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ABSTRACT

Photoelectrochemical (PEC) water splitting is a sustainable and environmentally
friendly method for the conversion of solar energy. However, in order to drive the
paradigm shift toward these new sources of energy, this process needs to be cost
competitive with current technologies. This thesis focuses on developing oxides capable
of using visible light to drive water splitting. The major contribution of the work
presented in this thesis focuses on the development of CuWO; as a visible light absorbing
oxide for PEC water splitting.

Various synthetic methods were developed to evaluate the PEC properties of
CuWOQq including a sol-gel spin casting and electrochemical deposition method. The
experimental results show that CuWOy, is capable of converting visible light (A > 500 nm)
into photocurrent, driving water oxidation at its surface. CUWQ, is chemically stable over
extended periods of illumination, particularly in a borate buffer. CuWQ, electrodes are
also selective to performing water oxidation in the presence of competing electron donors
such as CI7, a common ion in terrestrial water. In order to show water oxidation using
only the sun’s input, a Z-scheme approach was targeted. On the oxygen evolution side,
CuWwOQ, can photochemically drive water oxidation with the reduction of an electron
acceptor in solution.

New phases and composite oxides were synthesized and tested for performing
photocatalytic water oxidation in the presence of 103", an electron acceptor. Bronze phase
TiO, chemically bonded to reduced graphene oxide is capable of oxidizing water with
significantly enhanced rates compared to native TiO,-bronze. Hydrothermally
synthesized PbCrO, rods loaded with Pt and RuO; co-catalysts were also discovered to
be competent light absorbing oxides for performing photocatalytic water oxidation under
simulated solar irradiation. Finally, a wolframite solid solution Zn; xCuyWO, (x = 0-1)

was synthesized using a Pechini citric-acid assisted sol-gel method. The photocatalytic

XXi



properties of this series were tested, and the solid-solution behavior of this series was

confirmed using optical spectroscopy and magnetism.
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CHAPTER 1

Introduction

1.1 Global Energy Challenge

One of the most important problems facing humanity in the 21% century is
building an enduring, sustainable energy economy. Although fossil fuels can supply the
estimated global energy demand well into the foreseeable future, this strategy has
catastrophic environmental implications due to carbon dioxide (CO;) emissions, a leading
contributor to the greenhouse gas effect.' In addition to the environmental costs of
burning fossil fuels, it is apparent that many foreign policy decisions are based on
delivering a constant supply of oil to the United States.” Currently, the United States is
nearly 75 % energy independent, however renewables are only responsible for about 9%
of our annual energy consumption.®** The technology of renewable energy also has
economic benefits such as the reduced health and environmental restoration costs, job
creation, and the intellectual property.> Even though the cost of renewable energy is
dropping, it is still the major limitation for the implementation of these technologies.
Continuous technological advances are needed to make renewable energy cost-
competitive with fossil fuels and drive the evolution of how we consume energy. Sunlight
is an ideal energy source because it is, for all practical purposes, completely sustainable
and delivers more energy to earth in one hour than is consumed globally per year.®
Although solar energy holds great promise, its large scale integration requires the
efficient conversion of light into storable, usable forms of energy.

There has been substantial research in conversion technologies for carbon-neutral
energy formation such as biomass production from green algae,”® photovoltaic devices
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for electricity production, and water splitting, or the direct photoelectrochemical

(PEC) conversion of water into its constituent elements, H, and O,.**** All of these



methods will need to contribute as we push toward an energy independent nation which
relies solely on sustainable sources. Water splitting, though, will have the farthest
reaching impact for the following reasons. The ability to generate H, from water has vast
uses in the energy sector beginning with its storage in a liquid fuel to replace gasoline.
There is a need for H; to use in fuel-cells, resulting in more efficient and decentralized
method of electricity production compared to combusting fossil fuels. Finally, H; is used
in industrial processes including the Haber-Bosch cycle and Fisher-Tropsh synthesis,
meaning that there is an immediate method for implementing renewably formed Hs.

Currently, 96% of H, produced is derived from fossil fuels, and the United States
produces approximately 50 tons H/day.**'* PEC water splitting is the most direct
mechanism in which H; can be produced from H,O and this technology can potentially
replace natural gas reformation as our major H, source. The reagents, water and sunlight
are abundant, as the annual requirement of water to supply the necessary energy in the
form is H is only 0.01 % of annual rainfall, or 2x10™° % of the water in the world’s
oceans.” The products, H, and O,, can be produced at separate electrodes, thus
alleviating the safety concerns with forming large quantities of reactive gases in the same
chamber. PEC water splitting can be carried out at room temperature and most
importantly, the inorganic materials used to construct water splitting devices offer a
degree of chemical robustness and durability that is difficult to achieve in organic or
biological systems. This is crucial as the mechanism for sustainable energy conversion
must be cost-efficient.'® Developing globally viable catalytic materials for this process is
the primary focus of my thesis.

Water splitting is an endergonic process requiring an energy input of 237 kJ/mol
of water. It is further complicated by the kinetic limitations associated with the four-
electron oxidation of water which proceeds through highly corrosive and reactive
intermediates.'” Sunlight can provide the necessary energy input. However, that energy
needs to be efficiently collected through absorption processes and transferred into a water
molecule to break its chemical bonds. Semiconductors comprise a class of inorganic

materials capable of converting solar energy into electrical energy to do work.



1.2 Semiconductor Electrodes for Energy Conversion

Throughout this thesis, I will show how absorbing light in a semiconductor can
disrupt equilibrium and drive chemical reactions at the surface of the semiconductor. This
provides a mechanism for the direct conversion of solar energy into a usable fuel.
Semiconductors possess bands, which describe available energy states in which electrons
can conduct through a solid. The bands of a semiconductor form as the number of
discrete energy levels that originally comprised the orbitals in a molecule is increased by
approximately 10%° and translational symmetry is taken into consideration, as dictated by
Bloch theory.'® Band structure is the link that connects structure and bonding to the
resulting electronic, magnetic, and optical properties of a solid. A semiconductor has
conducting properties between that of an insulator and a conductor, and importantly
forms a rectifying junction when placed in an electrolyte solution.

Metal oxides are the class semiconducting materials in which this thesis focuses
and therefore will be the context for much of the discussion. In many semiconducting
oxides the metal in its highest oxidation state, and therefore the tyq and ey orbitals are
unoccupied. These predominantly metal based orbitals comprise the conduction band
(CB) minimum. A conduction band is analogous to the lowest unoccupied molecular
orbital (LUMO). The valence band (VB) of an oxide is typically derived from the filled
2p orbitals of the O ligand, and is analogous to the highest occupied molecular orbital
(HOMO). The band gap (Eg) is the energy gap between the VB and CB. The band
structure of a semiconductor is presented in Figure 1.1. The electronic structure of oxides
is distinct from most covalent semiconductors, such as Si, and leads to many of the
desired properties such as stability toward corrosion and passivation. In d° oxides, such as
the commonly studied TiO;, this gap is typically large (Eq > 3 eV), and therefore these
materials are not intrinsic semiconductors. That means that without an imperfection or
added dopant, these materials are in fact insulating. However, the beauty in oxides is that
they are never perfect, and these crystallographic defects lead to their semiconducting
properties.

For example, oxygen vacancies typically result in some fraction of the metal
component in the oxide being reduced. The reduced metal contributes that donor level

that exists in a state just below the conduction band minimum. This results in the Fermi



level (EF) being higher in energy. This donor is typically ionized at room temperature,
and the extra electron resides in the conduction band.'® These extra electrons are
predominantly responsible for conducting current, and therefore most oxide
semiconductors are considered n-type. In an n-type semiconductor, electrons are the
majority carrier and holes are considered the minority carrier. The donor density (Np), or
extra number of electrons, controls the electrostatics at the electrode/electrolyte interface
and is measurable.

The next challenge in understanding the photoelectrochemistry of semiconductors
is clarifying what happens when an n-type semiconductor comes into contact with an
electrolyte solution. The electrode/electrolyte interface is described by the same physical
quantities that describe a Schottky barrier.? When the electrode is submerged in an
electrolyte, the Fermi levels of the two systems must equilibrate. That is, the
electrochemical potential of the solution and Ef of the semiconductor become the same
on both sides of the interface. This process is described in Figure 1.1.
a) b)

Energy
m
Energy

Electrolyte Semiconductor Electrolyte

Semiconductor
Solution Solution

Distance Distance

Figure 1.1 The formation of a junction between an n-type semiconductor and an
electrolyte solution

The two images depict a) the separated systems and b) after equilibration

Er of an n-type semiconductor is typically at higher potential energy than that of the
solution. Therefore, in order to reach equilibrium, electrons from the semiconductor must
dump into solution, lowering Er and disrupting the charge neutrality of the

semiconductor. This forms a built in voltage (Vi) of the semiconductor which is



quantified as the difference in electrostatic potential between the surface of the
semiconductor and its bulk.?* After equilibrium is reached, the surface of the n-type
semiconductor has been depleted of majority carriers and is positively charged with
respect to the bulk, forming a depletion region. This charge difference produces an
electric field, and the Np dictates the width of the depletion region (Wp).

The electron/hole pairs (¢/h*) that form under illumination can face a certain fate
based on how far into the bulk of the semiconductor they are created. Figure 1.2

illustrates certain locations of light absorption in an n-type semiconductor.

/e

Energy

Semiconductor Electrolyte
Solution

Distance

Figure 1.2 Photogeneration of e~/h+ pairs in the bulk and depletion layer of an n-type
semiconductor

Created of e-/h+ pairs due to photon absorption in the bulk and depletion region are
indicated by the straight line, whereas recombination is expressed as wavy lines.

In Figure 1.2, the x-axis represents distance from the semiconductor/electrolyte interface
into the bulk of the material. Nearly all e/h" pairs created into the bulk of the
semiconductor (at a distance equal to 1/a) will recombine. In metal oxides, only those e—
/h+ pairs that are created within the depletion region (Wp) or very close to the depletion
region (L, + Wp) have a chance to remain separated. L, is the minority carrier diffusion
length and this value is highly dependent on the material. L, can range from very small
(1-10 nm) to 100s of nm, though in most cases, L, of oxides is smaller than that of other

inorganic non-oxides due to lower charge carrier mobility.?



Under illumination, these e-/h+ pairs create an unequal distribution of charge,
disrupting the equilibrium at the semiconductor/electrolyte interface. The formed
photovoltage drives a photocurrent. When an n-type semiconductor performs water
oxidation, h* are driven to the surface to oxidize water (equation 1) and e~ are driven
through the external circuit via the back contact to the counter electrode, performing

proton reduction (equation 2). This results in overall water splitting (equation 3)

H,0 + 4hv — 2H" + %0, + 2¢~ E°=123VRHE 1)
2H" +2¢" — H, E°=0V RHE 2)
H,O + 4hv — %0,+ H; °=-1.23VRHE 3)

1.3 Photoelectrochemical Water Splitting

PEC water splitting combines the light harvesting ability of a semiconductor with
the chemically active surface of an electrolyzer into a single device, leading to lower
overall device costs. Second, a PEC cell does not have to operate at such high
overpotentials, providing a higher upper limit of energy conversion efficiencies.
Currently, many devices at the research level require the input of electrical energy to
drive water splitting reaction at an appreciable rate; however this results in a loss of
efficiency. The majority of this thesis focuses on PEC water splitting, but of course the
eventual goal is to drive water splitting using only the sun’s energy. Many methods are
under pursuit to form devices capable of water splitting and these approaches will be put
into context in section 1.5 with specific focus on one approach I have worked on.

The first example of PEC water splitting was by Fujishima and Honda using TiO,
in 1972.% In their experiments, a single crystal of rutile-phase TiO, generated a
photovoltage of approximately 0.5 V, was 0.1 % efficient at an applied bias and
generated approximately 0.1 mA/cm? of photocurrent. A photoanode must have a band
gap and band edge positions that are suitable for driving water oxidation. The
fundamental criteria that TiO, meets are that it possesses suitable electronic properties to
efficiently collect the created charge carriers, and its O(2p) valence band lies at
electrochemical potentials sufficiently more positive than O,/H,0 (1.23 V RHE). A final
criterion met by TiO,, and most oxides, is that they are stable against oxidative
decomposition under illumination. Semiconducting non-oxides such as CdS and GaP
suffer oxidative decomposition mechanisms during the harsh conditions of water

oxidation. This mechanism typically proceeds via a valence band hole that preferentially
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oxidizes the anion (S*-, P*") rather than water.?* For that reason, all signs point to oxides
as viable materials capable of the long term stability required for practical use.”
Although metal oxides are the most stable materials for this reaction, traditional
metal oxides have valence band edges that are much too low in energy with respect to the
water oxidation potential (1.23 VV RHE), resulting in an enormous overpotential (> 1.7
V). Consequently, metal oxides with valence bands comprised predominantly of O (2p)
orbitals have band gaps that are only responsive to UV light (<400nm). This is one
criterion for PEC water splitting that TiO,, and most metal oxides, do not meet. Many
large band gap semiconductors have been discovered for overall water splitting,?® and
some reach quantum efficiencies greater than 50% when illuminated with single
wavelength length of supra band-gap energy.?” However, when illuminated with solar
energy, these wide band gap materials suffer from inherently low efficiency because the
sun’s output in the UV portion of the solar spectrum is minimal (Figure 1.3) In order to
become viable and meet the energy demand, a water splitting system should be near 10 %
solar to hydrogen (STH) efficient, stable over an extended period of time, and more
importantly stay cost-competitive with fossil fuels.?®?° Figure 1.3 shows that as the band

gap of the light absorbing oxide decreases, the theoretical STH efficiency increases.
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Figure 1.3 STH efficiency and photocurrent maximum based on band gap and AM1.5G

illumination

This figure presents the maximum STH efficiency (red), the maximum photocurrent

capable of being generated (blue) and the solar flux (black) in the visible portion of the

solar spectrum.



The solar output in the visible part of the solar spectrum is significantly greater than the
UV, 47% vs. 4%. As this reaction relies on absorbing light, the greater number of photons
absorbed the higher the theoretical efficiency of a system. The target goal of 10% STH
efficiency also necessitates the use of a material that absorbs in the visible portion of the
solar spectrum. Though Figure 1.3 assumes perfect light absorption, quantitative
conversion and Faradaic efficiency, all of which are unlikely conditions, the message
remains the same: only by employing oxides that absorb visible light can high STH
efficiency be obtained. The development of low band-gap oxide photoanodes is the
primary focus of my thesis.
1.4 Approaches to Forming Visible-Light Absorbing Oxides

Over the past forty years, there have been many approaches toward increasing
visible light absorption in metal oxides. The classic and well-studied method is through
doping into wide band gap semiconductors. Metal cations are substituted into large band
gap semiconductors resulting in colored oxides. These materials have been stringently
surveyed as both photoelectrodes and photocatalysts, and the formation of these colored
domains is the result of defect structure in the catalyst.*® These states allow for new
absorption processes that take place in the visible portion of the solar spectrum. Doped
oxides are often successful as photocatalysts for the degradation of organic dye, mostly
because these trap states are capable of facile electron transfer to organic species in
solution.®> However, the significant amount of doping needed for light absorption
becomes detrimental to sustaining photocurrent in an electrode material, and in many
cases the native oxide performs better as a photoanode. The uncompensated aliovalent
doping is detrimental to the generated photocurrent because the defects lead to reduced
crystallinity and larger effective masses of charge carriers, thus increased rates of carrier
recombination. Recently, co-alloying for charge compensation has proven successful.**3
Both a cation and anion are substituted into the crystal and the anion compensates the
charge mismatch of the metal dopant, resulting in greater metal solubility without
increased defect structure.

Regardless, doping does not result in a band shift, but rather the formation of new
absorption pathways in the visible portion of the solar spectrum.>* One additional

drawback of these new absorption events is that their resulting absorptivity coefficients



are low, meaning that even though visible light absorption is taking place, it is inefficient.
One method to circumvent the low absorption associated with doping is through the
formation of solid solutions.

A solid solution is a homogenous crystalline structure in which a significant
amount of one or more types of atoms may be substituted for the original atoms without
changing the structure. A solid solution allows one to tailor the dopant atom
concentration and control the absorption properties of the resulting solid. Additionally,
high amounts of molar substitution in a solid solution may also improve the conduction
properties of a material without compromising the host’s structural integrity. One
example of a quaternary solid solution is the wurtzite phase (Zni_xGax)(O1xNy). By
controlling the mole ratio of ZnO to GaN (which are both large band gap
semiconductors), a significant decrease is band gap is realized.**"*® One conclusion of this
solid solution was that the valence band is no longer predominantly O(2p) or N(2p) in
character, rather a hybridized band forms between the metal d orbitals and anion p
orbitals, raising the valence band maximum in energy. In this thesis, a solid-solution was
targeted to evaluate the synergy of combining light absorption with a suitable electronic
structure. The results of this work are presented in Chapter 5.

A third method to form visible light absorbing oxides is to form ternary phases
(ABOy) whose valence band maximum is not predominantly comprised of O 2p orbitals.
In this case, the valence band will often consist of metal based orbitals hybridized with O
2p. Also, oxy-nitrides, such as TaON and LaTiO;N, are targeted ternary phases as they
also do not possess strictly O (2p) based valence bands, but rather N (2p) and O (2p)
states form the valence band.*”* The properly chosen ternary phase has the added effect
of possessing a higher energy valence band, all without adding states below the

conduction band minimum. This concept is described in Figure 1.4
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Figure 1.4 Band structure of oxide semiconductor comparing purely O (2p) to M (s/d) +
O(2p) based valence band

In Figure 1.4, the metal based s or d orbitals hybridize with O(2p) orbitals, raising the
overall energy of the valence band. This is a more desirable method for shrinking the
band gap compared to lowering the conduction band energy. Most oxides possess a
conduction band edge that sits close to or below the H/H, redox couple, and lowering
the conduction band minimum shifts the open-circuit potential of the cell (Vo) more
positive with respect to H'/H,. As Vo becomes more positive, the required input of
electrical voltage required to drive water splitting will be greater.

The most important requirement in forming a ternary phase semiconductor is that
the M(s/d) orbitals must be sufficiently electronegative to effectively hybridize with the
oxygen based orbitals in the band structure. This prevents the formation of a constricted,
metal based orbital between the O(2p) orbital and the conduction band. Most ternary
phase semiconducting oxides are derived from oxyanions (BO,") in which the empty
valence orbitals of the d°/d'® metal component (B) form the conduction band. The
valence band is typically formed from filled, or nearly filled, s or d orbitals of the metal
cation (A™) component of the ternary phase. One example of this type that shows
promise as a photoanode for PEC water oxidation is BiVO,. The Bi(6s) orbitals dominate

the valence band maximum, forming a 2.5 eV band gap material.*
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Ternary oxides and oxynitrides are becoming an attractive avenue for research
directed toward forming new visible light absorbing phases for PEC water splitting.
Some other examples are the main group tungstates (Bi,WQOs, SNWO4)***!, stannate
phases such as Cd,Sn0.,* bismuth containing phases BiCu,VOg,** CuBi,0,,* and many
new ternary phases which are being targeted through the use of combinatorial
methods.*™*" This thesis focuses on the 1%-row transition metal tungstates (AWO),),
inspired by the many advantageous PEC properties associated with WO3; as a
semiconductor for PEC water oxidation. The synthesis, characterization, and
photoelectrochemistry of CuWO4 are the focus of Chapter 2 and 3.

1.5 Methods for Overall Water Splitting

With forty years of research and many milestones, one thing has become
apparent: no single material will perform all of the necessary duties to efficiently and
cost-effectively split water into its constituent elements. Much of this thesis focuses on
PEC water splitting, where both solar and electrical energy are used to generate water
splitting photocurrents. Other research focuses on performing water splitting by adding
voltages across multiple light absorbers. These methods include p-n photolysis, where an
n-type photoanode and p-type photocathode are circuited in series to perform unassisted
water splitting. Most of the research in this field uses non-oxide materials. These devices
initially show high conversion efficiencies, but suffer from instability over long periods
of illumination.*® Other methods form buried junctions where a photovoltaic material
delivers the extra voltage to the photoanode to perform water splitting.*® Finally,
photovoltaic panels are being coated with a protecting oxide layers and combined to
electrocatalysts.” In most cases, it seems that oxide-based photoanodes produced by
cost-effective methods are still necessary to perform water oxidation robustly and
economically viable. This thesis presents one method toward the end of water splitting
without the need for an applied bias. It is a Z-scheme approach that is discussed further in
Chapter 4. This method does not use two light absorbers in series to generate > 1.23 eV,
but rather separates the two half reactions of water splitting both spatially and
energetically, akin to natural photosynthesis. The results presented are on
photoelectrodes, but the Z-scheme approach has also shown promise in the field of

photocatalysis using powders suspended in solution. Within this thesis, the results toward

11



water splitting at no applied bias are all for one half of water splitting, accomplishing
water oxidation while reducing an electron acceptor in solution.
1.6 Photocatalytic and Photoelectrochemical Water Oxidation

Powdered oxide photocatalysts are encouraging because the costs associated with
large scale production of H; by this method is minimal compared to water splitting using
paneled devices.® This fact arises from the comparative simplicity of the system; in
powder photocatalysis, the catalyst material is simply stirred into the solution to create a
suspension and then illuminated. Many synthesis methods for forming powdered
photocatalysts are easily scalable and are considerably cheaper than the current methods
for forming high quality thin-film devices. Also, when targeting new phases there are
many synthesis methods in which a scientist can easily control properties such as particle
size, morphology and crystallinity.

However, when developing new phases for use in photocatalytic or PEC water
splitting, full characterization is imperative to understanding the advantages or limitations
associated with a new material. With an electrode, it is possible to determine the relative
energy of its band positions experimentally, rather than relying solely on calculations. By
performing photoelectrochemistry, one can connect many of the experimental
observations to the fundamental properties of the oxide, providing a roadmap for
improvements. And, these synthetic or electrode improvements can be correlated to the
descriptions of a semiconductor discussed earlier. This has been crucial for a material like
hematite, where doping and morphology control led to a significant enhancement of its
PEC performance, revitalizing this material as a photoanode. Such investigations are
difficult on powders alone, and lead to disparity in presenting results across the field.

The information gleaned by performing PEC measurements on new materials is
easily translatable to many other researchers in the field. PEC experiments are more
easily benchmarked and experimental parameters can be standardized. This is important
for understanding gains, particularly with respect to visible light absorption. For example,
if one filters all UV light from an experiment, then shows that visible light absorption
results in catalytic turnover in this doped oxide using > 400 nm light, the result is
meaningless for understanding how efficient that entire material is under simulated solar

irradiation. Electrodes also allow one to more easily test certain hypotheses about a
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particular material. If the goal is to increase efficiency under visible light, measuring the
photocurrent action spectrum directly provides this information. These diagnostic
techniques provide insight into the PEC material properties.

Using a photoelectrode, other important parameters such as stability over long
periods of use and selectivity for performing water splitting are measurable and important
to report. As stated, oxides seem to be the only materials capable of performing long-term
photolysis of water when in direct contact with the electrolyte solution. However, this
must be proven and long-term PEC stability experiments (controlled potential
coulometry) provide this information directly. Also during long-term illumination
experiments, the selectivity and stoichiometry of the chemical reaction can be easily
monitored and compared. Along with stability, the selectivity to perform water oxidation
has been assumed in many early studies on new photoactive materials. However, this
isn’t always true, and current research efforts also focus on ensuring that an electrode is
selective when performing water oxidation. For example, competing anion oxidation
(such as CI™ to Cl,) is one possible competing oxidation pathway and though forming Cl,
has its utilities, it is not water splitting and therefore should be reported as such. This
thesis compares the selectivity of our electrodes to the current state of art to ensure that
the charge passed during a PEC experiment is in fact going to perform water oxidation.

Finally, this thesis focuses on various synthesis methods to create electrodes. One
challenge of performing PEC experiments on polycrystalline oxide electrodes is ensuring
that the mechanical structure of the electrode is sound. Though challenging, forming
competent polycrystalline oxide photoelectrodes has become a major part of the effort to
form cost-effective and scalable methods to form thin-films devices. Throughout this
thesis, | will present synthetic methods which were chosen due to the resulting
morphology, thickness, and purity of the formed electrode. Synthesis methods can also
allow one to mitigate the disadvantageous properties of a newly developed material. For
example, certain morphologies allow for maximum light absorption while maintaining
short distance for charge carriers to travel, reducing the rates of recombination.®>* This
helps alleviate the charge-transport limitations associated with oxides. Once a material is
discovered and shows promising fundamental properties, controlling the physical

parameters of the electrode can lead to significant gains in performance.
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1.7 Scope of this Thesis

This thesis is structured on the synthesis and PEC characterization of visible light
absorbing ternary oxides for water oxidation. Chapter 2 presents the various synthesis
methods and physical and electrochemical characterization of CuWO,, a material | have
spent the majority of my thesis working on. Chapter 3 then presents PEC experiments
conducted on CuWOj, to highlight its advantages as a photoanode and compare the results
we attain using this material to its congener WOs. Specifically, this chapter focuses on
the long-term stability of CuWO, as a photoanode and measuring its efficiencies for
water oxidation. Chapter 4 focuses on using CuWO,4,:WO3; composite electrodes in a Z-
scheme method to perform water oxidation with concomitant [Fe(CN)g]* at no applied
bias. Chapter 5 focuses on Zn;_,Cu,WOy,, a transition metal tungstate solid solution. This
chapter presents the optical and magnetic characterization of Zn;  CuyWQO, as well as
photocatalytic studies using Zn; xCuyWOQO, powders and PEC measurements on Zn;-
«CUxWQ, photoanodes. Finally, Chapter 6 presents collaborative work using TiO,-bronze
as a composite photocatalyst that shows high rates of water oxidation with 103" reduction
when combined with reduced graphene oxide. Chapter 6 also presents the motivation,
synthesis, and photocatalytic water oxidation experiments on PbCrO, rods. Following the
thesis, there are appendices containing supporting data pertinent to each chapter. They are
separated by chapter and appendix A-E is each for Chapter 2-6, respectively. The
appendix figures are referenced throughout each chapter.
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CHAPTER 2

Synthesis, Physical Characterization and Electronic Structure
Determination of CuWO,

Portions of this chapter have been published:

Yourey, J. E.; Bartlett, B. M. J. Mater. Chem. 2011, 21, 7651-7660. Reproduced by
permission of the Royal Society of Chemistry.
http://pubs.rsc.org/en/Content/ArticleLanding/2011/IM/C1IM11259G

Reproduced with permission from Yourey, J. E.; Pyper, K, J.; Kurtz, J. B.; Bartlett, B. M.
J. Phys. Chem. C. 2013, 117, 8708-8718. Copyright 2013 American Chemical Society
http://pubs.acs.org/doi/abs/10.1021/jp402048b

2.1 Introduction

The research goal of this thesis was to design new oxide materials which could
serve as photoactive electrodes for the oxidation of water. When surveying the literature,
WO3; was identified as a promising standalone material and therefore served as a starting
point for targeting new candidates. WO3 is a high performing photoanode capable of
generating significant photocurrents at an applied bias when illuminated. WO3 possesses
a relatively high Hall e~ mobility (10 cm? V™' s%)* and long minority-carrier diffusion
length (0.3 — 4.2 pm)>* compared to other oxides such as TiO, and a-Fe,Os. One
explanation of these advantageous properties is the contribution of the diffuse W (5d)
orbitals that make up the conduction band in WQOj3;. Therefore, research focused on
targeting new materials that contained W in a 6+ oxidation state with the intention of
these empty states serving as the conduction band. There are numerous synthetic methods
for forming competent photoanodes of WO3; on transparent conducting substrates, and
these served as a starting point for our syntheses. The main limitation of WOj is its large

band gap, which results in only a fraction of visible light absorption and a low theoretical
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solar to hydrogen (STH) efficiency (7%), described in Figure 1.3. WO3 begins to absorb
at approximately 475 nm (Ey = 2.75 eV), which is just into the blue part of the solar
spectrum.*

There are particular strategies for increasing visible light absorption in wide band
gap semiconductors such as WOj3. Metal and/or non-metal doping increases visible light
absorption, but in most cases these absorption events are due to defects which result in
low absorptivity coefficients and high charge carrier recombination.* Rather than use a
doping approach, ternary tungstate materials were targeted. The hypothesis was that 1%
row transition metal tungstates (AW,Oy) would show increased visible light absorption as
a result of charge transfer events. Ideally, absorption in these semiconducting oxides
would result in electron transfer from a predominantly cation-based valence band to a
higher energy W (5d) conduction bands. This electronic transition is a charge transfer and
therefore should result in collectable carriers.

There is evidence of tungstate materials that show photocatalytic activity under
illumination. Many of these materials are made from d*°/d® A™ cations, which results in
wide band gap semiconductors. Among them, PbWQO, particles have been shown to
decompose H,O photocatalytically under UV illumination when properly loaded with a
co-catalyst.® Bi,WOs has also received attention as a photocatalyst for H, formation and
organic dye degradation, and more recently as a photoanode for the oxidation of water.®®
Finally, ZnWO,, which crystallizes into the wolframite crystal structure and possesses a
high energy conduction band (-0.4 V RHE), has been shown to be an active catalyst for
organic dye degradation.’®*? When evaluating the wide band gap tungstates, the high
photocatalytic activity is likely due to the high energy conduction band ( < 0 V RHE).
These materials are energetically capable of forming the super oxide radical under
illumination which subsequently degrades the organic species in solution.

