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Cost-effective and efficient photoelectrochemical (PEC) water
splitting stands out as one of the most promising strategies to
address sustainable energy supply in the form of green H2.
Large-area photoelectrodes featuring precise chemical and
morphological control are key components for a practical solar-
to-hydrogen conversion. Herein, we report the continuous flow
synthesis of BiVO4 nanoparticles (NPs) by using a simple
microreactor configuration. The solution containing the as-
prepared NPs enables the deposition of BiVO4 photoanodes
with areas up to 52 cm2 through a simple and scalable chemical

bath deposition method. On the other hand, surface protection
by an ultrathin Al2O3 overlayer grown by atomic layer deposi-
tion (ALD) increases the performance of the 1 cm2 BiVO4

photoanodes ~30%, exhibiting a photocurrent density of
~2.0 mA·cm@2 at 1.23 V vs. the Reversible Hydrogen Electrode in
the presence of a sacrificial hole scavenger. The optimized
continuous flow synthesis provides an affordable methodology
for the fabrication of cost-effective, large-scale photoanodes,
which could potentially be applied for different photoelectro-
chemical reactions.

Introduction

The generation of green hydrogen by solar water splitting with
semiconductor photoelectrodes is considered one of the most
promising strategies to decarbonize transport and energy
sectors. Photoelectrochemical (PEC) water splitting consists of
the decomposition of water into molecular hydrogen (H2) and
oxygen (O2), typically using an n-type semiconductor (photo-
anode), which generates electron - hole pairs upon light
absorption. The photogenerated holes drive the oxidation of

water into O2 (which is a kinetically highly demanding process)
and the electrons are transported to the cathode through the
external circuit, where they reduce protons to H2. In this
process, both light absorption and electrochemical reaction
take place at the same electrode, allowing the use of earth-
abundant materials, due to the lower operating currents
compared to the readily available photovoltaic-driven
electrolysis.[1] Among the different light absorber materials,
metal oxides have attracted a great deal of interest as photo-
electrodes in a practical PEC device. Bismuth vanadate (BiVO4) is
one of the most attractive n-type semiconductor materials used
as photoanode for water oxidation due to its low cost, stability
in mild pH aqueous solutions and moderate band gap
(~2.4 eV).[2–4] This allows electron excitation by visible light,
which together with a suitable valence band-edge position for
water oxidation leads to a theoretical photocurrent density of
~7.5 mA·cm@2 at 1.23 V vs. RHE (Reversible Hydrogen Electrode)
under standard 1 sun illumination, and a solar-to-hydrogen
(STH) conversion efficiency close to 9.2%.[5–7] Unfortunately,
these theoretical values are far from those experimentally
obtained for large-area devices, where the photocurrent density
for water oxidation barely exceeds 1 mA·cm@2, leading to a STH
conversion efficiency of 2%.[8] This is significantly lower
compared to the required performance for industrial deploy-
ment (estimated as 10% STH).[9]

In this context, the synthesis of BiVO4 nanoparticles (NPs)
for photocatalytic and PEC applications has typically been
carried out using batch processing techniques, including co-
precipitation,[10,11] and solvothermal,[12] among many others.
These procedures are usually carried out at laboratory scale and
it is necessary to find efficient ways to up-scale chemical
synthesis to an industrial relevant scale, since the conditions

[a] Institute of Advanced Materials (INAM), Universitat Jaume I, Av. Vicente Sos
Baynat s/n., Castellón, Spain

[b] Catalan Institute of Nanoscience and Nanotechnology (ICN2) and BIST,
Campus UAB, Bellaterra, Barcelona, Spain

[c] Department of Physics and Astronomy “Ettore Majorana” and IMM-CNR,
University of Catania, Catania, Italy

[d] ICREA, Pg. Lluís Companys 23, Barcelona, Catalonia, Spain
[e] Centro de Física de Materiales (CFM-MPC), UPV/EHU - CSIC, San Sebastián,

Spain
[f] Department of Surface and Plasma Science, Faculty of Mathematics and

Physics, Charles University, Prague 8, Czech Republic
[g] Donostia International Physics Center DIPC, San Sebastián, Spain
[h] IKERBASQUE, Basque Foundation for Science, 48009, Bilbao, Spain

Correspondence: Ana Gutiérrez-Blanco, Víctor Sans and Sixto Giménez,
Institute of Advanced Materials (INAM), Universitat Jaume I, Av. Vicente Sos
Baynat s/n., 12006 Castellón, Spain.
Email: angutier@uji.es and sans@uji.es and sjulia@uji.es

Supporting Information for this article is available on the WWW under
https://doi.org/10.1002/cssc.202402583

© 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH. This is
an open access article under the terms of the Creative Commons Attribution
Non-Commercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used
for commercial purposes.

