arrays and HCVD-grown InGaN whiskers that grew radially from the Si core60.  They reported a 
photooxidative current density of 33 uA/cm2 in pH 3 electrolyte, which represented a 550% 
increase over InGaN nanowires grown on planar Si.  Most notably, while III-V nitride materials 
are notoriously difficult to protect from oxidative photocorrosion, Hwang et al demonstrated no 
noticeably degradation in photocurrent after 15 continuous hours of operation under 350 
mW/cm2 illumination. 

 

 

Figure 3.1: Proposed JCAP nanowire-based PEC device (from solarfuelshub.org).  The red nanowires 
on top represent the photoanode, blue nanowires represent the photocathode.  The green layer in between 

is the proton-exchange membrane. 

 

The present work was in large part inspired by the large body of literature available for α-
Fe2O3 (hematite), which has been extensively studied as a photoanode material for the past 20 
years61-65, primarily by the Grätzel group out of EPFL.  In their most recent work, they have 
reported on a technique for depositing nanoparticle α-Fe2O3 aggregates and have achieved 
world-record water oxidation current densities for the photoanode, although the onset potential is 
still rather modest62.  In addition to α-Fe2O3, numerous studies have been performed on WO3 
nanowires and nanostructures66-69, and many reports exist for CuO and Cu2O nanowires for PEC 
applications70-75.  Atuchin et al reported on the electronic properties of CuWO4 nanocrystals 
prepared via a precipitation reaction using nitric acid and an ammonium salt76; however, no 
photoelectrochemical data were reported.  To the best of my knowledge, this is the first report of 
a growth technique for CuWO4 nanostructures and their PEC properties.  
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The primary disadvantage with using nanostructuring techniques for semiconductors is that 
the increase in surface area leads to a dramatic magnification of surface effects (e.g. defects and 
reconstruction) which very often lead to an increase in surface recombination and thus a decrease 
in mobility49; however, these effects are already prominent in thin film polycrystalline transition 
metal oxides, and thus nanostructuring is not expected to exacerbate them.  Nanostructuring 
techniques also add experimental complexity, and the additional processing steps that would be 
required for large-scale roll-out would add to the material cost compared to thin films; however, 
these secondary issues may be minimized with clever process engineering.  

Two approaches for nanostructuring and nanotexturing of CuWO4 were attempted during this 
thesis work.  In the first approach, anodic aluminum oxide nanotemplates were utilized in an 
attempt to form large-area nanowire arrays following a literature report for preparing thin film 
CuWO4 using electrochemical deposition35.  In the second approach, a novel procedure was 
developed using thin films of pure tungsten which were oxidized using a nitric acid treatment to 
convert them into nanostructured WO3, followed by deposition of copper and annealing to form 
CuWO4. 

3.2 - CuWO4 Nanowire Arrays using Anodic Aluminum Oxide Nanotemplates 

Anodic aluminum oxide (AAO) is a versatile technique for the self-organized formation of 
highly ordered and vertically aligned pores with a specific diameter ranging between 10 and 500 
nanometers and interpore spacing of 2-3x the pore diameter, depending on the growth 
conditions77,78 (Figure 3.2).  Starting from high purity foil sheets, the elemental aluminum is 
transformed into electrically-insulating amorphous aluminum oxide through a series of simple 
electrochemical processing steps, all done at or below room temperature without the need for 
annealing or vacuum.  By carefully controlling the anodizing voltage and supporting electrolyte, 
one can readily form high quality pores normal to the foil surface to almost any depth desired.  
The formed nanotemplate pores can subsequently be widened or shrunk using simple chemical 
processing steps.  As the resulting nanotemplates are electrically insulating, one can deposit a 
metal on the surface of the pores to serve as the electrode for subsequent electrochemical 
deposition of almost any metal.  The resulting AAO templates serve as an ideal platform for the 
tunable electrochemical deposition of a variety of nanostructured materials, including both 
metals and semiconductors, from aqueous solutions.  Finally, the resulting nanowire arrays can 
then be freed from the templates via a selective chemical etching procedure.   
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Figure 3.2: SEM image of an AAO nanotemplate surface 

 

3.3 - Experimental Details 

The procedure for AAO formation outlined here follows the procedure reported by Masuda 
with only a few minor adjustments77.  A cartoon schematic of the entire process, starting from 
raw aluminum to the final nanowire growth into the pores, is shown in Figure 3.3. 

 

Figure 3.3: Cartoon schematic of the overall AAO nanotemplate and nanowire process 

High purity aluminum foil (99.999%, Alfa Aesar) sheets were cut into rectangular 2x1 cm 
samples and initially cleaned using soap and water to remove oils from the manufacturing 
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process.  The samples were then sonicated in acetone and isopropyl alcohol for 15 minutes each.  
As received, the aluminum foil samples were very rough (microscopically) and as such were 
unsuitable for obtaining highly-ordered nanowire arrays owing to the mechanism of the 
anodization process.  Thus, the surfaces were first electrochemically polished using a solution 
consisting of 15% (by volume) perchloric acid in ethanol at a +10 V DC bias voltage with an 
aluminum counter electrode and Hewlett-Packard DC power supply.  The solution was kept at 
room temperature with rapid stirring using a Teflon magnetic stir bar.  A typical polishing time 
was 6 minutes, although the exact polishing time for each sample varied slightly depending on 
the resultant quality of the surface.  After polishing, the samples were sequentially immersed and 
soaked in beakers of ethanol, water, and finally acetone for 10 minutes each in order to rinse off 
any excess material from the etching process. 

After obtaining a mirror-like surface, the polished aluminum samples were then mounted to 
standard microscope slides and electrically connected to thin strips of aluminum foil using silver 
paint.  The thin strip of aluminum foil, silver paint, and perimeter of the sample were then 
electrically isolated from the surface of the sample using MICCROStop™ lacquer (Tolber 
Chemical Division) applied in three coats.  Each coat was dried by heating on a hotplate at 60 °C 
for 15 minutes. 

The mounted samples were then anodized using the standard two-step anodization process as 
first outlined by Masuda and Fukuda77.  An aqueous electrolyte 
consisting of 0.3 M oxalic acid (98%, Alfa Aesar) was first 
cooled to near 0 °C using an external ice-water chiller and pump 
and stirred at 300 RPM.  Up to five samples were then immersed 
into the electrolyte and positioned around the perimeter of the 
500 mL containment vessel and individually connected to a DC 
power supply using a switch panel.  A piece of platinum wire and 
mesh was utilized as a counter electrode and mounted in the 
center of the vessel (Figure 3.4). 

The first anodization was carried out at a +40 V DC bias for 
up to eight hours in order to form the initial pore locations.  The 
temperature of the electrolyte remained constant throughout the 
anodization.  After stopping the anodization, the samples were 
rinsed thoroughly with DI water.  Since the first anodization 
begins at random defect sites on the surface which have no long-
range ordering, the resulting pores are unsuitable for highly 
ordered nanowire arrays and must be removed via a chemical etch.  This removal is achieved 
using an aqueous solution consisting of 2% chromic acid (by volume) and 10% phosphoric acid 
(by volume) heated to 70 °C.  This chemical etch removes all of the anodized material but leaves 
behind an ordered array of tiny pits which had served as the anodization front at the bottom of 
each pore.  Following the chromic acid treatment, the samples were rinsed in DI water again, 

Figure 3.4: Photo of the AAO 
anodization setup 
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dried under a nitrogen stream, and then inspected for any holes or weakness in the lacquer that 
may have arisen during the anodization and subsequent processing.  Additional lacquer was then 
applied as necessary. 

The second anodization was carried out under identical conditions as the first anodization 
except for the total duration.  As this second step determines the total depth of the pores, and thus 
the thickness of the resulting membrane, the anodization time varied from eight hours to more 
than forty.  At forty hours, the resulting membrane was about 100 µm thick.  The samples were 
then rinsed in DI water again and dried under a nitrogen stream.  The samples were subsequently 
freed from the mounting slide by soaking in acetone for 60 minutes to dissolve the lacquer.  The 
excess raw aluminum left on the bottom of the samples was then removed by soaking them in an 
aqueous solution consisting of saturated copper chloride (Alfa Aesar) and hydrochloric acid 
(Sigma Aldrich, 10% by volume) for 20 minutes.  The now transparent AAO templates were 
then rinsed in DI water and dried under a nitrogen stream. 

In order to electrochemically deposit CuWO4 into the pores of the as-prepared AAO 
templates and form nanowire arrays, a metal electrode film was first deposited onto the top side 
of the templates.  Multiple metal electrode materials and physical vapor deposition methods were 
utilized in the course of the project in order to determine the most suitable process.  The metals 
tested included platinum, gold, copper, copper/tungsten alloy, and tungsten which were 
deposited via e-beam evaporation or RF sputtering (instrument details are in Appendix A).  A 
cross-sectional SEM image of a 250 nm thick platinum electrode deposited onto the top surface 
of an AAO template is shown in Figure 3.5.  The platinum film at the top of the image exhibits 
bright contrast with uniform thickness, and the excellent uniformity and ordering of the 
underlying nanopores is evident.  In this process, the resulting diameter of the pores is 60 nm. 

For testing the feasibility of using the electrode-plated AAO templates for electrochemical 
deposition, a copper plating bath was prepared consisting of 0.1 M copper sulfate adjusted to a 
pH value of 1 using concentrated sulfuric acid79.  This bath was used only to test the 
electrochemical growth process inside AAO, and was not utilized to deposit CuWO4.  The 
CuWO4 deposition solution consisting of 25 mM copper nitrate and 25 mM peroxytungstate was 
prepared following the report from Yourey et al35.  The peroxytungstate precursor was prepared 
fresh for each deposition run by dissolving tungsten metal powder (99.95%, Alfa Aesar) in 30 
mL of a 27% hydrogen peroxide (Alfa Aesar) aqueous solution maintained at near 0 °C using an 
ice-water bath.  The ice bath was required to prevent the solution from rapidly overheating and 
evolving copious amounts of oxygen vapor.  After the entire sample of tungsten powder had 
dissolved completely (as evident by a change in solution color from dark brown to pale yellow, 
~60 minutes), the excess hydrogen peroxide was decomposed over a platinum wire mesh.  The 
solution was then diluted using a 30:70 isopropyl alcohol:DI water mixture and adjusted to pH 
1.1 using nitric acid. 



61 
 

 

Figure 3.5: Cross-sectional SEM image of Pt electrode on an AAO nanotemplate. 

 

The AAO templates coated on one side with a metal electrode were mounted electrode-side 
down to microscope slides with silver paint and a strip of aluminum foil serving as the electrical 
lead.  The aluminum foil lead and silver paint were then completely coated with MICCROStop 
lacquer to prevent shorting.  The barrier layer at the opposite side of the pores was removed by 
dipping the sample into a 10% (by volume) phosphoric acid aqueous solution for ~10 minutes 
followed by soaking in DI water. 

Electrochemical deposition of CuWO4 was performed using cyclic voltammetry and a 
BioLogic potentiostat.  The EC cell consisted of a traditional three-electrode setup with Ag/AgCl 
reference electrode, platinum wire mesh counter electrode, and the metal-coated AAO template 
as working electrode (for initial tests, FTO-coated glass served as the working electrode).  The 
template was immersed into the electrolyte and allowed to sit for five minutes with rapid stirring 
prior to initiation of the deposition step in order to allow for adequate diffusion time to fill the 
pores with electrolyte.  Cyclic voltammetry was then performed for 10 cycles at a scan rate of 10 
mV/s.  The first scan started at 0 V (all potentials vs Ag/AgCl), swept anodically to +0.3 V, and 
then swept cathodically to -0.5 V.  Each successive cycle was then swept between -0.5 and +0.3 
V.  The final scan stopped during the cathodic sweep at 0 V.  After deposition, the templates 
were soaked in DI water for five minutes and dried under a nitrogen stream.  The lacquer was 
then removed using acetone, yielding the nanotemplate with material deposited in the pores. 