The 1% row transition metal tungstates AWO,4 (A = Mn, Fe, Co, Ni, Cu, Zn) all
crystallize into the monoclinic wolframite structure. CuWO, is as an exception since
Jahn-Teller distortion causes a transition from monoclinic to triclinic crystal symmetry.
These tungstates (except for ZnWO,) all absorb in the visible part of the solar spectrum

as seen in Figure 2.1.
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Figure 2.1 Absorption Spectra of AWO, and WO; powders

More importantly, the presented spectra show the charge transfer absorptions (the onset is
seen at approximately 450, 475, 425, and 550 nm for Mn, Co, Ni, and CuWO,,
respectively) in addition to the typical d-d transitions commonly observed in the metal
salts. The wolframite structure is made up of distorted octahedrally coordinated A%* and
W?®" cations. The transition metal octahedra are bridged through corner sharing oxygen
atoms. Each individual metal’s octahedra is edge sharing and translates along the c-axis

(Figure 2.2).

Figure 2.2 Crystal Structure of CuWO,
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The Cu and W octahedra are colored in green and blue, respectively

Left: The structure looking down a showing the parallel running zig-zag chains of edge
sharing octahedra for each metal

Right: The structure looking down ¢ showing the corner shared W and Cu octahedra

There are examples of the visible light absorbing tungstate nanoparticles being
used for the photocatalytic degradation of organic dyes, with CuWO, most often showing
the highest rates of activity when using visible light (again, ZnWO, is more active under
UV illumination).”®*'* NiwO, and CowWO, have been used in electrocatalytic H*
reduction and H,O oxidation, respectively; however the reports show that NiwO, and
CoWO, are not successful photocatalysts.’>** MnWOQ, is also not a successful
photocatalyst; however it does have unique multiferroic properties.'’"** CuwO, was
targeted as a potential photoanode for water oxidation due to the early reports of single
crystalline electrodes showing a photoresponse, the more current examples of successful
photocatalytic dye degradation, and finally because CuWO, has the lowest energy band
gap determined from UV-Vis spectroscopy.

The research goal in targeting polycrystalline CuWQO, photoanodes is to develop a
method to test the viability of smaller band-gap ternary oxides containing W for
photoelectrochemical water oxidation. We are interested in identifying the advantages of
this class of materials in comparison to the current state of art to understand how the
presence of a transition metal influences the material’s photoelectrochemical properties
toward water oxidation. Furthermore, it was a goal to develop new synthetic methods for
complex oxides for use in various applications. Electrochemical deposition is a low-cost
and reliable method for forming electrode materials. Electrochemical deposition helps
ensure ohmic contact between the oxide and substrate since the deposition is controlled
by the transfer of electrons between the two. Furthermore, electrochemical deposition has
many controllable parameters, which allows for further controlling the oxide growth.
There is a body of literature on preparing WO; by electrochemical methods,® and
because Cu?* is redox active in aqueous solutions, we chose this synthetic method as a
route for the formation of CuwQ, photoanodes.

In this chapter, the synthesis of a CuWO, electrode is accomplished through
electrochemical deposition. X-ray photoelectron spectroscopy (XPS) was used to

characterize the amorphous as-deposited electrode and understand the mechanism of
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deposition. The crystalline electrode was used to determine the position of the conduction
and valence band of CuwWO, with respect to the normal hydrogen electrode (NHE).
Finally, systematically studying CuWO,’s photoelectrochemical (PEC) properties
highlights some of the advantageous properties of this material in comparison to the
native WQOs.
2.2 Electrochemical Synthesis and Physical Characterization of CuWQO, Electrodes
The first synthetic effort was producing electrochemically deposited CuWO,
photoanodes. This electrochemical synthetic method was used due to the stated
advantages as well as the literature precedent for WO3 photoanodes from which these
methods were adapted. Thin films of CuwQ, are deposited onto FTO conducting

substrates by electrodeposition under controlled potentiometry illustrated in Figure 2.3.

il mA
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Figure 2.3 Electrochemical deposition co-reducing amorphous electrode material

Copper oxide and tungsten oxide are co-deposited at potentials between —0.5 V and +0.3
V (vs Ag/AgCl at pH 1.1) and the redox couples for Cu**/Cu* and W,01,% /WO are 0.08
V and 0.1 V versus Ag/AgCl at pH 1 respectively (Figure A.1). Deposition from the
peroxytungstate W,01;>~ has been previously reported in the literature.” Therefore the
chemical reactions occurring at the electrode surface during the cathodic sweep are:

2Cu*(aq) + H,O(l) + 26 — 2Cu,0(s) + 2H"(aq) (1)
W,0:,%(aq) + 10H*(aq) + 8" — 2WOs3(s) + 5H,0(l) 2)

The amorphous film deposited under ambient conditions is a heterogeneous mixture of
Cu,0, CuO and WOs. This formulation is supported by X-ray photoelectron spectra, in
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which signatures for Cu*, Cu®* and W®" are observed as seen in Figure A.2. The Cu®*
present in the as-deposited film was due to oxidizing Cu,O to CuO upon the anodic
sweep.?! Most important, after annealing the thin films at 500 °C for 2 h, the bright
yellow, crystalline CuWQ, resulted from the reactions:

Cu,0(s) + 2WO3(s) + %2 O2(g) — 2CuWO4(S) (3)
CuO(s) + WO3(s) — CuWO4 (s) (@)

A photograph of the electrodeposited films before and after annealing is provided in
Figure 2.4.
T/°C
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Figure 2.4 Heating scheme for the crystallization of CuWO, electrodes.

The ramp rate was ~1.3 °C/min and the annealing temperature was kept at 500 °C for 2 h

The composition of the films is determined by ICP-AES analysis. Analyzing three
individual films provides a W:Cu ratios of 1.29, 1.35, and 1.99. However, a single film
contains less than 1 mg of material which must be digested in 8 M NaOH then acidified
for analysis, which pushes the detection limit of the analyzer. Therefore, by digesting six
films to increase the signal, a W:Cu ratio of 1.20 is observed, consistent with the XRD
analysis in which a slight excess of W in the form of WOs.

The XPS survey scan for the annealed film is shown in Figure A.3. In the
annealed thin films, we observe one set of lines for tungsten by XPS. W(4f;,) and
W(4fss,) occur at binding energies of 34.5 eV and 36.9 eV, respectively in Figure A.4.
The peak energies are consistent with W°®* standard peaks.”” The Cu(2p) region shows
Cu(2ps2) and Cu(2p12) peaks at 934 and 954 eV as well as three satellite peaks, well
understood for oxides of Cu**.% Finally, the O(1s) region can be deconvoluted with two

Gaussian peaks: lattice oxide is the higher intensity peak at 529 eV and the shoulder at
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531 eV is attributed to surface hydroxide, a typical feature observed in metal oxide thin
films.

The X-ray diffraction pattern of the annealed films is illustrated in Figure A.5.
CuWO, crystallizes in the centrosymmetric space group P—1,* and the corresponding
Miller indices calculated from the single crystal structure are included in the figure. For
comparison, we prepared a microcrystalline powdered sample by the high temperature
solid-state reaction of stoichiometric quantities of CuO and WQOj3 at 800 °C for 2 h. The
structures of CuWO, and WOj3 are well-known and XRD suggests that our films are
slightly W-rich, supported by the shoulder in the (011) reflection at ~24.1° 26, as well as
(022) reflection seen at 33.24° 26, unique to WOs3. The diffraction patterns of CuwQ, and
WOj are difficult to distinguish as both crystallize in similar structures.?

The CuWOq thin films prepared by electrodeposition show an average thickness
of 2-3 um determined by profilometry and supported by the cross-sectional SEM image
of Figure 2.5. The top-down image shows a highly porous material consisting of
aggregated particles ranging from 200-500 nm with a more densely packed layer of the

same composition underneath.
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Figure 2.5 Profile (a), cross-sectional SEM image (b), and top-down SEM image (c) of a
CuWO4 electrode.

The STEM elemental map seen Figure 2.6 shows an even distribution of Cu and W

throughout the annealed material rather than distinct islands of either individual oxide.
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Figure 2.6 Cross-sectional TEM image (top left) with element mapping of Cu (yellow),
W (purple), and O (red) proceeding clockwise.

Electronic absorption spectra of CuWOQO, thin films were collected using an
integrating sphere in diffuse reflectance mode and compared to WO3 electrodes prepared

by electrochemical deposition.
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Figure 2.7 Electronic absorption spectra for CuWO, and for WOj5 electrodes.
Inset. Tauc plot for the electrodes showing indirect gaps.
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Figure 2.7 shows an absorption tail out to roughly 550 nm for CuWQ,, an initial
indication that the optical band gap is approximately 2.3 eV, given by the mathematical
relationship, E (eV) = 1240 / A (nm). This transition is assigned as the MMCT associated
with hybridized O(2p) + Cu(3d) valence band and the conduction band. The gradual
increase in absorbance as opposed to a very sharp increase strongly suggests that this
material has an indirect band gap.?® Accordingly, transforming the reflectance spectrum
into a Tauc plot (inset of Figure 2.7) shows that CuWO, indeed shows an indirect gap of
2.3 eV, representing a bathochromic shift of 0.45 eV compared to the indirect gap of
WOj;. Notably, this band gap is similar to what has been measured for other CuWQ, thin
films27 as well as single crystals.?®?® In addition to the MMCT bands, CuWO, shows
low energy, localized d-d bands within the Jahn-Teller distorted CuOg octahedra from
700-800 nm.? This absorption band is typical of Cu®**, and is comparable to the
absorption spectrum observed for aqueous Cu®* salts.®

2.3  Sol-Gel Synthesis of CuWO,

This synthesis method produces CuWQ, photoanodes by spin casting a viscous
precursor solution. This method was targeted for several reasons. First, spin casting is a
straight forward and scalable method for electrode synthesis. Physical properties of the
electrode such as thickness are easily controllable through spin rates and number of
depositions. Control of electrode thickness is important for CuwWQ, because the material
has an indirect band gap, and therefore a thicker electrode with maintained PEC
performance is desired to maximize absorption. In terms of composition, the
stoichiometry of the tungstate can be easily controlled through the concentration of
precursors used during the preparation. This is important for the results of PEC
experiments conducted in Chapter 3 to elucidate some of the fundamental properties of
CuWO, regarding stability and selectivity when performing PEC water oxidation.
Electrochemical deposition resulted in films that were slightly W rich, which could
provide mislead electrode stability and Faradaic efficiency results. This synthetic method
is also useful as it provides a route to synthesize complex tungstate solid solutions,
AA'WO4 where the stoichiometry of the cation can be varied amongst the first row
transition metal tungstates. This will play a more significant role in Chapter 5 when

complex tungstates are formed using an adaptation of this synthesis. Furthermore, in
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many cases, when a metal cation is mixed in solution with a metal oxoanion, precipitation
of the amorphous oxide results. The choice of unreactive precursors provides a route to
maintain the solubility and stability of the casting solution. This method could also be
amended for other ternary oxide precursors, and adaptations are currently used in our
laboratory.

In order to produce the CuWOj, thin film electrodes, a mixture of Cu(NO3)2*3H,0
and AMT in a 12:1 (v/v) ethylene glycol : water mixture was heated at 95 °C to form a
solution that turned from light blue to green in color. Upon heating in air, the water
evaporates, which decreases the solubility of AMT. Control experiments have shown
show that cupric nitrate is unreactive upon heating (a light blue solution persists), but
heating AMT results in a chemical change such that a brown precipitate forms upon
cooling. In the AMT and cupric nitrate reactant mixture, the precursor solution becomes
stable and transparent at temperatures greater than 90 °C after a 150-minute induction
period. When this precursor solution is cooled to room temperature, a white precipitate
forms. This process is initially reversible; however, after four hours the precipitate does
not dissolve when reheated. A similarly colored green solution has been observed in a
precipitation reaction between Na,WO, and Cu(NOs), in ethylene glycol.* In that co-
precipitation, equimolar Na,WO, dissolved in the minimal volume of H,O and was added
to a solution of Cu(NOs), dissolved in ethylene glycol, forming an analogous dark green
color before fully precipitating. By forming a more viscous precursor through heating and
adding Triton-X, the solution is amenable to spin casting onto FTO.

The thin films were crystallized by annealing at 550 °C for 1 h and the X-ray
diffraction pattern recorded in Figure A.6 matches that of pure phase CuWO,, but with
relative intensities of the Bragg reflections that are distinct from those obtained on
powdered samples. There is greater intensity observed for the (0 1 I) family of Bragg
planes, indicating preferred orientation. Poly(ethylene) glycol has been shown to serve as

32-35 and we surmise

a structure-directing agent in WOj3 formed from colloidal precursors,
that a similar process is taking place in our system. Most important, CuWQ, prepared
from this sol-gel method does not show any WO3; impurity phase by X-ray diffraction,
typically seen as a shoulder at 24.1 °26 and a unique reflection at 33.2 °20 (Cu Ka X-ray

source). Energy dispersive X-ray analysis (EDX) indicates a pure material with a W:Cu
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ratio of 1.05:1+0.03 taken as an average from three measured areas on four different
samples. The stoichiometry of the electrode was further corroborated using ICP-AES in
which the W:Cu ratio was measured to be 1.06:1.

The high-resolution SEM image presented in Figure 2.8 indicates that sol-gel
chemistry results in nanoparticulate electrodes composed of 190 £ 30 nm (longer axis) X
79 £ 15 nm (shorter axis) interconnected crystallites. Other isostructural AWO, powders

formed between 500 and 550 °C are typically close to this size.**

L%
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Figure 2.8 Top down (a) and cross-sectional (b) SEM images of CuWO, on FTO.

SEM imaging also confirms that CuWO, electrodes are uniform in coverage and the
cross sectional SEM shows that the film is ~200 nm thick on top of the FTO substrate.
The morphology of interconnected particulates, rather than a dense matte layer, is
important for the PEC performance and though each crystallite is larger typically
observed for WO3 electrodes, the morphology is similar to WO3 prepared from colloidal
precursors as well as other oxides prepared by sol-gel methods. %%

The prepared electrodes are slightly opaque yellow crystalline solids with the
onset of an absorption edge at 550 nm, which extends into the UV region of the spectrum
as shown in Figure 2.9. Figure 2.9 also presents the current efficiency of CuwO4 at an
applied bias of 1.23 V RHE. The data shows that the onset of absorption in the thin film
corresponds to photocurrent generation. This result and the photoelectrochemistry of

CuWO4 will be discussed in more detail within Chapter 3.
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Figure 2.9 UV-vis diffuse reflectance spectrum (black line) and photoaction spectrum

(red circles) of CuWQy thin films.

An indirect band-gap Tauc plot estimates a band-gap energy, Eg, of 2.45 eV. This band
gap is slightly higher than CuwWO, prepared by electrochemical deposition (Figure 2.7)
and spray pyrolysis,®® but thin films are known to have slightly larger experimental band
gap compared to their powder counterparts or thicker films due to a shorter path length
for absorption.®® The lack of absorption in the 200 nm thin films is further supported by
1) a band-gap energy for thin films that is larger than what is measured for bulk material,
2) the near zero absorptivity at wavelengths greater than 525 nm and 3) the lack of strong
d-d transitions typically observed at wavelengths longer than 650 nm in powdered
Cuwo04.%

2.4 Electronic Structure of CuWO,

In order to elucidate the electronic structure of CuWOQ,, electronic absorption
spectroscopy is used in conjunction with electrochemical impedance spectroscopy. Using
these two methods, the band gap, Eg, as well as the positions of the conduction and
valence bands is elucidated in a semiconducting material. Though, determining the exact
energy position of the band edges requires measuring the ionization potential and electron
affinity in vacuum, EIS provides a close approximation of the conduction band edge in an
n-type semiconductor. Electrochemical impedance spectroscopy (EIS) is used to
determine the flat band potential in a semiconductor, which as per the Mott-Schottky
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relationship. EIS was measured over a frequency range 0.1 to 100 Hz in the DC potential
range —0.1 to + 0.5 V (vs Ag/AgCl at pH 7) and capacity calculated as a function of

frequency according to the equation:

1
2nfZim (5)

Csc = —

where f is the frequency of the experiment and Z;, is the imaginary component of the
impedance. Capacitance values are input into the Mott-Schottky relation:

== (BB - 1) (6)

ecggNp

where Cg is the total capacitance in the space-charge depletion layer, E is the applied
potential, Eg, is the flat-band potential, Np is the majority-carrier density, and T is
temperature. The remaining constants carry their typical meanings such that 2/ecy = 1.41
x 10% Vecm/C? and ksT/e = 0.0257 V at 298 K. Eg, is determined from the x-intercept of
the plot 1/(Cs%) versus E, Eo = Es, + (kgT/e) and the majority-carrier density is calculated
from the slope, where d(Cs. %)/dE = 2/(eceoNp). For ¢, the dielectric constant of CuWOy,,
we use 83, the literature value obtained for a pressed pellet prepared from single
crystals.* From the data shown in Figure 2.10, we obtained a flat band potential of —0.17
V vs Ag/AgCl at pH 7, 0.42 V RHE.
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Figure 2.10 Capacitance—voltage profiles for a CuWO, electrode in a 0.1 potassium
phosphate buffer (pH 7) vs Ag/AgCl.
Inset. Open-circuit potential upon intense light illumination.
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This significant result is further validated with the onset potential observed in the
photocurrent experiments and the open circuit potential of the cell when illuminated,
shown in the inset of Figure 2.10.* Both syntheses provide similar measured flat band
potentials, though there is some frequency dispersion in the measured value at higher
frequencies. Frequency dispersion is often observed in polycrystalline electrodes, and can
make the results more difficult to interpret. In CuWO,, The agreement of the C — E
response for a range of lower (0.1 — 10 Hz) frequencies over three orders of magnitude
and the near unity values of the slopes in the observed Bode plots (Figure A.7) validates
using a simple RC circuit in series with an additional resistance to model the electrode
(Randle’s circuit). Figure A.8 further validates the energy position of the conduction band
in CuWO,. Using an electrode prepared from a cleaved single crystal of CuWQ, in an

electrolyte containing a equi-molar Fe(CN)g>™*

, the measured flat band potential in
CuWO, is 0.4 V RHE. Using the single crystal in an electrolyte with a well-defined redox
potential, minimal frequency dispersion is seen at higher frequencies and the measured
flat band potential is consistent up to 10,000 Hz. These measurement conditions are not
feasible using the polycrystalline electrodes because exposed FTO electrochemically
oxidizes/reduces the redox mediator in solution.

The measured donor density of CuWO, varies by synthesis. In the single crystal
prepared into an electrode, the donor density was determined to be approximately 5x 10'®
cm™>. This was lower in comparison to Np measured on sol-gel CuWO, (1 x 10%° cm™)
and the electrochemically deposited electrodes (3 x 10?* cm™). The higher donor density
is possibly be due to the highly porous electrode surface in which there may be more than
1cm? active surface area. Additionally, d(Cs ?)/dE varies slightly by the frequency used
to construct the Mott-Schottky plot, and because it was necessary to use lower
frequencies that fit the Randle’s circuit, these values may be further inflated. Finally,
because these electrodes are polycrystalline in nature, the defect structure may be higher
than a single crystal, further resulting in an increased measured donor density.

The electrochemical impedance and electronic absorption experiments yield the
electronic structure illustrated in Figure 2.11. Figure 2.11 is plotted with respect to the
normal hydrogen electrode (NHE) at pH 0. The experimental data measured at pH 7 vs

Ag/AgCI is converted using the Nernst equation and Figure A.9 validates that CuUWO,
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shows a Nernstian response with respect to solution pH, showing a slope of 0.062

V/decade when measuring the change in open-circuit voltage under illumination at

various pH.
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Figure 2.11 Experimentally determined band diagrams for CuWQO, and WOs.

The proclivity for CuWO, to act as a photocatalyst for water splitting was
surveyed nearly 30 years ago, but the material was abandoned because experimental
results led the authors to assert that the valence band is purely atomic O(2p) in
character.*® Since that report, the electronic structure of CuWO, has been investigated,
and a strong Cu(3d) orbital contribution to the valence band is predicted from first
principles DFT calculations.** Notably, the dispersion in the valence band is ca. 7.7 eV,
much wider than the O(2p) band. In addition to the Cu contribution near the valence band
maximum edge, the bottom of the valence band is calculated to have significant W(5d)
character.

There are conflicting reports about the composition of the conduction band. In
reference 44, W(5d) orbitals compose the minimum of the conduction band with a small
contribution of O(2p) and Cu(3d) orbitals, indicating a W(5d)«—Cu(3d) MMCT as the
dominant absorption event as seen in Figure 2.12a. Other reports indicate that CUWQy is
a charge transfer insulator, presenting the major absorption event as a LMCT from a

predominantly O(2p) based valence band into a Cu(3d) dominated conduction band,
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indicated in Figure 2.12b.%® However, another study suggests that the unoccupied Cu(3d)
state resides approximately 1 eV above the valence band maximum with minimal W(5d)
contribution, leading to a d-d absorption of significantly lower energy than the main
absorption found near 2.3 eV.* One major influence of these varying calculations is the
spectral redistribution of the Cu(3d) states which change in energy as a result of the spin
interactions between ferromagnetic (along b) or antiferromagnetic (along ¢) neighboring
Cu centers.**® Second, the differences in the resulting band structures also arises from
the interatomic repulsion energy (U) associated with Cu®" in the crystal structure. In
oxides containing Cu®*, U is typically greater than the d orbital width and causes a
splitting into two Hubbard bands.*® Applying a Hubbard term, U, to the calculations
alters the energy position of the filled and unfilled Cu(3d) bands in the electronic
structure. In the literature used to provide the possible electronic structures, U ranges
from 4 eV to 7 eV depending on the calculation and influences the resulting depictions of
the electronic structure. Furthermore, the elongation of the z-axis results in differences in
orbital overlap which causes further splitting of the ey states, resulting in thin, filled and
partially filled orbitals at different energies within the gap.*” This tetragonal distortion of
the Cu-O octahedron does however lead to the smaller band gap observed in CuWQO,

compared to the other metal tungstates.
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Figure 2.12 Depiction of two possible electronic structures of CUWO,
These electronic structures match the DFT calculations and include the measured Eg,.
This figure also indicates the charge transfer events capable of creating photocurrent
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Our experimental electrochemical impedance data shows that the valance band
edge is raised by nearly 0.5 V compared to that in pure WQg3, giving credence to the
Cu(3d) contribution. In addition, the flat band potential of CuWO,, +0.4 V (vs RHE),
matches directly that of WOj3 reported in the literature®® as well as experimental data
collected on an electrodeposited WOj3 film prepared in our lab. This insinuates W(5d)
orbitals strongly contribute to the conduction band. In both original theory papers, the
calculated band gaps are 1.9 eV and 1.5 eV for references 44 and 46 respectively, and are
in reasonably good agreement with previous papers that cite the gap at 2.3 eV?® and 2.0
eV?"*3 as well as our experimental gap of 2.3 eV.

From our initial discovery, there have been subsequent calculations done to
validate our claim as to the electronic structure of CuWO,4.*"**2 The general consensus
is that the transition beginning at 550 nm is a W(5d)«—Cu(3d) MMCT and the low energy
transition edge seen approximately at 700 nm is a localized Cu(3d) d-d transition. Though
these calculations approximate the optical properties of CuwWQ,, electrochemical and
photoelectrochemical studies indicate that Cu(3d) states near the conduction band play a
significant role in dictating the electrode properties of this material. In order to get a more
detailed picture of the electrochemical properties of CuwQO, at energies near the
conduction band, cyclic voltammetry (CV) was performed on CuWQ, in both N, and O,
sparged cells, and compared to similar conditions using WO3 and FTO electrodes. The
cyclic voltammogram recorded in Figure 2.13 provides details on role of Cu near the
conduction band of CUWOs4.
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Figure 2.13 CV of CuWO, and WOj3 in an N, purged cell in the dark

CuWO, shows a quasi-reversible couple with peak potentials, E,c = 0.38 V and Ep, =0.55
V in an Ny-purged cell. A similar CV experiment performed on a WO3 electrode of
similar thickness shows no such waves; rather, H" insertion and extraction is observed, as
has been documented.>® Furthermore, there is no color change observed in the CuWO,
electrode from yellow to dark blue, typical for W®* reduction. This is not surprising since
wolframite is not known to intercalate protons.>* When the electrochemical potential is
swept to more reductive potentials, the redox chemistry of CuwWO, becomes more
obvious Figure A.10. Also, no discernible waves are observed on a blank FTO electrode.
Comparatively, ZnWQO, and CoWO, show no such redox chemistry, even in an expanded
electrochemical window (Figure A.11) further suggesting that the redox chemistry near
the conduction band edge is Cu®* based. With these experimental results, it was

concluded that this set of peaks in CUWO, corresponds to Cu®*'**

, suggesting that Cu (3d)
orbitals states exist in the lower energy portion of the conduction band. This conclusion
was further verified through comparison of calculations which determine the
thermodynamic oxidation and reduction potentials of semiconductors in aqueous

2+/1+

solutions.>® The reduction potential of CuWOj, is due to Cu®** which was predicted to

be at potentials just more negative than the conduction band edge.

35



In the presence of O,, a catalytic O,-reduction wave is observed at 0.50 V (-0.11
V vs. Ag/AgCI, pH 7) on CuWQ,, which again is distinct from WO3 and FTO electrodes,

as seen in Figure 2.14.
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Figure 2.14 CV on CuWQ, in a N, and O, purged cell
Inset shows the onset of photocurrent in a linear sweep voltammogram on CuWO, under
illumination.

The photocurrent onset potential for PEC water oxidation (presented in the inset of
Figure 2.14) also occurs near this potential, 0.46 V (-0.15 V vs. Ag/AgCl), further
indicating that this Cu-based redox couple dictates both the onset of photocatalysis as
well as the dark electrocatalysis of O, reduction. Mixed metal tungstates have been
shown to be active materials for the electrocatalytic reduction of H* to H, and Cu is a
known metal to be active for electrocatalytic reductions as it proceeds through a Cu®"**".
Therefore it is feasible that CuWO, is active for the catalytic reduction of O,. The
performance of CuWOQ, can be evaluated through Tafel slope analysis for the oxygen
reduction reaction (ORR). At lower current densities, CuWO, has a Tafel slop of 67
mV/decade. At higher current densities, the slope increases to 117 mV/decade, indicating
a decrease in rate at higher overpotentials (Figure A.12). These experimental slopes
closely correlate to the common rate determining steps for the ORR on Pt/PtOy
catalysts.”® The low slope region corresponds to a pseudo two electron rate determining
step, whereas a slope of 120 mV/decade means the first electron transfer is the rate

determining step.>” It is known that the small slope (60 mV/dec.) at higher potentials
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corresponds to the reaction taking place at Pt covered with an oxide (PtOy) whereas the
larger slope corresponds to a Pt® surface.”® Interestingly, this change in slope on CuWO,
may be due to the reduction of the catalytic sites from Cu®* to Cu® because the
changeover potential from low to high slope is close to the measured reduction potential
for CuWwO,. Though these rates of catalysis are reasonably high on CuWQ,, the
overpotential required for onset is much greater than what is seen on noble metal
catalysts such as Pt and Pd.*®*° Regardless, there is potential for CuWO, as a low-cost
ORR catalyst that is capable of high temperature cycling, unlike noble metals that are
unstable catalysts at higher temperatures. At room temperature and at -0.6 V vs Ag/AgCl
(0.1 V RHE), the CuWOy electrode is not stable for more than ten minutes performing
ORR at pH 7 (Figure A.13). In fact, a colorization of the electrode takes place from

yellow to copper colored, indicating the reduction of Cu®* to Cu’. This process is

2+/0 2+ /1+

exacerbated in acidic solutions where Cu“"™ is more likely than Cu“’/~". The presence of
Cu redox chemistry indicates that the CuWO, contains Cu(3d) character near the
conduction band edge, and these states are responsible for many of the fundamental
properties of CuUWO, presented in Chapter 3.
2.5 Conclusion

This chapter presents the rational design for targeting specific oxides to serve as
photoelectrodes for water oxidation. My research began with a survey of known,
promising materials motivated by the goal of increasing visible light absorption while
maintaining competency as a semiconducting material. This chapter presents two
synthesis methods which add to the body of literature for oxide synthesis and were
continuously used through the majority of my thesis work. These methods of synthesis
are considered inexpensive and industrially relevant methods to deposit oxide materials
onto conducting substrates. The presented methods present insight into the
electrochemical role of copper within CuWO,. This chapter presents a methodology for
targeting ternary phase oxide materials which contain predominantly metal based valence
bands rather than traditional oxygen (2p) orbitals. These low energy metal orbitals must
sufficiently hybridize with oxygen orbitals to provide a continuous valence band, rather
than discrete d states which possibly plague the use of other 1% row transition metal

tungstates. Most importantly, the experiments conducted on CuWO, helped lay the
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foundation for methods of physical and experimental characterization that our lab follows
on a newly synthesized material.
2.6 Outlook

Since the results presented in Chapter 2 have been published, there has been
progress on the use of tungstate materials in PEC water oxidation. Various synthetic
methods have been used to form CuwWOQO, photoanodes including a co-sputtering approach
and modified electrochemical deposition routes.”*%®-%? The electrochemical experiments
conducted on these synthesized electrodes show that the properties presented in Chapter 2
are intrinsic to CuWO, and independent of synthesis method or resulting morphology. As
research has continued to progress, composite electrode materials have been formed
using CuWwO, to improve on the PEC properties. Multi-walled carbon nanotubes
(MWCNT) have been incorporated with CuwWO, to form a light absorbing/charge
collecting composite electrode by spray deposition.®® This composite electrode shows
improved photocurrent generation over the native electrode and high photostability. p-
CuO/n-CuWO, junctions have been formed, capable of photoelectrochemical
photocurrent switching (PEPS).** Additionally, research groups have taken advantage of
the higher energy valence band found in CuWQ, to form heterojunctions with increased
electronic fields to help separate charge carriers. Such an example is a BiVO,-CuWO;,
heterojunction,®® and current efforts in our laboratory are aimed at forming WO3-CuWO,
junctions that use an induced electric field, as well as the chemoselectivity of CUWO, to
form an electrode with high Faradaic efficiencies for O, production. As will be presented
in the following chapter, the intrinsic properties of CuWO, lead to advantageous
photoelectrochemistry such as increased selectivity for water oxidation under
illumination.
2.7 Experimental Methods

Electrochemical Synthesis of CuWO,. All reagents were purchased from Sigma
Aldrich and used as received with no further purification. Composite photoanodes were
prepared via electrodeposition from a 25 mL bath composed of 25 mM Cu(NO3),*3H,0
and 25 mM H;W,01;. The acidic peroxytungstate precursor was synthesized by
dissolving metallic tungsten powder (0.95 g) in 10 mL of 30% hydrogen peroxide in a

cold water bath. After complete dissolution, excess peroxide was decomposed using a
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platinum mesh catalyst (4 cm?), evident when no more bubbles evolved from the
platinum mesh. The solution was quantitatively transferred and diluted to 25 mM in a
70:30 water:2-propanol mixture. The pH of the starting mixture was approximately 1.9,
and the acidity of the final deposition solution was adjusted to pH 1.1 by adding 2-3 mL
of 5% nitric acid solution. Films were electrodeposited onto soda-lime glass coated with a
400 nm fluorinated tin oxide (FTO) conducting layer purchased from Pilkington Glass
(Tec 15 2.2 mm thick, 12-14 Q) after being cleaned by sonication in ethanol, then
acetone for 20 min each. Amorphous white films were prepared by submerging a 1 cm?
area in a stirred stock solution. The potential was swept from +0.3 V to -0.5 V for 6
complete cycles, passing ~0.5-0.6 C total charge versus a Ag/AgCI reference electrode at
pH 1.1 and 25 °C using a CH Instruments 660C Electrochemical Workstation. These
films were subsequently annealed in air at 500 °C for 2 h using an MTI box furnace. The
films were heated and cooled at a rate of approximately 1.3 °C/min. After annealing, the
resulting bright yellow films were used in all subsequent experiments. Control tungsten
oxide films were electrodeposited from the same deposition solution as the copper(ll)
tungstate films, with the notable exception that no cupric nitrate precursor was employed.
These films were deposited potentiostatically at —0.6V for 6 minutes in a non-stirred
solution, experimentally passing ~0.55 C total charge. These films were annealed using
the same heating scheme described above, resulting in films ca. 600 nm thick as
determined by profilometry.

