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Cooperative Catalytic Effect of ZrO2 and a-Fe2O3
Nanoparticles on BiVO4 Photoanodes for Enhanced
Photoelectrochemical Water Splitting
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Juan Bisquert,*[a, b] and Isaac Herraiz-Cardona*[a]
Photoelectrochemical water splitting with metal oxide semiconductors offers a cost-competitive alternative for the generation of solar fuels. Most of the materials studied so far suffer
from poor charge-transfer kinetics at the semiconductor/liquid
interface, making compulsory the use of catalytic layers to
overcome the large overpotentials required for the water oxidation reaction. Herein, we report a very soft electrolytic synthesis deposition method, which allows remarkably enhanced
water oxidation kinetics of BiVO4 photoanodes by the sequential addition of Zr and Fe precursors. Upon a heat treatment
cycle, these precursors are converted into monoclinic ZrO2 and
a-Fe2O3 nanoparticles, which mainly act as catalysts, leading to
a five-fold increase of the water oxidation photocurrent of
BiVO4. This method provides a versatile platform that is easy to
apply to different semiconductor materials, fully reproducible,
and facile to scale-up on large area conductive substrates with
attractive implications for technological deployment.

sized by easily up-scalable methods is essential. In this context,
metal oxides, such as monoclinic BiVO4 (m-BiVO4)[3] and aFe2O3,[4] have been deeply investigated as candidate photoanode materials. Although both of them satisfy many of the requirements, their poor electronic properties yield low solar-tofuel efficiencies, preventing their large-scale use in PEC systems
at present. To overcome this problem, different strategies have
been implemented, including ion doping,[3d, g, 4a, c, 5] nanostructuring,[3a, f, 4a, 6] surface modification with passivation layers or
electrocatalysts,[3b, d, 5d, 7] and combinatorial synthesis.[8] For example, a-Fe2O3 photoanodes have been successfully doped
with heteroatoms like Sn,[5a] Ti,[4c] Zr,[5b, c] Si,[4a] and Nb.[5d] In the
case of monoclinic BiVO4 (m-BiVO4), there are two different
sites susceptible to metal doping, that is, Bi3 + and V5 + . Whereas the replacement of V5 + sites by six valence metal ions, such
as Mo and W,[3d, 5e, f] has been largely explored, there are very
few studies on doping Bi3 + sites, and are generally limited to
theoretical calculations.[9] Hf4 + , Zr4 + , and Sn4 + , with ion radius
relatively similar to Bi + 3, are potential candidates to occupy Bi
positions in the m-BiVO4 crystal structure. Luo et al.[10] synthesized BiVO4 photoanodes doped by Sn + 4 in Bi + 3 positions by
means of a metal–organic decomposition (MOD) method. A
practically negligible improvement in photocurrent was reported for the doped sample, which was attributed to the high formation energy and the relatively low solubility of Sn4 + impurity ions into the crystal lattice.
The functional properties of BiVO4 and Fe2O3 have also been
separately improved by means of heterostructuring strategies.
For instance, the PEC performance of BiVO4 has been largely
increased when deposited on nanostructured WO3 layers,
owing to the synergistic interaction between the BiVO4 (providing good light harvesting properties) and WO3 (enhanced
charge transport).[3f, 11] Other different host–guest semiconductor combinations have been successfully implemented and
tested with remarkable results for water splitting, like Si/TiO2/
BiVO4,[12] SnO2/BiVO4,[13] WO3/Fe2O3,[14] and Si/Fe2O3.[15]
Nevertheless, to the best of our knowledge, the heterostructured Fe2O3/BiVO4 system, which would entirely match the stability and low-cost requirements, has not been tested for solar
water oxidation. There is only one recent work in literature reporting the decoration of BiVO4 with Fe2O3 nanoparticles,
where it is suggested that Fe2O3 acts as an efficient co-catalyst
for the degradation of organic pollutants.[16] Although different
Fe-based catalysts have been successfully employed to decorate semiconductor photoanodes, such as FeOOH[7a] and Ni-

