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1. Experimental

1.1. Materials 

The following chemicals were employed: tungsten(VI) ethoxide 99.8% (5% w/v in 

ethanol), ammonium vanadium oxide, bismuth(III) nitrate pentahydrate 98%, benzyl 

alcohol 99% (Alpha Aesar); ethyl cellulose, citric acid 99% (Aldrich); anhydrous sodium 

sulfate (Fisher Scientific). 

1.2. Photoelectrodes preparation 

WO3 was prepared as described in our previous work.1 Briefly, 1.0 mL of tungsten

ethoxide, 5 wt.% in ethanol, was added inside a glovebox to 42 mg of citric acid acting 

as stabilizer. Once citric acid was completely dissolved, benzyl alcohol (0.3 mL) and 

ethyl cellulose (40 mg) were added to the solution, which was stirred overnight at 70° C 

to attain complete ethyl cellulose dissolution. The so obtained paste (with a 0.085 M 

tungsten content) is stable for several weeks. 100 μL of the paste were deposited on a 

2.5 x 2.5 cm2 fluorine-doped tin oxide (FTO) glass electrode (Pilkington Glass, TEC-7, 

thickness 2 mm), by spin coating at 6000 rpm for 30 s. The final spinning rate was 

reached with a three acceleration step program, i.e. 500 rpm s-1 up to 1000 rpm, then 

1000 rpm s-1 up to 3000 rpm and finally 3000 rpm s-1 up to 6000 rpm. Prior to 

deposition, the FTO glass was cleaned by 15 min-long sonication, first in an aqueous 

soap solution, then in ethanol and finally in water. After coating, the so obtained film 

was dried at 80 °C for 1 h and then annealed at 500 °C for 8 h. 

The BiVO4 (BV) films were prepared according to a procedure similar to that reported 

elsewhere.2 Typically, 0.002 mol of Bi(NO3)3 and NH4VO3 were added to 6 mL of HNO3

23.3% containing 0.004 mol of citric acid. The mixture was stirred overnight to allow the 

complete dissolution of all precursors. The BiVO4 based photoanodes were prepared on 
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clean FTO by spinning 70 μL of the solution at 8000 rpm for 30 s with an acceleration 

rate of 6000 rpm s-1. The films were then dried at 80 °C for 1 h and annealed at 500 °C 

for 1 h. The optical density of the BiVO4 layer was modulated by repeating the spin 

coating procedure and the thermal treatment up to four times; then the photoelectrodes 

were annealed at 500 °C for 8 h. 

The WO3/BiVO4 (WBV) combined films were prepared by coating WO3 electrodes 

with the solution containing the BiVO4 precursors. Then the composite films were dried 

for 1 h at 80 °C and annealed at 500 °C for 1 h. The process was repeated four times 

and the final films were annealed at 500 °C for 8 h. 

1.3. Photoelectrodes characterization 

Images showing the morphology and the cross section view of the electrodes were 

obtained using a FEI Magellan-400 field emission scanning electron microscope 

(FESEM). UV-visible absorption spectra, also under an applied bias, were recorded 

using a Jasco V650 spectrophotometer. The crystalline phase of the materials was 

determined through XRPD analysis using a Philips PW1820 with Cu K radiation (λ = 

1.54056 Ȧ) at 40 mA and 40 kV. 

1.4. Photoelectrochemical (PEC) characterization 

PEC measurements were carried out using a three electrode cell with an Ag/AgCl (3.0 

M NaCl) reference electrode, a platinum gauze as a counter electrode and a Princeton 

Applied Research 2263 (PARstat) potentiostat. The photoanodes were tested under 

back side illumination (through the FTO/BiVO4 or FTO/WO3/BiVO4 interface). The light 

source was an Oriel, Model 81172 solar simulator providing AM 1.5G simulated solar 

illumination with 100 mW cm-2 intensity (1 sun). A 0.5 M Na2SO4 aqueous solution at pH
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= 7 was used in electrochemical measurements. The potential vs. Ag/AgCl was 

converted into the RHE scale using the following equation: ERHE = EAgCl + 0.059 pH + 

EºAgCl, with EºAgCl (3.0 M NaCl) = 0.210 V at 25°C. 

