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Abstract 

 A dual-sensitizer mesoporous thin film photoanode has been characterized for visible light 
driven bromide oxidation in aqueous pH 5.6 solution.  The thin film is comprised of interconnected 
nanoparticles with a rutile SnO2 core, a TiO2 shell sensitized to visible light with (1-cyano-2-(4-
(di-p-tolylamino)phenyl)vinyl)phosphonic acid (Org), and an Al2O3 overlayer to which 
[(bpz)2(4,4’-(PO3H2)2-2,2-bipyridine]2+ (Ru) was anchored, where bpz is 2,2’-bipyrazine. This 
material herein referred to as CS|Org|Al2O3|Ru, is composed of two spatially isolated sensitizers, 
Org a potent photoreductant that facilitates quantitative excited-state electron injection into the 
core/shell nanoparticle (φ = 1), and Ru that regenerates Orgox and catalyzes bromide oxidation. 
The Ruox product was found to react with bromide with a rate constant kreg = 2×107 M-1 s-1.  In an 
operational HBr splitting cell, the dual-sensitizer photoanode sustained 200 µA/cm2 of 
photocurrent, significantly outperforming photoanodes with either Org (40 µA/cm2) or Ru (2 
µA/cm2) alone. The photocurrent enhancement was achieved in spite of a non-productive reductive 
quenching pathway (Org + Ru* → Orgox + Rured), that was identified through transient 
absorption spectroscopy. The thickness of the insulating Al2O3 layer between the two sensitizers 
was found to impact the yield of the reductive quenching pathway. Time resolved anisotropy 
measurements with Monte-Carlo simulations provided the rate constant for lateral intermolecular 
Ru* + Ru  Ru + Ru* energy transfer across an insulating oxide surface, behavior expected to 
enhance the probability of encounters with Orgox in CS|Org|Al2O3|Ru. The data indicate that a 
dual-sensitizer photoanode approach could be utilized for mediated water oxidation that exploits 
conditions where catalysis is more favorable. 
 
Keywords: Dual-sensitizer, bromide oxidation, ruthenium polypyridyl, anisotropy, photocurrents, 
core-shell 
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Introduction 

 Water splitting provides a viable means of generating a sustainable and storable fuel from 

sunlight.1–10 This “holy grail” of solar energy storage has been performed with a dye-sensitized 

photoelectrosynthesis cells, wherein oxidation (2H2O → O2 + 4e-) occurs at a dye-sensitized 

anodes and reduction (2H2O + 4e- → 2H2) at dark Pt electrodes.11-30 In a typical cell, the 

photoanode is composed of a wide band gap semiconducting metal oxide sensitized to visible light 

by a molecular dye often called a sensitizer, S0. Photoexcitation of S0 results in excited-state 

electron injection into the semiconductor yielding an interfacial charge-separated state TiO2(e-)|S+. 
The oxidizing equivalent is then transferred from S+ to a catalyst via thermal electron transfer, 

which regenerates S0. After four oxidizing equivalents have accumulated on the catalyst, water 

oxidation occurs, completing the anodic half reaction. The photoinjected electrons are transported 

to a platinum cathode that catalyzes proton reduction, Figure 1A. Herein are described first steps 

toward an alternative strategy wherein bromine is generated as a redox mediator for water 

oxidation through dye-sensitization, Figure 1B.  

 The efficiency of water splitting is generally limited by the oxidation half reaction, as the 

accumulation of four redox equivalents on a single catalyst occurs in kinetic competition with 

deleterious charge recombination reactions.27–30 Recent literature reports have shown that 

unwanted back-electron transfer reactions from the semiconductor to the oxidized dye and/or 

catalyst can be inhibited through the use of core/shell metal oxide materials,31 redox gradients that 

vectorally separate charge,12,32 chemical linkers that position the catalyst farther from the dye-

sensitized interface,33 or a combination of these strategies.34 However, the solar conversion 

efficiency still remains far from optimal. An alternative strategy is to physically separate the water 

oxidation catalyst from the dye-sensitized photoanode. In this design, dye-sensitization creates a 

mobile oxidant that is thermodynamically capable of initiating water oxidation at a remote catalytic 

site.35 Efficient dye-sensitized generation of potent oxidants that serve as mediators for water 

oxidation is therefore crucial to the successful implementation of this strategy. Iodine generation, 

for example, is well known to occur nearly quantitatively in dye-sensitized solar cells, but I2 is not 

a strong enough oxidant for water oxidation in neutral or acidic aqueous solutions.36 
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Figure 1. Dye-sensitized water splitting photoelectrosynthesis cells. The left half-cell shows the dye-sensitized 
processes that lead to water oxidation at the anode. The right half-cell depicts proton reduction at the cathode. (A) I. 
Photoexcitation of the sensitizer. II. Excited-state electron injection from the sensitizer to the semiconductor. III. 
Thermal electron transfer from the water oxidation catalyst to the sensitizer. IV. Water oxidation occurs after four 
oxidizing equivalents have been transferred to the catalyst. (B) After excited state injection, S+ oxidizes bromide to 
yield the bromine atom, Br.. In acidic aqueous solutions concentrated with bromide ions, the photogenerated bromine 
atom reacts with Br- to form dibromide, Br2

