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Abstract

Charge Transfer Dynamics in Homogeneous and Heterogeneous
Artificial Photosynthetic Systems

By Zhuangqun Huang

The direct, efficient, and sustained sunlight-driven water splitting process as a
method to store energy in the simplest but highest energy-dense chemical bond, H,,
remains one of the most desirable targets to achieve energy and environmental
sustainability. The three general goals of this thesis are: (1) utilization of polyoxometalate
(POM) WOCs for solar-driven water oxidation; (2) preparation of triads and all inorganic
dyads while tuning their charge separation dynamics and O, evolution properties, and (3)
evaluation of the interfacial electron transfer dynamics and O, evolution properties of
these dyads and triads.

This thesis starts from the evaluation of the all-inorganic polyoxometalate WOCs
in a homogeneous system. These WOCs are oxidatively, hydrolytically and thermally
stable, can accommodate multiple metals with varying potentials, and therefore are
promising for efficient solar fuel production. The spectroscopic studies of the charge
separation dynamics in homogeneous systems show that an integrated acceptor-
photosensitizer-WOC composite with intact, directly-connected structure is a promising
approach to accelerate the water oxidation process and hence improve the selectivity and
quantum efficiency of the WOC. Before discussing heterogeneous systems, it is vital to
understand the photophysics of the polyoxometalate molecules, where the nature of the
metal-to-polyoxometalate charge transfer in a POM chromophore is discussed in detail.
This investigation facilitates our understanding of the interfacial change transfer
dynamics in composite electrodes, and more importantly the development of all inorganic
dyadic photoanodes with POM choromophores as photosensitizers. After that, the efforts
to prepare and characterize stable nano-assembles of triads and dyads are presented,
where the triadic and dyadic electrodes are extensively investigated by transient
spectroscopy. Throughout the whole work, various spectroscopic tools are employed to
understand the relevant fundamental photophysics, photochemistry, and
photoelectrochemistry in order to improve the performances of the existing systems and
to guide the designs of new constructs.
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Part I: Introduction

CHAPTER

1

Fundamentals and Mechanisms in Natural and Artificial

Photosynthetic Systems



1.1 Overview

The direct harvest, conversion, and storage of sunlight energy into chemical
bonds, such as that which occurs in natural photosynthesis, is highly desired in order to
meet the global clean energy demand and to bridge the intrinsic gaps—safety,
intermittency and inefficiency—among existing renewable energy technologies.*® In
particular, the direct, efficient, and sustained sunlight-driven water splitting process (H.O
+hv— H; +% 0,) as a method to store energy in the simplest but highest energy-dense
chemical bond, H,, remains one of the most desirable targets to achieve energy and
environmental sustainability.>* H, can be used either directly as a fuel or as a high
energy substrate for producing other chemical fuels; for instance, it may be used for CO,
reduction to form liquid fuels such as gasoline, diesel or biodiesel.

The splitting of H,O can be divided into two half reactions: water oxidation to
release Oy, eq 1.1, and proton reduction to release Hy, eq 1.2.

2H,0 — 0, + 4H" + 4¢e E =082V,atpH7 (1.2)
2H" + 2¢ > H, E =041V,atpH7 (1.2)

The oxidation potentials for the oxidation and the reduction are 0.82 VV and 0.41 V
per electron transferred, respectively, with respect to the standard hydrogen electrode
(SHE). Both processes involve multiple-proton-coupled multiple electron transfer, where
the generation of one O, molecule requires the loss of 4 electrons and 4 protons from 2
H,0 molecules, and a thermodynamic minimum energy of 4 <0.82 eV =3.28 eV at pH 7.
Because of the higher intrinsic complexity, water oxidation is more difficult than proton
reduction, and becomes the thermodynamic uphill in water splitting and other related

solar fuel producing processes.



A near infrared photon with a wavelength of 1.5 pm carries a photon energy of
~0.82 eV. Thus, thermodynamically, ~ 90% of the photons from sunlight in terms of the
Air Mass 1.5 solar spectra can be used as energy input to drive the reaction to evolve O,
if an active site exists that allows for the accumulation of 4 holes generated by these
photons. This active site is generally a water oxidation catalyst (WOC) that lowers the
overall activation energy requirement, and can be oxidized or reduced by several

16.17,19.2022.2831-52 lya\yever, in most systems, one absorbed photon only results

electrons.
in a single electron transfer event. Thus, a system that is capable of successive light-
absorptions, charge separations and accumulations together is necessary for successful
water oxidation and subsequent solar fuel production. Generally, a system with the
following attributes is highly desired:
1. the photon receptor can absorb a large portion of the solar spectrum;
2. the charge acceptor can efficiently separate electrons and holes to compete with
intrinsic charge recombination and to keep up with the solar flux;
3. the WOC can accumulate holes; and
4. the catalytic turnover of the WOC can keep up with the solar flux.
Practically, the system is also required to be robust, self-sustained with H,O (and CO,) as
the electron and proton sources (and reaction substrates), and with sufficiently low costs
that would allow for large-scale production.
Therefore, an effective, multi-component structure is highly desired that
integrates all the functional units including light receptors, charge acceptors and WOCs,

and that couples one-photon absorption and single electron transfer events with the multi-

electron water splitting process. In addition, this system is also required be capable of



connecting to or combining with other reduction half reactions, such as proton or CO,
reductions, in order to employ the energetic photogenerated electrons for producing solar
fuels.

Since the seminal work by Fujishima and Honda in 1972,> four decades of
research efforts towards solar fuel production have not yet fulfilled the general goal to
have a system simultaneously be efficient, robust, and cheap. To advance this progress,
the challenges in solar fuel production must be indentified first. To a large extent, most
studies in this field are biomimetic, or based on the reverse engineering of the natural
photosynthetic systems in green plants. The next section will give a brief description of
the current understanding of the fundamental principles governing the mechanistics in
natural photosynthetic systems. Following that, general challenges in artificial

photosynthetic systems will be discussed.

1.2 Photosystem I1: fundamentals and mechanisms

Nature offers a blueprint—photosynthesis—for converting and storing sunlight
energy in chemical bonds. The highly energetic redox reaction of water splitting occurs in
the photosystem 11 (PSII) of oxygenic photosynthetic organisms. Figure 1.1 shows a
simplified scheme of a typical natural PSII construct, which illustrates the main energy-
kinetic features and shows the structure of the Mn,CaOs catalytic core for water
oxidation. >+
Interestingly, the absorption spectrum of the primary electron donor in the

reaction center, P680, overlaps poorly with the solar spectrum and is not a good light

receptor. To enhance the light harvesting, a variety of pigments serving as light antennas



are organized surrounding the PSII reaction center.®*® The antenna system has both
spatial and energetic advantages, constructing an energy funneling channel for capturing
the solar flux. Energetically, this arrangement allows the excitation energy to flow from
pigments that absorb bluer photons to those that absorb lower photonic energy, and,
consequently, broadens the overall absorption spectrum of the reaction center. Spatially,
by arranging species that absorb higher energy photons further away from the reaction
center and placing those that absorb lower photonic energy close to the center, not only
can the excitation energy be funneled down to the reaction center, but the light-absorbing
space is also expanded. This allows for the harvesting of photons from more relatively

diffuse sources of sunlight
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Figure 1.1 A schematic representation of the PSII reaction center and its energy-kinetic
diagram for the photochemistry and energy-/electron-transfer  processes.>®®?
Intermediates are omitted. Solid blue lines indicate the electron transport train; red

dashed lines show the charge recombination pathways.



The underlying photophysics for the light antenna effect is a non-radiative
resonance energy transfer process from excited donor (D*) to ground state acceptor (A),
as shownineq 1.3,

D* + A> D + A* (1.3)
This well-known process has been detailed in the F&rster model.®® The Fé&rster theory is

based on the long-term dipole-dipole approximation,®

assuming that the donor and
acceptor chromophores are weakly coupled and that their separation is large (up to 10 nm)
with respect to the pigment dimensions. The F&ster resonance energy transfer (FRET)
rate (kent) depends on the mutual orientation (x), the intrinsic radiative rate of the donor
(ko), the spectral overlap integral (J) between the donor emission and acceptor absorption,

and the donor-acceptor distance, as shown in eq 1.4.

2
ke = a0 ) (L.4)
r

where a is a constant. Due to the Stokes shift from the absorption to the emission
spectrum of a fluorescent molecule, FRET is always accompanied by the loss of photonic
energy as waste heat through vibrational relaxation. This provides a certain irreversibility
to this process, which facilitates the effective energy transfer from the donor to the
acceptor.

As shown in Figure 1.1, excitation of P680 produces a strong reducing species,
P680*, and initiates the first ultrafast electron transfer event (< 2 ps), which is followed
by further electron movements along the electron-transfer train.>*®? Following a cascade
of electron-transfer events, the photo-induced energetic electron gradually loses part of its
energy. However, it is so spatially separated from the resulting P680" that the probability

of charge recombination is reduced by many orders of magnitude. On the other side of



the electron-transfer train, P680" is the strongest oxidizing cofactor in living organisms
with a reduction potential of ~1.25 V (vs SHE). In PSII, P680" takes electrons from the
Mn,CaOs catalyst, by which the ground state P680 is regenerated.

In addition to the increased efficiency of light-harvesting due to the light antenna
effect, nature has also established an effective electron transfer scheme in PSI1.°>% An
electron transfer from the donor (D) to the acceptor (A) can be expressed as,

D+ A>D + A (1.5)
The basic theoretical framework for describing electron transfer between weakly coupled
donor and acceptor states was developed in the 1960s and is well-known as the Marcus

theory.®”®° For a non-adiabatic process, the electron transfer rate (kgt) is given by,

2 H|* . [_(;HAG)Z} (1.6)

" h Jamik,T 47k T

where H is the electronic coupling and is a function of the overlap of donor and acceptor
orbitals; 1 is the total reorganization energy which describes molecular structural changes
from the reactant to product states; AG is the Gibbs free-energy change for the reaction,
also known as the driving force; and, kg and T are the Boltzmann constant and the
temperature, respectively.

First, the electronic coupling strength H depends on spatial, energetic, geometric,
and symmetry factors. The dominant factor is the donor-acceptor distance, where H
decreases exponentially as the distance increases. This indicates that electron transfer
demands a great deal of spatial overlap between the orbitals involved. Thus, as the
electron moves away from the donor molecule, the back electron transfer rate is

exponentially diminished partially due to the decreased electronic coupling strength. In



addition, nature has tuned the structural arrangement of different units in PSII to favor
efficient energy transfer while preventing destructive electron-transfer processes from
energetic antenna pigments to the reaction center.

Additionally, the exponential term in eq 1.6 indicates that electron transfer can
occur in three regimes. When -AG < 4, called the normal region, ket increases with the
driving force; when -AG = 4, the electron transfer ket is maximized; and when -AG > 4,
the system is in the inverted region and ket is reduced with increasing driving force. In
PSII, the electron transfer chain is embedded in the thylakoid membrane, and
consequently, the reorganization energy is relatively small (~0.2 — 0.7 eV). However,
charge recombination processes are generally highly exergonic reactions, so the electron
transfer reactions fall into the inverted region.®® Under these circumstances, the back
electron transfer processes are considerably inhibited, facilitating the forward electron
transfer reactions.

As mentioned above, P680" is the most strongly oxidizing redox cofactor known
in biology. However, the reduction potential of P680" (1.25 V vs SHE) is much lower
than that required by the water oxidation pathway through the radical formation,

H,O > OH" + H* E = 233V vsSHE, atpH 7 (1.7)
Therefore, the oxogenetic water splitting in PSII must proceed through the minimum
energy four-electron pathway with an averaged required energy of 0.82 eV per
transferred electron, as shown in eq 1.1. Thus, each photonic excitation of P680 only
results in one oxidizing equivalent of P680™. In this regard, a WOC that serves as a
capacitor is required to successively store oxidation equivalents through four individual

photo-induced charge separation events. In PSIl, the catalytic water oxidation is



performed by the Mn,CaOs catalyst at near zero over potential and a modest turnover (50
O, molecules per second). This multi-metal catalytic center is capable of capturing and
releasing multiple electrons due to the multi-valence transition metals involved. Another
greatly attractive feature of this catalytic core is that this naturally occurring WOC
consists of only earth abundant elements.

In summary, the compact natural PSII construct integrates multiple spatially-
separated functional units that allow for all of the fundamental steps involved in the
overall water oxidation process: light absorption, excitation energy transfer, charge
separation and accumulation, and catalytic water oxidation. These functional units consist
of photosensitizers, electron acceptors, and a WOC. The water oxidation mechanism in
PSII can be simplified to a cyclic circle following P680 at different energetic states,
which can be further generalized to any WOC mechanism as shown in Figure 1.2. By
replacing the appropriate materials of PSII but maintaining the corresponding functions,
as well as improving the configuration using PSIl as an inspiration, artificial

photosynthetic systems can be constructed with much better performance.

P680* P680 PS> PS

Figure 1.2. Left: a schematic representation of the cyclic reactions among different
functional units in PSII. Right: a generalized scheme of the processes involved in PSII.

Notation: PS, photosensitizer; A, electron acceptor.
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1.3 General challenges in artificial photosynthesis
Figure 1.3 shows a simplified representation of an artificial water splitting system,
which can be transformed into a fuel-producing system if one replaces the water

reduction catalyst (WRC) with a CO; reduction catalyst.

2 H,0
4e
woc
-. )\
02 + 4 HY cEsmmmmzzzzzsaesss \WRC 2 H2

Figure 1.3. General scheme for splitting water into O, and H,. Light is harvested by an
antenna structure and transferred to the central photosensitizer (PS). The subsequent
electron-transfer events assisted by the bridged moieties (green dots) produce charge
separation states with lifetimes long enough for charge accumulations on the water
oxidation (WOC) and reduction (WRC) catalysts to split water. Protons released from the

WOC are efficiently transferred to the WRC through a specific channel.

To a large extent, this scheme is inspired by the natural photosynthetic construct,
from which the main attributes remain: light collection, charge transfer, and catalytic
reactions.”” The general challenges for artificial photosynthesis can be gleaned from
Figure 1.1. The central goal is that the rate of energy conversion needs to be fast enough

to optimally keep up with the incident radiant power. In this regard, the control of relative
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rates in different processes (energy transfer, charge separation, and catalytic turnover) is
critical throughout such a system, both in each component and in the overall structure as
one single unit.”""

First, light absorbers are required in this system to transform the solar energy into
oxidizing and reducing chemical potentials to drive the reactions for splitting water. The
capability of a particular photosensitizer to absorb light sets the maximum efficiency for
the ultimate energy conversion, which depends on the energy gap (Ey) between the
highest-occupied-molecular and lowest-unoccupied-molecular orbitals (HOMO-LUMO)
for molecular photosensitizers, or between the bottom of the conduction band and the top
of the valence band for semiconductor light absorbers. The photo converter is transparent
to photons with energy smaller than Eg4, and although it can capture photons with energy
larger than Eg, it suffers from energy loss as heat through internal conversion or intraband
thermalization. On the basis of these considerations, the ideal bandgap for a single-
photosensitizer device is ~1.3 eV (920 nm) with a conversion efficiency limit of ~33%,
the well-known Shockley-Queisser limit. "

In terms of the known solar spectrum,”” the number of solar photons with a

specific energy quantum or at a particular wavelength, n(2), can be estimated using eq 8a,

P(1)dA

n(A)dA = ho/2 (a)
tP(1) (18)
nzlhqwdﬂ (b)

where P(1) is the power intensity at a given wavelength A. Therefore, the number of solar
photons with photonic energy higher than a given threshold, n, can be calculated by eq

1.8b, as shown in Figure 1.4.
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Figure 1.4. Air Mass 1.5 solar spectrum on the earth’s surface (blue) and the integrated
photon numbers per area (nm?) per second with integration from high to low photon
energy. These curves are based on the American Society for Testing and Materials

(ASTM) Terrestrial Reference Spectra.”’

For example, the number of solar photons with energy higher than 1.3 eV, the
threshold for an ideal single-photosensitizer device, is ~3000 per second for an area of 1
nm?, or ~3 ms™-nm™. Area is given in units of nm? here because most photosensitizers
are on the nm scale. As shown in Figure 1.1, the charge separation can occur on the s or
even ps time scale, so the charge separation should be capable of keeping up with the
radiant flux. However, much as in PSII, the catalytic water oxidation is actually the rate-
limiting step in artificial photosynthetic systems; specifically, the last step in the four-
electron reaction occurs in ~1 ms.> Since water oxidation is a four-electron process, the
estimation above requires a catalytic center with 1 nm? surface area to have a turnover
frequency of ~750 s™*. Thus the lack of efficient, robust, and low-cost WOCs that meet

this requirement is currently the main challenge in artificial photosynthesis.**"®
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Currently, the most investigated and established approach in artificial

photosynthetic systems to realize the two half reactions, egs 1.1 and 1.2, is shown in

Figure 1.5.%
L,
2 H,0
4 hv 4h+
Porous O, B 4 HY
SMO Membrane

Figure 1.5. General schematic representation for a typical light-driven water splitting
photoelectrochemical cell. Notations: SMO, semiconductor metal oxide; PS,

photosensitizer; WOC, water oxidation catalyst; WRC, water reduction catalyst.

At the water oxidation anode, upon optical excitation, the electrons of the excited
photosensitizer (PS in Figure 1.5) are transferred to the nanoporous semiconductor metal
oxide supported on a transparent conducting substrate.?*?>"98! Meanwhile, the holes are
left behind in the photosensitizer and sequentially oxidize the WOC. The performance of
such an anode can be evaluated by connecting the triadic anode to an external circuit,
such that the photoinjected electrons are immediately removed from the anode to reduce
H,O to H, at the cathode (Figure 1.3), which can be equipped with a water (or COy)

reduction catalyst (WRC). In some cases, narrow-band semiconductor metal oxides (a-
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Fe,O3, doped TiO,, TaON, etc.) are introduced as both the light absorber and the charge
(exciton) separation center to construct a dyadic anode. 0828

To achieve high electron/hole transfer rates and high quantum vyields in these
photodriven water oxidation systems, optimization of the individual functions is needed.
First, the photosensitizer should have the optimal absorption characteristics to capture the
maximal amount of terrestrial sunlight, and upon which, to generate a long-lived excited
state that allows for the subsequent charge separation and accumulation. Second, the
cascade of electron-transfer events must be efficient enough to produce a maximally
long-lived charge-separated state in order to increase the probability of capturing the
energetic electron before it recombines and produces waste heat. Most importantly, the
WOC needs to be selective for water oxidation and have a fast enough turnover rate to
keep up minimally with the charge capture and accumulation and maximally with the
solar flux as shown above.

In addition, each component of these systems as well as the entire nano-assembly
or photoelectrochemical cell as a whole must be hydrolytically and oxidatively stable.
Indeed, the hydrolytic and oxidative stability of each component, as well of the intact
nano-assembly (triad) is one of the three central challenges (robust, efficient, and low
cost) in developing reliable solar-fuel producing devices. In the process of water
oxidation, the system generates a large amount of energetic electrons, radicals and
intermediates that can damage the whole construct, unless these species can be efficiently
consumed for water oxidation and thus quickly regenerate the system. However, the four-
electron/four-proton water oxidation process is the rate-limiting step. In this regard, the

stability concerns can be greatly mitigated by improving the WOC performance.
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Therefore, creating an efficient and robust WOC made from earth-abundant elements is

of central importance to economic solar fuel production.

1.4 Polyoxometalate water oxidation catalysts

As shown in eq 1.1, the theoretically required thermodynamic potential minimum
for water oxidation is 0.82 V (vs. SHE) at pH 7. However, experimentally, an
overpotential requirement of > 0.5 V is very common mainly due to the existence of an
activation barrier from high energy intermediates generated during the water oxidation.
Significantly lowering the overpotential for water oxidation is critical to achieving
efficient solar fuel production; this can be accomplished by the introduction of WOCs. As
mentioned above, WOCs can serve as capacitors to store charges for multiple-electron
water oxidation in order to bypass the thermodynamically unfavourable one-electron
radical-generation step (eq 1.7). Additionally, as shown in Figure 1.6, a WOC can
provide an active site for bound water molecules to facilitate concerted multiple-bond re-
arrangements between two H,O through coupling the highly exergonic O-H dissociation
with the energy-releasing O-O bond formation.? This avoids the generation of energetic,
reactive intermediates. Transition metal complexes or oxide clusters are capable of
coordinating water and storing charges and thus make suitable active sites. The most
famous example must be the catalytic Mn,CaOs core in PSII as shown in Figure 1.1,
where its crystal structure at a resolution of 1.9 A clearly shows the binding of water

molecules on both transition metals, Mn and Ca.>®
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Figure 1.6. Schematic representation of water splitting catalyzed by an active site.

There has been considerable research on the development of WOCs since the first
observation of water oxidation catalyzed by various metal oxides in the late 1970s'*%
and the initial report of a Ru-based molecular WOC in 1982 by T. J. Meyer and co-
workers.' After three decades of development, to date, there are two broad categories of
WOCs. One system is based on heterogeneous (insoluble) transition metal oxide
nanoparticles, most of which contain Ru, Ir, Mn, or Co. “*®9 Thjs type of WOC has
been successfully coupled with photoanodes consisting of either narrow-bandgap (doped
TiO,, WO3 and hematite) or dye-sensitized wide-bandgap semiconductor metal oxides.
Mostly inspired by the catalytic center in PSII, the other WOC family is a homogeneous
species, including mono-, di- and tri-Ru complexes, Ir derivatives, and mono-, di- or
tetra-Mn homogeneous molecules.®* There have been numerous successful applications
of these molecular catalysts in homogenous systems, but only a few reports about their
immobilization on heterogeneous photoanode surfaces. *23"%

Both homo- and heterogeneous WOCs have their own assets and liabilities.
Insoluble WOCs are robust, more easily synthesized, and have lower costs, whereas

molecular WOCs demonstrate higher selectivity and higher efficiency per active site

metal. Generally, however, molecular WOCs contain organic ligands that are easily
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oxidized in competition with water, and thus have relatively low turnover numbers.
Unfortunately, such destructive processes when using this type of WOC are inevitable
because organic ligands are thermodynamically less stable than the substrate, H,O.
Meanwhile, the product, O,, creates a highly oxidative environment. In addition, many
organic-ligand-stabilized molecular WOCs are notorious for their rapid hydrolytical
decomposition in aqueous systems. Therefore, it is desirable to develop WOCs with the
positive properties of both heterogeneous and homogeneous catalysts and without the
major negative properties of each.”

Recently, a new family of molecular WOCs based on early-transition-metal
oxygen anion clusters (polyoxometalates, or “POMs”) have been reported. “*°%% These
WOCs are composed of multiple d-electron metal oxide clusters, such as RusO4 and
Co40,4, stabilized by POM ligands. These multi-transition metal substituted POM
complexes are bridged by oxide ions and self assemble in water, and are therefore
oxidatively and hydrolytically stable. In addition, POM complexes are generally
amenable to extensive alteration, resulting in highly tunable physiochemical properties
(acidity, thermal stability, redox potential, solubility, size, shape, and charge). % Not
surprisingly, there has been a great deal of recent research on the fundamentals and the
applications of these WOC:s in solar fuel production, which is also the central thrust of

this thesis.

1.5 Goals of this thesis and outline

The central motivation of this work is to develop solar-driven water oxidation and

splitting systems that are lower-cost, more stable and more efficient than existing systems.
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The three general goals of this thesis are: (1) utilization of the carbon-free, hydrolytically
and oxidatively stable polyoxometalate WOCs for solar-driven water oxidation; (2)
preparation of triads (TiO,-photosensitier-WOCs) and all-inorganic dyads (dyads
(hematite-WOCs and SMO-WOCSs) while tuning their charge separation dynamics and
O, evolution properties, and (3) evaluation of the interfacial electron transfer dynamics
and O, evolution properties of these dyads and triads.

The rest of this work will be organized as follows: experimental details are
compiled in Chapter 2. The Part Il has three chapters: Chapter 3 focuses on the
evaluation of the efficiency and selectivity of different polyoxometalate WOCs in
homogeneous systems and the optimization of the overall efficiency of each system. The
charge transfer dynamics in homogeneous systems are investigated and shown in Chapter
4. Subsequently, other designs for improved photocatalytic water oxidation are shown in
Chapter 5, which outlines our initial attempts to improve the homogeneous system. These
attempts eventually led to the development of heterogeneous photoelectrochemical
systems. Before discussing heterogeneous systems, Chapter 6 and 7 describe our efforts
in understanding the photophysics of the polyoxometalate molecules, where the nature of
the metal-to-polyoxometalate charge transfer in a POM chromophore is discussed in
details. Finally, the efforts to prepare and characterize stable nano-assembles of triads and
dyads are presented in Part V (Chapters 8-11), where the triadic and dyadic electrodes are
extensively investigated. Throughout the whole work, various spectroscopic tools (static,
time-resolved, ultrafast, absorption, fluorescence, visible, infrared, etc.) are employed to

understand the relevant fundamental = photophysics, photochemistry, and
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photoelectrochemistry in order to improve the performances of the existing systems and

to guide the designs of new constructs.
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2.1 Materials

All common laboratory chemicals were reagent grade, purchased from
commercial sources and, unless otherwise noted, used without further purification.
Tris(2,2°-bipyridyl)dichlororuthenium(ll)  hexahydrate  ([Ru(bipy)s]*), and

sodium persulfate (98+%) were purchased from Aldrich.