Incident photon to current efficiency (IPCE) measurements were carried out using a 

300 W Lot-Oriel Xe lamp equipped with a Lot-Oriel Omni-λ 150 monochromator and a 

Thorlabs SC10 automatic shutter. A 1.23 V bias vs. NHE was applied and the current 

was measured with a 10 nm step, within the 350 to 600 nm wavelength range. The 

incident light power was measured at each wavelength using a calibrated Thorlabs 

S130VC photodiode connected to a Thorlabs PM200 power meter. Typical values are 

reported in Figure S1. The IPCE was calculated at each wavelength using the following 

equation: 

     
         

 

where J is the photocurrent density (mA cm-2) and P (mW cm-2) is the power of the

monochromatic light at wavelength  (nm). 

The internal quantum efficiency (IQE) was calculated by combining the IPCE 

spectrum with the absorption (A) spectrum of the photoanodes:3 
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Figure S1. Light intensity typically employed in our IPCE measurements. 

1.5. Transient absorption spectroscopy 

Femtosecond transient absorption (TA) experiments with 387 nm laser pulse excitation 

were performed at the Radiation Laboratory, Notre Dame University, using a system 

based on a Ti:sapphire laser source (Clark MXR CPA-2010) generating pulses centered 

at 775 nm with a FWHM of 130 fs and 1 kHz repetition rate; 95% of the fundamental 

laser pulse was frequency doubled to = 387 nm and used as pump, while the 

remaining 5% was focused on a CaF2 crystal to generate the white light continuum 

(WLC) probe. The transient spectra were recorded using a Helios transient absorption 

system of Ultrafast Systems. Pump energy fluences ranging from 20 to 120 μJ cm-2 

were employed during the experiments with excitation at 387 nm.  

Femtosecond TA experiments with tunable excitation wavelength were performed at 

the Department of Physics, Politecnico di Milano, using an amplified Ti:sapphire laser 

system (Libra, Coherent) delivering 4 mJ, 100 fs pulses at 800 nm with 1 kHz repetition 
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rate. Wavelength tunable pump pulses were generated by an optical parametric 

amplifier (OPA) pumped by the second harmonic of the laser and seeded by a WLC 

produced in a sapphire plate.4,5 The OPA produced  70 fs pulses tunable between 480 

and 1050 nm, that were used directly as the pump (500 nm) or frequency doubled, in 

the case of 460 and 450 nm pumps. Similar to the previous setup, a portion of the laser 

output was focused on a CaF2 plate to generate a WLC used as broadband probe. TA 

spectra were measured with a spectrometer (Acton Sp2150, Princeton Instruments) 

equipped with a CCD camera (Entwicklungsbro Stresing) detecting data at the full 1 kHz 

repetition rate of the laser. Pump energies of 50 and 1000 nJ per pulse (corresponding 

to an intensity of 250 and 5000 μJ cm-2) were used for the 450 and 460 nm pumps, and 

for the 500 nm pump, respectively, in order to obtain comparable photoexcitation 

densities at the different wavelengths used. 
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2. Estimation of the thickness of the BiVO4 layer

We performed a SEM cross sectional analysis of the samples and calculated the 

thickness of the BV and WO3 layer by subtracting the average thickness of the FTO 

layer from the average thickness of the FTO/BV and FTO/WO3 layer (obtained from 

Figure S2A, B and C, respectively). We estimated the thickness of the BiVO4 film in the 

WBV electrode by subtracting the thickness of the FTO/WO3 layer from that of the 

FTO/WO3/BiVO4 multilayer (calculated from Figure S2D). 

Figure S2. Cross section FESEM images of (A) clean FTO, (B) BV, (C) WO3, and (D) 

WBV. The scale bar is 500 nm. 

A) B) C) D) 
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3. XRPD analysis

Figure S3. XRPD analysis of the BV (red trace) and WBV (black trace) electrodes in the 

18 – 36° region. The typical peaks ascribed to BiVO4 monoclinic scheelite, WO3 

monoclinic structure as well as those of FTO are labeled with B, W and FTO, 

respectively. Each photoanode was annealed 8 h at 500 °C. 
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4. Transient photobleaching

Figure S4. (A) TA time traces recorded at 420 nm with the BV film upon excitation at 

387 nm with a (a) 20, (b) 40, (c) 60, (d) 80, and (e) 120 μJ cm-2 fluence. (B) Correlation 

between the maximum transient photobleaching ΔA at 420 nm and the used pump 

fluence. 

