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Mixed Metal Oxide Semiconductors and Electrocatalyst Materials for

Solar Energy Conversion

Sean Patrick Berglund, Ph.D.
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Supervisor: Charles Buddie Mullins

The sun is a vast source of renewable energy, which can potentially be used to
satisfy the world’s increasing energy demand. Yet many material challenges need to be
overcome before solar energy conversion can be implemented on a larger scale. This
dissertation focuses on materials used for solar energy conversion through photo-
electrochemical (PEC) processes. It discusses methods for improving PEC materials,
namely mixed metal oxide semiconductors, by nanostructuring, incorporation of
additional elements, and application surface electrocatalysts.

In this dissertation several material synthesis techniques are detailed. A high
vacuum synthesis process known as reactive ballistic deposition (RBD) is used to
synthesize nanostructured bismuth vanadate (BiVOs), which is studied for PEC water
oxidation. Additionally, ballistic deposition (BD) is used to incorporate Mo and W into
nanostructured BiVOs to improve the PEC activity. An array dispenser and scanner
system is used to incorporate metals into copper oxide (CuO) and copper bismuth oxide
(CuB120s) and over 3,000 unique material compositions are tested for cathodic
photoactivity. The system is also used to test 35 elements as single component metal

oxides, mixed metal oxides, and dopants for titanium dioxide (TiO:2) for use in dye-
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sensitized solar cells (DSCs). Lastly, RBD is used to deposit tungsten semicarbide (W-C)
onto p-type silicon (p-type) substrates as an electrocatalyst for PEC proton reduction.

In many cases, the synthesis techniques and new material combinations presented
in this dissertation result in improved PEC performance. The materials are thoroughly
assessed and characterized to gain insights into their nanostructure, chemical

composition, light absorption, charge transport properties, catalytic activity, and stability.
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Chapter 1: Introduction

SUSTAINABLE ENERGY CHALLENGE

One of the greatest challenges facing mankind in the 21 century is the
development of sustainable energy production to satisfy the world’s increasing energy
demand. Industrialized nations need energy to maintain a high standard of living and
developing nations need energy to modernize. World power consumption is currently

around 15 TW and is expected to increase to nearly 25 TW by the year 2035.'?
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Figure 1.1  Global energy demand in million tonnes of oil equivalent (Mtoe).'

Fossil fuels, which currently account for 85% of the world’s energy supply, will not be
able to satisfy the continued increase in demand because reserves are in finite supply.
Based on current world energy consumption rates the estimated reserves are 53 years for
oil, 109 years for coal, and 56 years for natural gas.” Another concern with the use of
fossil fuels is the emission of greenhouse gases such as CO2, which contribute to global
warming. Energy-related CO: emissions through 2035 are anticipated to result in a long-

term average temperature increase of at least 3 °C.* To reduce our dependence on fossil



fuels and decrease CO: emissions we must explore alternative sources of energy that are
sustainable. Perhaps the largest source of renewable energy available to us is the sun,
which irradiates the earth’s surface with approximately 120,000 TW of power.’ If we can
harness 0.01% of this irradiation then we can meet the current world energy demand.

This may be possible using solar energy conversion technologies.

SOLAR ENERGY CONVERSION

Photovoltaic (PV) devices or solar cells convert solar energy into electricity and
are the most common type of solar energy technology in use.® The electricity produced by
a PV device can be used to drive a load or stored in the energy grid for later use.
Unfortunately PV devices can be prohibitively expensive compared to existing fossil fuel
technologies. The levelized cost of energy is at least 5 times higher for PV technology
than for electricity generation from coal.” Another challenge with PV technology is issue
of inconsistent electricity production due to variability in the solar flux (day/night,
seasons, weather, etc.) combined with variability in demand. Expansion of energy
production by PV will require the development of less expensive PV materials and a
flexible electricity storage grid.

Photo-electrochemical (PEC) devices offer another means of solar energy
conversion.>” Such devices can be used for PEC water splitting (photoelectrolysis of
water) in which hydrogen and oxygen are evolved from water according the overall water
splitting reaction:

hv
H,O ) > O, +Hag (AG® =237.2 kJ/mol)

The hydrogen that is produced can be collected and utilized a clean burning fuel, which
does not emit greenhouse gases. An advantage of PEC water splitting is that hydrogen
has high energy density by weight and can be stored or transported indefinitely until it is

2



needed. Hydrogen is also an important feedstock for the petroleum and chemical
industries. Unfortunately, the production of hydrogen by PEC water splitting is even
more cost prohibitive than electricity generation by PV so PEC devices are not currently
in use on a practical level. It has been proposed that a cost effective PEC device should
have a solar-to-hydrogen (STH) efficiency of at least 10%.* At the same time the PEC

device should be composed of earth-abundant and long-lasting materials.

PHOTO-ELECTROCHEMICAL MATERIALS

Two main types of materials are utilized as photo-electrodes in PEC devices for
the water splitting half-reactions. n-type semiconductors are typically used as
photoanodes for the water oxidation reaction while p-type semiconductors are usually
used as photocathodes for the proton reduction reaction. The half reactions are shown

below along with their standard electrochemical potentials:
2H,0 ;) > Oy +4H g +4e”  (E°=+1.23V vs NHE)

4H" @ +4e >2H,,  (E°=0.00Vvs NHE)

In order for a semiconductor material to drive one of the water splitting half reactions, the
band edges (conduction band and valence band) must straddle the corresponding
electrochemical potential. In addition, the band gap energy (E¢) should be small enough
that the material can absorb a large portion of the solar spectrum often denoted by Air
Mass 1.5 (AM 1.5).” Figure 1.2 shows the band edge positions of several PEC materials
used for water oxidation and proton reduction along with their maximum theoretical
photocurrent density (based on Eg). Under AM 1.5 illumination, 10% STH efficiency
corresponds to a photocurrent density of approximately 8 mA/cm’

p-type and n-type semiconductors can also be joined together in multi-junction

device to improve the overall efficiency.” In fact the goal of 10% STH efficiency has



already been achieve with multi-junction photocathodes composed of high quality,
single-crystal semiconductor materials such as Si, GaAs, GaP, and InP.""""* However such
devices are extremely expensive to make and unstable for long periods under illumination

in aqueous electrolytes.
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Figure 1.2. Plot of the band edges for select semiconductor materials used for PEC
water splitting.” The optical band gap (Ee) of each material is in parenthesis
while the conduction and valence bands are represented by the left and right
hashes, respectively. The ordinate indicates the maximum theoretical
photocurrent density under AM 1.5 illumination.

Poly-crystalline metal oxide semiconductors such as TiO2, Fe:0s, WOs, and
BiVOs are an attractive alternative to single-crystal semiconductors, especially as
photoanode materials for the water oxidation reaction.””'* Metal oxides are less
expensive to process and are inherently more stable to oxidation as they are already
oxidized. However, metal oxides suffer from the problem of low carrier mobility and
generally produce low photo-conversion efficiencies. Therefore metal oxides must be

developed further for PEC water splitting.



To obtain high efficiency, metal oxide photo-electrodes should be thick enough to
absorb a large fraction of incident light but not too thick or they will suffer from
excessive electron-hole recombination.”” For most metal oxides, the required thickness
for adequate light absorption is significantly longer than the electron and hole diffusion
lengths. This makes optimization of both charge transport and light absorption a
challenge. Nanostructuring can be used to help overcome this challenge. The nanorod
morphology shown in Figure 1.3 allows for light absorption along the length of the
nanorods while shortening the distance that photo-generated holes must travel in the
radial direction. Other types of nanostructure morphologies such as dendritic, fractal, and

packed nanoparticles offer similar advantages. Nanostructure also increases the specific

surface area available for the water oxidation or proton reduction reactions.

&
N3

- 10 pm

To counter electrode

Conductor

Figure 1.3  Schematic of a nanostructured photoanode consisting of high aspect ratio
nanorods (5-50 nm diameter, 1-10 um length).” The nanorods shorten the
travel distance of photo-generated holes (+) in the radial direction while still
allowing for adequate light absorption in the co-axial direction.

Another method for improving the efficiency of metal oxides for PEC water

splitting is through incorporation of additional elements or doping with impurities.'®"®
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Incorporation of certain elements has been shown to improve charge transport by
increasing the conductivity of some metal oxides. For example the photoactivity of
BiVOs can be increased by incorporation of Mo and W as shown in Figure 1.4."?
Incorporation of elements can also alter the band structure, which has been demonstrated

for doped TiO:2 experimentally and through density functional theory calculations.*>*
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=
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Figure 1.4 Diagram of the relative photocurrent density for incorporation of Mo and W
into BiVOs at potentials between 0.4 and 0.8 V vs. RHE.**?!

Finally, an electrocatalyst can be applied to the surface of PEC materials to
increase efficiency by improving the reaction kinetics for the water oxidation or proton
reduction reactions. The most recent benchmark photocurrent density for metal oxides
(~3 mA/cm’®under AM 1.5 illumination) was achieved using nanostructured o-Fe20: with
a fractal morphology and IrO: nanoparticles as an electrocatalyst.” The record efficiency
PEC devices composed of Si, GaAs, GaP, and InP utilized metals such as Rh and Pt as
electrocatalysts. Ir, Rh, and Pt are extremely rare elements, which makes them expensive
to use for solar energy conversion technologies. Alternative electrocatalyst materials

must be developed to make PEC water splitting more cost effective.
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DYE-SENSITIZED SOLAR CELLS

The last type device that will be mentioned is the dye-sensitized solar cell (DSC),
which is a PEC device that is used to convert solar energy into electrical energy. DSCs
use a reversible redox couple (e.g. iodide/triiodide) contained between a counter
electrode and a thin layer of dye molecules that are anchored to a wide bandgap metal
oxide semiconductor such as nanoporous TiO2.> During light absorption, the dye
molecules rapidly inject photo-excited electrons into the conduction band of the
semiconductor while the redox species continuously regenerate the oxidized dye
molecules to the ground state and transport charge to the counter electrode. Large scale
DSC modules with efficiencies of over 8% have been fabricated.” New metal oxide

materials may offer further improvements in efficiency.

DISSERTATION OVERVIEW

This dissertation consists of 7 chapters. Chapter 1 provided background
information on sustainable energy challenges and solar energy conversion. It introduced
the subject of photo-electrochemical (PEC) water splitting and summarized methods for
improving the efficiency of PEC materials. The next 5 chapters (chapter 2, 3, 4, 5, and 6)
describe scientific studies which aimed at improving metal oxide and electrocatalyst
materials for PEC water splitting and DSCs. Each study has been published or submitted
for publication in peer-reviewed journals. Chapter 7 contains concluding remarks and
recommendations for future studies.

Chapter 2 describes nanostructured BiVOs films that are synthesized by co-
evaporation of bismuth and vanadium in an oxygen ambient, a process referred to as
reactive ballistic deposition (RBD). The films are tested in various electrolyte solutions to
assess their activity for photoelectrochemical water oxidation. Deposition parameters,

including the V/Bi atomic flux ratio and the incident angle of deposition, are adjusted.
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Films deposited with excess vanadium (V/Bi=2) and incident angles of deposition at 65°
show the highest initial photocurrents with IPCE values above 21% for light wavelengths
of 340-460 nm (in 0.5 M Na>SOs at 1.0 V vs. Ag/AgCl). With continued illumination the
excess vanadium in these films dissolves into the electrolyte and the photocurrents drop
by 60-75% before reaching steady-state. The steady-state photocurrent and IPCE values
(above 14% for 340-460 nm light) are higher than the initial values for films synthesized
with stoichiometric amounts of vanadium and bismuth (V/Bi=1) and incident angles of
deposition at 65°. Stoichiometric BiVO4 films remain stable under illumination but their
photocurrents are limited by surface reaction kinetics. The addition of cobalt as an
electrocatalyst to the surface of these films increases their photocurrent by a factor of
three.

Chapter 3 describes a follow-up study on porous, nanostructured BiVOs films that
are incorporated with Mo and W by simultaneous evaporation of Bi, V, Mo, and W in
vacuum followed by oxidation in air. Synthesis parameters such as the Bi:V:Mo:W
atomic ratio and deposition angle are adjusted to optimize the films for
photoelectrochemical water oxidation. Films synthesized with a Bi:V:Mo:W atomic ratio
of 46:46:6:2 (6% Mo, 2% W) demonstrate the best PEC performance with photocurrent
densities 10 times higher than for pure BiVOs and greater than previously reported for
Mo and W containing BiVOa4. The films consist of a directional, nanocolumnar layer
beneath an irregular surface structure. Backside illumination utilizes light scattering off
the irregular surface structure resulting in 30-45% higher photocurrent densities than for
frontside illumination. To improve the kinetics for water oxidation Pt is photo-deposited
onto the surface of the 6% Mo, 2% W BiVOs films as an electrocatalyst. These films
achieve quantum efficiencies of 37% at 1.1 V vs. RHE and 50% at 1.6 V vs. RHE for 450

nm light



Chapter 4 changes the focus to metal oxides for the proton reduction reaction. It
involves a combinatorial chemistry study in which a dispenser and scanner system is used
to create and screen Bi-M-Cu oxide arrays for cathodic photoactivity, where M represents
1 of 22 different transition and post-transition metals. Over 3,000 unique Bi:M:Cu atomic
ratios are screened. Of the 22 metals tested, 10 show a M-Cu oxide with higher
photoactivity than CuO and 10 show a Bi-M-Cu oxide with higher photoactivity than
CuBi204. Cd, Zn, Sn, and Co produce the most photoactive M-Cu oxides, all showing a
200% - 300% improvement in photocurrent over CuO. Ag, Cd, and Zn produce the
highest photoactivity Bi-M-Cu oxides with a 200% - 400% improvement over CuBi20a.
Most notable is a Bi-Ag-Cu oxide (Bi:Ag:Cu atomic ratio of 22:3:11) which shows 4
times higher photocurrent than CuBi20Os. This material is capable of evolving hydrogen
under illumination in neutral electrolyte solutions at 0.6 V vs. RHE when Pt is added to
the surface as an electrocatalyst.

Chapter 5 details an electrocatalyst study for the proton reduction reaction with
single crystalline silicon as the photocathode material. p-Si/W2C photocathodes are
synthesized by evaporating tungsten metal in an ambient of ethylene gas to form tungsten
semicarbide (W2C) thin films on top of p-type silicon (p-Si) substrates. As deposited the
thin films contain crystalline W2C with a bulk W:C atomic ratio of approximately 2:1.
The W:C films demonstrate catalytic activity for the hydrogen evolution reaction (HER)
and p-Si/W:C photocathodes produce cathodic photocurrent at potentials more positive
than 0.0 V vs. RHE while bare p-Si photocathodes do not. The W:C films are an effective
support for Pt nanoparticles allowing for a considerable reduction in Pt loading. p-
Si/W2C/Pt photocathodes with Pt nanoparticles achieve photocurrent onset potentials and

limiting photocurrent densities that are comparable to p-Si/Pt photocathodes with 9 as



much Pt. This makes W:C an earth abundant alternative to pure Pt for use as an
electrocatalyst on photocathodes for the HER.

Chapter 6 explains how the combinatorial chemistry approach is used to screen
dye-sensitized solar cell (DSC) materials. 35 elements are investigated as single
component metal oxides and as dopants for TiO2 for use in DSCs. An array dispenser and
scanner system is utilized for high throughput testing of the single component metal
oxides and hundreds of doped TiO2 compositions. The optimal dopant concentrations are
identified and summarized according to their effect on short circuit current (Zsc) and open
circuit voltage (Voc). New dopant candidates are discovered including several post-
transition metals, which show improvements in DSC performance when incorporated at
compositions of 6% In TiO2, 6% Sn TiO2, and 6% Sb TiO: (metals basis). These
compositions are used to synthesize scaled-up DSC devices for detailed characterization.
Incorporation of 6% In into TiO2 enhances Voc substantially and increased Isc slightly,
6% Sn improves Isc while preserving Voc, and 6% Sb increases Isc significantly but
decreases Voc. When co-incorporated, Cr and Sb show a complimentary interaction,
which reduces the resistance to charge transport in the DSC device. 2% Cr, 6% Sb TiO2
show higher Isc and Voc values than 6% Sb TiO: and considerably higher Isc than 2% Cr
Ti0z. The fill-factor for 2% Cr, 6% Sb TiO: is relatively low, but the maximum power is
higher than the other compositions due to the higher currents. The Voc values for DSC
devices with different compositions correlates linearly with the measured flat-band
potentials (Ers).
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Chapter 2: Photoelectrochemical Oxidation of Water Using
Nanostructured BiVO4 Films

INTRODUCTION

Photoelectrochemical splitting of water into hydrogen and oxygen has great
potential for solar energy conversion and storage. Since the first experimental
demonstration of photoelectrochemical water splitting using TiO2 in the 1970’s' many
different semiconductor materials have been tested.””> However, none of these have been
put into practical use in a large scale system. In order to efficiently split water, a
photoelectrochemical system must meet many requirements. The system must be
composed of materials with band gaps small enough (<3.0 eV) to absorb a large portion
of the solar spectrum including visible light. Concurrently, the conduction and valence
bands of the materials must straddle the proton reduction and water oxidation redox
potentials. The materials should promote facile charge transfer and have high surface area
with active sites for both proton reduction and water oxidation. Lastly, the system should
be composed of materials that are inexpensive and long lasting otherwise it will not be
practical for large scale energy conversion.® To date, no known materials satisfy all the
above requirements for efficient and cost-effective water splitting.

Recently, BiVOs has attracted attention due to its high photocatalytic activity for
oxygen evolution in aqueous solutions under visible light irradiation relative to other
known materials tested under similar conditions.” BiVOs exists in three main
polymorphs: the zircon structure with tetragonal crystal system and the scheelite structure
with monoclinic and tetragonal crystal systems. The monoclinic crystal system has been
reported as the most photoactive form of BiVOa4.”* The bandgap of monoclinic BiVOs has
been shown to be 2.3-2.4 eV by experiment””'' and 2.16 eV (direct band gap) from
density functional theory (DFT) calculations.'> Based on the stoichiometry of BiVOs, the
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oxidation states and atomic orbitals are given by: Bi’* (5d'°6s%), V°* (3d°), and O* (2p°).
The valence band is formed by coupling of Bi 6s and O 2p orbitals while the conduction
band is primarily controlled by V 3d orbitals, with contributions from the O 2p and Bi 6p
orbitals.'”" The conduction band edge of BiVO4 has been estimated to be at 0 V vs. NHE
at pH 0, which corresponds to a valence band edge of 2.4 V vs. NHE at pH 0 (using 2.4
eV as the band gap). Since the conduction band is not more negative than the H"
reduction potential (0.0 V vs. NHE at pH 0), pure BiVOs cannot evolve substantial
amounts of Hz from H>O without an applied bias on an inert metal counter-electrode.
Even with the addition of Pt as an electrocatalyst BiVOs did not show activity for H"
reduction when illuminated in an aqueous methanol (hole-scavenging) solution."” On the
other hand, the valence band of BiVOu4 is below the water oxidation potential (1.23 V vs.
NHE at pH 0) indicating that BiVOs is thermodynamically capable of evolving O: from
H20. Several researchers have confirmed that BiVOs can oxidize water by measuring O:
evolution from aqueous solutions containing Ag" as a sacrificial reagent (Ag'/Ag redox
potential at 0.7991 V vs. NHE'®).”*'>'>'® Although BiVOs is not able to reduce H”, it is
still a promising material for water splitting as the photoanode in a multi-photon
photoelectrochemical cell (PEC).

A variety of synthesis techniques have been used to produce BiVOs for
photocatalytic testing. BiVO4 was first synthesized for photocatalytic testing by solid-
state reaction of Bi20s and NHsVO:s at high temperatures (970-1170 K)'° and later by an
aqueous process at room temperature using layered compounds of KV3Os and K5VsO14
with Bi(NOs)3, which showed improved photocatalytic activity.” Since then BiVOa has

been prepared by room temperature hydrolysis,® metal-organic decomposition'®?’,
prep Yy p ydroly g p

17,22,23

chemical bath deposition,” various hydrothermal routes, the sol-gel method,"

25,26 27,28

solution combustion,”* flame and ultrasonic spray pyrolysis,
14

co-precipitation,



electrosynthesis,” and flame assisted synthesis.*® Numerous researchers have modified

the aqueous and hydrothermal routes with additional precursors,’’ morphology directing

32-34 36,37

reagents,’>** sonication,” reflux,’**” and microwave irradiation.*® With the exception of
solid-state synthesis, the above methods involve some form of wet chemical processing.
The present paper discusses the photocatalytic activity of BiVOs prepared by a vacuum
deposition process in which pure bismuth and vanadium were co-evaporated in the
presence of oxygen as a reactant gas. This deposition process is often referred to as
reactive ballistic deposition (RBD) and is described in more detail later.”>* RBD can
have advantages over wet chemistry methods including simultaneous control of the
chemical composition and morphology during synthesis, and the elimination of additional
reagents that may be required for wet chemical processing that are not desired in the final
material.

In order to accurately assess the activity of a material for photoelectrochemical
water splitting it is important to check several key metrics including solar to hydrogen
(STH) efficiency, incident photon-to-current efficiency (IPCE), and absorbed photon-to-
current efficiency (APCE).* Experimentally BiVOa has not been proven to evolve Hz so
the STH efficiency cannot be determined without applying a bias between the working
and counter electrode. Efficiencies for O: evolution can be calculated but only a fraction
of the recent studies on BiVOs report such information. A variety of solution species have
been used in the study of the photocatalytic properties of BiVOs including AgNOs,
Fe(NOs)s, Na:SOs, NaOH, rhodamine B, methylene blue, and methyl orange. Of these
solutions Na2SOs is the most relevant to direct water splitting since the ionic species (Na"
and SO4+) will not react electrochemically at potentials between -0.414 V and 0.816 V

vs. NHE (thermodynamic redox potentials for water splitting at pH 7). Some researchers

have reported IPCE values for BiVOs using 3-electrode photoelectrochemical cells
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containing NaSOs as the electrolyte. Particulate films of BiVOs synthesized by the sol-
gel method showed IPCE values at ca. 0.01% (at 1.0 V vs. Ag/AgCl) for 380-460 nm
light'® and BiVOs synthesized by ultrasonic spray-pyrolysis showed IPCE values up to
ca. 2% (at 0.7 V vs. SCE) for 450 nm light*" in 0.1 M Na2SOs. In 0.5 M Na:SOs with an
applied bias of 1.0 V vs. Ag/AgCl under 380-460 nm light, particulate BiVO4 prepared
by laser ablation had IPCE values of ca. 0.5-2.5%"*, whereas BiVOa synthesized by room
temperature hydrolysis had IPCE values of 1-2%", and BiVOs films prepared by
modified metal-organic decomposition were on the order of 1-5%. Modified metal-
organic decomposition was also used to produce BiVO4 with the highest IPCE values
reported to date in 0.5 M Na>SOs4 at 1.0 V vs. Ag/AgCl , which was ca. 20% for 380-440
nm light” We have used RBD to alter the chemical composition and morphology of
BiVOs films and enhance activity for photoelectrochemical water oxidation. Films
synthesized with excess vanadium had initial [PCE values above 21% and steady-state
values above 14% in 0.5 M NaxSOs at 1.0 V vs. Ag/AgCl for light wavelengths of 340-

460 nm, and films synthesized with stoichiometric BiVO4 had IPCE values up to 1.2%.

EXPERIMENTAL

Photoelectrochemical tests were conducted using a custom 3-electrode
photoelectrochemical cell. The working electrode was a BiVOs film with an illumination
area of 0.212 cm’, the counter electrode was a platinum wire, and the reference electrode
was a Ag/AgCl reference electrode (CH Instruments, CH111). The cell was controlled
using CH Instruments potentiostats (CHI 832 and CH 660D). LSV scans were run from
negative to positive potentials with a scan rate of 0.25 V/s. The illumination source was a
filtered 100-W xenon lamp (Newport) positioned to provide light intensity close to

AML1.5. Visible light was achieved using a colored glass filter (Newport, cut-on 420 nm).
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IPCE measurements were performed using a mini monochrometer (Newport) and the
power of each wavelength was measured using a handheld optical power meter with a
UV enhanced Silicon photo-detector (Newport). IPCE values were calculated using the

following equation:
1240, (1)

IPCE (1) = AE,()
where /(1) is the measured photocurrent density (mA/cm?) and E,(A) is the incident light
power density (mW/cm®) for each wavelength, A (nm). The electrolyte solutions were
made using de-mineralized water, Na:SOs4 anhydrous, Na:SOs; anhydrous, sodium
phosphate monobasic monohydrate, and sodium phosphate dibasic anhydrous (Fisher).
Equal parts 1 M phosphate monobasic and 1 M phosphate dibasic were used to make the
phosphate buffer solution. The pH of each solution was checked using a benchtop pH
meter (OAKTON).

UV-Vis transmission spectroscopy measurements were performed using a Cary

5000 spectrophotometer. For Tauc plots the absorption coefficient (&) was determined

by:
- |n (10—Abso rbance)

z

where z is the film thickness. X-ray diffraction (XRD) measurements were taken on a
Bruker-Nonius D8 diffractometer. The Cu Ko radiation source was operated at 40 kV
and 40 mA and measurements were carried out in the 6/20 mode with an incident angle
of 5°. Scanning electron microscope (SEM) images were acquired using a LEO 1530
SEM with 10 KV focus voltage and 30 um aperture. BiVOs films deposited on substrates
were broken in half and viewed on the SEM to obtain film thickness measurements. Film
thickness was also verified using a Veeco NT9100 Optical Profiler scanning from bare

FTO to the center of the BiVO: film. X-ray photoelectron spectroscopy (XPS)
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measurements were performed on a Kratos AXIS Ultra DLD spectrometer with Mg Ko
radiation. The concentration of Bi, V, O, and C were calculated from the integrated peak
areas obtained after subtracting the background from each peak using the Shirley
method.”' Electrochemical impedance spectroscopy (EIS) measurements were conducted
using the CH Instruments CH660D potentiostat and the built in software was used to
create Mott-Schottky plots based on ideal semiconductor behavior.'® Samples for
inductively coupled plasma mass spectrometry (ICP-MS) were diluted 100x and 1000x
and measured using an Agilent 7500ce Quadrupole ICP-MS with He as the collision gas

to exclude any Cl:O overlap with mass 51 (vanadium).
Description of Synthesis Parameters.

The BiVOs4 films were synthesized using a high vacuum chamber equipped with two
electron beam evaporators (Omicron, EFM 3s), an x-y-z sample manipulator mounted
upon a rotary seal, and a quartz crystal microbalance (QCM) and controller (Maxtek
Inc.), which has been described previously.* For a typical film synthesis, 1.5 cm x 1.5 cm
fluorine-doped tin oxide (FTO) coated glass substrates (Pilkington, TEC15) were cleaned
and sonicated in ethanol and rinsed with de-mineralized water before loading into the
vacuum chamber. Bismuth granules (Alfa Aesar, 99,997% purity) in a molybdenum
crucible were loaded into one evaporator and a 0.25” diameter vanadium rod (ESPI, 3N
purity) was loaded into the other evaporator. The two evaporators were held in the same
vertical plane and aimed at the center of the FTO substrate. This resulted in a 26°
difference in direction of the flux from each evaporator. The sample manipulator was
positioned approximately 10 cm away from each evaporating component and the
deposition angle (y) was adjusted to a fixed angle (0-90°) between the direction normal to

the surface of the FTO and the evaporator plane as shown in Figure 2.1 (note that when
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Figure 2.1. Schematic of sample and evaporator positioning inside the vacuum
chamber. The deposition angle (y) is the angle between the evaporator plane
and the normal vector of the FTO substrate surface.

v=0° there is actually an angle of 13° between each evaporator and the direction normal to
the FTO surface). After loading the FTO substrates the vacuum chamber was pumped
down to a base pressure below 5 x 10 Torr. A QCM was used to measure the deposition
rate of each component (bismuth and vanadium) separately before starting film growth.
The QCM measured deposition rate and the deposition angle were used to determine the
atomic flux of each component and the deposition time required for the target film
thickness. After checking the deposition rate the chamber was backfilled with oxygen
(Matheson, UHP grade) to approximately 6 x 10~ ® Torr and films were deposited on the
FTO substrates at the ambient temperature of the chamber. The films were removed from
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the vacuum chamber and annealed to 500°C in air for 2 hours using a muffle furnace
(Neytech) with a temperature ramp rate of 10°C/min. Lastly, some of the films were
submerged in 0.1 M AgNOs (Acros, 99.85% purity) or 0.1 M Co(NOs). (Alfa Aesar,
99.999% purity) for about 1 hour and then rinsed with de-mineralized water. This was
done to add an electrocatalyst to the surface of the films, but we did not measure the
oxidation states or relative amounts of Ag or Co that remained on the surface. Other

researchers have reported similar surface treatments using AgNOs and Co(NO3)2.”

RESULTS AND DISCUSSION

Photoelectrochemical and Optical Measurements.

We attempted to optimize the photocatalytic activity of the BiVOs films synthesized by
varying several important deposition parameters. Films were deposited using a V/Bi
atomic flux ratio ranging from 1.0 to 2.9 and a deposition angle (y) between 0° and 75°.
Deposition time was varied to create films with total thicknesses between approximately
0.2 and 1 pum. The annealing temperature was kept constant at 500°C because there did
not appear to be a significant difference in photocatalytic activity for films annealed in
the range of 450 - 550°C. Films were tested with and without AgNOs or Co(NOs)2 surface
treatment. Out of all the films synthesized, those deposited with a V/Bi atomic ratio of
approximately two, an angle of incidence between 45° and 75°, and a final film thickness
of approximately 0.5 um consistently showed the highest initial photocurrents under
white light illumination in 0.5 M Na2SOs at an applied potential of 1.0 V vs. Ag/AgCl.
Figure 2.2 shows a typical linear sweep voltammogram (LSV) for a film synthesized
using the above synthesis parameters. The film had an onset potential of about 0.45 V vs.

Ag/AgCl and visible light (wavelengths greater than 420 nm) accounted for more than
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50% of the total photocurrent when compared to white light (visible light + wavelengths

less than 420 nm).
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Figure 2.2. Linear sweep voltammogram of BiVOs film synthesized by RBD (V/Bi=2,
1=65°, thickness=0.5 pum) in 0.5 M Na>SOs without irradiation (dark) and
under illumination with visible light (visible) and white light (white) from a
xenon lamp. The scan rate was 0.025 V/s.

