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Abstract: Exposure of BiVO4 photoanodes to ultraviolet (UV)
radiation for extended time periods (e.g., 20 h) produces
a morphological change and concomitant improvement in
photo-electrocatalytic (PEC) efficiency for driving water
splitting directly by sunlight. The ~ 230 mV cathodic shift in
onset potential and doubling of the photocurrent at 1.23 V vs.
RHE after UV curing are comparable to the effects engendered
by the presence of a secondary catalyst layer. PEC measure-
ments and absorption spectra indicate that the cathodic shift
after UV curing corresponds to a suppression of charge
recombination and a greater photovoltage generation caused
by the shift of the flat-band potential, and not an improvement
in electrocatalytic activity or light absorption. Spectroscopic
surface analysis suggests that surface defect sites, which are
eliminated by UV curing, for the differences in observed charge
recombination.

The solar-driven PEC oxidation of water offers the means to
store sunlight as hydrogen and oxygen fuels.[1–3] The efficient,
direct conversion of photons to these fuels requires a semi-
conducting material that is competent in both absorbing
sufficient amounts of sunlight and mediating the catalytic
oxidation of water, potentially augmented by an electro-
catalyst layer. Among the materials that have been tested in
this context, BiVO4 stands out as one of the best photo-
electrocatalysts due to an onset of absorption at 520 nm and
band edges appropriately positioned to accommodate the
oxygen evolution reaction (OER).[4] The OER onset potential
for the BiVO4 photoanode is high, however, thereby requiring
nanostructuring of material[5, 6] or an additional metal oxide
layer (e.g., CoOx, NiOx, and FeOx) to help mediate the multi-
electron reaction more effectively.[1–3, 5,7–9] These secondary
metal oxide coatings serve to improve photoelectrocatalysis
by either suppressing charge recombination within the photo-
anode[4–7, 10,11] and/or mediating the OER reaction more
effectively.[8, 12] The mechanism of action notwithstanding,
these composite systems will inherently suffer from some
efficiency losses due to the additional interface and a masking
of the photoactive layer to incident sunlight,[13] thus providing
the impetus to discover a photoelectrocatalyst that does not
require an additional electrocatalyst coating.

Pursuant to our goal of developing new oxide materials to
access new metal oxide films for energy conversion
schemes,[14] we set out to understand how the OER PEC
performance of BiVO4 photoanodes is affected by extended
exposure to UV radiation. We show herein the unexpected
observation that exposure of BiVO4 photoanodes to sustained
UV radiation yields a change in electrode morphology that
yields a markedly cathodic potential shift of ~ 400 mV at
1 mAcm¢2. Notably, this photolysis procedure is found to
enhance the photocurrent of BiVO4 to the same extent as
a Co-Pi cocatalyst,[7, 8] and provides a fundamentally different
yet simple approach for achieving high performance photo-
anodes compared to previously tested methods. This demon-
stration of enhanced performance during extended illumina-
tion is aligned with the need to develop solar energy
conversion technologies that display temporal stability.

The BiVO4 photoanodes under investigation were syn-
thesized in accordance with a protocol developed by Gamelin
and co-workers,[7] where appropriate stoichiometric amounts
of bismuth nitrate hexahydrate, vanadyl acetylacetonate and
tungsten hexachloride dissolved in a solution of acetic acid
and acetylacetone were spin-cast onto a conducting layer of
fluorine-doped tin oxide (FTO) prior to an annealing step at
500 88C. The resultant films were then exposed to UV radiation
(lmax ~ 185 and 254 nm, ~ 10 mW cm¢2) in air for up to
20 hours.

Scanning electron microscopy (SEM) images of the
BiVO4 films not subjected to UV curing (Figure 1a) reveal
morphological features consistent with previous descriptions
of BiVO4.

