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Abstract

Photoelectrochemical Studies on a Triad

Electrode for Light-driven Water-splitting

By
Naifei Zhang

A photoelectrochemical device is highly desirable for solar to chemical fuel (in our study
H is the fuel) conversion. An essential component of such device is the photoanode
which absorbs light and catalytically oxidizes water. Here we report a method of
fabricating a photoanode by immobilizing a known homogeneous molecular water
oxidation catalyst, [Ru'Y404(OH)2(H20)4} (y-SiW10035)2]*, onto a dye-sensitized
nanostructured TiO, photoelectrode by electrostatic interaction. The known sensitizers
[Ru(bpy)a(4,4'-PO3H,bpy)]** (P2) and its modified version [Ru(5-crown-phen),(dpb)]**,
dpb =4,4’-diphosphonic acid 2,2’bipyridine (C2P2) were both used. The polyoxometalate
catalyst with different cations (inorganic and organic cations) was used. The effect of
sensitizers and catalysts on photoelectrochemical properties were compared and
discussed. An enhanced photocurrent is observed with the triad photoanode
FTO/TiO,/P2/THpA-RusPOM with an applied bias of 500mV and
FTO/TiO,/C2P2/THpA-Ru,POM with no external bias. The bias-dependent behaviors of

the photocurrent are in good agreement with calculated frontier orbitals.
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Chapter 1:

Introduction



1.1 General Introduction

The availability of energy determines our civilization’s survival on this planet[1]. We
have been relying heavily on fossil fuels for the past century but the shortcomings of
this practice are obvious: the efficiency of combustion is low while the waste gas
released from the burning process raises environmental issues such as photochemical
smog, acid rains and global warming. In addition, the detected exploitable fossil fuel
reserves in the world can only last for another 150 years at our current consumption
rate[2]. This is threatening unless alternative energy resources that are renewable,
globally accessible and environmentally friendly can be developed in the near future
[1, 3-5].

Solar energy is clearly the ultimate solution. The earth receives about 1,366 watts of
direct solar radiation per square meter[6], an incredible amount of energy that is far
more than all other renewable energy resources (wind power, geothermal, biomass,
hydroelectric, etc) combined. It has been estimated that the energy of solar radiation in
a single hour can power the whole world for an entire year[7]. Another surprising solar
energy fact is that 99.9% of currently goes to waste. Green plants have been
harvesting sunlight and utilizing this energy to convert water and carbon dioxide to
oxygen and sugar via a process known as natural photosynthesis. But the efficiency is
typically below 1%][8].

Thus the real challenge for scientists in utilizing solar energy is therefore a more

efficient and fast energy conversion system. There are mainly 3 ways to convert solar



energy: thermal conversion (to heat), photovoltaic conversion (to electricity) and

photochemical conversion (to chemical fuels) [9-11].

Thermal conversion is the easiest but it suffers from the difficulties of heat storage,
transportation and utilization. Compared to photochemical conversion, its more
heavily studied cousin, photovoltaic conversion of solar energy, has taken a step
further ever since the discovery of semiconductor materials. With a good solid-state
photovoltaic device, one can easily convert sunlight to electricity as long as the
material’s band gap reasonably matches the solar spectrum[12, 13]. Great effort has
been made to maximize the conversion efficiency of photovoltaic devices (so far 49%
has been reported to be achievable for silicon[12]). However, photovoltaic devices are
subjected to high production costs and electricity is problematical to store efficiently

and in large quantities.

1.2 Light-Driven Water-Splitting

Chemists have been trying to capture solar energy and store it in the form of chemical
bonds. One of the most studied reactions is light-driven water-splitting which
produces oxygen and hydrogen[14], the latter being a clean and renewable fuel that
only produces water during combustion. The stability of water molecules makes
conventional electrolysis a notoriously energy-intensive process. By using sunlight as
the driving force for the reaction, scientists are able to develop a system that splits

water with minimum input of electricity[15].



H,O+hv—>H>, +%2 0, eq.1
2H,0 — 4H" + O, + 4¢” eq. 2
2H" + 2e" - 2H, eq. 3

However, the seemingly straightforward reaction in eq.1 is not simple in mechanism
or application. The light-assisted water-splitting process can be broken down into 4
key components: the capture of solar energy by a photosensitizing device; the
reduction of water into protons (eg. 2); the coupling of these protons into hydrogen gas
(eq. 3); and the oxidation of water into oxygen gas (eg. 2)[16, 17]. To promote charge-

hole separation, semiconductors are often as the photosensitizer.

