Copyright
by
William David Chemelewski
2015

The Dissertation Committee for William David Chemelewski Certifies that this is
the approved version of the following dissertation:

Metal Oxide & Oxyhydroxide Materials for Solar Water Oxidation

Committee:
Charles Buddie Mullins, Supervisor
Allen J. Bard
Ananth Dodabalapur
Gyeong S. Hwang
Brian A. Korgel

Metal Oxide & Oxyhydroxide Materials for Solar Water Oxidation

by
William David Chemelewski, B.S.

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

Doctor of Philosophy

The University of Texas at Austin
August 2015

Dedication

To my family and friends for all their support

Acknowledgements

I want to begin by thanking my parents for raising me with love and for instilling
in me a sense of wonder with the world and a drive to understand what makes it tick.
Without their support I would never have advanced so far in my studies.
I would like express my utmost appreciation to my supervisor, Prof. C. Buddie
Mullins. Buddie has been more supportive than any student could hope, letting me focus
on my work and never wavering in his encouragement. I would also like to thank the
members of my committee – Profs. Korgel, Hwang, Bard and Dodabalapur – for their
valuable time giving input and guidance. And especially Prof. Bard, who always keeps
his eye on the scientific merit of any project and is steadfast in ensuring the highest
quality work. I would also like to thank Prof. Duane Johnson of Iowa State University for
his mentorship when I was an undergraduate the University of Illinois, without his
support I might never have made it to graduate school.
I was lucky to be surrounded by many talented and bright people in the Buddie’s
research group. Drs. Nathan Hahn, Sean Berglund, and Paul Abel were always available
to teach me new techniques and help if I ever needed to fix equipment – they could also
always be counted on for many other questions and their work encouraged me maintain
the highest standards. Additionally, a few Bard group members deserve thanks: Drs.
Hank Lee and Ben Meekins for their time in helping run experiments and answering
questions.
It has also been my pleasure to work with other colleagues including Kyle
Klavetter, Niyi Mabayoje, and Dr. Jackson Stolle who have all aided this work and were
always willing to discuss results and compare notes. In particular I want to single out Dr.
v

Alex Rettie, who played a vital role in ensuring my work was of sufficient depth to
justify earning my degree. I would be remise to not also include the moral support of
other friends and co-workers including William Hardin, Hoang Dang, Wen-Yueh Yu,
Sean Wood, Adrian Brush, Edward Evans, Bryan Wygant, Emily Powell, Greg Mullen,
Huichao He, Yiqing Sun, Ding Tang, and Wenlong Guo. Additional thanks goes to my
undergraduate research assistant, Jacob Rosenstock, for his efforts in the lab that allowed
me to branch out into other projects. I would also like to recognize the help I received
from the Chemical Engineering department staff, in particular Shallaco McDonald, Jim
Smitherman, and Butch Cunningham who could always be counted on to quickly and
ably turn around fabrication projects necessary for my research.
Finally, but absolutely not least, I thank my wife Dr. (she would insist I include
that title) Katharine Chemelewski for her love and her support throughout and after my
graduate career.

vi

Metal Oxide & Oxyhydroxide Materials for Solar Water Oxidation
William David Chemelewski, Ph.D.
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Supervisor: Charles Buddie Mullins

Solar water splitting – using electromagnetic energy to convert water to hydrogen
and oxygen gas – combines energy harvest and storage into one step, and brings with it
the potential to lower the total cost of the processes. A disadvantage of the combined
system is the difficulty of finding materials that satisfy all the necessary constraints. In
this dissertation we focus on materials for the water oxidation reaction (photoanodes),
both seeking out new materials and modifying promising ones in an attempt to improve
their characteristics.
We first synthesized nanostructured, Si-doped Fe2O3 to clarify the mechanism by
which Si acts to improve the photo-oxidation performance. It is found that Si does not
increase the bulk conductivity but instead segregates to the surface and passivates it
during annealing, improving the efficiency of charge transfer to the solution phase.
Continuing work on abundant, Fe-based materials, we built on oxygen evolution
reaction (OER) work on FeOOH. We apply an anodic electrodeposition technique using
N-methylimidazole as an electrolyte additive. The resulting FeOOH films are high
quality and can act as a protective layer even for thicknesses on the order of 10 nm and
above. The FeOOH films have a high activity relative to other materials that can be
deposited under similar conditions. We demonstrate the utility of these films by
depositing on commercial solar cells and achieving one of the highest reported solar to
vii

hydrogen efficiencies. We continue investigating the FeOOH system by doping with Ni
and find increased activity in alkaline conditions, at the expense of providing less
protection from the solution.
We then synthesize thin films of Ag3VO4 using successive ionic layer adsorption
and reaction (SILAR). This represents the first thin film study of Ag3VO4 for solar water
oxidation and we show the material thermodynamically prefers p-type behavior and that
it has an unfavorably located cathodic instability, rendering it difficult to use as a
photoanode.
Finally, we look at the applicability of using sub-bandgap illumination to improve
charge transport in BiVO4, and more generally in materials in which charge carriers form
small polarons – a common feature of many metal oxides.
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Chapter 1: Introduction
1.1 SOLAR ENERGY STORAGE
As the world continues the positive trend of increased utilization of more
renewable energy resources, the reliability of the electricity grid rapidly becomes
dependent on energy storage to match the instantaneous supply and demand of
electricity.1,2 In terms of potential supply, solar energy is far and away the leader, with
about 1,500 TW hitting the earth’s land surfaces at any given time using reasonable
assumptions about cloud cover and other factors.3 This can be compared to the current
world average energy consumption rate of about 18 TW.4 Other renewables can play an
important role but the maximum hydroelectric extraction is about 4.6 TW, while the
maximum wind extraction is anywhere from 70 to 400 TW depending on what economic
assumptions are made.5,6
With all these considerations it becomes clear why there is a desire to develop an
efficient, direct solar to hydrogen (STH) process. Once produced the hydrogen acts as an
energy storage medium – and the stored chemical energy can then be extracted by a
variety of conventional means including combustion or fuel cells. In this way, a closedcycle loop involving only hydrogen, oxygen, and water could provide the basis of an ondemand electricity grid. Looked at this way, the energy storage potential in 1 L of water,
assuming a realistic 50% round-trip energy efficiency, is about 6.6 MJ (1.8 kWh) using
the standard formation energy of reaction 1.1:
H

O →H O

∆G

237.1 kJ/mol

(1.1)

This can be compared to the average energy stored in 1 L of water at a typical
large hydroelectric plant (average height of about 120 m in the USA) of about 1.2 kJ.
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Of course, all these arguments ignore the difficulties of implementing a hydrogen
economy and any discussion of competing technologies. More realistically, STH
production could find a niche application in production of hydrogen gas for industrial
uses. Currently almost all of this H2 is produced by steam reformation of natural gas,
which generates CO2 as a byproduct, and diverts limited natural gas resources from other
uses.7,8 Replacing this H2 with that produced with a STH process is a plausible first step
towards commercialization.

1.2 PHOTOELECTROCHEMICAL WATER SPLITTING
The quickest way to implement a STH conversion process is to couple a
commercial photovoltaic panel or array to a commercial electrolyzer. Indeed this has
already been done in proof of concept studies and has yielded STH efficiencies of 8 12%.9,10 The disadvantage of this route is that because the components are independently
engineered, there are a large number of additional packaging costs that could potentially
be avoided using a truly combined system. Estimates of the hydrogen production cost of
PV-electrolyzer systems are on the order of $8/kg.11 Alternatively, photoelectrochemical
water splitting, discussed below, holds out the potential of reaching about $3-5/kg
A photoelectrochemical (PEC) process is any physical process that involves
photon absorption and subsequent transfer of excited electrons across an interface
(usually between a solid and liquid phase). A classic example of this is the
tris(bipyridine)ruthenium which absorbs light and is capable of transferring the excited
electron to an electrode to return to the molecule to its initial state.12 Though more
commonly the light absorption happens in the solid phase and the charge is then
transferred to the solution phase – as is the case for PEC water splitting.
2

The typical PEC water splitting system consists of one semiconducting electrode
and a metal counter electrode – though two semiconducting electrodes could be utilized –
this arrangement is shown in Figure 1.1. Then illumination of the semiconducting
electrode(s) with photons having energy greater than the bandgap generate excited
carriers which can then be used to drive chemical reactions at the solid/electrolyte
interface.

Figure 1.1. Schematic illustration of 1 semiconducting electrode, in this case a
photoanode, wired up to a metal counter electrode and illuminated to drive
the water splitting reactions.
In the case of water splitting occurring in alkaline electrolytes the reactions that
occur at the anode and the cathode are shown in equations (1.2) and (1.3), respectively.
The anode reaction evolves oxygen and is called the oxygen evolution reaction (OER),
while the cathode evolves hydrogen and is thus the hydrogen evolution reaction (HER).
4 OH → O
2H O

2H O

2e →H

4e

E

2 OH

E

0.401 V vs NHE
0.828 V vs NHE

3

(1.2)
(1.3)

The mechanism by which the photogenerated electrons and holes are separated in
the semiconducting electrode is the same that operates in standard photovoltaics – namely
a built-in space charge region. When a semiconductor makes contact with an electrolyte
the electrochemical potentials (or Fermi levels) of the two phases are no equal, this
imbalance leads to charge transfer between the two phases until the Fermi level is
uniform throughout the system. And because the density of mobile charges is typically
relatively low in semiconductors, this leads to a large region of depleted mobile charge
carriers that penetrates anywhere from tens of nanometers to microns into the
semiconductor. Because the ions in the crystal cannot move, this region of depleted
carriers has an electric field that does not exist in absence of the semiconductor/liquid
junction. This electric field is useful for quickly separating electrons and holes and thus
allows them to be directed to either the anode interface (holes) or the cathode interface
(electrons). The process is illustrated in Figure 1.2, which is adapted from reference 13.

Figure 1.2. Energy diagrams of the semiconductor-electrolyte interface before and after
equilibration. The region marked ‘W’ is the space charge, or depletion
region and is the area responsible for efficient charge separation.13

4

With this background it is now possible to enumerate the requirements any
potential PEC water splitting material must meet:
(1) Highly stable in aqueous environments at potentials beyond the electrolyte
stability window.
(2) A bandgap sufficiently large enough to supply the necessary potential for
water splitting (~ 1.8 eV) but sufficiently small enough to absorb enough
sunlight to be practical (~ 2.35 eV, equivalent to 8.1 mA/cm2 or 10% STH
efficiency).
(3) Have a conduction band above the HER level and a valence band below the
OER level.
(4) Efficiently transport electrons and holes to their respective interfaces –
essentially have long carrier lifetimes.
(5) High catalytic activity for the reaction of interest, either HER or OER.
To date, not a single material has been found that satisfies all these requirements
to the degree necessary for commercialization. Therefore, the main focus of the field is to
find new materials or to modify existing ones to improve their applicability to the PEC
water splitting process.

1.3 PHOTOANODE MATERIAL SEARCH AND IMPROVEMENT
A common approach to satisfying the PEC materials requirements is to begin with
a class of materials that satisfy at least one requirement and search that class for specific
examples that satisfy others. For example, metal oxides tend to be stable in aqueous
electrolytes under anodic bias because they are already oxidized. Unfortunately, they also
tend to have poor charge transport properties and large bandgaps. Nevertheless, some
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promising materials have been identified including Fe2O3, BiVO4, and WO3, all of which
have been shown to produce at least 3 mA/cm2 at 1.23 V vs the reversible hydrogen
electrode (RHE) and STH efficiencies greater than 1% as of the time of this writing.14–17
In the hunt for ever more complex metal oxides, most of the synthesis routes can
only generate micron sized particles and thus a lot of the exploratory work uses particle
dispersions in water to check for catalytic activity.18 Unfortunately, in such experimental
setups there is no way to independently control the electric potential of the particles and
therefore the diagnostic bandwidth of such studies is limited; determination of the
flatband potential is nearly impossible, the catalytic activity and quantum efficiency are
difficult to decouple, and it is not even possible to determine whether the majority charge
carriers are electrons (n-type) or holes (p-type). Thus, once promising metal oxides are
found using particle dispersion experiments, it is important to continue work by
synthesizing thin films, which allow for the quick determination of many properties not
addressed by dispersion studies.
Once thin films of metal oxides are produced, almost all of them benefit from
techniques aimed at making the films more porous with smaller feature sizes.19 This can
be linked back to the poor transport properties of metal oxides. In most metal oxides
charge carriers form small polarons – a quasiparticle made up of the carrier and the lattice
deformation caused by its presence.20 Because of the high effective mass of this
quasiparticle, intuitively the charge carrier has to ‘drag’ the lattice deformation with it,
the electron drift mobilities in metal oxides tend to be on the order of 1 cm2/V-s or less.
Because of this low mobility the overwhelming majority of charge carriers that are
separated are those generated in the space charge region. Nanostructuring places more of
the solid within the space charge region volume, which directly leads to increased
electron-hole separation efficiency, lowering recombination loses.
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Doping of the films with higher valence metal ions also commonly improves PEC
performance. The usual interpretation is that the increased electron density aids bulk
transport of electrons to the back contact and then on to the cathode. However, this
simple explanation does not pan out in all cases, typically because the nominally undoped
films still have high defect concentrations that lead to appreciable conductivities which
doping only modestly impacts.21
An entirely different approach is to begin with semiconductors that have good
charge transport and bandgaps but that are unstable under water splitting conditions. The
reason for instability is the existence of other oxidation reactions that alter the material in
negative ways. A simple example is that of Si – placed in the highly oxidizing
photoanode environment it rapidly forms an insulating SiOx layer that blocks further
charge transport across the interface. Furthermore, these side reactions represent
diversions away from the OER reaction and are essentially wasted charge transfers. If,
however, an OER catalyst layer is deposited on Si that does not allow the electrolyte to
contact the Si surface, or, alternatively, makes the water oxidation reaction more
kinetically favorable than Si oxidation, the overall system is stabilized.

1.4 DISSERTATION OVERVIEW
In this dissertation we tackle small pieces of each of these problems. Chapter 2
details the manner in which Si-doping and nanostructuring interact to change the PEC
performance of Fe2O3. We find that Si incorporation lowers the absorption, has little
impact on crystal orientation, and does not alter the lateral conductivity of dense films.
For dense films these effects mean that Si incorporation lowers the PEC performance.
However, for porous films even low levels of Si incorporation notably increase the
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photocurrent. Additional experiments strongly link this increase to enhanced charge
transfer efficiency between the film and solution, and suggest that charge separation is
not impacted by Si-doping.
Chapter 3 shifts from photoanodes to OER catalysts. We synthesize FeOOH films
using anodic deposition with N-methylimidazole as an additive. Anodic deposition in pH
8.0 is easily applicable to a large number of photoanode substrates. The resulting films
are amorphous and form highly homogeneous layers for thickness around 10 nm and
greater. A real device using the FeOOH catalyst is demonstrated by deposition on
commercial solar cells with an ITO top contact. Without FeOOH the cells are highly
unstable but with the catalyst they operate with a steady STH efficiency of 4.3% for more
than 4 hours.
This work on FeOOH is extended by doping with Ni in Chapter 4. Ni doping has
little impact on the OER activity for pH less than about 12.5, however, above this pH Ni
doping notably improves activity. This improvement is even more notable in stability
measurements where Ni-doped films improve with time while undoped FeOOH films
degrade at this pH. Actual device tests with commercial solar cells show the Ni-doped
films do indeed increase the STH efficiency and shift the peak power point cathodically.
Chapter 5 moves back to the search for metal oxide photoanodes. Ag3VO4
showed promise as a photoanode in particle dispersion studies, however, no groups had
looked at thin films for PEC water oxidation. We undertook this challenge and found that
the material is actually poorly suited for the job. The Ag ions in the film reduce starting
around ~ 1.0 V vs RHE, the material strongly prefers being p-type, and it decomposes
upon annealing above about 200 °C.
Inspired by collaborative work on single crystals of BiVO4, Chapter 6 investigates
the utilization of sub-bandgap illumination to increase the mobility of charge carriers.
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The theorized mechanism that makes this possible is that the well established subbandgap absorption in small polaron materials corresponds directly to a carrier hopping
to an adjacent site. Thus, illumination with focused sub-bandgap photons could improve
carrier mobility and photoanode performance.
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Chapter 2: The Effect of Si doping and Porosity on Hematite’s (αFe2O3) Photoelectrochemical Water Oxidation Performancea