.-, that is unstable with respect to disproportionation to yield tribromide 
that is in equilibrium with elemental bromine, Br2, that is thermodynamically competent of initiating water oxidation 
at a remote catalytic cite. 

 A challenge associated with dye-sensitized generation of strong oxidants at semiconductor 

interfaces is that S* must be a potent excited-state reductant, for quantitative electron injection, 

and S+ must react with the mediator more rapidly than competitive back reaction. As was recently 

described, there is a delicate interplay between ground- and excited-state reduction potentials that 

make it difficult to tune both for optimal behavior while still maintaining light absorption 

throughout the visible region.37  

 A dual-sensitizer photoanode approach with a molecular catalyst has been reported for 

water oxidation,34 but the conversion efficiencies were low even when losses associated with 

transmitted light were taken into account.34 Herein is reported a mechanistic study designed to 
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identify loss mechanism(s) in the dual-sensitizer approach. Two sensitizers were utilized that have 

favorable energetics for inter-sensitizer electron transfer, Figure 2. The sensitizer Org is linked 

directly to rutile core/shell SnO2/TiO2 nanoparticles in a mesoporous thin film (~50 µm) 

photoanode. An Al2O3 overlayer stabilizes Org and provides a binding site for a second sensitizer, 

Ru. The desired sequence of electron transfer reactions are as follows.  Upon blue light absorption 

Org* injects an electron into the core-shell nanoparticle thin film. Longer wavelength light 

absorption creates Ru* that reduces Orgo.  The Ruox intermediate then oxidizes bromide at the 

aqueous electrolyte interface. Time resolved anisotropy measurements indicated that the Ru* 

undergoes lateral intermolecular energy transfer across oxide surfaces and with Monte-Carlo 

simulations provided a rate constant. In addition, an unproductive excited-state electron transfer 

pathway was identified that lowers the efficiency. This fundamental research shows that a dual-

sensitizer photoanode is indeed capable of generating Br2 that is known to mediate water oxidation 

catalysis.35 

 
Figure 2: Structures and abbreviations of the sensitizers utilized herein. 

Experimental 

Materials. Sodium Acetate (Sigma-Aldrich, ≥99%), glacial acetic acid (Fisher, certified ACS), 

sodium bromide (EM Science), and sodium perchlorate (Acros Organics, 98%), were used as 

received. Argon gas (Airgas, 99.998%) was passed through a Drierite drying tube before use. All 

solvents were ACS grade and used as received. The two sensitizers, Org and Ru were available 

from previous studies. Fluorine-doped tin oxide (FTO) was purchased from Hartford Glass (15 

Ω/sq).  

 Thin Film Preparation. The mesoporous thin films SnO2/TiO2 core/shell33 and ZrO2
38 

were prepared as was previously reported from colloidal SnO2 or ZrO2 solutions. The SnO2 or 

ZrO2 solutions were doctor bladed onto a methanol-cleaned FTO glass substrate using Scotch tape 
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(∼50 μm thick). The doctor bladed films were covered and allowed to dry at room temperature for 

30 min, then heated for 30 min at 450 °C under an O2 atmosphere (∼1 atm). These films were then 

stored in a ∼70 °C oven until use. The thin films were placed in ∼1 mM Org methanol solution 

and allowed to react for at least 48 hours. Prior to use, films were rinsed with neat MeOH.  The 

dual-sensitizer CS|Org|Al2O3|Ru was prepared by first reacting Org with the SnO2/TiO2 core/shell 

films and subsequent atomic layer deposition (see below) of Al2O3 followed by a 48 hr reaction in 

a ∼1 mM Ru methanol solution. 

 Atomic Layer Deposition. Atomic layer deposition (ALD) was performed in a 

commercial reactor (Savannah S200, Cambridge Nanotech). The core/shell SnO2/TiO2 films were 

prepared by atomic layer deposition of TiO2 onto the SnO2 films using tetrakis-dimethyl amine 

titanium, (TDMAT), held at 75 °C, and water as the precursors. The deposition conditions were 

130 °C under 20 sccm carrier N2 gas. An ALD “cycle” consisted of a 1 s TDMAT pulse, 15 s hold, 

50 s N2 purge, 0.02 s H2O pulse, 15 s hold, and 50 s N2 purge. These core/shell thin films were 

annealed for 30 min under an O2 flow at 450 °C. 

