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Ultrastable low-bias water splitting photoanodes
via photocorrosion inhibition and in situ
catalyst regeneration
Yongbo Kuang1,2, Qingxin Jia1,2, Guijun Ma1,2, Takashi Hisatomi1,2, TsutomuMinegishi1,2,
Hiroshi Nishiyama1,2, Mamiko Nakabayashi2,3, Naoya Shibata3, Taro Yamada1,2, Akihiko Kudo2,4

and Kazunari Domen1,2*

Photoelectrochemical (PEC) water splitting o�ers a means for distributed solar hydrogen production. However, the lack of
stable and cost-e�ective photoanodes remains a bottleneck that hampers their practical applications. Here we show that
particulate Mo-doped BiVO4 water oxidation photoanodes, without costly and complex surface modifications, can possess
comparable stability to that of solar cells. The photoanode exhibits enhanced intrinsic photocorrosion inhibition and self-
generation and regeneration of oxygen evolution catalysts, which allows stable oxygen evolution for >1,000h at potentials
as low as 0.4V versus the reversible hydrogen electrode. The significantly improved photocorrosion resistance and charge
separation are attributed to the unusual high-temperature treatment. In situ catalyst regeneration is found to be a site-specific
and oxygen evolution rate change-induced process. Our findings indicate the potential of PEC water splitting to compete with
other solar hydrogen production solutions, and should open new opportunities for the development of feasible PEC water
splitting systems.

Cost-efficient solar energy conversion has attracted consider-
able research interest because of the promise of becoming the
primary renewable energy source for a sustainable society1.

Solar hydrogen production by photoelectrochemical (PEC) water
splitting offers a promising route to address the intermittency and
storage problem of solar energy2–5. In addition to production and
installation cost, the lifetime of PEC devices plays an essential role
in dictating the overall cost6,7. Hence, it is important and urgent
to demonstrate that photoelectrodes can be sufficiently stable to
meet the demand for plant-scale operation. However, the realization
of long-term stability has proved to be very demanding, especially
for photoanodes, because of photoanodic corrosion and the lack of
stable oxygen evolution catalysts (OECs).

Among various materials used for photoanodes, metal oxides are
in general considered more stable8, and BiVO4 is regarded as one
of the most promising candidates due to its appropriate bandgap
and onset potential9. However, there remain two critical challenges.
First, BiVO4 is known to be prone to photocorrosion10. Surface
modifications by OECs are reported to retard the process11,12, while
more effective inhibition of photocorrosion is achieved only by
preventing BiVO4 from coming into contact with the electrolyte by
means of dense coatings of FeOOH (ref. 13,14) or TiO2 (ref. 15) to
deliver up to a few tens of hours of stability. Second, the activity
of co-catalyst layers, which are usually extremely thin to facilitate
charge transfer and to avoid charge accumulation, does not always
remain constant because of structural changes during operation
and loss of catalyst materials due to agitation and dissolution. For
example, at an overpotential of 350mV in 1M KOH electrolyte,

CoOOH, the active phase of Co-basedOECs16, loses about 16%of its
activity after 2 h, as the less active cobalt oxide forms during water
oxidation17,18; and FeOOH suffers from about 44% loss of its mass
after 2 h, due to irreversible dissolution17,19. Although Ni- and Co-
based OECs have been reported to reverse catalyst dissolution in
borate and phosphate buffers through a self-repair process20,21, their
practical long-term stability established via this process has yet to be
demonstrated. Furthermore, the reported catalyst self-repair usually
involves relatively thick layers of OECs, and the layer thickness
at equilibrium during operation is hardly controllable, making it
difficult to apply to thickness-sensitive applications—for example,
as co-catalyst for photoanodes.

Herein, we report the demonstration of ultrastable PEC water
splitting using BiVO4 photoanodes at potentials as low as 0.4V
versus reversible hydrogen electrode (RHE). It is found that stability
of over 1,000 h can be achieved through simultaneously addressing
the photocorrosion of BiVO4 particles, by improving their intrinsic
resistivity with a high-temperature treatment, and the degradation
of Fe-incorporated Ni-based OECs, by in situ on-demand catalyst
regeneration. We also show that particle-type BiVO4 electrodes can
bemade as efficient as state-of-the-art nanostructured electrodes by
tuning various properties of the particles, and OEC self-generation
can be realized by an integrated design of particulate electrode.

