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ABSTRACT: Bismuth vanadate (BiVO,4) with a band gap of ~2.4 eV has emerged as one of
the visible photocatalysts that can absorb light below 520 nm. The electron/hole pairs that are
generated following BiVO, band gap excitation are effective for water splitting, especially
when BiVO, is combined with other metal oxides such as WOs;. We report a solution
processed method for designing transparent WO3/BiVO, heterojunction electrodes and
observe a synergistic effect on the photoelectrochemical activity of WO3/BiVO,, with the
combined system performing dramatically better than either individual components. Using
ultrafast transient absorption spectroscopy the electronic interaction between WOj; and excited
BiVO; is elucidated. Moreover, the photocatalytic reduction of thionine by WO3/BiVO, as
well as by each individual oxide component is used to track electron injection processes and
determine the energetics of the studied systems. In the composite WO3/BiVOy film a shifted
quasi-Fermi level results, due to electronic equilibration between the two materials. The better
performance of WO3/BiVO, heterojunction electrodes is thus a consequence of the electron
injection from BiVO, into WO3, followed by back electron transfer from WOj; to the holes in

BiVOs.
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1. INTRODUCTION

Conversion and storage of solar energy in the form of fuels, such as photocatalytic splitting of
water to generate hydrogen, have attracted increasing interest during the last two decades.'”
Semiconductor materials that are active under visible light3 and other narrow band gap oxide
semiconductors™ have been extensively studied as possible photocatalysts. However, the
stability and conversion efficiency that are needed for commercial application have not yet
been achieved.

The stability of metal oxides such as BiVO, and WO; over a wide pH range and their
ability to absorb high energy visible photons have attracted the attention of researchers to
explore their photocatalytic properties towards the water splitting reaction.®® These two
semiconductors have band gaps of ~ 2.7° and 2.4'"!'" eV, respectively. Continued efforts to

improve the photoelectrochemical performance of these materials have been made through

14,15 16-18

surface modification,'>" doping or nanostructured morphology, as well as by using

them in conjunction with oxygen evolution catalysts.lg_21

Coupling of BiVO4 with WOs offers an interesting approach to achieve better charge
separation and thus improve the overall performance of the photocatalytic system.” > Type II
band alignment in these two semiconductor systems allows electrons from photoexcited
BiVOy, to be transferred into WO and holes getting accumulated at BiVO,4. The decreased
charge carrier recombination in the coupled system ensures better photoelectrochemical
properties, similar to the spatial charge separation that occurs in natural photosynthetic
systems.”® Efforts are continuing to achieve photoconversion efficiencies close to the
theoretical limit of these two materials.’” On the other hand, little work has been done on

understanding the charge carrier dynamics occurring in BiVO4 and the interfacial charge

separation in WO3/BiV O, heterojunction electrodes.
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Transient absorption spectroscopy has been recently employed to investigate the dynamics
of photogenerated holes and electrons in TiO,, Fe,O3;, WO; and BiVO, photoanodes. For
example, Durrant and co-workers® > found that the application of an anodic bias allows the
generation of holes with lifetime on the order of 100 ms to seconds, long enough to allow
four-electron water oxidation. Although the dynamics of charge carriers with shorter

timescale has been investigated in single oxide electrodes,**

charge separation in coupled
systems has yet to be explored fully.*

In the present work, femtosecond transient absorption spectroscopy is employed to
investigate the electron injection dynamics from photoexcited BiVOs to WO; in the
WO3/BiVOy coupled system. A citrate-based synthesis employed to make transparent WOs
films allowed us to achieve sufficient transparency for spectroscopic investigation.
Furthermore, the effective charge separation in the coupled system was also probed through

thionine reduction and the estimation of the apparent Fermi level of the photocatalyst

assembly.

2. EXPERIMENTAL SECTION

2.1. Materials. The following chemicals were employed in the present work: tungsten(VI)
ethoxide 99.8% (5% w/v in ethanol), ammonium vanadium oxide, bismuth(IIl) nitrate
pentahydrate ACS 98%, benzyl alcohol ACS 99% (Alpha Aesar); ethyl cellulose (MP
Biomedics); poly(vinyl alcohol) >99%, citric acid 99% (Aldrich); glacial acetic acid,

anhydrous sodium sulfate and sodium sulphite (Fisher Scientific).