V/Bi atomic ratio and deposition angle (y) had a significant impact on the
photocatalytic activity of the films synthesized by RBD. Figure 2.3 shows the initial
IPCE values obtained for films deposited with different V/Bi atomic ratios, deposition
angles, and surface treatments. The two films deposited with V/Bi=2, y=65° and V/Bi=2,
v=0° (both shown in Figure 2.3a) contained the same total mass of material. The film
deposited with V/Bi=2 and y=65° (Figure 2.3a) and the film deposited with V/Bi=1 and
v=65° (Figure 2.3b) were each approximately 0.5 pum thick while the thickness of the film
deposited at y=0° (Figure 2.3a) could not be determined because it was composed of
nanowires (SEM images shown later). As shown in Figure 2.3a, the film synthesized
using the optimal deposition parameters (V/Bi=2, y=65°) had the highest initial IPCE

values. After illuminating this film for 3 hours at a constant potential of 1.0 V vs.
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Figure 2.3. IPCE spectra for films synthesized with different V/Bi atomic ratios,
deposition angles (y), and surface treatments in 0.5 M Na2SOs at an applied
potential of 1.0 V vs. Ag/AgCl. Both films deposited at V/Bi=2 (a) had the
same initial mass of material and both films deposited at y=65° (a,b) were
approximately 0.5 um thick.

Ag/AgCl the IPCE values dropped but remained well above the IPCE values for all other
films. For wavelengths less than 460 nm, the IPCE values remained at least 4 times
higher than films deposited with the same V/Bi ratio at y=0° and 14 times higher than
films deposited with stoichiometric BiVOs (V/Bi=1) at y=65°. Films deposited with

V/Bi=1 and y=0° had negligible photocurrents and efficiencies so the data is not included.
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Co was added to the surface of the film with V/Bi=1 and y=65° and improved the
photoelectrochemical water oxidation efficiency as shown in Figure 2.3b. The addition of
Co to the surface of the films synthesized with V/Bi=2 did not improve the efficiency.
For all of the films, IPCE values dropped off rapidly for wavelengths higher than 460 nm
and approached 0% at 520 nm as expected for a material with a band gap around 2.4 eV
(517 nm light).

UV-Vis measurements were performed to determine differences in optical
properties for the films synthesized with different deposition parameters. Figure 2.4
shows the UV-Vis absorbance spectrum for the three films synthesized with different
V/Bi ratios and deposition angles. The spectrum for the film deposited at y=0° showed a
relatively high and flat UV-Vis absorbance for light with wavelengths above 500 nm.
The flat section of absorbance was likely caused by diffuse reflection and scattering from
the 100-300 nm diameter nanowires observed in these films. For the films deposited with

3.5- _ .
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Figure 2.4. UV-Vis absorbance spectrum for films deposited with different V/Bi atomic
ratios and deposition angles (y). Films deposited at V/Bi=2 had the same
mass of material and both films deposited at y=65° were approximately 0.5
um thick.
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a higher angle of incidence (y=65°) only the film deposited with higher flux of vanadium
than bismuth (V/Bi=2) showed a sharp absorption onset. The Tauc plot for this film is
shown in Figure 2.5 and points to a direct band gap of 2.45 eV, which is close to the
experimentally determined band gap of 2.4 eV for monoclinic BiVOs synthesized by

other methods.””!°

1.6x10™ 1
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(ahv)® (cm? eV?)
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16 18 20 22 24 26 28
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Figure 2.5. Tauc plot of film synthesized with deposition parameters resulting in highest
photoactivity (V/Bi=2, y=65°, thickness=0.5 um) pointing to a band gap of
approximately 2.45 eV.

XRD measurements were performed on the BiVOs films as deposited (Figure
2.6a) and after annealing to 500°C for 2 hours (Figure 2.6b). As deposited all films
showed XRD peaks for SnO: from the FTO substrate along with crystalline bismuth,
JCDPS 00-046-1088 and 00-044-1246, respectively. Films deposited with lower V/Bi
ratios (a larger relative mass of bismuth) showed higher intensity peaks for crystalline
bismuth relative to the SnO: peaks. As deposited there were no vanadium, bismuth oxide,
vanadium oxide, or bismuth vanadate peaks. After annealing all films showed strong
peaks for SnO2 and monoclinic BiVO4 (JCDPS 01-075-2480). The two tiny peaks at 20

values of 20.1° and 21.5° match up with two of the highest intensity peaks in the XRD
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pattern for V.Os (JCPDS 01-089-0611) so there is some segregation of Bi and V even
when the two components are deposited in equal amounts. However, the XRD patterns
for V/Bi=1 and V/Bi=2 after annealing were almost identical and the highest BiVO4 peak
was 26 times more intense than the highest V.Os peak. This suggests that excess

vanadium is incorporated into the interstitial sites of films deposited with V/Bi=2.
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Figure 2.6. XRD spectrum for BiVOs4 films (y=65°, thickness=0.5 um) with V/Bi=2 and
V/Bi=1. As deposited (a) and after annealing at 500°C for 2 hours (b).
JCPDS peak intensities and locations are plotted below the data for SnO:
(00-046-1088), crystalline Bi (00-044-1246), and monoclinic BiVO4 (01-
075-2480). The * symbol indicates the highest intensity JDCPS peaks for
V205 (01-089-0611).
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The nanostructure and morphology of the films was observed using a SEM.
Figures 2.7 and 2.8 show SEM images for three different films before and after annealing
at 500°C for 2 hours. Films that were deposited at y=0° consisted of randomly oriented
nanowires with diameters on the order of 100-300 nm as shown in Figure 2.7a. This was
seen for all V/Bi atomic ratios that were tested. More glancing angles of incidence

(y=65°) produced films with jagged, finely-structured surfaces as shown in Figure 2.7¢c
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2.7. SEM images of films deposited with the same total amount of material and a
V/Bi atomic ratio of 2, but different deposition angles of y=0° (a,b) and
v=65°(c,d) . Images (a,c) are as deposited and (b,d) are after annealing at
500°C for 2 hrs.
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and Figure 2.8a. Before annealing, the films deposited at y=65° show many fine features
on the order of 10 nm or smaller. These features appear to sinter and smooth out after
annealing to 500°C resulting in irregular-shaped features 50 - 400 nm in size (Figures
2.7d and 2.8b). Based on these SEM images, annealing appears to reduce the surface area

of the films.

(a) V/Bi=1, y=65

100nm
—

(b) V/Bi=1, y=65° (anncaled)

Figure 2.8. SEM image of a film synthesized by RBD (V/Bi=1, y=65°, thickness=0.5
um). Image (a) is as deposited and (b) is after annealing at 500°C for 2 hrs.

The dramatic differences in morphology and surface structure between films

deposited at y=0° and y=65° can partially be explained by the mechanism of RBD at
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glancing angles. Several researchers have studied the mechanism for film growth by
ballistic deposition (BD) from a single evaporating component at oblique angles of
incidence.”** During the initial stages of BD at oblique angles of incidence, incoming
atoms randomly land on the substrate surface creating topographically elevated clusters
of atoms. With continued film growth the elevated clusters promote “self-shadowing”,
which often causes the film to grow porous, angled columns. The exact morphology and
nanostructure of the resulting film is controlled by the self-shadowing effect and surface
diffusion of the incoming atoms. Reactive ballistic deposition (RBD) involves the
addition of a non-directional background gas which reacts with the incoming atoms on
the surface of the film during deposition.”” For co-evaporation of bismuth and vanadium
at y=0° (13° angle between each evaporator and the direction normal to the substrate)
there was essentially no self-shadowing but there was surface diffusion. According to the
Movchan and Demchishin structure zone model (SZM)***° surface diffusion during film
growth can be related to the ratio of the melting point of the depositing metal (Tm) and the
temperature of the substrate (Ts). The melting point of bismuth (271.4 °C) is much lower
than that of vanadium (1,890 °C). With the FTO left at ambient (near 25 °C) during
deposition, bismuth was near the bulk diffusion region (Ts/Twm>0.5) of the Movchan and
Demchishin SZM, while vanadium was in the region without significant diffusion
(Ts/Tm<0.3). Under these conditions it is expected that the rate of bismuth adatom
diffusion is much greater than that of vanadium. In addition, bismuth adatoms did not
appear to react with the background oxygen in the vacuum chamber during deposition.
This was determined by measuring the deposition rate of bismuth while gradually leaking
in oxygen (the measured deposition rate did not change in the presence of oxygen) and by
analyzing the XRD data of films as deposited (peaks are observed for crystalline bismuth

metal but not for bismuth oxide). On the other hand vanadium readily reacts with oxygen
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during deposition. When vanadium was evaporated while gradually increasing the partial
pressure of oxygen the measured deposition rate increased until it reached a maximum as
the material forming on the QCM changed from vanadium metal to vanadium oxide. At
low incident angles of deposition (y= 0°) the observation of nanowires is likely the result
of a growth mechanism dominated by surface diffusion and segregation of bismuth
atoms. It is also possible that bismuth or vanadium acts as a catalyst for vapor-liquid-
solid (VLS) nanowire growth, which involves dissolution and subsequent precipitation of
one of the components when a two component system is held above the eutectic point.”’
There is limited experimental phase-equilibria data available for the bismuth-vanadium
system, especially for the pressures that were used during deposition (6 x 10~ ° Torr), but
it is plausible that the deposition conditions result in a eutectic point. Available phase
diagrams show very low solubility of condensed phase bismuth (~20 ppm) in vanadium
near the melting point of bismuth.”® At higher deposition angles (y=45°-75°) the self-
shadowing effect becomes more important than surface diffusion resulting in greater
dispersion of bismuth and vanadium atoms so that nanowire growth by dissolution and
subsequent precipitation cannot occur. For this reason films deposited at y=65° showed a

more porous, finely-structured surface.

Sacrificial Reagent Photoelectrochemical Measurements.

It would not be practical to run a large-scale energy conversion system at an
applied potential of 1.0 V vs. Ag/AgCl because the energy input required to sustain the
bias would negate the energy output.* Furthermore, the thermodynamic water oxidation
potential in Na2SOs is less than 1.0 V vs. Ag/AgCl. The main reason for conducting PEC
tests in Na:SOs4 at 1.0 V vs. Ag/AgCl was to compare the activity of BiVOs films

synthesized by RBD with that of BiVOs synthesized by other techniques.”**** At such a
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positive bias, films deposited with excess vanadium (V/Bi=2) showed higher
photocatalytic activity than films deposited with equal amounts of bismuth and vanadium
(V/Bi=1), but this is not always the case for different electrolytes and lower applied
biases. For example, particulate BiVOs prepared using layered compounds of KV3Os and
K5Vs014 with Bi(NOs)s showed the highest Oz evolution rate from 0.05 mol/L AgNOs
when the starting materials had a V:Bi ratio of 1:1.” Since testing was performed in a
particulate PEC system there was no way to apply a bias. Likewise a recent scanning
electrochemical microscopy (SECM) study found that a V:Bi ratio of 1:1 resulted in the
highest photocurrent when using an applied potential of 0.2 V vs. Ag/AgCl in 0.1 M
Na:SOs along with 10 mM Na:SO:s as a sacrificial electron donor.>

We conducted PEC measurements in a variety of electrolyte solutions to further
characterize the BiVOs films synthesized by RBD. Figure 2.9a shows the initial LSV
scans for three films with different V/Bi ratios and surface treatments in 0.5 M Na2SOs.
The film synthesized with V/Bi=1 showed lower cathodic current (light and dark) at the
start of the scan and a shift to purely anodic photocurrent at potentials more positive than
-0.55 V vs. Ag/AgCl. The film synthesized with V/Bi=2 had a higher cathodic current
(light and dark) with large transient spikes (cathodic and anodic) at the start of the sweep.
A small amount of dark current, but essentially no photocurrent was observed between -
0.40 and 0.45 V vs. Ag/AgCl at which point anodic onset was observed (similar to the
LSV in Figure 2.1). Therefore films synthesized with a V:Bi ratio of 1:1 do show higher
photocatalytic activity as long as the applied potential is less positive than 0.45 V vs.
Ag/AgCl, but they fail to achieve a high maximum photocurrent at more positive
potentials. Figure 2.9a shows that the addition of Co to the surface of the V/Bi=1 film
improved the maximum photocurrent by more than a factor of three. Cobalt complexes

are known to be electrocatalysts for water oxidation.”>®% Another chopped LSV is
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shown in Appendix A (Figure A.l1) for the film synthesized with V/Bi=2 after
illuminating the film for 3 hours at a constant potential of 1.0 V vs. Ag/AgCl. It shows a
more negative anodic onset potential, no dark current between -0.40 and 0.45 V vs.
Ag/Ag/Cl, and a lower maximum photocurrent at higher potentials. The small amount of
dark current and lack of photocurrent initially observed for the V/Bi=2 film was likely
caused by excess vanadium (vanadium oxide) on the surface. Vanadium oxide dissolves
readily in Na>SO4 and V20s electrodes have shown dark current for current vs. potential
scans in the range of -0.2 and 0.405 V vs. SCE.”®

Figure 2.9b shows LSV scans for two films in 0.5 M Na2SOs and 0.5 M Na2SOs.
The Na>SOs was added to improve the surface kinetics of the oxidation reaction by
providing a species (SO3*) more easily oxidizable than water. In the combined electrolyte
solution the V/Bi=1 film had a maximum photocurrent that was much closer to that of the
V/Bi=2 film. This result provides evidence that pure BiVOs films were limited by the
surface kinetics of the water oxidation reaction. Employing Na>SOs also shifted the onset
potentials to more negative values by increasing the pH of the solution and it nearly
eliminated the transient spikes for both films. Several researchers have characterized the
anodic and cathodic transient spikes for Fe:Os films attributing the behavior to
recombination or back reaction of photo-generated species (oxy- or hydroxyl) on the
surface.”* For the BiVOs films synthesized by RBD the transient spikes were primarily
anodic, but may still be caused by surface recombination or a back reaction at the surface
as they were nearly eliminated with the use of a redox species (SOs>) which undergoes a
facile, irreversible oxidation.

The chopped LSV scans in Figure 2.9a can be used to estimate the location of the
flat band potential of the BiVOs4 films. For the V/Bi=1 film there was a clear transition

from cathodic to anodic photocurrent around -0.55 V vs. Ag/AgCl. The photocurrent
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transition was more difficult to distinguish for the V/Bi=2 film due to the dark current.
EIS measurements were performed on this film and the resulting Mott-Schottky plot
shown in Figure 2.10 indicates a flat band potential of approximately -0.7 V vs. Ag/AgCl.
After 3 hours of PEC testing the chopped LSV for the V/Bi=2 film shows a transition

from cathodic to anodic current near -0.5 V vs. Ag/AgCl (see Figure A.1).
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Figure 2.9. Chopped (dark and white light) LSV scans for films synthesized by RBD
(y=65°, thickness=0.5 um) with different V/Bi ratios and surface treatments

measured in (a) 0.5 M Na:SOs4 and (b) 0.5 M Na:SO4 and 0.5 M Naz2SOs.
The scan rate was 0.025 V/s.
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Figure 2.10. Mott-Schottky plot for BiVOs film synthesized by RBD (V/Bi=2, y=65°,
thickness=0.5 um). The measurement was conducted in 0.5 M Na2SOa.

Film Stability and Surface Characterization.

For any material to be practical in a large-scale energy conversion system it must
remain stable under illumination for long periods of time. There are limited reports in the
literature on the long-term stability of BiVO4. One group tested the stability of BiVO4
synthesized by modified metal-organic decomposition and found that with a bias of 1.2 V
applied to a Pt counter electrode the photocurrent dropped from 2 mA/cm’ to a steady-
state value of 0.5 mA/cm® (~75% drop) in less than 1 hour.” We conducted long-term
PEC tests of BiVOs films in Na.SO4 solutions with a constant applied potential of 1.0 V
vs. Ag/AgCl as shown in Figure 2.11. The discontinuities in photocurrent were caused by
blocking the white light source to confirm the photoactivity and stopping/restarting the
potentiostat near 5000 seconds. The photocurrent of the film deposited with V/Bi=2
dropped by more than 70% before it reached a relatively steady-state value while the
V/Bi=I1 film with Co on the surface reached a lower steady-state photocurrent almost
immediately. Films deposited with V/Bi=1 but without Co were also stable but had lower

photoactivity as shown in Figure 2.9a.
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Figure 2.11. Amperometric i-t curve for BiVOs films synthesized by RBD (y=65°,
thickness=0.5 um) with different V/Bi ratios and surface treatments in 0.1
M Na>SO:s at a constant applied potential of 1.0 V vs. Ag/AgCl.

A fraction of the photocurrent decay is caused by the build-up of oxygen bubbles
on the film and local changes in pH. During PEC testing oxygen bubbles formed and
became trapped between the film surface and the o-ring on the glass electrochemical cell
reducing the geometric film surface area available for the reaction. In addition, the
continuous oxidation of water produced H" ions, which decreased the pH of the
electrolyte near the film shifting the redox potentials and slowing down the reaction.
This was verified by comparing the photocurrent in pure 0.5 M Na>SO4 and a mixture of
0.5 M Na:SOs+ and 0.5 M phosphate buffer solution (pH 6.8). The steady-state
photocurrent was about 20% higher in the buffer solution as compared to Na:Os (see
Figure A.2 in Appendix A).

Most of the photocurrent decay was caused by changes in the chemical
composition of the film. We used XPS to measure the film surface before and after PEC

testing. Initially the film deposited with an atomic flux ratio of V/Bi=2 had a XPS
34



measured V/Bi ratio of 1.54. The binding energies of the elements were found to be 159.0
eV for Bi 4f 7/2, 516.8 eV for V 2p 3/2, and 529.8 eV for O 1s suggesting oxidation
states of Bi*", V°", and O*. After long-term PEC testing the locations of these peaks
remained the same but the intensities had changed and the XPS measured V/Bi ratio
dropped to 0.51 indicating a loss of vanadium at the surface. Table 2.1 summarizes
photocurrent and XPS results for PEC testing and the XPS spectra are included in
Appendix A (Figure A.3). We could not use XPS to measure the concentration and
oxidation states of elements below the surface. The argon sputter etch gun on the Kratos
AXIS Ultra DLD spectrometer was mounted with an incident angle of 45° and the BiVO4
films had a porous structure so much of the film surface was shadowed during sputter
etching. It is possible that the concentration of vanadium was higher in the bulk material

than on the film surface.

Film LSV Atomic % V/Bi

Condition Photocurrent (neglecting C) Ratio
+1 V vs. Ag/AgCl Ols V2p Bi4f

Initial 0.91 mA/cm® 66% 21% 14% 1.54

After 3 hrs 0.36 mA/cm’ 71%  10%  20% 0.51

Table 2.1.  Photocurrent and XPS data for film synthesized by RBD (V/Bi=2, y=65°,
thickness=0.5 pum) taken before and after 3 hours of illumination in 0.5 M
Nax2SOs4 at a constant applied potential of 1.0 V vs. Ag/AgCl. The
concentration of Bi, V, O, and C were calculated from the integrated peak
areas obtained after subtracting the background from each peak using the
Shirley method.™

To further characterize the decay in photocurrent we used ICP-MS to measure Bi

and V ion concentrations in the electrolyte before and after PEC testing. For the film
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deposited with V/Bi=2, the V concentration in the electrolyte went from below the
detection limits to 247 ppb after long-term PEC testing while the Bi concentration
remained below detection. It is apparent that much of the initial photocurrent was due to
photo-corrosion of excess vanadium into the electrolyte. For the film with V/Bi=1 and Co
on the surface, the Bi and V concentrations in the electrolyte remained below the
detection limits after long-term PEC testing. The ICP-MS results are tabulated in
Appendix A (Table A.l.). Even though films synthesized with V/Bi=2 show a loss of
vanadium so that the atomic ratio is reduced, the steady-state photocurrent of these films
is higher than the photocurrent of films that are initially synthesized with V/Bi=1.

The film deposited with V/Bi=1 may be limited by other factors in addition to
slow surface kinetics. As shown in Figure 2.4 the film with V/Bi=1 had a more gradual
absorption line that became saturated near 460 nm possibly due to scattering or reflection.
This makes it difficult to accurately calculate the APCE and distinguish whether poor
charge transport or slow surface kinetics is the greater limiting factor.

We attempted to stabilize the photocurrent of the films deposited with V/Bi=2 by
adding Ag or Co to the surface. Others have reported that pure BiVOs synthesized by
metal-organic decomposition showed a decrease in photocurrent accompanied by a
reduction of the V/Bi ratio at the surface when using a bias of 1.2 V applied to a Pt
counter electrode. When the surface was treated with AgNOs the initial photocurrent was
higher and both the photocurrent and surface concentration remained fairly stable.” We
treated films synthesized by RBD with AgNOs but did not see an increase in photocurrent
or stability during 3-electrode PEC measurements. Moreover films treated with AgNO3
showed a significant dark current during LSV scans moving more positive of 0.25 V vs.
Ag/AgCl. This was likely due to the oxidation of Ag. The addition of Co to the surface of

films deposited with V/Bi=2 reduced the initial photocurrent by slowing down the photo-
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corrosion of excess vanadium, but the final steady-state photocurrent was similar to that
of films without Co on the surface. As shown in Figures 2.3b and 2.9a, Co treatment

significantly enhanced the photocurrent and IPCE of films deposited with V/Bi=I.

CONCLUSIONS

We have synthesized BiVOs films by reactive ballistic deposition (RBD) and
reported on the photocatalytic activity for water oxidation. The photoactivity was higher
for films deposited at more glancing angles of incidence (y=45°-75°) than for films
deposited at normal incidence (y=0°) primarily due to differences in surface structure and
morphology. RBD was used to incorporate excess vanadium into BiVOs films, which
increased the initial photocurrent at high applied potentials (1.0 V vs. Ag/AgCl);
however, the excess vanadium dissolved into the solution with time under illumination
and a large portion of the initial photoactivity can be attributed to photo-corrosion. The
photocurrent dropped to a steady-state value that is still an order of magnitude greater
than that for films synthesized with equal amounts of bismuth and vanadium, which were
stable but limited by slow surface kinetics for the water oxidation reaction. The addition
of Co to the surface of BiVOs films with equal bismuth and vanadium increases the
photocurrent, but more work is needed to improve the light absorption and charge
transport of these films so that they are closer to the maximum theoretical efficiency of a
2.3-2.4 eV bandgap material under AM1.5 illumination.
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Chapter 3: Incorporation of Mo and W into Nanostructured BiVOs
Films for Efficient Photoelectrochemical Water Oxidation

INTRODUCTION

Photoelectrochemical (PEC) water splitting to produce hydrogen and oxygen has
great potential for solar energy conversion and storage; however, there are many material
challenges that must be overcome to make it practical on a large scale. The materials used
in a practical water splitting system should efficiently absorb a large portion of the solar
spectrum, be catalytic for both water oxidation and proton reduction, promote facile
charge transfer, be composed of abundant elements, and remain stable in electrolyte
under illumination. For economic viability the system should have a solar-to-hydrogen
(STH) efficiency of at least 10%." Many different semiconductor materials have been
tested for water splitting;”® however, none of these materials meet all of the above
requirements.

Progress has been made in the synthesis of multi-component semiconductor
materials and the addition of dopants as a means of improving water splitting
performance.”>”” Studies have suggested that incorporating impurities into a
semiconductor can improve photocatalytic performance by assisting with crystal growth
during synthesis, creating catalytic sites, or altering the band structure and electronic
properties. Significant improvements in photoelectrochemical performance and light
absorption have been observed for incorporation of C, N, and S into TiO2, and for
incorporation of Si, Ti, Sn/Be, and Ti/Al into oa-Fe20s.'"" Another semiconductor
material that can be enhanced by the addition of various elements is monoclinic BiVOs,
an n-type material with a bandgap of 2.3-2.5 eV that is active for PEC water oxidation.'®
* Compared to pure BiVOs, several mixed metal oxides containing Bi and V such as
BiCu2VOs, BiZn2VOs, and Cai-xBixViMo01xOs, have shown higher O: evolution rates
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from aqueous solutions.”? BiVosMoo004 prepared by solid state reaction had an O:
evolution rate from aqueous AgNOs that was nearly three times higher than BiVOa.*
Films formed by drop-casting and annealing a precursor solution containing Bi, V, and W
(atomic ratio of 4.5:5:0.5) had 4.6 times higher photocurrent than stoichiometric BiVOa
in 0.1 M Na:SOs with 10 mM NaxSOs as a sacrificial electron donor.”” Using the same
technique, Park et al. demonstrated that W/Mo doped BiVO4 (Bi:V:W:Mo atomic ratio of
4.6:4.6:0.2:0.6) had 10 times higher photocurrent than BiVOs in a solution of 0.1 M
Na:S0s and 0.1 M Na:SOs.** Another study has shown improvement in incident photon-
to-current efficiency (IPCE) with the addition of 1% W to BiVOs films deposited by
spray pyrolysis on top of a thin interfacial layer of SnO2.” Gas chromatography and
oxygen reduction measurements have confirmed that photocurrent from pure and W
doped BiVOs in Na2SOs solutions is due to water oxidation.*”*

Herein we report the photoelectrochemical performance of Mo and W containing
BiVO:s films synthesized by simultaneous evaporation of elemental Bi, V, Mo, and W in
vacuum followed by annealing in air. This synthesis technique allows for control of both
the chemical composition and nanostructure to improve the photoactivity of the BiVO4
films. Incorporation of 6% Mo and 2% W by this method resulted in a 10 fold increase in
photocurrent over BiVOas. The 6% Mo, 2% W BiVOs films had IPCE values above 24%
for wavelengths of light between 360 and 450 nm at an applied potential of 1.6 V vs.
RHE in a mixture of 0.1 Na:SOs and 0.1 M phosphate buffer (pH 6.8), which is
significantly higher than reported for this material using other synthesis techniques. The
photo-deposition of Pt onto the surface of these films as an electrocatalyst improved the
photocurrent onset potential drastically, resulting in IPCE values above 37% at 1.1 V vs.

RHE and above 50% at 1.6 V vs. RHE.
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EXPERIMENTAL

Description of Synthesis Parameters

The films were deposited in a high vacuum system consisting of a main chamber
and load-lock chamber for sample exchange. The main chamber contained a
hemispherical four-port bottom flange, which held four custom-built electron beam
evaporators arranged linearly and directed at the centre of the chamber with a 16° angle
between adjacent evaporators. All four evaporators were simultaneously controlled using
a LabVIEW program that was written in collaboration with Ramsdale Software. A quartz
crystal microbalance (QCM) could be translated in and out of the centre of the chamber
to measure deposition rates from individual evaporators using a QCM controller
(INFICON SQM-160). Substrates were moved between the main chamber and load-lock
chamber using a sample holder attached to a magnetically-coupled rotary-linear motion
translator.

Prior to deposition, fluorine doped tin oxide (FTO) coated glass substrates
(Pilkington, TEC15) were washed with detergent (CONTREX) and water followed by
washing in ethyl alcohol (PHARMCO0-AAPER, 99.5%), ultrasonically cleaned for 15 min
in ethyl alcohol (BRANSON 1210), and rinsed with de-mineralized water. The clean
substrates were transferred through the load-lock into the main chamber. In the main
chamber the substrate to be deposited on was held approximately 6 inches away from
each evaporating component and the deposition angle (y) was adjusted to a fixed angle
(0-90°) between the direction normal to the surface of the substrate and the plane of the
evaporators (see Figure 3.1).

Each of the four evaporators contained either bismuth granules (Alfa Aesar,
99.997% purity) in a molybdenum crucible, a 0.25 inch diameter vanadium rod (ESPI,

3N purity), a 0.125 inch molybdenum rod (Alfa Aesar, 99.95%), or a 0.125 inch diameter
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Figure 3.1. Films were grown on FTO substrates. This schematic illustrates how the
FTO substrate was orientated above the evaporators during deposition. The
substrate holder could hold up to four substrates and rotate to any deposition
angle (y), defined as the angle between the plane of evaporators and the
vector normal to the FTO substrate surface.

tungsten rod (Alfa Aesar, 99.95%). Before depositing on a substrate, the deposition rate
of each component was measured using the QCM. Adjustments were made to the
evaporation rates in order to achieve the target atomic percentage of each component and
the film thickness was determined by the QCM measured deposition rate, deposition
angle (y), and total deposition time. The majority of the films synthesized for this study
were deposited in vacuum at pressures on the order of 5 x 10® Torr or lower. For films
grown by reactive ballistic deposition (RBD), a leak valve was used to backfill the
chamber with oxygen (Matheson, UHP grade) to approximately 5 x 10 Torr where it
was held during deposition. Deposition was done at the ambient temperature of the
chamber which was warmer than room temperature due to heat from the evaporators.
After deposition the films were annealed in air at 500 °C for 2 hours using a muffle
furnace (Neytech) with a temperature ramp rate of 10 °C min™. For photo-deposition of Pt

the films were placed in a beaker with freshly made 10 mM H:PtCle*6H20O (Alfa Aesar,
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99.95%) and 0.2 M methanol (Fischer) and illuminated from the backside with

approximately 140 mW cm™ of white light for 1 hour.