[7] Images of the films after photolysis reveal
a change in features that suggests fusion of the crystalline
domains towards a less textured surface (Figure 1b). Atomic
force microscopy (AFM) images of BiVO4 also indicate
a lower roughness factor after irradiation (Figure S1 in the
Supporting Information). These macroscopic modifications
during UV photolysis did not render any changes in atomic
structure that were detectable by X-ray diffraction (XRD)
techniques, as the photoactive monoclinic phase of BiVO4

was measured before and after curing (Figure 1 c). Moreover,
absorption spectra recorded on the photoanodes before and
after photolysis were superimposable (Figure 1d), thus ruling
out differences in film absorptivities being responsible for any
changes in PEC performance after photolysis of BiVO4.

The PEC current densities of the BiVO4 photoanodes
cured by UV radiation for 0 (control), 5 and 20 h in air were
then measured, in the dark and under AM1.5 front-side
illumination, in a three electrode cell containing a 0.1m
potassium phosphate solution buffered to pH 7 (KPi)
(Figure 2). The films that were not exposed to UV radiation
displayed an onset potential of 0.65 V vs. RHE and a current
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density of 1.0 mAcm¢2 at 1.52 V vs. RHE. While this electro-
catalytic response is commensurate with previously reported

BiVO4 films, progressively larger cathodic
shifts in onset potentials were measured as
the films were exposed to increasing dura-
tions of UV curing: The potential required
to reach a photocurrent of 1 mAcm¢2 was
reduced to 1.12 V vs. RHE after 20 h of UV
curing. This ~ 400 mV reduction in over-
potential is striking in that it is comparable
to the effects of metal oxide co-catalysts
deposited on BiVO4 (e.g., 440 mV for Co-Pi
on BiVO4).[7] The photocurrent densities
progressively increase with UV radiation
exposure times up to 20 h, with nominal
differences over the next 10 h of photolysis
(Figure S2). Notably, this enhancement of
photocurrent is stable after the cured
BiVO4 samples are kept in air and open
circuit conditions in KPi solutions (Fig-
ure S3 a).

The dark currents of the water oxida-
tion reaction are suppressed after UV
curing (Figure 2a inset and Figure S4 d).
This observation implicates a lower number
of electrochemically active sites, and is

consistent with the lower texture of the photolyzed
surfaces (Figure 1). The charging currents are also
suppressed after photolysis (Figure S4), consistent
with the lower specific surface area indicated by
SEM and AFM. On this basis, we rule out the
enhancement of photocurrent densities of the cured
films being a result of a higher concentration of active
sites or a larger specific surface area. The measured
photovoltages increase from 0.17 V to 0.41 V after
20 h of UV curing (Figure 2 b), and the photovoltages
measured in the presence of H2O2, which is capable of
proceeding through more facile oxidative chemistry
than water, also displayed a ~ 230 mV cathodic shift in
onset potential (Figure 2c). These collective data
indicate that the cathodic shift is due to a larger
photovoltage emanating from a shift in flat-band
potential upon UV curing, and not electrocatalytic
efficacy.[15]

Recombination at the BiVO4 surface was inter-
rogated by measuring the photocurrent transients of
BiVO4 photoanodes at 1.23 V vs. RHE (Figure 2 d).
Temporal measurements in KPi solutions show
a sharp spike in photocurrent, consistent with an
accumulation of photo-generated holes at the photo-
anode/electrolyte interface followed by a slow decay
induced from charge recombination.[7] The spikes in
current are suppressed in the presence of H2O2 due to
the lower activation barrier associated with mediating
the reaction. This behaviour is different after UV
curing, where the photocurrent density in KPi of
~ 1.2 mAcm¢2 is twice that measured for the films not
exposed to UV light (Figure 2d); these photocurrents
were maintained for at least two hours (Figure S3 b).
Moreover, the photocurrent transient profile reveals
a significant diminution in current spikes that point to

Figure 1. a,b) SEM images, c) powder XRD diffractograms, and d) UV-vis absorption spectra
recorded on BiVO4 films coated on FTO glass before and after exposure to 20 h of UV
curing. Diffraction signals attributed to FTO are indicated by black diamonds in (c).