3.4 - Results and Discussion 

Prior to embarking on direct CuWO4 growth into the pores of the AAO templates, test 
depositions of both copper nanowires into AAO and CuWO4 thin films onto FTO-coated glass 
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samples were performed following literature recipes35,79.  Copper electrodeposition using Cu2+ 
species in solution occurs at +0.34 V vs NHE at pH 0 via the following half-cell reaction80: 

2Cu 2 Cu( )      +0.340  (Eq 3.1)e s+ −+ ⇌  

While this potential represents the thermodynamic minimum for copper electrodeposition, 
very little material deposits at such a potential.  In most cases, rather large overpotentials are 
required to effect sufficient material deposition.  It was found that an overpotential of 200 mV 
was required in order to obtain an appreciable current density.  This overpotential may be due in 
large part to the physical limitations of the AAO pores; the high aspect-ratio nanopore 
dimensions suggest that liquid friction on their surfaces may prevent adequate diffusion of 
electrolyte species to the surface of the metal electrode and subsequent nanowire tip, even with 
rapid stirring of the solution.  At an overpotential of 200 mV, an average current density of ~50 
mA/cm2 was obtained, yielding nanowires with lengths varying between 3-5 µm fully contained 
within the pores (Figure 3.6). 

 

Figure 3.6: Cross-sectional SEM image of copper nanowire arrays in AAO template 
 

The resulting nanowire array was freed from the AAO nanotemplate by dissolving it in a 
10% phosphoric acid aqueous solution for 30 minutes.  The freed nanowire array was rinsed in 
DI water and then allowed to air dry.  The drying process resulted in some of the nanowires 
clumping together (Figure 3.7) as a result of capillary forces typical of large aspect-ratio 
nanowire arrays processed in this manner. 

1 µm 
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Figure 3.7: High-angle SEM image of copper nanowire arrays freed from AAO template 

 

A test of the CuWO4 electrodeposition procedure was first performed using FTO-coated 
glass as the working electrode to ensure the right phase and stoichiometry was obtainable prior to 
attempting the deposition directly into the AAO templates.  A typical series of CV cycles for a 
full deposition are shown in Figure 3.8. 

 
Figure 3.8: Cyclic voltammograms of CuWO4 electrodeposition  

process consisting of 10 cycles on FTO-coated glass 

 

We consider three main features of these scans.  First, a cathodic wave was present at +0.04 
V vs Ag/AgCl (0.24 vs RHE) which can be attributed to Cu2+ reduction to Cu(s) according to 
equation 3.1, suggesting an overpotential of ~100 mV.  This overpotential was less than half that 
required during the Cu electrodeposition into AAO test performed previously.  The wave quickly 

400 nm 
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declines to half of its peak current owing to depletion of Cu2+ ions near the surface.   A second 
cathodic wave was observed starting around -0.2 V which steadily increased without abatement 
all the way to the bottom range of the scan at -0.5 V.  This second wave was attributed to a 
combination of both peroxytungstate reduction to form WO3 on the surface as well as additional 
Cu(s) deposition.  During the anodic sweep, a large wave was observed at +0.17 V vs Ag/AgCl 
(+0.37 V vs RHE) which can be assigned to the start of oxidation of surface Cu to Cu1+ or even 
Cu2+, which is exactly the reverse process as the wave observed at +0.04 V during the cathodic 
sweep. 

Immediately following deposition, the CuWO4 thin films on FTO were light brown in color, 
slowly turning white as the films dried in air.  The films were subsequently annealed in air at 500 
°C in a tube furnace for 12 hours to sinter and crystallize the material, yielding a bright yellow 
color typical of CuWO4 films prepared via RI co-sputtering.  According to the literature report, 
the cyclic voltammetry cycles result in the electrodeposition of an amorphous mixture of Cu2O, 
CuO, and WO3 via the following reactions35: 

2+ - +
2 2

2- + -
2 11 3 2

2Cu ( ) + H O( ) + 2e   2Cu O( ) + 2H ( )

W O ( ) + 10H ( ) + 8e   2WO ( ) + 5H O( )

aq l s aq

aq aq s l

→

→
 

The formation of CuO is reported to have occurred during the anodic sweep by oxidizing as-
formed Cu2O.  The formation of crystalline CuWO4 only occurs with annealing via the following 
reactions: 

2 3 2 4

3 4

2Cu O( ) + 4WO ( ) + O ( )  4CuWO ( )

CuO( ) + WO ( )  CuWO ( )

s s g s

s s s

→
→

 

The as-deposited film was not a transparent yellow but almost entirely opaque, suggesting a 
strongly textured surface.  This texturing was immediately evident from an SEM image acquired 
of the annealed surface, revealing a high degree of dendritic growth (Figure 3.9) suggesting the 
growth was under potential control rather than limited by mass transport.  The fact that no 
steady-state current was observed during the cathodic sweep supports this conclusion.  Since the 
aim of this project was to form nanowires in the pores of AAO, and not to optimize the 
electrochemical growth of thin films, no effort was made to address the mass transport limitation. 
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Figure 3.9: SEM image of annealed electrodeposited film  
 

An X-Ray diffraction scan (data not shown) of the annealed film yielded a similar spectrum 
as obtained for co-sputtered films, confirming that the deposition and annealing process yields 
the correct wolframite phase of CuWO4 with minimal segregation into isolated pockets of CuO 
and WO3.  The annealed film was then subjected to light/dark/chopped LSV scans in buffered 
phosphate electrolyte at pH 7 to compare with typical results obtained with co-sputtered films 
(Figure 3.10). 

 
Figure 3.10: LSV scans under AM 1.5 illumination (green), dark (red) and chopped  

 illumination (blue) of electrodeposited thin film.  Buffered electrolyte of 0.1 M KH2PO4 at pH 7.  
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The electrodeposited film exhibited generally similar results compared to the co-sputtered 
thin films (Figure X.Y).  An anodic onset potential of ~ +0.1 V vs Ag/AgCl indicates an open 
circuit voltage of ~0.5 V.  A maximum current density of 72 µA/cm2 was obtained at the 
thermodynamic water oxidation potential of +1.23 V RHE (+0.6 V vs Ag/AgCl), which places it 
well below the 200 µA/cm2 obtained both from co-sputtered films in this work as well as the 
literature report on electrodeposited films from Yourey et al from which this procedure was 
replicated35.  Further investigation into this lackluster current density obtained from the 
electrodeposited films may be warranted; however, for reasons that shall be discussed later, this 
difficulty was not investigated further.  A large dark current onset was observed at +1.32 V 
during the very first cycle performed which then peaked at +1.45 V before trailing off (red plot 
in Figure X.Y).  A similar rise in illuminated current density was observed at +1.32 V for both 
the illuminated and chopped illumination scans (green and blue, respectively).  This onset 
potential would correspond to a catalytic water oxidation overpotential of ~700 mV. 

With the individual successes of both metallic copper nanowire growth into AAO and the 
electrochemically deposited thin films of CuWO4, attempts were undertaken to deposit CuWO4 
into the pores of the AAO templates using a number of metals as the working electrode.  Copper, 
tungsten, and copper/tungsten alloy thin film electrodes on AAO templates were each prepared 
via RF sputter deposition.  Noble metals such as gold or platinum were only utilized during the 
initial tests of copper nanowire growth and not during the effort to deposit CuWO4 owing to the 
high catalytic activity of the noble metals.  As the electrode film itself would later be exposed to 
the electrolyte during PEC characterization of the resulting nanowire array, the use of noble 
metals would only have complicated any interpretation of the array’s performance. 

Cyclic voltammetry was utilized to deposit CuWO4 into the pores of AAO templates coated 
with metal electrodes using the identical process as with FTO-coated glass (Figure X.Y).  The 
voltammograms obtained for deposition into the AAO templates were significantly different 
from those obtained during deposition onto FTO-coated glass.  Immediately obvious is the lack 
of consistency during both cathodic and anodic sweeps.  The first four or five cycles produced 
traces that overlapped each other, just as in the case of FTO-coated glass.  Beyond those first five 
cycles, however, sharp deviations began to occur, perhaps no more evident than during the 
anodic sweep.  The peaked wave at +0.17 V observed with FTO-coated glass was greatly 
diminished in magnitude relative to the current density observed during the cathodic sweeps.  
The first cathodic wave for the FTO sample at +0.04 V was largely absent from all cycles for the 
AAO sample.  The strong cathodic wave starting at -0.2 V in the FTO sample had an apparent 
anodic shift of nearly +0.2 V in the AAO sample, and exhibited a true peak centered on -0.4 V.  
The appearance of a peak in the AAO sample instead of unbounded current as in the FTO case 
suggested a mass-transport limited condition which did not occur with the FTO sample.  This is 
most assuredly due to the inherently poor mobility of ionic species in the electrolyte through the 
nanopores themselves.  The large aspect-ratio nanopores present a physical barrier to efficient 
diffusion of ionic species, even with rapid convection outside of the pores. 
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Figure 3.11:  Cyclic voltammograms of CuWO4 electrodeposition 

process into AAO nanotemplate 
 

The nature of the electrolyte species likely plays a much stronger role in such a mass-
transport limited case.  While the Cu2+ ion in an aqueous solution maintains a very compact 
octahedral hydration shell with a diameter of ~4 Å81, the W2O11

2- peroxytungstate solvation shell 
is much larger.  From the Stokes law relating frictional drag and the magnitude of the force 
exerted by the electric field present within the electrolyte, the following relationship for ionic 
mobility can be derived1: 

   (EQ 3.2)
6

i
i

z e
u

rπη
=  

where u is the mobility in units of cm2 V-1 s-1, z is the oxidation state of the species, e is the 
electronic charge, η is the viscosity of the medium, and r is the ionic radius.  For two species 
with identical charge in the same solution, their respective mobilities are inversely related to 
their radii.  While ionic mobility data for the peroxytungstate species is lacking in the literature, 
we can conclude from the relationship in EQ 3.2 that the copper ion mobility is substantially 
greater than that of the peroxytungstate ion.  This discrepancy is exacerbated by the presence of 
the narrow channels of the nanotube array in which the species must navigate to travel from the 
bulk electrolyte to the electrode surface.  The presence of a limiting current situation during the 
cathodic sweep suggests that the Helmholtz double layer has been depleted of ionic species.  As 
the copper ionic mobility is greater than that of the peroxytungstate ion, it suggests that copper 
deposition will be favored over tungsten oxide deposition as the voltage is swept to more 
negative potentials beyond the limiting-current peak, potentially leading to a copper-rich film. 

Immediately after electrodeposition, the AAO sample was rinsed with DI water and allowed 
to air dry.  It was apparent from the color of the surface that some material deposition had 
occurred above and outside of the pores, which we shall term overgrowth; from previous 
experience with metal nanowire growth into AAO pores, the template should have turned dark 
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black upon successful deposition into the pores.  Dark brown material was evident from an 
optical microscope image obtained immediately after drying (image not shown).  The AAO 
template surface was then imaged using a scanning electron microscope to ascertain the degree 
of overgrowth (Figure 3.12). 

 

Figure 3.12: Scanning electron microscopy image of AAO overgrowth 
 

As evident from the SEM image, substantial overgrowth occurred over the entire surface of 
the template.  Multiple AAO samples of identical pore depth were tested by varying the total 
number of CV cycles while maintaining all other variables constant in order to ascertain the 
point at which the overgrowth first began to occur.  It was found that overgrowth occurred within 
the first five cycles, mirroring the consistency pattern observed with the CV data.  A sample was 
then prepared with just three CV cycles (or about eight minutes) and imaged using the SEM 
(Figure 3.13).  From this image, it was apparent that the underlying AAO template had suffered 
from a large amount of cracking/dissolution.  This cracking was not visible from any of the as-
prepared AAO templates prior to the attempts at electrodeposition into the pores.  From this 
evidence, it was concluded that the cracking had exposed the metal electrode directly to the 
electrolyte (without the nanopore channels) and resulted in must faster, dendritic-like growth 
similar in nature to growth on FTO glass.  This dissolution/cracking must have occurred within 
the first few CV cycles, leading to the discontinuity in the CV scans at later cycles.  Once the 
overgrowth had formed within the cracks, isolated nucleated clusters of CuWO4 began to merge 

5 µm 
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together and form the roughened surface visible in Figure 3.13.  It was suspected that the harsh 
chemical environment utilized during the deposition (pH 1 of HNO3) was actually leading to the 
observed AAO dissolution.  