 Aluminum oxide (Al2O3) was deposited using trimethylaluminum (TMA). The reactor 

temperature was held at 130 °C, whereas the TMA reservoir was kept at room temperature. The 

TMA was pulsed into the reactor for 0.02 s and then held for 30 s before opening the pump valve 

and purging for 35 s. ALD coating conditions were 130 °C with a 20 sccm N2 carrier gas flow rate 

with a sequence of 0.02 s TMA dose, 30 s hold, 35 s N2 purge, 0.02 s H2O dose, 30 s hold, 35 s N2 

purge for 10 cycles, with ∼1.1 Å Al2O3 deposited per cycle. 

Spectroscopy.  

 UV−Visible Absorption. All steady-state UV− visible absorption spectra were obtained 

on an Agilent Cary 60 spectrophotometer at room temperature in 1.0 cm path length cuvettes. The 

functionalized thin films were placed diagonally in the cuvettes at a 45° angle to the probe light.  

 Nanosecond Transient Absorption. Nanosecond transient absorption measurements 

were obtained with an apparatus that has previously been described.39 Briefly, samples were 

excited by a Q-switched, pulsed Nd:YAG laser (Quantel U.S.A. (Big Sky) Brilliant B; 5−6 ns full 

width at half-maximum (fwhm)) tuned to 532 nm or 488 nm light from an optical parametric 

oscillator (OPO, Opotek, Inc.). The excitation irradiance was typically 3−5 mJ/pulse as measured 

by a Thor Laboratories PM100D laser power meter. The laser beam was directed 45° to the film 

surface. A 150 W Xe arc lamp served as the probe beam and was aligned orthogonal to the laser 
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excitation light. The probe lamp was pulsed for measurements on sub-100 μs time scales. Detection 

was achieved with a monochromator (SPEX 1702/04) optically coupled to an R928 

photomultiplier tube (Hamamatsu). Transient data were acquired with a computer-interfaced 

digital oscilloscope (LeCroy 9450, Dual 330 MHz) with an overall instrument response time of 

∼10 ns. Typically, 30-90 laser pulses were averaged at each observation wavelength over the range 

390−760 in 10 nm intervals. Full spectra were generated by averaging 2−10 points on either side 

of the desired time value to reduce noise in the raw data.  

Data Analysis. Data fitting was performed in OriginPro 2017, with least-squares error 

minimization achieved using the Levenberg−Marquardt method. The errors reported for fitting 

parameters are the standard errors. 

Nanosecond Transient Anisotropy. Nanosecond transient anisotropy data were obtained 

with the transient absorption described. The probe light was directed through a 1/4 m 

monochromator (Spectral Energy Corp., GM 252) before the sample. All measurements utilized a 

Glan−Taylor polarizer (Thorlabs, GL 10-A) for excitation (Pex) and a second Glan−Taylor 

polarizer (Pdet) for the probe beam. For anisotropy measurements, Pex was set to vertical, the 

same polarization as the laser, and Pdet was set to either vertical (V) or horizontal (H). Magic 

angle and anisotropy values were calculated via eqs 1 and 2, respectively:  

𝛥𝛥 𝐴𝐴𝐴𝐴𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = (𝑉𝑉𝑉𝑉+2𝑉𝑉𝑉𝑉)
3

      (1) 

𝑟𝑟 = (𝑉𝑉𝑉𝑉−𝑉𝑉𝑉𝑉)
3𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

       (2) 

where VY is the change in absorbance observed with excitation polarization V and detection 

polarization Y = V or H and r is the anisotropy value.  Typically, 60 laser pulses were averaged at 

each observation wavelength and 5−10 identical measurements were taken and averaged to help 

increase the signal-to-noise ratio of the anisotropy data.  

 Simulations of Anisotropy Data. Monte Carlo simulations were employed to simulate the 

anisotropy decays measured after vertical polarized light excitation. The simulation utilized a 20 

nm spherical nanocrystallite with sensitizers spaced at approximately the intermolecular distance, 

δ, extracted from surface coverage measurements, vide infra. The simulated sensitizers were 

distributed across the nanoparticle surface through an iterative Coulomb’s law force minimization, 

which produced a nearly even sensitizer distribution. To simulate the low laser power utilized 

experimentally, one excited state was generated per nanocrystallite for each simulation. The 
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probability of an excited state being generated at a specific location was proportional to cos2 φ, 

where φ is the inclination angle of the vertical plane, i.e., vertically polarized light has φ = 0. For 

each initialization, the excited-state sensitizer generated after vertically polarized excitation was 

assumed to quantitatively inject an electron. After formation of the oxidized sensitizer, or hole, a 

random-walk simulation was performed. For each sensitizer, 10000 random walks consisting of 

1000 iterations were averaged to determine the simulated anisotropy decay as a function of the 

iteration step. Self-exchange electron transfer was modeled with an exponential distance 

dependence for the probability of transfer with β = 1.2 Å−1, as previously determined.40 The 

anisotropy, r, at any time during the random walk was calculated via eq 3, where ⟨cos2 φ⟩ was the 

average of the square of the cosine of the inclination angle of the oxidized sensitizer position.  