Measurement Techniques

Photoelectrochemical measurements were conducted using a 3-electrode
photoelectrochemical cell, which had a main compartment for the working electrode and
two branched compartments separated by fritted disks (Ace Glass, 10-20 um porosity) for
the counter electrode and reference electrode. The working electrode was the BiVOs4 film
which was pressed against an o-ring on the main compartment. It had a backside mask so
that the active area was approximately 0.212 c¢cm® for both frontside and backside
illumination. The distance between the film surface and the light source was the same for
frontside and backside illumination measurements. The counter electrode was a 1 mm
diameter Pt wire (Alfa Aesar, 99.95%) and the reference electrode was Ag/AgCl (CH
Instruments, CH111). Each compartment of the cell was filled from the same stock of
electrolyte solution, which was made using Na:SOs or Na:SOs anhydrous, sodium
phosphate monobasic monohydrate, and sodium phosphate dibasic anhydrous (Fisher) in
de-mineralized water. To make 0.1 M Na:SOs4 or 0.1 M Na:SOs and 0.1 M phosphate
buffer solution (pH 6.8), equal parts 0.2 M phosphate monobasic and 0.2 M phosphate
dibasic were mixed and then Na>SOs or Na:SOs was added to the mixture. The pH of the
solution was checked using a bench top pH meter (OAKTON). The pH increased slightly
to 7 when 0.1 M Na:SOs was added to the 0.1 M phosphate buffer (pH 6.8). An
electrochemical analyzer/workstation (CH Instruments CH660D) was used to control the
cell potential. All potentials were converted to the reversible hydrogen electrode (RHE)
scale. For linear sweep voltammetry (LSV) and constant potential measurements the

illumination source was a filtered (Newport, Schott KG3) 100 W xenon lamp (Newport,
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Model 66452). For white light measurements the lamp was positioned to provide
approximately 73 mW cm? irradiation on the film. For visible light measurements an
additional filter (Newport, Cut-on 420 nm) was added to the light source. IPCE
measurements were conducted using a full spectrum solar simulator (Newport, Model
9600, 150 W xenon lamp) with an AM 1.5 filter (Newport) and a motorized
monochrometer (Oriel Cornerstone 130 1/8 m). The monochrometer slit size was
adjusted to 0.75 mm x 2 mm in order to provide between 5 and 160 uW cm™ of
irradiation for wavelengths between 350 and 520 nm. See Appendix B (Figure B.1) for a
typical light power density spectrum used for IPCE measurements. Light power was
measured using a handheld optical power meter with a UV enhanced silicon photo-
detector (Newport, Models 1916C and 818-UV). IPCE values were calculated using the

following equation:
1240 j, (1)

IPCE (1) =

AE; (1)
where j»,(A) is the measured photocurrent density (mA cm™) and E(A) is the incident light
power density (mW cm?) for each wavelength, 4 (nm). UV-vis transmission
measurements were performed on a Cary 5000 spectrophotometer. Transmission-
reflectance measurements were conducted using a Cary 500 spectrophotometer with an

integrating sphere (Labsphere). For Tauc plots the absorption coefficient (@) was

determined by:
- In(lo—Absorbance)
yA

where z is the film thickness. Electrochemical impedance spectroscopy (EIS)
measurements were conducted using the CH Instruments CH660D and the built in
software was used to measure space charge capacitance, Cs (F), vs. applied potential, £

(V). Mott-Schottky plots were created based on ideal semiconductor behavior:*'
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where e is the electronic charge (C), ¢is the dielectric constant of the semiconductor, & is
the permittivity of free space, Nb is the donor density (cm™), Ep is the flat band potential
(V), k is the Boltzmann constant, and T is the temperature (K). Scanning electron
microscope (SEM) images were acquired using a Zeiss Supra 40 VP SEM. X-ray
diffraction (XRD) measurements were taken on a Bruker-Nonius D8 diffractometer. The
Cu Ko radiation source was operated at 40 kV and 40 mA and measurements were
carried out in the 6/20 mode with an incident angle of 5°. X-ray photoelectron
spectroscopy (XPS) measurements were performed on a Kratos AXIS Ultra DLD
spectrometer with Mg Ka radiation. The concentration of Bi, V, Mo, W, O, and C were
calculated from the integrated peak areas obtained after subtracting the background from
each peak using the Shirley method.”” Inductively coupled plasma mass spectrometry
(ICP-MS) measurements were performed using an Agilent 7500ce Quadrupole ICP-MS.
To prepare ICP-MS samples films were dissolved in 3 ml of 20% HNOs (v/v) (Fischer)

inside a 23 ml acid digester vessel at 160°C for 2 hours.
RESULTS AND DISCUSSION
Optimal Synthesis Parameters

Mo and W containing BiVOs films were synthesized with varying deposition
parameters such as the deposition angle, Bi:V:Mo:W atomic ratio, background gas
pressure, and deposition time (film thickness). Evaporation at high angles of incidence,
1.e., glancing angle deposition (GLAD) can be used to control the morphology of the
material being synthesized.”?* Evaporation in vacuum onto a substrate without any
background gas is a form of ballistic deposition. The addition of background gas during

deposition can be used to alter the chemical composition of the material being
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synthesized via a process known as reactive ballistic deposition (RBD).*”** For BiVOs,
we found that ballistic deposition followed by annealing in air to form an oxide resulted
in higher photocurrents than RBD in 5x10° Torr of oxygen followed by the same
annealing conditions. The stoichiometric BiVOs films (Bi/V atomic ratio of 1)
synthesized by ballistic deposition in this study showed much higher photocurrents than
the stoichiometric films deposited by RBD in our previous study.” Unless otherwise
indicated the photoelectrochemical results in this study are for films deposited by ballistic
deposition (no background gas). For these films, the deposition angle had an obvious
affect on the film morphology, but not the photoactivity. Films deposited at normal
incidence (y=0°) had slightly lower photocurrent than films deposited at more glancing
angles, but there was not a significant difference in photocurrent for films deposited at
angles between 45° and 75°. Therefore, a constant deposition angle of y=55° was chosen
for comparing the photoelectrochemical performance of films. SEM images of a film
deposited with a Bi:V:Mo:W atomic ratio of 46:46:6:2 (6% Mo, 2% W) at a deposition
angle of y=55° are shown in Figure 3.2. The images were taken right after deposition
(Figure 3.2a) and after annealing in air at 500°C for 2 hours (Figure 3.2b). For a constant
deposition angle of y=55°, SEM images of films having different Bi:V:Mo:W atomic
ratios appeared the same; i.e., Mo and W incorporation did not change the surface
structure and morphology. SEM images for films grown at different deposition angles are
included in Appendix B (Figure B.4). Several researchers have studied the effect of
deposition angle on materials deposited by ballistic deposition.”***' During the initial
stages of ballistic deposition incoming atoms randomly land on the substrate surface,
creating clusters of topographically elevated points. With continued deposition at high
angles of incidence the topographically elevated points have a self-shadowing effect that

promotes an inclined nanocolumnar structure. As shown in Appendix B, Mo and W
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Figure 3.2. Top view SEM images of a 6% Mo, 2% W BiVOs film deposited in vacuum
at a deposition angle of y=55° (a) as deposited and (b) after annealing in air

at 500°C for 2 hours.
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containing BiVOs films deposited at lower angles of incidence (y=0-25°) had bundles of
nanowires spread over the surface, which can be attributed to surface diffusion and
segregation of bismuth atoms during deposition.*” At higher angles of incidence (y=45-
75°) self-shadowing hindered nanowire growth, resulting in a more directional, columnar
film structure. Nevertheless, some intermittent nanowires were still present on the surface
as can be seen in Figure 3.2a. Upon annealing to 500°C, the finer features of the film
sintered together into slightly larger, irregular crystal structures as shown in Figure 3.2b.
Figure 3.3 shows a cross-sectional view SEM image of a 6% Mo, 2% W BiVO: film
deposited at y=55° and annealed in air at 500°C for 2 hours. The exact film thickness

could not be measured because of the uneven surface structure and protruding wires. The

6%@; Mo, 2% W

", . BiVO,
.IA’\
YA

Figure 3.3. Cross-sectional view SEM image of a 6% Mo, 2% W BiVOs film deposited
in vacuum at a deposition angle of y=55° and annealed in air at 500°C for 2
hours.
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nominal thickness of the film was estimated to be approximately 140 nm, which is the
approximate thickness that resulted in the highest photoactivity.

For individual Mo and W incorporation, films with Bi:V:Mo:W atomic ratios of
47.5:47.5:5:0 (5% Mo) and 48.75:48.75:0:2.5 (2.5% W) had the highest photoactivity.
Figure 3.4a shows the steady-state photocurrent density for films incorporated with
various concentrations of Mo or W under visible and white light illumination in 0.1 M
Na:SOs4 and 0.1 M phosphate buffer solution (pH 6.8) at 1.1 V vs. RHE. For all levels of
incorporation, Mo was more effective than W at improving the photoelectrochemical
performance. Our results for Na2Os and phosphate buffer without a sacrificial reagent are
slightly different from a recent scanning electrochemical microscopy (SECM) study of
Mo and W doped BiVOs arrays that found 6% W resulted in higher photocurrent than 4%
Mo when tested at 0.4 V vs. NHE in 0.1 M Na2SOs and 0.1 M Na:SOs4 under white light
illumination.” The SECM study was supported by DFT calculations that suggested W is
more efficient than Mo at donating electrons to the host lattice. A separate DFT study of
doped BiVOs concluded that under Bi-rich/O-poor growth conditions Mo is a more
promising dopant than W for BiVOs4 because Mo doping does not result in significant
Fermi level pinning while W doping pins the Fermi level ~0.3 V below the conduction
band minimum.* Neither DFT study accounted for all of the factors that can contribute to
PEC water oxidation such as the activity of catalytic sites created by Mo or W
incorporation. Upon annealing above 397-497 °C monoclinic BiVOs adopts a scheelite
crystal structure.'” It was found that scheelites with molybdate defects were slightly better
than those with tungstate defects for selective oxidation and ammoxidation of
propylene.* To rule out differences in catalytic activity for water oxidation we performed
PEC testing of the highest photoactivity Mo and W incorporated BiVOs4 films in 0.1 M

phosphate buffer (6.8) with Na.SOs added as a sacrificial electron donor. In this solution
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Figure 3.4. Steady-state photocurrent density values under visible and white light
illumination (frontside) at 1.1 V vs. RHE in 0.1 M Na:SO4 and 0.1 M
phosphate buffer solution (pH 6.8) for BiVOa films with (a) incorporation of
Mo or W individually and (b) co-incorporation of Mo and W. The atomic %
is relative to the total amount of Bi, V, Mo, and W (excluding oxygen
content). The white light illumination power density was 73 mW cm™.
Error bars represent one standard deviation.

at relatively low potentials (0.4 to 0.8 V vs. RHE) vacuum deposited 2.5% W BiVOs
films showed slightly better photoactivity than 5% Mo BiVOs films, which is consistent

with the SECM study.”® However, at higher potentials the 5% Mo BiVOs films were more

photoactive in both Na:SO4 and Na:SOs. Another factor that contributes to photoactivity
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for PEC water oxidation is the minority carrier diffusion length, which has been shown to
decrease with heavy doping of semiconductor materials.*** At low potentials a decrease
in minority carrier diffusion length in BiVOs would be expected to reduce photoactivity,
but at higher applied potentials increased band bending can help drive minority carriers to
the reaction site at the film-electrolyte interface.

Films with co-incorporation of Mo and W were synthesized with Bi:V:Mo:W
atomic ratios of 46:46:2:6 (2% Mo, 6% W), 46:46:4:4 (4% Mo, 4% W), and 46:46:6:2
(6% Mo, 2% W). The steady-state photocurrent densities for these films under visible and
white light illumination at 1.1 V vs. RHE are shown in Figure 3.4b. Photoactivity
increased along with increasing Mo/W ratio and films with a Bi:V:Mo:W ratio of
46:46:6:2 showed the best performance for PEC water oxidation out of all films tested. In
summary, photoactivity increased according to the following trend: pure BiVO4 < 2.5%
W < 5% Mo < 6% Mo, 2% W. Figure 3.5 shows a comparison of the optimal films with
chopped (dark and white light) linear sweep voltammetry (LSV) scans in (a) 0.1 M
Na2SO4 and 0.1 M phosphate buffer solution (pH 6.8) and (b) 0.1 M Na.SOs and 0.1 M
phosphate buffer solution (pH 6.8). Figure 3.5 shows backside illumination results for the
6% Mo, 2% W BiVOs film only, but backside illumination resulted in higher
photocurrents for all levels of Mo and W incorporation.

When pure BiVOs is illuminated in Na:SOs for long periods of time the
photocurrent tends to decrease as the material photo-corrodes and vanadium dissolves
into solution.’>* For short term PEC scans the Mo and W incorporated films showed
higher stability than pure BiVOs and during the first 1-2 minutes of illumination at
constant potential the photocurrent actually increased. In addition the photoactivity of Mo
and W containing films tended to improve with age after annealing (see Figure B.5 in

Appendix B). This increase in photocurrent ranged from 20% to 50% and leveled off
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conducted in (a) 0.1 M Na2SOs and 0.1 M phosphate buffer solution (pH
6.8) or (b) 0.1 M Na2SOs and 0.1 M phosphate buffer (pH 6.8). The
illumination power density at the film surface was 73 mW c¢m™ and the scan
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after 40 to 80 days of aging. Between measurements the films were simply left in a

plastic container in the laboratory at n

effect when comparing different films, all the previous constant potential and LSV scans

in Section 3.1 were done within 24 hours of annealing. After 1-2 hours of illumination at

16 14 12 10 08 06 04

Potential (V vs. RHE)

ormal atmospheric conditions. To rule out the aging
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constant potential the Mo and W containing BiVOs films remained fairly stable. Figure
3.6 shows an amperometric i-t scan of a 6% Mo, 2% W BiVOs film at 1.1 V vs. RHE in
0.1 M Na:SO4 and 0.1 M phosphate buffer solution (pH 6.8) done 14 days after
annealing. The figure shows an initial increase in photocurrent (Figure 3.6 inset) followed
by a decay. A large portion of the decay seemed to be caused by an electrolyte
concentration gradient and bubble formation at the film surface because most of the
photocurrent could be restored by temporarily blocking the light and flushing the film
surface with fresh electrolyte. Long term there was still a net decrease in photocurrent

that may have been due to photo-corrosion.
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Figure 3.6. Amperometric i-t curve for a 6% Mo, 2% W BiVO:s at a constant applied
potential of 1.1 V vs. RHE in 0.1 M Na>SOs and 0.1 M phosphate buffer
solution (pH 6.8). The film was measured 14 days after annealing.
Backside illumination was used and the power density at the film surface
was 73 mW cm”. At 1800 s the light was blocked and the film surface was
flushed with fresh electrolyte. Material Characterization

X-Ray Diffraction

X-ray diffraction (XRD) measurements were taken immediately after deposition

and after annealing in air at 500°C for 2 hours. Immediately after deposition no peaks
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were observed for V, Mo, or W, but there were peaks for crystalline Bi (PDF#00-044-
1246) and SnO: (PDF#00-046-1088) from the FTO. Interestingly, films deposited by
RBD in 5 x 10° Torr showed higher intensity peaks for crystalline Bi than films
deposited without any background gas. In our previous study we found that Bi was not
reactive towards background oxygen, while V reacted readily to form vanadium oxide.*’
When Bi and V are deposited together in 5 x 10 Torr of oxygen the reaction between V
and oxygen impedes mixing of Bi and V, which increases Bi segregation. After
annealing, all films showed XRD peaks which closely resembled the reference patterns
for monoclinic BiVOs (PDF#00-014-0688) and SnO: (PDF#00-046-1088). Films
deposited by RBD generally showed lower intensity BiVOs peaks and occasionally
showed additional peaks for BisV20u at 28.3° and 32°. Figure 3.7a shows the XRD
pattern for pure, 5% Mo, and 6% Mo, 2% W BiVOs: films deposited by ballistic
deposition along with the reference patterns. Similar to Park et al., we observed merging
of the (2 0 0) peak at 34.5° and (0 0 2) peak at 35.2° into a single peak at 34.9° for 5% Mo
incorporation and for 6% Mo, 2% W co-incorporation.® The merging of peaks was
attributed to a deformation of the scheelite crystal structure from monoclinic to tetragonal
symmetry, which had previously been reported for Mo and W incorporation in a variety
of scheelite-type materials including BiVOa.* Figure 3.7b shows that for 2.5% W
incorporation only partial merging of the peaks occurred. At 5% W the two peaks had
fully merged at 34.9°, but an additional peak appeared at 24°, which matches the strongest
peak in the reference pattern for WOs (PDF#00-041-0905). This implies that phase
segregation begins to occur when ballistic deposition is used to incorporate more than
2.5% W into BiVOs, and this may be another factor contributing to the decrease in

photocurrent for higher amounts of W incorporation above 2.5% (see Figure 3.4a).
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Figure 3.7. (a) XRD spectra for pure, 5% Mo, and 6% Mo, 2% W BiVOswith JCPDS
peak intensities and locations plotted below the data for monoclinic BiVO4
(PDF#00-014-0688) and SnO2 (PDF#00-046-1088. (b) XRD spectra for
2.5% W and 5% W BiVOs with the highest intensity JCPDS peak for WO3
(PDF#00-041-0905) labelled at 24°.  In both (a) and (b) the * symbol
indicates a single peak at 34.9° after Mo and W incorporation rather than
two peaks at 34.5° and 35.2° for pure BiVO4

Transmission-Reflectance and Electrical Impedance Spectroscopy

Initially, we measured the Mo and W incorporated BiVOs films using UV-vis
transmission spectroscopy, but the spectra showed absorption tails that extended to

energies as low as 2.0 eV. This was most likely caused by diffuse scattering off the

58



irregular surface structure of the films (see SEM images in Figures 3.2 and 3.3). In order
to obtain more accurate absorption spectra we measured the films using transmission-
reflectance spectroscopy with an integrating sphere to capture all of the light. The
absorption data was converted to a Tauc plot (see Figure 3.8) with the assumption that the
BiVO: films had a direct band gap.”” Regardless of the amount of Mo and W
incorporation, all of the films had approximately the same x-axis intercept of ~2.5 eV
from extrapolation of the linear portions of the curves. This value is in line with a band
gap of 2.4-2.5 eV reported for BiVOs synthesized by other techniques indicating that Mo

and W incorporation does not alter the band gap of BiVQa.'***"*
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Figure 3.8. Tauc plots for BiVOs films with varying atomic percentages of Mo and W
calculated from transmission spectroscopy data.

We performed electrochemical impedance spectroscopy (EIS) measurements to
better understand the effect of Mo and W incorporation on carrier concentration. Mott-
Schottky plots for pure BiVO4 and 6% Mo, 2% W BiVOs films are included in Appendix
B (Figure B.6). The slopes of the plots indicate that the flat band potentials are in the

range of 0.0 - 0.05 V vs. RHE for pure BiVOs and 0.12 - 0.15 V vs. RHE for 6% Mo, 2%
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W BiVOsa. The plot for 6% Mo, 2% W BiVOs4 has a lower slope, which is expected for a
higher carrier concentration or doping level (Np).”' It should be noted that nanostructure
has a significant impact on the impedance behaviour of a material.**** EIS was used for
comparison of the pure and 6% Mo, 2% W BiVO: films because they appeared to have

the same surface structure and morphology when viewed by SEM.

X-ray Photoelectron Spectroscopy and Inductively Coupled Plasma Mass
Spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were taken to verify the
concentration and oxidation states of elements in the films and to help understand the
increase in photocurrent with age after annealing. The XPS data for a single 6% Mo, 2%
W BiVO:s film taken both one day and 41 days after annealing is shown in Table 3.1 and
Figure 3.9. Additional XPS spectra are included in Appendix B (Figure B.7). One day
after annealing, the binding energy locations for the peaks were at 159.0 eV for Bi 4f 7/2,
516.8 eV for V 2p 3/2, 529.9 eV for O 1s, 232.2 for eV Mo 3d 5/2, and 35.1 eV for W 4f
7/2, which corresponds to oxidation states of Bi*", V°*, O*, Mo®", and W*">' The XPS
measured Bi:V:Mo:W atomic ratio of 41:50:3.8:5.5 did not match up with the expected
ratio of 46:46:6:2 based on QCM measurements prior to starting deposition. We could
not use XPS to accurately measure below the surface because the films where
nanoporous and the argon sputter etch gun on the XPS instrument was mounted with an
incident angle of 45° so even after sputter etching a considerable amount of surface
remained exposed to the x-rays. To verify the bulk composition we dissolved a film in
acid and used inductively coupled plasma mass spectroscopy (ICP-MS) to measure the
concentration of cations in the solution.The ICP-MS measured atomic ratio was
46.6:45.8:6.0:1.6, which closely matched the QCM measurements indicating that the

surface concentration was different from the bulk material. Mo and W have similar
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atomic radii, but W may be more likely to segregate. As observed in by XRD, W began
to segregate out of BiVO4 and form WOs at concentrations higher than 2.5%. Mo and W
incorporation may have caused a reduction in the oxidation state of Bi or V below the
surface, which also could not be detected by XPS surface measurements. For the repeat
measurement 41 days after annealing, the peaks were at same binding energy locations
(within = 0.1 eV) but the FWHM of the V 2p 3/2, Mo 3d 5/2, and W 4f 7/2 peaks had
decreased slightly. In addition the O 1s peak developed a shoulder between 531 and 535
eV (see Figure 3.9). XPS measurements for 2.5% W BiVOs and 5% Mo BiVOs also
showed a slight decrease in the FWHM for the V 2p 3/2, Mo 3d 5/2, and W 4f 7/2 peaks
and development of a shoulder on the O 1s peak. Surface science studies of other metal
oxides such as MgO and TiO: have demonstrated that dissociative water adsorption can
lead to a high binding energy shoulder at ~532 eV on the O 1s peak.”>” It can be
attributed to the oxygen in hydroxyls binding at defect sites.”* The development of the
shoulder on Mo and W incorporated BiVOs films is noteworthy because it suggests that
the Mo and W incorporated BiVOs films have surface defects or O vacancies. These
surface defects might be passivated over time reducing the number of electron-hole traps
on the surface and improving the photoactivity for PEC water oxidation. Passivation of
surface defects may also occur when the films are held at a positive potential in solution
leading to the initial increase in photocurrent observed during amperometric i-t scans (see

Figure 3.6 inset).
1 day after annealing

Element Peak BE [eV] FWHM Atomic %
Bi Bi4f7/2 159.0 0.87 41

A" V2p3/2 516.8 1.13 50

Mo Mo 3d 5/2 232.2 1.18 3.8

W W 4£7/2 35.1 0.84 5.5

41 days after annealing

Element Peak BE [eV] FWHM Atomic %

61



Bi Bi4f7/2 159.1 0.87 43

A% V 2p 3/2 516.8 1.09 47
Mo Mo 3d 5/2 232.3 1.11 4.0
W W 4f7/2 35.2 0.81 6.0
Table 3.1.  XPS data for 6% Mo, 2% W BiVOs film taken 1 day and 41 days after
annealing.
—— 1 day post anneal
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Figure 3.9. XPS spectra for a single 6% Mo, 2% W BiVOus film taken 1 day and 41 days
after annealing, which shows the development of a shoulder on the O 1s
peak.

PHOTOELECTROCHEMICAL PERFORMANCE

It has been suggested that poor charge transport is a major limiting factor for the
photocatalytic activity of BiVOs based materials.”*>> Poor charge transport in BiVOs can
lead to electron-hole recombination in the bulk material, across particulate networks, and
at the BiVOs-FTO interface.”*>*” One way to improve charge transport through the bulk
BiVOs material is with incorporation of impurities such as Mo and W. Experimental data
from Hoffart et al. showed that 5% Mo doped BiVOs4 had a total conductivity at least an
order of magnitude higher than BiVOa at 600 °C.*® DFT calculations suggest that doping
Mo and W into BiVOs results in better separation of the excited electron-hole pairs and

enhanced charge carrier mobility.® Recombination across particulate networks can be
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overcome by synthesis techniques that result in a film with a continuous conduction path
from the film surface to the FTO, such as ballistic deposition at a deposition angle of
v=55°. As shown in the cross-sectional SEM images (Figure 3.3), the 6% Mo, 2% W
BiVO:s films were composed of continuous columns that extend all the way to the BiVOs-
FTO interface. The pores between columns allow the electrolyte to penetrate deeply into
the film reducing the cumulative charge transport length between the location of electron-
hole generation and the BiVOs-electrolyte interface. Problems with recombination near
the BiVO4-FTO interface can be assessed by comparing frontside illumination (light
source facing the electrolyte-BiVOs interface) with backside illumination (light source
facing the BiVO4+-FTO interface). When a semiconductor film is irradiated the higher
energy wavelengths will usually be absorbed at shorter depths; i.e., closer to the light
source. Thus, for backside illumination the higher energy electron-hole pairs will be
generated closer to the film-FTO interface. If recombination at the film-FTO interface is
a major problem then backside illumination should lead to lower IPCE values than
frontside illumination for higher energy wavelengths in the range of 350-425 nm (the
FTO rather than the film will likely absorb light wavelengths below 350 nm). This
behavior has been observed for a-Fe:0s films, which appear to have excessive electron-
hole recombination near the film-FTO interface.”* For pure and Mo and W incorporated
BiVOs4 we observed higher overall photocurrent densities and IPCE values for backside
illumination compared to frontside for nearly all wavelengths of light including 360-425
nm. The frontside and backside illumination chopped LSV scans for a 6% Mo, 2% W
BiVOeu film are included in Figure 3.6 and the IPCE values are included in Figure 3.10.

The higher IPCE values for backside illumination for nearly all wavelengths of light

suggests that recombination at the BiVO4-FTO interface is not the most significant
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Figure 3.10. IPCE measurements conducted at (a) 1.1 V vs. RHE and (b) 1.6 V vs. RHE
in 0.1 M Na:SOs and 0.1 M phosphate buffer solution (pH 6.8) with white
light illumination (frontside and backside). The films were pure BiVOs, 6%
Mo, 2% W BiVOs4, and 6% Mo, 2% W BiVOs with Pt photo-deposited on
the surface. The error bars represent one standard deviation.

limiting factor for the photoactivity. Moreover, the results reveal another unique aspect of
Mo and W containing BiVOs films synthesized by ballistic deposition. The lower
photocurrent densities and IPCE values for frontside illumination are most likely caused
diffuse scattering of incident light by the uneven surface structure at the electrolyte-

BiVO:s interface, which blocks light from being absorbed. For backside illumination, light

Wavelength (nm)
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is not diffusely scattered until it travels all the way through the film, and some of this
light will actually be scattered back into the film giving it another chance at being
absorbed. To verify this we conducted frontside and backside illumination PEC tests on a
6% Mo, 2% W film. Then we brushed the front of the film with a clean latex glove to
remove some of the irregular surface structure and repeated the frontside and backside
measurements. After brushing the film surface the photocurrent density increased for
frontside illumination but decreased for backside. In addition, SEM images reveal fewer
wires and intermittent features protruding out of the film surface after it was brushed.
Chopped LSV scans, SEM images, and UV-vis absorbance spectra for the brushed film
are included in Appendix B (Figures B.§8, B.9, and B.10).

Even after addressing the poor charge transport issues associated with BiVOs,
another significant limiting factor remains. As demonstrated by the chopped LSV scans
in Figure 3.5, both pure and Mo and W containing BiVOs films suffered from slow water
oxidation kinetics and recombination at the surface (electrolyte-BiVOs interface). Pure
BiVOs did not show a significant increase in photocurrent until potentials were more
positive than 1.0 V vs. RHE, which is well beyond the estimated flat band potential of 0.0
- 0.05 V vs. RHE. Mo and W incorporation improved the onset potential slightly and
resulted in a steeper slope for the white light portion of the chopped LSV, but the
photocurrent still did not reach saturation, even at potentials more positive than 1.23 V
vs. RHE where water oxidation is thermodynamically possible even without illumination.
One method for overcoming the slow kinetics and surface recombination of BiVOs is
with the addition of an electrocatalyst. Ye et al. recently conducted an SECM study of W
doped BiVOs comparing the effectiveness of different electrocatalysts including IrOx, Pt,
C0304, and cobalt-phosphate (Co-Pi).*! Other groups recently explored the use of Co-Pi

on doped BiVOs films.®** Of these catalysts Pt and Co-Pi appeared to be the most
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effective. Optically transparent Pt layers can be photo-deposited onto semiconductor
films using a variety of solutions containing H2PtCls*"*>* As a final test of the 6% Mo,
2% W BiVOs film, we photo-deposited a layer of Pt onto the surface by immersing it in a
solution of 10 mM H:PtCls and 0.2 M methanol under backside illumination. The IPCE
values and chopped LSV scans for this film are included in Figures 3.10 and 3.11. The
chopped LSV scans for 6% Mo, 2% W BiVOs with Pt show a sharp increase in anodic
photocurrent at 0.6 V vs. RHE. Between 0.6 and 1.23 V vs. RHE the photocurrents are
drastically higher than for the film without an electrocatalyst in Na.SOs. The photocurrent
for the film with Pt photo-deposited on the surface in Na.SOs was only about 10% lower
than the photocurrent observed for the film without an electrocatalyst in Na2SOs solution,
which can be used to estimate the obtainable photocurrent after overcoming the slow
kinetics of water oxidation. In addition, the IPCE values for the film with Pt were much
higher than for the film without an electrocatalyst (Figure 3.10). The 6% Mo, 2% BiVOs4
film with Pt photo-deposited on the surface had IPCE values above 37% at 1.1 V vs.
RHE and above 50% at 1.6 V vs. RHE for light wavelengths between 360 and 450 nm.
Integration of the IPCE values over the AMI1.5 solar spectrum results in current densities
of 1.7mA cm™ at 1.1 V vs. RHE and 2.3 mA c¢cm™ at 1.6 V vs. RHE, which is on par with
other benchmark materials used for photoelectrochemical water oxidation."*” Previously
it was reported that drop-cast BiVOus films with Pt photo-deposited remained stable for at
least 6 hours.®’ Our vacuum deposited 6% Mo, 2% W BiVOu with Pt did not appear to be
stable when illuminated in electrolyte for long periods of time and the use of Pt would not
be ideal in a large scale water splitting system since Pt is a rare metal. Nevertheless, these
PEC results show the potential of Mo and W incorporated BiVOs films when combined
with a suitable electrocatalyst material. After we completed our study J.A. Seabold et al.

demonstrated that photo-deposited FEOOH is a highly active and stable water oxidation
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catalyst for pure BiVO4.®® It would be interesting to test Mo and W incorporated BiVOa

films with additional electrocatalysts such as FeOOH.

0.04

AN

-0.5

-1.0

-1.5] L

2.0 || U

L — no electrocatalyst (Na,SO,)

-2.51 —— wiith Pt (Na,SO,) :

30 — no electrocatalyst (Na,SO,)

18 16 14 12 1.0 08 06 04
Potential (V vs. RHE)

Current Density (mA cm'z)

Figure 3.11. Chopped (dark and white light) LSV scans for a 6% Mo, 2% W BiVOs4 film
without an electrocatalyst and with Pt deposited on the surface in 0.1 M
Na2S0s4 and 0.1 M phosphate buffer solution (pH 6.8). LSV scans (dark and
white light) for a 6% Mo, 2% W Bi1VOus film without an electrocatalyst in
0.1 M Na:SOs and 0.1 M phosphate buffer solution (pH 6.8). Measurements
were conducted with backside illumination at 73 mW cm™ and a scan rate of
0.025Vs™.

