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Abstract

The focus of this thesis is to examine co-incorporation of cationic and anionic dopants
simultaneously as a strategy for increasing visible light absorption in TiO,. Co-incorporation has
been well-studied theoretically as a viable mechanism for introducing low-energy transitions into
the stable TiO. host lattice; the history and fundamental motivation for co-incorporation is
examined here in detail. However, experimental preparations of co-doped and co-incorporated
materials remain limited, and a general synthetic method that establishes rigorous control over

both cationic and anionic dopant stoichiometry has yet to emerge.

In this work, TiO; co-incorporated with the charge-compensating pair Nb>*/N* to form
titanium niobium oxynitride (TiNbON) is prepared by three synthetic routes and its photochemical

properties investigated.

First, TINbDON with 25% Nb is prepared by a traditional hydrolytic sol-gel method
followed by high-temperature ammonolysis. The resultant material is modified with 1 wt % of
RuO: and evaluated as a photochemical water oxidation catalyst in a solution of NalOs sacrificial
oxidant. Under 6 times the intensity of solar illumination (6 suns), TINbON-25 produces oxygen
via water oxidation at the rate of ~100 pmol h™* g*. Water oxidation occurs regardless of excitation
wavelength, though diminished proportionally to the material absorptivity at each wavelength. The
rate constant exhibits a zero-order dependence on iodate. Finally, oxygen evolution experiments
in 80-labeled water produce primarily %02, suggesting that the dominant pathway for oxygen

evolution is the coupling of two water molecules.

Secondly, we undertake a new synthetic preparation for TINbDON materials by adapting the

urea-glass synthesis for metal nitrides. The reaction produces micron-sized particles of mixed-

XV



metal titanium niobium nitride for a variety of niobium contents. These materials are then oxidized
to form photoactive anatase/rutile TINDON that absorbs visible light of A < 550 nm. Contrary to
previous results, the optimized material contains 8% Nb of total metals and degrades methylene
blue with a first-order Langmuir-Hinshelwood rate constant of 0.704 h™* under 5 suns illumination
(0.595 h! when restricted to A > 400 nm). Full compositional analysis of TINDON-5 reveals an

empirical formula of Tio.92Nbo.0801.97No.03.

A further refinement of the urea-glass synthesis for TINbON is presented in which the
alkaline-earth cation Ca?* is added to the synthesis to slow the rate of ammonia release during the
initial heating step. TINbON-5 prepared by this method exhibits superior visible light absorption
to 600 nm. Tauc analyses of optical spectra suggest a direct band gap. TINbON-5 produced by this
route exhibits a superior first-order Langmuir-Hinshelwood rate constant of 1.785 h™* under 5 suns
solar irradiation. It is hypothesized that the material’s improved properties are due to increased

nitrogen content.

Finally, a preparation for layered transition metal tungstate/tungsten oxide (MWO4/WOQO3)
photoanodes for photoelectrochemical water oxidation is presented. This strategy seeks to improve
on the fundamental shortcomings of the well-studied photoanode material WOz, namely its
instability and propensity to participate in side reactions, by adding a more stable and
chemoselective interface layer. The interface layers chosen for this study are CuWOs and
Cuo.95Nio.0sWOa4. The photoelectrochemical reactivity of MWO./WOs electrodes does not change
appreciably with respect to bare WOs. Furthermore, we introduce a-thujone, a water-soluble
organic molecule with the potential to report on radical chemistry near an electrode surface.
Experiments including a-thujone suggest decreased radical prevalence near the surface of
MWO.4/WO3 compared to WOs.
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Chapter 1

Introduction

1.1 Future Energy Demands Necessitate Renewable Sources and Storage

Global energy demand is skyrocketing. The world population continues to increase, and
countries that were formerly not widely industrialized are developing. The number of people
drawing from power grids worldwide is larger each day. The total demand for electricity on earth
is projected to exceed 47.9 PWh (173 EJ/year) by 2050.13

Currently, the majority of electrical power on earth is generated by combusting fossil fuels.
Strong evidence exists that fossil fuel use drives anthropogenic climate change, which has warmed
the surface of the earth by ~1 °C over pre-industrial averages.* Drastic and prompt action is needed
to reduce fossil fuel use if the unpredictable effects of climate change are to be diverted.

The further political and environmental ramifications of fossil fuel use are shrouded in
discourse to the effect that fossil fuels — somehow — remain the most economically viable option
for energy generation. Pro-fossil fuel studies contend that there is enough coal, oil, and natural gas
available to power civilization for several centuries.® These projections merely delay the
inevitable. Natural sources of fossil fuels were created over millennia of biological and geological
activity. Climate effects notwithstanding, no matter how many new reserves are discovered and
harvested, the rate of fossil fuel consumption will always vastly outstrip the rate of generation.

Renewable energy sources are necessary to sustain a growing and industrializing society.



Of the renewable energy sources under study, solar energy is particularly attractive.
Sunlight strikes the earth’s surface with a radiant power 430 EJ/h, meaning that the hypothetical
2050 society would need to harness just 0.005% to power their civilization.> In other words,
enough sunlight reaches earth in under 1 hour to power all of society’s energy consumption for 1

year.

Solar electricity generation, like many renewables, is inherently intermittent. Peak demand
for electricity (6-8 pm across much of the United States, for example)® and peak solar irradiance
(noon-3 pm) are misaligned, resulting in power shortages at night and the potential for grid

overload during the middle of the day.’

The field of solar energy storage arose to meet this fundamental challenge. A wide variety
of solar energy storage reactors have been proposed; discussing their merits and drawbacks is
beyond the scope of this dissertation. The reactors under study herein convert energy in
electromagnetic radiation to chemical energy by using incident solar radiation to excite a
semiconductor, which supplies an electrical voltage that powers a fuel-forming chemical reaction.

The result is a stable fuel product that can be stored and used on-demand.
1.2 Water Splitting as an Example of Solar Energy Storage

Solar energy storage is often illustrated in terms of water splitting, a redox process by which
water is converted into its constituent elements, hydrogen and oxygen. In the cathodic process,
two protons are reduced by one electron each and form a bond to create a molecule of hydrogen
gas; this is termed the hydrogen evolution reaction (HER, reaction 1). The anodic process, the
oxygen evolution reaction (OER, reaction 2), occurs when a molecule of water is oxidized by four
electrons to form half of an oxygen molecule. Part of the energy used to drive the reaction is stored
in the H-H bond of hydrogen.

(1) 2H" +2e- — Hy(g) E%at = 0.0 V vs. NHE
(2) Oz +4H" +4 e — 2H20q) E%, = 1.23 V vs. NHE
(3) 2H0 — 2 Ha(g) + O2(g) E°en =-1.23 V vs. NHE

Water splitting (reaction 3) powerfully illustrates the concept of solar energy storage.
Hydrogen makes an attractive fuel due to a high gravimetric energy density of 142 kJ/g.

Combusting hydrogen in air produces water in the reverse of reaction 3, resulting in an atom-

2



economic, carbon-neutral cycle of energy storage and use. While hydrogen’s low volumetric
energy density, difficulties presented by its transport and storage, and overall potential as an
explosive hazard may limit its practical use by consumers® water splitting provides a
quintessential example of a clean energy economy and remains a motivator for active materials

development projects.

Sustainable Paths to Hydrogen

Solar Energy

Mechanical Energy
\

Thermolysis Electrolysis

Hydrogen

Figure 1.1. Schematic representation of various solar-to-hydrogen schemes which can involve
water splitting. Reproduced from ref. 3. Reprinted with permission.

Generally speaking, a water splitting device need only harness the energy present in solar
radiation and supply it to a catalyst immersed in aqueous solution. This can be achieved with a
number of known technologies, as illustrated in Figure 1.1.3 Which water splitting configuration
will result in the most efficient energy storage device — or even a commercializable one — remains
to be seen. The present work will discuss water splitting using photochemical (PC) and
photoelectrochemical (PEC) cells; this limitation in scope is based on particular scientific interest
and is not intended to reflect the superiority of such technologies. In a PC system, free-standing
particulate matter absorbs light and supplies redox equivalents to a chemical reaction with no
external voltage. A PEC system is distinguished by an active material immobilized on a conductive

substrate to form an electrode to which a bias can be applied.

This work will also endeavor to advance water splitting research using inorganic
semiconductors as light absorbers. The most familiar example of a light-absorbing inorganic

semiconductor is crystalline silicon, the material that makes up traditional photovoltaic solar cells.



Binary compounds of main group elements, such as CdTe and GaAs, are also very well-studied as
photovoltaics.® However, despite these photovoltaic compounds’ abilities to strongly absorb light
and rapidly transport charge, they cannot function in PC or PEC cells due to instability in aqueous
solution. The failure mechanism of main group semiconductors — and indeed most non-oxide
semiconductor materials — is the material’s oxidation upon exposure to aqueous conditions
accompanied by the formation of an insulating oxide layer and/or corrosion of the material.1%-*2
Research in P(E)C water splitting has focused primarily on semiconducting transition metal
oxides. While transition metal oxides generally absorb light less strongly and are less conductive,
their superior stability along with higher raw material abundance has made them attractive research

targets.
1.3 General Considerations for Semiconductor Photocatalysts

From the perspective of a laboratory chemist, semiconductor water splitting systems must
simultaneously demonstrate 1) in operando chemical stability for years, 2) strong absorption in
the visible region of the solar spectrum, 3) long excited state charge carrier lifetimes such that the
rate of charge migration to particle surfaces and into solution outstrips the sum of recombination
rates, and 4) fast and selective surface kinetics for both HER and OER. The stability consideration
is typically beyond the scope of research chemistry, requiring sophisticated accelerated testing

equipment and prototype devices to acquire meaningful data.

Upon absorbing a photon, an electron in a semiconductor is promoted from an occupied
ground state, typically the valence band (VB), to an unoccupied excited state, usually the
conduction band (CB). Promoting the electron leaves behind a reactive hole (h*) in the valence
band. The excited electrons and holes serve as the reducing equivalents and oxidizing equivalents
(respectively) that drive water splitting. A semiconductor that absorbs a greater number of photons
will create a greater number of oxidizing and reducing equivalents, resulting in a higher rate for
both reactions. Therefore, when considering devices that operate using solar radiation as input, it
is critical to harness visible wavelengths simply because a higher flux of these photons strikes the

earth’s surface.

The range of energies of electromagnetic radiation that a semiconductor can absorb is
controlled by the difference in potential of its valence band maximum (VBM) and conduction band

minimum (CBM). The energy gap between the VBM and CBM is referred to as the band gap, Eg.
4



In the types of highly ionic oxide semiconductors under study here, the filled VB states near the
VBM are typically comprised of O(2p) orbitals, though in transition metal oxides some metal d
character is observed as well.™® States in the CB near the CBM originate from empty transition
metal d states. However, it is not generally true that semiconductor band gaps can be predicted by
referencing the vacuum energy levels of constituent ions. Because electronic states evolve both as
a function of energetic and spatial overlap, the crystal structure of a semiconductor is also a prime
determinant of its band gap. Therefore, strategies for tuning semiconductor band gaps typically
involve beginning from a known material and modifying it systematically. Generally, the ideal
band gap of a semiconductor photocatalyst is larger than that of a photovoltaic device and depends
on the reaction for which the photocatalyst is intended. In the example of water splitting, the ideal
band gap appears to be near 2.0 eV, as shown in Figure 1.2.1* Electrons and holes in the
semiconductor must have enough energy to overcome the standard cell potential for water splitting
(1.23 eV) as well as the typical overpotentials for HER and OER (> 0.1 eV and > 0.4 ¢V,

respectively).t®

Potential / V (NHE)

+0.0V
E° (H*/H,)

»} Photocathode

Photoanode
Tandem (z-Scheme)

+1.23V
E°(H,0/0,) TICRIE

e-\

— A=D+’A =D

Hzo) AN H,0

nasc Electrochemical Overpotentials

Figure 1.2. A minimum band gap is imposed by the reduction potentials for HER and OER along
with associated overpotentials () for those reactions. The requirements can be eased by using so-
called Z-scheme configurations in which a redox mediator A moves charge between physically
separated semiconductors. Reproduced from ref. 15. Reprinted with permission.

The third requirement, that semiconductors conduct charges to the particle/solution
interface faster than those charges recombine, merits some discussion. In developing
semiconductor photocatalysts, scientists have harnessed the intrinsic property of semiconductors

to equilibrate electrically with their environment, known as Fermi level equilibration.’®” In the
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absence of Fermi level equilibration (i.e. high vacuum conditions), electrons and holes diffuse
through a semiconductor crystal randomly by diffusion alone. Diffusion provides no driving force
for the electron and hole, which are electrostatically attracted, to separate, so recombination is
prominent. In typical operating conditions, Fermi level equilibration leaves the semiconductor with
a permanent internal electric field which can move the oppositely-charged carriers away from one

another with greater efficiency.

a) AE b) 4 C) 4

Figure 1.3. Semiconductor energy levels a) in high vacuum conditions, b) in contact with a redox-
active electrolyte before Fermi-level equilibration, and c) after Fermi-level equilibration.

Figure 1.3 shows the example of Fermi level equilibration for an n-type semiconductor
equilibrating with a solution redox couple A/Ared. The semiconductor’s Fermi level (Er), which
for an n-type semiconductor sits close to the CBM, is in this example more negative than the E°
for A/Ared. In this case, Fermi level equilibration follows the case of a Schottky barrier. When the
semiconductor is immersed in solution before Fermi level equilibration, an electrical potential
develops across the semiconductor/solution interface. Electrons flow from the semiconductor into
solution as a response to the potential, resulting in a positive shift in the semiconductor Er. When

the Er equals E°a/ared, Fermi level equilibration is complete.

The flow of electrons into solutions results in negatively-charged species accumulating
near the semiconductor surface. As such, ionizable species (donors) within the semiconductor near
the surface ionize, and positively-charged species accumulate near the semiconductor/solution
interface. This capacitive interface is known as the space-charge layer or depletion layer and has
a defined width W, which is related to the semiconductor donor and acceptor density by Equation
4, where Vo is the resultant internal electric field of the semiconductor (built-in voltage), Na and



Np are the density of acceptors and donors respectively, ¢ is the material permittivity, and q is the

elementary charge.

1

@ w= J_ Vo (_ _D)

Critical to photocatalysis, the equilibrated semiconductor’s bands are now “bent” to more
positive energy. Negatively-charged adsorbates induce an electric field within the semiconductor
that draws positive valence band holes in the depletion layer rapidly towards the surface. However,
electrons are not attracted to the surface and so tend to remain outside the depletion layer in the
material bulk. As a result, holes become spatially separated from electrons as they are conducted

in opposite directions by the internal electric field, and bulk charge recombination is reduced.

Lastly, considerations of surface kinetics for HER and OER are largely empirical. It is
considerably more difficult to observe reaction intermediates and conclude step-by-step
mechanistic cycles in heterogeneous catalysis compared to homogeneous catalysis. Furthermore,
research in heterogeneous water splitting has moved away from single-phase systems to absorber-
catalyst tandem systems in which the semiconductor functions only as a light absorber that
conducts charge to otherwise inactive electrocatalysts attached to the particle surface. Kinetic
investigations are typically carried out on the electrocatalysts alone, and it is assumed that the
details of their function do not change upon their attachment to the semiconductor. This decoupled
development allows for the separate — and more practical — optimization of different device

components for individual functions.

Semiconductor photocatalysts in both photoelectrochemical and photochemical systems
can take advantage of an electrocatalyst increasing rate and selectivity for the reaction of interest.
However, there is an additional concern of relevance for photochemical systems as highlighted in
Figure 1.4. In the example n-type photoanode shown, electrons are drawn away from the
semiconductor/solution interface first by the Schottky barrier as discussed above, then by the
Ohmic contact with the photoanode substrate. This architecture provides continually descending
energy levels for photogenerated electrons and accelerates their extraction from the photoanode to
the external circuit. Concurrently, holes are swept in the opposite direction and their injection to
solution is facilitated. The electronic structure shown develops in a photoanode whether an
electrocatalyst is present or not.
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Figure 1.4. Semiconductor energy levels in a) a photoelectrode in contact with a redox-active
electrolyte and in Ohmic contact with a conductive (metallic) substrate; b) a particle suspended in
redox-active electrolyte; and c) a particle with a metallic co-catalyst suspended in a redox-active
electrolyte.

Photochemical systems, however, do not have a “back contact” substrate to extract
electrons. In the absence of an electrocatalyst, a semiconductor particle in solution develops a
depletion layer around the entire particle surface. As such, hole transfer to solution is facilitated in
every direction, but electrons are only ever driven towards the particle bulk, impeding the particle’s
ability to perform both half reactions of a redox cell. Adding a metallic co-catalyst creates a region
at the surface where electron transfer is favorable, creating an electronic structure more similar to

that of the photoanode and facilitating transfer for both electrons and holes.
1.4 Notable Photochemical and Photoelectrochemical Systems

The first reports of PEC water oxidation appeared in 1972 with Fujishima and Honda’s
description of a TiO- electrode that evolved oxygen gas under the action of an electrical voltage
and illumination.® Since that seminal paper, TiO, has been arguably the most intimately-studied
material for water splitting applications.’®*?* TiO, commonly crystallizes in one of two
polymorphs; the low-temperature anatase phase has a slightly higher band gap of 3.2 eV compared
to the high-temperature rutile phase’s 3.0 eV. Water splitting systems employing TiO2 have
generally demonstrated higher activity when the anatase phase is used. Luttrell et al. recently
demonstrated the superior charge transport properties of the anatase phase by comparing

epitaxially grown anatase and rutile TiOz thin films.??



