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Abstract

Herein, we present three different synthetic techniques for CuWO, electrodes towards solar-
driven water-splitting — electrodeposition, sol-gel spin-coating, and spray pyrolysis. In addition, we
have prepared the Zn;«CuyWQ, series (0<x<1) by solid state and co-precipitation. CUWQ, prepared by
electrodeposition shows substantially improved stability upon illumination in neutral water compared
to WO;. Electrodes prepared by sol-gel spin-casting are not as stable but do selectively oxidize water
over chloride ion present, in contrast to WO3. CuWO,4-WO3; composite electrodes synthesized by
electrodeposition are able to oxidize water with no applied electrical bias under 1-sun illumination with
a 0.0065% conversion efficiency in the presence of the redox mediator, KsFe(CN)e.

CuWO;, electrodes prepared by sol-gel spin coating show increased stability in a pH 7
potassium borate buffer compared to a pH 7 potassium phosphate buffer, as well as photoelectro-
chemistry that is comparable to those of the CuWO, electrodes prepared by electrodeposition. CUWQO,
photoanodes synthesized by spray pyrolysis have been used to optimize film thickness. Films that are
<100 nm thick show the best incident-photon to current efficiency (IPCE) measurements; the IPCE is
7% at 400 nm.

Finally, a Zn;.xCu,WOQ, solid-solution was prepared to evaluate the role of zinc substitution on
the optical, magnetic, and photocatalytic properties of first-row transition metal tungstates. The
prepared Zn; xCu WOy, series shows a smooth transition from ZnWQ, to CuWO, as evidenced by both
XRD and magnetic susceptibility data, which shows a distinct paramagnetic ordering above various

Neel temperatures for x=0.8, 0.9, and 1.



Introduction

In the 21 century, one of the most important problems facing humanity is developing an
enduring, sustainable energy economy. In 2012, the worldwide energy consumption was 5.25 x 10%° J.1
Given a projected increase in population of 0.9% per year, despite production of more efficient
technology, the worldwide energy demand is expected to double by the year 2050 and triple by the
year 2100. Energetically speaking, the current carbon-based energy sources can easily meet this energy
demand. There are approximately 40-80 years worth of energy in known oil reserves, 160 years of
natural gas energy and 1000-2000 years of energy produced from coal, shale, and tar sand.?

Use of fossil-fuel based energy resources at the current rate of energy consumption, however,
will lead to a near doubling of the carbon emissions rate worldwide. The CO, concentration in the
atmosphere has risen to over 400 ppm, in 2013.2 Within the next century, this number is expected to
double. As a result, the global temperature is predicted to increase at a rate of 0.2 °C per decade. An
increase in global temperature of only 1-5°C may result any in the following: increased drought in
mid-latitudes and semi-arid mid-latitudes, hundreds of millions of people exposed to increased water
stress, increasing wildfire risk, increased damage from floods and storms, and increased morbidity and
mortality from heat waves, floods, and droughts.* Carbon-based fuel sources will not only eventually
be depleted, but in the process are likely to have extreme ecological consequences.

This trend then strongly suggests the need for a carbon-neutral source of energy in order to
avoid potentially catastrophic side effects of increasing carbon emissions. Although other carbon-
neutral energy sources such as nuclear fission and carbon capture and storage will prevent CO,
emission into the atmosphere, the only practical and sustainable carbon-neutral energy sources are
solar power, wind power, and biofuel. Additionally, considering the fact that nearly as much energy

from the sun hits the earth’s surface in one hour (4.3%10%° J) as was consumed globally in 2013 (5.25 x



10?° J), renewable energy from the sun contains the largest energy reserve in comparison with other
alternative energy sources.

The challenge with using solar energy is making its conversion to electric energy cost-effective
in comparison with current carbon-based fuel sources. For example, while current carbon-based fuel
costs about $0.02-$0.05 per kW-hr, the present-day Si-based solar appliances cost approximately $0.35
per KW-hr, nearly 10 times the cost of the carbon-based fuel. The present cheapest method for solar
energy conversion and storage is solar thermal energy. Its current cost, $0.10-$0.15 per kW-hr is only
approximately 3-5 times more expensive than using carbon-based fuels.”

Another promising route of solar energy conversion comes from taking a page out of nature’s
book and mimicking photosynthesis to store energy as fuel. During photosynthesis in plants, energy
from the sun is used to oxidize H,O and reduce NADP" producing O, and reducing equivalents of

NADPH as shown in the two half-reactions below:

H,0 51/2 0, + 2H" +2¢° E°=-1.23 V (vs SHE)

NADP* + H" + 2" > NADPH E° =0.091 V (vs SHE)

This gives a AE° = -1.139 V and using the Nernst equation, a AG° = +219.8 kJ/mol H,O. Because H,O
is a clear liquid, it is unable to absorb visible, light which makes up a significant portion of the solar
spectrum. As a result, photosystem 11 must absorb visible-light to supply the required energy needed to
activate the catalyst used in driving this reaction. The oxygen-evolving complex in plants that
catalyzes this reaction is a manganese-based metal oxide molecular cluster that uses the sun’s energy
to overcome this energetically unfavorable reaction.®

The concept is then to create a compound that, similar to the OEC in plants, absorbs sunlight

and stores the energy in the form of H, fuel. H, can be created at the site of interest. Notable is that the
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conversion of H; into electrical energy by a fuel cell, produces only H,O as a byproduct. This makes it
significantly more attractive as fuel source because it will significantly decrease the rate at which CO,
is released into the atmosphere. H, may also be used to generate carbon-based fuels using atmospheric
COg, which gives another readily accessible and more eco-friendly source of these fuels.

The current large-scale production of H, gas comes predominantly from steam reformation of
natural gas followed by the water-gas shift reaction, which as a result releases 9 Mtons /year of CO,
into the atmosphere. Wind energy coupled with the electrolysis of water provides one alternative
carbon-neutral route to H, production, but the currently available systems are very expensive.

Alternative methods for H, production from solar energy are shown in figure 1 below.

Sustainable Paths to Hydrogen

Thermolysis

*Figure 1: Potential Routes for Sustainable Hydrogen Production

The splitting of water using solar-derived heat energy or thermolysis is impractical. At the high
temperatures necessary for water splitting, the back reaction from the H, and O, produced to re-form
water is rapid. Although conversion of biomass to H, using solar energy is debatably the most cost-
effective method of solar energy conversion to date, it suffers from a very low efficiency, which is
necessary for use on a large scale. A promising route for using solar energy to produce hydrogen gas is

the direct photolysis of water. In this system, solar energy is directly coupled to the oxidation of water



and H, and O, can be produced by the same device used to collect the energy. Photolysis of water can
be achieved through the use of semi-conductor photocatalysts that are able to absorb the light emitted
by the sun and use it to catalyze the oxidation of water.

The first record of a photoeletrochemical experiment was published in 1839 by a French
physicist, Edmund Becquerel. He observed a voltage generated upon shining light on a thin film of
silver chloride in water connected to a counter electrode.” For solid materials, this effect was first
observed on selenium by Willoughby Smith in 1873.% It wasn’t until nearly a century later that this
method was applied to the solar-driven splitting of water. In 1972, Akira Fujishima and Kenichi Honda
were the first to report the production of electrical current when TiO, was connected to a platinum
electrode and ultraviolet light was shined on the TiO, surface.’ Since then, researchers have focused on
using TiO, and a wide variety of other metal oxide materials to split water using sunlight.

In order to understand how the process of water splitting works, one must be familiar with three
terms: valence band, conduction band, and band gap. The valence band is composed of the highest
occupied crystal orbitals containing valence electrons while the conduction band is composed of the
lowest unoccupied crystal orbitals. The difference in energy between these two bands is referred to as
the band gap. A smaller energy band gap corresponds to longer wavelengths (A) of light needed to
excite an electron from the valence band to the conduction band, according to the Einstein’s
relationship: E=hc/A, where h is Planck’s constant and c is the speed of light.

