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ABSTRACT: Triadic photoanodes have been prepared based on  nanoporous films of the metal oxides ZrO2, TiO2 and SnO2, sen-

sitizer [Ru(bpy)2(dpbpy)]2+ (P2) and polyoxometalate water oxidation catalyst [{Ru4O4(OH)2(H2O)4}(γ-SiW10O36)2]10- (1), and in-

vestigated for their potential utility in water-splitting dye-sensitized photoelectrochemical cells.  Transient visible and mid-IR ab-

sorption spectroscopic studies were carried out to investigate the charge separation dynamics of these systems, indicating that the 

electron transfer from photoexcited P2 to TiO2 and SnO2 is still the main excited state quenching pathway in the presence of 1. 

Furthermore, the accelerated recovery of the P2 ground state bleach in the presence of 1 results from ultrafast (nanosecond) elec-

tron transfer from catalyst to oxidized dye.  Catalyst loading appears to depend largely on the point of zero charge of the supporting 

oxide and as such is significantly lower on SnO2 than on TiO2: nonetheless, the rate of recovery of the ground state bleach is similar 

in both TiO2-P2-1 and SnO2-P2-1 films.  Spectral evidence for the formation of long-lived charged separated states is provided by 

the observation of signals persisting beyond 0.5 μs which are attributed to Stark effect induced change of the P2 spectrum and/or 

formation of oxidized 1.  Photoelectrochemical measurements on TiO2-P2 and TiO2-P2-1 photoanodes under visible light irradia-

tion indicate a ca. 100% photocurrent enhancement in the presence of 1, suggesting light-driven water oxidation by the TiO2-P2-1 

system with an internal quantum efficiency of ca. 0.2%.  The fast formation and long lifetime of the photo-oxidized catalyst sug-

gest that photoanodes of this type may reward further optimization through the introduction of faster catalysts and stabilization of 

the binding of the dye to the electrode.  

Introduction   

Efficient water oxidation remains a key challenge in the 

development of systems for the production of fuel from water.  

Despite considerable progress in recent years,1 molecular wa-

ter oxidation catalysts (WOCs) with the necessary combina-

tion of speed and stability have not yet been developed, nor 

have methods for incorporating them into fuel producing pho-

toelectrochemical devices been optimized.2  Several water 

oxidizing photoanodes based on incorporation of water oxida-

tion catalysts into dye-sensitized TiO2 have been reported,3 but 

so far these suffer from low efficiencies and low turnover 

numbers which have been attributed to the failure of electron 

transfer from catalyst to dye to compete with recombination 

from the metal oxide.3a,d  Successful engineering of such de-

vices will therefore require not only fast, stable catalysts and 

efficient, stable light absorbers, but rapid, directional electron 

transfer from the water oxidation catalyst to the oxidized light 

absorber: so that the desired oxidation of water can outcom-

pete recombination processes.   

Recently, a number of fast, oxidatively stable molecular 

water oxidation catalysts based on polyoxometalates (POMs) 

have been reported,4 including [{Ru4O4(OH)2(H2O)4}(γ-

SiW10O36)2]10- (1) and [Co4(H2O)2(PW9O34)2]10-.  Homogene-

ous water oxidation using these catalysts can be efficiently 

driven by light, with [Ru(bpy)3]2+ as photosensitizer and per-

sulfate as oxidant,5 but turnover numbers in these conditions 

are limited by degradation of the dye.  As electron transfer 

from catalyst to dye is primarily diffusion controlled in this 

system,6 and the dye is most vulnerable to degradation in its 

oxidized state,7 it is likely that dye degradation can be mitigat-

ed on a photoelectrode where a close contact exists between 

the two components and transfer of electrons from the catalyst 

occurs rapidly after oxidation of the dye.  Studies of 1 incor-

porated into TiO2 photoelectrodes sensitized by 

[Ru(bpy)2(dpbpy)]2+ (dpbpy = 4,4’-diphosphonic acid-2,2’-

bipyridine) and Ru470 have revealed accelerated recovery of 

the bleach of the dye ground state absorption in the presence 

of 1,6 but have not proven that this is due to the desired elec-

tron transfer.  Here, we present a comprehensive (fs to μs) 

photophysical study of triadic photoelectrodes where 1 is sup-

ported on the dye-sensitized metal oxides ZrO2, TiO2 and 

SnO2 (sensitizer = [Ru(bpy)2(dpb)]2+); and provide the first 

evidence that such POM functionalized electrodes can oxidize 

water.  Variation of acceptor properties and IR detection of 

injected electrons allows us to confirm ultra-fast catalyst-to-

dye electron transfer and generation of the long-lived charge 

separated states necessary for water oxidation.   

 

Experimental  



 

Materials.  TiO2 and SnO2. colloids were synthesized fol-

lowing published procedures.8a-d ZrO2 colloids were prepared 

according to a modified literature procedure8e which is de-

tailed below. The photosensitizer [Ru(bpy)2(dpb)]Cl2
 (P2),9  

polyoxometalate water-oxidation catalyst 

Rb8K2[{Ru4O4(OH)2(H2O)4}γ-SiW10O36)2] (Rb8K2[1]),4a  tetra-

heptylammonium nitrate ([THpA]NO3),10 and catalytically 

inactive polyoxometalate K10[[Zn4(H2O)2(PW9O34)2]•20H2O 

(K10[2])11 were all synthesized according to published methods.  