2.2 Synthesis

Preparation and characterization of Bis{4'-(4-methylpyridinio)-2,2".6,2"-
terpyridine} ruthenium (IV),> a-Fe,O3 nanoparticles and nanoporous films,>® RuP2,
RuC2,* [{RusO4(OH)(H20)a}(y-SiW10036)2]'* (RusPOM),” [{Rus04(OH)>(H20)a}(y-
SiW10036)2]"" (Rug-(P)-POM)® and [Co4(H20)2(PWgOss)2]** (CosPOM)’ were reported
elsewhere.
TiO; colloids and nanoporous films: TiO, nanocrystalline thin films were synthesized
according to previously published procedures.®® Briefly, 250 mL of water and 80 mL of
acetic acid (> 99.7%, Aldrich) were mixed in an ice bath. 10 mL of anhydrous
isopropanol (99.5%, Aldrich) and 37 mL of titanium (1V) isopropoxide (97%, Aldrich)
were mixed and purged by nitrogen, then added drop-wise to the acetic acid solution
under vigorous stirring. After vigorous stirring for 8 hours, the transparent colloid
solution was slowly evaporated at 80°C for 3-4 h. The resulting gel was autoclaved at
230°C for 12 h and slowly cooled down to room temperature.® About 10 ml of the
resulting gel phase was then stirred with 20 drops of TritonX-100 (Aldrich) for several
days to disperse the aggregated particles. Films were prepared by doctor blading the TiO,

gel onto clean sapphire windows, followed by baking at 400°C in an oven for 1.5 h.
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Water soluble TiO, nanoparticles: The TiO, nanoparticle (~5 nm) solution was
prepared by controlled hydrolysis of titanium(lV) tetra-isopropoxide (Ti[OCH(CHz3);]a,
Aldrich, 97%).1° A 100 mL solution of TifOCH(CH3),]4 in 2-propanol (5:95) was added
drop-wise to 900 mL of water in an ice bath at pH 1.5 (adjusted with HNO3). The
solution was then stirred overnight until a transparent colloidal solution was formed. The
resulting solution was concentrated by a rotary evaporator and then dried with a N, flow.
The resulting white powder was re-dissolved in water for further application. TiO;
colloidal solution synthesized by this approach has been used extensively in our lab to
prepare different TiOz/molecule nanocomposites for spectroscopic studies.'*™**

v-Fe,O3; nanoparticles: y-Fe,O3 nanoparticle capped with oleic acid was synthesized
according to established procedures.** Briefly, y-Fe203 nanoparticles were synthesized
under a nitrogen flow as follows. Fe(CO)s was injected into a mixture containing 20 mL
of octyl ether (Aldrich, 99%) and oleic acid (Aldrich, 90%) at 100 <C. The resulting
mixture was slowly heated and refluxed (~300 <C ) for 2 h. During reflux, the yellow
orange mixture changed to colorless and then to dark. This solution was cooled to room
temperature (intermediate iron oxide), or aerated for 14 h at 80 <C, and then refluxed
(~300 <C) for 2 h (aerated iron oxide). The solution was treated with excess iso-propanol
and separated by centrifugation. The particle sizes can be controlled by varying molar
ratios of Fe(CO)s to oleic acid.

Synthesis of the tetra-n-heptylammonium salt of [Co4(H20)2(PWgO34),]'* (THA salt
of Co4,POM) The tetra-n-heptylammonium POM salt was prepared as follows: 0.5 g of

Na1o[Co4(H20)2(PWgO34)2]-27H,0 (FW: 5447.12 g/mol) was dissolved in 10 mL of H,O.

The solution was mixed with 720 mg of THANO3 (FW: 490.70 g/mol) in 10 mL of
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toluene with vigorous stirring for 30 minutes. After the solution was allowed to sit
overnight for layer separation, the organic (toluene) layer was collected and dried using a
rotary evaporator. The resulting product was re-dissolved in toluene and again dried
using a rotary evaporator affording 860 mg for use. TGA analysis shows 70% weigh loss
at 600 °C which indicates that excess THANO; exists in the final THAPOM product,
THA10[C04(H20)2(PWg034)2]- 14 THANO3.

A modified preparation results in THAPOM without excess THANO;3; and fewer THA
cations in the final product. This procedure is as follows: to 20 mL of distilled water was
added 30 mg of Co,POM. The solution was then mixed with 180 mg of THANO;3 in 30
mL of CH,Cl,. The mixture was vigorously stirred with the addition of 0.2 mL of 1 M
HCI. After standing for 30 minutes the resulting mixture separated into two layers and
the aqueous layer became colorless. The organic phase was collected by a separating
funnel and concentrated using a rotary evaporator. TGA shows 40% weigh loss at 600
<C, which gives the formula: THA7 gH2.4[C04(H20)2(PWg034),]

Estimation of the number of THA cations required to protect the Co,POM. A
reasonable approach is to have sufficient THA cations to effectively cover the surface of
the Co,POM. The geometry of the Co,POM can be taken as a cuboid with length x
width x height = 15 x 10 x 10 A (based on the crystal structure?). The average length of
the four seven-carbon chains of the THA cation is about 8.0 A (from the N center to the
terminus carbon), therefore the maximum covering area of the THA will be no larger
than (8.0 x 2)%/ 2 = 128 A? (set the THA as a square with diagonal = 8.0 x 2 A). We set
the average THA-to-POM distance as 4 A, then the effective surface area of the Co,POM

will be (10 + 8) x (10 + 8) x 2 + (10 + 8) x (15 + 8) x 4 = 2304 A%, Therefore, 2304/128
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~ 18 is the minimum number of THA cations required for covering and protecting the

Co4,POM cuboidal surface.

2.3 Sensitization of TiO,

TiO»/Ru470 homogenous solution: The solution was prepared by mixing Ru470 powder
with the TiO, solution. The presence of the TiO, nanoparticles in the solution
dramatically increases the solubility of Ru470 at the same pH, indicating the attachment
of Ru470 onto the TiO, colloidal surface.

TiO,-Ru470 films: TiO, films were sensitized in ethanol solutions of Ru470 [tris(2,2’-
bipyridyl-4,4’-dicarboxylic acid) ruthenium(ll) dichloride] (Solaronix). The electrode
was then prepared by soaking the dye-sensitized films in an acidic solution (pH = 1) of
Ru,POM (prepared according to established literature approaches®). Optical densities of
the sensitized films were controlled by varying the solution concentrations and soaking
times.

TiO,-RuP2 and TiO,-RuCz2 films: TiO, films coated on Sapphire or FTO (Hardford,
TECS8) substrate were sensitized in RuP2 (or RuC2) solution (3mg in 0.1 M HCIO,) for
24 hours. The freshly sensitized electrodes were soaked in neutral water for 24~32 more

hours to completely remove the free dyes on the electrode.

2.4 Sensitization of y-Fe,O3; nanoparticles

v-Fe;03/RhB assemblies were prepared by adding RhB to y-Fe,O3 solution in heptane
followed by sonication and filtration to remove undissolved RhB molecules. Our

previous fluorescence anisotropy measurements *> have shown RhB molecules bind to
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QD particles, and since RhB was insoluble in heptane, all dissolved dyes were believed to
be bound to y-Fe,O3 nanoparticles. A control sample without QDs showed no measurable
absorbance peaks in the UV-vis spectral region. The concentration of RhB in y-Fe;03

solution was controlled by varying the amount of added RhB.

2.5 Coating of surface catalysts

TiO,/Ru470/Rus,POM electrode: The electrode was prepared by soaking the dye-
sensitized films in an acidic solution (pH = 1) of Ru,POM. Optical densities of the
sensitized films were controlled by varying the solution concentrations and soaking
times.

TiO/RuP2(or RuC2)/RusPOM electrode: The electrode was prepared by soaking the
dye-sensitized films in an acidic solution (pH = 3.2) of RusPOM. Optical densities of the
sensitized films were controlled by varying the solution concentrations and soaking
times.

Hematite/THA-Co,POM: The hydrophobic POM modified eletrodes were prepared as
follows: two drops of a 0.1 uM toluene solution of
THA10[C04(H20)2(PWg034),2]- 14THANO; was cast on the hematite electrode surface.
The solution was dried wunder air for at least 20 minutes and a
THA0[C04(H20)2(PW5034),]- 14THANO;3 layer formed on the surface. The coating layer
was washed with a large amount of 1 M NaOH followed by rinsing with a large amount

of water prior to assessment of the PEC properties.
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2.6 General instrumentations

Static UV-Vis: An Agilent 8453 spectrophotometer equipped with a diode-array
detector.

Static fluorescence: A steady state emission measurement was studied using a SPEX®
FluoroLog®-3 self-contained and fully automated spectrofluorometer.

Homogeneous light-driven systems: Analysis of dioxygen in the reaction headspace
was performed using Agilent 7890a gas-chromatography system equipped with a thermo-
conductivity detector and a HP-MOLESIEVE capillary column (30m x 0.535 mm X
25.00 um) with Argon as a carrier gas. A Hamamatsu Xe-lamp (model C2577) was used
as a light source and the desired wavelength range was created with a 420-470 nm band
pass filter. A magnetically-coupled stirring system (SYS 114, SPECTROCELL) was used
for reaction solutions. The stirring rate in revolutions per minute (RPM) was determined
by a home-built set-up consisting of a helium-neon laser (IMATTRONIC), a magnetic
stick (VP 736-1, V&P scientific), a photo-diode detector (PDA 55, ThorLabs), and an
oscilloscope (LT262, LeCroy). Light induced water oxidation was performed in a

cylindrical cuvette (NSG, 32G10).

2.7 Time-resolved fluorescence measurements

Time-resolved fluorescence measurements were performed in the time-correlated single
photon counting (TCSPC) mode under right-angle sample geometry. A femtosecond laser
pulse (100 fs) with a repetition rate of 80 MHz was generated from a mode-locked
Ti:Sapphire laser (Tsunami oscillator pumped by 10 W Millennia Pro, Spectra-Physics).

The output centered at 800 nm was doubled through a BBO crystal to generate 400 nm
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light that was used to excite the sample. The emission was detected by a Micro-channel-
plate-photomultiplier tube (Hamamatsu R3809U-51), whose output was amplified and

analyzed by a TCSPC board (Becker&Hickel SPC 600).

2.8 Transient absorption measurement

Ultrafast visible transient absorption measurements for the homogeneous water
oxidation system and the TiO,-Ru470-Ru,POM triadic system. Transient absorption
measurements were based on a regeneratively amplified Ti:Sapphire laser system
(Coherent Legend, 800 nm, 150 fs, 2.5 mJ/pulse, 1KHz repetition rate). The 400 nm
pump pulses were produced through second harmonic generation of the fundamental 800
nm beam in a BBO crystal. Pump powers were controlled using a series of neutral density
filters. The visible probe was generated by attenuating and focusing ~10 pJ of the 800 nm
pulse into a 2 mm thick sapphire window, producing a white light continuum from 420 to
750 nm. The pump and probe pulses were combined at the sample and the delay time
between them was controlled through a manual delay stage. The transmitted portion of
the probe was focused into a fiber-coupled spectrometer (Ocean Optics USB2000, 2048
pixel CCD, ~.25 nm/pixel readout) and detected at a frequency of 10 Hz. The pump
pulses were chopped by a synchronized chopper to the same frequency. The absorbance
change was calculated from the intensities of sequential probe pulses with and without
the pump. During the data collection, samples were constantly translated at a speed of 5
mm/min to avoid photo-degradation.

Nanosecond transient absorption measurements. Measurements of the homogeneous

system were carried out in an EOS spectrometer (Ultrafast Systems LLC). The pump
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pulses at 400 nm were generated from the same laser system described above. The probe
pulse, a 0.5-ns white-light source operating at 20 kHz, was synchronized with the
femtosecond amplifier, and the delay time was controlled by a digital delay generator.
The probe light was detected in a fiber-optic-coupled multichannel spectrometer with a
complementary metal—oxide—semiconductor (CMOS) sensor. The absorbance change
was calculated from the intensities of sequential probe pulses with and without the pump.
A flow cell was used to guarantee fresh sample during the measurement.

Ultrafast Visible Transient Absorption Measurements. Our femtosecond transient
absorption spectrometer is based on a regeneratively amplified Ti:sapphire laser system
(coherent Legend, 800 nm, 150 fs, 3 mJ/pulse and 1 kHz repetition rate) and the Helios
spectrometer (Ultrafast Systems LLC). The excitation pulse at 400 nm was generated by
doubling the frequency of the fundamental 800 nm pulse in a g-barium borate (BBO)
type | crystal. The energy of the 400 nm pump pulse was controlled (typically, 50 ~250
nJ/pulse) with neutral density filters. The pump beam diameter at the sample was ~400
pm. A white light continuum (450~720 nm), used as a probe, was generated by
attenuating and focusing 10 (U of the fundamental 800 nm pulse into a sapphire window.
This WLC was split in two parts used as a probe and reference beams. The probe beam
was focused with an aluminum parabolic reflector into the sample with a beam diameter
of ~150 pm. The reference and probe beams were focused into a fiber-coupled
multichannel spectrometer with CMOS sensors and detected at a frequency of 1 kHz. To
minimize low-frequency laser fluctuations every other pump pulse was blocked with a
synchronized chopper (New Focus Model 3501) at 500 Hz, and the absorbance change

was calculated with two adjacent probe pulses (pump-blocked and pump-unblocked). The
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delay between the pump and probe pulses was controlled by a motorized translational
stage. Samples were kept in a 1 mm quartz cuvette (NSG Precision Cells) and constantly
stirred by a magnetically-coupled stirring system (SYS 114, SPECTROCELL). In all
transient absorption spectra, the chirp and time zero correction were performed with
Surface Explorer software (v.1.1.5, Ultrafast Systems LCC) using a dispersion correction
curve obtained by fitting the representative kinetics of the transient absorption
experiments of the solvent. The typical instrument response of our spectrometer is well
represented by a Gaussian function with a full width at half-maximum (FWHM) of 180 +
10 fs.

Ultrafast Visible Pump/IR Probe and IR Pump/IR Probe Transient Absorption
Measurements. Our tunable femtosecond infrared spectrometer is based on a Clark IR
optical parametric amplifier (OPA) which generated two tunable near-IR pulses in the 1.1
to 2.5 um spectral range (signal and idler, respectively). The broad mid-IR pulses
centered at 2000, 1900 and 1870 cm™ were generated by difference frequency generation
(DFG) combining the corresponding signal and idler in a 1-mm-thick type Il AgGaS;
crystal. The frequency tuning of the mid-IR pulses was achieved changing the signal and
idler frequencies at the OPA and optimizing the timing between the pulses and the phase
matching angles of the BBO (OPA crystal) and the AgGas; crystal. After the difference
frequency generation, the mid-IR pulse was collimated and split in two parts with a 90%
beamsplitter. The 90% reflected part was used as a pump in the IR Pump-IR Probe
experiments, while the 10% transmitted part was used as a probe in both the Visible-IR
and IR-IR transient absorption measurements. To prevent cumulative heating in the

sample and to avoid the saturation of the detector, the intensity of the probe mid-IR pulse
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was attenuated using neutral density filters to approximately 40 nJ, before it was focused
into a 0.4 um CaF, path length cell containing the sample. At the focal point, the probe
was spatially overlapped with the temporally delayed 400 nm or mid-IR excitation pulse
with pump energy of about 2 or 0.7 p/pulse, respectively. To avoid rotational diffusion
effects, the polarization angle of the excitation beams were controlled with a half-wave
plate and set to the magic angle (54.7°) relative to the probe beam. The diameter of the
pump and probe beams were 400 and 200 um, respectively.

In both experimental setups, the mid-infrared probe pulse was spectrally dispersed
with an imaging spectrograph (CVI, Digikrom 240) and imaged onto a 32-element
infrared HgCdTe (MCT) array detector. The difference absorption spectra were
calculated subtracting the absorption spectrum of the excited sample minus the
absorption spectrum of the sample in the ground state by blocking every other pump
pulse with a phase-locked optical chopper (New Focus) at 500 Hz. The instrument
response function of our spectrometer was well represented by a Gaussian function with a
230 + 10 and 270 + 10 fs full width at half-maximum (FWHM) for the VIS-IR and the

IR-IR setup, respectively.

2.9 General procedures

Homogeneous water oxidation:>**!" The vessel was filled with solution with the
desired concentrations of reactants and buffer. The reaction vessel was then sealed with a
rubber septum, carefully deairated and filled with Ar. All procedures were performed
with a minimum exposure to ambient light. The reaction was initiated by unblocking the

light from a Xe-lamp. The reaction vessel was then vigorously shaken to equilibrate
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dioxygen concentrations in liquid and gas phases, and the headspace was analyzed for O,
content. For O, content analysis, 0.1 mL of the gas in the headspace gas of the reaction
vessel was withdrawn through a septum using a deairated gas-tight syringe and injected
into gas chromatograph. Contamination of the head-space by air was corrected by
quantification of N, present in the head-space (from the N, peak in the GC traces). The
total amount of unreacted persulfate in reaction solution was determined after turning off
the light. The quantification of persulfate is documented elsewhere.

Conditions: Xe-lamp, 420-470 nm, 16.8 mW light beam with a diameter of ~0.75 cm
focused on the reaction solution, 1.0 mM [Ru(bpy)s]**, 5.0 mM Na,S,0g, 80 mM sodium
borate buffer (initial pH 8.0), total reaction volume 2 mL, vigorous stirring (5x10° RPM).
Photoquenching studies (Ru(bpy)s** and S,0s%):*® The solutions of Ru(bpy)s**, S,0s%,
and their mixtures were prepared and stored under darkroom conditions to avoid
photoreaction. All solutions were purged with Ar before measurements. A 10x1 mm
dual-path-length quartz cuvette and 1.8-nm excitation and emission slits were used in all
steady-state luminescence measurements. Samples were excited at 450 nm, and emission
intensity data were collected at 20 <C at 617-620 nm. Integration time was set at 0.05 s.
To minimize light induced reactions during the measurements, the acquisition time was
kept to less than 1 s. Repetitive measurements showed that the emission intensity
decreased by less than 2% during this acquisition time.

Photoquenching studies ([Ru(mptpy).]*" and S,0s%):' Solutions of [Ru(mptpy)2]**,
[S,0g]%, and their mixtures were prepared and stored in the dark to avoid photoreactions.
We used 5 pM [Ru(mptpy)2]** and less than 10 mM [S,0g]* for all measurements due to

the low solubility of the [Ru(mptpy)2]**/[S:0s]* mixture in the applied solvents. All
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solutions were degassed with N, before measurements. Samples were excited at 500 nm,
and emission intensity data were collected at 640-720 nm at 20 <C under vigorous
stirring.

Photoelectrochemical test: A Hamamatsu Xe-lamp (model C2577) was used as a light
source and the desired wavelength range was created with a 320-720 nm KG-3
(ThorLabs) band pass filter combined with other necessary narrow-band filters. The

electrochemical work station is a BAS CV-50W voltammetric analyzer (BASI)
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Part III: Homogeneous Light-driven Water Oxidation
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Abstract: This chapter describes a totally homogeneous (molecular) system for the
visible-light driven catalytic water oxidation. It uses three organic-structure-free, hence
oxidatively stable molecular water oxidation catalysts (WOCSs): [{RusO4(OH)2(H20)4}(y-
SiW10035)2]" (RusPOM), [{RUs04(OH)2(H20)a}(7-SiW1003)2]'"" (Rus-(P)-POM) and
[C04(H20)2(PWg034),]** (Co,POM). Co,POM consists of only earth-abundant metals.
This system catalyzed by these polyoxometalate WOCs produces O, rapidly and in high
quantum yields: (24% and 30% for Ru,POM and Co,POM, respectively). Many efforts

for system optimizations were conducted.

3.1 Introduction

Development of H,O oxidation catalysts (WOCSs) in artifical photosynthetic
constructs, comprising coupled visible light photosensitizers, water reduction catalysts
and WOCs, is one of the grand challenges in the sustained production of solar fuels. **
The development of efficient water oxidation catalysts (WOCs) remains a major
scientific challenge despite considerable progress in recent years.*?! Polyoxometalate
molecular WOCs, exhibiting the positive properties of both heterogenous and
homogeneous catalysts and without the major negative properties of each, have been
demonstrated to be efficient WOCs both in homogeneous chemical water oxidation
systems and in a heterogeneous electrochemical system in the dark. %

In 2009, the first polyoxometalate molecular WOC [{RusO4(OH)2(H20)4} (v-
SiW10 O36)2]"® (henceforth noted as Rus,POM) was reported simultaneously by the Hill*®

and Bonchio groups.”® The Hill group demonstrated that RusPOM catalyzes the

homogeneous water oxidation [Ru(bpy)s]** (eq 3.1) in a phosphate buffer at pH 7.2, %
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4[Ru(bpy)s]** +2H,0 — 4 [Ru(bpy)s]*” + O, + 4H" (3.1)
while the Bonchio group reported that this complex could catalyze the oxidation of water
by Ce(1V) in strong acid.? In addition, in 2010, the Bonchio group, in collaboration with
others, demonstrated that Rus;POM immobilized on electrodes modified by multi-walled
carbon nanotubes is a highly efficient electrocatalyst for water oxidation at low
overpotentials.*® Meanwhile, the isotructural phosphorus analogue of this catalyst,
[{Rus04(OH),(H20).}(7-SiW10036)2]'>  (henceforth noted as Rus-(P)-POM), was
successfully prepared and thoroughly characterized by the Hill’s group.28 The latter
complex contains two P(V) centers in place of the two Si(IV) centers in the initial
RusPOM complex.

Ru is a precious metal, and thus, its use will be inevitably questionable for many
large-scale economic green energy applications. Therefore, the development of POMs
containing earth-abundant metals only, as potential WOCs is desirable. The breakthrough
has been achieved by the Hill group in 2010 when they reported a tetra-cobalt sandwich-
type POM, [Co4(H20)2(PWgOs4),]** (henceforth “CosPOM™).3* Using [Ru(bpy)s]®* as
the oxidant (eq 3.1), CosPOM catalyzes water oxidation at a rate > 5s™ in aqueous buffer
atpH 8.*

Recently, we have demonstrated that all these three catalysts: RusPOM, Ruy-(P)-
POM and Co4POM, can be utilized as WOCs in a totally homogeneous visible-light
driven artificial photosynthetic scheme similar to that in PSIlI (Figure 1.2) using
[Ru(bpy)s]** as a photonsensitier and [S,0s]* as a sacrificial electron acceptor. 24332
This system is displayed in Figure 3.1, which is a generic example of biomimetic case

based on PSII.
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Figure 3.1. Scheme of homogeneous light-driven water oxidation systems.

This artificial photocatalytic system is driven by the absorption of photons and the
consumption of a sacrificial electron acceptor (persulfate):
2[S,08]* + 2H,0 + 2hv > 4505 + O, + 4H" (3.2
This system was initially tested with our RusPOM catalyst.?* Using 5 pM [RusPOM], 5
mM Na,S,0g and the sodium phosphate buffer (20 mM, pH 7.2), this system was first
reported to have a quantum efficiency of 9%, which was later improved to 27% after
using an optimized apparatus. Our preliminary studies have revealed that the rate of O,
formation (ko,) depends on the incident light intensity (lg), [S20s]*, [Ru(bpy)s]** and

[Rus;POM], given by eq 3.2
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ko, o 1,[S,07 1[Ru(bpy); T*“[Ru,POM]*, x>1 (3.3)
Other factors are non-trivial as well to the water oxidation efficient, such as mass
transport (stirring rate), light intensity, shape and volume of the reaction vessel, etc.

We further sought to assess the effects of changing ground state reduction
potential and other properties of RusPOM. We initially make a subtle change in the POM
ligand, while keeping the tretra-Ru core intact. As mentioned above, the isostructural
phosphorus analogue, Rus-(P)-POM were prepared.” This synthesis changes the charge
on the WOC polyanion, which in turn changes the redox potentials of the complex. The
rates for catalytic photodriven water oxidation by Ru,POM and Rus-(P)-POM in the
photodriven system noted above were compared. Due to the similarity between the redox
potentials of RusPOM and Ruy-(P)-POM, a comparable catalytic activity is expected and
observed. However, Rus-(P)-POM has an overall catalytic performance due to this
change in the redox potential.