Further, band gaps are separated into two types: direct and indirect. Direct band gaps are
characterized by crystal vectors in the conduction and valence band that are the same, while indirect
band gaps have vectors that are different. This allows direct band gap materials to directly absorb a
photon, while indirect materials must transfer momentum to the crystal lattice before being absorbed.
This then has implications for absorbance and thickness of the light-absorbing material. For indirect

band gap materials, light penetrates further into the film surface before being absorbed and so film
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thickness may play a significant role in overall electrode performance. Direct band gap materials are
typically good at absorbing light and so thickness does not play a significant role in absorption.

The challenge in finding suitable materials for water-splitting photocatalysis is that the energy
requirements are exceedingly stringent. One of the first requirements for water-splitting is that the
band gap should be close to 2 eV, to provide sufficient energy to split water including Kinetic
overpotential considerations. Secondly, the band edges must be appropriately placed relative to the
redox potentials of the half reactions for water splitting. Third, charge-carrier generation and migration
must be rapid relative to recombination in the bulk. Lastly, the material must be chemically stable in
the presence of reactive oxygen species that are generated during the reaction.

Certain semi-conductors fulfill many of the requirements for water splitting, such as CdS,
which has properly placed band edges and is able to use a significant portion of the solar spectrum (2.4

eV band gap), as can be seen in figure 2.
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'®Figure 2: Band Edges and Band Gap Energies of Select Water Oxidation Catalysts

Unfortunately, under the strongly oxidizing conditions of water-splitting, S* is oxidized to S° or SO,%,
depending on the pH, causing the electrode to degrade. For this reason, compounds that are resistant to

oxidation, such as metal oxides, are required for stability. Although some metal oxides have properly



located band positions to perform both half reactions, such as TiO,, their bands gaps are so large that
the materials are unresponsive to visible light.* Examining the solar spectrum illustrated in figure 3, we
see that the portion of UV radiation that the sun emits is minimal (= 5%) compared to that in the
visible region (= 50%). As such, the known oxide semiconductors that have band gaps large enough to

directly split water suffer from poor solar-to-hydrogen efficiency.
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In order to overcome this inefficiency, a possible approach involves separating the two water-splitting
half reactions. This is similar to how water splitting is accomplished in nature. Because the two half-
reactions are performed separately, there are two unique complexes that absorb different wavelengths

of light, known as P680 or photosystem Il and P700 or photosystem I, as seen in figure 4.
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In the case of photosynthesis, water is oxidized at photosystem II to form O, and H". The excited
electrons from water then travel downhill in energy through redox mediators and the electron is excited
again with solar energy at photosystem I, where it is used to reduce NADP™ to NADPH. This process
by which an electron is excited in energy, moves downhill in energy and is excited again is known as a
Z-scheme for its resemblance to the letter. By optimizing each half reaction, the Z-scheme approach
lowers the kinetic barrier associated with overall water splitting.

This strategy can be adapted for metal oxide electrodes. When discussing electrodes, oxidation
occurs at the anode and reduction occurs at the cathode. On a metal oxide photoanode, O, is evolved,
and electrons are shuttled through a redox mediator with an appropriate reduction potential to the
photocathode. Unlike photosynthesis, the end goal is the production of H, gas and so protons are
reduced directly at the cathode. The overall efficiency of water-splitting may similarly be increased
due to the wider range of visible light absorbance values of both the cathode and anode in contrast to
the one electrode system.

Towards this Z-scheme, one potential metal oxide semiconductor with a valence band edge
sufficiently positive for O, production but with a conduction band edge insufficiently negative for H*

reduction is WOs3. WOj3 was first studied in the late 1970s® and since that time, there have been
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numerous publications involving WO3 as a photoanode for solar-driven water oxidation.
Unfortunately, WO3; has a few inherent flaws that limit its ability to perform optimally as a
photocatalyst for water oxidation: a large band gap, which limits the amount of visible light absorbed,
and instability under neutral or basic conditions, which has serious implications for large-scale
synthesis using primarily neutral water.

In order to overcome these inherent inefficiencies of WOg3, one possible solution is to create
first row transition-metal tungstate compounds. Of particular interest is CuWQO, which was originally
studied in 1990 by Arora et al. on single crystals and a similar report by the same group 15 years later
in 2005%. Since then, Yourey et al., have reported a synthesis for CuW Oy thin electrodes on a
fluorinated tin oxide (FTO) conductive substrate®, which has shown a few notable benefits over WOs.
First, CUWO, has a smaller band gap compared to WOg3, having been reported around 2.25 eV in
contrast to WO3’s band gap of 2.7 eV. CUWO,’s larger band gap results in a bathochromic shift in
wavelength (a shift to longer wavelengths) in its absorption spectrum compared to WQO3, as can be seen

in figure 5.
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This correlates well to the yellow color of the CuWQ, electrodes, which absorb more light in
the visible region, in contrast to the white color of WO3 electrodes, which absorb more toward the
ultraviolet region of the solar spectrum. This is advantageous because as mentioned previously the sun
puts out a significantly larger proportion of visible light compared to ultraviolet light, allowing CuWO,
to use more of the light that the sun puts out, potentially increasing overall efficiency. The smaller
band gap is hypothesized to be caused by the orbital mixing of the Cu(3d) and O(2p) atomic orbitals
that comprise the valence band, resulting in an increased valence band maximum.'’ UV-Vis
spectroscopy and Mott-Schottky analysis, which is used to approximate the conduction band edge
position, have shown that this smaller band gap is in fact the result of an increased valence band

maximum, as shown in figure 6.
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A second major improvement in CuWO, electrodes compared to WOj3 electrodes is their
increased stability at neutral pH solutions. In order to be applied to a large-scale practical system, the
photocatalyst selected for solar-driven water oxidation should be stable at the pH of seawater, which is

approximately 8. Yourey et al. have shown that that CuWO, electrodes prepared by electrodeposition
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have significantly increased stability as measured by linear sweep voltammetry after an overnight soak
in pH 7, 0.1 M potassium phosphate buffer (see figure 7). Although WOj3 electrodes show significantly
improved photocurrent in comparison to CuWQ, electrodes under acidic conditions, the
photoelectrochemical performance is poor at neutral pH. Therefore, unmodified WO3 electrodes are
not suitable for use as water oxidation catalysts on an industrial scale. With great stability at neutral
pH, CuWQ, shows greater promise as a photocatalyst for solar-driven water oxidation if increases in

efficiency can be made through synthetic modification, controlling morphology, or co-catalyst loading.
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One additional drawback of WO3 was discovered by Mi et al. recently when they reported that in the
presence of chloride ions, WO3 preferentially oxidizes the chloride forming Cl, gas in place of
oxidizing water.'® Given the fact that the significant majority of the earth’s water is seawater,
containing sodium chloride, it may not be practical to use WO3 as the photoanode for solar-driven
water oxidation. My work begins by showing a facile synthesis for CuWO,4-WO3 electrodes by

electrodeposition which perform solar-driven water oxidation with no applied bias.
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The direct photolysis of water is relatively inefficient, with biological photosynthetic systems
only performing at a 0.05% overall efficiency. Inorganic semi-conductor mimics of these biological
systems are not surprisingly relatively inefficient. As a result of both the overall thermodynamically
unfavorable reaction and the large kinetic barrier involved in water splitting, large amounts of energy
are needed to drive this reaction.

In order to increase the efficiency of conversion of solar energy into useful chemical energy, a
Z-scheme approach may be used as mentioned above. The benefits of this Z-scheme approach are two-
fold. First and foremost, with two different light absorbing centers, the conduction band edge may be
more positive than 0 V vs SHE, allowing for smaller photoanode band gaps and greater visible light
absorption. Additionally, with the photocathode being separate from the photoanode, different
wavelengths of light can be absorbed for increased efficiency. Second, by using a redox mediator to
transfer the electrons between the photoanode and photocathode, each half-reaction may become more
favorable, decreasing the energy requirement for each individual step.

