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Scheme 1. Photo-oxidation (R + h+ → O) and Possible
Electron−Hole Recombination Pathways on W:BiVO4/FTO
Photoanode

ABSTRACT: n-BiVO4 is a promising semiconductor
material for photoelectrochemical water oxidation.
Although most thin-ﬁlm syntheses yield discontinuous
BiVO4 layers, back reduction of photo-oxidized products
on the conductive substrate has never been considered as a
possible energy loss mechanism in the material. We report
that a 15 s electrodeposition of amorphous TiO2 (a-TiO2)
on W:BiVO4/F:SnO2 blocks this undesired back reduction
and dramatically improves the photoelectrochemical
performance of the electrode. Water oxidation photocurrent increases by up to 5.5 times, and its onset potential
shifts negatively by ∼500 mV. In addition to blocking
solution-mediated recombination at the substrate, the aTiO2 ﬁlmwhich is found to lack any photocatalytic
activity in itselfis hypothesized to react with surface
defects and deactivate them toward surface recombination.
The proposed treatment is simple and eﬀective, and it may
easily be extended to a wide variety of thin-ﬁlm
photoelectrodes.

(surface recombination, Scheme 1c).11 Further eﬃciency loss
can occur by solution-mediated recombination when photooxidation products in solution are reduced back, either at
surface defects (Scheme 1d), or, if the thin ﬁlm is porous, at
exposed regions of the underlying conductive substrate
(Scheme 1e).
Most methods for BiVO4 synthesis, whether chemical or
physical, yield discontinuous ﬁlms, where the underlying
conductive substrate (typically F-doped SnO2, FTO) is clearly
exposed to the solution between the photocatalyst particles
(Figure 1).8,14,15 Surprisingly, solution-mediated recombination
through back reduction on exposed FTO has not been
considered explicitly as an energy loss mechanism for
photosynthetic semiconductor electrodes, neither for BiVO4
nor for other importantand often discontinuousvisible
absorbing oxides such as n-Fe2O3, n-WO3, and p-Cu2O. While
back reduction on the conductive substrate does aﬀect, to
varying degrees, the performance of TiO2-based dye-sensitized
solar cells (DSSCs),12,13 the eﬀect is expected to be more
pronounced for photosynthetic electrodes. In the latter, the
exposed substrate surface area is much larger (relative to
semiconductor surface area) than in DSSCs, and the distance
photo-oxidized molecules need to diﬀuse to FTO to be reduced
is much smaller (up to 300 nm in single-layer W:BiVO4, such as
in Figure 1a; a small molecule crosses this distance in up to ∼50
μs).18
Back reduction of photo-oxidized intermediates at exposed
regions of conductive substrate could be blocked by depositing
a partially insulating ﬁlm, as either an underlayer (before
semiconductor ﬁlm deposition)12,13,19 or an overlayer (covering
both semiconductor and substrate),20,21 or by selective
deposition between semiconductor particles. Nonselective