 

Figure 3.13: SEM image of AAO template surface after a 3-cycle CV electrodeposition 
 

In an attempt to overcome this dissolution process, a variety of deposition electrolyte pH 
values were tested.  At pH values greater than 3, the peroxytungstate species was not stable and 
crashed out of solution to form a milky white precipitate.  For all pH values where the 
peroxytungstate species was stable, that is, pH values less than 3, the AAO template suffered 
from dissolution and cracking, yielding to rapid surface overgrowth instead of ordered nanowire 
formation.  Coupled with the ionic mobility issue, it was determined that the project would 
require a substantial amount of investigation in order to determine a workable solution, including 
potentially completely altering the electrodeposition conditions.  Thus, the project was put on 
hold in order to investigate alternative nanostructuring methods, which shall be discussed in the 
next sections. 

3.5 - A Novel Procedure for Nanotextured CuWO4 Thin Films 

Based on the disappointing results from the AAO nanotemplate/electrochemical deposition 
project, an alternative nanostructuring procedure was conceived and developed in an attempt to 

1 µm 
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investigate the benefits of nanostructuring.  The justification for this project remains the same as 
with the AAO/electrodeposition section.  The project was conceived following a literature report 
from Widenkvist et al on a facile and inexpensive process for producing nanostructured WO3 
thin films82.  In their report, tungsten foil was exposed to aqueous concentrated nitric acid for 
long durations at elevated temperatures.  According to the author’s study, the nitric acid 
treatment oxidized the tungsten foil into soluble WO4, which then formed into plate-like 
nanocrystallites.  It was hypothesized that the introduction of copper via a coating deposition 
step followed by annealing could potentially yield CuWO4 crystallites.  As an 
additional/alternative method, it was considered that a tungsten/copper stoichiometric alloy 
exposed to such a nitric acid treatment could potentially yield CuWO4 nanocrystallites directly 
without any additional processing steps, providing a very direct and facile route with minimal 
processing steps. 

3.6 - Experimental Details 

Tungsten and tungsten/copper alloy films of varying thickness were deposited onto FTO-
coated glass via RF sputtering.  A small section of the glass substrate was masked off prior to 
deposition in order to form a conductive lead to the underlying FTO.  The films were deposited 
at ambient temperature with a chamber pressure of 5.0 mT Ar using 100 W power to the tungsten 
target (99.95%, AJA International) for pure tungsten films, and 80 W power to the copper target 
(99.999%, AJA International) for alloyed films.  The optimal power ratio for the alloy was 
determined after depositing a series of power ratios and measuring the resultant stoichiometry 
values using SEM/EDS.  An aqueous solution of 1.5 M nitric acid (Sigma Aldrich) was heated to 
70 °C using a hot plate with thermometer control.  The metal film samples were then immersed 
in the heated nitric acid solution for 6 hours to form nanocrystallites at the surface.  Following 
the nitric acid treatment, the samples were dipped into DI water to rinse for 30 minutes and 
allowed to air dry.  Some of the samples were then annealed in air at 500 °C for 12 hours in a 
tube furnace, while other samples were left as-prepared for the copper deposition step. 

Copper metal films were deposited onto the surface of the nanocrystallites for varying 
thicknesses using RF sputtering at ambient temperature, 5.0 mT Ar pressure, and 100 W power 
to the copper target.  Following the copper film deposition, the samples were annealed in air at 
500 °C for 12 hours in a tube furnace to form CuWO4. 

3.7 - Results and Discussion 

The as-deposited metallic tungsten films were first imaged using a scanning electron 
microscope to determine the starting surface morphology (Figure 3.14).  The films appeared 
highly reflective and uniform with no visible defects.  From the SEM image, moderate-sized 
grains varying from a 50 to a few hundred nanometers in dimension were visible.  Notably, no 
nanostructuring or nanotexturing was visible with the as-deposited films.  After exposure to the 
nitric acid solution for 6 hours, tungsten films of thickness less than ~600 nm became completely 
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transparent with a light greenish-yellow tint.  For films thicker than 600 nm, the nitric acid 
treatment was unable to fully oxidize the entire film, and an opaque metallic layer at the FTO 
interface remained.  This opaque layer was present even for nitric acid treatment times exceeding 
24 hours, suggesting the oxidation and nanostructuring process is self-limiting and results in a 
maximum oxidation thickness. 

 
Figure 3.14: SEM image of as-deposited metallic tungsten thin film 

 

  
Figure 3.15: SEM image of nitric acid-treated thin film at 75 °C for 6 hours 

 

SEM images were then acquired for the samples exposed to the nitric acid treatment for 6 
hours (Figure 3.15).  As reported by Widenkvist et al, the 75 °C nitric acid treatment produced a 
significant volume of faceted nanocrystallites on the surface of the substrate, with widths/heights 
varying between 100 to 400 nm and thicknesses on the order of 80-100 nm.  The shapes of the 
crystallites varied widely, from triangular protusions to rectangular/square and even included 
nanopillars and columns.  The crystallites showed no preferential orientation and covered the 
entire surface of the substrate. 

X-Ray diffraction spectra were acquired for the nitric acid-treated sample before and after 
annealing (Figure 3.16, blue and red lines, respectively) prior to copper film deposition in order 

600 nm 

600 nm 
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to determine the baseline phase present.  An XRD spectra was acquired for the blank FTO-
coated glass substrate for comparison purposes since the FTO film itself is polycrystalline (black 
line in Figure 3.16).  As seen in the figure, the dominant signatures of the spectra are due to the 
underlying FTO film.  The FTO film is on the order of 60 nm thick, while the nanocrystallite 
surface is potentially up to ten times as thick.  The nitric acid treated film prior to annealing 
exhibited a small peak at 16.4°, which may be attributed to a small amount of unreacted tungsten 
left at the FTO interface.  The presence of shoulders at 25.8° and 49.2° for both as-prepared and 
annealed films suggest a small amount of WO3 had formed, although the spectra are significantly 
different from the literature report and from spectra acquired for WO3 films prepared via RI 
sputtering reported earlier in this work. 

 
Figure 3.16: XRD spectra of nitric acid-treated tungsten films (red and blue lines)  

and blank FTO substrate (black line) 

 

It should be noted that the tungsten/copper alloy films exhibited nearly identical features as 
the pure tungsten films reported thus far.  After the nitric acid treatment, the nanocrystallites on 
the surface were essentially devoid of any trace of copper as determined via SEM/EDS 
quantitative analysis (data not shown).  Nitric acid is a very potent oxidizing agent, and it is most 
likely that all of the copper in the starting film had been oxidized to Cu2+ and dissolved into the 
electrolyte essentially as the nitrate salt according to the following reaction: 

3 3 2 2 2Cu( ) + 4HNO ( )  Cu(NO ) ( ) + 2H O( ) + 2NO (g)s aq aq l→  

Based on the results for the alloyed films, only pure tungsten metal films were used for the 
duration of the project and shall be the only material discussed in the remainder of this section.  
After validation of the successful formation of a nanostructured WO3 surface, a variety of copper 
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film thicknesses were prepared in order to determine the conditions necessary for stoichiometric 
CuWO4 formation.  This step was necessary owing to the uncertainty in precisely how much 
tungsten material was remaining on the surface and how much had dissolved away into the nitric 
acid solution.  Thicknesses ranging from 20 to 100 nm in roughly 20 nm increments were 
deposited onto the surface of the crystallites for two different sets of samples: ones that had been 
annealed at 500 °C for 12 hours after the nitric acid treatment, and those that had been left as-
prepared after the nitric acid treatment (no annealing).  The copper-coated samples were then 
annealed in a tube furnace at 500 °C for 12 hours in air in order to diffuse copper into the WO3 
crystallites and form CuWO4.  The samples with 20 and 40 nm thick copper films turned a dark 
yellow after annealing, while samples with copper film thicknesses greater than 40 nm turned a 
dark brown and were highly conductive after annealing.  The thicker films showed metallic 
behavior with a simple multimeter test, suggesting that copper was in great excess of 
stoichiometric CuWO4.  Further tests were not performed on these samples since they showed no 
signs of useful semiconducting behavior.   

X-ray diffraction spectra were acquired for four sample types in order to determine whether 
the process yielded the proper CuWO4 structure: two each of 20 and 40 nm thick copper films, 
with one sample of each thickness annealed prior to copper deposition and a second one that as 
not annealed prior to deposition (colored lines in Figure 3.17).  The purpose of annealing before 
copper deposition was to determine whether copper diffusion would be more facile in the 
polycrystalline or amorphous phase of WO3.  For comparison purposes, a spectrum for thin-film 
CuWO4 deposited via RI co-sputtering is given in black.  The spectra for the nanostructured 
samples have been background-subtracted using the FTO substrate spectrum in order to better 
isolate CuWO4-specific peaks owing to the large signal seen from the polycrystalline FTO layer.  

As seen in the spectra, all nanostructured samples prepared with copper film thicknesses of 
20 and 40 nm exhibited strong diffraction that matches the thin-film CuWO4 spectrum.  The 

characteristic set of triplet peaks at 23.0°, 23.6°, and 24.2° corresponding to the (110), (0 1 0), 

and (011) family of planes, respectively, are present in all samples.  In addition, the peak at 19.2° 
assigned to the (100) family of planes is present only with CuWO4 and not WO3.  Absent in the 
spectra are strong peaks at 35°, 36°, and 42° which could represent CuO or Cu2O.  The CuWO4 
spectrum contains a great many peaks over the entire region from 24° to 45°, in addition to the 
added complication of overlapping peaks with the FTO spectrum, so there is some degree of 
uncertainty as to whether the annealed samples were 100% pure, devoid of any trace of copper 
oxide phases.  The fact that strong characteristic peaks were present in all samples, however, 
suggests that the predominant phase was indeed CuWO4. 
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Figure 3.17: XRD spectra of 20 and 40 nm thick Cu films for both annealed and not-annealed samples 

(colored lines).  The spectrum for a CuWO4 thin film prepared via RI co-sputtering is shown in black. 

 

SEM images of the 40 nm Cu film samples, both with and without pre-annealing, are shown 
in Figures 3.18.  In addition to the plate-like crystallites present in the nanostructured film prior 
to copper deposition and annealing, a substantial density of spherules on the order of 100-300 nm 
in diameter were present across the entire surface (Figure 3.18a).  These spherules were 
examined using SEM-EDS in order to ascertain their chemical make-up.  The electron beam was 
spotted onto the surface of a handful of spherules and EDS spectra were acquired for each (data 
not shown).  The average Cu:W composition ratio for the spherules was 1.5:1, significantly 
larger than the 1.2:1 ratio obtained for random EDS spots outside of the spherules.  This suggests 
the copper-rich spherules may be a mixture of CuWO4 with CuO and Cu2O. 

An interesting phenomenon was observed for the sample that had not been pre-annealed 
(Figures 3.18 c and d).  Long nanorods and nanobeams measuring up to multiple microns in 
length and up to 300 nm in width were present in a fairly low density across the entire surface.  
As with the underlying plate-like structures, these beams and rods showed no preferential 
orientation and varied widely in shape and dimension.  SEM-EDS spotting showed no significant 
difference in chemical composition of the nanobeams from the surrounding plate-like structures, 
suggesting the beams were indeed CuWO4 and not WO3; however, the electron beam operated 
even at moderate accelerating voltages (4 kV) penetrates the surface of a sample and spreads out 
over many hundreds of nanometers.  The resulting x-rays generated at such depths can readily 
escape the surface and reach the detector.  The result is a very large interaction volume that may 
be more representative of the bulk substrate rather than the nanobeam itself.  As such, SEM-EDS 
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cannot provide definitive proof that the nanobeams were CuWO4 and not WO3.  It is possible 
that the deposited copper film served as a catalyst for VLS-like nanowire growth of WO3 upon 
annealing in air.  Having not pre-annealed the sample, the amorphous, nitric-acid treated surface 
may have not been fully oxidized, yielding some degree of tungsten in a lower oxidation state or 
even metallic.  This “unreacted” tungsten at the surface may have then served as the source 
material for nanowire growth.  The pre-annealed samples, however, had no such unreacted 
tungsten at the surface.  The pre-annealing process in the presence of oxygen likely fully 
oxidized any remaining tungsten, prohibiting the formation of nanobeams after copper deposition 
with subsequent annealing. 