For each half reaction, extensive research has been conducted and is ongoing.
Electrochemical methods are frequently involved since they can probe the reaction by
directly injecting or draining electrons. This requires the use of a standard
electrochemical cell and electrodes, on the surface of which the half reactions take
place. The reason to study half reactions on electrodes separately is that the research
goal and methods are simplified and the products of the reaction----hydrogen and
oxygen----are spatially well separated so that they can be collected without danger of
explosion or recombination which lowers the yields. A greater implication of this
study is the possibility of a cell device that decomposes water when immersed in

water.

It should be noted that the water-oxidation reaction on the electrode illustrated in eq. 2

is frequently the rate-determining step and it is sluggish even with the best catalysts



reported so far compared to the hydrogen reduction reaction. Water-oxidation is
usually slow and inefficient in part because it’s a four-electron process involving the
coupling of electron transfer with proton transfer. For most systems (catalysts), it is
still a matter of debate as to how electrons are transferred and how the oxygen-oxygen
bond is formed, making catalytic water-oxidation research a very engaging and active

area.

1.3 Photoelectrochemical Solar Cells (PECs)

Photoelectrochemical cells, or PECs, are devices that generate fuel from sunlight via
chemistry-involving processes, while photovoltaic cells, or PV cells, in contrast
generate electricity (current at a particular potential). A major difference in device
design is that the solid-state junction in PV cells is completely replaced by a
semiconducting material interfacing with an electrolyte[18]. Historically, Becquerel in
1839 first discovered “photoelectric” effect on an electrode immersed in a conductive
liquid. This was the start of photoelectrochemical research. Lewis et al. developed
regenerative (electricity producing) photoelectrochemical cells of notable efficiency in
the 1980's. Michael Gratzel from EFPL in Lausanne, Switzerland, reported efficient
regenerative PECs based on dye-sensitization in 1991. There are typically 2 types of
PECs, one is the dye-sensitized solar cell (DSSC) led by Gritzel’s research. The other
is a photoelectrosynthetic cell in which a chemical reaction is driven by solar energy
and chemical fuels are created. An example of such a PEC is one for water splitting,

eq 1. Such cells are partly inspired by natural photosynthesis and this area in



commonly referred to as artificial photosynthesis (AP). The “Hydrogen Economy”

has been and is a driving force in the development of low-cost and efficient PECs.

PECs have gained unprecedented attention and challenged the dominance of PV
devices for 2 reasons: they store solar energy as energy-dense chemical fuels and they

reduce the cost of materials and fabrication substantially.

A typical water-splitting PEC device consists of dye-sensitized semiconductor
photoanode coated with high-efficient water oxidation catalyst, a hydrogen-producing
cathode (usually platinum) and electrolyte, as illustrated in Scheme 1.1. Upon
radiation, photoexcited electrons that are immediately injected into the conduction
band of TiO, pass through an external circuit to reduce protons to hydrogen at the
counter electrode while the holes left in the valence band of TiO, are consumed by
water to produce oxygen. Schematic energy diagram in Scheme 1.2 shows the flow of
electrons. A photocatalyst for water oxidation and a catalyst for proton reduction are
usually used to accelerate the chemical reactions, thus minimizing the charge-hole
recombination in the semiconducting material and increasing the overall PEC

efficiency.
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Scheme 1.1 Proposed schematic of a photoelectrochemical cell for water splitting.



H+/H 5 \E' Hz
oM - = ~==~ ===~
H+
Excitation
Recombination H,0
123 - = - = =4 ===
Oz/ H,0O 14 0,

Scheme 1.2 Energy diagram of photocatalytic water splitting[19]



1.4 Sensitizers

Sensitization[20] is very important for PECs since TiO,, a popular semiconductor
material because of its low cost, great stability and non-toxicity, has a band gap of
3.2eV. This high-energy band gap only facilitates absorption of a small region of
solar radiation; most visible light in the solar spectrum is unused. Sensitization
methods generally include doping[9, 21-23] and dye-sensitization[24, 25]. The former

is used and studied by solid-state physicists rather than chemists.