Towards the second aim, a redox mediator must be chosen that possesses E° at more positive
potential than the conduction band of the photoanode and more negative than the valence band of the
photocathode. One such redox mediator that we have shown to pair well with CuWO4 photoanodes is
KsFe(CN)g. The reported half reactions for this Z-scheme can be described by the following:

2H,0 > O, + 4H" + 4 E° =0.82V

4[Fe(CN)g]* + 4e” > 4[Fe(CN)g]* E° = 0.44V

2H,0 +4[Fe(CN)g]* = O, + 4H* +[Fe(CN)¢]* E° =-0.38V
What is important to note here is that the overall E° = -0.38 V using [Fe(CN)g]* compared to a E° = -
1.23 V for overall water-splitting with H* as the electron acceptor. With this decreased overall energy
requirement, we have shown that water can be oxidized using CuWO4-WO3 composite electrodes as

the photoanode with only sunlight (the reaction is still spontaneous and requires an input) at pH 7. As
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seen in Figure 8, the overall reaction scheme would allow for the oxidation of water at the photoanode
followed by the reduction of the redox mediator with its reduction potential being more positive than
that of the conduction band edge of the composite electrodes. Eventually the electron in the redox
mediator would be excited in energy again using a photocathode, which would then use the high

energy electrons to reduce protons to hydrogen gas.
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Figure 8: (a) Band structure of CuWO,-WO; composite electrodes superimposed with the chemical potentials for water
oxidation and ferricyanide reduction at pH 7; (b) measured band edges of 1.2:1 W:Cu and for pure WO; for comparison

purposes.

Although work with CuWOQO4-WO3 electrodes may be useful in showing that these electrodes
are able to photooxidize water with no applied bias, it also reveals an inherent flaw in the synthetic
method — controlling the Cu to W ratio via electrodeposition is difficult, thus making it difficult to
synthesize pure CuWQO, electrodes via this route. Towards solving this problem we began to consider
other synthetic methods for the preparation of CuWQO,. Some work has already been done towards this
aim by Chang et al. who have produced CuWO, electrodes via cosputtering as well as multiwalled

carbon nanotube — copper tungstate composite electrodes via spray deposition.'® ®Additionally, Zheng
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et al. synthesized an electrode consisting of a p-CuO-n-CuWO, junction, while Pilli et al have created
BiVO4-CuWO, heterojunction electrodes.?" %

There are many factors that contribute to an electrode’s ability to oxidize water — including
phase, crystallinity, and morphology — all of which are influenced by the synthetic method as well as
the choice of electrolyte and buffer used for the photolysis. Although the purpose of the buffer is to
resist the pH change that would be driven by liberating protons during the anodic half reaction, it is
important to consider any potential side reactions that may occur between water and the counterion of
the buffer. Ideally, the electrode should be stable at near neutral pHs with high salt concentration for
wide scale adoption using seawater. It is also important to ensure that any supporting electrolytes are
not redox active in the potential window at which water-splitting occurs. It is toward these two aims
that we set out to synthesize pure-phase CuWO, electrodes using a sol-gel synthesis method. In order
to determine if the CI is preferentially oxidized to Cl, over H,O as is seen in the case of WO3, these
electrodes were tested in a sodium chloride supporting electrolyte.?®

Noting the distinct differences in the stability and the photoelectrochemical properties in
CuWO, when it is prepared by electrodeposition and sol-gel processing with spin-casting, we looked
to synthesize CuWQ, by alternate methods to develop morphology-properties relationships. With
electrodeposition, it is difficult to control the relative amounts of copper and tungsten that are
deposited onto the film surface. As a result, it is difficult to obtain the desired product by this synthetic
method. Although with sol-gel spin-casting this problem is solved as starting amounts of the precursors
are pre-determined, creating uniform and homogenous films is difficult. Hydrogen bonding
interactions in water leads to higher surface tension, and it does not spin-cast especially well and the
resulting films are often spotty and non-uniform. For this reason, we turned to spray pyrolysis as a

synthetic alternative. Spray pyrolysis also allows for significant control of the stoichiometry and since
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the same concentration of solution is sprayed onto a pre-heated substrate, this allows for greater film
uniformity.

Because this method is capable of depositing a uniform layer, the film thickness can be easily
controlled by increasing the number of sprays onto the substrate electrode. Accordingly, we can
optimize electrode thickness to achieve maximum efficiency of the photoanode in the water oxidation
reaction. As demonstrated in Figure 9 below optimizing film thickness is an interplay between
maximizing the number of photons absorbed and the number of useful electron-hole pairs generated to
perform water oxidation. As film thickness increases, with increasing amount of electrode material
present, the amount of photon absorption increases as well. However, as film thickness increases, the
electron-hole pairs generated from these photons are created further from the electrically conductive
substrate where they are able to perform useful chemistry. It is towards this aim that we sought to

optimize electrode thickness.
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Figure 9: Diagram portraying the balance between photons absorbed and distance of electron-hole pairs created when
optimizing film thickness.

In order to interpret the efficiency measurements that are taken for various film thicknesses, we

must first understand the conception of penetration depth, which can be described by the equation:
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o = (1/d)In(%T/100)

where a is the absorptivity coefficient, d is the penetration depth, and %T is the percent transmittance.
Alpha is inversely related to wavelength such that wavelength and penetration depth are directly
proportional. This has implications for the location of the electron-hole pair generated, the likelihood
of recombination and overall efficiency as will be discussed later.

In contrast to single phase materials like the CuWQ, electrodes, electrodes consisting of more
than one substance forming a solid solution may show a distinct advantage. Although the CuWO,-
WO; electrodes we synthesized were able to perform water oxidation with only sunlight in the
presence of KsFe(CN)g, with two phases there are some potential charge transfer limitations. With two
distinct phases, it is highly likely that charge transfer will be kinetically limiting between these
interfaces, which may lead to greater recombination. This could help to explain why the overall
quantum yield of this reaction was found to be 0.04%. It is for this reason that we decided to turn to
single phases consisting of mixed metals to more effectively study photoelectrochemistry.

Specifically, we turned our attention to synthesizing the Zn;..Cu, WO, series by both solid state
synthesis and a sol-gel synthesis. All of the first row transition metal tungstates crystallize in the
wolframite structure which makes the synthesis of this series feasible in the form of a solid solution.
One important difference to note is that ZnWO, crystallizes into the P2/c space group and is a direct
band gap material of 3.4 eV?*. In contrast, CuWO, exhibits Jahn-Teller distortion due to the d® Cu?* to
P -1 and is an indirect band gap material. In order to confirm the presence of the solid solution of the
Zn; xCuWO, series rather than a two phase mixture of ZnWQO, and CuWOQy,, we collected magnetic

susceptibility data, specifically by looking at ordering temperatures. Additionally, we recorded optical
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absorption data to determine how increasing amounts of Cu®* affected the compound’s absorbtivity,

particularly into the visible region.
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Materials and Methods

A. CuWO4-WO3 Composite Electrodes Synthesis and Characterization

Photoanodes were prepared by electrodeposition starting from a 30% isopropyl solution of 30
mL of 50 mM H,W,0;; with 30 mM Cu(NO3), 3H,0. The final solution was adjusted to a pH of
approximately 1.2 by the addition of 20% HNO3z;. Amorphous films were deposited on FTO (Pilkington
Glass, Tec 1.5, 2.2 mm thick, 12-14 ohms/sq) by sweeping at 10 mV/s from +0.3V to -0.5V vs
AgAgClI for 2 cycles at room temperature with a CH Instruments 660C Electrochemical Workstation.
The substrate-covered glass was then annealed in air for 6 hours at 500C using an MT1 box furnace
with a heating and cooling rate of 2C/min. Finally, after cooling the films were trimmed to 1.1 by 2
cm? piece and copper wire was attached to make electrical contact using silver paint. The wire was
sealed off using Hysol IC epoxy.

In order to characterize the materials, X-ray diffraction patterns were recorded using a Bruker
D8 Advance diffractometer with a graphite monochromater, a Lynx-Eye detector, and parallel beam
optics using Cu K, radiation of wavelength 1.54184 A. A step size of 0.04°/step with a scan rate of 0.5
s/step and both CuwO, and WOj3 were identified using MDI Jade version 5.0. UV-Vis spectra were
taken using a Cary 5000 spectrophotometer (Agilent) with an external diffuse accessory. The data from
these spectra were measured in reflectance and converted into absorbance mathematically with Tauc
plots then being generated using the Kubelka-Munk function, F(R) = (1-R)%2R. Lastly, a Hitachi S-
32000N SEM was used to collect scanning electron microscopy images at an accelerating voltage of
15 kV. EDX spectra were collected using this SEM in conjunction with a back-scattering electron
detector and a working distance of 15 mm using the Cu, K, W, and L emission lines.