In the dark chemical water oxidation (eq 3.1), Co4,POM, based on earth-abundant
Co, exhibits a turnover frequency (TOF) at pH 8 ~20 times higher than that of Ru;POM
at pH 7.2 (5 vs. 0.25 s%). 2! In the light-driven system (Figure 3.2) CosPOM does the
same as that of RusPOM and Rug-(P)-POM but exhibits substantially higher rates and O,
evolution quantum vyields (ca. 30%) than RusPOM and all other POM-based WOCs.
Significantly, Co4,POM and RusPOM have different selectivity features indicating that
the reactivities of one POM WOC aren’t necessarily operable for others.?> In this
chapter, the optimization details and mechanism of the light-driven system (Figure 3.1)

catalyzed by Co,POM will be revealed.
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3.2 Results and discussion
3.2.1 System optimization.

In this work, we used a cylindrical cuvette for the water oxidation reactions. With
the maximum stable stirring rate (5 x 10° RPM), this cell produced a ~three-fold increase
in initial quantum vyields (Dqv, 2 (A[O2]/A(hv))o) (9.0% vs 27%) with similar final
turnover numbers (TON, [O;]¢/[catalyst]) (180 vs 200) compared to our system catalyzed
by RusPOM in a round flask under a moderate agitation. 2%

In addition, for reasons yet to be understood, the nature of buffer also affects the
efficiency of O,, formation (Figure 2.5). In this work, 80 mM borate buffer was found to

maintain the pH well with only a 0.1-0.3 pH unit drop by the end of the reaction.

O, (micromole)

[llumination Time (min)

Figure 3.2. Kinetics of O, formation with pH 8 buffers: 20 mM sodium phosphate (NaPi;
blue triangles, final pH 6.5), 20 mM sodium borate (NaB: pink diamonds, final pH 2.0),
40 mM NaB (red inverted triangles, final pH 5.3) and 80 mM NaB (black circles, final
pH 7.9). Conditions: 1.0 mM [Ru(bpy)s]**, 5.0 mM Na,S,0sg, 5.0 uM CosPOM, total

reaction volume 2 mL. lllumination: 16.8 mW, 420-470 nm. RPM: 5 x 10°
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3.2.2 Oxygen evolution

This photocatalytic system was evaluated under the optimized experimental
conditions described. As shown in Figure 3.3, dioxygen was formed quickly under
visible-light illumination (420-470 nm) catalyzed by even 0.5 mM of Co,POM. A series
of control experiments confirmed that fast O, generation requires the presence of all four
components: photons, [Ru(bpy)s]**, persulfate, and Co,POM. In the absence of catalyst,
the O, yield after 15 min of illumination is ~0.2 mmol, or 12 times lower than in catalytic
runs using 5 pM CosPOM. After 10-15 minutes of illumination, the amount of O, reaches
a plateau value, the concentration of S,05> decreases from its initial value of 5.0 mM to
<0.2 mM (detection limit), and the concentration of [Ru(bpy)s]** decreases by <15%.
Significantly, photosensitizer decomposition was markedly higher (>50%) in the absence

of catalyst, indicating that it is protected from decomposition by the presence of the

catalyst.

O, (micromole)

[llumination time (min)

Figure 3.3. Kinetics of O, formation in the photocatalytic system with different
concentrations of CosPOM: 0 (brown stars), 1.5 (pink crosses), 2 (blue triangles), 3

(green diamonds), 4 (red squares), and 5 M (black circles).
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In addition, after the completion of the first run, another 0.05 mL aliquot of 5 mM
Na,S,0g, was added to the reaction, the contents degassed, placed under Ar and a second
run was conducted under otherwise identical conditions. O, evolution can be resumed
with the addition of S,0s%, as shown in Figure 3.4, suggesting that the catalyst remains
active, and [Ru(bpy)s]** is protected and regenerated. In the end of the second run, the
final pH is 7.3 (initial pH 8.0). For the second run, TON and chemical yield decrease
about ~20%. [Ru(bpy)s]** decomposes ~28%. If for each run, [Ru(bpy)s]** decreases
15% (as in 80 mM buffer), then, after the two runs, it will decompose 28% (0.15 + 0.85
% 0.15 = 0.28). We used 130 mM buffer because of the buffer capacity. With this buffer

concentration, the chemical yield and quantum vyield all decrease to about half that

measured in 80 mM buffer.

1.0 1

0.8 1

0.6

O, (micromole)

0.4 4

[llumination Time (min)

Figure 3.4. O, formation Kinetics of the first run (black circle) and the second run (red
triangle). After the completion of the first run, another 0.05 mL aliquot of 5 mM
Na,S,0g, was added to the reaction, the contents degassed, placed under Ar and a second
run was conducted under otherwise identical conditions. 130 mM sodium borate buffer

(initial pH 8.0) was used.
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Although the stability of Co,POM under thermal (dark) catalytic water oxidation
conditions was assessed by 7 distinct and complementary techniques,®! the catalysis
conditions in the photo-driven reactions reported in this study are sufficiently different
that we wished to conduct some additional catalyst stability experiments. First, careful
assessment of the pre- and post-catalysis solutions (reactant concentrations and reaction
conditions in Figure 3.2 caption) showed no evidence of nanoparticle formation (dynamic
light scattering and Tyndall effects). Second, the kinetics of O, evolution using Co,POM
after one use showed identical kinetics (same curvature; see Figure 3.4), and third, the
rates are the same in the first run and second run (which employed the once-used catalyst,
Co4,POM) when corrected for the points below and experimental error.

These arguments and all the work assessing the stability of Co,POM under dark
catalytic water oxidation conditions provide good evidence that the catalyst is stable
under these photochemical conditions up to the number of turnovers in these studies:
TON = 220 per run. The kinetics (curvatures in Figures 3.3 and 3.4) and the turnover
numbers were solely limited by the amount of sacrificial electron acceptor, persulfate,

used.

3.2.3 Mechanism

To quantify the photocatalytic performance, we compare the average
stoichiometric dioxygen chemical yields (®cy= 2[O,]#/[Na;S;0glo, Where [O,]; and
[Na;S;0g]o are the final yield of O, and the initial concentration of persulfate,
respectively, and the initial photon-to-O, generation quantum yields (dgv(0) = 2

[A(O2)/A(hv)], where A(O2) and A(hv) are the change in the total amount of O, produced
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and the number of photons absorbed, respectively. According to eq 3.2, two photons and
two S;0¢” can lead to the evolution of one O, in the absence of loss pathways. The
dqy(t) can also be calculated from the ratio of the rates of O, generation vs photon
absorption, and is related to the slope of the plot of O, vs illumination time shown in
Figure 3.3. Itis clear that dqv(t) is largest at the onset of the reaction and decreases with
time, approaching zero at ~15 min. For this reason, only the initial quantum yields are
compared in this work. It was shown previously that the ratio of [O,] formed to
[Na,S,0g] consumed changes negligibly throughout the course of the catalytic runs. Only
the average value for 2 [O,]/[Na,S,0s] (over the course of the reaction) is measured in
this study.

The values of dcy and ®qv(0) as a function of catalyst concentration are plotted

in Figure 3.3 and listed in Table 3.1.

Table 3.1. Turnover numbers (TON), chemical yields, and initial quantum yields for

homogeneous visible-light-driven water oxidation catalyzed by Co,POM .2

Catalyst (M) TON® Chemical Yield © Initial Quantum Yield °
0 N/A 0.04 +0.01 0.03 +0.01
15 158 +15 0.09 +0.01 0.09 +0.01
2 143 +3 0.11 +0.01 0.10 +0.01
3 149 +15 0.18 +0.02 0.14 +0.01
4 175 +6 0.28 +0.01 0.20 +0.01
5 224 +11 0.45 +0.02 0.30 +0.05
5 (RusPOM) © 136 x5 0.27 £0.01 0.24 £0.01

# For experimental conditions, see Figure 3.3 caption. TON and chemical yields are averaged for results at
12.5 and 15 min. ® (O, yield at end of run) / (catalyst concentration) = [O,]¢/[catalyst]; ¢ ®cy = 2[O]s
/[Na,S,0gs] (the initial concentration of persulfate); chQY(O) = 2 (A[O,)/A(hv))y, (initial O, formation rate)
/ (photon flux); ®with 5 pM Ru,POM; reported values, excluding 0 M, are corrected for the amount of O,

generated in the control experiment.
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In calculating these reported values, we have subtracted the maximal contribution of O,
generated from noncatalytic pathways (control experiment without catalyst).*® Both the
chemical yield and the initial quantum yield increase with catalyst concentration.

The photocatalytic O, evolution in this system is believed to follow the well-

established reaction mechanism presented in Figure 3.5. %4%728

2H,0 0, + 4H* + 4[Ru(bpy);]**

'%2\2" W

2[Ru(b 2+
[Ru( py 3l 2[Ru(bpy)sl®* + 2[Ru(bpy)sl®* + 450>

+ 8208
2*[Ru( bpy )l? 4< /Ru (bpy)s**

2S0;"
Photo excitation: 2[Ru(bpy)s]** + 2hv > 2*[Ru(bpy)s]** (3.4)
Oxidant generation:  2*[Ru(bpy)s]*" + 2[S;0s]> = 2[Ru(bpy)s]** + 250, +250,%+ (3.5a)

250,%+ + 2[Ru(bpy)s]** > 2[Ru(bpy)s]®*" + 250,* (3.5b)
Catalyst oxidation:  4[Ru(bpy)s]*" + [M,-POM] = 4[Ru(bpy)s]** + [M*,POM] (3.6)
Water oxidation: [M*,POM] + 2H,0 > [M,POM] +4H" + O, 3.7)

Figure 3.5. Principal processes of photocatalytic water oxidation by a sacrificial electron
acceptor [S,0g]* with [Ru(bpy)s]** as a photosensitizer and MsPOM (M = Ru or Co) as a

water oxidation catalyst .

The reaction is initiated upon the absorption of two photons by two [Ru(bpy)s]**
complexes. Due to the high extinction coefficient (esonm = 1.4 x 10* M cm™) and high
concentration of [Ru(bpy)s]** (1 mM), all the incident photons are captured by
[Ru(bpy)s]** in the solution. Following photoexcitation, the excited [Ru(bpy)s]**" is

quenched by S,0g” through both bimolecular or unimolecular electron transfer
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The quenching (or electron transfer) efficiency (¢,) increases with the

S,0g% concentration, and is 67% at 5.0 mM Na,S,0s, the initial concentration used in the

catalytic runs. The photo-induced electron transfer results in the generation of two

[Ru(bpy)s]** and two SO4~. The latter radicals subsequently oxidize two additional

[Ru(bpy)s]** to two [Ru(bpy)s]**, with the yield of ¢. Then four [Ru(bpy)s]** complexes

oxidize water to make one O, with a yield of ¢.

Based on the scheme in Figure 3.5, the chemical yield and quantum efficiency of

O, generation can be related to the yields of individual steps (Figure 3.6):
DOy =2 [02]/[NazS208]0 =05 - (1 + &) -

Dqv(t) = 2 (A[OJ/A(MV)) = 0.5 -¢y(t) -(1+ ) -k (3.9)

e
S,02 — [Ru(bpy)s®* — 140,

m \ m 174 m x ¢

Or 3+ d)C
S04~ — [Ru(bpy)s]”" — 1/4 0,

m m X ¢, 174 m X ¢ X ¢
1 1
B [02] B 4 ¢c 4 ¢r ¢c B 1
O, = = 2x =Z-(1+4,) 4,
[Na,S,0,] m 2

8 b
hv — [Ru(bpy)sl?** —— [Ru(bpy)sl®* ——> 1/40,

n n w& n X ¢q 14 n X ¢g X o

Or 34 e
S04~ — [Ru(bpy)s]”" —> 1/4 0,
N X ¢q NXdgX o 14N XdgX Py X b

1 1
7'n'¢q '¢c +7'n'¢q '¢r '¢c
Dgy =2x 0] 224 4 =204,
Y n 2

Figure 3.6. Derivation of chemical yield (dcy) and quantum yield (®qy)

(3.8)
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Furthermore, from egs 3.8 and 3.9, the chemical yield, quantum yield, and
quenching efficiency are related by eq 3.10.

Dov(t) = ¢y (1) -Dey (3.10)
This relation is confirmed to good measure by our experimental data (Table 3.1) and
accounts for the observed decreasing rate (quantum yield) of O, formed as a function of
time and the catalyst concentration. For example, using the measured initial ¢ and ®cy
(0.67 and 0.45, respectively for 5 pM CosPOM in Table 3.1), the initial dqy is 0.30,
which agrees well with the measured value (0.30). As the reaction proceeds, ¢(t) and
therefore ®qy(t) decreases due to the depletion of S,0g%. In measurements with different
catalyst concentrations, the initial quenching efficiency ¢ should be identical (67%)
because the same initial concentrations of [Ru(bpy)s]*" and S,0s> were used. According
to eq 3.10, the reduced initial quantum yield for O, generation can be attributed to the
decrease in the chemical yield at lower catalyst concentrations, consistent with the
experimental observation shown in Figure 3.3 and Table 3.1.

Our result suggests that a key factor that limits the quantum yield is the chemical
yield ®cy, which is significantly less than unity in the current systems. According to eq
2.8, dcy is determined by both ¢ and ¢. The ¢ is generally taken to be near unity,
although several reports have indicated that it is less than unity and highly dependent on
the solution environment.*”*° In a previous study, we have determined that ¢.= 67% for
Co4POM at pH 8 in stoichiometric water oxidation in the dark by [Ru(bpy)s]**. From the
measured ®cy (0.45 at 5 pM of Co,POM), the minimal ¢ (when ¢ = 1) can be estimated

to be 0.45, consistent with the previously reported ¢ value.® ®cy (and hence ¢)
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increases with the catalyst concentration, implicating a competition between catalytic and

noncatalytic pathways for the photogenerated [Ru(bpy)s]*".

3.2.4 RusPOM and Co,POM

To gain further insight on the factors limiting the quantum and chemical yields for
catalytic O, generation, we also compared the catalytic activities of Ru;POM and
Co4POM under identical conditions.

As seen from both Figure 3.7 and Table 3.1, the chemical yield and TON in the
reactions catalyzed by Co,POM are ~1.7 fold higher than those catalyzed by RusPOM,

with a 1.25 higher quantum yield.

O, (micromole)

BP- -~ U - O s e
- e
0.0 & T T T T T T T

0 2 4 6 8 10 12 14 16

[llumination Time (min)
Figure 3.7. Kinetics of O, formation in the photocatalytic system using different
catalysts: RusPOM (red triangles), Co,POM (black crosses) and control (no catalyst, blue

circles). Error bars were calculated from two independent experiments.

These three criteria demonstrate that Co,POM, an abundant-metal-based material,

catalyzes visible-light-driven water oxidation more rapidly than RusPOM, which contains
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a precious metal, ruthenium. Furthermore, the photochemical reactions using Ru;POM
and Co4sPOM were carried out under the same conditions, so ¢ should be the same in
both systems. Therefore, a higher dcy for Co,POM suggests a higher ¢ using this
catalyst. These data suggest that Co,POM has a higher selectivity toward water oxidation
than RusPOM which is consistent with a higher TOF for dark water oxidation by
Co4POM than by RusPOM.*

Light-driven water oxidation utilizes [Ru(bpy)s]*" as an intermediate oxidant (eq
3.2). A higher ¢ indicates a faster conversion of [Ru(bpy)s]** to [Ru(bpy)s]** in the
presence of the catalyst. The concentration of [Ru(bpy)s]** can be followed by the
absorption at 670 nm (gg7onm = 4.2 x 10> M*cm™) where [Ru(bpy)s]** has only a very
low extinction coefficient (eg7onm = 5 M™ cm™). Hence, the catalytic efficiency of
RusPOM and Co,POM for water oxidation (¢) can also be compared from the kinetics
for the disappearance of [Ru(bpy)s]*" in the stoichiometric dark water oxidation system.
These kinetics traces, as shown in Figure 3.8, were measured by the stopped-flow
technique, in which solutions containing [Ru(bpy)s]** and the catalysts, respectively,
were rapidly mixed.

It has been found that [Ru(bpy)s]®" is consumed in two competing pathways:
catalytic water oxidation and the self-decomposition reaction.?® At pH 8, the [Ru(bpy)s]**
half-life of ~30 s (no catalyst) is reduced to 11 s and 1.3 s on addition of Ru,POM and
Co4POM, respectively. Here the half-life, defined as the time when the concentration
decreases to one half of the initial value, is used to compare the relative decay rate of
[Ru(bpy)s]** because the kinetics are complex (not single exponential). While oxidative

catalysis of bpy-ligand cannot be ruled out as a pathway for the consumption of
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[Ru(bpy)s]**,® this along with the results in Figures 3.7 and 3.8, suggests that RusPOM
and CosPOM are both efficient WOCs, This result shows that Co,POM is almost 10
times more efficient than RusPOM in catalyzing the dark reaction, eq 3.1, suggesting that
Co4POM should be also a more efficient catalyst in the photo-driven systems. Indeed, the

O, formation kinetics show this is the case.

Absorbance (OD)

Time (s)

Figure 3.8. Kinetics of [Ru(bpy)s]** reduction to [Ru(bpy)s]** measured as the decrease
in absorbance at 670 nm for the non-catalytic reaction (solid black line, no catalyst), 5
M RusPOM (dashed green line), and 5 M Co4POM (dashed-dot red line). Conditions:

1 mM [Ru(bpy)s]** (initial), 80 mM sodium borate buffer, pH 8.0, 20 °C.

3.3 Conclusion

In summary, we have demonstrated that Co,POM, a carbon-free, molecular WOC
consisting of only earth-abundant metals, is a very efficient and stable molecular catalyst

for photodriven water oxidation. Under the same conditions (pH 8), Co,POM is more
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efficient than Ru,POM in oxidizing water which can be attributed to the higher turnover

frequency for Co,POM versus Ru,POM.
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Part II1: Homogeneous Light-driven Water Oxidation

6.

CHAPTER

Charge Transfer Dynamics in Homogeneous Systems
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Abstract: This chapter describes the charge transfer dynamics in the previously
established homogeneous photocatalytic system driven by incident visible photons and
consumption of the sacrificial electron acceptor [S;0g]%, with [Ru(bpy)s]** as a
photosensitizer and [{Rus04(OH)2(H20)4} (y-SiW10036)2]'> (RusPOM) as a WOC. Our
experiments based on static and ultrafast spectroscopic methods indicate that the
diffusion-controlled characteristics of the charge transfer processes in solution systems

are critically responsible for the relatively low overall quantum efficiency.

4.1 Introduction

The development of efficient and stable photocatalytic systems that are capable of
splitting water into H, and O, by sunlight is one of the grand challenges in renewable
energy research. > These photocataltic systems consist of a water oxidation catalyst
(WOC), visible light photosensitizer, and H, evolution catalyst (or Water Reduce
Catalyst, WRC). “# A new family of all inorganic (carbon free) WOCs*** based on
transition metal substituted polyoxometalates (POM) has been synthesized, including two
ones with active tetra-Ru cores, [{RusOs(OH)2(H20)s}(y-SiW19036)2]'"  (hereafter
denoted as RusPOM)and [{RusO¢(OH2)s}(y-PW14036),]*", and a third based on an earth
abundant metals, [Co4(H20)2(PWgOss),]*. As demonstrated in Chapter 3, the
photocatalytic activities of these catalysts have been comprehensively evaluated in a
homogeneous light-driven process using [Ru(bpy)s]** as photosensitizer and S,05> as a
sacrificial electron acceptor, eq 4.1;

25,088 + 2H,0 +2hv —> 4S04 + O, + 4H' (4.1)
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2H,0 O, + 4H* + 4[Ru(bpy)s]**

2hv Ru,POM

2+
2Ru(bpy)l 2[Ru(bpy)s]** + 2[Ru(bpy)sl** + 4507

l 25,0
2*[Ru(bPY)3]2+$< /Ru (bpy)al**

2380;"
Figure 4.1. Principal processes of photocatalytic water oxidation by a sacrificial electron
acceptor [S,0g]* with [Ru(bpy)s]**as a photosensitizer and Ru,POM as a water

oxidation catalyst.

Photoinduced oxidation of [Ru(bpy)s]** to [Ru(bpy)s]** by persulfate ion has
been well studied in literature and is believed to proceed via a quenching of the visible-
light-accessible metal-to-ligand charge transfer (MLCT) excited state. **** The products,
[Ru(bpy)s]** and SO4 (Eo, SO4™ /SO.* ~2.4 V), are both strong oxidants and the latter
one quickly oxidize another [Ru(bpy)s]** to second [Ru(bpy)s]*" (eq. 4.3). ¥ The
absorption of two photons and the consumption of two equivalents of S,0s” generates 4
[Ru(bpy)s]** that sequentially oxidizes RusPOM by 4-electrons, which in its turn oxidizes
two molecules of H,0 to O, thus regenerating [Ru(bpy)s]** (eq 4.4).

[Ru(bpy)s]** + hv + S,06 — [Ru(bpy)s]*" + SO.* + SO, (4.2)
[Ru(bpy)s]”* +S04™ — [Ru(bpy)s]* + SO~ (4.3)
4[Ru(bpy)s]** + 2 H,0 + Rus,POM — 4 [Ru(bpy)s]** + O, + 4H" + RusPOM  (4.4)

This reported soluble three-component homogenous solar driven water oxidation
system uses Ru-polypyridyl complexes as photosensitizers.®*?"?® However, the

polypyridyl ligands in this sensitizer are oxidatively degraded slowly under the
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photocatalytic conditions. Therefore, it is a vital to understand the problems related to the
electron transfer properties and stability of Ru-based organic dyes. In order to better
understand the interfacial electron transfer processes and improve the quantum yield of
water oxidation in artificial photosynthetic systems in Figure 4.1, we systematically
investigated the mechanism and electron transfer dynamics of the reaction through
various static and time resolved fluorescence and absorption spectroscopy, as described

in this chapter.

4.2 Spectroscopic methods

In addition to various static fluorescence and absorption spectroscopy for this
work, the time-resolved fluorescence decay measurements and transient (fs and ns)
absorption spectroscopy were employed to interrogate charge transfer dynamics in the
light-driven water oxidation system.

In the time-resolved fluorescence measurements, changes in fluorescence lifetime
are measured, from which electron transfer rate constants are determined. Due to the
emissive MLCT excited states of the dyes in our homogeneous water oxidation system,
charge transfer dynamics can be studied by following the fluorescence kinetics after
optical excitation. However, other fluorescence quenching pathways, such as energy
transfer, can complicate the investigation of charge transfer processes.

Transient absorption spectroscopy based on pump-probe method is another
powerful tool to investigate charge transfer dynamics. Shown in Figure 4.2 is a general
scheme for pump-probe experiments. A short (~150 fs in our set up) incoming pump

pulse excites the sample and triggers the photo-induced event under investigation. This
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pulse is generally monochromic (400 nm for our experiment, frequency doubling from
the 800 nm fundamental pulse from the Ti:Sapphire laser). The second pulse -- a
polychromic probe pulse with a certain spectral range, passes a delay configuration and
after the delay it also hits the sample. A translational stage controlling the travelling
distance of the probe pulse, thus changing the delay of the probe pulse relative to the
pump pulse, is widely used for ultrafast spectroscopy with fs temporal resolution. In ns-

or ps-spectrophotometer, electronic delays are used.

Samplecell

Grating
Stopper

Figure 4.2. Schematic representation of pump-probe measurements.

Due to the broad-band feature of the probe pulse, this technique allows
spectroscopic identification of all the species (ground and excited states, and oxidized
and reduced forms) of the electron donor and acceptor present at a given time delay after
optical excitation. This provides the opportunity to directly interrogate charge transfer

dynamics.
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4.3 Photoinduced electron transfer from [Ru(bpy)s]** to S,05*

4.3.1 Basic theory for fluorescence quenching

Static and time-resolved fluorescence measurements can be employed to
investigate the electron transfer mechanism of reaction (4.2), namely the absorption of a
photon and transfer of one electron from a MLCT excited state [Ru(bpy)s]*** to S,05* to
yield [Ru(bpy)s]**, SOs° and SO,*. In literature, this process has been studied
extensively using various experimental techniques. 3***° Based on these extensive
studies two distinct mechanisms, called “unimolecular (or static quenching)” and
“bimolecular (dynamic quenching)”, were proposed. The “unimolecular” mechanism
results from the ground-state association of [Ru(bpy)s]** with S,0¢” to vyield the
[Ru(bpy)s]®*...[S206”] complex. While in the “bimolecular” mechanism the initial
photoinduced electron transfer occurs in a collision between excited [Ru(bpy)s]*** and
S,05%". It was shown that optically bright singlet *"MLCT excited state of [Ru(bpy)s]*** is
extremely short lived with a lifetime of ~40 fs. It is thought to undergo an efficient
intersystem crossing, via strong spin-orbit interaction, to one of the lower energy
triplets.”’ These long-lived (~ 1ps) triplet states are believed to transfer the electron to
persulfate. 3

Consider a general case of ground-state association between the fluorescent
species, M (Ru photosensitizers), and quencher, L (S,0¢%),

M] + n[] <«%Z— [ML,] (4.5)

where £, is the cumulative stability constants or equilibrium constants with n the number

of associated L. The fraction (x,) of species [ML,] is given by,
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where ¢ is the total analytical concentration of M and £ is 1.