 
𝑟𝑟 =

3〈𝑐𝑐𝑐𝑐𝑐𝑐2φ〉 − 1
2

 
(3) 

 

With the time per iteration step as the only adjustable parameter, the experimentally determined 

anisotropy decays were modeled directly with the simulated anisotropy decays. The best fit with 

respect to time per iteration was then utilized to determine the resulting self-exchange rate 

constant, kMC, for each sensitizer. The Monte Carlo simulations were performed with Wolfram 

Mathematica 11.0.1.0. 

 Photoelectrochemical Cells. Photocurrent measurements were performed on a BASi 

Epsilon potentiostat with a standard three-electrode configuration (working electrode, 

photocatalyst sensitized SnO2/TiO2 core/shell on FTO with 500 mV applied potential; reference 

electrode, Ag/AgCl (4 M KCl, externally referenced to SCE); counter electrode, Pt mesh) in a 

custom-built H-cell with the two half-cells separated by a Nafion proton-exchange membrane. 

White Light Illumination. Under white light illumination from a Cole Parmer 41720-Series fiber 

optic illuminator, thin film slides were positioned to receive 100 mW cm-2 as determined with a 

Coherent Molectron PM 5200 laser power meter. A 400 nm long-pass filter was used to inhibit 

direct bandgap excitation of the metal oxide layer. The geometric area of the photoanode was used 

for reporting current densities. Unless otherwise stated, solutions were sparged with argon for 30 

min prior to experiment. 

  Incident and Absorbed Photon-to-Current Efficiencies (IPCE and APCE). For 

monochromatic light excitation, a Coherent Genesis MX 460 or 532 nm solid-state laser was 
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utilized as the illumination source with photon output calibrated using a Thor Laboratories 

PM100D laser power meter. Photocurrents were measured as a function of the excitation 

irradiance. The reported IPCE and APCE values were calculated with a laser power of 20 mW cm-

2. For all experiments utilizing an applied potential, a Ag/AgCl reference electrode externally 

calibrated to a SCE electrode (241 mV vs NHE) was used. All potentials are reported versus NHE. 

Faradaic Efficiency. The Faradaic efficiency was quantified with coulometric 

determination of the number of electrons in the integrated photocurrent and spectroscopic 

determination of the number of Br2 and Br3
- generated. The tribromide (Br3

-) and bromine (Br2), 

are in equilibrium, Equation 4.36,37  

    𝐵𝐵𝐵𝐵− + 𝐵𝐵𝐵𝐵2 ⇌ 𝐵𝐵𝐵𝐵3−  𝐾𝐾𝑒𝑒𝑒𝑒 = 16 (4) 

The known extinction coefficient of Br3
- (ε(266 nm) = 40900 M−1 cm−1 )36 and the equilibrium 

constant, the total photoproduct concentration was calculated. Thin film photoanodes immersed in 

a known volume of pH 4.76 solution (0.2 M acetate buffer, 0.3 M NaBr) were illuminated with 

460 nm steady-state illumination for fixed periods of time (Figure S1, left). After illumination, an 

aliquot of the electrolyte solution was removed and the absorption spectrum was measured (Figure 

S1, right). The ratio of oxidized bromide photoproducts to the total charge passed during 

illumination while taking into account the 2-electron oxidation provided a Faradaic efficiency of 

14% for CS|Org|Al2O3|Ru. In the control experiment with CS|Org where the laser power was 

attenuated to give the same photocurrent magnitude, no Br3
- photoproduct was observed over the 

same time frame (Figure S2). 

 

Results  

The two sensitizers utilized (1-cyano-2-(4-(di-p-tolylamino)phenyl)vinyl)phosphonic acid 

(Org) and [Ru(bpz)2(4,4’-(PO3H2)2-2,2-bipyridine]2+ (Ru) (Figure 2), have been previously 

reported.37,41 The CS|Org|Al2O3|Ru thin films were prepared sequentially starting with 

mesoporous SnO2|TiO2 core/shell (CS) thin films functionalized with Org. Atomic layer 

deposition (ALD) of an ~11 Å insulating Al2O3 overlayer yielded CS|Org|Al2O3 that was reacted 

with Ru to yield CS|Org|Al2O3|Ru.    