Conclusions

We have incorporated Mo and W into porous, nanostructured BiVOs films to
improve the performance for photoelectrochemical (PEC) water oxidation. For ballistic
deposition of Bi, V, Mo and W at a deposition angle of 55° the optimal levels for
individual incorporation were 2.5% W BiVOs and 5% Mo BiVOs, which resulted in
photocurrent densities that were 7 and 8 times higher than for pure BiVOs, respectively.
Further improvement was observed for co-incorporation of Mo and W. The optimal level
for co-incorporation was found to be 6% Mo, 2% W BiVOs which had photocurrent

densities that were 10 times higher than for pure BiVOs and higher than has been
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previously reported for Mo and W incorporated BiVOa4. The 6% Mo, 2% W BiVOs films
remained fairly stable throughout photoelectrochemical testing and improved in
performance with age. The films consisted of a porous, nanocolumnar layer beneath an
irregular surface structure that scattered light. Backside illumination could be used to
reflect some of this scattered light back into the film for utilization, which resulted in 30-
45% higher photocurrent densities than frontside illumination. The films showed some
kinetic limitations for the water oxidation reaction as the maximum photocurrent
densities could only be achieved at potentials well positive of the flat band potential. This
was overcome by photo-deposition of Pt onto the surface as an electrocatalyst. For 450
nm light the 6% Mo, 2% W BiVOs film with Pt on the surface achieved quantum
efficiencies of 37% at 1.1 V vs. RHE and 50% at 1.6 V vs. RHE. However, the films with
Pt did not show long term stability and continued research is needed to optimize the
photoactivity and stability of BiVO4 based materials for us in a practical water splitting

system.
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Chapter 4: Screening of Transition and Post-Transition Metals to
Incorporate Into Copper Oxide and Copper Bismuth Oxide for
Photoelectrochemical Hydrogen Evolution

INTRODUCTION

In theory, efficient photoelectrochemical (PEC) water splitting to produce
hydrogen and oxygen by solar irradiation of a semiconductor material in water is an ideal
method for renewable energy production. When it is produced by solar energy hydrogen
is a carbon neutral fuel with no harmful combustion products. Less than 1% of the sun’s
incident power and only about 2x10° % of the earth’s ocean water is required to produce
enough hydrogen to meet the current world power demand using solar energy.' In
practice, economical hydrogen production by PEC water splitting remains a tremendous
challenge. We have not yet discovered a semiconductor material that demonstrates high
solar-to-hydrogen (STH) efficiency, remains stable in electrolyte indefinitely, and is
composed of abundant elements. For this reason the identification of new materials is
crucial to the advancement of PEC water splitting. The first economical PEC water
splitting system will likely be a multi-component device, such as a tandem PEC cell
which utilizes both a p-type photocathode and n-type photoanode, since multi-component
devices allow for higher theoretical efficiencies.””

Several p-type semiconductor materials with reasonable STH efficiencies (>5 %)
have already been discovered. In 1982 p-InP (Rh-H alloy) and p-InP (Re-H alloy)
photocathodes were tested for the photo-reduction of hydrogen with solar-to-chemical
efficiencies calculated at 13.3 % and 11.4 %, respectively.” p-Si, when coated with
electrocatalysts such as discontinuous Pt islands, can also achieve relatively high
efficiencies for photo-reduction reactions.”® Recently, attempts have been made to

improve p-Si further by altering the nanostructure. For example nanoporous black silicon
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photocathodes showed IPCE values around 90% in 0.5 M H>SO4 at -1.0 V vs. Ag/AgCl (-
0.8 V vs. RHE) for 500 to 700 nm light.” Thin film photovoltaic materials such as
CuGaSe: (CGS) and Cu(In,Ga)Se: (CIGS) have also shown reasonably high efficiencies
when used as photocathodes. CuGaSe: achieved a photocurrent of 10.5 mA/cm” in 0.5 M
H2S04 at -0.9 V vs. SCE (-0.7 V vs. RHE) under AM1.5 illumination."® Cu(In,Ga)Se:
with Pt as an electrocatalyst achieved a quantum efficiency of 19% at -0.24 V vs. RHE."
There is one major shortcoming with all of the previously mentioned p-type materials.
They all require a large negative bias to reach the limiting photocurrent. In some cases
the potential applied is even more negative than the thermodynamic H™ reduction
potential, which defeats the purpose of using light to drive the hydrogen evolution
reaction (HER). The addition of precious metals such a Pt helps, but the maximum
cathodic photocurrent is still not achieved until potentials more negative than 0.4 V vs.
RHE. This makes these materials less useful for a tandem PEC device because the
overlap in photocurrent of both the photocathode and photoanode at a single potential
determines the operating current of such a device.*

Two alternative p-type semiconductor materials that have much more positive
cathodic photocurrent onset potentials are CuO and CuBi20s. CuO is reported to have a
band gap energy between 1.35 and 1.7 eV.'”'® It has been shown to have an onset
potential near 0.28 V vs. SCE in 0.25 Na2SOs at pH 6.72 (0.9 V vs. RHE) and is capable
of reaching photocurrents on the order of 1 mA/cm®."” Unfortunately, the electrochemical
potential for the reduction of CuO to Cu20 in aqueous solutions is less negative than both
the potential for proton reduction and the conduction band of CuO, which makes the
material highly unstable in aqueous electrolytes under illumination.'”'® Moreover, the
potential for reducing Cu20 to pure Cu is more positive than both the potential for proton

reduction and the conduction band of Cu20 so it is also unstable.”® On the other hand,
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CuBi20s has been reported to be stable as an electrode.”” It has a light absorption
threshold between 1.55 and 1.8 eV and a cathodic photocurrent onset between 1.0 and 1.1
V vs. RHE."”** However, the photo-conversion efficiency of CuBiOs appears to be low
and it may not be stable for all synthesis techniques.” If the stability of CuO and the
efficiency of CuBi20s can be improved then these materials show promise for use as
photocathodes in a tandem PEC device. One method for improving the stability and
efficiency of materials for PEC water splitting is through incorporation of additional
elements or doping.”'** This paper describes a combinatorial chemistry study of transition
and post-transition metals for incorporation into CuO and CuBi20s to improve the PEC
performance for photo-reduction reactions.

Combinatorial chemistry is a methodology that involves rapid synthesis of a large
number of related molecules or materials, which can be screened for a specific
application. It is often referred to as high-throughput screening. Pioneering work in
combinatorial chemistry began in the 1960’s with automated synthesis of peptides and
continued research in the field of drug discovery.””** Combinatorial chemistry wasn’t
applied to materials research until the 1990°s, when it was used to investigate large
magnetoresistance materials, luminescent materials, heterogeneous catalysts, and
polymer thin-films.””?* Even more recently, combinatorial techniques have been applied
to the field of photocatalysis and photo-electrochemistry. Lettmann et al. were the first to

report a combinatorial technique for investigating photocatalysts in 2001.%

They used a
sol-gel method to dope TiO2, SnO2, and WOs with various metal salts and assessed the
photocatalytic activity for water purification by measuring the degradation of a model
pollutant (4-chlorophenol) under illumination. Since then other research groups have

demonstrated a variety of techniques for high-throughput screening of photocatalytic

materials. Nakayama et al. used molecular beam epitaxy (MBE) combined with a mask to
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deposit TiO: films doped with cobalt.’* The photocatalytic activity was assessed by
reducing ferric ions and oxidizing water resulting in an increase in protons that were
detected by 2-dimensional pH measurements.** Jaramillo et al. used automated
electrochemical deposition to create libraries of mesoporous ZnO and varying
composition ZnixCoxO thin films, which were measured using a photo-electrochemical
cell with a moveable probe.””® Goldsmith et al., synthesized heteroleptic iridium
complexes using a variety of precursor solutions.”” The complexes were placed in vials
containing triethanolamine (TEOA) as the sacrificial reductant and illuminated while
measuring H> production with a hydrogen sensor. Dai et al., mixed a variety of metal
nitrate solutions with a TiCls precursor solution and silica to synthesize doped TiO: on
SiO2 supports.”® They reacted 1,6-hexamethylenediamine with fluorescamine, measured
the fluorescence, and correlated it to the photocatalytic activity of each material. Arai et
al. developed an automated system for dispensing precursor solutions onto FTO glass for
material synthesis by metal organic decomposition (MOD)." Photoactivity was tested in
a 3-electrode PEC. Seyler used the sol-gel method to make photocatalyst materials and
measured the hydrogen production under illumination using gas chromatography.” Other
researchers have used inkjet printers to synthesize mixed-metal oxide arrays on FTO
followed by PEC testing in 2 and 3-electrode PEC cells.”***" Lee et al. dispensed metal
nitrate precursor solutions with a single piezoelectric dispenser onto FTO.* The FTO was
annealed creating mixed metal oxide arrays, which were scanned by placing them in a 3-
electrode cell and using a scanning electrochemical microscope (SECM) to raster a fiber
optic tip across the surface while measuring the photocurrent. This approach has been
used successfully to identify several high photoactivity n-type materials such as Sn/Ti
doped Fe:03, W doped BiVOs and Mo/W doped BiVOs for use as photoanodes.**” We

have taken a similar approach and developed a new array dispenser and scanner system
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capable of screening arrays with a larger number of chemical components at a much
faster rate. More details of the array scanner and dispenser system are given in the

Experimental section below.
EXPERIMENTAL

Array Dispenser and Scanner System

Figure 4.1 shows a schematic of the array dispenser that we developed and used
for this study. The array dispenser consisted of a printhead assembly (MicroFab,
PHO046H-AT), which held up to four 2-ml fluid reservoirs and four piezoelectric
microdispensing devices (MicroFab, MJ-AT-01-80). The pressure in each reservoir was
varied by a pneumatic controller (MicroFab, CP-PT4), which was connected to a vacuum
/ pressure pump (Thermo Scientific, 420-1901). Each reservoir contained a precursor
solution that was fed to one of the four microdispensing devices. The printhead assembly
was mounted on a 3-dimensional positioner (CH Instruments). The positioner and
microdispensing devices were connected to a 3-dimensional positioner controller / piezo
jet device controller (CH Instruments, 1560A), which was connected to a standard PC
and user workstation. CH Instruments software was used to control the array dispenser
system. Each microdispensing device had an orifice diameter of 80 um and was capable
of dispensing individual drops in the range of 150 to 350 pL depending on the solvent
used for the precursor solution and the voltage pulse applied. Based on measurements of
the mass dispensed we estimate that the drop size varied by approximately £14% from
device to device when using the same voltage pulse. To create an array, varying amounts
of each precursor solution was dispensed in a pattern on a hydrophobic fluorine doped tin
oxide (FTO) substrate. To make the FTO substrates hydrophobic they were cleaned and
sonicated in reagent alcohol (PHARMCO-AAPER, 99.5 %), soaked in 3:50
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dichlorodimethylsilane (ACROs, 99+ %) : n-hexane (ACROS, 95%), rinsed in n-hexane,
and then heated at 60 °C in a vacuum oven for 1-2 hours. Arrays were dispensed onto the
cleaned FTO substrates, which were placed in a vacuum oven at 80 °C for 15 minutes to

flatten the spots for adherence and then annealed at 500 °C for 2 hours to form mixed

Vacuum / Pressure
Pump

3-Dimensional
Positioner Controller
/
Piezo Jet Device
Controller

— FTO Substrate
[— Printhead Assembly

metal oxides.

Pneumatics
Controller

Figure 4.1. Schematic of array dispenser.

Figure 4.2 shows a schematic of the array scanner that we developed. It consisted
of a Teflon 3-electrode electrochemical cell with the array in the bottom as the working
electrode (WE), a platinum wire (Alfa Aesar, 0.6 mm diameter, 99.95 % purity) counter
electrode (CE), and a Ag/AgCl (CH Instruments, CHI111) reference electrode (RE). The
electrochemical cell was filled with an electrolyte and connected to an electrochemical
analyzer (CH Instruments, CHI601D). A polished optical fiber with a 400 pum diameter
core (Thorlabs, BFH48-400) was used to illuminate the array during scans. One end of

the fiber was illuminated with a 100 W xenon lamp (Newport, Model 66452) with a filter
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(Newport, Schott KG3) and the fiber tip at the opposite end was held in electrolyte
approximately 150 um above the array by a 3-dimensional positioner (CH instruments).
A custom LabVIEW program was used to control both the electrochemical analyzer and
3- dimensional positioner. During a scan the electrochemical cell was held at a constant
potential and the optical fiber tip was rastered over the array at a rate of 250-500 pm/sec
while the current was recorded through a data acquisition (DAQ) board (National

Instruments, USB-6009).

3-Dimensional
Positioner Controller

Optical Fiber

Pt Wire (CE)

Array (WE) Ag/AgCl (REF)

Figure 4.2. Schematic of array scanner.

Array Synthesis and Measurement Parameters

For this study, 22 different metals (Ag, Cd, Zn, Al, Ga, In, La, Sc, Y, Sn, Ti, Zr,
Nb, Ta, V, Cr, Mo, W, Mn, Co, Fe, Ni) were dispensed along with Bi and Cu onto arrays.
Each precursor solution consisted of a metal ion dissolved at a concentration of 0.15 M in
ethylene glycol. Metal nitrates (AgNOs;, Cu(NOs):xH20, Cd(NOs)2-4H20,
Zn(NOs)2'xH20, AI(NOs3);xH20, Ga(NOs)3xH20, In(NOs);'xH20, La(NOs):2:6H20,
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Ga(NOs)3xH20, Y(NOs3);xH20, Bi(NOs);xH20, Cr(NOs);xH.0, Mn(NOs)2:xH20,
Co(NOs)2:6H20, Fe(NOs)3'9H20, Na2NiOs-6H20) were dissolved in ethylene glycol
(ACROS, 99+%). Metal chlorides (SnClsxH20, TiCls, ZrCls, NbCls, TaCls, VCls) were
dissolved in anhydrous ethylene glycol (Sigma-Aldrich, 99.8%) inside a glove box.
(NH4)sM07024-4H20 and (NH4)10W12041-5H20 were dissolved in ethylene glycol (Fischer,
certified). A complete list of chemical suppliers and purities is included in Appendix C.

For the initial screening we dispensed and scanned 22 different 19 x 19 Bi-M-Cu
arrays on 3 cm x 3 cm FTO substrates (Hartford Glass, TEC15, 2.3 mm thick) according
to the pattern shown in Figure 4.3. Dispensing was done with a spot spacing of 550 - 650
um, pulse amplitude of 90 V, pulse width of 25 ps, and pulse period of 10 ms. Each spot
consisted of a total of 18 drops (18 voltage pulses) with varying amounts from each
precursor solution allowing concentration increments of 5.6 %. The arrays consisted of a
repeat pattern (symmetric across the diagonal) so that the 153 unique Bi:M:Cu atomic
ratios could be scanned twice with a single array. The corners were pure components (18
drops of a single precursor solution) and four pure Cu spots were placed in the
upper/lower left corner as standards (Cu oxide standard). The spot with an atomic ratio of
Bi:M:Cu=12:0:6 in the diagonal of the array was also used as a standard (Bi-Cu oxide
standard). With the above settings it took 16 minutes to complete a 19 x 19 Bi-M-Cu
array (6786 dispensed drops).

Initial scans were done at a constant potential of -0.1 V vs. Ag/AgCl in 0.1 M
Na:SOs (pH 5.9) with an optical fiber tip scan rate of 300 - 500 um/sec without purging
the electrolyte with nitrogen. After the initial 19 x 19 Bi-M-Cu array screening we
designed fine increment Bi-M-Cu arrays for the metals that showed acceptable photo-
activity relative to the Cu oxide and Bi-Cu oxide standards. Example patterns are shown

later in the Results and Discussion. These arrays were dispensed onto 1.5 cm x 1.5 cm
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substrates using a spot spacing of 1000 um, pulse amplitude of 90 V, pulse width of 25
ps, and pulse period of 10 ms. Each spot consisted of a total of 36 drops for concentration
increments of 2.78 %. Before each fine increment scan the electrolyte was purged for 15
minutes with nitrogen (Matheson). Next the electrochemical cell was covered with a
silicone elastomer tent and nitrogen was allowed to continuously flow through the tent
over the electrolyte. These scans were done at constant potential of -0.1 V vs. Ag/AgCl in

0.1 M Na:SOs4 (pH 5.9) with an optical fiber tip scan rate of 250 um/sec.

Materials Scale-up and Characterization

After completing the array scans the most photo-active Bi:M:Cu atomic ratios
were used to make scaled-up films for materials characterization and PEC testing. Pre-
cursor solutions were mixed in the desired Bi:M:Cu atomic ratios and diluted to 30 mM.
Next 150 pL of the 30 mM pre-mixed solutions were drop-cast onto 1.5 x 1.5 cm
substrates that had been cleaned and sonicated with reagent alcohol (PHARMCO-
AAPER, 99.5 %). The drop-cast films were dried in air at 120 °C for 1 hour and then
annealed in air at 500°C for 2 hours. PEC measurements of the scaled-up films were done
using a 3-electrode PEC cell, electrochemical workstation/analyzer (CH Instruments
660D), and a full spectrum solar simulator (Newport, Model 9600, 150 W xenon lamp)
with an AM 1.5 filter (Newport). The film was the WE, a Pt wire (Alfa Aesar, | mm
diameter, 99.95%) was the CE, and the RE was a Ag/AgCl electrode (CH Instruments,
CH111). Electrolyte solutions were prepared using Na:SO4, sodium phosphate monobasic
monohydrate, sodium phosphate dibasic anhydrous (Fisher), and de-mineralized water.
Non-aqueous solutions containing Nal (Fisher) and I> (Fisher, crystalline, 99.99+%) in

acetonitrile (Fisher, ACS) were also prepared. Potentials were converted to reversible
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hydrogen electrode (RHE) and normal hydrogen electrode (NHE) for aqueous and non-
aqueous solutions, respectively. X-ray diffraction (XRD) measurements were taken on a
Bruker-Nonius D8 diffractometer. The Cu Ka radiation source was operated at 40 kV
and 40 mA and measurements were carried out in the 6/20 mode with an incident angle
of 1°. UV-vis transmission measurements were done on a Cary 5000 spectrophotometer.
Scanning electron microscope (SEM) images were acquired using a Zeiss Supra 40 VP
SEM. Energy dispersive X-ray spectroscopy (EDS) was performed using a Quanta FEG
650 SEM with a Bruker XFlash 5010 EDS detector. X-ray photoelectron spectroscopy
(XPS) measurements were performed on a Kratos AXIS Ultra DLD spectrometer with
Mg Ka radiation. Hydrogen measurements were done using a 3-electrode cell with the
film as the WE in a sealed compartment and an evacuated port for gas collection. Prior to
measurements the cell was purged with Ar (PRAXAIR). The cell was controlled using an
electrochemical analyzer (CH Instruments Model 630) and illuminated with a 100 W
xenon lamp (Newport, Model 66452). Gas samples were collected using a syringe and
immediately injected into a gas chromatograph (GC) (SHIMADZU, CG-2014). Pt was
deposited onto the surface of some films as an electrocatalyst. This was done by holding
the films in 10 mM H:PtCle*6H20 (Alfa Aesar, 99.95%) and 0.1 M phosphate buffer (pH
6.8) at 0.0 V vs. Ag/AgCl until a total charge of 10 mC/cm” had passed.

RESULTS AND DISCUSSION

Photoactive M-Cu Oxides and Bi-M-Cu Oxides

From the array scans we found that 10 of the 22 transition and post-transition
metals (M) formed a M-Cu oxide compound with higher photocurrent than the Cu oxide
standard. For each M we determined the most photoactive M:Cu atomic ratio by

averaging the results from three to six different fine increment arrays (2.78 %
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concentration increments). Figure 4.4 shows a Pareto plot of the most photoactive M:Cu
atomic ratios for each M. Photocurrent percent difference values were calculated from the
M-Cu oxide and the Cu oxide standard on a single array. In Figure 4.4 each point is the

average of at least three different arrays while the vertical bars are the minimum and

maximum.
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Figure 4.4. Pareto plot of the percent difference in photocurrent of the M-Cu oxide
compounds from the Cu oxide standard. Each point is the average of at least
three arrays while the vertical bars are the maximum and minimum. Arrays
were scanned in 0.1 M Na2SOs (pH 5.9) at a potential of -0.1 V vs. Ag/AgCl

(0.45V vs. RHE).

To our knowledge this is the first direct comparison of these M-Cu oxide
compounds for PEC performance using a single measurement apparatus. In the literature
few reports of Cu based ternary oxide materials for photo-reduction reactions exist. Trari
et al. demonstrated H> evolution from illumination of CuYO: in electrolyte solutions
containing S* or SOs” species, but did not compare CuYO: with other Cu oxide

compounds.* Saadi et al. compared H: evolution from p-type spinel materials of the form
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CuM:04 (M = Al, Cr, Mn, Fe and Co) in 0.025 M S* / 1 M KOH and found that CuC0204
was the most photoactive of these materials.*’ Mor et al. fabricated CuO rich p-type Cu-
Ti-O nanotubes as the photocathode material in a photoelectrochemical diode, but they
did not investigate different Ti:Cu ratios or incorporation of other metals besides Ti.*
From our results we found that the most photoactive M-Cu oxide materials were
composed primarily of Cu (at least 72.2% Cu metals basis). The five most effective
metals (Cd, Zn, Sn, and Co) for improving photoactivity compared to the Cu oxide
standard are all capable of forming monoxides (CdO, ZnO, SnO, CoO, and NbO) which
may allow for easier substitution into CuO, although they form different monoxide
crystal structures on their own. CuO forms a monoclinic crystal system, CdO and CoO
are cubic, ZnO is most commonly hexagonal (Wurzite) but also cubic, SnO is tetragonal,
and NbO has a cubic structure similar to rock salt.

We synthesized scaled-up films by drop-casting and performed materials
characterization to determine if incorporation of these metals altered the crystal structure
from that of CuO. The XRD spectra for drop-cast Cu, Cd:Cu=2:34, Zn:Cu=3:33, and
Sn:Cu=4:32 oxide films are included in Appendix C (Figure C.1). The strongest peaks for
all of these films matched the reference pattern for CuO (PDF#00-048-1548) without any
additional peaks for Cd, Zn, or Sn oxides. We also performed UV-vis measurements to
determine if incorporation of the metals changed the light absorption of CuO (Figure C.2
in Appendix C). The Cu, Cd:Cu=2:34, Zn:Cu=3:33, and Sn:Cu=4:32 oxide films all had
similar absorbance. These results suggest that incorporation of Cd, Zn, and Sn (at 11.1%
or less metals basis) improves the charge transport and/or photo-reduction kinetics of
CuO without modifying the crystal structure or light absorbance.

Similar to the approach used for M-Cu oxide compounds, we compared the most

photoactive Bi-M-Cu oxide compounds with the Bi-Cu oxide standard (Bi:Cu=2:1). 10
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out of the 22 elements resulted in a Bi-M-Cu oxide compound with higher photocurrent
than the Bi-Cu oxide standard on the same array. Figure 4.5 shows a Pareto plot for these

photoactive materials.
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Figure 4.5. Pareto plot of the percent difference in photocurrent of Bi-M-Cu oxide
compounds from the Bi-Cu oxide standard. Each point is the average of at
least three arrays while the vertical bars are the maximum and minimum.
Arrays were scanned in 0.1 M Na:SOs (pH 5.9) at a potential of -0.1 V vs.
Ag/AgCl (0.45 V vs. RHE).

For the majority of metals the most photoactive Bi-M-Cu oxide did not have a
Bi:Cu atomic ratio close to 2:1 (ratio for CuBi204). Rather, the combinations with the
highest photocurrent contained an excess amount of Cu over Bi (e.g. Bi:Ga:Cu=7:8:21,
Bi:Mo:Cu=5:4:27, and Bi:Ti:Cu=3:5:28). In effect these materials were like Bi and M co-
doped Cu oxide rather than M doped CuBi20s. However, the three most effective metals
(Ag, Cd, Zn) for improving photoactivity over Cu-Bi oxide showed high photoactivity
compounds with a Bi:Cu ratio closer to 1:1 (e.g. Bi:Ag:Cu=1:1:1, Bi:Cd:Cu=15:2:19, and
Bi:Zn:Cu=14:4:18).
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Cd-Cu Oxide Results

Because of the effectiveness of Cd at enhancing photoactivity as Cd-Cu and Bi-
Cd-Cu oxide it was studied in more detail. Figure 4.6 shows the initial 19 x 19 Bi-Cd-Cu
array scan, which was carried out in 0.1 M Na>SOs (pH 5.9) at -0.1 V vs. Ag/AgCl. The
figure shows that 1 - 6 drops of Cd (5.56% - 33.3% metals basis) with the remaining
drops Cu resulted in higher photocurrents than the Cu oxide standards. It also shows that
1 - 3 drops of Cd (5.56% - 16.7% metals basis) in the Bi-Cd-Cu areas of the array had
relatively high photocurrent compared to the Cu and Cu-Bi oxide standards. These
photoactive areas were used to design the fine increment array and narrow in on the most
photoactive Cd:Cu and Bi:Cd:Cu atomic ratios. Figure 4.7a shows the pattern that was
used for the fine increment Bi-Cd-Cu array. The array contained Bi-Cu and Cu oxide

standards on the left, a square with Bi-Cd-Cu oxides in the upper right and a row of Cd-
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Figure 4.6. 19 x 19 Bi-Cd-Cu array scan results. The spot spacing was 550 um. The
measurement was carried out in 0.1 M Na.SOs (pH 5.9) at a potential of -0.1
V vs. Ag/AgCl (0.45 V vs. RHE) with an optical fiber tip scan rate of 500

um/s.
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Cu oxides on the bottom. Figure 4.7b shows the scan results for this array. The entire
Cd-Cu oxide row had 2-3 times higher photocurrent than the Cu oxide standard and a
range of Bi-Cd-Cu oxides with 1 - 4 drops of Cd (2.78% to 11.1% metals basis) had 1.5 -
2.5 times higher photocurrent than the Bi-Cu and Cu oxide standards. The optimal
atomic ratios of Cd:Cu=2:34 and Bi:Cd:Cu=15:2:19 were determined by dispensing and

scanning several repeat arrays.
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Figure 4.7. Fine increment Bi-Cd-Cu (a) array pattern and (b) scan results. Each spot
had a total of 36 drops with a spot spacing was 1000 pum. Scanned at a
potential of -0.1 V vs. Ag/AgCl (0.45 V vs. RHE) with an optical fiber tip

scan rate of 250 pum/s.
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Scaled-up Cd:Cu=2:34 oxide films synthesized by drop-casting were tested in 0.1
M Na:SOs4 along with 0.1 M phosphate buffer (pH 6.8) to maintain a constant pH.
Electrochemical impedance spectroscopy (EIS) was performed to determine the effect of
Cd incorporation on the flat band potential (Vrs) and carrier donor density (Nb). A Mott-
Schottky plot for the CuO and Cd:Cu=2:34 oxide film is included in Appendix C (Figure
C.3). The line for the CuO film had an x-axis intercept of Vrs= 1.24 V vs. RHE, which is
consistent with other reports for CuO in the literature.'*'® The Cd:Cu=2:34 oxide film had
a similar x-axis intercept (Vrs= 1.21 V vs. RHE) but a lower slope indicating a higher Np
and possibly better conductivity than the CuO film. Figure 4.8a shows a chopped
(dark/white) LSV scan for the CuO and Cd:Cu=2:34 oxide films in 0.1 M Na2SOs and 0.1
M phosphate buffer. Consistent with the array scan results, the scaled-up Cd:Cu=2:34
oxide films showed higher photocurrent than CuO.
To test the Cd:Cu=2:34 oxide film stability an illuminated amperometric i-
t measurement was run for several minutes at a constant potential of 0.6 V vs. RHE in
buffered electrolyte (see Figure C.4a in Appendix C). Regrettably, incorporation of Cd
into CuO did not protect the material from photo-corrosion in the aqueous solution. The
photocurrent dropped by about 90% of the initial value after 20 minutes of illumination.
The same measurement was conducted for other M-Cu oxide films (Cd:Cu=2:34,
Zn:Cu=3:33, and Sn:Cu=4:32) as well and they all showed a large drop in photocurrent.
To rule out the presumption that the higher photocurrent of the M-Cu oxide films was
merely due to higher photo-corrosion we repeated the PEC tests in a non-aqueous
solution containing the iodide/triiodide redox couple. The solution was prepared by
dissolving 10 mM I and 50 mM Nal in acetonitrile, which leads to an iodide:triiodide
ratio of 4:1.>' Figure 4.8b shows a chopped (dark/white) LSV scan for the CuO and

Cd:Cu=2:34 oxide films in this solution with the Cd:Cu=2:34 oxide film reaching higher
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Figure 4.8. Chopped (dark/light) LSV scans for CuO and Cd:Cu=2:34 oxide films in (a)
0.1 M Na:SOs and 0.1 M phosphate buffer (pH 6.8) and (b) 10 mM 12, 50
mM Nal in acetonitrile. Measurements were done using backside
illumination (100 mW/cm?) and a scan rate of 0.025 V/s.

photocurrent and also remaining stable. Amperometric i-t measurements at 0.2 V vs.
NHE were conducted in the iodide/triiodide solution corroborating the improved
photoactivity of Cd:Cu=2:34 oxide over CuO and stability in the non-aqueous electrolyte
(see Figure C.4b in Appendix C). These results confirm that incorporation of transition
and post-transition metals into CuO can improve the performance for photo-reduction

reactions. This may be useful if future work leads to methods for stabilizing CuO in
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aqueous solutions. It has already been demonstrated that Cu2O can be protected from
photo-corrosion to an extent with nanolayers of Al-doped ZnO and TiO2."* A similar

technique may be effective for CuO based materials.