A general analysis of time-resolved fluorescence involving the ground-state
associations between the photosensitizers and the quenchers allows the photoexcited
complex to emit and to undergo both dynamic and static quenching reactions. Thus, the

following mechanism can be proposed:

[*ML, ]——>[ML, ]+ hv 4.7
[*ML, ]—=—[ML, ] (4.8)
ML, ]+[L]—[M L L, ] (4.9)
ML, ]——>[MLL,,] (4.10)

where k; and k,, are the intrinsic radiative and non-radiative decay rate constants of the
[*ML,]. kq and k;, are dynamic and static (electron transfer) rate constants for [*ML,]. For

kn, when n=0, ko = 0, since no quencher (L) exists in the system. We can define z, as:

i:kr+km+kn (4.11)

Th

Here, we can assume k;, k, and ky are independent of the ion-pair formation effect
because of the weak interaction as seen from the negligible changes in the absorption and
fluorescence spectral shape of the Ru-based photosensitizer in the presence of the
quencher, [SzOg]z'. Hence, 7, accounts for the intrinsic excited state relaxation and
unimolecular electron transfer process. The bimolecular part is [L] concentration-

dependent, and can be expressed as the product, kg[L]. Therefore, the fluorescence
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intensity (/;), determined by the concentration of the excited emitters and its radiative

rates, can be expressed by:

|, =a-k, -c,-e Zfﬂ“—[{] fn (4.12)

where « is a proportional constant determined by the fluorescence detection efficiency,
excitation power and extinction coefficients. Here, we assume the extinction coefficients
are independent of the ion-pair formation effect. The fluorescence intensity at t = 0 is
independent of [L]. Hence, we can normalize all the fluorescence decay traces for further
analysis. Furthermore, the ratio of steady emission without (/y) and with (/) quencher, the

so-called Stern-Volmer equation, can be derived from integration of equation (4.12),

t

| Te%dt B.ILT" 1 )
2= T 4.13
' T Lt Z Bl -gdt ZZﬁ’[L] 7o 1+k,7,[L] 1)
5 Zﬂ[L] '

4.3.2 Stern-Volmer plots

In order to clarify the mechanism of the reaction (4.2) in experimental conditions
for water oxidation, we have studied quenching of [Ru(bpy)s]*"™* in aqueous solutions by
[S,05*] using steady-state luminescence techniques at three different buffer
concentrations: a) 0.2 M pH 7.2 sodium phosphate buffer, b) 20 mM pH 7.2 sodium
phosphate buffer, and c) no buffer. Buffer b was used in our study of photo-driven water
oxidation reaction.

The Stern-Volmer (SV) plot, Iy/I vs [82082'] (where 1 and Iy and emission

internsity of [Ru(bpy);]*™* in the presence and absence of the quencher respectively), are
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shown in Figure 4.3. The SV for the solution containing high buffer concentration (buffer
a) yields a linear line with a unity intercept. The SV plot significantly deviates from

linearity and curves downward in solutions with 0 and 20 mM buffer.

Figure 4.3. Stern-Volmer plot for solutions containing (a) 200 mM pH 7.2 phosphate
buffer, (b) 20 mM pH 7.2 phosphate buffer, and (c) no buffer. All solutions contained 1
mM [Ru(bpy);]*" and were purged with Ar. Solid curves are fits according to eq (2.19)

and (2.20) (see text).

The SV plot for buffer a) and ¢) are similar to results previously reported by Bard
and co-workers for the same emitter and quencher in a different electrolyte.”® They
showed that the SV plot can be well described by a model that takes into account the
formation of ground-state 1:1 ion pairs between the emitter and the quencher. According

to eq 4.13, this model gives rise the following equation for emission quenching:

Iy _ 1+ Keq[szosiz]i)(:l-‘F Kq7o [Szos;]) (4.14)
I a Keg[S:05 1+ K,70[S,0571)

7, 1+k,7'[S,0;]
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where K4 is the equilibrium constant of ion pair formation; 1o (7') and kq (ky) are the
unimolecular decay time and the bimolecular quenching constant of the excited emitter in
free form (ion pair state), respectively. Under conditions of negligible ion-pair formation,
Keq[SzOSZ']<<1, eq 4.13 and 4.14 are simplified to:

'I—O =1+Kk,7,[S,057] (4.15)

As shown in Figure 4.3, curve a can be well fit by equation 4.15, suggesting that
under high buffer concentration, the equilibrium constant is negligible and most
quenchers are not in the ion-pair state. The quenching proceeds through bimolecular
pathway. The slope of the linear fit gives the value of k7 of 212 M. Using the reported
[Ru(bpy)3]2+* lifetime, 7, of 0.55 ms,>® we obtains a kq of 3.9 % 10* M's™. Deviation
from linearity of the SV plots at low (or no) buffer concentration (curve c and b) indicates
the formation of a ground-state ion pair between [Ru(bpy)s;]*" and [S,0s”]. Assuming
that kq and kq’ are similar, these SV plots can be fitted by equation 4.14, as shown in

Figure 4.3. The results of the fitting are listed in Table 4.1.

Table 4.1: Results of Kinetics Fitting of the [Ru(bpy)s]*"...[S:05>]

Buffer 7 ky(ky’) K. ket
mM) | (s) | M'sh | D) “
0 108 | 3.9x10% | 6.93x10° | 7.4x10° | 0.75
20 149 | 39x10% | 3.53x10° | 49x10° | 0.61
200 N/A | 3.9x10° 0 N/A 0

The intrinsic radiative and nonradiative rate constants of [Ru(bpy)g]w...[Szng']

should be similar to the [Ru(bpy)3]2+’k due to the weak (a few kcal/mol) electrostatic
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interaction between [Ru(bpy)g]2+ and S,0¢”. Then, the photo induced unimolecular ET

rate (kgr) in eq 4.2 can be estimated as:

Keg = ——— (4.16)

T,

The estimated kgt is ~ 7.4 x 10° s in solutions without buffer. This result is in
qualitative agreement with the computed unimolecular electron transfer rate.”> At the
buffer concentration used in our photo-driven water oxidation experiment (buffer b), the
ket is ~ 4.9 x 10° 5. At 5 mM [S,05°], the bimolecular ET rate k[S;05°] is ~1.9 x 10°
s, Under these conditions, the unimolecular electron transfer rate is 2.5 times faster than
the bimolecular pathway, suggesting that the formation of ion pair facilitates the
generation of oxidant [Ru(bpy)s]’". Additionally, the resulting equilibrium constant, K,
from the fittings can be used to estimate the percentage of the emitters that forms ion-pair
in the ground state (). For example, at 5.0 mM Na,S,0s,  is 0.61 in 20 mM sodium
phosphate buffer solution and 0.75 in the absence of buffer. Thus, in experimental
condition (in aqueous solution and at pH 7.2 and 20 mM sodium phosphate buffer)
reported in our previous paper, 61% of [Ru(bpy)3]2+>l< quenching by S,05> occurs via a
formation of ion-pair complex [Ru(bpy)3]2+*. ..[S204*]. As shown in F igure 4.3, the ratio
of Iy/I increases with decreasing buffer concentration under the same concentration of
[S:0577, suggesting that the phosphate buffer deactivates the quenching process through

inhibiting the formation of ground-state ion pair.

4.4 Electron transfer dynamics in photocatalytic systems

Here we examine the charge transfer kinetics in a homogenous photo-driven

water oxidation system consisting of RusPOM WOC, [Ru(bpy)s]** as a sensitizer, and
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persulfate as a sacrificial electron acceptor. Despite the well-known simplified
mechanism, the more detailed mechanistic aspects, such as the electron transfer rates
among different components, have not been extensively studied. Our preliminary studies
have revealed that the efficiency of the system depends on many factors, such as the
concentrations of reagents in solution, mass transport (stirring rate), light intensity, shape
and volume of the reaction vessel, etc, 24?43

Transient absorption studies were carried out to investigate the electron transfer
kinetics in this multi-component system. As shown in Figure 4.4a, in the absence of the
[S,0g]%, the transient spectra of [Ru(bpy)s]** after 400 nm excitation show a ground state
bleach at 450 nm, an isoshestic point at 500 nm, and a new broad weakly-absorbing
species above 500 nm due to the generation of the excited-state dye, *[Ru(bpy)s]**. The
earliest events associated with these excited-state evolution dynamics, i.e. the ultrafast
intersystem crossing from the initial singlet excited state to the long lived triplet MLCT
state have been well studied.” *[Ru(bpy)s]** subsequently relaxes back to its ground
state through both radiative and noradiative pathways, resulting in the recovery features
shown in the transient spectra (Figure 4.4a) and in the corresponding kinetic trace (Figure
4.4b). The lifetime of *[Ru(bpy)s]** was estimated to be 290 ns by a single-exponential
fit to the kinetic trace (Figure 4.4b).

In the presence of a sacrificial electron acceptor, [S;0g]*, after the initial
instantaneous bleach after 400 nm excitation, the bleach continued to grow until 15 s.
This Kkinetic feature (two-step growth) suggests the further depopulation of the
[Ru(bpy)s]** due to secondary photochemical reactions in the presence of persulfate. It is

believed that the photo-induced electron transfer from *[Ru(bpy)s]®* to [S.0s]*
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generating an oxidant, [Ru(bpy)s]*" and a sulfate radical (eq 4.2). This initial
photoinduced electron transfer (eq 4.2) occurs through both dynamic (diffusion) bi-
molecular and static (ion-pair formation) unimolecular processes as shown in previous
computational and experimental studies.®**** Our static fluorescence study shows an
absorbed-photon-to-oxidant conversion yield of 0.67 for a solution containing 1 mM
[Ru(bpy)s]** and 5 mM [S,0s]* (the solution conditions of the light-driven photocatalytic

solution system for O, evolution).
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Figure 4.4. (a) Transient absorption spectra averaged over different delay times for
[Ru(bpy)s]** after 400 nm excitation. (b) Transient kinetics monitored at 450 nm for (1)
50 pM [Ru(bpy)s]”; (2) 50 pM [Ru(bpy)s]" with 5 mM [S;06]*; (3-5) 50 M
[Ru(bpy)s]** with 5 mM [S,0g]* and different concentrations of [Ru;POM]: (3) 12.5 piM:;

(4) 35 piM; and (5) 50 M. All samples contain 20 mM phosphate buffer (initial pH 7.2).

The reaction of photogenerated radical with [Ru(bpy)s]**, as shown in eq 4.4b, is

another pathway for oxidant ([Ru(bpy)s]*") generation and additional ground-state
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depopulation. The radical-to-oxidant reaction yield is generally taken to be near unity,
although several reports have indicated lower yields and strong dependence on the
solution environment. ***" Estimating from the kinetic trace in Figure 2.10b, the upper
limit of the radical-to-oxidant yield in the solution under investigation (50 M
[Ru(bpy)s]** and 5 mM [S,0g]%) is ~0.8, based on the ratio of the signal sizes between
the initial bleach (< 100 ns) and the final steady state bleach (after 15 s) . Side reactions
that result in [Ru(bpy)s]** decomposition also cause ground-state depopulation, which
can lead to the growth seen in the kinetic trace as well. For this reason, the yield of 0.8 is
believed to be an upper limit. Nevertheless, our result is consistent with the proposed
mechanism shown in scheme 1 and shows that the secondary reaction of the radical
occurs in the microsecond time scale under our experimental conditions.

The presence of the WOC, [RusPOM], has a dramatic effect on the transient
kinetics in this system. As shown in Figure 4.4b, the addition of 12.5 pM [RusPOM] to
the solution of 50 pM [Ru(bpy)s]** and 5 mM [S,0g]* results in the recovery of the
ground-state bleach within 5 . Further increase of the WOC concentration accelerates
the bleach recovery. This recovery feature is due to the regeneration of [Ru(bpy)s]**
ground state through WOC oxidation, during which an electron transfers from the WOC,
[RusPOM], to the oxidant, [Ru(bpy)s]**, as show in eq 4.4. This electron transfer occurs
on the s time scale according to the Kkinetics in Figure 4.4b. This slow event can be
attributed to the diffusion-controlled bimolecular process and is highly dependent on both
the concentrations of each species and the solution environment (ionic strength, pH,
agitation, etc). lon-pair formation between the WOC and the oxidant due to their opposite

charges may facilitate this process, but the effect is very limited. The acceleration of
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bleach recovery with increasing [Rus,POM] indicates a strong dependence of O
formation on the catalyst concentration, consistent with the performance in a practical

photocatalytic system for O, evolution.

4.5 Conclusion

In summary, we performed static fluorescence measurements and nanosecond
transient absorption studies of the charge separation dynamics in a homogeneous
photocatalytic system based on RusPOM WOC, Ru(bpy)s sensitizer and S,0¢” sacrificial
electron acceptor. It shows that with efficient removal of the electron, the oxidized
sensitizer can oxidize the catalyst for water oxidation. Therefore, an integrated acceptor-
photosensitizer-WOC composite with intact, directly-connected structure (through either
electrostatic or covalent interactions) is a promising approach to accelerate the water

oxidation process and hence improve the selectivity and quantum efficiency of the WOC.
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Part III: Homogeneous Light-driven Water Oxidation
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Abstract: Previous chapters have described our studies on a totally homogeneous
(molecular) system for the visible-light driven catalytic water oxidation, using
polyoxometalate molecules as water oxidation catalysts. In this chapter, other systems,
including the change of photosensitizers and the introduction of more efficient electron

acceptors, were tested for improved performance.

5.1 Introduction

Previous chapters have described a totally homogeneous (molecular) system for
the visible-light driven catalytic water oxidation, using organic-structure-free, hence
oxidatively stable molecular water oxidation catalysts (WOCSs): [{RusO4(OH)2(H20)4}(y-
SiW1003)2]"" (RusPOM), [{RU404(OH)2(H20)4}(7-SiW10036)2]*" (Rus-(P)-POM) and
[C04(H20)2(PWg034)2]** (Co,POM).1> Static and time-resolved spectroscopic studies
have been performed to understanding the fundamental insights of these systems,
showing that the diffusion-controlled characteristics of the charge transfer processes in
solution systems are critically responsible for the relatively low overall quantum
efficiency.®® In terms of these results, an integrated acceptor-photosensitizer-WOC
composite with intact, directly-connected structure (through either electrostatic or
covalent interactions) is a promising approach to accelerate the water oxidation process
and hence improve the selectivity and quantum efficiency of the WOC. This chapter
describes our initial attempts for the targeted improvements by introducing a new
photosensitizer, [Ru(mptpy),]**, and dye-sensitized TiO- nanoparticles, TiO,/Ru470.

One way to improve the performance of the homogeneous visible-light driven

artificial photosynthetic system is to replace the [Ru(bpy)s]** with a better light absorber.
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A ruthenium 2,2":6',2"-terpyridine (tpy) complex, [Ru(mptpy),]** was introduced, and its
photophysics and interaction with the fluorescence quencher, [S,0g]*, were studied. The
quenching of the photoexcited [Ru(mptpy).]** by [S:0g]* primarily occurs via an
unimolecular mechanism with  formation of a weak ion-pair complex
{[Ru(mptpy)2]**...([S206]*)n}, Where n = 1 and 2. The homogeneous systems are
attempted further to be improved by the introduction of microheterogeous systems where
the Ru(bpy)s** dye is replaced with the Ru-dye sensitized TiO, nanoparticles. The results
further confirm the necessity of a well-defined integrated acceptor-photosensitizer-wWOC

composite (electrode).

5.2 Alternative photosensitizer: [Ru(mptpy),]*

One candidate class of dyes are ruthenium 2,2":6',2"-terpyridine (tpy) complexes,
[Ru(tpy),]*", which generally: (a) have a high Ru>"*" potentials (> 1.1 V vs. NHE)*'? as

10-12

required for water oxidation, (b) have high extinction coefficients over a broad range

of the visible light spectrum, (c) exhibit an absorption spectrum that overlaps very well

3 and (d) can be easily engineered to have a larger positive

with the solar spectrum,”’
charge that facilitates a strong (relative to [Ru(bpy);]*") bonding both to the negatively
charged reductant, i.e. persulfate, and the WOC, the RusO4-containing polyoxometalate
(POM). Furthermore, becuse 4'-substituted tpy ligands in a [Ru(mptpy),]*" are linearly
oriented with respect to the metal centre, they may facilitate the construction of triads in
which the WOC and HEC are connected via the photosensitizer in a colinear manner.

Such a configuration of triad increases the distance between the reductant and oxidant

thus slowing the rate of charge recombination. In fact, previously, ruthenium tpy
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complexes have been shown to be good photosensitizers in various dye sensitized TiO;
solar cells.'*'® In these solar cells, the photo-induced electron injection into TiO, is
ultrafast (<100 fs), and the resulting charge separated state is long-lived (~3 ps).'®'" For
these reasons, we turned to the wuse of bis{4'-(4-methylpyridinio)-2,2".6,2"-
terpyridine}ruthenium(ll) salts, [Ru(mptpy).]** (Figure 5.1) as a potential photosensitizer

whose UV-Vis absorption spectrum is compared with [Ru(bpy)s]** in Figure 5.2.

Ru(bpy)s** Ru(mptpy),*"

Figure 5.1. Molecular structures of [Ru(bpy)s]** and [Ru(mptpy)2]**.
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Figure 5.2. UV-Vis absorption spectra of [Ru(bpy)s]** (black) and [Ru(mptpy).]** (red

dashes)



5.2.1 Photophysics and photochemistry of [Ru(mptpy).]*
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The absorption spectrum of [Ru(mptpy)2]** (Figure 5.2) shows an intense MLCT

absorption band that has a peak at 507 nm with an extinction coefficient of 38,200 M

tem™ at this wavelength. Its emission spectrum in aqueous solution (Figure 5.3) measured

by a photofluorometer after 507 nm excitation, shows a broad band at 710 nm.
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Figure 5.3. UV/Vis spectra of (a) 5 pM [Ru(mptpy),]**; (b) 150 pM [Ru(mptpy).]>*

prepared by oxidizing [Ru(mptpy).]** with excess PbO, powder followed by filtration;

(c) a scaled spectrum of [Ru(mptpy),]°* prepared by oxidizing [Ru(mptpy).]*" with

excess [S,0g]* and exposing the solution to room light for 30 min, followed by filtration;

and (d) a scaled emission spectrum of [Ru(mptpy)-]** in aqueous solution after 507 nm

excitation.

The lifetimes (to) of the excited state of [Ru(mptpy)2]** (i.e. [Ru(mptpy)2]**) in

different solvents were obtained by fitting their fluorescence decay kinetics to first-order

exponential functions. As shown in Table 5.1, the lifetime of [Ru(mptpy)o]*™*, 10, is
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slightly affected by the presence of CH3CN, varying from 174 ns in purely aqueous
solution to 182 ns in solution containing 30% CH3CN. This is similar to the solvent effect
previously shown for CHsCN on the [Ru(bpy)s]*** lifetime.'’

The transient absorption spectra of a 0.2 mM [Ru(mptpy).]** agueous solution,
recorded after 400 nm excitation, show two features, the ground-state bleach of
[Ru(mptpy),]*" at 507 nm and a new absorption band peak at ~600 nm, which are
separated by a clear isosbestic point at 540 nm (Figure 5.4). The kinetics of these two
features were fit to first-order exponential functions, resulting in an identical
recovery/decay time constant of 170 ns. This time constant is consistent with the
fluorescence lifetime of [Ru(mptpy),]***, confirming that the absorption band seen in the
transient spectra is due to the generation of [Ru(mptpy),]** by photoexcitation. From the
amplitude ratio between the ground state bleach and the excited state absorption, the
extinction coefficient of the excited state is estimated to be ~9,500 M™cm™ at 600 nm.

The product of quenching of [Ru(mptpy).]*** by [S,0s]* is [Ru(mptpy)2]>.
Authentic [Ru(mptpy)2]°* was prepared by in solution by the addition of excess PbO,
powder to a 150 M solution of [Ru(mptpy),]** in 0.5 M H,SO4. The UV/Vis spectrum
of this solution (Figure 5.3) after filtration shows a new broad band centered at 763 nm
assigned to [Ru(mptpy)2]>*. The extinction coefficient of [Ru(mptpy).]°* is estimated to
be ~835 M ecm™ at 763 nm, or ~2% of that [Ru(mptpy)2]** at 507 nm. [Ru(mptpy)2]>* is
shown to be unstable by monitoring the absorbance kinetics at 763 nm of a freshly
prepared [Ru(mptpy),]°* solution in 05 M H,SO;; we have found ~2%/min

decomposition rate within the measurement time window (10 min).
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Figure 5.4. (a) Transient absorption spectra recorded after 400 nm excitation for a 0.2
mM [Ru(mptpy),]** aqueous solution. Each transient spectrum is an average of the
spectra in the indicated range of delay times. (b) Corresponding transient absorption

kinetics monitored at 500 nm and 600 nm. Solid lines are first-order exponential fits.

To further confirm the photo-induced generation of [Ru(mptpy).]** by [S,08]%,
we mixed 0.12 pM [Ru(mptpy),]** with 33 mM [S,05]* and exposed the solution to
room light for 30 min. The UV/Vis spectrum of the resulting solution after filtration is
scaled and compared in Figure 5.3. This spectrum shows a small yet clear [Ru(mptpy),]>*
absorption band after the intense [Ru(mptpy),]** MLCT band, confirming photo-induced

generation of [Ru(mptpy).]°* by [S,0s]*.

5.2.2 Time-resolved fluorescence decay measurements

Error! Bookmark not defined-Tha nresent section focuses on the first step of this overall
water oxidation reaction, i.e. elucidation of the quenching mechanism of the excited state
of [Ru(mptpy),]** and electron transfer dynamics of the reaction:

[RU"(mptpy)o]** + hv + [S,08]* — [Ru"(mptpy),]*" + SO4* + SO, (5.1)
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Table 5.1. Results of Kinetics Fitting of the {[Ru(mptpy)2]**...([S208]*)n} (N =0, 1, 2).