Wiley VCH Montag, 02.06.2025
2511 / 397314 [S. 230/240] 1

ChemSusChem 2025, 18, e202402583 (1 of 11) © 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH

ChemSusChem

www.chemsuschem.org

Research Article
doi.org/10.1002/cssc.202402583

http://orcid.org/0000-0003-1166-2950
http://orcid.org/0000-0002-8450-2563
http://orcid.org/0000-0002-4030-5816
http://orcid.org/0000-0002-7773-3929
http://orcid.org/0000-0002-6540-0377
http://orcid.org/0000-0002-0695-1726
http://orcid.org/0000-0002-8147-689X
http://orcid.org/0000-0003-1727-3542
http://orcid.org/0000-0002-4257-2651
http://orcid.org/0000-0003-1019-776X
http://orcid.org/0000-0002-8823-9029
http://orcid.org/0000-0001-7045-5244
https://doi.org/10.1002/cssc.202402583
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcssc.202402583&domain=pdf&date_stamp=2025-02-21


used in batch scale processes are not always compatible with
the industrial production systems in terms of solubility, pH, gas
generation, safety, amongst others.[13] In addition, the synthetic
methods providing the highest efficiency at the laboratory scale
may not be suitable for large scale fabrication, showing some
limitations to achieve the productivity values needed for up-
scaling.[14]

In contrast, continuous-flow processes exhibit significant
advantages in terms of productivity and fine control over the
reaction conditions, mixing and heat management, allowing to
improve the reproducibility and quality of the nanomaterials
synthesized in terms of size and particle size distribution.[15]

Indeed, the emergence of continuous flow technologies offers
an alternative strategy for preparing advanced materials in a
highly controlled, reproducible and scalable fashion.[16–21] Flow
chemistry allows the precise control over critical synthetic
parameters, such as reaction temperature, reaction time, flow
rates, amounts of precursor and surfactant agent, influencing
the synthesis of NPs, together with the correct manipulation of
the reaction process.[22] The preparation of large-area electrodes,
to be integrated in industrial solar hydrogen production
systems requires high production yields, and flow processes
feature clear advantages over the conventional batch methods.
In this regard, upscaling the production yield of BiVO4 NPs
enables the use of low-cost and scalable solution-based
deposition techniques, such as spray pyrolysis,[8] spin-coating,[23]

or chemical bath deposition (CBD)[24,25] on extended electrode
surfaces. This is a clear advantage for the preparation of large-
area electrodes, over methods like standard electrochemical
deposition, where upscaling requires addressing complex
phenomena like resistive losses and deposition homogeneity.[26]

Commonly, most of BiVO4 photoanodes reported still
exhibit a low PEC performance, due to excessive electron-hole
recombination, poor charge transport properties, and sluggish
water oxidation kinetics, together with limited stability depend-
ing on the electrolyte media.[27,28] Different strategies have been
developed to alleviate some of these limitations, such as
morphological control, extrinsic doping and the use of co-
catalysts.[29–31] An alternative route to improve the activity and
stability of the photoelectrodes is based on the growth of ultra-
thin protective layers on the semiconductor surface, inhibiting
the formation of surface-states that promote electron-hole
recombination within the space-charge layer.[32] CoOx,

[33]

ZnFe2O4,
[34] TiO2,

[35] have shown to protect BiVO4 from photo-
corrosion, whereas NiOx,

[36] and Al2O3,
[37] were also reported to

inhibit BiVO4 surface states, which act as recombination centers.
Among them, Al2O3 has been selected here, since in previous
studies our group demonstrated that deposition of subnano-
metric layers of this metal oxide by Atomic Layer Deposition
(ALD) can passivate the surface of the semiconductor
material,[38] and it has been shown to improve the activity and
stability of BiVO4 photoanodes for water oxidation.[39] Further-
more, subnanometric Al2O3 coatings also demonstrated to
reduce interfacial recombination in carbon nitride
photoanodes.[40]

In the present study, BiVO4 NPs were synthesized for the
first time through a continuous flow system. These NPs were

deposited on fluorine doped tin oxide (FTO) transparent
conductive substrates using a simple CBD method, compatible
with low-cost large-area fabrication. As a result, homogeneous
BiVO4 films with areas up to 52 cm2 were obtained. These films
were coated with an ultra-thin layer of Al2O3 (0.2 nm) by atomic
layer deposition (ALD) and the resulting photoanodes showed
promising performance in terms of activity and stability, open-
ing new avenues on the design and fabrication of large-scale
photoanodes for photoelectrochemical H2 generation.

