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ABSTRACT: BiVO, films were prepared by a simple electrodeposition
and annealing procedure and studied as oxygen evolving photoanodes for
application in a water splitting photoelectrochemical cell. The resulting
BiVO, electrodes maintained considerable photocurrent for photo-
oxidation of sulfite, but generated significantly reduced photocurrent for
photo-oxidation of water to oxygen, also decaying over time, suggesting
that the photoelectrochemical performance of BiVO, for water oxidation is
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mainly limited by its poor catalytic ablity to oxidize water. In order to

improve the water oxidation kinetics of the BiVO, electrode, a layer of FeOOH was placed on the BiVO, surface as an oxygen
evolution catalyst using a new photodeposition route. The resulting BiVO,/FeOOH photoanode exhibitied significantly
improved photocurrent and stability for photo-oxidation of water, which is one of the best among all oxide-based phoatoanode
systems reported to date. In particular, the BiVO,/FeOOH photoanode showed an outstanding performance in the low bias
region (i.e, E < 0.8 V vs RHE), which is critical in determining the overall operating current density when assembling a complete
p-n photoelectrochemical diode cell. The photocurrent-to-O, conversion efficiency of the BiVO,/FeOOH photoanode is
ca. 96%, confirming that the photogenerated holes in the BiVO,/FeOOH photoanode are indeed excusively used for O, evolution.

B INTRODUCTION

Developement of efficient and practical semiconductor electro-
des (photoelectrodes) for use in a water splitting photoelectro-
chemical cell involves simultaneously satisfying multiple require-
ments, which remains a challenge. The photoelectrode must
absorb visible light, preferably with a direct bandgap transition,
and then efficiently separate and utilize the photogenerated
carriers to drive desired reactions."” The multielectron transfers
associated with H, and O, evolution are particularly
demanding, thus necessitating surface modification with
effective catalysts.”> The semiconductor and its associated
catalyst should be composed of inexpensive and abundant
elements and should remain stable both chemically and
photochemically.>** In addition, it is important to develop
simple and low-cost methods for electrode preparation and
catalyst modification."” It is also desirable to avoid caustic
operating environments and operate in a neutral medium.
Since a single material is unlikely to possess both the narrow
bandgap and proper band positions required for efficient water
splitting, one prospective solution is known as a p-n photo-
chemical diode.°"® In this tandem configuration, which
combines an n-type semiconductor (photoanode) and a p-type
semiconductor (photocathode), only the holes from the
photoanode and the electrons from the photocathode are
used for water splitting, while unused carriers from each
electrode recombine with one another. As a result, only the
valence band edge position of the photoanode and the conduction
band edge position of the photocathode are critical concerns. This
significantly relaxes the bandgap and band position requirements,
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broadening the types of materials with a bandgap energy in the
visible region that can be used for solar water splitting.

To date, most studies on the development and understanding of
semicondutor electrodes for use in a photoelectrochemical cell
for water splitting have been performed using simple binary
systems (e.g., binary oxides and chalcogenides). However, there
are a far greater number of ternary systems that are potentially
excellent photoelectrodes but have not been extensively
studied. The ternary systems can also offer more possibilities
for band gap and band position tuning."”'® One promising
photoanode material is bismuth vanadate (BiVO,), an n-type
semiconductor with a direct bandgap of 2.4 eV and the
appropriate valence band position for O, evolution.'*™"* Tts
conduction band edge position and flat band potential are fairly
negative compared with most other narrow bandgap (i.e., E, <
2.6 eV) oxide-based photoanode materials, located just short of
the thermodynamic level for H,.'”'"* As a result, complete
water splitting with BiVO, requires only a small amount of
external bias. In addition, BiVO, photoanodes do not require
the use of strongly acidic or basic media to achieve an optimum
photoelectrochemical performance.