CH;CN?® 0% 10% 20% 30%

o (ns)® 174 176 182 182

ky(M*sh) ¢ | (4120.2)x<10" |  (0+41.5)x10° (1.440.8)<10’ (045.3)<10°

1= 1/ky (ns) 29842 62047 8039 91247

2= 1/kz (ns) 14941 3104 40245 45644

Ky (M?)® (8.940.1)<10% | (1.6020.04)<10* | (1.3540.04)x10* | (1.8120.04)>10*

Ko (M) 18049 26817 65+16 46411

Gy (kcal/mol)® | -5.28+40.01 -5.6240.04 -5.5240.04 -5.6940.05

Gy (kcal/mol) | -3.01240.002 | -3.24326.003 -2.42240.004 -2.221+40.003

% Volume percentage. ” Lifetime of [Ru(mptpy),]** in the absence of [S,0]>. ¢ bimolecular ET rate
constant. ¢ Unimolecular ET rate constant, ki, for {{[Ru(mptpy),]*"*...([S;08]*)n}. ¢ K and G, are the
equilibrium constant and binding energy, respectively, for: [Ru(mptpy),]* + [S,0¢]% >
{[Ru(mptpy),]*"...[S208]*}. " K, and G, are the equilibrium constant and binding energy, respectively,
for: {[Ru(mptpy)]*"...[S20a]°} + [S206]* > {[Ru(mptpy),]*"...([S206])2}

The basic theory for the fluorescence quenching mechanism has been discussed in
the previous section. For [Ru(mptpy).]**, the association of two quenchers, S,0s>, is

possible. Hence, the fluorescence intensity (l), determined by the concentration of the

excited emitters and their radiative rates, can be expressed in eq. 5.2:

t

I, =k {1 +K($OT)-e ¥ +KK,($OT ) ’e%t}.eﬂsxogf*)t e®
T LK(EOTF) KK (SO ) 52)

where o is a proportional constant determined by experimental conditions, 7o IS the
intrinsic lifetime of [Ru(mptpy)2]***, and «, is the unimolecular electron transfer rate
constant. The bracketed fraction accounts for unimolecular electron transfer effects on
fluorescence decay. The three terms in the bracket describe the contribution of

unimolecular electron transfer from free [Ru(mptpy)o]* (no contribution),
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{[Ru(mptpy),]**...[S206]*} and {[Ru(mptpy),]**...([S208]")23, respectively. The two
additional exponential terms originate from the bimolecular quenching {k4([S205]*)} and
the intrinsic decay (1/7p) processes. The fluorescence intensity at t = 0 is independent of
[S,05]*. Hence, fluorescence decay traces obtained from solutions with different
concentrations of [8203]2' can be normalized to the same value, e.g. “1”, at t = 0 for
further analysis. Furthermore, the ratio of steady emission without (lp) and with (1)
quencher can be derived from integration of eq (5.2),

-0
|

1+ Kl([szoa]z_) + KK, ([8208]2_)2
I KGO KKGOT)
1+ kqz'o ([8208]2_) 1+7{r + kq ([8208]2_)} 1+7{x, + kq ([8208]2_)} (5.3)

Five of the fourteen time-resolved fluorescence decays of samples in aqueous
solution with varying amounts of [S,0g]> were selected and compared in Figure 5.5.
Those Kinetics traces are representative of the general trend seen for these solutions. In
the presence of [S,0g]%, the fluorescence intensity is quenched. According to eq (5.2),
these Kinetics are governed by the same set of parameters (Kq, x1, x2, K1 and Ky) with
varying concentrations of [S,0g]*. A global-fitting technique was performed to retrieve
the values of the parameters in eq 5.2. To reduce the uncertainty of the fitting, we set a
constraint that the electron transfer rate in {[Ru(mptpy)2]*...([S20s]%)2} is twice that of
{[Ru(mptpy)o]**...[S20g]*}. This assumption is reasonable because the interaction
between [Ru(mptpy).]*" and [S,0g]* is weak as mentioned above. With respect to
{[Ru(mptpy)o]**...[S20g]*}, the association of the second [S,0g]> with
{[Ru(mptpy)]**...([S208]*)2} provides another unperturbed electron accepting channel.
Indeed, the computational results give 199.4 ns and 108.4 ns for 1/ x; and 1/ « ,, further

supporting the above assumption.” Under this assumption, the kinetic traces are well fit to
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eq 5.2, as shown in Figure 5.5. The data for solutions containing 10-30 % CH3CN were

fitted in the same manner and the fitting parameters are summarized in Table 5.1.

[S,0,]"

0 mM
0.05 mM
0.2 mM

Emission (a.u.)

0.1 A

0 100 200 300 400 500 600

Time (ns)
Figure 5.5. Fluorescence decay of [Ru(mptpy),]** and [Ru(mptpy).]**/[S20s]* solutions.
Samples contain the same amount (5 M) of [Ru(mptpy)2]** but increasing amounts of

[S,0¢]*. Solid lines are fits to equation 5.2.

Additionally, all fluorescence intensities decay by more than 97% by the end of
the measurement time window (700 ns). Integration of each kinetic trace over the spectral
window of 640 — 720 nm yields a good description of the steady emission. Hence, those
fourteen fluorescence decays were normalized and integrated to generate a SV plot as
shown in Figure 5.6. The SV plot significantly deviates from linearity and curves
downward, indicating the formation of ground-state ion pairs. Similar results were found
for solutions containing 10-30 % CH3CN, which are shown in Figure 5.6 as well. Those
SV plots can be well-fitted by 5.3 using the fitting parameters obtained from the global
fitting of the Kkinetic traces (Table 5.1). As seen from the SV plot in Figure 5.6, the

quenching efficiency is smaller (<50 %) compared to that of [Ru(bpy)2]***
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Figure 5.6. Stern-Volmer plots for solutions containing (a) 0%, (b) 10%, (c) 20% and
30% CH3sCN . All solutions contained 5 M [Ru(mptpy).]** and were purged with N.

Solid curves are fits according to 5.3.

The equilibrium constants K; and K; resulting from the fittings can be used to
estimate the binding energy of {[Ru(mptpy)]**...([S208]*)n} (n = 1, 2) according to the
relationship between free energy change and equilibrium constant, AG* = -nRTInK. The
estimated values are listed in Table 5.1. With such high binding energies, we expected
the formation of both 1:1 and 1:2 complexes in solution. The distribution of
{[Ru(mptpy)2]**...([S208]*)n} (n =0, 1, 2) in solution (x,, the mole fraction) can be

estimated using eq 4.6. For this specific case, eq 4.6 is reduced to eq 5.4,

1% 0.1 )

1+ K, (5,0, )+ K.K, (5,0, F f

X, = (5.4)
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Where K; and K; are equilibrium constants for the 1:1 and 1:2 complexes (Ko = 0).
Shown in Figure 5.7, for example, is a typical simulation of the percentage of those
species in agueous solution. The percentage of free [Ru(mptpy).]** decreases quickly
with increased [S,0g]*, with ~10 % left at 0.6 mM [S,0g]*. Distribution curves for
solutions with different amounts of CH3CN show similar results due to similar values of
Ki and K. Hence, in our experiments, quenching processes occur mainly via the

formation of the complexes {[Ru(mptpy)2]**...([S208]*)n} (n =1, 2).

100

Distribution (%)

I'Sz()xlz' (mM)

Figure 5.7. Distribution of  [Ru(mptpy)]** (xo, black solid line),

{[Ru(mptpy)2]**...[S208]*} (x1, red dashed line), and {[Ru(mptpy)2]**...([S208]%)2} (X2,

blue dash-dot line) in aqueous solution.

The bimolecular rate constants decrease with increased CH3CN, which is
consistent with the reported results using [Ru(bpy)s]>* and the computational data.®"*’
The estimated unimolecular electron transfer lifetime in

{[Ru(mptpy)2]**...[S208]*}, 1/, is 298 ns in aqueous solution. The presence of CH3CN
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reduces the rate by a factor of 3 from pure aqueous solution to a solution containing 30 %
CH3;CN. Furthermore, the rate of the bimolecular quenching process depends on
kq([S208]%). The maximum [S,0g]* concentration used is 0.01 M, giving a kq([S208]*) of
4.1x10° st in aqueous solution. This value is about 12% of the x; or 6 % of « in the
same system. The bimolecular quenching process contributes even less to the total
quenching in the presence of CH3CN. Indeed, the contribution from the bimolecular
pathway to the total fluorescence quenching is so small that its rate is not well determined
in the fit, yielding rate constants with large errors as shown in Table 5.1. Under these

conditions, the formation of an ion pair indeed facilitates generation of the oxidant

[Ru(mptpy)2]**.

5.2.3 [Ru(mptpy),]** in solution-based water oxidation system

[Ru(mptpy)2]*" was tested in the established three-component solution system as
described in previous chapters. The main problem for [Ru(mptpy).]** in these water
oxidation systems is the precipitation by the addition of excess S,0s>". Precipitation can
reduce the overall performance of the three-component systems. However, using
[Ru(mptpy)2]** / [S208]* suspension, Ru;POM is confirmed to be photocatalytic active
with a TON up to 180, as shown in Figure 5.8. This TON is similar to that from systems
using the totally soluble [Ru(bpy)s]** photosensitizer. In this regard, one can expect that
[Ru(mptpy)2]** can work much better after overcoming the precipitation problem. This is
also consistent with our studies on the charge-transfer dynamics, showing that ion-pair

formation facilitates the generation of oxidant.
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Figure 5.8. Kinetics of O, formation in the photocatalytic system with different
concentrations of Na,S,0g: 2.5 (red) and 5 mM (blue). 0.2 mM mM [Ru(mptpy),]**, 20

mM sodium phosphate buffer (initial pH 7.2), 2 pM RusPOM.

5.3 Microheterogeneous system.

Photosensitizers based on ruthenium pyridyl derivatives and other organic
compounds immobilized on nanoporous semiconductor metal oxide thin films (typically
TiO,) are widely used for solar energy conversion in dye-sensitized solar cells.®*?° In
these systems, the photoinduced ultrafast electron injection from the anchoring dye to the

TiO, nanoporous substrate?!#

results in a unitary absorbed-photon-to-oxidant conversion
efficiency. More importantly, the back electron transfer from the TiO, conduction band to
the attached dye cation is much slower, resulting in a long-lived charge separation state
allowing for further useful reactions. For this reason, we replaced the [Ru(bpy)s]** with a

TiO,/Ru470 nanocomposite suspension in the same solution system. However, no O,

formation was detected.
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Figure 5.9. (a) UV-Vis absorption spectra of [Ru(bpy)s]** in the presence of 0.5 mM
[S,05]* and 20 mM of pH 7.2 phosphate buffer under illumination for different lengths
of time: 0 (solid), 0.75 (dashed), 2 (dash-dot), and 3 (dotted) min. Illumination: 420-520
nm, 50 mW. (b) UV-Vis absorption spectra of TiO,/Ru470 solution (pH 1.2) in the
presence of 1.3 mM [S,0g]* under illumination for different times: 0 (solid), 10 (dashed),

20 (dash-dot), and 30 min (dotted).

To understand the negative results, we monitored the static UV-vis absorption
spectra of both the [Ru(bpy)s]**/[S:0s]> (Figure 5.9a) and [S;0s]*/TiO./Ru470
nanocomposite (Figure 5.9b) solutions in the absence of the WOC after varying
illumination times. The light illumination has an immediate effect on the
[Ru(bpy)s]**/[S.0s]* system (Figure 5.9a)., converting almost all the [Ru(bpy)s]** into
[Ru(bpy)s]** within 2 min. The inset in Figure 5.9a shows the accumulation of
[Ru(bpy)s]**, which has a small extinction coefficient at 670 nm (eg70= 4.2 %
10° Mt cm™). However, in the [S;05]*/TiO./Ru470 system with similar concentrations
of dye and persulfate, the light has very little effect on the UV-Vis spectra within 3 min

(data not shown). A slow bleaching of the dye in [S,05]*/TiO-/Ru470 was observed at
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increased [S,0s]*" concentrations and after longer illumination times (Figure 5.9b). An
electron injected from the optically excited Ru470 into the TiO; colloid can be scavenged
by [S;0s]* around the TiO,, in competition with both back recombination with the
attached Ru470 cation, and electron relaxation and diffusion processes in the
nanoparticles. The bleaching is likely due to the slow heterogeneous reaction between
TiO; and [S,0s]*, which may be much slower than the back electron transfer. At neutral
pH, this electron transfer is further slowed down by the repulsion between the negatively-
charged TiO, surface (point of zero charge, 3.5°*?%) and the negative [S,0g]*. Therefore,
the use of TiO,/Ru470 in the system has no advantages for O, formation. However, in
principle, this drawback can be removed or at least alleviated in a heterogeneous system

using a photoanode with a well-defined structure.

5.4 Conclusion

In this chapter, two other systems utilizing a potentially better photosensitizer and a better
oxidant generator are tested for improved photocatalytic performance based on the
established homogeneous water oxidation systems. The results indicate that a structurally
well-defined photoanode consisting of the WOC and sensitizer on a TiO, nanocrystalline

thin film should be a viable approach for photodriven water oxidation.
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Abstract: Understanding the photophysics of polyoxometalates (POMS) is necessary for
clarifying the charge transfer dynamics in both homogeneous multiple-component
systems and heterogeneous dyadic or triadic nanocomposite electrodes. More
importantly, it is crucial to realize another approach to construct oxidatively stable
photodriven water oxidation catalytic systems: all inorganic semiconductor metal oxide-
metal-water oxidation catalyst (SMO-M-WQOC) triads. This part (this and the next
chapters) describes our efforts to understand the fundamental photophysics of the
polyoxometalates. This chapter summarizes our investigation into several coloured
polyoxometalates, including Rus,POM WOC, a giant {Mo7,V3} keplerate and

[Co",(H,0)W;11036]%.

6.1 Introduction

Robust chromophores in covalent connection with water oxidation catalysts
(WOCs) serving as photocatalytic charge-separation centers to drive the multi-electron
thermodynamic limiting steps in artificial photosynthesis systems (water splitting and
CO, reduction) are highly desired. *** In developing robust all-inorganic photocatalytic
units for water oxidation and CO; reduction, hetero-bimetallic chromophores anchored
on mesoporous silica substrates (MCM-41) have been reported recently."™ Some of
these all-inorganic colored complexes have been shown to exhibit photocatalytic
activities under visible light illumination.*****" These heterobinuclear chromophores
(M1-O-M2 structure, where M1=Ti(IV) or Zr(1V); M2=Ce(lll), Cr(II), Co(ll), Sn(ll),

Cu(l)) feature enhanced visible absorbtivity originating from a broad metal-to-metal
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charge transfer (MMCT) absorption. The lifetime of the MMCT electronic excited state
in Ti(IV)-O-Mn(11) has been reported to be ~2 15.*

In addition, it was reported recently that Ce(lll) directly supported on a TiO,
substrate forms strong charge transfer complexes with absorption bands extending to 620
nm due to the Ce(I11)-O-Ti(IV) MMCT transition.'® This band in Ce-TiO, nanoparticles
is further shifted to the red compared to those in zeolite pores, presumably because of the
presence of lower energy Ti(IV) states in TiO, than in isolated Ti(IV).'® TiO,-supported
Fe(111),**® cr? and Cu'” MMCT structures with enhanced absorption extending to ~600
nm have been also reported. It is worthy to note that similar charge transfer complexes,
TiO,/Fe(I1)(CN)s and TiO,/catechol, with molecular adsorbates have been studied since
the 1980s, showing that the charge separated states are long lived with lifetimes
extending out to ms. 2%

All these results suggest the possibility of constructing all-inorganic light-
harvesting charge transfer triads by interfacing our molecular POM-based WOCs with
the reported MMCT chromophore. This is similar to the reported structure TiOCr—
IrO,/MCM-41 by Frei et. al.®*3

More recently, MMCT complexes between the Ce(lll) and Keggin POMs with
absorption bands extending to 550 nm were also reported. ° Our all-inorganic WOCs are
composed of multiple d-electron metal oxide clusters such as RusO4 (in RusPOM) and
C0404 (in Co4,POM), multiply ligated and stabilized by polyoxometalate ligands.?>* The
POM-based WOCs can be chromophores. For example, the extinction coefficient of
Ru,POM at pH 7 at 450 nm is ~12,000 M cm™. * The wide spectral range and the high

extinction coefficient of Ru,POM are comparable to those of many ruthenium
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polybipyridyl photosensitzers.*** This also suggests the possibility of constructing
photoactive dyads composed of nanoporous SMO and POM-based molecular
WOC/chromophores.

In addition to the highly absorbing attributes of many transition-metal substituted
POM molecules, their electronic excited state lifetime is another crucial factor for making
a useful photocatalytic unit when anchored on SMO substrates. Long-lived charge
separation states are always expected to match the slow multiple-electron water oxidation
kinetics. Understanding the photophysics of polyoxometalates (POMSs) is also necessary
for clarifying the charge transfer dynamics in both homogeneous multiple-component
systems and heterogeneous dyadic or triadic nanocomposite electrodes.

Although the redox chemistry of polyoxometalates has been extensively studied,
their photophysics are barely investigated.**3* This chapter briefly summarizes our
investigation into several coloured polyoxometalates, including the RusPOM WOCs,**’

a giant {Mo7,V30} keplerate,® and a [Co'"»(H20)W11054]%.*

6.2 Results and Discussion

6.2.1 Ru,POM

Our initial attention focuses on Ru;POM and Rus-(P)-POM (for crystal structures
see Figure 3.1, in Chapter 3), two carbon-free molecules that have been demonstrated to
be efficient WOCs and extensively studied by many electrochemical and computational

27,35,36,40-42

techniques. However, their photophysics have not been investigated

extensively yet.



101

Shown in Figure 6.1 is a UV-Vis spectrum of Rus,POM in a 0.1 M HCI aqueous

solution. It is important to note that the optical absorption properties of RusPOM highly

depend on pH and oxidation states.**%
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Figure 6.1 UV-Vis spectra of RusPOM in 0.1 M HCI aqueous solution.

The excited state dynamics were investigated by femtosecond visible pump-probe
spectroscopy. The transient visible absorption spectra of RusPOM in 0.1 M HCI after 400
nm excitation (Figure 6.2a) show a new broad absorbing species with maximum at ~530
nm. This might indicate a Ru metal-to-polyoxometalate charge transfer (MPCT) process
(which will be more clearly seen in the next chapter), where the absorption feature can be
attributed to the W(V) d-d transitions and W(V)-W(VI) intervalence charge transfer
(IVCT) transitions in the reduced anionic ligand.***® The kinetics of the formation and
decay of this photo-induced absorption feature can be monitored at 530 nm. As shown in
Figure 6.2b, the formation time can be considered as instantaneous within the time
resolution of this measurement (~150 fs). However, this excited state is short lived,

decaying with a lifetime of ~2 ps.
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Figure 6.2 Transient absorption studies of Ru4sPOM in 0.1 M HCI. (a) Average spectra at
different time windows; and (b) kinetics probed at 450 (black dots) and 530 nm (red

triangles) after 400 nm excitation.

In order to lengthen the lifetime of the excited states, we loaded this chromophore
onto nanoporous substrates (TiO; and ZrO,) in 0.1 M HCI. However, the transient spectra
and kinetics are unaffected. In addition, the transient results strongly depend on the pH
(or protonation states of the WOCSs). In neutral pH, there are no detectable transient
signals after 400 nm excitation either in solution or on nanoporous substrates. Under all
circumstances, the Rug-(P)-POM shows similar spectral dynamics after photoexcitation.

We have screened a wide range of known, colored transition metal-substituted
POMs with reasonable extinction coefficients in the visible range for sunlight harvesting.
Our results show that almost all candidates have extremely-short excited state lifetimes (<

2 ps). However, there are two exceptions that will be presented in the next two sections.
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6.2.2 {Mo7,V3} keplerate

(NagK16(VO)(H20)s[K10{(M0)M050,:(H20)3(SO4) }12(VO)30 (H20)20]*150H,0 is
a giant {Mo7,V3o} keplerate polyoxometalate complex of several nanometers in diameter.
Unlike other common ‘“nanoclusters”, this nanosized metal oxide cluster is an actual
molecule. Therefore, its molecular properties can be more easily altered and determined
far more rigorously and precisely.

Figure 6.3 shows the UV-Vis spectrum of this giant POM molecule. This
nanosized molecule has an enormous extinction coefficient in the visible region, of
around 71,000 M ecm™ at 510 nm, making it a plausible light sensitizer despite its huge

molecular weight.®®
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Figure 6.3 UV-Vis spectrum of the {Mo7,V30} keplerate in aqueous solution.

Transient absorption spectra of the {Mo7,V30} keplerate in aqueous solution after
400 nm excitation show two clear spectral features: a ground state bleach at 510 nm and

an absorbing species at 650 nm (Figure 6.4a). These instantaneously formed excited-state
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features have a lifetime of ~10 ps, as shown in Figure 6.4b. In addition, the
immobilization of this molecule onto a nanoporous TiO; substrate has no effect on the
transient results. Although this lifetime is markedly longer than those of Rus-based
WOCs and those of many other POM chromophores we have studied, this {Mo07,V30}
keplerate still requires ultrafast charge extraction (< 10 ps) to the semiconductor-metal-
oxide electrode substrate to create long-lived charge-separation states for further solar
fuel production. Therefore, the introduction of intramolecular charge trapping centers in

all these POM chromophores is necessary for lengthening the excited state lifetimes.
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Figure 6.4 Transient absorption studies of the {Mo7,V30} keplerate in aqueous solution.
(a) Average spectra at different time windows; and (b) kinetics probed at 510 (black line)

and 650 nm (blue dot-dashed line) after 400 nm excitation.

6.2.3 [C0'"2(H,0)W1;059]*
The other POM molecule we have studied that has a relatively long-lived excited
state is the dicobalt Keggin anion (with one central Co) [Co",(H20)W1:036]> which has a

Co(I1)Co(ll) oxidation state (and hence this molecule is denoted as Co(I1)Co(ll)). It was
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originally published in 1956.% This polyoxoanion has a clear absorption feature in the
visible region with an extinction coefficient of around 1000 M™cm™ at 400 nm, as shown
in Figure 6.5. Its one-electron-oxidized counterpart, [Co"Co"(H,0)W1,035]" (denoted as
Co(IDCo(l)), has distinct visible absorption features, exhibiting more intense
absorbance below 500 nm and another absorption band after 700 nm. This is probably
indicative of the different natures of the possible MPCT transition in Co(I1)Co(ll) and the

inter-valence-charge transfer in Co(11)Co(l11) molecules.
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Figure 6.5 UV-Vis spectra of the [Co";(H,0)W1105]% (Co(I1)Co(ll), black) and

[Co"Co" (H,0)W11036]" (Co(I1)Co(lll), red) in aqueous solution.

For the Co(ll)Co(ll) molecule, photoexcitation at 400 nm results in an intense
broad absorption band centered at 475 nm and another absorbing feature above 675 nm,
in addition to the ground state bleach at 620 nm, as shown in Figure 6.6a. These two new
absorbing bands in the excited state transient absorption spectra show similar features to

the ground state absorption features of its one-electron-oxidized counterpart,
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Co(IDCo(ll1). This suggests a photo-induced electron injection into the polytungstate
ligand, and hence, a MPCT transition, resulting in a Co(l1)Co(lll) inter-valence-charge
transfer (IVCT) chromophoric unit. Most significantly, the excited-state lifetime of this
species is over 100 ps (Figure 6.6¢), which is by far the longest we have seen in any POM

chromophore so far.
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Figure 6.6 Transient spectra of (a) Co(I1)Co(Il) and (b) Co(I1)Co(lll) in agueous solution
averaged over different time windows after 400 nm excitation. Transient kinetics of (c)
Co(I1)Co(ll) (1-350 ps) and (d) Co(I1)Co(lll) (1-4 ps) in aqueous solution averaged over

different spectral windows after 400 nm excitation.
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To further confirm the distinct nature of the possible MPCT and IVCT transitions,
the transient dynamics of the excited states in the Co(1I)Co(lll) molecule were also
studied and are shown in Figure 6.6b. The transient spectra of Co(lI)Co(lll) molecule
after optical excitation are clearly very different from those of the Co(I1)Co(Il) molecule

with an extremely short-lived lifetime (Figure 6.6d).

6.3 Conclusion

In conclusion, this short chapter briefly summarizes our efforts in seeking long-
lived polyoxometalate molecular chromophores for constructing all-inorganic
photocatalytic units towards efficient solar fuel production. In addition, understanding the
fundamental photophysics of polyoxometalate molecules is also crucial to clarifying the
intermolecular or interfacial charge transfer dynamics in both homogeneous and
heterogeneous multiple-component systems using polyoxometalate WOCs. Our
investigations show that most POM chromophores are short-lived, requiring better
molecular designs for ultrafast charge trapping or extraction. Furthermore, the nature of
the charge transfer transition needs to be studied in more depth, which will be shown in

the next chapter.
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Part IV: Photophysics of Polyoxometalates

CHAPTER

5

Characterization of a Metal-to-Polyoxometalate Charge

Transfer Molecular Chromophore
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Abstract: [PsWasO124{Re(CO)s}]*® (1), a Wells-Dawson [op-P,W1706:]*%
polyoxometalate (POM) supported [Re(CO)s]" complex, containing covalent WY'-O-Re'
bonds has been characterized by several methods. This complex shows a high visible
absorptivity (gsoonm = 4000 M*cm™ in water) due to the formation of a Re'-to-POM
charge transfer (MPCT) band. The complex is investigated by computational modeling
and transient absorption measurements in the visible and the mid-IR regions. The optical
excitation of the MPCT transition results in an instantaneous (<50 fs) electron transfer

from the Re' center to the POM ligand.