The UV-visible absorption spectra of Org and Ru in methanol solutions are shown in 

Figure 3A.  The relevant ground- and excited-state reduction potentials are reported in Table 1. 

The absorption spectrum of CS|Org|Al2O3|Ru and CS|Org are shown in Figure 3B.  Notably, 
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subtraction of the spectra of CS|Org from CS|Org|Al2O3|Ru results in a broad band at 465 nm, 

consistent with the presence of the metal-to-ligand charge-transfer (MLCT) absorption spectrum 

of Ru, Figure 3B inset. Significant broadening of the Org and Ru absorption spectra were 

observed for the sensitized oxide materials relative to solution .  The spectroscopically determined 

surface coverages (Γ0) were calculated with Equation 5, where A is the absorbance at λmax and ε 

is the molar extinction coefficient. Surface coverages were 4.3 and 3.7×10-8 mol/cm2 for Org and 

Ru, respectively.  

 𝐴𝐴 = 1000 × 𝛤𝛤0 × 𝜀𝜀 (5) 

 

 

Figure 3. (A) UV-Visible absorption spectra of Org (black) and Ru(red) in MeOH solution. (B) UV-Visible 
absorption spectra of the CS|Org (black) and CS|Org|Al2O3|Ru (red) photoanodes. The inset shows the spectrum 
obtained by subtraction of the CS|Org spectrum from that of CS|Org|Al2O3|Ru. 

Table 1. Absorption and Electrochemical Characterization of Org and Ru  
 λmax (ε×104 M-1 cm-1) E° (S*0/+) E° (S0/+) 
Org 400 nm (3.5) -1.88 0.99 
Ru 465 nm (1.9) -0.25 1.85 

 

Excited-State Electron Injection 

 Pulsed 488 nm laser excitation of CS|Org resulted in an absorption feature centered at 700 

nm corresponding to Orgox (Figure S3).41 This transient feature formed within the instrument 

response time, consistent with kinj> 108 s-1.42,43 The kinetics for back-electron transfer (BET) from 

a CS electron to Orgox monitored at 700 nm (Figure S4) were nonexponential and successfully 

modeled by the Kohlrausch−Williams−Watts (KWW) function give by Equation 6, where A0 is 

A B
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the initial amplitude, kobs is the characteristic rate constant, and β is inversely proportional to the 

width of an underlying Lévy distribution. The average rate constant was determined with Equation 

7 (where Γ is the gamma function), yielding a rate constant for kKWW = 5×102 s-1. 

 Abs(t) = A0e−(𝑘𝑘obst)β (6) 

 
𝑘𝑘KWW =

𝑘𝑘obsβ

Γ �1
β�

 (7) 

Intermolecular Energy Transfer 

     Light absorption by Ru yielded an MLCT excited state that was not quenched by the CS 

acceptor states. The fate of the excited state was probed by time-resolved absorption anisotropy, a 

technique that has recently been utilized to quantify lateral self-exchange reactions occurring on 

nanoparticle surfaces.44–46 Initial studies were frustrated by a reductive quenching pathway (see 

below), so an insulating zirconium oxide (ZrO2) mesoporous thin film was utilized, abbreviated 

ZrO2|Ru. Vertically polarized 532 nm laser excitation produced the MLCT excited state that was 

detected with either vertically (VV) or horizontally (VH) oriented polarizers, Figure 4A. A time-

resolved anisotropy resulted that was used to determine the anisotropy decay, Figure 4B. 

 

Figure 4. (A) Time-resolved absorption anisotropy decays measured after pulsed light excitation of ZrO2|Ru with VV 
(red) and VH (black) polarization with overlaid fits. (B) The time resolved anisotropy (black) overlaid with the results 
of Monte Carlo simulations that provided an intermolecular energy transfer rate constant of 4×107 s-1. 

The anisotropy decays wwe modeled with previously described Monte Carlo simulations.45,46 An 

intermolecular energy transfer rate constant of 4×107 s-1 was found that corresponds to ~ 25 ns per 

energy transfer consistent with reports of related ruthenium complexes, Figure 3B.47 Therefore in 

A B



11 
 

the absence of excited state electron transfer, energy transfer occurs an average of 26 times within 

the excited state lifetime. 

