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ABSTRACT: The preparation and characterization of new Ru(II) polypyridyl-
based chromophore−catalyst assemblies, [(4,4′-PO3H2-bpy)2Ru(4-Mebpy-4′-epic)-
Ru(bda)(pic)]2+ (1, bpy = 2,2′-bipyridine; 4-Mebpy-4′-epic = 4-(4-methylbipyr-
idin-4′-yl-ethyl)-pyridine; bda = 2,2′-bipyridine-6,6′-dicarboxylate; pic = 4-pico-
line), and [(bpy)2Ru(4-Mebpy-4′-epic)Ru(bda)(pic)]2+ (1′) are described, as is the
application of 1 in a dye-sensitized photoelectrosynthesis cell (DSPEC) for solar
water splitting. On SnO2/TiO2 core−shell electrodes in a DSPEC configuration
with a Pt cathode, the chromophore−catalyst assembly undergoes light-driven
water oxidation at pH 5.7 in a 0.1 M acetate buffer, 0.5 M in NaClO4. With
illumination by a 100 mW cm−2 white light source, photocurrents of ∼0.85 mA
cm−2 were observed after 30 s under a 0.1 V vs Ag/AgCl applied bias with a faradaic
efficiency for O2 production of 74% measured over a 5 min illumination period.

Photoelectrochemical water splitting and the production
of fuels with energy harnessed from sunlight (“solar
fuels”) will likely play an important role in our energy

future.1,2 In this approach, energy from solar radiation drives
production of a fuel such as H2, CO, or CH4, coupled with the
oxidation of water to O2.

3 Dye-sensitized photoelectrosynthesis
cells (DSPECs) have been shown to carry out solar-driven
water splitting, and the improvement of this technology has
focused on the development of higher-performing photo-
anodes.4−6 A DSPEC photoanode integrates a nanoparticulate
wide-band-gap n-type semiconductor oxide film, such as
nanoTiO2, with a molecular chromophore−catalyst assembly
for carrying out light absorption and catalyzing the oxidation of
water to O2 (eq 1).

υ+ → + ++ −h2H O 4 O 4H 4e (photoanode)2 2
(1)

+ →+ −4H 4e 2H (cathode)2 (2)

As illustrated in Scheme 1, following light absorption by the
surface-attached chromophore moiety, electron transfer from
the excited state of the chromophore results in a reductive
equivalent at the conduction band potential of the oxide. Intra-
assembly electron transfer from the catalyst component to the
photo-oxidized chromophore, re-forming the ground-state
chromophore, initiates the process of the 4e−/4H+ oxidation
of water. In this sequence, the energy of the molecular excited
state of the chromophore is sequentially converted to

transiently stored redox energy in the form of the reduced
semiconductor oxide and the oxidized state of the catalyst.
Diffusion of injected electrons in the semiconductor film to

the transparent conducting oxide (fluorine-doped tin oxide
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Scheme 1. Diagram of a Dye-Sensitized
Photoelectrosynthesis Cell (DSPEC) for Solar Water
Splitting
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(FTO) used here) and electron transfer to H+ at the cathode
result in the production of H2. Driving proton reduction to H2
at the cathode, when connected to a TiO2 photoanode, requires
an external bias due to the inability of the TiO2−dye interface
to support a sufficiently negative potential despite the more
negative conduction band potential of anatase TiO2 as
compared to the H+/H2 potential.7 The needed bias can be
supplied by an external source (potentiostat), dye-sensitized
solar cell (DSSC) wired in series,8,9 or an integrated
photocathode.10,11