Bi-Ag-Cu Oxide Results

Out of the 22 metals tested Ag was certainly the most effective at producing
photoactive Bi-M-Cu oxide compounds. Figure 4.9 shows the initial 19 x 19 Bi-Ag-Cu
array scan with several areas having drastically higher photocurrent than the Bi-Cu and
Cu oxide standards, especially for Bi:Ag:Cu atomic ratios near 1:1:1 (6:6:6). Also worth
mentioning is that in the Bi-Cu diagonal an excess amount of Cu compared to the Bi-Cu
oxide standard (e.g. Bi:Ag:Cu=10:0:8 compared to Bi:Cu=12:6) produced a higher
photocurrent. Similarly, for the Bi-Cd-Cu array results in Figure 4.6, the

Bi:Cd:Cu=10:0:8 spot shows more photocurrent than the Bi-Cu oxide standard. Initially
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Figure 4.9. 19 x 19 Bi-Ag-Cu array scan results. The spot spacing was 550 um. The
measurement was carried out in 0.1 M Na2SO4 (pH 5.9) at a potential of -
0.1 Vvs. Ag/AgCl (0.45 V vs. RHE) with an optical fiber tip scan rate of

500 pm/s.
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this led us to prepare scaled-up Bi-M-Cu oxide films with excess Cu by drop-casting.
However, PEC measurements of the films with excess Cu (e.g. Bi:Ag:Cu=1:1:1,
Bi:Cd:Cu=15:2:19, and Bi:Zn:Cu=14:4:18) tended to show more dark current and less
long-term stability than films synthesized with a Bi:Cu atomic ratio closer to 2:1. In
addition the excess Cu did not result in any new compounds other than CuBi204, which is
apparent from XRD measurements. Figure 4.10 shows the XRD spectra for films
synthesized by drop- casting with atomic ratios of Bi:Cu=2:1, Bi:Ag:Cu=22:3:11, and
Bi:Ag:Cu=1:1:1. Even when excess Cu was added, as in the case of Bi:Ag:Cu=1:1:1, the
largest XRD peaks matched the reference pattern for kusachiite, CuBi.O4 (PDF# 00-042-
0334) which has a Bi:Cu ratio of 2:1 and there were no additional peaks related to a Cu
compound. This suggests that the excess Cu is incorporated into the interstitial sites of
CuBi204, which may contribute to the instability during PEC measurements. Previously
we showed that BiVOs films synthesized with excess V (Bi:V=1:2) had much higher
initial photocurrents than BiVOs synthesized with stoichiometric Bi and V (Bi:V=1:1);
however, much of the initial photocurrent was due to photo-corrosion and dissolution of
excess V into solution.™ For this reason we focused on materials characterization and
PEC testing of scaled-up films with a Bi:Cu atomic ratio of 2:1 (e.g. CuBi1204 and
Bi:Ag:Cu=22:3:11). Interestingly, Ag was not incorporated into CuBi204 as an oxide but
rather segregated primarily as reduced Ag. The XRD patterns for both Bi:Ag:Cu=22:3:11
and Bi:Ag:Cu 1:1:1 showed the emergence of peaks at 20 values of 38.1° and 44.3°
corresponding to the (111) and (200) peaks in the reference pattern for Ag (PDF#00-004-

0783). Incorporation of Ag did not result any shifting of the CuBi204 peaks.
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Figure 4.10. XRD spectra for bulk films drop-cast with atomic ratios of Bi:Cu=2:1,
Bi:Ag:Cu=22:3:11, and Bi:Ag:Cu=1:1:1. Grey vertical lines (|) represent the
cassiterite, SnO: reference pattern (PDF# 00-042-0334). Black vertical lines
() represent the kusachiite, CuBi20O4 reference pattern (PDF# 00-042-0334).
Asterisks marks (*) indicate the silver, Ag (111) and (200) peaks at 20
values of 38.1° and 44.3°, respectively (PDF#00-004-0783).

Figure 4.11a shows the fine increment Bi-Ag-Cu array pattern and Figure 4.11b
shows the array scan results for this pattern. The fine increment array scans demonstrated
that a range of Ag concentrations (8.3 % to 19.4 % metals basis) improved the
photocurrent compared to CuBi:0s. After dispensing and scanning several different
arrays the optimal Bi:Ag:Cu atomic ratio was determined to be 22:3:11 (8.3% Ag metals
basis), which consistently showed 2.5 times higher photocurrent than CuBi204. The
improvement in photocurrent of Bi:Ag:Cu=22:3:11 oxide films over CuBi2Os+ was
confirmed by PEC testing of scaled-up films. Figure 4.12a shows the chopped
(dark/white) LSV scan for these films in 0.1 M Na>SO4 and 0.1 M phosphate buffer. At
0.6 V vs. RHE the photocurrent for the Bi:Ag:Cu=22:3:11 oxide film was about 4 times
higher than that of CuBi20s. In addition the CuBi204 film showed significantly larger

transient spikes in the photocurrent traces. For n-type semiconductors large anodic and
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Figure 4.11. Fine increment Bi-Ag-Cu (a) array pattern and (b) scan results. Each spot
had a total of 36 drops with a spot spacing was 1000 um. Scanned at a
potential of -0.1 V vs. Ag/AgCl (0.45 V vs. RHE) with an optical fiber tip

scan rate of 250 pum/s.

cathodic spikes are often attributed to recombination or back reactions of the
photogenerated species on the surface of the semiconductor.'”*** The large transient
spikes imply that the CuBi20s4 surface has slower reaction kinetics for the photo-reduction
reaction. To further assess differences in kinetics we tested the CuBi2Os4 and
Bi:Ag:Cu=22:3:11 oxide films in the non-aqueous iodide/triiodide electrolyte prepared
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from 10 mM L. and 50 mM Nal, in acetonitrile. The triiodide species is expected to
undergo a fast reduction lessening the influence of reaction kinetics on the overall
photoactivity. Figure 4.12b shows the chopped (dark/light) LSV scans. In the
iodide/triiodide electrolyte the CuBi20s+ and Bi:Ag:Cu=22:3:11 oxide films had very

similar photo-currents without significant transient spikes. The relative differences in
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Figure 4.12. Chopped (dark/light) LSV scans for CuBi204 and Bi:Ag:Cu=22:3:11 oxide
films synthesized by drop-cast in (a) 0.1 M Na>SO4 and 0.1 M phosphate
buffer (pH 6.8) and (b) 10 mM Iz, 50 mM Nal in acetonitrile. Measurements

were done using backside illumination (100 mW/cm?) and a scan rate of
0.025 V/s.
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photocurrents for CuBi20s and Bi:Ag:Cu=22:3:11 oxide in the aqueous and
iodide/triiodide electrolytes confirm that Bi:Ag:Cu=22:3:11 oxide has better reaction
kinetics for the photo-reduction reactions in the aqueous solution, which likely includes
H" reduction. Ag is not regarded as an effective electrocatalyst for HER, but
computational studies have suggested that surface alloys can be much more active for
HER than the individual elements from which the alloys are composed.”® We also tested
Bi:Ag:Cu=22:3:11 oxide films with Pt electrodeposited on the surface. This increased the
dark current but did not significantly increase the photocurrent for chopped LSV scans in
electrolyte that had not been purged with an inert gas (see Figure C.5a in Appendix C).
To uncover more reasons that Ag incorporation improved the photocurrent of
CuBi204+ we performed materials characterization of the scaled-up films. UV-Vis
measurements showed that Ag incorporation did not change the absorption significantly
(see Figure C.6 in Appendix C). SEM images revealed slight differences in surface
structures and morphologies for CuBi204+ and Bi:Ag:Cu=22:3:11 oxide films. Figure 4.13
shows high and low magnification SEM images of the CuBi20s and Bi:Ag:Cu=22:3:11
spots in a fine detail array and SEM images of the drop-cast films are included in the
Appendix C (Figure C.7). The images show that the Bi:Ag:Cu=22:3:11 oxide contains a
mix of lager features (50-250 nm coalesced particles) and much smaller particles (<10
nm diameter) while the CuBi1204 contained a more dense layer with less variation in
feature sizes (<100 nm coalesced particles). The larger features of the Bi:Ag:Cu=22:3:11
oxide my improve charge transport through the film while the smaller particles on the

surface might act as reaction sites to improve the kinetics of the surface reaction.
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Figure 4.13. SEM images of a fine detail Bi-Ag-Cu array. (a) Entire Bi:Cu=2:1 spot, (b)
area in centre of Bi:Cu=2:1 spot, (c¢) entire Bi:Ag:Cu=22:3:11 spot, and (c)
area in centre of Bi:Ag:Cu=22:3:11 spot.

Both EDS and XPS were used to analyze the chemical composition of the
CuBi120s+ and Bi:Ag:Cu=22:3:11 oxide films. EDS mapping of a Bi-Ag-Cu array spot
showed that Bi, Ag, and Cu were distributed throughout the entire spot and quantification
of the EDS spectra from several spots confirmed that the dispensed atomic ratios were
within =1 drop of the expected values. The EDS data is included in Appendix C (Figure
C.8 and Table C.1). Figure 4.14 shows the XPS spectra for scaled-up CuBi:O4 and
Bi:Ag:Cu=22:3:11 oxide films. The Bi 4f, Cu 2p, and O 1s regions were similar for both
compositions with the main Bi 4f 7/2, Cu 2p 3/2, and O 1s peaks at 158.4 ¢V, 934.0 eV,
and 529.3 eV, respectively. This corresponds to oxidation states of Bi**, Cu*’, and O and
matches the stoichiometry of the films.”” As mentioned previously, Ag appeared to be

incorporated in the reduced form based on XRD measurements. The XPS spectra for the
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Bi:Ag:Cu=22:3:11 oxide film showed a Ag 3d 5/2 peak at 368.1 eV, which is in range of
the experimentally reported binding energies for pure Ag at 368.0 - 368.4 eV.”” But
distinguishing the oxidation state of Ag by XPS is a challenge because the reported
binding energies of Ag-O and AgO overlap at 367.6 — 368.4 eV and 367.2 — 368.1 eV,
respectively.””*® As further proof that Ag is incorporated in the reduced form we ran CV
scans in the dark on the films between 0.6 to 1.3 V vs. RHE (Figure C.10 in Appendix
C). The CV scan for the CuBi20s4 film was perfectly flat while that for Bi:Ag:Cu=22:3:11
oxide showed a large anodic spike for the oxidation of Ag when scanning more positive
than 1.0 V vs. RHE. Ag metal is known for exceptionally low contact resistance and very
high electrical conductivity while Ag oxides have relatively low conductivity.”*®
Incorporation of reduced Ag into CuBi204 likely improves the conductivity and charge
transport through the film, which is another possible reason for the improvement in

photoactivity. The improvement may also be related to spectral sensitization by surface
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Figure 4.14. XPS spectra for CuBi204 and Bi:Ag:Cu=22:3:11 oxide films. (a) Cu 2p (b)
Bi 4f (¢) O 1s and (d) Ag 3d regions.
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plasmon resonance of dispersed Ag nanoparticles. This was proposed for a study in
which 50% Ag incorporation into Fe20s resulted in 5 nm Ag nanoparticles that were
observed by transmission electron microscopy (TEM).*!

Because the Ag in the Bi:Ag:Cu=22:3:11 oxide films were easily oxidized at
potentials more positive than 1.0 V vs. RHE the films were kept between 0.5 and 1.0 V
vs. RHE during PEC testing. Within this range both CuBi20s+ and Bi:Ag:Cu=22:3:11
oxide films appeared to be relatively stable in neutral aqueous electrolyte. Long-term
PEC testing was also performed. Figure 4.15 shows the illuminated amperometric i-t
measurement for CuBi2O4 and Bi:Ag:Cu=22:3:11 oxide films and a Bi:Ag:Cu=22:3:11
oxide film with Pt electrodeposited on the surface. Initially the films showed a drop in
photocurrent, but afterwards the photocurrents remained fairly constant for 45 minutes.
As mentioned previously, Pt did not improve the photocurrent significantly for chopped
LSV scans, but as shown in Figure 4.15 it did enhance the photocurrent for long-term
testing at a constant potential.
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Figure 4.15. Amperometric i-t curve for CuB1204 and Bi:Ag:Cu=22:3:11 oxide films.
Measurements done in 0.1 M Na>SOs and 0.1 M phosphate buffer solution
(pH 6.8) at constant potential of 0.6 V vs. RHE.
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Unless otherwise indicated the PEC testing of scaled-up films was done without
purging the electrolyte with an inert gas so a portion of the photocurrent came from the
reduction of species other than H'. When the electrolyte was purged with an inert gas
such as Ar or N2 the photocurrent was lower, even with the addition of Pt. This is seen by
comparing Figures C.5a and C.5b in Appendix C. To confirm that the films were actually
capable of reducing H" and evolving H» we performed qualitative H> detection
measurements for Bi:Ag:Cu=22:3:11 oxide films with and without Pt deposited on the
surface. The films were placed in a sealed PEC cell with 0.1 M Na.SO4 and 0.1 M
phosphate buffer (pH 6.8) that had been purged with Ar for 30 minutes. Then the films
were held at a constant potential of 0.6 V vs. RHE and illuminated with a 100 W Xe lamp
for about 5 hours. We observed formation of small (~1 mm) bubbles on the films with
and without Pt on the surface. The gas above the electrolyte was collected and measured
by GC. A significant amount of H> was detected for the film with Pt but not for the film
without Pt. Since 0.6 V vs. RHE is well positive of the thermodynamic H" reduction

potential, the H> must have been produced photoelectrochemically.
CONCLUSIONS

We have designed a new array dispenser and scanner system for materials
research by combinatorial chemistry. The system was used to study the incorporation of
22 different transition and post-transition metals (M) into CuO and CuBi20s4 to improve
the PEC performance for photo-reduction reactions including hydrogen evolution. We
identified 10 metals that produced M-Cu oxide compounds with higher photoactivity than
CuO. The most photoactive M-Cu oxide materials contained 2.78 to 11.1 % M
incorporated into CuO (metals basis). Cd, Zn, and Sn were the most effective at

improving the photocurrent of CuO and with optimal atomic ratios of Cd:Cu=2:34,
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Zn:Cu=3:33, and Sn:Cu=4:32. Unfortunately incorporation of these elements into CuO
did not prevent photo-corrosion in aqueous solutions, but it did enhance the photocurrent
with stability in non-aqueous iodide/triiodide solutions. For Bi-M-Cu oxides we found 10
metals that increased the photocurrent relative to CuBi2O4. Ag was the most effective
element at improving the photoactivity of CuBi20s while also maintaining the stability in
neutral electrolyte solutions. Films with a Bi:Ag:Cu atomic ratio of 22:3:11 produced
photocurrents up to 5 times higher than CuBi204 between 1.0 and 0.5 V vs. RHE, which
is a reasonable operating range for a tandem PEC cell. With the addition of a HER
electrocatalyst such as Pt, these films were capable of evolving hydrogen under

illumination in a neutral electrolyte solution at a potential of 0.6 V vs. RHE.
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Chapter 5: p-Si/W:C and p-Si/yW:C/Pt Photocathodes for the Hydrogen
Evolution Reaction

INTRODUCTION

Photoelectrochemical (PEC) water splitting is a potential processing route for
hydrogen production using water and solar energy."” The hydrogen that is produced can
be captured and utilized as a clean burning fuel or chemical feedstock. Practical
implementation of PEC water splitting requires the development of PEC materials that
are efficient, stable, and earth abundant. Two main types of materials are used for PEC
water splitting. n-type semiconductors are used as photoanodes for the oxygen evolution
reaction (OER) and p-type semiconductors are used as photocathodes for the hydrogen
evolution reaction (HER). One well known p-type semiconductor material, p-type silicon
(p-Si), can produce relatively high photocurrent densities for the HER, but it requires the
addition of an electrocatalyst such as Pt to produce photocurrent at potentials more
positive than 0 V vs. RHE.” Unfortunately, Pt is an extremely scarce resource, making it
expensive to use on a large scale for hydrogen production technologies.’

A more earth abundant alternative to Pt, is tungsten carbide, which has shown
similar electronic and catalytic properties to Pt for certain chemical reactions.”® Both
tungsten carbide (WC) and tungsten semicarbide (W:C) have demonstrated relatively
high activity as electrocatalysts for the HER along with good stability in neutral and acid
solutions, although the exchange current densities (jo) reported for tungsten carbide for
the HER are lower than the values for Pt so tungsten carbide may not be sufficient to
replace Pt entirely.”" Nevertheless, tungsten carbide can be used as a support for Pt
allowing for a reduction in Pt loading while retaining or improving activity for the
HER.""" For this reason, Pt loaded tungsten carbide may be a useful electrocatalyst for p-

type semiconductor photocathodes. Recently, tungsten carbide was tested as a co-catalyst
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on particulate photocatalysts such as p-type CdS and n-type Na-doped SrTiOs."""* We are
unaware of any published results for WC or W2C as electrocatalysts on p-type
photocathodes for the HER. In this work we present the PEC results for p-Si
photocathodes with a thin film of tungsten semicarbide (W2C) on the surface. In addition
we show that W2C is an effective support for Pt nanoparticles on p-Si photocathodes and
can be used to reduce Pt loading by a factor of 9 while improving the PEC activity for the

HER.
EXPERIMENTAL

Photocathode Synthesis

Photocathodes were prepared using p-type Si(111) substrates from two different
suppliers (Addison Engineering, 540 um thick, single-side polish, B doped, 0.1 — 10 ohm
cm; EL-Cat Inc., 525 mm thick, double-side polish, B doped, 0.2 — 1.0 ohm cm). W2C
was deposited onto the polished side of the p-Si substrates using a technique known as
reactive ballistic deposition (RBD), in which metal is evaporated onto a substrate inside a
high vacuum chamber containing a reactant gas ambient.**** For W.C synthesis the
evaporant source was a 0.125 inch diameter tungsten rod (Alfa Aesar, 99.95%) and the
reactant gas was ethylene. The high vacuum chamber used for this study has been
described previously.” Prior to deposition, the p-Si substrates were cleaned according to
the following procedure. First they were rinsed and sonicated in reagent alcohol
(PHARMCO-AAPER, 99.5%) for 15 min. Next they were rinsed with de-ionized water
(DIW, <18 MQ cm) and submerged in a freshly prepared solution of DIW : hydrogen
peroxide (Fisher, 30%): sulfuric acid (Fisher, ACS, 95.0 to 98.0 w/w %) =1:2:6 for 15
min. Then they were rinsed with DIW and etched in a solution of 5 w/w% hydrofluoric

acid (Sigma-Aldrich, ACS) for 5 min. Finally, they were rinsed with DIW, dried, and
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quickly loaded into the high vacuum chamber for deposition. The vacuum chamber was
pumped down to a pressure of 5 x 10”® Torr or lower. Deposition was done at ambient
temperature using a W deposition rate of approximately 1.25 ML/min and a background
ethylene pressure of 1 x 10° Torr resulting in an ethylene flux that was about 48 times
higher than that of W. This was done to ensure an excess amount of carbon for the
carburization reaction; however, x-ray diffraction and x-ray photoemission spectroscopy
measurements revealed that these conditions resulted in the formation of W2C rather than
WC. Various thicknesses of W2C were deposited onto the p-Si substrates. W2C was also
deposited onto fluorine doped tin oxide (FTO) coated glass substrates using the same
conditions. The resulting photocathodes and electrodes are referred to as p-Si/W-2C and
FTO/W:2C. After deposition some of the p-Si/W2C photocathodes and FTO/W:C
electrodes were annealed in a tube furnace (MTI, OTF-1200X) as follows. The tube
furnace was pumped to a pressure of 500 mTorr and then filled with Ar (Matheson Tri-
Gas, 99.995%) to a pressure of 760 Torr. Next Ar was allowed to continuously purge the
tube at 100 SCCM while the tube was heated with a temperature ramp rate of 10°C/min
and held at the desired temperature (350, 450, 550, 650 °C) for 2 hours. For comparison
purposes, Ni-Mo films were deposited onto p-Si substrates by co-evaporation of nickel
and molybdenum in the high vacuum chamber at pressures less than 5 x 10® Torr. The
evaporant sources were a 0.25 inch diameter nickel rod (Alfa Aesar, 99.95%) and a 0.125
inch diameter molybdenum rod (Alfa Aesar, 99.95%).

Pt nanoparticles were deposited onto some of the p-Si and p-Si/W:C
photocathodes to make p-Si/Pt and p-Si/W2C/Pt photocathodes using a current controlled
pulsed deposition technique in a solution of 1g/L H:PtCls*6H20 (Alfa Aesar, 99.95%).*
During deposition the photocathodes were illuminated. The pulse sequence was 5

mA/cm® cathodic current for 10 ms followed by 5 mA/cm® anodic current for 2 ms
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followed by zero current for 100 ms, which was repeated for the desired deposition time.
An example of the current controlled pulsed deposition sequence is included in Appendix
(Figure D.1). Pt nanoparticles were deposited onto FTO/W:C to make FTO/W:C/Pt
electrodes using the same technique but without illumination. Dense Pt films were
synthesized by drop-casting 225 pL of 1g/L. H2PtCle*6H20 onto 1.5 cm x 1.5 cm FTO
substrates, which were then annealed in the tube furnace at 350°C for 2 hrs under 100

SCCM flow of 5% Hz/95% Ar.

Photocathode Characterization

When not in use, the p-Si/W2C photocathodes were stored under vacuum (< 1 x
107 Torr) to avoid unwanted oxidation. Bare p-Si photocathodes were cleaned, etched
with 5 w/w% hydrofluoric acid, and rinsed with DIW immediately before PEC
measurements using the procedure described above. The backside of each photocathode
was scratched, painted with gallium indium eutectic (Alfa Aesar, 99.99%), and adhered
to a piece of copper foil to create an ohmic contact. PEC measurements were conducted
using a 3-electrode photoelectrochemical cell with a main compartment and two
branched compartments separated by fritted disks (Ace Glass, 10-20 um porosity). The
cell was controlled using an electrochemical analyzer/workstation (CH Instruments
CH660D). The working electrode (WE) was connected to the p-Si/W2C photocathode or
FTO/W:C film, which was pressed onto the main compartment of the cell with an o-ring
having an active area of 0.22 cm”. The counter electrode (CE) was a 1 mm diameter Pt
wire (Alfa Aesar, 99.95%) and the reference electrode (REF) was saturated Ag/AgCl (CH
Instruments, CH111). The CE and REF were placed in the branched compartments of the
cell. The cell was filled with 1 N sulfuric acid (Fisher, Certified 0.995 — 1.005 N, pH 0.3)

that was continuously bubbled with nitrogen starting at least 30 min prior to
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measurements. The light source was a full spectrum solar simulator (Newport, Model
9600, 150 W xenon lamp) with an AM 1.5 global filter (Newport). A thermopile sensor
(Newport, Model 818P-020-12) was used to set the illumination power density to 100
mW/cm®. Measured potentials were converted to the reversible hydrogen electrode
(RHE) scale via the Nernst equation.

The material properties of the photocathodes were characterized using a variety of
analytical instruments. X-ray diffraction (XRD) spectra were obtained using a Spider R-
Axis diffractometer with an incident angle of 6 deg, a rotation speed of 6 deg/sec, and Cu
Ko radiation at 40 kV and 40 mA. UV-vis transmission and UV-vis transmission-
reflectance measurements were taken on a Cary 5000 spectrophotometer and a Cary 500
spectrophotometer with an integrating sphere (Labsphere). A Zeiss Supra 40 VP scanning
electron microscope (SEM) was used to capture SEM images. X-ray photoelectron
spectroscopy (XPS) measurements were performed on a Kratos AXIS Ultra DLD
spectrometer with Mg Ko radiation. Time-of-Flight Secondary Ion Mass Spectrometer
(TOF-SIMS) information was acquired using a TOF.SIMS 5 (ION-TOF GMBH). Atomic

force microscopy (AFM) was performed on an Asylum Research MFP3D.
RESULTS AND DISCUSSION

Photoelectrochemical Results

Figure 5.1 shows a linear sweep voltammetry (LSV) scan for p-Si and p-Si/W2C
photocathodes with and without Pt nanoparticles deposited on the surface in the dark and
under white light illumination. The p-Si/W:C photocathode had a W2C film thickness of
approximately 49 A as determined by QCM measurements during deposition and cross-
sectional SEM images. Before PEC testing, the p-Si/W2C photocathode was annealed

under Ar flow at 450 °C for 2 hours to improve the stability. The p-Si/Pt(90s) and p-
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Si/W2C/Pt(10s) photocathodes had Pt nanoparticles deposited by current controlled
pulsed deposition with total deposition times of 90 sec and 10 sec, respectively. These
deposition times resulted in the most positive photocurrent onset potentials and highest
limiting photocurrent densities for p-Si and p-Si/W2C. Also included in Figure 5.1, is the
LSV scan for a dense Pt film on FTO. The LSV scans confirm that bare p-Si by itself is a
poor photocathode for the HER since it did not show noticeable photocurrent until
potentials more negative than -0.1 V vs. RHE and the photocurrent density was always
lower than the current density for the dense Pt film. The LSV scans demonstrate that
W2C is an effective electrocatalyst for p-Si since the p-Si/W:2C photocathode had a

photocurrent onset potential near 0.2 V vs. RHE and it remained higher than the current

o] TE PSIW,CIPY(10s) K
g 1 —— p-Si/Pt(90s)
— | —TO—p-Si
2101 , _
Q] J , photo-
() 1 y/
— ] hoto-current /current |
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5 0- / ]
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06 04 02 00 -02 -04
Potential (V vs. RHE)

Figure 5.1. LSV scans (dark and white light) for p-Si and p-Si/W:C photocathodes with
and without Pt nanoparticles deposited on the surface. Current controlled
pulsed deposition was used to deposit the Pt nanoparticles (total deposition
times shown in parentheses). Before PEC measurements and Pt nanoparticle
deposition, the p-Si/W-C photocathode was annealed in Ar at 450°C for 2
hrs. The LSV scan for a dense Pt film on FTO is included. Measurements

were conducted in N2 purged 1 N H2SO4 using a scan rate of 25 mV/s and
white light intensity of 100 mW/cm®.
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density of the dense Pt film until -0.22 V vs. RHE. As previously mentioned, Pt is more
active than tungsten carbide for the HER. The addition of Pt nanoparticles to the p-Si and
p-Si/W2C photocathodes improved the photocurrent onset potentials to about 0.5 V vs.
RHE. The p-Si/W2C/Pt(10s) photocathode showed a slightly higher limiting photocurrent
of 18.6 mA/cm* compared that of p-Si/Pt(90s) at 14.0 mA/cm”.

The optimal Pt deposition times of 90 and 10 sec for p-Si and p-Si/W2C were
determined by varying the Pt deposition time and measuring the PEC activity. Figure 5.2
shows the average photocurrent density at 0.215 V vs. RHE for p-Si and p-Si/W:C
photocathodes following different Pt deposition times. The p-Si/W2C photocathodes
reached the maximum photocurrent density after 10 sec of Pt deposition compared to 90

sec for p-Si. Since the pulsed deposition sequence is current controlled, the p-Si/W2C
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Figure 5.2. Average photocurrent density (Jae) at 0.215 V vs. RHE for p-Si and p-
Si/W2C photocathodes for various Pt current controlled pulsed deposition
times. Before PEC measurements and Pt deposition the p-Si/W2C
photocathodes were annealed in Ar at 450°C for 2 hrs. The photocurrent
density values were obtained from LSV scans under white light illumination
in N2 purged 1 N H2SO4 using a scan rate of 25 mV/s and white light
intensity of 100 mW/cm®. The error bars signify one standard deviation.
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photocathodes reach the maximum values after passing 1/9 as much charge as the p-Si
photocathodes, and perhaps after depositing 1/9 as much Pt.

To qualitatively compare the amount of Pt deposited on the p-Si/Pt(90s) and p-
Si/W2C/Pt(10s) photocathodes we imaged them by SEM. Figure 5.3a shows that the p-
Si/Pt(90s) photocathodes were covered with Pt flakes on the order of 100 nm and Pt
nanoparticles that were 10 — 50 nm in diameter. The p-Si/W2C/Pt(10s) photocathodes in
Figure 5.3b consist of a rough layer of W2C with scattered nanowires that were about 100
nm in length and a sparse coverage of Pt particles that were less than 50 nm in diameter.
Clearly there was less Pt on the p-Si/W2C/Pt(10s) photocathodes compared to p-
Si/Pt(90s). Collectively, the PEC results and SEM images demonstrate that depositing a
thin film of W2C onto p-Si is an effective means of reducing the required Pt loading
while retaining PEC activity for the HER.

The effect of Pt overlayers (Ptmc) on top of WC(0001) and W2C(0001) surfaces
has been studied from a theoretical perspective via density functional theory (DFT)
calculations.'””"* Esposito et al. calculated that Ptme/WC(0001) and Ptmi/W2C(0001)
possess hydrogen binding energies (HBEs) of -0.43 and -0.24 eV, which are close to the
value of -0.46 eV for Pt(111)."” Ma et al. concluded that for certain reaction sites the
activation energy for hydrogen dissociation was similar for Ptm./W(0001) and Pt(111) at
5.28 and 4.93 kJ/mol, respectively.”’ In addition, a strong intermetallic interaction
between the Pt and WC(0001) was calculated involving the interfacial W and Pt d-
states.””*® The HER activity of Ptme/WC(0001) was found to match the activity of Pt(111)
rather than exceed it and no synergistic effect between Pt and WC(0001) was identified,
but the possibility of hydrogen spill-over was mentioned.”® Hydrogen spill-over has been
validated for a variety of catalytic reactions on supports containing defective insulators,

graphitic carbon, or reducible metal oxides such as WOs, but spill-over to a defect-free
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Figure 5.3.  SEM images of (a) p-Si/Pt(90s) and (b) p-Si/W2C/Pt(10s) photocathodes.

support such as SiO: has been calculated to be energetically unfavorable.”>' This implies
that hydrogen spill-over would not occur on the crystalline p-Si/Pt(90s) photocathodes.

Though a recent study demonstrated hydrogen spill-over from Pt metal to high quality
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silicon oxide for p-Si based metal insulator semiconductor (MIS) photocathodes.”> The
high activity of the Si/W2C/Pt(10s) photocathodes with reduced Pt loading is likely the
result of a strong Pt and W:C intermetallic interaction combined with a reaction
mechanism involving hydrogen mobility on both the Pt and W2C surfaces.

To optimize the p-Si/W2C photocathodes, we performed PEC measurements on
photocathodes with different W2C thicknesses (25, 49, 99, and 148 A) and annealing
temperatures (as deposited, 350, 450, 550 °C). The LSV scans for these films are
included in Appendix (Figure D.2 and S3). The p-Si/W2C photocathodes with W2C
thicknesses of 25 and 49 A showed similar limiting photocurrent densities. As the
thickness increased to 99 and 148 A the limiting photocurrent density decreased,
presumably due to increased reflection by the thicker films. p-Si/W2C photocathodes with
a WaC thickness of 49 A showed similar photocurrent onset potentials and photocurrent
densities regardless of the annealing temperature (as deposited, 350, 450, 550 °C).
However, annealing in Ar improved the stability of the p-Si/W2C photocathodes and
resulted in higher photocurrents after depositing Pt nanoparticles. The photocathodes that
were not annealed may have oxidized during the anodic segment of the current controlled
pulsed deposition. Other research groups have reported that transition metal carbides can
be passivated and stabilized for certain chemical reactions by annealing in oxygen
following synthesis.”** We chose an annealing temperature of 450 °C for further
characterization because there appeared to be a loss of crystalline W>C after annealing to

temperatures of > 550 °C as explained in the X-ray diffraction results later.