  
  

  
Figure 3.18: SEM images of 40 nm Cu film nanostructured samples for pre-annealed (a and b) 

and not pre-annealed (c and d) cases.  Nanobeams were present only in non pre-annealed samples. 
  

Linear sweep voltammetry scans were performed on each sample type (20/40 nm Cu films on 
pre-annealed and non-annealed surfaces) after mounting to microscope slides and insulating 
them with MICCROStop lacquer (Figure 3.19).  For both 20 and 40 nm thick Cu films, the pre-
annealed samples (blue lines) performed better than the non pre-annealed samples (red lines) of 
the same thickness, up to 70% better in the case of the 20 nm sample at +1.8 V vs RHE.  The 
pre-annealed samples, both 20 and 40 nm, performed nearly identically, achieving a current 
density of ~34 µA/cm2 at +1.23 V RHE.  Unfortunately, this current density is substantially 
lower than the 200 µA/cm2 achieved with the optimized RI co-sputtered films, and it is well 
below the 140 µA/cm2 obtained for the co-sputtered thin film at a similar thickness (600 nm).  
This degradation in current density may be attributed to a number of factors.  First, it may be that 
copper did not diffuse completely through the WO3 crystallites in order to form a homogenous 

4 µm 2 µm 

2 µm 5 µm 

(a) (b) 

(c) (d) 
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phase throughout.  The excess copper may have formed CuO or Cu2O at the surface, yielding a 
messy mixture of WO3, CuWO4, CuO, and Cu2O.  Cuprous oxide (Cu1+) is a p-type 
semiconductor that exhibits photocathodic behavior83; however, it is highly likely that any excess 
Cu2O on the surface was oxidized to form CuO or Cu(OH)2 at the surface under the anodic 
conditions of the experiment.  The Cu(II) oxides are not photocatalytically active semiconductors 
for water oxidation84 and will result in a complete loss of current density anywhere they are 
exposed. 

 

Figure 3.19: Illuminated LSV scans for 20 and 40 nm samples pre-annealed (blue) and annealed (red) 
 

 

The second factor that may explain the poor performance of the nanostructured films is the 
overall surface to volume ratio.  In the case of highly-ordered arrays of large aspect ratio 
nanowires, as in the case of using AAO templates, the light-trapping effects of such a geometry 
would be expected to outweigh the disadvantages of increasing the number of defect centers, and 
thus the number of recombination centers, at the electrolyte/semiconductor interface.  With the 
plate-like geometry obtained using this nitric acid treatment procedure, the overall surface area to 
volume ratio is not optimal.  In addition, the overall thickness, and thus quantity of light-
absorbing material, is less than optimal owing to the self-limiting nature of the oxidation process.  
Further studies are required in order to determine the optimal nanowire array dimensions and a 
procedure for how to produce such an array with CuWO4. 
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3.8 – Summary and Future Outlook 

The growth of large ordered arrays of CuWO4 nanowires was attempted using an 
electrochemical deposition technique into the pores of anodic aluminum oxide (AAO) 
nanotemplates.  While the electrochemical deposition process was successful on FTO-coated 
glass substrates, the process was not successful with AAO.  It was found that the AAO template 
dissolved under the strongly acidic conditions necessary for the electrochemical growth process 
in order to stabilize the peroxytungstate species in solution.  The technique shows promise, if an 
alternative method for electrochemically depositing tungsten species can be developed that does 
not require such corrosive environments. 

A novel solution-based technique for developing nanostructured thin films of CuWO4 was 
developed using a nitric acid treatment to form WO3 nanocrystals followed by physical vapor 
deposition of copper and subsequent annealing to form CuWO4.  It was demonstrated that the 
technique was capable of forming polycrystalline nanostructures of the correct crystal structure; 
however, the overall current density was an order of magnitude lower for the nanostructured 
films as compared to the smooth thin films prepared via reactive-ion co-sputtering. 
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Chapter 4: Nickel Iron Oxide Alloy 
Photoanode 

This project developed during a collaborative effort between the author and Dr. Mary Louie 
at JCAP.  Thin film NiFeOx catalyst layers were deposited via electrochemical deposition onto 
the surface of CuWO4 samples prepared via RI co-sputtering as detailed in Chapter Two.  The 
aim was to compare PEC efficiency of the catalyst on a functioning photoanode with other more 
popular catalysts.  While that side project was ultimately unsuccessful, in that the resulting 
current density in all cases was lower than the untreated control sample, a conversation about the 
optical properties of the electrochemically deposited films led to the idea of attempting to make 
NiFeOx thin films as a hybrid/composite light absorber/catalyst system. 

4.1 - Introduction 

As discussed in previous sections, the role of a catalyst material deposited onto the surface of 
a light-absorbing semiconductor for the purposes of aiding the water oxidation reaction is an 
important one.  In terms of electrochemical reactions, the primary function of a catalyst is to 
reduce the activation energy barrier for a given chemical reaction along some reaction 
coordinate, thereby reducing the overpotential required to convert reduced species into their 
oxidized form.  Lower overpotentials lead to higher energy conversion efficiencies since less 
power needs to be input to achieve the same overall current.  While the best water oxidation 
catalyst materials are based on precious metals such as RuO2 and IrO2, a number of research 
groups have developed metal-oxide catalysts that only utilize more commonly available elements 
such as cobalt51 and nickel85.  One such catalyst material studied within JCAP and the greater 
OER catalyst community at large is a nickel iron oxide alloy that is prepared via electrochemical 
deposition54,86-92.  The Ni-Fe oxide system exhibits a low overpotential (~230 mV at 10 mA/cm2) 
which is comparable to RuO2 and IrO2 yet doesn’t rely on precious metals.  Recently, Smith and 
co-workers developed a technique for the preparation of amorphous mixed metal-oxide films that 
can be utilized to develop almost any arbitrary mixture of metals, and demonstrated the 
technique with a Fe100-y-zCoyNizOx material93.  Of relevance to the current work, Miller and 
Rocheleau investigated RI sputtered Fe-doped NiO as the OER catalyst and demonstrated a 
decrease in overpotential of 300 mV over undoped NiO and little performance degradation over 
7000 hours of operation at 20 mA/cm2; however, they did not explore any PEC characterization 
of the resulting films94.   

4.2 – Experimental Details 

Thin film electrodes of NiFeOx were prepared via reactive-ion sputtering using iron 
(99.995%, AJA International) and nickel (99.999%, AJA International) sputter targets.  The RF 
power ratios of the two targets were varied sequentially in order to determine the optimal 
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stoichiometric conditions.  It was found that the two targets sputtered at very similar rates.  
Samples for PEC characterization were prepared on FTO-coated glass (Sigma Aldrich, 7 Ω/□ 
sheet resistance) cut into ~1 cm2 rectangular pieces.  Absorption and electronic characterization 
samples were prepared on quartz substrates of varying sizes.  All samples regardless of substrate 
were first cleaned in acetone and then isopropyl alcohol via ultrasonication for 20 minutes 
followed by drying with a nitrogen stream.  A shadow mask was utilized during deposition to 
allow for electronic connection to the conducting back layer.   

Three sample types were prepared of varying atomic concentrations: one slightly deficient in 
iron, one nearly 1:1 nickel:iron, and one slightly rich in iron.  These corresponded to RF power 
values of 50:40 Ni:Fe, 50:50 Ni:Fe, and 50:60 Ni:Fe, respectively.  The Ar and O2 partial 
pressures were fixed at 5.0 and 1.5 mT, respectively, for all samples.  The substrate temperature 
was fixed at 500 °C for all samples and the background pressure of the chamber was typically 
1x10-6 Torr.  Samples were annealed after deposition for 12 hours in air at 500 °C using a tube 
furnace with a ramp rate of 1° s-1.  Ohmic contact for electronic measurements was made to 
select samples by depositing a 100 nm thick platinum electrode layer over a 5 nm titanium 
adhesion layer, both deposited using e-beam evaporation in a single deposition run. 

PEC samples were further prepared by mounting to microscope slides with a thin strip of 
copper SEM tape (Ted Pella) to serve as the conducting lead.  Contact was made between the 
conducting lead and the FTO layer via the use of a small drop of silver paint (Ted Pella).  The 
copper strip and silver paint were then completely masked off using MICCROStop lacquer. 

4.3 – Results and Discussion 

The RI co-sputtered samples appeared a light brown/gray in color both before and after 
annealing.  An SEM image of the annealed surface of the nearly stoichiometric sample is given 
in Figure 4.1.  A large number of small grains were visible across the entire surface, with average 
dimensions of 100-150 nm.  Uniformity was quite good, with only a few small areas containing 
voids or pinholes.  There was no direct evidence of phase separation from optical microscope 
images (images not shown); however, as shall be discussed later in this section, the absorption 
spectrum suggests that there is at least some degree of phase separation. 

X-ray diffraction spectra were acquired for the three sample types (Figure 4.2).  All peaks 
observed in the spectra can be assigned to the underlying FTO substrate, implying the NiFeOx 
films were completely amorphous in nature.  As such, the XRD spectra did not reveal any details 
as to the extent of phase separation. 
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Figure 4.1: SEM image of NiFeOx alloy surface after annealing. 

 

 
Figure 4.2: XRD spectra of the three NiFeOx alloy sample types: 50-40 Ni-Fe (blue),  

50-50 (red), and 50-60 (green).  All peaks assigned to FTO, indicating amorphous films. 

 

X-ray photoelectron spectroscopy spectra were acquired for each sample type in order to 
ascertain the nature of the chemical environment for each species as well as obtain elemental 
composition data.  The Ni 2p, Fe 2p, and O 1s spectra for the 50-50 sample are shown in Figures 
4.3 a-c.  The Ni 2p and Fe 2p spectra were subsequently fit using the ESCA software application 

1 µm 
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(Figures 4.3 c and d, respectively) following a background subtraction.  The predominant peaks 
observed in the Ni 2p 3/2 spectra occur at binding energies of 856.5 and 862.5 eV, representing a 
peak splitting of 6 eV.  The 856.5 peak can be further subdivided into two peaks at 857 and 
855.5 eV with areal percentages of 39.4 and 16.16% and full widths at half maximum of 3.64 
and 2.63 eV, respectively.  The 862.5 eV peak corresponds to the remaining 44.4% of the Ni 2p 
3/2 segment, with a FWHM of 5.43 eV.  These three peak assignments align fairly well with 
those obtained for the NiFe2O4 system, albeit at slightly larger binding energies.  These peaks 
could potentially fit NiO, NiOH, and/or NiOOH assignments; however, owing to the lack of fine 
resolution in the spectra, it is difficult to claim certainty with any such assignments due to the 
very close proximity between expected peaks.  A higher resolution XPS scan may reveal more 
subtle details than available here.  A table of fitted peaks and possible assignments are shown in 
Table 4.1. 

The Fe 2p peak assignments (Figure 4.3 e) were a little more complicated, requiring the use 
of five distinct peaks.  A broad shoulder was observed at 706 eV, and two peaks at 713.2 and 725 
eV represented the primary components of the remaining Fe 2p splitting.  A “bridge” between 
the predominant peaks at 719.2 eV and a small peak at 711.75 eV completed the fitting 
procedure.  The shoulder peak at 706 eV with a FWHM of 4.66 eV and areal percentage of 8.8% 
cannot be assigned to anything other than Fe0, although in these samples metallic iron seems 
highly unlikely owing to the long annealing procedure in the presence of abundant oxygen.  This 
signal may be convoluted with metallic Fe present within the XPS chamber itself, either in the 
sample holder or the screws and retaining clips that secure the sample to the stage, as anomalous 
Fe signals have been detected in non-ferrous materials in the past with other material systems.  
As with the Ni 2p peak assignments, a clear and absolute assignment cannot be performed owing 
to the lack of fine resolution of individual peaks.  FeOOH, Fe2O3, Fe3O4, and NiFe2O4 may all be 
justified with only slight adjustments to the fitting procedure.  The fitted peaks are summarized 
with the Ni 2p peaks in Table 4.1. 