Regeneration of Ruox with Br- 

 To test the utility of the CS|Org|Al2O3|Ru in generating strong oxidizing equivalents, the 

reaction of photogenerated Ruox with Br- was investigated. The formal one electron reduction 

potentials for Br-/• and RuIII/II are 1.92 and 1.85 V vs. NHE, respectively.36,37 Although Br-  

oxidation is unfavored by 70 meV, large rate constants have been previously reported when a large 

excess of Br- is present.37,48 As prior reports show, Ru* is not a potent photoreductant and does 

not inject electrons into the CS acceptor states in the pH 4-6 range targeted for this study.37 

Therefore, mesoporous thin films of SnO2 nanoparticles were utilized that possess more positive 

(on an electrochemical scale, i.e. further from the vacuum level) acceptor states. Pulsed 532 nm 

laser excitation of SnO2|Ru anode resulted in a transient bleach at the 402 nm ground/excited-state 

isosbestic point (Figure 5, purple data), consistent with the formation of Ruox. This transient bleach 

was observed at both pH 4 and 5.6, indicated that Ru* injects an electron into SnO2, yielding 

SnO2(e-)|Ruox 

 As shown in Figure 5, increased Br- concentrations resulted in faster Ruox regeneration. 

The kinetic data at each Br- concentration were successfully modelled by the KWW function. A 

plot of kKWW verses the Br- concentration (Figure 5, inset) was linear with a slope that provided the 

regeneration rate constant kreg=  2×107 M-1 s-1.  

 

Figure 5. Regeneration of the oxidized ruthenium complex in pH 4 acetate buffer (0.2 M) with increasing Br- 
concentrations. The inset shows the observed rates verses the Br- concentration, the slope of which corresponds to the 
second order rate constant, kreg, = 2×107 M-1 s-1.  

Photocurrent Responses 
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 To assess the performance of the dual-sensitizer photoanode for Br- oxidation in pH 5.6 

solutions, photocurrent measurements were obtained in a three electrode H-cell. The photoanode 

and reference electrode were placed in one compartment of the H-cell and illuminated with 100 

mW cm-2 (1 sun), while a counter electrode was kept in a dark compartment. The photocurrent 

responses displayed an initial spike, that has previously been attributed to electrode polarization 

and fast electron transfer, followed by decay to a steady-state value.12,27 In control experiments, 

white light excitation of CS|Org or CS|Ru photoanodes resulted in 40 or 2 µA cm-2 of sustained 

photocurrent, respectively. For the dual sensitizer CS|Org|Al2O3|Ru, 200 µA cm-2 of sustained 

photocurrent was measured indicating that the two sensitizers have a synergistic effect on the 

current output, Figure 6. A Faradaic yield for bromide oxidation of 14% was determined for 

CS|Org|Al2O3|Ru.  In contrast, bromide oxidation products were not detected after illumination of 

CS|Org; a measurable decrease in the Org surface coverage suggested that the sensitizer itself was 

oxidized. 

 Incident and adsorbed photon-to-current efficiencies (IPCE and APCE) for Br- were 

measured for the photoanode with 460 and 532 nm excitation in pH 4 solution (Figures S5 and S6, 

Table S1). As shown in Figure 3, both sensitizers absorb light at 460 nm, while only the ruthenium 

sensitizer absorbs significantly at 532 nm. The IPCE and APCE values were an order of magnitude 

greater with 460 nm excitation (IPCE = 1.2%, APCE = 1.4%) as compared to 532 nm excitation 

(IPCE = 0.08%, APCE = 0.13%), revealing that the photoanode efficiency decreases drastically 

when only the ruthenium sensitizer absorbed light.  With 460 nm light excitation the photocurrent 

increased linearly with the light intensity. 
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Figure 6. Light on/off current responses for CS|Org (black), CS|Ru (red), and CS|Org|Al2O3Ru (blue) photoanodes. 
The current responses were measured under 100 mW cm-2 white light illumination with a 0.5 V vs. NHE applied 
potential in 0.2 M acetate buffer (pH 5.6) and 0.3 M NaBr.  

Reductive Quenching of Ru* by Org 

 In the dual-sensitizer assembly, the IPCE and APCE values indicated that the efficiency of 

Br- oxidation was suboptimal.37,48 This suggested the presence of a nonproductive electron transfer 

pathway. The absorption difference spectra measured after pulsed 488 or 532 nm excitation of 

MOx|Org|Al2O3|Ru (MOx = CS or TiO2) revealed a positive absorption growth at 500 nm 

assigned to the reduced complex, Rured,49–51 and the characteristic absorption of Orgox  centered 

near 700 nm, Figure S7.   

 Additional insights were gained by successfully isolating this reaction through an 

alternative oxide design wherein a dual-sensitizer assembly was prepared with an insulating ZrO2 

core instead of the CS semiconductor, yielding the following structure, ZrO2|Org|Al2O3|Ru. In 

this assembly, excited-state electron injection from Org* was not observed spectroscopically. 