Particulate electrode fabrication and characterization
We fabricated the electrodes from Mo-doped BiVO4 particles that
were synthesized by modifying a liquid solid reaction22, using an
improved particle transfer method23, dedicated for BiVO4. The
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Figure 1 | Characterization of bare 0.3 at.%Mo-doped BiVO4 electrodes. a, Current–potential curves for sulfite oxidation in 0.2 M sodium sulfite
containing 1 M potassium borate bu�er at pH 9 under AM 1.5G irradiation comparing the charge separation abilities of bare Mo-doped BiVO4/Ni/Sn
electrodes prepared using as-synthesized particles, particles annealed at various temperatures (as shown in the legend), and particles treated by 800 ◦C
annealing followed with ball milling and 700 ◦C post-annealing (800 ◦C-BM-700 ◦C). b, Narrow-range XRD patterns of the same set of Mo:BiVO4
particles (see Supplementary Fig. 3 for wide-range XRD data). The standard XRD pattern for monoclinic BiVO4 is shown at the bottom (JCPDS, No.
83-1699). c, SEM images of the same set of electrodes. Scale bars, 1 µm. d, The IPCEs for sulfite oxidation at 0.6 V versus RHE of BiVO4 electrodes
prepared from 800 ◦C annealed particles and 800 ◦C-BM-700 ◦C. Fitted lines added as a guide to the eye.

resulting electrode has a monolayer of BiVO4 particles laid over
a Ni contact layer (∼500 nm) and a subsequent Sn conducting
layer (∼4 µm), and is denoted as Mo:BiVO4/Ni/Sn hereafter. The
charge separation properties were examined in the presence of
sulfite, used as an efficient hole scavenger. The PEC properties of
Mo:BiVO4 particles were optimized by tuning their crystallinity
and average particle size through combined annealing and ball-
milling treatments, along with doping concentration adjustments.
The optimal Mo doping concentration was determined to be 0.3
atomic percent (at.%) (Supplementary Figs 1 and 2).

Figure 1a shows the photocurrents of electrodes prepared with
Mo(0.3 at.%):BiVO4 particles treated under various conditions. The
photocurrents increased gradually as the annealing temperature was
raised from 450 ◦C to 800 ◦C, which also improved the crystallinity
of the particles, as indicated by sharper peaks in theX-ray diffraction
(XRD) patterns (Fig. 1b) and the average particle sizes (Fig. 1c).
The positive effect of improved crystallinity seems to prevail over
the negative effect of increased particle size for charge separation.
Therefore, we expected a better performance for BiVO4 powders
that possess both improved crystallinity and reduced particle size
to facilitate charge transfer. The samples pre-annealed at 800 ◦C
were ball-milled and again annealed at 700 ◦C (800 ◦C-BM-700 ◦C)
to restore the crystallinity. The resulting samples had particle
sizes in the range 300–500 nm and showed similarly sharp XRD
patterns to the 800 ◦C annealed samples. The electrode exhibited an
improvement in PEC performance. The incident photon-to-current
conversion efficiency (IPCE) before and after particle size reduction
are compared in Fig. 1d, revealing the effectiveness of size reduction
for improving the IPCEs at longer wavelengths.

The intrinsic photocorrosion inhibition property of bare
800 ◦C-BM-700 ◦C electrodes was studied by comparing the change

of PEC performance, indicated by the photocurrents for sulfite
oxidation, before and after being exposed to AM1.5G irradiation
for a given time at 1.2 V versus RHE in 0.5M sodium phosphate
buffer at pH 7 in the absence of sulfite. To avoid any effect of Ni
species, Ti was used instead for electrode fabrication. A nanoworm
BiVO4 electrode with top-level stability among reported systems
was measured in parallel as reference24. As presented in Fig. 2a,
the PEC performance of the high-temperature-treated sample
showed an initial increase of about 4% for the first 30min, probably
due to the removal of surface states by this treatment, and then
become basically stable for another 1.5 h of exposure. In contrast,
the nanoworm electrode suffered from a constant drop in PEC
performance for each 30min of treatment, and lost more than
40% of its initial photocurrent after 2 h. The resulting nanoworm
electrode suffered from obvious dissolution of BiVO4, as indicated
by the comparison of photos taken before and after the process
(Supplementary Fig. 4a). Indeed, the BiVO4 layer of a fresh
nanoworm electrode can be almost fully dissolved upon several
hours of such treatment.

To confirm that this phenomenon is a photo-induced
electrochemical process, the nanoworm electrodes were biased
at 0.6 V versus RHE under AM1.5G irradiation or at 1.2 V in
dark (Fig. 2b). Interestingly, in both cases, no obvious drop in PEC
performancewas observedwithin 2 h of treatment, which is in sharp
contrast to the rapid decrease shown in Fig. 2a. In fact, without
irradiation, the BiVO4 electrodes do not suffer from dissolution or
performance drop even at potentials as high as 2V versus RHE, as
confirmed with both types of electrode (Supplementary Fig. 5a).
However, when exposed to light, the nanoworm electrode did suffer
from much faster photocorrosion, and the BiVO4 layer was almost
fully dissolved within 2 h (Supplementary Fig. 5b). These results
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Figure 2 | Photocorrosion inhibition properties of bare 800 ◦C-BM-700 ◦C/Ti/Sn electrodes. The photocorrosion inhibition properties of the electrodes
were examined by comparing the photocurrent for sulfite oxidation in borate bu�er (pH 9) containing 0.2 M sodium sulfite before and after performing
photooxidation of water in 0.5 M sodium phosphate bu�er (pH 7) in the absence of sulfite at various conditions. The previously reported nanoworm BiVO4
electrodes were also examined using front illumination for comparison24. a, Changes in photocurrent for sulfite oxidation after a bare
800 ◦C-BM-700 ◦C/Ti/Sn electrode or a bare nanoworm electrode photooxidized water at 1.2 V versus RHE in 0.5 M sodium phosphate bu�er (pH 7) for
2 h with a 30 min interval. b, Changes in photocurrent for sulfite oxidation after a nanoworm electrode photooxidized water in 0.5 M sodium phosphate
bu�er (pH 7) at 0.6 V versus RHE under illumination or at 1.2 V versus RHE in dark for 2 h with a 1 h interval. AM 1.5G illumination was used for all
photocurrent measurements. See Supplementary Fig. 4 for the current–time plots obtained during photooxidation of water.