Element Peak (eV) Intensity (a.u.) FWHM (eV) Area % 
Ni 2p 855.5 13690 2.63 38326 16.16 
Ni 2p 857.1 24144 3.64 93550 39.44 
Ni 2p 862.5 18221 5.43 105318 44.40 
Fe 2p 706 2957 4.66 14668 8.8 
Fe 2p 711.6 2128 3.36 7611 4.6 
Fe 2p 713.2 12107 7.11 91630 55.1 
Fe 2p 719.2 3250 4.85 16779 10.10 
Fe 2p 724.9 5074 6.58 35539 21.4 

Table 4.1: Ni 2p and Fe 2p peak fitting for the 50-50 Ni-Fe sample 
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a) b) 

 
c) 

 

d) 

 

e)   

 

Figure 4.3: XPS spectra for 50-50 Ni-Fe sample.  Reading from top left to right: a) Ni 2p, b) Fe 2p, c) O 1s, 

d) Ni 2p peak fitting, and e) Fe 2p fitting. 

 

Quantitative XPS data were acquired for all three sample types to ascertain stoichiometry.  
The 50-40 sample yielded a fractional composition of 12.2% Ni, 9.8% Fe, and 78% O.  These 
values would correspond to an empirical formula of NiFe0.8O6.4 and an oxygen: metal ratio of 
3.56.  The 50-50 sample yielded a fractional composition of 12.5% Ni, 10.3% Fe, and 77% O, 
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giving an empirical formula of NiFe0.82O6.2 and an oxygen:metal ratio of 3.39.  Finally, the 50-60 
sample yielded a fractional composition of 11.8% Ni, 12.8% Fe, and 75% O, giving an empirical 
formula of NiFe1.08O6.39 and an oxygen:metal ratio of 3.07.  The general trend with these three 
samples is that the oxygen:metal ratio decreases with increasing iron content.  This may suggest 
that the nickel present in the material exists as NiO or NiOOH, while the iron present in the 
material exists as Fe2O3 or Fe3O4, as a lower oxidation state of iron would lead to the observed 
decrease in oxygen content.  Unfortunately, direct evidence for this conclusion is lacking, owing 
to the amorphous nature of the film and the lack of higher-resolution XPS data. 

Absorption data were calculated for each sample type using measured reflection and 
transmission data over an illumination range from 200 to 800 nm.  A representative absorption 
spectrum is shown in Figure 4.4 for the 50-50 Ni-Fe sample as a Tauc plot (spectra for the 50-40 
and 50-60 sample were essentially identical and will not be shown).  An r value of 2 yielded the 
best linear regime, suggesting a direct transition material.  The linear portion of the absorption 
onset would indicate a band gap of 3.55 eV; however, the absorption onset is extremely gradual, 
suggesting that there is more than a single phase present95.  As the material exhibits a light brown 
color, the 3.55 eV band gap is even less likely, and a much lower band gap would be expected; 
however, no single r value gave acceptable results in terms of a sharp absorption onset.  As such, 
an absolute band gap value cannot be defined.   

 

Figure 4.4: Absorption spectrum for a 50-50 Ni-Fe sample, indicating a large degree of phase separation. 

 

Temperature-dependent conductivity measurements were performed over the range of 200 to 
360 K and plotted as the natural log as a function of 1000/T for each of the three sample types 
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(Arrhenius plot, data not shown) after depositing metal electrode pads onto the surfaces.  A 
linear fit of the resultant slope was calculated for each sample type for the purpose of analysis in 
the Arrhenius equation to determine activation energies.  A table of measured conductivity and 
calculated activation energy values for each sample type is given in Table 4.2.  No clear trend for 
the electronic properties can be made as a function of increasing iron content, although in general 
the sheet resistance increased as the iron content increased.  In addition, the activation energy 
was seen to increase as the iron content was increased. 

Sample Sheet resistance (Ω/sq) Conductivity (S/m) Activation Energy (meV) 
50-40 7.1 x 104 1.4 x 10-5 56.4 
50-50 10.2 x 104 9.8 x 10-6 73.2 
50-60 9.4 x 104 1.1 x 10-5 68.6 
Table 4.2: Electronic properties of the three Ni-Fe sample types 

 

Electrochemical data were acquired for each sample type under dark and AM 1.5 illuminated 
conditions over a range of pH values in 0.1 M phosphate buffer (adjusted using KOH).  It should 
be noted that the samples exhibited a fair amount of process-specific hysteresis between scans, 
even when keeping all other process variables constant.  It was found that by preceding each 
linear sweep scan with a chronoamperometric process step for 30 seconds at 0 V vs RHE that 
this hysteresis was minimized.  A typical linear sweep voltammogram is shown in Figure 4.5; 
here, the 50-50 sample was measured from +0.62 to +1.92 V vs RHE in pH 7.  Immediately we 
see that the illuminated curve shows essentially no sign of photoconductivity, as it nearly traces 
the dark curve exactly.  This behavior was observed for every sample type at every pH value 
from 7 to 11 (other sample data not shown); however, while the samples are not photoactive, 
they did exhibit a very strong oxidative current onset around +1.8 V vs RHE.  Both dark and 
light currents reached more than 2 mA/cm2 before the experiment ended with no sign of 
degradation for all three sample types (inset, Figure 4.5).  This onset potential represents a water 
oxidation overpotential of around 550 to 600 mV, which compares favorably to prominent water 
oxidation catalysts such as IrO2 and RuO2.   

As all samples failed to show any sign of photoactivity, the following discussion shall focus 
on the electrocatalytic properties of the films as water oxidation catalyst materials.  A discussion 
into the possible reasons for the lack of photoactivity shall be revisited towards the end of this 
section.  In addition, as each sample exhibited nearly identical electrochemical behavior  
independent of iron content, only data acquired for the 50-50 sample shall be given. 
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Figure 4.5: LSV sweeps in dark (red) and light (blue) for 50-50 Ni-Fe sample. 

0.1 M KH2PO4 buffer at pH 7.  Inset: LSV sweeps in dark for all three sample types. 

 

As the NiFeOx catalyst work performed by Louie et al suggested that alkaline pH values 
exhibited the strongest catalytic activity, a short pH series was undertaken to determine the RI 
co-sputtered film response.  Three additional pH values in addition to pH 7 were examined: 9, 
10, and 11.  A plot of the dark current LSV scans for the 50-50 sample is given in Figure 4.6.  
The pH 9 sample exhibited an identical onset potential as pH 7, +1.8 V.  As the pH of the 
electrolyte increased, however, the onset potential steadily became more negative; that is, the 
overpotential decreased.  The sample yielded an onset potential of +1.73 V in pH 10 and +1.68 V 
in pH 11 for overpotentials of 500 and 450 mV, respectively.  The scans in pH 7 and pH 9 
showed identical onset potentials; however, the pH 9 scan exhibited a much more gradual rise in 
current.  While the sample achieved current densities greater than 2 mA/cm2 in both pH values, 
the sample did so at a potential nearly 100 mV lower in pH 7 than in pH 9.  This more gradual 
rise in current was also present in pH 10 and 11.  This may suggest that the kinetics of the 
oxidation reaction are slower in more alkaline environments, a result that would appear contrary 
to expectations, as one may rightly suppose that the water oxidation reaction should benefit by 
the presence of additional hydroxide ions in solution.  Another possibility is that the surface is 
oxidizing and/or dissolving at the higher pH values, in which case the kinetics are entirely 
different. 
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Figure 4.6: Dark LSV scans for the 50-50 Ni-Fe sample in 0.1 M KH2PO4 adjusted to pH 7 (red), 

9 (blue), 10 (green) and 11 (purple) with KOH. 

 

An interesting behavior was observed with the two LSV scans at pH 10 and 11.  In both 
cases an oxidation wave, or shoulder, was observed at +1.8 V and +1.9 V for pH 10 and 11, 
respectively, before rising again.  This differs from the scans at pH 7 and 9, which yielded no 
such oxidative wave.  The wave was much more noisy than any other portion of the sweep.  In 
an effort to understand the nature of this wave, a pH series of cyclic voltammograms (CV) were 
acquired for the 50-50 sample, from pH 9 to pH 11 for 10 total cycles (Figure 4.7).   As with the 
LSV scan, the pH 9 CV showed no oxidation wave.  The current density was almost perfectly 
reversible during the cathodic sweep.  The solutions were stirred vigorously throughout the 
experiments, and so any oxidized species present within the diffusion layer were effectively 
swept away into solution.  For pH 10 and 11, however, the CV scans showed signs of hysteresis 
at precisely the unique oxidation wave observed with the LSV scan.  In addition, the noisy and 
somewhat random character of the waves was again evident in the CV scans.   
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Figure 4.7: Cyclic voltammograms of 50-50 Ni-Fe sample in pH 9 (left, red), pH 10 (middle, blue), and pH 

11 (right, green) solutions of 0.1 M KH2PO4 buffered electrolyte. 

 

Only two redox reactions involving nickel and iron could be found in the literature at such 
large positive potentials80: 

++ - 2 -
2

2- - + 3+
4 2

NiO ( ) + 4H  + 2e Ni  + 2OH       +1.59 V

FeO  + 3e  + 8H  Fe  + 4H O       +2.20 V

s ⇌

⇌

 

Of these two, the only reasonable assignment would have to be the oxidation of Ni2+ to Ni4+ 
at +1.59 V which may be due to the conversion of surface NiO into NiO2.  It is unsure that such a 
Ni4+  species has any long-term stability96; however, the CV data shows no reduction wave at the 
same potential as the oxidation wave during the cathodic sweep.  In fact, no reduction wave over 
the entire range of the CV was measured.  If this oxidation wave is indeed of the form of Ni2+ to 
Ni4+, the reaction is unidirectional and irreversible.  Perhaps the presence of FeOx at the surface 
helps stabilize the resulting Ni4+ species.  Further investigation into the nature of the redox 
chemistry at the surface may be warranted. 

In order to help understand the lack of photoactivity of the NiFeOx films despite their 
apparent ability to absorb visible light, electrochemical impedance spectroscopy over a range of 
frequencies was utilized to further characterize the material (Mott-Schottky plot, Figure 4.8, 50-
50 sample shown).  The most immediate feature of this plot is the negative slope for all 
frequencies, implying the material is p-type and not n-type.  On their own, NiO is p-type while 
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Fe2O3 is n-type.  If this assignment is correct, any band-bending at the surface of the 
semiconductor due to Fermi level equilibration with the electrolyte will be downwards; that is, 
the developed electric field will drive electrons to the surface and holes into the bulk.  Thus, any 
photogenerated electron-hole pairs will essentially play no part in the water oxidation reaction at 
potentials more negative than the thermodynamic potential simply because they cannot reach the 
surface.  Oxidative current is only generated once the bands have been bent in the opposite 
direction by an applied electric field; in this case, more than 500 mV of overpotential above the 
thermodynamic potential.  At such positive potentials any photogenerated holes are completely 
overwhelmed by the bulk hole concentration and electrolysis proceeds as with a very thin (non-
absorbing) catalyst layer. 

 
Figure 4.8: Mott-Schottky plot of the 50-50 Ni-Fe sample over a range of frequencies in pH 7 0.1 M 

KH2PO4 electrolyte. 