All other chemicals were purchased as analytical grade and 

used as received.   

General Physical Measurements.  UV-Vis spectra were 

acquired using Agilent 8453 spectrophotometer equipped with 

a diode-array detector and an Agilent 89090A cell temperature 

controller unit.  Spectroelectrochemical measurements were 

obtained by combining the spectrophotometer with a BASi 

CV-50W electrochemical workstation.  A three-electrode con-

figuration was used in a quartz cell with an FTO supported 

film as the working electrode, Ag/AgCl reference electrode 

and Pt counter electrode.  The electrolyte was 0.1 M NBu4PF6 

in acetonitrile, acidified with a drop of concentrated HClO4 

(aq).  Photoelectrochemical experiments were performed using 

a 10 mL, 1 cm path length quartz cell and a Hamamatsu Xen-

on lamp (C2577) filtered to 420 – 470 nm (power after filter-

ing ca. 15 mW).  TiO2-P2-1 films were placed in a cell with 

the surface perpendicular to the irradiation beam. The illumi-

nated area was ~0.5 cm2. The potentiostat and electrode con-

figuration was the same as for the spectroelectrochemistry.  

The buffer/electrolyte was 30 mM NaSiF6 adjusted to pH 5.8 

using NaHCO3 (final concentration ca. 63 mM). 

Film preparation and characterization.  Transparent 

metal oxide films were prepared by spreading their colloidal 

suspensions onto sapphire windows or FTO conductive glass-

es by a doctor-blade technique, using one layer of Scotch tape 

to control the area and thickness. The films were calcined at 

400°C for 90 minutes, then sensitized by soaking in an acidic 

solution of P2 (0.2 mM in 0.1M HClO4(aq)) for 24 hours.  A 

further 24 hour soak in 0.1 M HClO4(aq) was used to remove 

free or weakly-adsorbed dye molecules. The dye-sensitized 

films were rinsed with water and dried in air.  Triadic metal 

oxide-dye-POM assemblies for ultrafast spectroscopic studies 

were prepared by soaking the dye-sensitized films in an aque-

ous solution of Rb8K2[1] (ca. 2 mM) for 30 min, rinsing with 

water, and drying in air.  For photoelectrochemistry, triadic 

assemblies were instead prepared by soaking TiO2-P2 films in 

a toluene solutions of the hydrophobic THpA8.5H1.5[1] and 

THpA9.5Li0.5[2] salts for 5 minutes, rinsing with toluene and 

air drying.  Dye-to-polyoxometalate ratios in several TiO2-P2-

1 films were estimated by using the extinction coefficient 

measured for P2 (11700 M-1 cm-1 at 454 nm) to calculate the 

loading of dye, and digesting the film using NaOH to allow 

measurement of the loading of POM by ICP-OES for W (Gal-

braith Laboratories).  The ICP-OES result was used to cali-

brate UV-vis measurements of the quantity of 1 on other films, 

by estimating ε = 32000 M-1 cm-1 at 450 nm for this POM on 

the dye sensitized metal oxide surfaces. 

Synthesis of nanocrystalline ZrO2 colloids.  ZrO2 parti-

cles (38 g, colloidal dispersion 20% in H2O) were mixed with 

3g acetic acid (100%) in a beaker and stirred at room tempera-

ture for 36 hr. The uniform solution was poured into an auto-

clave and kept at 240 oC for 72 hr. The resulting suspension 

was sonicated for 5 min and transferred into a vial. 3 g of Car-

bowax 20,000 was added into the suspension and stirred for 

24 hr. Finally, the uniform ZrO2 colloid was obtained for film 

preparation. 

Synthesis of THpA8.5H1.5[{Ru4O4(OH)2(H2O)4}(γ-

SiW10O36)2] (THpA8.5H1.5[1]). A solution of 

Rb8K2[{Ru4O4(OH)2(H2O)4}(γ-SiW10O36)2]•25H2O (Rb8K2[1], 

80 mg, 0.012 mmol) in deionized water (8 mL) was added in 2 

mL portions to a solution of [THpA]NO3 (38 mg, 0.079 mmol) 

in toluene (10 mL).  The biphasic mixture was vigorously 

shaken after each addition of Rb8K2[1], with the brown aque-

ous layer initially becoming colorless, but retaining the color 

after addition of the later portions.  Two drops of aqueous 1 M 

HCl were then added and the mixture shaken for a further 2 

minutes.  The organic layer was separated and dried, the sol-

vent removed in vacuo, then redissolved in dichloromethane 

allowing THpA8.5H1.5[1] (80 mg, 0.0089 mmol, 75% based on 

POM) to be recovered by evaporation as a dark brown powder.  