Sensitizers or light-harvesting components are molecules in which electron excitation
occurs upon illumination, Many intensely-colored d° transition metal complexes, and
in particular Ru(ll) polypyridine complexes, are useful photosensitizers for electron
transfer and energy transfer processes[26, 27]. The widely used tris(2,2'-
bipyridine)ruthenium(11) complex [Ru(bpy)s]** (bpy = 2.2-bipyridine), can be
modified by the introduction of electron-donating groups (EDG) and electron-
withdrawing groups (EWG) in the 4 and 4' positions of 2,2'-bipyridine[28-32]. The
properties of the photosensitizers, such as absorption spectrum, lifetime of the excited
state, quantum yield and redox potentials, which are dramatically affected by the
functional groups in ligands, are thus tunable through synthesis. For example, when
the EWG —COOH is introduced to [Ru(bpy)s]**, the p* level of bpy ligand is lowered
and thus MLCT transition is red-shifted. The MLCT state is better stabilized in
[Ru(dcbpy)s]** compared to the parent complex, resulting in an increased lifetime, a

finding that has been confirmed by Seenivasan and coworkers[29].

Another merit of functional groups is that they enable binding or “anchoring” of the

dye molecule to the surface of solid substrate[33, 34] such as TiO,. In this way,
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sensitizers are tightly bound to the solid surface via chemical bonds and are less likely
to fall off. Anchoring groups such as —-PO3H, and -COOH are commonly used
because they easily form metal-oxygen-phosphorus and metal-oxygen-carbon bonds
with TiOy.

In this work, compounds Ru(bpy).(4,4'-PO3sH,bpy)Cl, (P2 for short) and P2-
functionalized by crown ether (C2P2 for short) are used as sensitizers. They were
synthesized and characterized by Dr. John Fielden in Professor Craig Hill’s group. P2
has been extensively used as a sensitizer by research groups[35] studying
photoelectrochemical devices based on dye-sensitized TiO, electrodes and it has two
phosphonates as anchoring groups. C2P2 was first reported by Dr. Fielden. C2P2 has
higher extinction coefficients than P2 and its ether groups are able to capture and bind
cations such as Na* making them more strongly attracted to anions. (The WOCs in
this work are highly charged polyanions). The UV-Vis spectra of the two sensitizers
are shown in Figure 1.3. The absorption peak data and oxidation potentials obtained

from electrochemical measurements are summarized in Table 1.1.



Figure 1.1 Molecular structure of [Ru(bpy)g]2+
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Figure 1.2 Molecular structures of P2 and C2P2.
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Amiet EpLeT E,j, Ruz*3*

(nm)  (M'cm) (V, vs SCE)
P2 456 11700 1.39
C2P2 457 19100 1.40

Table 1.1 Absorption and oxidation potential data of P2 and C2P2.
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1.5 POM WOCs

Developing a viable water-oxidation catalyst (WOC) has remained a challenge for
years even though the community now does have some catalysts that exhibit high
efficiency and stability [36-41]. An effective water-oxidation catalyst must be: 1)
stable to air, water and heat (oxidative, hydrolytic, and thermal stability); 2)
chemically robust; 3) low cost. There are many research groups working on
heterogeneous [15, 42-52] and homogeneous [53-65] WOCs. Heterogeneous WOCs
are generally of lower in cost, more durable, and more easily immobilized onto
electrodes; however, they harder to study and thus to optimize. The mechanism of
their catalytic activity for water oxidation remains largely unclear. In addition,
heterogeneous WOCs tend to aggregate into low-surface-area inactive clusters over
time[66]. Homogeneous WOCs, though not readily applicable for devices, provide a
model for us to investigate and understand mechanisms and are easier to improve

because they can be probed by many instrumental and computational methods.

Many homogeneous WOCs however, have organic ligands that are subjected to
oxidative degradation, processes which are frequently accelerated when irradiated[67,
68]. To develop carbon-free homogeneous WOCs is a key to stable and durable

WOQOCs.

Polyoxometalate (POM) research is a dynamic field of study at the interface of
inorganic chemistry, materials and catalysis [40, 41, 69, 70]. POMs are
heteropolyoxoanions containing transition metals in their highest oxidation state

bridged by oxygen atoms. These transition metals are commonly tungsten or
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molybdenum, and less commonly vanadium, niobium or tantalum. These inorganic

clusters are highly anionic with charges up to 10- or higher.

POMs have recently emerged as a new class of molecular catalysts for green organic
oxidation processes in part because their compositions can be extensively controlled,
they form well defined structures, and they exhibit redox-leveling properties in multi-
electron transfer processes. In addition, they are low in toxicity and highly durable.
The Hill group at Emory University has developed a family of POM WOCs, and one
of these is the Co,POM that combines stability, selectivity with an exceptionally high

rate for oxygen evolution while being composed only of earth-abundant-elements [40].