High-aspect nanotube electrodes are the state of the art for TiO2 photoelectrodes and were
reviewed extensively in 2009 by Shankar, et al.?* Incident photon to current conversion efficiencies
(IPCE) of as high as 80% have been reported for pure nanotube TiO; electrodes under ultraviolet
radiation;?® however, as previously mentioned, the wide TiO2 band gap precludes visible light
activity and, thus, application to suitably efficient solar water splitting. Strategies for modifying

TiO2 in PC and PEC systems will be covered in detail in Chapter 2 of this thesis.

WOs has also been extensively studied for PEC water oxidation. The first report of a WOs3
photoanode appeared in 1977, shortly after Fujishima and Honda described their TiO>
photoanode.?* WOs has a significantly smaller band gap of 2.7 eV compared to TiO, resulting in
its ability to absorb some blue wavelengths of the visible spectrum. However, WO3’s
comparatively low CBM energy of 0.2 eV vs. NHE precludes its application to PC water splitting
because photogenerated electrons do not have enough potential to perform the HER.X*® PEC
systems based on WOj3 have realized high photocurrents (=5 mA/cm?),2>% but encounter some
limitations based on WO3’s fundamental chemistry. WO3, being an Arrhenius acidic oxide, is
stable only in strongly acidic solutions where Nernstian shifts in reduction potential make water
oxidation thermodynamically more expensive. WOs is also known to indiscriminately oxidize a
wide range of common acid anions during water oxidation.?”?8 It is hypothesized that the hydroxyl
radical *OH, formed by the reaction between surface water and WO3’s highly oxidizing valence
band holes, reacts rapidly to oxidize these anions and kinetically out-competes water oxidation to

result in the accumulation of side products.?”?°

To circumvent the selectivity and stability issues using bare WO3, a wide variety of
electrocatalytic or insulating layers have been applied. Insulating layers such as Al>O3 provide a
chemically stable coating that is thin enough to allow charges to pass through by quantum
mechanical tunneling.° Electrocatalytic layers such as cobalt phosphate,3! nickel borate,** metal
oxyhydroxides,* and others improve overall charge transfer by improving charge separation and
reaction rate for OER. Insulating and electrocatalytic layers alike have also been shown to reduce

recombination rates by passivating surface recombination sites.
1.5 Scope of this Thesis

The work presented herein seeks to advance co-doped TiO: as a viable material for visible

light-promoted catalysis. TiO2, as an abundant metal oxide that is highly stable in aqueous
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conditions and is known to catalyze a variety of reactions, still remains an attractive research target

nearly half a century after its ability to promote water splitting was discovered.

Co-doping can potentially address the main drawback of TiO2-based systems, which is
their inability to absorb visible light. Co-doped TiO2 will be reviewed in detail in Chapter 2.
Briefly, the goal of most co-doping approaches is to substitute some anions (O%) for another anion
with filled orbitals more positive in energy, typically N* or C*. Simultaneously, to compensate
the extra negative charge added to the parent lattice, a higher-valent metal cation must be
substituted for some of the material’s cations, e.g. Nb>* or W®" in place of Ti**. The higher-energy
filled states introduced by the dopant anions have the effect of decreasing the apparent Eq4 and
inducing visible light absorption, while the high-valent dopant cation passivates electronic defect

states that are introduced by excess negative charge.

While the hypothesis of co-doping is established, precise control of dopant ratios during
material synthesis is necessary.3* Such an achievement remains elusive. The work presented in this
thesis deals primarily with exploring new reaction pathways to preparing TiO, doped with Nb°*
and N*, referred to herein as TiINbON. This compositional system has been explored by our
laboratory and others.®>° Generally, Nb®>" composition is easily controlled through the use of
metal halide or alkoxide reactants, but N* is introduced through gas-phase nitridation reactions for
which compositional control is more difficult. The work presented here emphasizes synthesis and

compositional analysis in an attempt to establish control over dopant ratios in the TINbON system.
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Chapter 2

Previous Studies Furthering Single lon and Co-doping in TiO>

Portions of this chapter have been published:
Brancho, J. J.; Bartlett, B. M. Chem Mater. 2015, 27 (21), 7207-7217.

2.1. Modifying Titanium Dioxide by Single lon Doping

To date, no single-phase material has shown the requisite activity for implementation as a
commercial energy solution. With few exceptions, transition metal oxides are hindered either by
wide band gaps that limit solar absorption to ultraviolet light or by partially-filled d-shells that

effect low charge carrier mobility.*

TiO2 is an attractive potential industrial material due to its durability, an impressive
versatility of available syntheses, and the relative crustal abundance of Ti among transition
metals.*® Its CBM and VBM potentials enable it to drive a variety of desirable reactions
photochemically, including water splitting. The main limitation in TiO> is a band gap energy of
3.2 eV (anatase) or 3.0 eV (rutile), restricting TiO2 to an ultraviolet photocatalyst. Attempts to
produce a visible light-active titania began with singly-doping the material, either with a cation on

a Ti** site or with an anion on an O? site.

Cationic doping of TiO2 has largely focused on first-row transition metals in various
oxidation states.”® Transition metal-doped TiO, materials have not been widely successful as

visible light photocatalysts. For example, Serpone et al. prepared TiO, doped with Cr3*, Fe**, and
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V" and measured their photoconductivity and photochemistry relative to pure TiO2.° Although
the compounds displayed high activity for more kinetically facile reactions (oxalic acid oxidation
coupled with HER), their ability to generate hydrogen via photochemical water splitting was
diminished in the case of TiO2:Cr®* or eliminated completely for TiOz:Fe®* and TiO2:V>*. The
visible light excitations were attributed to dopant metal crystal-field transitions; the octahedral-
field tog and eq orbital sets for these transition metal dopants lie within the TiO> midgap region and

so can easily trap photogenerated charges.

It is widely observed that metals with partially-filled d-shells, whether incorporated as
dopants or stoichiometrically, facilitate charge carrier recombination by acting as trap sites.
However, a number of cation-doped systems have demonstrated increased photochemical activity
under ultraviolet excitation relative to TiO, particularly when doped with Fe3*. It has been
suggested that Fe**-doped catalysts are uniquely effective among cation-doped TiO2 due to the
ability of Fe®" to serve as a shallow trap for both electrons and holes.” Also, an important
relationship exists between the Fe3* loading in the photocatalyst and the size of the host particle.
Zhang et al. prepared several Fe**-doped TiO, materials of various particle sizes and measured
their photoactivity for chloroform oxidation, finding a different optimum Fe3* loading for each
particle size.!% In smaller particles charge carrier recombination at the particle surface becomes a
dominant loss pathway; Fe®* doping slows the migration of excited charge carriers towards the
surface, thereby reducing the rate of surface recombination. However, if Fe®* is doped in beyond
the optimum concentration (< 1 at% as found by Zhang et al.), the charge carrier mobility decreases
critically as they are trapped more often en route to the surface. Optical spectra of TiO2 doped at
~1 at % with Fe®* do not display strong enough visible light absorption to act as solar
photocatalysts.” More recently, Berglund et al. carried out a high-throughput screening of
transition metal dopants for TiO2 and their effect on photoelectrochemical dye-sensitized solar cell
carrier collection efficiency and photovoltage, showing that only a small number of cations

positively impacted performance.!

Anionic doping of TiO> produced a body of work that has been influential in guiding
oxynitride and co-alloyed material engineering. The first major report of an active anion-doped
TiO2 photocatalyst was published in 2001.12 The nitrided TiO2«Nx published by Asahi et al.
showed visible light absorption out to wavelengths of 500 nm and, driven by visible light
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excitation, degraded methylene blue dye and acetaldehyde gas. Formed by sputtering TiO2 in a
40% N atmosphere, the TiO2.xNx had a nitrogen content of 1.0-1.4 at %. The field of anion-doped
TiO2 blossomed with more reports of N-doped titania as well as C-doped titania and S-doped
titania. Anion-doped TiO2 has been extensively reviewed elsewhere.>081314
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Figure 2.1. Incident and absorbed photon-to-current conversion efficiency for sputtered TiO2 and
TiO2xNx in 0.1 M NaOH at a potential of 0.7 V vs Ag/AgCI under backside (substrate-electrode
interface) illumination. Reproduced with permission from ref. 17. Copyright 2004 American
Chemical Society.

Although anion-doping TiO2 has been more successful in creating visible light-active
photocatalysts, these singly-doped systems suffer from inefficient internal charge transport.
Experimentally, this inefficiency has been verified for N-doped TiO: by observations of decreased
photoconductivity and decreased photon-to-current conversion efficiency under ultraviolet
irradiation relative to unmodified TiO2.2" For example, Romualdo Torres et al. observed an
incident photon-to-current efficiency (IPCE, also known as external quantum efficiency or EQE)
of 23% at A = 400 nm using sputtered TiO> electrodes. TiO2.xNx prepared in an analogous way
exhibited IPCE values of 7% at A = 500 nm, but the IPCE at A = 400 nm decreased to 16%. (NB:
IPCE1=500nm reported for these TiO2xNx films are among the highest reported; typical visible light
efficiencies for N-doped TiO: are less than 1%.) The authors measured a similar change in the
absorbed photon-to-current efficiencies (APCE, also known as internal quantum efficiency IQE,
reporting APCE|j~400nm Of 45% and 22% for TiO2 and TiO2.xNy, respectively. Such a change is
indicative of charge-trapping states introduced by the N-doping process that decrease the overall
photoconductivity of the material, manifesting in decreased efficiency even for band-to-band

excitation. The authors also performed voltammetry measurements on TiO2.xNx electrodes and
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observed a cathodic photocurrent. The photocurrent was determined to be a capacitive filling of
dopant states emptied by illumination rather than a Faradaic passage of current from the electrode

to the electrolyte, consistent with charge-trapping.’

Despite these observations, some singly-doped titania photocatalysts have shown excellent
photochemical performance. Khan et al. reported C-doped TiO> synthesized by flame pyrolysis of
a Ti metal sheet in a natural gas flame.® The film shows an IPCE of 8.35% compared to the 1.08%
achieved by similarly-prepared TiO. films (efficiency corrected for applied potential). More
recently, Chen et al. reported a black hydrogenated TiO2 in 2011, claiming its visible light
absorption results from a continuum of electronic states arising primarily from lattice disorder,®
though other reports have the more traditional point defect as the origin for the observed
phenomena.?’?? The photocatalyst produced hydrogen from a water/CHsOH mixture over 100
hours of illumination with negligible loss of activity, and was also able to carry out the reaction

using only visible light as the driving force.
2.2 Essential Vocabulary to Describe Band Engineering and Electronic Structure

Reports of singly-doped titania have produced materials with absorption features reaching
further into the visible than unmodified counterparts. Important to the current discussion, several
of these manuscripts reported “band gap narrowing” of the modified titania. Band gap narrowing
requires modifying the electronic structure of a material by raising its VBM and/or lowering the
CBM, which would be reflected in a red shift in the absorption edge of the UV-Vis spectrum.
However, band gap narrowing is not the only effect that can introduce such red shifts. Absorption
involving localized impurity states can also lead to spectral changes. The differences and
implications of these two kinds of absorption were discussed at length with reference to anion-
doped titania by Serpone in 2006.8 A detailed analysis of absorption spectra for both cation- and
anion-doped titania suggested that the reported red shifts in absorption were probably due to
transitions to, from, or between defect states rather than true band gap narrowing (Figure 2.1).23
Specifically, introducing dopants such as C or N results in the reduction of Ti** to Ti** and/or
ejection of oxygen to form oxygen vacancies (F* or F** centers), which also contribute to the defect

electronic structure.
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Figure 2.2. Schematic representation of the electronic structure of (a) pristine TiOg; (b) TiO>
doped with an acceptor atom; (c) TiO2 co-doped with acceptor and donor atoms; (d) TiO> alloyed
with donor atoms but dopes with acceptors, resulting in the formation of additional donor states
below the CB; (e) TiO2 co-alloyed with an acceptor and a donor whose energy levels reside within
the original conduction band; and (f) TiO co-alloyed with an acceptor and a donor whose energy
levels reside below the original conduction band edge. Electronic transitions represented by dotted
lines are not expected to result in mobile charge carriers. The band positions shown are based on
anatase TiOx.

What are the implications, then, of defect absorption? Figure 2.2 shows a series of
electronic structure schematics that will accompany the discussion. Part (a) shows the band gap of
pristine TiO, in which the valence band is composed of O(2p) states and the conduction band of
Ti(3d) states. In (b), TiO2 has been doped with an anion with acceptor levels (A) above the VBM
and in (c), the co-doping case, a cation with donor levels (D) below the conduction band has been
added. By definition, the discrete A and D defect states do not mix with the delocalized states
comprising the VB or CB. Absorption involving defect states does not generate mobile charge
carriers because there is little to no spatial overlap between the localized defect states in which the
electron (or hole) resides after excitation and the delocalized CB (or VVB). Therefore, while heavy
co-doping may increase a material’s visible light absorption, overall photoconductivity or

photochemical response often decreases. In Figure 2.2, such transitions have been denoted using
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dashed lines. Part (d) shows a partially-alloyed case in which donor atoms have been added in an
alloying stoichiometry but acceptor atoms have not. In this case, or in the case of large mismatch
in concentration of donor and acceptor atoms (termed co-incorporation), defect states will still
dominate the electronic structure. The acceptor states have not hybridized with the valence band,
and additional charge-compensating donor states are still required. In TiO2-based systems, these

additional states are often Ti®*. Charge may also be compensated by cation vacancies.

The converse case in which acceptor atoms are added in an alloying stoichiometry but
donor atoms are not would exhibit an analogously defect-dominated electronic structure. Oxides
commonly compensate for excess negative charge by ejecting oxygen to form oxygen vacancies,

which function as donors.

Finally, parts (e) and (f) of the figure show TiO2. compositions in which both anions and
cations have been substituted in alloying stoichiometries so that their respective defect states
broaden and hybridize into delocalized bands. In these co-alloyed cases, absorption producing
mobile charge carriers is expected. It should be noted that for some common substituent ion
choices, such as Ti1-xNbxOz, the Nb(4d) donor states lie within the conduction band of Ti02.242° It
IS not necessary for donor states to lie in the midgap for co-alloying to be effective, as in (e). In
(F), we have outlined the case of maximum band gap narrowing, where donor states do lie in the
midgap and reduce the band gap by bringing the CBM lower in energy.

A current example of band engineering in water splitting photocatalysis is the oxynitride.
Stoichiometric transition metal oxynitrides have emerged relatively recently as interesting
materials with photochemical applications. Oxynitrides were popularized largely by the work of
Domen and coworkers on the materials LaTiO2N and TaON.%-%¢ Oxynitrides make attractive
targets for photocatalysts due to their raised VBM energies. It has been shown that O(2p) and
N(2p) atomic states hybridize to form an energetically continuous VB that is closer in energy to
the empty metal d states that typically compose the bottom of the CB. The result is a

semiconducting material with a reduced band gap compared to the related oxide.

Returning to TiO», co-alloyed titania systems stand to address many of the limitations
identified in singly-doped TiO>. In an ideal co-alloyed material, both a cationic and an anionic
substituent replace atoms of the host structure on their appropriate crystallographic sites in a

charge-compensating stoichiometry and in large mole fraction. With judicious choice of co-
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alloying agents, this enables 1) minimization of defect structure, which should maintain high
photoconductivity through reducing the number of trap states; and 2) delocalization of co-alloying
ion states into true bands capable of hybridizing with the existing band structure of the parent

compound.
2.3 Co-doped and Co-incorporated TiO2

Electronic structure calculations have been performed that predict the behavior of co-
alloyed Ti0,.24253738 However, experimental measurements confirming their predictions up to this
point have been limited because synthetic efforts have only realized non-stoichiometric
incorporation of impurity pairs (co-incorporation) rather than stoichiometric co-alloying. For
example, our group has synthesized a co-incorporated Ti1-sx4)NbxO2.y-sNy (hereby referred to as
TiNbON-x, where x = the mole percent Nb) which will be the subject of Chapter 3. The resulting
bright orange powder showed an absorption edge near 2.2 eV.3%*! Nitridation was achieved via a
heterogeneous high-temperature ammonolysis reaction that resulted in a maximum of 2% nitrogen
incorporation regardless of Nb concentration, though it was shown that the fraction of
substitutional (N on an O site in anatase) versus interstitial (N occupies a new crystallographic

site) nitrogen increased with increasing Nb content.

Cottineau et al. also prepared a co-incorporated TiINbON of mixed rutile/anatase phase in
the form of nanotube photoelectrodes.*? The co-incorporated nanotube arrays’ efficiencies for
visible light-driven photochemistry were measured using photocurrent-action spectra, which
showed that TiNbON showed anodic photocurrent in 0.1 M H>SOs in the visible range of the
spectrum. The activity was greatest for a Nb fraction of about 0.7% and a N fraction of 6.9%.
Importantly, the TINbON nanotubes showed superior activity to nitride TiO2 in the ultraviolet

range of the spectrum.

Marchiori et al. analyzed visible light absorption for anatase/brookite TINDON with 2.15%
Nb (N content not reported).*® The authors performed no photochemistry, but used extended X-
ray absorption fine structure (EXAFS) analysis and electron paramagnetic resonance (EPR)
spectroscopy coupled with density functional theory (DFT) calculations to determine the electronic
structure of the materials. Visible light absorption was attributed to localized N3 midgap states

whose charge density is enhanced after Nb°>* doping.
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Figure 2.3. IPCE spectra of TiO2:N and TiTaON nanowire electrodes measured at 1.23 V vs. RHE
in 1 M KOH electrolyte. The inset shows an enlargement of the visible light region. Adapted from
ref. 44 with permission. Copyright 2012 American Chemical Society.