clearly indicate that neither the irradiation nor the high applied
bias alone causes the observed dissolution, and that the dissolution
process relies on the surface-reaching photogenerated holes. By
comparing the recorded photocurrents under different conditions
in phosphate solution (Supplementary Figs 4 and 5), it is revealed
that the rate of dissolution of the nanoworm BiVO4 electrode
is proportional to the observed photocurrents. Therefore, this
photocorrosion process is indeed photo-induced electrochemical
dissolution of BiVO4. Because the electrolyte solution contained
dissolved oxygen, as the experiments were carried out in air,
oxygen is thus unlikely to play a role in the dissolution process. So
there must be other intermediate species generated during water
oxidation by the holes under irradiation—for example, hydroxyl
radical and hydrogen peroxide. Further studies would be required
to identify such intermediate species and to understand the detailed
mechanism for the dissolution.

Since the same magnitude of photocurrents was also observed
with the 800 ◦C-BM-700 ◦C electrode in phosphate solution
(Supplementary Fig. 4b), both types of electrode should suffer from
a similar corrosive local environment. However, the decay in PEC
performance was not observed for the 800 ◦C-BM-700 ◦C electrode,
which clearly suggests significantly enhanced resistance to the
photo-induced electrochemical dissolution. As it is not observed
with other particulate25, or Mo-doped BiVO4 electrodes26,27, the
enhanced intrinsic photocorrosion inhibition is hence correlated
with the improved crystallinity due to the thermal treatment.

Although the high crystallinity obtained with unusual high-
temperature (800 ◦C) annealing is clearly demonstrated here to
benefit both the charge transport and photocorrosion resistance
for Mo:BiVO4 electrodes, previously studied systems are generally
annealed below 500 ◦C. This is reasonable because, when treated
above that temperature in air, the FTO and ITO substrates used
for film-type BiVO4 electrodes become much less conductive; and
intrinsic BiVO4 suffers from decreased carrier density due to loss of
oxygen vacancies, albeit the increase of crystallinity with annealing
temperature is shown to be independent of doping concentration
(Supplementary Fig. 6). With sufficient Mo doping, the BiVO4
particles can survive high-temperature annealing without their
carrier density being much affected (Supplementary Fig. 1).

In situ self-generation of oxygen evolution catalyst
We activated Mo:BiVO4/Ni/Sn in a freshly prepared borate
buffer electrolyte without any prior surface modification. The
Mo:BiVO4/Ni/Sn electrode was biased at an anodic potential of
0.6 V versus RHE under simulated AM 1.5G solar irradiation.
The photocurrent initially increased rapidly, reaching a maximum
plateau after about 2 h. Figure 3a shows the change of photocurrent;
the insets show the scanning electron microscopy (SEM) image and
the photocurrent–potential curve obtained for the fully activated
OEC-decorated electrode, which exhibits a rapid increase in
photocurrent at potentials below 0.6V versus RHE. After the
pretreatment, the surfaces of BiVO4 particles were well covered with
an amorphous layer about 5 nm in thickness, as observed in the
high-resolution transmission electron microscopy (HRTEM) image
(Fig. 3b), which are the OECs. The current–potential behaviour
in a two-electrode configuration was measured with a Pt plate
counter electrode, and the maximum applied bias photon-to-
current efficiency (ABPE) is calculated to be about 1.6% under such
conditions (Fig. 3c).