2.1 INTRODUCTION
Global energy demand, currently more than 1.5x1018 J or 240 million barrels of
oil per day, is expected to increase nearly 50% by 2035 due to growth of world income
and population.1 This growth, combined with the depleting supply of hydrocarbons, is
responsible for the large interest in renewable energy technologies at present.
Photosynthesis is the ultimate source of nearly all the energy we use today and has
provided a renewable energy source for life for billions of years. Unfortunately, the
average annual efficiency of photosynthetic conversion of solar energy into chemical
energy is only about 1%,2 and not in a form that is readily utilized by technologically
advanced societies. So it is attractive to develop an artificial photosynthetic process in
which solar radiation is directly converted into chemical energy more easily adapted for
human consumption. One candidate process for such an “artificial photosynthesis” is
photoelectrochemical (PEC) splitting of water to produce hydrogen, also known as solar
to hydrogen (STH).
For PEC water splitting to work on a scale large enough to supply global energy
demand – or even part of it – cheap and abundant materials must be utilized. Hematite
(-Fe2O3), the subject of this report, certainly meets this requirement. Hematite is also
environmentally benign, very stable, and a large number of synthesis techniques have
been developed to create it. Furthermore, with a bandgap of 2.0 eV, it has a maximum
theoretical STH efficiency of about 16% when biased by a photovoltaic device that
a

This chapter includes material from W.D. Chemelewski, N.T. Hahn, and C.B. Mullins. J. Phys. Chem. C,
116, 5255, 2012. Hahn built the film deposition chamber, Mullins acted as project supervisor.
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absorbs light below 2.0 eV.3 The bias is required because hematite’s conduction band is
below the hydrogen reduction potential, so hematite would serve as the oxygen evolution
anode in a STH system. Unfortunately, pure hematite is too inefficient for economical
water oxidation for a variety of reasons including low oxygen evolution kinetics,4 fast
recombination and trapping4,5,6 resulting in short diffusion lengths,7,8 and surface states
that strongly compete with charge transfer to the solution.9,10 However, significant
progress has been made towards improving hematite’s water oxidation performance by
incorporating dopant elements (e.g. Ti, Sn, Si) and by optimizing the morphology of the
films.11 Currently, the champion hematite films are made using atmospheric pressure
chemical vapor deposition (APCVD) and have Si incorporated with a Si/(Si+Fe) ratio
equal to about 4 at%.12,13 Unfortunately, the morphology of these films is quite complex,
making it difficult to determine what factors are responsible for the high performance. To
help answer these questions it would be advantageous to use the same deposition method
to generate films with a range of morphologies. This allows morphology changes to be
separated from dopant concentration which is not possible with commonly used methods
like APCVD, sputtering, spray pyrolysis (SP), and others because the morphology is so
strongly affected by Si incorporation.12,14,15
Reactive ballistic deposition (RBD) combined with glancing angle deposition is a
synthesis technique well suited to answering questions such as these.16 In the simplest
implementation of RBD, atomic beams are directed at a substrate in a background of
reactive gas. With a substrate temperature at or below room temperature surface diffusion
is slow for most elements, so the deposited atoms stick where they land. This hit and stick
process is what gives rise to the term ballistic deposition (BD). When a reactive gas
background is combined with BD, the adatoms will react to form additional compounds
of interest (e.g. Ti atoms reacting with ethylene to form TiC.)17 Thus, by controlling the
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flux ratios of the atomic beams, RBD allows for precise control of the composition of
materials.
Glancing angle deposition (GLAD) is another variant of BD and allows one to
control the microstructure of films.18 Conceptually this can be seen as follows. In the
beginning stages of RBD isolated nuclei form and slowly merge together as more
material is deposited. However, if the substrate normal is rotated away from the incident
atomic beam direction by an angle , then the first nuclei to develop will shadow nearby
regions and lead to the growth of a porous film. The porosity of the film increases
monotonically with , and in particular increases rather rapidly for  greater than about
50°.17,19,20 At these higher , the morphology tends to be nanocolumnar with a large
number of finer features extending from the columns in a fractal like manner.21,22 Thus,
with RBD the composition and porosity (nanostructure) of films can be controlled
independently. This makes it a useful technique for studying how the water oxidation
performance and other properties of hematite with a fixed dopant concentration changes
as a function of its extent of nanostructuring.

2.2 EXPERIMENTAL METHODS
Film Growth. All substrates, either fluorine-doped tin oxide (FTO), soda-lime
glass, or quartz were cleaned ultrasonically for 10 minutes in a 1:1:1 volume mixture of
water, acetone, and ethanol, followed by thorough rinsing with water. The substrates
were then loaded onto a rotatable holder in a custom-built vacuum chamber described in
a previous report23 and shown schematically in the supporting information (Figure A.1).
The chamber base pressure was less than 2x10-8 Torr. Electron beam heating of Fe
(99.95%) and Si (99.999%) rods purchased from Alfa Aesar was used to create atomic
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beams from custom built evaporators. The angle the atomic beams made with respect to
the substrate normal () in this study was 0°, 55°, 70°, or 80°. Deposition rates were
measured with a quartz crystal microbalance (QCM) before deposition and used to
calculate the Si/(Si+Fe) ratio. The measured rates, along with the previously measured
porosity as a function of deposition angle for doped hematite,23 were used to calculate the
deposition time required to grow films 100 nm thick. During deposition ultra high purity
O2 was leaked into the chamber such that the O2 flux was 10 times the (Fe+Si) flux at the
substrate. As deposited, the films were amorphous and were annealed at 500 °C in air for
2 hours to crystallize, unless otherwise noted.
XRD. Glancing angle X-ray diffraction (GAXRD) was performed with a Bruker
AXS D8 Advance diffractometer using a Cu K1 source (1.54 Å). The incident angle the
X-ray beam made with the substrate () was either 0.50° or 0.75°.  did not affect the
measured peak area ratios, only the signal to noise ratio and the size of the hematite peaks
relative to the SnO2 peaks. The detector was scanned from 31° to 39° at a rate of
0.5°/min. This range includes 2 major peaks of hematite, namely (104) at 33.2° and (110)
at 35.7°, and the narrow range allowed for data collection with reasonable signal to noise
in a relatively short amount of time. This range also includes major peaks of magnetite,
maghemite, and wustite,24 though no evidence of these peaks was found in any of the
diffraction patterns.
SEM. A Zeiss Supra 40 VP scanning electron microscope (SEM) was used to
image the morphology of the films as a function of deposition angle and Si concentration.
The acceleration voltage was 5 kV with a working distance of about 7 mm. Energy
dispersive X-ray spectroscopy (EDS) was done using a Quanta 650 FEG SEM with
acceleration voltages from 2-15 kV. The X-ray spectra were measured with a Bruker
XFlash 5010 silicon drift detector.
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Spectroscopy. Absorption spectroscopy was done using a Cary 5000 UV-Vis
spectrophotometer in dual beam transmission mode using a clean FTO substrate in the
reference beam. This method does not separate reflected light from absorbed light, so the
measured absorption is higher than the actual absorption. The scans were done from 300
nm to 800 nm with a 1 nm step size at 10 nm/s.
X-ray photoelectron spectroscopy (XPS) was performed utilizing a Kratos Axis
Ultra photoelectron spectrometer using monochromated Al Kα as the excitation source.
The pass energy was set to 20 eV for all runs. All energy scales were adjusted using the
adventitious C 1s peak.
Electrical. For tests of the conductivity, samples were grown on soda-lime glass
or quartz at normal incidence (0°) with a variety of Si/(Si+Fe) ratios. These samples
were tested using a 4 point probe from Lucas Labs utilizing a Keithly DC current source
and a Keithly voltmeter.
Electrochemical. Photoelectrochemical testing of the films was done in 1 M
NaOH with a 3 electrode cell using a Ag/AgCl in 1 M KCl reference electrode, the
solutions were not deaerated. Potentials are referred to Ag/AgCl (0 VAg/AgCl = 1.04 VRHE)
unless otherwise stated. The film area exposed to both the solution and the illumination
source was 0.25 cm2, illumination was through the water/hematite interface. A Newport
150 W solar simulator with an air mass 1.5 (AM1.5) filter was used as the illumination
source. The incident power was measured with a thermopile detector and ranged from 8895 mW/cm2 over all the tests, all photocurrents shown in this report were adjusted to 100
mW/cm2 (the total power of the AM1.5G standard) by assuming the photocurrent was
linear with the illumination power. Linear sweep voltammetry was performed from -400
mV to 700 mV with a scan rate of 50 mV/s in the dark and under constant illumination
using a CHI660D potentiostat. Steady state incident photon conversion efficiency (IPCE)
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was taken at 0.5 V for a number of films using an automated setup with a Newport Oriel
Cornerstone 130 monochromator wherein the dark current and photocurrent were
measured for each wavelength for at least 5 seconds eah. This ensures that the transient
photocurrents commonly seen in hematite films do not lead to artificially high IPCE
values. The input and output slit width of the monochromator was 500 μm, giving a
wavelength resolution of about 3 nm. Incident power at each wavelength was measured
with a Newport 818-UV photodiode. Electrochemical impedance spectroscopy (EIS) was
done from 1 Hz to 100 kHz for potentials from -500 mV to 400 mV with an AC
component amplitude of 10 mV.

2.3 RESULTS AND DISCUSSION
Film Morphology
After the standard 500 °C anneal of the films grown by RBD, XRD patterns
confirmed that all films had good crystallinity and did not contain iron oxide phases other
than hematite. As with previous reports,21,23 it is found that at normal incidence dense
films are formed and that film porosity increases as a function of the deposition angle.
Additionally, consistent with past reports and as predicted from the growth mechanism of
RBD, the Si concentration does not affect the feature size for any deposition angle
(Figure 2.1). As an extra check, the surface area of undoped films and 8% Si/(Si+Fe)
films as a function of deposition angle was measured using adsorption of azo-dye Orange
II12 and no detectable difference was found. Morphology independent of Si concentration
is also found with some spray pyrolysis films,25 but is not found in APCVD15 and
sputtered films.14
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In general, little change in the average crystallographic orientation of the grains,
also referred to as texture, was seen as a function of Si content or substrate which is
consistent with previous reports.14,26 The texture was measured by the ratio of the area of
the (110) and (104) peaks in the XRD pattern (Figure 2.2); the (110)/(104) area ratio for a
randomly oriented powder was 0.75. While preferential orientation of (110), meaning that
the (110)/(104) ratio was higher than the reference powder, was seen in 2 samples grown
on quartz, this orientation disappeared after annealing at 800 °C for 30 minutes.
Furthermore, those 2 samples couldn’t be tested for water oxidation performance as the
quartz substrate is non-conductive.

Unfortunately, nearly all samples had lower

(110)/(104) area ratios than a randomly oriented reference powder. This is thought to be
undesirable because a high (110)/(104) area ratio means that the Fe basal planes are
perpendicular to the substrate, which is important because the conductivity parallel to the
basal planes is at least an order of magnitude higher than the conductivity perpendicular
to the basal plane.27
From XRD data no variation in the lattice constants as a function of Si/(Si+Fe)
was found. This is surprising because if Si4+ was substituting on Fe3+ sites, the lattice
constant a should decrease significantly. The ionic radius of Fe3+ in octahedral sites is
.645 Å, while Si4+ in octahedral sites has an ionic radius of .4 Å.28 When Al3+ (ionic
radius of .53 Å) is substituted for Fe3+ such that Al/(Al+Fe) = 8%, a decreases by at least
0.16%,24,29 so a decrease of more than this would be expected for Si4+ substitution. Since
Si4+ does not seem to be replacing Fe3+, and given that the ionic radius of Si4+ in
tetrahedral sites (which are all empty in hematite) is only .26 Å, small enough to fit into
tetrahedral sites in hematite, it is plausible that Si4+ incorporates into the tetrahedral sites
of hematite when grown by RBD.24,28 Though, as will be discussed later, there is
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evidence that Si segregates to the hematite surface during annealing which can also
explain the lack of variation of the lattice constant with Si doping.

Figure 2.1. SEM images taken of a) 0%, b) 1%, c) 2%, d) 3%, e) 5%, and f) 8% Si/(Si+Fe) films
grown with a deposition angle (ϕ) of 80°. No significant change in morphology is
seen as a function of the Si content. This is also seen for all other ϕ in this study,
but the morphology at ϕ = 80° is expected to show the most notable differences.

Figure 2.2. a) Demonstration of how the texture was calculated from each film’s XRD data, the
two peaks not shaded are from the SnO2 substrate. b) Texture as a function of Si
doping level, substrate, and deposition angle. The (110)/(104) area ratio of a
powder standard is 0.75 (shown as a line).
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Optical and Electronic Properties
UV-visible spectroscopy shows that incorporating Si lowers the absorptivity of
hematite for wavelengths between 400 and 550 nm (Figure 2.3a). This not very surprising
given that the same amount of Fe+Si was deposited for each film and thus as Si/(Si+Fe)
increases, less hematite exists to absorb photons. For shorter wavelengths there appears to
be a change in the refractive index as a function of Si content, which is responsible for
the peak at about 320 nm.14 Most interestingly, for dense films (grown at normal
incidence, 0°) with Si/(Si+Fe) between 0.5% and 2% there is an extension of the
absorption tail near the bandgap. Films grown at 80° also show an extended absorption
tail for all doping levels, as demonstrated in Figure 2.3b for films with 2% Si/(Si+Fe).
However, as will be discussed later, this extra adsorption does not lead to steady state
photocurrents for the same wavelengths.
Resistivity measurements of films grown on soda-lime glass showed no
variability as a function of Si concentration, with all samples having resistivities of about
104 Ω-cm, consistent with other values reported for hematite in the literature.14,30 So,
there appears to be little to no increase in the carrier concentration with Si incorporation
which is consistent with the XRD data showing Si does not incorporate well in the
hematite bulk. At best, any increase in carrier concentration is offset by lowered mobility.
This result is in contrast to a recent report which found that when hematite
nanorods with Si on the surface are annealed at 800 °C for 30 minutes, a drastic drop in
the resistivity results.31 To test if such an anneal was necessary to activate Si in RBD
films, dense films (0°) with 0, 1, 3, and 5% Si/(Si+Fe) were grown on quartz substrates.
First, the films were crystallized at 500 °C for 2 hours as with the soda lime glass and
FTO samples to see if there was any difference in properties when grown on quartz
substrates. The resistivity of the samples grown on quartz was unchanged relative to
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those grown on soda lime glass and again showed no change with Si content. After the
samples were annealed at 800 °C for 30 minutes in air the resistivities dropped by an
order of magnitude but again there was no trend with Si doping level. So the resistivity
drop in the RBD films after the 800 °C anneal appears to be from improved crystallinity
or other factors besides Si content.