A variety of chromophore−catalyst assemblies have been
investigated for DSPEC applications.12 The simplest assembly
strategy is co-loading the chromophore and catalyst on the
oxide surface with chromophore injection followed by cross-
surface electron transfer activation of the catalyst.13−15 Though
a straightforward approach, this strategy provides little spatial
separation between the catalyst and oxide surface, resulting in
minimal inhibition of back electron transfer from the oxide to
the oxidized catalyst. In another assembly strategy, Zr(IV)−
phosphonate bridging has been used to link a chromophore and
catalyst on oxide surfaces.16−18 While establishing greater
distance between the oxide surface and catalyst, this approach
relies on a hydrolytically unstable connection. Covalently linked
assemblies, by comparison, have the advantage of providing a
chemically stable linkage between the chromophore and
catalyst while also introducing a spatially controllable separation
distance for ameliorating the effects of back electron trans-
fer.5,19−25 The obvious value of this approach is offset by
formidable synthetic challenges that arise from preparing such
assemblies.
We describe here, for the first time, an assembly designed for

attachment to an oxide surface in which a [Ru(bda)(L)2] (bda
= 2,2′-bipyridine-6,6′-dicarboxylate, L = a neutral donor ligand
such as pyridine or isoquinoline) catalyst is incorporated into
the covalently linked assembly, [(4,4′-PO3H2-bpy)2Ru(4-
Mebpy-4′-epic)Ru(bda)(pic)]2+ (1, 4,4′-PO3H2-bpy = 4,4′-
phosphonic acid-2,2′-bipyridine; 4-Mebpy-4′-epic = 4-(4-
methylbipyridin-4′-yl-ethyl)-pyridine; pic = 4-picoline), with a
Ru(II) polypyridyl chromophore (see Scheme 2). For
comparison purposes, we also describe the nonphosphonated
assembly 1′ ([(bpy)2Ru(4-Mebpy-4′-epic)Ru(bda)(pic)]2+).
The latter is used as the solution analogue of 1. A series of
reports have appeared on visible DSPEC water splitting based
on [Ru(bda)(L)2] water oxidation catalysts by Sun and co-

workers,26 who have integrated [Ru(bda)(L)2] catalysts with
polypyridyl chromophores in a variety of applications.14,27

Low overpotentials and high rates of water oxidation by the
family of [Ru(bda)(L)2] catalysts make them ideal for use in
light-driven DSPEC applications with Ru(II) polypyridyl
chromophores. The potential for the [Ru(bpy)3]

3+/2+ couple
is sufficient to drive [Ru(bda)(L)2]-based water oxidation
catalytic cycles to completion with the reduction potential for
the RuV/IV couple typically ∼0.9 V vs Ag/AgCl at pH 7.28,29

We describe here the synthesis, electrochemistry, and
photoelectrochemistry of 1 on nanoparticle TiO2 and SnO2/
TiO2 core−shell films, the latter used for light-driven water
oxidation at pH 5.7 in acetate buffer. As found in previous
studies, the core−shell electrodes provide superior device
performance in both the magnitude of photocurrents and
faradaic efficiency (FE) for O2 production.4 Under simulated
solar illumination (100 mW cm−2 white light), photocurrents
were observed at a magnitude of 0.15 mA cm−2 on TiO2 and
0.85 mA cm−2 on SnO2/TiO2 core−shell electrodes after 30 s
of light exposure.
Assembly 1 was prepared following a modular approach,

Scheme 3 (see the Supporting Information for details). It

involved the synthesis of the bridge followed by selective
binding of the bidentate side of the bridge to the chromophore.
The catalyst was incorporated in the final step using the
dangling pyridine for catalyst binding. The synthesis of the
bridging ligand was achieved by a coupling reaction between 4-
picoline and 4-bromomethyl-4′-methyl-2,2′-bipyridine. The
bridging ligand was then reacted with [Ru(4,4′-(PO3H2)2-
bpy)2Cl2] in a microwave reactor to give a chromophore with a

Scheme 2. Examples of Ruthenium-Based Covalently Linked Chromophore−Catalyst Assemblies

Scheme 3. Modular Synthetic Approach
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saturated aliphatic linker bridge with a dangling pyridine for
catalyst binding and phosphonic acid groups for surface
anchoring. Reaction of the dangling pyridine with the catalyst
precursor [(bda)Ru(pic)(DMSO)] afforded assembly 1 after
purification by column chromatography on Sephadex LH-20.
The analogous assembly without phosphonate groups,
assembly 1′, was prepared following a similar procedure. The
additive features of the different “modules” were corroborated
by comparison of the absorption spectra of the assembly with
the sum of the absorption spectra of the different modules. For
spectroscopic comparison, [Ru(4,4′-Me-bpy)(4,4′-PO3H2-
bpy)2]