Figure 2. a) Dark current (dashed) and photocurrent (solid; AM1.5 front-side
illumination) densities of BiVO4 photoanodes after being subjected to 0 (black),
5 (blue), and 20 (red) hours of UV curing. Data was recorded in a three-
electrode cell in KPi buffered solutions (pH 7). b) Open-circuit potentials (VOC),
measured in the dark (black) and under AM1.5 illumination (red), of BiVO4

photoanodes before and after 20 h of UV curing. The values indicated corre-
spond to the photovoltages generated by BiVO4, calculated by the difference of
VOC between dark and illumination conditions. c) Photocurrent densities of
BiVO4 photoanodes, before and after exposure to 20 h of UV curing, in KPi
buffered solutions (solid) and after the addition of 0.1m H2O2 (dashed).
d) Photocurrent transients measured at 1.23 V vs. RHE of BiVO4 before (black,
solid) and after (red, solid) UV curing in KPi. Data for the sample not exposed
to UV curing measured in a KPi solution containing H2O2 is also shown (black,
dashed).
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a reduction in surface recombination processes being respon-
sible for the enhanced PEC activity.

Electrochemical impedance spectroscopy (EIS) was mea-
sured on the BiVO4 before and after 20 h of UV curing to
better characterize the surface chemistry. Nyquist plots
recorded at potentials of 0.5, 0.7 and 0.9 V vs. RHE (Fig-
ure 3a; plots recorded under the full potential range are

shown in Figure S5) reveal two semicircles at lower potentials,
where the second is diminished at higher potentials. These
features have been modeled to an equivalent circuit model
(Figure 3a inset),[16] where the first semicircle is ascribed to
bulk processes and the second to surface processes. The
capacitance of the bulk solid, Cbulk, follows the regulation of
depletion layer capacitance[17] while the second capacitance
value, Css, progressively increases over the 0.5–1.1 V range
(Figure S6). This behavior apparently corresponds to the
features of surface states.[17, 18] As shown in Figure 3b, the
substantial increase in photocurrent does not commence until
the resistance associated with the surface states is reduced to
an extent. This correlation suggests that the increase in
photocurrent is regulated by the energy barrier associated
with the surface states.

Mott-Schottky plots prepared from Cbulk values of EIS
spectra, which exhibit slopes that are inversely proportional
to the charge carrier densities,[17,19] show a strikingly lower

slope for the photolyzed photoanodes relative to those not
exposed to light (Figure 3c). The photolysis treatments
leading to a higher charge carrier density (1.4 × 1020 cm¢3 to
1.9 × 1021 cm¢3) is corroborated by the diminution in resist-
ance (Figures 3a,b). The flat band potential (Efb) of BiVO4

extracted from the x-axis intercept of the Mott-Schottky plots
is negatively-shifted by 0.25 V after 20 h of UV exposure. This

value corresponds reasonably closely to
the cathodic shift of onset potential
measured in KPi/H2O2 (0.23 V, Fig-
ure 2c). (Note that Mott-Schottky plots
derived from Cbulk values of EIS spectra
are known to be positively shifted rela-
tive to idealized Vfb values.)[17, 20] A more
negative flat band potential provides
a higher quasi-Fermi level of electrons
(EF,n) that drives a greater separation
with the quasi-Fermi level of holes (EF,p),
that leads to a difference of photovoltage
generation (0.24 V, Figure 2b). A qual-
itative energy level diagram summariz-
ing the potential shifts and photovoltage
generation is provided in Figure S7.

The foregoing data suggest that pas-
sivation of surface states by UV curing is
responsible for the lower onset poten-
tials. We therefore set out to gain struc-
tural information of the surface by
examining the films by X-ray photoelec-
tron spectroscopy (XPS; Figure 3d). The
spectra obtained on the samples before
and after curing contained the signature
oxygen 1s, vanadium 2p (Figure 3d), and
bismuth 4f (Figure S8) signals. While the
vanadium and bismuth signals displayed
no changes before and after photolysis,
the oxygen 1s spectroscopic signals were
affected. The oxygen 1s peaks at
530.3 eV and 532.3 eV have been as-
cribed to lattice oxygen and non-uniform
surface sites (such as dangling oxygen),