Sol-Gel Synthesis of CuWOs,.

All reagents were purchased from Sigma Aldrich and used as received with no
further purification. The CuWQ, photoanodes were prepared via spin-casting the sol-gel
precursors onto a fluorinated tin oxide (FTO) substrate. FTO was purchased from
Pilkington Glass (Tec 15 2.2 mm thick, 12—14 Q/sq.) and was cleaned by sonication in
ethanol and acetone for 20 min each, and then rinsed with de-ionized water and dried
under Nj. First, 1.00 mmol of Cu(NO3),¢3H,0 was dissolved into 1.2 mL of ethylene
glycol in a 20 mL scintillation vial. Next, 1.00 mmol of tungsten in the form of
ammonium metatungstate hydrate ((NH4)sH2W12,0404H,0, AMT) was added to the vial.
0.1 mL of H,0 was then added, and the mixture was sonicated and stirred to dissolve the

AMT. Finally, 0.025 g of Triton-X 100 non-ionic surfactant was added to the mixture,
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forming a blue solution. The vial was stirred and heated in an oil bath at 95 °C to form a
dark green solution. After heating for at least 2.5 h, 25 pL of the green precursor solution
was dropped onto 1 cm? of masked FTO and spun for 10 min at 1200 rpm immediately
followed by 2000 rpm for 3 s to remove excess liquid from the edges; the 1 cm? area was
centered over the Laurell spin coater (model WS-400BO6NNP/LITE). The casted
electrodes were annealed at 550 °C for 1 h, with 1 h ramp and cool times. This heating
scheme was optimized for photoelectrochemical performance. Electrical contact was
made by attaching copper wire (Fisher Scientific) using silver print Il (GC electronics) to
exposed FTO. Finally, the electrode was sealed using Hysol 1C epoxy at the end of a
piece of glass tubing through which the wire had been fitted.

Physical Characterization. X-ray diffraction patterns were recorded on a Briker
D8 Advance diffractometer equipped with a graphite monochromator, a Lynx-Eye
detector, and parallel beam optics using Cu-Ko radiation (A = 1.54184 A). Patterns were
collected using a 0.6 mm incidence slit, with a step size and scan rate of 0.04%step and
0.5 s/step respectively. Phases were identified as CuwO, (JCPDF 72-0616) and WO3
(JCPDF 72-0677) using MDI Jade version 5.0. Observed CuwWQ, Bragg reflections were
compared to those calculated from the single crystal X-ray structure.

UV-Vis spectra were recorded using an Agilent-Cary 5000 spectrophotometer
equipped with an external diffuse reflectance accessory. Spectra were recorded in
reflectance mode and presented as normalized absorbance. Tauc plots were then
generated using the Kubekla-Munk function, F(R) = (1-R)%/2R. Film thickness was
determined by profilometry using a Dektak 6 M Surface Profilometer.

Scanning electron microscopy images were obtained using an FEI Nova Nanolab
SEM/FIB with an accelerating voltage of 10 kV. X-ray photoelectron spectra were
recorded on a Kratos XPS (8 mA, 14 keV, Monochromatic Al). All peaks were calibrated
to C(1s) at 284.5 eV. The XPS data was fit using CasaXPS program. Peaks were fit with
a Shirley background using a GL(30) fit. Transmission electron microscopy was
performed using a JEOL 2010F instrument. XTEM samples were prepared as follows.
Film surfaces were adhered using M-bond 610 adhesive. The sample was then cut to an
appropriate size and mechanically ground until it was sufficiently thin. Finally, it was

polished with a precision ion polishing system (Gatan) and mounted onto a slotted
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titanium grid using M-bond 610 adhesive. Energy dispersive X-ray analysis spectra
(EDX) of sol-gel CuwO, were collected using a Hitachi S-3200N SEM with an
accelerating voltage of 25 kV, a secondary electron (SE) detector and a working distance
of 15 mm. Spectra were quantified using EDAX genesis software and the Cu K and W L
emission lines were used. The determined atomic ratio of W:Cu was 1.05:1+0.03.
Spectra were collected for 180 live seconds with a dead time (% DT) less than 40%
collecting on average 4000 cps. The atomic ratio was also quantified using a 10 kV
accelerating voltage to minimize the contribution of the FTO and SiO under layers. The
resulting atomic ratio of W to Cu was 1.04 + 0.05 using the Cu L and W M emission
lines.

ICP-AES elemental analysis for Cu and W was obtained using a Perkin-Elmer
Optima 2000DV instrument. Electrochemically deposited CuWOQO, electrodes were
digested in 8 M NaOH, and then acidified using HNO3. The atomic ratio of Cu to W in
the film was determined using an average of the two most intense emission lines for each
metal: 324.752 and 327.393 nm for Cu; 207.912 and 224.876 nm for W. ICP-AES
elemental analysis for Cu and W in sol-gel CuwWQ, was obtained using a Perkin-Elmer
Optima 2000DV instrument. The material from four films was used for the experiment.
First, the four films were placed in a 20 mL scintillation vial, and 2 mL of 30% H,0,, 1
mL of HNO3 (69%) and 2 mL of H,O were added. Then, the vial was heated to 80 °C and
stirred. Over time, 1 — 2 mL of additional H,O, was added as the mixture was dissolving.
Finally, it was allowed to cool, and the solution was diluted with H,O to 10 mL total for
use. The emission lines used were 324.752 nm and 224.876 nm for Cu and W,
respectively.

Impedance measurements were performed using an Autolab PGSTAT302N
electrochemical workstation equipped with a frequency response analysis (FRA) module
version 4.9 in a pH 7 potassium phosphate solution. A sinusoidal 10 mV excitation
waveform was used to measure the impedance characteristics of the electrode (10 kHz-
0.1 Hz), scanning from 1.0 to -0.1 V vs Ag/AgCl.
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CHAPTER 3

Detailed Photoelectrochemical Study of CuWO,

Portions of this chapter have been published:

Reproduced with permission from Yourey, J. E.; Pyper, K, J.; Kurtz, J. B.; Bartlett, B. M.
J. Phys. Chem. C. 2013, 117, 8708-8718. Copyright 2013 American Chemical Society
http://pubs.acs.org/doi/abs/10.1021/jp402048b

Reproduced with permission from Pyper, K. J.; Yourey, J. E.; Bartlett, B. M. J. Phys.
Chem. C. 2013, 117, 24726-24732. Copyright 2013 American Chemical Society
http://pubs.acs.org/doi/abs/10.1021/jp408434v

Yourey, J. E.; Bartlett, B. M. J. Mater. Chem. 2011, 21, 7651-7660. Reproduced by
permission of the Royal Society of Chemistry.
http://pubs.rsc.org/en/Content/ArticleLanding/2011/JIM/C1IJM11259G

3.1 Introduction

As mentioned at the end of chapter 2, there has been significant progress on the
development of new methods for the synthesis of CuWQ,, along with composite and
heterojunction electrodes. This chapter presents an in depth study its PEC properties for
water oxidation. Specifically, this chapter is focused on electrode stability over long
periods of illumination in neutral pH electrolytes. There is recent emphasis in PEC water
splitting on finding electrolyte compositions that are compatible with both redox half

1-3 as well as

reactions. Currently, PEC H, evolution on metal oxide photocathodes,
overall water splitting on tandem devices*® is often carried out at near-neutral pH.
Therefore, an anode that possesses a larger window of pH stability is needed for
incorporation into one of these systems, rather than being confined to strong acids or
strong bases. The goal is to measure the Faradaic efficiency (i.e.—the selectivity of
performing the desired redox reaction on an electrode). In conducting these studies, an

electrolyte (potassium borate, KB; at pH 7) not commonly used for PEC water oxidation
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was identified as a promising buffer system for long term stability and high Faradaic
efficiencies for O, formation. The results are presented in a manner of comparison to the
native WOj3; and the fundamental differences in the electronic structure of CuWQ;, in
comparison to WO3 are connected to these PEC properties.

3.2 Photoelectrochemistry of CuwWO,

The ability of a semiconducting material to generate collectable charge carries is
determined by the use of a photoaction spectrum. Figure 2.9 shows the external quantum
efficiency of a sol-gel CuwO, photoanode at 1.23 V RHE along with the absorption
spectrum of the electrode. The onset of measurable efficiencies begins at 530 nm, which
corresponds to a band gap of 2.45 eV, approximately the same as the energy gap
determined from the absorption spectrum in sol-gel CuWO,. Again, this is slightly larger
than what is measured on a thicker film or powdered counterparts but CuwWO, is an
indirect band gap material (o = 1715 cm™ at 500 nm, calculated from electrochemically
deposited CuWO,, Figure B.1), and therefore a film of nearly 6 um is required for
complete photon absorption at longer wavelengths. However, even in thicker,
electrochemically deposited films, CuWO;, still has low quantum efficiencies at these
longer wavelengths (Figure B.1). This is possibly because the penetration depth
(indirectly proportional to absorptivity coefficient) of photons is far beyond the depletion
width (Wp), and the generated charge carriers suffer recombination in the bulk. Many
electrodes with higher current densities require multiple layers but it becomes difficult to
decipher whether the poorer performance observed in thicker CuWOQ, electrodes is due to
poor charge transport or if this restriction is due to the mechanical challenges of electrode
construction. The evidence for poor charge transport is supported by the similar PEC
response of CuWO, regardless of synthetic methods and thickness when illuminated with
AML1.5G irradiation, as seen in Figure 3.1. Only the fraction of light absorbed near or in
the depletion width in CuWQ, results in collected charge.

Linear sweep voltammetry (LSV) is a typical experiment conducted in our
laboratory to evaluate the ability of a photoanode to perform water oxidation under
illumination. This experiment allows for the determination of onset potential, as well as
the current density generated as a function of applied bias to an electrode. The shape of

photocurrent generated during LSV provides insight into the overall efficiency of an

48



electrode, and the observed transient photocurrent under chopped light illumination
provides insight into surface recombination events. LSV~ performed on  CuWO;,
photoanodes as a function of pH establishes the propensity of CuWO, to photooxidize
water in various electrolytes. Figure 3.1 provides a voltammogram on both
electrochemically deposited and sol-gel CuwWQ, photoanodes in a pH 7 phosphate buffer,

a typical electrolyte system used for studying photoelectrochemistry of oxide

photoanodes.
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Figure 3.1 LSV trace of CuWO, electrodes prepared by a) electrochemical deposition
and b) sol-gel spin casting under chopped illumination

The experiment was conducted in 0.1 M potassium phosphate buffer (pH 7) and the
thermodynamic potential for water oxidation (1.23 VV RHE) is noted by the blue line.
Inset. Expansion of LSV to illustrate the onset of photocurrent

Under the application of simulated solar light, the onset of photocurrent begins at —0.15 V
vs. Ag/AgCI (0.48 V RHE) in both electrodes. For comparison purposes, the top axis
converts the potential using the Ag/AgCI reference electrode in aqueous solution at pH 7
to the reversible hydrogen electrode (RHE = NHE at pH 0) using the equation:

Erne = Eagiagel + 0.0591 V « pH + 0.199 V (5)
Electrochemically deposited CuWQO, shows higher photocurrents at lower applied biases
in comparison to sol-gel electrodes, which could be due to the presence of WO3. WO;
electrodes show a stronger take off of photocurrent in comparison to CuWO,. Both
electrodes show a similar near linear shape in the onset of photocurrent which indicates a
sluggish kinetics of water oxidation. This slow onset in comparison to an ideal

exponential take-off reduces the fill-factor and leads to lower overall efficiencies for
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energy conversion. This slow onset of current indicates a large charge-transfer resistance
to perform water oxidation at smaller applied biases, and by using a kinetically faster
reactant such as H,O,, the photocurrent generated at lower potentials is slightly enhanced
(Figure B.2).

Under simulated solar irradiation, a current density of 0.20 mA/cm? and 0.15
mA/cm? is observed at the thermodynamic potential (+0.62 V vs. Ag/AgCl, pH 7) in
electrochemically deposited and sol-gel electrodes, respectively. Again, similar PEC
properties are observed as the current densities generated in CuWO,, regardless of
synthesis, and are always on the same order of magnitude. This is also confirmed
amongst the recent literature on various synthetic preparations of CuWQ,. In the dark,
however, no current is passed until a bias of 1.1 V (2.125 V RHE) is applied. CuWO,
requires an overpotential of 0.6 V to oxidize water in the dark. As can be seen in figure,
the representative voltammogram of sol-gel synthesized CuWO, does not show such an
early and strong onset of dark electrolysis, but rather electrolysis is very slow and begins
0.1 V more positive. This initial result indicated that CuWO, could perform
electrocatalytic water oxidation; however a Tafel evaluation of the current generated
reveals that this density is not sustained and is likely due to the oxidation of surface
species on the electrode. After a short bulk electrolysis experiment, the dark current
generated in CuWOy, decreases significantly, as seen in Figure B.3. The Tafel slope for
the dark electrolysis of water on CuWO;, is very high (> 200 mV/decade), and is likely
due to breakdown in reverse bias. For comparison the Tafel slope of CoWQ,, which is
considered a water oxidation electrocatalyst, after annealed at 200 °C has a slope of 60
mV/decade and 112 mV/decade after 500 °C annealing.'®

The charge-transfer resistance to water oxidation at the electrode-electrolyte
interface, R, was studied to understand the slow onset of current seen in a linear sweep
voltammogram. R was measured under 1-sun illumination using EIS methods at

potentials where only photocurrent is generated due to PEC water oxidation.
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Figure 3.2 (a) Nyquist plot of EIS data under illumination at varying applied bias and (b)
table of quantified circuit parameters.
The experiment was conducted on CuWO, thin films in 0.1 M KP; buffer at pH 7 and
AM1.5G irradiation at 100 mW/cm?.
Under illumination, photocurrents start to generate in CuWwO, at ~ 0.45 V RHE.
However, the Nyquist plot presented in Figure 3.2a shows that not until the applied bias
exceeds 0.7 V RHE under illumination does R decrease significantly. In fact, from 0.9 —
1.1 V R reaches a constant value of ~4,600 Q. The calculated R values and time
constants, Trx,, Of the water oxidation half reaction are tabulated in Figure 3.2b. This
result led to a more thorough investigation of the electrode-electrolyte interface during
PEC water oxidation. The circuit model seen in Figure 3.2 is one of the more straight
forward circuits used to evaluate the overall resistance to electron transfer. This work
continued through collaboration with my colleague, Kayla Pyper, and further analysis
reveals a more detailed system. Specifically, by evaluating the capacitive elements under
several illumination intensities, and using multiple methods to evaluate the EIS data, we
determined that a mid-gap state dictates the photoelectrochemical properties of CuWQ,,
which will be discussed in section 3.3.°

As the pH of the buffered electrolyte decreases, the photocurrent at a set potential

(vs. Ag/AgCI) decreases, shown in Figure 3.3.
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Figure 3.3 LSV trace of a CuWQ, electrode under chopped illumination measured in
0.1M HCIO4 (a) and 0.1M acetate buffer (b).
The thermodynamic potential for water oxidation (1.23 V RHE) is noted by the blue line.
In a pH 3 acetate buffer electrolyte solution, the onset of photocurrent shifts anodically to
+0.1 V, with a dark cathodic current at potentials less than 0.1 V (vs Ag/Cl). Here, the
chopped light experiment shows that no dark anodic current is observed upon sweeping
out to +1.4 V, but that the photocurrent at the thermodynamic potential is 0.16 mA/cm?.
Similarly, in a pH 1 solution of 0.1 M perchloric acid, there is no dark anodic current in
the scanned potential window, and the photocurrent density at the thermodynamic
potential is similar (0.15 mA/cm?). These results are one of the first indicators of the
selectivity for water oxidation using CUWO, in comparison to its congener, WO3;. WO3 is
known to oxidize certain species in solution which are kinetically more accessible, such
as acetate and perchlorate, resulting in large current density increases in comparison to
solely performing water oxidation. In the LSV traces seen above, the current density and
shape of the curve is similar regardless of electrolyte species. This comparison of
selectivity on CuwWQO, to WO3 will be discussed further in section 3.5. Figure B.4 shows
nearly superimposable LSV traces in a KPi buffer at pH 3, 5 and 7 when plotted vs. RHE,
reaffirming CuWO,’s Nernstian response to solution pH.
3.3 EIS studies of a mid-gap state in CuwWOQO,

The sol-gel CuwWO, electrodes were used to further investigate the capacitive
elements of the electrode/electrolyte interface under illumination when performing water

oxidation. These experiments concluded that the onset of photocurrent was dictated by
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the presence of a mid-gap state that participates in water oxidation. A schematic of the

electron transfer processes can be seen in Figure 3.4.

Sk

CB: W(5d) + Cu(3d)
<« e

E° IV

VB: O(2p) + Cu(3d)

FTO Cuwo, solution

(b)

ctmg

Figure 3.4 (a) Electron transfer events in CuWO, during water oxidation and (b)
electrical circuit modeled to fit the EIS data.

Furthermore, the circuit used to fit the data in the potential range of interest is presented
in Figure 3.4b. This circuit differs from the initial circuit described in Figure 3.2b in that
an additional RC circuit was added in series to the existing parallel association. This
equivalent circuit accurately models the photoelectrochemical data, and the EIS results
agree well with recent theory in which PEC water splitting on a semiconductor film
electrode proceeds through a mid-gap state.’

In this thesis, the major conclusions of the EIS studies will be briefly presented as
they pertain to PEC water oxidation on CuWOy,, but a more in depth discussion of the
results can be found in reference 12. Using EIS, the region from 0.8 — 1.0 V RHE was
modeled using circuit presented in Figure 3.4b to gain insight into the cause for the large
overpotential and sluggish onset of photocurrent. By measuring the overall capacitance of
the electrode as a function of a large frequency range (Mott-Schottky analysis), electronic
transitions, such as those to a mid-gap state that typically take place on a longer time
scale can be observed. As seen in Figure 3.5, a change in slope to a near constant

capacitance between 0.8 — 1.0 V suggests Fermi level pinning due to a mid-gap state.®
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Figure 3.5 Mott-Schottky analysis of CuWQ, at 100 Hz ina pH 7 0.5 M KB; buffer.

The change to near zero slope in the Mott-Schottky analysis is more prevalent under
illumination at higher frequencies, but these changes can also be identified at lower
frequencies in the dark, suggesting that this mid gap state in CuWOy, is permanent.®™**

A Nyaquist plot evaluates the impedance due to charge transfer resistance (Z') and
impedance due to capacitance (Z") as a function of frequency. An example Nyquist plot
of CuWO, at 0.96 V RHE under illumination, as seen in Figure 3.6, presents two separate
semicircles which indicate two separate charge-transfer events occurring at the electrode

surface.
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Figure 3.6 Nyquist plot of CuWQ, at 0.96 V RHE under AM1.5G illumination

The two separate semicircles are further evidence for the presence of a mid-gap state
participating in the mechanism of electron transfer during photoelectrochemical water
oxidation on CuWOQ,. Each process corresponds to an RC circuit: RC1 is attributed to
non-Faradaic capacitive events in the depletion region, and the second semicircle, RC2,
commonly represents the interaction with the solution, where a Faradaic reaction can be
monitored.*? Non-Faradaic processes typically respond to higher frequency perturbations
since interacting with the solution is prevented by the fast voltage switching. The
opposite is true for Faradaic processes which need lower-frequency perturbations to
measure interfacial electron transfer. Construction of a Bode plot allowed for monitoring
the change in capacitive processes as a function of the applied potential and more than
one capacitive event can be deconvoluted in a plot of phase angle vs. log frequency.
Finally, the pathway of electron transfer was determined by quantifying the
various resistances and capacitances of both the space charge region and mid-gap state in
CuWO, (Figure B.5). The quantified values were acquired from the output of the fit to
the Nyquist data using the model circuit. As the Fermi level was unpinned in CuWO,
near 1 V RHE, there is a sharp decrease in the capacitance of the mid-gap state which is
found to be concomitant with an increase in photocurrent. These observations all in
concert suggest a process where electrons from water are stored in the mid-gap state

under illumination then, at higher applied biases, holes from the valence band are
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transferred to the state resulting in successful water oxidation. The build-up of charge in
the mid gap state suggests that photogenerated holes reaching the surface state is a rate-
limiting process in CuWQ,. The mechanism of water oxidation proceeding on CuWOy, is
hypothesized to be different than on WO;, which leads to the distinct
photoelectrochemical properties discussed in section 3.4. These differences provide some
of the advantageous properties observed on CuWO,, particularly the stability of the
electrode under illumination.

3.4 Chemical Stability of CuwWO,

The Faradaic efficiency and photostability of CuWO, photoanodes were
evaluated by varying the pH of a KP; buffer solution (pH 3, 5 and 7). When producing O,
from H,0, the Faradaic efficiency is determined by taking the total charge passed during
the experiment and dividing by 4F (F = Faraday’s constant 96485 C/mol e7) because it is
a four electron oxidation. Photostability measurements were carried out under simulated
1-sun illumination (AM1.5G 100 mW/cm?), whereas Faradaic efficiency measurements
were carried out at 3-sun illumination (300 mW/cm?) to increase the O, signal in the
fluorescence detector used for quantifying the produced O,. In a pH 7 KPi buffer, sol-gel
prepared CuWO, photoanodes are more stable in acid (pH 3 and at pH 5) than at pH 7 in
0.1 M KP;, as seen in Figure 3.7.
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Figure 3.7 j—t curves oxidation on CuWQq films in 0.1 M KPi at 1.23 VV RHE under
AML1.5G illumination at 100 mW/cm?
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Over a 4-hour illumination period, CuWQ, maintains 90% and 88% of its initial steady-
state current at pH 3 and 5, respectively. However, at pH 7, jpn drops to only 49% of the
initial steady-state current. Regardless of the pH, CuwWO, shows high Faradaic
efficiencies for O, production as seen in Figure 3.8: 87, 79, and 100% for pH 3, 5, and 7
in KP; buffer respectively.
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Figure 3.8 O,-detection experiments for water oxidation on CuwWQ, films
The experiments were carried out in 0.1 M KPi buffer at 1.23 VV under AM1.5G
illumination at 300 mW/cm2: pH 3 (a), pH 5 (b); pH 7 (c).

To shed more light on the source of CuWO, photoanode degradation, a methanol
oxidation experiment was carried out in pH 7 KP; buffer containing 20% MeOH by
volume. This experiment allows for an answer to the question: at pH 7, does CuWO;,
undergo acid-base chemistry giving rise to photocurrent decay over time in KP;, or do
intermediates generated during water photooxidation (but not methanol oxidation) lead to
decay? Figure B.6 shows that CuUWO;, is quite stable when oxidizing methanol ina pH 7
KP; buffer, with jo» ~ 125 pA/em® that decays less than 6% after 4 h of constant
illumination. This enhanced stability indicates that although pH may be a contributing
factor for catalyst degradation when oxidizing water at pH 7, it is not the major culprit.
This result is in agreement with Figure 3.14 which determined that in the dark, CuWO, is
chemically stable at pH 7.

A second question emerges regarding electrode stability in buffered solutions. At
pH 7, is it the proton (pH) or the anion of the buffer that results in degradation? To
address this question, a potassium borate buffer, KB; at pH 7 was prepared. The long-
term illumination results indicate that a pH 7 in KB;, CuWQ, photoanodes show excellent

stability, illustrated in Figure 3.9.

57



—pH 7 KB
100 - P "
——pHT7KP,
80 -
e
€ 60 -
=, 40
20 -
0 T I T | T I T I T I T
0 2 4 6 8 10 12

time / h

Figure 3.9 j—t curve comparison between water oxidation in pH 7 KBi (red) and KP;
(black)

The experiment was conducted at 1.23 VV RHE and under AM1.5G illumination at 100
mW/cm?.

The electrode maintains 93% of its initial photocurrent density (jpn) after 12 h of
continuous 1-sun illumination. In contrast, in pH 7 KP; buffer, j,n drops 50% after 4 h,
and only 15% of the initial photocurrent remains after 12 h of continuous illumination.
Additionally, CuWO, maintains a high Faradaic efficiency (96%) for O, evolution at pH
7 in KB;, plotted in Figure 3.10. These results show that the phosphate anion, not pH

negatively affects the stability of CuWO, in aqueous electrolyte.
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Figure 3.10 O,-detection experiments for water oxidation on CuWO4 films in a pH 7

KBi buffer.
The experiment was carried out at 1.23 VV RHE at 300 mW/cm?. Black and red lines
represent measured O, and theoretical yield based on coulometry respectively.

The relative stability of CuWO, in a KB; buffer in comparison to a KP; buffer is
intriguing and the presented work contributes to the growing empirical knowledge of how
the electrolyte functions in PEC oxidations—particularly with regard to electrode
stability. For example, WO3; photoanodes illuminated in acidic solutions containing
sulfate and chloride are quite stable, but show low Faradaic efficiency for water oxidation
due to competitive anion oxidation.™® At higher pH, the Faradaic efficiency of WO; for
water oxidation increases, but it then suffers from its own acid-base instability. Also,
interest is growing in carbonate buffers and the stability and rates of water oxidation on
BiVO4/SnO,/WO3,** Ti0,,* and CuWO./BiVO,™*® photoanodes have been measured
over extended periods of illumination. The phosphate and borate buffers employed show
that the interaction between the anion and the electrode surface plays a larger role on
stability than does pH alone. Although the phosphate ion negatively affects electrode
stability for water oxidation on CuWO,, methanol oxidation proceeds with minimal
degradation. This observation indicates that either anion interactions with the electrode
surface or the basicity of the anion affects long-term stability. The speciation of inorganic
phosphate, P;, in a 0.1 M KP; solution at pH 7 is 0.061 M H,PO,” and 0.039 M HPO,*".

In contrast, for inorganic borate, B;, a 0.1 M KB; solution at pH 7 is composed of 0.0993
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M H3BO3 and 0.0007 M H,BO3". pK; of phosphoric acid, H3POy, is 2.12, whereas pK; of
boric acid, B(OH)s, is 9.24. Slightly higher photocurrent is observed in the LSV in pH 7
KP; in comparison to KB; (Figure B.7) which is likely due to the ionic strength difference
of the electrolyte used. Adding NaCl or Na,SO4 as supporting electrolytes increases the
ionic strength of the electrolyte, supported by the increase in photocurrent in those
experiments, presented in Figure B.8.