Figure 2.3. Absorbance of 100 nm thick a) dense films (0°) as a function of Si/(Si+Fe)
and b) 2% Si/(Si+Fe) films as a function of angle.
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XPS
The amount of Si on the surface of dense (0°) hematite samples with 8% and 0%
Si/(Si+Fe) was analyzed utilizing the Fe(3p) and Si(2s) transitions because the Fe(3s) and
its satellite peak overlap the Si(2p) peaks.32,33 It is found that the 8% Si/(Si+Fe) sample
has 12% Si/(Si+Fe) on the surface while the 0% Si/(Si+Fe) sample has no Si. This is
strong evidence that Si segregates to the surface during annealing.
However, the significant amount of Si found does not lead to any observable Fe2+
in the XPS spectra. This conclusion is reached by looking at the Fe(3p) and Fe(2p) peaks
of the 0% and 8% sample (Figure 2.4). If Fe2+ were present, the peak at the lowest
binding energy (BE) in the Fe(2p) spectra (Figure 2.4a) would be reduced in the 8%
sample relative to the 0% sample. Additionally, the lowest BE satellite peak would be
shifted to even lower BE if Fe2+ were present. Finally, the Fe(3p) peak is broader and
shifted to a lower BE for Fe2+ relative to Fe3+, but no change is seen in the Fe(3p) spectra
either.34 Given the fact that Si4+ is present, but not compensated by Fe2+, it is likely that
O2- is responsible for charge compensation (which would be introduced during the anneal
step in air). And indeed, using the Fe(2p) and O(1s) peaks, it is found that the O/(Fe+Si)
is 3.14 for the 8% film while O/Fe is only 2.84 for the 0% film. Thus, it appears that the
Si on the surface is in the form of SiO2.
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Figure 2.4. XPS spectra of a) the Fe(2p) region and b) the Fe(3p) region for dense films
(0°) with 0% (red traces) and 8% (gold traces) Si/(Si+Fe). As can be seen,
there is no change in shape or peak shifting in either region, indicating no
Fe2+ is present in the 8% sample.
Electrochemical
Impedance versus potential and frequency were measured in the dark for some
films. These measurements revealed that a simple RC series combination could not be
used to model the films even over relatively small frequency windows, which is assumed
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when making Mott-Schottky plots at a single frequency in many reports. The
measurements also showed that for porous films the solution/FTO interaction could not
be readily de-convoluted from the solution/hematite interaction. So, only the responses of
dense (0°) films were analyzed. The equivalent circuit used for the analysis is shown in
the supporting information (Figure A.2). This analysis showed that the slope of the MottSchottky plots changed by less than an order of magnitude going from 0% to 8% and in
the wrong direction, the slope went up as Si/(Si+Fe) increased. If Si was acting as an
efficient electrical dopant, the slope would be drastically lower for the films with Si
incorporated versus the films without Si. Si also does not appear to be incorporated as an
electrical dopant in sputtered films.14
With regard to photocurrents, it should first be noted that all films were measured
with both a Xe lamp and a solar simulator with an AM1.5 filter. In general, the
photocurrents from the Xe lamp were higher than the solar simulator photocurrents by at
least 20% (all photocurrents were normalized to 100 mW/cm2 incident power), but in
some cases the discrepancy was more than 100%. Even more discouragingly, the
disparity was not uniform and thus changed the trends of the photocurrent data. This
highlights the fact that care should be taken when comparing photocurrents from different
illumination sources in the literature.3 The most pronounced variation between the
photocurrents obtained from Xe lamp illumination and from AM1.5G illumination
occurred for 55° films at 0.2 V. Given that a) Xe lamp spectra contain a larger flux of
photons with λ<400 nm relative to AM1.5G,3 b) the absorption depth of photons with
λ<400 nm is about 20 nm (from Figure 2.3), and c) that the depletion region is about 10
nm for the films in this study (at 0.2 V, from EIS data discussed above), it was deemed
plausible that the disagreement between Xe lamp and AM1.5G photocurrents is due to
UV light being harvested more efficiently in films deposited at 55° relative to dense (0°)
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films. Therefore, one of the films deposited at 55° - which showed a large discrepancy
between Xe lamp and AM1.5G photocurrents - was tested and showed an additional
IPCE peak at 330 nm relative to a dense film with the same doping (supporting
information Figure A.3). The results discussed below are exclusively from data collected
using AM1.5G illumination.
For dense (0°) films, any Si in the film lowers the photocurrent relative to
undoped films (Figure 2.5). This behavior supports the conclusion that Si is not acting as
an electrical dopant in RBD films. If each Si incorporated introduced an electron into the
conduction band, the space charge region would be less than 10 nm for all Si doped films
at 0.5 V, and thus the photocurrent at high biases would drop significantly relative to 0%
Si/(Si+Fe) films. But, since this is not the case, it seems that Si is not acting as an
electrical dopant, consistent with the impedance and resistivity data discussed above.
Figure 2.5 also shows that for 0° films the drop in performance as Si is added is larger at
0.5 V than at 0.2 V. This, along with the observation that the onset potential shifts in the
cathodic direction as Si is added, implies that Si helps charge transfer at low potentials.
For porous films (ϕ ≥ 55°), Si incorporation improves the photocurrent at all
potentials relative to undoped films grown at the same deposition angle (Figure 2.5). This
is strong evidence that Si is acting to passivate the hematite surface. If all else were equal,
we would expect the photocurrent to increase as the porosity is increased because there is
more electrolyte/hematite interface within a depletion width of the absorption site.
However, this is not the case with undoped films where the photocurrent drops
significantly as the porosity increases. One possible explanation for this drop for undoped
films is that the more porous films absorb less light. However, the integrated absorbed
photon flux (using the AM1.5G spectra and light absorption data from 320 to 600 nm) is
86%, 90% and 74% of the value for a dense (0°) film for films deposited at 55°, 70° and
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80°, respectively. Upon examining Figure 2.5 it is readily apparent that the measured
photocurrents for undoped films as a function of porosity (deposition angle) drop much
more than can be accounted for by less light absorption. With absorption not accounting
for the decrease, and with the bulk regions of the films being similar regardless of
porosity, the likely cause of the significant drop in the photocurrent as a function of
deposition angle for undoped films is the increased number of surface states, which act as
hole traps.9-11 But, as the Si/(Si+Fe) ratio is increased for each deposition angle, the
photocurrents of porous films rise significantly relative to the undoped films, even though
the absorption stays approximately the same and bulk transport appears to be hindered by
Si. Thus, it seemed likely that surface effects were the cause of the improved
performance of Si doped, porous films relative to undoped, porous films.
To more thoroughly test this conclusion 1M H2O2 was added to the electrolyte as
a hole scavenger to determine the charge extraction and separation efficiency8 of porous
films as a function of Si content. Unfortunately, since the most porous films had a
significant amount of exposed FTO, the background current was too high to accurately
determine the photocurrent for films grown at 70° and 80°, so data was taken for 55°
films at 0.2 V (Figure 2.6). Comparing Figure 2.6 to the photocurrent data for 55° films
at 0.2 V in Figure 2.5 it is evident that an increased extraction efficiency is responsible
for nearly all the increased performance of Si-doped porous films relative to undoped,
porous films. So, with all the above evidence, it can be concluded that Si mostly
improves the performance of nanostructured hematite films by passivating the
hematite/electrolyte interface.
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Figure 2.5. Photocurrent of hematite films as a function of deposition angle and Si
content, as measured by linear sweep voltammetry (50 mV/s) at a) 0.2 V and
b) 0.5 V under 100 mA/cm2 AM1.5 illumination.
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Figure 2.6. Extraction efficiency of films grown at 55° at 0.2 V vs Ag/AgCl versus Si
doping level as determined by comparing photocurrents in the absence and
presence of 1 M H2O2. Strong agreement is seen with the photocurrent trend
for 55° films at 0.2 V shown in Figure 2.5.
The shape of the steady state IPCE curves for the films grown in this study are
similar to previous reports for Si doped hematite.25 However, it is found that there is
almost no change in the spectral response as a function of the amount of Si in the film.
This is shown in Figure 2.7a, wherein the normalized IPCE curves for all doping levels
nearly overlap. It should be noted that there is a slight difference in the absolute
efficiencies of these films, but it only ranges from a peak of 6.7% (for 0.5% Si/(Si+Fe))
to a peak of 4.5% (for 8% Si/(Si+Fe)).
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Figure 2.7. Normalized steady state IPCE curves taken at 0.5 V vs Ag/AgCl for a) dense
films (0°) as a function of Si/(Si+Fe) and b) films with 8% Si/(Si+Fe) as a
function of deposition angle.
There is also little change in the spectral response as a function of porosity, as
shown for 8% Si/(Si+Fe) samples in Figure 2.7b. Unfortunately, the similarity of the
spectral response as a function of porosity is counter to the hypothesis11 that
nanostructuring hematite will ultimately allow hematite to achieve the water oxidation
performance necessary to meet the 10% STH efficiency benchmark, though this is far
from enough evidence to conclude the hypothesis is false. Nanostructuring is thought to
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improve the performance of hematite because for a nanocolumnar geometry when a long
wavelength photon is absorbed along the long axis of the nanocolumn the photogenerated
hole will not have to diffuse far to the space charge region (if one develops) to be
collected and contribute to water oxidation. Thus, nanocolumnar films should show an
enhanced IPCE at longer wavelengths relative to dense films. But the IPCE data taken for
RBD films in this report does not show a relative advantage of the nanostructured films
over the dense films for long wavelength photon conversion (Figure 2.7b). However, the
nanostructured films are the same thickness as the dense films in this study, so many of
the long wavelength photons are not absorbed at all in the porous films. Thus, for thicker
films it is plausible that their spectral response would be sensitive to porosity, and indeed
for thicker, Ti-doped hematite films it has been found that the ratio of photocurrent from
visible light to that from UV light increases with porosity.23 Additionally, the films in this
study do not have nanocolumns with a diameter on the order of 10 nm, the size needed to
overcome the very short carrier diffusion lengths in hematite.7,35 Thus, while the IPCE
data in this study is discouraging, it is far from enough evidence to argue against
nanostructured hematite.

2.4 CONCLUSIONS
Co-depositing Si and Fe via RBD to incorporate Si into hematite with a controlled
level of nanostructuring does not lead to Si4+ substitution into Fe3+ sites. In fact, there is
evidence that Si incorporation reduces the number of free charge carriers in hematite
when grown by RBD. The morphology of films grown by RBD is not affected by Si
incorporation, in contrast to some other deposition techniques, and as more Si is
incorporated, the absorption coefficient of hematite decreases. However, despite having
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no effect on the morphology and negative effects on the bulk properties of hematite, Si
incorporation does improve the water oxidation performance of porous hematite films.
Tests of the extraction efficiency revealed that Si improves the photocurrents of porous
films almost entirely by improving charge transfer. Thus, Si increases the water oxidation
performance of porous hematite films grown by RBD by passivating the
hematite/electrolyte interface. However, the performance of Si doped, porous hematite
films is still low compared to undoped, dense films and further study is needed to
determine what additional factors account for the low performance of porous hematite
films and how those factors can be alleviated.
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Chapter 3: Amorphous FeOOH Oxygen Evolution Reaction Catalyst
for Photoelectrochemical Water Splittingb

3.1 INTRODUCTION
As the proportion of electricity supplied by solar power increases, the importance
of storage to handle mismatches between instantaneous supply and demand rises rapidly.1
Photoelectrochemical (PEC) water splitting, a solar to chemical conversion process
wherein H2O is split to H2 and O2 using solar irradiation, is one approach towards solar
energy storage and is currently being explored by a large number of research groups.2–6
PEC water splitting could also be utilized to produce H2 for industrial use. Currently
steam reformation of natural gas, which generates CO2 as a by-product, produces almost
100% of the ~ 55 million metric tons of H2 supplied annually. By itself, this transition
away from steam reformation could reduce global CO2 emissions by approximately 400
million metric tons a year, about 1.3% of the total.
Unfortunately, the material requirements imposed by the PEC water splitting
process are stringent. To be useful a material must (i) be stable at extreme potentials, (ii)
have an appropriate bandgap and band edge positioning, (iii) transport charge efficiently,
and (iv) be catalytically active for the oxygen evolution reaction (OER) or hydrogen
evolution reaction (HER).9 Given these requirements, it seems unlikely that any single
material will be able to deliver the performance demanded for practical application. In
recognition of this, a number of strategies have been developed to combine useful
properties of different materials. A common technique is to add co-catalysts for the
appropriate reaction to light absorbing materials, increasing the performance while, in
b
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some cases, also increasing stability.2,4,5,10–13 Although both the HER and the OER
deserve attention, the OER is currently responsible for significantly more efficiency loss
than the HER owing – at least in part – to the reaction requiring 4 electron transfer steps
compared to 2 for HER.14–16
Given that OER co-catalyst materials relax the number of requirements that need
to be met by absorber materials, it should be no surprise that there has recently been a
drive to find new and better materials and to explore their interactions with absorbers.17–21
To be practical the co-catalysts should not contain rare elements (such as Ru and Ir) and
they need to perform at modest current densities. An economical water splitting device
will need to operate between 8 and ~ 16 mA/cm2 on a geometric area basis.22 The lower
limit is based on the often cited goal of 10% solar-to-hydrogen (STH) efficiency23 while
the upper limit is from previous estimates of realizable system efficiencies.24–26
In the search for additional co-catalysts, iron (Fe) based materials are a sensible
starting point for two reasons. First, while hematite (α-Fe2O3) has been extensively
studied for PEC water oxidation, as an OER electrocatalyst Fe has not been as broadly
investigated as other transition metals such as Ni and Co,27 one recent review of
electrocatalysts for OER did not mention heterogeneous Fe work due to the relative lack
of publications.28 In fact, hematite is commonly slighted for its poor OER kinetics and
many recent studies have tried to address this by adding OER co-catalysts.29,30 The
second reason is iron’s abundance in the earth’s crust behind only Si, Al, and O.31 Of the
literature reporting on Fe-based materials for the OER, most have been on the passive
oxide grown on Fe metal surfaces by potential cycling, with a few studies looking at
thermal decomposition or other high temperature processes.32–34These synthesis
processes likely cannot be used for deposition on solar absorber materials. Furthermore,
nearly all of the reports have utilized electrolytes with pH greater than 13, including
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recent promising results for amorphous FeOx.35 These caustic environments are
detrimental to many potential absorber materials.
However, recently there have a been a few promising studies on electrodeposition
of γ-FeOOH as an OER co-catalyst in near-neutral pH10,36 for use with a BiVO4 absorber.
The FeOOH material reported herein has some significant differences and potential
advantages relative to the material synthesized in those reports, namely a different phase
and more uniform, compact deposition allowing for significantly less loading.

3.2 EXPERIMENTAL
Materials. FeCl2 (tetrahydrate, 99+%, Acros Organics), N-methylimidazole
(99%, Acros Organics), HCl (2N, Fisher Chemical), NaCl, Na2CO3, NaHCO3, H3BO3,
KOH (all 99+%, Fisher Chemical), and Co(NO3)2 (hexahydrate, 98+%, Acros Organics)
were purchased and used without further purification for all experiments. Substrates were
fluorine-doped SnO2 (FTO) coated glass, n-type Si wafers (1-10 Ω-cm), Ta metal foil, or
triple junction (TJ) amorphous-Si (a-Si) solar cells from Xunlight Corp.37
Electrodeposition.

Deposition

baths

were

adapted

from

reports

on

electrodeposition of iron corrosion products38,39 and were made in the following manner:
0.4 M NaCl was dissolved in 35 mL of DI water. To this solution, 0.287 g (0.1 M) of Nmethylimidazole (NMI) was added. Meanwhile, a solution of 0.5 M FeCl2 was prepared
and 0.75 mL of this Fe solution was added to the 35 mL NaCl + NMI solution,
experiments with solid FeCl2 added directly to the bath resulted in less repeatable results.
The solution pH dropped from 10.1 to 8.4 upon FeCl2 addition, this was further acidified
to 8.0 using a few drops of 2 N HCl. The baths slowly oxidize in air and about 2-3 hours
after preparation they are no longer useful for film deposition.
35

Deposition areas of ~ 1 cm2 on FTO were masked off using electrical tape and the
area of each film was measured using calipers prior to deposition and testing. For Si
wafers and a-Si triple junctions, photoelectrodeposition was done with the illuminated
and solution contact area defined by a rubber O-ring with an area of 0.23 cm2. Deposition
on FTO was carried out at -0.2 V vs Ag/AgCl(1M KCl) (no iR compensation, no stirring)
which gave a current density of ~ 100 μA/cm2. Photoelectrodeposition on Si wafers and
TJ cells was carried out at -0.2 V as well but the voltage at the surface was positive of
this potential and thus the current was limited by photon absorption, not Fe2+ oxidation.
Contact to Si wafers was made using InGa eutectic. Contact to the stainless steel
substrate of the TJ cells was made using Cu tape.
Co-Bi films were deposited using the same method for FTO handling and
masking. The deposition bath consisted of 35 mL of 0.1 M H3BO3 + 50 mM KOH to
which 0.5 mL of 35 mM Co(NO3)2 was added to get a final Co content of 0.5 mM.
Deposition was carried out at 0.72 V vs Ag/AgCl giving a current density of ~ 25
μA/cm2.40
Physical Characterization. Electron Microscopy. A Zeiss Supra 40 VP SEM
was utilized for imaging with an acceleration voltage of 5 kV. For cross-sectional images
the films were mounted on a 75° holder and no further tilt was applied, thus the images
were taken at a 75° angle relative to the substrate/film interface normal. For energy
dispersive spectroscopy (EDS) a Quanta 650 FEG SEM with a Bruker XFlash 5010
detector was used, again with an acceleration voltage of 5 kV. A JEOL JEM-2010F TEM
was used for selected area electron diffraction.
X-ray Characterization. X-ray diffraction (XRD) patterns were obtained with a
Philips X’Pert diffractometer using Cu Kα radiation in θ-2θ mode. X-ray photoelectron
spectroscopy (XPS) data was obtained with a Kratos Axis Ultra spectrometer generating
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monochromated Al Kα. A pass energy of 20 eV was used for high resolution spectra and
80 eV for surveys. Sputtering was done with Ar ions at a current of 1 μA over an area of
about 0.25 cm2.
Optical Characterization. Visual light absorption measurements were taken by a
Cary 500 spectrometer with a Labsphere DRA-CA-5500 integrating sphere attachment,
which allowed for measurement of the true absorption as both transmitted and reflected
light was collected by the detector. Ellipsometery was done on films grown on Si wafer
substrates with a J.A. Woollam M-44 spectroscopic ellipsometer using an incident angle
of 70°, collected from 600 to 1080 nm. The model consisted of a Cauchy layer on top of
bulk Si. The thickness, A, and B (n = A + B/λ2) were allowed to vary, however, the fitted
A and B values were similar from film to film with the typical values being about 1.6 and
0.04 μm2, respectively. An optical Raman system with a Verdi V2 532 nm green laser,
Andor spectrometer, iCCD detector and a 900 grating was utilized for Raman
spectroscopy measurements. It should be noted that the samples were highly sensitive to
laser annealing and thus very low power densities and long acquisition times (> 20
minutes) had to be utilized to collect accurate data. A laser power of about 1 mW with a
spot size on the order of 20 μm in diameter was utilized for the spectra shown herein.
Electrochemical. For all tests Ag/AgCl (1 M KCl) with Teflon frit from
CHInstruments was used as a reference electrode, and unless otherwise noted all
potentials are relative to this electrode. The accuracy of the electrode was checked against
another Ag/AgCl electrode kept in 1 M KCl, no drift beyond a few mV was observed
even for long term tests. Solution pH was measured with a Oakton pH 1100 bench meter.
For carbonate/bicarbonate buffers the pH was measured with a total ([CO32-] + [HCO3-])
concentration of 0.1 M due to the detrimental impact of high ionic strength on reading
accuracy.41 Film testing was carried out with 1.0 M total concentration solutions at the
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same carbonate/bicarbonate ratio. Tests of films on FTO (both Co-Bi and FeOOH) were
done in 50 mL beakers stirred at 400 rpm.
A CHInstruments 660D potentiostat was used for all electrochemical tests. The
resistance of the solution (Rs) - which includes the resistance due to both the FTO and the
solution - was measured with the built-in step-voltammetry technique of the potentiostat,
however, the automatic compensation mode was not used, the potential was corrected
manually after each run (see below).42 The resistance before and after every voltage
sweep agreed within 1% for carbonate/bicarbonate buffers (20-25 Ω) and 2% for borate
buffers (40-45 Ω). Overpotential measurements were done by step voltammetry with a
step size of 5 mV and a holding period of 5 s (1 mV/s), slower scans did not influence the
η values for FeOOH and Co-Bi, however, overpotentials for FTO continually increased
during testing. Overpotential was calculated as:
η(J) = V(J) – (0.994 - 0.059*pH) – J*A*Rs

