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ABSTRACT: Light-driven dehydrogenation of benzyl alcohol (BnOH)
to benzaldehyde and hydrogen has been shown to occur in a dye-
sensitized photoelectrosynthesis cell (DSPEC). In the DSPEC, the
photoanode consists of mesoporous films of TiO2 nanoparticles or of
core/shell nanoparticles with tin-doped In2O3 nanoparticle (nanoITO)
cores and thin layers of TiO2 deposited by atomic layer deposition
(nanoITO/TiO2). Metal oxide surfaces were coderivatized with both a
ruthenium polypyridyl chromophore in excess and an oxidation catalyst.
Chromophore excitation and electron injection were followed by cross-
surface electron-transfer activation of the catalyst to −RuIVO2+, which
then oxidizes benzyl alcohol to benzaldehyde. The injected electrons are
transferred to a Pt electrode for H2 production. The nanoITO/TiO2
core/shell structure causes a decrease of up to 2 orders of magnitude in
back electron-transfer rate compared to TiO2. At the optimized shell thickness, sustained absorbed photon to current efficiency
of 3.7% was achieved for BnOH dehydrogenation, an enhancement of ∼10 compared to TiO2.

■ INTRODUCTION

In artificial photosynthesis the goal is to store solar energy in
the bonds of high-energy molecules, “solar fuels”.1−5 Recently,
visible light splitting of water into hydrogen and oxygen was
reported in dye-sensitized photoelectrosythesis cells
(DSPEC).6−11 In a DSPEC, molecular level light absorption
and catalysis are integrated with wide band gap n-type
semiconductors. Water oxidation catalysis is initiated by
molecular-level light absorption and electron injection into
the conduction band of the semiconductor followed by
electron-transfer activation of the catalyst.1,2,10 Ruthenium
polypyridyl water oxidation catalysts are appealing in this role
given their extensive and well-developed catalytic oxidation
chemistry which has been extended to the surfaces of metal
oxide conductors and semiconductors.12,13 The chemistry is
based on proton coupled electron transfer (PCET) oxidative
activation of −RuII aqua precursor complexes to high oxidation
state intermediates −RuIVO2+, −RuIV(OH)3+, −RuV(O)3+,
and −RuV(OO)3+, which are active toward O atom transfer, H
atom transfer, hydride transfer, and C−H insertion.14,15

In a recent paper we reported that activation of the water
oxidation catalyst [Ru(Mebimpy)((4,4′-(OH)2PO-CH2)2bpy)-
(OH2)]

2+ (RuIIOH2
2+, Mebimpy = 2,6-bis(1-methylbenzimi-

dazol-2-yl)pyridine, (4,4′-(OH)2PO-CH2)2bpy) = 4,4′-bis-
methlylenephosphonato-2,2′-bipyridine) to −RuIVO2+ oc-

curred under steady-state photolysis conditions on surfaces of
TiO2 photoanodes co-loaded with the chromophore, [Ru-
(bpy)2((4,4′-(OH)2PO)2bpy)]2+ (RuIIP2+, bpy = 2,2′-bipyr-
idine, (4,4′-(OH)2PO)2-bpy = 2,2′-bipyridine-4,4′-diyldiphos-
phonic acid).16 In the current study we exploit this earlier
observation and utilize the surface-bound −RuIVO2+ form of
the catalyst to demonstrate light-driven oxidation of benzyl
alcohol (BnOH) to benzaldehyde with hydrogen generation at
the Pt cathode in a DSPEC. The net reaction is shown in eq 1.
This result is directly related to an earlier report on the
photodehydrogenation of isopropanol to acetone17 and to
other photocatalytic systems18−22 reported for BnOH dehy-
drogenation.