 

Further analysis of the Mott-Schottky plot yielded information about the flatband potential, 
Efb, as well as the free carrier concentration (ND – NA).  The flatband potential can be calculated 
from the horizontal axis intercept, while derivation of the carrier concentration requires 
knowledge of the material’s dielectric constant, ε, for use in the Mott-Schottky relation: 

2 2
0

1 2

sc v D

kT
E Efb

C A e N eε ε
 = − − 
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The film exhibited only a very moderate dependence on frequency, so the standard form of 
the Mott-Schottky equation employing a static dielectric constant was utilized.  In the absence of 
measured dielectric constant data for this alloyed material, an average was taken from the 
dielectric constants of NiO (11.9) and Fe2O3 (12) independently97.  After calculation, the free 
carrier concentration (NA – ND for a p-type material) was determined to be ~7.6 x 1018/cm3 and 
the flatband potential was +2.3 V vs RHE.  It is important to note here that this value represents a 
Fermi potential slightly more negative than the top of the valence band in a p-type material.  This 
position places the top of the valence band right in line with most other transition metal oxides 
with O 2p orbitals comprising the primary component of the valence band. 

4.4 – Summary and Future Outlook 

NiFeOx thin films were prepared on FTO-coated glass substrates via RI co-sputtering of Ni 
and Fe targets in an O2 atmosphere.  The resulting films were amorphous and exhibited no 
photocatalytic water-splitting activity.  Evidence for the presence of multiple phases complicated 
the analysis of a specific band gap value; however, the films were light brown in color and 
exhibited moderate absorptive properties.  Impedance spectroscopy analysis revealed the films 
were p-type with a free carrier concentration of ~1018/cm3 While the amorphous films were not 
photocatalysts, they did serve well as electrocatalysts for water oxidation at low overpotentials 
(as low as 450 mV in pH 11), yielding current densities on the order of 3-5 mA/cm2 and were 
stable over a range of alkaline pH values.  Thus, while the material in the prepared form was not 
suitable as a photoanode, the procedure might be used to deposit a NiFeOx thin film catalyst 
layer on other photoanode materials that may have slow water oxidation kinetics.  Further efforts 
into trying to improve the crystallinity of the material may yield important insight into its 
photocatalytic properties. 
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Appendix A: Instrumental Details 
This aim of this appendix is to fully detail each of the characterization and deposition 

instruments utilized throughout the course of the experiments presented in this thesis as these 
instruments were common to each project undertaken.  Unless otherwise noted in the text, the 
following conditions were applicable for each project and can be assumed to be constant.  The 
Scanning Electron Microscope, X-Ray Photoelectron Spectrometer, and X-Ray Diffraction 
Spectrometer were housed within the Imaging and Manipulation facilities at the Molecular 
Foundry, Lawrence Berkeley National Laboratory and operated under user proposals #989 and 
#995.  Work at the Molecular Foundry was supported by the Office of Science, Office of Basic 
Energy Sciences, of the U.S. Department of Energy under Contract No. DE-AC02-05CH11231a.  
The E-Beam evaporator was owned and operated by Dr. Jeff Beeman of the electronic materials 
group within the Materials Science Division at Lawrence Berkeley National Laboratory.  All 
other instruments were owned and operated within JCAP.   

A1 – Potentiostat 

Photoelectrochemical and electrochemical data were acquired using a BioLogic SP-300 
potentiostat with an electrochemical impedance spectroscopy module and EC-Lab software 
version 10.33 or greater.  A traditional three electrode setup was used for most experiments, 
consisting of a Pt wire plus mesh counter electrode, Ag/AgCl reference electrode (Bioanalytical 
Systems, Inc.), and a custom-built PEC cell with a quartz window for transmission of UV and 
visible light.  For oxygen evolution studies, a liquid double junction reference electrode (Sigma 
Aldrich) was used to avoid Cl- ion contamination.  Oxygen evolution was monitored using a 
custom-built sealed PEC cell with a quartz window and ports for attachment of the temperature 
and O2 fluorescent sensors, both from Ocean Optics Inc.  Working electrode surface areas were 
measured using a desktop scanner and ImageJ imaging software.   

Electrolyte solutions were prepared from as-received chemicals (Sigma Aldrich) and were 
not deaerated prior to performing experiments; however, the O2 evolution studies required a very 
low starting O2 concentration and in these cases the electrolyte was first deaerated for one hour 
using a N2 bubbler.  Unless otherwise noted in the text, a buffered electrolyte of 0.1 M KH2PO4 
was utilized and adjusted to a specific pH value using H3PO4 or KOH measured to within +/- 
0.5% using a portable pH meter (Thermo Scientific).  All measurements were taken at room 
temperature (23-25 °C). 

Reference electrode open circuit potentials were calibrated by bubbling a H2/N2 (5% H2) 
stream over a Pt wire and mesh.  In all cases the reference electrode was first allowed to 
equilibrate with the electrolyte for 30 minutes or longer with rapid stirring.  Linear sweep 
voltammetry and cyclic voltammetry experiments were performed at a scan rate of 10 mV/s 
unless otherwise noted.   
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A2 - RF/DC Sputter System 

An Orion 5 RF/DC magnetron sputter system from AJA International Inc. was used to 
deposit almost all films presented in this work.  Only the RF power supply was utilized, although 
the system was also equipped with DC and pulsed DC power supplies.  The base pressure was 
typically in the 1x10-6 Torr range and kept at that pressure for long periods via the use of a load-
locked sample chamber.  The ideal substrate position for optimal uniformity was determined by 
the manufacturer prior to installation, and was kept constant throughout all depositions.  The 
substrate mounting plate rotated during deposition with an adjustable temperature up to 800 °C 
using two heating lamps. 

Various metal targets of high purity measuring 2” in diameter were purchased from AJA 
International or Kurt Lesker and were used as-is.  Non-magnetic targets were ¼ inch thick, while 
magnetic targets were 1/8 inch thick and required the removal of the center magnet within the 
target housing and cooling support structure.  Precious metal targets such as Pt, Ir, Ru, and Au 
were prepared within LBL facilities using material acquired from the U.S. Department of 
Energy’s high purity precious metal stock at Oak Ridge National Laboratory. 

A3 – Solar Simulator 

An XPS300 solar simulator from Solar Light Company Inc. was used as the light source for 
all illuminated experiments, and the illumination circle at the sample surface was calibrated to 
most closely approximate the AM 1.5 spectrum of 100 mW/cm2 using a black body pyranometer 
equipped with the instrument.  The distance between lamp and working electrode surface was 
typically on the order of 36 cm.  Chopped illumination at varying frequencies was achieved 
using a custom-built relay device and corresponding Windows-based software.  Unless otherwise 
noted, all illuminated photocurrent data were obtained with front-side illumination. 

A4 – E-Beam Evaporator 

A Veeco VE775 vacuum evaporator was utilized to deposit thin metal electrodes including 
Al, Au, Cr, Cu, Ni, Pd, Pt, and Ti.  The base pressure of the system was typically 5 x 10-6 Torr, 
and deposition rates were typically on the order of 1-5 Å/s.  The substrate surface was actively 
cooled throughout deposition.  Substrate heating was not possible.  The deposition rate and total 
thickness of the resulting film was monitored in situ using a quartz crystal monitor mounted at 
the same height as the sample plate. 

A5 – UV-VIS Spectrophotometer 

An Hitachi U-3010 UV-VIS Spectrophotometer equipped with a 5-degree specular 
reflectance attachment was utilized to record transmission and reflectance measurements over 
the range of 200 to 800 nm in steps of up to 0.01 nm with a slit width of 4 nm. 
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A6 – Scanning Electron Microscope 

A Zeiss Gemini Ultra-55 analytical field emission scanning electron microscope was used to 
acquire all high-resolution SEM images and EDS measurements.  The SEM was equipped with 
in-lens and conventional secondary electron detectors, in-lens and quadrant backscatter detectors, 
an EDS system for elemental x-ray analysis, and a transmission (STEM) bright/dark field 
detector compatible with standard TEM grids.  Beam energy was varied between 2 and 20 kV.  
EDS signal measurements were acquired for at least 5 minutes at multiple locations on the film 
surfaces.   

A7 – X-Ray Photoelectron Spectrometer 

A PHI 5400 X-Ray Photoelectron Spectroscopy system equipped with a non-monochromatic 
Al/Mg dual-anode X-ray source was used to acquire all XPS spectra.  All measurements were 
recorded using the Al X-ray source operated at 350 W.  The instrument had a spatial resolution 
of 0.5 mm, an energy resolution of 0.7 eV, a 4 kV argon ion sputter attachment for sample 
cleaning and shallow (100 nm) depth profiles, and elemental and chemical state analysis with ~1 
atomic percent sensitivity.  For a given sample, a survey spectrum was first acquired to calibrate 
the elemental binding energies to the carbon peak at 284 eV.  The sample was then subsequently 
sputtered in situ with the Ar ion gun for five minutes to clean the surface.  Detailed scans of the 
elemental peaks were then collected over long durations, typically 60 minutes, for each range of 
binding energies of interest.  Acquired XPS spectra were analyzed for elemental composition and 
peak fitting with PHI acquisition and analysis software. 

A8 – X-Ray Diffraction Spectrometer 

A Bruker AXS D8 Discover GADDS Powder X-Ray Diffractometer equipped with a 
HighStar area detector and operated at 40 kV and 20 mA at the wavelength of Cu Ka, 1.54 Å 
was utilized to acquire all XRD spectra. 

A9 – Raman Spectrometer 

Raman measurements were performed using a Renishaw Micro-PL/Raman system.  The 
beam from an Ar ion laser at a wavelength of 488 nm was focused onto the sample (spot 
diameter of 2 mm) using excitation power up to 5–10 mW unless otherwise stated. 

 

  



98 
 

Appendix B: Mathematica® Code 
This appendix contains a collection of Mathematica® programs that were developed during 

the course of my Ph.D. studies for the purpose of easing data analysis.  The code itself contains 
relatively few comments, so an effort will be made here to document each program to the extent 
necessary for others to quickly adapt for their own purposes.  Listed below are the titles for each 
program followed by some documentation on their use.  Immediately following each description 
are the program codes themselves (in fixed-width Courier font). 

B1 - Mott-Schottky Data Analysis 

The purpose of this code is to read in experimental Mott-Schottky data as output from the 
BioLogic EC-Lab software (version 10.32 at the time of this writing) and perform some 
straightforward material calculations using that data.  The data first needs to be export to ASCII 
from the raw experimental data files by using the EC-Lab “Export as Text” function.  The code 
is split into two parts.  In the first part, the code processes the ASCII data in order to trim it down 
and concatenate it into chunks split by AC frequency for easier processing within Excel.  A key 
variable to utilize is NumFrequencies which must be set to the corresponding value utilized in 
the experiment.  The formatted data is then output to a second ASCII file for plotting within 
Excel.  The user then plots the data within Excel to extract the slope and intercept for each 
frequency.  With such data, the second section can be utilized to calculate the flat-band potential 
and donor concentration using a user-input dielectric constant for the material.  A small module 
is also provided to convert the flat-band potential to RHE based on pH value. 