The interaction of the electrolyte with the surface of CuWQ, during a long-term

illumination experiment was probed by SEM. Figure 3.11 shows the surfaces before and
after illumination in 0.1 M KP; and KB; at pH 7.

a) KP. before 1pm

b) KP. after 1 um

‘c) KB, before 1um d) KB, after 1um

Figure 3.11 SEM studies of CuWO, surface in a) KP; before and after b) illumination for
12 h at pH 7, and ¢) KB; before and after d) illumination for 12 h at pH 7



Before illumination, the surface is made of uniformly distributed CuwWO, crystallites,
typical of the sol-gel electrode. After 12 h of illumination in pH 7 KP;, the surface of the
film is significantly altered. The crystallites have been thinned and look like they are
dissolving into the electrolyte. There is also is increased cracking on the film surface and
the FTO substrate is more exposed. This physical alteration of the electrode surface takes
place over the 12 h illumination period as the current density decreases significantly. In a
KB; electrolyte, the surface of the electrode is virtually unchanged during the 12 h
illumination period. The current density is maintained and the CuWO, crystallites do not
show any significant sign of degradation. There may be a slight increase in area between
the crystallites, but that does not result in a decrease of photocurrent.

The films were also studied by XPS to evaluate the change in the electrode

surface during prolonged PEC water oxidation as seen in Figure 3.12.
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Figure 3.12 XPS of fresh CuWO, compared to CuWO, after 12 h illumination in pH 7
Kb; and KP;

The Cu (2p) and W (4f) peaks are not altered during prolonged illumination. This hints
that there are no significant oxidation state changes in Cu** and W®*, which is expected.
The O(1s) peak however, shows a significant change during the course of the experiment.
The peak indicative of OH™ (531.8 eV) increases in relative intensity compared to lattice
oxygen (529.8 eV). During prolong PEC water oxidation, the surface of the electrode
becomes predominantly OH™. Comparatively, there is no major difference in the O, Cu,
or W species found on the electrodes tested in KB; vs. KP;. This hints that no new species
were formed other than the change in surface termination. The presence of P and B was
also tested for using XPS. However, no unique peaks indicative of phosphate or borate
adsorption onto the surface, or a new phosphorus/boron containing species was
identified. This indicates the formation of phosphorus containing species on the surface is
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not a degradation mechanism in these electrodes. However the experimental results
directly show that the presence of KP; leads to the degradation of the electrodes.

The importance of photon flux on the stability of CuwO, electrodes was
evaluated. At three times the sun’s output, CuWO, degrades more rapidly. Though the
rate of degradation increases in both KP; and KB; buffers under 3-sun illumination, the
same trend of stability is observed as pH is varied: electrodes maintain 60, 70, and 16 %
of the initial photocurrent in pH 3, 5, and 7 KP; buffers, respectively, seen in Figure B.9,
and CuwWQ, maintains 74% of the initial photocurrent density in pH 7 KB; buffer (Figure
B.10) under 3-sun illumination. This behavior again confirms the relative stability of
CuWO, photoanodes in KB; buffer in comparison to KP;. The rates of degradation and
the decay curve in pH 3 and 5 KP; and pH 7 KB; are similar, where pH 7 KP; has a more
distinct decay curve.

The accumulation of charge at the surface due to the higher photon flux may
contribute to a faster rate of degradation, which is evident in the LSVs recorded under
100 vs. 300 mW/cm? in Figure B.11. Besides the obvious increase in photocurrent under
higher irradiance, an additional difference between the two j-E profiles is the significant
transient photocurrent at higher irradiance, demonstrating increased recombination on the
time-scale of the LSV experiment (the scan rate is 20 mV/s). This accumulated,
chemically unproductive charge may lead to faster degradation. Of course, charge
recombination goes undetected in the bulk electrolysis experiments at steady state since
this charge is not collected. So, although it will not contribute to the measured Faradaic
efficiency, recombination may still play a role in the electrode stability. One additional
note is that in all photostability (jpn—t) experiments at 1.23 V RHE, the current returns to
< 1 pA/em?® without a large cathodic response regardless of pH or irradiance after turning
off the light source. Small cathodic transient currents are evident at lower potentials in
the LSV, but at 1.23 V RHE, there is minimal recombination when the light is chopped
off. Another consideration in evaluating CuWO, photoanodes at 100 m\W/cm? (1-sun) vs.
300 mW/cm? (3-sun) illumination is the stability as a function of total charge passed
(moles of H,O produced). In KB; buffer at pH 7 with no added NaCl, CuwO;,
photoanodes pass 4.59 C at 1-sun for 12 h vs. 3.85 C at 3-suns for 4 h. That is, more
charge is passed at lower irradiance with no degradation, and the total charge passed is
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not detrimental to the stability. This behavior is also true with added 100 mM NacCl: 3.17
C vs. 2.65 C are passed under the same conditions. Therefore it is not likely that the same
degradation pathways describe both the buffer effect and the irradiance effect.

3.5  Photoelectrochemistry of CuwWO, in Comparison to WOs3

These presented results are significant in developing a comparison between
CuWwO, and WO; to identify unique photoelectrochemical properties in tungstate
photoanodes. When we first began studying CuWO,, electrochemically deposited
electrodes contain a slight excess of W in the form of WOj3, mentioned in section 2.2.
This necessitated further comparison between the two materials and led to the discovery
of the advantages associated with using CuWQ,. Specifically, increased light absorption
due to a smaller band gap and increased stability of these electrodes are two properties in
which many PEC results are focused.

In order to evaluate the relationship between the smaller band gap and the ability
to convert lower energy photons into photocurrent, LSV experiments were performed.
Figure 3.13 is a comparison between electrodeposited CuWO, and WO; photoanodes
under various cut off filters. With a band gap of 2.7 eV, WO;3 will be incapable of

generating photocurrent for light having wavelengths greater than 475 nm.
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Figure 3.13 LSV of CuWO, (black) and WQOj3 (green) electrodes using a series of cut-off
filters under chopped illumination measured in 0.1 M KPi buffer (pH 7).
The cut-off filters used are 430 nm, 458 nm, 485 nm, and 510 nm in panels (a)—(d)
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Figure 3.13c and d show that for A > 485 nm, WO3 has negligible photocurrent
while CuwWO, demonstrates photoinduced current, indicated by the square wave form
observed in the chopped light experiment with the 485 and 510 nm cutoff filters applied.
Figure Figure 3.13b and ¢ show that photocurrent in CuWQ, significantly drops between
a 458 nm and 485 nm cutoff filter. This again is likely due to low photon absorptivity and
collection of charge carriers in the bulk. Regardless, the result of this experiment was
important as it helped justify our efforts for studying tungstate anodes, and confirmed that
lower energy MMCT’s are capable of generating sufficient photovoltages capable of
splitting water.

Our research also focuses on the relative stability of new materials we produce in

our lab compared to the current precedent. The first study we conducted was to measure
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the chemical stability of CuWO, in comparison to WO3;. WO3 is an Arrhenius acid and is
known to decompose under neutral or basic conditions according to the reaction:

WOs(s) + H,0(1) — WO,*(aq) + 2H*(aq) (8)
Our hypothesis was that because CuWO; in an insoluble tungstate (Ks, = 1.3 x 10% in
H,O at 22 °C)*" it would show increased stability in comparison to WO3 at pH 7 in the
dark. Performing linear sweep voltammetry on a freshly prepared CuWO, film followed
by storing the film in KP; electrolyte for 12 hours, then repeating the sweep shows only a
slight decrease in the photocurrent density (0.17 to 0.15 mA/cm?at +0.5 V vs. Ag/AgCl),
illustrated in Figure 3.14. The same experiment performed on a WO3 film shows that the
photocurrent decreases dramatically from 0.17 to 0.03 mA/cm?. This experiment is
repeatable using a sol-gel CuWO, electrode and Figure B.12 shows that over 80% of the

photocurrent is retained after soaking in a pH 7 KP; electrolyte solution overnight.
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Figure 3.14 LSV trace of CuWQq, (a) and WOj3 (b) in 0.1M KP; at pH 7

Though there is an abundance of literature on WQOj3; evaluating its efficiency for PEC
water oxidation on a short time scale, there hadn’t been a study evaluating its
photostability as a function of time. Therefore, we also wanted to evaluate the relative
stability of CuWOy, in comparison to WOj3 under illumination in a pH 7 electrolyte.

AM 15G
demonstrate that CuwWQ, films in electrolyte solutions at pH 7 are more photostable in

Bulk electrolysis experiments performed under illumination

comparison to WO3. Figure 3.15 compares the current density observed as a function of
illumination time in KP; buffer for electrodeposited CuWO, and WOs3.
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Figure 3.15 j-t comparison of electrochemically deposited CuWQO, and WO3 at 0.5V vs
Ag/AgCl in 0.1 M KP; (pH 7).

The results of Figure 3.15 typify CuWO, in comparison to WOj3 photoanodes for
PEC water splitting. WO3; photoanodes produce significantly greater photocurrents
initially in comparison to CuWOy,, but in a relatively short timescale, these electrodes
degrade and an irreversible loss of photocurrent is observed. CuWO, on the other hand,
shows increased stability when performing water oxidation. Electrochemically deposited
CuWO, photoanodes do not show infinite stability in pH 7 phosphate buffer and as
discussed the, stability of CuWO, is dependent on the electrolyte composition and pH.
However, the electrochemically deposited CuwWO, electrodes do show an increased
relative stability when compared to sol-gel CuWO, electrodes. One potential explanation
of the slightly differing results could be the relative electrode thickness and robustness.
Electrochemically deposited electrodes are much more robust and although degradation
takes place, the degradation processes are not as rapid on such a timescale, and over the
12 h illumination period electrochemically deposited electrodes do not suffer significant
from degradation. Additionally, the stability experiments conducted on the sol-gel
electrodes were performed at potentials nearly 150 mV more positive than the
electrochemically deposited electrode. And, as will be discussed in Chapter 4, at zero
applied bias even composite CuWO4-WO; electrodes show improved stability when

compared to applied bias chemistry.
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Sol-gel CuwO, photoanodes show very high stability over a 12 h illumination
period in a pH 7 KBi buffer. Therefore, a comparison experiment was conducted using a
sol-gel CuWO, electrode in comparison to a sol-gel WOg3 electrode. The stability of
CuWOy in pH 7 KB; buffer in comparison to that observed for WO3; shows a dramatic
improvement. Figure 3.16 shows that only 8% WO;’s its initial photocurrent remains
after 12 h. Furthermore, WO3 degrades more rapidly in phosphate buffer at pH 1, 3, and

5,8 providing another PEC distinction between CuWO, and WOs.
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Figure 3.16 j-t comparison of CuWO, and WOj3 electrodes in KB; buffer
The experiment was conducted at 1.23 V RHE in 0.1 M KBI buffer at pH 7 under 100
mW/cm? AM1.5G illumination.

In additional to photostability, chemoselectivity is now recognized as a key metric
in assessing new materials for solar water oxidation. The growing emphasis to
demonstrate that the product of PEC water splitting reactions is indeed oxygen led to a
competition study between CuWO, and WOj; in the presence of CI™ ions. This competing
anodic reaction is a major limitation for WOs3, considering the planet’s most abundant salt
electrolyte is sodium chloride (sea water is 2% chloride by mass). Photoanodes that
preferentially oxidize anions rather than water often show unusually high photostability.
In contrast to this observation, CuWO, photoanodes show Faradaic efficiency for water
oxidation that is near unity in equimolar KB; and NaCl at pH 7, advancing its attraction
as a photoanode, shown in Figure 3.17a.
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Figure 3.17 O, experiment (a) and j-t comparison of CuWO, in KB; buffer under
AM1.5G 100 mW/cm2 illumination

Additionally, the j-t profiles in 0.1 M KB, and 0.1 M KB; with 100 mM NaCl are stable
under 100mW/cm? (Figure 3.17b) irradiation and similar under 300 mW/cm? (Figure
B.13) irradiation, hinting that the same reaction is occurring on the electrode surface.
These results were also confirmed in a pH 5 KP; buffer, where similar faradaic
efficiencies and decay profiles were observed with and without 100 mM NaCl (Figure
B.14-16) A quantitative analysis for Cl, by a standard starch-iodide test was conducted
and unambiguously shows that WO3; performs quantitative CI~ oxidation (100% Cl,
Faradaic efficiency) in 0.1 M NaCl at pH 5, whereas CuWO, performs H,O oxidation in
pH 7 KB; with 100 mM NaCl (< 2% Cl, detected). Images of the PEC cells after the
experiment (Figure 3.18) clearly show the presence of I3~ after injection of Nal,g) into the

cell to produce Cl;.
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1/ |
Figure 3.18 Images of PEC cells after j-t experiment using WO3 (left) and CuwWO,
(right) in buffer containing CI~
The WO3 experiment was conducted in pH 5 solution containing 0.1 M NaCl and the
CuWO, experiment was conducted in a 0.1 M KB; buffer containing 0.1 M NaCl

The properties of CuwWO, in comparison to WO; regarding efficiency and
stability photoanodes may be due to the distinct differences in the electronic structure of
the two materials. The atomic orbital parentage of the valence bands in these two
materials differ. In CuwQ,, Cu(3d) and O(2p) states dominate the top of the valence
band, raising its energy nearly 0.5 eV compared to WOs3;, whose valence band is
predominantly O(2p) in character. More importantly, as discussed in section 3.3, water
oxidation is mediated by a mid-gap state on CuWO,. The sluggish kinetics of this mid-
gap state may decrease the driving force for CI™ oxidation. Furthermore, if water species
are adsorbed on surface states in CuWO,, e transfer between HyO(ag5) and the electrode
surface would be more facile than transfer to CI”. Additionally, the Cu-based states may
be a cause for the increased stability on CuWO,. A known degradation pathway in WO3
is the formation of W-peroxy species during PEC water splitting, which leads to
degradation of the electrode surface and a loss of activity. In CuWO, rather, Cu-states
participating directly in the mechanism of water oxidation may circumvent the peroxy-
based degradation process leading to more stable photoanodes.

3.6 Conclusion

It was shown that the onset potential for photooxidation of water is dictated by a

Cu-based redox couple positioned at 0.45 V vs. RHE. EIS measurements were utilized to
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monitor the process of e~ transfer taking place and a mid-gap state that dictates the PEC
properties of CuWO,. This state was identified by comparing a deduced electrochemical
circuit to theory. The chemical stability of CuWwQO, was evaluated and it was shown that
in 0.1 M KP; buffer, CuWQ, photoanodes show better stability at lower pH and have a
Faradaic efficiency for O, production of 87, 79, and 100 % at pH 3, 5, and 7 respectively.
An electrochemically deposited CuwWQ, shows greater stability in comparison to sol-gel
CuWO,. Moreover, in a pH 7 KB; buffer, there is minimal degradation after 12 h of
continuous photoelectrochemical water oxidation under 100mW/cm? illumination,
indicating that the electrolyte composition is an important determinant of long-term
stability. In the presence of chloride, the Faradaic efficiency remains high in both KP; and
KB; buffers, important for the potential use of sodium chloride as a suitable electrolyte in
large scale use. This chapter also presented a side by side comparison of the PEC
properties of CuWQ, in comparison to WOj3. First, it was learned that the CuwWO, is
significantly more stable in the dark when stored in a pH 7 electrolyte when compared to
WOs. This was evaluated experimentally by conducting voltammetry before and after
storing the electrode. Under illumination, CuWQ, is significantly more stable when
compared to WOs, regardless of electrolyte composition. More importantly, the Faradaic
efficiency of CuwQ, is near unity in CI” containing solutions, unlike WO3; which
preferentially oxides the anion found in solution.
3.7 Outlook

The research presented in this chapter was toward a more quantitative analysis of
the physical properties of CuwWQO, photoanodes. One of the obvious drawbacks of the
PEC results presented on CuWQO, are the lower current densities generated, and
consequently the lower efficiencies for solar energy conversion. In order to address these
limitations on CuWO,, the next step is to understand the fundamental charge carrier
properties of CuWO, and connect these properties to improved synthetic methods. Such
work has been accomplished on a-Fe,03.°* When first used as a photoanode, a-Fe,03
was synthesized by similar methods presented in this thesis and the attained photocurrent
densities were similar. Through stringent doping control and higher order synthetic
methods, such as atomic layer deposition (ALD) and chemical vapor deposition (CVD),

the photocurrent densities achieved on a-Fe,O3; have increased an order of magnitude
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over the past decade. The major challenge of forming tungstates by these methods is the
optimization of the experimental parameters to ensure stoichiometric deposition of all the
elements. Also, we have not yet identified and quantified a suitable dopant for CuWOQ,.
Doping d° 4" in a-Fe,05 increases donor density and improves PEC properties. Similarly,
a 3" dopant for Cu?* in CuwWO, may show a similar result and lead to higher PEC
properties. Furthermore, doping with a significantly smaller ion compared to Cu** may
contract the crystal structure. This contraction will lead to greater orbital overlap of
Cu(3d) orbitals and result in increased charge hopping.”® There are DC conductivity

experiments on CuWO;, as a function of temperature, "2

and it is known that the crystal
significantly contracts under pressure,? but there is yet to be a connection between a
compressed unit cell of CuWO, and improved conductivities. It also should be noted that
in principle, low doping should not increase the conduction as greatly as high
doping/alloying. But, alloying in CuWO, does not result in such enhancements (vide
infra). Therefore, low doping amounts ( < 1%) may be a possible route for increased PEC
performance as a result of increased donor density and crystal structure contraction.

Accordingly, the potential of fully optimized CuwQ, photoanodes has not yet
been realized, and the ultimate performance may be significantly higher than o-Fe,Os.
With a mechanism to more precisely measure the charge carrier dynamics of electrodes
prepared by these methods, doping can then be implemented in order to see further
improvements in PEC properties. Pulsed laser deposition has been used to synthesize
CuWO, with moderate success and insignificant increases in photocurrent densities. The
PLD method for deposition has resulted in still planar CuWQ, electrodes. In order to
circumvent some of the present limitations, micro-structuring the electrodes may result in
significant enhancement in the resulting PEC properties.

One approach toward this end is to form thin layers or sufficiently small
nanoparticles of CuWO, attached to a 3D current collector. This has already been shown
to work with CuWO,; nanoparticles are dispersed on MWCNT’s.?* In this case, the light
absorbing CuWO, is no longer planar with respect to the FTO and charge transfer to a
current collector is more facile compared to a planar electrode. Additionally, the small
(25 nm) CuWOQ, particles do not suffer as much bulk recombination as thicker planar

electrodes. Overall light absorption is still high as these particles are dispersed throughout
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the MWCNT network. A similar approach in our laboratory is to form a network of
conducting oxide (aluminum doped zinc oxide, AZO) on top of which thin layers of
CuWO, can be deposited. Now, there is an increased active surface in comparison to the
planar electrodes. The hierarchical structure will allow for greater overall photon
absorption while maintaining the shorter distance between CuWOQO, and the conducting
AZOIFTO.

One major questions still to answer is whether or not the mid-gap state and
Cu(3d) contributions to the electron structure will always continue to limit generated
photocurrents. If sluggish onsets of photocurrents (and thus huge loss in overall STH
efficiency) cannot be circumvented, the advantageous stability properties of this material
may never be fully realized for high power conversion PEC water splitting. These
limitations have been circumvented by various methods. The most recent is incorporating
an electrocatalyst at the surface of the oxide, separating the tasks of light
absorption/charge transport with the chemical reaction. | have tried incorporating
catalysts such as cobalt phosphate (CoPi), cobalt borate (CoB;) and iron oxyhydroxide
(FeOOH) without success to date. Although, the transport properties of CuWO, such as
diffusion length and electron mobility have not yet been connected to the ideal amount of
co-catalyst to be deposited. This information is useful for realizing optimized
photocurrents in other catalyst/semiconductor systems, and may lead to successful
increases in performance in CuWQ,. Additionally, passivation of the mid-gap state by a
thin oxide layer may prevent charge trapping and lead to increased STH efficiencies in
CuWO,. This process has been proven successful on non-oxides as well as a-Fe;Os.
Surface passivation layers by sputtering and atomic layer deposition are being pursued in
our laboratory and a thickness-controlled layer may prove useful on CuWO,. Finally,
there is a growing field using the stability that a heterogeneous oxide affords in the
presence of O, to create a much greener and cheaper catalyst for industrially relevant
organic transformations. The selectivity on CuWO, due to the higher energy valence
band and mid-gap state may be translated to other photodriven chemical reactions.
Particularly in reference to transformations that must not over oxidize the desired
product. Most oxides such as TiO, and WO;3; produce hydroxide radicals upon

illumination. This is because of the highly oxidizing hole formed in the O(2p) orbitals are
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sufficiently positive in voltage. This may lead to over oxidation and undesired product
formation. The holes formed at the valence band or mid-gap state in CuWO, which are
not O(2p) based may lead to oxidative transformations that stop at a certain level of
progression and are much more desired.
3.8 Experimental

Photoelectrochemistry on Electrochemically Deposited CuWO,
Photoelectrochemical measurements were performed in a custom-built, three-electrode
Pyrex glass cell with a quartz viewing window. The cell contained the working thin-film
photoanode, the Ag/AgCl reference electrode, and a platinum mesh counter electrode.
For water oxidation, the supporting electrolyte was a pH 7 buffered solution of 0.1 M
potassium phosphate (61.5 % K;HPO, and 385 % KH,PO,). pH-dependent
photoelectrochemical measurements were performed using 0.1 M Na,SO, (pH 6), a 0.1
M acetate buffer (pH 3), and 0.1 M HCIO,4 (pH 1) electrolyte solutions. Oxidation of
methanol was carried out in a 10% solution of methanol in 0.1 M Na,SO,. In all cases,
electrical contact to the working electrode was achieved using CG Electronics Silver
Print 1l and a stainless-steel alligator clip. Linear sweep voltammetry was performed
using a CH Instruments 660C Electrochemical Workstation; current was recorded as a
function of potential when scanned anodically from —-0.2 V to +1.4 V (versus Ag/AgCl)
at a sweep rate of 10 mV/s. The light source was a Newport-Oriel 150 W Xe arc lamp
fitted with an AM 1.5G filter to simulate incident solar radiation. The photoanode was
placed 2 cm from the fiber optic source, and a 0.3 cm? spot was irradiated through the
quartz window. The lamp power was measured to be 82 mW, giving an irradiance of 270
mW/cm? Therefore, all reported current densities are corrected to 100 mW/cm?
illumination.

Photoelectrochemistry on Sol-Gel CuWO,
Photoelectrochemistry was performed using a CH Instruments 660 C Electrochemical
Work-station. All photoelectrochemical (PEC) measurements were performed in custom
built cells with quartz viewing windows. 3-electrode voltammetry experiments were
performed using the working CuwWQ, thin-film photoanode, a Ag/AgCl (Sat. KCI)
reference electrode, and a Pt auxiliary electrode. The scan rates for cyclic voltammetry in

the dark and linear sweep voltammetry under illumination were 50 mV/s and 20 mV/s
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respectively. The supporting electrolyte in all PEC experiments was 0.1 M KPi to pH 3,
5, 0r7,or 0.1 M KB at pH 7, prepared by adding an appropriate amount of KOH to
H3BO3. The buffer solution was purged with N, prior to PEC measurements. A 1 cm?
area of CuwO, from the front-side was irradiated through a quartz window. Of note is
that there is no discernible difference in photocurrent when illuminating the electrode
from the front- vs. back-side. We attribute the similar photocurrent response to the
thinness of our CuWO, electrodes resulting in negligible directionality of charge-carrier
collection. Freshly prepared electrodes were employed to start each experiment, but a
direct comparison of the photocurrent generated in a single CuWO, photoanode in each
electrolyte solution is provided in the SI. The light source was a Newport-Oriel 150W Xe
arc lamp fitted with an AM1.5G filter (Newport). The lamp power was adjusted to 100
mW/cm? (except for O2 detection experiments described below) using an optical power
meter (Newport 1918-R) equipped with a thermopile detector (Newport 818P-015-19).
Photocurrent measurements to determine the band-gap energy were performed under
monochromatic light (Newport Cornerstone 260 ¥sm Monochromator). The measured
photocurrent as a function of wavelength was performed at 1.23 V RHE in 0.1 M KP; pH
7 electrolyte. The data was transformed and is presented as the square root of the
photocurrent generated to depict an indirect-gap Tauc plot.

Electrochemical impedance spectroscopy analysis was carried out with an Eco
Chemie Autolab PGSTAT302N potentiostat with a frequency-response analysis (FRA)
module. Measurements were taken from —-0.1 to 0.5 V vs. Ag/AgCl at pH 7 in 100 mV
increments with a 5-minute equilibration time at each potential. A range of frequencies
between 65,000 and 0.01 Hz was used with a 10 mV amplitude perturbation. Data were
fit using Zview software. The light source was a Newport-Oriel 150 W Xe arc lamp fitted
with an AM 1.5G filter to simulate incident solar radiation at 100 mW/cm?.

Oxygen Evolution Measurements

Oxygen detection was performed in a custom built two-compartment cell
separated by a fine frit. For O,-detection experiments, the CuWO, working electrode,
Ag/AgCl reference electrode, and fluorescence probe (FOSSPOR 1/8" Ocean Optics Inc.)
were sealed in one compartment, separated from the Pt auxiliary electrode. O, detection

experiments were carried out at 1.23 V RHE in 0.1 M electrolyte using an AM1.5G filter
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and custom built water filter. The power was adjusted to be 300 mW/cm2. The number of
moles of O, produced was determined using the ideal gas law using the measured volume
of the head space, the temperature recorded using a NeoFox temperature probe, and the
partial pressure of O, recorded by the FOSSPOR fluorescence probe. Dissolved O, in the
solution was accounted for through Henry’s law using the measured partial pressure of
O, and the volume of solution in the cell. Throughout the experiment, the solution was
stirred to aid O, dissociation from the working electrode. The working electrode
compartment contained 20 mL of electrolyte and 22 mL of head space. The fluorescence
probe was calibrated with a 2-point calibration (0.00%, and 20.9%) using Neo-Fox
software (Ocean Optics Inc.). Before beginning the experiment, % O, was recorded for
20 min to ensure the cell was sealed completely from the atmosphere and to create a
baseline, and then measured for a period of time after the light was turned off. An
important note is that during O, measurements, some O, is detected that was not
produced photoelectrochemically, but was detected because of drift in the fluorescence
probe’s calibration as the temperature slightly increases over the course of illumination.
Fluctuation is observed in control experiments in which the Faradaic efficiency of O,
production was measured for electrolysis of water on plain FTO under illumination.
Based on these control experiments, the uncertainty in measurements may account for
errors as high as 10 % in the reported Faradaic efficiencies, particularly at low O, levels.
Faradaic efficiency was determined by dividing the measured moles of O, by the
theoretical yield, which is determined by dividing the total charge passed during the
experiment by 4F (4-electron oxidation, F = Faraday’s constant, 96,485 C/mol e-).

Chlorine Gas Detection

In order to determine whether Cl, gas was formed from oxidation of CI™ in saline
solution, a starch-iodide test was used. In this method, quantitative Cl, gas analysis was
conducted after performing bulk electrolysis in a two-compartment cell. The results from
CuWO;, films in pH 7 0.1 M KB buffer containing 0.1 M NaCl were compared to those
from a WOs film prepared by sol-gel methods in a pH 5 0.1 M NaCl electrolyte (WO3 is
not stable at pH 7). 20 mL of electrolyte was mixed with 5 mL of 0.25 M KI, diluting to
25 mL such that the concentration of I” is 50 mM. I” reacts with dissolved CI* according

to the balanced equation: 217 zq) + Clyg) — 2CI () + laaq). 5 mL of the resulting solution
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was titrated against 10 mM Na,S,0; with added starch as the iodine indicator: lyag +

25,05" (ag) — S406” (aq) + 21 (aq. Comparing the coulometry with the titration results
show that Cl, gas formation is quantitative (100%) for WO3 and < 2% for CuWO,.
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CHAPTER 4

Water Oxidation on a CuWOs-WO, Composite Electrode in the
Presence of [Fe(CN)s]*: Toward Solar Z-Scheme Water Splitting at

Zero-Bias

Portions of this chapter have been published:

Reproduced with permission from Yourey, J. E.; Kurtz, J. B.; Bartlett, B. M. J. Phys.
Chem. C, 2012, 116, 3200. Copyright 2012 American Chemical Society
http://pubs.acs.org/doi/abs/10.1021/jp211409x

4.1 Introduction

Water splitting to generate chemical fuels such as hydrogen using semiconductor
photoelectrodes is a long-standing problem that addresses an urgent societal need.!
However, the experiments presented in the first part of this thesis are applied bias

photoelectrochemical water splitting which leads to a loss in efficiency (Equation 1).

W(Eapp) =

The applied bias (Eapp) is subtracted from E° (1.23 V for water splitting) resulting in an

j(EO_Eapp)
PaMmisG

X 100% 1)
inherent loss of efficiency, even before losses due to recombination. The flat-band
potential (Eq) of CuWOy is + 0.4 V (RHE), meaning that this material is incapable of
water splitting without the applied bias; electrons in the conduction band minimum do
not have enough energy to reduce protons (Equation 2).