In this work, we report a new electrodeposition route to
produce amorphous Bi—V—O precursor thin films that can be
converted to crystalline n-type BiVO, electrodes by a mild
annealing step. Electrodeposition has the distinctive advantages
of being simple, low cost, and easily scalable while enabling
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deposition of the material of interest only on the conductive
substrate and not on the chamber wall. Previously, synthesis of
BiVO, powders or films has been achieved by chemical bath
deposition,">'® precipitation,"® hydrothermal,'” spray pyrolysis,'®
metal—organic decomposition,"”~** and the electrochemical
oxidation of a bismuth metal layer in the presence of V(V).>®
We also investigated the coupling of BiVO, electrodes with an
iron oxyhydroxide (FeOOH) catalyst layer using a novel yet
simple photodeposition method, which significantly improved
the O, evolution kinetics. The resulting BiVO,/FeOOH
electrode generated the highest water splitting photocurrent
among BiVO,-based photoanode systems known to date
under AM 1.5G illumination (100 mW/cm?), while also
displaying significantly improved stability. In addition, while
operating in neutral media (pH = 7), the BiVO,/FeOOH
electrode exhibited one of the best performances in the low
bias region (<0.8 V vs RHE) compared to other promising
oxide-based photoanode systems. The synthesis and charac-
terization of the BiVO,/FeOOH electrodes and the effect of
the FeOOH layer on the photoelectrochemical performance
and the photostability of the BiVO, photoanode are discussed
in detail.

B EXPERIMENTAL SECTION

Materials. Bismuth(III) nitrate (Bi(NO,);SH,0, >98.0%) and
vanadium(IV) oxide sulfate (VOSO,xH,0O, 97%) were purchased
from Sigma Aldrich. Nitric acid (HNO;, 68.0—70.0%), potassium
hydroxide (KOH, pellets), sodium acetate (CH;COONa, >99.0%),
and sodium sulfite (Na,SO;, >98.0%) were obtained from
Mallinckrodt. Iron(II) chloride (FeCl,4H,0, 99%) and potassium
phosphate monobasic (KH,PO,, ACS grade) were from Alfa Aesar
and Fisher, respectively. All were used as purchased. Solutions were
prepared using high purity water (Millipore Milli-Q purification
system, resistivity >18 MQ-cm).

Glass slides coated with fluorine-doped tin oxide (FTO) were
purchased from Hartford Glass, Incorporated. Platinum counter
electrodes consisted of a glass slide with a 100 nm electron beam
evaporated platinum layer on a 30 nm titanium adhesion layer.

Synthesis of BiVO, Electrodes. The BiVO, electrodes used in
this study were prepared using an electrodeposition procedure newly
developed in this lab. Solutions for electrodeposition were prepared by
dissolving 10 mM Bi(NO,); in a solution of 35 mM VOSO, at < pH
0.5 with HNOj;. Then 2 M sodium acetate was added, raising the pH
to ~S.1, which was then adjusted as needed to pH 4.7 with a few drops
of concentrated HNOj;. Acetate serves to stabilize otherwise insoluble
Bi(II) ions at pH 4.7. This mildly acidic pH condition must be used,
because at pH values where Bi(III) is soluble (<pH 2) no film can be
formed, and at pH values above pH S, V(IV) precipitates from
solution. A standard three-electrode cell was used for electro-
deposition, with an FTO working electrode, a Ag/AgCl (4 M KCl)
reference, and a platinum counter electrode. A Princeton Applied
Research VMP2 multichannel potentiostat was used for electro-
deposition and all subsequent electrochemical studies. Deposition of
amorphous Bi—V—O films was carried out potentiostatically at 1.9
V vs Ag/AgCl for § min at 70 °C (ca. 2 mA/cm?). All freshly
prepared films were rinsed and then annealed at 500 °C for 1 h in
air, with a 2 °C per minute ramping rate. After annealing, the as-
deposited film was converted to crystalline BiVO, and amorphous
V,0s, and pure BiVO, was obtained by dissolving the V,05in 1 M
KOH under stirring for 20 min.