FTIR (diamond anvil) cm-1: 3430 w, 2955 s, 2923 s, 2855 s, 

1709 w, 1630 w, 1483 m, 1466 m, 1378 m, 1341 m, 1260 s, 

1086 s, 1017 s, 956 s, 880 s, 793 vs, 751 vs, 721 vs, 543 m.  

UV-vis (CH3CN) nm (L mol-1 cm-1): 267 (shoulder, 65900), 

451 (24000).  Elemental analysis for 

C238H521.5N8.5O82Ru4Si2W20 (THpA8.5H1.5[1]) calcd (found) %: 

C 31.93 (32.20), H 5.87 (6.03), N 1.33 (1.47).  TGA shows no 

mass loss from 25 to 200 °C, and 39% mass loss between 200 

and 450 °C (calcd 39.8%). 

Synthesis of THpA9.5Li0.5[Zn4(H2O)2(PW9O34)2]•3H2O 

(THpA9.5Li0.5[2]).  K10[Zn4(H2O)2(PW9O34)2]•20H2O (100 mg, 

0.018 mmol) was dissolved in deionized water (5 mL) by heat-

ing, and 1 mL of aqueous 1 M LiCl was added.  The resulting 

solution was added in 2 mL portions to a solution of 

[THpA]NO3 (75 mg, 0.016 mmol) in toluene (10 mL).  The 

biphasic mixture was vigorously shaken after each addition of 

the K10[Zn4(H2O)2(PW9O34)2]•20H2O solution.  Another 1 mL 

of LiCl solution was added and the layers allowed to separate 

overnight.  The organic layer was evaporated to dryness in 

vacuo, and the resulting waxy solid extracted by trituration 

with diethyl ether until it became a white crystalline solid 

([THpA]NO3).  After filtration, the diethyl ether washings 

were evaporated to dryness yielding THpA9.5Li0.5[2] (83 mg, 

0.0095 mmol, 53% based on POM)  as an off-white waxy 

solid.  FTIR (diamond anvil) cm-1: 3430 w, 2954 s, 2924 vs, 

2855 s, 1630 w, 1481 w, 1466 m, 1377 m, 1338 m, 1261 m, 

1079 m, 1033 s, 937 s, 885 m, 777 vs, 723 vs, 589 w.  UV-vis 

(CH3CN) nm (L mol-1 cm-1): 258 (58900).  Elemental analysis 

for C266H580Li0.5N9.5O73P2W18 calcd (found) %: C 36.65 

(36.36), H 6.71 (6.52), N 1.53 (1.57).  TGA shows a 1.3% 

mass loss between 25 and 200 °C (calcd 0.4% for 3 uncoordi-

nated H2O) and a further 43.3 % between 200 and 450 °C 

(calcd 45.2 % for 9.5 THpA and 2 coordinated H2O). 

Ultrafast Visible Transient Absorption Measurements. 

The femtosecond transient absorption spectrometer is based 

on a regeneratively amplified Ti:sapphire laser system (coher-

ent Legend, 800 nm, 150 fs, 3 mJ/pulse and 1 kHz repetition 

rate) and a Helios spectrometer (Ultrafast Systems LLC). The 

excitation pulse at 400 nm was generated by doubling the fre-

quency of the fundamental 800 nm pulse using a β-barium 

borate (BBO) type I crystal. The energy of the 400 nm pump 

pulse was set to ~250 nJ/pulse with a neutral density filter. 

The pump beam diameter at the sample was ~400 µm, corre-

sponding to an excitation density of ~2 µJ/cm2 per pulse. A 

white light continuum (WLC) (450~720 nm), used as a probe, 

was generated by attenuating and focusing 10 µJ of the fun-

damental 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 µm. 

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 delay 

between the pump and probe pulses was controlled by a mo-

torized translational stage. Samples were mounted on a stage 

and constantly moved by a controller throughout the meas-

urements to avoid the destruction of samples. In all transient 

absorption spectra, the chirp and time zero correction were 

performed with Surface Explorer software (v.1.1.5, Ultrafast 

Systems LCC). The typical instrument response of our spec-

trometer is well represented by a Gaussian function with a full 

width at half-maximum (FWHM) of 180  10 fs.  

Nanosecond Transient Absorption Measurements.  

Measurements at the ns to µs timescales were carried out in an 

EOS spectrometer (Ultrafast Systems LLC). The pump pulses 

at 400 nm were generated from the same laser system de-

scribed 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.  

Ultrafast Visible Pump/IR Probe Transient Absorption 

Measurements.  Our tunable femtosecond infrared spec-

trometer is based on a Clark IR optical parametric amplifier 

(OPA) which generates two tunable near-IR pulses in the 1.1 

to 2.5 m spectral range (signal and idler, respectively). The 

broad mid-IR pulses centered at 2000 cm-1 were generated by 

difference frequency generation (DFG) combining the corre-

sponding signal and idler in a 1-mm-thick type II AgGaS2 

crystal. Frequency tuning of the mid-IR pulses was achieved 

by changing the signal and idler frequencies at the OPA and 

optimizing the timing between the pulses and the phase match-

ing angles of the BBO (OPA crystal) and the AgGaS2 crystal. 