(1)

where J is current density (always positive for this equation), V(J) is the potential where J
is the value of interest, A is the film area, Rs is the measured solution resistance, and
0.994 V is EO2/H2O vs Ag/AgCl (1 M KCl) at 0 pH.
Faradaic efficiency was tested using an O2 fluorescence detector (Ocean Optics,
R-sensor) inserted into an H-cell with medium porosity frits separating the working
electrode compartment from the reference and counter electrode compartments. The
working electrode compartment also contained an Ar purge line and stir bar and was
sealed using wax paper, through which the probe was inserted into the solution to
measure the dissolved O2 content. Direct detection of dissolved O2 was done while
passing a current of approximately 10 mA/cm2 (about 2.0 V vs Ag/AgCl for FTO, and 1.2
V vs Ag/AgCl for a-FeOOH, not corrected for solution resistance). Tests using FTO to
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calibrate the collection efficiency found a value of 100% ± 5% for concentrations below
150 μM – the reference test data is shown later alongside the sample data.
Photoelectrochemical. A Newport 150 W Xe arc lamp with collimating
assembly and AM1.5 filter with the incident intensity set to 100 mW/cm2 as measured by
a Newport thermopile detector was utilized to simulate solar illumination. The solar cells
with and without catalyst coating were held vertically in a PEC cell as show in Figure
B.1, an O-ring set the illuminated and immersed area to 0.23 cm2. Ag/AgCl was used as
the reference and Pt as the counter electrode – significant bubble formation on the Pt was
visually apparent. A peristaltic pump was used to continually circulate the solution (about
0.7 mL/s) and remove bubbles from the film surface that would otherwise impact the
long term tests. Before a-FeOOH or Co-Bi deposition, all TJ a-Si cells were tested in
1:1:1 NaHCO3:Na2CO3:Na2SO3 (all at 0.5 M concentration) to check their saturation
current densities, only cells with values above 4.6 mA/cm2 were used, the maximum
value observed was ~ 4.8 mA/cm2. Sulfite was not used in any tests of a-FeOOH/TJ and
Co-Bi/TJ devices, only for bare TJs.
Cyclic voltammetry (CV) scans were done at 50 mV/s and no difference in
current as a function of scan direction was observed. Long term testing was done from 0.1 to 0.2 V vs RHE at 50 mV/s (4 hours equals 1200 cycles or 2400 segments).
Efficiency was calculated as
Pout/Pin = (J*1.229)/(100 mW/cm2)

(2)

where J is the current density in mA/cm2 at 0 V vs RHE and 1.229 V is the
thermodynamic potential stored in the H2 molecule as free energy (ΔG) that can be
released by oxidizing with O2.
A number of TJ a-Si solar cells were tested in air using a custom holder
contacting both the stainless steel back contact and the ITO front contact with Cu tape
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(Figure B.2). It was important to minimize the lateral current path through the ITO given
its resistance, so no illuminated area was more than 3 mm from the Cu tape during testing
as a solar cell. Short circuit currents from solar cell testing and saturation currents from
testing in 0.5 M Na2SO3 agreed within 2%.

3.3 RESULTS AND DISCUSSION
Film Deposition
Cyclic voltammetry of Fe deposition baths over FTO resulted in traces similar to
that shown in Figure B.3a. Based on these CV scans, films were grown at -0.2 V vs
Ag/AgCl for further characterization which resulted in current-time profiles as shown in
Figure B.3b. For deposition on other substrates, potentials that gave current profiles
similar to those found for FTO were determined and used for subsequent growth on that
substrate.
Physical Characterization
SEM images of films grown on Si wafers show the films are highly homogeneous
and crack-free over the entire deposition area, even for films as thin as ~ 13 nm (Figure
3.1a). High resolution cross-sectional images further demonstrate the high degree of
uniformity with surface roughness on the order of a few nanometers for 30 nm thick films
(Figure 3.1b). To validate the thickness measurements from cross-sectional SEM,
ellipsometry was performed on films grown on Si wafers. We found a linear relationship
between charge passed (per unit area) and film thickness (Figure 3.1c). The correlation
was strong with the best fit line having a slope of 3.3 nm/mC/cm2 and an R2 value greater
than 0.999. This slope is larger than expected for any of the known crystalline FeOOH
polymorphs, hinting that a less dense, amorphous structure is formed. The 3.3
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nm/mC/cm2 slope obtained is used as the conversion factor between charge and thickness
in the rest of this report.

Figure 3.1. a) SEM image of FeOOH on Si wafer showing smoothness and uniformity
over a large area. b) Cross-sectional (75°) SEM of FeOOH on Si wafer
giving a better view of the surface roughness compared to the film
thickness. c) Thickness as determined by ellipsometry versus charge passed
during deposition showing high linearity with a relationship of 3.3
nm/mC/cm2.
The incorporation of NMI into the films was ruled out using EDS and XPS
analysis (Figure 3.2). No nitrogen peak is visible in any EDS spectra, assuming that ~ 0.2
cps/eV and lower would be hidden by the noise and that the N:O intensity ratio43 is 0.6,
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this means the maximum incorporation is N/(N+O) < 0.04. For the XPS spectra ~ 1000
cps could be indistinguishable from the noise which gives N/(N+O) < 0.025. Combining
these upper limits leads to the conclusion that the NMI content is less than 1 molecule per
50 Fe atoms. It should be stressed that this estimate is bounded by the detection limits of
the instruments, the actual content is likely lower.

Figure 3.2. a) EDS spectra of ~350 nm thick FeOOH on FTO substrate. b) XPS spectra
of ~30 nm thick FeOOH before and after Ar+ sputtering. Both figures show
no evidence of N anywhere in the films.
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XRD patterns did not show any crystalline phases for films less than about 5 μm
thick, implying the films are predominately amorphous (Figure 3.3a). The low intensity
peak that did appear for thick films could be indexed to goethite (α-FeOOH). We also
performed TEM imaging and selected area electron diffraction on ~ 1 μm thick films
scraped off onto TEM grids (Figure B.4). The TEM data confirms that there are a number
of small crystalline domains embedded in an amorphous matrix, consistent with the XRD
data. For thinner films more appropriate for catalysis (5-100 nm thick), XPS spectra show
two strong O(1s) peaks and one weak peak attributed to adsorbed water (Figure 3.3b).
The lower binding energy (BE) peak is due to O2- species while the higher BE peak is
due to OH-. The OH- area is 45 ± 2% of the total O(1s) peak area, consistent with FeOOH
spectra in the literature.44,45 Based on this evidence it seemed likely that the deposited
films consisted of small goethite domains embedded in an amorphous FeOOH phase. To
gain some insight into the nature of the amorphous regions, we set out to characterize the
films using Raman spectroscopy. Unfortunately, for the films grown on FTO the
background from the glass swamped the film signal. Additionally, the films were very
sensitive to laser annealing as evidenced by hematite peaks appearing for higher incident
intensities but not for lower power densities. To avoid these complications we deposited
thick (~2 μm) FeOOH films on Ta foil and used power densities of about 1 mW for a 20
μm diameter spot size, the resulting spectrum is shown in Figure 3.3c. The peaks are
quite broad but their positions agree with those found for α-FeOOH. While it is possible
all the goethite signal could be coming from the crystalline domains, it is unlikely that the
amorphous regions are Raman inactive, and the fact that no other FeOOH polymorph
peaks appear suggests that the amorphous regions are most similar to goethite in their
short range order. This conclusion is based on studies comparing amorphous and
crystalline Si Raman spectra,46 which show a broadening of peaks going from crystalline
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to amorphous but consistent peak locations. Thus, it appears that the films deposited
consist of nano-crystalline goethite surrounded by a matrix of amorphous FeOOH that
most resembles goethite in its local bonding geometry. While not fully amorphous, we
refer to this materials as a-FeOOH throughout the rest of the report to distinguish it from
other FeOOH polymorphs as it appears to have distinct properties.
The a-FeOOH films grown in this study differ significantly from the films grown
with baths containing just FeCl2, based on the results reported by the Choi group.10,36
Baths with just FeCl2 generate γ-FeOOH with a larger degree of roughness, meaning
thicker FeOOH layers are needed for full coverage of the absorber, leading to more
parasitic light absorption. This different loading requirement is directly seen by
comparing the loading used for γ-FeOOH on BiVO4 (~120 mC/cm2, reference 10) and
the optimal loading for a-FeOOH (~2.5 mC/cm2, discussed below). Additionally, based
on experiments in our lab, the film to film variation in performance is larger for FeOOH
films grown in just FeCl2 compared to films grown in the presence of NMI.
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Figure 3.3. a) XRD patterns for FTO substrate (red) and ~5 μm thick FeOOH deposited
on FTO (blue). The one peak not attributable to FTO matches α-FeOOH. b)
XPS spectrum for O(1s) region of FeOOH. c) Raman spectra of FeOOH
films on Ta foil. Good agreement is seen between α-FeOOH peak positions,
however, the peaks are significantly broader and very weak.
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Electrochemical Characterization
While the specific area of each film was measured with calipers and used to
calculate the current density for comparison across films, we purposely limited tests of
OER activity to samples with an area between 0.9 and 1.1 cm2. The areas were limited to
this range to keep iR losses in the FTO from leading to potential variations at different
distances from the working electrode contact. For areas in the range tested this effect was
small and consistent enough to be removed by averaging of multiple films as evidenced
by the high degree of repeatability seen in the data. Throughout the presentation of results
for a-FeOOH, comparisons to Co-Bi tested under similar conditions are made. Co-Bi was
selected as a comparison material because it has been shown to function well when
coupled to semiconductors generating high photocurrent,47 performs well in mild
solutions, and is similar to the commonly used Co-Pi catalyst but, unlike Co-Pi, it is
stable at current densities greater than 1 mA/cm2.48
Typical iR-corrected J-V curves for the FTO substrate and very thin films (3
mC/cm2, ~ 10 nm for a-FeOOH) of a-FeOOH and Co-Bi in 1 M Na2CO3 are shown in
Figure 3.4a. Figure B.5a compares the traces before and after iR correction. Both aFeOOH and Co-Bi perform far better than the FTO substrate. It should also be noted that
Co-Bi performs 30-40 mV better in 1 M Na2CO3 than in borate buffer, the solution used
in previous reports,40 and that thin Fe2O3 (hematite) produced by annealing the a-FeOOH
films also has a reasonably low overpotential (Figure B.5) – although the high
temperature annealing is less suitable for most solar absorbers. Plotting overpotentials at
1 mA/cm2 and 10 mA/cm2 as a function of film thickness (Figure 3.4b) shows that for
very thin films a-FeOOH has nearly the same activity as Co-Bi while for thicker films
Co-Bi performs better than a-FeOOH. This appears to be due to the solution penetrating
Co-Bi49 but not a-FeOOH, so the number of active sites in Co-Bi films increases with
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thickness but all the active sites for a-FeOOH appear to be at the surface. This effect can
also be seen in the decreasing mass activity of a-FeOOH with increasing thickness,
falling from 580 ± 60 A/g for 3 mC/cm2 films to 220 ± 8 A/g for 10 mC/cm2 films at 450
mV. While this means less activity for thick films, it also means that a-FeOOH films
could better protect unstable photoanodes, potentially loosening the stability requirement
for PEC water oxidation. At pH lower than 11.4 (the value for 1 M Na2CO3) a-FeOOH
shows slightly lower activity (Figure 3.4c) but the increase in overpotential at 10 mA/cm2
is only about 19 mV/decade and the activity is still a significant improvement over most
bare semiconductors.
Oxygen evolution was verified by in-situ monitoring of O2 via a fluorescence
detector. Within the error of the measurement, all of the current during the anodic
polarization of a-FeOOH went to O2 production (Figure 3.5a). This is consistent with
stability measurements at 8 mA/cm2 (Figure 3.5b) where the difference between the
charge passed during testing and deposition is more than 4 orders of magnitude, meaning
that if electrochemical dissolution is occurring it accounts for less than 0.01% of the
current.
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Figure 3.4. a) Typical staircase voltammetry plots (5 mV step size, 5 s hold time, current taken
from last 0.5 s of the hold period) for thin a-FeOOH, Co-Bi, and FTO substrate in 1
M Na2CO3. Scan direction is positive to negative. b) Overpotential versus thickness
at 1 mA/cm2 (open circles) and 10 mA/cm2 (filled circles) for a-FeOOH and Co-Bi
in 1 M Na2CO3 extracted from SV data. c) pH dependence of the overpotential for
3 mC/cm2 (10 nm) thick a-FeOOH films. Points and error bars represent the
average and standard deviation of at least 3 films for b) and c).
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Figure 3.5. a) Comparison of the amount of O2 expected based on 100% Faradaic
efficiency to the amount detected by fluorescence detector immersed in
solution. Red traces are for FTO while blue traces are for a-FeOOH. Above
~200 μM bubbles are visually apparent on the film surfaces and likely
account for the deviation between measured and calculated curves beyond
that point. b) Overpotential versus time for 10 mC/cm2 (33 nm) a-FeOOH
film at 8 mA/cm2. Total charge passed during test is 115 C/cm2.
Coupling to Semiconductor Absorber
Catalysts for PEC water splitting need to be as transparent as possible to avoid
parasitic light absorption. To this end, the total absorbance of a-FeOOH and Co-Bi as a
function of thickness was characterized (Figure 3.6a). For the same amount of charge
passed during deposition, and thus similar thicknesses, a-FeOOH and Co-Bi have similar
49

absorption spectra. a-FeOOH films have higher absorption at short wavelengths but in the
visible part of the spectrum they show lower absorptivity compared to Co-Bi. Since
significantly more photon flux is at wavelengths longer than 450 nm under solar
irradiation (see Figure 3.6a) – roughly the point at which a-FeOOH ceases to have
significantly higher absorption than Co-Bi – Co-Bi and a-FeOOH parasitically absorb
nearly the same amount of photocurrent. Integrating the absorption of the 3 mC/cm2 films
over the AM1.5G spectrum, Co-Bi absorbs the equivalent of 0.35 mA/cm2 while aFeOOH absorbs 0.36 mA/cm2. Despite this absorption, the photocurrent of a-FeOOH
films by themselves is extremely low, less than 1 μA/cm2 at 1.23 V vs RHE, making aFeOOH a poor standalone PEC material (Figure B.6).
Based on absorption and OER activity measurements, a-FeOOH and Co-Bi have
nearly equal utility. To show this in an actual system, we utilized triple junction
amorphous Si (TJ a-Si) solar cells to generate photocurrents near those needed for a
practical device.23,37 When operated as solar cells in air, their average efficiency was 6.8
± 0.2% with a current density and voltage at the maximum power point of 4.3 ± 0.1
mA/cm2 and 1.59 ± 0.02 V, respectively. Co-Bi and a-FeOOH were deposited using
photoelectrodeposition with the light attenuated by the respective baths. The potentials
applied during deposition were -0.2 V for a-FeOOH and -0.9 V for Co-Bi, note that the
potentials at the solid/solution interface are more positive than these values due to the
illumination. Representative photoelectrodeposition traces are shown in Figure B.7a.
Figure B.7b compares the OER activity of a bare TJ to an a-FeOOH/TJ device in 1 M
Na2CO3, and also demonstrates the instability of a bare TJ under OER conditions,
showing significant decay over the course of just a few voltage sweeps.
Stability tests of the resulting a-FeOOH/TJ and Co-Bi/TJ devices in 1 M Na2CO3
at 0 V vs RHE are shown in Figure 3.6b, both curves represent the average of 4 films 50

the 8 separate traces that the averages were taken from are shown in Figure B.8. The
optimal thickness of the two materials is different with a-FeOOH balancing stability and
parasitic light absorption best for 2.5 mC/cm2, or about 9 nm. The charged passed for
optimal Co-Bi layers was 43 mC/cm2. Unfortunately, the thickness of Co-Bi is difficult to
determine given that at the potential needed for successful deposition (lower potentials
lead to degredation of the TJ cells during deposition), a non-negligible amount of the
current was from water oxidation. However, based on previous work47 we can reasonably
estimate the Co-Bi thickness is in the 10-15 nm range for the films tested here. Looking at
Figure 3.6b, a-FeOOH has a stability advantage compared to Co-Bi in 1 M Na2CO3, with
a-FeOOH films maintaining a power efficiency of 4.3% for the entire duration of the 4
hour tests. The decrease in photocurrent for Co-Bi co-catalyst is likely due to Co-Bi
allowing the solution to penetrate the entire film,49 providing less protection from the
mildly alkaline environment. On the other hand a-FeOOH appears mostly impermeable
and, at least in this solution, serves as both a catalyst and a protective layer.
As a final test, a-FeOOH was tested as a catalyst in a “wireless” configuration
wherein an ~ 1.8 cm2 TJ solar cell was coated on the ITO side with 5 mC/cm2 of aFeOOH via photoelectrodeposition, while the stainless steel side had Pt sputter deposited
on it. The resulting device, upon illumination with a 100 mW/cm2 Xe lamp for 15
minutes in a 0.5:0.5 M Na2CO3:NaHCO3 solution, evolved H2 and O2 in a ratio of 1.95:1
with an average power efficiency of 3.2% (Figure B.9).
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Figure 3.6. a) Absorption spectra of a-FeOOH and Co-Bi films on FTO measured using
an integrating sphere (left axis) and AM1.5G spectra converted to photon
flux (right axis). b) Stability tests of a-FeOOH/TJ and Co-Bi/TJ devices in 1
M Na2CO3 at 0 V vs RHE measured in a 3 electrode configuration, each
trace is the average of 4 different tests, so a total of 8 devices are
represented in this plot.