Impurity pairs besides Nb>* and N* have been studied as well. Hoang et al. reported the
solvothermal synthesis of co-incorporated rutile TiTaON nanowire electrodes with 0.29 at % Ta
(N content not reported).** Co-incorporated samples exhibit photocurrent-action spectra that
extend well into the visible range of the spectrum, showing improved performance compared to
TiO2:N until ~500 nm (Figure 2.3). Importantly, the IPCE was nearly doubled in the ultraviolet
region of the spectrum, reaching 43% (compared to 25% for TiO2:N and 60% for TiO2:Ta, A =350
nm). Cho et al. prepared rutile TIWOC nanowire electrodes at surface concentrations of 10 at %
W and 13 at % C.* These electrodes exhibit a photocurrent density for water oxidation of 1.8
mA/cm? on an electrode poised at 1.23 V vs. RHE along with very high IPCE values of 80% at A
= 360 nm. However, despite a noticeable tail extending into the visible region of the UV-Vis
spectrum, the TiIWOC electrodes exhibited very low quantum efficiencies (<1%) in that region,
possibly due to surface segregation of impurity pairs. These discoveries and others are summarized
in Tables 2.1 and 2.2.6*8 In most cases, incorporation of impurity pairs (N, in particular) remains

low.
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Table 2.1. Composition and IPCE data for modified TiO- electrodes. : compositional analysis via
XPS and does not represent bulk concentration unless otherwise noted. Variable subscripts imply
undetermined values. °: Bulk concentration of Nb only determined by EDX. © surface
concentrations determined by secondary ion mass spectrometry, see ref. 45.

Sample formula® IPCEuv (A, nm) | IPCEyis (A, nm) | ref.
TiOz film TiO> 23% (400) 0% (500) [17]
TiO2-xNx film TiO1.987No.o13 16% (400) 7% (500) [17]
Ti02 nanotubes (NT) TiO2 30% (350) 0% (500) [42]
TiO2:N nanotubes Ti0O1.986No.014 3% (350) 0.02% (500) [42]
TiO2:(Nb,N) NTs Ti0.913ND0.00701.931N0.069° | 13% (350) 0.05% (500) [42]
TiO2 nanowires (NW) | TiO; 30% (350) 0% (500) [44]
TiO2~N NWs TiO2xNx 23% (350) 1% (500) [44]
TiO2:(Ta,N) NWs Tio0.913T@0.08702-xNx 42% (350) 1% (500) [44]
TiO2 NWs TiO2 329 (395) 0% (500) [45]
TiO2:(W,C) NWs Tio.607W0.30301.607Co.303° | 80% (380) 0.5% (500) [45]

Table 2.2. Composition and photochemical pollutant degradation activity for modified TiO2
photocatalyst powders. 2 compositional analysis via XPS and does not represent bulk
concentration unless otherwise noted. Variable subscripts or “nd” imply undetermined values. :
Incident light intensities not reported. “UV + visible” refers to an unfiltered metal halide lamp
(Philips HPA 400/30S).

Sample formula® Pollutant k (h?) | illumination® | ref
Degussa P25 | TiO> Methylene blue (40 ppm) | 0.561 | AM 1.5G [39]
TiO2:(Nb,N) | Tio.7sNbo2501.98-sNo.02 | Methylene blue (40 ppm) | 0.779 | AM 1.5G [41]
TiO> TiO> Rhodamine B (10 puM) 0.135 | A>420nm | [46]
TiO2:(Mo,C) | nd Rhodamine B (10 puM) 0.252 | A>420nm | [46]
TiO, TiO> 4-chlorophenol (50 uM) | 0.012 | A>400nm | [47]
4-chlorophenol (50 uM) | 1.218 | UV + visible | [47]
TiO2:(B,N) | nd 4-chlorophenol (50 uM) | 0.198 | A>400 nm | [47]
4-chlorophenol (50 pM) | 2.046 | UV + visible | [47]
TiO2:(Sn,N) | Tio.926SN0.03401.94No.06 | 4-chlorophenol (50 uM) | 0.083 | A >400 nm | [48]
4-chlorophenol (50 uM) | 2.916 | UV + visible | [48]

2.4 Challenges for Preparing and Characterizing Co-alloyed Materials

In order to realize band gap narrowing and maximize visible light absorption, unit mole
ratios of substituent ions in high mole faction are necessary. Thus, synthetic preparations for co-
alloyed materials remain limited. A useful synthetic method must be generalizable, tunable, and
scalable. Many of the methods presented in this section and elsewhere rely on preparing a TiO2 or

cation-doped TiO- precursor followed by heat treatment in a reactive atmosphere to achieve anion
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co-doping. Heterogeneous reactions are often confined to particle surfaces, which is a likely
explanation for the > 7 mol % ceiling observed in most N-doped TiO: studies, even with a cationic
dopant present to increase the solubility of the nitride anion. With only a narrow range of anion
contents available by these methods, tunability is limited. Electrosynthetic methods based on TiO-
anodization have not yet demonstrated complete control over cation contents over their solubility

range, e.g. ref 42.

Additionally, dopants introduced in gas-phase surface reactions do not necessarily diffuse
throughout the material bulk, as evidenced by secondary-ion mass spectrometry (SIMS) mapping

analsys by Cho et al. in TiWOC nanowires (Figure 2.4).%

Ruddy et al. presented an interesting synthesis for attempts at co-alloyed TiMoON which
proceeded via high-temperature, high-pressure thermolysis of a molybdenum nitrido complex in
the presence of titanium tert-butoxide in benzene solution.** Compositional analysis of the
resulting materials shows superior nitrogen incorporation with N:Mo ratios of 0.73 — 0.77 in the
co-alloyed products with Ti:Mo ranging from 3.05 to 21.5. This clever synthetic approach releases
cationic and anionic dopant species simultaneously in a charge-compensating stoichiometry.
However, nitrido complexes are not accessible for all transition metals, so the scope of this
approach may be limited to dopant candidates for which metal nitride complexes are isolable.

Another promising body of synthetic work has been the development of the urea-glass
synthesis, which has been used to prepare a variety of phase-pure metal nitride nanoparticles with
low carbon content.>>2 This attractive synthetic pathway combines readily available metal
chlorides with urea as an abundant nitrogen source in alcohol solution. It has been suggested that
the synthesis is amenable to preparing thin film electrodes, but to date electrodes have been
prepared (when necessary) by suspending nanoparticles in Nafion. The nitride materials are
promising electrocatalysts.>>>* However, only one report of synthesizing oxynitrides via the urea-
glass route has been published,® and no reports of ternary metal nitrides have been published using
this synthesis. Extending the urea-glass synthesis to co-alloyed materials will be the focus of
Chapters 4 and 5.

Compositional analysis on co-alloyed materials remains difficult. Chemical analysis is
typically achieved using X-ray photoelectron spectroscopy (XPS) and less often by energy
dispersive X-ray spectroscopy (EDX). Chemical analysis by XPS is confined to the 5 — 10 nm
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surface layer of a particle and is not representative of the bulk composition. lon beam milling can
provide depth-dependent compositional analysis but analysis may be complicated by preferential
sputtering in which one element is removed from a material faster than another. EDX is more
favorable for metals but is made difficult for light elements by overlapping lines and ease of

contamination. Reliable, direct quantification of nitrogen content remains a challenge in the field.

Rutherford backscattering (RBS) spectrometry has been used to probe compositions in
TiO2 and N-doped TiO, materials.>®° RBS, often coupled with angle-resolved XPS, has been
well-utilized in materials science to characterize thin films and assemblies of a variety of
compositions.®*® Depth profiling is also possible. However, for titanium oxynitride species,
compositional analysis is complicated by overlapping signals for N and O. Auger electron
spectroscopy (AES) may also be used for nitrogen determination due to the superior signal strength
for light elements in that technique. However, again, for titanium (oxy)nitrides, the analysis is
confounded by overlapping signals for Ti and N that require careful mathematical treatment to

maintain accuracy.®®%’

Secondary-ion mass spectrometry (SIMS) is perhaps the most promising technique
currently available for examining depth-dependent compositions. SIMS has already been used to
measure sensitive phenomena such as nitrogen dopant diffusion through rutile crystals.®®% Figure

2.4 shows an example of SIMS used to characterize TiWOC nanowires.*

Bulk nitrogen may be determined by Kjeldahl analysis, a standard technique in organic
and biochemistry. A sample is dissolved in acidic solution, which releases the material’s nitride as
ammonium cation. The solution is alkalized and boiled, and the effluent gas (ammonia) is trapped
by a standard acid. Nitride as ammonia is then determined by titration. This technigque has not been
widely applied to compositional analysis of co-incorporated materials, likely due to the large
sample sizes (~1 g or greater) needed for accurate analysis on typical laboratory equipment.
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Figure 2.4. SIMS profile of a single TIWOC nanowire showing dopant concentration across the
nanowire thickness. Adapted from ref. 45 with permission from Nature Publishing Group.

Wavelength-dependent quantifications of P(E)C reactivity have been very useful for
establishing a picture of electronic structure in co-incorporated TiO> materials. Generally,
modified titania photocatalysts have exhibited poor quantum efficiencies in the visible range of
the spectrum despite, in some cases, strong visible light absorption. Additionally, activity in the
ultraviolet range is decreased relative to parent TiO prepared using similar methods as discussed
previously. Improved spectral response in both the UV and visible regions has been interpreted to
be a result of improved charge compensation and reduced defect structure in the material bulk.
However, the inherent difficulty of preparing well-contacted thin films in many cases precludes
highly resolved wavelength-dependent measurements for powder photocatalysts. More general

methods of interrogating both thin films and powder materials are needed.

Photoluminenscence (PL) spectroscopy is a standard technique characterizing defect
structure in inorganic solids. It has been applied to both rutile and anatase TiO. of various
morphologies®" and also to doped titania systems.”*"® Photoluminsescence lifetimes have
informed on the nature of defect states and how various defects affect carrier transport and

recombination. However, measured lifetimes are typically in the pus to ms regime. To investigate
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faster processes that can have a profound effect on photocatalysis, more sophisticated techniques
are required. Transient absorption spectroscopy (TAS) has become an extremely useful technique
for measuring fast photodynamical processes in reactive semiconductors. The technique has been
applied to several TiOz-based systems.2®’"82 Perhaps the greatest strength of TAS is its
adaptability to in situ and in operando measurements. Although doped TiO> has been investigated
with TAS, co-doped TiO: has not received the same attention. Understanding the effects of co-
doping, co-incorporating, and potentially co-alloying on charge carrier dynamics will be critical
to understanding observed differences in reactivity; TAS provides such information with great
detail and unparalleled time resolution. Ruddy et al. present a similarly useful transient
photoconductance study on their co-incorporated TiMoON materials and find that they exhibit ms
timescale photoconductance at both UV and visible excitation wavelengths.*® The
photoconductance signal is unexpectedly low, pointing to potential ps-timescale charge trapping

activity or to low generation yield.

Other broadly useful spectroscopic methods include electron paramagnetic resonance
(EPR) and ultraviolet and X-ray photoelectron spectroscopy (UPS and XPS). EPR can be used to
provide information about specific defect identities. XPS is traditionally used to probe surface
chemical states, particularly for transition metals, but both valence band XPS and UPS are useful

for mapping occupied states in a material’s electronic structure as well as measuring the VBM.

Quantifications of the band edge energies and defect structures of potential photocatalysts
will guide their application towards chemical reactions; however, it must be stressed that these
measurements only realize their full impact when conducted in full knowledge of the chemical
composition and homogeneity of the materials in question. It is recommended that priority be
placed on improving/applying further methods of characterizing both the bulk composition and

the depth-dependent composition of photocatalysts and photoelectrodes.
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Chapter 3

Visible Light Water Oxidation Using a Co-Catalyst Loaded
Anatase-Structured Tii-sx4)NbxO2.y-sNy Compound Prepared By
Traditional Syntheses

Portions of this chapter have been published:

Breault, T. M., Brancho, J. J., Guo, P., Bartlett, B. M. Inorg. Chem. 2013, 52, 9363-9368.

3.1 Introduction

The work contained in subsequent chapters of this thesis builds on seminal studies on co-
doped and co-incorporated anatase Tii-sx4)NbxO2.y-sNy (TINDON) materials prepared by well-
known synthetic methods. These works!?® establish the proof-of-concept needed for further
explorations of co-incorporated material synthesis in the TINbON system, while other research
efforts, both computational and experimental, have focused on coalloying pairs in TiTaON and
TiIWOC. Complete charge compensation between the donor and acceptor (a true co-alloy) has yet
to be achieved in any form of TiO2; however, the reports cited above show improved

photoelectrochemical response for water oxidation when compared to singly-alloyed analogues.

Our group’s previous work on TiNbON introduced the first experimental reports of
incorporating Nb°>* and N*" in anatase TiOz, targeting high mole percent (25%) of the donor species
Nb. The reported nitrogen content maximizes at 2 mol %. Nevertheless, we observe that methylene
blue dye degrades at twice the rate over TINDON-25 compared to commercial Degussa P25 and
seven times the rate of anatase TiO». In addition, we have determined the interplay between
niobium loading and substitutional nitrogen in the compound. We find that high niobium mole
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percents are optimal for fast dye degradation due to a combination of a lower optical absorption
edge (E ~ 2.2 eV) and a decrease in Ti®* impurity states. One pathway for methylene blue dye
degradation using TINbON-25 is oxidizing tertiary amines to form the azure dyes. This reaction
requires generating hydroxyl radicals (*OH), a reactive oxygen species, from aqueous solution.*
In this chapter, we show that in addition to redox chemistry leading to dye degradation by active
oxygen species, our TINbON-25 compound also acts as a visible light-active water oxidation

photocatalyst in the presence of a cocatalyst and an electron acceptor.
3.2 Experimental Procedures

Synthesis of TINDON-25. All reagents were used without further purification. The parent oxide,
Tio.7sNbo.2502, was synthesized by sol-gel chemistry. In a typical reaction, niobium (V) chloride
(Strem, 99.99%) and titanium (IV) butoxide (Aldrich, 97%) were dissolved in a 1:3 mole ratio in
2-methoxyethanol. The colorless solution was allowed to stir overnight at room temperature in
ambient conditions. The solution was then annealed in air in an MTI box furnace at 500 °C with a
heating and cooling rate of 4 °C/min. For nitrogen incorporation, isolated white powders were
annealed under an ammonia flow (110 mL/min, Cryogenic Gases, 99.99%) for 4 h in an MTI tube

furnace. The samples were cooled under ammonia flow at a rate of 1.3 °C/min.

The desired quantity of RuO> cocatalyst was added using a RuClzexH2O precursor (Strem,
99.9%). A stock solution of 1 mg/mL RuCI3 was prepared by dissolving a known quantity of
RuClz*xH20 in Millipore water (18.2 MQ) and stirring at room temperature. The appropriate
volume of stock solution was then added to 200 mg of the photocatalyst to achieve various wt %
loadings. The solutions were stirred at 100 °C until all of the water was evaporated. The cocatalyst

loaded powder was subsequently annealed in air at 350 °C for 1 h to crystallize RuO..

Characterization. The powders were analyzed using powder X-ray diffraction (Bruker D8
Advance diffractometer, Cu Ka radiation) with a 0.6 mm incidence slit, a step size of 0.05 /step,
and a scan rate of 2 s/step. X-ray photoelectron spectroscopy was performed using a Kratos XPS
(8 mA, 14 keV, monochromatic Al source). All peaks were calibrated to the C(1s) peak at 284.5
eV. The XPS data were fit using CasaXPS. UV-vis spectroscopy was performed on a Cary5000
spectrophotometer (Agilent) equipped with a Praying Mantis diffuse reflectance accessory.
Spectra were recorded in reflectance mode and transformed mathematically into normalized
absorbance by the Kubelka-Munk function, F(R) = (1 — R)?/2R. BaSOs4 was used as the reference
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material. HRTEM was performed on a JEOL 3011 TEM with a LaBs electron source operated at
300 kV. The samples were dispersed in methanol and drop cast onto a copper grid with ultrathin

holey carbon film (Ted Pella).

Photochemical Methods. The water oxidation reaction was performed in a custom-built 64 mL
Pyrex cell fit with a quartz window. A total of 50 mg of TiNbON-25 loaded with RuO> was
suspended in 30 mL of 1 mM NalOs (Aldrich, 99%). The solution was purged with nitrogen for 1
h. A fluorescence probe (FOSSPOR Ocean Optics, Inc.) was calibrated at 20.9% O and 0% O>
before use. Once the solution was pruged and the probe equilibrated at 0% O3, the cell was
irradiated for 3 h using a Newport-Oriel 150 W Xe arc lamp fitted with appropriate filters, specified
throughout. The ideal gas law was used to calculate the number of moles of O> produced, using
the measured volume of head space (34 mL), temperature recorded by the NeoFox probe, and
partial pressure of O recorded with the fluorescence probe. Additionally, the reaction order in
iodate anion was determined by measuring the O evolution rate at various iodate concentrations
(1 mM, 2 mM, and 5 mM). Control experiments were performed in a similar setup excluding
cocatalyst loaded powders and iodate anions, and negligible oxygen is detected after 3 h of

illumination.