→ +PhCH OH PhCHO H
hv

2 2 (1)

Accumulation of multiple redox equivalents for catalyst
activation is essential in both solar-driven water splitting and
C−H functionalization reactions in order to avoid high-energy
1e− intermediates.2,11,16,23−25 The pKa,1 values for the −RuII−
OH2

2+, −RuIII−OH2
3+, and −RuIV(OH)3+ forms of the catalyst

are 11.5, 2.5, and 3.2 in aqueous solution.14,26 Oxidation of
−RuII−OH2

2+ gives −RuIVO2+ with added bases facilitating
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the loss of protons in the successive oxidation to −RuIII−OH2+

and to −RuIVO2+.14,26,27 The concentration, nature of the
buffer base and pH also play important roles in catalysis.26−28

An additional complication arises from the competition
between injection/oxidative activation of the catalyst and back
electron transfer.6,11,29−31 In a DSSC, loss of efficiency by back
electron transfer between TiO2(e

−) and the oxidized form of
redox active electrolytes such as I3

−/I− occurs on the ms to s
time scale.32−35 In a DSPEC for multielectron solar fuel half
reactions, high-energy oxidative equivalents (holes) must be
accumulated at surface catalyst sites which undergo recombi-
nation with injected electrons on the μs to ms time scale.32,36

Under ambient sunlight the rate of solar insolation is only 1−2
s−1 and catalytic reactions are relatively slow (10−2−102
s−1).12−14,37−40 With these competitive interfacial dynamics,
the ability to accumulate multiple redox equivalents on
photoelectrode surfaces is limited.
Recently we reported a novel, high surface area core/shell

structured material consisting of a core of tin-doped In2O3
nanoparticles (nanoITO) and a TiO2 shell (nanoITO/TiO2).
In a DSSC application based on nanoITO/TiO2 core/shells
derivatized with the N719 dye ([N(n-C4H9)4]2[cis-Ru(4,4′-
(CO2

−)(bpy)2(NCS)2)], the core/shell structure exhibited
shell thickness-dependent back electron-transfer dynamics and
DSSC performance.41 Successful solar water splitting was
similarly demonstrated in a DSPEC with a chromophore-
catalyst derivatized nanoITO/TiO2 photoanode.

42 We demon-
strate here that the use of the core/shell structural motif
significantly inhibits back electron transfer at a coderivatized
photoanode, resulting in an efficiency enhancement of ∼10
compared to TiO2 for BnOH dehydrogenation to benzalde-
hyde and hydrogen.

■ EXPERIMENTAL SECTION
Materials. Aqueous solutions were prepared from water purified by

a Millipore Milli-Q Synthesis A10 purification system. Lithium
perchlorate (99.999% trace metal basis), 70% perchloric acid
(99.999%), lithium acetate (99.99%), benzyl alcohol (99.5%)
(BnOH), titanium isopropoxide, and isopropanol were used as
received from Sigma-Aldrich. Glacial acetic acid, methanol, and
ethanol were obtained from Fisher Scientific. Sn-doped In2O3 (ITO)
nanoparticle powder was purchased from Lihochem. RuIIP2+ and
RuIIOH2

2+ were synthesized according to previously published
procedures.37,43

TiO2 and nanoITO Mesoporous Film Preparation. Anatase
TiO2 (15−20 nm nanopoarticles) paste was prepared according to a
reported literature procedure.44 The paste was doctor bladed on top of
FTO (fluorine-doped SnO2, sheet resistance 15 Ω, Hartford Glass Co.
Inc.) and annealed under air at 450 °C for 30 min.
Three grams of nanoITO powder was added to a mixture of 3 g of

acetic acid and 10 mL of ethanol giving a 5 M solution. The colloidal
suspension was sonicated for 20 min followed by ultrasonication with a
Branson ultrasonic horn flat microtip (70% power, 50% duty cycle; 5
min). The nanoITO colloidal suspension was coated on the FTO glass
substrate by a spin-coater at 600 rpm. Thin films were annealed in two
steps: (1) 500 °C in air followed by and (2) 300 °C under H2/N2
gas.45

Atomic Layer Deposition (ALD). A custom-built, hot walled, flow
tube reactor or a Savannah ALD system from Cambridge Nanotech
(Cambridge, MA) was used for the deposition of TiO2. The thickness
of the outer shell of TiO2 was controlled by the number of deposition
cycles. The shell thickness was measured by transmission electron
microscopy (TEM) on a JEOL 2010F FasTEM. Precursors used were
99% pure TiCl4 (Strem Chemicals) for 50 cycles deposition in the
custom built ALD systems or tetrakis(dimethylamido)titanium
(TDMAT) (Sigma-Aldrich) for 30 and 70 cycles deposition in the

Savannah ALD system. ALD coating details were given in Supporting
Information.