Photodeposition of FeEOOH. A layer of FeOOH was conformally
photodeposited on the 2 cm* BiVO, films in a 0.1 M FeCl, solution
(pH = 4.1) while stirring. A 300 W Xe arc lamp was used as the light
source and the light passed through AM 1.5G and neutral density
filters. The intensity of the light that reached the surface of the BiVO,
films was 1.6 mW/cm? The photodeposition is based on utilizing
photogenerated holes in BiVO, to oxidize Fe(II) ions to Fe(III) ions
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that precipitate out as FFOOH on the BiVO, film (An energy diagram
is shown in Supporting Information, Figure S1). Under short circuit
conditions with no externally applied bias, however, the photo-
oxidation of Fe(II) ions does not occur readily, as the photoexcited
electrons in the conduction band of BiVO, do not have sufficient
potential to reduce water. (Since the solution used for photo-
deposition was not deaerated, the photoexcited electrons could
possibly be used to reduce O, under short circuit condition, but the
short-circuit photocurrent observed was negligible.) Therefore, in
order to facilitate the photooxidation of FeOOH onto BiVO,, a three-
electrode cell composed of a BiVO, working electrode, Pt counter
electrode, and Ag/AgCl (4 M KCl) reference electrode was set up, and
an external bias was applied in the form of current pulses alternating
between 10 yA/cm? for 3 s (deposition pulse) and 1 yA/cm? for 2 s
(resting pulse). The potential required to maintain the deposition
current was typically less than 02 V vs Ag/AgCl. A typical
photodeposition time to deposit an optimum thickness of FeOOH
was 5.5 h. The amount of FeOOH deposited on BiVO, is estimated to
be ca. 110 mg/ cm? based on the photocurrent generated during
photodeposition assuming 100% Faradaic efficiency. Since O,
evolution occurs simultaneously during the photodeposition of
FeOOH, the value reported here corresponds to the upper limit of
the amount of FeOOH deposited.

Characterization. X-ray diffraction (XRD) was carried out using a
Scintag X2 diffractometer (Cu K, radiation) to confirm the purity and
crystallinity of the prepared BiVO, electrodes. The morphologies of
the samples were examined by Scanning Electron Microscopy using an
FEI Nova NanoSEM 200 at an accelerating voltage of 5 kV. The SEM
samples were first sputter coated with ca. 2 nm thick Pt. Elemental
compositions were determined by Energy Dispersive X-ray Spectros-
copy (EDX) using the EDX detector on the FEI Nova NanoSEM 200,
operated at 20 kV. UV—vis spectra were recorded using a Cary 300
UV—vis spectrophotometer in diffuse reflectance mode. Samples were
prepared by scraping the films from the FTO substrate and grinding
them with a mortar and pestle before being dispersed over the
compact BaSO, matrix that was used as the reference. When UV—vis
spectra were obtained using transmission mode, the thin film
morphology generated artificial absorption features (i.e., due to
thin film interference and reflection on the surface) that are not
truly due to the absorption by BiVO,. X-ray photoelectron spectra
(XPS) were obtained using a Kratos Ultra DLD spectrometer using
Al K, radiation (1486.58 eV). The spectra were collected at a fixed
analyzer pass energy of 20 eV, and all spectra were calibrated to
C 1s = 284.6 eV.

Photoelectrochemical and Electrochemical Measurements.
Photocurrent measurements utilized simulated solar illumination
obtained by passing light from a 300 W Xe arc lamp through neutral
density filters and an AM 1.5G filter into an optical fiber and
calibrating the output to 100 mW/cm? using a thermopile detector
from International Light. All samples were back-illuminated through
the FTO glass because back-illumination resulted in a much higher
photocurrent generation, which is often observed for photoelectrodes
with poor electrical conductivity.”” Back-illumination also allowed for
comparing photocurrents generated by BiVO, and BiVO,/FeOOH
electrodes by eliminating the possibility that the FeOOH layer could
partially block the photon absorption of the BiVO, electrode. The
illuminated area was either 0.1 or 0.2 cm?® for all experiments. All
photocurrent experiments were conducted in a 0.1 M potassium
phosphate buffer at pH 7, using the same three-electrode setup
detailed above. In some experiments 0.1 M Na,SO; was added to
the electrolyte to compare the photocurrent obtained from sulfite
oxidation with the photocurrent obtained from the kinetically more
difficult water oxidation reaction. Photocurrents were measured
either while sweeping the potential to the positive direction with a
scan rate of 10 mV/s or while applying a constant bias under AM
1.5G illumination (100 mW/cm?). While all measurements were
carried out using Ag/AgCl (4 M KCl) reference electrode, results in
this study were presented against the reversible hydrogen electrode
(RHE) for ease of comparison with the H, and O, redox levels and
with other literature reports that used electrolytes with different pH
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conditions after converting the potential using the following
equation.

E(vs RHE) = E(vs Ag/AgCl) + Exg/agci(ref)
+ 0.0591V X pH
(EAg / Agcl(ref) = 0.1976V vs NHE at 25°C)

Incident photon-to-current efficiency (IPCE) was determined using
illumination from a 150 W Xe arc lamp passed through an AM 1.5G
filter and neutral density filters to approximate the output of the sun.
Monochromatic light was produced by an Oriel Cornerstone 130
monochromator with a 10 nm bandpass, and the output was measured
with a photodiode detector. IPCE was measured in 0.1 M phosphate at
pH 7 with the same three-electrode setup described above for
photocurrent, using a Princeton Applied Research Potentiostat/
Galvanostat model 263A to apply 1.2 V vs RHE.