The Ni underlayer is considered to work as the ion source
for the deposition of the OECs. When we started the activation
process by applying an oxidative potential, the exposed metallic
surfaces of the Ni contact layer of the Mo:BiVO4/Ni/Sn electrode
will be immediately oxidized to form a thin passivation layer that
prevents further oxidation of Ni, as evidenced by the negligible
dark currents. As Ni(OH)2 is slightly soluble in pH 9 borate
buffer28, the passivation layer, composed of NiO and Ni(OH)2,
thus serves as the source for dissolved Ni2+ ions. Because the
passivation layer is so close to the BiVO4 particles, the dissolved
Ni2+ can have a much higher local concentration to facilitate the
OEC deposition, although its concentration in the bulk solution
is much lower. Upon irradiation, Ni2+ will be oxidized by the
holes from BiVO4 and deposit as Ni-(oxy)hydroxide/borate on the
surface of the BiVO4 particles in the borate buffer28. It should
be noted that because the dissolution of Ni2+ species from the
passivation layer is rather limited, the Ni2+ concentration after long-
term stability tests is still below the critical level that would cause
excessive OEC deposition under our test conditions, as will be
discussed later.
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Figure 3 | Catalytic activation of Mo:BiVO4/Ni/Sn electrodes and characterization. a, Photocurrent change of a bare Mo:BiVO4/Ni/Sn in a fresh 1 M
borate bu�er under AM 1.5G irradiation at 0.6 V versus RHE. The rapid increase in photocurrent indicates the self-generation of OECs. The insets are the
SEM image of the electrode taken after catalyst modification (scale bar, 100 nm), and the current–potential curve of the activated electrode. b, HRTEM
image of the BiVO4 particles after catalytic activation. Scale bar, 5 nm. c, Photocurrent–potential curve and ABPE of the activated electrode measured using
a two-electrode configuration with a Pt plate counter electrode. d, STEM–EDS elemental mapping images of the BiVO4 particles after catalytic activation.
Scale bars, 20 nm. e, Changes of photocurrents of Mo:BiVO4/Ni/Sn electrodes in the presence of various concentrations of added Fe2+ in 1 M borate
bu�ers under AM1.5G irradiation. Mo:BiVO4/Ti/Sn electrode was also measured in a borate bu�er containing 10 µM Fe to show the critical role of a Ni
contacting layer for OEC generation. The values of Fe2+ concentration represent the amounts of Fe intentionally added.

Without Fe species, Ni-based OECs are much less active catalysts
for water oxidation, as have been reported recently29,30. Even a
trace amount of Fe impurities in the electrolyte solutions has
been found to be critical for the activities of Ni-based OECs,
and the presence of Fe species has been demonstrated to be
unavoidable for near-neutral and alkaline electrolytes28,31. Thus,
we anticipated that Fe impurities in the borate buffer should
also play a similarly important role for the high activity of our
self-generated OECs. As expected, the presence of Fe species on
the surface of the BiVO4 particles after catalytic activation was
confirmed by scanning transmission electron microscopy–energy
dispersive X-ray spectroscopy (STEM–EDS) elemental mapping
(Fig. 3d). The Fe:Ni ratio in the catalyst layer was also found to
increase from 11:89 after 1 h of catalytic activation to 28:72 after 2 h
of catalytic activation by X-ray photoelectron spectroscopy (XPS)
analysis (Supplementary Fig. 7a).

We then examined the effect of Fe2+ additives for the activation
of self-generated OECs over Mo:BiVO4/Ni/Sn (Fig. 3e). As
the concentration of Fe2+ was raised, the activation proceeded
more rapidly to reach the same level of photocurrent. Clearly,
the activation process depends on Fe2+ to reach the plateau
photocurrent value, consistent with recent literature reports28–30.
The resulting samples showed a similar Fe percentage (of about
30%) in the total metal content of the catalyst layer. The effect of
direct FeOOH deposition on this phenomenon can be excluded
again by using a Ni-free Mo:BiVO4/Ti/Sn electrode immersed in a
borate solution containing 10 µMofFe2+. The result suggests that the
direct FeOOH deposition is too slow to have any effect. Therefore,
it is inferred that Fe impurity incorporation occurs immediately

following the start of Ni deposition to form the more active
NiFe-mixed material, and the rate of Fe incorporation depends
heavily on the concentration of dissolved Fe2+ ions. Hereafter we
designate the present self-generated co-catalyst as ‘NiFe-OEC’.

The stoichiometric evolution of oxygen and hydrogen for the
fully activated electrode was confirmed by gas chromatography
in a gas-tight flow system. A time course of excellent faradaic
efficiency, calculated using recorded photocurrents and detected gas
evolution, was obtained for both oxygen and hydrogen evolution
(Supplementary Fig. 8).

Water splitting stability and in situ catalyst regeneration
The long-term stability of the activated Mo:BiVO4/Ni/Sn electrode
was investigated with the potential controlled at 0.6V versus RHE in
fresh 1M borate buffers at pH 9. At 25 ◦C, with temperature control,
the electrode exhibited an incredible stability in a continuous 400-h
test, without an obvious photocurrent drop (Fig. 4a). The SEM
image of the electrode taken after the stability test indicates no
detectable change in morphology and OEC coverage.