Measurements. TiO2 and nanoITO/TiO2 films were derivatized
by soaking in a 50−100 μM RuIIP2+ methanol solution, followed by a
50−100 μM RuIIOH2

2+ methanol solution. Surface coverage of each
complex (Γ in mol cm−2) was determined from Beer’s Law as
described previously.16

Transient absorption (TA) measurements were carried out by
inserting derivatized TiO2 or nanoITO/TiO2 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 (time resolution 10 ns).
A white light probe was generated by a pulsed 450 W Xe lamp. The
probe light was passed through a 380 nm long pass filter before
reaching the sample to avoid direct band gap excitation of TiO2 and
then detected by a photomultiplier tube (Hamamatsu R928).
Appropriate color filters were placed before the detector to reject
unwanted scattered light. Single wavelength kinetic data were averaged
over 50−100 laser shots.

A customized three-arm cell was employed in the electrochemical
and photoelectrochemical measurements. The arm for the photoanode
was a 10 mm path length Pyrex glass 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. The supporting electrolyte was
20 mM pH 4.5 acetate buffer with 0.1 M LiClO4 unless otherwise
specified. Experiments were carried out under argon at (22 ± 2) °C.
Illumination for steady-state photoelectrolysis was provided by a
Lumencor spectral light engine (λmax = 445 nm, fwhm ∼20 nm, 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. Photoelectrochemical measurements were
performed by combining the light source, a CH Instruments 601D
potentiostat, and an Agilent Cary 50 UV−vis spectrophotometer.

Product Analysis. After PEC experiments, headspace gas was
withdrawn for GC analysis with a gastight syringe. The headspace gas
sample was injected to a PC-interfaced GC (Varian 450-GC) equipped
with a 5 Å molecular sieve column and pulsed discharge helium
ionization detector (PDHID) plumbed with ultrahigh-purity helium
carrier gas (National Welders). Evolved hydrogen was quantified
relative to pre-injected methane as internal standard.

For benzaldehyde, GC analyses were performed on a Shimadzu
GC-2014 capable of liquid injections with a DB-Wax column. Column
temperatures began at 40 °C and were ramped to 220 °C at a rate of
15 °C/min. Extraction of products from bulk electrolysis solutions (5
mL) was performed by using chloroform (3 mL). Standard solutions
of benzaldehyde in chloroform were prepared in the same way.

■ RESULTS

Mesoporous films of nanoITO (3.2 μm) were coated with TiO2
by 30, 50, and 70 cycles of ALD (Supporting Information).
High-resolution transmission electron microscopy (HR-TEM)
images of the nanoITO/TiO2 samples demonstrated a
conformal coating of an amorphous TiO2 shell on the nanoITO
cores. The thicknesses of the TiO2 shells were about 2.0, 3.3,
and 4.0 nm by 30, 50, and 70 deposition cycles (Figure 1).
Nanosecond TA measurements were used to investigate

interfacial electron-transfer dynamics on −RuIIP2+ derivatized
TiO2 and nanoITO/TiO2 in pH 4.5 acetate/acetic acid buffer
with 0.1 M in LiClO4. Injection efficiencies following excitation
of −RuIIP2+ (eqs 2 and 3) were determined by absorbance
changes at 400 nm, the isosbestic point between RuIIP2+ ground
and excited states.46 Results are summarized in Table 1. The
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injection efficiency reached 27% for nanoITO with a 2.0 nm-
thick TiO2 shell and then leveled off to ∼17% and 18% for 3.3
and 4.0 nm TiO2 shells. These values were lower than for
TiO2−RuIIP2+ (70%). The origin of the decreased core/shell
injection efficiencies is currently under investigation. Emission
quenching is nearly complete, and the decrease appears to
result from a rapid back electron-transfer component on the
sub-10 ns time scale which might play a larger role for the core/
shell structure.