2H" +2e — H, E°=0.0V (RHE) 2)
One approach to circumvent the need for the applied bias is to separate the two half
reactions of water splitting. Rather than reducing H*, another electron accepting species
whose E° is more positive than 0 V RHE, and by requirement the Eg of the

semiconducting material. Therefore, the overall photovoltage required is less than 1.23 V
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and water oxidation is achieved without the need for an applied bias. This highly
reversible and stable electron species will then be subsequently re-oxidized by the other
p-type photocathode used to photochemically form H, on its surface. A depiction of the
energy levels required for the photoanode, photocathode, and redox mediator, as well as a

schematic of a possible device configuration for this process can be seen in Figure 4.1.
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Figure 4.1 Band picture a) and device b) for overall water splitting using two light
absorbing photoelectrodes and a redox mediator

Figure 4.1a illustrates the energy requirements for performing this series of light-driven
photochemical reactions. Akin to photosynthesis, the Z-scheme of electron transfer can
be seen. Eg, of the n-type photoanode must be at potentials more reducing than E° of the
redox mediator. Likewise, Eg of the p-type photocathode must be at potentials more
oxidizing the E* of the redox mediator. Figure 4.1b illustrates a device which back
contacts two photoelectrodes to a pool of dissolved redox mediator. Light is first
impingent on the photoanode which is on a transparent conducting oxide, harvesting
higher energy photons. Light passes through the pool of mediator and upon the
photocathode which ideally harvests the lower energy photons. The photoexcited
electrons and holes are transferred to a back-contacted electrode in the pool reducing and
oxidizing the redox mediator. Additionally, the three compartments are separated by a frit
preventing the transfer of the mediator into either side compartment while still allowing
for the flow of protons, preventing competing photochemical reactions taking place on

either surface. This device isn’t ideal for a few reasons including competing photon
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absorption by the redox mediator and iR drop due to the fritted separation of the two
compartments, but it does fulfill the requirements for achieving Z-scheme overall water
splitting at no applied bias. Using two light sources by splitting the impingent light is one
method to alleviate the competing photon absorption, and using low-resistance
membranes can remove a significant portion of the iR drop between the solutions.
Z-scheme water splitting is receiving significant attention in the powdered
photocatalyst community.>"> Photocatalytic powders for both half reactions are
suspended in a solution containing both the oxidized and reduced form of the mediator
and illuminated. This methodology has particular advantages, specifically device and
materials cost,® but using a thin-film electrode allows one to identify drawbacks and,
more importantly establish a road map for better materials design. Additionally,
electrolyte compatibility issues can be circumvented through the physical separation of
the two light harvesting electrodes. This chapter presents the synthesis of a WO3-CuWO,
composite electrode and a photoelectrochemical study of one half of the aforementioned
Z-scheme, water oxidation with concomitant redox mediator reduction. Specifically, the
work focuses on water oxidation with concomitant ferricyanide reduction at neutral pH
using only simulated sunlight. Ferricyanide is a suitable electron acceptor because it is
stable and highly reversible. Also, its pH independence presents some interesting results
as the driving force for reduction can be tuned with changing Es in CuWO, as a function
of pH. The balanced half reactions (Equations 3-4) and overall reaction (Equation 5) are:

2H,0 — O, + 4H" + 4¢” =082V (pH7) 3)
4[Fe(CN)s]* + 46 — 4[Fe(CN)e]* “=0.44V (pH7) 4)
2H,0 + 4[Fe(CN)s]> — O, + 4H* + 4[Fe(CN)g]* E° = -0.38 V (pH 7) 5)

where the reported potentials E*" are versus the hydrogen electrode at pH 7. At pH 7, Eg,
of CuWOQy, is at higher energy than E* of ferricyanide. The O,/H,0O couple is calculated
from the Nernst equation and the [Fe(CN)s]*’* was measured in KP; buffer at the
concentrations used in this study (Figure C.1).
4.2 Synthesis and Characterization of CuWO,-WO3; Composite Electrodes

In order to raise the current density generated in our electrodes, we turned to a
composite film with a composition of nearly 1:1 CuWO,:WO; (2:1 W:Cu) to retain the
visible light harvesting ability of CuwWQ, but to improve the kinetics of electron transfer

from water. There is a significant body of literature focusing on 3d transition metal
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oxides for which charge-carrier kinetics can be enhanced by preparing heterostructures.”
19 pertinent examples to PEC water oxidation are BiVO,-WO3, ZnWO,-WOj3, and Fe,0s-
WO;3; composites which possess increased visible light absorption and faster rates
compared to either native metal oxide. Our CuWO,-WO3; composite is prepared by
modifying the electrodeposition synthesis presented in section 2.2. To increase the WO;
mole fraction in the resulting electrode, the starting Cu** and W,O1> precursor
concentrations were altered and the pH of the deposition bath was adjusted to 1.25,
slightly higher than that of the solution giving the 1.2:1 ratio. Additionally, the
parameters of the controlled potentiometry experiment used to deposit the electrode were
slowed from 50 mV/s to 10 mV/s and the number of cycles was decreased from six to
two total cycles (Figure C.2). This 2:1 mixture in the composite electrode led to the
highest photocurrent densities after comparing the atomic ratios of W:Cu in a series of
prepared electrodes. The composition, morphology, and structure of the composite
material were characterized using SEM, XRD, and EDX spectroscopy. The atomic ratio
of W to Cu was determined by quantifying the Cu-K and W-L lines of an EDX spectrum.
By evaluating six different samples prepared from three independent deposition baths, we
have determined the W:Cu ratio to be 2.03 + 0.21 (Figure C.3). The electrodeposited
electrode is a 2-3 um thick, polycrystalline film, which results in a highly porous surface
(Figure C.4). The X-ray diffraction pattern confirms the presence of crystalline CuUWO,
and WOj; phases (Figure C.5). WO3 was identified by peak splitting seen at ca. 24° 26.
However, the relative intensities of the diffraction pattern indicate that the crystalline
component is predominantly CuWO, in nature leading to optical properties and
photoelectrochemistry typical of CuWQy,, but distinct from WOs;.
4.3 Photoelectrochemistry

In order to examine the prospect of a CuWO,-WO3; composite anode to perform
as a photoanode for water oxidation, spectral response of the material was taken in a pH 7
buffered solution of 0.1 M potassium phosphate (61.5% K,HPO, and 38.5% KH,PQO,)
containing 25 pM [Fe(CN)s]*". These mimic the conditions under which the bulk
photolysis experiments were performed. The spectral response and its product with the

solar flux density give the absorbed photon flux density, illustrated in Figure 4.2. The
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highlight of this measurement is the 7% efficiency to perform zero-bias water oxidation
at 400 nm
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Figure 4.2 Spectral response of CuWO3-WO, in pH 7 KP; containing [Fe(CN)s]*~ (black)
and the absorbed photon density (red).

The solar flux density is illustrated in gray for reference. It is drawn to scale, but its
explicit units are not shown.

The integrated absorbed photon flux density is determined to be 1.34 x 10*° s m™. As
seen previously, from the spectral response, absorption into the MMCT band does not
result in much collected current out to 550 nm. Nonetheless the chemical stability
afforded by the CuwQ,-containing electrode provides the impetus for exploring further
the photoelectrochemistry of the material, underscored by the photostability and Faradaic
efficiency of the electrodes.

Next, voltammometric and potentionstatic experiments using a 3-electrode setup
evaluate the composite photoanode performance in only pH 7 KP; buffer. In Figure 3, the
linear sweep voltammogram shows anodic photocurrent density of ca. 0.3 mA/cm? at the
thermodynamic potential for water oxidation, 0.618V vs Ag/AgCl at pH 7 (1.23 V vs
RHE).
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Figure 4.3 Chopped-light LSV trace of a CuWO,~WO3 photoanode in a pH 7 KP; buffer
under various atmospheres.
The experiment was conducted under AM1.5G illumination and the thermodynamic
potential for water oxidation is indicated by the dashed line.
This is approximately double the current generated using a sol-gel CuWOj, electrode, yet
the shape of the LSV trace is similar. Regardless of synthesis, the shape of the LSV trace
amongst the various electrodes is very similar, showing the fundamental electrochemistry
associated with CuWO,. Since the potential of the cell depends on the O, partial pressure
according to the Nernst equation, an LSV trace was recorded in a cell open to ambient
room conditions as well as with bubbling N, at 1 atm and O, at 1 atm. Neither the current
nor the onset potential are changed substantially either in the dark or upon illumination.
However, at 0.5 V RHE the catalytic onset of oxygen reduction is seen in an O, saturated
cell. In ambient air, this catalytic current is decreased, and in 1 atm N the reduction of
the electrode is seen at slightly more negative potentials. Again, this Cu based redox
event dictates the onset of photocurrent and the dark electrocatalytic reduction of oxygen.
Importantly, this behavior is reproduced in any typical electrode, regardless of the exact
Cu:W elemental ratio.

To demonstrate that oxygen is indeed evolved at the thin film photoanode under
100 mW/cm? AM1.5G (1-sun) illumination, Figure 4.4 shows the results of an O,-
detection experiment using a 3-electrode setup at an applied bias of 0.5 V (vs Ag/AgCl).
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Figure 4.4 O, evolution from an aqueous KP; solution at +0.5 V (vs Ag/AgCl) using a
CuWO4-WOj3 photocatalyst.

An applied bias is required to evolve O, from water since the flat band potentials of both
CuWO, and WOs are more positive than the H” reduction potential. Notably, no O is
observed prior to illumination at 0.5 V (Ag/AgCl), indicated by the arrow. Upon
illumination, the O, signal increases above background almost immediately, and over the
8 h illumination period, a Faradaic efficiency of 80-95% is measured over the duration of
the experiment. The composite electrode is composed of ca. 0.5 mg of material, therefore
a stoichiometric reaction would yield only 0.16 umol O, and we observe a 10-fold
increase in this yield after ~2 h of continuous illumination, indicating that we are in fact
catalyzing the decomposition of water, and not the decomposition of our electrode.
Interesting is that even though these electrodes possess nearly half WOs, the Faradaic
efficiency for O, is high and significantly more stable (Figure C.6) than a plain WO3;
electrode under similar conditions. These results indicate that charge transfer may take
place from WO3; to CuWQ, due to the electric field caused by CuwWOy’s higher energy
valence band, as illustrated in Figure 4.5 depicting CuWO, as the site for the chemical
reaction taking place.
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Figure 4.5 Depiction of a CuWQO4-WO3 heterojunction

After establishing the photoelectrochemistry of water splitting with an applied
bias, we evaluated the capability of the composite photoanode to perform water oxidation
in the presence of ferricyanide using only a 2-electrode system. Figure 4.6 shows the
photoelectrochemical response in the j-V curve of the composite photoanode in 0.1 M pH

7 KP; buffer both with and without ferricyanide.
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Figure 4.6 Two-electrode LSV trace of aqueous solutions containing 0.1 M KP;
electrolyte (black) and electrolyte plus 100 uM [Fe(CN)g]*™ (red).

Potentials are reported against the platinum auxiliary electrode.

First, the onset of electrolytic water oxidation (i.e.—dark current) begins at a less positive
potential in the presence of ferricyanide (1.10 V vs. the Pt auxiliary electrode) than in its
absence (1.95 V vs. Pt). It is also notable that this difference (0.85 V) is equal to the
change in potential between performing water electrolysis (1.23 V) and water oxidation
with ferricyanide reduction (0.38 V at pH 7). Under 1-sun illumination without
ferricyanide, there is no anodic photocurrent until we apply an external bias. However
with ferricyanide present, there is ~60 pA of photocurrent generated at no applied bias.

"+ mixture both at

Figure C.7 repeats the data shown in Figure 4.6 using a 1:1 [Fe(CN)¢]*
100 uM concentration; the j-E characteristics are again essentially unchanged at these
concentrations.

This is an important result because of the possibility of competitive photoxidation
of [Fe(CN)s]*" rather than water. First, the low concentration of ferrocyanide may prevent
it from being a serious competitor for surface holes. Testing this directly is difficult
because at higher concentrations, competitive photon absorption becomes dominating.
The second reason falls under the same logic as to why CuWOy, is selective for water
oxidation rather than CI™. Hole transfer into solution from the mid-gap state may prevent
outer sphere charge transfer between the surface and ferrocyanide, leaving bound water

as the ultimate electron donor. These results are consistent with studies using CuWOj,
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single crystals in the presence of various electron donors such FeCly, [W(CN)g]*,
[Mo(CN)s]*. During these voltammetry experiments, there was no evidence of unique
photochemical oxidation of these various electron donors, but again the voltammetry
traces were similar to water oxidation.

4.4 Steady-state Zero-bias Water Oxidation in the Presence of [Fe(CN)s]*

Although voltammetry is useful for determining the onset potential and the
overpotential for a chemical reaction occurring under photocatalytic conditions, the
technological end goal of this research is to generate stable materials to carry out solar
water oxidation under short-circuit (zero-bias) conditions. First, to more clearly show that
water oxidation and concomitant ferricyanide can be photodriven on the surface of a
CuWO,-WO3 composite electrode, a zero-bias bulk electrolysis was conducted under
chopped-light illumination. Figure 4.7 unequivocally shows that in a solution containing
KP; electrolyte only, no photocurrent is generated when illuminated. This is clearly
observed over the first 200 s of the experiment.
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Figure 4.7 Incremental addition of [Fe(CN)]* in a 1200mM KP; solution using a
CuWO,4-WO3 photoanode in a 2-electrode cell while conducting a chopped light bulk
electrolysis experiment at 0 V vs Pt mesh auxiliary electrode.

After the addition of ferricyanide, sustained photocurrent is generated upon chopping the
light. The generated photocurrent is sustained as more aliquots of ferricyanide are added,
making the solution more concentrated in electron donor. However, when the solution

becomes more concentrated than 150 puM, there is a decrease in photocurrent due to
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competing photon absorption. For the reduction half reaction, the disappearance of
[Fe(CN)s]*>™ was monitored using UV-Vis spectroscopy (Amax = 420 nm) as a function of
time. Figure 4.8 compares [Fe(CN)s]* disappearance and the coulometry of the reaction
in two cells—one in which only the oxidized form, [Fe(CN)e]*, is present at 200 pM

concentration, and the other in which both [Fe(CN)s]*>~ and [Fe(CN)s]* are each present

at 200 uM concentration.
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Figure 4.8 Faradaic efficiency of water oxidation and ferricyanide reduction under short-
circuit conditions.

Black and red circles represent solutions containing 200 pM [Fe(CN)s]*™ and 200 pM
[Fe(CN)s]*> + 200 uM [Fe(CN)s]* respectively. The solid lines record the charge passed
in each experiment. Inset. O, evolution monitored for the first hour of illumination in the
presence of 200 uM [Fe(CN)g]*".

The increase in concentration is necessary to quantify [Fe(CN)s]*>" reduction over a
significantly long timeframe. Near the end of the experiment, the observed quantity of
ferricyanide reduced appears to exceed the theoretical yield slightly in each experiment,
which can be attributed to minor solvent loss as we remove and reintroduce aliquots of
solution during the experiment. There is continuous N, flow throughout the duration of
the experiment in order to keep the cell free of atmospheric oxygen as well as to prevent
competitive O, reduction at the auxiliary electrode. Using our fluorescence probe in a
separate experiment starting with 100 uM [Fe(CN)g]*>™ in which no aliquots are removed,
we measured the rate of water oxidation to be 0.25 pmol O, h™, illustrated in the inset of

Figure 4.8. Here, the detected O, partial pressure is slightly higher than that supported by
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the coulometry because the zero-bias experiment pushes the detection limit of our
fluorescence probe. Nevertheless, the quantity of O, generated trends closely with
ferricyanide reduction.

Ferricyanide continuously disappears throughout the course of the entire
experiment (absorption spectra are presented in Figure 4.9), indicating that water

oxidation is taking place with concomitant ferricyanide reduction at Pt.
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Figure 4.9 Absorption spectra showing the decrease in [Fe(CN)g]*

The measured absorbance values are converted to concentration of [Fe(CN)s]* in
solution using a constructed calibration curve. By taking the difference between initial
and measured concentrations, the total pumoles of [Fe(CN)s]*>™ reduced at each time
interval is known through the volume of solution used in the experiment. In the left side
of Figure 4.9, the dashed lines at the top represents a control experiment over a 3 h period
in which a 200 pM [Fe(CN)s]* solution was illuminated without a CuWQO4-WO;
electrode present. As expected, there was no decrease in [Fe(CN)g]>™ concentration. In the
right side of Figure 4.9, the arrows describe the decrease of [Fe(CN)s]*>~ (420 nm) and the
formation of [Fe(CN)s]* (275 nm).

Figure 4.10 shows the steady-state photocurrent generated at zero bias in the
presence of 200 pM [Fe(CN)g]*" using a composite thin-film working electrode and Pt

mesh auxiliary electrode.

89



40

200 uM [Fe(CN).J”
200 uM [Fe(CN),]”™ & 200 uM [Fe(CN),]”

30 +

0 I T I T ] T ] T I
0.0 0.5 1.0 15 2.0 25

time / h
Figure 4.10 Steady-state photocurrent density measured during bulk photolysis at zero
bias is in the presence of 200 uM [Fe(CN)5]3_ (black) and 200 uM each of both
[Fe(CN)s]* and [Fe(CN)e]* (red).
Upon illuminating our 1 cm? electrode, a steady-state short-circuit current of 17 pA of
steady state photocurrent is observed. Using the same two-electrode setup, a bias of 0.6 V
is needed to generate O, at the same rate (with hydrogen evolution at the auxiliary
electrode, illustrated in Figure C.8. CuWQ, exhibits respectable stability when over the
two hour illumination period under short-circuit conditions. CuWO, shows increased
stability when performing water oxidation with ferricyanide reduction at short circuit
when compared to the stability at an applied bias as seen in Figure C.6. The applied bias
may be contributing to the rate of degradation in the electrode, or the electrode degrades
faster as the surface turns over the reaction many more times.

Finally, the driving force for ferricyanide reduction can be tuned using the pH of
the electrolyte solution. CuWQ, in aqueous solution shows a Nernstian response to pH,
whereas the [Fe(CN)6]3-/4—couple is pH-independent. Therefore, at higher pH, the
CuWO,-WO3 composite show an increase in photocurrent when illuminated in the
presence of ferricyanide under short-circuit conditions due to the larger driving force.
Figure C.9 shows that at pH 3 (Es, CuWO, = 0.07 vs Ag/AgCI and E of [Fe(CN)e]*™ =
0.225 V vs. Ag/AgCl) the electrode generates 5pA/cm? compared to pH 9 (Es, CUWO, =
— 0.7 V vs. Ag/AgCl and E* of [Fe(CN)s]*>™ = 0.225 V vs. Ag/AgCl) where it generates

45 pA/cm? of photocurrent. This observation is significant as one would want to tune the
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rate of O, evolution to match the rate at which H; is being produced from a photocathode
in a functioning device. Ferrocyanide has been previously shown to act as a sacrificial
reductant for H, evolution on V,0s-doped TiO; in phosphate buffer, providing precedent
for the other half of the Z-scheme and presenting some viability to this method for overall
water splitting.**

4.5 Efficiency Calculations

Combining coulometry and O, yield with the spectral response and source power, we
have determined the conversion efficiency. Taking into account the solar flux density
Nph(A) and the spectral response, ¢(A, Eapp) (also referred to as incident photon to current
efficiency, IPCE) from Figure 4.2, the maximum conversion efficiency, #max, IS given by

the equation:

00 e(E°—Eapp) 0
Nmax = fO Nph(A)(p(A’ Eapp)dﬂ'. ——— X 100% 6)

PaM1.5G
where E° is E”, the standard potential for the reaction (0.38 V from equation 3), Egyp IS
the applied bias (0 V), e is the fundamental unit of charge (1.60 x 10™° C), and Pamusg iS
the lamp power (1000 W/m?). At short circuit, 7max is determined to be 0.082% for this
reaction. We note here that the product of absorbed photon flux density (the integral of
equation 6) and the fundamental charge supports a maximum current density, jmax Of 214
nA/cm?®. However, our experimental steady-state current density of 17 pA/cm?® (Figure

4.10) gives a conversion efficiency given by the formula:

N(Eapp) =

of 0.0065% for no applied bias. This is on a par with the apparent quantum yield (AQY),

j(EO_Eapp)
PAM1.5G

x 100% 7)

described by the equation:

n X # molecules 0, evolved

AQY =

x 100% 8)

# incident photons

where n = 4 for water oxidation. Using our data over the 1 hour illumination period from
the inset of Figure 4.8, we measure an AQY of 0.038% (the same order of magnitude as 4
x 7 (0.026%).

4.6 Conclusions

An electrodeposited 1:1 mixture of CuWO4,:WO3; is chemically stable toward water

oxidation. Under simulated 1-sun illumination, overall water splitting can be
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accomplished with an applied bias of 0.5 V (vs. Ag/AgCl). More important, water
oxidation occurs upon irradiating the photoanode under short-circuit conditions with
concomitant reduction of ferricyanide. In order to generate photocurrents at zero-applied
bias in an N, purged cell, ferricyanide must be present to serve as an electron acceptor.
CuWO,-WO3 generates 17 pA/cm? of constant photocurrent over extended periods of
illumination and the amount of ferricyanide reduced was quantified using UV-Vis
spectroscopy. CuWOy is 7% efficient at 400 nm for the reaction with an overall apparent
guantum yield of 0.38 % under simulated solar irradiation.
4.7 Outlook

This chapter presented one half of artificial photosynthesis using ferricyanide as
an electron shuttle. The next steps should be toward the discovery of a competent
photocathode capable of performing H* reduction with subsequent ferrocyanide
oxidation. Cu,O and Rh:SrTiO; are p-type oxides which have been studied for PEC
hydrogen production. There are no studies performing the second half of the Z-scheme on
these materials as electrodes, but Rh:SrTiO3 is an active powdered catalyst for H,
production and I~ oxidation. Next, optimization and device fabrication will allow for
overall efficiency measurements and benchmarking this process. To increase the
efficiency of the water oxidation half, higher performing photoanode materials such as
WO; or BiVO, can be substituted for CuWQ,. These materials may show preferential
oxidation of the redox mediator, but passivation of the surface with a selective
electrocatalyst for water oxidation may prevent the back reaction from taking place. Also,
controlled heterojunctions using CuWO, as an outer layer may form a more active
electrodes with a selective surface. The presented measurements lay out a method for
testing the various electrodes.
4.8 Experimental Methods

Synthesis of CuWO,-WO3; composite photoanodes

All reagents were purchased from Sigma Aldrich and used as received with no
further purification. Composite photoanodes were prepared by electrodeposition from a
30 mL bath composed of 50 mM H,W,0;; and 30 mM Cu(NO3),¢3H,0 in a 30%
isopropanol solution. The pH of the starting mixture was approximately 1.7, and the

acidity of the final deposition solution was adjusted to 1.2-1.25 by adding 1-2 mL of 20%
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nitric acid solution. Amorphous white films composed of Cu,O and WO3 were deposited
onto 1.1 cm? masked soda lime glass coated with 400 nm of fluorinated tin oxide (FTO)
(Pilkington Glass, Tec 15 2.2 mm thick, 12-14 Q/sq). The potential was swept from +0.3
V to -0.5 V (vs. Ag/AgCl) for 2 complete cycles at a scan rate of 10 mV/s at room
temperature using a CH Instruments 660C Electrochemical Workstation. These films
were immediately removed from the deposition solution and then annealed in air at 500
°C for 6 h using an MTI box furnace. The films were heated and cooled at a rate of
approximately 2 °C/min. After annealing, the resulting films were cut to a 1.1 x 2 cm?
piece and electrical contact was made by attaching copper wire (Fisher Scientific) using
silver print 11 (GC electronics). Finally, the electrode was sealed using Hysol 1C epoxy at
the end of a piece of glass tubing through which the wire has been fitted.

Material Characterization

X-ray diffraction was recorded on a Briiker D8 Advance diffractometer equipped
with a graphite monochromator, a Lynx-Eye detector and parallel beam optics using Cu
Ka radiation (A = 1.54184 A). Patterns were collected using a 0.6 mm incidence slit, with
a step size and scan rate of 0.04 °/step and 0.5 s/step respectively. Phases were identified
as CuWwO, (JCPDF 72-0616) and WO3 (JCPDF 72-0677) using MDI Jade version 5.0.
Observed CuwWOQ, Bragg reflections were compared to those calculated from the single
crystal X-ray structure.

UV-Vis spectra were recorded using a Cary 5000 spectrophotometer (Agilent)
equipped with an external diffuse reflectance accessory. Spectra were recorded in
reflectance mode and transformed mathematically into absorbance. Tauc plots were then
generated using the Kubelka-Munk function, F(R) = (1-R)?/2R.

Scanning electron microscopy (SEM) images were collected using a Hitachi S-
3200N SEM with an accelerating voltage of 15 kV. Energy dispersive X-ray analysis
spectra (EDX) were collected using a Hitachi S-3200N SEM with an accelerating voltage
of 15 kV, a back scattering electron (BSE) detector, and a working distance of 15 mm.
Spectra were quantified using EDAX genesis software and the Cu K and W L emission

lines were used.
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Photoelectrochemistry

Photoelectrochemistry was performed wusing a CH Instruments 660C
Electrochemical Workstation. All photoelectrochemical (PEC) measurements were
conducted custom built single- or two- compartment cells illustrated in Figure S3. For 2-
electrode measurements, the working thin-film photoanode and platinum mesh auxiliary
electrode were placed in close proximity to one another. 3-electrode experiments were
performed using the working thin-film photoanode, a Ag/AgCl reference electrode, and a
Pt auxiliary electrode. The supporting electrolyte in all PEC experiments was a pH 7
buffered solution of 0.1 M potassium phosphate (61.5% K,HPO, and 38.5% KH,PO,)
with or without [Fe(CN)s]*". To remove any additional redox active contaminants from
the KP; electrolyte and the Pt mesh auxiliary electrode, 2 VV were applied between a Pt
working and the Pt mesh auxiliary electrode prior to any experiment. Also, to remove all
surface contaminants from the photoanode, all CuWO,4-WO; electrodes were illuminated
in the pH 7 KP; buffer for 1h at 0 V vs Pt mesh prior to performing any PEC
measurements. The buffer solution was then purged with N, prior to
photoelectrochemical measurements and an inert atmosphere was maintained during PEC
experiments, unless otherwise noted. The light source was a Newport-Oriel 150W Xe arc
lamp fitted with an AM1.5G filter (Newport) to simulate solar radiation. The photoanode
was placed 2 cm from the fiber optic source and 1 cm?® spot was irradiated through a
quartz window. The lamp power was adjusted to 100 mW using an optical power meter
(Newport 1918-R) equipped with a thermopile detector (Newport 818P-015-19).
Spectral response was recorded using a Newport-Oriel 150 W Xe arc lamp attached to a
quarter-turn single-grating monochromator. Light was chopped at 20 Hz, and a quartz
beam splitter was used to simultaneously record the light output with a separate Si
photodiode to adjust for any fluctuations in lamp intensity. The experiment was
conducted in 100 mM KP; containing 25 pM [Fe(CN)e]* in an unstirred cell. A 2-
electrode configuration was used with a CuWO,4-WO3; working electrode and Pt mesh
auxiliary electrode. The potential of the working electrode was poised at 0 V (vs Pt mesh)
and the absolute photocurrent was measured by a digital PAR 273 potentiostat. The

output current signal was connected to a Stanford Instruments SR830 lock-in amplifier,
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and the output signals from the lock-in amplifier and the reference Si photodiode were
fed into a computer controlled by custom-written LabVIEW software.

Oxygen Detection

Oxygen detection was performed in a custom built two-compartment cell
separated by a fine frit. For applied bias experiments, the CuWO4-WO3; working
electrode, Ag/AgCl reference electrode, and fluorescence probe (FOSSPOR 1/8” Ocean
Optics Inc.) were in one compartment, separated from the Pt auxiliary electrode. No bias
experiments in the presence of [Fe(CN)s]>were performed in a custom built single
compartment cell equipped with a CuWO,-WO3; working electrode, Pt mesh auxiliary
electrode and FOSSPOR fluorescence probe. Throughout both sets of experiments,
solutions were stirred at 400-1000 rpm to help O, dissociation from the working
electrode as well as deliver fresh [Fe(CN)s]* to the Pt mesh auxiliary electrode. The
single compartment cell contained 20 mL of Kp; electrolyte and 19 mL of head space.
The number of moles of O, produced was determined using the ideal gas law using the
measured volume of the head space, temperature that was recorded using a NeoFox
temperature probe, and the partial pressure of O, recorded with the FOSSPOR
fluorescence probe as described above. Dissolved O; in the KP; electrolyte solution was
accounted for through Henry’s law using the measured partial pressure of O, and the
volume of solution in the cell.
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CHAPTER 5

Structure, Optical Properties, and Magnetism of the Full Zn,,Cu,WO,
(0 £x<1) Composition Range and the Application to Photochemistry

Portions of this chapter have been published:

Reproduced with permission from Yourey, J. E.; Kurtz, J. B.; Bartlett, B. M. Inorg.
Chem., 2012, 51, 10394. Copyright 2012 American Chemical Society
http://pubs.acs.org/doi/abs/10.1021/ic301607g

5.1 Introduction

The first row d-block tungstates, AWQO,, (A = Mn, Fe, Co, Ni, Cu, Zn) all
crystallize in the wolframite structure,™? which makes these materials an ideal tunable
platform whose properties can be exploited through forming solid solutions. This chapter
presents the optical and magnetic characterization of the wolframite solid solution series
Zn1,Cu,WQ, prepared by traditional solid state methods as well as a modified Pechini
sol-gel method. The particles prepared by the Pechini sol-gel synthesis were tested as
photocatalysts for organic dye degradation. Furthermore, the series was evaluated as
photoanodes for PEC water oxidation when prepared by a spin casting method. This work
began as a continuation toward next generation tungstate electrodes to serve as light
absorbing catalysts and photoanodes.