Capacitance was measured to obtain Mott—Schottky plots for
BiVO, electrodes using a Princeton Applied Research Potentiostat/
Galvanostat model 263A connected to a Princeton Applied Research
FRD100 frequency response detector. A sinusoidal modulation of 10
mV was applied at frequencies of S kHz and 10 kHz. The three-
electrode setup was used with a 0.1 M phosphate buffer at pH 7.

Oxygen Detection. Oxygen was detected quantitatively using an
Ocean Optics fluorescence-based oxygen sensor (FOSPOR-R 1/16).
The electrochemical cell was a custom-built airtight two-compartment
cell divided by a frit. One side held a Pt counter electrode, while the
other side held the working electrode (BiVO,/FeOOH) along with a
Ag/AgCl reference electrode. Both sides were filled with 0.1 M
KH,PO, and degassed with argon. The electrolyte in the working
compartment was 22.4 mL and the headspace volume was 15.2 mL.
The needle probe was inserted through a rubber septum and made
continuous O, readings at 1 s intervals throughout the experiment.
The probe was calibrated using 2 points (argon, 0% O,, and air, 20.9%
0,), with an error of 5% of the reading. The experiment began with 30
min of baseline O, measurement followed by 2 h of illumination using
light passed through an AM 1.5G filter and adjusted to 200
mW/cm?® (2 suns) and 0.5 V applied bias. The use of an intense
light (200 mW/cm?) for the O, detection experiment was to ensure a
higher signal-to-noise ratio and therefore more reliable data. The
probe measures the O, content in the headspace and records as mole
%. This was converted to ymol after first adjusting for the O, dissolved
in solution using Henry’s Law. See Supporting Information for more
details regarding O, detection experiments.

B RESULTS AND DISCUSSION

The bismuth vanadate films were anodically electrodeposited
using an aqueous solution containing Bi(III) ions and V(IV)
ions (pH 4.7). Upon application of 1.9 V vs Ag/AgCl, V(IV)
ions were oxidized to V(V) ions and precipitated out with
Bi(III) ions to form a brownish gray film on the FTO working
electrode. The as-deposited film was X-ray amorphous but an
XPS study confirmed that it contained Bi(III) and V(V) ions
(Supporting Information, Figure S2).>*** However, it did not
appear to be BiVO, judging from its color, as BiVO, is bright
yellow. In addition, the as-deposited film dissolved readily in
1 M KOH while BiVO, is reported to be stable in basic media.
EDX analysis of the as-deposited films indicated a Bi:V ratio of
2:3. The as-deposited material may be Bi,V¢O,;, which is
reported to be a stable compound in the Bi—V—0 family com-
posed of Bi(III) and V(V) ions with a stoichiometry matching
our EDX data.”** Unfortunately, positive identification of the
Bi,V40,, phase is difficult, as the film is amorphous, and very
little Raman or XPS information exists concerning this phase.

The as-deposited film was decomposed into crystalline
BiVO, and amorphous V,04 when annealed in air at 500 °C for
1 h (Figure 1). Although XRD only detected the presence of
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Figure 1. XRD of (a) an as-deposited Bi—V—O film, and annealed
films (b) before and (c) after soaking in KOH solution to dissolve
V,0;5 (* = peaks from FTO, @ = peaks from BiVO,).

the crystalline BiVO, phase, the presence of amorphous V,04
in the annealed sample was inferred since the Bi:V ratio in the
as-deposited film was 2:3, which results in excess vanadium
once the 1:1 BiVO, phase is formed. The red hue of the
annealed film was a strong indication of the presence of V,04
since a pure BiVO, film would appear yellow. This red hue
disappeared when the film was immersed in 1 M KOH for 20
min where V,Os is soluble, resulting in a uniform yellow film.
EDX confirmed that the dissolution process changed the Bi:V
ratio from 2:3 to 1:1. XRD of the film after the dissolution
process showed that the crystalline peaks of BiVO, remained
intact (Figure 1). A UV—vis spectrum of the BiVO, film was
obtained using diffuse reflectance method and its bandgap was
estimated to be 2.4 eV, which agrees well with values for the
bandgap energy of BiVO, reported in the literature.
(Supporting Information, Figure $3).'7'>*!%?