Data = Import["Path to input file.txt", "TSV"]; 
NumHeaderLines = ToExpression[StringSplit[Data[[2]] , ":" 
][[1]][[2]]]; 
TempLine = StringSplit[Data[[59]], " "]; 
NumDataPoints = ToExpression[ TempLine[[1]][[ 
Length[TempLine[[1]]]]]]; 
TempLine = StringSplit[Data[[47]], " "]; 
NumFrequencies = ToExpression[ TempLine[[1]][[ Leng th[ 
TempLine[[1]]]]]]; 
Print["Num data points = " <> ToString[NumDataPoint s]]; 
Print["Num frequencies = " <> ToString[NumFrequenci es]]; 
j = 0; 
TrimmedData = Array[0, 0]; 
FinalData = Array[0, 0]; 
 
AppendTo[FinalData, Data[[NumHeaderLines]]]; 
For[i = NumHeaderLines + 1, i <= Length[Data], i++,  
  If[ToExpression[Data[[i]][[1]]] != 0, { 
    j++, 
    AppendTo[TrimmedData, Data[[i]]] 
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    } 
   ] 
  ]; 
For[i = 0, i < NumFrequencies, i++, 
  For[j = 0, j < (NumDataPoints + 1), j++, 
   {Index = i + (j*NumFrequencies) + 1, 
    AppendTo[FinalData, TrimmedData[[Index]]]; 
    }] 
  ]; 
Export["Path to output file.txt", FinalData, "TSV"] ; 
 
<< Units` 
<< PhysicalConstants` 
 

-12 Coulomb Meter
ε0=8.854*10  * ;

Meter Volt 100 Centimeter
 

q=ElectronCharge; 
Coulomb Volt

k BoltzmannConstant * ;
Joule

=  

 
CalcNd[ ε_,Slope_]:=Module[{Nd, a, m}, 

a=2/(q* ε0* ε); 
m=Slope * (Centimeter 4 Volt)/(Coulomb 2 * 10 -12 ); 
Nd=a/m; 
Return[Nd]; 

]; 
 
CalcFB[Nd_, ε_,Intcp_,T_]:=Module[{a,Efb,c}, 

c=Intcp * (Centimeter 4 Volt 2)/(Coulomb 2 * 10 -12 ); 
a=2/(q* ε0* ε); 
Efb=-c*Nd/a + k*T*(Kelvin/q); 
Return[Efb]; 

]; 
 
EtoRHE[ E_,pH_]:=Module[{}, 

Return[E + 0.197 Volt + pH * 0.059 Volt]; 
]; 
 
ε=68;  (* Relative dielectric constant of the materi al *) 
Nd=CalcNd[ ε, 0.2526];  (* Slope from linear regression *) 
Efb = CalcFB[Nd, ε, 0.0455, 298]; (* Intcp from linear 
regression *); 
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B2 - Bruker XRD Data Analysis 

This code, as the title suggests, processes data as output from the Bruker AXS D8 software.  
It deals exclusively with the .PLT file format, which is a tab-delimited ASCII file containing all 
of the relevant XRD data.  The code was written to handle multiple input .PLT files, as in the 
case of obtaining spectra for many separate samples in one “multitarget” run.  These separate 
files are identified by the Files variable, which is used to inform the code as to how many files 
are to be processed, as well as each individual suffix to append to the base filename.  Since the 
XRD data yields a plot of x-ray counts versus 2θ, the total counts are arbitrary and depend on the 
length of the scan as well as the sample thickness.  Meaningful comparisons between samples are 
most readily done by normalizing the counts to the maximum peak height.  The second half of 
the code performs this calculation as well as providing an empty column for offsetting the data 
relative to each other for overlaying spectra on a single plot. 

Files = {"40-50", "50-50", "60-50"}; 
ArrayLength = 0; 
FinalData = {}; 
BaseFolder = "Path to files"; 
BaseFileName = ""; 
 
(* Find out the file with the largest number of dat a points *) 
 
For[j = 1, j <= Length[Files], j++,   
  Sample = Files[[j]]; 
  Data = Import[BaseFolder <> BaseFileName <> Sampl e <> 
"DataFile.plt", "Table"]; 
  If[Length[Data] > ArrayLength, ArrayLength = Leng th[Data]]; 
  ]; 
 
NumColumns = 5; 
FinalData = ConstantArray["", {ArrayLength + 2, Len gth[Files] 
* NumColumns}]; 
 
For[j = 1, j <= Length[Files], j++, 
  NormValue = 0; 
  OutputData = {}; 
  Sample = Files[[j]]; 
  Data = Import[BaseFolder <> BaseFileName <> Sampl e <> 
"DataFile.plt", "Table"]; 
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  (* Ignore all lines that begin with "!" *) 
  For[i = 1, i <= Length[Data], i++, 
   If[ 
     Order[ 
       StringTake[ToString[Data[[i]][[1]]],  
        Min[StringLength[ToString[Data[[i]][[1]]]],   
         StringLength["!"]]], "!"] != 0,  
     OutputData = Append[OutputData, Data[[i]]]]; 
   ]; 
  
  (* Normalize the data *) 
  NormOutputData = ConstantArray["", {Length[Output Data], 3}]; 
  NormValue = 0; 
  For[i = 1, i <= Length[OutputData], i++, 
   If[OutputData[[i]][[2]] > NormValue,  
    NormValue = OutputData[[i]][[2]]] 
   ]; 
   
  ColIndex = (j - 1)*NumColumns + 1; 
  FinalData[[1]][[ColIndex]] = Sample; 
  FinalData[[2]][[ColIndex]] = "2Theta"; 
  FinalData[[2]][[ColIndex + 1]] = "Counts"; 
  FinalData[[1]][[ColIndex + 2]] = "Offset"; 
  FinalData[[2]][[ColIndex + 2]] = "Norm Counts"; 
  FinalData[[1]][[ColIndex + 3]] = 0; 
   
  For[i = 1, i <= Length[OutputData], i++, 
   FinalData[[i + 2]][[ColIndex]] = OutputData[[i]] [[1]]; 
   FinalData[[i + 2]][[ColIndex + 1]] = OutputData[ [i]][[2]]; 
   FinalData[[i + 2]][[ColIndex + 2]] = 
OutputData[[i]][[2]]/NormValue; 
   ]; 
  ]; 
 Export[BaseFolder <> "Combined XRD.txt", FinalData , "TSV"]; 

 

B3 - Two-Electrode Efficiency Calculation 

In order to determine the expected efficiency of an actual z-scheme device (a photocathode 
connected to a photoanode) outside of the typical three-electrode PEC cell setup, it is necessary 
to carefully analyze the LSV data obtained for each photoelectrode separately as well as the 
actual data from the two-electrode CA experiment.  This code performs that analysis by reading 
in the irradiated LSV scans for both anode and cathode obtained independently with a given pH 
and electrolyte concentration.  The code assumes the pH and electrolyte are constants for all 
measurements; as such, no correction for the reference electrode potential is performed (or 
required).  The LSV current data for the photocathode is inverted so it has the same sign of the 
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anode.  To make things simpler, only the photoanode LSV data is shifted to account for the 
applied bias, done via the module named ShiftPAData.  In order to determine the expected 
current density, the code finds the intersection of the anode LSV data with the cathode LSV data 
at any given bias value, done via the module MatchCurrent.  To determine the actual current 
density obtained from the experiment, the code reads in the CA data from the two-electrode 
experiment and determines the steady-state value beyond 60 seconds for all bias values.  An 
efficiency plot is then made for both expected and measured data. 

ClearAll[ShiftPAData, MatchCurrent, ExtractExptData ]; 
Off[InterpolatingFunction::dmval]; 
 
PAData = Import["Path to photoanode data.txt", "TSV "]; 
PCData = Import["Path to photocathode data.txt", "T SV"]; 
DataPath = "Folder path"; 
 
EweCol = 7; 
ICol = 8; 
PASurfaceArea = 0.424; 
PCSurfaceArea = 0.25; 
 
Attributes[ShiftPAData] = {HoldAll}; 
ShiftPAData[Bias_, PAData_] := Module[ 
   {RawData, ShiftedData, NumHeaderLines, x}, 
   NumHeaderLines = ToExpression[ StringSplit[PADat a[[2]], 
":"][[1]][[2]]]; 
   RawData = Table[ {PAData[[x]][[EweCol]] - Bias,  
      PAData[[x]][[ICol]]/PASurfaceArea}, 
{x, NumHeaderLines + 1, Length[PAData] - 1}]; 
   ShiftedData = Interpolation[RawData, Interpolati onOrder -> 
1]; 
   Return[ShiftedData]; 
]; 
 
Attributes[MatchCurrent] = {HoldAll}; 
MatchCurrent[Bias_, PAData_, PCData_] := Module[ 
   {x, V, I, PADataShift}, 
   PADataShift = ShiftPAData[Bias, PAData]; 
   V = x /.FindRoot[Evaluate[PADataShift][x] - 
Evaluate[PCData][x], {x, -0.5, 1.5}] ; 
   I = PADataShift[V]; 
   Return[I // Abs]; 
]; 
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(* This function assumes a CA file that runs for mo re than a 
minute. It then averages the current obtained beyon d 60 
seconds (steady-state assumption) until the end of the 
measurement.  *) 
 
ExtractExptData[Path_, Start_, End_, Spacing_] := M odule[ 
  {ExptData, i, RawData, NumHeaderLines, TimeCol, E weCol, 
ICol, Sum, Count}, 
ExptData=Table[ {x/10.0, 0}, {x, Start, End, Spacin g} ]; 
TimeCol = 7; 
EweCol = 9; 
ICol = 10; 
For[{i = Start, x = 1}, i <= End, {i += Spacing, x+ +}, 
    Sum = 0.0; 
    Count = 0; 
    RawData = Import[Path <> "\\" <> ToString[i] <>  ".mpt", 
"TSV"]; 
    NumHeaderLines = ToExpression[ StringSplit[RawD ata[[2]], 
":"][[1]][[2]]]; 
    For[j = NumHeaderLines + 1, j <= Length[RawData ], j++, 
     If[ToExpression[RawData[[j]][[TimeCol]]] > 60,  {Sum =  
         Sum + ToExpression[ RawData[[j]][[ICol]]] / 
PASurfaceArea,  
        Count = Count + 1}]; 
     ]; 
    ExptData[[x]][[2]] = Sum/Count; 
    ]; 
  Return[ExptData]; 
]; 
 
(* Invert and normalize the current *) 
NumHeaderLines = ToExpression[StringSplit[PCData[[2 ]], 
":"][[1]][[2]]]; 
PCInvrtData = Table[{PCData[[x]][[EweCol]], -1 * 
     PCData[[x]][[ICol]]/PCSurfaceArea},  
    {x, NumHeaderLines + 1, Length[PCData]}]; 
PCIntData = Interpolation[PCInvrtData, Interpolatio nOrder -> 
1]; 
ExptData = ExtractExptData[DataPath, -2, 12, 1] 
 
BiasData = Table[{Bias, MatchCurrent[Bias, PAData, 
PCIntData]}, {Bias, -0.2, 1.23, 0.01}]; 
 
(* Assume PA is the limiting factor, so use its sur face area.  
1000 \ to convert from mA to A, 100 to normalize to  100% 
efficiency *) 
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EffData = Table[ {Bias, (MatchCurrent[Bias, PAData,  PCIntData] 
/ 100 * (1.23 – Bias))/(0.1 * PASurfaceArea) * 100} , {Bias, -
0.2, 1.23, 0.01} ]; 
 
Shift = 1.0; 
PlotIVData = ShiftPAData[0, PAData]; 
PlotShiftData = ShiftPAData[Shift, PAData]; 
 
Pl1 = Plot[PlotIVData[Bias], {Bias, 0, 1.48},  
   PlotRange -> {{-1, 1.5}, {0, 0.4}},  
   PlotStyle -> {Blue, Thickness[0.008]},  
   AxesStyle -> Directive[Black, 14],  
   AxesLabel -> {"E (vs Ag/AgCl)", "J (mA cm -2 )"}]; 
 
Pl2 = Plot[PlotShiftData[Bias], {Bias, 0 - Shift, 1 .48 - 
Shift},  
   PlotRange -> {{-1, 1.5}, {0, 0.4}},  
   PlotStyle -> {Red, Thickness[0.008]},  
   AxesStyle -> Directive[Black, 14],  
   AxesLabel -> {"E (vs Ag/AgCl)", "J (mA cm -2 )"}]; 
 
Pl3 = Plot[PCIntData[Bias], {Bias, -1, 2.0},  
   PlotRange -> {{-1, 1.5}, {0, 0.4}},  
   PlotStyle -> {Green, Thickness[0.008]},  
   AxesStyle -> Directive[Black, 14],  
   AxesLabel -> {"E (vs Ag/AgCl)", "J (mA cm -2 )"}]; 
Show[{Pl1, Pl2, Pl3}] 
 
Plot[{PlotIVData[Bias], PCIntData[Bias], PlotShiftD ata[Bias]}, 
{Bias, -1, 2.0}, PlotRange -> {{-1, 2.0}, {0, 1.0}} , PlotStyle 
-> {Thickness[0.008]}, AxesStyle -> Directive[Black , 14], 
AxesLabel -> {"E (vs Ag/AgCl)", "J (mA cm -2 )"}] 
 