− → − * → −−TiO Ru TiO Ru TiO (e ) Ru
hv

2
II

2
II

2
III

(2)

− → − *

→ −−

nanoITO/TiO Ru nanoITO/TiO Ru

nanoITO(e )/TiO Ru

hv
2

II
2

II

2
III

(3)

Back electron-transfer dynamics were monitored at 400 nm.
Normalized absorbance−time profiles for TiO2 and nanoITO/
TiO2 are shown in Figure 2. Given the complexity of the
kinetics,41 they were characterized as the time for one-half of
the absorbance decay to occur, t1/2 (Table 1). Following
excitation and injection, back electron transfer on TiO2 (eq 4)
showed a t1/2 of 6.1 μs with 90% completed within 10 μs. For
nanoITO/TiO2, t1/2 increased from 95 μs to >200 μs as the

shell thickness increased from 2.0 to 3.3 nm. For the 4.0 nm
shell, t1/2 was 350 μs.
As reported for nanoITO/TiO2-N719,

41 with thinner shells,
electron injection appears to occur directly into the nanoITO
core, where it is transiently “trapped”. Under this condition,
back electron transfer is dominated by electron tunneling
through the TiO2 shell (eq 5a). With the 3.3 and 4.0 nm shells,
direct injection to the core and injection into TiO2 trap states
in the amorphous shell compete. Back electron transfer occurs
both by tunneling (eq 5a) and electron transport in the TiO2
shell (eq 5b).
The 1-2 magnitude increase in lifetime of the injected

electrons on nanoITO/TiO2 has been attributed to the TiO2
shell acting as a “blocking” layer increasing the tunneling
distance for back electron transfer or to significantly decreased
electron diffusion due to the amorphous, noncrystalline nature
of TiO2 shell.

47−51 The pronounced thickness dependence of
the outer shell on back electron transfer is especially notable in
the context of maximizing efficiencies in potential DSPEC
applications where, as noted above, there is a requirement for
building up multiple redox equivalents.

− → −−TiO (e ) Ru TiO Ru2
III

2
II

(4)

− → −−nanoITO(e )/TiO Ru nanoITO/TiO Ru2
III

2
II

(5a)

− → −−nanoITO/TiO (e ) Ru nanoITO/TiO Ru2
III

2
II

(5b)

The performance of DSPECs toward BnOH oxidation was
evaluated on TiO2 photoanodes derivatized with RuIIP2+,
RuIIOH2

2+, or both, with a RuIIP2+: RuIIOH2
2+ surface ratio

of 8.5:1. Typical current−time profiles in the pH 4.5 buffer with
a 0.2 V applied bias vs NHE are shown in Figures 3, S1 and S2.
Initial photocurrent spikes were observed for all three cells
upon 445 nm irradiation with photocurrents arising from
surface photo-oxidation to −RuIIIP3+, −RuIII−OH2+, and/or
−RuIVO2+ (Figures 3a insert, S1 and S3).
From the results of the previous study on co-loaded TiO2,

absorption and injection are dominated by −RuP2+, followed by
cross-surface electron-transfer oxidation of −RuII−OH2

2+ (eq
6).16 Under steady-state photolysis conditions in pH 4.5 buffer,
−RuIVO2+ builds up at the photostationary state. The extent
of surface oxidation for the co-loaded photoanode was
estimated by spectral modeling (Supporting Information).

Figure 1. HR-TEM of nanoITO/TiO2 showing the amorphous TiO2
layer coated on nanoITO cores by (a) 30 (b) 50 and (c) 70 cycles of
ALD deposition.

Table 1. Summary of Photophysical Data for −RuIIP2+ on
TiO2 and nanoITO/TiO2 by Nanosecond TA Measurements

shell thickness
(nm)

injection
efficiencya

t1/2
b

(μs)

TiO2 0.7 6.1
nanoITO/TiO2 (30)

c 2.0 0.27 95
nanoITO/TiO2 (50) 3.3 0.17 220
nanoITO/TiO2 (70) 4.0 0.18 350
aTiO2−RuIIP2+ in 0.1 M HClO4 was used as the actinometer; 532 nm
excitation with absorbance monitoring at 400 nm.46 bTime for half of
the absorbance change to occur as calculated from absorbance−time
curves by fitting the data to a triexponential decay function. cNumber
of ALD cycles in parentheses.