SEM images of an as-deposited film and an annealed film
before and after the removal of V,O5 are shown in Figure 2.

Figure 2. SEM images of (a) an as-deposited Bi—V—O film, and
annealed films (b) before and (c) after soaking in KOH solution to
dissolve V,0j (scale bar, 250 nm).

The as-deposited film has a smooth and featureless surface
(Figure 2a), but the annealed film is composed of adjoining
larger grains ranging from 200 to 500 nm (Figure 2b). When
the amorphous V,0g phase, which fills in and around the
crystalline BiVO, grains, is dissolved, each BiVO, grain exhibits
a roughened surface (Figure 2c).

LSVs both in the dark and under AM 1.5G 100 mW/cm?
illumination were performed on a BiVO, film in 0.1 M
phosphate buffer at pH 7 with and without the addition of
0.1 M sodium sulfite (Na,SO;). As expected for an n-type
semiconductor, the BiVO, electrode served as a photoanode
and generated anodic photocurrent through the consumption
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of photoinduced holes for water oxidation at the semi-
conductor/electrolyte interface (Figure 3a). When sulfite was
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Figure 3. Current—potential characteristics of a BiVO, photoanode
obtained under AM 1.5G illumination (100 mW/cm?) in (a) 0.1 M
KH,PO, and (b) 0.1 M KH,PO, with 0.1 M Na,SO;, both at pH 7. 2’
and b’ are the corresponding LSVs obtained in the dark (scan rate = 10
mV/s).

added, the anodic photocurrent density increased several times
as shown in Figure 3b. This is because in the presence of sulfite,
the anodic photocurrent generated is exclusively due to oxida-
tion of sulfite, which is kinetically much easier than water
oxidation.””*® Thus, the substantial enhancement in photo-
current in the presence of sulfite demonstrates that the water
oxidation photocurrent of the BiVO, electrode is mainly limited
by poor kinetics for water oxidation on its surface. In fact, the
photocurrent generated by BiVO, for sulfite oxidation shown in
Figure 3 is very exciting in that few oxide-based photoanodes
known to date can generate photocurrent at that level in a pH 7
medium. This result suggests that it may be possible for BiVO,
to generate a similar level of photocurrent for water oxidation
when it is coupled with a proper oxygen evolution catalyst.

To probe this possibility, we placed a simple, low cost, and
practical Fe-based oxygen evolution catalyst, iron oxyhydroxide
(FeOOH), on the BiVO, surface and investigated its effects on
the photoanode performance. FeOOH is known to be capable
of evolving O, at moderate overpotentials,”>" but has been
less studied than Co and Ni oxides/hydroxides*>** and to date,
it has not been coupled with a semiconductor for use in the
photo-oxidation of water. The most effective way to place OEC
on the surface of a photoanode is to use the photo-oxidative
reactivity that exists at the illuminated photoanode surface. If
valence band holes are used to produce OEC, then the OECs
will be selectively deposited at locations where holes are readily
generated or available. This allows for placing OEC
preferentially at the locations where photo-oxidation of water
can most readily occur, thus ensuring their most efficient
use.** 3¢ Therefore, developing a synthesis method to produce
FeOOH utilizing holes from the VB of BiVO, would be highly
advantageous for the purpose of producing efficient BiVO,/
FeOOH photoanode systems.

Recently, we reported the anodic electrodeposition of
FeOOH via oxidation of Fe(Il) ions to Fe(Ill) ions in an
aqueous medium of pH 4.1.>” As the solubility of Fe(III) in this
medium is very limited, precipitation of FeOOH resulted on
the working electrode surface. While the resulting film was
X-ray amorphous, it was identified by Raman as a y-FeOOH
phase lacking long-range order. y-FeOOH is reported to have
higher activity for water oxidation than a-FeOOH.***" In this
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study, we probed the possibility of utilizing photogenerated
holes from BiVO, to oxidize Fe(II) ions to Fe(Ill) ions to form
FeOOH on the BiVO, surface. Since the valence band edge of
BiVO, is located at 2.4 V vs RHE, it is thermodynamically
feasible to use valence band holes to oxidize Fe(II) ions.