Electrochemical Results

Electrochemical measurements were performed on the FTO/W:C electrodes to

test their resistance to oxidation and further assess W2C as a support for Pt nanoparticles.
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Figure 5.4a shows a cyclic voltammetry (CV) scan for FTO/W2C electrodes with a W>C

thickness of 148 A as deposited and after annealing in Ar at 450 °C for 2 hrs. The initial

Figure 5.4.
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(a) CV scans of FTO/W:C electrodes as deposited and annealed in Ar flow
at 450 °C for 2 hrs. The initial scan direction (segment 1) was from negative
to positive potentials followed by a scan in the reverse direction (segment
2). (b) LSV scans of FTO/W2C electrodes that were both annealed at 450° C
in Ar with and without Pt nanoparticles deposited on the surface for 10 sec
along with an LSV scan of a dense Pt film on FTO. The FTO/W-C
electrodes had a W2C thickness of 148 A. Measurements were conducted in
Nz purged 1 N H2SOs4 using a scan rate of 25 mV/s without iR
compensation.
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scan direction was from negative to positive potentials (segment 1) followed by a scan in
the opposite direction (segment 2). The FTO/W:C electrode that was not annealed
produced a peak in anodic current at potentials more positive than 0.2 V vs. RHE, which
can be attributed to oxidation of the W-C film. After CV testing the W2C film was visibly
transparent where it had been in contact with the electrolyte. In contrast, the FTO/W-C
that was annealed did not produce significant anodic current during the CV scan or
change noticeably in appearance after testing. Weidemen et al., used
chronopotentiometric (CP) titrations to create potential vs. pH stability maps for WC,
W2C, Mo02C.”> In acid environments (pH <1), WC and W:C did not undergo surface
oxidation / dissolution as long as the potentials were more negative than 0.86 and 0.46 V
vs RHE, respectively. The W2C films deposited by RBD and annealed in Ar appear to be
stable with a similar potential range in 1 N H2SOs. Figure 5.4b shows a LSV scan for
FTO/W:C electrodes annealed in Ar flow at 450 °C with and without Pt nanoparticles
deposited on the surface for 10 sec along with the LSV scan for a dense Pt film on FTO.
At potentials more positive than 0 V vs. RHE, the FTO/W2C/Pt(10s) electrode showed a
much faster increase in current density than FTO/W-C and behaved similar to the dense
Pt film. A Tafel plot was constructed from LSV scans a slower scan rate of 1 mV/sec (see
Figure D.4 in Appendix). The Tafel plot shows that the FTO/W.C/Pt/(10s) electrodes and
Pt films have nearly identical exchange current densities (log(Current Density) at 0 V vs.
RHE) and slopes. This result is consistent with previous reports for Pt monolayers on

W2C (ML Pt-W:C)."”
X-Ray Diffraction Results

The p-Si and p-Si/W2C photocathodes were measured by XRD to determine the

crystallinity of the W2C films following synthesis by RBD and annealing in Ar. To obtain
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an adequate XRD count rate the W2C films were deposited to a thickness of 148 A.
Figure 5.5 shows XRD spectra for p-Si and p-Si/W:2C photocathodes as deposited and
after annealing in Ar at 450 °C for 2 hrs. The reference patterns for Si (PDF#00-027-
1402) and W2C (PDF#00-035-0776) are also included. The spectrum for bare p-Si(111)
contained peaks for different lattice planes because the sample was rotated during the

measurement and all peaks matched the reference pattern for Si. The p-Si/W2C
photocathode as deposited showed one additional peak besides the Si peaks. It was a
broad peak at a two theta value of 39.6 deg, which matched the highest intensity line in
the reference pattern for W2C corresponding to the (101) plane. This confirms that the
W2C films possessed some level of W2C crystallinity even when deposited at ambient

temperatures. After annealing the p-Si/W2C photocathode in Ar at 450 °C the main peak
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Figure 5.5 XRD spectra for p-Si and p-Si/W:C as deposited and after annealing at 450
°C in Ar flow for 2 hrs. The W-C layer was 148 A thick. The black vertical
lines are the reference pattern for Si (PDF#00-027-1402) and the grey
vertical lines are the reference pattern for W2C (PDF#00-035-0776).
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at 39.6 deg became smaller and another peak began to emerge at a 2 theta value of about
33 deg. Additional XRD spectra for p-Si/W2C photocathodes annealed in Ar at various
temperatures (as deposited, 350, 450, 550 °C) are displayed in Figure D.5 in Appendix.
After annealing the p-Si/W2C photocathode at 550 °C the peak at 33 deg became much
more prominent and the W2C(101) peak at 39.6 deg was nearly gone suggesting that the
film no longer contained crystalline W-C.

One advantage of synthesizing thin films by RBD isthat crystalline materials can
be deposited at relatively low substrate temperatures because the evaporated metal atoms
are in a highly reactive state when they strike the surface of the substrate. RBD was
previously used to grow crystalline MgO at -73 to 63 °C with Mg as the evaporant source
in an ambient of oxygen (1x10° - 1x10” Torr).” Crystalline TiC was also deposited by
RBD at 35 °C using Ti in a background of ethylene (~2x107 Torr).* In this work the p-
Si(111) substrate temperature was not controlled during deposition although the e-beam
evaporator provided some radiative heating. The temperature of the stainless steel
substrate holder was measured to be about 50 °C during deposition. This is noteworthy
because synthesis of transition metal carbides by thermal cracking in ethylene typically
requires annealing temperatures above 600 K.** To fully carburize tungsten to WC,
annealing temperatures above 1000 K are often needed.”” Vapor phase synthesis
techniques can be used to lower the formation temperature of W2C and WC. With
magnetron sputtering from a WC target, the substrate temperature, reactant gases, and
post annealing conditions can be adjusted to control the W to C ratio.*>'”** At a substrate
temperature of 400 °C, magnetron sputtering in pure Ar will result in W>C, while leaking
in hydrogen and ethylene (H2:C:Hs ratio of 2:1) can produce WC.'" Although we
synthesized W2C films using a single temperature, it may be possible to synthesize WC

by evaporation of W in ethylene at slightly higher substrate temperatures.
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X-Ray Photoelectron Spectroscopy

The p-Si/W2C photocathodes were measured using XPS to investigate the elemental
composition. XPS spectra were obtained for the W 4f, C 1s, Si 2s, and O 1s binding
energy regions and Ar sputtering was used to probe below the W2C surface. Figure 5.6
shows XPS spectra for a p-Si/W2C photocathode that was annealed in Ar at 450 °C for 2
hours. The measurements were performed after Ar sputter times of 0, 1, and 10 sec as
indicated. Figure 5.6a shows that the W 4fs> and W 4f7» peaks were located at binding
energies of 33.8 and 31.6 eV, respectively, which is 0.2 to 0.8 eV positive of the binding
energies for W metal.”® Ar sputtering increased the W 4f peak heights but did not shift
their locations. Figure 5.6b shows the C 1s spectra and reveals that before Ar sputtering
the W2C films were covered with a layer of adventitious carbon because the C 1s peak
was located at 284.3 eV. After 1 sec of Ar sputtering the C Is peak broadened due to
overlap in signal from the adventitious carbon and the carbon bonded to tungsten in the
W2C film and after 10 sec there was a single C 1s peak at 283.2 eV. This is the expected
peak location for W2C rather than WC, which typically shows a C 1s peak at a slightly
lower binding energy.'” Figure 5.6c shows the XPS spectra for the O 1s. Before Ar
sputtering there was an O 1s peak centered a 530.5 eV with a small shoulder at higher
binding energy. After 10 sec of Ar sputtering the O 1s signal was diminished indicating
that the W2C films are mainly oxidized on the surface. We discovered that the W.C
surface oxidized readily even at low partial pressures of oxygen and water (< 10” Torr).
An additional p-Si/W:2C photocathode was measured by XPS after transferring from the
high vacuum deposition chamber (5x10°® Torr) into a vacuum tight capsule and then from
the capsule into the XPS chamber. This photocathode still showed a significant O 1s

signal on the surface.
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Figure 5.6. XPS spectra for showing (a) W 4f, (b) C 1s, and (c) O 1s regions after
various Ar sputter times (0, 1, and 10 sec) for a p-Si/W2C photocathode that

was annealed in Ar at 450 °C for 2 hrs.
XPS was used to create concentration depth profiles for the p-Si/W2C
photocathodes and determine the bulk W:C atomic ratio below the surface. The atomic
concentration of W, C, O, and Si were calculated by integrating the areas under the XPS

spectra and subtracting the background using the Shirley method.* To distinguish
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between adventitious surface carbon and carbon in the W2C films, the C 1s peaks located
at 284 — 285 eV were not used in the calculations. Concentration depth profiles for p-
Si/W2C photocathodes as deposited and after annealing at 450 °C in Ar for 2 hours are
shown in Figure D.6 in Appendix. The shapes of the concentration depth profiles were
slightly different. The annealed p-Si/W:C photocathode had a broader distribution of W
and C, which trailed off after longer Ar sputtering times. This may have been due to a
slower Ar sputtering rate for the annealed W2C film. As shown in the electrochemical
results above, the annealed W>C film was more stable in electrolyte and less susceptible
to damage by oxidation. Additionally the W and C may have diffused into the p-Si
substrate during annealing. After 7 seconds of Ar sputtering the p-Si/W2C photocathodes
as deposited and annealed both showed W:C atomic ratios of approximately 1.8:1, which
is close to the expected ratio of 2:1 for W2C. Nevertheless, the films may contain a slight
excess of carbon in addition to the crystalline W2C that was revealed by XRD.

XPS was also performed on p-Si and p-Si/W2C photocathodes with Pt
nanoparticles on the surface. Figure 5.7 shows the Pt 4f region XPS spectra for p-
S1/(90s), p-Si/W2C/Pt(10s), and p-Si/W2C/Pt(90s) photocathodes that had been used for
PEC measurements. The p-Si/Pt and p-Si/W2C/Pt(90s) photocathodes had Pt 4fs. and
4f» peaks at binding energies of 73.9-74.1 and 70.5-70.8 eV, respectively which is
characteristic of Pt metal.” The p-Si/W2C/Pt(10s) photocathode produced a much lower
XPS count rate (signal multiplied by 50 in the figure), which is reasonable considering
that it contained perhaps 1/9 as much Pt and smaller Pt nanoparticles. The p-
S1/W2C/Pt(10s) photocathode also showed a shift in the Pt 4f peak locations to higher
binding energies with two peaks at 75.7 and 72.4 eV and a third peak at 79.8 eV. This
may have been the result surface oxidation of the Pt nanoparticles as well as an electronic

interaction between the Pt nanoparticles and the W2C film. As mentioned earlier, DFT
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Figure 5.7. XPS spectra of the Pt 4f region for p-Si/(90s), p-Si/W2C/Pt(10s), and p-
Si/W2C/Pt(90s) photocathodes after PEC testing and Pt deposition. The p-
Si/W2C/Pt photocathodes had a W2C thickness of 49 A and had been
annealed in Ar at 450 °C for 2 hours. The count rate for the p-
S1/W2C/Pt(10s) was multiplied by 50.

calculations predicted a strong interfacial interaction between W and Pt d-states for Pt

monolayers on WC.””*® The DFT calculations did not consider Pt f-states, but XPS

produces a higher signal for the Pt 4f region compared to other Pt regions.
Time-of-Flight Secondary Ion Mass Spectrometry

Time of flight secondary ion mass spectrometry (TOF-SIMS) was employed to
investigate the chemical composition of the W2C films and the corresponding WC-Si
interfaces. In order to attain a reasonable depth resolution while resolving the very thin
W:C layers the depth profiles were acquired in a special SIMS dynamic profiling mode
with a low current (~3 pA) primary ion beam (Bii" at 30 keV), which was used for both

41

probing and sputtering.” Due to edge sputtering effects all depth profiles were

reconstructed from the initial raw data by using an identical region of interest centered
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Figure 5.8. Dynamic depth profiles of W2C" and Si>" markers for the p-Si/W2C samples
(a) as deposited and (b) after annealing in Ar at 450 °C for 2 hours.

within the primary ion beam raster area of 20 pum x 20 um. All detected secondary ions

had positive polarity and a mass resolution better than 3000 (m/0m). The sputtering rates

of W2C (~0.31 A/s) and Si (~0.042 A/s) were determined based on knowledge of the

W2C thickness and a previously sputtered Si wafer. An improved interfacial rate model

was used to convert the sputtering time into depth.* The normalized secondary ion yields

of W2C" (marker for the W2C film) and Si2" (marker for the Si substrate) are shown in
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Figure 5.8a and 8b for a p-Si/W2C photocathode as deposited and after annealing in Ar at
450 °C, respectively. The dynamic profile of the p-Si/W2C photocathode that was
annealed showed larger levels of contaminants (Na, K) and oxygen at the surface. AFM
measurements indicated a WaC surface corrugation of less than 3 A for both
photocathodes (see Figure D.7 in Appendix). The atomic intermixing between the W2C
overlayer and the Si substrate (calculated at 10% of the W2C" and Si»" signals and
corrugation deconvoluted**) were ~6.7 and ~8.7 nm, as deposited and after annealing,
respectively. Thus the annealing process induces the growth of a thin layer contamination
and thicker oxide at the W2C surface and additional atomic intermixing (2 nm) at the
W2C-Si interface. It is possible that a new material, such as tungsten silicide (WSix),
forms at the interface. Amorphous WSix films have been shown to undergo crystallization
when annealed in Ar at 450 °C.* This may contribute to the increased stability of the
annealed p-Si/W2C photocathodes during Pt deposition and could potentially improve

charge transport at the W>C-Si interface.

Transmission and Reflection Spectroscopy

Since W2C is a reflective material, it will reduce light transmission when
deposited onto a photocathode as an electrocatalyst. To confirm this, we measured the
transmission and reflectance of the p-Si and p-Si/W2C photocathodes with a W.C
thickness of 49 A as deposited and after annealing in Ar at 450 °C using a UV-Vis
instrument with an integrating sphere. Figure 5.9a shows the transmission- reflectance
(%T + %R) and transmission (%T) spectra for the photocathodes. %T + %R was
obtained with the photocathodes inside the integrating sphere and %T was acquired with
the photocathodes in front of the integrating sphere so the measurement does not

distinguish between %R and light that is absorbed. Nevertheless, all of the spectra show a
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Figure 5.9. Transmission-reflectance spectra for p-Si and p-Si/W2C photocathodes as
deposited and annealed in Ar flow at 450 °C. The W2C thickness was 49 A.
(a) Shows the measured (% T + % R) and % T. (b) Shows (% T + % R) - %
T calculated from the data in (a).

decrease in %T for light wavelengths less than 1150 nm corresponding to light absorption
by the p-Si substrate, which has an indirect bandgap of 1.12 eV.> %R can be estimated
by subtracting the %T spectrum from the %T + %R spectrum for each photocathode
(Figure 5.9b). The %R spectra show that the p-Si/W2C photocathodes reflect 20-30%
more light than the bare p-Si photocathodes for light wavelengths less than 1150 nm. We
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also measured %T for bare FTO and FTO/W:C electrodes as deposited and after
annealing (see Figure D.9 in Appendix). The FTO/W:C electrodes transmitted 20-40%
less light than bare FTO at light wavelengths less than 1150 nm. So even while absorbing
less light, the p-Si/W2C photocathodes remain more photoactive than the p-Si

photocathodes.

Photoelectrochemical Stability and Comparison with Ni-Mo

We checked the stability of the annealed p-Si/W:C and p-Si/W2C/Pt(10s)
photocathodes and the p-Si/Pt(90s) photocathodes by performing long-term
amperometric i-t scans as (see Figure 5.10). The photocathodes were held at a constant

potential of 0.015 V vs. RHE under a light intensity of 100 mW/cm? for 60 min while N2
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Figure 5.10. Amperometric i-t curve at a constant potential of 0.015 V vs. RHE for a p-
Si/W2C photocathode, a p-Si/Pt photocathode with 90 sec of pulsed Pt
deposition, and a p-Si/W2C photocathode with 10 sec of pulsed Pt
deposition. The W2C thickness was 49 A and the p-Si/W2C photocathodes
were annealed under Ar flow at 450 °C for 2 hrs. Measurements were
conducted in N2 purged 1 N H2SOs with the film surface continuously
flushed using a peristaltic pump and a white light intensity of 100 mW/cm®.
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was bubbled through the cell and the surfaces of the photocathodes were continuously
flushed with electrolyte using a peristaltic pump. The p-Si/W2C and p-Si/W2C/Pt(10s)
photocathodes showed good stability over the course of 60 min with the photocurrent
density increasing slightly. The increase may have been the result of oxygen production
by OER at the Pt counter electrode, which diffused to the photocathodes faster than it
could be purged by N2 On the contrary, p-Si/Pt(90s) photocathodes did not show
photocurrent densities that were as repeatable and stable over 60 min as demonstrated by
the decay in photocurrent for p-Si/Pt(90s).

Lastly, we compared the PEC performance of W2C to Ni-Mo, another earth
abundant material that has been studied as an electrocatalyst for HER on electrodes and
Si based photocathodes.*** We tested four different Ni:Mo atomic ratios (7:1, 3:1, 1:1,
and 3:5) and found that p-Si/Ni-Mo photocathodes with a Ni:Mo atomic ratio of 1:1
resulted in the highest photocurrent densities. A Ni:Mo atomic ratio of 1:1 has been
suggested as the most catalytic atomic ratio for the HER.* Figure 5.11 shows the LSV
scans for the p-Si/W:C and p-Si/Ni-Mo photocathodes with equivalent W2C and Ni-Mo
film thicknesses of 49 A. The p-Si/W2C photocathodes were annealed in Ar at 450 °C but
the p-Si/Ni-Mo photocathodes were not. The p-Si/Ni-Mo photocathodes produced a
photocurrent onset potential of about 0.3 V vs. RHE, which was slightly more positive
than the p-Si/W2C photocathode and more positive than previously reported for

electrodeposition of Ni-Mo onto p-Si."

However, the p-Si/Ni-Mo photocathodes
produced considerable anodic current at more positive potentials and the photocurrent
decreased with repeated testing so they were not stable. Ni-Mo has been reported to be
stable in alkaline solutions for long periods but stability and passiviation requirements for

Ni-Mo in acidic solutions are less substantiated.® We attempted to passivate the p-Si/Ni-

Mo photocathodes by annealing in Ar flow at 450 °C but it worsened the photocurrent
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Figure 5.11. LSV scans (dark and white light) for p-Si/Ni-Mo and p-Si/W:C
photocathodes and a dense Pt film. The Ni-Mo and W2C thicknesses were
both estimated to be 49 A. The p-Si/W2C photocathodes were annealed
under argon flow at 450 °C for 2 hrs. Measurements were conducted in N2

purged 1 N H2SO4 with a scan rate of 25 mV/s and white light intensity of
100 mW/cm®.

density. In summary, the p-Si/W2C photocathodes showed a comparable photocurrent

density to p-Si/Ni-Mo at 0.0 V vs. RHE along with better stability in acidic solution

making W2C another earth abundant option to use as an electrocatalyst for solar hydrogen

production.
Conclusions

We have synthesized p-Si/W:C photocathodes by reactive ballistic deposition
(RBD) and reported the photoelectrochemical (PEC) activity for the HER. X-ray
diffraction (XRD) revealed that the W2C films contained crystalline W>C when deposited
at ambient temperatures while x-ray photoemission spectroscopy (XPS) indicated a W:C
atomic ratio of approximately 1.8:1. The W2C film surface was passivated by annealing
in Ar flow at 450 °C, which improved stability in 1 N sulfuric acid. p-Si/W:2C

photocathodes demonstrated cathodic photocurrent onset potentials more positive than 0
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v vs. RHE while the p-Si photocathode did not. The W2C film was an effective support

for Pt nanoparticles deposited by current controlled pulsed deposition allowing for a

factor of 9 reduction in Pt loading. p-Si/W:C photocathodes with Pt nanoparticles showed

comparable photocurrent onset potentials and limiting photocurrent densities and better

stability than p-Si photocathodes with 9 times as much Pt.
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Chapter 6: Investigation of 35 Elements as Single Metal Oxides, Mixed
Metal Oxides, or Dopants for Titanium Dioxide for Dye-Sensitized Solar
Cells

INTRODUCTION

Dye-Sensitized solar cells (DSCs) are photo-electrochemical (PEC) devices that
can be used to convert solar energy into electrical energy. DSCs consist of a reversible
redox couple placed between a counter electrode and a thin layer of dye molecules that
are anchored to a wide bandgap metal oxide semiconductor.' During light absorption, the
dye molecules rapidly inject photo-excited electrons into the conduction band of the
semiconductor while the redox species continuously regenerate the oxidized dye
molecules to the ground state and transport charge to the counter electrode. In the seminal
DSC paper by O’Regan and Gritzel, published in 1991, a ruthenium based dye was
anchored to nanostructured TiO2 and iodide/triiodide was used as the redox couple.” The
use of nanometer scale TiO: particles was a key breakthrough as it significantly increased
the surface area available for dye adsorption and resulted in an order of magnitude
increase in efficiency up to 7.1-7.9%. Since then, there has been an exponential growth in
the number of research publications related to DSCs. With the aim of improving DSC
efficiency and reducing cost, hundreds of metal complex and organic dyes have been
tested along with a variety of redox couples and electrolytes.” However, relatively few
metal oxide semiconductors have been tested. Besides TiO: the only metal oxides that
have received considerable attention are ZnO, SnQOz, Nb20Os, Zn2SnQs, and SrTiOs.>” In
contrast a vast number of metal oxides have been studied for other PEC applications such
as water splitting and pollutant photodegradation.®® Some of these metal oxides have also
been incorporated with extra elements or dopants to improve their PEC performance.”"

There have been some recent reports of improved DSC performance for doped TiO-, but
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only for a small number of dopants including Al, W, Cr, Ta, Nb, Cu, Sm, Eu, Zn, and
Sb.'** This leaves a large pool of elements yet to be tested.

One technique that has been used to rapidly test large groups of materials for PEC
applications is high throughput testing.”**’ In our study we have applied this approach to
investigate new materials for use in DSCs, which has not previously been done. We
utilized an array dispenser and scanner system to test 35 different elements as single
component metal oxides and as dopants for TiO. This includes 4 alkali metals (Na, K,
Rb, and Cs), 4 alkaline earth metals (Mg, Ca, Sr, Ba), 17 transition metals (Sc, Y, Zr, V,
Nb, Ta, Cr, Mo, W, Mn, Fe, Co, Ni, Cu, Ag, Zn, Cd), 8 post-transition metals (Al, Ga, In,
Ge, Sn, Pb, Sb, Bi), and 2 lanthanides (La, Ce). From the array scans we identified new
compositions for use in DSCs including 6% In TiO2, 6% Sn TiO2, 6% Sb TiO-, and 2%
Cr, 6% Sb TiO2. We used these compositions to synthesize scaled-up films for detailed

characterization and DSC device testing.
EXPERIMENTAL

Array Synthesis and DSC Scans

In order to rapidly synthesize a large number of metal oxides and dopants for
TiO2 we created mixed metal oxide arrays using an array dispenser system that has been
described previously.”*" Briefly, the system consisted of four microdispensing devices,
each connected to a separate fluid reservoir that could be filled with a metal salt solution.
This provided the capability of dispensing four different components simultaneously. The
system used a 3-dimensional positioner to dispense a varying number of drops from each
microdispensing device in an array pattern on top of fluorine doped tin oxide coated glass

(FTO substrates). The chemical composition of each spot in the array was controlled by
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the concentration of the metal salt solutions and number of drops dispensed from each
microdispensing device.

The metal salt solutions were prepared using the following metal salts and
chlorides: NaNOs, KNOs, RbNOs, CsNOs, Mg(NOs)22xH20, Ca(NO3)224H20, N20OsSr,
BaN20s, Sc(NOs)3exH20, Y(NOs)3*xH20, La(NOs3)3¢6H20, Ce(NO3)326H20, TiCls, ZrCla,
VCL, NbCls, TaCls, Cr(NOs);»xH20, (NH4)sM07024¢4H20, (NH4)10W12041°5H20,
Mn(NOs)2xH20, Fe(NO3)3*9H20, Co(NOs)226H20, N:2NiOs*6H20, Cu(NOs)22xH-20,
AgNOs;,  Zn(NOs)exH20,  Cd(NOs)2#4H20,  AI(NOs3)3*xH20,  Ga(NOs)3*xH:0,
In(NOs)3°xH20, GeCls, SnClaexH20, Pb(NOs)2, SbCls, Bi(NOs3)3exH20. A complete list of
chemical suppliers and purities is included in Appendix E. Each metal salt solution had a
metal ion concentration of 0.15 M dissolved in ethylene glycol (Fisher, Certified) except
for TaCls, which had a concentration of 0.03 M because it was insoluble at 0.15 M.
Figure 6.1 shows a diagram of the Ti-M array pattern that was used for this study. M is a
variable for the metals that were tested in the array patterns (except for Ta which had a
slightly different pattern). In the diagram, the blue and red numbers represent the number
of Ti and M drops, respectively, that were dispensed at each location. Since the Ti and M
metal salt solutions had equal molar concentrations, the numbers also represent the Ti:M
atomic ratios. Considering all 35 arrays, a total 596 unique Ti:M atomic ratios were
dispensed for this study. 50 drops were dispensed at spot allowing for concentration
increments of 1/50 or 2%. The spacing between spots was 1 mm. The pulse amplitude of
each microdispensing device was adjusted to decrease the variation in ethylene glycol
dispensed per drop to within +5%. The pulse width and pulse period were set to 25 s
and 10 ms, respectively.

The arrays were dispensed onto hydrophobic 1.9 cm x 1.9 cm FTO substrates

(Hartford Glass, TEC15, 2 mm thick). To make the FTO substrates hydrophobic they
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Figure 6.1. Diagram of the Ti-M array pattern used during dispensing as viewed
through the FTO substrate. M is a variable representing the metal that was
tested on a particular array (Na, K, Rb, Cs, Mg, Ca, Sr, Ba, Sc, Y, La, Ce,
Zr, V, Nb, Cr, Mo, W, Mn, Fe, Co, Ni, Cu, Ag, Zn, Cd, Al, Ga, In, Ge, Sn,
Pb, Sb, and Bi). The blue and red numbers represent the number of Ti and
M drops that were dispensed at each location, respectively i.e. the Ti:M
atomic ratios.
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were cleaned and sonicated in reagent ethanol (PHARMCO-AAPER, 99.5 %), dried,
soaked in 3:50 dichlorodimethylsilane (ACROS, 99+%) : n-hexane (ACROS, 95%),
rinsed with n-hexane, and then heated at 60 °C in a vacuum oven for 1-2 hours. Just
before dispensing each substrate was cleaned with de-mineralized water and dried. After
dispensing the substrates were placed in a vacuum oven at 80 °C for 15 minutes to flatten
the array spots for better adherence and then annealed at 500 °C in air for 2 hours to form
metal oxide spots. The arrays were allowed to cool naturally to ~100°C and then placed in
N719 dye solution, which was 0.5 mM cis-diisothiocyanato-bis(2,2’-bipyridyl-4,4’-
dicarboxylato) ruthenium(Il) bis(tetrabutylammonium) (Solaronix, Ruthenizer 535-
bisTBA) in ethyl alcohol (ACROS, anhydrous, 99.5+%). The arrays were allowed to
soak in the dye solution in the dark for at least 10 hours. Prior to scanning, the arrays

were removed from the dye solution, rinsed with acetonitrile (Fisher, HPLC grade), and
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dried in air. Next a 60 um thick Surlyn gasket (Solaronix, 74301) with a 0.8 cm x 0.8 cm
opening was placed around the array spots. The inside of the gasket was filled with 50
mM iodide/triiodide in acetonitrile with additives of ionic liquid, lithium salt, and
pyridine (Solaronix, lodolyte AN-50). A 2 cm x 2 c¢m piece of Pt coated glass (Solaronix,
74201) was placed over the gasket to complete the array assembly, which was held
together using steel clips.

Figure 6.2a shows a schematic of a completed array assembly. The array scanner

used to measure the arrays has previously been described for three-electrode PEC

(a)

array spots gasket

FTO
(CE)

\ I/1;- electrolyte

(b)

array spots

%'=ii!—-—r—e

7/ \
I/l;- electrolyte gasket

Pt
(WE)

optlcal fiber

Figure 6.2. Schematic of the array assembly as viewed (a) through the FTO substrate
and (b) by cross-section with the optical fiber rastering across the backside
of the FTO substrate.
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measurements.”  For DSC measurements, the array assembly was connected to the
potentiostat with the working electrode (WE) on the Pt coated glass and the reference
(REF) and counter electrode (CE) connected together on the array. The array spots were
scanned by rastering an optical fiber tip across the backside of the array while applying a
constant voltage between the Pt coated glass and the array as illustrated in Figure 6.2b.
For this study the optical fiber had a 0.22 numerical aperture and a 200 pm core
(Thorlabs, BFH22-200) and it was illuminated by a 100 W xenon lamp (Newport, Model
66452). To obtain the light induced current and account for shunting caused by bare FTO
in contact with the electrolyte, the background current (bare FTO current) of each raster

scan was subtracted from the instantaneous current.