Figure 2. TA changes monitored at 400 nm for RuP2+ derivatized
TiO2 (black) and nanoITO/TiO2 with 2.0 nm (cyan), 3.3 nm (blue)
and 4.0 nm (purple) outer shells following 532 nm laser excitation.
TiO2 or nanoITO/TiO2 films were immersed in 20 mM pH 4.5
acetate aqueous solution with 0.1 M LiClO4 at room temperature.
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The initial current−time spikes decayed rapidly to back-
ground levels, similar to results reported earlier in related
photoelectrochemical cells.7,30 On this time scale, oxidation of
surface-bound RuII polypyridyl complexes is accompanied by
loss of their characteristic metal-to-ligand charge transfer
(MLCT) absorptions.16 The initial photocurrents fall rapidly
to the photostationary state level dictated by local interfacial
dynamics-injection, back electron transfer, electron transport,
proton reduction to H2 at the cathode. For the co-loaded
photoanode in the absence of BnOH there was a noticeable
steady-state anodic photocurrent that appears to arise from
background water oxidation but at a level that made it difficult
to detect O2 as a product.
For the co-loaded electrode on TiO2, addition of 0.1 M

BnOH resulted in an increase in steady-state photocurrent of
29 μA compared to controls with no added BnOH (Figure 3a,
red). UV−vis measurements under these conditions indicates
negligible −RuIVO2+ on the surface (Figure 3a insert). The
appearance of sustained photocurrents and the absence of
−RuIVO2+ are both consistent with BnOH oxidation at the
photoanode. In an earlier study, electrocatalytic oxidation of
BnOH to benzaldehyde was shown to occur following

oxidation of −RuII−OH2
2+ to −RuIVO2+ on a nanoITO

electrode.14 In the DSPEC, oxidation of BnOH at photoanodes
is coupled with proton reduction to hydrogen at a Pt counter
electrode with the net reaction dehydrogenation of BnOH,
Scheme 1.

Increases in steady-state photocurrents with 0.1 M added
BnOH for TiO2−RuIIP2+ and TiO2−RuII−OH2

2+ photoanodes
under the same conditions were ∼10 and 0.8 μA, respectively
(Figure S1). The small photocurrent enhancements were
expected since photogenerated −RuIIIP3+ and −RuIIIOH2+ are
too inactive toward oxidation of the alcohol to contribute to the
photocurrent.
Photocurrents for co-loaded TiO2 scaled nonlinearly with

incident light intensity. The absorbed photon to current
efficiency (APCE, eq S1) was 0.36% with 7.8 mW 445 nm
illumination, decreasing to 0.2% at 56.5 mW (Figure 3b insert).
The efficiency drop is presumably due to rate limiting oxidation
of the alcohol by −RuIVO2+ which is known to be relatively
slow.14 A decrease in anodic current was also observed at low
RuIIP2+/RuII−OH2

2+ ratios (<3.3) (Figure S2 and Table S1), as
expected from the competing light absorption by −RuII−OH2

2+

and its inefficient electron injection.16 Multiple chromophore to
catalyst loading ratios are also preferred to meet the
requirement for sequential one-photon one-electron activation
of the catalyst.16

On TiO2, the steady-state accumulation of −RuIVO2+ is
limited due to competition by back electron transfer with cross
surface electron-transfer oxidation of −RuII−OH2

2+ occurring
on the hundreds of μs to ms time scale.16 Given this, the
photoelectochemical measurements were extended to co-
loaded nanoITO/TiO2 photoanodes. Figure 4 shows the
current−time profiles for nanoITO/TiO2 photoanodes with a
0.4 V bias vs NHE in the absence of BnOH. The initial
photocurrent spike decreased in the order: 4.0 nm ≈ 3.3 nm >
2.0 nm. In contrast to TiO2, reverse, cathodic currents appeared
at the end of photolysis periods. They arise from dark
rereduction of photogenerated −RuIIIP3+, −RuIII−OH2+, and
−RuIVO2+ on the surface by nanoITO(e−).
The experiments were conducted with a 0.4 V applied bias