The first all-inorganic molecular and soluble WOC was [{Ru'V404(OH),(H,0).} (y-
SiW10036)2]™* (RusPOM for short), whose X-ray structure is shown in Figure 1.4[40].
This POM can catalyze the visible-light-driven oxidation of water to oxygen in a
buffered system (pH~7.2) containing the photosensitizer [Ru(bpy)s]** and the
sacrificial electron acceptor Na,S,0s. At RusPOM concentrations as low as 5.0uM,
decent chemical yields and quantum yields (up to 30% after optimization) are

observed[71]. The proposed mechanism is depicted in the scheme below.
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Figure 1.4 X-ray crystal structure of the polyanion Ru;POM (adapted from published
paper[41]) showing the Ru,O,4 core sandwiched between two tetra-dentate stabilizing
polytungstate ligands. The WOg octahedra and central SiO, tetrahedra in the
polytungstate ligands are gray and navy blue, respectively. Ru: yellow. O: red. W:

gray. Si: blue.
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Scheme 1.3 Scheme for Ru4,POM catalyzed oxidation of water to oxygen in a buffered

system with photosensitizer and sacrificial electron acceptor.
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The photoelectrodes were prepared by immobilizing the POM WOCSs on nano-
structured TiO, electrodes. Synthesis of TiO; colloid was based on published
procedures. The photosensitizers (also commonly referred to as “sensitizers™) in this
work were used as received from Dr. John Fielden. The water-soluble water-oxidation
catalyst, the inorganic salt of [Rus04(OH)2(H20)4(SiW10035)-]'% was used as received
from Dr. Craig Hill’s group. The modified version of this catalyst, the organic salt of
[RU404(0OH)2(H20)4(SiW10036)2]*, was synthesized and purified based on published
method[72]. UV-Vis spectroscopy was used to examine the loading of dye molecules
and the stability of the electrodes. Photoelectrochemical measurements were
conducted to investigate the light-assisted catalytic water oxidation performance of the

electrodes.
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2.1 Materials and Preparation

2.1.1. Preparation of TiO, Colloid and Film

TiO, nanocrystalline thin films were prepared by a sol-gel method followed by growth
under hydrothermal conditions, a procedure similar to that used by Zaban[73]. Briefly,
250 mL of water and 80 mL of acetic acid were mixed in a 1000 mL round bottom
flask in ice bath. A mixture of 10 mL of 2-propanol and 37 mL of titanium (1V)
isopropoxide (Aldrich, 97%) was then dropped slowly into the acetic acid solution
within over a period of 30 min with vigorous stirring. N, was continuously bubbled
through the preparation vessel simultaneous with stirring. After stirring overnight, the
transparent colloid was transferred to a 1000 ml beaker and heated in a 80 °C hot
water bath for 3-4 h with vigorous stirring. The resulting gel was autoclaved at 230 °C
for 12 h and then cooled down to room temperature slowly. About 20 drops of
TritonX-100 (Aldrich) was added to 10 mL of the colloid and the solution was stirring
for at least one day. TiO; colloids are sensitive to light so they were kept in the dark
when not stirred.

To make films, cleaned FTO glass was put on the bench with the conductive side face
up and they were anchored by Scotch® tape. The adhesive tape serves as a spacer
which controls the thickness of the films [74]. One or two drops of the TiO, colloid
were dispersed on the conductive surface, spread by a glass rod and then dried in air.

Fifteen minutes later the films were baked at 400°C in oven for 1 h, resulting in almost

transparent films.
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2.1.2 Sensitizers Used in This Work

The sensitizers used in this work are Ru(bpy).(4,4'-POsH,bpy)Cl, (P2 for short) and
P2 functionalized by crown ether rings (C2P2 for short). Both sensitizers were
synthesized and purified by John Fielden and both have two phosphonate groups

facilitating binding to the TiO; surface, i.e. making M-O-P bonds.

2.1.3 WOCs Used in This Work
Inorganic salt of Ru;POM

The ruthenium-substituted polyoxometalate, [RusO4(OH)2(H20)4(SiW10036)2]™*
(RusPOM), was synthesized and purified by the Hill Group using the literature
procedure[71]. RusPOM is highly soluble in water if the counterions are potassium,

rubidium or a mixture of these.

Organic salt of RusPOM

The tetraheptyl ammonium (THpA) salt of Ru;POM, a hydrophobic salt of the highly
soluble original compound, was synthesized according to reported methods[37].
Previously, Pope and coworkers[75] studied the preparation of transition-metal-
substituted POMs in anhydrous non-polar solvents and reported that the THpA cations
associate with the metal substituted POMs and extract them from aqueous solution to

highly non-polar organic solvents such as toluene.
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2.2 Electrode Assembly

2.2.1 Dyad Electrode

Sensitizers were weighed and dissolved in ethanol to make 1mg/1mL dye-ethanol
solutions. P2-ethanol is a clear reddish-orange solution while C2P2-ethanol is an
orange-yellowish solution. Ultrasonication helps the dye to dissolve in ethanol. Dye
solutions should always protected from the light by covering the glass containers with

tin foil.

