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ABSTRACT: The photodriven accumulation of two oxidative
equivalents at a single site was investigated on TiO, coloaded with
a ruthenium polypyridyl chromophore [Ru(bpy),((4,4’-(OH),
PO),bpy)]** (Ru"P*, bpy = 2,2'-bipyridine, ((OH),PO),-bpy =
2,2/-bipyridine-4,4'-diyldiphosphonic acid) and a water oxidation
catalyst [Ru(Mebimpy) ((4,4’-(OH),PO—CH,),bpy)(OH,)]**
(Ru"OH,**, Mebimpy = 2,6-bis(1-methylbenzimidazol-2-yl)pyridine,
(4,4’-(OH),PO—CH,),bpy) = 4,4’-bis-methlylenephosphonato-2,2'-
bipyridine). Electron injection from the metal-to-ligand charge
transfer (MLCT) excited state of —Ru'P** (—Ru'P***) to give
—Ru™P** and TiO,(e”) was followed by rapid (<20 ns) nearest-
neighbor —Ru"OH,** to —Ru'"P** electron transfer. On surfaces
containing both —Ru"P** and —Ru™OH,** (or —Ru™OH™),
—Ru"OH,*" was formed by random migration of the injected
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electron inside the TiO, nanoparticle and recombination with the preoxidized catalyst, followed by relatively slow (¢s-ms) non-
nearest neighbor cross-surface electron transfer from —Ru"OH,?* to —Ru"P*'. Steady state illumination of coloaded TiO,

photoanodes in a dye sensitized photoelectrosynthesis cell (DSPEC) configuration resulted in the buildup of —Ru

IIIP3+
)

—Ru™OH?, and —Ru"Y=0%, with —Ru"Y=0"" formation favored at high chromophore to catalyst ratios.

B INTRODUCTION

A key element in natural and artificial photosynthesis is
integrating components for solar photon harvesting, energy/
electron transfer relays, and catalytic centers for water oxidation
and water or CO, reduction in designed structures.'”” A
number of strategies for combining chromophore and catalyst
have been explored in dye-sensitized photoelectrosynthesis cells
(DSPECs) for solar fuel production. In molecular assemblies
where chromophores and catalysts are chemically linked,® "
self-assembled by layering strategies,'’ or introduced as
supramolecular/polymer/peptide subunits,'> the directionality
of energy and electron transfer can be controlled by free energy
gradients and through-space or through-bond orbital path-
ways.> 7% In configurations with chromophore and catalyst
coloaded on metal oxide semiconductor surfaces,'”” " or
confined in adsorbed films,”® catalyst activation is mediated
by electron transfer between adjacent molecules.”**

A major challenge in DSPEC applications arises from the
requirement for more than one excitation/electron transfer
cycle to accumulate multiple redox equivalents at catalyst sites
for solar fuel half reactions.>** For efficient DSPECs, catalyst
activation and catalytic reaction kinetics need to match or
exceed solar photon flux. In DSPECs for water oxidation,
accumulation of oxidative equivalents has been demonstrated
indirectly by O, production and electrochemical character-
ization.**™>' However, most dynamics studies have been
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limited to single photon-induced electron/hole transfer
events.'”~'¥?*% Only a few reports are available describing
the buildup and use of multiple redox equivalents in model
systerns.8’9’34’3'5

We have reported intramolecular electron transfer dynamics
following excitation and electron injection in two bimetallic
Ru! assemblies. In these assemblies, excitation at the

chromophore is followed by electron injection and intra-

h
assembly electron transfer: TiO,-[Ru"—Ru"—O0H,]* =

TiO,(e”)—[Ru™—Ru"-OH,]** and TiO,(e”)—[Ru™—Ru"—
OH,]** = TiO,(e”)—[Ru"™-Ru™-OH,]>* which occurs on
the subnanosecond time scale. These sequential events initiate
the process of accumulation of oxidative equivalents at the
remote catalyst in competition with back electron transfer,
TiO,(e”)—[Ru"-Ru™-OH,]** — TiO,—[Ru”~Ru"'~
OH, ]*21°

Here we report the results of an investigation of cross-surface
electron transfer on TiO, surfaces coloaded with a
chromophore (RuP?**), and a water oxidation catalyst
(Ru"OH,*"). Structures are shown in Figure 1. On these
surfaces, transient absorption measurements provide evidence
for excitation and rapid injection by TiO,—Ru"P*** to give
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Figure 1. Structures of Ru"P** and Ru"OH,*".