A) B) 
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5. Trapped hole dynamics in BiVO4

The trapped hole dynamics in photoexcited BiVO4 has been investigated by 

Ravensberger et al. and is sketched in Figure S5.6  

Figure S5. Diagram of the charge carrier transitions occurring upon excitation of BiVO4. 

First, holes diffuse to and get trapped at surface trap states (   ); then trapped holes 

recombine with electrons, according to a bi-exponential decay (   and  
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6. Buildup of the ΔA signal at 470 nm

Figure S6. Normalized ΔA buildup in BV recorded at 470 nm for different pump 

fluences. 
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7. Transient absorption profiles, curve fitting and fitting parameters

Figure S7 highlights the contribution to the ΔA time evolution of the trapped holes signal 

in BiVO4 of each of the processes described in Figure S5; the fitting curve obtained by 

eq 1 is reported in red. 

Figure S7. Normalized TA time trace recorded at 470 nm upon excitation of the BV 

photoanode with the 387 nm pump (40 μJ cm-2). The three processes responsible for 

the ΔA time evolution are highlighted with different colors on the decay profile. The 

fitting trace obtained by fitting the decay with eq 1 is reported in red. 

Table S1. Fitting parameters according to eq 1 of the ΔA transient decays recorded at 

470 nm after excitation of a BV film at 387 nm with different pump fluences. 

Pump fluence (μJ cm-2) 

20 40 60 80 120 

A1 0.34 ± 0.01 0.27 ± 0.01 0.28 ± 0.01 0.26 ± 0.01 0.24 ± 0.02 

τ1 (ps) 26 ± 2 24 ± 2 28 ± 3 15 ± 2 17 ± 2 

A2 0.66 ± 0.01 0.73 ± 0.01 0.72 ± 0.01 0.74 ± 0.01 0.77 ± 0.01 

τ2 (ns) 2.87 ± 0.15 3.06 ± 0.13 3.09 ± 0.16 3.04 ± 0.11 2.56 ± 0.10 
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Figure S8. Normalized TA time trace at 470 nm of the BV and WBV films upon 

excitation with a 450 nm pump. The evolution of the ΔA signals due to holes trapped in 

the two systems is similar. 

Similar to Figure S7, Figure S9 highlights the growth and the three decay processes 

occurring in the WBV coupled system and reports in red the fitting curve obtained by eq 

2. Compared to Figure S7, the further exponential decay process ascribed to the

injection of electrons from the CB of WO3 to the VB of BiVO4 (see Figure 6 in the main 

text) leads to a faster ΔA decay. The     process partially overlaps with    and fades out 

during the first 200 ps of   . 

Figure S9. Normalized TA time trace at 470 nm upon excitation of the WBV 

photoanode at 387 nm (40 μJ cm-2). The four processes responsible for ΔA evolution 

are highlighted with different colors. The fitting trace obtained by fitting the decay with 

eq 2 is reported in red. 
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8. Integration of the IPCE spectrum of WBV

We integrated the IPCE curve of the WBV photoanode (trace 1 in Figure 5B) over the 

AM 1.5G reference solar spectrum and the obtained photocurrent density of 0.99 mA 

cm-2 well correlates with the value of 0.87 mA cm-2 recorded at 1.23 V vs. RHE during 

the sweep voltammetry experiment reported in Figure 5A.7 The good agreement 

confirms that the recombination of photogenerated e––h+ couples is not affected by the 

incident light fluence. The small difference between the two values can be ascribed to 

the spectral mismatch between the AM 1.5G spectrum and the emission spectrum of 

the light source employed in PEC measurements. 

9. Swept IPCE under 350 and 450 nm irradiation

Figure S10. Swept IPCE measured by biasing a WBV photoanode from 0.6 to 1.6 V vs. 

RHE under (a) 350 nm and (b) 450 nm irradiation. 0.5 M Na2SO4 was used as 

electrolyte solution; irradiation from the back side. 
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