Pulsed 532 nm excitation resulted in the appearance of absorption features at 500 and 700 nm, 

consistent with the formation of Rured and Orgox, Figure 7A. Varying the Al2O3 layer thickness 

from 5.5 to 22 Å (5 – 20 cycles) was found to have a dramatic impact on the yield, Figure 7B. 

With thin shells (5.5 – 11 Å Al2O3), significant amplitude was apparent, but when the thickness 

was increased to 22 Å, the yield was near zero. 

CS|Org
CS|Ru
CS|Org|Al2O3|Ru
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Figure 7. (A) Time-resolved absorption changes at 500 (red) and 700 (blue) nm upon 532 nm excitation of 
ZrO2|Org|Al2O3Ru anodes in 0.2 M acetate buffer (pH 5.6). (B) The maximum amplitude change for the absorption 
monitored at 500 and 700 nm versus the thickness of the insulating Al2O3 layer. 

 

Discussion 

 Dye-sensitized Br- oxidation with a dual-sensitizer photoanode design has been realized in 

pH 5.6 aqueous solution.  Previous research has been limited to organic solvents or highly acidic 

(pH 0-1) aqueous solutions, conditions that simplify many of the challenges associated with dye-

sensitized Br- oxidation. For instance, the Br•/- potential is less positive in organic solvents (1.42 

V vs NHE in acetone)52 as compared to water (1.92 V vs NHE),53 allowing weaker ground-state 

oxidants for catalysis.54,55 In aqueous electrolytes, acid shifts the semiconductor acceptor states to 

lower energy (i.e. away from the vacuum level), facilitating excited-state injection. While 

excitation wavelength dependent photocurrent measurements indicate an advantage of the dual-

sensitizer photoanode design, the Faradaic yields of Br2/Br3
- were only about 14% indicating that 

other oxidation reactions were operative.  In addition, the overall photocurrent on an absorbed 

photon-to-current efficiency was less than 2% implying that unproductive recombination 

pathway(s) were operative that were indeed identified by transient absorption spectroscopy as 

described below.  

A generalized depiction of the dual-sensitizer photoanode is shown in the left panel of 

Figure 8. The photoanode was designed so that the inner sensitizer (Org) was a potent 

photoreductant positioned for excited-state electron injection, while the outer sensitizer (Ru) was 

a potent oxidant present at the electrolyte interface for Br- oxidation.  In the right panel of Figure 

8, the desired processes for an operational HBr splitting cell are plotted on an energy axis.  This 

represents a Z-type scheme. The artificial Z-scheme is applied here to two molecular sensitizers 

A B
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whereas previous reports have utilized two light absorbing semiconductors56–60 or a semiconductor 

with a single sensitizer.61,62  For CS|Org|Al2O3|Ru, blue light (hν1) absorbed by Org yields an 

electronic excited-state Org* that quantitatively injects an electron into the core/shell metal oxide.  

Green light (hν2) excites the outer Ru sensitizer and yields an MLCT excited-state Ru* that 

undergoes excited-state energy transfer across the oxide surface until it encounters Orgox. A large 

driving force (1.24 V) for the electron-transfer reaction (kreg,1), Orgox + Ru* → Org + Ruox 

translates the oxidizing equivalent to Ruox present at the electrolyte interface. Despite a strong 

thermodynamic driving force for this reaction, -∆Go = 1.24 eV, it was not efficient in the 

photoelectrochemical cells.  Excited state injection was quantitative and Br- oxidation occurred 

with a large rate constant kreg =  2×107 M-1 s-1, however the measured photocurrents were far from 

optimal. 

 

Figure 8. A depiction of the dual-sensitizer photoanode used for bromide oxidation at pH 4-6 (left panel). The right 
panel shows the proposed electron transfer reactions (beneficial in solid arrows, non-beneficial in dashed arrows) on 
an energy axis. 

 In addition to the desired electron transfer reactions, a variety of non-productive pathways 

(right panel Figure 8, dashed arrows) are possible. Despite a short < 1 ns Org excited-state lifetime, 

excited-state injection quantum yields of unity were obtained.41 The Ru*excited-state lifetime of τ 

= 0.67 µs is approximately three orders of magnitude longer than that of Org, yet Ru* did not 

undergo measureable excited state injection; behavior attributed to weak electronic coupling to the 

core/shell oxide and to a low thermodynamic driving force. Instead, the Ru* excited state 
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undergoes lateral intermolecular energy transfer across the insulating interface. Monte-Carlo 

simulations indicated that on average the Ru* ‘hops’ to a neighbor sensitizer 26 times before 

relaxation to the ground state. Such energy migration is proposed to increase the likelihood that 

Ru* encounters Orgox.  In principle, the Orgox could undergo lateral Orgox/Org self-exchange, 

often called hole-hopping.63,64  However, prior research has shown that lateral electron transfer is 

inhibited when sensitizers are buried in Al2O3 overlayers.46,65 Hence Ru* energy transfer to the 

Org* injection site, or the statistical photo-creation of proximate Ru* and Org*, provide the likely 

mechanisms for bromide oxidation prior to back electron transfer that occurred with an average 

rate constant of kBET= 5×102 s-1.   