TiO,(e”)—Ru"™P*". Injection is followed by rapid cross-surface
oxidation of nearest neighbor —RuOH,>* sites to give
—Ru"™OH,* or —Ru™OH** depending on pH. The use of
cross-surface electron transfer to build up the active form of the
catalyst, —Ru"V=07%", is significantly inhibited by back electron
transfer to preformed —Ru™OH,* or —Ru™OH*". Under
steady state irradiation conditions, comparable to the solar
photon flux, both —Ru™OH** and —Ru"'=07%" build up on the
semiconductor surface in pH 4.8 acetate buffer, with
—Ru™OH?* as the dominant species.

B EXPERIMENTAL SECTION

Materials. Aqueous solutions were prepared from water purified by
a Millipore Milli-Q Synthesis Al0 purification system. Lithium
perchlorate (99.999% trace metal basis), 70% perchloric acid
(99.999%), lithium acetate (99.99%), titanium isopropoxide, and
isopropanol were used as received from Sigma-Aldrich. Methanol and
ethanol were obtained from Fisher Scientific. [Ru(bpy),((4,4'-(OH),
PO),bpy)]CL, (Ru"P*, bpy = 2,2"-bipyridine, ((OH),PO),-bpy =
(2,2-bipyridine-4,4’-diyldiphosphonic acid) and [Ru(Mebimpy)
((44'-(OH),PO—CH,),bpy) (OH,)](PFe), (Ru"OH,™, Mebimpy =
2,6-bis(1-methylbenzimidazol-2-yl)pyridine, (4,4’-(OH),PO—
CH,),bpy, bpy = 4,4'-bis-methylenephosphonato-2,2’-bipyridine)
were synthesized according to previously published procedures.>**”

Anatase TiO, (15—20 nm nanoparticles) or ZrO, (10—15 nm
nanoparticles) films (11 mm X 20 mm, thickness ~ 6 & 1 ym) on top
of 11 mm X 70 mm FTO (fluorine-doped SnO,, sheet resistance 15 €,
Hartford Glass Co. Inc.) slides were prepared according to a reported
literature procedure®® The thickness of TiO, for steady state
photoelectrolysis was reduced to ~3 um in order to obtain more
reliable absorbance spectral changes in the UV region. TiO,/FTO
photoanodes were sensitized by soaking in a 50—100 yM Ru"P**
methanol solution, followed by a 50—100 M Ru"OH,** methanol
solution. Relative surface coverage was controlled by loading times in
the two solutions. Derivatized TiO, slides were immersed in
electrolytes (0.1 M HCIO, or dilute lithium acetate/acetic acid buffer)
for 8—12 h before electrochemical or spectroscopic measurements.
Molar absorptivity difference spectra between each oxidation state
were obtained on TiO, by controlled potential electrolysis. In
experiments with TiO, cosensitized with Ru"P** and Ru™OH,*/
RuOH?¥, the latter was generated by controlled potential electrolysis
at 1.0 V vs NHE with 5 uM Fe(bpy);** in the external solution as a
redox mediator (E = 1.02 V vs NHE for the Fe(bpy);**/** couple).
Surface coverages of each complex (I in mol cm™) were determined
from Beer’s Law with absorbance measurements at two different
wavelengths using the molar absorptivities shown in Figure S1 in the
Supporting Information.

Measurements. A customized three-arm photoelectrochemical
cell was employed in the electrochemical and spectroelectrochemical
measurements. The arm for the photoanode was a 10 mm path length
Pyrex cuvette. A platinum wire was used as the cathode and Ag/AgCl
as the reference electrode. The photoanode was inserted at a 45° angle
into a homemade Teflon seat located in the cuvette part of the cell. All

experiments were carried out under argon at (22 + 2) °C unless
otherwise specified. A CH Instruments model 601D potentiostat was
employed for electrochemical characterization. UV—visible measure-
ments were conducted on an Agilent Cary 50 UV—vis spectropho-
tometer.

Transient absorption (TA) measurements were carried out by
inserting derivatized TiO, films at a 45° angle into a standard 10 mm
path length square Pyrex cuvette containing electrolyte. The top of the
cuvette was fit with an O-ring seal with a Kontes valve inlet to allow
the contents to be purged with Argon. The experiments were
performed by using nanosecond laser pulses produced by a Spectra-
Physics Quanta-Ray Lab-170 Nd:YAG laser combined with a
VersaScan OPO (5—7 ns, operated at 1 Hz, beam diameter 1 cm)
integrated into a commercially available Edinburgh LP 920 laser flash
photolysis spectrometer system. A white light probe pulse was
generated by a pulsed 450 W Xe lamp. The probe light was passed
through a 400 nm long pass filter before reaching the sample to avoid
direct band gap excitation of TiO,, then detected by a photomultiplier
tube (Hamamatsu R928), or by a gated CCD (Princeton Instruments,
PI-MAX3, gate width 10 ns, bandwidth 2.0S nm). Appropriate color
filters were placed before the detector to reject unwanted scattered
light. Single wavelength kinetic data were averaged over 50—100 laser
shots.