52

3.4 CONCLUSIONS
Realizing the goal of economical PEC water splitting will likely require coupling
efficient solar absorbers with catalysts for both the hydrogen and oxygen evolution
reactions. While some significant progress has been made towards synthesizing and
characterizing new OER catalysts that are useful for this type of coupling, increasing the
number of materials and deposition techniques will always be a welcome development.
Towards this end we report the electrodeposition of a mostly amorphous FeOOH phase
that has not been previously tested for OER activity. The a-FeOOH films show a number
of useful properties for coupling to solar absorbers for PEC water oxidation including (a)
high activity for ultra thin films leading to low parasitic light absorption, (b) homogenous
film formation that allows it to act as a protective layer between the solution and
absorber, and (c) the ability to operate well over a range of solution pH. To prove these
advantages carry over to an actual system, we coupled the a-FeOOH to a-Si solar cells
and find that a-Si cells that are initially 6.8% efficient result in PEC water splitting
devices with an efficiency of 4.3% that show little to no sign of degradation after 4 hours
of testing. While these initial results are promising, more work on decreasing the
overpotential further and testing the coupling of a-FeOOH to other solar absorbers would
be beneficial for the field.
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Chapter 4: Electrodeposition of Ni-doped FeOOH Oxygen Evolution
Reaction Catalyst for Photoelectrochemical Water Splittingc

4.1 INTRODUCTION
The oxygen evolution reaction (OER, 4OH- → 2H2O + O2 + 4e- in alkaline
solutions) has been and continues to be one of the most widely studied reactions in
electrochemistry. The OER’s importance is derived from its relationship to energy
storage and conversion, be it via photosynthesis,1 hydrogen production through water
splitting,2 metal air batteries,3 or merely as the counter electrode to many cathodic
processes in industry.4 As such, a large number of electrocatalysts for the OER are
known.5–8 Unfortunately, because each specific OER application has different
requirements, the best electrocatalyst material for each application is not necessarily the
same. In the case of photoelectrochemical (PEC) water splitting (2H2O → 2H2 + O2), a
solar-to-chemical conversion process which shows promise for storing large amounts of
renewable energy,9,10 OER catalysts are needed to improve the reaction kinetics; it is has
proved difficult to find a material that efficiently absorbs light, transports charge, and has
a low overpotential for the complicated multi-electron transfer processes required for
oxygen evolution.11–14 The specific requirements an OER catalyst must meet for large
scale PEC water splitting are optical transparency, a deposition process that is applicable
to nanostructured and perhaps temperature sensitive substrates, and no precious metal
content.

c

This chapter includes material from W.D. Chemelewski, J.R. Rosenstock, and C.B. Mullins. J. Mater.
Chem. A, 2, 14957, 2014. Rosenstock grew and tested a number of the films discussed. Mullins acted as
project supervisor.
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These PEC-specific requirements severely limit which electrocatalysts can be
used, at least with currently known synthesis techniques. This has driven a number of
groups to work on development of OER catalysts appropriate for PEC water splitting.8,15–
21

Despite this welcome development, not every deposition technique is suitable for all

substrates and there is evidence that specific catalyst/absorber interactions can be
important determining factors for the overall system efficiency.22,23 For example,
cathodic deposition of catalysts at high current densities18 could cause irreparable damage
to many metal oxides used as photoanodes, or annealing16 could cause unwanted
reactions to occur between substrate and catalyst. Of course, these potential concerns do
not apply to all photoanodes – in some cases the electrocatalyst deposition conditions
might even have beneficial effects on the photoanodes. Nonetheless, these considerations
highlight the importance of having a large collection of PEC-ready OER catalysts and
deposition techniques. We believe anodically electrodeposited Ni-doped FeOOH reported
herein is a useful addition to the expanding OER catalyst library.

4.2 EXPERIMENTAL
Materials. FeCl2 (tetrahydrate, 99+%, Acros Organics), N-methylimidazole
(99%, Acros Organics), NaCl, NaOH, Na2CO3 (all 99+%, Fisher Chemical), and NiCl2
(anhydrous, 98+%, Acros Organics) were purchased and used without further purification
for all experiments. Substrates were fluorine-doped SnO2 (FTO) coated glass cleaned by
sonicating in a Contrex detergent/ethanol solution for 30 minutes, or triple junction (TJ)
amorphous Si (a-Si) solar cells from Xunlight Corp (no cleaning step).24 These cells are
on a stainless steel substrate and the top layer is an indium-tin oxide (ITO) transparent
conductor, this ITO is what the deposited OER catalyst is in contact with.
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Electrodeposition.

Deposition

baths

were

adapted

from

reports

on

electrodeposition of iron corrosion products25 and our previous work on amorphous
FeOOH as an OER catalyst.19 0.014 mol NaCl was dissolved in 35 mL of DI water (0.4
M NaCl). To this solution, 0.287 g (0.1 M) of N-methylimidazole (NMI) was added.
Meanwhile, two separate solutions of 0.5 M FeCl2 and 1.0 M NiCl2 were prepared and
appropriate amounts were added to the NMI solution to get the desired [Ni2+]/[Fe2+] ratio,
the final FeCl2 concentration was always 5 mM, thus the final NiCl2 concentration varied
from 0 to 90 mM. The solution pH dropped from 10 to between 8.7 and 7.0 depending on
the final metal salt concentration. The baths were always freshly prepared and never used
more than 3 hours after preparation. Deposition areas of ~ 1 cm2 on FTO were masked
off using electrical tape and the area of each film was determined to within ± 0.005 cm2
using calipers prior to deposition and testing. Deposition on FTO was carried out between
-0.2 V and -0.125 V vs Ag/AgCl(1M KCl) (no iR compensation, no stirring, lower
[Ni2+]/[Fe2+] ratios were done at more negative potentials). It was found that baths with
[Ni2+]/[Fe2+] from 0 to 5 could be deposited at -0.2 V, 7 to 12 at -0.15 V, and 15 to 18 at 0.125 V, with the values chosen based on a balance of repeatability of OER performance
and reasonable deposition currents and time. Photoelectrodeposition on the a-Si solar
cells was carried out under AM1.5G illumination at a potential of -1.0 V (the stainless
steel potential, the ITO potential would be significantly positive of this value).
Physical Characterization. A Quanta 650 FEG scanning electron microscope
(SEM) with a Bruker XFlash 5010 detector was utilized for energy dispersive
spectroscopy (EDS) measurements. X-ray diffraction (XRD) patterns were taken with a
Philips X’Pert diffractometer generating Cu Kα radiation operating in θ-2θ mode with a
step size of 0.04º and an integration time of 4 seconds per step (0.6 degrees per minute).
X-ray photoelectron spectroscopy (XPS) data were acquired with a Kratos Axis Ultra
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spectrometer using a monochromated Al Kα source. A pass energy of 20 eV was used for
high resolution spectra and 80 eV for surveys.
Electrochemical Characterization. A Ag/AgCl (1 M KCl) with Teflon frit from
CHInstruments was used as the reference electrode for all tests. The potential of the
Ag/AgCl electrode was periodically checked against a saturated calomel electrode (SCE)
and any observed drift was corrected by assuming the SCE was stable – the largest
observed change in the Ag/AgCl potential was less than 6 mV. Most tests were done in
0.1 M NaOH (pH = 12.9, based26 on the tabulated mean ionic activity coefficient for
NaOH) with overpotentials measured by holding at the desired current densities long
enough for the potentials to stabilize, generally about 40 seconds, and recording the
stabilized potential. The tests were done in an open beaker under rapid stirring to remove
bubbles at high currents and to maintain constant pH at the electrode surface. The
uncompensated resistance was measured using the built-in step-voltammetry method of
the CHI potentiostat27 and used to manually correct the potentials for iR loss.
A Newport 150 W Xe arc lamp with collimating assembly and AM1.5 filter with
the incident intensity set to 100 mW/cm2 as measured by a Newport thermopile detector
was utilized to simulate solar illumination. The solar cells were held vertically in a PEC
cell with an O-ring setting the illuminated and immersed area to 0.23 cm2. Ag/AgCl was
used as the reference and Pt as the counter electrode. A peristaltic pump was used to
continually circulate the solution (about 0.7 mL/s) and remove bubbles from the film
surface that would otherwise impact the long term tests. Cyclic voltammetry (CV) scans
were done at 50 mV/s and no difference in current as a function of scan direction was
observed. Efficiency was calculated as
η(E) = (J(E) * (1.229 – E)) / (100 mW/cm2) (1)
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where J is the current density in mA/cm2, E is the potential (in V vs RHE), and 1.229 V is
the thermodynamic potential stored in H2 that can be released upon oxidizing with O2.
While this is the standard equation for efficiency calculation using a 3 electrode setup, it
of course assumes no hydrogen evolution overpotential and thus represents an upper limit
estimate.

4.3 RESULTS AND DISCUSSION
Ni incorporation
As with previous work on pure FeOOH grown under similar conditions,19 Nidoped FeOOH films (Ni:FeOOH) are X-ray diffraction (XRD) amorphous, no differences
between a bare FTO substrate and a ~300 nm thick film are notable (Figure C.1). To
verify that any crystalline phases would be identifiable, we collected XRD patterns after
annealing the same 300 nm thick film at 550 ºC for 2 hours and easily detected hematite
(α-Fe2O3) peaks – peaks for the possibly present spinel NiFe2O4 mostly overlap with the
hematite peaks.
Energy dispersive spectroscopy (EDS) measurements of the Ni/(Ni+Fe) atomic
ratio in the films as a function of the [Ni2+]/[Fe2+] ratio is shown in Figure 4.1a. Note that
even with no Ni in the bath, EDS still shows about 2% Ni/(Ni+Fe) in the film. This is an
artifact of the quantification procedure, which is known to suffer limitations for low
atomic concentrations, and this incorrect data point is shown to give a sense of the size of
the error for the characterization equipment utilized. This artifact is less of a concern for
higher Ni content since the algorithm is fitting an existing peak instead of noise at the
given peak position. It is clear from the EDS data that Ni incorporation is rather
inefficient – an 18/1 [Ni2+]/[Fe2+] ratio during deposition (i.e., 90 mM Ni2+ and 5 mM
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Fe2+) only results in about 22% of the total metal sites being occupied by Ni (Figure
4.1a). This low incorporation is even more apparent as the deposition potential is moved
in a positive direction. The cause of this appears to be a mechanism whereby only Fe2+
species are directly oxidized and Ni2+ is only incorporated if it is near a Fe3+ species
(generated by oxidizing Fe2+) as it joins the film – perhaps in a Ni-NMI-Fe polynuclear
complex.28 Evidence consistent with this mechanism is shown in Figure C.2 – in cyclic
voltammetry measurements NMI-Fe2+ is the only species that is oxidized at the
deposition potentials considered, NMI-Ni2+ is inactive. The more anodic deposition
potentials for higher [Ni2+]/[Fe2+] ratios were only used to get reasonable growth rates,
above about 5 μA/cm2 (or ~ 0.17 Å/s) for most depositions. The deposition current drops
for a constant potential as the [Ni2+]/[Fe2+] ratio increases due to competitive
complexation of Ni by NMI.28
Physical Characterization
X-ray photoelectron spectroscopy (XPS) measurements of the surface
composition (Ni/Ni+Fe) were consistent with EDS measurements of the bulk – 12.1 ± 0.1
at% versus 12.6 ± 0.9 at% for the same 9/1 films via XPS and EDS, respectively.
Unfortunately, due to the Ni(2p) region’s high binding energy (leading to high
background signal) and the low Ni content, analysis of the Ni(2p) region for anything
beyond quantification was impossible. The O(1s) region (Figure 4.1b) shows two distinct
peaks with the lower binding energy (BE) peak due to O2- and the higher BE peak
attributable to OH-; there is also a small, third peak attributable to adsorbed H2O.29 The
OH- content for Ni-doped films is significantly higher than for pure FeOOH,30 and this
difference corresponds well to the measured Ni content if it is assumed that the Ni is in
the 2+ oxidation state; the Ni/(Ni+Fe) from metal 2p ratios is 12.1 ± 0.1% and from OH61

/(O2-+OH-) the ratio is 14 ± 4% assuming only Fe3+ and Ni2+ are present to balance
charge. This is consistent with the prior evidence that Fe2+ is the only electroactive
species during deposition, and the difficulty of preparing Ni in the 3+ oxidation state at
potentials more negative than the onset of OER.26

Figure 4.1. (a) Ni/(Ni+Fe) content of the deposited films as measured by EDS versus the
[Ni2+]/[Fe2+] ion ratio in the deposition bath. The vertical lines at 6 and
10.5/13.5 demarcate the deposition potential used for each region. Note that
for 12/1 films, more positive deposition potentials lead to measurably lower
Ni content in the film. (b) XPS trace of O(1s) region for a 9/1 [Ni2+]/[Fe2+]
film showing significant OH- and O2- features.
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SEM images confirmed that Ni incorporation (and thus deposition potential and
current) did not have any measureable impact on the film morphology (Figure 4.2). The
observed morphology for all films suggests a large number of nucleation sites that grow
with time and merge as more material is deposited. Additionally, the feature size of the
Ni:FeOOH films is similar to the size of the features on the FTO substrate. It appears that
this substrate roughness is reliably coated by the film and thus that this electrodeposition
method could be used to coat rough surfaces, consistent with previous results for pure
FeOOH deposited on conducting nanorods.31