Binding of the dyes to the nanoporous TiO; films was accomplished by soaking the
films in a dye solution. After this binding (immobilization) process, the film was
rinsed with distilled water to wash off non-chemically adsorbed dye molecules. To
ensure complete removal of these physisorbed extra dye molecules, the dye-treated
films were further washed in distilled water for another 2 hr. After dying in air at room
temperature, the yellow colored films obtained from this procedure were referred to as

“sensitized films” or “dyad electrodes”.

2.2.2 Triad Electrode

Functionalized triad electrodes were made by further soaking of the sensitized films in

a solution of the catalyst.

Water-soluble salts of POM were weighed and dissolved in distilled water to make

100 pM solutions. Organic-soluble salts were dissolved in toluene to make 100uM
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solutions. Dyad films were soaked in POM solutions for up to 30 min, then removed
and dried in air at room temperature. Association (binding) of the POMs to the dye-
modified electrode surfaces either by electrostatic adsorption or chemisorption should
be fairly rapid.

The organic layer provides a hydrophobic environment that prevents detachment of
the sensitizers from the TiO, surface. All data given and discussed below were based
on electrodes modified by THpA-Ru,POM. Dyad electrodes with a structurally

identical redox-inactive Zn,POM were compared with the triads containing the WOC.

2.3 UV-Vis Spectroscopic Measurements

Loading of dyes on the TiO; films was measured using an Agilent UV-Vis
Spectrometer. The stability of the electrodes is closely related to the rate and

percentage of dye loss from the TiO; surface.

There were two ways to take a UV-Vis spectrum of the electrode. In one way, the
electrode was first assembled in a photoelectrochemical cell (Figure 2.1) and
electrolyte was filled in to just immerse the electrode. The whole cell was put in the
spectrometer for a spectrum to be taken. This spectrum reflects the absorbance of the
entire system----electrode and electrolyte. In the other, the electrode was taken out
from the cell and dried in air, then put in the spectrometer for a spectrum to be taken.

This spectrum reflects the absorbance of electrode alone.

In the data shown in Chapter 3, how the spectra were taken was noted as “in solution”

or “dry films”. Also it showed whether a PEC measurement had been conducted, with
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(light reaction) or without illumination (dark reaction) before the spectrum was taken.

Each PEC measurement usually took 5 min.

The percentage of dye loss was calculated from the decrease in absorption bands in the

UV-visible spectra.

2.4 Photoelectrochemical Measurements

Photoelectrochemical experiments were conducted with a BASI potentiostat by using
the standard three-electrode configuration in a one-compartment cell. The buffering
electrolyte was a solution of 30 mM Na,SiF¢ (adjusted to pH 5.75 with NaHCO3)
based on a similar study by Mallouk[15]. The buffer was made by dissolving 0.595¢g
Na,SiFg and 0.447mg NaHCO3 in 33mL and 67mL water respectively, mixing the
solution and ultrasonicating. A small amount of NaHCO3; was added to 100 mL of the
solution to adjust the pH to 5.75. The reference electrode was Ag/AgCl, which is

0.250V more positive than RHE. A Pt wire was used as the counter electrode.
Single-potential time-based and cyclic voltammetry techniques were both used.
For single-potential time-based experiment, the applied bias was denoted in the data.

For cyclic voltammetry, the scanning rate was always 50mV/s and the scanning range

was 0~1000mV.

[llumination was provided by a Xenon lamp (C2577 from Hamamatsu). Two filters
were used after the beam had been aligned. The aligned beam was between 430 nm to

470 nm in wavelength and ~1.3 cm in diameter, a slightly larger area than the coated
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area (ca. 1 cm?) of the FTO electrode itself. The measured illumination intensity was
around 17 mW/cm™. See Figure 2.1.