2.2. Photoelectrodes preparation. WO; was prepared as follows. 1.0 mL of tungsten
ethoxide, 5 wt% in ethanol, was added 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 and stirred overnight to allow the complete dissolution of ethyl
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cellulose. The so obtained paste is stable for several weeks. Fluorine-doped tin oxide (FTO)
glass (Pilkington Glass, TEC-7, thickness 2 mm) was coated with the paste by spin coating at
6000 rpm for 30 s. Prior to deposition, the FTO glass was cleaned by 30 min-long sonication
in a soap solution, in ethanol and finally in water. After coating, the film was dried for 1 h at
80°C and then annealed for 8 h at 500°C.

Bismuth vanadate films were prepared as reported elsewhere.®” In a typical synthesis,
0.002 mol of Bi(NO3); and NH;VO; were added to 6 mL of HNO; 23.3% containing 0.004
mol of citric acid. The mixture was stirred overnight to allow dissolution of the precursor. A
denser paste was obtained by adding 0.04 g of polyvinyl alcohol and 0.25 mL of acetic acid to
1.0 mL of the above solution. A BiVO, layer was obtained by spin coating the paste at 4000
rpm for 30 s on clean FTO. The so obtained film was then dried for 1 h at 80°C and annealed
for 8 h at 500°C.

The WO3/BiVO,4 combined film was prepared by coating with the BiVO, dense paste a
WO; electrode (prepared as described before, dried for 1 h at 80°C and annealed for 1 h at
500°C). Then the composite film underwent the same thermal treatment used for single

material films.

2.3. Optical, morphological and photoelectrochemical measurements. Images showing
the morphology and the cross section of the electrodes were obtained using a FEI Magellan-
400 field emission scanning electron microscope (FESEM). UV-visible absorption spectra
were recorded using a Varian Cary 50 Bio spectrophotometer. The crystalline phase of the
materials was determined through XRPD analysis using a Philips PW1820 with Cu Ka
radiation at 40 mA and 40 kV. Photoelectrochemical (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 light source was a 300 W Xe lamp with an AM 1.5G illumination (1 sun). A 0.5 M
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Na,SO4 aqueous solution was used in electrochemical measurements. The potential vs.
Ag/AgCl was converted into the RHE scale using the following equation: Erpyr = Eagct +

0.059 pH + E°aqc, With E°agct (3.0 M KCI) = 0.210 V at 25°C.

Incident photon to current efficiency (IPCE) measurements were carried out with a set-up
similar to that of PEC experiments, with a Bausch and Lomb grating monochromator placed
between the Xe lamp and the sample. A 1.23 V bias vs. RHE was applied and the current was
measured with a 10 nm step, within the 350 and 600 nm range. The incident light power was
measured at each wavelength using a calibrated photodiode connected to a Keithley 617
electrometer. The IPCE was calculated at each wavelength A (nm) using the following

equation:

IPCE = [1240 xJ] x 100
B P) X A
where J is the photocurrent density (mA cm?) and P, (mW cm?) is the power of the

monochromatic light at A.

2.4. Transient absorption spectroscopy. Femtosecond transient absorption spectroscopy
was used to follow the early evolution of photogenerated charge carriers in the two separate
semiconductors and to track charge transfer in the WO3/BiVO, heterojunction. Transient
absorption measurements were recorded 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 laser pulse was frequency doubled to A = 387 nm and used as
pump, while the remaining 5% was focused on a CaF, crystal to generate the white light
probe. The detector used was a Helios transient absorption system from Ultrafast Systems. A

pump energy density of 40 wWJ cm ™ was used during all experiments. Transient absorption
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spectra were recorded within a 1400 ps scale in the 400-800 nm range and fitted with different

models discussed in detail in the text.