Drop-Cast Film Synthesis and DSC Measurements

After using the array scans to identify promising dopants for TiOz, we synthesized
scaled-up films by drop-casting and assembled them into DSCs according to the
following procedure. Precursor solutions were pre-mixed and diluted to a total
concentration of 30 mM in ethylene glycol. 265 pL of the pre-mixed solution was drop-
cast onto the surface of a 1.9 cm x 1.9 cm FTO substrate that had been cleaned,
sonicated, and rinsed with reagent alcohol. The drop-cast solutions on FTO were
annealed in air at 120 °C for 1 hr followed by 500 °C for 2 hrs with a temperature ramp
rate of 10 °C/min. After annealing the films were removed from the oven at ~100 °C and
placed in the N719 dye solution in the dark for at least 10 hours. We used the same N719
dye solution and DSC assembly materials that were described above for the Ti-M arrays.
Prior to DSC measurements, the drop-cast films were rinsed with acetonitrile, dried in air,
and assembled into DSC devices using the thick Surlyn gasket, iodide/triiodide

electrolyte, and Pt coated glass. In addition, the glass on the backside of the drop-cast
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film was masked to an opening of 0.8 cm x 0.8 cm. The DSC device was connected to an
electrochemical workstation/analyzer (CH Instruments 660D) with the WE on the Pt
coated glass and the REF and CE connected together on the drop-cast film. A full
spectrum solar simulator (Newport, Model 9600, 150 W xenon lamp) with an AM 1.5
global filter (Newport) was used to illuminate the DSC device at 100 mW/cm? through
the backside of the film. The electrochemical workstation/analyzer controlled the voltage
of the DSC device and recorded current density vs. voltage (J-V) and electrochemical

impedance spectroscopy (EIS) data.

Materials Characterization

To acquire images of the array spots and drop-cast films we used a Zeiss Supra 40
VP scanning electron microscope (SEM) with ATLAS software. For X-ray diffraction
(XRD) measurements, we synthesized the drop-cast films inside glass vials instead of on
FTO substrates. The films inside the vials were scraped into powders, which were then
measured on a Spider R-Axis diffractometer with the Cu Ka radiation source at 40 kV
and 40 mA. Energy dispersive X-ray spectroscopy (EDS) was performed using a Quanta
FEG 650 SEM with a Bruker XFlash 5010 EDS detector and X-ray photoelectron
spectroscopy (XPS) measurements were acquired using a Kratos AXIS Ultra DLD
spectrometer with Mg Ko radiation. A Cary 5000 spectrophotometer was used for UV-

Vis transmission measurements. For Tauc plots the absorption coefficient (o) was

ot

z

determined by:

o=

where A, is measured absorbance and z is the film thickness. Aqueous electrolyte

measurements were performed using the electrochemical workstation/analyzer with a 3-
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electrode cell. The WE was the drop-cast film, the CE was a Pt wire (Alfa Aesar, 1 mm
diameter, 99.95%), and the REF was saturated Ag/AgCl. The electrolyte was prepared
from NaOH (Fisher, certified ACS) and de-mineralized water. Mott-Schottky plots were

created based on ideal semiconductor behavior:*'*?

1 2 (E £ kT)
C2. ece Ny B e

where Csc is the space charge capacitance (F), e is the electronic charge (C), ¢ is the
dielectric constant of the semiconductor, & is the permittivity of free space, Np is the
donor density (cm™), E is potential (V), Ers is the flat band potential (V), k is the
Boltzmann constant, and T is the temperature (K). For dye adsorption measurements, the
drop-cast films were submerged in the N719 dye solution in the dark for 20 hours, rinsed
with acetonitrile, and then soaked in 3.55 ml of 0.1 M NaOH in 1:1 ethanol:water (by
volume) for 1 hour. Next the absorbance of each soaking solution was measured by UV-
Vis and the dye concentration was calculated according to Beer’s law.” We used an
extinction coefficient of 1.7 x 10* M"' ecm™ at 510 nm, which had been determined by
UV-Vis measurements of known concentrations of N719 in 0.1 M NaOH in 1:1

ethanol:water.
RESULTS AND DISCUSSION

Array DSC Scan Results

The typical figures of merits used to benchmark DSC performance are the short
circuit current (Isc) or short circuit current density (Jsc), open circuit voltage (Voc), and
maximum power point ([[¥]na or [JV]max).>® These values can be used to calculate the fill-

factor (FF) and overall efficiency (7) as follows:
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where Pi» is the power density of the incident light. To estimate Isc, Voc, and |[[V]|max We
measured each Ti-M array at 0, 0.2, 0.4, 0.5, 0.6, and 0.7 V. Isc was simply the current
measured at 0 V while Voc was estimated by fitting a line through the current values at
0.4, 0.5, 0.6, and 0.7 V and then extrapolating or interpolating the voltage that produced
zero current. Power was calculated by multiplying the current by the voltage and |/V]max
was identified for the set of voltages that were measured (0.2, 0.4, 0.5, 0.6, and 0.7 V).
|[V]max always occurred at 0.5 V for Ti oxide spots (Ti:M=50:0), but varied for other Ti-M
oxide spots (Ti:M# 50:0). We attempted to select the Ti-M oxide on each array with the
highest nominal |/V]|m to compare with the Ti oxide spots on the same array.
Comparisons were made within arrays so that synthesis conditions and dye adsorption
times were equivalent. We synthesized and scanned two to five repeat arrays for each Ti-
M combination. Since each array consisted of two identical patterns (see Figure 6.1), this
resulted in 4 to 10 measurements of each of the 596 unique Ti-M compositions. The
repeat scans were used to calculate the average Isc, Voc, |IV|mer for the optimal Ti-M oxide
spots relative to the Ti oxide spots on the same arrays.

Figure 6.3 shows an example of the scan results for a Ti-Sb array at voltages of 0,
0.2, 0.4, 0.5, 0.6, and 0.7 V. The Ti:Sb atomic ratio of each spot can be identified
according to the Ti-M array pattern shown in Figure 6.1, using M=Sb. The light induced
current of each spot can be quantified according to the color calibration bar on the right
side of the figure. Note that the array spots with more than 66% Sb were not visible in the

scans because they did not produce sufficient current. The Isc of each spot can be
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Figure 6.3. Ti-Sb array scans at (a) 0 V, (b) 0.2 V, (c) 0.4 V, (d) 0.5V, (e) 0.6 V, and (f)
0.7 V. The composition of each spot can be identified according to the Ti-M
array pattern shown in Figure 6.1, using M=Sb for this scan.

determined from Figure 6.3a since it was measured at 0 V. In the figure, all the spots

containing 2 — 20 % Sb (metals basis) show higher current than the Ti oxide spots

indicating that a wide range of Sb incorporation increases the Isc. At the higher voltages
0f 0.4, 0.5, 0.6, and 0.7 V (Figures 6.3a, 6.3c, 6.3d, 6.3¢, 6.3f) the current drops off faster
for spots containing higher amounts of Sb and by 0.6 V the Ti oxide spots show the
highest current. This indicates that incorporation of Sb decreases the Voc to an extent that
is inversely proportional to the amount of Sb incorporation. On average, the highest
|[V]max was observed at 0.4 V for a Ti:Sb atomic ratio of 47:3 (6% Sb metals basis).

Numerous Ti-Sb arrays were synthesized and scanned in order to obtain the average
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current values at each voltage and produce I-V curves for Ti oxide and 6% Sb as shown
in Figure 6.4. From the I-V curve it is clear that 6% Sb has a higher Isc than Ti oxide.
However, the current for 6% Sb drops off much faster with increasing voltages and points
to a lower Voc. Also plotted in Figure 6.4 is the power curve. For 6% Sb it shows a |[IV]max
of 0.14 uW at 0.4 V, which is 25% higher than the |[/V|ne of 0.11 pW at 0.5 V for Ti

oxide.
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Figure 6.4. 1-V curve produced by averaging the Ti-Sb array scans for 6% Sb and Ti
oxide.

One disadvantage of preparing metal oxides by dispensing and annealing metal
salt solutions is that there is little control over the surface structure and morphology of
the final material. The amount of surface area a material has available for dye adsorption
has a tremendous influence on the overall DSC device performance. We imaged the spots
by SEM to qualitatively compare their surface area. Figures 6.5a and 6.5b show SEM
images of a Ti oxide spot under low and high magnification. The Ti oxide array spots
were mostly flat and dense with random cracks and pores less than 20 nm wide. In fact,
the Ti oxide appeared to fill in the peaks and valleys of underlying FTO, which is evident

from the high magnification image of bare FTO (Figure 6.5c). Adding a relatively small
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Figure 6.5. SEM images of a Ti-M array showing (a) the entire Ti oxide array spot at
low magnification and (b) the middle of the Ti oxide array spot and (b) bare
FTO near the array spots at high magnification.
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amount of foreign metal salt to the TiCls precursor solution to make 2 — 10 % doped Ti
oxide did not have a significant impact on the resulting surface structure and morphology
of the arrays spots. A mosaic SEM image of the Ti-Sb array and a close up SEM image
of the 6% Sb spot are included in Appendix E (Figures E.1, E.2g, and E.2h). Similar to
pure Ti oxide, the 6% Sb array spots were mostly flat and dense with porous features
smaller than 20 nm.

To identify the optimal Ti:M ratios (% M values) for each of the 35 values of M,
all of the Ti-M arrays were analyzed in a manner similar to the Ti-Sb array above. The
results are summarized in Figure 6.6, which shows a scatter plot of the average Isc and
Voc percent difference between the % M spots and the Ti oxide spots. To account for
variation from array to array, the % M spots were only compared with Ti oxide spots on
the same array. The scatter plot in Figure 6.6 has four quadrants: (I) positive Isc %
difference, positive Voc % difference, (II) positive Isc % difference, negative Voc %
difference, (III) negative Isc % difference, negative Voc % difference, and (IV) negative
Isc % difference, positive Voc % difference. Dopant metal concentrations in quadrant (I)
are the most promising candidates for improving the |[[V|ne TiO2 for DSCs. Metals in
quadrants (II) and (IV) are less likely to result in higher current than TiO: for all voltages,
but they may be useful for improving DSC performance depending on whether a higher
Isc or Voc is desired. Metals in quadrant (III) are most likely detrimental to DSC
performance.

The results in Figure 6.6 are specific to the synthesis method that we used to make
the arrays, which involved dispensing and annealing metal salts with TiCls in ethylene
glycol; however, the results are consistent with most known results obtained employing
other synthesis techniques. For example, 1 — 2 % W was reported to improve Isc but

decrease Voc.'"*** 2% Cu showed a significant drop in Isc but a positive 6.4% change in
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Figure 6.6. Scatter plot of average Isc and Voc % differences relative to Ti oxide for the
optimal compositions of % M doped Ti oxide (metals basis), which were
obtained from the Ti-M array scans.

Voc. "**'7* 1.7 — 2.7 mol % Nb TiOz resulted in improvements in Jsc and Voc up to 32.6%

and 5.7%, respectively.'”*> Zn doping has also been shown to improve both Isc and Voc to

an extent, particularly under low intensity illumination.'®” Some of the results shown in

Figure 6.6 have not previously been reported. For example, numerous post-transition

metals (Ga, Ge, In, Sn, Sb and Bi) appear to maintain or increase Isc when incorporated

into Ti oxide, but there is limited literature related to post-transition metals as dopants for

TiO: for DSCs. One study showed an increase in Isc and decrease in Voc for incorporation

of 1-3% Sb in TiO2, but it did not include results for higher concentrations of Sb.** Recall




that we observed the highest |/V]max for 6% Sb incorporation. Figure 6.6 shows that 6% Sb
resulted in the highest Isc of all dopants, but a significant decrease in Voc. 6% Sn showed
the next highest Isc and a reasonable Voc, and 6% In showed the highest Voc and a
reasonable Isc. After completing the single dopant array scans we searched for metals to
co-incorporate with Sb in an effort to increase Isc without decreasing the Voc. We tested
arrays containing 0 — 14 % Sb with 0 — 8% Na, K, Rb, Cs, Cr, and Al separately. They all
showed some improvement in |[V]ne but co-incorporation of Cr and Sb was the most
consistent. 2% Cr, 6% Sb resulted in even higher /sc than 6% Sb along with a smaller

drop in Voc.

Some elements that were tested are not included in 6.6. Metals, such as
scandium, vanadium, and iron, are not included because they were outside the range of
the scatter plot. 2% V and 2% Sc decreased Jsc and Voc by more than 85% and 8.5%,
respectively. 2% Fe improved Jsc by 50%, but decreased Voc by 29%. Molybdenum and
silver were not included because array spots containing Mo or Ag were not consistent and
tended to flake off the FTO substrate during annealing.

In addition to testing the 35 elements as dopants for titanium oxide, we tested
them all as single component metal oxides. When sensitized with N719 dye, most of
them did not show a measureable current or Voc during the array scans. The materials that
did are summarized in Figure 6.7 according to Isc and Voc % difference. The only single
component metal oxide that ended up in quadrant (I) was Zn oxide, which had a
relatively high Isc and Voc compared to Ti oxide. In terms of DSC research publications,
ZnO is second most studied metal oxide behind TiO2.’ It has a similar bandgap and
conduction band energy level to TiO, but it is more susceptible to photo-corrosion.’*" All

of the remaining single component metal oxides lie within quadrants (II) and (III)
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Figure 6.7. Scatter plot of average Isc and Voc % differences relative to Ti oxide for the
single component M oxides that showed sufficient current during the Ti-M
array scans.

because they have lower Voc values than Ti oxide. Some single component metal oxides
(Fe, In, Sn, and Bi oxide) and two mixed metal oxides (T1:W=33:17 and Ti:Fe=33:17
oxide) showed very high Isc values. The higher Isc and lower Voc of these metal oxides is
partially due to the energy band positions. For common n-type metal oxide
semiconductors used in photo-electrochemistry, the Fermi level (EF) is typically about 0.1
eV below the conduction band (Ecs) and the location of Er can be estimated by
measuring the flat band (£rs) potential and taking into account the potential drop across
the Hemholtz layer (Apn).*® At the pH value where the potential drop across the Hemholtz
layer is zero (Apn =0), the point of zero zeta potential (PZZP), there is a linear correlation

between the Ecs and Ers.**"” Thus Ers can be used to estimate Ecs. Fe20s, FeTiOs, In20s,
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SnO2, and Bi20s all have Ers values that are at least 0.5 V more positive than the Ers of
Ti02.>'**** The more positive Ers values result in a larger potential difference between
the Ecs of these metal oxides and the HOMO of the adsorbed dye resulting in a larger
driving force for Isc. At the same time the Voc of these single component metal oxides is
constrained since the maximum obtainable Voc is the voltage difference between the Er
of the metal oxide and the potential of the redox species.”” Another contributing factor to
the higher Isc of the Zn, In, Sn, Bi, and Ti:W=33:17 oxides, is the surface area of the
array spots. These single component metal oxides appeared to have more complicated
surface structure than Ti oxide, which likely resulted in adsorption of more dye, and
hence more light absorption. Figure E.3 in Appendix E shows comparison SEM images

for Ti, Fe, Zn, In, Sn, Bi, and Ti:W=33:17 oxide array spots.
Drop-cast Film DSC Results

Scaled-up films were synthesized by drop-casting with the following
compositions: Ti only (TiO2), Ti:In=47:3 (6% In TiO2), and Ti:Sn=47:3 (6% Sn Ti0>),
Ti:Sb=47:3 (6% Sb TiO2), Ti:Cr=47:3 (6% Cr TiO2), and Ti:Cr:Sb=46:1:3 (2% Cr, 6%
Sb Ti02). We performed XRD measurements to reveal which crystal phases of TiO2 were
formed by oxidation of the metal salts and TiCls in ethylene glycol. The XRD spectra are
shown in Figures 6.8a and 6.8b along with the reference pattern for anatase TiO2 (PDF #
00-021-1272) with Miller indices for anatase labeled by the letter A. All of the
compositions formed TiO:, primarily in the anatase phase. Figure 6.8a shows that the
pure Ti oxide films matched the reference pattern for anatase TiO:2 almost exactly. Close
inspection of the spectra for 6% In TiO2 and 6% Sn TiO: reveals slight negative shifts of
0.14 — 0.16 deg for the (200) peak near two theta of 48 deg and 0.06 — 0.09 for the (211)

peak near 55 deg. A similar negative shift was observed for 5 — 10 % Nb incorporation
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Figure 6.8. XRD spectra for material synthesized by drop-cast composed with
compositions of (a) Ti only (Ti0O2), Ti:In=47:3 (6% In TiO2), and
Ti:Sn=47:3 (6% Sn Ti0O:) and (b) Ti:Sb=47:3 (6% Sb TiO2), Ti:Cr=49:1
(2% Cr Ti0O2), and Ti:Cr:Sb=46:1:3 (2% Cr, 6% Sb TiO2). The reference
pattern is for anatase (A) TiO2 (PDF # 00-021-1272). Peaks for rutile (R)

TiO2 (PDF # 00-021-1276) and brookite (B) TiO2 (PDF# 00-029-1360) are
also indicated.

into TiO2, which was attributed to the larger ionic radius of Nb’* compared to

Ti*"." In and Sn likely incorporated with larger ionic radii as well. Using a coordination
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number of 6 for TiO2, some possible oxidation state (ionic radius) values for In, Sn, Sb,
and Cr doped anatase TiO: are as follows: In*" (0.80 A) , Sn*" (0.69 A), Sb™ (0.60 A),
Cr’* (0.615 A), and Ti*" (0.605 A).*’ Along with the anatase peak shifts, 6% Sn TiO: also
showed the emergence of extra peaks, which matched the references for rutile TiO2 (PDF
# 00-021-1276) and possibly the second largest peak for brookite TiO2 (PDF# 00-029-
1360) at two theta of 30.8 deg. The Miller indices of these peaks are labeled with the
letters R and B. For 6% Sn TiO: the relative peak intensities for anatase (101) and rutile
(110) were 93% and 7%, respectively, indicating a low percentage of rutile TiO2. In
Figure 6.8b, the XRD spectrum for 2% Cr TiO: did not stray appreciably from the
anatase TiO: reference pattern. The spectra for 6% Sb TiO:2 and 2% Cr, 6% Sb TiO: did
not show noticeable shifts for the anatase (200) and (211) peaks but they did show
merging of the (105) and (211) peaks near 54 and 55 degrees. In addition to XRD, the
chemical compositions of the drop-cast films were verified using XPS and EDS. The
results are summarized in Appendix E (Table S1). EDS showed atomic percentages that
were slightly above and below the expected values for the incorporated metals while XPS
revealed atomic percentages that were mostly above the expected values. This suggests
that synthesis favors segregation of the metals to the surface of the TiO2. Surface effects
can be important for dye adsorption and charge transport, which is discussed later.’

The drop-cast films were imaged by SEM to determine if incorporation of dopants
altered the surface structure and morphology. Figure 6.9 shows SEM images of a typical
TiO: film synthesized by drop-casting. The drop-cast TiO: films (Figure 6.9a) were
similar in appearance to the Ti oxide array spots (Figure 6.5b). They consisted of a
compact agglomerate of particulates that were less than 20 nm in diameter. SEM images
for 6% In TiO2, 6% Sn TiO2, 6% Sb TiO2, and 2% Cr, 6% Sb TiO:2 were equally

unremarkable and are included in Appendix E (Figure E.4). Based on the high
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Figure 6.9. SEM image of a scaled-up TiO: film synthesized by drop-cast from (a) top
view and (b) cross-sectional view.

magnification SEM images, up to 6% incorporation of In, Sn, or Sb did not appear to
alter the surface area significantly. We also used dye desorption measurements to
estimate the amount of dye adsorbed by each composition and the results are included in
Table 6.1. All of the compositions adsorbed about 4 nmol/cm* of N719 dye, which is
quite low compared to high efficiency DSCs. For instance, in the 1991 breakthrough
paper, the TiO2 nanoparticle DSC had an adsorption of 130 nmol/cm’ for the ruthenium
based dye.” Nevertheless, these low surface area films synthesized by drop-casting are

useful for comparing the effect of doping, especially since the different compositions
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Film Total Dye Adsorption
Samples | (nmol/cm?)

TiO2 3 4.1+0.5

6% In TiO2 3 3.5+0.5

6% Sn TiO: 3 39+0.2

6% Sb TiO: 3 44+0.3

2% Cr, 6% Sb TiO2 |3 3.8+0.5

Table 6.1. Dye adsorption estimates for drop-cast films. Calculated from UV-Vis
measurements of solution used to desorb N719 dye from sensitized films.
Values are listed as the average + one standard deviation.

show the same level of dye adsorption.

In order to compare the light absorption of different compositions, UV-vis
measurements were performed. Figure 6.10 shows the UV-Vis spectra for various drop-
cast films. Between 320 and 460 nm, the light response was essentially the same for all
compositions. The Tauc plot (Figure E.5) suggests an indirect bandgap energy of about
3.2 eV, which is typical for anatase TiO2.>>* It is worth mentioning that the drop-cast
2% Cr Ti0:2 and 2% Cr, 6% Sb TiO2 were mostly transparent in the middle, but had an
orange tint around the edge of the FTO. For Cr and Cr,Sb co-doped TiO: synthesized by
other methods, researchers have observed a visible orange hue along with absorption
spectra shoulders extending beyond 550 nm.""*"** From the cross-sectional SEM images
(Figure 6.9b) we estimate the thickness of our drop-cast films to be approximately 200
nm. At this thickness, the films only absorbed a fraction of the incident light, even at
wavelengths well below 380 nm. Perhaps thicker 2% Cr TiO:2 and 2% Cr, 6% Sb TiO2
films would show light absorption features at higher wavelengths. However, extension of
the visible light response of TiO: is not necessary for DSCs because the task of visible

light absorption is accomplished by the dye molecules.
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Figure 6.10. UV-Vis absorbance spectrum for films synthesized by drop-casting with
various compositions.

To ensure reproducibility of the DSC devices, we synthesized and tested
numerous repeat films of each composition. The average Jsc, Voc, |JV|mar, and FF of each
composition are listed in Table 6.2 and typical I-V curves for each composition are
shown in Figures 6.11a and 6.11b. The general trends in Jsc and Voc are consistent with

the array scan results, although the Jsc and Voc percent differences relative to TiO: are

Film Total Jsc Voc |JV | max FF
Samples | (mA/cm?) (V) (mW/cm?)

TiO2 10 0.312+0.10 0.649 £ 0.04 0.110+£0.03 0.547 £0.04
6% In TiO:2 8 0.327 £ 0.09 0.679 £ 0.03 0.138 +£0.04 0.621 £0.04
6% Sn TiO2 7 0.355+£0.05 0.639 + 0.06 0.135+0.03 0.588 £ 0.04
6% Sb TiO2 7 0428 £0.11 0.552+0.02 0.114 £ 0.03 0.476 + 0.03
2% Cr TiO2 5 0.268 £ 0.08 0.651 +0.04 0.105 +£0.05 0.586 +0.03
2% Cr, 6% Sb TiO2 | 10 0.559+0.10 0.593 +0.04 0.150+0.03 0.452 +£0.03

Table 6.2.

Comparison of parameters for scaled-up DSC devices. Values are listed as
the average + one standard deviation.
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Figure 6.11. I-V curves for typical DSC devices containing films synthesized by drop-
cast composed of (a) TiO2, 6% In TiOz2, 6% Sn Ti0O2, and 6% Sb TiO2 and
(b) TiO2, 6% Sb TiO2, 2% Cr TiOz, and 2% Cr, 6% Sb Ti0O:. The lamp
power was 100 mW/cm’.

smaller. According to the drop-cast film results, 6% Sb increased Jsc by 31% but

decreased Voc by 15%, 6% Sn increased Jsc by 14% and maintained Voc to within 1.5%,

and 6% In increased Voc by 4.5% along with a slight increase in Jsc of 4.8% giving it the

highest FF' at 0.62. For the array scans, 4% Cr was the optimal amount of Cr
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incorporation for improving Voc, but 2% Cr TiO: films were made by drop-casting to
compare with 2% Cr, 6% Sb TiO2. 2% Cr resulted in a 14% decrease in Jsc, but slight
increase in Voc. Adding 2% Cr along with 6% Sb resulted in the largest increase in Jsc at
79% and a decrease in Voc of 8.6%, which was an improvement relative to 6% Sb alone.
2% Cr, 6% Sb TiO2 had a relatively poor FF at 0.45, but had the highest |JV]na due to the
high current.

The improvements observed for co-incorporation of 2% Cr and 6% Sb relative to
6% Sb by itself suggest that Cr and Sb play complementary roles when incorporated
together in TiO2. In photocatalysis research, improved photoactivity for Cr, Sb co-doped
rutile TiO:2 for Oz evolution has been attributed in part to an enhancement in visible light
response.'' Based on our UV-Vis measurements of the drop-cast 2% Cr, 6% Sb TiO:
films, which were anatase, the improvement in DSC performance does not appear to be
caused by improved light absorption. Instead it is more likely related to improved charge
transport properties. A recent study used density function theory (DFT) calculations to
analyze the combined roles of Cr and Sb when co-doped in anatase TiO2.* It was
theorized that substitutional doping with Cr could result in either Cr** sites or Cr’* along
with oxygen vacancies while substitutional doping with Sb would likely result in Sb>* and
Ti** sites. Substitutional doping of Cr and Sb together would allow for an electron
transfer from Sb to Cr without the need to create defects such as oxygen vacancies or Ti’**
sites, reducing the rate of electron-hole recombination. Indeed, if Sb’* and Cr’* were
equally substituted for Ti*" in TiOz, then the charge would be fully compensated and there
would be no need for oxygen vacancies or Ti’" species. However, we found that a Cr:Sb
ratio of 1:3 resulted in the highest currents for DSCs. One possibility is that higher Sb
concentrations result in both Sb>" and Sb*" species. Researchers have shown that Sb

incorporation into SnO: reduces resistivity and deconvoluted XPS spectra suggest a mix
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of Sb>" and Sb*" at higher concentrations of Sb.** Nb doping of TiO2 , most likely as Nb>",
has also been shown to reduce resistivity, which was one of the factors attributed to
improved DSC performance.'’ In general, metal oxides have poor conductivity compared
to non-oxide semiconductors and electron transport through TiO: is one of the slowest
electronic processes during DSC operation. The typical time constant for electron
transport through nanocrystalline TiO: films in DSCs has been estimated to be on the
order of 107°-10° s, which is quite slow compared to the typical time constants for
injection of photo-excited electrons by the dye (10">-10"° s) and regeneration of the
oxidized dye molecules by the redox couple (10° s for iodide/triiodide).”™™ It is
expected that an improvement in the conductivity of TiO2 would be beneficial to reducing
current losses in a DSC device.

EIS is one method that can be used to estimate the internal resistances of DSC
materials. It involves the application of minute AC voltage amplitudes to elucidate an
equivalent internal circuit. We performed EIS measurements on typical DSC devices at
open circuit potential under illumination to produce the Nyquist plots shown in Figure
6.12 (the same DSC devices that were used for Figure 6.11). There is some disagreement
in the literature as to the equivalent circuit assignment for every point in the Nyquist plots
for DSCs, but it is commonly accepted that the semi-circle (Z2) in the middle frequency
range 10 — 100 Hz can be assigned to electron transfer through the TiO2/dye/electrolyte.*”
> This is the frequency range for the largest semi-circles shown in Figures 6.12a and
6.12b. For each composition, the high frequency ohmic resistance (Rh) was similar at
about 30 ohms, but Z> varied. We used ZView software to model each Z> as a resistor
(R2) in series with a capacitor (Cz). For TiO2, 6% In TiO2, and 6% Sn TiO2, and 2% Cr
TiO:, the model predicted a similar C2 value of about 5 x 10 F and varying Ra values of

216, 183, 172, and 327 ohms, respectively. 6% Sb TiO2 and 2% Cr, 6% Sb TiO2 were
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Figure 6.12. Nyquist plots for typical DSC devices containing films synthesized by drop-
cast composed of (a) TiOz2, 6% In TiO2, 6% Sn Ti0O2, and 6% Sb Ti0O: and
(b) TiO2, 6% Sb TiO2, 2% Cr TiO2, and 2% Cr, 6% Sb TiO:. The EIS
measurements were conducted at open circuit potential under illumination.
also similar to each other in C2 at about ~3 x 10™* F but had differing R2 values of 311 and
231 ohms, respectively. The large reduction in R2 for 2% Cr, 6% Sb TiO2 compared to
2% Cr TiO2 and 6% Sb TiO2 suggests that the complementary interaction between Cr and
Sb helps decrease resistance to charge transport in the DSC device. The incorporated
metals may improve charge transport by passivating surface trap states and suppressing
recombination between electrons in the metal oxide and the dye or electrolyte. Such an
effect has been observed for ultrathin films of Al20s, Nb20s, SiO2, and ZrO: applied to
the surface of TiO2.>>**** A more detailed EIS analysis utilizing varying steady states can
be used to probe the surface kinetics of DSC materials and determine the rate of

interfacial charge transfer.’>> On the other hand the incorporated metals may increase the
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rate of recombination within the bulk material. Excess doping of metal oxide
semiconductors can create trap states, which can decrease the carrier lifetime even though
conductivity and photoactivity increases.'®***" A decrease in carrier lifetime might lead to
lower photoactivity for doped TiO: films that are thicker than the 200 nm films that we
synthesized by drop-casting.

Lastly, we performed 3-electrode PEC measurements for each composition with
the film as the WE and aqueous 1 M NaOH as the electrolyte. This included chopped
(light/dark) J-V measurements and EIS measurements using a voltage amplitude of 5 mV
and a frequency of 10 kHz between -0.2 and -1.0 V vs. Ag/AgCl. Figures for these
measurements are included in Appendix E (S6, S7, and S8). Mott-Schottky analysis of
the EIS data was used to estimate the Ers of each composition. Figure 6.13 shows the
average Voc values obtained from DSC device measurements versus the Ers values

estimated by Mott-Schottky. The Voc and Ers values show a linear correlation. This is
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Figure 6.13. Plot of the average Voc obtained from DSC devices versus the Vs estimated
from Mott-Schottky analysis of typical drop-cast films with various
compositions.
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expected since the maximum obtainable Voc is constrained by the difference in the Er of
the metal oxide and the potential of the redox species. The slightly more negative Ers of
2% Cr, 6% Sb TiO2 compared to that 6% Sb TiO: is consistent with the slightly higher
Voc. Along with the higher Jsc of 2% Cr, 6% Sb TiO, this is further evidence that Cr and

Sb have a combined effect that improves charge transport in the DSC device.

CONCLUSIONS

We have used an array dispenser and scanner system to investigate 35 different
elements as single component metal oxides and as dopants for TiO: for use in DSC
devices with N179 as the dye and iodide/triiodide as the redox species. When
incorporated as dopants, each element showed a unique influence on Isc and Voc.
Changes in Isc and Voc were consistent with known results for doping TiO2 with 2% W,
2% Cu, 2% Nb, and 2% Zn. In addition, new dopants were discovered including several
post-transition metals with optimal dopant levels of 6% In, 6% Sn, and 6% Sb along with
co-incorporation of 2% Cr and 6% Sb. Single component metal oxides, such as Fe, In,
Sn, and Bi oxide, showed considerably higher Isc values than Ti oxide but lower Voc
values. This was attributed to the array spots having more surface area and more positive
Ecs values than TiOs.