Ilumination for steady state photoelectrolysis was provided by a
Lumencor spectral light engine (4, = 445 nm, 20 nm bandwidth,
output ~ 1.7—83 mW). The light source was integrated with a
Newport optical fiber and a focusing/imaging beam probe. The
irradiation beam diameter was ~ 10 mm. Spectro-photoelectrochem-
ical measurements were performed by combining the light source, CH
Instruments 601D potentiostat, and Cary 50 UV—vis spectropho-
tometer.

Data Analysis. The transient absorption and steady state
photolysis data were deconvoluted by Beer’s law and converted to
changes in concentration of various species. Dynamics and spectral
data were modeled in Origin 8.5. For spectral modeling, a method for
the standard addition of known spectra, written in the C programming
language, was implemented in Origin’s error minimization routine.
Singular Value Deconvolution for the absorption time change data was
performed with SPECFIT/32 software (Spectrum Software Asso-
ciates).

B RESULTS AND DISCUSSION

Electrochemistry and Spectroelectrochemistry. Elec-
trochemical measurements on TiO, electrodes, coderivatized
with Ru"P** and Ru"OH,?*, were performed in 0.1 M HCIO,
or lithium acetate/acetic acid buffer with 0.1 M LiClO,, (Figure
S2). The redox potentials for oxidation of the surface-bound
complexes fall within the band gap of TiO,. Their oxidized
forms are accessed indirectly by cross-surface electron transfer
initiated by complexes adjacent to the underlying, conducting
FTO electrode.”” ™ In cyclic voltammograms, a reversible
—Ru"P*"/—Ru"P** wave appeared at E,,, = 1.32 + 0.01 V vs
NHE and was pH independent. The catalyst couples were pH
dependent: for the —RuOH,*"/—Ru"OH,*" couple, E,,, =
090 V (pH 1); and E,;;, = 0.71 V for the —Ru"'OH*"/—
Ru"OH,*" couple at pH 4.5. The pH dependence is due to the
proton coupled electron transfer (PCET) nature of the couple
with pK,, = 2.5 for Ru™OH,*".** Neither —Ru'V=0?" nor
—Ru"(0)* was observed due to slow cross-surface electron
transfer on TiO,.>”**** On conductive nanoITO electrodes, at
pH 1, the —Ru"VOH**/—Ru™OH,*" couple was observed at
E,, = 126 V, and at pH S the —Ru'"=0%"/—Ru"OH*"
couple appeared at 1.0 V vs NHE (Table S1).*****° These
results show that oxidation of —Ru"OH,** by —Ru"P*" on
TiO, to give —Ru™OH,*, —Ru™OH*, or —Ru"“V=0%" is
thermodynamically favored.
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Figure 2. Molar absorptivity difference spectra between (a) TiO,—Ru™P** and TiO,—Ru"P*, (b) TiO,—Ru™OH,* (or Ru™OH*") and TiO,—
Ru"OH,*, and (¢) TiO,—RuVOH>** (or RuV=0%") and TiO,—Ru"OH,*". (A) in 0.1 M HCIO,; (B) in pH 4.8 LiOAc/HOAc buffer with 0.1 M

LiCIO,.
g - a b c
et ..
5 o0
172] J 5
e
é -(].4"":.. B
3 £
Z
N o84 E
£ ;

400 300 600 TiK)
= 124 ¥ : W-.n-ulcnlu:hrnm‘r |
2 400 500 600 700 800

Wavelength(nm)

L
Q
=
o]
©
8 -0.04 Time Coverage (nmolem”)
£ {ns) Ru"OH," RuU"P"
g —— 1000 10 -
—_ 200 19 0.2
-0.08 — 100 3.0 0.6
—_— 20 73 15
400 500 600 700 800
Wavelength(nm)

Figure 3. (A) Transient absorption difference spectra on (a) TiO,—Ru"P?*/RuOH,*" (8 X 107 mol cm™2/4 X 10™® mol cm™2), (b) TiO,—
Ru"OH,** (5.7 X 107® mol em™2), and (c) TiO,—Ru"P** (4.3 X 10~® mol cm™2) acquired 20 ns following 532 nm laser excitation in 0.1 M HCIO,
at room temperature. Insert: absorption spectrum of sample (a). (B) Transient absorption spectra of TiO,—Ru''P?*/Ru"OH,>* (from panel A) at
various times after photo excitation. Overlaid are the best spectral modeling fits (magenta) to the amount of —Ru™P** and —Ru™OH,**. Inset Table:

calculated amounts of —Ru"P** and —Ru™OH,’* from the spectra.