2+ (4,4′-Me-bpy = 4,4′-methyl-2,2′-bipyridine) was
used as the model chromophore, [Ru(bda)(pic)2] was used
as the catalyst model for assembly 1 (Figure S11), and
[Ru(4,4′-Me-bpy)(bpy)2]

2+ and [Ru(bda)(pic)2] were used as
the chromophore and catalyst models for 1′ (Figure S9). The
aliphatic nature of the linker ensures the retention of the
individual properties of the different modules, with the nature
of the bridge resulting in minimal through-bridge coupling
between the chromophore and catalyst.
Cyclic voltammograms (CVs) of the parent chromophore

and catalyst components of 1 are shown in Figure 1. The CVs

of the [Ru(4,4′-Me-bpy)(4,4′-PO3H2-bpy)2]
2+ chromophore

and [Ru(bda)(pic)2] catalyst were measured at pH 5.7 with a
boron-doped diamond electrode (BDDE). The onset of
catalytic current occurs at ∼0.85 V vs Ag/AgCl for [Ru(bda)-
(pic)2] (black) and the RuIII/II couple of the [Ru(4,4′-Me-
bpy)(4,4′-PO3H2-bpy)2] chromophore appears at 0.95 V vs
Ag/AgCl. The CVs illustrate the catalytic reactivity of
[Ru(bda)(pic)2] toward water oxidation and the ability of the
Ru(III) state of the chromophore to provide sufficient
overpotential to oxidize the catalyst and drive water oxidation
catalysis.
Figure 2 compares CVs of 1 bound to a planar FTO

electrode (FTO|-1) to an unmodified FTO electrode and a
FTO electrode modified with [Ru(4,4′-PO3H2-bpy)(bpy)2]

2+

(RuP2+). In the CV of FTO|-1, the RuIII/II couple is observed at
0.45 V vs Ag/AgCl, with an anodic current increase at ∼0.75 V
vs Ag/AgCl consistent with oxidation of the catalyst from RuIII

to RuIV. Catalytic current due to water oxidation by the RuV

form of the catalyst is initiated at ∼0.85 V vs Ag/AgCl with a
peak in the current response at Ep,cat = 1.02 V vs Ag/AgCl.

These observations are consistent with the potentials observed
for the chromophore and catalyst components in solution, as
shown in Figure 1. The RuIII/II couple for RuP2+ on FTO in
Figure 2 appears at 1.04 V vs Ag/AgCl, sufficiently positive to
oxidize the catalyst to the RuV state and initiate water oxidation.
The CV of 1 at a planar FTO electrode at pH 1 is shown in
Figure S3, and CVs and square-wave voltammograms of 1′,
[Ru(4,4′-Me-bpy)(bpy)2]

2+, and [Ru(bda)(pic)2] in solution at
pH 1 are shown in Figures S4−S6. The data demonstrate the
additive nature of the redox features of the assembly as
compared to that of the individual components. Comparison of
UV−vis spectra of 1, [Ru(4,4′-PO3H2-bpy)(bpy)2]

2+, and
[Ru(bda)(pic)2] (Figure S11) and 1′, [Ru(4,4′-Me-bpy)-
(bpy)2]

2+, and [Ru(bda)(pic)2] (Figure S9) complement the
CV data and demonstrates that the chromophore and catalyst
moieties maintain their individual electrochemical and spectral
properties in 1 and 1′.
Current density vs time (j−t) traces under dark/light cycling

conditions are shown in Figure 3 for assembly 1 on both TiO2

Figure 1. Cyclic voltammograms (CVs) of 0.5 mM [Ru(4,4′-Me-
bpy)(4,4′-PO3H2-bpy)2]Cl2 (red) and [Ru(bda)(pic)2] (black) in
pH 5.7, 0.1 M acetate buffer, 0.5 M in NaClO4. The voltammo-
grams were recorded with a BDDE working electrode with a scan
rate of 50 mV s−1.