All photoelectrochemistry experiments were conducted using a CH Instruments 660C
Electrochemical Workstation and custom-built single- or double-compartment cell. The working

electrode was the CuWO,4-WOj3 composite electrode, the counter-electrode was the Pt electrode, and
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the reference electrode was a Ag/AgCl system. A pH 7 Potassium Phosphate, KP;, buffer was used for
all photoelectrochemical experiments which was purged with N, gas to remove any dissolved oxygen.
A Newport-Oriel 150 W Xe arc lamp fitted with an AM 1.5G filter was used as a light source. In order
to mimic the power of the sun, the lamp was adjusted to 100 mW using a Newport optical power meter
with a thermopile detector.

The custom-built two-compartment cell with a fine frit separator was used for oxygen detection
experiments. For experiments using [Fe(CN)s]* as the sacrificial reductant without an applied
electrical bias, a single-compartment cell was used including a CuwWO,4-WO3 composite working
electrode, Pt counter-electrode, and a FOSSPOR fluorescence probe. Solutions were stirred vigorously
in order to disperse the redox mediator and help O, dissociation from the working electrode surface.
This cell contained 20 mL of the KP; electrolyte and 19 mL of head space. The number of moles were
calculated using the ideal gas law, using the temperature recorded by the NeoFox temperature probe,
partial pressure of O, recorded from the FOSSPOR fluorescence probe (dissolved O, was accounted

for using Henry’s Law), and the head space volume.

B. CuWO, Sol-Gel Electrodes Synthesis and Characterization

The CuWO; sol gel solution which was used to spin coat onto the previously sonicated fluorinated tin
oxide (FTO), purchased from Pilkington Glass (Tec 15, 2.2 mm thick, 12-14 ohms/square) was
produced by dissolving 1 mmol of Cu(NO),-3H,0 in 1.2 mL of ethylene glycol using a 20-mL
scintillation vial. Next, 1 mmol of tungsten was added as ammonium metatungstate,
(NH4)sH2W1204-4H,0 along with 0.1 mL of water. This mixture was then stirred and sonicated,
allowing the solid AMT to dissolve. Finally, 0.025 mg of Triton-X 100 was added to the solution to
assist with more uniform solution dispersion upon spinning. The solution was then heated at 95°C in

an oil bath for approximately 2.5-4 hours until the solution became dark green. 25 pL of this solution
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was then spun onto a 1 cm? surface of FTO for 10 minutes at 1200 rpm followed by a 3 second spin at
2000 rpm using a Laurell spin coater (model WS-400BO6NNP/LITE). These electrodes were than
annealed at 550°C for 1 hour with a cool and ramp time of 1 hour. These electrodes where then
connected to a piece of copper wire using silver print Il from GC Electronics and sealed using Hysol
IC epoxy at the end of a piece of glass tubing.

In order to characterize the materials, X-ray diffraction (XRD) patterns, UV-Vis spectra,
scanning electron microscopy images, and inductively coupled plasma atomic emission spectroscopy
(ICP-AES) elemental analysis were all used. Specifically, XRD patterns were recorded using a Bruker
D8 Advance diffractometer with a graphite monochromater, LynxOEye detector and parallel beam
optics using Cu Ka radiation (A= 1.54184 A) and collected using a 0.6 mm incidence slit with a 0.04
degree/step step size and 1 sec/step scan rate. MDI Jade version 5.0 was used to compare the pattern to
the CuwO, compound using JCPDF 72-0616. The UV-Vis spectra were recorded using a Cary 5000
spectrophotometer from Agilent including an external diffuse reflectance accessory. Tauc plots were
created by transforming the reflectance data using the Kubelka-Munk function. The SEM images were
collected with an FEI Nova Nanolab SEM/focused ion beam instrument using an accelerating voltage
of 15 kV. EDX analysis spectra were also collected using a Hitachi S-3200N SEM with an accelerating
voltage of 25 kV and a working distance of 15 mm. Spectra were quantified using EDAX genesis
software with the Cu, K, W, and L emission lines. Lastly ICP-AES was conducted using a Perkin-
Elmer Optima 2000DV instrument and using the CuWO, material from four separate films. These
films were dissolved in a solution of 30% H,0O,, 1 mL of HNO3, and 2 mL of water which was heated
to 80°C. After cooling, additional water was added to make a final volume of 10 mL and the 324.752
(Cu) and 224.876 (W) nm emission lines were used.

Photoelectrochemistry was performed with a CH Instruments 660 C electrochemical

workstation all measurements were measured in a custom-made glass cell with a quartz viewing
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window. For three-electrode experiments, a Ag/AgCl reference electrode and a Pt counter electrode
were used, and the supporting electrolyte was either pH 3, 5, or 7 0.1 M KP; or pH 7 KB;. The light
source was a Newport-Oriel 150W Xe arc lamp fitted with an AM 1.5G filter from Newport. The lamp
power was set to 100 mW/cm? using a Newport optical power meter with a thermopile detector. Lastly,
for oxygen evolution experiments, a FOSSPOR flurescence probe from Ocean Optics was used and the
amount of oxygen produced was calculated using the ideal gas law and accounted for dissolved O,

using Henry’s Law.

C. CuWOQq, Prepared by Spray Pyrolysis Synthesis and Characterization

All materials were purchased from Sigma-Aldrich and used as received. In order to prepare the
precursor solution for spray pyrolysis, a 0.2 M stock solution of CuCl, and ammonium meta-tungstate
were prepared by dissolving the appropriate amount of each solid in 200 mL of Millipore-filtered
water. 5 mL of each of these solutions were added to a 100-mL volumetric flask and diluted to a total
volume of 100 mL with water. The FTO substrate purchased from Pilkington Glass (Tec 15, 2.2 mm
thick, 12-14 ohms/square) was cleaned by sonication in ethanol, acetone, and water for 10 minutes
each.

A custom-made spray pyrolizer was used to deposit the solution onto the substrate surface,
consisting of a glass nozzle connected with plastic tubing to a compressed air valve. This valve was
place 10” above the FTO surface and was set to spray for 1 second intervals followed by a 10 second
delay. Prior to spraying the electrode surface, the hot plate was heated to 410°C and the FTO substrate
was allowed to sit on the hot plate for 3 minutes in order to reach a temperature of approximately
360°C. A small piece of metal was place over the electrode surface to expose an approximately 1 cm?
surface area. The amount of spray time was determined by the number of desired sprays and the

previously described spray timing pattern.
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In order to characterize the materials, x-ray diffraction (XRD) patterns and UV-Vis spectra
were taken. Specifically, XRD patterns were recorded using a Bruker D8 Advance diffractometer with
a graphite monochromater, Lynx-Eye detector and parallel beam optics using Cu Ka radiation (A =
1.54184 A) and collected using a 0.6 mm incidence slit with a 0.04 degree/step step size and 1 sec/step
scan rate. MDI Jade version 5.0 was used to compare the pattern to the CuWO, compound using
JCPDF 72-0616. The UV-Vis spectra were recorded using a Cary 5000 spectrophotometer from
Agilent including an external diffuse reflectance accessory.

Photoelectrochemistry was performed with a CH Instruments 660 C electrochemical
workstation all measurements were measured in a custom-made glass cell with a quartz viewing
window. For three-electrode experiments, a Ag/AgCl reference electrode and a Pt counter electrode
were used, and the supporting electrolyte of pH 7 0.1 M KB;. The light source was a Newport-Oriel
150W Xe arc lamp fitted with an AM 1.5G filter from Newport. The lamp power was set to 100

mW/cm? using a Newport optical power meter with a thermopile detector.