Scaled-up films of TiO2, 6% In TiO2, 6% Sn TiO2, 6% Sb TiO2, 2% Cr TiO2, and
2% Cr, 6% Sb TiO2 were synthesized by drop-casting for materials characterization and
DSC device measurements. From XRD measurements the films were confirmed to be
primarily anatase TiO. They all had similarly low surface area and dye adsorption, which
resulted in low DSC device efficiency, but allowed for fair comparison of their DSC
performance. Incorporation of TiO2 with 6% In increased Voc by 4.5% and Jsc by 5%

resulting in a FF at 0.62, which was the highest of all the compositions. 6% Sb increased
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Jsc by 31% but decreased Voc by 15%. The addition of 2% Cr along with 6% Sb
increased the Jsc even more by 79% and lessened the decrease in Voc to 8.6%. As a result
2% Cr, 6% Sb TiO: had the highest |/V]nax of all the compositions even though the FF
was relatively low at 0.42. The increase in current for 2% Cr, 6% TiO2 was the result of a
complementary interaction between Cr and Sb, possibly involving charge compensation.
For EIS measurements 2% Cr, 6% Sb TiO2 showed a lower resistance to charge transport
relative to 2% Cr TiO2 and 6% Sb TiO2. The various compositions showed a linear
relation between the Voc values obtained from DSC operation and the Ers values
estimated by Mott-Schottky. These compositions may be useful in making high
efficiency DSC devices if they can be synthesized by other methods that result in
significantly higher surface area for dye adsorption. Additionally the /sc and Voc of these
compositions might be maximized using dyes other than N719 and electrolyte species
having more positive redox potentials.
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Chapter 7: Concluding Remarks and Future Research

OVERVIEW OF COMPLETED WORK

This dissertation presented the results for numerous scientific studies of mixed
metal oxides and electrocatalyst materials for use in solar energy conversion. Chapter 1
introduced the sustainable energy challenge and different methods of solar energy
conversion including photovoltaic electricity generation and photo-electrochemical
(PEC) water splitting. Various methods for improving the photo-conversion efficiency of
PEC materials were discussed including nanostructuring, incorporation of additional
elements or doping, and the application of electrocatalysts.

Chapter 2 presented a study in which reactive ballistic deposition (RBD) was used
to synthesize nanostructured BiVOs films as photoanodes for the water oxidation
reaction. Synthesis conditions were adjusted to optimize the PEC performance. BiVO4
films deposited with excess vanadium (V/Bi=2) at incident angles of 65° showed IPCE
values above 21% for light wavelengths of 340-460 nm (in 0.5 M Na>SOs at 1.0 V vs.
Ag/AgCl). The films were not completely stable and the photocurrent density dropped by
60-75% before reaching steady-state. The steady-state [PCE values were above 14% for
340-460 nm light. Chapter 3 explained efforts to improve the PEC performance of BiVO4
further by incorporation of Mo and W using ballistic deposition (BD) in vacuum.
Synthesis parameters such as the Bi:V:Mo:W atomic ratio and deposition angle were
optimized and films synthesized with a Bi:V:Mo:W atomic ratio of 46:46:6:2 (6% Mo,
2% W) at an incident angle of 55° produced the highest photocurrent densities. These
films achieved quantum efficiencies of 37% at 1.1 V vs. RHE and 50% at 1.6 V vs. RHE
for 450 nm light when Pt was deposited on the surface as an electrocatalyst.

Chapter 4 described the screening of metals to incorporate into copper oxide and

copper bismuth oxide as photocathodes for proton reduction. A dispenser and scanner
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system ws used to create and screen Bi-M-Cu oxide arrays for cathodic photoactivity,
where M represented 1 of 22 different transition and post-transition metals. Over 3,000
unique Bi:M:Cu atomic ratios were screened. Several photoactive M-Cu oxides and Bi-
M-Cu oxides were identified with photocurrents that were 200% - 300% higher than CuO
and 200% - 400% higher than CuBi20s. Most notable was a Bi-Ag-Cu oxide (Bi:Ag:Cu
atomic ratio of 22:3:11) which showed 4 times higher photocurrent than CuBi.0s. With
Pt as an electrocatalyst, the Bi-Ag-Cu oxide evolved hydrogen under illumination in
neutral electrolyte at 0.6 V vs. RHE.

Chapter 5 discussed the use of W2C as an electrocatalyst for p-type silicon (p-Si)
for proton reduction or the hydrogen evolution reaction (HER). W2C thin films
synthesized by RBD demonstrated catalytic activity for the HER and were an effective
support for Pt nanoparticles allowing for a significant reduction in Pt loading. p-
S1/W2C/Pt photocathodes with Pt nanoparticles achieved photocurrent onset potentials
and limiting photocurrent densities that were comparable to p-Si/Pt photocathodes a Pt
loading that was nine times higher.

Chapter 6 described utilization of the array scanner and dispenser to screen new
materials for dye-sensitized solar cells. 35 elements were investigated as single
component metal oxides and as dopants for TiO: for use in DSCs. Several new DSC
materials were identified including 6% In TiO2, 6% Sn TiOz, 6% Sb TiO:, and 2% Cr, 6%
Sb TiO: (metals basis). When co-incorporated, Cr and Sb showed a complimentary
interaction, which reduced the resistance to charge transport in the DSC device and
increased the short circuit current. The fill-factor for 2% Cr, 6% Sb TiO:2 was relatively
low, but it showed a higher maximum power than TiO: due to the higher currents.

Each of the scientific studies described in this dissertation were successful in that

a new synthesis technique was demonstrated and/or new photoactive materials were
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identified. In some instances the new synthesis techniques and material combinations
resulted in improvements in PEC performance. The materials were thoroughly assessed
and characterized to futher understand their nanostructure, chemical composition, light
absorption, charge transport properties, catalytic activity, and stability. Hopefully the
results will be helpful to others conducting research in the field of photo-

electrochemistry.

ONGOING AND FUTURE WORK

In recent years, significant progress has been made in the development of PEC
materials for water oxidation and proton reduction. Nanostructuring and electrocatalysts
have been applied to o-Fe20s to obtain a photocurrent density of ~3 mA/cm® under AM
1.5." Incorporation of Mo and W into BiVOas along with various electrocatalyst has
produced IPCE above 50% corresponding to photocurrent densities above 2 mA/cm?
when integrated over AM 1.5.* These are good achievements; however, the photocurrent
densities remain well below the predicted maximum values of ~12.5 and ~7.5 mA/cm’
for a-Fe20s3 and BiVOs, respectively.’

One problem with fractal and nanorod morphology of metal oxide
photoelectrodes is that the nanostructure is usually composed entirely of the metal oxide.
Thus, the majority carriers (electrons for photoanodes) still need to traverse the entire
length of the metal oxide nanostructure, which is typically much longer than the electron
diffusion length. This can result in charge carrier recombination. A more methodical
approach would involve coating a metal oxide shell around a highly conductive core or
scaffold as shown in Figure 7.1. This may allow for improved charge transport of both
the majority and minority carriers. There are relatively few publications related to highly

conductive, nanosctructured scaffolds. Recently a-Fe.Os was coated onto TiSi2 nanonets
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for PEC water oxidation.’ a-Fe203 was also deposited onto conducting Nb doped SnO2
on top of a TiO2 scaffold.” Perhaps further improvements can be achieved using a well-
defined conducting scaffold — metal oxide photoanode with a greater overall surface area

and various combinations of metal oxides (TiO2, Fe203, WO3, BiVOs, etc.).

Conductdr

Figure 7.1  Schematic of a metal oxide shell around a highly conductive shell or core.®
The nanorods shorten the travel distance of photo-generated holes (+) in the
radial direction and electrons (-) in the co-axial direction while still allowing
for adequate light absorption in the co-axial direction.

The lack of earth abundant and long lasting electrocataysts for PEC materials is
also a problem and a more thorough understanding of the interactions between
electrocatalysts and absorber materials is needed. In chapter 5 it was shown W:C
deposited onto p-Si is an effective support for Pt nanoparticles for improving the
photocurrent onset potential, but the exact reaction mechanism leading to the
improvement has not yet been fully characterized and understood. Other earth abundant
materials should be explored as electrocatalysts for PEC materials as well. Ni-Mo is a

well-known electrocatalyst for HER, which has been tested on p-Si for PEC proton

reduction.”"" Perhaps there are Ni-Mo-M combinations (where M represents a third
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transition metal) that posess lower overpotentials and better stability than Ni-Mo. We are

currently collaborating with Fosdick and Crooks to screen Ni-Mo-M combinations for the

HER using bipolar electrode arrays. "
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Appendix A: Supplemental Information for Photoelectrochemical
Oxidation of Water Using Nanostructured BiVOs4 Films

© O O
o N B~
" 1 " 1 " 1
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o M~ N
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V/Bi=2, y=65°
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Applied Potential (V vs. Ag/AgCl)

Figure A.1. Chopped (dark and white light) LSV scans for a BiVOs film synthesized by
RBD (V/Bi=2, y=65°, thickness=0.5 pm) in 0.5 M Na2SOs. The film was
measured initially (magenta) and after illumination for 3 hours at a constant
potential of 1.0 V vs. Ag/AgCl (black). The scan rate was 0.025 V/s.
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Figure A.2. Amperometric i-t curve for a BiVOs film synthesized by RBD (V/Bi=2,
1=65°, thickness=0.5 um) in 0.5 M Na>SO4 (magenta) and 0.5 M Na>SOs4
with 0.5 M phosphate buffer solution (pH 6.8) (black) at a constant applied
potential of 1.0 V vs. Ag/AgCl. During white light illumination the film
was flushed with fresh electrolyte every 50 seconds causing the spikes in
photocurrent. For non-buffered 0.5 M Na2SOs local pH changes near the
film surface caused by the water oxidation reaction resulted in gradual
photocurrent decay after each flush.
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Figure A.3.  XPS spectra for BiVOs4 film synthesized by RBD (V/Bi=2, y=65°,
thickness=0.5 um) obtained before PEC testing. Binding energies of 159.0 eV for Bi
4£7/2,516.8 eV for V 2p 3/2, and 529.8 eV for O 1s imply oxidation states of Bi*",
V', and O
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Film Deposition Parameters  lon Concentrations (ppb) lon Concentrations (ppb) in Used

and Surface Treatments in Unused Electrolyte Electrolyte (3 hrs of illumination
at 1.0V vs. Ag/AgCl)
Bi \Y Bi \Y
V/Bi=2, y=65° 0.1 1.2 0.3 247
V/Bi=1, y=65° (Co surface) 0.4 0.9 0.4 0.9
Table A.1. ICP-MS results for electrolyte solutions used with two different BiVOs films

synthesized by RBD. A batch of 0.1 M Na2SOs was prepared for each film
and measured to obtain the ion concentrations in unused electrolyte. About
25 mL of each 0.1 M Na>SOs solution was used for PEC testing (over 3
hours of illumination at constant applied bias of 1.0 V vs. Ag/AgCl) and
measured to obtain the ion concentrations in used electrolyte. All values
were below the detection limits of the ICP-MS system except for the V
concentration in used electrolyte from the V/Bi=2 film.
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Appendix B: Supplemental Information for Incorporation of Mo and
W into Nanostructured BiVOs4 Films for Efficient Photoelectrochemical
Water Oxidation

350 400 450 500
Wavelength (nm)

Figure B.1. Typical power density spectrum for light that was incident on the film
during [PCE measurements. The power was measured using a UV
enhanced silicon photo-detector.
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Figure B.2. Chopped (dark and white light) LSV scans for BiVOs4 films deposited in
vacuum with no background gas and with 5x10° Torr of O2. After
deposition both films were annealed in air at 500°C in for 2 hours.
Measurements were conducted in mixture of 0.1 M Na2SOs and 0.1 M
phosphate buffer solution (pH 6.8) with a scan rate of 0.025 V s™.

Figure B.3. SEM images of films with a Bi:V:Mo:W atomic ratio of 50:50:0:0 deposited

at y=55° (a) in vacuum with no background gas and (b) with 5x10° Torr of
2. The films have not been annealed.

174



175



Figure B.4. SEM images of films with Bi:V:Mo:W atomic ratios of 46:46:6:2 deposited
in vacuum at different deposition angles (y) taken before and after annealing
in air at 500 °C for 2 hours: (a) y=0°, before annealing (b) y=0°, after
annealing (c) y=55°, before annealing (d) y=55°, after annealing (e) y=75°,
before annealing (f) y=75°, after annealing.
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o 30- —_—— 5% MO —
] —A— 2 500 W
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Figure B.5. Trends showing improvement in photocurrent density with age since
annealing for BiVOs4 films with varying atomic percentages of Mo and W
(relative to the total Bi, V, Mo, and W). The photocurrent density values
were taken from LSV scans (value at 1.6 V vs. RHE) in 0.1 M Na>SO4 and
0.1 M phosphate buffer solution (pH 6.8) with a scan rate of 0.025 V5™
Between measurements the films were simply left in plastic container in the
laboratory at normal atmospheric conditions.
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Figure B.6. Mott-Schottky plot for (a) pure BiVOa4 and (b) 6% Mo, 2% W BiVOs films
conducted in 0.1 M Na2SOs4 and 0.1 M phosphate buffer solution (pH 6.8).
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Figure B.7. XPS spectra for a single 6% Mo, 2% W BiVOs film taken 1 day and 41 days
after annealing.
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Figure B.8. Chopped (dark and white light) LSV scans for a 6% Mo, 2% W BiVOu4 film
before brushing the film surface (frontside and backside illumination) and
after brushing the film surface and rinsing it with de-mineralized water to
remove irregular surface structures (frontside and backside illumination).
Measurements were conducted in mixture of 0.1 M Na2SOs and 0.1 M
phosphate buffer solution (pH 6.8) with a scan rate of 0.025 V s™.

Figre B.9. Top vie
brushing the film surface and (b) after brushing the film surface and rinsing it with de-
mineralized water.
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Figure B.10. UV-Vis absorbance spectrum for a 6% Mo, 2% W BiVOs4 film taken before
and after brushing the film surface and rinsing it with de-mineralized water.
The measurements were taken using a Cary 5000 spectrophotometer in
transmission mode so any diffusely scattered light contributed to the
measured absorbance.
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Appendix C: Supplementary Information for Screening of Transition
and Post-Transition Metals to Incorporate Into Copper Oxide and
Copper Bismuth Oxide for Photoelectrochemical Hydrogen Evolution

CHEMICALS

The following metal salts and chlorides were used to make arrays and films:

AgNOs (ACROS, p.a.)

Cu(NOs)2xH20 (Alfa Aesar, 99.999%)
Cd(NOs)2-4H20 (Alfa Aesar, 99.999%)
Zn(NOs)2xH20 (Sigma-Aldrich, 99.999%)
AIL(NOs)3xH20 (Alfa Aesar, 99.999%)
Ga(NOs)3xH20 (Alfa Aesar, 99.999%)
In(NOs);xH20 (Alfa Aesar, 99.999%)
La(NOs)2:6H20 (Alfa Aesar, 99.999%)
Ga(NOs)3-xH20 (Alfa Aesar, 99.99%)

Y (NOs);xH20 (Alfa Aesar, 99.99%)
Bi(NOs)3-xH20 (Alfa Aesar, 99.999%)
SnClsxH-20 (Alfa Aesar, 98%)

TiCls (Alfa Aesar, 99.99%)

ZrCls (Alfa Aesar, 99.5+%)

NbCls (Sigma-Adrich, 99.995%)

TaCls (Alfa Aesar 99.99%)

VCIs (Sigma Aldrich, 97%)
Cr(NOs)3xH20 (Alfa Aesar, 99.999%)
(NH4)sM07024-4H-0 (Sigma-Aldrich, 99.98%)
(NH4)10W12041-5H20 (Sigma-Aldrich, 99.99%)
Mn(NOs)2xH20 (Alfa Aesar, 99.999%)
Co(NO3)2:6H20 (Alfa Aesar, 99.999%)
Fe(NOs3)3-9H20 (Sigma Aldrich, 99.999%)
N:2NiOs-6H20 (Alfa Aesar, 99.9985%)
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ADDITIONAL FIGURES

Figure C.1.

Sn:Cu=4:32 7
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XRD spectra for Cu oxide and M-Cu oxide films synthesized by drop-cast
with atomic ratios of Cd:Cu=2:34, Zn:Cu=3:33, and Sn:Cu=4:32. Grey
vertical lines (|) represent the cassiterite, SnO: reference pattern (PDF# 00-
042-0334). Black vertical lines (|) represent the CuO reference pattern
(PDF#00-048-1548).
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Figure C.2.  UV-Vis absorbance spectra for CuO and M-Cu oxide films with atomic
ratios of Cd:Cu=2:34, Zn:Cu=3:33, and Sn:Cu=4:32.
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Figure C.3. Mott-Schottky plot for CuO and Cd:Cu=2:34 oxide films. Measurements
were conducted in 0.1 M Na>SO4 and 0.1 M phosphate buffer (pH 6.8) using
a frequency of 1000 Hz.
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Figure C.4. Amperometric i-t measurement for CuO and Cd:Cu=2:34 oxide films.
Measurements were done in (a) 0.1 M Na2SOs and 0.1 M phosphate buffer
solution (pH 6.8) at 0.6 V vs. RHE and (b) 10 mM Iz, 50 mM Nal in
acetonitrile at 0.2 V vs. NHE. The films were illuminated from the backside
with 100 mW/cm’.
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Figure C.5. Chopped (dark/light) LSV scans for Bi:Ag:Cu=22:3:11 oxide films as
synthesized by drop-cast and after depositing Pt on the surface.
Measurements were done in 0.1 M Na>SO4 and 0.1 M phosphate buffer (pH
6.8) using backside illumination (100 mW/cm?) and a scan rate of 0.025 V/s.
The electrolyte was used (a) as prepared and (b) after purging with N2 for 30
minute prior to the measurements.
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Figure C.6.  UV-Vis absorbance spectra for CuO and Bi:Ag:Cu=22:3:11 oxide films.
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Figure C.7. SEM images of films synthesized by drop-cast. On the left are (a) top-view
and (c) cross section view images of a CuB1204 film. On the right are (b)
top view and (d) cross-section images of a Bi:Ag:Cu=22:3:11 oxide film.
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SEM Image Bi Cu

Figure C.8. EDS mapping data for a Bi:Ag:Cu=22:3:11 spot on a fine detail Bi-Ag-Cu

array. The top row shows mapping data for the entire spot and the bottom
row shows data for a smaller area near the centre of the spot. Ag mapping
data shows up on the FTO substrate around the spot due to overlap in signal
from the Ag L series (2.983 keV) and the Sn L series (3.444 keV) peaks.

Array Pattern ~ Total Number Expected EDS Measured
of Drops Atomic Ratio Atomic Ratio
Initial 19 x 19 18 Bi:Cu=12:6 Bi:Cu=12.8:5.2
Fine Detail 36 Bi:Cu =24:12 Bi:Cu=24.1:11.9
Fine Detail 36 Bi:Ag:Cu=22:3:11 Bi:Ag:Cu=22.6:1.8:11.5
Table C.1. EDS quantification results for various array spots. The expected atomic

ratios are based on the number of drops dispensed for the array pattern
(Figures 3 and 11). The EDS measured atomic ratios were calculated by
averaging three different locations per spot. The voltage setting was 20 keV
and the following peaks were used for quantification: Bi K series (10.839
keV), Ag L series (2.983 keV), Cu K series (8.046 keV), Sn L series (3.444
keV), and O K series (0.525 keV). There was significant overlap in the
signal from the Ag and Sn peaks near 3 keV resulting in error for Ag
quantification.
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Figure C.9. Mott-Schottky plot for CuBi204 and Bi:Ag:Cu=22:3:11 oxide films.
Measurements were conducted in 0.1 M Na2SO4 and 0.1 M phosphate buffer
(pH 6.8) using a frequency of 1000 Hz.
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Figure C.10. CV measurements of CuBi204 and Bi:Ag:Cu=22:3:11 oxide films.
Measurements were done in 0.1 M Na>SOs and 0.1 M phosphate buffer (pH
6.8) with a scan rate of 0.05 V/s.

189



Appendix D: Supplemental Information for p-Si/W:C and p-Si/W:C/Pt
Photocathodes for the Hydrogen Evolution Reaction
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Figure D.1. Example of current controlled pulsed deposition sequence used to deposit Pt
nanoparticles onto a p-Si/W:C photocathode in a solution of 1g/L
H2PtCls*6H20 under illumination. The pulse sequence was 5 mA/cm’
cathodic current for 10 ms followed by 5 mA/cm” anodic current for 2 ms
followed by zero current for 100 ms. The sequence was repeated for a total
deposition time of 10 sec.
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Figure D.2. LSV scans (dark and white light) for p-Si and p-S1i/W2C photocathodes with
W.C thicknesses of 25, 49, 99, and 148 A as indicated in the figure legend.
The photocathodes were not annealed. Measurements were conducted in N2

purged 1 N H2SOs using a scan rate of 25 mV/s and white light intensity of
100 mW/cm’.
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Figure D.3. LSV scans (dark and white light) for p-Si/W-C photocathodes as deposited
and annealed under Ar flow at 350, 450, or 550 °C for 2 hrs as indicated by
the figure legend. The photocathodes had a W-C thickness of 49 A.
Measurements were conducted in N2 purged 1 N H2SOsusing a scan rate of
25 mV/s and white light intensity of 100 mW/cm®.
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Figure D.4. Tafel plot for a FTO/Pt electrode and a FTO/W2C electrode with and
without 10 sec of pulsed Pt deposition. Measurements were conducted in N2
purged]l N H2SOs using a scan rate of 1 mV/s with iR compensation.
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Figure D.5. XRD spectra for (a) p-Si, (b) p-Si/W2C as deposited, and p-Si/W-C after
annealing at (c) 350 °C, (d) 450 °C, and (e) 550 °C in Ar flow for 2 hrs. The
W:C thickness was 148 A thick. The black vertical lines are the reference
pattern for Si (PDF#00-027-1402) and the grey vertical lines are the
reference pattern for W2C (PDF#00-035-0776).
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Figure D.6. Atomic concentration depth profiles obtained from XPS measurements for a
p-Si/W2C photocathode (a) as deposited and (b) after annealing in Ar at 450
°C for 2 hrs. The photocathodes had a W2C thickness of 49 A. They were
exposed to atmosphere before loading into the XPS chamber. Adventitious
carbon (C 1s peak binding energy of 284 - 285 eV) was excluded from the
atomic concentration calculations.
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Figure D.7. Atomic force microscopy (AFM) results for p-Si/W2C (a) as deposited and
(b) after annealing at (d) 450 °C in Ar flow for 2 hrs. The standard
deviations were 1.2 A and 3.1 A for (a) and (b), respectively.
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Silicon Wafer Sputtering Rate in SIMS Dynamic Mode with Bii"

The sputtering rate of silicon in SIMS dynamic mode was calculated by AFM
topographic measurement of a 50 um x 50 pm area comprising a 20 um x 20 um area which was
previously raster-scanned in 128 x 128 pixels by the Bi;+ primary ion beam (~3 pA measured
sample current) for 3000 seconds (Figure D.8). The 3D and 2D topography of the raster-scanned
area are shown in Figures S8a and S8b, respectively. Sections of the AFM topographic map along
the two major axis of the raster-scanned area are shown in Figure D.8c. The average depth of the

sputtered crater was measured at about 12.5 nm resulting in a sputtering rate of about 0.042 A/s.

um

(c)

nm

Z (nm)

1 1
0 10 20 30 40 50
Distance (um)

Figure D.8. AFM topography of the 20 um x 20 um sputtered area in (a) 3D and (b) 2D.
(c) Topographic sections along the directions indicated in (b).
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Figure D.9. UV-Vis transmission spectra for bare FTO and FTO/W:C electrodes. The
W:C thickness was 49 A. One of the FTO/W:C electrodes was not annealed
and the other was annealed in Ar flow at 450°C for 2 hrs as indicated by the
figure legend.
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Appendix E: Supplemental Information for Investigation of 35
Elements as Single Metal Oxides, Mixed Metal Oxides, or Dopants for
Titanium Dioxide for Dye-Sensitized Solar Cells

CHEMICALS

The following metal salts and chlorides were used to make arrays and films:

NaNO:s (Alfa Aesar, 99.999%)

KNO:s (Alfa Aesar, 99.997%)

RbNO: (Alfa Aesar, 99.975%)

CsNOs (Alfa Aesar, 99.999%)
Mg(NO:)22xH20 (Alfa Aesar, 99.999%)
Ca(NO:s)224H-0 (Fisher, Certified ACS)
N206St (Alfa Aesar, 99.999%)

BaN:0s (Alfa Aesar, 99.999%)
Sc(NOs)3exH20 (Alfa Aesar 99.99%)

Y (NOs)s*xH20 (Alfa Aesar, 99.99%)
La(NOs)3*6H20 (Alfa Aesar, 99.999%)
Ce(NO:s3)3*6H20 (Alfa Aesar, 99.5%)
TiCls (Alfa Aesar, 99.99%)

ZrCls (Alfa Aesar, 99.5+%)

VCIs (Sigma Aldrich, 97%)

NbCls (Sigma-Aldrich, 99.995%)

TaCls (Alfa Aesar 99.99%)
Cr(NOs)3*xH20 (Alfa Aesar, 99.999%)

(NH4)sM07024#4H-0 (Sigma-Aldrich, 99.98%)
(NH4)10W12041+5H20 (Sigma-Aldrich, 99.99%)
Mn(NO:3)22xH20 (Alfa Aesar, 99.999%)
Fe(NOs)3¢9H-0 (Sigma Aldrich, 99.999%)
Co(NOs)226H20 (Alfa Aesar, 99.999%)
N2NiOs*6H-20 (Alfa Aesar, 99.9985%)
Cu(NOs)22xH20 (Alfa Aesar, 99.999%)
AgNOs (ACROS, p.a.)

Zn(NO:s)22xH20 (Sigma-Aldrich, 99.999%)
Cd(NO:s)224H20 (Alfa Aesar, 99.999%)
AI(NOs)3*xH20 (Alfa Aesar, 99.999%)
Ga(NOs)3*xH:0 (Alfa Aesar, 99.999%)
In(NOs)3*xH20 (Alfa Aesar, 99.999%)

GeCls (Gelest, 99.9+%)

SnClsexH20 (Alfa Aesar, 98%)

Pb(NO:s): (Fisher, Certified ACS)

SbCls (AROS, 99.5%)

Bi(NOs)3*xH20 (Alfa Aesar, 99.999%)
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Figure E.1.

Mosaic SEM image of the Ti-Sb array obtained using a Zeiss Supra 40 VP
with ATLAS software. Each spot is labeled with the Ti:Sb atomic ratio. The
image was flipped horizontally to match the array scan results for
illumination through the backside of the FTO substrate.
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Figure E.2. Low magnification SEM images of (a) Ti oxide, (¢) Ti:In=47:3 (6% In), (e)
Ti:Sn=47:3 (6% Sn), and (g) Ti:Sb=47:3 (6% Sb) showing the entire array
spots and high magnification SEM images of (b) Ti oxide, (d) Ti:In=47:3
(6% In), (f) Ti:Sn=47:3 (6% Sn), and (h) Ti:Sb=47:3 (6% Sb) from the
center of the array spots.
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Figure E.3. Low magnification SEM images of (a) Fe oxide, (c) Zn oxide, (e) In oxide,
(g) Sn oxide, (i) Bi oxide, and (k) Ti:W=33:17 oxide showing the entire
array spots and high magnification SEM images of (b) Fe oxide, (d) Zn
oxide, (f) In oxide, (h) Sn oxide, (j) Bi oxide, and (1) Ti:-W=33:17 oxide
from the center of the array spots.
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Film

6% In TiO,
6% Sn TiO;
6% Sh TiO;
2% Cr TiOy
2% Cr, 6% Sb TiO,

Table E.1.

Surface Composition from XPS
Atomic % (metals basis)

9.26% In
9.61% Sn
7.56% Sb
6.21% Cr
6.28% Cr, 5.72% Sb

Bulk Composition from EDS
Atomic % (metals basis)

5.85% In

70.48% Sn*

4.48% Sb

5.28% Cr

3.98% Cr, 9.35% Sb

Surface and bulk compositions determined from XPS and EDS
measurements for films synthesized by drop-casting. The integrated area
of the XPS spectra were corrected using relative sensitivity factors (RSF)
for the Kratos Axis Ultra along with a Shirley background.1 The EDS
spectra were corrected using a Bremsstrahlung background. *For Sn, the
bulk composition from EDS was high due to signal from the fluorine-
doped tin oxide (FTO) substrate that the film was synthesized on.

Figure E.4. SEM images of films synthesized by drop-casting composed of (a) TiO>, (b)
6% In TiO:2 (c) 6% Sn TiOz, (d) 6% Sb TiO, and (e) 2% Cr, 6% Sb TiO-.
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Figure E.5. Tauc plot for films synthesized by drop-casting with various compositions.
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Figure E.6. Mott-Schottky plots for films synthesized by drop-casting with various
compositions that had been used in typical DSC devices. Ers values were
estimated as the Potential axis intercept values. Measurements were
conducted in a 3-electrode cell containing 0.1 M NaOH aqueous electrolyte
using voltage amplitude of 5 mV and frequency of 10 kHz
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Figure E.7.

6% In TiO,
6% Sn TiO,

0.8 -06 -04 -02 00 0.2
Potential (V vs. Ag/AgCl)

Chopped (light/dark) J-V curves for films synthesized by drop-casting with
compositions of TiO2, 6% In TiO2, 6% Sn TiO2, and 6% Sb TiO: that had
been used in typical DSC devices. Measurements were conducted in a 3-
electrode cell containing 0.1 M NaOH aqueous electrolyte. The scan rate
was 0.025 V/s. Backside illumination was used with a lamp power of 100
mW/cm’.
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Figure E.8. Chopped (light/dark) J-V curves for films synthesized by drop-casting with
compositions 6% Sb TiOz2, 2% Cr TiOz, and 2% Cr, 6% Sb TiO: that had
been used in typical DSC devices. Measurements were conducted in a 3-
electrode cell containing 0.1 M NaOH aqueous electrolyte. The scan rate
was 0.025 V/s. Backside illumination was used with a lamp power of 100
mW/cm’,
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