which defines the Fermi level of the nanoITO core. Back
electron transfer at this potential occurs by electron tunneling
from nanoITO(e−)/TiO2 to −RuIIIP3+, −RuIII−OH2+, and
−RuIVO2+ on the surface. From the data in Figure 4a, the
extent of rereduction varies with shell thickness in the order:
2.0 nm > 3.3 nm > 4.0 nm. This observation is consistent with a
decrease in electron tunneling efficiency as shell thickness
increases.
With 0.1 M added BnOH, the photocurrents for co-loaded

nanoITO/TiO2−RuIIP2+,−RuII−OH2
2+ with 3.3 and 4.0 nm

TiO2 shells remained at 60%−90% of the initial level (Figures
4b and S4). Under these conditions, cathodic currents at the
end of the photolysis period were negligible consistent with

Figure 3. DSPEC current−time profiles for a TiO2 photoanode
derivatized with RuIIP2+ and RuIIOH2

2+ (5.1 × 10−8 and 6 × 10−9 mol
cm−2) in the absence (black) and presence (red) of 0.1 M BnOH with
a 0.2 V applied bias vs NHE. Electrolyte was 20 mM pH 4.5 acetate/
acetic acid buffer with 0.1 M LiClO4 at room temperature. (a) 445 nm,
28.1 mW irradiation; insert: spectral changes during photoelectrolysis
in the absence (black) and presence (red) of BnOH. The dashed lines
in magenta are the fitted concentrations (nmol cm−2) of photo-
generated −RuIIIP3+, −RuIII−OH2+, and −RuIVO2+ by spectral
modeling. (b) Photocurrents at light intensities of 7.7, 28.1, and 56.5
mW; inset: APCE as a function of light intensity.

Scheme 1. DSPEC Diagram for Benzyl Alcohol Oxidation
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reduction of photogenerated −RuIVO2+ on the surface by
BnOH. No sustained photocurrent was observed for −RuIIP2+

derivatized nanoITO/TiO2 (Figure S5).
APCE values calculated from photocurrents for 3.3 nm shells

was 3.7% under 7.8 mW illuminations. 3.5% and 3.1% APCE
values were obtained at 30.3 and 60 mW (Figure 3b insert). A
4.0 nm shell sample showed a comparable APCE of 3.6% at 7.8
mW illumination with a 0.6 V applied bias. The photo activity
of the 2.0 nm TiO2 shell was very low (Figures S6 and S7).
When using nanoITO/TiO2, the bias required to reach the

plateau photocurrent was more positive than for TiO2. This
effect was further investigated by measuring the current−
potential profiles of the two types of electrodes. Under
irradiation, a decrease in photocurrent is observed as the
potential was scanned from positive to negative, Figures 5 and
S7. At sufficiently negative biases, depending on shell thickness,
the dominant interfacial event became electron accumulation in
TiO2 or TiO2 shells. The Guassian-shaped peaks that appear as
the bias is decreased arise from electron population of trap/
acceptor states in TiO2.

52−54 Peak potentials for filling these
states decrease in the order: 4.0 nm (0.04 V) > 3.3 nm (−0.034
V) > TiO2 (−0.17 V). Such changes in trap state energy of
nanoITO/TiO2 photoanodes would require higher applied
biases for proton reduction at the counter electrode, consistent
with the increase in plateau potential for photocurrents upon
reverse scans (Figure S7): 0 V for TiO2, 0.2 V for the 3.3 nm
shell, and 0.5 V for the 4.0 nm shell.
Photoelectrolysis for 3−5 h periods was conducted with co-

loaded TiO2 or nanoITO/TiO2 photoanodes with 0.1 M added
BnOH. Benzaldehyde was the only product in the electrolyte

following photolysis as detected by GC-FID consistent with the
previous electrocatalytic study.14 The Faradaic efficiency for
benzaldehyde production was 26% on TiO2 and 37% on
nanoITO/TiO2 (3.3 nm). In a parallel experiment, controlled
potential electrolysis on RuIIOH2 derivatized nanoITO under
the same conditions used in the photolysis resulted in
benzaldehyde in 66% Faradaic efficiency, Table S3. Hydrogen
was produced with an 87% Faradaic efficiency at the cathode
(Tables S2 and S3). The lower than quantitative efficiencies for
benzaldehyde production are due, in part, to competing water
oxidation and decomposition of the chromophore as −RuIIIP3+
(Figure S8). Loss of the chromophore inhibits further
photoelectrochemical oxidation of the alcohol and the
decomposition chemistry is currently under investigation.