Zinc analogues were chosen because even though ZnWO, is a wide band gap
semiconductor (3.4 eV), its direct band gap leads to high absorptivity. Furthermore, E¢, of
ZnWO, resides at (-0.4 V vs. RHE), sufficiently more negative than E°(H'/H,).
Consequently, this material acts as an excellent UV photocatalyst for organic dye
degradation,®* In fact, its catalytic activity under UV illumination is quite high in
comparison to the other UV light harvesting tungstates. The wolframite structure is

typical of first row transition metals, and the larger band dispersion in wolframite
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compared to scheelite (the other common tungstate crystal structure) results in a smaller
effective mass, leading to higher charge carrier mobility.>® With a high energy Es, the
onset of photocurrent from a ZnWO, photoanode should also take place at lower applied
biases. This is important because if it is coupled to another semiconductor, there will be
higher photocurrents at the device’s operating potential. ZnWQ, possesses a valence band
that is predominantly O (2p) in character and a conduction band that is W (5d) based. The

band structures of CuWQ, and ZnWQ, are presented in Figure 5.1.
A CuwO, ZnWO,

-0.5— —

0t+--—=---—----- H*/H
+0.5
+1.0 1~

+1.5

E° (V vs NHE)
|
[
|
|
[
|
[
[
|
[
[
@)
I
(@]

+2.0 1

+2.5 1

+3.0 4+ —

Figure 5.1 Band edges of CuWO, and ZnWO,

The differences in the electronic structures of CuWO, and ZnWO;, arise because of their
d-electron counts, d° and d'°, respectively. Jahn-Teller distorted Cu®* has a singly
occupied dy2_,2 orbital that likely contributes to the conduction band and diminishes the
bulk conductivity. Yet, the strong absorption edge in the visible afforded by adding
Cu(3d) character to the top of the valence band is necessary for getting efficient visible-
light absorption. Therefore, the interplay between photon absorption and charge
separation will dictate the optimal photocatalytic chemistry such as water oxidation or
dye degradation.”® By substituting zinc rather than another 1%-row transition metal, there
are no additional ligand-field d-d transitions to serve as recombination centers. The
overall hypothesis is that by systematically substituting Cu into ZnWQ,, a shift in Eg
would be accompanied by an increase in the valence band energy, leading to an increase
in visible light in absorption.
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As copper and zinc are substituted, the bond connectivity is scantly disrupted,;
pure ZnWO, crystallizes in the monoclinic space group P2/c. The Zn—-O bond distances
along z are 2.23 A and 2.03 A due to an eccentric Zn?*.° Jahn-Teller effects cause an
elongation of the Cu-O octahedra forming a distorted wolframite structure with P-1
symmetry. Accordingly, the Cu—O bond distances along z increase to 2.47 A and 2.35 A.
The local octahedra for CuWQ, and ZnWQ, are presented in Figure 5.2.

© a)

Figure 5.2 Zn-0 a) and Cu-O b) octahedron in AWOQO,

Research began by first developing an understanding of the entire composition
range of the solid solution by optically and magnetically characterizing the series. In
previous work, the series, Zn1xCu,WOQO, (0 < x < 1) prepared by direct precipitation has
been determined to be a solid solution through crystallographic analysis using high-
resolution Guinier powder X-ray diffraction’® and by Rietveld analysis of the neutron
diffraction pattern.®** One highlight in this phase transition is the symmetry change of
the crystal from P2/c to P-1 due to Jahn-Teller distortion of the Cu?* cation. This
transition is described as a ferroelastic transition, and is dependent on temperature and
composition and has been modeled in terms of Landau theory using spontaneous strain to
measure the order parameter.*® The magnetic properties of CuWO,** *° and of the Zn._
LCuWOy, (0.8 < x<1) series'® have been investigated experimentally only to show that
this system changes from an ordered antiferromagnet to a simple paramagnet as Zn** is
substituted beyond the composition Zng,CuosWO,. CuWOQO, shows both long-range and
short-range order that has been explained in a spin dimer analysis of the zig-zag CuQ,
chains. The work presented in this chapter correlates and optical and magnetic properties
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of the solid solution to understand the transition from CuwO, to ZnWQ, with the goal of
connecting these properties to photocatalysis.
5.2 Synthesis, Structure, and Morphology of Zn; x\CusWOQ,
The Zn,_Cu,WOQ, series has been synthesized by traditional solid methods at 850
°C for 36 h as per the reaction:
XCuO + (1-x)Zn0O + WO3 — Zn; xCu,WO, 1)

Annealing temperatures > 850 °C have been used to synthesize CuWO,, ZnWO, and
other rare earth metal tungstates by traditional solid state methods. ®*" Intermediate
grinding helps to assure complete homogenization into a single phase, which we affirm
by the indexed X-ray diffraction patterns. Of particular note, the diffraction patterns do
not change after the second 12 h annealing for any samples with one exception, x = 0.2.
This composition is close to Zng7sCup22WO,, where the transition between the
monoclinic P2/c structure of ZnWO, and the triclinic P-1 of CuWOy, is observed. For the
materials prepared by the Pechini citric acid method according to the overall reaction
(after annealing)
12 A% (aq) + HW1,040" (aq) + 8H,0(1) — 12 AWO4(s) + 18H"(aq) 2)
Long heating times are not required to homogenously distribute Zn?* and Cu?* ions since
this synthesis uses soluble aqueous precursors. One 3-hour annealing at 700 °C is
sufficient to obtain phase pure material (Figure D.1).
Compound purity is verified by ICP-AES analysis on the digested samples; data
are presented in Table D.1. Figure 5.3 presents the diffraction data for the solid-state

synthesized series in the range 14 — 27 °20.
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Figure 5.3 Indexed XRD patterns of Zn;_xCu,WO, prepared by solid-state methods.

Notably, the Bragg reflections corresponding to the (010) and (100) planes do not change
as a function of x. These planes are predominately related to the WOg octahedra, and
therefore are not expected to change (Figure D.2). Between 23 and 26 °20, we observe
the evolution of the de-symmetrization of the structure as Cu®* is incorporated. The end-
member composition CuWO,, crystallizes in the lower symmetry P-1 space group,
evidenced by the appearance of additional (0-11) and (-101) Bragg reflections. The
(110) and (011) planes are predominately associated with the A**Og octahedra, and are
therefore are most influenced in the transition from ZnWO, to CuWO, (Figure D.2). The
(110) and (011) reflections shift from 24.5 to 23.0 °26 and from 23.9 to 24.1° 20,
respectively. SEM images of the Zn; ,Cu,WO, series are presented in Figure D.3. The
average particle sizes for CuwWO, and ZnWOQ, samples are approximately 5 um and 1.5
pum, respectively for compounds prepared by solid-state reaction (1). Here, there is a
gradual increase in particle size as x increases in the annealed samples. In contrast,
materials prepared by the Pechini method in reaction (2) show a more uniform particle
size of ~200 nm.

5.3 Optical Properties of Zn;Cu,WOQO,

Figure 5.4 shows absorbance as a function of wavelength for the series.
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Figure 5.4 UV-Vis-NIR spectra of the Zn;_4CuyWO, series.

The end member ZnWQO, shows absorption attributed to the O(2p) — W(5d) LMCT edge
at ~ 425 nm. In contrast, the CuWO, absorption edge begins at 550 nm as a result of a
Cu(3d) — W(5d) MMCT, with localized Cu d-d transitions observed at ~625 nm and
extending to longer wavelengths. Other compositions within the Zn; Cu,WO, series
show absorption edges between those observed for the end member compositions ZnWO,
and CuWOQ,. As x increases, we observe a bathochromic shift in the characteristic charge-
transfer absorption edge due to increasing Cu(3d) density near the top of the valence band
and a possible shifting in Eg to lower energy. Additionally, as x increases, a
hypsochromic shift and concomitant increase in the intensity of the Cu d-d transitions is
observed. ZnWQ, and CuWO, are described as direct and indirect absorbing materials

respectively; therefore we present a plot of band gap, E4 vs. x in Figure 5.5.
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Figure 5.5 Direct (red circles) and indirect (black squares) band gap energies in the Zn;_
xCUuxWO;, series.
Both the direct and indirect fits to the band gap decrease linearly as x increases from to
0.1 to 1, illustrating that the intermediate compositions are composed of a random
distribution of Cu and Zn on the cation sublattice, and are not simply a two-phase mixture
of CuWQ, and ZnWO,. Notable in Figure 5.5 is the large decrease in the absorption
spectrum once 10 mole percent Cu?* is incorporated. This result will be discussed further
in the context of the PEC results later, but it seems as Cu is added, the large change in
band gap may be a result of new densities of states rather than a controlled shift in the W
(5d) based conduction band. The initial large change may be due to the formation of a
new, Cu(3d) based state and the later gradual decrease in Eg from x = 0.2-1 may be due
to increasing Cu(3d) density at the valence band maximum. This is in disagreement with
the original hypothesis which predicted a monotonic shift in absorption along the entire
series. The measured band gap of Zny¢Cup;WO, is only 0.2 eV greater than CuwWO,
described by the direct Tauc plot. This result is concurrent with the electrochemical data
presented in section 2.4, where the conduction band of CuWO, contains significant Cu
(3d) character.

We use far-IR spectroscopy to evaluate the local symmetry change as copper is
substituted for zinc in the structure. As greater copper density is added, Jahn-Teller

effects drive the tetragonal distortion of the A% Og octahedra, lowering the energy of the

103



entire system. Far-IR spectroscopy lets one evaluate this change and monitor the structure

as it de-symmetrizes. The far-IR spectra are presented in Figure 5.6.
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Figure 5.6 Far IR spectra of the Zn;_,Cu WO, series.
ZnWOy is shown in black; CuwWQ, is shown in red. The highlighted area shows the
evolution of the A, symmetry mode as the structure evolves from P2/c (ZnWQO,) to P-1
(CuWO,).
The Zn,_,Cu,WO, series is presented in the figure and the data are stacked for clarity. We
identify the vibrational frequencies of the M?*~O (M = Cu, Zn) stretches by comparing

the end members to known literature®2°

and evaluating the smooth transition from
ZnWQ, to CuwWOQ, throughout the series. The symmetry of these systems is reduced
because the divalent cation is off-centered,"* but the vibrational modes of the Zn-O and
Cu-0 octahedra can be derived from C,, and C; site symmetry. Two medium-intensity
Zn-0 stretches in the ZnWO, structure appear at 200 cm™ (B,) and 260 cm™ (B,) and
show a shift to higher energy as x increases; the lines in the figure are guides to the eye.
In CuWO,, the corresponding A, stretches are observed at 235 and 275 cm™,
respectively. The highlighted region of the figure shows that the strong-intensity A, mode
in ZnWO, observed at 320 cm™ splits into two peaks at x = 0.3. In CuWO,, the two
stretches appear at 295 and 338 cm™. The peak splitting observed at x = 0.3, correlates to
the changeover from P2/c (ZnWOQO,) to P-1 (CuWQ,) and the increase in energy between
the two indicates a gradual change of the A%*O octahedra. The intensity and shape of the

peaks in ZnWO, and CuWO, match that which has been discussed in the literature.'® As
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the peaks at 200 and 260 cm™ undergo a hypsochromic shift with increasing x, there is no
real change in their shape, whereas the broad peak originally found at 320 cm™ splits into
two medium-intensity peaks found at 295 and 338 cm™ in CuWO,, In CuWOQ,, the peaks
at 235, 275, and 295 cm™ are medium intensity, and the peak at 338 cm™ is stronger
intensity. There are also symmetric oxygen-based A, stretches uniting W-O octahedra in
the zigzag chain at 425 and 470 cm™ as well as tungsten-based low energy stretches at
150 and 170 cm™ that again, do not shift significantly as x changes. Our results are
similar to what has been described in the compound Zng75Cup2sWO,, where low
temperature mid-IR studies highlight the P-1 to P2/c phase transition as a function of
temperature.?

54 Magnetic Properties of Zn; ,Cu,WOQO,

The magnetic properties of the 1% row transition metal wolframite series have
been evaluated due to the ease of forming solid solutions. For example, the multiferroic
tungstate, MnWOQ,, has interesting magneto-electric properties, which have been altered
by substituting other first row transition metal cations. In general, it has been shown that
doping into MnWO, with both diamagnetic ions such as Zn’* and Mg* as well as
paramagnetic ions such as Fe** and Co?" influences the ordering temperatures found
within the MnWQ, system: simply, diamagnetic ions decrease the ordering temperatures
while paramagnetic ions increase the ordering temperatures. %~ %

In addition to substituting the divalent cation, anion substituted tungstates have
been prepared such as the series CuM0;_x\WxO4 (0 < x > 0.1). In this series, there is a
temperature-dependent first-order phase transition at ambient pressure.®* Magnetic
susceptibility coupled with neutron diffraction on the series CuMo; W0, (x = 0.15,
0.25, 0.35) shows that the magnetic unit cell changes from one that is doubled along the a
axis for x = 0.15, which is identical to CuWQs,, to one that is doubled along the ¢ axis (x =
0.25, 0.35)." Additionally, a spin dimer analysis in CuMog.25Wo 7504 Shows the magnetic
unit cell should double along both a and b, distinct from the end-member
compositions.*** In this case, magnetic and thermochromic studies describe a system
that does not maintain a complete solid solution throughout all concentrations of tungsten

and molybdenum by identifying impurity phases through these experiments.
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The magnetic structure of CuWO, is complex. At a molecular level, it is
described as a spin dimer with zigzag chains of CuOg edge-sharing octahedra. The
ordering transition below the Néel point arises from long-range 3-D antiferromagnetic
ordering with a unit cell that doubles along the crystallographic a axis (Figure D.4). The

dc susceptibility data for the series Zn;_,Cu, WO, are shown in Figure 5.7.
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Figure 5.7 Molar susceptibility of the Zn;_,CuWO, series.

ZnWOy 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.

The end-member composition CuWO, shows a broad peak maximum at 82 K (Inset of
Figure 5.7). Ac susceptibility experiments show no frequency-dependence in this
maximum (Figure D.5 ruling out spin glass or spin liquid behavior associated with this
transition). As the concentration of copper decreases, this transition temperature
decreases to 69 K (x = 0.9) and to 59 K (x = 0.8). For compositions having x < 0.8, no
discernible transition is observed. In order to obtain sufficient signal for these
magnetically dilute samples, a strong measuring field (1 T) is required. Figure D.6 shows
that for CuWO,, there are no differences in the magnetic susceptibility arising froma 1 T
measuring field compared to a more typical 1000 Oe (0.1 T) measuring field. The broad
maximum at 85 K in the susceptibility at higher copper concentration has been well
described in the literature, and this transition decreases monotonically with x. This
transition in CuWQ, is attributed to the strongest antiferromagnetic interaction of the spin

units within the 2D sheets in CuWO,, yet it does not lead to long range ordering.”
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Rather, the high-temperature antiferromagnetic ordering above the Neel point found in
Zn1xCu,WO, (x = 0.8, 0.9, 1) mimics the susceptibility behavior in CuO, which shows a
similar type of ordering above its true Néel point.>* This ordering has been interpreted as
the transition from cooperative to non-cooperative magnetism, (i.e.—a transition from
lattice- to molecular interactions at the Néel point) as described by Wucher.®

Various physical methods have been employed to determine the Neel temperature
of CuWOy,, which is elusive by simple susceptibility measurements since there is no
sharp maximum in yw(T). The disappearance of the (*2 0 0) magnetic Bragg reflection in
CuWO, at 23 K using neutron diffraction is definitive, and matches the temperature at
which an EPR signal disappears (24 K)."*** Although there is no such defining feature
for Ty in the yu(T) plot, the first derivative dyw/dT shows a maximum at 23.5 K, which
compares favorably to a Ty of 22.5 K reported by this method in the literature.® Then,
the upturn in ym(T) below 3 K is ascribed to ferromagnetic interactions between Cu®* ions
within the same chemical cell, a common interaction observed for the first-row transition-
metal tungstates (A = Fe, Co, Ni).* Ty was also determined from dyw/dT for x = 0.9 and
0.8: 14.5 K, and 5.5 K, respectively. The derivative plots, dyw/dT are presented in Figure
D.7 for both the solid-state and Pechini synthesized compounds.

The observed changes in both the high-temperature transition and the Néel
temperature for Zn;CuyWQO, (x = 0.8, 0.9, 1) are consistent with a magnetic Ising
model.?’ Specifically, Néel points in Mn-, Fe-, and CuWOj shift to lower temperatures as
described by these theories.*® Interestingly, because of the complex magnetic properties
of CuUWO,, it shows deviation from the ideal models using 1 or 2-dimensional systems in
that the transition from an antiferromagnetically ordered material to a simple paramagnet
occurs at such low dilution.

In order to evaluate the spin interaction between nearest-neighboring copper
atoms, we performed Curie-Weiss analysis in the paramagnetic regime. Figure 5.8 shows
a plot of the effective moment (Uess) and Weiss constant (®) as a function of x for the
entire Zn1_xCuyWO;, series.
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Figure 5.8 Trends in et and the Weiss constant, © in the series Zn;_xCu,WQO, prepared
by solid-state synthesis.
The results show that the magnitude of the Weiss constant increases linearly from ~-39 K
for x = 0.1 to =152 K for x = 1. Three effects are clear:
1. In CuWOQy,, there is strong antiferromagnetic coupling of nearest-neighbor spins.
2. The variation of ® with X reflects that the exchange interaction gets stronger as
the number of paramagnetic Cu®* centers increases.
3. As expected, the effective moment increases linearly with increasing copper
concentration due to incorporating greater spin density in the compound.
A mean field theory treatment for CuWQ, gives an average exchange constant J of —213

cm ™ according to the equation:

z ] S(S+1)
3kp

6= 3)

where z is the number of nearest neighbor spins (2 in the zigzag chains of the wolframite
structure), S = ¥ for Cu**, and kg is the Boltzmann constant, 0.695 cm™ K™. We note
that this energy is on par with the sum of the intrachain interactions calculated by Koo
and Whangbo (the sum of the exchange energies of intrachain antiferro- and
ferromagnetic components in their DFT study is —282 cm™).*? We note however, that the
analysis in reference 32 is based on a more detailed spin dimer model that also explains
the short-range order at 90 K in CuWO,. We point out the similarity in coupling
constants simply to demonstrate that the decrease in intrachain coupling as the Zn-
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concentration increases in our materials may also explain that disappearance of any short-
range order as x decreases.

Then, by evaluating the magnetic moment on a per mol copper basis for each
compound in the series, the average magnetic moment was found to be 2.30 + 0.19 pg,
which is in good agreement with the observed magnetic moment for CuWQ, of 2.23 pg.
This result is in accord with our optical data, strongly demonstrating that copper- and
zinc ions statistically distribute over common 2i Wyckoff sites on the lattice.
Accordingly, susceptibility measurements provide a method for determining whether or
not a mixed-metal tungstate is in fact a solid solution or a two-compound mixture,
important for the intermediate compositions here and as well as for other 1% row
transition metal tungstates where their X-ray diffraction patterns are virtually identical
because these compounds do not Jahn-Teller distort.

We have prepared Zn; xCu,WO, (x = 0.8, 0.9, 1.0) by a Pechini sol-gel method in
which the precursors are atomically mixed prior to annealing. We focus on the
compositions with high Cu** concentration here since they have the smallest band gaps.
For these compounds, Figure D.8 compares Ty, ®, and pes for the compounds prepared
by both methods. The yw(T) plots are nearly superimposable (Figure D.9), and the
derived magnetic properties match very closely, as presented in Table 5.1.

Table 5.1 Magnetic Properties of Zn; ,CuyWQO,
Compound e/ ©/K  Ty/K T,/K  ptcsize

/ pm
Solid-state Synthesis

CuWO, 222 -152 23.5 82 5-7

Zn,,Cu WO, 217  —141 145 69 5-7

Zn,,Cu WO, 200  -118 55 59 5-7

Pechini Synthesis

CuWO, 2.26 -155 23 80 0.2-0.5
Zn,,Cup WO, 216  -145 13 62 0.1-0.5
Zn,,Cuy WO, 1.99 -116 S 5SS 0.1-0.5

As in the solid state preparation, Ty in materials prepared by the Pechini method

decreases  with  decreasing copper concentration. The higher-temperature
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antiferromagnetic ordering transition is also observed for the Pechini compounds, and
again shows a shift to lower temperature with decreasing copper content. This ordering
temperature varies slightly, which may be explained by subtle differences in particle size,
which has been observed in CuO nanoparticles.*® Notably, the effective moment and
Weiss constant were also determined using the paramagnetic region of the ym(T) plot, and
match those determined for the solid-state synthesized congeners.

To provide an example of how susceptibility measurements distinguish further
between having a random distribution of copper and zinc on the common 2i Wyckoff
sites from having a two-phase mixture of CuWO, and ZnWO,, we prepared a SQUID
sample composed of 50% CuWQO, and 50% ZnWOQO, by mass. The ¥(T) in Figure 5.9
compares the gram susceptibility for the 1:1 two-phase mixture, synthesized

ZNg5CuUp s\WOg, and pure CuwO.,.
3.5

v 110° cm?.g™

0 50 100 150 200 250 300
T/IK

Figure 5.9 Comparison of the gram susceptibility of CUWOQ; (red), a 1:1 mixture of
ZnWQO,:CuWO, (black), and the compound ZngsCuosWOy, (gray).
Of note is that the 1:1 mixture shows a susceptibility that is ~% that of CuWQ,, but is
otherwise indistinguishable. This is expected for CuWO, buried in a diamagnetic host
matrix. In contrast, the synthesized compound ZnysCuosWOy, is distinct; it shows no
discernible magnetic transitions.

The presented data have direct implication in understanding the electronic

structure of water-oxidation photoanodes that have been prepared. The highest
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performing (i.e.—highest current) photoanodes are composed of a 1:1 mixture of
wolframite CuwWQ, and monoclinic WO3, whose structure and composition we conclude
by X-ray diffraction and elemental analysis. This composite mixture shows a similar
result to Figure 5.9, where the susceptibility of the CuWO, phase is not disrupted by the
presence of WO3, validating the physical mixture of phases compared to an alloyed
phase. In order to understand how electronic structure impacts the kinetics on the CuWO,
for water oxidation, PEC and photocatalysis studies on the Zn;Cu,WO, series will
provide insight into the charge transport limitations of this system by incorporating a
closed shell 2+ cation which does not contain potential trap states that arise at a bulk
heterojunction, as is the case in our CuWO,:WO3; composite materials.

The optical data provides insight into the electronic structure of Zn;_Cu,WOQO,.
Our results indicate a smooth transition in the series, though the large initial change in Egq
with 10 mole % incorporation of Cu, hinting at the presence of Cu (3d) states within the
gap. As more copper is incorporated into the structure, the greater the Cu(3d) density
contributes to the top of the valence band. This raises the potential energy of the valence
band, thereby lowering the overall band gap from Zn; CuWO, (0.2 < x < 1). The
interplay between band edge positions (overpotential), band gap (photon flux), and band
width (carrier mobility) determines rate in photocatalysis, and this forms the basis of
evaluating this series as both photoanodes and photocatalysts for solar-driven water
oxidation.
5.5 Photocatalysis on Zn;_,Cu,WQO, powders

The Pechini synthesized Zn; xCu,WO, powders were tested as photocatalysts for
organic dye degradation. Methylene Blue (MB) is a common organic dye used to
evaluate the photocatalytic activity of semiconductors. It has been studied commonly on
TiO,* dye degradation is known to take place through radical based mechanisms
facilitated by electron transfer from the semiconductor. The series was prepared in order
to test our hypothesis that Zn;_Cu, WO, solid solutions would show increased rates of
dye degradation due to maintained visible light absorption (Cu®") and a high energy
conduction band edge (Zn*"). The results of MB degradation experiment are presented in
Figure 5.10.
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Figure 5.10 MB degradation experiments on Zn_xCu,WO, powders under 500 m\W/cm?
(5-sun) AM1.5G illumination.
Figure 5.10 presents the degradation results of some representative samples prepared by
Pechini sol-gel methods. We focus on the low copper concentration regime because the
measured band gap in these materials is sufficiently smaller than ZnWO,, yet with higher
amounts of zinc we hypothesized that the flat band potential would be higher energy, like
ZnWO,. The results show that using AM1.5G illumination, ZnWO;, is still the most
active tungstate material. In fact, once 10 mol % of copper is introduced, the activity
decreases to that similar to CuwWQ,, which is only slightly more active than baseline. An
electrochemical and PEC study of Zn;_,Cu,WOQO, photoanodes will be discussed in section
5.6 and provide insight into this result. As discussed in the literature, CUWOQO, does show
increased activity with respect to other visible light absorbing tungstates,*’ but this
activity is still sufficiently lower than that of ZnWQ,. There is literature precedent for
increasing activity in ZnWO, by adding Sn**.** However, in this manuscript, a UV cutoff
filter ( A > 420 nm) prevents ZnWQ, from absorbing any light, and thus it shows no
photocatalytic activity. In our case, we are using an AM1.5G filter which attenuates the
power of UV light to match the output of the sun.

The measured surface area of the Pechini sol-gel particles was approximately 10
m?/g. This value is lower than ZnWO, prepared by hydrothermal reaction (HTR)
methods (20-30 m?/g).** Additionally, the MB adsorption was significantly lower in
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Pechini sol-gel particles when compared to HTR prepared ZnWO,. ZnWO, shows 93%
adsorption of MB vs. 12% adsorption for HTR and Pechini synthesized particles,
respectively. The quantity of dye adsorbed onto the oxide was quantified by UV-Vis
spectroscopy. The decrease in solution concentration of dye after the addition of the
oxide was measured and the difference in concentration was due to adsorption onto the
oxide. Adsorption of the organic dye is crucial for successful catalysts and therefore we
sought to prepare Zn;_Cu,WQO, by HTR methods to increase the surface area and
adsorptive properties of the catalyst.

ZnWO, is typically prepared hydrothermally in a basic solution.** OH™ acts as a
capping agent during crystallization because it adsorbs onto the [100] face of ZnWQ,.*>**
Rods are typically formed and we sought to translate this growth mechanism to generate
CuWO, and Zn;CuyWOQ, rods. However, during crystallization in basic condition an
undesired metastable phase, Cu,WO,(OH), formed.*® Therefore, a pH of 6 was necessary
to form the desired phase. pHs lower than 6 solubilize the precursors and no solid product
forms. Figure D.10 presents the diffraction results of the synthesis of CuWQO, at pH 6 and
8. As can be seen, at pH 8 the undesired Cu,WQO4(OH), forms whereas pH 6 only
hydrated CuWOQO, forms. Figure D.11 shows the corresponding SEM images of CuWO;,
prepared hydrothermally at pH 6 at 180 °C for 12h. MB adsorption was sufficiently
increased in the CuUWO, particles prepared by HTR methods in comparison to Pechini sol
gel synthesis, 85 % adsorption vs 18 %, respectively. However, the rates of MB
degradation were not influenced by this advantageous increase in MB adsorption and
decrease in particle size, indicating still that under 500 mW/cm? (5-sun) AM1.5G
illumination, CuWOQ, is not an active dye degradation catalyst.

The mechanism for dye degradation is commonly known to pass through two
mechanisms. The photogenerated e”/n* pair creates superoxide (O,~, E° = -0.33 V NHE)
and hydroxyl radicals (OH’, E° = 2.38 V NHE), respectively. Either of these species
begins the radical degradation of the organic dye. ZnWQO, can potentially form both of
these species, resulting in an active dye degradation catalyst. However, the electronic
structure of CuWQ, precludes the formation of O, and OH’, hindering its performance
as a photocatalyst. The original hypothesis to form solid solutions possessing a suitable

electronic structure for radical formation and a band gap in the visible was not recognized
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in the Zn,_«CuyWQ, series. Many of these reasons are clearer through the experiments
discussed in Chapter 3, which took place chronologically after these dye degradation
experiments. Additionally, PEC experiments on Zn;_,CuyWQO, photoanodes which were
also conducted prior to the EIS studies support those results. Cu (3d) states both in the
conduction band as well as mid-gap dictate many of the fundamental PEC properties of
Zn;_xCu,WO; solid solutions.
5.6 Photoelectrochemical studies on Zn;_yCuyWO4

Zn;,Cu,WOQO, photoanodes were synthesized using the sol-gel spin casting
method used to form CuWO,. The final Zn:Cu atomic ratio was simply controlled
through the atomic ratio in the nitrate precursors chosen. The results of LSV traces
conducted on representative members of the Zn;_Cu,WO, series are presented in Figure

5.11.

E/V vs. Ag/AgCIl, pH 7
-04 -02 0.|O 0i2 0i4 O|.6 0i8 1.0

0.4 -
—— Cuwo,
1 —Zno.scuaswoa
0.3 4 —Zn,,Cu, WO,
——ZnWo, r
. 1
o .
§ 02-
<
S
=< 0.1
0.0 - =

T T T T T T T T 1
0.4 0.6 0.8 1.0 1.2 1.4 16
E/V vs. RHE

Figure 5.11 LSV traces of Zn; xCu,WQ, photoanodes under AM1.5G illumination.

In this figure, the greater amount of zinc incorporated into the solid solution, the lower
the photocurrent. ZnWQ, is inactive as a photoanode under AM1.5G illumination, and
also only shows minimal PEC response under illumination with an unfiltered Xe lamp.
CV provides insight into how Cu(3d) states incorporate into the electronic structure of
Zn;4Cu,WO;,. Figure 5.12 presents CV traces of representative electrodes in a N, purged
solution to identify the redox chemistry of copper in the solid-solutions generated in

forward bias.
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Figure 5.12 CV traces of Zn;_,Cu,WOy in N, purged cell in the dark

In Figure 5.12, ZnWO, shows zero redox chemistry in the experimental window, as
indicated by the green trace. ZngsCupsWO4, CuWO,, and ZnggoCupi WO, show a
reduction at nearly the same potential in the CV trace. This reduction event is less
prevalent on ZngsCupsWO,, and there seems to be more surface capacitance on the
electrode (which may be an artifact of the chosen electrode), but it is identifiable in the
CV trace. ZnogCuWO, shows reduction beginning at similar potentials compared the
other copper containing materials, but the current is smaller. On the return, an oxidation
peak is seen again at the same potential as CuWO,. This behavior also translates to the
measured open-circuit voltages (OCP) measured on the various solid-solutions. ZnWO,
has an OCP that is significantly more negative than any of the series containing copper
(0.05 V RHE in N, purged KP; under illumination). As copper is incorporated into the
series, the measured OCP shifts toward more positive potentials and nearly matches that
of pure-phase CuWQ,, again reaffirming that Cu(3d) states are dictating the PEC and
electrochemistry of tungstate anodes. ZngoCuo;WO, has a measured OCP of +0.5 V
RHE under AM1.5G illumination which is typical to CuwWQs,.