[llumination was used in “light reactions” but not in “dark reactions”, as denoted in the

data in the next chapter.
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Figure 2.1 Photograph of the experimental setup for the photoelectrochemical

measurements



Chapter 3:

Results and Discussion
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The results on electrodes with different sensitizers are reported in two parts:
TiO,/P2/WOC and TiO,/C2P2/WOC. This is because the choice of sensitzers in this
triad system has a huge effect on the photocurrent, which exhibits bias-dependent
character. In each part, the results and discussion on stability is followed by those on
photocurrent. The stability of C2P2 is similar to that of P2 based on the time-
dependence of the electronic absorption spectra, and therefore the detailed time-
dependent spectra of triad electrode with C2P2 are not shown. Only the percentages of
dye lost in all systems are compared. The single-potential time-based technique is the
most direct way of evaluating photocurrent while cyclic voltammetry gives a better
overview of catalytic water oxidation activity. In the C2P2-based system, the CV data
are not shown to avoid redundancy in exhibiting the photocurrent results. Only
current-time (i-t) data under different external bias are shown because the C2P2-based

system exhibits more interesting bias-dependent character.
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3.1 Electrode with P2 as Sensitizer

3.1.1 UV-Vis spectra and Stability

The dyes are known to bind to TiO; surface via phosphonate groups[31]. It is observed
that dyads in either borate or phosphate buffers are not stable at all: the yellow colored
film becomes almost colorless in less than 5 min after immersion in the electrolyte. It
has been concluded that phosphate and borate compete with the phosphonate-
substituted Ru dye, and these buffer nucleophiles (in great molar excess) eventually
result in displacement of the Ru-based dyes from the TiO; surface. The dyads are quite

stable in unbuffered solutions such as distilled water or 0.2M aqueous NaCl.

However, water oxidation catalysis has to be done in buffered solutions and we chose
the Na,SiFs-NaHCO3 buffer system which proved to be less reactive (less prone to
displacing the surface-immobilized dyes). The concentration of dyes bound to the
TiO; decreased by 30~40% within the first 5 min after immersion of the dyads. A
bound-versus-solution dye equilibrium was soon established and dye loss was much
slower in the next hour when the photoelectrochemical measurements were being

conducted.

Figures 3.1 and 3.2, respectively, demonstrate the stability of dyad and triad electrodes
with the immobilized THpA salt of Rus;POM. Data from the triad with water-soluble
and TBA salts of RusPOM are not shown since they showed poorer stability and far

less noticeable photocurrent enhancement.
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Figure 3.1 UV-Vis spectra of P2-based dyad electrode showing stability of dyad
electrode. Changes in the UV-Vis spectra of the electrode while immersed in buffer
for PEC measurement (solid lines, from top to bottom) are shown. Changes in the UV-
Vis spectra of the dry dyad electrode are shown as short dashed lines. Each PEC

measurement here referred to a cyclic voltammetry of about 10 segments, 5 min.



32

in sol-before
1.6 - —— in sol-dark-1

3 ---- in sol-dark-2

in sol-light-1
— in sol-light-2
in sol-light-3
—— in sol-light-4
------ film-before
film-after

144

1.2 4

Abs

r r r r r
400 425 450 475 500

Wavelength/nm
Figure 3.2 UV-Vis spectra of P2-based triad electrode showing stability of triad
electrode. Changes in UV-Vis spectra of electrode while immersed in buffer for PEC
measurement (solid lines, from top to bottom) are shown. Changes in UV-Vis spectra

of the dry triad electrode with THpA-Ru,POM (as short dashed lines) are shown.
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3.1.2 Photoelectrochemical Measurements
Single-potential time-based technique

For the P2 dye, electron injection from the photosentizer to the TiO, and charge
transfer from the catalyst molecule THpA-Ru4POM to the dye molecule have been

observed with an applied bias of 500 mV.

Figure 3.3 demonstrates the transient short-circuit photocurrent generated upon the
on—off cycle illumination of the TiO,—P2/RusPOM anode (red line). Neither the anode
with the dye but without the WOC (catalyst; black line) nor the electrode with the dye
and a redox-inactive THpA-Zn,POM (blue line) generates a significant current (black
line). Clearly almost no electrons pass through the external circuit in the presence of
P2 but in the absence of catalyst. Upon illumination, the photosensitizers are excited
and inject one electron into the conduction band of TiO,. The one-electron-oxidized
sensitizer PS* then removes an electron from the POM, regenerating itself while
oxidizing the POM. The immobilized POM, after multiple oxidations, subsequently
oxidizes water to oxygen. The electron in TiO, passes through the external circuit and

recombines with a proton to produce hydrogen at the cathode.