A continuous test for one single Mo:BiVO4/Ni/Sn electrode
was performed at 0.6 V versus RHE for a total of 1,100 h without
temperature control, as shown in Fig. 4b. This test was separated
into eleven 100-h runs; between any two runs, the electrode
was removed from the electrolyte, rinsed with pure water, and
then dried. In these off-periods the electrolyte was replaced with
fresh pure borate buffer of the same content. Although fresh
Ni2+-free solution was supplied at the beginning of each run,
the photocurrent did not decrease, indicating that the catalytic
activity of NiFe-OECs remained operative during the intervals.
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Figure 4 | Long-term water oxidation stability of activated Mo:BiVO4/Ni/Sn electrodes. a, 400-h water splitting with a NiFe-OEC/Mo:BiVO4/Ni/Sn
electrode at 0.6 V versus RHE in a fresh 1 M borate bu�er at 25 ◦C under AM1.5G irradiation. The inset shows the SEM image of the electrode after 400-h
water splitting. b, 1,100-h discontinuous water splitting with a NiFe-OEC/Mo:BiVO4/Ni/Sn electrode at 0.6 V versus RHE under AM1.5G irradiation
measured without temperature control. The same BiVO4 particle electrode was repetitively used for 100-h water splitting in fresh borate bu�ers for 11 runs
with an overall duration of 1,100 h. c, Stability of a NiFe-OEC/Mo:BiVO4/Ti/Sn electrode in a fresh 1 M borate bu�er at 0.6 V versus RHE under
AM1.5G irradiation.

The measured photocurrent fluctuated within 15%, mainly due to
the daily and occasional changes of ambient temperature between
18 and 25 ◦C.

In addition, we examined the effect of applied voltage on the
water oxidation stability of our BiVO4 electrodes (Supplementary
Fig. 10 and 11). The electrode was stable for a wide range of
potentials greater than 0.4V versus RHE, which is an important
feature if it is to be coupled with photocathodes with different
working potentials to assemble stand-alone overall PEC water
splitting devices with a parallel configuration. However, tandem
configuration is not applicable in this case due to the non-
transparency of the BiVO4 electrode. The working potentials in the
low-bias range of 0.4–0.8V versus RHE are practical values for such
applications. Photoanodes that require far more positive anodic
working potentials are unsuitable for this purpose32–34. Moreover,
although BiVO4 is chemically more stable than most materials used
for solar cells (for example, silicon) in aqueous media, stabilizing
BiVO4-based electrodes at potentials below 1.23V versus RHE
has been shown to be more challenging than stabilizing silicon
photoanodes at much higher potentials with a similar protection
approach15,33, highlighting the effectiveness of our approach. The
present stability results represent a significant step in enhancing
durability for water splitting photoanodes, demonstrating the great
potential of PEC water splitting technique to meet the requirements
of industry regarding lifetime.

The high stability of the Mo:BiVO4/Ni/Sn is found to be due
to the presence of dissolved Ni2+ ions, as suggested by the results
using a NiFe-OEC-decorated Mo:BiVO4/Ti/Sn electrode, shown in
Fig. 4c. The NiFe-OEC was anodically deposited from a borate
buffer containing 5 µM of Ni2+ and 10 µM of Fe2+ and was well

activated. Then the electrode was used for stability tests in a fresh
borate buffer free of Ni2+ species. The electrode was relatively stable
for the first 10 h, but became gradually less active with prolonged
operation due to OEC dissolution or exfoliation. The lower stability
of this electrode, as compared to the Mo:BiVO4/Ni/Sn electrode,
implies the existence of an in situ catalyst regeneration process and
the important role of Ni2+ species in it, when Ni is used as the
contact layer.

On the basis of above results, the overall mechanism
for NiFe-OEC self-generation and in situ regeneration of
Mo:BiVO4/Ni/Sn electrodes is proposed as shown in Fig. 5.
The proposed mechanism consists of four key steps, which are the
passivation of the Ni layer and the dissolution of Ni2+ ions, the
photoelectrodeposition of Ni-OEC, the incorporation of Fe2+ to
generate NiFe-OEC, and self-regeneration of NiFe-OEC during
long-term operation.

To further understand themechanism behind this catalyst regen-
eration process, we investigated the effect of Ni2+ concentration
on electrode activation and long-term performance. After a 400-h
stability measurement of activated Mo:BiVO4/Ni/Sn in initially
Ni2+-free electrolyte, the final Ni2+ concentration in the electrolyte
was measured by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) to be less than 1 µM. The total Ni
consumption is thus calculated to be no more than 1%, which is
demonstrated to have no impact on the electrical conductivity and
mechanical strength of the electrode. With exactly 1 µM of pre-
addedNi2+, no obvious reduction in the photocurrents was observed
with activated Mo:BiVO4/Ni/Sn (Fig. 6a).

On a bare Mo:BiVO4/Ti/Sn electrode, when 0.5 µM of Ni2+
was added during a photocurrent–time measurement, it led to a
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sudden rise in photocurrent (Fig. 6b). The activation process of
Mo:BiVO4/Ti/Sn electrodeswas also examinedwith initial additions
of 0.5 and 1 µMof Ni2+. It is clear that the higher Ni2+ concentration
results in faster catalyst deposition to reach the same plateau pho-
tocurrent (Fig. 6c). However, when 2 µMof Ni2+ was initially added,
the photocurrent started to decrease after reaching the photocurrent
maximum, without exhibiting the photocurrent plateau stage.