Figure 4.2. SEM images of (a) pure FeOOH, (b) 7/1 [Ni2+]/[Fe2+] Ni:FeOOH, (c) 15/1
[Ni2+]/[Fe2+] Ni:FeOOH, and (d) bare FTO substrate. Scale bar applies to all
images. All catalyst films are indistinguishable and their roughness reflects
the underlying roughness of the FTO substrate.
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Electrochemical Properties
The OER activity of Ni:FeOOH films on FTO at 1 mA/cm2 and 10 mA/cm2 in 0.1
M NaOH (pH 12.9 as determined by the tabulated mean ionic activity coefficient26 –
benchtop pH meters are inaccurate at such values) as a function of the [Ni2+]/[Fe2+] ratio
of the deposition bath is shown in Figure 4.3a (derived from galvanostatic plots as shown
in Figure C.3). All the films had 10 mC/cm2 of charge passed during deposition,
equivalent to a thickness of around 35 nm – assuming approximately the same
relationship between charge and thickness established for pure FeOOH. A monotonic and
roughly linear decrease in the overpotential is seen as the Ni content of the films
increases, a result consistent with the higher intrinsic OER activity of Ni oxides
compared to Fe oxides.16,17 Based on this trend it is apparent that we did not achieve the
optimum performance because no minimum in overpotential is seen. However, as noted
above higher [Ni2+]/[Fe2+] ratios result in lower deposition currents, the 18/1 films grown
here took about 1 hour each for just 35 nm of material. As a result of this it is not likely
practical to use [Ni2+]/[Fe2+] ratios much higher than those shown here. Thus, the upper
limit on performance is set by the deposition chemistry, which can hopefully be
addressed in future work. While this limit is certainly a disadvantage, it should be noted
that other work on (mostly) pure Ni(OH)2/NiOOH and CoOOH synthesized films by
cathodic electrodeposition16,21,32 which is likely to harm many metal oxides commonly
used as photoanodes. Therefore, the high activity of those materials (~350 mV and 490
mV at 10 mA/cm2 for NiOOH and CoOOH, respectively) is somewhat offset by the
difficulty of deposition on many materials germane to PEC water oxidation.
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Figure 4.3. (a) Overpotential in 0.1 M NaOH (pH = 12.9) versus the [Ni2+]/[Fe2+] ratio in
the deposition bath, all films are produced by passing 10 mC/cm2. Points
and error bars based on at least 3 films deposited on at least 2 separate days,
black points are at 1 mA/cm2 while red points are at 10 mA/cm2. (b)
Representative comparison of stability of 9/1 [Ni2+]/[Fe2+] Ni:FeOOH
(black) and pure FeOOH (red) at 10 mA/cm2 in 0.1 M NaOH. Both films are
10 mC/cm2 thick.
For current densities applicable to economic use of PEC water splitting (greater
than 8 mA/cm2), going from pure FeOOH to Ni:FeOOH only decreases the initial
overpotential at 10 mA/cm2 by 3 to 12%. However, stability testing shows these values
significantly underestimate the improvement due to adding Ni. The overpotential for pure
FeOOH increases significantly over the course of stability testing, while 9/1 [Ni2+]/[Fe2+]
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films show consistent improvement over the same time span (Figure 4.3b). This data
indicates that in 0.1 M NaOH the overpotential improvement offered by Ni-doping is
closer to 30% and also, importantly, that the total OER overpotential falls to 400 mV at
10 mA/cm2. This threshold is important because it is a commonly assumed value for the
OER overpotential in calculations of realistically achievable PEC efficiencies.11,33 It is
interesting to note that the activity increase seen in the Ni-doped films occurs even
without any change in the electrochemical surface area (Figure C.4). Furthermore, both
the undoped and 9/1 Ni:FeOOH electrocatalysts shown in Figure 4.3b display no
apparent physical degradation (Figure C.5). The stability of Ni:FeOOH implies a high
Faradaic efficiency for O2 production, if any electrochemical degradation process
accounted for greater than ~0.05% of the current, then over the course of an hour at 10
mA/cm2, a 10 mC/cm2 film would be entirely degraded. Determining the precise reason
for the improved performance and stability with Ni doping is beyond the scope of this
work. However, based on recent computational work on similar materials34 adjacent Fe
and Ni sites work cooperatively to allow for a lower overpotential than pure Fe or Ni
oxyhydroxides – our results are not contrary to this suggestion.
Figure 4.4 shows the impact of thickness on the initial performance for 9/1
[Ni2+]/[Fe2+] films, with the trend representative of the behavior of other doping levels.
There is a slight tendency towards worse performance at 10 mA/cm2 as the films get
thicker. While this is different than many other metal oxide catalysts this result is
promising for coupling to photoanodes – because thinner layers absorb less light there is
usually a tradeoff between catalytic activity and light blocking, however, for Ni:FeOOH
generated by anodic electrodeposition, it appears that there is no such trade-off.
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Figure 4.4. Comparison of initial overpotential for 9/1 [Ni2+]/[Fe2+] films as a function of
thickness in 0.1 M NaOH at 1 mA/cm2 (black) and 10 mA/cm2 (red).
Because high activity on FTO does not necessarily translate into higher
performance for OER catalysts coupled to light absorbers, we went beyond
measurements of OER activity on FTO and electrodeposited Ni:FeOOH on triple
junction (TJ) amorphous Si photovoltaic cells24 to test as a full PEC system. These cells
were chosen due to their high current density relative to more realistic, but lower
efficiency, materials such as Fe2O3 and BiVO4; additionally, using a higher current
density is a more stringent test of the electrocatalyst’s performance. This complete
system test is important to demonstrate simple coupling of the catalyst to a light absorber
and to ensure that the electrochromism (a change in light absorption behavior as a
function of potential) shown by the Ni-doped films does not significantly offset the gains
expected from increased catalytic activity35 – note that the difference in absorption with
no bias is minimal (Figure C.6). Figure 4.5 shows typical efficiency versus applied
potential traces for TJ cells with 2.5 mC/cm2 of either 9/1 [Ni2+]/[Fe2+] Ni:FeOOH (tested
in 0.1 M NaOH) or pure FeOOH (tested in 1 M Na2CO3 due to its instability in 0.1 M
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NaOH, see above) deposited. These plots are made assuming a perfect HER catalyst, so
they should be interpreted as an upper limit and not as necessarily practically achievable.
Nonetheless, the data is useful for comparing the utility of the different OER catalysts.
The Ni-doped films outperform the pure FeOOH films at all potentials, reaching a peak
power efficiency of 4.4% compared to 4.2% for pure FeOOH. Furthermore, the potential
at which the peak efficiency is reached is shifted cathodically by ~ 50 mV. This shift is
important because in an unbiased two-electrode system the operating potential must be
negative of 0 V vs RHE by an amount equal to the overpotential of the hydrogen
evolving electrode at the appropriate current density.

Figure 4.5. Comparison of the overall power conversion efficiency – J(mA/cm2) * (1.23VRHE)/100mW/cm2 – of Ni:FeOOH (black, 9/1, tested in 0.1 M NaOH) and
pure FeOOH (red, tested in 1 M Na2CO3 due to instability in hydroxide)
deposited on TJ a-Si solar cells. The traces are averages of 2 films. All 4
bare, TJ solar cells showed similar J-V characteristics in a test in sulfite
solution before deposition of the respective catalysts.
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4.4 CONCLUSIONS
In summary, we have successfully grown Ni-doped FeOOH via anodic
electrodeposition which shows promisingly low OER overpotentials at current densities
appropriate for realistic PEC systems (greater than 8 mA/cm2) – on the order of 400 mV.
The Ni doping is achieved despite no active oxidation of Ni ions in the deposition bath,
which leads to low incorporation efficiency. Despite this, the activity is quite high, on par
with other Fe/Ni oxide materials recently investigated elsewhere. The films are stable
under high current OER conditions, and show high activity for very thin layers (on the
order of 10 nm), which should allow low parasitic light absorption compared to other
OER catalysts for PEC water oxidation applications. We demonstrate these properties in
an actual device utilizing a-Si solar cells as the solar absorbing material.
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Chapter 5: SILAR Growth of Ag3VO4 and Characterization for
Photoelectrochemical Water Oxidationd

5.1 INTRODUCTION
As we derive more and more power from intermittent renewable resources, the
need for scalable energy storage techniques rapidly increases.1 Solar fuels, which store
solar energy in the high energy density medium of chemical bonds, offer a potential
solution to this problem.2 Photoelectrochemical (PEC) water splitting to H2 and O2 is one
specific solar fuel production process that has received significant attention.3,4 In addition
to energy storage, H2 is an important industrial feedstock,5 so PEC water splitting could
have economic value even outside of energy storage applications.
α-Ag3VO4 has been known as a heterogeneous water oxidation photocatalyst for
about a decade.6 It has an attractive bandgap of 2.0 - 2.2 eV,7 reasonably low for a metal
oxide, and is potentially stable at water oxidation potentials due to the high oxidation
state of V and the monovalent preference of Ag. However, all of the photocatalyst studies
to date have focused on particle dispersions in water, and the vast majority have looked at
dye degradation – not water oxidation.8–12 This experimental arrangement does not enable
determination of many important properties of the material such as flatband potential,
photocurrent onset potential, and the steepness of photocurrent rise with potential due to
the inability to experimentally control the potential of the particles. Synthesizing thin
films of Ag3VO4 should enable the determination of such properties.
Unfortunately, thin films of Ag3VO4 are difficult to prepare by many standard
growth techniques,13,14 and to date none of the synthesized Ag3VO4 films have been
d
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studied for any PEC processes. An additional issue is that while some particle dispersion
experiments show photo-oxidation by Ag3VO4, other studies show that it is unlikely that
anything besides p-type behavior would be observed without intentional doping.15 In the
present report, we attempt to address some of these issues by growing thin films of
Ag3VO4 using successive ionic layer adsorption and reaction (SILAR)16 and subsequently
characterizing their PEC properties.

5.2 EXPERIMENTAL
Materials. AgNO3 (Acros, 99.85%), Na3VO4 (Alfa Aesar, 99.9%), and all
electrolytes (Fisher Scientific, Certified ACS grade) were purchased and used as
received. All solutions were prepared using high purity water (>17 MΩ, Barnstead
Nanopure II system). Substrates were fluorine-doped SnO2 (FTO) coated glass twice
cleaned by sonication in a Contrex/water/ethanol solution for 15 minutes.
Film Growth. SILAR growth of Ag3VO4 was achieved using a Ag bath
consisting of 20 mL of 75 mM AgNO3 and a VO4 bath consisting of 25 mL of 25 mM
Na3VO4. The Ag bath was always kept at room temperature while the temperature of the
VO4 bath was held at 70 °C by a water bath unless otherwise noted. Each SILAR cycle
consisted of (1) a 20 s dip in the Ag bath, (2) a 10 s dry under light airflow provided by a
table top fan, (3) a 20 s dip in the VO4 bath, and (4) a 10 s dry under light airflow. The
films were only rinsed after all the cycles were completed. If the substrate was rinsed
after each cycle, much thinner, less porous films (with lower photocurrents) resulted.
Annealed films were placed in box furnaces already at the set temperature and after the
anneal time the ovens were turned off and fully opened to air, forcing the films to heat
and cool rapidly.
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Physical Characterization. A Quanta 650 FEG scanning electron microscope
(SEM) was used for imaging and a Bruker XFlash 5010 detector for energy dispersive
spectroscopy (EDS). X-ray diffraction (XRD) patterns were taken with a Rigaku R-axis
Spider diffractometer generating Cu Kα radiation using an imaging plate detector; θ was
set to 10° and 2θ data was extracted by integrating the image plate output over a width of
~10° which gave a good balance between noise and peak width. Light absorption
measurements were taken by a Cary 500 spectrometer with a Labsphere DRA-CA-5500
integrating sphere attachment, which allowed for measurement of the true absorption as
both transmitted and reflected light was collected by the detector.
Electrochemistry. Electrochemical measurements were carried out in a custom
cell with the Ag/AgCl(1 M KCl) reference electrode and the Pt wire counter electrode
separated from the main compartment by medium porosity frits. Unless otherwise noted
all potentials are referred to the Ag/AgCl(1 M KCl) reference. In the main compartment
of the cell a film was pressed against a rubber O-ring defining the electrode area to be
0.23 cm2. The illumination area was limited to the same area by electrical tape outside the
perimeter of the O-ring. Backside illumination was also limited to 0.23 cm2 by an O-ring
on the arm used to press the film onto the cell – without the blocking of this light
additional photocurrent was derived from parts of the film that were illuminated but not
in contact with the solution. Unless otherwise noted all photocurrent values are from
backside illumination. Illumination was supplied by a Newport 150 W Xe arc lamp with
collimating assembly and AM1.5 filter, the intensity was adjusted to 100 mW/cm2 as
measured by a Newport thermopile detector. A CHInstruments 660D potentiostat was
used for all tests. Solution pH values were measured with an Oakton pH 1100 bench
meter.
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5.3 RESULTS AND DISCUSSION
Physical Characterization
Single phase α-Ag3VO4 is easily grown using SILAR. XRD of films immediately
after deposition showed α-Ag3VO4, the substrate, and no other features – regardless of
VO4 bath temperature (Figure 5.1a). The films are yellow and fairly opaque (Figure D.1),
cross-sectional SEM images show there are two layers, a fairly dense layer closest to the
FTO and a thicker, more porous layer on top of that (Figure D.2). At lower VO4 bath
temperatures (less than ~ 60 °C) this top layer of particles is weakly adhered and rinses
off after deposition. This is why the films grown at 25 °C show significantly weaker
XRD features compared to the films grown at 70 °C. Higher resolution SEM images
show the porous top layer of the films are made up of particles ranging from 100 to 500
nm that agglomerate into larger structures (Figure 5.1b). Cross-sectional images of films
created via 10 SILAR cycles reveal a fairly constant dense underlayer thickness of about
800 nm, while the agglomerated particle layer is 2.5 - 4.5 μm, varying by location on the
film.
After low temperature deposition processes, most metal oxide thin films are
annealed to enhance crystallinity, commonly improving PEC activity.17–19 Unfortunately,
previous work on Ag3VO4 films have shown that they irreversibly decompose to silver
metal and other silver vanadate phases above about 225 °C.13 We essentially replicate this
finding – though we find evidence that some β-Ag3VO4 is present at room temperature
after annealing (Figure 5.2). For 1 hour anneal times up to 200 °C the only changes in
XRD patterns are small shifts in the position and height of peaks around 31.1° and 36.0°.
These coincide well with the strongest β-Ag3VO4 peaks (PDF 01-077-5277).20 For films
annealed at 250 °C and above, peaks at 44.3°, 64.5°, and 77.4° appear, all of which are
characteristic of Ag metal.
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Figure 5.1. (a) XRD patterns of the FTO substrate (gray) and Ag3VO4 films grown with
the vanadate bath temperature at 25 °C (red) or 70 °C (blue). (b)
Representative SEM image of Ag3VO4 film grown with vanadate bath at 70
°C.
Absorption spectroscopy of freshly deposited films show an absorption onset of
about 560 nm (2.2 eV), and Tauc analysis is inconclusive with both direct and indirect
plots showing gaps right around 2.2 eV, though the indirect data could be skewed by the
broad tails near the onset (Figure D.3).21 This value is in agreement with previous
reports7,22 and is one of the best reasons for studying Ag3VO4 as a PEC material – such a
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low bandgap is relatively rare for a metal oxide. Integrating the product of the absorption
percentage and the AM1.5G spectrum above 600 nm for a 10 cycle thick film gives 7.3
mA/cm2 (assuming 1 electron per absorbed photon), a notably higher number than most
metal oxides achieve.4

Figure 5.2. XRD patterns of Ag3VO4 films after annealing in air for 1 hour at
temperatures from 100 – 350 °C.
Chemical Stability
Previous work on Ag3VO4 photochemistry employing particles has mostly been in
near neutral pH electrolytes containing only the reactant of interest for photodecomposition.8–12,23 However, for PEC – where current needs to flow through the
solution phase on a macroscopic scale – supporting electrolytes must be present and for
higher photocurrents (greater than about 0.1 mA/cm2) neutral pH solutions must be
buffered.24 To determine what electrolytes were suitable for testing an initial check of
chemical stability was run. Freshly prepared Ag3VO4 films were placed in a variety of
electrolytes for 16 hours in the dark (Figure 5.3). After soaking it was clear that in
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addition to pH, anion chemistry is important as well - comparing the films exposed to
Na2SO4 and sodium phosphate buffer at nearly the same pH, the film in Na2SO4 showed
little change while the film in sodium phosphate was almost completely dissolved. It was
also found that in the presence of the common hole scavenger SO32-, Ag3VO4 is highly
unstable. In searching for other hole scavengers we found that H2O2 and Fe(CN)64- also
degrade the film chemically, while methanol has little to no impact.

Figure 5.3. Images of Ag3VO4 films before (above) and after (below) 16 hours of
soaking in the dark in various electrolytes.
Electrochemistry
Initial PEC tests were conducted in Na2CO3, based on chemical stability and the
assumption that more extreme values of pH would allow for higher water oxidation
activity.24 The first observation was the existence of a large cathodic current in the dark at
potentials negative of ~ 0.1 V vs Ag/AgCl. This reduction feature occurred in all
electrolytes that were tested, although the reduction potential (defined as potential to
reach 30 uA/cm2) shifted a bit positive at smaller pH values, with a slope of about 18
mV/pH (Figure D.4). If this reduction was allowed to run for a few minutes the current
dropped toward zero and the films turned a dark grey color. This continual drop in
current implies there is only a limited number of reactants to reduce and since diffusion
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from the solution would bring in new reactants if they were in the solution phase, the
species being reduced is likely Ag+ ions in the film. To provide evidence of this, XRD
was taken after a film had been fully reduced – to the point that the reduction current was
about 0. The diffraction data clearly shows metallic Ag and a second phase – potentially
V2O3 – along with the complete disappearance of Ag3VO4 peaks (Figure D.5).
Furthermore, the amount of charge passed to reach full reduction (approximately 220
mC/cm2) is consistent with a fully dense film ~ 1.6 μm thick, a value in line with the
SEM thickness observations above. While this reductive instability has not been
previously, explicitly reported, evidence of it in similar materials can be seen in the
potential windows selected for testing and the shape of LSV curves near zero current,25
so it appears to be a general problem with Ag based oxides.