Some further points on the shape of the time-current curve: when the light is turned
on, injection of electron from sensitizer to TiO, is rapid and relaxation of the excited
dye molecules is immediate creating a sharp spike. The current then starts to drop
slowly eventually leading to a relatively stable photocurrent. When the light is
blocked, the system becomes a pure photovoltaic device and generates a current of

opposite sign, and a smaller spike is seen.
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Figure 3.3 Single-potential time-based results for dyad (black), triad with THpA-

RusPOM (red) and the control triad with THpA-Zn,POM (blue) at an applied bias of

500 mV.
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Cyclic Voltammetry

Data from cyclic voltammmetry provide additional evidence of enhanced photocurrent
from the triad with Rus;POM compared to the control electrodes. As shown in Figure
3.4, for the dyad electrode and triad electrode with Zn4,POM, the dark currents and
light currents are similar. In contrast, a photocurrent of about 20 uA (difference

between solid line and dashed line) is observed for the triad electrode with Rus,POM.
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Figure 3.4 Cyclic voltammetry of the dyad (black), the triad with THpA-Ru,POM

(red) and control triad with THpA-Zn4,POM (blue).
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One limitation of these experiments is the lack of characterization of the POMs on the
electrode surface. Presumably, only an approximate monolayer of POM molecules is
bound to the surface. Monolayers typically do not contain enough sample to be
detectable by UV-Vis spectroscopy. Indeed in our cases in this study here no
characteristic absorbance from the POM under neutral conditions is evident. In
addition, ATR-IR, in the absence of enhancement mechanisms, is not sensitive enough
either for detection of a monolayer of absorbed molecules. Two methods for
characterizing electrode-surface-immobilized POMs in future studies include XPS (X-
ray photoelectron spectroscopy) and XFS (X-ray fluorescence spectroscopy). We are
pursuing the use of these techniques in collaboration with other teams at U.C.
Berkeley and elsewhere because they are not available presently at Emory University.
It has been shown that POMs absorb over the entire UV-Vis wavelength range. Thus
the UV-Vis spectra can be used to roughly distinguish the dyad and triad electrodes
but not to distinguish two triad electrodes with different THpA-POMs . Figure 3.5
shows the UV-Vis spectra of dyad electrodes, the triad electrode with THpA-Ru;POM
and the triad electrode with THpA-Zn,POM. Three electrodes were made from three
dyad films with the same dye loading (black line, red line and blue line). Two of them
were further soaked in POM solutions to make the triad electrodes. After this process,
their UV-Vis absorbance over the entire wavelength range increased (cyanine-green
and magenta lines), which is probably consistent with electrode-surface-immobilized
POM molecules. Scattering in the organic layer could also partly explain the spectral

change.
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Figure 3.5 UV-Vis spectra of the dyad film (black), triad films with THpA-Ru;POM
(cyanine-green) and the control triad film with THpA-Zn,POM (magenta). All

measurements were referenced to air.
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3.2 Electrodes with C2P2 as Sensitizer

3.2.1 UV-Vis Spectra and Stability

In theory, comparison of the stability of electrodes with P2 as the sensitizer and the
ones with C2P2 as the sensitizer is far from accurate because preparation of the C2P2
electrodes involves further soaking in salt solutions which aren’t involved in
preparation of the P2 electrodes. Different procedures make it hard to identify key
factors affecting stability or to rule out variables that have little impact. Here a rough
comparison was made based on the loss of absorbance (percentage calculated, the
smaller number was calculated without subtracting the TiO, absorbance while the
larger number involves subtraction of the TiO, absorbance) after PEC experiments for
three electrodes: 1) with P2 sensitizer; 2) with C2P2 sensitizer but not soaked in Na*
solution before catalyst immobilization; and 3) with C2P2 as sensitizer with
subsequent incorporation of Na* (by soaking the electrode in NaCl solution prior to

catalyst immobilization).
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Figure 3.6 UV-Vis spectra of the dry P2-based triad electrode before/after use as a

PEC. The calculated percentage of dye during the PEC experiment is evident.
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Figure 3.7 UV-Vis spectra of the dry C2P2-based electrode before/after uses a PEC.

The calculated percentage of dye loss during the PEC experiment is smaller
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Figure 3.8 UV-Vis spectra of the dry Na,C2P2-based electrode before/after uses a

PEC. The calculated percentage of dye loss is even smaller.
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From the percentage of dye lost, it is reasonable to conclude that C2P2 is more stable
on the electrode, very likely due to its ability to capture cations in the crown ether
groups. Sensitizer molecules with higher positive charges should be more strongly

attracted to the highly negatively-charged POM catalyst.

3.2.2 Photoelectrochemical Measurements

When the P2 dye was replaced by C2P2, which was supposedly a more stable version
of the well-known P2, photoelectrochemical measurements gave more complicated

results.