A

rtiﬁcial photosynthesisthe capture, conversion, and
storage of solar energy in chemical bondsis a central
research theme in the ﬁeld of renewable energy utilization.1,2
Photoelectrochemistry (PEC) on semiconductor electrodes is a
promising strategy for using photon energy to drive endoergic
reactions, thus storing it in a “solar fuel”.3 Water splitting (H2O
→ H2 + 1/2 O2) is a heavily researched transformation for this
purpose, and its photocatalysis by devices made from earthabundant materials is of utmost fundamental and technological
importance. Among candidate semiconductor materials for
photosynthetic electrodes, n-type BiVO4 has recently attracted
broad attention as a robust and inexpensive photocatalyst for
water oxidation.4,5 Its advantages include absorption in the
visible light range (bandgap ∼2.4 eV) and valence band edge
suﬃciently positive relative to the water oxidation potential.6
The relatively slow electron transport in BiVO4 can be
improved by donor-type doping, e.g., with tungsten or
molybdenum,7,8 but slow charge transfer to solution remains
the performance bottleneck, especially in driving complex
reactions such as water oxidation.5,6 In the absence of cocatalysts, transfer of photogenerated holes to the solution
(Scheme 1, process a) might be too slow to compete with
electron−hole recombination, thus decreasing the eﬃciency of
the light-to-current conversion.9 Recombination may occur
either in the bulk of BiVO4 (Scheme 1b),10 or at defects, many
of which are present at the surface in the high-surface-area ﬁlms
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Figure 1. Scanning electron micrographs of some discontinuous
BiVO4 ﬁlms, (a) prepared in our laboratory by metal−organic
decomposition (MOD) in drop-cast precursor solution (doped 5%
W), and (b−f) reported in the literature: (b) Gamelin et al., MOD
with multiple spin coating cycles;14 (c) van de Krol et al., spray
pyrolysis of metal−organic precursors;15 (d) Mullins et al., reactive
ballistic deposition from metal precursors (doped 2% W, 6% Mo);8
(e) Choi et al., electrodeposition;16 (f) Ager et al., chemical vapor
deposition from Bi and V2O5.17 Figures reproduced from the cited
works with permission from the ACS14,15 and PCCP Owner
Societies.8,16,17
Figure 2. Photoelectrochemistry of W:BiVO4/FTO in 0.1 M, pH 7.0
phosphate buﬀer, before (blue trace) and after (red trace, unless stated
otherwise) electrodeposition of a-TiO2. (a) Cyclic voltammetry in the
dark of 1 mM FcMeOH, before and after 5, 15, and 300 s depositions
(magenta, red, and brown traces, respectively), scan rate 50 mV/s. (b)
Linear scan voltammetry (LSV) of same solution under chopped
illumination. (c) Chopped light LSV of water oxidation. (d) Chopped
light LSV of 0.1 M Na2SO3. Illumination by unﬁltered white light from
xenon lamp, 40 mW/cm2. Scan rate 25 mV/s and deposition time 15 s,
unless stated otherwise.

deposition introduces new, uncontrolled interfaces: between
substrate and semiconductor (for an underlayer)22 or between
semiconductor and solution (for an overlayer).20,23 A selective
deposition, insulating exposed substrate regions exclusively, has
been demonstrated for microwire array solar cells through twostep coverage and etching;24,25 this approach is feasible only for
high-aspect-ratio semiconductors. An alternative method for
insulating the underlying substrate exclusively is electrodeposition, which utilizes the inability of n-type semiconductors
(such as BiVO4) to promote oxidations in the dark; thus,
monomers are oxidized only at exposed FTO regions,
insulating them selectively. This method has been employed
with organic polymers to improve DSSCs performance.16
However, poly(o-phenylenediamine)26,27 ﬁlms we have deposited on W:BiVO4/FTO for this purpose have been unstable
under PEC conditions. Thus, we have turned our attention to a
robust inorganic ﬁlm: amorphous TiO2 (a-TiO2).
Thin-ﬁlm W-doped BiVO4 photo-anodes were prepared by
drop-casting a solution of Bi3+ and V3+ salts on a FTO-coated
glass slide and annealing at 500 °C/3 h. A scanning electron
micrograph (Figures 1a and S6) reveals that the annealed ﬁlm is
discontinuous, with W:BiVO4 particles surrounded by exposed
FTO substrate. To test the contribution of the exposed FTO to
reactivity in solution, we measured the cyclic voltammetry
(CV) of ferrocenemethanol (FcMeOH) in the dark (Figure
2a). In the absence of external excitation, the low concentration
of holes in n-type W:BiVO4 prevents it from promoting a dark
oxidation. Thus, the observed oxidation wave is assigned to
FTO regions which are exposed to the solution through
discontinuities in the W:BiVO4 layer.
Amorphous TiO2 was deposited on the W:BiVO4/FTO
electrode by applying 0.02 V vs SCE in an acidic (pH 2.45 ±
0.03) solution of 15 mM TiCl3, in the dark, for a duration of
15−30 s (Figure S1).28,29 Since n-W:BiVO4 is not oxidizing in
the dark, Ti3+ species are oxidized at exposed FTO regions, and
the growth of the ion conducting ﬁlm probably initiates there.30
A short drying in air (30−40 min) converts the hydrated TiOx
ﬁlm to insulating a-TiO2.29 In the absence of a hightemperature annealing step, the ﬁlm remains amorphous, as
conﬁrmed by X-ray diﬀraction (Figure S2). X-ray photoelectron