Figure 5.4. Chopped LSV data for representative, freshly deposited 10 cycle Ag3VO4
film in 0.2 M Na2CO3 (pH 11.4). ‘On’ and ‘Off’ indicate when the light is
unblocked or blocked, backside illumination.
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Figure 5.5. Average backside photocurrent at constant potential versus (a) the reversible
hydrogen electrode and (b) Ag/AgCl in various electrolytes. Positive values
are photocathodic and negative values are photoanodic. Na-Ac is sodium
acetate buffer and Na-Pi is sodium phosphate buffer.
Moving to photoelectrochemistry, as deposited the films show p-type behavior at
all potentials up to the onset of dark water oxidation (Figure 5.4). While not directly
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contradicting reports of O2 production from particle suspensions this behavior is a bit
surprising in comparison with those studies. However, given that many Ag containing
oxides tend to be p-type (as a result of the easy formation of Ag vacancies),15 this result is
also reasonable. As a function of pH the initial p-type photocurrent at 1.23 V vs RHE
decreases in both directions from the value found near pH 11.5 (Na2CO3 and Na3PO4
show similar photocurrents, Figure 5.5a). In addition to pH effects, there are also specific
impacts of different anions – as with the chemical stability. This effect is clearer if the
photocurrent at a set potential versus Ag/AgCl is plotted versus pH (Figure 5.5b). The
relative stability of photocurrent at constant potential versus Ag/AgCl makes sense if the
reaction occurring is Ag+ reduction in the film, which has no explicit pH dependence –
though it is unclear why specific anions might slightly alter the kinetics of this reaction.
One further piece of evidence in support of photo-reduction of Ag+ is that long term
testing leads to a steady decrease in photocurrent and a darkening of the film as occurs
with dark reduction.
Looking at the thickness dependence of the p-type photocurrent, the films show
an increase up to ~10 cycles at which point the photocurrent values saturate (Figure 5.6).
Since these are backside photocurrents the most likely reason for this behavior is a
limited electron transport distance. With this limitation adding more material far away
from the FTO interface does not further increase the charge that can be extracted.
Another possibility is that by 10 cycles the films are already thick enough to absorb a
large majority of the photons that lead to mobile charge carriers, so after 10 cycles adding
more thickness only slightly increases the absorbed photocurrent. Indeed, when the
absorption is measured the 20 cycle films only absorb 15% more photons than 10 cycle
films, while 10 cycle films have 48% more absorption than 5 cycle films. Thus, the
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thickness trend is explained by a mixture of electron transport limitations and light
absorption saturation.
Given that there is little promise for Ag3VO4 as a photocathode with its cathodic
instability far positive of water reduction, we explored methods to introduce n-type
conductivity. Attempting to intentionally dope with MoO42- or WO42- ions during SILAR
synthesis was unsuccessful, the doped films were still p-type. The reasons for this appear
to be two-fold: incorporation of Mo and W into films was inefficient – concentrations in
the deposition bath were much higher than in the resulting films as measured by EDS –
and it appears that the stoichiometry was too easily corrected during growth such that
each additional electron was offset by one Ag vacancy in the structure. Preliminary tests
using H2 reduction at mild temperatures (75-125 °C) for 1 hour showed n-type behavior
above 100 °C. However, it was also discovered that annealing in air at slightly higher
temperatures also resulted in n-type films; this simpler process was selected for further
studies.

Figure 5.6. Average backside photocurrent in 0.2 M Na2CO3 as a function of the number
of deposition cycles of freshly deposited Ag3VO4 films.
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Initial tests with n-type films were performed in 0.2 M Na2CO3 with 0.1 M
methanol added as a hole scavenger, but it was quickly found that the presence of
methanol did not impact the measured photocurrent, suggesting it was not acting as a
hole scavenger. This finding led us to attempt Na2SO3 as a hole scavenger – despite the
chemical instability of Ag3VO4 demonstrated earlier. Unfortunately, Ag3VO4 shows very
poor electrochemical stability and little to no increase in photocurrent in the presence of
Na2SO3. Given that most materials show some increase in photocurrent in the presence of
MeOH or Na2SO3 it appears that much of the limitation of photocurrent in Ag3VO4 is
caused by poor carrier transport to the solid/electrolyte interface.18,26–28
Looking at the initial photocurrents in Na2CO3 – as determined by chopped
scanning voltammetry – there is a monotonic increase in photooxidation current with
annealing temperature until 300 °C after which decomposition of the films appears to
cause a decrease in photocurrent (Figure 5.7). Unfortunately these reasonably high initial
photocurrent densities rapidly decay, with the average decay over 30 seconds accounting
for 70 ± 5% of the initial photocurrent for films annealed at 250 °C, the corresponding
number for films annealed at 300 °C is 48 ± 6 %, meaning they are slightly more stable.
This photocurrent decay is accompanied by a shift of the flatband potential to more and
more positive potentials as measured by the chopped photocurrent transition from photoreduction to photo-oxidation (Figure 5.8). Consistent with the differences in photooxidation stability, the flatband potential shift occurs more rapidly for films annealed at
250 °C compared to films annealed at 300 °C. Thus, it seems likely that the initial
photocurrents are actually removing n-type defects that result from annealing – potential
defects that could be created by annealing and then removed by photo-oxidation include
oxygen vacancies and β-Ag3VO4, which at room temperature exhibits a phase transition
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back to α-Ag3VO4 upon illumination.13 This potential self-oxidation is also consistent
with the inability of hole scavengers to increase the measured photocurrent of films.

Figure 5.7. Initial photocurrent of Ag3VO4 films in 0.2 M Na2CO3 after 1 hour anneal at
various temperatures. Positive values are photocathodic, negative
photoanodic. Error bars represent standard deviation when more than one
film was tested.
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Figure 5.8. Chopped LSV evolution when films are held at 0.32 V under illumination for
increasing amounts of time. Traces are shifted along the y-axis to ease visual
identification of differences between traces. After 12 minutes the flatband
potential has moved from less than 0.25 V to ~0.30 V and continues shifting
with increased photo-oxidation - a value of ~ 0.475 V is reached after 32
minutes. Film shown here was annealed at 250 °C for 1 hour.

Initial IPCE was measured for films annealed at 300 °C since they showed the
highest and most stable photocurrents, the result is shown in Figure 5.9. The peak
response is about 2.3% for 450 nm light at 1.53 V vs RHE and the onset wavelength is
approximately 575 nm (2.15 eV), consistent with absorption measurements. The
relatively sharply peaked nature of the IPCE is potentially caused by increasing
absorption of high energy photons in the dense underlayer that has notably lower
porosity. Since the IPCE was taken in a backside configuration, this dense layer will
absorb a larger percentage of the photons as the photon energy increases and because
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charge separation in the bulk appears highly limiting for this material, more absorption in
the denser layer should lead to lower external photocurrent efficiency.

Figure 5.9. IPCE spectra of 10 cycle Ag3VO4 film annealed at 300 °C for 1 hour in 0.2
M Na2CO3 at 1.53 V vs RHE.

5.4 CONCLUSIONS
α-Ag3VO4 has shown promise for photocatalytic decomposition of organics and
H2O in particle dispersion setups. However, thin film studies of the material have been
absent until recently, and the present study represents the first thin film PEC
investigation. We demonstrate growth of phase pure α-Ag3VO4 using SILAR methods.
Growth is accelerated by heating of the vanadate precursor and the resulting morphology
appears conducive to carrier extraction. We confirm previous reports of a low metal
oxide bandgap of 2.2 eV. As deposited the material is p-type and shows a cathodic
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instability around 1.0 V vs RHE, and it is noted that this data is not possible to extract
from particle dispersion studies. Annealing in air from 100 - 300 °C removes p-type
defects, or compensates them with the introduction of n-type defects. Unfortunately, the
resulting n-type behavior is unstable under photocatalytic water oxidation conditions and
the photocurrent continuously decreases under water oxidation conditions. This decrease
is accompanied by an anodic shift of the flatband potential with more testing, suggesting
that the material self-oxidizes to remove n-type defects. Furthermore, Ag3VO4 appears to
suffer from poor bulk charge transport – both p-type and n-type photocurrents are barely
impacted by the addition of the respective electron or hole scavengers.
While most of the results are not promising for the outlook of Ag3VO4 as a PEC
water oxidation material, its rare low bandgap could still make it an attractive target for
techniques aimed at material stabilization and further nanostructuring to enhance charge
extraction. These results highlight the importance of thin film studies, and the ability to
independently control potential, to evaluate materials as potential photoelectrodes.
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Chapter 6: Photoconductivity of W-doped BiVO4 single crystals

6.1 INTRODUCTION
Monoclinic BiVO4 is well-known as a promising photoanode for solar water
splitting, a potential renewable production route for H2 gas.1,2 This process is commonly
limited by electron-hole pair separation caused by low carrier mobilities. Studies on
lightly doped single crystals have established that these low mobilities are a result of
electrons forming small polarons in BiVO4.3,4
Small polarons are quasi-particles formed as a result of strong interactions
between a charge carrier and the surrounding ions leading to self-trapping.5 The high
effective mass of the quasi-particle causes slow electronic transport. Small polarons are
commonly found in a number of classes of materials including transition metal oxides,6–8
meaning polaron transport is a common limitation for photocatalytic materials. While the
low drift mobility of BiVO4 has previously been determined and reported, the knowledge
that carriers are small polarons4 could be used to guide methods of enhancing transport.
One distinct property of small polarons is their broad light absorption centered
near 4Ea – where Ea is the activation energy for mobility.9 This absorption has been
experimentally observed in many metal oxides including TiO2,10 GdTiO3,11
(La,Ca)MnO3,12 (La,Sr)2(Ni,Cu)O4,13 and others. However, experimental observation of
the theoretical link between this absorption and a small polaron hop to an adjacent site
has not yet occurred. We report the first attempt to directly measure this behavior.
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6.2 EXPERIMENTAL DETAILS
Light absorption results for undoped BiVO4 (BVO) and 0.3 at% W/(W+V) BiVO4
powders are obtained by dispersing in KBr pellets. The pellets are loaded 5% by mass
with BiVO4 and are a total of 150 mg. These pellets are then suspended in a Cary 500
spectrometer with an integrating sphere attachment. Because the integrating sphere
measures all reflected and transmitted (both direct and diffuse) light this allows for an
accurate measurement of total absorption without being confounded by light scattering.
Multiple pellets were measured and repeatability was found to be very high.
Single crystals of 0.3% W-doped BiVO4 were harvested from growths described
in previous publications, the crystals measured about 1x0.5x0.25 mm.3,4 Ag contacts
were evaporated onto crystals with an 80 μm gap set by a wire mask. The contacts were
highly ohmic and the samples had a resistance of about 500 kΩ at room temperature
(Figure 6.1).
Initial photoconductivity results were obtained with samples on a PC board
support after steady state values were reached. It was quickly discovered that these results
were impacted by sample heating. Further results were obtained after the support was
changed to a Cu block heat sink (electrically isolated from the sample by thermally
conductive tape) and the light was chopped at 0.1 Hz to keep heating low. Light was
supplied by a Xe lamp and passed through appropriate filters and a monochromator. The
monochromatic output at each wavelength was measured with a Si photodiode and used
to calculate the photon flux impinging the crystal. Temperature dependent measurements
were done in a Lakeshore Cryotronics cryostage cooled with liquid nitrogen. Illumination
was provided by a 980 nm laser diode from ThorLabs, the laser power was kept constant
by monitoring the built-in photodiode current.
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Figure 6.1. Representative current-potential plot of W-doped BVO single crystal with Ag
contacts separated by 80 μm.

6.3 RESULTS AND DISCUSSION
Light absorption results for BVO-KBr pellets are shown in Figure 6.2. Both
crystals display a strong absorption onset around 2.3 eV consistent with past
measurements of the bandgap. The max absorption only reaches 80% because the beam
size was larger than the pellet. Most pertinent to this work, there is significant subbandgap absorption in the doped powder that does not exist in the undoped powder. Past
work on similar metal oxides clearly links at least part of this signal to absorption by
small polarons.11–13 The polaron absorption signal should be centered around 4Ea where
Ea is approximately the activation energy for mobility – the actual activation energy for
mobility is (Ea – t) in the adiabatic case that BiVO4 falls into, where t is the transfer
energy between sites.9,14 In the adiabatic case, the absorption coefficient should follow
the relationship:
/

⁄
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(1)

where t’ is the transfer energy that applies when the small-polaron site is at equilibrium
and is smaller than t, which corresponds to the transfer energy when the site is near
coincidence with an adjacent site – and thus less localized than at equilibrium. Carrier
concentration is represented by n, while a is the jump distance, ω is the photon energy, c
is the speed of light, and e is the electronic charge.

Figure 6.2. Absorption spectra of doped and undoped BiVO4 from 0.7 to 3.0 eV.
From our previous results4 (Ea – t) ≈ 0.25 eV and since t is likely on the order of
50 meV this tells us to look for a small polaron absorption peak around 1.2 eV.
Unfortunately, the broadness of the absorption below the bandgap indicates there is more
than one process giving rise to the absorption behavior seen and renders unequivocal
peak fitting difficult. We attempted a number of different fitting constraints and found
that for almost all fitting windows and number of peaks there was almost always a peak
centered between 1.05 - 1.2 eV with a FWHM width around 0.35 - 0.6 eV. Given that the
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absorption peak FWHM at 300 K from equation (1) should be about 0.6 eV it seems
likely that we are indeed seeing a small polaron absorption feature. Accepting a
reasonable degree of uncertainty it is possible to go a bit further and calculate t’ from the
peak fits since all values in equation (1) have been previously determined (n ~ 1019/cm3, a
= 0.40 nm, Ea determined from peak center), and a range of 35 - 47 meV is found.
With the small polaron feature established between 1.05 - 1.2 eV we moved on to
testing the theoretical prediction that absorption of these photons leads to an enhanced
polaron hop rate and thus conductivity. We first measured the photoconductivity (PC) at
room temperature from 350-1100 nm (Figure 6.3) and found strong PC above the
bandgap as expected for any semiconductor. Below 550 nm there is a nearly constant PC
signal. Unfortunately this constancy is an argument against any observation of small
polaron hopping enhancement. The reason being that there should be a peak tied to the
absorption peak but we do not see that behavior. Instead, the only effect that is likely to
be so constant over such a large photon energy range is sample heating caused by
illumination.
Fortunately, another experimental variable exists to try and isolate the polaron
absorption effect: temperature. If every photon absorbed by a polaron leads to a hop we
expect a photoconductivity of:

(2)
where I is the illumination intensity. The dark conductivity is described by:

(3)
with υ the characteristic phonon frequency (about 2x1013 Hz). Thus the temperature
dependence of σp/σd is strongly temperature activated:
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/

⁄

(4)

Figure 6.3. Collection efficiency at 300K with an electric field of 1250
V/cm.

From equation (4) it is apparent that if the natural log of σp/σd is plotted versus
1/T a slope of order (Ea – t)/k should be found. This test is carried out at 980 nm (1.27
eV) from 150-300 K with the results shown in Figure 6.4. Unfortunately, the activation
energy found is only about 56 meV and the intercept is far larger than predicted by
equation (4) – the red line in Figure 6.4 shows the approximate behavior expected. It is
fairly easy to rationalize the observed behavior using simple sample heating effects. For a
constant ∆T equation (3) predicts a larger ∆σ at lower temperatures, on top of that the
heat capacity of solids decreases with temperature which adds to the ∆σ expected from
heating. Using equation (3) it is found that ∆T values from 23 to 50 mK would explain
the data in Figure 6.4, with the laser power of about 8 mW/cm2 the amount of energy to
raise the temperature this much is absorbed in as little as 0.2 s, which is the time
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resolution of the data collection. Lower laser powers gave smaller signal to noise than
desirable for this measurement.

Figure 6.4. BiVO4 single crystal photoconductivity relative to dark conductivity versus
1/T.

6.4 FUTURE EXPERIMENTS
Given the difficulty of maintaining fast enough heat transport to keep the sample
sufficiently thermally stable over time periods on the order of hundred of milliseconds,
the need for transient techniques is highlighted. One possible technique is to simply
increase the sampling rate and look for more than one time constant in the illumination
and de-illumination curve. A schematic illustration of the result of this technique is
shown in Figure 6.5. Unfortunately, this simple picture will suffer a number of issues
moving to an actual experiment. The first is noise – about the lowest level of noise we
have achieved with these relatively resistive crystals is ~ 5x10-3 % – and this is already
approximately equal to the polaron signal at 100 K. However, the crystals are stable and
so enough repeats of the experiment could allow for detection of a signal of this level.
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Another issue is the expected time constant of the polaron signal. In theory the time
constant should be effectively zero. However, in the real system the time constant is
limited by the RC constant of the crystal and its contacts, and with such a high resistance
the contact capacitance must be very low to allow for separation of the heating and
polaron signals.