The Eq of ZnWO, and ZngsCuosWO, was determined using Mott-Schottky
analysis of the EIS data in order to approximate its band edge positions (Figure D.12). Ez,
of ZnWOy, ZngsCuosWO, , and CuwWO, are -0.45 and , +0.10, and 0.45 V RHE,

respectively. These values indicate that there are states shifting toward more positive
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potentials with the incorporation of copper. The measurement may be probing the
capacitance of W(5d) states which make up the conduction band in ZnWO, and a
significant part of CuWQ,. In ZnysCugsWO,, the capacitance associated with the Cu(3d)
states interrupts the measurement causing a deviation from linearity, and therefore the
measured Eg, was constructed from a smaller voltage window. This result however, does
trend with the original hypothesis as to the continuous evolution of the electronic
structure between the two end members, but as seen in Figure 5.13, the Cu(3d) states add

in at a constant energy level and do not change as a function of zinc content.
A CuwWO, 2Zn,Cu WO, ZnWO,

_0.5__
W(5d)
0 -—-=-=-=—oo———— - - H*/H,
W(5d)
= Y027 wisg)  Cu3d)
% 10 /Cu (3d)
+1.0 —+
I el Ozr'HZO
2 +15-+
W
+2.0—
+2.5—1
I I
Cu(3d) Cu(3d) —
8o T, * O(2p)

O(2p) O(2p)
Figure 5.13 Band diagrams of Zn;_,Cu,WO, showing Es, measured by Mott-Schottky
analysis of EIS and the Cu (3d) states identified by CV.

There is a contrasting trend between the photocatalytic reactivity and PEC
properties of the series. CuUWO;, is the most active photoanode, yet ZnWQ, is the most
active dye degradation catalyst. This can be explained by the fundamental phenomena
required in order to have successful photocatalytic performance and PEC properties. As
discussed, ZnWQ, can form O, and OH" under illumination, which results in a radical-
based degradation of the organic dyes.*® CuwWO, however does not possess band edges at
sufficient potentials to produce these highly reactive species. In CuWO, photoanodes
however, the electrochemical bias applied provides the necessary driving force for the

oxidation of water at the surface of the material. Furthermore, recombination is slow
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enough where charge carriers can be collected and significant photocurrents are
measured.

When zinc is substituted for copper, there is a decrease in the photocurrent
response of the electrode. One possible explanation for this is the decrease in visible light
absorption with increasing amounts of zinc. But, another plausible reason for the decrease
in photocurrent is an increase in charge recombination rates. ZnWOQO, is a self-activating
phosphor that exhibits a blue-green emission band under UV illumination.*’**
Photoluminescence is an indicator of fast recombination, which may be plaguing the
ZnWO, and Zn;,Cu,WO, photoanodes. As a dye degradation photocatalyst, the rates of
the chemical reactions are sufficiently quick that any charges trapped on the surface react
with the solution species. But, as a photoelectrode, ZnWQ, seems incapable of generating
a significant photovoltage with high magnitudes of photocurrents.

5.7  Conclusion

This chapter presents an adapted Pechini citric acid sol-gel synthesis forming Zn;-
«CuWOQO, particles. The optical and magnetic properties confirm the existence of a solid-
solution rather than a two-phase mixture. Far-IR spectroscopy supports an elongation and
desymmetrizing of the A?'Os octahedra. The band gap of the series decreases
monotonically as Cu®* substitutes for Zn®*. Finally, The effective moment (Merr) is
commensurate with S = ¥ Cu?* for all compositions, and the magnitude of the Weiss
constant (®) increases as X increases, further supporting a smooth transition from ZnWO,
to CuUWO;, as x changes. This platform was used to evaluate the interplay between band-
gap energy and charge transfer kinetics in photocatalysts for dye degradation and PEC
water oxidation. The results show that ZnWQ, is the most active photocatalyst for the
degradation of MB, even under AM1.5G illumination. CuWO, however, is the most
active photoanode for PEC water oxidation. The differences can be explained by the
fundamental properties of the two end members.

5.8 Outlook

The efforts in Zn;CuyWOQO, were toward the formation of a more active
photocatalyst and/or photoanode. The experimental results demonstrate that Cu
incorporation for increased visible light absorption adds significant Cu(3d) density at

lower energy states. This decreases the rates of photocatalysis. These experimental results
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can be correlated with theory to further understand how the densities of state are mixed
when forming AA"WO4 solid solutions. Currently, there is no theory to describe these
mixtures, but these results could justify the experimental observations on Zn; ,Cu,WO,
and more importantly, point toward other possibly more successful AA"WO4 materials.

Another strategy is to leave the wolframite tungstate structure. Bi,WOs
crystallizes in an orthorhombic crystal structure, has a direct band gap of 2.8 eV, and
possesses a conduction band comprised predominantly of W(5d) orbitals.”® It is an
incredibly active dye degradation catalyst under UV-Vis illumination®, is selective the
oxidation of glycerol to dihydroxyacetone,® and is receiving attention as a photoanode
for PEC water oxidation.®” | have shown that adding Cu®* as a dopant increases visible
light absorption, but have not studied the photocatalytic and PEC properties of this
material. There also may be more suitable choices of dopants to increase visible light
absorption, as this chapter presents some of the limitations of using Cu* as a source of
visible light absorption. Anion doping using Mo forms visible light responsive Bi,W;-
,Mo,Og capable of dye degradation under visible illumination.>?

Doped Bi,WOg may be suitable as a dye degradation catalyst under visible light
illumination though as a photoanode its, photoelectrochemistry may suffer due to forming
these mid-gap trap states. Eg, of Bi,WOg resides at 0 V RHE making it an attractive
material with an early onset of photocurrent. There is an example of forming Bi,WQO, 2D
array photoanodes with improve PEC properties over the planar electrode.>* Therefore,
forming highly crystalline Bi,WOg with a well-defined structure is an attractive approach
toward a more active UV photoanode.

5.9 Experimental

Synthesis of Zn;_xCuWOQO,

ZnO, CuO and WOs; starting materials were purchased from Sigma Aldrich
(>99%) and used as received. Zn; xCuyWQO, (0 < x < 1) powders were prepared by solid
state methods. 8 mmol of each W and A (A = Zn, Cu) were ground in an agate mortar
and pestle, pressed into a pellet and annealed in an alumina crucible at 850 °C for 12 h,
with heating and cooling ramp times of 4 h. After annealing, the samples were reground

and re-annealed. This process was repeated once more for a total annealing time of 36 h
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at 850 °C. The initial ratios of Cu:Zn were controlled to give the desired composition in
the entire Zn,_,Cu,WO;, series (x =0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1).
Select compounds in the series were also synthesized by a Pechini-type citric acid sol-gel
method. This synthesis was adapted from a method used to prepare rare-earth metal
tungstates,> where the optimal molar ratio of citric acid to total metal cations was 1:1,
and the citric acid to ethylene glycol ratio was 2:1. In a given experiment, 2 mmol of
A(NO3)22xH,0 (A = Zn, Cu) and 2 mmol W from ammonia metatungstate were dissolved
in 4 mmol of citric acid (3 M stock solution) and mixed with 2 mmol ethylene glycol.
This solution was stirred and heated at 80 — 90 °C until the water evaporated, leaving a
puffed gel. This gel was subsequently dried overnight in a vacuum oven at 60 — 70 °C.
Finally, the dried gel was ground in an agate mortar and pestle and annealed at 700 °C for
3 h, with 2 h heating and cooling rates.

Physical, Optical, and Magnetic Characterization

X-ray diffraction patterns were recorded on a Briiker D8 Advance diffractometer
equipped with a graphite monochromator, a Lynx-Eye detector, and parallel beam optics
using Cu-Ka radiation (A = 1.54184 A). Patterns were collected using a 0.6 mm incidence
slit, with a step size and scan rate of 0.04%step and 0.5 s/step respectively. The phases
were identified and indexed according to the reported crystal structure determined by
Schofield et al. for the Zny_,Cu,WOy, series.’® UV-Vis spectra were recorded using an
Agilent-Cary 5000 spectrophotometer equipped with a Praying Mantis diffuse reflectance
accessory. BaSO, was used as a baseline and samples were collected in a 1 cm diameter
holder. In a measurement 50 mg of sample was diluted with 50 mg of BaSO, and packed
on top of a BaSO, base to form a smooth surface flush with the holder. Spectra were
recorded in reflectance mode and transformed mathematically into normalized
absorbance. Tauc plots were then generated using the Kubekla-Munk function, F(R) =
(1-R)?/2R. Scanning electron microscopy (SEM) images were collected using a Hitachi
S-3200N SEM with an accelerating voltage of 15 kV. Higher resolution SEM images
were collected using a FEI Nova Nanolab SEM/FIB with an accelerating voltage of 10
kV. ICP-AES elemental analysis for Cu, Zn, and W was obtained using a Perkin-Elmer
Optima 2000DV instrument, and sample prep was performed using a method described

by Montini et al.*® Initially, 12 mg of material was mixed into 1 mL 30% H,0, (Fisher),
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0.8 mL HNO3 (69% Fisher) and 1 mL H,O. The samples were then stirred and heated to
80 °C for 30 minutes and then cooled. This process was repeated, adding H,O, and
heating, until all materials were dissolved. As H,O, was decomposed at high
temperatures, H,WO, began to precipitate out of solution, in which case more H,0, was
added to re-dissolve the H,WQ,. Finally, the samples were diluted to 50 mL for storage
with 1 mL extra H,O, being added to prevent any precipitation. The emission lines used
are 324.752 nm, 202.548 nm, and 239.708 nm for Cu, Zn, and W respectively.

Susceptibility measurements were performed on a Quantum Design MPMS-XL7

equipped with an Evercool™

Dewar. ~100 mg of sample was suspended in ~100 mg
eicosane (>99% Sigma-Aldrich) in a polycarbonate capsule. Measurements were
collected under zero-field cooled conditions with a measuring field of 1 T in the
temperature range 5 — 300 K to ensure sufficient signal-to-noise with magnetically dilute
samples. The molar susceptibility was checked at lower measuring fields for the high Cu-
containing materials for comparison, and the data are identical (vide infra). For each dc
susceptibility data point, the average of three measurements of 32 scans over a 4 cm scan
length was acquired. Data were corrected for the diamagnetism of the sample holder and
eicosane, as well as for core diamagnetism using Pascal’s constants. Susceptibility data
were fit to the Curie-Weiss law for T > 150 K: yu = C / (T — ®) where C relates to the
effective magnetic moment as e = 2.82 CY2. Ac susceptibility measurements were
recorded under an ac field Hac = Hg sin (2xft) for Hy= 3 Oe and f ~ 2, 20, 200, and 1500
Hz.

Photocatalytic Experiments on Zn;_4Cuy WO,

Catalysis experiments were conducted on 50 mg of powdered sample in 40 mL of
10 ppm MB. The solutions were allowed to reach equilibrium for 1h in the dark to
account for adsorption of MB onto the powders. The change in concentration of MB was
measured by monitoring the change in absorption at 420 nm. The cell was stirred and
illuminated through a quartz window with 500 mW/cm? of AM1.5G illumination.
Aliquots were taken out and the stated times and the solution was centrifuged at 3300
rpm for 5 minutes to separate any solid catalyst. An absorption spectrum and the percent
change in concentration (= C/Cy) was measured and compared to the initial concentration
of MB after adsorption (Co).
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Photoelectrochemical experiments were conducted under the provided
experimental parameters. LSV traces were collected at 20 mV/s scan rate under AM1.5G
illumination with an irradiance of 200 mW/cm?. CV traces were conducted at 1 atm in the
dark under continuous bubbling of N..
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CHAPTER 6

PHOTOCATALYTIC WATER OXIDATION USING OXIDE
POWDERS

Portions of this chapter have been published:

Reproduced with permission from Etacheri, V.; Yourey, J. E.; Bartlett, B. M. ACS Nano
2014, 8, 1491-1499. Copyright 2014 American Chemical Society
http://pubs.acs.org/doi/abs/10.1021/nn405534r

6.1 Introduction

This chapter presents research efforts toward the photocatalytic oxidation of water
in the presence of an electron accepting species. Specifically, this chapter presents the
formation of bronze-phase titania (TiO,-B) chemically bonded to reduced graphene oxide
(RGO) which is active as a water oxidation catalyst. TiO,-B-RGO nanosheet composites
are nearly 20 times more active over plain TiO,-B nanosheets when performing
photocatalytic water oxidation in the presence of an electron acceptor. This chapter also
presents the rational for targeting a d%d™ ternary phase oxide, PbCrO,4. Hydrothermally
formed PbCrO, rods can photocatalytically oxidize water in the presence of an e~
acceptor when properly loaded with co-catalysts.

Current research in this area of solar driven chemistry focuses on developing light
absorbing materials for photocatalytic water splitting, photocatalytic water oxidation in
the presence of an e™ acceptor, and proton reduction in the presence of an electron donor.
Research is poised in several directions including the discovery of new light absorbing
oxides/nitrides, controlling synthesis methods to form more active morphologies, and co-
catalyst loading to improve rates of reactions. Powdered water catalysis is an attractive
area of research because there are minimal device fabrication costs in comparison to thin

films.
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A technical and economic feasibility study on current methods for producing H;
from water estimates a single particle system, containing photocatalysts that are
suspended in baggies and capable of 10% STH efficiency at 1.60 $/kg H, after a 10 year
production lifetime. This cost is significantly lower when compared to a thin-film fixed-
panel array which at 10% STH is estimated to cost 10.40 $/kg H, over the component
lifetime. The major difference arises from the capital costs necessary for plant
construction and device manufacturing; approximately 1 $/kg H, compared to 8 $/kg H,
for the fixed bed and panel array systems, respectively. Of course, there is a safety
concern with producing O, and H; in the same sealed vessel which is associated with the
single particle fixed bed system. A dual-catalyst separated fixed-bed system circumvents
this issue and was also evaluated in this feasibility study. The final cost was estimated to
be 3.20 $/kg H, using two catalysts, each 5 % efficient when performing their respective
half reaction. In this system, an electron mediator is used to shuttle electrons between the
two beds. The research presented in this chapter most closely resembles the dual-catalyst
system, where we focus on forming materials capable of performing solar-driven water
oxidation with concomitant 103 reduction. Water oxidation (equation 1) with 103"

reduction (equation 2) is an endergonic process by 51 kJ/mol (equation 3).

2H,0 + 4hv — O, + 4H" + 4e” 1)
4H" + %105 +4e” — %I+ 2H,0 2)
%1037 — %I+ 0, 3)

103 is a suitable choice for an electron redox mediator because both the oxidized and
reduced forms are colorless in solution the reaction is highly reversible. This is contrary
to the traditional methanol electron donor and Ag" electron acceptor. Its redox chemistry
is pH dependent, which does not allow one to tailor the pH of a solution to alter the
driving forces of water oxidation and proton reduction and its formal reduction potential
is 1.085 V, only slightly more negative than O,/H,O. Most importantly, properly chosen
photocatalysts are selective for the desired chemical reactions in the presence of 1057/1”
when placed in the right pH solution and properly co-catalyst loaded.? Pt-WO; and
BiVO, have emerged as the most active and used water oxidation catalysts in Z-scheme
water splitting systems.®> ® The work presented in this chapter focuses on improving the
rates of the classically studied TiO, by forming a composite catalyst using the bronze
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phase as a UV light absorbing oxide along with the design strategy and formation PbCrO,

rods used for solar driven water oxidation.

6.2 Synthesis, Characterization and Battery Performance of TiO,-B Modified with
Reduced Graphene Oxide

The photocatalysis studies on TiO,-B-RGO composites began through
collaboration with my post-doctoral labmate Vinod Etacheri. The nanosheet morphology
of TiO,-B forms a promising anode for Li-ion batteries due to the exposed (010) facets.
Furthermore, anchoring TiO2 to electrically conductive RGO is another method used to
improve the rate capability of these materials. Therefore, the collaboration began by
combining the advantages of a nanosheet morphology with the RGO support as a
composite material to serve as an anode in a Li-ion battery. My efforts in this
collaboration were focused on the materials characterization, with specific contributions
in collecting IR, XPS, and EPR spectra, which we used to understand the chemical
bonding of TiO,-B to RGO and the oxidation state of titanium. Therefore, in the thesis I
will focus on the conclusions made from those experiments and how they were crucial to
both battery performance and photocatalysis. The full battery study can be found as
reference 7.

TiO,-B sheets were formed hydrothermally during the slow hydrolysis and
crystallization of TiCl; in an ethylene glycol/H,O mixture. The RGO composite was
formed through photocatalytic reduction of graphene oxide (GO) by TiO,-B suspended in
a ethanol solution. This method results in chemically bonded RGO to TiO,-B through
Ti**~C bonds, which are crucial for rapid interfacial charge transfer. By illuminating the
ethanol suspension of TiO,-B and GO, conduction band electrons from TiO2 reduce GO
to RGO. Additionally, surface Ti** get reduced to Ti** during the long-term illumination
(12 h), and further reaction of these surface states with defect carbon in GO gives rise to
the Ti**~C bonds, as described in Figure 6.1.
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Figure 6.1 Synthesis of the TiO,-B/RGO hybrid nanostructure through photocatalytic
reduction.

The chemical nature at the surface of the composite material was probed by XPS. The

results of the C(1s) peaks are presented in Figure 6.2.
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Figure 6.2 C(1s) XP spectra of a) GO and b) TiO,-B/RGO composite

Three peaks are observed in GO, which represent chemically different carbon species, are
located at 284.5, 286.8, and 288.5 eV, respectively (Figure 6.2a). These peaks correspond
to elemental carbon/sp? hybridized carbon from GO, oxygen containing alcohol or ether
linkages (C—-OH and C—0) and carboxylate (O=C—-0) respectively.> % In the case of
TiO,-B/RGO hybrid nanostructures, the high intensity peak at 286.8 eV disappears, and
an additional peak characteristic of defect-containing sp?-hybridized carbon emerges at
286.0 eV (Figure 6.2b). This shift indicates that most of the oxygen containing functional
groups of GO are efficiently reduced during the photocatalytic reduction reaction. A low
intensity peak of carboxyl carbon (288.5 eV) is still present in the photoreduced sample.

IR spectroscopy corroborates this result as the only C-O absorption band that persists
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after photoreduction is due to the carboxyl groups. These reminiscent carboxyl groups
provide a strong electron withdrawing effect on surface titanium as evidenced by the
slight shift to higher energy of the Ti (2p) peaks in the XP spectra (Figure E.1).*"*? An
additional C(1s) peak at 283.5 eV emerges in Figure 6.2, which is at higher binding
energy than the titanium carbide (Ti**~C) peak at 281.5 eV. It can be assigned to carbon
from RGO bonded to Ti** of TiO,-B nanosheets.****

The formation of Ti**~C bonds results is corroborated by the bathochromic shift
observed in the Raman spectrum of TiO,-B/RGO compared to that of bare TiO,-B
nanosheets and with EPR spectra identifying Ti** in TiO,-B/RGO as seen in Figure 6.3.
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Figure 6.3 EPR spectrum of TiO,-B/RGO (blue) and TiO,-B (Red)

Inset: photograph of TiO,-B/GO in absolute ethanol solution a) before and b) after
photoreduction.

The TiO,-B/GO sample has no characteristic EPR resonances at 77 K, whereas the TiO,-
B/RGO hybrid nanostructure shows an EPR resonance at g = 1.94, indicative of surface
Ti**."> The photocatalytic reduction of GO is also evidenced by the color change from
gray to black (Figure 6.3 inset), which has previously been observed during the chemical
reduction of GO, and assigned to the partial restoration of the = conjugated network of
graphene.’® Comparing the signal intensity of the TiO,-B/RGO hybrids to those of
standard Ti*" solutions reveal that one in 6.1 x 10° Ti** ions is reduced to Ti** during the
photocatalytic reduction, which is comparable to the Ti** content present in chemically
reduced TiO,.'" To probe the reaction mechanism, EPR spectra were collected for the
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ethanol suspension of pure TiO,-B nanosheets before and after the UV-light treatment.
For a brief period of time after UV treatment, the EPR spectrum of the TiO,-B
nanosheets presents a band at g = 1.94, and the solution shows a corresponding blue
color, all characteristic of surface Ti*". The chemical bonding of TiO,-B to RGO proved
to be valuable for performance both in a battery as well during photocatalytic water
oxidation. The TiO,-B/RGO hybrids possess faster rates and increased stability during
cycling as a Li-ion electrode when compared to both plain TiO,-B and physically mixed
TiO,-B + RGO. The rates of catalysis are also improved when forming a TiO,-B/RGO
hybrid photocatalyst for water oxidation.
6.3 Photocatalytic Water Oxidation on TiO,-B/RGO

Fast electron transfer and chemical bond connectivity between the oxide electrode
and carbonaceous conductor are desirable characteristics during cycling in a Li-ion
battery. These desirable properties can be translated to photocatalysis, ensuring that
excited electrons are driven to the surface before recombining. The chemically bonded
RGO serves as a site for facile electron transfer and catalyst for 105 reduction. This
section presents the formation of TiO,-B chemically bonded to various weight percent’s
of RGO and their resulting photocatalytic performances. Additionally, control
experiments highlight that the presence of RGO is crucial for catalysis and chemically
bonding RGO significantly enhances the rates of water oxidation.

The absorption spectra of TiO,-B/RGO hybrids are presented in Figure 6.4.

—— TiO,-B/RGO-20
——TiO,-B/RGO-10
—— TiO,-B/RGO-7.5
—— TiO,-B/IRGO-5
——TiO, B

Absorption

300 400 500 600 700  80C
wavelength / nm
Figure 6.4 UV-Vis absorption spectra of TiO,-B/RGO hybrids.
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There is a significant increase in the black body absorption over the visible part of the
solar spectrum due as the weight percent of RGO is increased. However, the absorption
edge of TiO,-B seen at approximately 400 nm does not significantly change, indicating
that the presence of Ti** is not adding significant states and decreasing the band gap of
Ti0,-B. Chemically bonded TiO,-B/RGO demonstrates enhanced rates of photocatalytic
water oxidation compared to pure TiO,-B nanosheets, as seen in Figure 6.5.

250 :
—— Ti02-B/RGO-20
{ —— Ti02-B/RGO-10
—— Ti02-B/RGO-7.5
200 4 ___Ti0_-B/IRGO-5
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« 150 —
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time / h

Figure 6.5 Photocatalytic Water Oxidation on TiO,-B with various weight percent of
RGO
Also, in Figure 6.5, the rates of water oxidation on TiO,/RGO hybrids depend on the

mass loading of RGO. The calculated rate constants for pure TiO,-B, TiO,-B/RGO-5,
Ti0,-B/RGO-7.5, TiO,-B/RGO-10, and TiO,-B/RGO-20 are 1.1, 10.5, 16.4, 21.3, and
21.0 pmol/h, respectively. TiO,-B/RGO-10 and TiO,-B/20 show similar results,
indicating that there is a maximum loading of RGO that is advantageous to catalysis.
TiO2-B/RGO-10 was used in subsequent studies because this catalyst has the lowest
possible loading amount which exhibits the fastest rates of catalysis.

The TiO,-B/RGO-10 hybrid is compared to a sample of TiO,-B physically mixed
with 10 wt-% RGO to evaluate the importance of the Ti—-C chemical bond for charge
separation and catalysis. TiO,-B/RGO-10 exhibits a 2-fold increase in the rate of water
oxidation compared to physically mixed TiO,-B/RGO-10, and 20-fold increase compared
to native TiO,-B, as seen in Figure 6.6.
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Figure 6.6 Photocatalytic Water Oxidation comparing TiO,-B/RGO hybrid to TiO,-B
mixed with RGO and TiO,-B

The enhancement in the rates of catalysis is explained by the formation of a Ti**~C bond,
which facilitates efficient electron-hole separation in comparison to the physically mixed
sample. RGO acts as an electron sink for charge separated electrons and subsequently a
reaction site for 103~ reduction. The physically mixed samples are capable of the same
process, but chemical bonding ensures that electrons are transferred to the RGO.

RGO has residual functional groups which may act as the oxygen source under
illumination. This raises the question; is the blackbody absorption of RGO leading to
decomposition under illumination and releasing O,? To ensure that light absorption by
TiO,-B is providing the driving force for catalysis, and not the sensitizing mechanism,
control experiments were conducted. As seen in Figure E.2, when TiO,-B/RGO-10 is
illuminated using a 458 nm cutoff, no oxygen is evolved. Additionally, when GO alone is
illuminated, we observe no O, evolution. This ensures that the mechanism of electron
transfer is commensurate with Figure 6.7. Light absorption takes place on TiO,, surface
holes perform water oxidation and conduction band electrons are transferred to RGO.
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Figure 6.7 Mechanism of electron/hole transfer on TiO,-B/RGO during photocatalytic
water oxidation

Finally, in order to further confirm the fact that Ti**~C bonds are responsible for the
superior photocatalytic activity, pure TiO,-B, chemically bonded and physically mixed
Ti0,-B/RGO hybrids were subjected to photoluminescence (PL) spectroscopy (Figure
6.8).
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Figure 6.8 PL spectra comparing relative rates of recombination in TiO2-B, TiO2-B
mixed with RGO, and TiO2-B/RGO-10

It is well known that PL emission results from the radiative recombination of
photogenerated electron-hole pairs. As a result, details regarding the surface states and
the Kinetics of charge carrier trapping and recombination can be obtained from the PL
spectra. This technigue has been extensively used to investigate the fate of electron-hole
pairs in TiO, nanoparticles, and a strong correlation between PL intensity and
photocatalytic activity has been reported.’®** The PL spectra of all samples show
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characteristic band-band peaks at 380 nm. Additional low-intensity excitonic emissions
appear at higher wavelengths, 425 and 470 nm. Considerably higher band-band and
excitonic PL intensities are observed for pure TiO,-B nanosheets followed by less intense
peaks of physically mixed and chemically bonded TiO,-B/RGO-10 samples. This
demonstrates that efficient electron hole separation enabled by RGO is responsible for the
decreased PL intensities of TiO,-B/RGO hybrids.

This section provides the photocatalysis experiments on a TiO,-B/RGO hybrid
catalyst capable of performing water oxidation. TiO,-B hasn’t been as thoroughly studied
as a photocatalyst compared to the phases of titania, but these results indicate that it is in
fact an active photocatalyst and worth further pursuit. The work conducted in this section
provided me with the experience in conducting powdered catalysis experiments and more
importantly, the value of collaboration.

6.4 New Design Criteria of Ternary Oxides for Photocatalytic Applications

When designing new materials for solar-driven water oxidation, a few criteria
come into mind considering the lessons learned from CuWO,. The first is that we still
want valence bands containing predominantly metal character, thus requiring a ternary
oxide. This leads to smaller band gaps than d°/d*® binary oxides. The configuration must
contain metals with a completely full or empty valence shell, precluding the formation of
any empty or half empty orbitals within the forbidden region of the gap such as the d10s2
and dO configurations for the valence and conduction bands, respectively in ternary
oxides. An example of a material having this configuration that is used for PEC
applications is BiVO,. BiVO, possesses a predominantly Bi(6s) based valence band and
V(3d) conduction band.

Moreover, it is a direct band gap material, which is another desired property in
designing a material for use. Direct band gap materials have high absorptivity
coefficients and are therefore common to thin-film applications. Coupling between Bi(6s)
and O(2p) orbitals forces an upward dispersion of the valence band at the Brilliouin zone
boundary, giving high mobility for the minority carriers.?> Complimentarily, the direct
band gap is maintained via coupling among V (3d), O(2p), which also lowers the
conduction band minimum. With these design criteria in hand, we began looking

throughout the literature for relatively unstudied materials for PEC applications. PbCrQO,,
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chrome yellow, emerged as a possible candidate, and | prepared nanoparticulate PbCrO,4
to serve as an n-type semiconducting photocatalyst for solar-driven water oxidation in the
presence of an electron acceptor.
6.5 Synthesis and Characterization of PbCrO, Rods

The synthesis method used throughout the catalysis experiments was adapted
from reference 23. This method uses a precipitation reaction:

K2CrO4ag) + PO(NO3)2(aq) — PbCrO4g) + 2 KNOjg(ag) 1)
followed by hydrothermal treatment without any templates or additives. As per the
literature, single-crystalline rods are formed which are microns in length and between
200 and 500 nm wide, confirmed by the SEM and TEM images in Figure 6.9.

Figure 6.9 SEM and TEM images of PbCrO, rods

These rods are described as single crystalline in the literature, which is important for
preventing recombination at grain boundaries during photocatalysis. Charge separation
and migration may be improved compared to recombination in the bulk. Furthermore, the
rod morphology provides orthogonal light absorption and charge separation. That is,
there will be increased light absorption due to the long rod-like morphology, but the
charges have a significantly shorter distance to travel to reach the surface.