Spectral changes for oxidation of TiO,—Ru"P* to TiO,—
Ru™P*, and TiO,—Ru"OH,** to TiO,—Ru™OH,*, and
further to TiO,—RuOH* in 0.1 M HCIO, are shown in
Figure 2A. The most distinguishing difference between the
spectra of —Ru™OH,*" and —Ru'VOH™ is in the UV region
(360—420 nm, Figure S3). A similar trend was observed for
spectral changes obtained in pH 4.8 buffer (Figure 2B), where
—Ru™OH?" and —Ru"Y=0"" were generated. These spectra
were used in calculating the photoproduct distribution on TiO,.

Photoinduced, Cross-Surface Oxidation of —Ru''OH,%*
to —Ru"'OH,3*. Photoinduced events on coloaded TiO, were
monitored by nanosecond transient absorption. A transient
difference spectrum obtained 20 ns following 532 nm excitation
of TiO,—Ru"P**/Ru™OH,*" (8 X 107 mol cm™2/4 X 10™* mol
cm™?) in 0.1 M HCIO, is shown in Figure 3. Also shown are
the transient difference spectra for TiO,—Ru"P** and TiO,—
Ru"OH,*" obtained independently by 532 nm excitation.

Spectral deconvolution of the transient absorption spectrum
after excitation of cosensitized TiO, revealed the formation of
1.5 nmol cm™> —Ru'™P** and 7.3 nmol cm™> —Ru™OH,>*; that
is, ~83% of the oxidative equivalents (holes) were on the
catalyst. From the relative light absorptions by TiO,—Ru"P**
and TiO,—Ru"OH,*" at the excitation wavelength (Figure S4),
and their independently measured electron injection efficiencies
((I)inj, rop = 1.05 @y puomz = 025, eq la and 1b), direct electron
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injection was responsible for ~38% of the oxidative equivalents
at the catalyst site (eq 2). In eq 2, I" is the surface coverage, I, is
the absorbed light at the excitation wavelength, and @, is the
electron injection yield.

h
TiO,—Ru"P** 5 TiO,(e”)—Ru"P** (1a)
h
TiO,~Ru"OH,>* = Ti0,(e¢”)—Ru"OH,** (1b)

F(RU.HIOH23+)/F(RuIHP3+)
= (Ia,RuOHz/Ia,RuP) ((I)inj,RuOHZ/(Dinj,RuP) (2)

Based on these calculations, ~73% of the oxidative
equivalents at TiO,—RuOH,*" following laser flash photolysis
were generated by cross-surface hole transfer from TiO,—
Ru™P** to TiO,—Ru"OH,** (eq 3) within 20 ns. On a fully
covered TiO, surface, each —Ru"OH," site has multiple
—Ru"P*" neighbors with center-to-center distances of ~1.4
nm.*® Evidence for the importance of close contact for rapid
electron transfer comes from the observation that, on ~40%
covered TiO,, with a similar chromophore-to-catalyst ratio, 3.5
% 1078/1.7 x 1078 mol cm ™, the cross-surface electron transfer
efficiency at 20 ns decreased to 14% (Figure SS). Under these

dx.doi.org/10.1021/ja4032538 | J. Am. Chem. Soc. 2013, 135, 11587—-11594
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Figure 4. (A) Transient absorption difference spectra for TiO,—Ru"P**/Ru™OH,* (8 x 107® mol cm™/4 X 10™® mol cm™) at various times
following 532 nm laser excitation in 0.1 M HCIO,. Overlaid are the best spectral fits (magenta) to the amount of —Ru""P** and —Ru"OH,?** formed
(inset table). (B) Dynamics of —Ru™P** (a, orange) and —Ru"OH,** (b, blue) from deconvoluted absorption—time traces at 460 and 490 nm.
(Note: there could be some inconsistency in calculated surface coverage by modeling the spectra in panel A and by the deconvolution from two

wavelengths in panel B.)

conditions, photoinduced events are dominated by electron
injection and back electron transfer.