After difference frequency generation, the mid-IR pulse was 

collimated and split in two parts with a 90% beam splitter. The 

10% transmitted part was used as a probe in the visible pump-

IR probe transient absorption measurements. To prevent cu-

mulative heating in the sample and to avoid the saturation of 

the detector, the intensity of the probe mid-IR pulse was atten-

uated using neutral density filters to approximately 40 J, be-

fore it was focused into a 0.4 m CaF2 path-length cell con-

taining the sample. At the focal point, the probe was spatially 

overlapped with the temporally delayed 400 nm with a pump 

beam with energy of about 2 µJ per pulse. 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 m, respec-

tively.  The mid-infrared probe pulse was spectrally dispersed 

with an imaging spectrograph (CVI, Digikrom 240) and im-

aged onto a 32-element infrared HgCdTe (MCT) array detec-

tor. The difference absorption spectra were calculated by sub-

tracting the absorption spectrum of the excited sample from 

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 Gauss-

ian function with a 230  10 full width at half-maximum 

(FWHM) for the VIS-IR setup.   

 

Results and Discussion 

Film Assembly and Characterization.  The metal oxide 

films were sensitized with P2 in acidic conditions, according 

to published methods.12  For photoelectrochemical measure-

ments, TiO2-P2 films were treated with toluene solutions of 

the hydrophobic THpA8.5H1.5[1] salt, as deposition of THpA+ 

cations at the electrode surface helps stabilize the binding of 1 

in aqueous buffers. For ultrafast spectroscopic studies, the 

sensitized ZrO2, TiO2 and SnO2 aqueous solutions of Rb8K2[1] 

were used as they  provided better transparency.   

Although the impact of P2 on the film’s overall surface 

charge is unclear, due to its dependence on the level of proto-

nation of the phosphonate binders vs the displaced ligands (P2 

can have overall charges from -2 to +2 depending on protona-

tion state), it is clear that the negatively charged (10-) 1 binds 

to the film surface through electrostatic interactions.  In apro-

tic solvents (e.g. toluene) any available protons will be bound 

by the film, and the aqueous solution used to apply 1 has a pH 

of 3, well below the point-of-zero charge (pzc) of all three 

oxides.  There should also be a strong local electrostatic inter-

action between the dye Ru2+ centers and 1: despite the appar-

ent absence of static quenching interactions between 

[Ru(bpy)3]2+ in a previous solution based study,6a the aqueous 

high ionic strength conditions used do not pertain to the film.  

The quantities of P2 and 1 have been estimated using UV-vis 

spectroscopy on the assembled films (see Figures S1 to S3 in 

the SI), combined with ICP-OES for W on base digested films 

to confirm the quantity of POM (the extinction coefficient of 1 

varies according to its protonation state).4c  For films assem-

bled using aqueous 1, this furnished P2:1 ratios of 8:1 (ZrO2), 

11:1 (TiO2) and 19:1 (SnO2), qualitatively agreeing with the 

trend in pzc which falls from around pH 6.5 for ZrO2, to pH 6 

for TiO2 and pH 4.5 for SnO2.13  Thus, SnO2 carries the least 

positive surface charge and ZrO2 the most positive, and the 

charge introduced by the dye appears to have less influence on 

the loading of 1 than the intrinsic properties of the metal oxide 

surface. A similar trend is observed in the absorption of 1 onto 

bare metal oxide films (Figures S4, S5 in the SI). The TiO2-P2 

films treated with THpA8.5H1.5[1] in toluene have an estimated 

P2:1 ratio of 8:1, rather higher than that seen for aqueous dep-

osition.  This is probably because interactions between 1 and 

the positively charged electrode surface are stronger in the less 

polar toluene solvent. 

Infra-red Transient Spectroscopy.  Electron injection 

from various photosensitizers to semiconducting metal oxides 

has been extensively studied,14 but there are fewer reports on 

the photophysical behavior of related systems incorporating 

water oxidation catalysts.3a,d-h,6  Dye sensitized TiO2 films 

treated with 1 have previously been studied by transient visible 

spectroscopy,6a demonstrating accelerated recovery of the oxi-

dized dye in the presence of catalyst.  However, transient visi-

ble measurements alone cannot confirm whether this acceler-

ated recovery is due to the desired catalyst-to-sensitizer elec-

tron transfer, or if quenching of the dye by the catalyst and/or 

accelerated recombination from the metal oxide play a role. 



 

Energy levels of the metal oxides ZrO2, TiO2 and SnO2, the P2 

photosensitizer and water oxidation catalyst 1 are summarized 

in Scheme 1: as well as the (RuIV)4 HOMO energy level,  

which is thermodynamically capable of transferring electrons 

to the hole in the P2 HOMO, the POM also has a (RuIV)3RuIII 

LUMO which is a more thermodynamically favorable acceptor 

than the TiO2 conduction band.  Energy transfer from P2 to 1 

is also possible, as the latter shows appreciable absorbance up 

to 700 nm (Figures S6 in the SI). 