The photodepositions were carried out on the BiVO,
electrode immersed in 0.1 M FeCl, (pH 4.1) solution while
stirring. Films were back-illuminated through the FTO with an
intensity of 1.6 mW/cm?® To aid the photodeposition, an
external bias was applied to generate a deposition current pulse
of 10 puA/cm? for 3 s followed by a resting current pulse of
1 puA/cm? for 2 s, alternating in this manner for a desired period
of time. The potential required to maintain the deposition
current pulses was typically less than 0.2 V vs Ag/AgCl. In this
potential range, there is very little dark current (~1 pA/cm?),
meaning that the electrochemical oxidation of Fe(II) ions is not
feasible. Therefore, the 10 uA/cm® anodic deposition current
under illumination is driven almost entirely by the oxidation of
Fe(II) ions via photogenerated holes from the valence band of
BiVO,. The role of the applied potential is to create a sufficient
band bending at the BiVO,/electrolyte junction to increase the
surface hole concentration in order to generate 10 yA/cm* of
photodeposition current (See the Experimental Section for
further explanation of the role of applied potential).

As the amount of FeOOH deposited on the BiVO, surface
increases, O, evolution kinetics are improved and the
photocurrent due to O, evolution is added to the photocurrent
due to Fe(Il) oxidation. As a result, the same level of
photocurrent (ie, 10 pA/cm?) can be generated with a
successively smaller degree of band bending, and therefore the
potential necessary to generate the 10 yA/cm® gradually
decreases. When the FeOOH reaches an optimum thickness,
the potential passes through a minimum and begins to increase.
This makes it possible to identify the optimum amount of
FeOOH to enhance photocurrent by monitoring the potential
necessary to generate 10 yA/cm?® of current pulses. A typical
photodeposition reached an optimum thickness within $.5 h.
Top and cross-sectional view SEM images of an FeOOH layer
deposited on the BiVO, film to maximize the photocurrent
output are shown in Figure 4. The FeOOH layer conformally

Figure 4. SEM images showing (a) top view and (b) cross-sectional
view of a BiVO,/FeOOH photoanode (scale bar, 250 nm).

covers the BiVO, film and is approximately 150 nm thick. Since
the bandgap of FeOOH is ca. 2 eV, the color of the BiVO,/
FeOOH film became orange-red (Supporting Information,
Figure S3).

LSVs of our best (i.e., top 10% of the samples) and average
BiVO,/FeOOH under illumination were obtained in phosphate
buffer at pH 7 (Figure 5). The BiVO,/FeOOH films displayed
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Figure S. Current—potential characteristics of BiVO,/FeOOH

photoanodes obtained in 0.1 M KH,PO, (pH 7) under AM 1.5G
illumination (100 mW/cm?); solid line: top 10% sample, dotted line:
average sample, gray lines: dark currents for both cases (scan rate =
10 mV/s).

remarkably improved photocurrent, which is comparable to
photocurrent generated by bare BiVO, using sulfite as the hole
scavenger (Figure 3b), verifying the ability of FeOOH to
efficiently collect photogenerated holes from the BiVO, layer
and facilitate water oxidation to O,. A comparison of Figures 5
and 3a also shows that when FeOOH is present, the photo-
current onset is shifted in the negative direction by 500 mV
toward its flatband potential, which is reported to range
from 0.02 V to —0.1 V vs RHE (Supporting Information,
Figure $4)."%'”*® This indicates that the slow kinetics of
oxygen evolution on BiVO, are also responsible for the delayed
onset of water oxidation photocurrent by causing severe surface
recombination.

The photocurrent of our BiVO,/FeOOH film obtained from
water oxidation (with no sacrificial hole acceptors, scan rate =
10 mV/s) is the highest of any known BiVO,-based film to
date*'#'"*~** In addition, when compared to LSVs of other
reported oxide-based photoanode systems (scan rate >10 mV/s),
the photocurrent generated by the BiVO,/FeOOH electrode in
the low bias region (ie, below 0.8 V against RHE) is
particularly outstanding. For example, our best (ie., top 10%
of the samples) and average BiVO,/FeOOH electrodes attain
1.0 mA/cm? at a record ca. 0.5 and 0.6 V, respectively, vs RHE,
which is a several hundred mV improvement (i.e., a shift to the
negative direction) over most oxide-based photoanodes that
have shown very promising performances.'*3%*'~**  This
characteristic, which results in achieving the maximum power
for the water oxidation half reaction at a potential closer to the
thermodynamic potential of water reduction, is critical in
maximizing the operating current density in a complete p-n
photoelectrochemical diode cell (Supporting Information,
Figure S5).”