This photocurrent decline at 2 µM of Ni2+ is due to catalyst
‘overloading’, because increasing loading of Ni-based catalyst not
only improves the catalytic activity35, but also increases the
chance for surface charge recombination for photoanodes due to
charge accumulation near the interface caused by the oxidation
of Ni2+ to Ni3+/Ni4+ (ref. 30); when catalyst overloading occurs,
the effect of charge recombination prevails, resulting in reduced
photocurrents36. Fortunately, ourMo:BiVO4/Ni/Sn electrodes never
released Ni2+ concentrations higher than 1 µM into the operational
solution; thus, the high activity of the electrodes persisted.

These results imply that NiFe-OEC loading does not further
increase after full activation at Ni2+ concentrations below 1 µM,
and the saturation amount of catalyst loading is independent of
Ni2+ concentration, otherwise a photocurrent plateau stage would
appear before the decline in Fig. 6c. This phenomenon is analogous
to Langmuir monolayer adsorption after saturation37, where the
adsorption becomes independent of adsorbate pressure. A possible
explanation could be made by considering the activity and selectiv-
ity for Ni2+ and water oxidation at the surface of the photoanode.
Before complete activation, the surface is active for both reactions.
With increasing catalyst loading, the surface becomes more active
for water oxidation because NiFe-OEC is among the most active
OECs known so far30. When the catalyst layer reaches its optimum
thickness of about 5 nm, as observed in theHRTEM image (Fig. 3d),
the surface becomes selectively active for water oxidation, and the
oxidation of Ni2+ ceases to proceed. During long-term operation,
the loss of water oxidation activity occurs due to catalyst dissolution
or exfoliation, leaving inactive sites on the Mo:BiVO4 surface. Al-
though less active, those sites are more selective for Ni2+ oxidation
to allow for the re-deposition of catalyst to restore the activity and
selectivity, and tomaintain the coverage and thickness of the catalyst
layer, as confirmed by the HRTEM image of the sample after a 100 h
stability test (Supplementary Fig. 9). This mechanism thus explains

the important site-specific feature of the in situ catalyst regeneration
process (Fig. 6d).

At higher Ni2+ concentrations, the oxidation of Ni2+ at the sites
saturated with NiFe-OEC can no longer be ignored. The catalyst
deposition then becomes non-site-specific (Fig. 6d), and will cause
catalyst overloading all over the Mo:BiVO4 surface. In the present
case this high Ni2+ concentration was never reached just by the
existence of a passivated Ni contact layer in Mo:BiVO4/Ni/Sn as the
source for Ni2+.

E�ect of electrolytes
BiVO4 electrodes have beenmostly investigated in neutral and near-
neutral electrolytes9,11,38, which is indeed a great advantage because
these media are less corrosive and more environmentally benign;
in contrast, electrodes based on nitrides and oxynitrides favour
strong alkaline conditions for better performance and stability39–41.
There is also work reported on stabilizing BiVO4 electrodes for
use in alkaline electrolytes15,42,43, as the electrodes are regarded to
benefit from better electrolyte conductivity and a lower pH gradient.
Buffering reagents, such as phosphate44, carbonate and borate45,46,
are usually used for neutral and near-neutral electrolytes to achieve
similar effects. In this case, the high concentration of borate buffer
is important in reducing the electrical resistance of the solution and
in facilitating mass transfer (Supplementary Fig. 12). On ceasing
agitation, a new equilibrium is established within 30 s and the
photocurrent becomes stable again after an initial drop of less than
3%. Such a feature can be important in practice to reduce the
external power consumption.

Phosphate buffer electrolytes have been previously shown to
slowly dissolve BiVO4 (ref. 24). Although not suitable for long-term
applications, it would be interesting to investigate if phosphate-
containing electrolytes act as appropriate media for the NiFe-OEC
regeneration process. However, it turned out that they are not
compatible with Ni-based catalysts because phosphate ions greatly
accelerate dissolution of the catalysts (Supplementary Figs 13–15).

Conclusions
We have realized practical long-term stability (>1,000 h) at
low working potentials for PEC water splitting using robust,
particulate Mo:BiVO4 photoanodes in which OECs are generated

6

© Macmillan Publishers Limited . All rights reserved

NATURE ENERGY | www.nature.com/natureenergy

www.nature.com/natureenergy


NATURE ENERGY ARTICLES
a b

c d

0 5 10 15 20
0

1

2

3

Cu
rr

en
t d

en
si

ty
 (m

A
 c

m
−2

)
Cu

rr
en

t d
en

si
ty

 (m
A

 c
m

−2
)

Cu
rr

en
t d

en
si

ty
 (m

A
 c

m
−2

)

0 1 2 3

0

1

2

3

Time (h)Time (h)