D. Zn; xCuxWO, Solid Solution Synthesis and Characterization

All starting materials were purchased from Sigma Aldrich and used as they were received.
Eight mmols of W in the form of WOj3 and either Zn in the form of ZnO Cu in the form of CuO or a
mixture of these two compounds were ground using a mortar and pestle and annealed in an alumina
crucible at 850°C for 12 hours with 4 hour heating and cooling times. Following this initial annealing
step, these powders were reground and heated at 850°C for 36 hours. In order to synthesize the entire
Zn1xCuWOQO, series with x being x=0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 0.8, 0.9, 1. Certain ratios of this
series were also synthesized by a sol-gel Pechini-type method, which was adapted from Galceran et
al.?>. The ratio of citric acid to earth metals was 1:1 with the citric acid to ethylene glycol ratio was 2:1.

The resulting solution was heated at 80-90°C under stirring until water was evaporated, leaving the
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dried gel behind, which was subsequently dried in a vacuum oven overnight at 60-70°C. Lastly, this
gel was ground with a mortar and pestle and annealed at 700°C for 3 hours with heating and cooling
rates of 2 hours.

In order to characterize these compounds, XRD patterns were recorded with a Bruker D8
Advance diffractometer equipped with a graphite monochromator, a Lynx-Eye detector, and parallel
beam optics using Cu-Ka radiation with a wavelength 1.54184 A. These patterns were collected with
an incidence slit of 0.6 mm and a scan rate of 0.5 s/step and a step size of 0.04°/step. The phases were
identified using the previously reported crystal structure as determined by Schofield et al. for this
series.?® Absorption spectra were collected using an Agilent-Cary 5000 spectrophotometer with a
diffuse reflectance accessory. Barium sulfate was used as the baseline and a 50 mg sample of the
compounds was diluted with BaSO,4 and placed on top of BaSO, to create a smooth surface. The
reflectance data that was collected was converted using the Kubelka-Munk function into Tauc plot
data. SEM images were collected using a Hitachi S-3200N scanning electron microscope with an
accelerating voltage of 15 kV. ICP-AES data was collected for Cu, Zn, and W using a Perkin-Elmer
Optima 2000DV instrument. Lastly, magnetic susceptibility measurements were performed with a
Quantum Design MPMS-XL7 with an Evercool Dewar. Approximately 100 mg of each of sample was
suspended in 100 mg of eicosane from Sigma Aldrich in a polycarbonate capsule. Using a measuring
field of 1 Tesla, the measurements were collected under zero-field cooled conditions in the temperature
ranges of 5-300 K. Data were corrected for the diamagnetism using Pascal’s constants and

susceptibility data were fit to the Curie-Weiss law, yM = C/(T — ©).
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Results
The CuWO4-WO3 films were characterized by XRD and SEM with EDX. The XRD patterns as shown
in Figure 10 confirm the presence of both CuWO, and WO3. Additionally, the EDX spectrum, shown
in Figure 11, confirms the presence of a tungsten to copper ratio of approximately 2:1 as expected for

the composite mixture.
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Figure 10: X-ray diffraction pattern of CuWQO,-WO; film, CuWO, powder, and WO; film
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Figure 11: EDX Spectrum of CuWO,-WO; electrode. The Cu, K, W, and L lines were used for quantifying the W: Cu mole
ratio

The relative intensities of the XRD spectrum peaks indicate that the product is predominately CUWO,.
In order to characterize the optical properties of the composite electrodes, the UV-vis-NIR
spectrophotometer was used to record the reflectance spectrum of the CuwO,-WO3; composite
electrodes. As seen in Figure 12, consistent with what has been previously reported by Yourey et al.,
there is an indirect absorption band edge around 550 nm, corresponding to a band gap value of

approximately 2.4 eV as predicted by the Tauc plot shown in the inset
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Figure 12: Absorption Spectrum and corresponding Tauc Plot (inset) of CuWO,4-WO; composite electrodes.

Photoelectrochemistry was performed on the CuWO,4-WO3; composite electrodes in pH 7 KP;
buffer. At the thermodynamic potential for water oxidation of 0.618 V vs Ag/AgCl or 1.23 V vs RHE,
the composite electrodes show an anodic photocurrent of approximately 0.3 mA/cm?. Under ambient
conditions, bubbling with nitrogen gas, and oxygen gas all of the linear sweep voltammograms show
the same onset potential and current profiles as shown in Figure 13. This demonstrates that although
the overall AE for the reaction is expected to depend on the Po, according to the Nernst equation, the

0, has limited water solubility and is removed from the electrode surface faster than it can react.
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Figure 13: Chopped light linear sweep voltammogram of a CuWO,-WO; photoanode. Black, red, and blue sweeps are
performed in a cell kept under ambient room atmosphere, O,, and N, respectively.

This photoelectrochemical response was similar for all composite films tested. O, data was also
collected to confirm the production of oxygen gas from the proposed water oxidation. At an applied
bias of 0.5 VV vs Ag/AgCl and under 100 mW/cm? illumination oxygen was evolved as is shown in
Figure 14 on the following page. The theoretical yield of oxygen gas was calculated from the total
charge passed at 0.5 V during the experiment. Over the first hour in the dark, but with an applied bias,
there is no O, gas produced. Once the light is turned on, O, evolution begins and the Faradaic
efficiency is approximately 85-90% ,which is expected for metal oxides under such conditions.?’
Additionally important to note is the fact that a stoichiometric reaction with the approximately 0.5 mg
of material deposited on the film surface would only yield approximately 0.16 umol of oxygen gas. In
this case, after 2 hours approximately 1.6 umol of O, are produced, indicating that the CuWO4-WO;

composite is acting as a catalyst in this reaction (i.e. — it is not consumed).
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Figure 14: O, evolution from an aqueous KP; solution at +0.5 V (vs Ag/AgCl) using a CuWO4-WO; photocatalyst.
Measured O, is shown in blue and the theoretical yield based on the total charged passed is shown in black.

These results helped to characterize the photoelectrochemistry of the CuWQO4-WO3 composite
electrodes under aqueous conditions, but as mentioned previously in order to help improve efficiency
of the overall water-splitting reaction, a redox mediator can be employed. Towards this end, the two-
electrode system was used with 0.1 M KP; at pH 7 and 100 mM in [Fe(CN)g]>. Only a two-electrode
system may be employed to determine solar-to-hydrogen (STH) effiency since the potential difference
generated by the cathode and anode results from the photogenerated potential. A three-electrode
system measures the potential difference between the reference and working electrode and so cannot

be used to determine the STH efficiency. The resulting linear sweep voltammogram is shown in Figure

15.
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Figure 15: Two-electrode linear sweep voltammogram of aqueous solutions containing 0.1 M KP; electrolyte (black) and
electrolyte plus 100 uM [Fe(CN)]*™ (red).

Lastly, given that the steady-state current density upon illumination is approximately 0.017

mA/cm?, using the equation:

H(Eapp) = J(E° — E®)/ Pam1sc X 100

We find that the power conversion efficiency is approximately 0.0065%.

For the films synthesized by sol-gel processing, the UV-Vis spectra collected and the Tauc plot
generated from it, report a band gap of approximately 2.45 eV. This bandgap was further estimated by
measuring the amount of photocurrent produced as a function of wavelength, with the onset of
photocurrent occurring around 530 nm, corresponding to a 2.45 eV energy difference, as can be seen in

Figure 16.
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Figure 16: UV-vis diffuse reflectance spectrum (black line) and photoaction spectrum (red circles) of CuWQ, thin films.

Inset. Indirect band-gap Tauc plot.

The XRD data collected, illustrated in Figure 17, shows that the relative position of the peaks match
well with the CuWO, powder standard with slightly different intensities and most importantly does not
contain distinctive peaks for WO3, which appear as a small shouldering peak around 26 = 24.1° and
another peak at 26 = 33.2°. EDX analysis further helped to confirm the purity by indicating a Cu:W
ratio of 1:1.05, and in corroboration with the ICP-AES data which revealed a Cu:W ratio of 1.06:1.

Therefore, we are confident that pure CuWO, was synthesized.
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Figure 17: X-ray diffraction pattern of CuUWQ, electrode prepared by sol-gel synthesis.