The effect of FeOOH on the photostability of BiVO, was
also examined by measuring and comparing photocurrent
densities of a bare BiVO, electrode and a BiVO,/FeOOH
electrode in phosphate solution at 1.2 V vs RHE under AM
1.5G illumination (100 mW/cm?) for 6 h (Figure 6). The
photocurrent generated by the bare BiVO, film decreases
significantly within a few minutes, indicating that accumulation
of photogenerated holes at the surface of BiVO, due to poor
kinetics for water oxidation results in severe anodic photo-
corrosion. Photocorrosion or a decay of photocurrent over time
have been reported in the literature for BiVO,. Although the
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Figure 6. Photocurrent obtained at 1.2 V vs RHE of (a) a bare BiVO,
and (b) a BiVO,/FeOOH photoanode obtained in 0.1 M KH,PO,
(pH 7) under AM 1.5G illumination (100 mW/cm?).

detailed mechanism of the photocorrosion has not been
described, it is reported that the surface ratio of V/Bi decreases
significantly during illumination, resulting in a bismuth rich
surface layer and a considerable reduction in photocurrent.'"*°
When the FeOOH layer was added to the surface of the BiVO,
electrode, a photocurrent density of 1.7 mA/cm® was
maintained for 6 h with only 2% of decay. Photostability of
BiVO,-based systems at this high level of photocurrent density
for several hours has been rarely achieved since the degree of
photocorrosion is generally proportional with the amount of
photocurrent generated. This result demonstrates the excep-
tional promise of FeOOH for improving photostability as well
as photocurrent of BiVO,. Perfect coverage of the BiVO,
surface by FeOOH apears to be necessary to completely
prevent the photocorrosion, and the observed 2% decay is most
likely due to the cracks of the BiVO, electrodes where
photodeposition of FeOOH was not feasible.

BiVO, photoanodes have been previously combined with
various catalysts to enhance the O, evolution of BiVO, while
reducing photocorrosion. One attempt was to modify the
surface of BiVO, with Ag(I) ions, which involved simply
dipping the BiVO, electrode in an AgNO; solution. Although
the exact form of the responsible species was not identified, the
Ag-modified BiVO, electrode enhanced O, evolution and also
noticeably improved the stability, although the corrosion was
not fully suppressed.'” In another study, BiVO, was coupled
with IrO,, Co;0,, and Pt.* Pt-modified BiVO, gave the best
photocurrent performance and was the only electrode with
enhanced stability. Surprisingly, IrO,, which is a good
electrocatalyst for OER and is used to enhance photocurrent
of other semiconductor electrodes, resulted in no enhancement
when coupled with BiVO,. This is a good example
demonstrating that the performance of an OEC depends
significantly on the nature of the semiconductor and the
semiconductor/OEC interface. This is because the semi-
conductor/OEC interface or the OEC itself can significantly
affect the generation, separation, and recombination of
photoinduced charge carriers in the semiconductor electrode.*
Two very recent examples are Mo- or W-doped BiVO,
electrodes coupled with Co-Pi OEC, which resulted in the
ehancement of both photocurrent and photostability.”"**
When deposited on a conducting substrate and compared for
electrochemical water oxidation, Co-Pi OEC shows a better
catalytic performance than FeOOH (Supporting Information,
Figure S6). However, when the enhancement of Mo- or W-
doped BiVO, achieved using Co-Pi OEC is compared with that
demonstrated in this study using FeOOH, FeOOH appears to
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enhance the photocurrent of the BiVO, electrode more
considerably. In addition, when Co-Pi OEC was deposited on
our BiVO, electrode, no evident photocurrent enhancement
was observed. These results and comparisons demonstrate that
the performance of OEC coupled with a semiconductor can be
different from the performance of OEC on a conducting
substrate and that even when the same types of semiconductor
electrode and OEC are combined, their overall performance
can vary significantly depending on the details of the
semiconductor/OEC interface.