Time (h)
0.0 0.5 1.0 1.5 2.0

0

1

2

3

0.5 μM Ni2+

1 μM Ni2+

2 μM Ni2+

[Ni2+] ≤ 1 μM [Ni2+] ≥ 2 μM

Site-specific
regeneration

Non-site-specific
deposition

Addition of
0.5 μM of Ni2+

Ni2+Ni2+

Figure 6 | E�ect of Ni2+ concentration on catalyst formation and regeneration. a, 20 h stability of an activated Mo:BiVO4/Ni/Sn electrode for water
oxidation at 0.6 V in a 1 M borate bu�er containing 1 µM of Ni2+. b, Change of photocurrents of a Mo:BiVO4/Ti/Sn electrode upon a sudden addition of
0.5 µM Ni2+ at 1 V versus RHE in a fresh 1 M borate bu�er. c, Photocurrent–time curves of bare Mo:BiVO4/Tn/Sn electrodes at 0.6 V versus RHE in 1 M
borate bu�ers containing 0.5 µM, 1 µM and 2 µM of Ni2+ ions, respectively. The photocurrent started to decrease after about 1 h for 2 µM of Ni2+, although
it increased initially. d, Schematic comparison of the site-specific catalyst regeneration and non-site-specific catalyst deposition process in a 1 M borate
bu�er at pH 9. When the concentration of Ni2+ is below 1 µM, the re-deposition of Ni-based catalyst occurs selectively at sites that su�er from the loss of
catalyst because these sites are more active for Ni2+ oxidation, while the sites saturated with NiFe-OEC are more active for water oxidation. At higher
concentrations of Ni2+, Ni2+ oxidation becomes non-site-specific as its reactivity increases, leading to catalyst overloading.

and regenerated in situ. The advantage of particulate BiVO4
electrodes is the ease with which the properties of powders can
be tuned before fabrication into electrodes. The high-temperature
treatment enabled byModoping substantially improves the intrinsic
stability of BiVO4 against photocorrosion, which is difficult to apply
for the thin-filmBiVO4 electrodes.We also demonstrate the concept
of integrated photoanodes, which incorporate a thin layer of Ni that
simultaneously acts as an electrical back contact and as an ion source
to allow in situ self-generation of catalyst. A catalyst regeneration
process, which ensures selective NiFe-OEC re-deposition where
catalytic activity decreases due to loss of catalyst, is found to be
essential for the sustained catalytic activity.

Our present strategy will be applied in the future development
of particulate photoelectrodes based on other photo-absorbers that
are active over a wider solar spectrum. Furthermore, our results
also pave the way towards developing highly efficient printable
electrodes by inkjet printing, with the promise of further reductions
in production costs. Most importantly, we believe that the OEC
in situ regeneration mechanism demonstrated here will be of great
use in enhancing the economic and industrial viability of PECwater
splitting devices.

Methods
Synthesis and post-treatment of Mo-doped BiVO4 particles. 0–1 atomic per cent
(at.%) Mo-doped K3V5O14 powders with layered structures as starting materials
were obtained by grinding the solids obtained by calcination of K2CO3, MoO3

and V2O5 in stoichiometric ratios in air at 450 ◦C for 5 h. Mo-doped BiVO4

particles were synthesized simply by stirring 4mmol of Mo-doped K3V5O14

and 20mmol of Bi(NO3)3 · 5H2O in 100ml of water at 70 ◦C for 10 h.

Bi(NO3)3 · 5H2O powder reacts with water to form slightly soluble BiONO3 as a
dispersion in water. The as-synthesized Mo-doped BiVO4 particles were annealed
at 800 ◦C for 2 h and crushed twice by ball milling at 800 r.p.m. for 30min,
followed with re-annealing at 700 ◦C for 2 h.

BiVO4 electrode preparation. Typically, the BiVO4 particles were dispersed in
isopropanol (30mg/2ml) and sonicated for 1 h to form a homogeneous
suspension. 1ml of dispersed solution was dropcast onto a thin glass substrate
(3 × 3 cm) and left to dry slowly under a controlled vapour pressure. The process
was then repeated. After drying the solvent, ∼0.5 µm of Ni (or Ti) and ∼4 µm of
Sn were sequentially deposited above the BiVO4 layer by thermal vapour
deposition (without exposing to air) to hold the particles mechanically firmly and
make an highly electrically conductive contact. There are several advantages to
using Sn as the conducting layer. First, it forms stable passivation layer in neutral
and near-neutral borate and phosphate buffers, therefore ensuring a satisfactorily
low dark current in the range of potentials used for the PEC measurements;
second, its low melting point allows easy evaporation of a thick substrate layer to
give good mechanical strength and electrical conductivity; third, its low price
helps in reducing the overall production cost. The Sn/Ni/BiVO4 film was then
peeled off and fixed onto a glass plate by means of adhesive double-sided tape, or
epoxy resin for better durability, with excess BiVO4 particles being removed by
sonication in water. A copper wire was connected to the electrode using indium
solder, with the weld being covered by epoxy resin. The unused surface of the
electrode was also masked with epoxy resin.