The photoelectrochemical performance of the pure-phase CuWO, films aligns well with the
previously reported CuWQ, prepared by electrodeposition from Yourey et al., as shown in 18 below.
The figure shows that the onset of water oxidation occurs in the light occurs at approximately 0.45 V
compared to 1.9 V in the dark under 200 mW/cm? illumination. Due to a large overpotential,
substantial photocurrent is not observed until approximately 0.7 V vs Ag/AgCl, indicating a substantial

kinetic barrier due to substantial charge-transfer resistance.
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Figure 18: Linear sweep voltammogram, recorded in 0.1 M KP; buffer at pH 7 and AM1.5G irradiation at 100 m\W/cmZ.
Inset. Expansion of LSV to illustrate the photocurrent onset potential.

Figure 19 shows the results of the photostability experiments under 1 sun (100 mW/cm?) illumination.
CuWO, prepared by sol gel synthesis appears to be the most stable under acidic conditions as can be
gathered from the smallest decrease in photocurrent (10%) over a four hour period at pH = 3 compared
to pH =5 (12% decrease) and pH = 7 (51% decrease). Despite this substantial decrease in photocurrent
at pH=7, it is important to note that the rate of photocurrent decay is significantly less than it is for
WOj3 under similar conditions.?® A particularly surprising result came from the comparison of stability
under illumination between KB; and KP; both at pH=7. In contrast to the significant degradation in
photocurrent observed when using pH 7 KP; buffer (85% decrease over 12 hours), in pH 7 KB; the
photocurrent decreased only 7% over a twelve hour period. This is once again substantially better than
the 92% decrease in photocurrent over a 12 hour period for WO3. These results indicate that the buffer

anion is playing a critical role in the photocurrent decay.
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Figure 19: j—t curves of water oxidation on CuWQ, films in 0.1 M KP; buffer at 1.23 V vs. RHE under AM1.5G
illumination at 100 mW/cm?. Black, red, and blue lines represent pH 3, 5, and 7 respectively.

The CuWO;, electrodes synthesized showed nearly 100% Faradaic efficiency for O, production
in a solution of equimolar KB; and NaCl, with < 2% ClI, being detected by a starch-iodine test.
Additionally, in order to determine if the presence of accumulated charge on the CuWO, electrode
surface was leading to degradation, we illuminated the electrode under 3-sun illumination (as opposed
to the standard 1-sun that is used for the majority of our experiments). The results in figure 20, show

that there are significant transient photocurrents generated with higher power.
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Figure 20: Linear sweep voltammogram of CUWOy, in 0.1 M KB; with 100 mM NaCl under AM 1.5G 100 mW/cm? and
300 mW/cm? illumination

For the films prepared by spray pyrolysis, the XRD patterns collected match, as seen in Figure
21, those expected for CuWO,, as determined by Jade version 5.0 using the file, JCPDF 72-0616. As in
the results for CuWO, prepared by sol gel, there are no notable peaks for WOj3 suggesting that
electrodes created by spray pyrolysis also generate pure-phase materials. Being able to control the
quantity of each Cu and W precursor that is deposited onto the film surface allows for better control of

the product formed and helps to prevent the formation of unwanted byproducts due to incorrect ratios.
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Figure 21: XRD Pattern of CuWQO, prepared by spray pyrolysis of varying thickness.
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Next, we quantify film thickness by recording the absorbance spectrum for electrodes with differing
number of sprays on the film surface, shown in Figure 22. As the film thickness increases, we expect
that the absorbance should increase because there is more electrode material available for photon
absorption. As expected, with increasing numbers sprays the absorbance increases, suggesting that the
film thickness is increasing with increasing spray number. A more direct method of measuring film

thickness, such as cross-sectional SEM imaging or ellipsometry will be needed in the future to further

validate these results.
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Figure 22: UV-Vis Spectrum of CuWO, prepared by spray pyrolysis with varying number of sprays beginning with 10
sprays in red and increasing in increments of 10 to 80 sprays in teal.

In order to determine the film thickness that optimizes overall efficiency, as determined by the

overall current passed upon illumination, films with varying numbers of sprays were characterized by
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linear sweep voltammetry illustrated in Figure 23. The number of sprays ranged from 10 to 55 and the

films were swept from the open circuit to 1.2 V vs. Ag/AgCl in pH 7 KB; buffer.
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Figure 23: Linear Sweep Voltammogram in 0.1 M KB; at pH=7 with CuWOQ, prepared by spray pyrolysis with varying
numbers of sprays

In order to confirm that the low efficiency with thicker films was the result of electron-hole
pairs being generated far from the electrically conductive FTO surface, electrodes were both front and
back illuminated and the photocurrent at 0.5 V under 1-sun illumination was measured for electrodes
of varying thicknesses, as shown in Figure 24. The rationale for this experiment is that if the electrode
is illuminated from the back, electron-hole pairs are generated closer to the conductive surface, giving
less time for recombination and increased currents compared to front illumination. This figure shows
that as film thickness increases the photocurrent induced from back illumination increases as well with
only slight decreases for 60 and 70 sprays, which may result from individual film differences. In
contrast, for front illumination, there is a steady increase to about 50 sprays, after which photocurrent

begins to decline.
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Figure 24: Photocurrent measured under 1-sun illumination and 0.5 V applied bias in 0.1 M KP; at pH=7 for varying film
sprays of CuUWO,.

Perhaps the most interesting result came from the spectral response. In this experiment, the
external quantum efficiency (current out per photon in at a given wavelength) is determined at an
applied bias of 0.5 V which determines the energy conversion efficiency for water oxidation at the
CuWO, surface. The plot shown in Figure 25 shows the spectral response measurements as a function

of thickness in CuWQ, films prepared by spray pyrolysis.
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Figure 25: Spectral response of CuWO, films prepared by spray pyrolysis with varying thicknesses.

In order to confirm this hypothesis, a film of 25 sprays was illuminated from the front and the
back to determine the difference in efficiency. The results of this experiment can be seen in Figure 26
below. While front illumination of the electrode shows a similar increase in spectral response for
wavelengths greater than 500 nm, back illumination shows a response that smoothly drops to zero for

A > 500 nm.
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Figure 26: IPCE Spectrum for CuWO, films prepared by spray pyrolysis with 25 spays comparing front and back
illumination.

For the solid solution, Zn; «Cu,WQ,, the XRD data, as shown in Figure 27, indicates that the entire
Zn1Cu WO, series has been synthesized by the solid state methods described. This data shows a
relatively smooth transition between the 2 extremes of CuWO, with 4 peaks from 23° 26 and ZnWO,
with 2 peaks in this range. Additionally, the peaks corresponding to the (010) and (100) planes are
approximately 15.5° 26 and 19° 26, respectively. The materials prepared by the Pechini method were

synthesized according to the overall reaction scheme:

12A2+(aq) + H2W120406-(aq) + 8H20(|) > 12AWO4(3) + 18H+(aq)
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Figure 27: XRD Patterns of Zn, ,Cu,WQ, series

After a 3 hour annealing step at 700°C, pure phase materials are obtained. Compound purity was
confirmed by ICP-AES, which gave the approximate corresponding Cu: Zn ratios expected as can be

seen in Figure 28.

x Cu/ mol Zn / mol W/ mol
0 0 1 0.98
0.1 0.091 0.909 0.99
0.2 0.185 0.815 0.98
0.3 0.279 0.721 1.01
0.4 0.373 0.627 1.01
0.5 0471 0.529 1.03
0.6 0.572 0.428 1.08
0.7 0.676 0.324 1.08
0.8 0.787 0.213 1.06
0.9 0.896 0.104 1.08
1.0 1 0 1.01

Figure 28: ICP-AES Data for relative mole amounts of Cu, W and Zn in Zn,.,CuxWQ, series

The SEM data, shown in figure 29, suggests that the particle sizes are approximately 5 pm for CuWOy,
and 1.5 um for ZnWOQ, for the compounds prepared by the solid-state methods, indicating that as the

percentage of Cu?* in the compound increases, the particle size increases. This stands in contrast to the
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series synthesized by the Pechini method for which there is no change in size for increasing
percentages of Cu®*. One possible explanation is that ligand exchange and hydrolysis is much faster for

Zn**, which results in rapid nucleation and smaller particle size.