Gas-phase Mass Spectrometry. In a typical experiment, a custom-designed 5 mL U-shaped glass
reactor with magnetic stir bar was loaded with 4 pL of a 0.250 M aqueous NalOgz solution, which
was then evaporated to dryness in a drying oven. Experiments were conducted using 6 mg of
photocatalyst and 1 mL of either deionized water or H2!0 (Cambridge Isotope Laboratory, 97%
enrichment, 99.5% purity), which created a 1 mM NalOz solution after reconstituting the dried
salt. The solution was sparged with He for 30 min before attached to the mass spectrometer using
Swagelok adapters. The reactor was irradiated using a Newport-Oriel 150 W Xe arc lamp at 1.2
W/cm2 with stirring for 1 h. Headspace analysis was performed on a Hiden Analytical HPR-20
mass spectrometer coupled with an Aalborg mass flow controller. Helium (99.997%, Cryogenic
Gases) was used as the carrier gas. Faraday detectors were used to quantify gaseous water, helium,
and nitrogen. A single-electron multiplier detector was used to quantify oxygen species (3202, 340,
%0,). The flow rate of He was 6 mL/min. To obtain the total moles of gases detected in a given
experiment, the pressure data from the instrument were first normalized to the flow rate of helium

to obtain individual gas flow rates. Using the flow rates at the time the lamp was activated as a
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baseline, the data were integrated in Origin 8.6 to give the total volumes of gas detected. The

volume was then converted to moles using the ideal gas law.

Inductively Coupled Plasma/Atomic Emission Spectroscopy (ICP-AES). An ICP-AES assay
was conducted on the supernatant solution from a typical oxygen evolution experiment using he
AM 1.5G filter at 600 mW/cm? irradiance for 3 h. The solution was centrifuged on a Thermo
Durafuge 100 for 10 min at 3500 rpm, and the supernatant was passed through a sintered glass frit
filter funnel before analysis for Ti, Nb, and Ru content. A Perkin-Elmer Optima 2000DV apparatus
was employed for analysis using a Y internal standard. The emission lines used for Ti, Nb, Ru,
and Y were 334.090 nm, 313.079 nm, 240.272 nm, and 371.029 nm, respectively.

3.3 Physical Characterization by PXRD and HRTEM

TiNbON-25 was synthesized via a sol-gel route, yielding a crystalline anatase compound
with an optical absorption edge of 2.2 eV, consistent with previous reports. The RuO. cocatalyst
was crystallized at a low temperature of 350 °C to maintain substitutional nitrogen in the TINbON-
25 compound as confirmed by X-ray photoelectron spectroscopy (Figure Al). Furthermore, at 1
wt % RuO: loading, the cocatalyst is no detected by X-ray diffraction. To verify that RuO- results
from the annealing treatment, a control experiment shows that annealing an aqueous solution of
RuCls*xH.0 in air at 350 C for 1 h yields polycrystalline RuO2, confirmed by PXRD (Figure A2).

High-resolution transmission electron microscopy (HRTEM) images in Figure 3.1 show
that particles have a narrow size distribution, 15 £ 5 nm, with a histogram presented in Figure A3,
that form aggregates. The surface area of TiNDON-25 is 63 m?/g, determined by fitting N
adsorption isotherms to the Brunauer-Emmett-Teller (BET) model, which supports the small
particle size of 15 nm. The TiNbON-25 (101) lattice planes have a d-spacing of 0.35 nm,
highlighted in Figure 3.1b. Figure 3.1c and d are representative images of TINDON-25 loaded with
1 wt % RuOg; the d-spacing for the (101) planes of anatase (0.35 nm) and (110) planes of RuO>
(0.32 nm) are highlighted.
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Figure 3.1. TEM images of a) dispersed TiNbON-25 nanoparticles, b) TINDON-25 d1o1 spacing,
and c) and d) 1wt% RuO- loaded TiNbON-25.

3.4 Photochemical Water Oxidation with TiNbON-25

Overall water splitting (hydrogen and oxygen evolution on semiconducting metal oxides
requires large overpotentials (typically in excess of ~600 mV).> Therefore, adding sacrificial
electron donors or acceptors is often employed to evaluate either the proton reduction or water
oxidation half reactions separately. Our work focuses on the water oxidation reaction. To that end,
two common electron acceptors (oxidants) are Ag* and 1037, and we choose 103" to avoid plating
metallic silver onto our particles and blocking light absorption, which decreases the overall oxygen

evolution rate over time. Using iodate as a sacrificial acceptor results in the overall reaction

scheme:
05 +6 H* +6e — I +3H0 E®=1.087 V (1)
2H,0 > 4H++4¢e +02 E°=1.23V 2)
21057 52T +30, E®=-0.143V (3)

Of note, reaction 3 is endergonic under standard conditions and radiant energy is required to carry

it out.

TiNbON-25 was tested as a water oxidation photocatalyst in 1 mM NalOs under simulated
solar irradiation (AM 1.5G filter). Previous work in methylene blue degradation shows that
oxidation products, such as benzenesulfonic acid and dimethylaniline, are derived from hydroxyl
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radicals and reactive oxygen species formed upon irradiating TiINbON-25.2 However, water
oxidation is not observed, suggesting that hole transfer for water oxidation is slow, and a cocatalyst
that can carry out multielectron chemistry may assist in storing photogenerated holes. Under 6-sun
illumination of a 1 mM NalOs3 solution with 1 wt % RuO> loaded onto TiINbON-25, 15.5 umol O>
are observed after 3 h irradiation, illustrated in Figure 3.2. A series of control experiments shown
in the inset of Figure 3.2 demonstrates that only the combination of light absorber, cocatalyst, and

sacrificial oxidant generate Oz upon illumination.
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Figure 3.2. Oz evolution using 50 mg 1 wt% RuO: loaded TiNbON-25 powder, 30 mL of 1 mM
NalOs, and 600 mW/cm? illumination by a 150 W Xe lamp, AM 1.5G filter (red). Inset. Control
experiments (all under illumination): 1 mM 103~ only (black), 0.5 mg RuO2 and 1 mM 103 (blue),
1 wt% RuO; loaded TiNbON-25 (green), TINbON-25 and 1 mM 103~ (orange).

The rate of the oxygen evolution reaction depends on RuO: loading, as shown in Figure
3.3. The water oxidation activity improves with increasing loading percent, reaching a maximum
rate at 1 wt % RuOz. RuO: is required to store holes for water oxidation, as has been observed on
RuOx electrodes®’ and as deposited on TiO, powder. Diffuse reflectance UV-vis spectroscopy
shows that loading with 1 wt % RuO> does not significantly alter the absorption edge of the
photocatalyst (Figure A4). Figure A4 also shows that the UV-vis spectrum of particles loaded with
2 wt % RuO: gives a large background absorbance, indicative of competitive light absorption by
the dark RuO> cocatalyst, which hypothetically blocks absorption by the underlying semiconductor
and reduces activity.
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Figure 3.3. Optimization of RuO2 wt% on TiNbON-25, annealed at 350 °C for 1 hour. Reaction
conditions: 50 mg loaded powder, 30 mL of 1 mM NalO3, 600 mW/cm? illumination by a 150 W
Xe lamp, AM 1.5G filter.
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Figure 3.4. a) Dependence of O evolution after three hours of irradiation with cut-on filters for
NbN-25 loaded with 1wt% RuO:> (red). The diffuse reflectance UV-Vis spectrum of TINbON-25
is also shown (black). Reaction conditions: 50 mg catalyst, 1 mM NalOs (30 mL), 150 W Xe lamp
fitted with water filter and cut-on filters, and a custom-built Pyrex cell fitted with a quartz window.
b) Oxygen evolution vs. irradiance for TINDON-25 loaded with 1 wt% RuO». Reaction conditions:
50 mg catalyst, 1 mM NalOs (30 mL), 150 W Xe lamp fitted with water filter and 295 nm cut-on
filter, and a custom-built Pyrex cell fitted with a quartz window.

Important to establishing photocatalysis, we investigated the wavelength-dependent
response of water oxidation on TiNbON-25 using a 150 W Xe lamp fitted with a water filter to
eliminate IR light that can cause fluctuating temperatures upon illumination (T = 23 £ 3 °C, Figure

Ab). The reaction conditions include 50 mg of catalyst in 30 mL of N2-purged 1 mM NalO3
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solution in an airtight cell. The cut-on filters used to probe oxygen evolution at longer wavelengths
include A > 295 nm, 400 nm, 455 nm, and 515 nm. The irradiance for each experiment was ~600
mW/cm?. Figure 3.4a highlights that oxygen evolution tracks the absorption profile of the
semiconductor. Although the maximum quantity of Oz (33 pumol) is evolved when UV light is
included (A>295 nm), it is noteworthy that O evolution persists under solely visible wavelengths.
Oxygen detection at longer wavelengths suggests that the N-based impurity levels formed above
the O(2p) valence band, due to both Nb®" and N* in anatase TiO,, contribute to the photocatalytic
activity of this co-incorporated compound for water oxidation. In addition, Figure 3.4b shows that
the quantity of O, evolved after 3 h using the 295 nm cut-on filter increases linearly with irradiance,

meaning that photogenerated charge carriers perform the redox half reactions.

3.5 Kinetic Role and Stability of TINDON-25
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Figure 3.5. Oxygen evolution as a function of time for TINbON-25 loaded with 1 wt% RuO; with
different concentrations of NalOs sacrificial acceptor.

In order to verify the role of iodate as a sacrificial oxidant, a series of oxygen evolution
experiments was performed as a function of 103™ concentration. The rate of oxygen evolution was
monitored for 3 h under illumination conditions described above (A > 295 nm) at 1, 2, and 5 mM
103". Experiments were performed in duplicate. Figure 3.5 shows that the reaction is zero-order in
103", consistent with the generally accepted notion that, on a heterogeneous catalyst, the number
of active catalytic sites is much smaller than the number of molecules of available substrate.
Therefore, at practical substrate concentrations, the substrate(s) are always in excess, and the
reaction is limited by charge carrier collection efficiency on the powdered catalyst.%
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To determine the catalytic nature of the RuO2-loaded TiNbON-25, oxygen evolution
experiments were carried out in isotopically-labeled H2'0, and the product distribution was
quantified by gas-phase mass spectrometry. We note that in all instances, there was a background
signal from ambient air that could not be eliminated, which made rigorous quantification of
evolved gases unreliable. However, in comparing the assays, we observe a 100-fold enhancement
in 340 and a 300-fold enhancement in *®0, from isotopically-enriched solutions, with the total
oxygen evolution across all species remaining constant. The observation of 30,, the coupling
product from oxidizing two molecules of H»'®0, confirms that the RuO-loaded TiNbON-25 is
indeed a photocatalytic material. However, the observed enhancement in 3O is far above what
would be expected statistically given the 3% abundance of H,%0 in the reactor. Another possibility
is that 103" is intimately involved in the reaction mechanism both as a sacrificial electron acceptor
and an O-atom donor (e.g. reaction 3 above), though not as part of the rate-determining step.
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Figure 3.6. Oxygen evolution as a function of time for freshly prepared TiNbON-25 loaded with
1 wt% RuO: (black line) and for a second run in which the catalyst was recycled (red line).
Reaction conditions: 1 mM NalOs, 600 mW/cm?2, AM 1.5G filtered light.

Finally, the used powder was recovered from oxygen evolution experiments via filtration
and sonicated with deionized water, then dried in vacuo. A total of 50 mg of once-used catalyst
was then added to the cell with 30 mL of 1 mM NalOs, and the oxygen evolution rate was
guantified. As seen in Figure 3.6, the catalyst retains only half of its activity upon recycling,
pointing to a loss of reactive sites either through degradation or surface passivation. Two possible
degradation pathways are immediately apparent. Photogenerated electrons from TiNbON-25 can
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be transferred to the conduction band of RuO,, which is lower in energy. Ru** would then be
reduced to soluble Ru** or Ru?* and leave the surface of the catalyst. Additionally, TiNbON-25
can oxidatively lose N2 gas according to the reaction®!

2 N¥ + 6 h* — Na2(g) (4)

To elucidate the failure mechanism of the material, the solution was reserved after a typical oxygen
evolution experiment, centrifuged, and then filtered to remove all solid materials. The filtrate was
then subjected to ICP-AES analysis. The assay reveals no detectable amounts of Ru, Ti, or Nb
present in the supernatant solution after 3 h of photocatalytic oxygen evolution. This observation
rules out the possibility of RuO> reduction and suggests that autooxidation of the light absorber

may be the prominent degradation pathway.
3.6 Conclusions

We report the water oxidation activity for a visible light-absorbing anatase phase
semiconductor, TiNbON-25, in aqueous NalOz solution. TiNbON-25 was modified with
polycrystalline RuO; at various concentrations. The cocatalyst RuO; is necessary in order to
evolve oxygen, and water oxidation activity depends on the cocatalyst weight percent loading,
with a maximum rate observed for 1 wt % RuO». Headspace analysis experiments show that
oxidizing H2*®0 give *0; as a product, confirming that photocatalytic water oxidation is carried
out on 1 wt % RuO-loaded TiNbON-25 under visible light irradiation at all absorbed wavelengths
(A <515 nm).
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Chapter 4
Urea-Glass Preparation of Titanium Niobium Nitrides and
Subsequent Oxidation to Photoactive Titanium Niobium

Oxynitrides

4.1 Introduction

Recently, co-doping has arisen as a potential strategy for simultaneously introducing
visible light absorption into TiO-based materials while minimizing electronic structure defects.*
Co-dopants should be judiciously chosen to charge-compensate each other based on where they
are likely to substitute on the TiO- lattice. Here, we focus on the TiO2:(Nb, N) system, as we and
others have previously; the excess negative charge supplied by N* is compensated by Nb%*
cations.?® Numerous other dopant pairs such as (W, C),” (Ta, N),® and (Mo, N)*!° have also been
tested. These initial reports have studied photo(electro)chemical reaction rates to demonstrate an
increase in catalytic competency, hypothetically due to improvements in electronic structure.
However, to truly maximize the effectiveness of a co-doped system, it is necessary to restrict the
stoichiometry of dopants to charge-compensating ratios, and thus far no study has demonstrated
simultaneous rigorous control over cation and anion dopant compositions. Further exploration is

needed to uncover synthetic methods that enable such compositional control.

In this work, we present an adaptation of the urea-glass synthesis of transition metal
nitrides*** to the quaternary Ti-Nb-O-N system in an attempt to control the stoichiometry of all

four elements. We begin by expanding the scope of the urea-glass method to include single-phase
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titanium niobium nitride (Ti1xNbxN). We show that the as-prepared nitride can be oxidized in air

to form an anatase-phase titanium niobium oxynitride with visible light absorption out to ~550 nm.
4.2 Materials Preparation

Urea (Sigma-Aldrich, >99.0%) was recrystallized from hot ethanol before use. The
nitrogen used for nitride synthesis was extra-dry grade and was passed through first a P2Os column
and then a Cu/Cu20 column held at 190 °C before introduction into the furnace. Remaining
materials were purchased from suppliers as follows and used without further purification: TiCl4
(Sigma-Aldrich, 99.8%), NbCls (Strem, 99%), methylene blue (abbrev. MB, Fisher), H2SO4
(Fisher, 66° Baume), hydrofluoric acid (Fisher, 48-51%).

Metal nitride samples were prepared by the urea-glass method as described by Giordano,
et al.'? Briefly, 3.51 mmol of metal chloride was reacted with 1.6 mL ethanol and allowed to cool
before a specified amount of urea was added. We found a “urea-to-valence ratio” R, defined in
Equation 1 where x is the mole fraction of Nb of total metals, necessary to isolate pure phase

nitrides. An R wvalue of 1 was used for each sample unless otherwise noted.

R mol urea
C S5x+4(1—-x)

The mixture was stirred until dissolved and heated in flowing nitrogen (5 mL/min) at 750 °C with
a heating and cooling rate of 3 °C/min. The reactor consists of a 1” diameter quartz tube 17” in
length open with a joint for an O-ring at one end. The opposite end has a ¥4” quartz tube that serves
as the gas outlet that attaches 1” from the back of the larger tube. A quartz boat 2” long x '2” wide
x 3/8” deep with a capacity of ~2.2 mL was used to hold the reaction mixture. The reactor was
sealed by attaching a Pyrex nozzle with stopcock to the quartz tube using an O-ring and a c-clamp.
A bronze crystalline product was obtained after heating in all cases. The product was ground and
stored for further use. A second oxidation step was carried out by annealing 25 mg batches of urea-
glass products in a box furnace in static ambient air atmosphere at 550 °C for 3 h with a heating

and cooling rate of 10 °C/min.

4.3 Materials Characterization and Compositional Analysis
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Powder X-ray diffraction measurements were carried out on a Panalytical Empyrean
powder X-ray diffractometer using Cu Ko radiation (A = 1.5418 A) in 6-6 geometry with a sample
stage rotating at 16 rpm. Thermogravimetric analysis was performed on a TA Q50 TGA with a
platinum pan, heating rate of 10 °C/min, and a compressed air flow rate of 60 mL/min. Scanning
electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) were performed
using a JEOL-7800FLV FE scanning electron microscope. A beam voltage of 15 kV was used for
imaging and for EDX. UV-Vis spectra were acquired on a Cary 5000 UV-Vis NIR
Spectrophotometer. For powder measurements, a Harrick Praying Mantis diffuse reflectance
accessory was employed and BaSOs was used as a 100% reflectance standard. Electron
paramagnetic resonance (EPR) spectroscopy was acquired at 120 K in the X-band range using a
Bruker EMX electron spin resonance spectrometer with a Bruker 4102-ST cavity. 10 mg samples

were suspended in ethylene glycol before acquisition using a microwave frequency of 9.26 GHz.

Metal ratios for titanium niobium oxynitrides were measured using EDX spectroscopy as

described above.