7.1 Introduction

Recently, chromophores containing heterobinuclear groups linked by an oxo
bridge (M—O-M>; M = z™, Ti"; M> = Cu', Cce', sn", etc.) and supported on
mesoporous substrates have been shown to be promising in conjunction with
photocatalytic solar fuel production.'*® These heterogeneous heterobinuclear units
possess enhanced visible absorptivity and all-inorganic structures for oxidative stability.
Their visible absorption properties originate from the photo-induced formation of long-
lived metal-to-metal charge transfer (MMCT) excited states that can be effectively
coupled with multi-electron-transfer catalysts. In spite of the reported successes from
these heterobinuclear chromophores, molecular/homogeneous counterparts are sought
because their geometrical and electronic structures as well as their chemical properties
(e.g. interfacing with catalysts) can be more extensively altered and all their properties
can be studied and optimized more readily than for heterogeneous analogues.***® Inspired

by the heterogeneous bimetallic assemblies on mesoporous silica and the well-known
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metal-to-(organic) ligand charge transfer (MLCT) complex, (bpy)Re'(CO)sCl (bpy =
2,2—bipyridyl),”®# we have been seeking a new general type of charge transfer
chromophore in which a polyoxometalate (POM) unit as a whole (delocalized orbitals
involving many tungsten atoms) replaces the single metal center or bpy as the electron
acceptor. POMs would be logical candidates for such an application because they are
oxidatively, hydrolytically (over varying pH ranges) and thermally stable, can
accommodate multiple metals with varying potentials, but they haven’t yet been
systematically explored as tunable electron-accepting chromophores.?*?* This chapter
describe our recent report** about a new complex comprising the [Re(CO)s]* unit
supported on a POM, the defect Wells-Dawson-type [ap-P2W1706:]'%, that exhibits an
intense Re-to-POM charge transfer transition. This is an example of a potentially general
transition that we will refer to as metal-to-POM charge transfer (MPCT). Unlike the well-

documented MMCT heterobimetallic chromophores,**3

this study involves multi-metal
and delocalized orbitals in the acceptor (POM) unit. This complex,
[PsW350124{Re(CO)s}2]"® (1), has been characterized by computational and multiple

time-resolved spectroscopic studies.

7.2 Results and Discussion

Synthesis and the related characterizations (Crystallography, P NMR,
thermogravidity analysis, elemental analysis, etc), and computational details can be found
in our recent report.>* This section only focused on the spectroscopic studies. Other
details are only presented when necessary, such as Figure 7.1 (crystal structure) and 7.2

(the calculated HOMO and LUMO).
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7.2.1 Static spectroscopy

The X-ray structure of 1 is shown in Figure 7.1.

: >
\(' X »
B

‘4

Figure 7.1. (a) X-ray structure of [P4W3s0124{Re(CO)3},]** (1) in combined polyhedral
and ball-and-stick notation. Re: yellow; O: red; C: black; WOg octahedra: gray; PO,

tetrahedra: purple.?*

Each half of this dimerized structrue has Cs symmetry, and shows two symmetric
and one anti-symmetric IR-active C-O stretching modes at 1869, 1890, and 2006 cm™
(Figure 7.2).2>?® These bond lengths and CO stretching frequencies are consistent with

those observed in other Re(l) carbonyl complexes. 9212728
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Figure 7.2. FTIR spectra of 1 in CH,ClI, showing the C-O stretching modes.

In contrast to its colorless components, Kig[o-P2W17061]-20H,0 and
Re(CO)3(CH3CN)3(BF,), solid 1 is dark red. The UV-vis spectrum of 1 in CH,Cl, (Figure
7.3a) and in H,O (Figure 7.3b) shows intense broad absorption (up to 700 nm) covering
the entire UV and visible regions. The synthetic precursor, [oz-P,W1706:]'%, has O2p >
WH5d transitions that absorb only below 300 nm and the ligand-to-metal-charge-transfer
band in the [Re(CO)3(CHsCN)s]" precursor absorbs only below 380 nm (Figure 7.3b). In
addition, 1 has unexpectedly high visible absorptivity (esm ~ 6,200 and 4,500 M *.cm™
in water and CH,Cl,, respectively). Importantly, the wide spectral range and the high
extinction coefficients of 1 are comparable to those of many ruthenium polybipyridyl

photosensitzers,®3® but 1 is free of the oxidatively and hydrolytically unstable

polypyridyl ligands.
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Figure 7.3.(a) UV-Vis spectra of 1 in CH,Cly; (b) UV-Vis absorption spectra of Kio[ot-
P,W17061]-20H,0 (black line), Re(CO)3(CH3CN)3(BF4) (red dashed) and 1 (blue dash-

dot) in H,O. The inset shows the extinction coefficients of 1 in H,0.

7.2.2 Computation®

We have investigated the origin of high visible absorptivity of 1 by computational
modeling.** As shown in Figure 7.4, the HOMO and LUMO of M1 (which is a
computational model of 1) are very clearly the Re(CO)s;- and POM-based orbitals,
respectively. The lowest excited state of M1 is a triplet at 56.3 kcal/mol (or 2.45 ev, or
506 nm) higher in energy than the ground singlet state. In this triplet state, almost one
unpaired spin is located on the W and O atoms of POM ligand indicating a transfer of the
electron density from the Re(CO)s-based HOMO to the POM-based LUMO. Another
unpaired spin (~1.02e) is located on the —O,-Re(CO); fragment, where Oy, is the bridging
oxygen atom between the Re(CO)3 unit and the POM. Thus, the visible absorption of 1,
shown in Figure 7.3a, can be attributed to the Re-to-POM ligand charge transfer

transition. Similar to previously reported MMCT chromophores, the charge transfer
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interaction is enhanced by the formation of W-O-Re covalent bonds and occurs mostly
among the metal centers. However, the electron in the charge transfer excited state in 1 is
delocalized among many W and O centers, a characteristic that resembles the MLCT

states in Re and Ru bipyridyl complexes.

LUMO

Figure 7.4. The calculated HOMO and LUMO of the model complex
[{P,W15063[Re(CO)s]}(H2.0)(OH)]®, M1. (See our recent report for the computational

modeling). *

7.2.3 Femtosecond pump-probe spectroscopy

The charge transfer dynamics were investigated by femtosecond visible pump-
probe spectroscopy. The transient visible absorption spectra (Figure 7.5) of 1 show a new
broad absorbing species with maximum at ~640 nm. This absorption feature can be
attributed to the W(V) d-d transitions and W(V)-W(VI) intervalence charge transfer
(IVCT) transitions in the reduced Wells-Dawson anionic ligand, generally known as

“heteropoly blues” .***® In addition, for a Wells-Dawson POM anion, the polar and
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equatorial sites have different electron affinities and the reduction preferentially occurs in
the equatorial sites.***3"% This is also the case for 1, in which the electron density in the

LUMO is distributed among the 12 equatorial WOg octahedrons, as shown in Figure 7.4.

10
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Figure 7.5. Average transient visible absorption spectra of 1 in CH,Cl; at indicated delay

time windows after 400 nm excitation.

The kinetics of the formation and decay of this photo-induced absorption feature
can be monitored at 640 nm. As shown in Figure 7.6 and Table 7.1, the best fit yields a
formation time of ~35 £15 fs, which can be considered as instantaneous within the time
resolution of this measurement (~150 fs), consistent with the nature of the metal-to-POM
charge transfer transition. However, this CT excited state is short lived, decaying with an

average lifetime of 1.4 ps.
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Figure 7.6. Transient kinetics of 1 in CH,Cl, at 640 nm (blue squares), 1927 cm™ (red
triangles), 1982 cm™ (green crosses) and 2020 cm™ (circles) after 400 nm excitation.
Also shown are fits (pink lines) to the kinetics at 640 nm and 1982 cm™ by multiple
exponential functions. The delay time is in linear scale in the left panel (-1 to 5 ps) and in

logarithmic scale in the right panel (5 — 200 ps).

Table 7.1 Fitting parameters for kinetic traces after 400 nm excitation. The Kinetic traces
were modeled as multi-exponential decays analytically convoluted with the instrument

response function. Tt is the amplitude weighted average time constant, X(a; x ;) / Za;.

REEUME S | Glo) | o) | @) |

640 nm 35 +15 0'25(61(’)?'07 1“;21;;)'2 7'%1“—1;)'5 14402
2020 cm’* 35 +15 0'2‘151(’)?'05 1'6251’0;)'2 ~ | 092+013

1982 cm® | 1200 +180 3%1“&?)'3 . - 32403
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In addition to the formation of the reduced POM ligands discussed above, the
MPCT excited state of 1 should also generate oxidized Re(ll) centers. The latter can be
most unambiguously probed by monitoring the CO stretching bands, the frequencies of
which are sensitive to the charge density on the Re center because of the Re-to-CO dr-n*
back bonding.*® For this reason, the dynamics of CO stretching modes of 1 were
investigated using femtosecond visible pump and IR probe spectroscopy. Following 400
nm excitation, bleaches of the CO stretching bands in the ground electronic state (~1860,
1890 and ~2000 cm™) and two new absorption bands at~1925 and 2020 cm™, blue-
shifted from the ground state positions, were formed instantaneously, as shown in Figure
7.7. This is consistent with the formation of the MPCT excited state, in which the
electron density at the Re center is reduced, shifting the CO stretching to higher
frequencies.®® Because of the spectral overlaps, only one broad feature at ~1925 cm™
(instead of two peaks) is observed. The transient kinetics of excited state CO stretching
bands are compared in Figure 7.6, which show the same decay kinetics as the transient
visible feature assigned to the reduced POM ligand. This agreement further confirms the
assignment of the Re-to-POM CT transition in 1.

The decay of the MPCT excited state leads to the formation of two positive
absorption bands at ~1850, and 1980 cm™, red-shifted from the ground state bleaches, as
shown in Figure 7.7. This can also be clearly seen in Figure 7.6, which shows that the
formation kinetics of these features agrees well with the decay of the MPCT excited state
bands (in the visible and mid-IR). We attribute these features to the formation of “hot”
ground state molecules, in which the energy of the excitation is converted into the

vibrational energy of the complex in the ground electronic state. The broadened and red-
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shifted CO bands undergo a continuous blue shift and narrowing with a time constant of
32 ps (Table 7.1), consistent with a vibrational cooling process of related molecules.*®*®
The red-shifted CO stretching bands can result from the vibration excitation of the CO

stretching modes as well as anharmonically coupled low frequency modes.
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Figure 7.7. Average transient mid-IR (a, 0~5 ps; b, 5~100 ps) absorption spectra of 1 in
CHCI, at indicated delay time windows after 400 nm excitation. Arrows indicate the

directions of amplitude changes.

To further clarify the nature of the hot ground state, we conducted transient IR

pump/IR probe experiments where only the CO stretching mode at the electronic ground
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state is excited. In this case (Figure 7.8), a red-shifted CO band assignable to the 1-2

transition is also observed and it decays with a similar time constant. However, this

feature does not undergo continuous blue shift and narrowing. This comparison suggests

that the hot ground state (shown in Figure 7.7) contains both the excitation of the CO

stretching mode (to v=1 state) and anharmonically coupled low frequency modes.
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Figure 7.8. Average transient IR spectra at indicated delay time windows after 400 nm (a

and b) and 2000 cm™ (c and d) excitation. (b) and (d) are the normalized spectra of (a)

and (c), respectively. In (b), the normalized spectrum from panel (d) (at 5~15 ps after

2000 cm™ excitation) is also shown for comparison.

In addition, transient kinetics of the “hot” ground excited state and the 1-2

transition after 400 nm and 2000 cm™ excitation, respectively, are compared in Figure
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7.9. The initial component in the kinetics resulted from IR (2000 cm™) excitation can be
attributed to a fast energy transfer among the CO stretching modes. Clearly, these

kinetics show the same decay after ~ 5 ps.

0 30 60 90 120 150 180
Delay Time (ps)
Figure 7.9. Comparison of transient kinetics monitored at 1982 cm™ after 400 nm (red

circles) and 2000 cm™ (blue line) excitation.

7.3 Conclusion

In conclusion, we have characterized a molecular metal-to-polyoxometalate CT
(MPCT) chromophore. Comprehensive computational and spectroscopic studies show
that the high visible absorption in this complex can be attributed to a MPCT transition
involving charge transfer from the Re(l) center to the POM. The orbitals and transition
addressed in this study are distinct from those in the well-documented heterobimetallic
systems because the acceptor orbitals are delocalized and multi-metal. In constrast, the
heterobimetallic systems exhibit fairly localized orbitals that reside primarily on a single

acceptor metal.**3
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Abstract: Efficient solar-driven catalytic water oxidation is one of the main challenges in
solar-to-fuel conversion. In this chapter, we investigate three approaches for constructing
electron acceptor —sensitizer — catalysts systems for photocatalytic water oxidation and
detail our current understanding of the relevant fundamental processes involved. We
demonstrated that an all-inorganic molecular water oxidation catalyst (WOC),
[{Ru404(OH),(H20)4} (y-SiW19036)2]'> (or RusPOM), catalyzed a homogenous O,
evolution system with 27% quantum efficiency in homogeneous solution in the presence
of sensitizer [Ru(bpy)s]** and sacrificial electron donor.! This suggests the feasibility of a
heterogeneous photoelectrochemical system in which the photoanode integrates all three
components: electron acceptor, photosensitizer, and WOC. We prepare a photocatalytic
electrode based on RusPOM and a dye-sensitized nanoporous TiO, film for efficient
light-harvesting and charge separation. Ultrafast spectroscopic studies of this triadic
nanocomposite indicate efficient charge separation from the excited sensitizer to TiO,
and efficient regeneration of the ground state of the dye. The latter can be attributed to
RusPOM oxidation by the photogenerated dye cation and has a yield of > 80% within 1

ns.

8.1 Introduction

As shown in the previous chapters, in recent years, a series of transition metal
substituted polyoxometalates (POMs) have been demonstrated to be efficient molecular
WOCs in homogeneous light-driven water oxidation systems' and electrocatalysis.®
These POM WOCs appear as ideal candidates for constructing composite photoanodes

for water oxidation. To guide this effort, we have carried out transient absorption studies
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of charge separation and recombination Kinetics in photocatalytic water oxidation
systems using POM WOCs.

In Chapter 4, we described the charge transfer dynamics in an established
homogeneous photocatalytic system® driven by incident visible photons and consumption
of the sacrificial electron acceptor [S,0g]*, with [Ru(bpy)s]** as a photosensitizer and
[{Ru404(OH)2(H20)4} (y-SiW19036)2] " (RusPOM) as a WOC. Our experiments based on
static’” and ultrafast spectroscopic methods indicate that the diffusion-controlled
characteristics of the charge transfer processes in solution systems are critically
responsible for the relatively low overall quantum efficiency. In this regard, a
heterogeneous photoelectrochemical system is highly desired in which the photoanode
integrates together the three components: electron acceptor, photosensitizer, and WOC.

As shown in this chapter, this conclusion is supported by transient absorption
spectroscopic studies on a TiO,/Ru470/RusPOM photoanode, where Ru470 is a
ruthenium bipyridyl dye sensitizer that has an intense metal-to-ligand-charge-transfer
(MLCT) band at ~470 nm. In this model electrode, the optical excitation of Ru470 leads
to ultrafast electron injection from the excited Ru470 to the TiO, nanoparticles, which
can be monitored by transient visible/IR absorption spectroscopy.®® The resulting
charge-separated state is relatively long lived, up to the ms time scale. In the presence of
WOCs, the Ru470 cation anchored onto the TiO, film can efficiently oxidize Ru,POM-
WOC, resulting in the regeneration of the ground-state of Ru470 and oxidized WOC.
This WOC oxidation process is ultrafast, leading to > 80% of Ru470 regeneration within

1 ns, which is promising for efficient water oxidation using this type of photoanode.
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We prepared a photoelectrode by co-depositing Ru470 and Rus,POM on the

surface of a nanoporous TiO, thin film. UV-vis spectra of the as-prepared electrode and

its components are shown in Figure 8.1.
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Figure 8.1. UV-Vis absorption spectra of TiO, (thick dotted), TiO,/Ru470 (thick

dashed), and the as-prepared electrode (thick-dotted-dashed). Also shown are absorption

spectra of Ru;POM (thin dashed) and Ru470 (thin solid) on TiO, after subtraction of

TiO, absorption.

This film was prepared using acidic RusPOM solution (pH 1). At pH 1, RusPOM

has a characteristic absorption feature at 445 nm (Figure 8.1).1%** Therefore, immersing

the Ru470 sensitized TiO, film into the RusPOM acidic solution results in the appearance

of the optical absorption features of the Rus;POM in the electrode UV-Vis spectrum. The

overlap of spectral features between RusPOM and Ru470 results in a difficulty for

selective photoexcitation of Ru470. Although at pH >4, the extinction coefficient of the
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RusPOM is greatly reduced due to the deprotonation of the Ru,POM, > it is not able to
attach to TiO, surface. Additionally, the Ru470 tends to leach from the TiO, surface and
the Ru4,POM can feasibly remove the Ru470 from the substrate surface. Therefore, we
prepared this electrode using acidic Rus,POM. In addition, due to the competitive binding
between Ru470 and RusPOM on the TiO, surface, the estimation of the ratio between
these two components is difficult, and several possible structures are shown in Figure 8.2.
Although there is an overlap in the ground state absorption spectra of Ru470 and
RusPOM (Figure 8.1), these structures can be distinguished through ultrafast

spectroscopy due to differences in their transient kinetics after 400 nm excitation.

OH
TiO,
OH
o
0% ~OH
(a) T10,-Ru470
TiO,
0% ~OH
(¢) T10, -Ru,POM (d) T10,-Ru470-Ru,POM

Figure 8.2. Possible structures (a-d) on the as-prepared electrode. The desired structure is

shown in (d)
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The TiO,/Ru470 dyad shown in Figure 8.2a has been well studied, as shown in
Figure 8.3.%° Ultrafast biphasic electron injection from both the high energy singlet and
lower energy triplet MLCT excited states of Ru470 into the TiO, conduction band is
followed by a much slower back electron transfer to the Ru470 cation, resulting in a

charge-separated state with a lifetime up to milliseconds.
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Figure 8.3. Schematic illustration of the photo-induced two-state injection model on the
dye-sensitized nanoporous TiO, systems. The redox potentials for the ground and excited
states (nonrelaxed and relaxed) of several dyes are shown to the right. Energies for the
MLCT* state are calculated assuming excitation at 400 nm (3.1 eV); shown as well is the

Ru,POM oxidation potential.
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Transient visible pump/IR probe spectroscopy was used to investigate the
interfacial electron transfer dynamics in this TiO/Ru470 dyad. The electron injection is
confirmed by the intense absorption in the mid-IR after optical excitation. Figure 8.4b
shows the kinetics of this mid-IR absorption after 400 nm excitation. This mid-IR signal
results from free carrier absorption, intrasubband transitions and trap absorption.'?
Therefore, this strong absorbance resulting from the injected electron in the TiO;
conduction band proves an unambiguous probe demonstrating the arrival of injected
electrons to the semiconductor conduction band.***® However, relaxation of the electron
over time through conduction band states can result in a decrease in the absorption signal
due to cross-section decay, complicating the analysis of the observed signal with either

relaxation or adsorbate recombination.”**" %
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Figure 8.4. (a) Average transient spectra of TiO,-Ru470 films at indicated time windows
after 400 nm excitation. (b) Transient Kinetics monitored at 460 nm (red triangles) and

2000 cm™ (black dots) after 400 nm excitation.
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We also carried out transient visible spectroscopy studies to investigate this
interfacial charge transfer process in this TiO,/Ru470 dyad. Displayed in Figure 8.4a are
transient visible absorption spectra, showing ground state bleach and broad absorption
features. The transient spectra of TiO,/Ru470 evolve with time, particularly in the initial
several ps. After 100 ps, the transient spectra are unchanged. This is due to the slow
component of the electron injection, leading to the gradual conversion of *MLCT excited
states to the oxidized states. The slight bleach recovery and spectral evolution of the
MLCT band can be attributed to the spectral overlap of the ground bleach and oxidized
state absorption. ¥ In addition, the charge separation state with electrons in the TiO, and
holes (positive charges) on the Ru470 creates a transient electric field. This photo-
generated electric field can modulate both the absorption characteristics of ground,
excited and oxidized states, altering the transient absorption spectra. This is the well-
known transient Stark effect in dye-sensitized systems.**** The bleach recovery is also
clearly seen in the transient kinetics of this MLCT band monitored at 460 nm, as shown
in Figure 8.4b.

The photoexcitation of RusPOM on TiO, prepared from an acidic solution (Figure
8.2¢) after 400 nm excitation results in a ground state bleach at 445 nm and the formation
of a new species with intense absorption at A > 500 nm, as shown in Figure 6.2 in Chapter
6. As mentioned in Chapter 6, however, these spectral features are very short-lived and
the transient signal completely disappears within 20 ps. The short-lived spectral
characteristics of the RusPOM/TIO, also imply that the transient Kinetics for the
TiO,/RusPOM/Ru470 system (Figure 8.2b) should only contain features from either the

excited Ru470 by direct optical excitation or the Ru470 cation after electron transfer from
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the Ru470 excited states to the TiO, conduction band. Both of these two species are long-
lived: the MLCT excited state of Ru470 has a lifetime up to several hundred
nanoseconds®®, and the charge-separated state (reduced TiO./oxidized Ru470) has a
lifetime up to milliseconds.

Finally, in the targeted triadic configuration in Figure 8.2d, the ground state of
Ru470 is believed to regenerate via RusPOM oxidation by the photo-generated Ru470
cations, This is believed to be due to the similar structure and energetics of Ru470 and
[Ru(bpy)s]**, and because the [Ru(bpy)s]** in the solution system is capable of oxidizing
water to O, catalyzed by Ru,POM. Figure 8.5a shows the transient spectra of the as
prepared TiO,/Ru470/Rus,POM electrode averaged over different delay times. The
transient spectral characteristics at 1-1.2 ps after 400 nm excitation has a bleach that
overlaps well with the ground state absorption of the as-prepared electrode (inverted for
better comparison). In addition, it has a broad, intense new absorption species above 500
nm quite similar to that of Ru,POM/TiO, (Figure 6.2). These spectral features (bleach
and absorption) result from the direct excitation of both Ru,POM and Ru470 on TiO,. As
the bleach signal recovers, it gradually blue shifts over time until it matches the ground
state absorption spectrum of the TiO,/Ru470 dyad after 15 ps. Meanwhile, the absorption
band above 500 nm is completely quenched after 15 ps. These spectral dynamics imply
that some of the Ru,POM molecules are directly attached to the TiO, substrate. The
photoexcitation of these molecules only affects the transient spectra and kinetics before
15 ps due to the short-lived photo-excited Ru,POM species. 15 ps after optical excitation,

the bleach continues to recover, with more than 80% of the bleach recovering within 1 ns
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(with respect to the spectrum at 20 ps). This is very different from that of the long-lived

charge-separated states in the TiO,/Ru470 dyad (Figure 8.4).
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Figure 8.5. (a) Transient visible spectra of the triad averaged over indicated delay times
after 400 nm excitation. Also shown are ground state absorption spectra (inverted for
better comparison) of the triad (solid thin line) and the TiO,/Ru470 dyad (dashed thin
line). (b) Transient kinetics of the Ru470 ground state bleach of the electrode (red
triangles) and the TiO,/Ru470 dyad (black circles). Kinetics are normalized after 20 ps to
exclude the effect of RusPOM directly attached to the TiO, substrate. Solid lines are

exponential fits to the data.

To exclude the effect of RusPOM directly attached to the TiO, substrate (Figure
8.2¢) on the transient kinetics, we compared the Ru470 ground state bleach recovery in
the dyad (Figure 8.2a) with those of the as-prepared electrode after 20 ps. As it can be
seen in Figure 8.5b, the ground state of Ru470 is substantially (>80%) regenerated within

1 ns in the presence of RusPOM.
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These results indicate that the excited states of photosensitizers (e.g. Ru470)
resulting from optical excitation are efficiently quenched by ultrafast electron transfer to
TiO,, leading to the generation of long lived charge-separated states consisting of
oxidized dyes and reduced TiO,. Subsequently, electron transfer from Ru;POM to the
oxidized dyes proceeds on the ns time scale, which competes with the back electron
transfer process from the TiO, conduction band to the anchored dye cation. These
electron-relay processes eventually result in further spatial charge separation with the
electron located in the TiO, and with the hole localized on RusPOM. This charge
separated state should have a longer lifetime than that of the TiO,/Ru470 dyad
(millisecond) and should thus be long enough for the slow step of water oxidation. The
details of these charge recombination dynamics are under investigation in our

laboratories.

8.3 Conclusion

In this work, our femtosecond studies on a model triad electrode reveal that the
photoinduced excited states of the sensitizer are efficiently quenched by ultrafast electron
transfer to TiO,, while the resulting sensitizer cation can oxidize the WOC. The
generation of the first oxidized state of [RusPOM] occurs within 1 ns, significantly faster
than the lifetime of cation, suggesting the feasibility of such triadic photoanode for

efficient water oxidation.
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Interfacial Charge Transfer in Well-defined TiO,-
Sensitizer-Ru,POM Triads

Unpublished results
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Abstract: This chapter continues to show our efforts to build efficient three-component
dye-sensitized-photoelectrochemical (PEC) electrodes and to understand their interfacial
charge transfer dynamics. Two other Ru-polypyridal dyes with phosphonate binding
groups are used for constructing these TiO,-sensitizer-WOC triads. These two dyes allow
us to make well-defined triadic structures for spectroscopic studies and offer greater
hydrolytic stability for PEC work. Ultrafast spectroscopic studies of these triadic
nanocomposites indicate efficient charge separation from the excited sensitizer to TiO,
and efficient regeneration of the ground states of the dyes. The latter can be attributed to
RusPOM oxidation by the photogenerated dye cations and has yields of > 60% within 1
ns. In addition, the PEC tests on these electrodes show markedly enhanced photocurrent

by the presence of Ru;POM WOCs.