spectroscopy (XPS) revealed a binding energy of 458.9 eV for
the Ti 2p3/2 state (Figure S3), assigned to Ti(IV) in TiO2.29
Electrodeposition times as short as 15 s are suﬃcient for
blocking over 70% of the oxidation current and nearly 100% of
the back reduction (Figure 2a). The rapid redox kinetics and
fast diﬀusion rate of the FcMeOH/FcMeOH+ couple render it
especially sensitive to back reduction, and thus the perfect
limiting case for gauging eﬃciency of FTO insulation.
Following electrodeposition of a-TiO2, photo-oxidation of
FcMeOH on the photo-anode was improved signiﬁcantly
(Figure 2b): the onset potential shifted negative by at least 300
mV, and the short-circuit photocurrent increased by a factor of
10 (measured at E°(FcMeOH/FcMeOH) = 0.42 V vs RHE).
The a-TiO2 electrodeposition also eﬀects a dramatic
improvement in the photo-oxidation of water (Figure 2c) and
of hole-scavenging sulﬁte (SO32−, Figure 2d). Films deposited
for 15−30 s shift the onset of water oxidation negatively by
about 500 mV, from 0.4 to ca. −0.1 V vs RHE, while the shortcircuit photocurrent increases by up to a factor of 5.5, as
measured at E°(H2O/O2) = 0.82 V vs RHE at pH 7.0. The ﬁll
factor for water photo-oxidation improves from 23% to 44%
following a-TiO2 deposition. The enhanced water oxidation
photocurrent was stable for very long times (>12 h, Figure S4).
Reactivity of FTO ﬁlms is known to vary between samples,13
as we have also observed by CV of FcMeOH at diﬀerent
W:BiVO4/FTO electrodes (Figure S5). Thus, the best
photoelectrochemical improvements (short-circuit photocurrent increase factors of 2.5−5.5) were obtained from a range of
deposition times (15−30 s) and a range of deposition charge
passed (1.8−3.6 mC/cm2).
14012
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increased resistance of the a-TiO2, blocking charge transfer to
the solution. Thus, 15−30 s deposition times strike an optimal
balance between resistance and surface coverage.
To test whether the electrodeposited a-TiO2 acts as a
photocatalyst, it was electrodeposited directly on FTO. The aTiO2 layer, whose presence was conﬁrmed by decreased
FcMeOH oxidation current, showed no photoresponse whatsoever (Figure S11). Moreover, the a-TiO2 layer did not
contribute signiﬁcantly to light absorption on W:BiVO4/FTO,
as measured by UV−vis spectroscopy (Figure S12) and by
plotting incident photon-to-current eﬃciency (IPCE, Figure
S13). Overall, these observations suggest that a-TiO2 is neither
a photocatalyst nor a photosensitizer to the W:BiVO4.
Addition of Co3O4 nanoparticles (11 nm, synthesized in
autoclave31 and drop-cast on a-TiO2-covered W:BiVO4) further
improved the water oxidation photocurrent (Figure S15).
However, the a-TiO2 ﬁlm alonealthough not catalytic in
itselfcontributes an appreciable part of the total observed
photoelectrochemical improvement (75% at 0.82 V vs RHE,
Figure 2c), underscoring the eﬀectiveness of the treatment.
The PEC enhancement may best be explained by a
combination of two mechanisms: (1) FTO insulation, which
blocks solution-mediated recombination at the FTO (Scheme
1e), and (2) chemical treatment of W:BiVO4 surface defects,
which may block them from participating in electron−hole
surface recombination (Scheme 1c) and in solution-mediated
recombination (Scheme 1d). Surface defects have been
observed in BiVO4,8,32 and might be of either chemical or
structural nature, ranging from dopant segregates to grain
boundaries. Chemical passivation for treating such defects has
been shown to improve PEC performance in various
photoelectrodes.33−35 In the case of BiVO4, most surface
treatments in the literature consist of catalyst deposition;5,6
however, two noncatalytic surface treatments (by Ag metal36,37
and NiOx38) have been shown previously to improve its
performance by blocking surface recombination (although to a
lesser extent than the a-TiO2 treatment reported here).
Another possible contribution to PEC enhancement may
arise from improved charge collection due to band-bending at
the a-TiO2−BiVO4 interface, as has been observed in crystalline
TiO2−BiVO4 composites.39 Furthermore, the a-TiO2 layer may
introduce band-bending defects (such as oxygen vacancies),
which might further contribute to electron−hole separation.40
To explain the conductivity of a-TiO2, we recall that
chemically deposited, unannealed TiO2 is a known “leaky
dielectric”.41,42 a-TiO2 layers contain numerous electronic
defects, arising from oxygen vacancies, presence of Ti3+ ions
in the lattice, and contaminations (speciﬁcally, chlorine from
titanium chloride-based preparations).41−43 This property
probably explains the conductivity of our a-TiO2 ﬁlm, as it is
clearly too thick to allow tunneling. Recently, an amorphous
TiO2 ﬁlm (prepared by atomic layer deposition and not
annealed) was shown to be a very good conductor of holes on
several semiconductor photoelectrodes.43
In summary, we report that electrodeposition of amorphous
TiO2 boosts the photoelectrochemical performance of a
W:BiVO4/FTO photo-anode toward the oxidation of water,
kinetically reversible FcMeOH, and hole-scavenging sulﬁte. aTiO2 over layers of optimal thickness (80−120 nm, deposited
for 15−30 s, with 1.8−3.6 mC/cm2 charge passed) increased
the water oxidation photocurrent by a factor of up to 5.5,
shifted the onset potential negatively by ∼500 mV, increased
the ﬁll factor to 44%, and were stable for at least 12 h. The a-