Photoelectrochemical (PEC) water splitting driven by sunlight
constitutes an environmentally friendly technology to store
energy in the covalent bonds of H2.[1] To efficiently convert
solar photons into such a chemical fuel, semiconducting materials capable of absorbing a large fraction of the solar spectrum, with an adequate band edge position, and low overpotentials to carry out the hydrogen and/or oxygen evolution reactions are required. In particular, intensive research efforts
have been accomplished to develop competitive n-type semiconducting materials working as water splitting photoanodes,
as the oxygen evolution reaction (OER) is both kinetically and
thermodynamically more demanding,[2] and the material suffers
from severe oxidizing conditions.
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FeOx,[3a, 17] the use of a-Fe2O3 nanoparticles as OER catalyst has
not been explored.
Herein, we report a very soft electrolytic synthesis deposition
method that is fully reproducible and facile to scale-up on
large area conductive substrates, which allows enhancing remarkably the water oxidation kinetics of BiVO4 photoanodes
by the sequential addition of Zr and Fe precursors.
BiVO4 photoanodes were synthesized by means of the twostep method developed by Choi et al.,[3c] which consisted of Bi
electrodeposition on a fluorine-doped tin oxide (FTO) substrate
followed by drop casting the V precursor and annealing at
500 8C for 2 h. Different amounts of Zr2Cl2O were incorporated
into the Bi3 + plating bath as the source of Zr. Subsequently,
electrodeposition of Fe on the as-prepared BiVO4 layers followed by annealing at 450 8C was carried out to obtain Fe2O3
nanoparticles. Different electrodeposition charges were tested,
ranging from 1 to 32 mC cm2. After systematic optimization of
the deposition process, a five-fold increase of the water oxidation photocurrent at 1.23 V versus RHE was obtained compared to the reference BiVO4 system. Figure 1 illustrates the
photoelectrochemical behavior of the reference Fe2O3 (A) and
BiVO4 (B) photoanodes together with the best modified BiVO4
electrodes: BiVO4-Zr (C), BiVO4-Fe (D), and BiVO4-Zr-Fe (E). The
photocurrents at 1.23 V versus RHE for the different Zr and Fe
additions are showed in Figure 1 b and are used to determine
the optimum synthetic conditions reported in Figure 1 a. Typical volcano plots for both Zr and Fe additions on top of the
BiVO4 surface were obtained. The best performance was obtained for 2.5 mole % Zr. Note that this concentration is referred to the Zr/Bi molar ratio added to the electrodeposition
bath. On the other hand, 2 mC cm2 of total charge deposition
of Fe yielded the optimum results. Although the photocurrents
reported in Figure 1 are lower compared to previous studies
on BiVO4 photoanodes,[3a, b, 7a] the efficiency is remarkably enhanced by the Zr and Fe additions compared with the reference material. Additionally, the simplicity of the method described here to engineer surface modifications can be mimicked in more efficient systems. Figure 1 c shows the j–V curves
when a hole scavenger (1 m Na2SO3) was added to the solution.

In general, all BiVO4-based samples exhibit practically the same
behavior for sulfite oxidation when surface recombination is
negligible, with photocurrents slightly higher than reported for
oxygen evolution. This strongly suggests that the improvement reported for the optimized BiVO4-Zr-Fe photoanode is
mainly connected to surface catalysis.
To more precisely determine the role of both additives (Zr
and Fe) on the PEC behavior of the photoelectrodes, detailed
structural and optical characterization was performed. First,
XRD measurements of the metallic deposits were carried out
(see Figure SI1 in the Supporting Information). The results
show that as the Zr content increases, the intensity of the
peak assigned for Bi at 2q = 27.58 diminishes, which indicates
that Bi–Zr codeposition was successfully accomplished. In addition, SEM images of as-deposited metals (Figure SI2) show
a progressive morphological evolution with increased Zr additions, from dendrite trunks and branches (pure Bi deposits) to
more compact films. Figure 2 a and b show the SEM micrographs of pristine BiVO4 and BiVO4-Zr, with the optimum Zr addition (2.5 mol %), illustrating that after the vanadate formation
process, the microstructure of the samples considerably
changes to smoother-edged dendrites, although a high surface
area is maintained. Furthermore, it is remarkable the decrease
of the nanoparticle size from approximately 500 nm for pristine
BiVO4 to 200 nm for the optimized BiVO4-Zr electrode. This is
consistent with the role of Zr as grain growth inhibitor as reported for different metallurgical synthetic processes.[18] Figure 2 c shows the XRD diffractograms of BiVO4-Zr samples for
different Zr additions, perfectly matching the monoclinic
scheelite BiVO4 structure (CAS Number 00-014-0688). The intensity of the (1̄ 2 1) peak increases with the Zr concentration
up to the optimum 2.5 mol %, and is practically unchanged
with further Zr additions. Moreover, the peak position shifts
toward higher 2q values for the most Zr-rich samples. This
clearly involves a degradation of the film integrity as a result
of the strain induced by the smaller ionic radius of Zr (0.79 )
replacing Bi3 + positions (1.11 ) into the periodic crystal lattice,[5g] which can be related to the progressive decrease of the
photocurrent showed in Figure 1 b for the higher Zr additions.