TiO,(e”)—Ru""P**, TiO,—Ru"OH,**
— TiO,(e”)—Ru""P**, TiO,—Ru"OH,** (3)

Transient absorption spectral changes at various times
following laser excitation at 532 nm are shown in Figure 3B.
The inset table shows the calculated amounts of —Ru""P** and
—Ru™OH,* in nmol cm™. After 1 us, nearly complete
reduction of —Ru"P3* to —Ru""P** was observed, while ~14%
of the —Ru™OH,>* remained on the surface.”'"** According to
the results of earlier studies, back electron transfer to both
—Ru"™P** and —Ru™OH,*" under these conditions is rate
limited by electron transport dynamics within the TiO, and
occurs on similar time scales (¢, ~ 0.3—0.5 ps).”~' V4474
The more rapid reappearance of —Ru"P** on the mixed surface
was due to electron transfer from non-nearest neighbor
—Ru"OH,**. Since 73% of the cross-surface electron transfer
events occur within the first 20 ns under these experimental
conditions, it is difficult to resolve the dynamics of the residual
electron transfer events due to complications from back
electron transfer.

Photoinduced Cross-Surface Oxidation of —Ru''OH,**
or —Ru"OH?*. Chemical or electrochemical oxidation of
Ru'OH,* bzf sequential proton coupled electron transfer gives
RuV=0?"* There is an extensive stoichiometric and catalytic
oxidation chemistry of Ru"Y=0" toward a variety of inorganic
and organic functional groups.*

Photoproduction of —Ru"VOH*" was first investigated on
TiO, coloaded with —Ru"P**:—Ru™OH,* in 0.1 M HCIO, by
nanosecond transient absorption. As shown in Figure 2A,
spectral changes accompanying oxidation of —Ru™OH,* to
—Ru"VOH?* are small in the region 400—700 nm except for an
~3000 M~ cm™ decrease in absorptivity at 650 nm, an ~4000
M™! cm™! increase at 400 nm, and an ~8000 M~! cm™!
decrease at 360 nm. On TiO,—Ru"P**/Ru™OH,** (8 x 107%
mol cm™%/4 X 107® mol cm™2), these features were difficult to
discern in the transient spectra (Figure 4A) due to the low
signal-to-noise level in the UV region. By contrast, the most
distinct feature following 532 nm laser excitation is a positive
absorption at 510 nm. The changes in the transient spectra with
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time were best fit to the generation of —Ru"P*" and the
formation of —Ru""OH,** which is responsible for the positive
feature from 500 to 550 nm. There was no evidence supporting
rapid cross-surface oxidation of —Ru™OH,** to —Ru"VOH™.
Instead, injected electrons diffuse randomly within TiO, and
recombine with both —Ru™P3** and —Ru™OH,*". The
proposed sequence of events is shown in eqs 4 and S. The
loss of —Ru"P** and growth/decay of —Ru"OH,*" were
deconvoluted from the absorption-time traces with the results
shown in Figure 4B.

TiO,(e”)—Ru"P**, TiO,—~Ru"'OH,**
— TiO,—Ru"P**, TiO,—Ru"OH,** (4)

TiO,(e”)—Ru""P**..TiO,—Ru"'OH,**
— TiO,—Ru""P**..TiO, (e7)—Ru"OH,**
— TiO,—Ru""P**..TiO,~Ru"OH,** ()

TiO,—Ru""P**..TiO,—Ru"OH,**
— TiO,~Ru"P**..TiO,~Ru""OH,** (6)

As shown in Figure 4B, past 10 us, the concentrations of
residual —Ru""P** and —Ru""OH,** were close and decay with
similar kinetics. The original state before excitation was
recovered by cross-surface electron transfer (eq 6). However,
in contrast to the <20 ns time scale for electron transfer
between donor and acceptor in close contact, the event
observed here required hundreds of microseconds to milli-
seconds to reach completion. This observation is similar to one
made earlier on TiO, coloaded with the 7907 dye (cis-
[Ru(dnb)(dcb)(NCS),], dnb is 4,4'-dinonyl-bpy; dcb is 4,4’
(COOH)2-bpy; bpy is 2,2'-bipyridine) and a Co(II) complex
at 100:1 ratio. On this surface, multiple electron self-exchange
events occurred between surface-bound dye molecules followed
by oxidation of remote Co' to Co™.'”'®

The remarkable difference in rates here arises from random
migration of the injected electron within the TiO, nanoparticle
and recombines with —Ru™OH,** (eq 5) to form —Ru"OH,*
away from the electron injection site.*”***" As illustrated in eqs
5 and 6, this increases the average distance between
—Ru"OH,** and —Ru"™P**, leading to slow cross-surface

dx.doi.org/10.1021/ja4032538 | J. Am. Chem. Soc. 2013, 135, 11587—-11594
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Figure 5. (A) Transient absorption difference spectra for TiO,—Ru"P**/Ru™OH?>* (1 X 1077 mol cm™2/3.2 X 10™® mol cm™2) at various times after
532 nm laser excitation in 10 mM pH S LiOAc/HOACc buffer with 0.1 M LiClO,. Overlaid (magenta) are the best fits for the amounts of —Ru'"P**
and —Ru"OH,*" (inset table). (B) Dynamics of —Ru™P** (a, orange) and —Ru"OH,** (b, blue) from deconvoluted absorption-time traces at 460

and 490 nm.

electron transfer. Long-range electron transfer is also mediated
by multiple-step nearest-neighbor electron hopping events
(—Ru"P¥, —Ru"P* — —Ru"P**, —Ru""P**) which may take
up to a millisecond.