Figure 29: SEM images of Zn,,Cu,WO, (0<x<1) by solid state and Zn,,Cu,WO, (x=0.8, 0.9, 1) by Pechni sol gel (-P)
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Next, band gap measurements were carried out by UV-Vis spectroscopy. To analyze the data

more accurately, absorption data were transformed using the Kubelka-Munk function. Both the indirect

and direct band gap measurements were recorded for values of x=0.1 to 1 in Zn;«CuyWQ,. For both

the direct and the indirect band gap measurements, there is a decreasing linear trend in band gap as the

amount of Cu?* substituted into the lattice increases as shown in figure 30. This suggests that rather

than having simply having a mixture of ZnWO, and CuWOQOy,, the compound formed is of a random

mixture of Cu®* and Zn?" ions.
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Figure 30: Direct (red circles) and indirect (black squares) band gap energies in the Zn,_ ,Cu,WQ, series.

In order to demonstrate that a solid solution was formed as opposed to two separate

compounds, the dc magnetic susceptibility data as a function of temperature, x(T) recorded at 1 T for

the Zn;.,Cu,WO, is shown in Figure 31 below.
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Figure 31: Molar susceptibility of the the Zn,_,Cu,WQ, series. ZnWO, is shown in black, CuWQ, is shown in red, and

intermediate compositions are in gray. Inset magnifies the CuWO, data and shows two ordering transitions.

For CuwWQy,, the peak maximum occurs at 82 K, and decreases to 69 K for CuggZne WO, and further
to 59 K for CuggZno,WO,. For compositions with lower than 80% Cu?*, no maximum is observed. In
order to determine the Néel temperature (Ty) of CuWO,, the first derivative, dyM/dT, was taken and
maximum was observed at 23.5 K, which matches well with the Néel temperature reported in the

literature of 22.5 K, as seen in figure 32.
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Figure 32: dX/dT plots for Zn; ,Cu,WO, (x=0.8, 0.9, 1) prepared by both solid state (SS) and Pechini sol gel (P)

For Cug.9Zng1WO, and CuggZng,WO, Ty was also determined by this method to be 14.5 K and 5.5 K

respectively. For these same compounds prepared by the Pechini synthesis, the Ty values were similar.

In order to compare the magnetic susceptibility measurements of the solid solution and the two

phase mixtures of compounds, CuUWOy, a 1:1 mixture of ZnNWO,:CuWQ,, and Zny sCugsWO, were all

measured. These results are presented in Figure 33. Comparing the shape of the ¢(T) plots for
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ZnosCupsWO, and the 1:1 mixture of ZnWQO,:CuWO,, we note that they are distinct, indicating that

the ZnosCuosWO,4 mixture is not simply a mixture of the CuWO, and ZnWO,. Additionally, the 1:1

mixture of ZnWQO,:CuWO, follows the same y(T) profile as the CuWQ,, but with approximately ¥z the

overall susceptibility as is expected; these comparisons help to verify that a solid solution is formed.
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Figure 33: Comparison of the gram susceptibility of CUWO, (red), a 1:1 mixture of ZnWQO,:CuwWO, (black), and the
compound ZnysCugsWQO, (gray).
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Discussion

Beginning with the CuWO3-WO3; composite electrodes, the onset potential of water oxidation
begins at a more negative potential with the addition of [Fe(CN)g]* as should be expected. With no
applied bias (i.e. at 0 V), 0.06 mA/cm? of photocurrent is observed in 100 mM [Fe(CN)g]* in contrast
to no photocurrent at 0 VV without the presence of the sacrificial reductant. In fact, an applied bias of
0.6 V is necessary to generate this same photocurrent in the absence of the redox mediator. Although
the overall yield of 0.0065% is very low overall, we note that photosynthesis is typically 3 —5 %
efficient. Given this three order of magnitude difference, there is still need for significant improvement
and one possible solution to this problem may be co-catalyst loading with a well-known water
oxidation co-catalyst such as cobalt phosphate or NIOOH?®, which has shown to increase the efficiency
of O, evolution in WO; films™.

Despite the poor overall conversion efficiency, it is important to note that these results suggest
a significant step towards an overall Z-scheme approach to water-splitting using CuWQO4-WO;
composite electrodes. Additionally, CuUWO4-WO3 electrodes show substantially improved stability
under neutral pH conditions as previously reported by Yourey et. al compared to WOj3 electrodes
which are generally only stable under highly acidic conditions.

While the CuWO,-WO3 composite electrodes were capable of oxidizing water with only
sunlight and no applied bias, the CuWO, electrodes prepared by sol gel showed another advantage.
The oxidative window of the supporting electrolyte is critical to consider to ensure that it is not
preferentially oxidized in place of water. One of the major drawbacks of WOj3 as a photoanode is that it
has been shown to preferentially oxidize CI" to form Cl in place of performing the desired water
oxidation.?® This is a serious problem considering the fact that significant majority of the earth’s water
contains sodium chloride, calling into question how practical WO3 will be as a photoanode on a larger

scale. We note that CuWOy, is that CuWOQyq is selective for water oxidation in the presence of CI', a



49
distinct advantage of this material compared to WO3. A possible explanation is that the valence band
of CuWOy, consists of Cu 3d and O 2p orbitals whereas that of WOj3 consists almost entirely of O 2p.
This results in the valence band of CuwWQ, being placed about 0.5 VV more positive than that of WOs,
making CI" oxidation substantially less favored for CuWO, compared to WOj3. This is a powerful result
as it has strong implications for large-scale hydrogen production, which is likely to be performed using
water which contains substantial concentrations of NaCl. This result strongly suggests CuWOy is a
more selective photoanode for solar-driven water oxidation.

As mentioned previously, for indirect band-gap materials, such as CuWQOy,, light penetrates far
into the film. Thus, indirect materials have electron-hole pairs generated closer to the FTO surface and
are expected to have increasing amounts of photocurrent with increasing film thickness, but this does
not appear to be the case with the CuWO, synthesized by sol-gel. It is difficult to determine whether or
not this is the result of an inherent flaw with CuWQ, in that it has a localized 3d conduction band
which may inhibit charge transport or if it is the result of the synthetic method which could create
unfavorable junctions between layers. Due to the localized 3d character of the conduction band,
CuWO; is a charge-transfer insulator which necessitates a thin film for high current density. This
design unfortunately opposes the need for a thicker material to maximize absorption for the indirect
band gap material. An potential drawback of CuWO, may be present in the fact that we originally
assumed that the conduction band may have been composed of a mixture of Cu 3d and W 5d orbitals,
but recent DFT calculations suggest that the conduction band consists primarily of Cu 3d orbitals that
reside at potentials more positive the W 5 d orbitals.? This electronic structure suggest that the Cu 3d
orbitals may act as midgap states. To circumvent this structural flaw, a plausible solution involves
doping in transition metals to alter the valence band energy, changing its composition to be more

homogenous.**
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The improved stability of CuWO, prepared by sol-gel in KB; compared to KP; is especially
interesting. A possible explanation for the differing stabilities may stem from the relative ratios of the
acidic and basic species of each buffer at pH 7. KP; consists of approximately 61% H,PO, and 39%
HPO,* whereas KBi consists of 99.3% of HsBOs and 0.7% H,BO3 at pH of 7. Perhaps, the anions
more selectively interact with the water oxidation intermediates and CuWQ, than does the neutral
boric acid. This also explains the slightly decreased photocurrent with KB; compared to KP;. The KP;
buffer is expected to have a better ionic strength than the KB; which is expected to aid in charge
transfer and increase photocurrent.

Another factor that may lead to degradation is the presence of accumulated charge on the
CuWO4 electrode surface. To test this hypothesis, we illuminated a CuWOQ, electrode with 3 sun power
(as opposed to the standard 1 sun that is used for the majority of our experiments) and observe
transient photocurrents with the higher power. These transients suggest that there is substantial
recombination occurring at this power level. This observation hints at the fact that charge may be
accumulating on the surface of the CuWO, electrodes, which may lead to degradation, although will
not be expected to affect the Faradaic efficiency.