2.5. Photocatalytic thionine reduction. Monochromatic light at 400 nm and 8 mW
intensity was used in thionine (TH) reduction experiments. The light source was a 200 W Xe
lamp equipped with a water filter and a monochromator (the same used for IPCE
measurements). The light power intensity was always checked using a Thorlab PM100A
power meter with a S120VC photodiode. The irradiated area (30 mm®) was controlled using
an iris. The irradiation wavelength was chosen to minimize TH self-reduction from its excited
state. The absorption spectrum of TH has a minimum at 400 nm; on the other hand WO; and
BiVO, have similar photoelectrochemical properties in this wavelength region. The films
were placed in a 10 mm quartz cuvette containing 5 mL of ethanol and 25 uL of 5 mM TH
solution in ethanol. Before starting irradiation, the solution was purged for 2 h with N, which
was previously saturated with ethanol vapors in order to prevent evaporation of the solvent

from the solution in the cuvette.

3. RESULTS AND DISCUSSION

3.1. Characterization of oxide films deposited on transparent electrodes. The
absorption spectra of the three oxide films that were employed in the present investigation are
shown in Figure 1. The WOj film with its band gap of ~ 2.7 eV shows good transparency in
the visible. Relatively small absorption is seen below 450 nm. The BiVO, film and the
WO3/BiVOy coupled film exhibit an absorption onset around 500 nm (Figure 1). Residual

absorption is seen above 550 nm, mainly due to light scattering.

These films were further characterized with Scanning Electron Microscopy (SEM). The
WO; films (top view) is composed of ca. 17 nm diameter particles (Figure 2A). The cross

section analysis (Figure 2C) shows the mesoporous architecture of the WO; layer with a
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thickness of ~ 210 nm. The top view of the WO3/BiVOy film in SEM analysis (Figure 2B)
shows an aggregated network of particles, with morphological features similar to those
reported for BiVO, films earlier.’® The cross section of the WO3/BiVO, coupled film (Figure
2D) shows sequential layering of WO3 and BiVO,. The thickness of BiVOy in this film was
ca. 40 nm. The cross section image further ensures that the surface of the underlying WOs3
layer is fully covered by the BiVOy layer.

The X-ray powder diffraction patterns of the WO;, BiVO, and WO3/BiVO, electrodes
(annealed for 8 h at 500°C) are reported in the Supporting Information (SI), together with that
of cleaned FTO, for comparison (see Figure SII in the SI). Both individual materials fit well
with monoclinic structures (JCPDS 05-0363 for WO3 and JCPDS 75-1867 for BiVO,). The
combined electrode shows the reflection patterns of both monoclinic materials.

3.2. Photoelectrochemical properties of individual and combined films. We first
evaluated the photoresponse of these three oxide electrodes in a photoelectrochemical (PEC)
cell by employing them individually as a photoanode. The Pt electrode served as a counter
electrode, Ag/AgCl served as reference along with 0.5 M Na,SO4 (pH 7) as electrolyte
medium. The photoanode was subjected to backside irradiation (through FTO) with AM 1.5G
simulated solar light. Both BiVO4 and WO; semiconductors are stable at neutral pH and no
noticeable degradation was observed during irradiation. The linear sweep voltammetry
profiles obtained with the three electrodes under irradiation are shown in Figure 3.

This figure evidences that the electrodes require an external bias (>1 V vs. RHE) to exhibit
photocurrent. The photocurrent recorded with the WO3/BiVO, electrode was greater than
those seen with the two individual WO; and BiVO, electrodes. At 1.23 V (vs. RHE) the
current density was 0.35 mA cm™ for BiVOy, 0.25 mA cm™ for WOs and 1.0 mA cm™ for the
WOs/BiVOy electrode. At this fixed applied potential, the WO; electrode generated slightly

lower current than the BiVOj, electrode. Considering that BiVO, harvests more light than
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WOs;, since the band gap of BiVO, is narrower, the WOs photoelectrode showed higher
efficiency in converting light into current. The low photocurrent generated by the BiVO,
photoanode alone is attributed to the poor charge separation and interfacial charge transfer
properties of this semiconductor material.**

A significant increase in the photocurrent is seen when BiVOy is coupled with WO;. The
enhanced photocurrent of the WOs3/BiVO, electrode arises from the improved charge
separation as the electrons are transferred from BiVO, to WO;. The conduction and valence
bands of BiVOy4, which are more negative in energy than those of WO; (see Scheme SI1 in
the SI), facilitate such charge separation. This in turn decreases the recombination rate typical
of h™- ¢ couples within BiVO,.>"** Similarly, photogenerated holes from excited WO; are
transferred into the valence band of BiVOs, thus improving the charge separation properties
within the WO3/BiVO, coupled system.