Figure 1. j–V curves of the synthetized films obtained in the dark (dashed lines) and under illumination at 100 mW cm2 (solid lines) in phosphate buffer solution at pH 7.6 (a) without and (c) with a hole scavenger (1 m Na2SO3) in the solution. (b) Photocurrents obtained at 1.23 V vs. RHE for different Zr (blue symbols) and Fe (red symbols) additions in the phosphate buffer solution at pH 7.6. Labelled samples correspond to reference (A) a-Fe2O3 and (b) BiVO4, and optimized (C) BiVO4-Zr, (D) BiVO4-Fe, and (E) BiVO4-Zr-Fe photoanodes, respectively.
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Figure 2. SEM images of (a) pristine and (b) after 2.5 mole % Zr addition to BiVO4 films. (c) XRD patterns of pristine and modified BiVO4 nanopowders with different Zr loadings. Labelled samples correspond to reference (A) BiVO4 and (B) 1.25, (C) 2.5, (D) 5, and (E) 10 % BiVO4-Zr, respectively. The zoomed area shows
the displacement of 2q for the peak corresponding to the (1̄ 2 1) plane.

Figure 3 shows HR-TEM images of the optimized BiVO4-Zr
and BiVO4-Zr-Fe photoanodes. The BiVO4-Zr electrodes are
characterized by the presence of high crystalline nanoparticles
(5–10 nm), with interplanar distances of 2.8  (Figure 3 a) and
3.1  (Figure 3 b) corresponding to the (111) and (1̄11) reflections of monoclinic ZrO2 (CAS Number 1309-37-1), respectively.
Local energy dispersive X-ray spectroscopy (EDS) analyses confirmed the presence of Zr at these locations (Figure SI3), clearly

indicating that although Zr can substitute Bi in the monoclinic
BiVO4 lattice as showed by XRD, an important fraction of Zr is
present at the surface of BiVO4 in the form of monoclinic ZrO2
nanoparticles. The formation of ZrO2 nanoparticles upon Zr addition has been reported even for low doping densities, below
1 at %.[19] On the other hand, the optimized BiVO4-Zr-Fe samples, additionally showed the presence of crystalline nanoparticles, with interplanar distances of 2.7  (Figure 3 c), corresponding to the (1 0 4) reflections of hexagonal scalenohedral
a-Fe2O3, (CAS Number 1309-37-1) that appeared homogeneously dispersed on top of the BiVO4-Zr photoanode.
The optical properties of BiVO4 were not significantly altered
by Zr additions, as showed in the Supporting Information (Figure SI4 a), in good agreement with previous reports.[9] According to its bandgap of 2.4 eV, BiVO4 is able to absorb light up to
approximately 510 nm. On the other hand, as the amount of
electrodeposited Fe increases, a broad shoulder appears on
the 500–650 nm region, matching the main absorption band
of a-Fe2O3 (Figure SI4 b). A clear visual effect of the electrodeposition of different amounts of Fe can be observed in Figure SI5. At the highest Fe loading, the yellowish BiVO4 substrate is completely covered and the samples have an orange/
reddish color, characteristic of Fe2O3.
The estimated optical bandgaps (Eg) of the heterostructured
materials were extracted from the Tauc plots for direct bandgap transitions (Figure SI4 c). The obtained values are approximately 2.40 eV for pristine and BiVO4-Zr samples, in good
agreement with those previously reported. A progressive decrease of the bandgap energy with the addition of Fe was detected, from an electrodeposition charge of 12 mC cm2, obtaining Eg = 2.32 eV for the highest Fe loading tested (i.e.,
32 mC cm2), in good agreement with the optical properties of
a-Fe2O3. From these optical absorption measurements, the
maximum achievable photocurrent was calculated considering

Figure 3. High resolution TEM images of optimized (a–b) BiVO4-Zr photoanodes (2.5 % Zr addition) and (c) BiVO4-Zr-Fe electrodes (2.5 mole % Zr addition
and electrodeposition of 2 mC cm2 of Fe). In all images, lattice parameters
were determined by the lattice fringes of the nanoparticles pointed by the
arrows.
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that all the photogenerated holes participate in the water oxidation reaction (jabs), see Table SI1.
The enhanced PEC activity induced by the Zr and Fe additions was further corroborated by the incident photon-tocurrent efficiency (IPCE) spectra obtained at 1.23 V versus RHE
without and with the addition of the hole scavenger (Figure 4 a
and b, respectively). There is an excellent correspondence between the onset wavelength of the IPCE and the absorbance
measurements. Moreover, the integrated photocurrents extracted from the IPCE spectra nicely match those obtained
from the j–V curves, as summarized in Table SI1. From the IPCE
measurements in the solution with the hole scavenger, it is
clear that the enhanced PEC behavior for the optimized heterostructure can be ascribed to the “cooperative” (rather than
synergistic) catalytic effect of both ZrO2 and a-Fe2O3 nanoparticles deposited on the top of the m-BiVO4 films. Evidence of
the excellent electrocatalytic behavior of a-Fe2O3 has been previously reported for Si photoanodes.[20] Conversely, nanostructured monoclinic ZrO2 nanoparticles have demonstrated catalytic activity for different chemical reactions,[21] and has been
also employed to passivate TiO2 surface traps in dye-sensitized
solar cells.[22] However, to the best of the authors knowledge it
is the first time that they show enhanced water oxidation kinetics.
To quantitatively assess the beneficial effect of both Zr and
Fe additions on BiVO4 films, the charge separation (hcs ) and

charge injection (hcat ) yields were calculated for the synthetized materials through Equations (1) and (2), by comparing
the photocurrent for water splitting and to a hole scavenger:[23]
jH2 O ¼ jabs  hcs  hcat