As shown in Figure 3.9, when the same 500 mV external bias is applied to the system,
the triad electrodes actually show a lower photocurrent enhancement compared to the
dyad electrode and the C2P2 with crown-ether-bound Na* show poorer results than

C2P2 with crown-ether-bound Li*.
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Figure 3.9 Single-potential time-based results for the dyad (black), the triad with
crown-ether-bound Na* in C2P2 (red) and the triad with crown-ether-bound Li" in

C2P2 (blue) with an applied bias of 500 mV.
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Figure 3.10 Single-potential time-based results for the dyad (black), triad with crown-

ether-bound Na" as cation in C2P2 (red) with applied bias of OmV.

45



46
This seemingly abnormal decrease in photocurrent from dyad to triad is explained by
the computational data (see Figure 3.11 below) addressing the energetics of C2P2 in

its ground state and excited states.

For P2 and Na,C2P2, the HOMOs of the ground singlet electronic states involve the
Ru-based orbitals. For C2P2 the HOMO is based on the 5-crown-phen ligand with the
Ru-based HOMO being 0.34 eV lower in energy. The LUMOs are located on the bpy
ligands in P2 and unmetallated C2P2. Interestingly, coordination of Na* moves the
LUMO of C2P2 to the 5-crown-phen ligands. The LUMO corresponding to the
bpy(phosphonate) ligand is another 0.43eV higher in energy. Therefore the MLCT
transition in metallated C2P2 corresponds to the Ru-to-5-crown-phen transition, rather
than the Ru-to-bpy(phosphonate) transition as seen in P2. It is quite reasonable that

this would impede the desired electron transfer to TiO,.
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Figure 3.11 The calculated electronic structures and energies of the frontier orbitals of
P2, C2P2 and metallated Na,C2P2. DFT/B3LYP calculations by Dr. Djamaladdin G.

Musaev.

(Courtesy of Dr. Djamaladdin G. Musaev)
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This work presents an experimental study of immobilizing a known homogeneous
WOC onto a dye-sensitized TiO, electrode and some preliminary results on potentials
and dynamics. To date, most WOCs immobilized on electrode surfaces are metal
nanoparticles, metal oxides clusters. In the systems investigated in this thesis,
homogeneous WOCs are readily displaced, likely by buffer molecules, from the

electrode surfaces when immersed in aqueous buffer solutions.

We have reported a successful method for immaobilizing the homogeneous
polyoxometalate WOC, RusPOM. The water-soluble POM is first converted to a
highly hydrophobic and thus much less water-soluble derivative, by replacing its
inorganic cation, typically Na*, with tetraheptyl ammonium cation. This dye-modified
TiO, electrode can then be soaked in a toluene solution of the POM resulting in rapid
POM surface immobilization by electrostatic and or physisorption processes. THpA
cations form a hydrophobic surface protecting the POM anions from displacement

from the electrode surface. Such triad electrodes are reasonably stable.

We also compared the effects of two different sensitizers, P2 and C2P2 on the
photocurrents. Single-potential time-based measurements show that P2-sensitized
TiO, functionalized by RusPOM under an applied bias of 500mV and C2P2-sensitized
TiO, functionalized by RusPOM under 0 mV of applied bias exhibit observable
photocurrent enhancement compared with the dye-modified electrodes without water
oxidation catalysts (the dyads). For the C2P2 photosensitizer, the effects of crown-
ether-bound cations (e.g. Na*, Li*) on the electron injection kinetics were noted. The
presence of Na* improves electron injection into the conduction band of TiO; in the

Ti0,-PS-Na,C2P2 triad assembly after visible excitation. That is, electron transfer
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from the excited states of the PS (dye) into the WOC could be effectively suppressed,
which is favorable for enhancement of the catalytic performance in the photogenerated
hole-promoted water oxidation reactions. In addition, the experimental results are in
good agreement with computational data on energetics of the components of the

electrodes (the frontiers orbitals and their energies in the different dyes).

However, detection of oxygen has not been observed from bulk electrolysis on the
electrodes. This is a consequence of the fact that the electrode surface area is too small

for a detectable (by an oxygen probe) amount of oxygen gas to be produced.

In conclusion, triad electrodes can be optimized by adjusting the energetics of the
components, studying the interface between electrolyte and electrode and using more
stable sensitizers and faster water oxidation catalysts. This work defines a potential
route for constructing efficient photoanodes comprising a semiconductor substrate, a

photo-sensitizer and a molecular water oxidation catalyst.
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