Nitrogen content was determined for Tio.9gsNbo.osON (TiNbON-5) by the Kjeldahl method,
in which nitride is converted to ammonia, transferred from the sample, and titrated. A 1042 mg
sample of TINbON-5 was dissolved in a Teflon beaker in 15 mL a 1:1:1 by volume solution of
H-0, concentrated H.SO4, and 50% HF by stirring overnight at room temperature. The resulting
solution was quantitatively transferred to a distillation apparatus and sealed such that the only
pressure outlet to the system was through a flask filled with 30 mL of 0.5 M aqueous H3BO3z and
10 drops of 0.1% methyl red in ethanol as an indicator. 30 mL of 50% NaOH solution was admitted
to the sample flask through a liquid addition funnel, causing rapid heating and gas evolution in the
sample flask. The sample was then boiled for 1.5 h to ensure complete ammonia transfer. The
expected color change from bright pink to yellow was observed in the methyl red indicator. The
receiving solution was then titrated with 0.035 M H2SO4 until methyl red turned pink again, using
a control solution of methyl red in boric acid as a color indicator. Control determinations on 35

mg samples of NH4Cl revealed a standard overdetermination of 4-7 mass %.

Brunauer-Emmet-Teller surface areas for TINbON were calculated from approximations

of N2 sorption data collected on a Quantachrome NOVA e-series 4200 surface area analyzer.
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Measurements were carried out at 77 K using ultra-high purity N2 (99.999%, Cryogenic).

Approximately 75 mg sample was used for each run.
4.4 Methylene Blue Photodegradation Procedure

A 2 ppm solution of methylene blue (from methylene blue dihydrate) was prepared in 18.2
MQ water (Millipore). For kinetics experiments, 20 mg of experimental powder was added to a 30
mL quartz tube. 20 mL of methylene blue solution was added and the mixture was allowed to stir
under complete exclusion of light for 3 h. The tube was then placed in front of a Newport-Oriel
150 Xe arc lamp solar simulator equipped with AM 1.5 G and water filters with a front-cell
irradiance of 500 mW/cm? (5 suns). For visible light-only experiments, a 400 nm cut-on filter was
inserted between the lamp aperture and reactor after the lamp had been adjusted to the appropriate
power resulting in a final irradiance of 170 mW/cm?. 4 mL aliquots of the solution were removed
at 0 min, 30 min, and 60 min reaction time, centrifuged at 3500 rpm for 3 min, and the absorbance
spectrum of the supernatant solution was recorded between 400 and 800 nm before the aliquot was
reintroduced to the kinetics experiment. Where necessary to correct for background absorption by
particles still suspended after centrifugation, a polynomial baseline was subtracted from the
absorption spectra. The concentration of methylene blue at each timepoint was calculated using
the Lambert-Beer law based on the maximum of the absorption feature. Rate constants were

derived from concentration data using the first-order Langmuir-Hinshelwood model
C
rate = —In(—=—)kt
Co

where C/Co is the ratio of the concentration of methylene blue at time t to the concentration at time
0, k is the rate constant, and t is the time in minutes. The amount of dye adsorbed to the particles
per gram does not appear in the rate law but rather in a separate factor
_ K1qmCe
@ =171K.C,
where Qe is the equilibrium dye coverage (mg/g), gm is the maximum dye coverage (i.e. the limit
of a perfect monolayer), K is the equilibrium constant for the adsorption reaction, and Ce is the

concentration of the dye. We have not measured full adsorption isotherms in this work, and so we

report only relative adsorption values grel for our series of titanium niobium oxynitrides.
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4.5 Urea-glass Synthesis of Tii-xNbxN

The powder X-ray diffraction patterns of Ti1xNbxN prepared by the urea-glass method are
shown in Figure 4.1 (with an added internal standard of tungsten powder). Each pattern indexes to
the rocksalt phase expected for TiN with no crystalline impurities such as the oxide phases. Phase
segregation into a mixture of nitrides is not observed for any niobium composition, based on the
absence of additional reflections at higher angles that would arise from the thermodynamically
stable hexagonal phase of NbN. Additionally, by correcting each pattern using the [110] reflection
of the W internal standard, a progressive shift of the nitride reflections to lower angles is observed.
This observation is consistent the lattice expansion expected when adding the larger Nb®" ion to a

Ti®* site in the crystal structure according to Vegard’s law and is further evidence of solid solution

behavior.

For a Nb content of 15 mol %, we examined the effect of decreasing R on product identity
in an attempt to isolate titanium niobium oxynitride in a single step. Figure B1 contains powder x-
ray diffraction patterns of the resulting products, which vary in appearance from black to grey. All

are multiphasic mixtures of anatase TiOg, rutile TiO, and rocksalt TiN, and so these products were
not further analyzed.
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Figure 4.1. PXRD patterns for Ti1xNbxN prepared by urea-glass synthesis with tungsten powder
added as an internal standard. Nb content increases from the top of the graph to the bottom. Black:
x = 0; red: x = 5; blue: x = 15; green: x = 25; purple: x = 30.
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Scanning electron micrographs of representative nitride samples are shown in Figure B2.
Contrary to what is observed by previous authors on the urea-glass method, we do not isolate
monodisperse nanoparticles of any nitride sample. Instead, we observe large sheet-like particles
that are tens of microns in length and width with variable thickness interspersed with smaller
particles. We suspect that the flow rate of nitrogen gas used in the reaction may play a role in
determining particle sizes and morphologies by influencing the evaporation rate of ethanol from

the reaction gel. The nitrogen flow rate has not been specified in previous reports on the synthesis.
4.6 Nitride Oxidations

To understand the behavior of TiixNbxN upon heating in air, we turned to
thermogravimetric analysis (TGA). The TGA traces, recorded in flowing air, for each compound
are shown in Figure 4.2. Generally, we observe a small mass loss at the beginning of heating,
attributed to water loss from the surface of the compound. Secondly, a mass gain due to the
oxidation of the nitride material is observed. This mass gain event appears to cease after about 500
°C for each compound, at which point a mass loss attributed to the combustion of residual carbon
in the material takes over. The final event is a weak mass gain (except for pure TiN, where it is
more prominent) which is explained by continued oxidation of the material to phase-segregated
mixtures of rutile TiO2 and TiNb2O7.
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Figure 4.2. Thermogravimetric analysis traces recorded in flowing air for Ti1xNbxN compounds.
Black: x = 0; red: x = 5; blue: x = 15; green: x = 25; purple: x = 30.
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Using these data as a guide, we oxidized Ti1-xNbxN powders in air at 550 °C in hopes of
identifying the intermediate phase observed in the TGA traces. In each case, a yellow powder is
isolated. The yellow materials are identified as antase phase by PXRD (Figure 4.3) and do not
exhibit any notable change in particle size and morphology compared to the nitrides isolated from
urea-glass synthesis (Figure B3). An impurity peak near 27° 26 indicates the presence of small
quantities of a rutile phase. Given that no rutile phase is observed in the nitrides before oxidation
and that 550 °C is close to the anatase-rutile transition temperature for pure TiO2, we attribute
rutile formation as an inevitable by-product of the heating step. The broad, low-intensity peaks in
the PXRD patterns suggest that the large particles seen by SEM are agglomerates of many small

crystalline grains.

X-ray intensity

©20

Figure 4.3. PXRD patterns for Ti1xNbxN after oxidation in air (TiNbON-x). Black: x = 0; red: x =
5; blue: x = 15; green: x = 25; purple: x = 30. Gray and red reference patterns are anatase and rutile
TiOo, respectively.
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Curiously, the TGA data show a mass gain upon oxidation that increases with increasing
niobium content; such behavior is exactly contrary to what would be expected for a series of
materials with mass percentages increasingly dominated by metals. Additionally, multiple reports
on the urea-glass method have demonstrated an increase in residual carbon as the urea content of
the reactive solution increases, as it does when one maintains a constant urea:valence ratio, R,
while increasing Nb°>* content. However, in the absence of impurity phases in the PXRD patterns
that would otherwise confound the TGA traces, we must attribute this observation to a decrease in
the carbon content of TiixNbxN with increasing Nb content. Compositional analysis reported by
Giordano et al. demonstrate that NbN prepared by this synthetic route contains significantly less
carbon than TiN prepared in an analogous way,'? suggesting that urea decomposition under

reactive contitions may be more efficient in the presence of Nb°>* than without.
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Figure 4.4. Diffuse reflectance spectra for TINbON-x compounds. Black: x = 0; red: x = 5; blue:
x = 15; green: x = 25; purple: x = 30. Degussa P25 TiO- is shown in grey for reference.

The diffuse reflectance spectra of the oxidized nitrides are shown in Figure 4.4. The spectra

are characterized by absorption edges near 550 nm, with the exception of the TINDON-30 sample
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which begins closer to 525 nm. Additionally, the TiNbON-0 sample exhibits significant
background absorption out to long wavelengths, consistent with a high concentration of defect
states in the midgap region of the material’s electronic structure. The absorption edges are brought
about by a shoulder peak that appears to be extended from that of pure TiO2 by an extent which
varies with Nb content. The peak shape and low intensity of the new absorption are suggestive of
localized defect-based transitions, so we are reluctant to conclude that we have narrowed the TiO-
band gap — particularly because the smallest peak shoulder is observed for TiINbON-30, the
compound most concentrated in Nb.

4.7 Methylene Blue Photomineralization Rate Constants

As a benchmark for photochemical activity, we measured the rate of photomineralization
of methylene blue over our series of TiINDON compounds. The intimate details of the
photomineralization reaction over similar compounds have been discussed in our previous work.?
As the methylene blue molecule can be destroyed both oxidatively and reductively by the
semiconductor through a variety of conceivable pathways, we compare the rates of methylene blue
degradation here as a preliminary indication of the internal charge transport and collection
efficiencies relative to recombination across the series of compounds presented. We note here that,
consistent with previous results, a positive correlation between Nb content and surface adsorbed

methylene blue during the dark adsorption period preceding illumination is observed (Table B2).

A comparison of the first-order Langmuir-Hinshelwood rate constants for methylene blue
degradation can be found in Figure 4.5. The observed rate constants demonstrate an optimum Nb
content for this series of compounds of between 5 and 15%, with the reaction rate dropping off by
a factor of ~1.5 at higher Nb concentrations. This finding contrasts with our previous results on
this compositional system which showed an optimum Nb concentration of 25%.2 Notably,
TiNbON-5 and TiNbON-15 degrade methylene blue faster than TiNbON-0, demonstrating the
importance of co-doping/co-alloying in efficiently harvesting visible light photons. The observed
reactivity cannot be attributed to differences in surface area (Table B2) as no correlation between

Nb content and BET surface area is observed for this series of compounds.
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Figure 4.5. First-order Langmuir-Hinshelwood rate constants for photochemical methylene blue
degradation over TINbON-x as a function of Nb concentration. Data are shown for reactions run
with the full AM1.5G spectrum (black squares) and for AM1.5G modified by a 400 nm cut-on
filter (red circles). Error bars shown are the error in the fit for the rate law for the average
concentration vs. time data for two trials.

Additionally, we measured how the rate of methylene blue degradation changes when
TiNbON compounds are excited by visible light alone. We observe a decrease in reaction rate
across all compounds consistent with the decreased incident lamp power after inserting the 400
nm cut-on filter (500 mwW/cm? for full-spectrum, 170 mW/cm? with filter). The control compound,
TiNbON-O, loses 30% of its activity when wavelengths above 400 nm are removed from the
excitation spectrum. This loss is diminished for TiINbON-5, which experiences only a 16%
decrease in photochemical rate despite a 17.5% attenuation in irradiance with the filter in place.
An equal or greater loss compared to TINDON-O0 is observed for TINDON-15 (39%), TiNbON-25
(40%) and TiNbON-30 (33%). On the basis of overall reaction rate and on the relative efficiencies
of visible light-driven photochemsitry, we conclude from these data that TiNbON-5 is the

compound with nearest to the ideal composition for this quaternary system.

4.8 Compositional Analysis Results
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On the basis of our methylene blue photodegradation results, we chose to fully investigate
the composition for TINbON-5. Quantification of nitrogen content for titanium oxynitrides has
typically relied on X-ray photoelectron spectroscopy. However, the low atomic weight of the
nitrogen nucleus leads to weak signal, and our samples did not provide adequately strong signal
for reliable chemical analysis. Instead, we quantified Ti:Nb ratios using EDX spectroscopy (Table
B1) and N using the Kjeldahl method as described above, which determines nitride content as
ammonia. The Kjeldahl determination yielded 4.35 mg N in 1042 mg total material; therefore, for
TiNbON-5, we find a chemical formula of Tio.e2Nbo.0sO1.97No.03.Using this compositional analysis,
we report a lower bound of the oxygen content by assuming that each nitrogen anion

substitutionally occupies an oxygen site.
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Figure 4.6. a) EPR spectra for TINbON-0 (black, multiplied 5x) and TiNbON-5 (red). b) EPR

spectrum for TINDON-25. Spectra were acquired at a microwave frequency of 9.26 GHz at 120 K

using a modulation frequency of 10 GHz.

We do not anticipate large differences in the nitrogen content across the series of niobium
contents reported above, which raises the question of why TiNbON-5 exhibits a superior
photochemical rate for MB degradation compared to the more highly-substituted TiNbON
compounds. To further characterize these compounds, we turned to EPR spectroscopy and
attempted to analyze the defect identity for TINDON-0, TINbON-5, and TiNbON-25. As seen in
Figure 4.6a, both TINbON-0 and TiNbON-5 exhibit localized anisotropic resonances consistent
with reduced metal centers. The g-values for TINDON-0 (gy = 1.984, gx= 1.974, g, = 1.953) are
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consistent with reduced Ti®* present in the anatase structure.? However, in contrast to our previous
work, we find that the resonance in TINbON-5 is shifted to slightly lower g-values (gy = 1.968, gx
= 1.963, g, = 1.937), which is more consistent with an Nb*" donor state than a Ti*.}>16
Comparatively smaller peaks at lower g-values suggest the presence of some Ti** in TINDON-5 as
well. Both of these spectra are in sharp contrast to TiINbON-25, which exhibits a very broad
resonance centered near a g-value of 2 (Figure 4.6b). The breadth of this spectral feature suggests
a highly delocalized electron defect. We hypothesize that the high Nb fraction in TINDON-25
allows nearby Nb ions to mix atomic orbitals to form bands, which induces electron delocalization
from Nb** centers. Localized Nb** states measured in TiINbON-5 may serve as shallow electron
traps based on the predicted position of Nb orbitals in the TiNbON electronic structure;'’ shallow
trap states have been shown in some transition metal-doped TiO, samples to increase
photochemical activity in small concentrations!® though that finding is not widely generalizable.!’

4.9 Conclusions

Synthetic methods for the preparation of co-doped titania that enable rigorous control of
multiple compositional elements remain elusive. In this report, we have expanded upon the known
urea-glass method for the preparation of pure metal nitrides to access mixed-metal nitrides of a
single phase up to 30 mol % Nb. The nitrides exhibit complex oxidation behavior in flowing air,
showing a plateau of stability near 550 °C. Nitrides heated to this temperature in static air are
competent photocatalysts for methylene blue photomineralization, a common photochemical
benchmarking reaction. We have identified a niobium concentration near 8 mol % as optimal in

this series of compounds.
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Chapter 5

Preparation of Titanium Niobium Oxynitride by an Improved Urea-
Glass Synthesis Using a CaCOsz Additive

5.1 Introduction

The work presented in the previous chapter demonstrates the feasibility of preparing
titanium niobium oxynitride via the known urea-glass synthesis using excess urea. An attractive
feature of the urea-glass method is the flexibility to easily modify the concentrations of metal
precursors and/or the urea, which supplies the nitrogen equivalents needed to prepare nitride
materials. Hypothetically, the nitrogen content of a given product can be decreased from
stoichiometric nitride by decreasing the urea in the precursor solution. However, as demonstrated
in Chapter 4, such a modification produces a mixture of anatase and rutile TiO2-like products with
rocksalt TiixNbxN as well. A phase-pure product, especially without TiixNbxN which is not
anticipated to be photoactive, is desired.

An important modification to the urea-glass method has been demonstrated in the synthesis
of tantalum oxynitride, TaON.! Attempts to prepare TaON by the standard urea-glass method
results in multiphasic mixtures of tantalum nitrides and oxynitrides over a range of urea contents.
Incorporating an alkaline-earth cation in the form of MCO3z was demonstrated to improve the
homogeneity of the observed products, and the authors succeed in isolating a two-phase mixture
of B- and y-TaON.
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The authors propose that the product homogeneity is improved by decreased reaction rate.
The alkaline-earth M?* cation forms a stabilizing complex with urea, which is already complexed
by Ta®* in the reaction mixture. The stabilized Ta>*-urea-M?* complex decomposes more slowly
compared to Ta®*-urea on its own. As a result, NHs is released by urea decomposition at a
decreased rate — a rate more proportional to the rate at which gaseous NHz can reduce and nitride

the amorphous metal alkoxide matrix that forms upon heating the urea-glass solution.