ð1Þ

jHS ¼ jabs  hcs

ð2Þ

The comparative behavior of both calculated yields is
showed in Figure 5. When Fe is distributed in the form of scattered Fe2O3 nanoparticles on the BiVO4 surface, this material
acts as an excellent catalyst for oxygen evolution reaction,
doubling the catalytic efficiency of the semiconductor substrate. It is also remarkable the increase in the catalytic efficiency of BiVO4-Zr samples, with respect to the reference BiVO4. In
contrast, the effect of Zr addition on the charge separation efficiency is negligible, in good agreement with previous reports
suggesting that Zr additions on BiVO4 do not affect the electronic properties of the material.[3e, 9] The validity of this analysis
is based on the assumption of complete absence of surface recombination when the hole scavenger is employed. A marginal
difference is observed in the measurements with the hole scavenger, which can be attributed to the role of ZrO2 and a-Fe2O3
as surface passivation layers on top of BiVO4.[7b] In any case,
further analysis is needed to clarify this issue.

Figure 4. IPCE spectra obtained on the synthetized films at 1.23 V vs. RHE in phosphate buffer solution at pH 7.6 (a) without and (b) with hole scavenger (1 m
Na2SO3). Labelled samples correspond to (A) a-Fe2O3, (B) reference BiVO4, and optimized (C) BiVO4-Zr, (D) BiVO4-Fe, and (E) BiVO4-Zr-Fe photoanodes, respectively.

Figure 5. (a) Charge-separation efficiency and (b) charge-injection efficiency obtained on the synthesized films. Labelled samples correspond to (A) reference
BiVO4 and optimized (B) BiVO4-Zr, (C) BiVO4-Fe, and (D) BiVO4-Zr-Fe samples, respectively.
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Figure SI6 shows the Mott–Schotky plots obtained in the
dark on BiVO4 and optimized BiVO4-Zr and BiVO4-Zr-Fe samples. The lower slope reported for the BiVO4-Zr samples is connected to an increase in the surface area as shown in Figure 2,
rather than to an increase in donor density. The material
roughness is further increased for the BiVO4-Zr-Fe sample,
which can explain the lowest slope in the Mott–Schottky plot
of Figure SI6, as a consequence of the Fe2O3 nanoparticle decoration and/or the ZrO2 morphological rearrangement on top
of BiVO4 photoanode under the second annealing.[24] The calculated flat band potentials (Vfb) and donor densities (ND) are
collected in Table SI2. No significant changes are obtained for
the electronic properties of BiVO4 upon Zr and Fe additions, as
reflected in the charge separation yield in Figure 5 a.
To benchmark the cooperative catalytic Zr–Fe-based layer
developed in the present study, we have compared the reported behavior with that obtained with a FeOOH catalyst. For this
purpose, we have deposited a FeOOH layer on top of our
BiVO4 photoanode, according to the optimum synthesis conditions described by Seabold and Choi in Ref. [7a]. Figure SI7
shows both the photoelectrochemical and optical properties
of both systems. Our BiVO4-Zr-Fe photoanode clearly outperforms BiVO4-FeOOH in terms of delivered photocurrent. Additionally, the absorbance of our catalytic layer is significantly
lower, which is particularly beneficial for application in tandem
architectures.
In summary, we have reported a facile method to enhance
the PEC water oxidation behavior of BiVO4 photoanodes by
controlled additions of Zr and Fe precursors on the electrodeposition bath. A remarkable five-fold increase of the photocurrent is reported for the optimized BiVO4-Zr-Fe photoanodes,
which can be explained by the cooperative catalytic role of
monoclinic ZrO2 and a-Fe2O3 nanoparticles distributed on the
surface of BiVO4. Although we show by XRD analysis that Zr
can also extrinsically dope BiVO4 replacing Bi atoms, the effect
on the intrinsic electronic properties of BiVO4 is not beneficial
for the optimum Zr addition. The findings of this study can
also be easily extrapolated to enhance the PEC performance of
different photoanode materials with low-cost catalytic materials like Fe2O3 and ZrO2, obtained by a simple, fully reproducible, and up-scalable synthesis.
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electrolytic synthesis deposition
method, which allows remarkably increased performance, indicates attractive implications for technological deployment.
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