In order to confirm that the anodic photocurrent produced
by the BiVO,/FeOOH electrode is the exclusive result of O,
evolution, O, production and photocurrent were monitored
concurrently under 0.5 V (vs RHE) bias using 200 mW/cm”
AM 1.5G filtered illumination, and the theoretical O,
production calculated from photocurrent was compared with
the actual O, yield measured by a fluorescence-based O, sensor.
This value, the photocurrent-to-oxygen conversion efficiency
was 96%, demonstrating the high selectivity of the photo-
oxidation reaction occurring on the BiVO,/FeOOH photo-
anode (Figure 7). The remaining 4% is most likely associated
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Figure 7. O, detected by a fluorescence-based sensor (—), and O,
calculated from photocurrent assuming 100% faradaic efficiency for O,
evolution (---) during illumination of a BiVO,/FeOOH photoanode at
0.5 V vs RHE in 0.1 M KH,PO,, pH 7 (200 mW/cm?, AM 1.5G
filtered illumination).

with photocorrosion processes, which are enabled by imperfect
coverage of the BiVO, surface by FeOOH as discussed earlier.

IPCE analysis of the BiVO, films in phosphate buffer at 1.2V
vs RHE shows a substantial improvement when FeOOH is
present (Figure 8). Bare BiVO, reaches a maximum of 9% at
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Figure 8. IPCE of bare BiVO, (open circles) and BiVO,/FeOOH

(filled circles) photoanodes obtained at 1.2 V vs RHE in 0.1 M
KH,PO, (pH 7).
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350 nm, while the BiVO,/FeOOH film achieves 44% at this
wavelength, and reaches 56% at 410 nm. The IPCE analysis
also shows that the photocurrent response begins at 510 nm,
regardless of the presence of FeOOH. This corresponds to 2.43
eV and indicates that although FeOOH itself is a semi-
conductor with a bandgap of 2 eV, it does not appreciably
contribute to the photoactivity of the BiVO,/FeOOH film and
mainly performs as a catalyst.>”** This observation also agrees
well with the fact that the photocurrent obtained by the
FeOOH layer alone is negligible (Supporting Information,
Figure S7). This is because FeOOH is a poor photon absorber
and a poor electrical conductor.*”*® When the measured IPCE
of the BiVO,/FeOOH sample was weighted by the number of
photons available at each wavelength under the AM L.5G
spectrum and integrated across all wavelengths,*” the calculated
current was 1.89 mA/ cmz, which agrees well with the
photocurrent observed for the average sample at this potential
(Figure S).

The maximum attainable photocurrent for a material with a
24 eV bandgap is ~7.6 mA/cm® under AM 1.SG solar
irradiation.*” At high applied bias, our BiVO,/FeOOH reaches
~30% of this maximum. The factors limiting further improve-
ments likely include incomplete light absorption by the thin
BiVO, film and recombination losses in the bulk. Making the
films thicker increased their absorbance, but reduced their
photocurrent, most likely due to bulk carrier recombination.
This challenge may be overcome in the future by introducing
nanostructure that increases the volume of the space charge
layer and shortens the distance that minority carriers must
travel, thus greatly enhancing charge separation and the overall
efficiency.

Bl CONCLUSIONS

BiVO, photoanodes for use in a photoelectrochemical water
splitting cell were prepared by a simple electrodeposition and
heat treatment process. The resulting film produced low and
unsustainable photocurrent for water oxidation but generated a
significant and stable photocurrent for oxidation of sulfite,
indicating that its poor performance for photo-oxidation of
water was mainly due to the poor catalytic ability of the BiVO,
surface for water oxidation. After coating the BiVO, surface
with a catalytic FFOOH layer via a new photodeposition route,
the films were capable of utilizing a substantially greater
number of holes which reached the semiconductor/liquid
junction for photo-oxidation of water and generated the highest
photocurrent among BiVO,-based electrodes reported to date,
while attaining significant stability compared to bare BiVO,. In
fact, the performance shown by the BiVO,/FeOOH in the E <
0.8 V vs RHE region, reaching 1.0 mA/cm? at only ca. 0.5 V vs
RHE, is remarkable compared to the performances of other
oxide-based photoanode systems known to date. O, measure-
ments confirmed that the anodic photocurrent of the BiVO,/
FeOOH photoanode is exclusively due to O, evolution. The
outstanding performance, accomplished using inexpensive
semiconductor and catalyst materials produced from facile,
practical, and mild synthesis conditions while operating in a
neutral medium, suggests that a further study on the BiVO,/
FeOOH photoanode system including composition tuning and
incorporation of nanostructure can be a very promising avenue
to an efficient water-splitting photoanode for use in a
photoelectrochemical diode.
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