No further reports on using an alkaline-earth-assisted urea-glass method to prepare
transition metal oxynitrides. In this chapter, the method is extended to attempt facilitated

preparation of TINbON photocatalysts.
5.2 Materials Preparation

3.51 mmol combined of TiCls and NbCls in desired stoichiometry were slowly added to
1.6 mL of 200-proof ethanol and stirred to dissolve. Upon cooling of the solution, an appropriate
amount of urea was added based on the urea:valence ratio chosen for the synthesis. The solution
was stirred until urea was fully dissolved before 351 mg of CaCO3z was added. The reaction was
stirred until foaming ceased, transferred to a quartz reaction tube, and heated to 500 °C or 750 °C
for 3 h with a heating rate of 3 °C/min in an MT]I tube furnace under flowing nitrogen (~5 mL/min)
Soluble Ca?*-containing by-products were removed by suspending 30 mg of crude black or grey
product in 10 mL of 6 M HCI and sonicating for 3 h, after which the products were isolated by
centrifugation, washed 3 times with deionized water, and dried in vacuo at 60 °C. Where noted,
samples were subjected to another air oxidation step by adding 25 mg of acid-washed product to
a quartz crucible and heating at 400 °C for 3 h in air with a heating rate of 10 °C/min in an MTI

box furnace.
5.3 Materials Characterization

Powder X-ray diffraction measurements were carried out on a Panalyticial Empyrean
powder X-ray diffractometer using Cu Ka radiation (A = 1.5418 A) in 6-6 geometry with a sample
stage rotating at 16 rpm. Thermogravimetric analysis was performed on a TA Q50 TGA with a
platinum pan, heating rate of 10 °C/min, and a compressed air flow rate of 60 mL/min. Scanning
electron microscopy (SEM) was performed using a Zeiss LEO 1455 VP scanning electron

microscope with a tungsten filament. UV-Vis spectra were acquired on a Cary 5000 UV-Vis NIR
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Spectrophotometer. For diffuse reflectance measurements, a Harrick Praying Mantis diffuse
reflectance accessory was employed and BaSO4 was used as a 100% reflectance standard. Solid-
state absorption spectra were acquired on the same spectrometer by grinding 1 mg of the compound
of interest with 99 mg of KBr to mix thoroughly, then pressing in a stainless steel die by tightening

opposing bolts with handheld wrenches. A pure KBr pellet was used as the reference sample.
5.4 Methylene Blue Photodegradation Procedure

A 2 ppm solution of methylene blue (from methylene blue dihydrate) was prepared in 18.2
MQ water (Millipore). For kinetics experiments, 15 mg of experimental powder was added to a 30
mL quartz tube. 15 mL of methylene blue solution was added and the mixture was allowed to stir
under complete exclusion of light for 3 h. The tube was then placed in front of a Newport-Oriel
150 Xe arc lamp solar simulator equipped with AM 1.5 G and water filters with a front-cell
irradiance of 500 mW/cm? (5 suns). 4 mL aliquots of the solution were removed at 0 min, 30 min,
and 60 min reaction time, centrifuged at 3500 rpm for 3 min, and the absorbance spectrum of the
supernatant solution was recorded between 400 and 800 nm before the aliquot was reintroduced
to the kinetics experiment. A polynomial baseline was subtracted from the absorption spectra to
correct for scattering by suspended particles not removed by centrifugation. The concentration of
methylene blue at each timepoint was calculated using the Lambert-Beer law based on the
maximum of the absorption feature. Rate constants were derived from concentration data using

the first-order Langmuir-Hinshelwood model
C
rate = —In(—=—)kt
Co
where C/Co is the ratio of the concentration of methylene blue at time t to the concentration at time
0, k is the rate constant, and t is the time in minutes.

5.5 Effect of Temperature and Urea Content on Product Composition

Initial attempts to prepare TiINbON by the Ca?*-assisted urea-glass synthesis were carried
out with a 750 °C heating step according to previous reports.? Additionally, a nominal metal ratio
of TiogsNbo.15 was used to assist in facile identification of impurities by PXRD. For R = 0.7 and
0.1 (see Chapter 4), a multiphasic PXRD pattern (Figure 5.1a) was observed containing rutile
TiossNbo.15s0N, and a CaNb2Oe fersmite phase not removed during the acid wash step. (The high-
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intensity peak near 45 ° 260 is from the aluminum sample holder.) In Ti1xNbxO2 phases, it is
observed that niobium is extruded from the crystal structure at extremely high temperatures,
resulting in the formation of niobium-rich Nb2Os and TiNb,O; phases.®* Based on this
observation, we hypothesized that a reduced-temperature synthesis would prevent phase
segregation and the formation of insoluble fersmite. Repeated preparations at 500 °C resulted in a

two-phase mixture of anatase Tio.gsNbo 150N and CaCl2+2H20, the latter being removed in the acid

treatment to leave only anatase (Figure 5.1Db).

After these initial synthetic investigations, the Nb content was reduced to Tig.esNbo.os
consistent with photochemical results from Chapter 4. PXRD patterns after acid washing for
Tio.0sNbo.osON prepared at R = 0.7, 0.5, and 0.3 can be found in Figure 5.2a. Each R ratio results
in an anatase product, though the color of the product differs significantly as shown in Figure 5.2b.
R = 0.7 contains either a CaTiOs perovskite impurity or a rutile Nb2Os impurity. The impurity

peak at 50 ° 20 for R = 0.3 is ammonium chloride, likely due to sample cross-contamination during

workup and analysis.
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Figure 5.1. PXRD patterns for TINbON-15 prepared by Ca2+ urea-glass synthesis. a) Reactions
carried out at 750 °C and R = 0.7 (black), R = 0.1 (red). Vertical lines represent reference patterns
for rutile TiO- (grey) and fersmite CaNb.Os (blue). b) Reaction carried out at 500 °C and R = 0.7.
Grey vertical lines represent reference pattern for anatase TiOa.
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Figure 5.2. a) PXRD patterns for TINDON-5 prepared at different R. b) Photographs of TINbDON
prepared at different R. Left, R = 0.7 (black); middle, R = 0.5 (brown); right, R = 0.3 (grey).

For R = 0.7, a black product is observed, suggesting overincorporation of nitrogen to
produce a highly reduced product; this observation is expected to hold for higher R until ammonia
availability increases high enough that the product shifts from anatase oxynitride to rocksalt
nitride. For R = 0.3, a grey product is observed, suggesting that nitrogen is not strongly
incorporated into the structure due to low ammonia availability; again, this observation should be
consistent for lower R until only oxide is observed. R = 0.5 appears to have accessed an

intermediate region in which a brown product is isolated. For the remainder of this study, we focus

on the Tio.9sNbo.osON material prepared with R = 0.5.
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Figure 5.3. Thermogravimetric analysis trace for TINbON before acid washing (black) and after
(red). Analysis was carried out in flowing air.

To assess potential carbon by-products adsorbed to the sample and also its thermal stability,
thermogravimetric analysis (TGA) was carried out in flowing air (Figure 5.3). The black trace in
Figure 5.3 shows the behavior of the material before washing in acid. A sharp mass loss is observed
at 100 °C corresponding to water loss from the CaCl.*2H>0 by-product, followed by a gradual
mass loss throughout the remainder of the trace. The red trace, TINbON after acid wash, shows
only a gradual mass loss until ~400 °C, suggesting complete removal of CaCl2*2H20. A mass loss
suggests oxidative loss of nitride from the intersites of the anatase TiNbON,® and/or combustion
of carbonaceous by-products from the material surface. In order to examine the effects of the mass
loss, the material was heated at 400 °C in air for 3 h and analyzed by diffuse reflectance UV-Vis

in addition to its use in methylene blue photodegradation.

A scanning electron micrograph of TINbON-5 after the annealing treatment is presented in

Figure 5.4. The micrograph shows a mixture of smaller submicron particles and larger ~5 micron
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pieces. This average particle size is significantly decreased from that observed from the

unmodified urea-glass synthesis presented in Chapter 4.

Figure 5.4. Scanning electron micrograph of TiNbON-5 prepared by Ca?*-assisted urea-glass
method after annealing at 400 °C for 3 h.

5.6 Optical and Photochemical Properties

Diffuse reflectance UV-Vis spectra of TINDON before and after the annealing treatment
can be found in Figure 5.5. The material before annealing does not display a well-defined
absorption edge. After annealing, a defined absorption edge near 600 nm emerges and the material

changes color from dark brown to bright orange.
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Figure 5.5. Diffuse reflectance UV-Vis spectrum of TiINbON after acid wash before annealing
(black) and after annealing (red).

Whether an observed transition is indirect (requiring absorption of a photon and phonon
simultaneously; lower absorptivity) or direct (photon absorption only; higher absorptivity) can be
surmised from Tauc plots.® By multiplying the Kubelka-Munk function times the photon energy
and taking the result to some power n, a Tauc plot for an indirect (n = 2) or direct (n = 1/2) transition
is achieved. The Tauc plots for TINbON for indirect and direct transitions can be found in Figures
5.6a and 5.6b, respectively. The indirect plot shows an absorption edge near 3.4 eV, consistent
with other optical spectra of anatase TiO,. However, no transitions whatsoever appear in the Tauc
plot at lower energies. By contrast, the direct Tauc plot displays two linear absorption regions at
2.0 and 3.2 eV. This result suggests that transitions between N* and conduction band states occur
with high probability, which should translate into increased photochemical reactivity over this
TiNbON compound.
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Figure 5.6. Tauc plots for TINbON before (black) and after (red) the annealing step. Part a) is the
plot for indirect band gap, and part b) for direct.

To ensure that the observed optical properties are intrinsic to the material and not an artifact

of reflectance sample preparation, absorption spectra were also acquired in transmission mode by

grinding TiNbON with KBr and pressing into a transparent pellet. The Tauc plots produced by this
measurement are displayed in Figure 5.7. The black lines are a P25 TiO2 reference sample, and

the red lines are TINbON after acid washing and annealing. Both direct and indirect transitions are
exhibited for TINbON, though the direct transition appears at a lower energy. The large spikes in

the data are caused by detector saturation at high absorptivities.
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Figure 5.7. Tauc plots for P25 TiO> (black) and TiNbON (red) acquired in transmission mode.
Part a) is the plot for indirect band gap, and part b) for direct.
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To measure the photochemical reactivity of TINbON prepared by this method, and also to
evaluate the importance of the annealing treatment, we conducted methylene blue (MB)
photodegradation measurements in a 2 ppm solution. Figure 5.8 shows the Langmuir-Hinshelwood
kinetics plot used to calculate the first-order rate constant for MB degradation. The rate constant
is equal to the slope of the line through the concentration data; the rate constants are shown in
Table 5.1. After annealing, the rate constant for MB degradation over TiNbON increases almost
tenfold; additionally, grer, the amount of MB adsorbed to the material surface during the dark
period, increases by a factor of ~4. This result is suggestive that inactive carbonaceous material is
being removed from the TiNbON surface during the low-temperature annealing step.

Table 5.1. First-order Langmuir-Hinshelwood rate constants (k.+) for methylene blue degradation

and dye sorption measurements (qrel) over TINDON prepared by Ca?*-assisted urea-glass synthesis
before and after an additional annealing step.

ken (hh) Qrel (Mg MB/g TiNbON)
Acid-wash only 1.785 + 0.026 27.1+3.9
Acid-washed and annealed 0.181 +£0.004 6.7+0.7
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Figure 5.8. Kinetics plot showing raw concentration data over time for methylene blue degradation
experiments. Black squares: before annealing, red circles: after annealing. The rate constant is
equal to the slope of the line of best fit through the points.

5.7 Conclusions and Outlook
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TiNbON prepared by the Ca?*-assisted urea-glass method displays superior visible light

absorption and photochemical reactivity to materials prepared without Ca®* presented in Chapter

4. We hypothesize that this increase is due to superior nitrogen incorporation due to slower

ammonia release during the synthesis step. Decreased particle size likely also contributes to the

increased reaction rate. Further investigation into this intriguing material must involve an analysis

of the exact function of the annealing step along with a quantification of nitrogen content compared

to previously reported material; this experimental work is ongoing.
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Chapter 6
Cu1xNixWO4/WO3 Heterojunction Photoanodes Towards Solar

Water Oxidation with Improved Faradaic Efficiency

6.1 Introduction

Photoelectrochemical (PEC) water splitting has shown promise as a fuel-generating
scheme in which both solar energy and electrical energy are applied, in conjunction with a catalyst,
to produce a reduced fuel (such as hydrogen) and oxygen has from liquid water.! In all such
schemes, the four-electron oxidation of water has been identified as the rate-determining step. As
such, the development of robust photoanodes for PEC water oxidation is an active and important
area of research.

There are several design criteria that must be met in developing a photoanode material in
order to maximize the solar-to-fuel-conversion efficiency. A single-phase material must 1) absorb
visible light to utilize the most abundant portions of the solar spectrum; 2) exhibit high hole (h")
conductivity such that photogenerated charges can be driven to the material surface by internal
(such as in n-type semiconductors) and/or external electric fields; 3) use those h” chemoselectively
to drive the oxidation of water at kinetically active surface sites; and 4) maintain this activity for
as long as possible. A number of single-phase materials, most importantly TiO2,*> WO3,%7 Fe,03,®
TaON,>!? and BiVO4,!'! have been studied extensively for PEC water oxidation and demonstrate
exceptional performance in one or more of the aforementioned areas. However, no single-phase
material has satisfied each criterion simultaneously.

As a result, researchers have turned to multi-phase hybrid materials to impart specialized

functionality at the semiconductor-electrolyte interface. A number of powder photocatalysts have

66



exhibited improved oxidation activity after the addition of oxide co-catalysts such as RuO,,'*"'*
IrO2,"° and, more recently, a variety of more earth-abundant metals.'®!” These co-catalysts
generally act by rapidly removing holes from the valence band of the light absorber across the
semiconductor-oxide junction, where they are used to oxidize substrates on the co-catalyst surface
particle where reaction kinetics are improved (e. g., by suppressing back reactions).'®! Another
strategy is to synthesize multi-phase bulk heterojunction (BHJ) photoanodes. Heterostructured
electrodes are attractive because they allow for improved charge separation, as photogenerated
charges can be conducted away from one another by electric fields induced at semiconductor-
semiconductor junctions. The introduction of heterostructures has increased photocurrent output
and external quantum efficiency in a number of systems, including CaFe>O4/TaON,*?
ZnWO04/ W03, Al,03/W03,2* BiVO4/CuWO04,” and several others.?*%°

Copper tungstate, CuWO4, has drawn recent interest as a single-phase photoanode
material**3* CuWO4 improves WOj in terms of visible light absorption and photoelectrochemical
stability.*® A known degradation pathway in WO3 during PEC water oxidation is the formation of
high-energy peroxides and hydroxyl radicals, which can react chemically with the electrode
material and dissolve it.>® Additionally, the high oxidative potential of valence band holes in WO
facilitates side reactions with a variety of electrolyte anions, resulting in poor overall Faradaic
efficiency for the OER.>”*® As the valence band of CuWO4 is ~500 mV less oxidizing (reports of
the energy of the valence band vary significantly) due to the occupied Cu(3d) states that form the
top of the valence band, this decay pathway is mitigated.?® 3> 3% As a result CuWOy4 electrodes have
shown excellent stability and near unit Faradaic efficiency in potassium borate electrolytes at pH
735

We present herein the synthesis of composite photoanodes consisting of a WO3 absorber
layer functionalized by a CuWOy interface layer. We hypothesize that the addition of a CuWO4
overlayer will address the poor Faradaic efficiency of WO3 by funneling holes through the less-
oxidizing CuWOy valence band. The heterostructures are fabricated using low-cost synthetic
methods. Furthermore, we modulate the electronic structure of the CuWO, interfacial layer by
doping Ni** onto Cu?" sites and examine the effects on charge transfer through the heterostructures.
In each case, the heterostructured anode exhibits improved Faradaic efficiency and overall OER
rate compared to a stand-alone WOjs electrode. Finally, we examine the origin of this increase in

chemical selectivity by employing an organic radical trap, a-thujone, to probe the activity of
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hydroxyl radical intermediates at the surface of each electrode.***!

6.2 Experimental Procedures

Ethanol, methanol, and methylene chloride were ACS reagent grade and purchased from
Fisher Scientific. The remainder of the chemicals employed in this study were purchased from the
following manufacturers at the denoted levels of purity and used without further purification:
copper nitrate trihydrate, 99.9%, Fisher Scientific; copper acetate dihydrate, 98%, Sigma-Aldrich;
nickel acetate dihydrate, 98%, Sigma Aldrich; nickel nitrate hexahydrate, 99.9%, Fisher Scientific;
sodium tungstate dihydrate, 99%, Acros Organics; ammonium metatungstate, 99%, Sigma-
Aldrich; (-)-a-thujone, 96%, Sigma-Aldrich; boric acid, 99.5%, Sigma-Aldrich; hydrogen
peroxide 30% solution, Sigma-Aldrich; formic acid, 95%, Sigma-Aldrich; dodecane, 99.9%,
Sigma-Aldrich; carvacrol, 98%, Sigma-Aldrich; hydrochloric acid 12.1 M concentrated solution,
Fisher Scientific; polyethylene glycol 300, TCI. Potassium hydroxide (85% purum) was purchased

1.*? before use.

from Sigma-Aldrich and purified according to the procedure of Trotochaud et a
Photoanodes were fabricated on glass substrates coated with a ~400 nm-thick layer of fluorinated
tin oxide (FTO, Pilkington Glass, 12-14 Q). The FTO substrates were cleaned by successive
sonication for 15 minutes in acetone, ethanol, and 18.2 Q Millipore purified water before drying
in a stream of nitrogen.

Synthesis of Cu1-xNixWO4 (0 < x < 0.3) electrodes by spray pyrolysis. Cui..Ni:WO4 (x
=0-0.3) films were deposited onto FTO substrates using a custom-built spray pyrolysis apparatus.
The spray parameters employed were adapted from a spray deposition for CuWOQO4 previously
reported by Gaillard et al.** Figure C1 depicts the apparatus used. Aqueous stock solutions of 100
mM copper acetate dihydrate and nickel acetate dihydrate were prepared, along with a stock
solution of 8.3 mM ammonium metatungstate (chemical formula (NH4)sH2W 12040, 100 mM in
[W®*]). The stock solutions were combined stoichiometrically and diluted with Millipore water to
a final volume of 10 mL such that [Cu?*"] + [Ni*"] = 10 mM and [W®] = 10 mM. The precursor
solution was then sprayed through a glass nozzle onto the heated FTO substrate. The spray
pyrolysis parameters employed were as follows: the substrate temperature was 275 °C, the nozzle
height was 10 inches, the carrier gas was N> at a pressure of 12.5 psi, and the solution was sprayed
20 times for a 1 s interval with a 10 s waiting period every 10 sprays to ensure that the substrate
temperature remained nearly constant.