 

 

Scheme 1 Simplified energy levels and proposed electron transfer 
processes in the MO2-P2-1 triads.  The energy levels of 1 and 
E(S/S+) of P2 are electrochemically determined values found in 
the literature.4c,14h E(S*/S+) was calculated based on the pump 
energy. E(T1) was obtained from its emission spectroscopy (Fig-
ure S7, SI).  For clarity, several closely spaced POM energy levels 
immediately above the (RuIV)3RuIII LUMO and below the (RuIV)4 
HOMO are omitted.  

The conduction band position for TiO2 is around 0.5 V (at 

pH 7) higher than that of SnO2, while ~ 1V lower than that of 

ZrO2 (see Scheme 1).14f,g, 18 Therefore, electron injection from 

excited-state P2 into ZrO2, TiO2 and SnO2 films has been in-

vestigated by time-resolved mid-IR transient absorption meas-

urements (pump 515 nm, probe 5000 nm) in the absence or 

presence of 1 (Figure 1), along with measurements of POM 

treated metal oxides in the absence of P2. Note that the sam-

ples were pumped at 515 nm to minimize the excitation of the 

metal oxide films themselves. Unsurprisingly, the dye free 

control measurements (Figures S8 and S9 in the SI) indicate 

no electron injection: although 1 has a large visible extinction 

coefficient,4c the nature of the process giving rise to the ab-

sorption is unclear and the excited state is short lived (< 20 

ps).15  It is therefore likely that electronic coupling between 

the metal oxides and the POM is not strong enough for elec-

tron transfer to compete with the rapid excited state decay.    

Measurements on the dye-sensitized oxides indicate that 

electron injection occurs on TiO2 and SnO2 in the presence and 

absence of 1 (Figure 1), and confirm that the conduction band 

edge potential of ZrO2 is too negative to allow electron injec-

tion from the excited states of P2 (Figure S10, SI).  For TiO2, 

the kinetics of electron injection from P2 are biphasic, consist-

ing of an ultrafast ~0.3 ±0.1 ps component and a slower com-

ponent that can be fitted by multi-exponential rise with time 

constants of several to hundreds of picoseconds.  Respectively, 

these correspond to injection from the unrelaxed 1MLCT and 

relaxed 3MLCT excited states of the dye.8d Similar biphasic 

electron injection kinetics from related ruthenium polypyridyl 

dyes to TiO2 has been reported by many groups.8e,16  For TiO2-

P2-1 there is still a fast electron injection within ~0.3 ps, simi-

lar to that of sensitized TiO2.  However, the kinetics and am-

plitude of the slow injection component are altered.  In addi-

tion, there is a small decay process (~10%) extending beyond 

~600 ps (detection limit).  The origin of this decay is not clear, 

but it likely results from the relaxation of the injected elec-

trons in TiO2
16a. Similar relaxation likely also exists in TiO2-

P2, but the overall IR absorption signal increases due to the 

presence of the slow injection component.  There are two like-

ly reasons for the reduction of the slow injection component in 

the TiO2-P2-1 triad.  Firstly, because the 3MLCT is close to the 

conduction band edge of TiO2, the injection rate is sensitive to 

the conduction band edge position, which may be affected by 

the presence of the highly negatively charged POM.  Secondly, 

the presence of lower lying vacant orbitals on 1 may provide a 

more thermodynamically favorable electron acceptor for the 

excited P2.  However, it should be emphasized that the initial 

amplitude of the IR signal (and hence number of electrons 

injected) varies only slightly in the presence of 1, suggesting 

that electron transfer from excited P2 to TiO2 is still the main 

quenching pathway in the triad.  
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Figure 1. Electron injection kinetics measured by mid-IR transi-
ent absorption spectroscopy (excitation 515 nm, 5000 nm probe): 
(a) TiO2-P2 (red circles) and TiO2-P2-1 (blue squares); (b) SnO2-

P2 (red circles) and SnO2-P2-1 (blue squares).      

In the case of SnO2-P2, only 50% of the electrons (refer-

enced to the signal at 600 ps) are injected within the first 30 ps 

(Figure 1b), and the signal continues to slowly increase up 

until the detection limit of 600 ps. The lack of ultrafast injec-

tion component (~0.3 ps) is consistent with the injection kinet-

ics of other Ru-bipyridyl complexes on SnO2.17a  These kinet-

ics are different from those of P2 on TiO2, and can be attribut-

ed to the much lower density of states in SnO2, in which elec-

tron injection from the 1MLCT state cannot compete effective-

ly with the ultrafast intersystem crossing to the 3MLCT 



 

state,14a,17 even though the conduction band edge of SnO2 is 

lower in energy (-0.05 V compared to -0.57 V vs NHE at pH 

7).18 As a result, the slow injection from the 3MLCT state 

dominates the injection kinetics.  Similarly to TiO2-P2-1 vs 

TiO2-P2, a slight decrease of the slow injection component is 

also observed in the SnO2-P2-1 compared to SnO2-P2, which 

can also be attributed to the likely alteration of the injection 

kinetics to SnO2 as well as the possible P2 to 1 charge transfer 

process.  It should be noted that while faster recombination is 

cited as a reason for the poorer performance of SnO2 based 

DSSCs,19 this process occurs between the metal oxide surface 

and I3
-, which is absent in our work.  