The kinetics of —Ru"OH,*" to —Ru"P3* electron transfer
(eq 6) was highly nonexponential. The decay of —Ru"OH,**
was fit to the stretched exponential function in eq 7, where A is
the initial value of —Ru"OH,*" (decay part Figure 4B, b), f§ is
inversely related to the width of the underlying Lévy
distribution of rate constants with 0 < f# < 1, and 7 is the
characteristic lifetime. The fit gives a characteristic lifetime of 7
~ 110 us and f ~ 0.32, These observations show that both
nearest-neighbor oxidation of —Ru"OH,** by —RuP*" and
electron diffusion in TiO, are more rapid than long-range,
cross-surface electron transfer.

_(t/2)
A=Ay e W) @)

The absence of cross surface oxidation of —Ru™MOH,>* to
—RuVOH?" at pH 1 is presumably due to the small
thermodynamic driving force (AG®’ ~ —0.07 eV for oxidation
of —Ru™OH,** to —RuVOH** by —Ru™P**), and the
inaccessibility of the high energy, protonated oxo, —Ru"VOH,*"
form of the catalyst as an intermediate (eq 8).

TiO,(e")
- TiO,(e”) — Ru"P*", TiO, — Ru'VOH,**

- Ra"P*, TiO, — Ru™OH,**

- TiO,(e”) — Ru"P**, TiO, — RuVOR** + H*
(8)

Photoinduced generation of Ru" is favored at higher pHs
above pK,, for —Ru""OH,*" based on previous electrochemical
measurements. With the dominant form of the catalyst on the
surface as —Ru™OH?>" at pH 5, E,/, = 1.1 V for the Ru"" OH?*/
Ru™OH? couple and E;;, = 1.0 V for the Ru'V=0%/
RuOH?* couple (Table $1).* —Ru"Y=0% is accessible by
both sequential electron transfer-proton transfer (ET-PT, eq
9a), or, by simultaneous electron—proton transfer with an

added base (EPT, eq 9b).*
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TiO,(e”)—Ru""P**, TiO,~Ru"OH**
— TiO,(e”)—Ru"P**, TiO, — Ru'VOH**

—H*
— TiO,(e”)—Ru"P**, TiO,—Ru"" = O** (9a)

TiO,(e”)—Ru""P**, TiO,~Ru"OH--OAc”
— TiO,(e”)—Ru"P**, TiO,—Ru"'=0*" + HOAc
(9b)
With —Ru™OH?* as the dominant form of the catalyst on the
surface, cross-surface oxidative activation to —RuV=0%" is in
competition with rereduction of —Ru™OH?>* to —Ru"OH* (eq
10a), which is less favored than reduction of —Ru™OH?** to
—Ru"OH,** (eq 10b) by 0.4 eV at pH 5.°
TiO,(e”)—Ru™OH**
— TiO,—Ru"OH"

+H*

—— TiO,—Ru"OH,** (10a)

. - 1T 2+ + : 1I 2+
TiO,(e”)—Ru" OH"" + H" - TiO,—Ru"OH, (10b)

To explore the role of deprotonation of —Ru™OH,*, we
performed transient absorption measurements in pH S acetate
buffer. Spectral-time profiles on TiO, coloaded with a 3:1 ratio
of Ru"™P**/Ru™OH>*" (1.0 X 1077/3.2 X 107 mol cm™>) were
qualitatively similar to those obtained at pH 1 with a positive
absorption feature appearing at 510 nm due to recombination
of TiO,(e”) with preformed —Ru™OH?* (Figure SA).
Although spectral modeling may indicate the presence of
—RuV=0?, the amount of —RuV=0?" was too small to
make significant contributions to the observed transient spectra.
The spectra could also be modeled by —Ru™OH** and
—Ru"'P** without —RuY=0%*