Synthesis of MWO4/WO3 (M = Cu, Cuo.95Nio.05) bulk heterojunction electrodes. Metal

68



tungstate/tungsten oxide (MWO4/WO3) bulk heterojunction photoanodes (BHJs) were synthesized
in two steps by a solid-state reaction atop prefabricated WO3 electrode. The synthesis of WO3
electrodes was adapted from a known sol-gel procedure.’® Briefly, a colloidal suspension of
H>WO4 was prepared in 50/50 v/v ethanol/water solution by passing sodium tungstate dihydrate
through a Dowex ion exchange column. The suspension was then concentrated by rotary
evaporation and polyethylene glycol 300 was added as a stabilizing agent. 25 pL of the suspension
was applied to a masked 1 cm? area of the FTO and spun on a Laurell Technologies model WS-
400B-6NPP/LITE spin coater at 2500 rpm for 30 s. The films were then placed in a preheated oven
at 500 °C for 30 min in air. This process was repeated 10 times, resulting in glassy yellow
monoclinic WO3 electrodes ~2 um in thickness with excellent mechanical adhesion. The metal
tungstate overlayer was applied via a known literature procedure.>® Aqueous solutions of 100 mM
M(NOs), were prepared, and 50 pL of solution was applied to a 1 cm? WO; electrode. The
electrodes were immediately annealed at 550 °C for 6 h in air with a heating and cooling rate of
1.5 °C/min. Excess metal oxides that formed on the film were dissolved off from the electrode by
soaking in 0.5 M HCI for 30 min.

Electrode characterization. Electrodes were analyzed by powder x-ray diffraction
(PXRD), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), and
UV-VIS diffuse reflectance spectroscopy. PXRD measurements were taken on a Bruker D8
Advance diffractometer with graphite monochromator and Lynx-Eye detector using Cu Ka
radiation. SEM images and EDS measurements were performed on an FEI Quanta 3D scanning
electron microscope using beam voltage of 16.5 kV and current of 2.3 nA for heterostructure films
(15 kV and 2.2 nA for WO3). UV-VIS measurements were performed on a Cary 5000 UV-VIS-
NIR spectrophotometer using an internal diffuse reflectance accessory (Varian) for measurements
on thin films. Band gaps were calculated via standard absorption edge extrapolation on Tauc plots
constructed using the Kubelka-Munk function for indirect band gap semiconductors.

Electrochemical measurements and photoelectrochemical oxidations. For all
photoelectrochemical experiments, a Newport-Oriel 150 W Xe lamp was utilized. The lamp was
used in conjunction with an AM 1.5G filter and fiber-optic cable to reduce the irradiance at the
film to 100 mW/cm?.

Linear sweep voltammetry were performed in a single-compartment 3-electrode Pyrex cell

fitted with a quartz viewing window using a Chemical Instruments 1000A potentiostat. A saturated
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calomel electrode (SCE) was employed as the reference electrode and a Pt disk was used as the
counter electrode. A 20 mV/s scan rate was employed. The electrolyte used, denoted as KB;, was
0.1 M boric acid adjusted to pH 7 with purified potassium hydroxide solution, with or without 0.2
M hydrogen peroxide, 0.2 M methanol, or 0.2 M formic acid.

Photoelectrochemical oxygen evolution was performed in a two-compartment Pyrex bulk
electrolysis cell fitted with a quartz viewing window on each compartment. The compartments
were separated by a sintered glass frit. Both compartments were charged with 20 mL of KB, and
sparged for 1 h with N; before sealing under an N> atmosphere with an SCE reference electrode
and Pt wire counter electrode. A NeoFox FOSSPOR fluorescence lifetime oxygen detection probe
was sealed in the working electrode compartment headspace, and an accompanying temperature
probe was sealed in the counter electrode headspace. The oxygen probe was calibrated in ambient
air (20.9%) and in N> gas (0%) before addition to the cell, and was allowed to equilibrate for at
least 30 min before the experiment began. Photoelectrolysis was carried out at 1.23 V vs. RHE
(0.573 V vs SCE) with a 60 s pre-electrolysis period before the film was illuminated. The moles
of oxygen in the cell headspace were calculated by converting partial pressures recorded by the
probe using the ideal gas law in conjunction with Henry’s Law to account for dissolved O> in the
electrolyte. The average drift in the probe reading was calculated by measuring the change in the
moles of Oz present while the cell was inactive both before and after the experiment, fitting both
segments to a linear function, and subtracting from the final moles of O measured.’” The
maximum moles of O» observable (assuming 100% Faradaic efficiency) was calculated by
integrating the j-t curve for the entire illumination time, then dividing by —4F. Actual Faradaic
efficiency was calculated by taking the ratio of observed Oz to the maximum possible Oz calculated
by coulometry.

Hydroxyl radical detection with a-thujone. An all-quartz photoelectrolysis cell with a 6
mL working electrode compartment was used for radical detection experiments. 0.1 M KB, was
prepared with 10 mM a-thujone added. The cell was sealed under ambient conditions with an
Ag/AgCl reference electrode and 6 mL of electrolyte in the working electrode compartment, and
with 3.5 mL of electrolyte and a Pt wire electrode in the counter electrode compartment.
Electrolysis was carried out at 1.23 V vs. RHE with a 60 s pre-electrolysis period before the film
was illuminated. Photoelectrolysis was carried out until ~3 C had been passed. The electrolyte was

then removed from both compartments and combined. A 3 mL aliquot of the electrolyte was
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extracted 3 times with 0.5 mL methylene chloride. A 0.5 mL aliquot of the combined organic layers
was diluted with 0.5 mL of a 2 mM solution of dodecane in methylene chloride. The final solution
was analyzed on a Shimadzu QP-2010 GCMS equipped with a 30 m DB-5 column (0.25 mm inner
diameter). This procedure was performed in triplicate to ensure consistency in the extraction
procedure. GCMS data were compared with authentic samples of a-thujone and carvacrol. Product
identification was achieved via comparing retention times and mass spectra with a publicly
available NIST database. Peak areas were calculated by integration and normalized to the area of
the dodecane internal standard.

6.3 Physical Characterization of BHJ Photoanodes

As previously reported by Hill et al., the reaction of aqueous metal nitrates with crystalline
tungsten oxide produces a mixed-phase film where the WOs3 substrate has been partially converted
to the corresponding MW Qs phase.*® The PXRD pattern of the electrodes is dominated by the large
signal of the extremely crystalline WOs3 substrates, but reflections attributed CuWOy4 are seen in
the final reaction products (Figure C2). No copper oxide or nickel oxide impurities remain in the
film after the acid soaking procedure.

The optical absorption of the BHJ electrodes was measured using UV-Vis diffuse
reflectance spectroscopy. The absorption spectra of the BHJ electrodes were compared to that of
pure-phase WO3;, CuWO4, and Cuo.95sNio.osWO4 electrodes (Figure C3). Comparison of these
spectra supports the description of the BHJ electrodes as a phase-segregated mixture, as the
absorption spectrum of the BHJ electrodes contains only features also seen in the spectra of the
pure-phase materials. BHJ electrodes absorb visible light out to the 550 nm range, with no
significant change in band gap observed between Ni**-doped and pure CuWO4 overlayers.

The thickness and elemental distribution of the electrodes was characterized by SEM
coupled with EDX. The samples were analyzed cross-sectionally, as seen in Figure 6.1. The pure
WO3 electrodes are approximately 2 um in thickness. The treatment with aqueous metal nitrates
does not significantly alter the thickness of the electrodes, resulting in BHJ electrodes of the same
approximate thickness as the WOs starting material. EDX analysis reveals that the copper content
of the electrode does not begin to increase above baseline levels until ~800 nm below the film
surface. Even at the surface of the film, the Cu:W ratio does not reach 1:1, suggesting that the film
composition is not consistent with a purely layered MWO4/WOs3 heterojunction. Instead, the

elemental distribution is more supportive of a morphology of MWO4/W O3 composite or core-shell
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nanoparticles, in which the M content of the nanoparticles increases from the FTO back contact to

the surface of the film.
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Figure 6.1. Cross-sectional scanning electron microscopy (left) and elemental mapping by energy
dispersive x-ray spectroscopy (right) for WOs (top), BHJ-Cu (middle) and BHJ-CuNi (bottom)
films. Legend: Sn, black; W, red; Cu, blue; Ni, green.
6.4 Photoelectrochemistry and Charge-Transfer Kinetics of BHJ Electrodes

The photoresponse of BHJ photoanodes was measured in 0.1 M KB; solution by linear
sweep voltammetry (Figure 6.2a). All electrodes exhibit increased photoresponse when the
substrate-electrode (SE) interface is illuminated compared to the electrode-electrolyte (EE)
interface (Figure C4); the data shown in Figure 6.2a-c was taken using SE illumination. Relative
to WOs, the overall photoresponse of BHJ-Cu and BHJ-CuNi photoanodes was diminished. Ni?*

substitution in the catalytic overlayer was found to have a positive effect on the photocurrent, as
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evidenced by the slightly higher photoresponse observed in BHJ-CuNi films relative to BHJ-Cu
(Table 6.1). However, it cannot be concluded from voltammetry in boric acid solution whether the
increase in photocurrent is due to improved internal charge transport of photogenerated holes, or

whether the Ni?* substitution improves the surface kinetics of the electrode. Nickel sites on the

surface hypothetically have access to the Ni>”*" redox couple, which facilitates multi-electron

chemistry that is critical to driving the four-electron oxidation of water.
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Figure 6.2. Linear sweep voltammograms in 0.1 M KBi with no additives (top), 0.2 M methanol
(middle), and 0.2 M formate (bottom) for representative films. Dashed lines represent the current
without illumination, and solid lines under illumination. Average values for photocurrent are
shown in Table 1. Legend: WO;, black; BHIJ-Cu, red; BHJ-CuNi, blue.
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To further understand the origin of the increased performance of BHJ-CuNi electrodes, we
conducted linear sweep voltammetry measurements in 0.1 M boric acid solution with 0.2 M
methanol added (Figure 2b) and with 0.2 M formic acid added (Figure 2¢). Methanol and formic
acid are well-known hole scavengers that are frequently used in investigations of charge transfer
processes using TiO, and WO; photoanodes.*** Methanol is oxidized over TiO> via an indirect
hole transfer mechanism in which the semiconductor first oxidizes a bound water molecule to
create a hydroxyl radical (*OH), which then goes on to oxidize methanol.***> However, the direct
hole transfer mechanism was found to prevail over WO3 films, where methanol is oxidized directly
by the valence band.** The difference in reactivity was ascribed to the increased Lewis acidity of
the W®' surface sites in WO3 relative to the Ti*" sites in TiO2, promoting methanol binding to the
oxide surface. CuWOy is anticipated to have a less Lewis acidic surface than WO3 due to the
increased electron density provided by d° Cu®" surface sites, and the mechanism of methanol
oxidation remains uncertain. Formic acid is a hole scavenger known to act via the direct hole
transfer mechanism over both TiO,* and WO;*, and we have employed it here to account for
either mechanistic possibility.

Table 6.1. Average values of photocurrent response in pA for WO3; and BHJ electrodes in denoted
solutions.

0.1 M KB; 0.1 M KB; | 0.1 M KB,
+ 0.2 M MeOH + 0.2 M HCOO
WOs3 164 +/- 34 259 +/- 29 1115 +/-222
BHJ-Cu 95.6 +/- 2.1 136 +/- 0.85 546 +/- 68
BHJ-CuNi 101 +/- 11.5 145 +/-3.9 631 +/- 88

We observe large increases in photoresponse for all three electrodes in methanolic
solutions. Representative linear sweep voltammograms are shown in Figure 6.2b. Consistent with

previous reports on CuWOs,>!

we observe a ~200 mV cathodic shift in the onset potential for
photocurrent over MWOs-modified electrodes; however, no significant difference in onset
potential between BHJ-Cu and BHJ-CuNi electrodes could be identified. As shown in Table 1, an
increase in average photoresponse for BHJ-CuNi films relative to BHJ-Cu films is again observed.
In the presence of a strong electron donor such as methanol, this observation can be ascribed to
improved charge transport kinetics in BHJ-CuNi films. However, given previous evidence
showing that methanol is oxidized by indirect hole transfer, the influence of surface kinetics in

producing *OH cannot be ruled out.
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We performed linear sweep voltammetry measurements in pH 7 solutions of boric acid
with formic acid added. Given formic acid’s pKa of 3.75, the predominating solution species is
formate anion. Formate is expected to have far stronger interaction with the Lewis acidic oxide
surfaces than methanol, thereby promoting its oxidation by direct hole transfer. Consistent with
this hypothesis, we observe a three- to four-fold increase in the photoresponse for each electrode
type; representative voltammograms are shown in Figure 6.2c, and average photocurrent values
given in Table 6.1. Again, BHJ-CuNi electrodes show significantly higher photocurrent than BHJ-
Cu films. These photocurrent data corroborate the findings from Mott-Schottky analysis (Figure
3) of pure-phase CuWO4 and Cuyo.osNio.0sWO4 electrodes. Ni** substitution slightly raises the flat
band potential (En) of CuWOs. Given the identical material band gaps, this likely corresponds to
a raising of the conduction band energy of Cuo.95sNip.0sWO4 relative to CuWO4. Consequently,
electron transfer is facilitated from the conduction band of Cuo.9sNio.0s WO4 to the conduction band
of WOs and throughout the remainder of the circuit. It is assumed that the corresponding hole

transfer is also accelerated.
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Figure 6.3. Photochemical OER of WO3 and BHJ films. a) j-¢ curves for WO; (black), BHJ-Cu
(red), and BHJ-CuNi. b-d) Oxygen evolution versus time for the same 3 electrodes, respectively.
Dotted lines represent expected Oz at 100% Faradaic efficiency; solid lines represent measured O».
6.5 Photoelectrochemical Oxygen Evolution

To measure the Faradaic efficiency for oxygen evolution, photoelectrolysis measurements
were carried out under nitrogen atmosphere with a fluorescence probe to measure headspace
oxygen. The results of these experiments are shown in Figure 6.3. The bulk electrolysis profiles
(Figure 6.3a) display similar initial activity. WOs3 electrodes exhibit a gradual increase in
photocurrent that peaks before decreasing at longer timescales. The increase in photocurrent is
attributed to electrode roughening due to degradation, and the eventual decrease in photocurrent
to the subsequent dissolution of electrode material into the electrolyte. Both BHJ electrodes exhibit

a steady decrease in activity over the 3 h experimental timescale, implying that the catalytic
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overlayer is not entirely stable. The oxygen evolution for each film is shown in Figures 4b-d. The
Faradaic efficiency (#) for oxygen evolution was measured to be 50% over WO3 electrodes,
compared with 59% and 76% over BHJ-Cu and BHJ-CuNi, respectively, with a standard error of
15% across each sample. Taken in conjunction with the observation of improved electron transfer
described above, we hypothesize that the trends in # observed in our oxygen evolution experiments
are brought about by a difference in locality of oxygen evolution on a complex BHJ surface. It has
been observed previously that CuWOs electrodes display excellent # for OER in the KB;
electrolyte.®® In the example of BHI-Cu, the comparatively poor electron transfer increases the
overall resistance for hole transfer from photoexcited WO3 to CuWOg4 and ultimately into solution.
As a result, the lower-resistance pathway is for water to be oxidized over BHJ-Cu at exposed WO3
sites, the quantity of which has been reduced by the CuWOj4 overlayer treatment. This hypothesis
accounts both for the decreased photocurrent and for the marginal increase in # relative to WOs.
In the case of BHJ-CuNi, the improved electron transfer allows for facilitated hole transfer from
WOj3 through Cuo.95Nio.0sWO4 and into solution. We infer that a greater number of OER turnovers
occurs on selective Cuo.95sNio.0s WOs sites compared to WOs sites, resulting in the observed increase
in 7 for the reaction.
6.6 Hydroxyl Radical Trapping Using a-Thujone

To further investigate the increase in OER selectivity, we sought to measure the relative
production of *OH by each of the electrodes employed in this study, we carried out controlled
potential photoelectrolysis at 1.23 V vs. RHE in the presence of a-thujone. a-thujone has been
employed previously to carry out mechanistic investigations into the activity and rate constants
involved in oxidations by cytochrome P450.%’ Due to the high anodic potentials employed in our
photoelectrochemical OER experiments, we sought an organic probe molecule that could be
transformed to easily-discernable products based on the mechanism of oxidation employed. a-
thujone is ideal for this purpose. As described in references 40 and 41, a-thujone reacts with
radicals via rapid cyclopropane ring opening, followed by formation of either an alkene or alcohol
moiety. Conversely, when non-radical oxidants are used, the oxidation proceeds through a
carbocationic intermediate. Rapid aromatization follows, resulting in carvacrol as the product (see
Scheme 1). By quantifying the yield of relevant alkene (1 and 2) and alcohol products seen
previously in reference 41, and also by quantifying carvacrol (3), we gain insight into the surface

chemistry occurring over each of our electrode types.
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Table 6.2. GCMS yields of a-thujone oxidation products using the denoted working electrodes
expressed as a percentage of total detected products. *: Total radically-oxidized products per
coulomb, normalized to ROP/C detected using WOs.