Figure 4 shows the photoresponse of photoanodes measured in terms of IPCE (incident
photon to current efficiency) spectra. The photocurrents obtained at different irradiation
wavelengths were measured using a three electrodes cell and an applied potential of 1.23 V
vs. RHE. Individual WO3; and BiVO; electrodes exhibit a photocurrent onset at 470 nm and
520 nm, respectively, in line with their absorption spectra (Figure 1) and their band gap
energy. Despite the higher absorption of the BiVO, film, the conversion efficiency was lower
compared to that of WOs, in agreement with the results of our linear sweep voltammetry
experiments (Figure 3). The results of both types of measurement confirm that the low
photoactivity of BiVOy is due to the poor charge carrier mobility of this material.***"** The
combined WO;3/BiVO, electrode possesses the positive characteristics of both single
semiconductors, i.e. the high conversion efficiency and charge carrier mobility typical of

WO;* and the good visible light harvesting properties of BiVOs.
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IPCE measurements were performed under low light intensity. In order to compare these
values with the photocurrents recorded under AM 1.5G conditions in PEC experiments we

integrated*""!

the monochromatic quantum efficiency over the global sunlight spectral
irradiance.* The integration gave values of 0.22, 0.33 and 0.89 mA cm™ for WOs, BiVO, and
WO3/BiVO, photoanodes, respectively, that are little lower than photocurrents measured
under simulated solar light irradiation (0.25, 0.35 and 1,0 mA ¢cm™). The small difference in

the corresponding values is ascribed to the photon flux dependent response of the

photoelectrochemical cell.

3.3. Transient absorption studies. Transient absorption spectroscopy allowed us to probe
the initial charge separation and charge transfer events from the changes in absorption

following band gap excitation. This technique has been widely employed to investigate the

43,44 145

dynamics of photogenerated charge carriers in photovoltaic, photochemical™ and
photoelectrochemical materials. The samples were placed in an evacuated quartz cell and

excited at 387 nm by a 130 fs FWHM laser pump pulse with 40 pJ cm™ energy density.

Previous studies revealed that electron trapping in WOj5 colloidal systems occurs rapidly,*®
when subjected to band gap excitation. In the present study no detectable signals were
observed in transient absorption experiments with WO; films, thus confirming that the 387

nm excitation wavelength is not energetic enough to induce charge separation in WOj3 films.

Difference absorption spectra recorded following the excitation of the BiVO, film at
different time delays after the pump pulse are presented in Figure SA. These spectra exhibit a
bleaching maximum at 450 nm corresponding to the depletion of ground state absorption.
Two induced absorption bands are also observed in the 460-550 and 700-800 nm regions. The
absorption-time profiles recorded at 420, 470 and 750 nm, corresponding to the three above-
mentioned spectral regions, are shown in Figure 5B. All these three traces show initial fast

recovery followed by a long-lived transient behavior.
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The transient absorption features of BiVO, at 470 and 750 nm were also investigated to
identify the charge carriers contributing to the absorption. An aqueous 0.5 M Na,SO; solution
was used as a hole scavenger. The film was immersed in the 0.5 M Na,SOj; solution for 24 h.
The transient absorption measurements were then carried out with the semiconductor films in
vacuum and in contact with the hole scavenger solution. The A4 signals recorded at 470 nm
and 750 nm with BiVO, films are presented in Figure 6A and 6B respectively. The decay
signal recorded under vacuum at 750 nm was fitted by a biexponential decay model (Equation
1):

AAgecay = A1 eTH™ + A, e(CHT2) + A4, (1)

where 7; and 1, are the time constants of the two decay components, 4, and 4, are their

weights and A4, is the offset (set as zero in the fitting).