Blocking of solution-mediated recombination on FTO by
insulating exposed regions contributes to the boost in PEC
performance, especially at low enough bias (for the FTO to
reduce the photo-oxidized products) and for kinetically
reversible redox couples (such as FcMeOH and possibly
intermediates in the water oxidation reaction). However, this
eﬀect cannot fully account for the improvement, since back
reduction loses signiﬁcance at bias more positive than the
reduction potential of the active redox species. Moreover, the
highly irreversible oxidation of sulﬁte, which is less likely to be
aﬀected by blocking the back reduction, does enhance
signiﬁcantly following the a-TiO2 deposition (Figure 2d).
Thus, some additional beneﬁcial eﬀect of the a-TiO2 over layer
is present.
To shed light on this eﬀect, we monitored the growth of aTiO2 by scanning electron microscopy (SEM) at diﬀerent
deposition times. The SEM images (Figure 3) reveal that even

Figure 3. (a−c) Scanning electron micrographs of W:BiVO4 at
diﬀerent stages of a-TiO2 electrodeposition (deposition times given in
the ﬁgure). (d) Cross-section of a-TiO2/W:BiVO4/FTO after a 15 s
deposition.

after a brief, 5-s-long deposition, a layer of a-TiO2 covers both
FTO and the W:BiVO4 grains. The mechanism by which aTiO2 covers W:BiVO4 is unknown: the ﬁlm might initiate at
FTO regions and creep on the thin W:BiVO4 grains, as
suggested by SEM of lower coverage regions (Figure S7);
conversely, oxidation of Ti3+ might occur at W:BiVO4 surface
defects, where local Fermi level pinning may allow for a high
surface hole concentration even in the dark. In the optimal
deposition time range, the a-TiO2 ﬁlm is rough (Figure 3b,d),
while shorter depositions (5 s, <1.8 mC/cm2) aﬀord smoother
ﬁlms and do not cover the grains entirely (Figure 3a). Film
thickness is estimated to be 80−120 nm on the basis of crosssection SEM (Figure 3d).
Although the short (5 s) depositions are suﬃcient for
blocking FTO reactivity (Figure 2b), they do not improve
photocurrent for water oxidation signiﬁcantly (Figure S8),
further conﬁrming that FTO insulation alone cannot account
for the entire photocurrent enhancement. Long deposition
times (>50 s, >3.6 mC/cm2) cover the entire sample by a thick,
rough a-TiO2 layer (Figure 3c) and fail to improve water
oxidation photocurrents (Figure S9). This is attributed to
14013
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TiO2 layer grows in the dark, possibly from exposed FTO
regions, and its optimal thickness balances between suﬃcient
surface coverage and minimal resistance to charge transfer to
solution. This beneﬁcial eﬀect of the a-TiO2 overlayer, which is
not photo-active, is attributed to blocking of surface
recombination and to solution-mediated recombination at
surface defects and at exposed regions of the conductive
substrate. Current research is directed toward characterization
of this phenomenon. Since many semiconductor thin-ﬁlm
electrodes are discontinuous, this treatment may beneﬁt a wide
range of photocatalytic systems and devices.
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