■ DISCUSSION
The results presented here, and in previous reports on a
nanoITO/TiO2 core/shell-based DSSC and a water splitting
DSPEC, reinforce the value of transparent conducting oxide/
TiO2 core/shell structures as an effective, tunable platform for
general applications in both areas. One key of the core/shell
advantage is the relatively short nm-scale transit distance from
the point of injection to the conducting nanoTCO core for
transfer to the underlying collector electrode compared to the
micrometer distances in typical TiO2 mesoporous films for
DSSC or DSPEC applications. Core/shell composition and
shell dimensions play an important role in controlling
interfacial dynamics and, with them, device performance.
The estimated Fermi level for the nanoITO core in

nanoITO/TiO2 core−shells is −0.24 V vs SCE (−0.04 vs
NHE).41,42 The cores also have a sufficient acceptor level
density to act as efficient electron acceptors following excitation
and excited-state injection. This has been confirmed by the
∼1010 s−1 injection rate and 78% injection efficiency on
nanoITO derivatized by surface-bound RuII(bpy)2(dcb)

2+ (bpy
is 2,2′-bipyridine; dcb is 4,4′-(COOH)2-2,2′-bipyridine) in
acetonitrile. Following injection, back electron tranfer occurs
with k ∼ 8 × 108 s−1.42

In the nanoITO/TiO2 core/shell structure, the 2−4 nm
outer TiO2 shells introduce a barrier to electron injection into
the nanoITO core, eq 3, and to back electron transfer from the
core to the oxidized −RuIIIP3+ chromophore, eq 5a. With an

Figure 4. (a) Current−time profiles for co-loaded DSPEC, nanoITO/
TiO2−RuIIP2+, −RuII−OH2

2+ in the absence of BnOH with shell
thicknesses of 2.0 nm (cyan), 3.3 nm (blue), and 4.0 nm (purple)
under 30.3 mW, 445 nm irradiation. 0.4 V bias was applied to the
photoanodes. (b) Current−time profiles for nanoITO/TiO2−RuIIP2+,
−RuII−OH2

2+ (9.8 × 10−9 and 1.8 × 10−9 mol cm−2) with a 3.3 nm
shell in the absence (blue) and presence (red) of 0.1 M BnOH under
7.8, 30.3, and 60 mW 445 nm irradiation. Insert: APCE as a function
of light intensity.

Figure 5. Current−voltage profiles during forward bias scans for
TiO2−RuIIP2+, −RuII−OH2

2+ (5.1 × 10−8 and 6.0 × 10−9 mol cm−2,
black, left axis), nanoITO/TiO2(3.3 nm)−RuIIP2+, −RuII−OH2

2+ (9.8
× 10−9 and 1.8 × 10−9 mol cm−2, blue, right axis), and nanoITO/
TiO2(4.0 nm)−RuIIP2+, −RuII−OH2

2+ (1.6 × 10−8 and 7.2 × 10−9 mol
cm−2, purple, right axis) under ∼29 mW 445 nm irradiation in the
presence of 0.1 M BnOH in pH 4.5 buffer with 0.1 M LiClO4.
Complete current−voltage profiles under dark and light are shown in
Figure S7.
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excited-state potential of ∼-0.55 V vs NHE for the couple,
−RuIIIP3+/−RuP2+*, injection into the TiO2 shell is presumably
spontaneous. From the current−voltage profile in Figure 5, on
nanoITO/TiO2 with 3.3 and 4 nm shells, trap state energies fall
between −0.05 to 0.15 V, comparable to or below the nanoITO
Fermi level, making electron transfer from the TiO2 layer to the
core disfavored thermodynamically.
With this energetics alignment, injection occurs largely by