The decay at 750 nm recorded in the presence of a Na,SO; solution was fitted by a

triexponential decay model (Equation 2).
AAgecay = Ans €T + Ay e + A4, o572 A4, )

In the presence of a hole scavenger a new decay pathway opens as Na,SOs scavenges the
holes, with a decay time 1,5 of 1.8 = 0.1 ps and a Ay, weight. The calculated fitting parameters
are summarized in Table 1. Only the short components of the decay (7,5 and 7,) are affected
by the presence of Na,SO;, indicating that such signal decays can be ascribed to holes.
Almost the same long time component 7, was estimated both under vacuum and in the
presence of the Na,SO; solution. Therefore holes can be filled by the electron donor before

being trapped, while trapped holes decay only by slow recombination with trapped electrons.

The faster decay in the presence of Na,SOj; solutions confirms the ability of Na,SO; to
scavenge photogenerated holes. Thus, we attribute the transient absorption with maxima at

470 and 750 nm to trapped holes in BiVO,. This assignment is in agreement with earlier work
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in which the induced absorbance in the transient spectrum was also attributed to trapped holes
in BiVO4.***® The decrease in magnitude of A4 with time in the present investigation offers
insight into the loss of photogenerated holes in the BiVO, film. Kinetic analysis of these
decay traces recorded at 470 nm allowed us to gain information on electron relaxation

dynamics (Figure 7).

A model of carrier dynamics that includes recombination and trapping kinetics for
electrons and holes in BiVO, was recently proposed by Ravensbergen et al.*® Photogenerated
holes, associated with the rise of a pronounced absorption at 475 nm and a broad absorption
extending beyond 700 nm, were found to trap with a time constant of 5 ps. This event is
followed by a biexponential decay with time constants of 40 ps and 2.5 ns arising from the

recombination of electrons and holes.

Consistent with these results, we analyzed the transient A4 signal (monitored at 470 nm)
obtained after 387 nm excitation with a monoexponential growth and biexponential kinetic
decay by fitting the transient absorption with Equation 3:

ad = | -7 1 A =) 4 A, () 3)
where C is the magnitude of the transient absorption signal due to hole trapping and trx is the
hole trapping time constant, t, and t; are the shorter and longer decay components with
weights 4; and 4,, respectively. The growth of A4 with a time constant trr of 6.9 £ 0.6 ps
and two decay components, of 24 = 4 ps and 3.7 + 0.2 ns were obtained (Table 2). The two
decay lifetimes labeled t, and 1; in Equation 3 are ascribed to the depletion of trapped holes
due to electron-hole recombination competing with hot electron cooling and electron trapping,
respectively.*® As shown in Table 2, the initial decay process is responsible for ca. 50% of the
decay. The relatively long-lived tail absorption corresponds to recombination between the

trapped charge carriers.*®
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The 470 nm transient absorption decay of the WO3/BiVO4 composite system (Figure 7)
was also fitted according to Equation 3 and the fitting parameters are also reported in Table 2.
By comparing these parameters with those obtained with the BiVOy film, we notice that hole
trapping occurs on a similar timescale (trr = 6-7 ps). The shorter lifetime component T,
exhibits a value of 18 ps for the WO3/BiVOy system, which is shorter than that of pristine
BiVOy (1 = 24 ps). Thus, as shown in Scheme 1, a new electron-hole recombination path is at
work when BiVO, is in contact with WOs, occurring on the same time scale and in
competition with hot electrons cooling, i.e. their injection from BiVO, into WO3, followed by
back electron transfer from WO; to the BiVO, valence band. We are unable to determine
which of these two steps is the rate limiting process dictating the disappearance of trapped
holes in the WO3/BiVO, coupled system. The longer hole decay component (with time

constant 1, ~ 3.8 ns) does not appear to be markedly influenced by the presence of WOs.