Transient Visible Spectroscopy.  Transient visible ab-

sorption measurements were performed on the various MO2-

P2 (M=Zr, Ti and Sn) films, on fs to μs timescales with 400 

nm excitation (Figure 2).  In the case of ZrO2-P2 and ZrO2-P2-

1, it is known that no electron injection to the metal oxide 

occurs, so that the spectral features observed represent the 

difference between the ground and excited states of P2.  A 

strong ground state bleach (GSB) is observed centered at 455 

nm, and a broad positive excited state absorption is observed 

at λ > 530 nm, the decay kinetics of which are consistent with 

each other, indicating that the observed decay can be attributed 

to regeneration of the P2 ground state from the excited state.  

The decay can be fitted by a multi-exponential function from 

which we obtain a half-life time of the excited state of 102 ps 

(Figure 3). This lifetime is significantly shorter than that for 

P2 in solution (Figure S11 in the SI). The shortened lifetime is 

likely due to self-quenching between excited P2 molecules on 

the film.14a  Transient absorption spectra in the presence of 1 

are similar to those without POM, although the GSB decay is 

slightly faster (with a half-life time of 42 ps).  This may indi-

cate some quenching of the P2 excited state by 1, as observed 

in solution (Figure S12, SI).  On the basis of the current data it 

is not possible to say whether this quenching occurs by elec-

tron or by energy transfer, although in solutions of Ru(bpy)3
2+ 

and 1 it has recently been ascribed to rapid electron transfer to 

the catalyst followed by recombination.20  Importantly though 

for interpretation of the results on TiO2 and SnO2, electron 

injection to oxide is the main (and much faster) excited state 

decay channel (see below) and the effect of excited state 

quenching by 1 is minor in comparison. 

For TiO2-P2 electrons are rapidly injected into the metal 

oxide conduction band, so the amplitude of the ground state 

bleach observed at around 455 nm in this case largely reflects 

the amount of oxidized P2.  Correspondingly, the transient 

absorption spectra of the sensitized TiO2 film show distinct 

features from those of the sensitized ZrO2 film (Figure S13) at 

λ > 530 nm where excited/oxidized state absorptions are ob-

served.  The decay of the GSB is also significantly slower than 

on ZrO2 (a half-life time of ca. 6.9 ns, Figure 3b). In this case, 

decay of the GSB results from recombination of electrons 

injected into TiO2 with the oxidized dye moieties, and the 

process is still not complete at 1 μs.  Addition of 1 to TiO2-P2 

significantly speeds the recovery of the P2 GSB.  The absorb-

ance is around 70% recovered within 1 ns, and complete re-

covery occurs inside around 10 ns (half life ca. 127 ps).  This 

is in marked contrast to previous ns flash photolysis measure-

ments on this system, which suggested recovery might still not 

be complete after several microseconds.6a   

From transient IR measurements and measurements on 

ZrO2-P2-1, we know that (i) the total yield of injected elec-

trons to TiO2 and SnO2 is similar in both presence and absence 

of 1, (ii) charge recombination is at most slightly enhanced by 

the presence of 1 and (iii) direct quenching of excited P2 by 1 

is not a significant process compared to electron injection into 

the metal oxide.  Therefore, the rapid regeneration (ca. 1 ns) 

of P2 in the triads must be due to electron transfer from 1 to 

the oxidized dye, generating the kind of charge separated state 

required for water oxidation.  The timescale for this regenera-

tion is much faster than observed for 1 and [Ru(bpy)3]2+
 in 

solution (ca 20 μs with a 1:1 dye:POM ratio), or for compara-

ble sensitized electrodes where dyes are covalently connected 

to IrO2 nanoparticles (2.2 ms),3a and is also significantly faster 

than typical for regeneration of Ru-polypyridyl dyes by I- in 

DSSCs.21  As dye degradation is largely believed to occur in 

the Ru3+ state, this ultrafast electron transfer is potentially very 

positive for the prospects of creating stable devices based on 

Ru-polypyridyl dyes and POM water oxidation catalysts.   
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Figure 2. Transient differential absorption spectra of (a) TiO2-P2, 

(b) TiO2-P2-1 and (c) SnO2-P2-1 at indicated delay time windows 
after 400 nm excitation. Also shown in (a) is the steady state ab-
sorption spectrum of P2 (green dotted line, GSA), which has been 
inverted for better comparison with the bleach.  