Figure 5B illustrates the dynamics of —Ru and
—Ru"OH,*" following laser excitation at 532 nm. During the
first 1000 ns, ~4.2 nmol cm™> —Ru™MOH?** underwent
recombination with injected electrons to give —Ru'OH,*".
Within the same time window, ~3 nmol cm™ —Ru'P3* either
recombined with TiO,(e”) or oxidized —Ru™OH?>** to —Ru"V=
O?". The kinetics for the ensuing decay of —Ru"OH,*, by
cross-surface electron transfer from —Ru"OH,*" to —RuP3*,
were fit to the stretched exponential function in eq 7 with 7 =

IIIP3+

dx.doi.org/10.1021/ja4032538 | J. Am. Chem. Soc. 2013, 135, 11587—-11594
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420 ps and f = 0.42. The 7 and f values from this analysis
varied significantly from sample to sample, depending on
loading ratio and excitation fluence. Consequently, changes
observed in these parameters could not be attributed solely to
pH.

A summary of the proposed photoinduced events on
coderivatized TiO, at pH ~5 is shown in Scheme 1. The

oxidative equivalents for half reactions like water oxidation,
there is a clear advantage to couple multiple chromophores and
excitation events to single-site catalysts activation.

Steady state photolysis under irradiation conditions com-
parable to the solar photon flux was investigated for coloaded
TiO, in a DSPEC configuration under operating conditions in
pH 4.8 acetate buffers. Table 1 summarizes the photoproducts

Scheme 1. Photoinduced Events on a TiO, Surface
Coloaded with —Ru"P** and —Ru"OH,** at pH 5°

/hv(l) /nv(z)

Ru''p* Ru'"l"J+ _Ru''p?
i 1101
/L“Ru"()H Ru”OH 3 —Ru'"OH>*
/_ Rullp!i-
Rul\'02+

__Ru'llp*

/‘"‘“‘Ru"ouzZ+

“Light absorption and electron injection by —Ru"OH,** are not
shown. Preliminary results on coloaded ZrO, (Figure S6 and S7) show
that rate constants for cross-surface energy transfer from —RuP*** to
—Ru"OH,** (—Ru"P***, —Ru"OH,** — —Ru"P**, —Ru"OH,>**) and
electron transfer from —Ru"P*** to —Ru™OH,** (—Ru"P***
—RuOH,** —» —Ru'P**, —Ru"OH,?*) are far slower than electron
injection (20 fs to 200 ps>), and they are not included here.

RuOH?*

+H"

scheme includes cross-surface oxidation of —Ru™OH>* to
—RuV=07%". As discussed below, even though the evidence for
—RuY=0%" by the transient absorbance measurements is
equivocal, there is evidence for photoinduced generation of
—RuY=0?%" under steady state photolysis conditions.

Steady-State Accumulation of —RuV=0?*. Accumu-
lation of multiple oxidative equivalents on the surface of TiO,
as —RuV=0?%", —RuV—OH?*', or —Ru'=0?" is an essential
element in carrying out water splitting or organic oxidations in
DSPEC configurations. Compared to DSSCs, which are
inherently le”/1 photon devices, multiple excitation and
generation of oxidative equivalents are required. In addition,
the second excitation must occur within the lifetime of the
initial photoproduct, before back electron transfer is
complete.>**

Given what is known about interfacial dynamics of
TiO,(e”)—Ru"P**, with back electron transfer occurring on
the microsecond to millisecond time scale,*>**** buildup of
even the second oxidative equivalent is challenging. Accumulat-
ing multiple oxidative equivalents must also overcome losses
from relatively slow electron transport to the underlying
collector electrode as well as back electron transfer to the
surface-oxidized complex.

On mesoporous nanocrystalline TiO, films, ruthenium
polypyridyl chromophores are excited 1—2 times per second
under solar photon flux.***” Given the requirement for multiple

Table 1. Surface Coverage and (Photo)products in nmol
cm ™2 on TiO, Photoanodes under 8.3 mW 445 nm
Irradiation in 20 mM pH 4.8 Acetate Buffer with 0.1 M
LiClO,

bias vs
_Rulp2 /—RuHOHZH NHE —Ru™p¥* —RuMOH2* —RuV=02"
322/17.9 0.2 1.8 143 0
51.2/8.0 0.2 33 6.5 1.5(2.1)°
28.0/9.5 0.9° 0.2 7.1 0
0.9 32 7.9 1.6(2.1)°

“Controlled potential electrolysis without irradiation for ~45 min.
b[—RuV=0%'] values obtained by spectral modeling shown in
parentheses were higher than ([—Ru"OH,*"] — [-Ru™OH*]), and
the latter value is used here.

with different —Ru"P**/—RuOH,*" ratios. Photolysis was
performed with a bias applied to the photoanode in order to
extract the collected electrons to the FTO substrate. The net
reaction in the cell is photo-oxidation of —Ru"P** and
—Ru"OH,**, with reduction of protons to hydrogen at the
cathode. The spectral changes observed under these conditions
are shown in Figure 6.