3.4. Tracking electron injection with TH photocatalytic reduction as probe reaction.
Thionine (TH) has been widely used to probe the photocatalytic reduction properties of
semiconductor particles and mesoscopic films.*’ By measuring the ratio of unreduced/reduced
thionine it is also possible to determine the Fermi level of semiconductor materials.**>° The
two-electron reduction of thionine to the colorless TH> leuco form can be monitored

following the bleaching of the TH absorption maximum at 606 nm (reactions 1 and 2).
MO )+ TH(blue) - MO+ TH" (1)
2 TH" — TH*(colorless) + TH ()

with MO, ) representing an electron photopromoted in the conduction band of a metal oxide
MO and TH  is the semireduced dye form. Metastable TH = undergoes quick

disproportionation yielding the reduced colorless TH>™ form.
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The two electron-reduced form is stable under inert atmosphere, while it oxidizes
reversibly to generate the parent dye when exposed to air. In the present study TH bleaching
has been investigated in the presence of the WO, BiVO, and WO3/BiVO,4 photoelectrodes
under visible light irradiation (A > 400 nm) without any applied bias. A blank experiment was
also run using FTO in place of the semiconductor films.

With increased duration of visible light irradiation, a decrease in the absorption at 606 nm
is observed (Figure 8A), as TH captures electrons from the semiconductor film and undergoes
reduction. The reduction step was confirmed by exposure of the solution to air at the end of
irradiation experiment. The color of the irradiated TH solution in the presence of
semiconductor film completely recovered its original color after exposure to air (inset of
Figure 8A), thus confirming the reversibility of dye reduction (Figure 8A). The extent of
bleaching thus reflects the extent to which the dye can be reduced with different

semiconductor films.

TH reduction in the presence of WOs, BiVO, and of the combined WO3/BiVO, films
coated on FTO is shown in Figure §B. Photoirradiated BiVO;, film exhibits faster reduction
(ke = 9. 2 x107 min'l) than the WOs; film (kg = 2.7 x107 min'l). Interestingly with the
coupled WO3/BiVOy system the reduction rate (k. = 3.3 x 102 min'l) 1S more similar to that
obtained with WOj; than to that obtained with BiVO,. The variation in the electron transfer
rate constant between BiVO, and WOj3 can be understood from the energy difference between
the flat band potential of the semiconductor and the reduction potential of the dye.

The flat band potentials of the three materials were determined separately using
photoelectrochemical measurements in the presence of Na,SO3 0.5 M as hole scavenger (see
Figure SI2 in the SI). The estimated onset potential at which we observe photocurrent is a
good approximation of the flat band potential of the electrodes.”’ As expected, the flat band

potentials of the single WO;3 and BiVOy films and of the coupled WO3/BiVOy, electrode were
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found to be more negative in energy than the reduction potential of TH (0.064 V vs. NHE at
pH 7).52 Measurements on BiVO,4 and WO;/BiVO, electrodes gave flat band values of 0.02 V
and 0.19 V vs. RHE, respectively, indicating that the flat band potential (or apparent Fermi
level’®) in the coupled system is positively shifted by ca. 170 mV with respect to that of
BiVO, and closer to that of WOs3 films (Scheme 2). Thus we can conclude that the driving
force for the reduction step, as measured from the difference between the flat band potential
of the semiconductor and the reduction potential of the electron acceptor, dictates the rate
constant of electron reduction. While the decreased driving force for reduction of WO3/BiVO4
with respect to BiVO, results in the decreased electron transfer rate, similarity of the flat band
potential of the WO; and WO3/BiVO;, system results in similar rate constants for electron
transfer. By comparing the reduction rate constants and flat band potentials with WO3 and
BiVO, systems, we obtain further insights into the working principle of WO3/BiVO,

composite film.