SnO2-P2 shows a slower GSB recovery than TiO2-P2 (a 

half-life time ca. 1.1 µs, Figure 3c).  It is also interesting to 

note the slight growth of the P2 bleach on the < 600 ps time 

scale, which likely reflects the slow injection process in this 



 

system seen in our infrared measurements.  The absorptions of 

the oxidized state overlap less with the GSB than do those of 

the excited state, leading to the observed slow increase in the 

intensity of the bleach as P2 evolves from the excited to the 

oxidized state. Just as on TiO2, the presence of 1 speeds the 

GSB recovery: in this case quite dramatically.  The ground 

state absorption is 65% recovered after 1 ns and recovery is 

complete at around 10 ns (half life ca. 520 ps), giving a very 

similar overall result to the TiO2-P2-1 triad.  The similarity of 

the bleach recovery rates on the two oxides in the presence of 

catalyst, despite inherently different recombination rates in the 

dyads, provides further evidence that bleach recovery must 

primarily be due to electron transfer from the catalyst to oxi-

dized P2.   
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Figure 3. Excited/charge separated state decay kinetics for MO2-

P2 and MO2-P2-1 averaged over 460-470 nm (400 nm excita-
tion).  The time axis is linear for the left panel and logarithmic 
scale for the right panel.    

Both TiO2-P2-1 and SnO2-P2-1 show a derivative like fea-

ture at around 400-600 nm at longer time delays (Figure 2).  In 

the case of SnO2-P2-1, this signal appears earlier (after ~ 2 ns) 

and is stronger.  There are two possible origins for this signal: 

Stark effect induced change of the P2 spectrum and the change 

of absorption of 1 in the charge separated state. It has been 

shown in recent studies of nanoporous oxide films sensitized 

by Ru bipyridyl complexes similar to P2, that charge injection 

from the sensitizer to TiO2 and SnO2 leads to changes in the 

sensitizer absorption spectrum that extend beyond the excited 

molecule and can be well described by the Stark effect caused 

by the electric field of the injected electron in the oxide.22   

The observed signal in our triad is similar to the derivative 

shape observed in the dyad and triad reported in the previous 

paper. However, the derivative like Stark effect signal is not 

seen in the TA spectra of the TiO2-P2 and SnO2-P2 dyads 

(Figure 2a), which may be attributable to the much larger TA 

features of the oxidized P2.  

In addition to the Stark effect, the formation of an MO2(e-

)-P2-1+ charge separated state may also lead to noticeable 

change in the absorption of 1.  To test whether this positive 

signal could result from formation of oxidized 1, spectroelec-

trochemical measurements were performed on an SnO2-P2-1 

film supported on FTO.  Applying biases of + 500 then + 800 

mV (vs Ag/AgCl) indeed resulted in an increase in absorbance 

at around 450 nm, indicating that the positive signals may also 

contain contributions from the formation of oxidized 1 (Figure 

4). We compared the UV-vis differential spectrum from spec-

troelectrochemical measurements with the characteristic spec-

tra of transient absorption of SnO2-P2-1 (see Figure S14 in the 

SI).  They do not match perfectly, which may indicate that 

both the Stark effect and the formation of oxidized 1 contrib-

ute to the positive signal or that solvent environments have an 

important influence on this system. Further interpretation is 

challenging as the visible absorption of 1 varies considerably 

with both protonation and oxidation state in solution, and es-

tablishing the precise behavior of such a species on a metal 

oxide film is beyond the scope of this study.  For reasons yet 

to be understood, the Stark effect/oxidized 1 feature is much 

larger in SnO2-P2-1 than TiO2-P2-1. It may indicate a larger 

yield of charge separated state. Furthermore, the SnO2 film 

could give rise to a stronger signal from oxidized 1, despite its 

lower loading. The lower pzc of SnO2 means that 1 is more 

likely to be protonated, which should result in a higher extinc-

tion coefficient.4c  

 

Figure 4. Spectroelectrochemistry of an SnO2-P2-1 film with 
acidified 0.1 M NBu4PF6 in acetonitrile as electrolyte.  Blue, 0 
mV bias; brown, 500 mV bias; green 800 mV bias (vs. Ag/AgCl); 
spectra measured after the film was biased for 5 minutes. 

Photoelectrochemical Studies.  Figure 5 shows photo-

electrochemical (chronoamperometric) measurements on 

TiO2-P2, TiO2-P2-1 and TiO2-P2-2 films at pH 5.8 (2 is the 

catalytically inactive POM, [Zn4(H2O)2(PW9O34)2]10-).  Upon 

illumination, all three films show an initial spike resulting 

from electron injection from P2 into the TiO2 film – this cur-

rent then decreases, approaching a steady state.  Upon block-

ing the beam a current spike is observed in the opposite direc-

tion, which results from recombination of injected electrons 

with oxidized P2.   The injection and recombination spikes are 

smaller in the presence of both 1 and 2, but the pseudo-steady 

state photocurrent in the presence of WOC 1 is significantly 



 

larger (by about 100%) than for either TiO2-P2 or TiO2-P2-2.  

If water is eliminated by using an acetonitrile solution with 

electrolyte, the photocurrents observed are much smaller and 1 

produces no significant increases in photocurrent (see Figure 

S15, SI).  These measurements suggest that the TiO2-P2-1 

photoanode may be oxidizing water.   

 

Figure 5 Photoelectrochemical measurements (chronoam-

perometry) of TiO2-P2 (dark blue), TiO2-P2-2 (light blue) and 

TiO2-P2-1 films (red), at an applied bias of 0 mV vs Ag/AgCl, 

pH 5.8.  Illumination (420 – 470 nm, 30 mW cm-2) was pro-

vided by a filtered Xenon lamp. 