−RuP2+* tunneling to nanoITO, perhaps with participation by
trap states in the TiO2 with a component of stepwise electron
transfer. Trap states may contribute to the relatively low
injection efficiencies by providing a pathway for back electron
transfer on the sub 10 ns time scale.
The results of the back electron-transfer dynamics study

provide insight into the enhanced DSPEC photodehydrogena-
tion efficiencies at nanoITO/TiO2 compared to TiO2. A
distinguishing feature of the core/shell, is the decrease in back
electron-transfer rate by 1−2 orders of magnitude compared to
TiO2. The TiO2 shell acts as a blocking layer following injection
into the nanoITO core, slowing electron tunneling to the
surface. A decrease of this magnitude in back electron transfer
opens a time window for electron transport to the underlying
collector electrode. It also allows multiple oxidative equivalents
to accumulate at the −RuII−OH2

2+ catalyst site, ultimately
giving reactive −RuIVO2+ on the surface.
The dynamic advantage of nanoITO/TiO2 core/shells with

3.3 and 4.0 nm shells appears in DSPEC efficiencies that are
enhanced by ∼10 compared to TiO2. This is an impressive gain,
given the 70% electron injection efficiency for TiO2 with an
APCE of only 0.36%. With nanoITO/TiO2 an injection
efficiency of 17% results in an APCE of 3.7%. A major
deleterious factor decreasing core−shell injection efficiencies
appears to be a back electron-transfer component on the sub ns
time scale. As discussed above, the origin of the rapid back
electron-transfer component may be from the trap sites in the
TiO2 shell.
For nanoITO/TiO2(2.0 nm), the injection efficiency was

27% with a t1/2 of 95 μs for back electron transfer. The low
activity for BnOH oxidation was unexpected. At this thickness,
the electron tunneling barrier is relatively low. Therefore, with
an applied bias below the potential for surface complex redox
couple, electron transfer to oxidized complexes occurs, in
competition with photoanodic process. This process was much
less for 3.3 and 4.0 nm TiO2 due to the high barrier for electron
tunneling.
As for the initial TiO2 based photoelectrochemical cell

reported by Honda and Fujushima,55 and the recently
described chromophore-catalyst assembly for DSPEC water
splitting,10 an applied bias is required to maximize photo-
currents. It is notable that the onset bias for reaching the
maximum photocurrent for the core/shell structures is shifted
positively compared to TiO2 by 0.2−0.4 V. The bias
dependence arises at the microscopic level from the require-
ment to provide sufficient driving force for proton reduction to
H2 at the cathode. From Figure 5, the potential increment to
reach photocurrent maxima in the core/shell devices appears to
be correlated to conduction band/trap states energetics in the
TiO2 shells.
Although not explored in detail, the current configuration

and use of the co-loaded −RuIIP2+/−RuII−OH2
2+ is limited in

long-term performance by the instability of −RuIIIP3+ form of
the chromophore and by the rate of oxidation of BnOH. Both

of these limitations are under investigation in studies designed
to optimize the co-loaded approach in DSPEC applications.

■ CONCLUSIONS
We have successfully demonstrated the photoelectrochemical
dehydrogenation of benzyl alcohol based on coloading of the
chromophore and the catalyst on a nanoITO/TiO2 core/shell
structure. The reaction occurs by a photoelectrochemical
mechanism in which 2e− oxidation of benzyl alcohol to
benzaldehyde occurs at the surface of the photoanode with
hydrogen generated at Pt cathode. The use of the core/shell
configuration allows for the buildup of the active form of the
catalyst, −RuIVO2+, on the surface of the TiO2 shell. It is
formed by −RuIIP2+ excitation and electron injection to give
−RuIIIP3+, followed by cross-surface electron-transfer activation
of the catalyst. Per photon absorbed current efficiencies are
enhanced on the core/shell structure relative to TiO2 by a
factor of ∼10 due to the favorable interfacial dynamics and a
decrease in competitive back electron transfer. These experi-
ments may presage a general approach for the use of
chromophore-catalyst assemblies, combined with core/shell
structures, to achieve solar-driven activation of hydrocarbons.
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