9.1 Introduction

Providing renewable pollution-free energy sources, especially solar fuels, is one
of the most important scientific challenges of the 21% century, and in this context, the
direct, efficient, sustained sunlight-driven splitting of water into H, and O, remains one
of the most desirable targets. *® As stated in Chapter 1, the central motivation of this
work is to develop solar-driven water oxidation and splitting systems that are lower-cost,
more stable and more efficient than existing systems. One of the general goals is to
prepare and characterize hydrolytically and oxidatively stable triadic nanoassemblies.
These nanocomposite triads compose three units: a semiconductor metal oxide (generally
TiO,) as electron acceptor, a photosensitizer (a Ru-polypiridyl complex), and an all-

inorganic robust polyoxometalate (POM) water oxidation catalyst (WOC).
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The performance of these photoanodes can be evaluated when connected to an
external circuit where the photoinjected electrons are removed to a counter electrode for
proton reduction. To achieve high solar energy conversion efficiency in a practical device,
optimizations are needed in three areas: (1) the photosensitizer should optimally have
absorption characteristics which cover a substantial region of the solar irradiance
spectrum and generate a long-lived excited state; (2) the electron acceptor should
facilitate the formation of the charge-separated state and the oxidation of the catalyst; and
(3) the water oxidation catalyst should be fast and selective. Additionally, both the
individual components and the nano-assembly or PEC cell as a whole must be
hydrolytically and oxidatively stable.

We have shown a promising proof-of-principle case, the TiO,/Ru470/Ru,POM
photoanode.® However, that particular electrode structure is not hydrolytically stable and
is not well-defined. Consequently, both the PEC studies and spectroscopic investigation
are difficult.

To overcome the unstable surface attachment of Ru470 on TiO, nanoparticles,
RuP2 and RuC2 were introduced, which can perform the dual role of sensitizing titania
and immobilizing our water oxidation catalysts on the metal oxide surface. These two
dyes are modified Ru(bpy)s** as shown in Figure 9.1. The phosphonate binding groups
employed in these dyes offer greater hydrolytic stability than carboxylates, which we

found early on to be incompatible with aqueous conditions (Chapter 8).
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Figure 9.1. Structures of Ru470, RuP2, and RuC2, and the schematic illustration of the
two-state injection model. Electron injection (k’;) from the unthermalized excited state
competes with intramolecular relaxation (kz), whereas the relaxed excited state injects
with a rate constant k;. Competition between k; and k, leads to biphasic injection kinetics.
The redox potentials for the ground and excited states (nonrelaxed and relaxed) of several
dyes are shown to the right.’® Energies for the *MLCT* state are calculated assuming

excitation at 400 nm (3.1 eV)

9.2 Results and Discussion

9.2.1 TiO,-RuP2-Ru,POM
RuP2 has been proven to be promising in several dye-sensitized

photoelectrochemical cells for water splitting or CO, reduction using nanoporous TiO;
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substrates. **"**> In addition, the positive charge of the Ru** center is capable of picking
up the highly negative Ru,POM from the solution, forming a stable and well-defined

TiOo/RuP2/RusPOM (Figure 9.2) triadic structure.™®

Figure 9.2. Schematic representation of the TiO,/RuP2/Ru,POM triadic construct.

The Bonchio group has reported some preliminary kinetic results for this
composite on the s time scale, where an accelerated RuP2 ground state bleach recovery
was observed in the presence of RusPOM.™ However, these kinetic features can also be
due to either the increased back electron transfer rate or the interaction solely between the
excited RuP2 dye and the attached Ru,POM. More elaborated works are required to
clarify the interfacial charge transfer dynamics in this triadic photoanode, especially on
the earlier time scales (ns, ps and even fs), which is the focus of this section.

The triadic TiO2/RuP2/Ru,POM nanocomposites have been successfully
synthesized, as indicated by the visible color change of the films and their static

absorption spectra (Figure 9.3).
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Figure 9.3. UV-Vis absorption spectra of TiO; (thick black line), TiO,/RuP2 (thick red
line), and the triad (thick blue line). Also shown are absorption spectra of Ru,POM (red
thin blue line) and RuP2 (thin red line) on TiO; after subtraction of TiO, absorption and

RusPOM (blue dotted line) and RuP2 (red dotted line) in H,O.

The charge transfer dynamics were investigated by femtosecond visible pump-IR
probe spectroscopy. Shown in Figure 9.4 are absorption dynamics of injected electrons in
TiO, following 400 nm excitation of the adsorbed RuP2. Upon injection of an electron to
the TiO, conduction band, a broad positive absorption in the mid-IR region is observed.
This mid-IR signal results from free carrier absorption, intrasubband transitions and trap
absorption.’” The interfacial electron injection dynamics probed at 2000 cm™ are shown
in Figure 9.4. Photoinduced electron injection dynamics in this system are biphasic,
consisting of a distinct <100 fs ultrafast component and one or more slower components

on picosecond and longer timescales. This biphasic electron injection process is presented
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in Figure 9.1, where, in contrast, the bare TiO; film as a control shows only small signal

because of the weak absorption at 400 nm (bandgap Eg4 = 3.0~3.2 eV for TiO,).
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Figure 9.4. Transient IR absorption kinetics after 400 nm excitation for films of bare

TiO, (black dots), TiO,-RuP2 (red triangles), and the triad (green squares).

Optical excitation of RuP2 at 400 nm excites the molecule to its "MLCT* state,
high (~1.2 eV) above the *MLCT state (Figure 9.1). This unthermalized *MLCT* state is
also energetically much higher (~1.5 eV) than the TiO, conduction band edge with
sufficient driving force for electron injection to TiO,. RuP2 in its ‘MLCT* excited state
can also undergo ultrafast (<100 fs) electronic relaxation (ky) within the excited state
manifold to the MLCT. Injection from nonequilibrated excited states (k’1) competes with
the intramolecular relaxation (k,). At the thermoequilibrated *MLCT excited state,
electron injection to TiO, occurs with a much slower rate constant (k;). The slower k;

(compared to k’;) results from the lower density of states in TiO, at that energy level
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(reduced electronic coupling strength) and the reduced driving forces according to the
Marcus electron transfer theory. &%

Significantly, the presence of RusPOM does not alter the electron injection
kinetics, confirming the photo-induced electron transfer from RuP2 excited states to TiO;
instead of to the Ru,POM.

The charge transfer dynamics were further investigated by transient visible
spectroscopy. The transient absorption spectra of the dyad are shown in Figure 9.5a.
Optical excitation results in the instantaneous formation of a bleach due to the
depopulation of the RuP2 ground state. Similar to results for TiO,/Ru470 (Chapter 8), the
transient spectra of TiO,/RuP2 evolve with time, particularly in the first 100 ps. After 100
ps, the transient spectra are unchanged. The spectral evolution can be due to the Stark

effect, 1%

as discussed in Chapter 8, and to the slow component of the electron injection
that leads to the gradual conversion of *MLCT excited states to the oxidized states.
Indeed, the electron injection dynamics in Figure 9.4 shows a slow component with a
time constant of several tens of ps. The slight bleach recovery of the MLCT band is
probably due to the overlap of ground state and oxidized state absorption spectra. 2° The
transient stark effects can also result in the complication to the spectra and kinetics. The

bleach recovery can clearly be seen in the transient kinetics monitored at 470 nm, as

shown in Figure 9.6b.
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Figure 9.5. Average transient spectra of TiO,/RuP2 (a and c¢) and the triad (b and d) for
different time scales: (a and b, 0-1.25 ns) and (c and d, 0-50 ns) after 400 nm excitation.
Shown in ¢ and d are the static UV-Vis spectra (inverted for better comparison) of RuP2

on TiO, as well.

In the presence of RusPOM, the transient spectra of the triad at different delay
times after 5 ps consistently show two only species, the ground state bleach and the
absorption due to the formation of oxidized RuP2.%?" This indicates an increased
electron injection rate from excited RuP2 to the TiO, conduction band. This can be due to
the change of protonation states (surface pH) after picking the Ru;POM from the solution

pH 3.2. As shown in the previous report, decreased pH can accelerate the electron
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injection on dye-sensitized TiO, nanoporous films.?® In addition, the presence of the high
negative charge (10°) can be another driving force for electrons (negative charge) to move
preferentially to the TiO, nanoparticles. Significantly, with the presence of Ru,POM, the
regeneration of the ground states of RuP2 are accelerated, which is shown from the
spectral comparison between the dyad (Figure 9.5c) and the triad (Figure 9.5d) on the ns
time scale. The transient kinetics of the RuP2 ground state recovery are also compared, as
shown in Figure 9.6. Clearly, in the presence of Ru,POM, the ground state of RuP2 is

substantially (~70%) regenerated within 1 ns.

Ab (mOD)
A
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Figure 9.6. Transient kinetics of TiO,/P2 (black) and the triad (red) monitored at 475 nm
after 400 nm excitation. The decay time is in linear scale in the left panel (~0.1-1 ns) and

in logarithmic scale in the middle (1-200 ns) and right (200-6000 ns) panels.

The ultrafast recovery of the ground state bleach may either be due to efficient

electron transfer from the attached WOCs or increased back electron transfer from TiO,
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to the oxidized dyes. This ambiguity has been clarified by transient IR absorption
spectroscopy, as shown in Figure 9.4, since the presence of the Rus,POM does not affect
the electron dynamics in the TiO, conduction band. Therefore, the ground state bleach
recovery in the transient visible study is due to the oxidation of RusPOM, resulting in the
long-lived charge-separated states required for efficient water oxidation at the

photoanodes.

9.2.2 TiO,-RuC2-Ru,POM

Initial studies with the commercial sensitizer Ru470 and Ru;POM suggested that
the desired electron transfer occurs from the POM to the oxidized dye. However, the
hydrolytic stability of the TiO,-carboxylate linkage proved inadequate for aqueous
photoelectrochemical (PEC) studies. For this reason, we have moved to the phosphonate
substituted systems RuP2 and RuC2 (Figure 9.1), as dyes of this type have successfully
been used in aqueous systems. RuC2 has been designed to strengthen interactions with
the catalyst by including crown ether groups which can be metallated by alkali or alkaline
earth metals, thus increasing the positive charge and introducing the possibility of weak
coordinative interactions with the terminal oxo-groups of the POM. In addition, the RuC2
dye has an absorbtivity (19,000 M™ cm™) that is 80% higher than that of RuP2 (12,000
M™ cm™) at 455 nm.

In preparing the RuC2 triad (Figure 9.7) for the transient spectroscopic and PEC
studies, we found that RuC2 is adsorbed just as efficiently on TiO, as RuP2, and that the
RuC2-sensitized film can also rapidly take up enough POM to make an effective triad

(sufficient loading is achieved within minutes), as shown in Figure 9.8. It is expected that
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the electrode can be further optimized by varying the amount of charge introduced by the
metal cation (e.g. changing Na* for Ca®*). Our transient spectroscopy studies also reveal
that transient kinetics resulting from these RuC2-based dyads and triads are similar to
those for the RuP2-based ones, as shown in Figure 9.8b. The oxidized RuC2 can
efficiently take an electron from the attached Ru,POM, consequently forming a long-
lived charge-separation state that is promising for solar fuel production. All these positive
attributes listed above make RuC2 a more promising photosensitizer that RuP2 and

Ru470 in this triadic photoanode for water splitting.

Figure 9.7. Schematic representation of the TiO,/RuC2/RusPOM triadic construct. The

Na" can be replaced by other cation of various positive charges.
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Figure 9.8. (a) UV-Vis absorption spectra of TiO, (black line), TiO,/RuC2 (red line), and
the RuC2 triad (blue line). (b) Transient kinetics of TiO,/RuC2 (black) and the RuC2
triad (red) at 475 nm after 400 nm excitation. The decay time is in linear scale in the left

panel (~0.1-1 ns) and in logarithmic scale in the right panel (1-100 ns).

9.3 Photoelectrochemical performance

These strongly associated SMO-sensitizer-WOC triads using zwitterionic Ru-
polypyridal dyes were designed not only for spectroscopic studies but, more importantly,
to serve as efficient photoanodes in practical photoelectrochemical (PEC) water-splitting
cells. The hydrolytic and oxidative stability of these triadic components are essential for
optimal PEC performance.

In the water oxidation triads, the electrons of the photogenerated charge transfer
excited states of the sensitizer are transferred to the SMO substrate, while the holes of
these states sequentially oxidize the attached WOC. The performance of such triads can
be evaluated by connecting them to an external circuit, such that the photoinjected

electrons are immediately removed from the anode to reduce H,O to H, at the cathode.
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The latter can be equipped with a water (or CO,) reduction catalyst. The developed
triadic photoanodes were tested in a home-made three-electrode cell under visible light

illumination. A schematic illustration of our PEC set up is shown in Figure 9.9.

Figure 9.9. Schematic representation of a water splitting system using RuP2 supported
on a nanoporous TiO, substrate as photosensitizer, and the attached Rus,POM as WOC.
Counter electrode: Pt; Reference electrode: Ag/AgCIl (3M NaCl); Light source: Xenon

lamp (filtered to 450-470 nm).

Preliminary photoelectochemical studies on TiO,/RuP2/RusPOM and TiO,/RuC2-
/Ru4POM triad electrodes show enhanced currents upon irradiation (Figure 9.10).
However, a certain level of hydrolysis is hampering these studies. Further investigation
of buffers, surface protection and other conditions to minimize this problem are necessary.
Quialitatively, these studies have shown that triad electrodes are more stable than simple

Ti0,-dye electrodes, and that RuC2 based triads are more stable than RuP2 based triads.
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Figure 9.10. Performance tests of the RuP2-based dyadic and triadic photoanode. (a) I-t
profile under illumination with dark intervals. (b) Cyclic voltammetry of the electrodes
under illumination and in the dark. Electrolyte: 3~5mM Na,SiFs-NaHCO3 (pH=5.8);
[llumination: 450-470 nm; Reference: Ag/AgCl, 3 M NaCl; Counter electrode: Pt.

It is worthy to note that wiggle CV features in Figure 9.10b are probably
indicative of the different oxidation states in RusPOM.?**° In this regard, combination of
the PEC setup with the transient spectroscopic techniques, as shown in Figure 9.11, can
provide a new approach to study the sequential 4-electron transfer dynamics in these
systems as long as particular external biases are used for pre-oxidization of the WOC to
certain oxidation states.

In addition, for this specific charge transfer studies, aqueous systems are not
necessarily involved. To reduce the complexity of the system and also to improve the
stability of the linkage, an innocent organic environment with appropriate ionic

electrolytes would be a more promising approach.
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Figure 9.11. Schematic representation of the EC-TAS technique, combining both the

electrochemistry and transient absorption spectroscopy.

9.4 Conclusion

TiO,-Ru dye-RusPOM triads have been assembled using RuP2 and RuC2. All
systems show ultrafast electron transfer as indicated by substantial bleach recovery in <1
ns. For the RuP2 system, transient IR measurements confirm that the overall direction of
electron transfer is from Ru,;POM to TiO,. Preliminary photoelectochemical studies on
TiO2/RuP2/RusPOM and TiO,/RuC2/RusPOM triads/electrodes show enhanced currents

upon irradiation.
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Abstract: This short chapter describes our extensive efforts to prepare and characterize
low band gap oxide-WOC dyads for photocatalytic water oxidation using our molecular,
tunable, and carbon-free POM-based WOCs. The low band gap oxide semiconductor
used here is hematite (a-Fe,O3z). It functions as the light harvesting component,
overcoming the potential instability problem of organic containing sensitizers such as

Ru(bpy)s>* and derivatives.

10.1 Introduction

Many of the existing solar driven water oxidation systems use Ru-polypyridyl
complexes as photosensitizers because of their large extinction coefficients in the visible
region and long lived metal-to-ligand charge transfer excited states. *'° However, the
polypyridyl ligand (and its derivatives) in these sensitizers are very likely to succumb to
degradation long before the targeted number of turnovers is achieved in light-driven
water splitting devices. This is true in part because water oxidation and splitting will
involve production of hydroxyl radicals and other reactive oxygen species that will
ultimately destroy all organic ligands and facilitate their conversion to the
thermodynamically most stable products, CO, and H,0.

In order to improve the oxidative and hydrolytic stability of the light-driven water
splitting devices, it’s of great potential importance to use inorganic light absorbers. One
approach is to use nanocrystalline thin films as photoanodes. Numerous metal-oxide
materials have been used directly as photocatalysts for water oxidation.*** Since the

13

pioneer work performed in 1972 by Fujishima and Honda,™ enormous numbers of

electrode materials have been explored.*****> However, band gaps of materials that can
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effectively split water, such as TiO, are too large for practical solar energy
conversion.'®*" Doping TiO; to increase its absorption in the visible region or use of low
band gap semiconductor materials has led to only limited success.'®?? Alternatively, iron
oxide (a-Fe,Os, hematite) has a band gap of 2.1 eV,? allowing for the absorption of
~40% of the incident sunlight energy.?* In addition to its abundance and environmental
compatibility, a-Fe,O3 is photoelectrochemically stable in various neutral and alkaline
aqueous electrolytes.”?®

In addition, the photocatalytic efficiency can be improved by increasing the
lifetime of the electron-hole pairs and the rate of the water oxidation reaction. This can be
achieved by depositing efficient catalysts on the metal-oxide surface.”>?"% A few metal
oxides or phosphates (RuO,, Co3z04, Co-phosphate, IrO,, etc) have been demonstrated to
enhance the performance of the metal oxide electrode. For example, the deposition of Co
oxide catalysts on a-Fe,O3 films was reported to enhance water oxidation photocurrents
and shift their onsets to lower bias in photoelectrochemical cells.?*® These results
suggest that oxide-catalyst heterostructures can indeed improve the efficiency of water
oxidation. Unfortunately, the structure and performance of the oxide-catalyst
heterostructures are not amenable to extensive optimization and molecular level
investigations because the structures of these catalysts are largely unknown. Furthermore,
even though the presence of IrO, yields the most efficient a-Fe,O3 photanode with a
~40% incident photon to current efficiency (IPCE) at 400 nm,* the total solar energy
conversion efficiency remains ~2%, far lower than the maximum theoretical limit (13%)

for a hematite photoanode.®” Therefore, further improvement of the electrode
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performance requires the incorporation of more efficient catalysts, such as molecular
catalysts.

Recently WOCs based on polyoxometalate (POM) stabilized multi-d-electron-
metal oxide clusters have been reported.***° These carbon-free complexes combine the
stability advantages of heterogeneous metal oxide catalysts with the several advantages
of homogeneous catalysts (ease of experimental and computational investigation, some
ability to control the geometrical and electronic structures around and at the active site,

etc). While the tetra-cobalt POM, [Co4(H20)2(PWsO34),]** (henceforth “Co,POM” )

is as fast as any WOC to date,* nearly all POM WOC evaluations to date have been
conducted in solution (dark and light-driven reactions with different oxidants under a
range of conditions). The behavior of these molecular catalysts when immobilized on
anodes and photoanodes is important for several applications of WOCs. Combining our
soluble, carbon-free WOCs with the colored/narrow-bandgap inorganic photoanode,
hematite, can potentially lead to significantly more efficient and stable photocatalytic
water oxidation systems. These systems can also have well-defined structures allowing
for extensive optimization and molecular level investigations.

This chapter describes our efforts to construct well-defined, robust, and efficient
all-inorganic hematite/WOC dyad photoanodes. Co,POM has been proven to be stable in
homogenous chemical or photochemical water oxidation systems, but its
photoelectrochemical (PEC) stability on the semiconductor metal oxide anode remains a
problem.*® Although this issue has not been completely addressed, we have been working
on the stability improvement. This short chapter reports the successful immobilization of

Co,POM on hematite, as shown in Figure 10.1. This involves a new type of POM
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immobilization on surfaces based on the use of hydrophobic POM counterions that
facilitates not only POM surface attachment but also to a certain degree protects the POM
from concentrated aqueous hydroxide media. In the presence of the hydrophobic POM
counterions, instead of general complete decomposition to Co oxide, the X-ray
photoelectron spectroscopic (XPS) results indicate that the Co,POM undergoes some

structural transformation.

Atom code: Co, P, W, 0

Figure 10.1. Surface structure and water oxidation at the hematite/THA-Co,POM

photoanode.

10.2 Results and discussion

WOC immobilization involves drop casting a toluene solution of the highly
hydrophobic tetra-n-heptylammonium ([CH3(CH.)e]sN™ or “THA”) salt of Co,POM on a
hematite electrode surface followed by treatment with 1 M aqueous NaOH (details in the
Chapter 2). These photoanodes were evaluated in 1 M NaOH electrolyte using a three-
electrode photoelectrochemical cell with a saturated Ag/AgCl electrode and a Pt wire as

the reference and counter electrodes, respectively.
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The current density under illumination (320-720 nm, 100 mW/cm?) increases

two-fold (Figure 10.2) relative to the hematite electrode alone (no surface WOC coating).
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Figure 10.2. 1-V characteristics under illumination of hematite (thick red dashes) and
hematite/THA-Co,POM after NaOH treatment (thick blue dash-dots), after washing with
toluene (thin red dashes) and re-use of the film, i.e. re-applying the Co,POM WOC (thin
blue dash-dots). Grey lines are dark I-V plots for hematite (thick dashes) and
hematite/THA-Co,POM (thick dash-dots). Electrolyte: 1 M NaOH; scanning rate: 50

mV/s: illumination: 320-720 nm, 100 mW/cm?.

Several experiments were conducted to clarify the significance of the results in
Figure 10.2. First, this three-component photoanode was washed with toluene which has
two immediate effects: it removes the hydrophobic Co,POM from the photoanode based
on spectroscopic measurements, and it reduces the photocurrent to that of bare hematite
film (Figures 10.2). Second, this film after washing with toluene was re-usable (i.e. after
re-application of the Co,POM WOC, Figure 10.2). The current-voltage curves are

identical after 10 scans and six minutes (Figure 10.3). Third, control experiments show
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that hematite with a monolayer of Co(NOs),, prepared by the well-known procedure,**
results in similar degree of photocurrent enhancement as the Co,POM-modified surface

but exhibits markedly different 1-V characteristics (Figure 10.4).
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Figure 10.3. Ten I-V scans of the hematite/ THACo04,POM electrode used for Figure 10.2.
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Figure 10.4. 1-V characteristics under illumination of hematite (black), and
hematite/Co(NOs3), before (red) and after (blue) extensive toluene washing. The grey line

indicates the dark current from the hematite film.
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Several experiments address the stability of this new class of photoanodes. First,
the many characteristic vibrational bands of the THA and CosPOM*“** units are
unchanged before and after use under PEC (photo-induced catalytic water oxidation)
conditions (Figure 10.5). Second, the photoelectrochemical performance of the standard
Co(NOs), coated hematite electorde,** is unaffected by extensive washing with toluene.
Third, the degree of protection of the WOC complex from the concentrated hydroxide
depends on the ratio of THA to Co,POM. In strongly basic aqueous solutions of
Co4POM (e.g. Najo[Co4(H20)2(PWg034)2] with no THA present) where water oxidation
is thermodynamically more facile (2H,0 = 4H" + O,, E;=1.23-0.059>pH V), this POM
decomposes immediately. In the presence of 24 equivalents of THA per equivalent of
Co4POM, there is, remarkably, no detectable decomposition of the Co4,POM to Co oxide
after extensive use (e.g. > 10 I-V scans). With insufficient protective THA counterions
(THA:C04POM 7.4:1) present, there is slow decomposition of the Co,POM to Co oxide

and different 1-V characteristics are exhibited (Figure 10.6).
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Figure 10.5. Attenuated total reflection infrared spectra of hematite/THA-Co,POM

electrode after photoelectrochemical use (blue), hematite (black) and THACo4POM (red).
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Figure 10.6. I-V characteristics under illumination of hematite (black), and
hematite/ THAC0,POM (THA7 sH2.4[C04(H20)2(PWyOaa),]) before (red) and after (blue)

toluene treatment. The grey line indicates the dark current of the hematite films.

In addition, SEM photomicrographs show no Co oxide presence on the films after
use as photoelectrodes in 1M NaOH.

However, the XPS shows that the ratio of Co, P and W in the hematite-
THAC0,POM electrodes is altered by use as a photoelectrode. This suggests that (1) it
may be possible that some portion of Co,POM in the sample remained intact, resulting in
the appearance of the characteristic IR signals of Co4POM; and (2) structural

transformation occurs during the PEC experiments and the new species is an active WOC.