 The energy diagram of Figure 8 shows a significant driving force for reductive quenching 

(500 meV) of Ru* by ground state Org (Org + Ru* → Org+ + Rured) with a rate constant kRQ. 

To determine whether this non-beneficial pathway was operative under normal cell conditions, a 

related oxide structure was prepared, in which an insulating metal oxide ZrO2 was employed to 

create a ZrO2|Org|Al2O3|Ru structure.  The acceptor states of ZrO2 are high in energy and preclude 

Org* excited-state electron injection.  In the absence of excited state injection, Ru* was indeed 

quenched by Org by reductive electron transfer to yield Orgox that returned to ground state 

products on a millisecond time scale 

 In principle this non-productive rate constant kRQ could be controlled through the driving 

force for electron transfer (-∆Go), the reorganization energy (λ), and/or the electronic coupling 

(HAB) between the two sensitizers. Increasing the thickness of the Al2O3 overlayer was found to 

have a large impact on the yield, presumably through decreased electronic coupling, due to the 

larger distance between the Org and Ru sensitizers,66 and an increase reorganization energy as the 

insulating overlayer inhibits solvents and ion motion.67,68  In anodes with thin insulating layers 

(5.5 and 11 Å), both Orgox and Rured were observed transiently. However, the concentration of 

products from the reductive quenching reaction were significantly less when an 11 Å Al2O3 layer 

was present relative to a 5.5 Å layer. As the Al2O3 thicknesses was increased from 16.5 to 22 Å, 

the yield of reductive quenching plateaued, with only a small concentration of Org+ being 

resolved. In future research, it will be of interest to examine whether these thick Al2O3 overlayers 

also inhibit the desired Ru* + Orgox  Ruox + Org reaction.  The use of alternative sensitizers, 

particularly a weaker oxidant as the inner-sensitizer, would lower the reaction free energy change 

resulting in enhanced bromide photo-oxidation efficiency. 
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Conclusions 

 The photo-generation of the strong oxidant Br2 has been achieved at a metal oxide/ 

electrolyte interface a dual-sensitizer photoanode design.  This advance enhances the scope of dye-

sensitized bromide oxidation from organic solvents and strongly acidic solutions to mildly acidic 

aqueous conditions (pH 5.6) where the kinetics for water oxidation catalysis are more ideal. The 

use of two sensitizers in an artificial z-scheme was found to simplify several of the challenges 

associated with photocatalytic bromide oxidation. First, the inclusion of two sensitizers allowed 

the properties of each sensitizer to be tuned for its specific task ensuring near unity injection and 

large rate constants for bromide oxidation. This removed the necessity of finding a single sensitizer 

that was best able to balance these parameters. Second, the use of Br- as a redox mediator (Eo(Br-

/•) = 1.92 V vs. NHE) allows favorable disproportionation and equilibrium chemistry to be 

exploited, as the oxidized mediator (Br•) is known to yield Br2 in bromide-containing acidic 

aqueous and organic solutions. The disadvantage of this strategy is that two photons are required 

to generate an injected electron and a Br instead of one. This stands in contrast to prior approaches 

that utilized a single chromophore, where it was necessary to balance the ground- and excited-state 

redox potentials so that both electron injection and bromide oxidation could be achieved.  

 This dual-sensitizer photoanode is ripe for further investigations. The modular design of 

the anode allows sensitizers to be chosen that have complimentary absorption spectra, such that 

more significant portions of the solar spectrum can be harvested. Optimization of intermolecular 

energy transfer and hole-hopping to enhance encounters between Ru* and Orgox provide a rational 

means to improve efficiency. The mechanistic study here reveals that efficient bromide oxidation 

requires an inner-sensitizer that is a weaker oxidant so as to prevent unwanted reduction of the 

outer sensitizer excited state.  Dye-sensitized bromide oxidation to yield a Br• atom undergoes a 

disproportionation like reaction that yields Br2 that is a known redox mediator for water oxidation. 

Hence single photon one-electron transfer oxidations can drive the demanding multi-electron and 

multi-proton oxidation of water.  

 

Supporting Information.  Transient absorption and kinetic data are included as well as 

photocurrents measured with blue and green light. 
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