Figure 2. CVs measured at a 1 cm2 FTO electrode modified with 1
(black), RuP2+ (red), or an unmodified FTO electrode (blue) in pH
5.7, 0.1 M acetate buffer with 0.5 M NaClO4. The voltammograms
were recorded at a scan rate of 25 mV s−1.

Figure 3. Current density vs time traces measured with FTO|SnO2/
TiO2|-1 (1 cm2, black) and FTO|TiO2|-1 (1 cm2, red) photoanodes
at pH 5.7 with 0.1 M acetate buffer and 0.5 M in NaClO4. The
current traces were recorded under an applied bias of 0.1 V vs Ag/
AgCl, and samples underwent sequential 10 s dark/light cycles
during the measurement. Illumination was supplied with a white
light source at an intensity of 100 mW cm−2.
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(FTO|TiO2|-1) and the SnO2/TiO2 core−shell (FTO|SnO2/
TiO2|-1) electrodes. The experiments were conducted with a
white light source in pH 5.7 solution with 0.1 M acetate buffer
and 0.5 M in NaClO4. In earlier experiments, significant current
enhancements have been observed using core−shell electrodes
as compared to TiO2.

4 The improved activity arises from
injection and rapid electron transfer through the TiO2 shell to
the SnO2 core with back electron transfer inhibited by a ∼0.4 V
barrier established by the difference in conduction band
potentials between the oxides.30,31

For assembly 1, comparison of photocurrent levels between
electrodes yields an enhancement of ∼6× for the core−shell
electrodes with currents of 0.85 mA cm−2 as compared to 0.15
mA cm−2 for TiO2 after 30 s of illumination. The latter result is
consistent with earlier reports for [Ru(bda)(L)2]-based
assemblies for light-driven water splitting on TiO2.

25,32 Linear
sweep voltammograms (LSVs) for the two electrodes under
dark and light conditions are shown in Figure S1. These
measurements reveal a more positive potential for the point of
zero current consistent with the more positive conduction band
potential of SnO2 as compared with that of TiO2.
A collector−generator (C−G) dual working electrode

method33 was used to examine light-driven O2 production at
both FTO|TiO2|-1 and FTO|SnO2/TiO2|-1 electrodes (Figure
S2). The C−G technique has proven to be a convenient,
straightforward method for O2 analysis in both electro-
chemical34,35 and photochemical water oxidation.36,37 Applica-
tion of this technique gave FEs of 74% for FTO|SnO2/TiO2|-1
and 30% for FTO|TiO2|-1. O2 production was also measured
using a Clark-type oxygen sensor, which confirmed the C−G
results and gave a FE of 71% for FTO|SnO2/TiO2|-1. The
details and results of this redundant experiment are provided in
the Supporting Information (Figure S12). The exact mecha-
nism leading to the improved O2 yield of the core−shell
photoanode is currently under investigation. A possible reason
for this observed behavior may lie in the improved ability of the
core−shell interface to support the accumulation of multiple
oxidative equivalents. This could lead to a greater portion of the
photogenerated holes contributing to the 4 e−/4 H+ process of
water oxidation as opposed to other nonproductive oxidative
processes, with the latter dominating on TiO2.
Our results are important in describing, for the first time, a

covalently linked chromophore−catalyst assembly incorporat-
ing a [Ru(bda)(L)2]-type catalyst that performs both electro-
chemical and photoelectrochemical water oxidation catalysis on
oxide surfaces. The modular synthetic approach used here
allows for individual tuning of the different functions (light
absorption, redox potential of the chromophore, catalytic
activity, etc.) before incorporation of the different components
into covalently linked assemblies. Comparison of photocurrent
levels and FEs for O2 provide an additional example of the
value of the oxide core−shell configuration in achieving both
higher photocurrent densities and FEs for O2 evolution.
Further studies of the covalently linked assembly-based
DSPEC are underway.
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