4. CONCLUSIONS

BiVOQ,, a photocatalyst with response in the visible can participate in reduction and oxidation
process quite effectively. The charge separation in this system can be improved by coupling it
with another oxide film (e.g. WOs3, Ecg = +0.41 V vs. RHE) capable of accepting electrons
from the conduction band of BiVO4 (Ecg = +0.02 V vs. RHE). While electrons lose their
driving force for reduction, hole oxidation is significantly enhanced as evidenced by the
enhanced photoconversion efficiency. The trapped holes, as characterized from transient
absorption measurements, provide further insight into the excited state dynamics. A better
understanding of the fast charge separation dynamics occurring in coupled oxides can further
aid in designing tandem photocatalytic systems in which reduction and oxidation occur on the

two different particles.
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Supporting Information

XRPD of the electrodes, photoelectrochemical experiments in the presence of Na,SO; as
electron donor measured with the studied photoanodes and the diagram illustrating the band
alignment between the two single oxides. This material is available free of charge via the

Internet at http://pubs.acs.org.
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Table 1. Fitting parameters of the A4 signals recorded at
750 nm with the BiVO, film under vacuum and in the
presence of Na,SO- as hole scavenger.

BivVO, BiVO, in Na,SO;

Aps 0.51+0.02
Ths (PS) 1.85+0.15

A 0.38 £0.02 0.201 £0.013
71 (ps) 38+2 54+9

A 0.620 = 0.006 0.288 £0.008
7 (ps) 3373 £128 3377 £433

7 4.810* 8.310"

* The x? (chi square) term is used to estimate the reliability of the fitting
model and the experimental data; the fit is good if x? is minimized.

Table 2. Fitting parameters (Equation 1) for the A4 signals
at 470 nm recorded with the BiVO, and WO;/BiVO, films

BiVO, WO,/BiVO,
Trr (PS) 6.9+ 0.6 6.2+1.3
A 0.51 +0.04 0.63 +0.07
T, (pS) 24 £4 18+5
4 0.49 £ 0.06 0.37+0.13
7 (ps) 3708 163 3907 £ 379
% 7.0 10" 22107

*The x? (chi square) term is used to estimate the reliability of the fitting
model and the experimental data; the fit is good if x? is minimized.
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Figure 1. Absorption spectra (top) and photographs
5 (bottom) of the oxide films deposited on conducting glass

7 (FTO) electrodes: a) WO;, b) BiVO, and ¢) WO;/BiVO,
films.

53 Figure 2. FESEM images of (A,C) WO; and (B,D)
54 WO,/BiVO, films deposited on conducting glass
55 electrodes The images are presented as top view (A,B)
56 and cross sectional view (C,D).
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Figure 3. Linear sweep voltammetry under AM 1.5G
irradiation of the a) WO;, b) BiVO, and c¢) WO3/BiVO,
photoanodes, recorded in Na,SO4 0.5 M aqueous solution,
with a scan rate of 10 mV s; d) dark current (black line)
measured with the WO5/BiVO, film.
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Figure 4. Incident photon to current efficiency (IPCE) measured
with the a) WOs, b) BiVO, and ¢) WO;-BiVO, electrodes, in 0.5 M
Na,S0O, aqueous solution, at 1.23 V vs. RHE.
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Figure 5. (A) Transient absorption spectra of the BiVO, film recorded 1) 1 ps, 2) 20 ps and 3) 1000 ps after the
pump pulse. The spectra could be divided into two regions: 400-460 nm (bleaching due to ground state
depopulation); 460-850 nm (absorption assigned to holes). (B) Transient absorption decay of the BiVO, film.
Traces 1) and 2) correspond to the decay of trapped holes, monitored at 470 and 750 nm, respectively, line 3)
corresponds to the bleaching recovery recorded at 420 nm.
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Figure 7. Transient absorption decay at 470 nm monitored
for a) the BiVO, and b) the WO;/BiVO, heterojunction
electrodes. In the case of the coupled system the faster
decay is due to holes filling by back transferred electrons
from the conduction band of WO; to the valence band of
BiVO,. Inset: magnification of the A4 signal at short time
after the laser pulse.
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Figure 8. (A) Absorption spectra recorded during a TH photoreduction experiment in the presence of BiVO,.
Inset: absorption spectra recorded at different time after opening the cuvette to air after the end of irradiation:
the solution recovered the blue coloration of oxidized TH. (B) Logarithmic plot of the concentration decay of
TH in contact with WOj3;, BiVO, and WO,;/BiVO, films irradiated at 400 nm. The blank experiment a) was run
with FTO placed in the cuvette, in contact with the TH solution.
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