For films prepared by spray pyrolysis, electrodes with 10-25 sprays show an increase in
photocurrent at any given potential with increasing number of sprays. For thicknesses greater than 25
sprays, there is a decrease in the amount of photocurrent generated. This expected result is the
consequence of the competition between photon absorption and useful electron-hole pairs generated as
previously mentioned. For films with fewer sprays, although the electron-hole pairs are generated
nearer to the FTO substrate decreasing the opportunity for recombination, there is also limited photon
absorption because the film is so thin. For thicker films, the opposite is true; although there is a

substantial amount of photon absorption, the electron-hole pairs are generated too far from the
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electrically conductive surface and so recombination results. The 25 sprays results in an ideal film
thickness that optimizes both of these factors.

The difference in photocurrent between back illumination and front illumination shows a
steadily increasing trend with increasing film thickness. This result suggests that as the film thickness
increases, although the thicker films absorb more light as evidenced by the absorbance spectra, they
are unable to transport useful electron-hole pairs to the FTO surface. The difference in back and front
illumination increases as a function of film thickness due to increased recombination for films that are
front-illuminated.

For the spectral response measurements, as expected we see highest efficiencies (>2%) at
wavelengths for which CuwWQ, absorbs optimally (400 - 440 nm). Notable is the slight increase in
efficiencies in wavelengths greater than 500 nm, for which CuWO, does not absorb particularly well.
The longer wavelengths front illuminated light will penetrate further into the film surface generating
electron-hole pairs nearer to the FTO conductive surface, leading to less recombination, greater current
density, and improved efficiency.

Moving on to the Zn;.,Cu WOy, series results, the data suggests that a solid solution of Zn;-
«Cu,WO, has been formed. Of particular note is the magnetic susceptibility data. For values of Cu®*
that are greater than 0.8, there is antiferromagnetic ordering for temperatures greater than Ty. This
behavior is not observed in CuWQ, alone, although the transition is attributed to a strong
antiferromagnetic interaction. Rather, this transition as seen in the Zn; xCu,WOj, series for x>0.8
mimics the transition seen in CuO, which shows a similar ordering that results from cooperative to
noncooperative magnetism, as previously described by Wucher.** Additionally, for the solid solutions
that are more highly substituted with Cu®*, we observe a decrease in the Néel temperature with

increasing Cu?* substitution, which matches with previous determinations. Specifically, in MnWO,, an
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analogous compound, it has been shown that doping in diamagnetic ions such as Zn** results in a
decrease in the Neel temperature.*

In regards to how these results are specifically useful towards the goal of water oxidation, the
highest performing electrodes we have synthesized consist of a composite of CuWO4-WOj3. Studying,
the Zn; xCu,WQ, series as a model system for charge transfer barriers and reaction kinetics.
Specifically, by incorporating the closed-shell Zn®* ion, the idea was to minimize potential mid-gap
states that could increase recombination rates as are present at the junction between the CuWO, and
WO; interfaces But perhaps of greater interest is the fact that the optical data presented suggests a
smooth transition in structure from ZnWO, to CuWO,, and this suggests that perhaps the band
structures of these intermediate structures will follow suit. These materials could combine visible light
absorption in CuWO, with the favorable more negative conduction band edge in ZnWQO,. ZnWQO, has
a conduction band edge of -0.4V vs. RHE (compared to +0.4V for CuWQO,), meaning that ZnWQ, can
liberate H,. Balancing the size of the overpotential, as determined by the relative size of the band gap,

and the efficiency of photon absorption show potential for increased rates of water oxidation.
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Conclusion

Towards the aim of harvesting a renewable energy source, we have focused our attention on
CuWO, as the photoanode for the water oxidation half reaction and have compared it to the WO3
model system. CuWQ, is more chemically stable at pH > 5 than is WO3 and is selective for water
oxidation in saline solution making it a more viable candidate for large-scale hydrogen production.
Additionally, we have prepared this material by a variety of methods: electrodeposition, sol-gel
processing, and spray pyrolysis.

We were able to generate CuUWO,4-WO3 composite electrodes by electrodeposition which
showed improved performance over the CuUWO, electrodes. But more importantly, in order to improve
the overall efficiency of the water-splitting process, these composite electrodes present a potential Z-
scheme approach to water-splitting, whereby the water oxidation and proton reduction reactions are
performed by separate electrodes. We have shown that using the redox mediator, KsFe(CN)s,
composite electrodes were able to produce O, gas at no applied electrical bias. Overall, this resulted in
a conversion efficiency of 0.0065%, which although low compared to current efficiencies in the field,
can be potentially improved by the addition of co-catalysts.

Moving away from electrodeposition as a synthetic technique due to the difficulty of
controlling W and Cu deposition ratios, we next used a modified sol-gel Pechini synthesis to create
pure-phase CuWO, electrodes by spin-coating. Of particular interest, was the fact that these electrodes
showed improved stability in a neutral KB; buffer system in contrast to a neutral KP; buffer system.
This result suggests that the buffer anion is playing a significant role in the degradation of the CuWQ,
electrode. The difference in the stability between the two buffers may be the result of the fact that at

pH 7, there is very little anionic species present in KB; in contrast to KP;. We have also shown that
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CuWO;, electrodes show a significant advantage for water-splitting over the WOj3 counterparts for
large-scale hydrogen production — they do not preferentially oxidize CI" in aqueous solution.

The sol-gel electrodes synthesized allowed for pure-phase CuWO, electrodes to be synthesized,
but unfortunately resulted in relatively uneven distribution of the material on the film surface despite
attempts to circumvent this problem using a Triton-X surfactant. For this reason, we turned our
attention towards using spray pyrolysis as a synthetic method, which allows for good control of
relative Cu and W ratios and for an even distribution of photoanode material over the FTO surface. We
were able to synthesize pure-phase CuWO, electrodes as evidenced by XRD, and created a series of
films of increasing thickness as shown by increasing absorbance by UV-Vis.

Electrode thickness must be optimized in order to balance photon absorption with proximity of
electron-hole pairs generated to the electrically conductive substrate. As shown by linear sweep
voltammetry, there is indeed an optimal thickness for CuWQO, photoanodes, beyond which
photocurrent substantially drops leading to poorer overall efficiencies. Additional evidence for this
claim is given by an increasing difference between photocurrent observed at 0.5 V with 1-sun
illumination for back illumination compared to front illumination as film thickness increases. As film
thickness increases electron-hole pairs are generated closer to the CuWO, material surface and further
from the electrical contact leading to increased recombination and lower photocurrent compared to
back illumination of the same electrodes. Additionally, spectral response measurements show greater
efficiencies with longer wavelengths for thinner films that are able to generate electron-hole pairs
closer to the back contact, decreasing the likelihood of recombination, and increasing photocurrent.
When films are illuminated from the back, this increase in responsivity for longer wavelengths
disappears due to the electron-hole pairs being generated further from the FTO for longer wavelengths.

Lastly, noting that our highest performing electrodes were 1:1 composites of CuWO, and WOs3,

we moved towards creating a mixed metal photoanode. Instead of creating two separate phases where
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interfaces between the phases may lead to kinetically-limiting barriers, we aimed to synthesize a solid
solution of the Zn;.xCu,WO, series. The XRD data shows a smooth transition from ZnWO, to CuWO,
with increasing X. The magnetic susceptibility data shows a transition from antiferromagnetic ordering
to paramagnetism at the Néel temperatures for compounds with x values of 0.8 or greater.
Additionally, in contrast to a 1:1 mixture of ZnWQO, to CuWQ,, which shows a predominately
CuWO,-like susceptibility curve, but with half the intensity, the ZnsCusWO, susceptibility curve is
distinct, verifying that a solid solution is formed instead of a two-phase mixture. By using this Zn;.
xCuyWQ, as a model system for how electron-transfer kinetics are affected in a solid solution
compared to a composite system, we can move towards improved water oxidation. And lastly, by
balancing the favorably placed conduction band of ZnWQy,, which is able to perform H* reduction and
the smaller band gap of CuwWO, allowing for increased absorption of visible light, solid solutions such
as these show promise for future work in electrode optimization.

CuWO;, electrodes have shown promise in better understanding the role of the supporting
electrolyte in electrode stability and towards employing an overall Z-scheme approach to solar driven
water-splitting. Looking to the future, CuWO, electrodes may be further optimized by controlling film
thickness and incorporation of co-catalysts to improve overall efficiencies towards large-scale

hydrogen production.
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