At relatively low ratios of —Ru'"P** to —Ru"OH,*" (Figure
6A and Table 1, row 1), with 0.2 V applied bias, photoinduced
oxidation of —Ru"OH,** was incomplete and formation of
—RuV=0" was negligible. Increasing the —Ru"P*'/—
Ru"OH,*" ratio to 6.4 resulted in spectral changes in the UV
that provided clear evidence for the buildup of —Ru'Y=0?
(Figure 6B and Table 1, row 2). This can be seen in the
mismatch from 350 to 420 nm with the spectrum modeled
without including —Ru"Y=0%" (cyan, also note the enlarged
figure in Figure S8A). Under these conditions, all —Ru"OH,*"
was oxidized, with —Ru"'OH?* as the dominant product on the
surface.

Based on the deconvoluted absorption spectrum, 70—86% of
the light was absorbed by —Ru'P**. This shows that the
appearance of —Ru"'OH>* and —Ru"V=07" is largely due to
cross-surface electron transfer events, not from excited state
electron injection from the catalyst. The lower yield of —Ru"V=
O is also consistent with competition from back electron
transfer to (photo)generated —Ru™OH?>*. More steady state
photoelectrolysis results can be found in the Supporting
Information (Figure S8 and table S2).

Formation of —Ru"=0%" was also observed on surfaces
with the catalyst present initially as —Ru'OH*". —Ru"'OH**
was generated by controlled potential electrolysis of
—Ru"OH,** at 0.9 V vs NHE. Upon photolysis, only 23% of
the preformed —Ru™OH?** was further converted to —Ru"V'=
O** (Figure 6C and Table 1, row 3).

These analyses are of limited accuracy due to the
uncertainties in the spectral modeling (see the Supporting
Information, section VI and Figure S8). Additional complica-
tions may also appear from decomposition of —Ru"P** during
photolysis or entry of the catalyst into the water oxidation cycle
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Figure 6. Spectral changes observed at coloaded TiO, photoanodes upon 445 nm (8.3 mW) irradiation for ~200—300 s (to approach

photoequilibrium). Overlaid curves are spectral modeling results with (magenta) or without (cyan) —Ru

V—0?. The calculated concentration of

each species is shown in nmol cm™ (A) 3.2 X 10™® mol cm™ —Ru"P** and 1.8 X 10™® mol cm™ —Ru"OH,*, with 0.2 V applied bias to the
photoanode; (B) 5.1 X 107® mol cm™ —Ru'P** and 8.0 X 10~ mol cm™* —Ru?OH,?*, with 0.2 V bias applied to the photoanode; (C) 2.8 X 1078
mol cm™ —Ru"P?* and 9.5 X 107 mol cm™ —Ru"OH,>*: (a) after controlled potential electrolysis at 0.9 V vs NHE for ~4$ min, (b) spectral
change upon 300 s irradiation with bias held at 0.9 V, insert shows the difference, (b) — (a). The electrolyte was 20 mM pH 4.8 acetate buffer with

0.1 M LiClO,.

with generation of —Ru™OOH?' intermediate on the sur-
#5358 Nonetheless, spectral changes and the surface
coverage dependence clearly support the buildup of the
twice-oxidized catalyst —Ru"™"=0?" on the surface.

face.

Bl CONCLUSIONS

We have reported here the dynamics of cross surface electron
transfer on TiO, coloaded with both chromophore (Ru"P*")
and catalyst (Ru"OH,*"), and the stepwise accumulation of
multiple oxidative equivalents at the water oxidation catalyst
site as —Ru"'=0%". Oxidation of the catalyst occurs by electron
injection from —Ru"P>**, and the following nearest neighbor
cross-surface electron transfer from —Ru"OH,** to —Ru"P3*
occurs on the <20 ns time scale. Following electron injection
on surfaces coloaded with Ru"P?>* and Ru™OH,** (or
Ru™OH?"), back electron transfer to the latter results in the
buildup of —Ru"OH,** away from the initial injection site(s)
due to the random diffusion of the injected electron in TiO,
nanoparticle. Cross-surface electron transfer from —Ru"OH,*"

WP3* occurs on a time scale from hundreds of

to remote —Ru
microseconds to milliseconds. Under steady state photolysis
conditions, comparable to the solar photon flux, electron
injection, and cross-surface electron transfer led to the buildup
of —Ru™P**, —Ru™OH?, and the catalytic precursor for water

oxidation, —RuY=0%"
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