Characterization. The scanning electron microscopy (SEM) images of BiVO4

electrodes were taken with a Hitachi SU8020 FE-SEM at an accelerating voltage of
5–10 kV. High-resolution transmission electron microscopy (HRTEM) and energy
dispersive X-ray spectroscopy (EDS) were carried out with a JEOL JEM-2800
microscope equipped with a X-Max 100LTE SDD detector. X-ray photoelectron
spectroscopy (XPS) spectra were collected using a Mg Kα non-chromatic source
(14.6 kV, 15mA, 50 eV pass energy). XPS quantitative analysis was made with a
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relative sensitivity factor method. The crystal structure and crystallinity of BiVO4

particles prepared under various conditions were examined by powder X-ray
diffraction with a Rigaku Smartlab X-Ray Diffractometer operated with a Cu Kα
radiation source at 40 kV and 30mA. The content of Mo in the Mo-doped BiVO4

particles and the concentration of Ni2+ in the electrolyte solution were confirmed
by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) with a
Shimazu ICPS-8100 sequential type ICP emission spectrometer.

Photoelectrochemical measurements. The photoelectrochemical performances
of BiVO4 electrodes were measured with a three-electrode configuration using a
HSV-100 potentiostat or HZ-7000 potentiostat (Hokuto Denko), a saturated
Ag/AgCl (EAg/AgCl = 0.197V versus NHE at 25 ◦C) reference electrode and a Pt
wire counter electrode. Typically, electrodes with exposed areas of ∼0.2 cm2 were
measured in a glass cell containing 100ml of electrolyte. The recorded potentials
versus Ag/AgCl (Eversus Ag/AgCl) were converted against reversible hydrogen
electrode (RHE) using the Nernst equation below.

Eversus RHE=Eversus Ag/AgCl+EAg/AgCl+0.059pH

A commercial XES-301S solar simulator (SAN-Ei Electric) was used as the light
source, and was calibrated to best match the AM1.5G spectra at 100mWcm−2
(ASTM G173-03) using an LS-100 spectroradiometer (EKO Instrument). 1 M
potassium borate buffer, prepared by adjusting the pH of 1M H3BO3 solution to
9 with KOH at 25 ◦C, was used as the electrolyte. For sulfite oxidation, an
additional 0.2M Na2SO3 was added to the borate buffer. For the photocorrosion
inhibition property study, 0.5M sodium phosphate buffer at pH 7 was used as the
electrolyte. Current–potential curves were recorded in the anodic direction. The
scan rate for linear sweep and cycle voltammetry was 20mV s−1. The applied bias
photon-to-current efficiency (ABPE) was calculated from the two-electrode
current–potential curves measured under AM1.5G 1 sun illumination and argon
bubbling, with a Pt plate counter electrode placed right behind the BiVO4

electrode, using the equation:

ABPE=[(1.23−VPt)× Jlight/Plight]×100%,

where V Pt is the applied potential versus Pt counter electrode, J light is the
measured photocurrent, and P light (100mWcm−2) is the power density of
AM1.5G. Incident photon-to-current efficiency (IPCE) was measured using a
MAX-302 xenon light source (Asahi Spectra) equipped with bandpass filters to
provide monochromatic irradiation. The light intensity (Pλ) at each wavelength
(λ) was measured using a NOVA II laser power meter equipped with a
photodiode PD-300 sensor (Ophir Optronics). IPCE was calculated using the
equation below.

IPCE=[(1,240/λ)× (Jlight− Jdark)/Pλ]×100%.

Photocorrosion inhibition property measurements. The photocorrosion
inhibition properties of bare BiVO4 electrodes were examined by comparing
photocurrents for sulfite oxidation before and after performing water oxidation in
0.5M sodium phosphate buffers (pH 7) in the absence of sulfite at various
conditions. The sulfite oxidation photocurrents were measured in a 1M pH 9
borate buffer containing 0.2M Na2SO3 at 0.6 V under AM1.5G irradiation for
1min. The photocurrent values read at the end of the measurements were used
for comparison. The electrodes were scanned (scan rate 40mV s−1) between
0.15–1.25V versus RHE for five cycles under illumination before each
measurement.

Long-term stability measurements. Long-term stability tests of BiVO4 electrodes
for photoelectrochemical water splitting were carried out at 0.6 V versus RHE
under simulated AM1.5G irradiation using a three-electrode configuration in
fresh 1M potassium borate solutions at pH 9. The continuous 400-h test was
conducted at 25 ◦C in a water bath with temperature control, and the data was
recorded using a VersaSTAT 3 potentiostat (Princeton Applied Research). The
discontinuous 1,100-h experiment was implemented without temperature
control as eleven separate 100-h runs using a HZ-7000 potentiostat (Hokuto
Denko). Between each two runs, the electrode was removed from the electrolyte,
rinsed with pure water, dried in air, and the electrolyte was replaced with a
fresh one.

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon
reasonable request.
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