Figure 6.5. Schematic illustration of transient measurement allowing for the
experimental separation of polaron signal from heating signal.
A similar technique that could avoid some of the issues with transient
photoconductivity is known as modulated photoconductivity (MPC). MPC works by
cycling the light excitation on and off at a set frequency and uses lock-in detection to
determine the photoconductive signal and phase as a function of frequency. In the case
where sample heating is the only source of a MPC signal (a condition equivalent to the
behavior of a bolometer), the log-log plot of amplitude versus frequency will give a slope
of -1 and the phase of the response with increase towards 90° as frequency is increased.
However, as the frequency is increased the polaron signal amplitude should be little
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changed due to its low time constant and thus any evidence of a shift to a slope more
positive than -1 at higher frequencies could be a sign of polaron signal.

6.5 CONCLUSIONS
We have measured the sub-bandgap light absorption properties of doped and
undoped BiVO4 and found strong evidence of a polaron absorption feature. However, this
discovery by itself is not surprising. Moving further than previous work, we attempt to
directly observe the link between polaron absorption and increased polaron hopping rate.
Unfortunately, preliminary measurements only serve to highlight the weakness of this
signal relative to a direct heating effect of light absorption. While this means that the
increased conductivity as a result of IR illumination is too weak to be practically useful
for PEC purposes, there is still scientific merit in determining if an increased hop rate
does result for polaron light absorption. Thus, we outline a few ways in which we hope to
garner evidence of this effect in the near future.

REFERENCES
(1)

Abdi, F. F.; Han, L.; Smets, A. H. M.; Zeman, M.; Dam, B.; van de Krol, R. Nat.
Commun. 2013, 4.

(2)

Park, Y.; McDonald, K. J.; Choi, K.-S. Chem. Soc. Rev. 2013, 42 (6), 2321–2337.

(3)

Rettie, A. J. E.; Lee, H. C.; Marshall, L. G.; Lin, J.-F.; Capan, C.; Lindemuth, J.;
McCloy, J. S.; Zhou, J.; Bard, A. J.; Mullins, C. B. J. Am. Chem. Soc. 2013, 135
(30), 11389–11396.

(4)

Rettie, A. J. E.; Chemelewski, W. D.; Lindemuth, J.; McCloy, J. S.; Marshall, L.
G.; Zhou, J.; Emin, D.; Mullins, C. B. Appl. Phys. Lett. 2015, 106 (2), 022106.

(5)

Emin, D. Polarons; Cambridge University Press: Cambridge, 2013.

(6)

Bosman, A. J.; Daal, H. J. van. Adv. Phys. 1970, 19 (77), 1–117.

98

(7)

Jaime, M.; Hardner, H. T.; Salamon, M. B.; Rubinstein, M.; Dorsey, P.; Emin, D.
Phys. Rev. Lett. 1997, 78 (5), 951–954.

(8)

Zhao, B.; Kaspar, T. C.; Droubay, T. C.; McCloy, J.; Bowden, M. E.;
Shutthanandan, V.; Heald, S. M.; Chambers, S. A. Phys. Rev. B 2011, 84, 245325.

(9)

Emin, D. Adv. Phys. 1975, 24 (3), 305–348.

(10)

Bogomolov, V. N.; Mirlin, D. N. Phys. Status Solidi 1968, 27 (443).

(11)

Bjaalie, L.; Ouellette, D. G.; Moetakef, P.; Cain, T. A.; Janotti, A.; Himmetoglu,
B.; Allen, S. J.; Stemmer, S.; Walle, C. G. V. de. Appl. Phys. Lett. 2015, 106 (23),
232103.

(12)

Kim, K. H.; Jung, J. H.; Noh, T. W. Phys. Rev. Lett. 1998, 81 (7), 1517–1520.

(13)

Bi, X.-X.; Eklund, P. C. Phys. Rev. Lett. 1993, 70 (17), 2625–2628.

(14)

Friedman, L.; Holstein, T. Ann. Phys. 1963, 21 (3), 494–549.

99

Chapter 7: Conclusions and Future Work

7.1 OVERVIEW OF COMPLETED WORK
In this dissertation we have approached the PEC water oxidation process from a
variety of angles, all with the goal of improving the performance of inexpensive and
widely available materials with an eye towards economically viable applications. After
introducing the process and giving a brief overview of the issues currently limiting
performance in Chapter 1, we jump into a look at the interaction between the impacts of
Si-doping and nanostructuring on the properties and PEC activity of hematite (α-Fe2O3)
in Chapter 2. Contrary to expectations, we find that doping with the tetravalent Si does
not increase the conductivity of hematite with its trivalent Fe atoms. Furthermore, Sidoping does not noticeably impact any crystalline properties and Si incorporation lowers
the light absorption of hematite. However, for porous films, Si-doped films show
significant improvement relative to undoped films. Using hydrogen peroxide as a hole
scavenger – which allows decoupling of charge separation in the bulk from charge
transfer to the solution – we demonstrate that Si improves the performance of
nanostructured hematite by increasing the efficiency of charge transfer to the solution,
reaching nearly 70% for 5 at% Si/(Si+Fe) films at 1.23 V vs RHE.
Chapter 3 maintains the focus on iron-based materials but switches gears from
PEC to simply water oxidation catalysis. We study the anodic electrodeposition of
FeOOH from a solution containing N-methylimidazole (NMI) as an additive. We find
that the NMI significantly shifts the Fe2+ oxidation potential cathodically and allows for
the simple deposition of high-quality, ~10 nm and thicker films. The ability to grow films
so thin renders moot most of the concerns about parasitic light absorption in layers
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deposited on photoanodes. FeOOH grown by this method shows good OER activity in
solutions with pH ranging from 8 – 12. We demonstrate utilization of this catalyst in a
real system by depositing on commercial a-Si solar cells and test under continuous
operation for greater than 4 hours with no issues, achieving a STH efficiency of 4.3%
from solar cells with 6.8% electrical efficiency, despite having non-matched operating
characteristics.
In Chapter 4 we continued study of the FeOOH system by doping with Ni, since
these two transition metals are known to interact positively for water oxidation catalysis.
While we do find increased activity with Ni-doping it unfortunately only occurs for pH >
12 electrolytes, and the films appear to offer less physical protection from the electrolyte
than undoped films in lower pH electrolytes. However, for many photoanodes this is little
issue as they are commonly used in alkaline conditions. Ni-incorporation is inefficient
but levels up to about 20 at% Ni/(Ni+Fe) are achievable. Stability tests reveal that Nidoped films improve under water oxidation conditions and eventually reach an
overpotential of 400 mV at 10 mA/cm2 – a commonly cited goal for photoanodes.
Deposition of Ni-doped FeOOH on commercial solar cells is demonstrated and it is found
that, as expected, Ni:FeOOH leads to more efficient water oxidation devices compared to
pure FeOOH.
From work on catalysts we move to studying new photoanode materials. In
particle dispersion studies α-Ag3VO4 has shown promise as a water oxidation material.
Chapter 5 describes our synthesis of the first thin films to be studied for
photoelectrochemistry. Unfortunately, the promise demonstrated in particle dispersion
studies does not carry over to thin film results. Gleaning information that is difficult if not
impossible to obtain from particle studies, we find that Ag3VO4 thermodynamically
prefers p-type behavior, is unstable under practical water oxidation conditions, and
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suffers from poor bulk transport characteristics. The p-type behavior is at odds with most
metal oxides which overwhelming favor n-type behavior as a result of oxygen vacancies,
it appears that Ag vacancies are the predominant charged defect in Ag3VO4. N-type
behavior can be induced by annealing but the material decomposes fairly readily and the
n-type defects appear to be removed under water oxidation conditions. In addition to
these issues, the Ag+ ions are have a reduction potential near ~ 1.0 V vs RHE, while a
practical photoanode needs to operate around at least 0.6 V vs RHE, if not more cathodic.
While most of the results of this study could be described as negative, it is a concrete
example of the importance of thin film studies in the search for next generation PEC
water oxidation materials.
Chapter 6 continues collaborative work on charge transport in BiVO4. After
previous work has established charge transport occurring via small polarons, we extend
this by measuring the small polaron absorption feature in doped films – the feature is
absent in undoped films. Moving beyond this relatively simple observation, we attempt to
establish a direct link between polaron absorption and a polaron hop to another site.
Preliminary results and calculations show that the effect is too small to be useful for PEC
applications for any realistic infrared radiation flux, however, since the effect has never
been experimentally demonstrated the scientific merit of the measurement was deemed
high enough to continue work with higher fidelity techniques.

7.2 FUTURE DIRECTIONS
As stated in Chapter 6, we are continuing work on linking sub-bandgap
illumination to increased conductivity. This will likely involve even lower temperature
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measurements and frequency domain illumination techniques. We are currently
collaborating with a group in the UK on such experiments.
Another area of interest in the PEC field that has not been mentioned up to now
are efforts to lower the bandgap of otherwise highly performing metal oxides to allow
them to harvest more photons. Much of this effort has focused on TiO2, however, it
seems that much of that work only succeeds in generating color centers, so the additional
absorbed photons do not contribute to external photocurrent. Breaking this mold, there
have been reports of Cr-doping in Fe2O3 leading to enhanced photoconductivity below
the hematite bandgap of 2.1 eV. However, no one has extended this to looking for
additional sub-bandgap water oxidation in (CrFe)2O3 thin films.
A straightforward extension of the Ni:FeOOH work is to couple to common
metal-oxide photoanodes and looking for improvement in performance – or if no
improvement is found, investigating the reason for the lack of enhancement. Of course
the impact of doping with other metal oxides could also be investigated and even ternary
or quaternary alloys could be mapped for activity.
Another interesting effect that has been demonstrated for some photoanodes is the
influence of electrolyte chemistry. For example, bicarbonate anions have been found to
improve the photocurrent of BiVO4 films, though it is unclear if this increase is due to
additional reactions other than water oxidation, or if the beneficial effects extend to other
metal oxides.
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APPENDICES
Appendix A: Supplemental Information for The Effect of Si doping and
Porosity on Hematite’s (α-Fe2O3) Water Oxidation Performance

Figure A.1. Schematic diagram of the growth chamber used to deposit films in this
study.

Figure A.2. Equivalent circuit used to fit the electrochemical impedance spectra of the
films in this study. The subscript “ss” refers to surface state though no
attempt was made to verify that surface states were responsible for the
feature the elements fit.
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Figure A.3. Normalized steady state IPCE curves at 0.2 V vs Ag/AgCl for 0.5%
Si/(Si+Fe) films grown at 0° and 55°.
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Appendix B: Supplemental Information for Amorphous FeOOH
Oxygen Evolution Reaction Catalyst for Photoelectrochemical Water
Splitting

Figure B.1. Image of experimental setup used for photoelectrochemical tests of a-Si TJ
cells.
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Figure B.2. Images of holder used to test TJ cells in air as photovoltaic devices. a)
Perspective view, showing the ITO Cu tape contact on the left and the
stainless steel contact tape on the right. Not seen is an O-ring that acts as an
insulator between the front aluminum piece and the TJ ITO. b) Front view
of holder, these images were used to determine the active area of each
device, accounting for the area blocked by the Cu tape.

Figure B.3. a) Representative CV scan of FTO in Fe deposition bath, scan is from -0.4
to 0.2 to -0.4 V. b) Representative current-time trace at -0.2 V vs Ag/AgCl
of FTO in Fe deposition bath.
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Figure B.4. Comparison of the overpotential of Co-Bi films in 1 M Na2CO3 to
overpotential in potassium borate buffer (0.5 M H3BO3 + 0.25 M KOH) as a
function of thickness. Open circles are 1 mA/cm2, closed are 10 mA/cm2.

Figure B.5. Representative current-time plots for photoelectrodeposition of Co-Bi
(black) and a-FeOOH (red). Jumps in current before t = 1s are from
unblocking the light showing that the current is indeed light dependent.
Also note that a large amount of the Co-Bi current is from oxygen evolution,
not due to Co2+ oxidation.
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Figure B.6. Stability tests of catalyst/TJ cells in 1 M Na2CO3 for a) 2.5 mC/cm2 aFeOOH and b) 43 mC/cm2 Co-Bi (not all 43 mC/cm2 is due to Co
deposition).

Figure B.7. a) Schematic of the experimental setup used to measure the a-FeOOH/TJ/Pt
device in a standalone configuration. b) Gas chromatography trace of
headspace after 15 minutes of illumination. The H2 to O2 ratio is 1.95 to 1.
The N2 is from air that was not fully excluded from the cell and syringe.
The N2 peak is used to adjust the amount of O2 attributed to the device.
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Appendix C: Supplemental Information for Electrodeposition of Nidoped FeOOH Oxygen Evolution Reaction Catalyst for
Photoelectrochemical Water Splitting

Figure C.1. XRD pattern comparison of the substrate, freshly prepared Ni:FeOOH, and
annealed Ni:FeOOH film.
No significant differences from the substrate are notable for the freshly prepared
film. There is perhaps a slight difference around 31.3°, however, there is a similar, albeit
narrower, peak for the substrate trace. Furthermore, a peak at 31.3° is not consistent with
any peaks of any Ni, Fe, and/or O separate or combined compounds, the peak also
appears nearly unchanged after annealing. Therefore, it seems likely this peak is actually
due to the substrate.
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Figure C.2. Linear voltage sweeps at 50 mV/s of FTO in 0.4 M NaCl + 0.1 M NMI + 5
mM of either FeCl2 (black) or NiCl2 (red). From this it is very clear that Ni2+
species are not oxidized at the deposition potentials used – between -0.2 and
-0.125 V – whereas the Fe2+ species are oxidized.

Figure C.3. (a) Raw multi-current step data, text above each step is indicating the current
density being passed for each step. (b) Data after adjustment for the series
resistance and converted to difference from the thermodynamic OER
potential (234 mV vs Ag/AgCl).
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Figure C.4. Comparison of the surface area measurement before and after 1 hour of
testing at 10 mA/cm2 for two 9/1 Ni:FeOOH films.
The second set of data is shifted up by 1 μA for plotting purposes. The potential
window was 0 to -0.1 V vs Ag/AgCl in a 0.1 M NaOH electrolyte, each CV scan was run
until stable traces were obtained – usually no more than 3 cycles were necessary. One set
of data shows no difference in slope (and thus area) while the other shows a difference of
1.3%, not enough to cause any significant change in the measured overpotential. All fits
have an R2 greater that 0.9999. Another interesting note is that the implied double layer
capacitance for these films is at most 7.4 μF/cm2, rather a bit lower than commonly
reported values. The reason for this is not currently known, though the result is highly
repeatable.
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Figure C.5. SEM images of pure FeOOH (a &b) and 15/1 Ni:FeOOH (c & d) before and
after 1 hour of testing at 10 mA/cm2 (see Figure 3b).
There might be slight change to the pure FeOOH after testing (there are a number
of what appear to be small pinholes) but this only affects a small portion of the film area
and is unlikely to explain most of the drop in activity during the stability testing.
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Figure C.6. Absorption of 10 mC/cm2 thick pure FeOOH and 9/1 Ni:FeOOH. Each trace
is the average of 2 films; the film the film variability is quite low.
Data taken with a Cary 500 spectrometer with a Labsphere integrating sphere
attachment. The overall difference is quite small, integrating over the AM1.5G spectrum
it is found that the pure FeOOH film absorbs a photon flux equivalent to 0.72 mA/cm2
while the Ni-doped film absorbs 0.75 mA/cm2, only a 30 μA/cm2 difference.
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Appendix D: Supplemental Information for SILAR Growth of Ag3VO4
and Characterization for Photoelectrochemical Water Oxidation

Figure D.1. Image of 3 Ag3VO4 films immediately after deposition. All films went
through 10 cycles of deposition, the left two films are nominally identical
while the right film was rinsed between each cycle, removing particle
agglomerations and leading to a thinner film.

Figure D.2. Cross-sectional (~45° relative to normal of plane of film) SEM of 10 cycle
film showing a relatively dense layer of Ag3VO4 on the FTO with a thicker,
more porous layer on top.
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Figure D.3. UV-Vis-NIR absorption spectra of films of varying thicknesses. The
absorption onset is just slightly beyond 600 nm in all cases. The gap
between 840 and 900 nm is because of artifacts caused by a detector and
grating change in that region of the spectra.
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Figure D.4. Plot showing the dependence of the reduction potential on pH. Each point
represents a separate film showing there is a fair degree of repeatability.
There also appears to be some specific ion effects as with the chemical
stability.

Figure D.5. XRD patterns of a film before and after dark reduction. The reference pattern
lines shown are those for metallic Ag. The unmatched peaks at 35.9° and
40.7° best match V2O3 though a number of other peaks from that phase are
missing.
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