respectively (Figure 3 d).[21,22] It has been purported that the
peaks at ~ 532 eV correspond to defect sites (e.g., dangling
oxo or hydroxy groups) at the surface.[22–24] These are believed
to introduce half-filled energy states in the band gap that
result in a trapping of charges on the interface of electrode/
electrolyte and a Fermi level pinning effect. This situation
leads to a lower charge carrier density (Figure 3c). It also
consumes of external bias by the surface states (in addition to
the depletion layer),[15, 17,20] which is corroborated by the high
onset potential in H2O2 (Figure 2c). The non-uniform surface
sites were confirmed by high-resolution transmission electron
microscopy (HRTEM),[25, 26] with a higher level of crystallinity
being observed on the film after 20 h of photolysis (Fig-
ure S9b).

This 532.3 eV-XPS signal was significantly diminished for
the photolyzed film (Figure 3d), and the ratio of O and Bi
atoms at the surface also decreased significantly after UV
radiation (from 6:1 to 4:1; Table S1), offering direct evidence

Figure 3. a) Nyquist plots of BiVO4 with 0 h (dashed) and 20 h (solid) UV curing under 0.5 V
(black), 0.7 V (red) and 0.9 V (blue) vs. RHE. The first and second semicircles correspond to
the bulk (Rbulk and Cbulk) and surface states (Rss and Css) shown in the inset image of equivalent
circuit model, respectively. b) Resistance–potential plots of the bulk BiVO4 (Rbulk, triangles) and
surface states (Rss, circles) with 0 h (black) and 20 h (red) UV curing, and the current densities–
potential curve of PEC water oxidation. c) Mott–Schottky plots of BiVO4 with 0 h (black) and
20 h (red) UV curing. The intercepts on X-axis represent the flat band potentials and the slopes
are inversely proportional to the charge carrier densities. d) O 1s and V 2p peaks of BiVO4 with
0 h (black) and 20 h (red) UV curing in XPS spectra normalized to V 2p3/2 signal. The inset
images represent the possible structures of crystalline oxygen (530.3 eV) and oxygen-based
defect sites (532.3 eV) on the surface. The red spheres represent O atoms and gray spheres
represent V atoms.
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that UV light has induced a process that drives the reduction
in the number of oxygen atoms. This atomic rearrangement
not only releases the charges trapped in the surface states, and
thusly a higher charge carrier density in Mott–Schottky plots
(Figure 3c), but also minimizes potential loss at the surface to
require a relatively lower bias to drive water oxidation.

This work shows that UV curing of the BiVO4 photoanode
leads to a marked improvement in OER PEC properties. The
exposure to UV radiation is found to diminish the number of
defect sites at the surface (possibly dangling oxygen centers)
that are purported to be deleterious to PEC performance.
This structural arrangement is corroborated by SEM images
that show distinctive morphologies before and after photol-
ysis that reflect surface chemistry. An important outcome of
this study is that UV photolysis of bare BiVO4 yields
a cathodic shift in onset potential and corresponding photo-
current enhancement that is comparable to the effect of
coating photoanodes with cocatalysts. This finding may prove
useful in resolving the mechanism of action for composite
electrodes in photoelectrocatalysis schemes.

Experimental Section
Photoanodes of BiVO4 were prepared according to a previously
documented metal-organic decomposition method.[7] Bismuth nitrate
hexahydrate (0.346 g, 0.713 mmol), vanadyl acetylacetonate (0.176 g
0.663 mmol) and tungsten hexachloride (0.02 g, 0.05 mmol) were
added to a 10 mL mixture of acetic acid and acetylacetone (1:8.25
v/v). The dark green solution was sonicated for 15 min and then spin-
coated onto an FTO substrate (TEC 15, Hartford Glass Co.) at
1000 rpm for 30 s. Each of the successive 16 coats was annealed at
500 88C for 10 min, with an 8 h annealing step at 500 88C for the last step.
The photolysis protocol involved exposing the BiVO4 samples to
a UV lamp (Model #: GPH436T5VH, Atlantic Ultraviolet Co.; lmax ~
254 nm and 185 nm; flux = 0.12 mWcm¢2 at 1 m from lamp,
~ 10 mWcm¢2 at 5.5 cm in our experiment) for variable periods of
time.
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