As in other studies,3b,c,e a small pseudo-steady state photo-

current is observed from the sensitizer dye in the absence of 

catalyst.  This photocurrent, indicating continued flow of elec-

trons into TiO2 after the initial injection, suggests an oxidative 

process occurs at the photoanode in the absence of catalyst 

and remains unexplained.  Possibilities include oxidation of 

impurities present in the electrolyte, a low level of water oxi-

dation or destructive oxidation of the sensitizer, and current 

evidence is inconclusive.   The observation of similar effects 

in several independent studies suggests that impurities in inor-

ganic buffers/electrolytes are not likely to be the explanation.  

In our case, we note that the photocurrent is substantially 

smaller when the electrode is immersed in an acetonitrile 

based, rather than aqueous electrolyte, implying involvement 

of water.  However, photoanodes functionalized solely with 

P2 do not produce oxygen,3b suggesting water oxidation is not 

the cause.  An oxidative degradation of the sensitizer involv-

ing reaction with water would therefore seem a likely explana-

tion, although a recent study on the stability of dye-sensitized 

electrodes found that illumination of TiO2-P2 electrodes in 

aqueous media encourages more rapid desorption rather than 

degradation of dye.23 

Based on the observed steady state photocurrents of ca. 15 

μAcm-2 and the film absorbance of 1.5 a.u., an internal quan-

tum efficiency of ca. 0.2% can be estimated for the 1 treated 

photoanodes in these unoptimized conditions.  However, the 

photoanodes are unstable: in the course of a 20 minute photoe-

lectrochemical experiment approximately 40% of the absorb-

ance at 450 nm is lost.  This is primarily due to rapid desorp-

tion of P2 in aqueous buffers rather than photo-damage, as 

soaking the electrode in buffer without irradiation or bias 

results in a comparable loss of absorbance.  Higher pH buffers 

(e.g. phosphate), which are more suitable for efficient opera-

tion of the catalyst,4,5 only worsen the desorption, although the 

electrodes are reasonably stable in water and unbuffered elec-

trolytes.  The rather low quantum efficiency compared to simi-

lar systems based on IrO2 nanoparticles2a, 3a,d may be explained 

by the low loading of catalyst and its relatively low maximum 

TOF (ca. 0.25 s-1)4c vs  IrO2 (ca. 40 s-1 per surface Ir), which is 

compounded by the current use of a sub-optimal pH for its 

operation.  Additionally, the measured charge transfer process 

in our current TAS experiments corresponds only to the first 

of the four catalyst oxidation events needed for the oxidation 

of water, and later oxidations are likely to be slower.  For 

these reasons, ongoing studies aim to probe how the catalyst 

oxidation rate depends on its oxidation state, increase catalyst 

loading, stabilize sensitizer binding at pH ~ 7 and quantify O2 

from these improved photoelectrodes. 

 

Summary and Conclusions 

Photoelectrodes composed of SnO2 and TiO2, the dye 

[Ru(bpy)2(dpbpy)]2+ (P2) and water oxidation catalyst 

[{Ru4O4(OH)2(H2O)4}(γ-SiW10O36)2]10- (1) rapidly form long-

lived charge separated states upon visible light illumination, in 

which electrons are injected into the metal oxide conduction 

band and holes are located on the water oxidation catalyst.  

Formation of these charge separated states appears to be effi-

cient, as there is minimal evidence for competing processes, 

and is a result of ultrafast (ns) electron transfer from 

[{Ru4O4(OH)2(H2O)4}(γ-SiW10O36)2]10- to [Ru(bpy)2(dpb)]3+.  

Such rapid catalyst-to-dye electron transfer is unusual and 

potentially very positive for the construction of stable devices 

based on Ru-polypyridyl dyes and polyoxometalate water oxi-

dation catalysts.  Photoelectrochemical measurements show 

significant (>100%) enhancement of visible light induced 

photocurrents compared to catalyst-free TiO2-P2 electrodes, 

suggesting light driven water oxidation. However, significant 

improvement in their quantum efficiency (ca. 0.2%) and hy-

drolytic stability is needed for the practical application of 

these electrodes.  One limit on the performance of the current 

photoelectrodes arises from the relatively low speed of the 

catalyst in the conditions used (pH 5.8).  In addition, water 

oxidation requires four sequential oxidations of the catalyst 

and electron transfer rates from these higher oxidation states 

are currently unknown.  Ongoing studies are focused both on 

probing these later oxidation events, and stabilizing the bind-

ing of the sensitizer under buffer conditions more ideally suit-

ed to 1 and other, faster, polyoxometalate water oxidation 

catalysts. 

ASSOCIATED CONTENT  

UV-visible absorption spectra of the films, additional PEC and 
transient absorption measurements, and absorption/emission spec-

tra of P2 solutions in the presence and absence of 1 can all be 
found in the supporting information. This material is available 
free of charge via the Internet at http://pubs.acs.org.   
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