UV-Vis spectroscopy confirms the high absorptivity of PbCrO, and also estimates
the band gap. Figure 6.10 provides a comparative UV-Vis spectrum of PbCrO,4 and
CuWO,.
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Figure 6.10 Absorption Spectrum comparing PbCrO,4 to CuWQ,

From the onset of absorption, PbCrO, is predicted to have a band gap about 2.3 eV,
similar to CuWO,. However, because PbCrOy is a direct band-gap semiconductor, unlike
CuWO,, the overall absorption is significantly enhanced. This is crucial for achieving
high efficiencies at longer wavelengths; photon absorption must be efficient.

The electronic structure of PbCrO4 is predicted by DFT?* to possess band edges

as seen in Figure 6.11.
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Figure 6.11 Band Structure of PbCrQO,
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This band structure matches the d'%s%d° configuration of BiVO,. 3d transition metal
orbitals dominate the conduction band, where hybridized Pb(6s)/O(2p) orbitals comprise
the top of the valence band. There has yet to be an experimental determination of the
conduction band edge of PbCrO,4 published in the literature, but my colleague Charles
Lhermitte has conducted this measurement. The results of his EIS experiments place Es,
in PbCrQO,4 at +0.6 V RHE. This value is more positive than desired, probably due to the
electronegativity of the Cr(3d) based orbitals. However, the rod morphology, direct band
gap, and this band structure are desirable for performing spontaneous photo driven water
oxidation with concomitant 105~ reduction. With a new target material and easily
reproducible and scalable synthesis, we moved on to evaluate these materials for
photocatalytic water oxidation.
6.6 Photocatalytic Water Oxidation on PbCrO,4 Rods

PbCrO,4 was surveyed once in the past literature as a possible photocatalyst for
water oxidation.” It was concluded that PbCrO,, in an aqueous solution containing Ag"
as an electron acceptor, was incapable of performing photocatalytic water oxidation. We
have seen similar results using bare PbCrOy, but it is now understood that in order to see
appreciable rates of catalysis for O, evolution from water, incorporation of a co-catalyst
IS necessary. These cocatalysts serve as either reduction sites for 103" reduction (as seen
on TiO,-B/RGO), or oxidation sites for O, evolution. Materials that possess a strictly
O(2p) based valence band can form OH™ and evolve O, without a cocatalyst, but
materials that contain predominantly metal-based valence bands benefit from the rate
enhancement that the co-catalyst provides. Ruthenium Oxide (RuO,) is a typical
cocatalyst used for O, photocatalysis.?®*" Therefore, we use an impregnation method to
adsorb RuO, nanoparticles onto the surface of PbCrO,. Heating at 350 °C helps
crystallize the hydrolyzed RuO, and form better contact between the catalyst and
semiconductor. A TEM image of RuO, loaded PbCrQ, is presented in Figure 6.12.
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Figure 6.12 TEM images of PbCrO,4 showing small nanoparticulate RuO; on the surface

There are particles dispersed on the surface of PbCrO, which we assume are RuO,
nanoparticles. Because of the thick PbCrO, rods, we were unable to produce a selected
area diffraction pattern confirming the phase of the particles on the surface; however the
presence of RuO, was identified using XPS as seen in Figure E.3. RuO, persists on the
surface during photocatalysis.

Water oxidation experiments were conducted in a 10 mM 103" solution containing
suspended PbCrO, catalyst. The stirred solution is illuminated using AM1.5G light at 500
mW/cm? (~5 suns). Figure 6.13 compares the activity of PbCrO, loaded with 0.5 wt-%
RuO; (PbCrO,4-0.5Ru) to native PbCrO,.
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Figure 6.13 Comparing rates of photocatalytic water oxidation on PbCrQO, (black) and
PbCrO4-0.5Ru (red).

139



Native PbCrO4 shows minimal O, evolution, only 3 pmol after three hours of
illumination. PbCrO4-0.5Ru produces 17 umol. This result shows that cocatalyst loaded
PbCrQO, is capable of photocatalytically decomposing water into O, in the presence of
105", As stated earlier, one advantage of PbCrOy is that its direct band gap results in
higher absorptivity of longer wavelength light. Therefore, a wavelength dependence
study was conducted using various optical filters to monitor O, production when certain
areas of the solar spectrum were cut off. Figure 6.14 presents the relative rates of O,

production using 530, 485, 425 and 380 nm long pass filters.
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Figure 6.14 Rates of O, production on PbCrO, using various long pass filters

The results show that even using a 530 nm long pass filter, PbCrO, is capable of
generating appreciable quantities of O,. The rate of O, production increases significantly
as shorter wavelengths of light are allowed to pass. The rate increases to 16 umol/h using
the Xe lamp, a water filter, and a 425 nm long pass filter (P, = 600 mW/cm?), equivalent
to cutting the UV part of the solar spectrum.

The weight percent of RuO, was varied to evaluate the dependence of the loading
amount on catalytic performance. Figure 6.15 shows the total amount of O, produced
after three hours of illumination when the mass loading of RuO, was varied from 0 — 1

wit-%.
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Figure 6.15 Amount of O, produced as a function of loaded RuO, on PbCrO,4

From Figure 6.15, 0.1 wt. % RuO, results in the greatest amount of O, produced over the
3-hour illumination period, showing a 5-fold increase in the rate of catalysis compared to
plain PbCrO4. We did not study higher amounts than 1 wt % RuO, because competing
photon absorption becomes a significant issue as greater amounts of cocatalyst are added.
Figure E.4 shows that at only 1 wt % RuO,, there is a significant increase in the baseline
absorption.

To enhance the reaction rate, it is reasonable to expect that loading both an
oxidation and reduction catalyst onto the photocatalyst’s surface would improve the
activity compared to modification with only a single catalyst. % In the past few years, this
approach has resulted in significant enhancement of rates.”® We use a dual cocatalyst
impregnation method to simultaneously form RuO; and PtO nanoparticles on the surface
of PbCrO4. PtO4 is a common reduction catalyst for both H, evolution and 103"
reduction.?®* Both PtO, and RuO, co-catalysts were co-impregnated onto PbCrO,4 and the
resulting rates of water oxidation were measured. Figure 6.16 shows that by using dual

co-catalysts, the rate of O, evolution is enhanced.
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Figure 6.16 Rates of O, evolution on PbCrO4-0.5RuO, compared to PbCrO4-0.5Ru-
0.5Pt.

Inset: A pictorial description of water oxidation and 103~ reduction taking place on
PbCrO4

PbCrO, loaded with 0.5 wt. % of both RuO, and PtOy (PbCrO,4-0.5Ru-0.5pt) shows a 1.5-
fold rate enhancement compared to PbCrO4-0.5Ru. The inset of Figure 6.16 depicts
photocatalytic 103~ reduction and H,O oxidation taking place on the PtO, (black) and
RuO; (grey) sites. We then screened loading amount of RuO, while maintaining a 0.5 wt.

% of Pt. Figure 6.17 compares the rates of varying the RuO, amount while maintaining
0.5 wt-% Pt.
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Figure 6.17 O, produced when PbCr0O,4-0.5Pt was loaded with varying amounts of RuO,.
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From Figure 6.17, both PbCrO,4-0.25Ru-0.5-Pt and PbCrO4-0.5Ru-0.5Pt show a similar
1.5-fold rate enhancement compared to only a single co-catalyst loading. However, when
PbCrO,4-1Ru was loaded with PtO,, there is a significant decrease in the rates of catalysis.
These results are repeatable and by incorporating such a significant overall mass loading
of catalysts (1.5 wt. % total), competing light absorption is an impediment to
performance.

We designate the platinum catalysts as PtOy, because after annealing at 350 °C,
the Pt species is predominantly PtO,, with a small amount of PtO. It is known in the
literature that higher temperatures reduce Pt, leading to lower valent oxides and even
metallic Pt.*° However, PbCrO, is a metastable phase and at higher temperatures it
decomposes to yield Pb,CrOs. There is variation in the literature, stating its
decomposition temperature between 500 — 750 °C, with the annealing atmosphere
playing a role.®3 We compared the photocatalytic performance of PbCrO4-0.5Ru-0.5Pt
when annealed at 500 °C for 30 minutes. Figure E.5 shows that the rate is significantly
decreased; however by XRD no impurity phase is identified, hinting that PbCrO, is in
fact stable up to 500 °C in air. In order to circumvent the need for high temperatures, a
photodeposition approach was used to form PtO/Pt nanoparticles on the surface of
PbCrO4-0.5Ru.*®* XPS confirms that Pt was deposited onto the surface of the oxide
during photodeposition (Figure E.6). Figure E.7 compares the rates of O, evolution when
Pt was deposited by impregnation or photodeposition. As seen in Figure E.7, the rate is
not enhanced compared to the impregnation method. This result hints that we may not be
optimally using the oxygen evolution cocatalyst, but many catalysts work synergistically
on specific light absorbing oxides, and the deposition parameters as well as the catalyst
identity can be further screened to optimize the photocatalysis.

6.7 Conclusions

This chapter presented the formation of two materials for photocatalytic water
oxidation in the presence of an electron acceptor. TiO,-B is a phase of titania that hasn’t
been as thoroughly studied as the anatase and rutile phases, however our results show that
it is quite active when chemically bonded to RGO. The chemical bond between TiO2-B
an RGO was evaluated using spectroscopic methods, and this bonding is critical for
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achieving high rates of catalysis. Another phase, PbCrO,4 was prepared by a hydrothermal
route. The resulting micron sized rods absorb out to 550 nm with high absorptivity due to
PbCrO4’s direct band gap. When PbCrO4 rods were loaded with a RuO, and PtOy
cocatalyst, they were capable of photocatalytically oxidizing water using simulated solar
irradiation
6.8 Outlook

The loading amount required to realize a synergistic effect of both co-catalysts
requires significant screening and variation of mass loading amounts.** To optimize
PbCrO,’s photocatalytic properties, | recommend a more full screening of the various
possible oxidation and reduction catalysts, including MnO,, CoO,, and IrO,.* This
screening will help identify which catalyst, if any, is most compatible with PbCrO,.
Additionally, the impregnation method relies on proper adherence and contact formed
during water evaporation and subsequent heating. A photodriven method to load these
catalysts is another method commonly explored and more efficiently uses the catalysts,
requiring significantly less mass loading compared to impregnation.*® The formation of
CoOy and MnOy nanoparticulate cocatalysts is feasible by photodeposition.® Future work
should also be directed toward the photocatalytic formation of these cocatalysts on the
surface of PbCrO,. My efforts thus far have been replacing Co with Ru and following the
same experimental procedure for impregnation. This work has not yet resulted in the
desired rate enhancement, but the experimental parameters should be amended to make a
more solid conclusion. Similar efforts are also feasible on the TiO,-B/RGO catalysts
discussed in the earlier part of this Chapter. Currently, RGO is presumably serving as an
105™ reduction catalyst, and | have experimentally shown that loading 0.5 wt-% RuO,
enhances the rate of water oxidation on native TiO,-B, therefore it is reasonable to expect
enhancements when both co-catalysts are used simultaneously. Accomplishing this result
will again require significant optimization since competing photon absorption is
significant when using only RGO. This chapter shows conclusive results for
photocatalytic water oxidation using powdered catalysts and the data herein is on
progress for publication.
6.9 Experimental

Physical Characterization of TiO,-B/RGO
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Bruker EMX spectrometer was employed for collecting the X-band electron
paramagnetic resonance (EPR) spectra of the samples at liquid nitrogen temperature.
Quantification of Ti** species present in TiO,-B/RGO hybrid was performed by
comparing their EPR spectra with that of standard Ti** solutions (1 mM-10 mM TiCls). A
Kratos Axis Ultra spectrometer equipped with an Al Ka X-ray radiation source (photon
energy 1486.6 eV) was used for recording the X-ray photoelectron spectra (XPS). The
CC/CH component of the C 1s peak was set at 284.5 eV for the binding energy
measurement of elements. XPS spectra were deconvoluted into Gaussian/Lorenzian-
shaped components using Vision software (Kratos). FTIR spectra of samples (in the
range of 4000-400 cm™) were recorded using a Perkin Elmer GX spectrometer. UV-Vis
spectra of samples were recorded using an Agilent-Cary 5000 spectrophotometer
equipped with a Praying Mantis diffuse reflectance accessory. Photoluminescence
experiments were conducted using dilute suspensions (10 mg/L) of the discussed
samples. The excitation wavelength was 280 nm and the emission spectra were collected
from 300 — 800 nm.

Water oxidation study on TiO,-B/RGO and PbCrO,

Oxygen detection was performed in a custom-built 72 mL Pyrex cell fitted with a
quartz window. In a typical experiment, 50 mg of TiO,/RGO hybrid was suspended in 40
mL of 5 mM NalO3 (Sigma Aldrich), and purged with N,. A fluorescence probe (Ocean
Optics Inc.) was used for O, detection. Before beginning the experiment, % O, was
recorded for 20 min to ensure the cell was sealed completely from the atmosphere and to
create a baseline. The sample was irradiated for 3 h using a Newport-Oriel 150 W Xe arc
lamp passed through a water filter. The incident power was 2.4 W (750 mW/cm?)
measured using an optical power meter (Newport 1918-R) equipped with a thermopile
detector (Newport 818P-015-19). The number of moles of O, produced was determined
using the ideal gas law from the measured volume of the headspace, the temperature
recorded using a NeoFox temperature probe, and the partial pressure of O, recorded by
the fluorescence probe. Dissolved O, in the solution was accounted for through Henry’s
law using the measured partial pressure of O, and the volume of solution in the cell.

Water oxidation experiments were duplicated, and the calculated rate constants were
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within 5% error limit. Control photocatalytic experiments were performed with a UV-
cutoff filter, and pure RGO.

The same experimental set up was used for the water oxidation experiments
performed on PbCrOA4. In these experiments, the incident light was passed through a
AM1.5G filter and the irradiance was measured to be 500 mW/cm?. The experimental
suspensions contained 50 mg of PbCrO4 in 40 mL of 20 mM KIQOs3.

Synthesis and Characterization of PbCrO,4 Rods

PbCrO, rods are synthesized by a co-precipitation reaction followed by
hydrothermal crystallization. Eight mmol of Pb(NO3), and K,CrO,4 were each dissolved
separately in 32 mL of water forming a 0.25 M solution. The K,CrO, solution was added
to the Pb(NOg); solution by syringe pump at a rate of 36 mL/h. The resulting suspension
of PbCrO,4 was allowed to stir for 30 minutes. The 64 mL suspension was divided into
four Teflon-lined autoclaves (Parr instruments) and heated at 180 °C for 12 h; heating
and cooling rates were 10 °C/min. After heating, the resulting precipitate was separated
by centrifugation and washed three times with distilled water, then dried at 60 °C in a
vacuum oven.

RuO; and PtO, were impregnated using a slow evaporation method. The stated
mass % was determined by comparing the amount RuO, and/or Pt to the PbCrO,4 sample.
For example, 50 mg of PbCrO, loaded with 0.5 wt % RuO, would contain 0.25 mg of
RuO,. 50 mg of PbCrO,4 loaded with 0.5 wt % Pt would contain 0.25 mg of Pt. The
impregnation was performed from 1 mg/mL RuCl; or H,PtClge6H,0 stock solutions. The
required amount of the aqueous stock solutions was added to dry PbCrQ, in a scintillation
vial. The solution was put on a stir plate and stirred at approximately 300 rpm while
being heated at approximately 80 °C. Evaporation typically takes about 1h for
completion. The samples were removed from heat prior to complete drying to prevent
uneven loading of the co-catalyst. Rather, after the solutions were about 90 % dry, the
samples were removed from heat and allowed to finish drying in a vacuum oven at 60 °C.
The resulting vials were heated at 350 °C for 1h to crystallize the cocatalysts.

XRD was collected using a Bruker D8 advanced diffractometer equipped with a
Lynx-Eye detector and parallel beam optics using Cu-Koa ( A = 0.154184 nm).
Microstructural and morphological investigations of the samples were conducted using
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HR-SEM (Inspect FEI Nova-200) and TEM (JEOL JEM-3011). UV-Vis spectra of
samples were recorded using an Agilent-Cary 5000 spectrophotometer equipped with a
Praying Mantis diffuse reflectance accessory. Equal amounts of PbCrO, was mixed with
BaSO, and the samples were scanned from 800 — 400 nm. BaSO4 was used as a baseline
for the experiment.
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APPENDIX A

SUPPORTING DATA FOR CHAPTER 2
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Figure A.1 Electrochemical deposition control experiments.

These experiments were conducted in the same potential window (+0.3 to —0.5 V vs
Ag/AgCl) for (a) 0.25M Cu?* in a pH 1.1 solution of 70:30 H,0:2-propanol and (b)
0.25M W,01,%" in a pH 1.1 solution of 70:30 H,0:2-propanol.

(b)

Relative Intensity
Relative Intensity

T | T | T | T | T I T I T I T I T I T
42 41 40 39 38 37 36 35 34 33 32

. , . , . J . :
970 960 950 940 930
Binding Energy / eV Binding Energy / eV

Figure A.2 X-ray photoelectron spectra for a) Cu(2p) and b) W(4f) in an amorphous, as
deposited film
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Figure A.3 X-Ray photoelectron survey scan of CuWO,.
The Cu(2p), O(1s), and W(4f) binding energies are noted in the figure.
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Figure A.4 Experimental X-ray photoelectron spectra of the Cu(2p), W(4f), and O(1s)
(black) peaks with deconvolution (red).
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Figure A.5 X-ray diffraction pattern of crystalline CuWO, electrode, powder, and WO3

thin film.
Note: The ©ed peaks are reflections associated with the FTO substrate.
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Figure A.6 X-ray diffraction pattern of CuUWQ, thin films.
The Bragg reflections from JCPDF 72-0616 are shown as gray lines. The FTO substrate

is marked with an *.
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Figure A.7 Bode plot for a CuwWQ, film constructed from the impedance data taken in
0.1 M KP; (pH 7).
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Figure A.8 Mott-Schottky plot of CuWO, single crystal in a 0.1 M Fe(CN)s>"* at pH 9

153



24
2.2
2.0-
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
0.2

OCP vs. Ag/AgCI

O OCP AM1.5G
—— 60 pA dark /
—— 95 A dark /

u]
m]

éj::-:?&r:f

58 mV/pH

wQGE%mV/pH

LS —

o

54 mV/pH

©
T T T T T T

4 6 8
pH

10

Figure A.9 pH dependence of the open-circuit voltage of CuWO, under illumination.
The figure also presents the potential at which certain dark currents were generated as a
function of pH during the electrolysis of water.
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Figure A.10 CV traces of CuWO, and FTO in N, purged solutions
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Figure A.11 CV traces of CuWO,, CoWO,, and ZnWOy, in pH 7 KP; under N,
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Figure A.12 Tafel Study on CuWO, from a LSV trace taken in pH 7 KP; and 1 atm O,
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APPENDIX B

SUPPORTING DATA FOR CHAPTER 3
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Figure B.1 Spectral Response and Absorption Spectrum of CuUWO,

The IPCE measurement was conducted at 0.5 V vs. Ag/AgCl ina 0.1 M Na,SO, solution
containing 10 % v/v MeOH

The absorptivity coefficient of CuUWO, was determined from the thickness of the
electrochemically deposited electrode as well as the %R of a thin film

157



E (V()) \%s. RHEB

0.5 0.6 0.9 1.0
| L | ! | L | N | L |
0.2 —pH 7 Kpiw/H,0,
’ — pH 7 Kpi
0.1 -
=
o
< 00
S
=
-0.1 4
02 4+——FFT—FT——T7—"T—

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4
E (V) vs. Ag/AgCI, pH 7

Figure B.2 Linear sweep voltammogram under AM1.5G illumination in pH 7 KP; buffer

with and without added H-O,.
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Figure B.3 Dark LSV trace of a sol-gel electrode before and after a polarization.
The experiment was also conducted after an illuminated bulk electrolysis experiment

0.00

158



0.40

0.35 4 —— pH 3 KPi e
J ——pHS5 KP% et
0.30 4 ——pH7KPi (L
0.25 4

0.20 - A ’/

JImA-cm

0.15 4

0.10 +

0.05 4

0.00 — S ——
T T T T T T | L I
o4 06 08 10 12 14 16 18 20
Ef/Vvs. RHE
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illumination at 100 mW/cm?
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Figure B.5 Circuit elements as a function of potential and light intensity.

(a) Rtrap (b) Rct'mg (C) CSC (d) Cmg.
100 mW/cm?, black circles; 50 mW/cm?, red squares; and 15 mW/cm?, green triangles
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Figure B.6 j—t curve comparison between water oxidation (black) and methanol
oxidation (red) in pH 7 KP;

The experiment was conducted in 0.1 M KPi buffer at pH 7 and 1.23 V under AM1.5G
illumination at 100 mW/cm2 with and without 20% MeOH present.
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Figure B.7 LSV trace of CuWO, comparing various buffers
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Figure B.8 LSV trace of CuwWQ, in KB; containing supporting electrolytes.
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Figure B.9 j-t curve comparison under AM1.5G 300 mW/cm? illumination at in KP;
various pH
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Figure B.10 j-t curve comparison under AM1.5G 300 mW/cm? illumination in a pH 7
KB; buffer
E/V vs. RHE
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Figure B.11 LSV of CuWOy, in 0.1 M KB; w/ 100 mM NaCl under AM1.5G illumination
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Figure B.12 LSV traces of sol-gel CuWQ, on a fresh electrode and after soaking in pH 7
KP; for 12 hours
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Figure B.13 j-t comparison of CuWQ, electrodes in 0.1 M KB; buffer at pH 7 with and
without the presence of 100 mM NacCl
The experiment was conducted at 1.23 V RHE under 300 mW/cm? AM1.5G illumination
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Figure B.14 j-t comparison of CuWQ, electrodes in pH 5 KP; buffer with NaCl under

100 mW/cm? illumination
The experiment was conducted at 1.23 V RHE in 0.1 M KPi buffer at pH 5 with and
without the presence of 100 mM NaCl under 100 mW/cm2 AM1.5G illumination.
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Figure B.15 j-t comparison of CuWQ, electrodes in a pH 5 KP; buffer with NaCl under

300 mW/cm? illumination
The experiment was conducted at 1.23 V RHE in a 0.1 M KP; pH 5 buffer w and w/o the
presence of 100 mM NaCl under 300 m\W/cm? AM1.5G illumination.
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Figure B.16 O, detection on CuWQ, at 1.23 V RHE in a 0.1 M KP; buffer w/ 100 mM
NaClat pH 5
The experiment was conducted at 1.23 V RHE under 300 mW/cm2 AM1.5G
illumination. The black line is the measured O, and the red line is theoretical based on
coulometry.
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SUPPORTING DATA FOR CHAPTER 4
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Figure C.1 Cyclic voltammogram of a 3-electrode cell using a glassy carbon working
electrode, Ag/AgCl reference, and Pt mesh auxiliary electrode to identify E* of the
[Fe(CN)e]*™ couple.
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Figure C.2 Electrochemical deposition of amorphous CuWO4-WO3 composite
photoanode by cyclic voltammetry.

Current was recorded as a function of potential as the potential was swept from 0.3 to -
0.5V (vs Ag/AgCl) at 10 mV/s in a 30% isopropanol solution containing 50 mM W;01;.
2~ and 30 mM Cu®". The black line is the first cycle, and the red the second.
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Figure C.3 EDX spectrum of a CuWO,4-WOs electrode.

The Cu K and W L lines (red) were used for quantifying the mole ratio of W to Cu.

We used the Cu K and W L emissions for quantifying the relative atomic ratio, as is the
standard in EDX analysis. Additionally, EDX measurements taken on CuWO, powders
prepared by traditional solid state methods show the W:Cu atomic ratio of 1:1 using these
emission lines.
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Figure C.4 Left) Scanning electron micrograph of a CuWO4-WO3 electrode. Right)
Profile of a CuwWQO,-WO;3 electrode.

Film thickness was 2-3 um as determined by profilometry using a Dektak 6 M surface
profilometer.
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— WO, film

relative intensity
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Figure C.5 X-ray diffraction pattern of CuUWQO,-WOs film (black), CuWO, powder (red),
and a WQOs film (green).

The biphasic mixture is indicated by the peak splitting seen at 24° 26, the red dotted line
is indicative of the (001) plane in CuWO, and the green dotted line represents the (200)
plane in WOj3. Features associated with the, fluorinated tin oxide (FTO) substrate are
indicated by * in the XRD pattern.
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Figure C.6 j-t curve of a CuUWO4-WO3; composite photoanode in pH 7 Kp; under
illumination

The expg:riment was conducted at 0.5 V vs. Ag/AgCl under AM1.5G illumination at 100
mwW/cm®.
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Figure C.7 LSV of a KPi electrolyte solution (black) containing 100 uM [Fe(CN)g]*~
(red) and 100 pM each of [Fe(CN)g]*>" and [Fe(CN)e]*.

At these concentrations, there is no discernible difference the j-E characteristics of the
system except for the slight increase in dark oxidative current from to the electrochemical
oxidation of [Fe(CN)]* by either the composite electrode or exposed FTO
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Figure C.8 Chopped light bulk electrolysis in a 100 mM KP; solution in a 2-electrode
cell using a CuwWO4-WO3 working electrode and a Pt mesh auxiliary.

A bias was applied (AE vs. Pt) between the two electrodes and photocurrent was
measured as the CuWO,-WOj; electrode was illuminated in 30 s intervals.
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Figure C.9 Chopped light bulk electrolysis in a 2-electrode cell under chopped-light
illumination equipped with a CuWO,-WO3 working electrode and a Pt mesh auxiliary
electrode in a 100 mM KP; solution containing 100 uM [Fe(CN)g]*™ at different pH.

The initial electrolyte solution was 100 mM H3PO,. The pH of the solution was adjusted
using 1 M KOH and allowed to equilibrate for 15 minutes before conducting the next
chopped light bulk electrolysis experiment.
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APPENDIX D

SUPPORTING DATA FOR CHAPTER 5

CuWO, - P 700 °C 3h
- pdf 72 - 0616

| Mhmm.em
3 3B 40 45 50 55 B0
° 20

Zn ,Cu WO, - P 700 °C 3h
- pdf 88 - 0267

Intensity

Intensity

°20

Zn ,Cu,WO, - P 700 °C 3h
- pof 88 - 0265

Intensity

— 1 T T T T T 1 T 1 T
10 15 20 25 30 35 40 45 50 55 60
26

Figure D.1 X-ray diffraction patterns of Zn1-,Cu,WO, (x = 0.8, 0.9, 1) synthesized by

the Pechini sol-gel method.
The relevant pdf cards are included in the figures.
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Table D.1 ICP-AES results quantifying the mol ratio of the Cu, Zn, and W

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 0.471 0.529 1.03
0.6 0.572 0.428 1.05
0.7 0.676 0.324 1.05
0.8 0.787 0.213 1.06
0.9 0.896 0.104 1.08
1.0 1 0 1.01

Figure D.2 Bragg planes of AWO,.
Cu is light blue, W is grey, and O is red.
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Figure D.3 SEM images of Zn; yCuyWO, (0 <x < 1) by solid state and Zn;_xCu, WOy (X
= 0.8, 0.9, 1) by Pechini sol-gel (-P).
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Figure D.4 Structure of CuwWQ, showing ferro- and antiferromagnetic interactions along

different crystal vectors.
The alternating colors represent spin up and spin down Cu centers.
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Figure D.5 AC susceptibility plot of CuWO, showing no frequency dependence.
Lines are included to guide the eye.
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Figure D.7 dy/dT plots for Zn; xCuyWQO, (x = 0.8, 0.9, 1) prepared by both solid state
(SS) and Pechini sol-gel (P)
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Figure D.8 Left: The Néel temperature (Ty) for both the solid-state and Pechini
synthesized compounds Zn;_,Cu,WOQO, (x = 0.8, 0.9, 1). Right: peff and ® for both the
solid-state and Pechini synthesized compounds Zn; 4Cu,WOQO, (x = 0.8, 0.9, 1).

The empty circles represent the solid-state data and the crossed circles represent the
Pechini data.
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Figure D.9 yM(T) plots for Zn;.xCu,WO, (x = 0.8, 0.9, 1) for the solid state (SS) and
Pechini (P) compounds.
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Figure D.10 XRD pattern of Cug1Zno WO, prepared by HTR methods at pH 6 and 8.5
The phases are identified by the Bragg reflections presented from the pdf cards
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Figure D.11 SEM image of Cug1Cug WO, prepared by HTR methods
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Figure D.12 Mott-Schottky plots of a) ZnWOQO, and b) ZngsCugsWO,
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Figure E.1 Ti 2p XPS pattern of (a) TiO,-B and (b) TiO,-B/RGO
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Figure E.2 Photocatalysis experiments comparing TiO,-B/RGO nanosheets, TiO,-
B/RGO nanoparticles, RGO, and TiO,-B/RGO nanosheets with a UV cutoff filter.
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Figure E.3 Ru(3p) XP spectra before (red) and after (black) a photocatalytic water
oxidation experiment
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Figure E.4 Absorption Spectrum of PbCrO, with various loadings of RuO,
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Figure E.5 Rates of O, evolution on PbCrO,4-0.5Ru-0.5Pt annealed at various
temperatures
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Figure E.6 Pt(4f) peaks in the XPS spectrum after photodeposition experiments by
PbCI’O4
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Figure E.7 Rates of O, evolution comparing PbCrO4-0.5Ru with Pt deposited by various
methods
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