1 2 4 5 Total ROP |3 ROP/C*
WOs3 12.9% | 14.6% | 33.9% | 17.3% | 78.7% 213% | 1
BHIJ-Cu 0 3.7% ] 65.0% | 11.3% | 80.1% 19.9% | 0.75
BHJ-CuNi | 0 0 51.8% | 18.6% | 70.5% 29.5% | 0.47
CuWOq4 0 0 58.5% | 41.5% | 100% 0% 0.087

The calculated yields, expressed as a percentage of total detected products, are given in
Table 2. Ring-opening products 1 and 2, along with hydroxylated thujones 4 and 5, are consistent
with commonly observed reactions of radical clock substrates with hydroxyl radicals. Carvacrol
(3) is also observed for oxidations using all three electrodes. A decrease in the total fraction of
radical oxidation products (1, 2, 4, and 5; radically-oxidized products (ROP)) is observed
progressing from WO3 to BHJ-Cu to BHJ-CuNi. Similar amounts of 3 are detected over WO3 and
BHJ-Cu, with a ~10% increase in total product fraction of 3 detected over BHJ-CuNi. Surprisingly,
a control experiment carried out with a pure phase CuWWO4 working electrode resulted exclusively
in the detection of radically oxidized products 4 and 5, though the yield of these products on a per
coulomb basis was drastically decreased.

The final column of Table 6.2 lists the total yield per coulomb of all ROPs in each assay
divided by the yield of ROPs per coulomb using a WO3 working electrode. This quantity allows
for the examination of total radical product conversion between assays as opposed to relative yields
within the same assay. The total yield per coulomb of ROPs decreases from WO3 to BHJ-Cu to
BHJ-CuNi. Notably, the yield of these products over CuWOsy is less than 10% of that observed for
the WOs3 electrode. Assuming that the efficiency of *OH trapping by o-thujone is primarily
dependent upon *OH concentration near the electrode surface, the decreased trapping efficiency

per coulomb is indicative of a decrease in overall *OH production.
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Figure 6.4. Schematic depicting favorable and unfavorable charge transport pathways during
photochemical OER using BHIJ-Cu (left) and BHJ-CuNi (right) photoanodes.

These observations are consistent with what would be expected given the thermodynamic
positions of the H2O/'OH redox couple (E° =2.9 V vs. RHE) and the positions of the valence bands
of CuWO4 and WO:;. The experimentally-determined positions of these energy levels are shown
in Figure 6.4. Under illumination, high-energy holes in the O(2p) valence band of WO3 can rapidly
oxidize adsorbed water molecules to form *OH via a thermodynamically favorable process. By
contrast, the CuWQ4 valence band maximum is dominated by less oxidative Cu(3d) states.
Photogenerated holes at the valence band maximum of Cuo.9sNig.0sWO4 cannot access the
H>O/OH redox couple without added potential energy. As a result, pure-phase CuWO4 (and by
extension Cuo.95Nio.0sWO4) oxidize water by lower-energy, non-radical pathways.

The energetic restrictions on oxidative chemistry are present in the heterojunction
electrodes, but now charge transfer of electrons from semiconductor to semiconductor becomes an
important consideration as well. In BHJ-Cu, the CuWO4 conduction band is slightly more positive
than the WO3 conduction band, resulting in a Type I heterojunction in which electron transfer from
conduction band to conduction band experiences a thermodynamic barrier. In BHJ-CuNi, however,
the conduction band has been slightly raised by Ni** substitution, so the electron transfer from
Cuo.95Ni0.0sWO4 to WO3 and onwards throughout the circuit is facilitated. As discussed above,
sluggish electron transfer in BHJ-Cu allows for holes in photoexcited WOjs to take a less-resistive
pathway into solution by oxidizing water at exposed WOs3 surface sites, producing *OH as an
intermediate which reacts with o-thujone. By contrast, in BHJ-CuNi electrodes, photoexcited

electrons are more easily transferred from Cuo.95Nio.0sWO4 to WOs. A higher fraction of hole
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current can then proceed from the valence band of WOj3 to that of Cuo.osNio.0sWO4 where water is
oxidized via a non-radical mechanism.
6.7 Conclusions

We have prepared heterostructured MWO4/W O3 photoanodes via a simple treatment of sol-
gel WOs substrates with aqueous precursors. In pure-phase electrodes synthesized by spray
pyrolysis, we observe a slight raising of the conduction band of CuWO4 after 5% substitutional
doping with Ni?*. The effects of the raised conduction on internal charge transport in bulk
heterjunction electrodes are observed via photoelectrochemistry in the presence of methanol and
formate hole scavengers, with Cuo.95sNio.osWO4/WO3 electrodes passing significantly higher
photocurrent than CuWO4/WOs. On the basis of hydroxyl radical scavenging experiments carried
out with a-thujone, we ascribe the increase in selectivity to a decrease in the fraction of *OH
produced at the electrode surface. This suggests that, with the improved charge transport across
the MWO4/WOs junction in BHJ-CuNi electrodes, a higher percentage of holes are funneled
through the comparatively less oxidizing MWO4 valence band where 1 e chemistry that would
result in the formation of *OH is inaccessible thermodynamically.
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Chapter 7

Conclusions and Potential Future Directions

7.1 Summary of Presented Work

The work presented in this thesis establishes 1) the fundamental chemical properties of co-
incorporated titanium dioxide semiconductors, including TiNbON; 2) their competence as
catalysts for both methylene blue photomineralization (primarily useful as a benchmarking
reaction for research purposes) and photochemical water oxidation; and 3) a new synthetic
pathway for preparing titanium niobium oxynitrides that could potentially be used to more
rigorously control stoichiometry in the quaternary system. Furthermore, the final chapter of this
thesis explores WO3 photoanodes modified by CuWOas and Cuo.gsNio.osWOa4 overlayers as

improved materials for photoelectrochemical water oxidation.

While the urea-glass method offers tunability in metal content and potentially nitrogen
content, that potential has yet to be experimentally verified. This work serves to establish the proof-
of-concept necessary for further investigations into the synthetic method as it applies to TINbON
or, hypothetically, any other Ti(M)ON. There is potential for further development from the

findings presented in Chapters 4 and 5, and some ideas are highlighted below.

Regarding the work in Chapter 6 on WO3/MWO4 photoanodes, the OER and radical
trapping results are inconclusive due to high variability in the electrode performance sample to
sample. This is particularly problematic when interpreting the OER data, where the variance in the

measurement is larger than the observed effect size. Two factors are at play here. First, the
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FOSSPOR probe used for the oxygen headspace analysis is quite variable and requires an
extensive number of trials to obtain reliable data. Cell leaks are often encountered. A more reliable
method of oxygen detection, preferably in-line gas chromatography, is required. Secondly, the
solution-based method for preparing the MWO4 overlayer results in a mechanically unstable film
with highly variable surface coverage. A more controlled method for preparing overlayers, such
as electrodeposition or atomic layer deposition, is desirable, though methods for preparing

complex ternary oxides by these methods remain unavailable.

An interesting area for further research from Chapter 6 is the use of a-thujone as a chemical
probe for hydroxyl radical activity. In evaluating new semiconducing materials as photocatalysts
in aqueous solution, whether for water splitting or otherwise, knowing the prevalence of hydroxyl
radical is critical to interpreting stability data and, in the case of organic transformations on
semiconductor surfaces, reactivity. Methods for radical detection typically involve spin trapping
agents such as (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl (TEMPO) and N-tert-Butyl-o-(4-
pyridyD)nitrone N'-oxide (POBN) which, while stable on their own, often form spin adducts that
are easily quenched by oxygen. Each a-thujone oxidation product is a closed-shell, stable organic
molecule which can be detected by GCMS.1? A large amount of organic synthesis may be required
to fully standardize this chemical probe. However, its potential application to oxygenated

environments with high anodic biases is a point of merit.
7.2 Ammonia Selective Electrodes for Compositional Analysis

Chemical analysis for nitrogen content by the Kjeldahl method presented in Chapter 4 is a
mainstay method for organic chemistry biochemistry. Kjeldahl analysis is typically performed
with large sample sizes (gram scale) on compounds with comparatively high nitrogen content; for

example, B-lactoglobulin has a Kjeldahl nitrogen content of ~15%.3

In the present work, Kjeldahl analysis requires nearly unworkably large sample sizes to
detect even small amounts of nitrogen. TINbON-5, the compound analyzed to complete empirical
formula in Chapter 4, possessed 0.42 % N by mass and required a 1-gram sample to obtain a
reliable analysis. Due to the time required to prepare titanium niobium oxynitride by the present
methods, obtaining such large sample sizes for a range of synthetic samples is extremely difficult.
Conducting the measurements required to determine whether a synthetic strategy establishes

control over the resultant nitrogen in a series of compounds is precluded by this difficulty.
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This problem could be avoided through the use of an ammonium ion-selective electrode
(ISE). lon-selective electrodes function when a difference in the concentration of a certain analyte
ion on either side of a selective membrane establishes a difference in electrical potential between
the standardized solution inside the electrode and the analyte solution outside. Ammonium-
selective electrodes are well-documented in the scientific literature. Common interferent species
are cations of alkali metals, particularly K*.4 Higher-valent alkaline-earth metal cations appear not

to interfere.

A proposed analysis scheme for TINDON materials with an ISE would look very similar to
that of Kjeldahl analysis. The material would still require strongly acidic and fluorided solution to
dissolve the TiO2-like material and release ammonium cation to solution. However, after the
material is fully dissolved, the solution — which could potentially be of a very small volume

depending on the size of the ion-selective device — is hypothetically prepared for analysis.

Compositional analysis with an ammonium ISE is a low-cost and potentially more accurate
alternative to expensive spectroscopic methods such as X-ray photoelectron spectroscopy and
Auger electron spectroscopy, and could enable higher-throughput determination of chemical

formulae for experimental TINDON materials.
7.3 Thin Film Photoelectrodes of TINbON

Giordano et al.> demonstrated the facile application of the urea-glass synthesis towards
preparing immobilized films of metal nitrides and carbonitrides. Metal nitrides have been mixed
with conductive carbon additives and immobilized in Nafion membranes to prepare
electrocatalytic materials.®” However, a detailed study that furthers the preparation method by

immobilizing a urea-glass product to create a photoelectrode has not yet been reported.

Preparing TiNbON photoelectrodes can be achieved by drying the urea-glass precursor
onto a clean fluorinated tin oxide substrate and carrying out the synthesis as outlined in Chapters
4 or 5. Obtaining high-quality photoelectrodes would enable studying TiNbON as a candidate
material for photoelectrochemical water splitting schemes, as well as probing certain fundamental
materials parameters such as whether a given TINbON composition is n-type or p-type, dopant
density and kinetic overpotential for HER and/or OER that are most easily studied

electrochemically.
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7.4 Further Reactivity Studies with TINbON prepared by Urea-Glass Synthesis

Dye degradation studies on TINbON materials, reported in this thesis and elsewhere, have
demonstrated an increase in methylene blue surface saturation as a function of increasing niobium
content. While the exact adsorption mechanism of methylene blue to these materials is not known,
it can be reasonably hypothesized that the basic, neutral nitrogen pyridine-like heteroatom is the
most likely binding site (as opposed to what in the major resonance contributor is a positively-
charged sulfur). According to established hard-soft acid base theory, Nb®" is predicted to have a
somewhat lower chemical hardness than Ti**.# In aqueous solution, these neutral nitrogen bases
must compete with water and hydroxide for surface sites; a potential explanation for the increase
in surface coverage by methylene blue could be that the softer Nb°* acid appearing on the surface
decreases its affinity for harder aquo and hydroxide bases, concurrently increasing its relative
affinity for methylene blue. Increasing niobium content induces this effect whether the

photochemistry is promoted (as in Breault et al.)® or hindered (as presented here) by increased Nb.

Recently, research groups have begun to apply semiconductors as photochemical catalysts
for alcohol, and amine oxidation. TiO2 and Nb.Os have emerged independently as preeminent
materials for these reactions in terms of their kinetic rate (time to complete conversion) and
selectivity.’%! However, as TiO, and Nb,Os are both white, wide-gap materials, ultraviolet light
is often required to promote these reactions. An increased rate and higher energy efficiency are
both possible with visible light-absorbing TiNbON.

Strong adsorption of amine and imine bases to TiNbON is hypothesized based on observed
trends in methylene blue adsorption. As substrate adsorption is a critical step in any heterogeneous
catalyst cycle, and as both TiO2 and Nb20s surfaces have demonstrated favorable selectivity for
these oxidations, pursuing organic oxidations over TINDON may be a promising direction for
further study.

7.5 Concluding Remarks

Synthetic pathways for preparing co-incorporated titania remain limited. Each report
prepares the experimental material in a different way, and there is little continuity study-to-study.
Furthermore, these synthetic methods are exclusively differentiated from one another on the basis

of the reactivity of the obtained product. This represents a logical shortcoming. The work presented
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herein contributes another synthetic method to the field’s toolbox. What is missing from the field

as a whole is consistent and rigorous compositional analysis. Interpretations of reactivity and

defect structure, and consequently the synthetic method as a whole, are underinformed when the

composition of the material in question remains mysterious. It is my opinion that a strong focus

on compositional analysis will lead to rapid improvements in both the understanding of the

properties of co-incorporated titania, as well as their performance as photocatalysts.
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Appendix A
Supporting Information for Chapter 3
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Figure Al. X-ray photoelectron spectra of N(1s) peak a) before and b) after annealing TINDON-
25 at 350 °C for 1 hour. N; denotes interstitial nitrogen, Ns denotes substitutional nitrogen.

Table Al. XPS Ratios of N¢/Ni

Sample Ns/Ni ratio
TiINbON-25/1 0.350
1 heated at 350 °C for 1 hour 0.445
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Figure A2. XRD of RuCls annealed at 350 °C for 1 hour, yielding RuO2 (JCPDF 70-2662).
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Figure A3. Histogram of particle size for 100 randomly measured particles by SEM.
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Figure A4. Diffuse reflectance UV-Vis spectroscopy of a) TINDON-25 and b) TiNbON-25
loaded with 1 wt% RuO. and annealed at 350 °C for 1 hour, and c) 2 wt% RuOa.

30 35

25 light on

20 + light off |

15

10

temperature / °C
I
o
Jjown ; uabAxo panjons

0.0 0.5 1.0 1.5 20 25 3.0
time/h

Figure A5. Temperature vs. time for a representative oxygen-evolution experiment. Reaction
conditions: 50 mg catalyst, 1 mM NalOs (30 mL), 150 W Xe lamp fitted with water filter and 295
nm cut-on filter (~ 600 mW/cm?), and a custom built Pyrex cell fitted with a quartz window.
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Appendix B
Supporting Information for Chapter 4
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Figure B1. Urea-glass synthesis products prepared at different urea:valence ratios R, denoted
here u:v. *: No Nb added. All other samples prepared using a metals ratio of Tio.gsNbo 1s.
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Figure B2. Scanning electron micrographs of Ti1xNbxN preared by the urea-glass route:

a)x=0,b)x=5,¢c)x=15,d) x=25, e) x =30. Each sample shares a common scale bar.

-

Figure B3. Scanning electron micrographs of TiNbN-X pré

pared b the urea-glass route:

a)x=0,b)x=5,¢)x=15,d) x=25, e) x =30. Each sample shares a common scale bar.

Table B1. Metal contents for Ti. xNbxN found by energy dispersive X-ray spectroscopy.
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Figure B4. Linear fits for first-order Langmuir-Hinshelwood kinetics for a) full-spectrum and b)
A >400 nm methylene blue degradation measurements. The slope of the fit line is the rate
constant for the reaction. Black squares: TINDON-O; red circles: TINDON-5; blue up-triangles:
TiNbON-15; green down-triangles: TINbON-25; purple stars: TINDON-30.

Table B2. First-order Langmuir-Hinshelwood rate constants for methylene blue degradation
(kun) and specific methylene blue adsorption (qrer) over TINDON-x compounds, along with BET
surface areas.

TiNbON-0 TiNbON-5 TiINbON-15 | TiNbON-25 | TiNbON-30
kun (h™h) 0.579 £ 0.041 | 0.704 £ 0.096 | 0.769 + 0.044 | 0.449 + 0.040 | 0.494 + 0.045
full spectrum
kun (h™h) 0.404 +0.031 | 0.595+0.136 | 0.473 +0.117 | 0.332 £ 0.009 | 0.333 + 0.016
A>400 nm
Qrel, Mg/g 25+0.6 74+28 21.2+2.2 194+24 244 +1.6
surface area, 41 36 40 46 45
m?/g
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Appendix C
Supporting Information for Chapter 6
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Figure C1. Schematic depiction of the spray pyrolysis apparatus used to synthesize pure-phase
CuWO4 and Cuo.9sNig.0sWOs4 films.
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Figure C2. Powder x-ray diffraction patterns of sol-gel WO; (black), BHJ-Cu (red), and BHJ-
CuN:i films after synthesis and soaking in 0.5 M HCI. Inset: enlarged pattern between 25-
40° 26, showing the appearance of CuW Oy peaks for BHJ films.
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Figure C3. Tauc plots for UV-Vis diffuse reflectance spectra of WO3 and MWOj4 thin films.
Legend: WOs3 (black), BHJ-Cu (red), BHJ-CuNi (blue), CaWOs (green), and
Cuo0.95Nig.0sWO4 (violet).
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Figure C4. Linear sweep voltammograms of WO3 and BHJ electrodes in 0.1 M KBi with
no additives (a), 0.2 M methanol (b), and 0.2 M formate (c) added. Dashed lines depict
the current response under no illumination, solid lines from electrode-electrolyte (EE)

illumination, and dotted lines from substrate-electrolyte (SE) illumination. Legend: WO3

(black), BHJ-Cu (red), BHJ-CuNi (blue).
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