ActualEffData=Table[ {ExptData[[x]][[1]], (ExptData [[x]][[2]] 
/ 1000 * (1.23 – ExptData[[x]][[1]])) * 100 / (0.1 * 
PASurfaceArea)}, {x, 1, Length[ExptData]} ]; 
 
ListPlot[{BiasData, ExptData},  
 PlotMarkers -> {{\[FilledCircle], 0}, {\[FilledCir cle], 15}},  
 AspectRatio -> 1.0, Joined -> {True, False},  
 PlotStyle -> {{Red, Thickness[0.01]}, {Blue, Thick }},  
 AxesStyle -> Directive[Black, 16],  
 AxesLabel -> {"Bias (V)", "Current Density\n(mA/cm 2)"}, 
PlotRange\[Rule]{{-0.25,1.25},{0,0.2}}] 
 
ListPlot[{EffData, ActualEffData},  
 PlotMarkers -> {{\[FilledCircle], 0}, {\[FilledCir cle], 15}},  
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 AspectRatio -> 1.0, Joined -> {True, False},  
 PlotStyle -> {{Red, Thickness[0.01]}, {Blue, Thick }},  
 AxesStyle -> Directive[Black, 16],  
 AxesLabel -> {"Bias (V)", "\[Eta] (%)"},  
 PlotRange -> {{-0.25, 1.25}, {0, 0.2}}] 
 
On[InterpolatingFunction::dmval]; 
 
Export["Experimental J data.txt", ExptData, "TSV"];  
Export["Calculated J data.txt", BiasData, "TSV"]; 
Export["Experimental efficiency data.txt", ActualEf fData, 
"TSV"]; 
Export["Calculated efficiency data.txt", EffData, " TSV"]; 
 

B4 - ESCA XPS Data Analysis 

Similar in nature to the XRD Data Analysis code, this code processes and formats the ASCII 
data output from the ESCA application, making it easier to plot in Excel.  It automatically detects 
each element measured and builds an array to store all of the data.  It then normalizes the data 
and provides columns for shifting both the binding energy as well as the arbitrary counts. 

BaseFolder = "Path to data"; 
Data = Import[BaseFolder <> "DataFile.txt", "TSV"];  
OutputFileName = "Detailed Scan Output.txt"; 
Elements = {}; 
ElementNames = {}; 
BEColumn = 0; 
BEOffsetColumn = 1; 
NEColumn = 2; 
NENormColumn = 3; 
 
(* Find all lines that begin with "Element" *) 
For[i = 1, i <= Length[Data], i++, 
  If[ 
    Order[ 
      StringTake[ToString[Data[[i]][[1]]],  
       Min[StringLength[ToString[Data[[i]][[1]]]],  
        StringLength["Element"]]], "Element"] == 0,   
    Elements = Append[Elements, i]]; 
  ]; 
 
(* Add the very last data line, since there won't b e any 
marker to find it otherwise *) 
Elements = Append[Elements, Length[Data] + 1]; 
 
(* Find out the element with the largest number of data points 
*) 
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ArrayLength = 0; 
For[i = 1, i <= Length[Elements] - 1, i++, 
  TempLength = Elements[[i + 1]] - Elements[[i]] - 2; 
  If[TempLength > ArrayLength, ArrayLength = TempLe ngth]; 
  ]; 
NumColumns = 5; 
OutputData =  
  ConstantArray[ 
   "", {ArrayLength + 2, (Length[Elements] - 1)*Num Columns}]; 
 
For[i = 1, i <= Length[Elements] - 1, i++, 
  TempList = StringSplit[ToString[Data[[Elements[[i ]]]][[1]]], 
";"]; 
  ColIndex = (i - 1)*NumColumns + 1; 
  OutputData[[1]][[ColIndex]] = TempList[[1]]; 
  OutputData[[2]][[ColIndex]] = "B.E. (eV)"; 
  OutputData[[2]][[ColIndex + 1]] = "Offset B.E. (e V)"; 
  OutputData[[2]][[ColIndex + 2]] = "N(E)"; 
  OutputData[[2]][[ColIndex + 3]] = "N(E) Normalize d"; 
  OutputData[[1]][[ColIndex + 3]] = "Offset"; 
  OutputData[[2]][[ColIndex + 4]] = "N(E) Offset"; 
  OutputData[[1]][[ColIndex + 4]] = "0"; 
   
  ElementNames = Append[ElementNames, TempList[[1]] ]; 
   
  For[{n = Elements[[i]] + 1, k = 3},  
   n < Elements[[i + 1]] - 1, {n++, k++}, 
   OutputData[[k]][[ColIndex + BEColumn]] = Data[[n ]][[1]]; 
   OutputData[[k]][[ColIndex + NEColumn]] = Data[[n ]][[2]]; 
   ] 
  ]; 
 
(* Generate the normalized column data *) 
For[i = 1, i <= Length[Elements] - 1, i++, 
  ColIndex = (i - 1)*NumColumns + 1; 
  MaxNE = 0; 
 
  For[{n = Elements[[i]] + 1, k = 3},  
   n < Elements[[i + 1]] - 1, {n++, k++}, 
   If[OutputData[[k]][[ColIndex + NEColumn]] > MaxN E,  
     MaxNE = OutputData[[k]][[ColIndex + NEColumn]] ]; 
   ]; 
 
  For[{n = Elements[[i]] + 1, k = 3},  
   n < Elements[[i + 1]] - 1, {n++, k++}, 
   OutputData[[k]][[ColIndex + NENormColumn]] =  
     N[OutputData[[k]][[ColIndex + NEColumn]]/MaxNE ]; 
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   ]; 
  ]; 
Export[BaseFolder <> OutputFileName, OutputData, "T SV"] 
 

B5 – Fill Factor Calculation 

This code operates on LSV experimental data output from the BioLogic EC-Lab software.  In 
particular, the code is meant only to process illuminated current density data for the purposes of 
calculating the maximum fill factor.  The code first reads in the <J> vs Ewe data from a single 
data file (in .mpt format) and does some simple processing with it by converting the referenced 
potential to RHE (via the module EtoRHE) and the referenced current to a current density by 
dividing by the surface area.  It then integrates the illuminated current density from a specified 
onset potential (as set via the variable named OnsetE) and the water oxidation potential (as set 
via the variable named OxPotential).  The oxidation potential can then be adjusted for other 
redox couples, as in the case of non-aqueous PEC experiments.  Finally, it builds a table of fill 
factor values starting at the onset potential up to the oxidation potential using the module named 
CalcFF.  The maximum value from this table is then output, along with a plot of the fill factor as 
a function of potential. 

DataFileName = "Path to file.mpt"; 
 
NbHeaderLine = 2; 
SAHeaderLine = 29; 
VoltageColumn = 7; 
CurrentColumn = 8; 
MaxE = 0.0; 
MinE = 1000.0; 
TotalArea = 0.0; 
pH = 7; 
OnsetE = 0.60; 
OxPotential = 1.23; 
 
Data = Import[DataFileName, "TSV"]; 
Temp = StringSplit[Data[[NbHeaderLine]][[1]], ":"];  
NumHeaderLines = ToExpression[Temp[[2]]]; 
Temp = StringSplit[Data[[SAHeaderLine]][[1]], ":"];  
Temp = StringSplit[StringTrim[Temp[[2]]], " "]; 
SurfaceArea = ToExpression[Temp[[1]]]; 
 
EtoRHE[E_, pH_] := Module[{}, Return[E + 0.197 + pH  * 0.059]; 
   ]; 
 
CalcFF[E_, MaxE_, FFData_, TotalArea_] := Module[{T empCalc}, 
   TempCalc = Interpolation[FFData, InterpolationOr der -> 
4][E]; 
   Return[TempCalc*(MaxE - E)/TotalArea]; 
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   ]; 
 
FFData = ConstantArray[0.0, {Length[Data] - NumHead erLines + 
1, 2}]; 
For[{i = NumHeaderLines + 1, k = 2}, i <= Length[Da ta], {i++, 
k++}, 
  FFData[[k]][[1]] = EtoRHE[Data[[i]][[VoltageColum n]], pH]; 
  FFData[[k]][[2]] = ToExpression[Data[[i]][[ Curre ntColumn 
]]] / SurfaceArea; 
  MaxE = If[FFData[[k]][[1]] > MaxE, FFData[[k]][[1 ]], MaxE]; 
  MinE = If[FFData[[k]][[1]] < MinE, FFData[[k]][[1 ]], MinE]; 
  ]; 
 
TotalArea =  
  Integrate[ 
   Interpolation[FFData, InterpolationOrder -> 4][x ],  
 {x, OnsetE, OxPotential + 0.000001}]; 
 
FFTable = Table[{EV, CalcFF[EV, OxPotential, FFData , 
TotalArea]}, {EV, OnsetE, OxPotential, 0.005}]; 
MaxFF = {Max@#} & /@ Transpose[FFTable]; 
MaxFF[[2]][[1]]; 
 
Pos = Position[FFTable, MaxFF[[2]][[1]]]; 
Print["Max FF at: ", FFTable[[Pos[[1]][[1]]]]]; 
ListPlot[FFTable] 
 

B6 - Two-Point Probe I-V Data Analysis 

The last piece of code in this section deals with processing data from 2-point probe I-V 
measurements.  Such data needs to be analyzed to determine both slope and intercept (e.g. for 
transmission line measurements) in order to calculate things like resistivity/conductivity, etc.  
The data is expected to be in tab-delimited format as output from LabView.  As such, the column 
numbers are highly dependent on the version of the LabView code utilized.  Slopes and 
intercepts are calculated using a standard linear regression formula. 

(* Use these variables to define the lowest tempera ture, the 
highest temperature, and the step *) 
SpacingList = {"1-2", "2-3", "3-4", "4-5", "5-6", " 6-7", "7-
8"} 
 
(* Change these to match your local computer.  The sample name 
will be automatically appended to the base folder i n the 
module, so there's no need to add it again, unless you want to 
change where the files are stored.  If you do chang e this, 
you'll have to look over the CalcSlope module to bu ild up the 
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FileName variable accordingly. *) 
 
 
BaseFolder = "Path to files"; 
SampleName = "FileName"; 
FileName = BaseFolder <> SampleName <> "\\TLM\\"; 
 
CalcSlope[BaseFileName_, Spacing_] := Module[ 
   {FileName, Data, ColData, Sxx, Syy, Sxy, m, b, D im, i, 
PadWidth}, 
   (* Should be pretty self-explanatory.  Just note  that the 
backslash needs to be a double backslash as in C pr ogramming 
*) 
   FileName = BaseFileName <> "Pads_" <> Spacing <>  
"_Sweep_1"; 
 
   Data = Import[FileName, "Table"]; 
   PadWidth = 1000; 
   ColData =  
    Table[{Data[[i]][[2]], Data[[i]][[3]]/10^6}, {i , 20,  
      Length[Data]}]; 
    
   Dim = Dimensions[ColData][[1]]; 
   Sxx = Sum[ColData[[i]][[1]]^2, {i, 1, Dim}] -  
     Sum[ColData[[i]][[1]], {i, 1, Dim}]^2/Dim; 
   Sxy = Sum[ColData[[i]][[2]]^2, {i, 1, Dim}] -  
     Sum[ColData[[i]][[2]], {i, 1, Dim}]^2/Dim; 
   Sxy = Sum[ColData[[i]][[1]]*ColData[[i]][[2]], { i, 1, Dim}] 
- Sum[ColData[[i]][[1]], {i, 1, Dim}] *      
Sum[ColData[[i]][[2]], {i, 1, Dim}]/Dim; 
 
   m = Sxy/Sxx; 
   b = Mean[ColData][[2]] - m*Mean[ColData][[1]]; 
   m 
]; 
 
OutputData = Table[{SpacingList[[i]], CalcSlope[Fil eName, 
SpacingList[[i]]]}, {i, 1, Dimensions[SpacingList][ [1]]}]; 
Export[BaseFolder <> SampleName <> "\\TLM\\Output.c sv", 
OutputData] 

 