10.3 Conclusion

In conclusion, we show in this chapter a new type of POM immobilization on
surfaces based on the use of hydrophobic POM counterions that facilitates not only POM

surface attachment but also to a certain degree protects the POM from concentrated
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aqueous hydroxide media. In the presence of the hydrophobic POM counterions, instead
of general complete decomposition to Co oxide, the X-ray photoelectron spectroscopic

(XPS) results indicate that the Co,POM undergoes some structural transformation.
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Abstract: This chapter reports our transient studies on hematite electrodes on the fs-to-1s
time scale, showing for the first time the clear transient spectra after optical excitation.
This chapter also summarizes our efforts to collect direct evidence for the transient

spectral assignments.

11.1 Introduction

Photoelectrochemical water splitting (H.O + hv — H, + % O, ) is a promising
approach to convert solar flux into chemical energy stored in the form of hydrogen for
energy and environmental sustainability. Since the pioneer work performed in 1972 by
Fujishima and Honda,® enormous numbers of electrode materials have been explored™*?®,
One of the most attractive is iron oxide (a-Fe,Os, hematite).>** This oxide has a band gap
of 2.1 eV,* allowing for the absorption of ~40% of the incident sunlight energy.'! In
addition to its abundance and environmental compatibility, a-Fe,O3 s
photoelectrochemically stable in various neutral and alkaline aqueous electrolytes.*>*
However, these advantages are balanced against other less desirable intrinsic properties,
such as insufficient reduction potential of the conduction band electron, high resistence,*
short hole-diffusion length®, short-lived excitons'’, and slow surface O, evolution
kinetics.***%% Many effective approaches have been employed to overcome these less-

desired properties, including tandem cell configuration %% surface water oxidation

catalysts (WOCs),"*'®%, impurity ~doping'®*>*®

and nano-scale morphology
engineering.** However, the current highest solar energy conversion efficiency remains
~2% using a hematite/IrO, WOC photoanode, far lower than the maximum theoretical

limit (13%) for a hematite photoanode.
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To further improve the solar conversion efficiency, a thorough understanding of
the interfacial charge transfer dynamics and their dependence on the applied bias and
attached surface WOCs in these hematite-based systems is crucial. Indeed, even the
photophysics of this photoanode material is highly interesting. However, this is an area

that remains highly unexplored, in contrast to the wide-bandgap mesoporous TiO,.

Optical excitation of the semiconductor generates electrons and holes. The holes
can oxidize water molecules or recombine with the electron. The competition between
these pathways determines the photocatalytic efficiency. To date, the transient spectral
assignment and the kinetics of the photo-generated carriers in hematite from ultrafast
studies are still not clear. In 1984, Nozik et. al. showed that dumping electrons by
radiolysis into iron oxide resulted in absorption enhancement above 500 nm.*’ Therefore,
it was generally believed that the conduction band electrons have a broad absorption
feature. This study was the basis of almost all reports*®>* before 2011 about hematite
charge carrier dynamics on the fs- and ps- time scale."” All these early transient studies
focused on fs-to-ns timescales and often employed high excitation conditions, showing
extremely short-lived spectral features (< 100 ps). These findings had been typically used
to account for the notoriously low incident-photon-to-current-conversion efficiency
(IPCE) before the new benchmark from a new dendritic-nanostructured hematite
photoanode.'®

However, more recent studies (with a better signal-to-noise ratio for kinetic

557 showed that the recombination rate is excitation

studies) by Durrant and co-workers
power (or electron-hole concentration) dependent and the process obeys a power law.

Under their excitation power (~0.2 mJ/cm?), their transient absorption (TA) spectra of
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nanoporous hematite films measured in an argon atmosphere are characterized by a long-
lived (Js-to-ms) absorption peak at 580 nm and a tail that extends to the near IR. They
also show that, in the presence of WOCs or under positive biases, the lifetime is
lengthened, while the addition of a hole acceptor (methanol) reduced it dramatically.
Therefore, they assigned the absorption band at 580 nm to trapped holes in hematite.
However, due to the limitation of their set up, high-resolution spectra are impossible to
achieve, and thus a definitive spectral assignment is questionable. Despite that, these new
studies put the spectral assignment (hole, electron, trapped hole, trapped electron, surface
species, etc.) of transient species in hematite under debate. Therefore, more clear
transient spectra are necessary for confirming the transient spectral assignment in order to
elucidate the interfacial charge transfer dynamics and their dependence on the applied

bias and attached surface WOCs.

This chapter reports our transient study on the hematite electrode on the fs-to-ps
time scale, showing for the first time clear transient spectra. This chapter also

summarizes our efforts to collect direct evidence for the transient spectral assignments.

11.2 Results and discussion

11.2.1 Electronic spectra of hematite

Hematite has a corundum structure, where the arrangement of the cations and
anions produces distorted Fe(O)s octahedra with the d®> high spin Fe** center.”®
Interestingly, the high-spin d° configuration arranges in a way with spins coupled
ferromagnetically in the (001) basal planes and anti-ferromagnetically along the [001]

direction, leading to anisotropy in charge transport.>®®°
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The distorted octahedral structural features and the magnetic coupling between
the adjacent Fe** octahedral centers make it so that the forbidden d-d transitions in a
perfect, isolated high-spin d® octahedron are allowed. It is generally believed that two
types of d-d electronic transitions exist in hematite: high-spin d° transitions and the pair
excitations resulting from the simultaneous excitation of two neighboring Fe** cations
that are magnetically coupled.®*® Shown in Figure 11.1 is a UV-Vis spectrum of a
hematite film. This film was synthesized using electrochemical deposition methods and
consists of hematite nanoparticles with diameters between 50 and 80 nm.3®* The static
absorption spectrum can be well fit to a multiple-Gaussian function. The resolved

transitions are consistent with literature simulation values as shown in Table 11.1.%°

1.2 1.5 1.8 2.1 24 2.7 3.0 3.3 3.6 3.9
Energy (eV)

Figure 11.1. UV-Vis spectrum (black) of a hematite film. Synthesis details can be found
elsewhere.®® The UV-Vis spectrum is fit to a multiple-Gaussian function. The fitting
result (red dots) shows a good agreement with the UV-Vis spectrum. Each Gaussian

component is shown and indicated by the position of its center.
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Table 11.1. d-d transitions in hematite.

Transition | ®A> T, | CAD T, | 2(A)> 2(°T)) A YE AL | SAD T, | A YE | A T,

Literature | gg, 649 529 444 404 | 380 | 319
(nm)
Fit
o) 1050 | 661 523 441 419 | 381 | 309

@ These transitions can be seen more easily in a Tanabe-Sugano diagram for high-spin Fe** (d°) in octahedral
coordination.®®

In addition to the d-d transitions originating from the ligand field induced d-
orbital splitting (a typical example of the Stark effect), there are two types of band-to-
band transitions: the ligand to metal charge-transfer (LMCT) transition and the inter-
valence charge-transfer (IVCT) transition.

In general, the valence band of a 3d-transition metal oxide consists mainly of the
O2p band, while the conduction band is formed primarily by the 4s band of the transition
metal anion. A partially filled 3d band, located between the 4s and O2p bands, can also
be an important contribution to the valence band. The LMCT transition for hematite
occurs at >3.5 eV, while the bandgap of hematite measured in photoelectrochemistry is
~2.2 eV. Therefore, the generally known bandgap transition in hematite is not due to the
direct intense LMCT transition. In fact, in addition to the LMCT transition, there is
another model to account for the band-to-band transition. It has been shown that the
activation energy for the “intrinsic” conduction to create a Fe**/Fe** pair is ~2 eV. &
Therefore, the ~2 eV bandgap originates from the charge transfer between neighboring
Fe** ions. The two band-to-band transition models are well presented in a drawing by

Matsumoto,® as shown in Figure 11.2.
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3d (Fe’t)
2p (03')\

Figure 11.2. Band structure of iron oxide (redrawn from reference

66) )

11.2.2 Femtosecond visible measurements

Shown in Figure 11.3 are fs-transient spectra after 400 nm excitation. The main
features associated with these spectra are bleach bands below 460 and at 525 nm, clear
absorption bands at 470, 500 and 570 nm, and a featureless broad absorption above 570
nm. Furthermore, a clear isosbestic point at 555 nm exists in the normalized spectra
(Figure 11.3b). Spectral evolution occurs initially until it reaches a stable spectral shape
after about 100 ps, which can be clearly seen in the normalized spectra (Figure 11.3b).
However, the isosbestic point exists at all delay times in the normalized spectra.
Therefore, this can be contributed to a long-lived species that exists in all the transient
spectra. Before 100 ps, therefore, different components appear and evolve with distinct
kinetics. Due to these spectral characteristics, these long-lived components can be

removed from the transient spectra after some simple spectral manipulations.
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Figure 11.3. (a) Average transient visible spectra of hematite after 400 nm excitation

(170 nJ/pulse); (b) Normalized spectra in (a); (c) The resulting average spectra after the

spectral subtraction described in the text; (d) Normalized spectra in (c).

To remove these long-lived features, the spectra from 750 — 1300 ps were

averaged and scaled to have the same amplitude at the isosbestic point (555 nm) at all

delay times. This scaled spectrum was then subtracted from the original spectra for each

delay time; the resulting spectra are shown in Figure 11.3c. These spectra have clear

bleach (< 450 and 560 nm) and absorption (525 and > 600 nm) bands, which are short-
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lived and disappear after about 100 ps. Several isosbestic points (at 500, 555 and 565 nm)
exist and suggest that all the spectral features follow the same kinetics. This is confirmed
to be the case by the corresponding normalized spectra compared in Figure 11.3d. The
normalized spectra are only plotted at early times, as these spectra disappear after 150 ps.
The featureless and short-lived band above 600 nm agrees with most of the early
literature results, which state that the photogenerated charge carriers are extremely short
lived and > 80% recovers within 10 ps. 1"*>* In these early reports, these results are
assigned to the transient signal of the electrons in the conduction band based on the
radiolysis study in 1984 as mentioned above. *’ This short-lived signal is also confirmed
by a recent study®’ that probed the transient absorption signal at 800 nm where the long-
lived components have very little absorption contribution. This short-lived species is
generally believed to be assigned to the ultrafast carrier-trapping process in colloidal
metal oxide nanoparticles.®***%%° However, there is no direct experimental evidence for
this assignment.

To better understand the origins of the transient features, we conducted the same
measurements on films synthesized from other approaches. Shown in Figure 11.4a are
UV-Vis spectra of three flat, crystalline hematite films of different thicknesses grown by
an atomic layer deposition technique.”” Compared to the UV-Vis spectrum of the
nanoparticle film (Figure 11.1), the spectral features are consistent, while the long tail
above 600 nm is probably due to scattering.

The transient spectra of the film with medium thickness are displayed in Figure
11.4b and 11.4c. Results for the other two films are not shown due to their similarities.

All the features in the transient spectra of the nanoparticle film are also present in Figure
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11.4b and 11.4c. Similarly, as shown in Figure 11.4d, these transient spectra primarily

consist of two components with different kinetics.
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Figure 11.4. (a) UV-Vis spectra of films synthesized by atomic layer deposition
techniques. Synthetic method can be found elsewhere.”* (b) Average transient visible
spectra of the medium hematite film after 400 nm excitation (170 nJ/pulse); (c)
Normalized spectra in (b); (d) The resulting normalized average spectra after the spectral

subtraction described in the text.
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The transient kinetics of the resulting species after the spectral subtraction are
shown in Figure 11.5. The normalized kinetic traces do not depend on the samples and
thus probably originate from some intrinsic properties of hematite solid yet to be known.
These kinetics reveal the resulting signals after spectral subtraction are short-lived, with a

lifetime of about 10 ps.

—— Thin

—— Medium
Thick

—— Nanoparticle

0.0 0.6 1.2 1.8 4 6 8 10 100 1000
Delay Time (ps)

Figure 11.5. Transient Kkinetics of the resulting spectra after spectral subtraction as
discussed in the text. These kinetics are monitored at 625 nm. The x-axis of the right

panel is plotted in a logarithmic scale.

We have also performed transient studies on a hematite colloid solution. Shown
in Figure 11.6a is the UV-Vis spectrum of the hematite colloid in aqueous solution at
neutral pH. The main absorption features of solid films (Figure 11.1 and Figure 11.4a)
can still be recognized here. The transient spectra (Figure 11.6b) of the colloidal solution
also show characteristic bands similar to that in the solid films. This suggests that
transitions associated with these excited-state spectral features are intrinsic to the

hematite materials. However, the normalized spectra (Figure 11.6c) are identical at all
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delay times, excluding a spectral evolution process as seen for the solid films. In addition,

the excited state is short-lived as shown in Figure 11.6d, and decays > 85% in 100 ps.

This is very different from the kinetics of the solid films monitored at the isosbestic point

(~555 nm) of the normalized spectra, which extends into the microsecond time scale and

will be discussed later.
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Figure 11.6. (a) UV-Vis spectra of a colloidal hematite aqueous solution synthesized by

hydrolysis methods. Synthetic details can be found elsewhere.’® (b) Average transient

visible spectra after 400 nm excitation; (c) Normalized spectra in (b); (d) Transient

kinetics monitored at 560 nm. The x-axis of the right panel in (d) is in a logarithmic scale.
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The transient dynamics of the photoinduced charge carriers in hematite were first

reported in 1998 by Zhang et. al.,*’

where only the kinetic traces at several wavelengths
above 650 nm were shown. Based on these kinetic analyses, the authors concluded that
the charge carriers are extremely short-lived. Indeed, as shown in Figure 11.4, there is an
ultrafast decaying feature, which decays > 80% within 10 ps, as shown in Figure 11.5a.
However, the kinetics of the transient species are wavelength-dependent, as reported
later.*®°%°1% This can also clearly be seen in the normalized spectra of the solid films in
Figure 11.3b and 11.4c. This property indicates that the transient spectra originate from
more than one species. Therefore, a clear transient spectrum is necessary in order to
clarify the transient dynamics and to identify the transient species after photoexcitation.
Transient spectra in the first several ps have been reported. Nadtochenko et. al.
presented the first transient spectra of hematite, showing only an extremely short-lived
featureless broad absorption band above 400 nm up to the near-IR.*® However, these
spectra are questionable due to the low signal-to-noise quality. The second report on the
transient spectra of hematite (5 nm in toluene) was by Zou et.al, where they showed a
broad absorption band (500 — 700 nm) that peaks at ~530 nm.>® Spectral analysis was
again hampered by the data quality. The third (and also the last) report on this time scale

was published very recently by Zhang et. al.®®

, Where, however, only a single transient
spectrum at 0.5 ps above 550 nm was shown. This spectrum seems to be a broad
absorption band with a peak at ~570 nm, similar to the early time spectra of the solid
films here (Figure 11.3b and Figure 11.4c). In any case, all these spectral components are

shown to be extremely short-lived, with > 80% decay within 10 ps. This is difficult to
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connect with the recently reported high IPCE (> 40%) using hematite
photoanodes.**8%%3%°

On the ps-to-ms time scale, Durrant el. al have shown high-quality transient
kinetics of hematite films at different wavelengths.>>°®’® However, the transient spectra
they have obtained are not good enough for clear spectral assignment. The low-resolution
spectra that results from connecting the signals at merely several wavelengths only show
a single absorption band that peaks at ~580 nm.

As mentioned above, the assignment of the transient spectral features is under
debate. The radiolysis experiments by Nozik show that adding electrons to hematite
results in a broad absorption feature above 500 nm,* while accumulated PEC evidence
shows that the signal at ~580 nm is due to the trapped holes after photoexcitation.
Therefore, the first clear transient absorption spectra with many fine spectral structures
revealed here is crucial to solving these inconsistencies and to bridging the gap between

studies on the fs-to-ns and ps-to-ms time scales. In this regard, the assignment of the

spectral features is essential.

11.2.3 Nanosecond visible measurements

Shown in Figure 11.7a are average ns transient spectra of a solid hematite film at
indicated delay times. Given that our probe pulse has a width of ~0.5 ns, spectra before
0.5 ns time delay after the optical excitation are missing. As shown previously, however,
in the fs results (Figure 11.3), the spectral evolution only occurs in the first 100 ps.

Therefore, we can expect that all the spectra at different delay-time windows should only
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differ in amplitude. This is the case as shown in Figure 11.6b where all the normalized

spectra from O to 6 s are the same.
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Figure 11.7. Average transient visible spectra of hematite after 400 nm excitation. (a)

Original spectra from 0.1 — 6 s; (b) Normalized spectra.

The transient kinetics of the solid films monitored at 555 nm (the isosbestic point
of the normalized transient spectra) are compared in Figure 11.8a. Within the first 3 ps,
the kinetics decay about 50%. Following this ultrafast component, the signals decay with
only slight changes in amplitude within 100 ps. After that, the spectra gradually decay
into the microsecond and even longer time scales. The corresponding long-lived spectral
feature is probably the one that was identified in Durrant’s works. >356,73

In addition, these kinetics are sample-dependent. The most obvious differences
occur after 100 ps. Hence, the kinetics are compared in Figure 11.8b, where the kinetic
traces are normalized to the signal at 100 ps. Although the origins of this dependence are

under investigation, Figure 11.8b shows a clear trend that the decay rates of the excited

state increase with decreasing film thickness.
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Kinetics are monitored at 555 nm (the isosbestic point of the normalized fs spectra). (a)

Normalized at t = 0; (b) Normalized at 100 ps.

11.2.4 Transient spectra assignment: Stark effect
After 100 ps, the transient spectra are well-defined and have wavelength-
independent Kkinetic properties. Therefore, we focus here on the spectral analysis and

assignment for a transient spectrum averaged over 1 to 1000 ns, as shown in Figure 11.9.
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Figure 11.9. A transient spectrum of the hematite film averaged over 1 to 1000 ns (black

solid). The red dashed spectrum is a fit to a linear combination of various first- and

second-derivative Gaussian components of the static UV-Vis spectrum.

This transient absorption spectrum (TAS) that is seen in Figure 11.9 can result
from three effects. First, the depopulation of the ground state causes the bleach feature.
Second, the initially generated charge carriers could create an electric field that causes
spectral splitting and shifts. This is the so-called Stark effect and has been preliminarily
discussed in Chapter 8. And, third, the further excitation of the initially generated photo
carriers (electrons or holes or both) by the probe light may cause absorption features in
the spectrum.

We first noted that the three main absorption bands in the ground state absorption
(GSA) spectrum, 411 (3.01), 520 (2.38), and 653 (1.90) nm (eV), have their
corresponding bleach features in the TAS, as indicated in Figure 11.10. In addition, the
overall features (peak and valley) of the transient spectrum possess attributes typical of

first or second derivatives of Gaussian bands. This implies that the transient electric field
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produced by the photo-generated charge carriers might have an electric effect on the
other transitions, which frequently occurs in quantum confinement materials.”*®

The explicit consequence of the applied electric field is well known as the Stark
effect. For a system possessing randomly oriented dipoles, if an external electric field is
applied across this system in one direction, those dipoles aligned with the field are red-
shifted in energy, while those aligned against the field are blue-shifted, leading to a
broadening of the absorption feature. This effect can be mapped out mathematically.®

First, the magnitude and direction of the electric field-induced spectral shift
depends on the dot product, -Eex-Al4 Where Eex and Aptare the applied external field
and the difference between the chromophore’s permanent dipole moments in the excited
and ground states, respectively. Second, an additional contribution exists that originates
from the electric-field induced dipoles and is given by -Aa{Ee’, where Aa is the

difference between the chromophore’s polarizability in the excited and ground states.

Therefore, the total shift in the transition frequency (Av) will be:

Av:—%-(E Au+|E ?.AQ) (11.1)

ext ext|

where h is the Planck constant. The effect on the overall absorption spectrum, g(v, E), can
be shown by writing out a Taylor expansion in both the Stark shift and the spectral

spacing between interacting states:

o&(v,0)

2
&(v, E)=g(v,0)+TAv+lﬂ

0
Y )|Av|2 +...

1 de(v,0
= E(V,O) - H%(Eext : A/u"' | Eext I2 ACZ)

2
L 1 %50

E
2h?  ov? (

A+ | Eg P Aa)® + ... (11.2)

ext
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If the system is isotropic, terms that depend on any odd power of |Eex| average to zero,
while those that depend on even powers of |AEg remain, and thus, eq 11.2 is

transformed into,

_9e(v.0) Aa | E,, N 10%(v,0) | Aul’| Eyy I
ov h 2 ov? 3h?

Ae(v) = (11.3)

Equation 11.3 shows the total effect of the external field on the absorption spectrum. In
this ideal, isotropic system that is under the effect of an unidirectional external electric
field, the change in polarizability of the molecule upon excitation results in a spectral
shape similar to the first derivative of the ground state spectrum, while the change in
permanent dipole leads to a second-derivative like feature.

The discussion here is based on a highly-simplified model system. In a real
system, the resulting spectrum due to the Stark effect depends on many factors, such as
molecular orientations, directions of electric field, Aa, Ay, line shapes, higher orders of
polarizability...etc.”"’® Without knowing the details of the physical origins for the
hematite TAS, attempting to fit it according to the Stark effect scheme can be very
complicated. As a result, the fitting results cannot be expected to be a simple
superposition of the 1% and 2™ derivative of the Gaussian components in the GSA
spectrum. However, a fit by this simple superposition method generates a spectrum that is
quite consistent with the experimental results as shown in Figure 11.8. The contributions
from different Gaussian components are summarized in Table 11.2. These percentage
contributions shown in Table 11.2 have little meaning since they also include the pre-
exponential coefficients in the Gaussian terms. However, Table 11.2 presents fairly-good

error bars and also indicates that some of the components do not contribute to the
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transient Stark spectra. Therefore, the photo-induced Stark-effect can account for most of

the transient spectral features.

Table 11.2. Contributions of different Gaussian components (indicated by its center) to

the fitting result.

a,

'(Be?;‘)d 1.18 1.87 2.37 2.81 2.96 3.26 4.01
bpst 0% | (7.040.9% | (3322)% | (2.81.7)% 0% 0% (38+12)%
et 0% | (0.440.1)% | (5.520.1)% | (1.440.9)% | (6.420.8)% | (5.541.3)% 0%

(a) Center of the ground state transition; (b) and (c) are relative contributions from the first and second
derivatives the ground state components, respectively.

11.2.5 Transient spectra assignment: dye-sensitized approaches
Electron donors, hole scavengers and electrochemical methods have been widely
employed to assign TAS of charge carriers (electron or hole) in the well-studied TiO;

nanoporous  films. 40828

In particular, the dye sensitization approach provides
straightforward assignment of the spectral features if photo-induced electron injection can
occeur.

Many dye molecules have been tested, yet there is no detectable attachment of the
dyes on the electrode surface based on our static absorption measurement. It has been
reported that the sulfate group can serve as a linker for the attachment of molecules onto
the hematite surface.?*® Orange 11, an azo dye with sulfate linkers has been used as a

probe of the surface area of the hematite.®®* However, even with this dye, we did not

observe detectable absorption signal after the surface coating. The main reason is that the
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film we used for transient spectroscopic studies are not thick enough (~220 nm, estimated

based on reference 3%

) to have sufficient surface area for adequate dye attachment.

In addition, we have clear evidence that optical excitation of the RhB molecule
results in electron injection from the excited RhB* to the attached y-Fe,Os. This
experiment was designed for understanding the transient spectra of electrons in the
conduction band of hematite, given the similarity between hematite (a-Fe;O3) and vy-
Fe,O3;. However, the injected electrons after 525 nm excitation are not detectable
spectroscopically due to their low extinction coefficient. Despite this, we can estimate the

extinction coefficient (~700 M™ cm™) of the y-Fe,O3 colloids after 400 nm excitation by

comparing with the transient RhB signal.

11.2.6 Transient spectra assignment: photoelectrochemical approaches

We have also performed transient studies in the context of a photoelectrochemical
cell, which was originally designed for understanding the interfacial charge transfer
dynamics during water oxidation reactions (Figure 11.10). However, the transient results
up to 6 15 (noise level ~0.5 mOD) are not affected in the presence of catalysts and under

bias.

11.3 Concluding remarks

This chapter reports the first clear transient absorption spectra of hematite
samples synthesized by different approaches. Given all of the above experimental details
and the Stark effect analysis, it is possible that the transient spectral features might be due

to the Stark effect caused by the charge carriers in the bulk, although all literatures have
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assigned their observed signals to either electrons or holes. The absorption cross sections
of the charge carriers could be very small, as that in the y-Fe,Os, and thus, do not show
up in the transient spectrum. In addition, the thickness-dependent kinetics could indicate

the diffusion process of the carriers in the bulk to the surface.
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Figure 11.10. Schematic presentation of transient spectroscopic studies in the context of

a photoelectrochemical cell.
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