Experimental Methods

Chemical and Materials. Bi(NO3)3 · 5H2O (Bismuth(III) nitrate
pentahydrate), V2O5 (Vanadium (V) oxide), NaOH (sodium
hydroxide), SDBS (Sodium dodecylbenzenesulfonate), HAc (gla-
cial acetic acid), KH2PO4 (Potassium dihydrogen phosphate),
K2HPO4 (Dipotassium hydrogen phosphate) and Al(CH3)3 (Trime-
thylaluminum) were all obtained from commercial suppliers. All
chemicals were used as received, without further purification.
Milli-Q water with a resistivity of 18.2 MΩ·cm at room temper-
ature was used throughout the experiments. Fluorine-doped tin
oxide (FTO) glass, 2.2 mm thick (TEC-15).

Synthesis of BiVO4. The continuous-flow system used for
the synthesis consisted of two liquid-phase HPLC pumps that
delivered controlled flow rates of the feedstock solutions,
namely Solution A (Aqueous Bi solution, 0.007 M) and Solution
B (Aqueous V solution, 0.005 M), followed by pre-heating coils
(1/16” SS Swagelok tubing, 60 cm, 0.30 mL) that were immersed
in the heating bath. Subsequently the solutions were mixed in a
1/16” SS Swagelok T-mixer. The coiled reactor (1/16” PTFE,
30 cm, 0.15 mL) was also immersed in the heating bath and
afterwards the product was collected in a round-bottomed flask
at room temperature. For the preparation of the precursor
solutions, 0.5 mmol (2 eq., 243 mg) of Bi(NO3)3 · 5H2O were
suspended in 50 mL of a 2.3 mM SDBS aqueous solution, 19 mL
of HAc glacial were added drop by drop and the solution was
stirred at 55 °C until obtain a clear solution (solution A).
Simultaneously, 0.255 mmol (1.02 eq., 47.3 mg) of V2O5 were
dissolved in 50 mL of NaOH 0.5 M (solution B) at room temper-
ature. Afterwards, both precursor solutions were pumped into
the corresponding steel tubes at a flow rate of 0.6 mL/min
(Solution A) and 0.4 mL/min (Solution B) and mixed using a “T”
type inlet connector before the reaction mixture arrives to the
common PTFE microreactor tube for the initiation of the
nucleation. The segments of PTFE or steel tubes were immersed
in a heating bath at 65 °C and prior to the final collection the
precursors were pumped through the reactor for 20 min to
achieve the steady state. After passing through the heating
bath, the colloidal solution was collected in a round bottom
flask. The length of the tube from the point of leaving the
heating bath to the collection point is 10 cm, to minimize
additional nucleation of the reaction solution after the solution
left the system. BiVO4 NPs were formed when the precursors
mixture solution flowed together through the common tube
(30 cm), and the time expended inside the reactor is regarded
as the residence time (9 s). The collected solution was
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centrifugated to remove the BiVO4 agglomerations (10.000 rpm
during 5 min) and the yellow colloidal suspension was
quenched at 0 °C during 1 h to avoid the undesired growing of
the NPs. The final solution was kept at 5 °C until it was used.

Preparation of BiVO4 films. Prior to deposition, the FTO
substrate was cleaned ultrasonically in a soap solution, Milli-Q
water and in a mixture of acetone/isopropanol (1 :3) during
15 min each one, and finally dried with compressed air.
Subsequently, the clean glass was treated 15 min in a UV-
cleaner ozone chamber to remove any organic species
deposited onto the FTO surface. The electrodes were deposited
by introducing the FTO into the corresponding volume of a
~4 mM colloidal solution of the BiVO4 nanoparticles during 4 h
at 30 °C. Then, the film was washed with Milli-Q water, dried at
30 °C during 6 h and annealed at 475 °C for 2 h in air (ramping
rate=2 °C·min@1). The annealing process allowed the removal of
the surfactant and the generation of the porosity in the
photoanodes.

ALD deposition of Al2O3 layers onto BiVO4 photoanodes.
Al2O3 layer was grown by atomic layer deposition (ALD) in a
commercial ALD vacuum chamber (AT-410, Anric Technologies).
Trimethylaluminum (Al(CH3)3) and DI water were used as
precursors (sources of Al and O, respectively) and maintained at
room temperature. The precursors were carried to the reaction
chamber preheated at 150 °C with a constant flow of 29 sccm
(standard cubic centimetres per minute) of N2. Every ALD cycle
consisted of 3 pulses of Al(CH3)3, 11 s of N2 purge, 2 pulses of
H2O and 13 s of N2 purge. Each cycle was calibrated to produce
an Al2O3 layer with a thickness of 0.91 Å. Two different thickness
were produced by depositing 2 layers (1.8 Å) and 20 layers
(18.2 Å) of Al2O3 according to instrument calibration.

3D printed cell fabrication. The cell for large area photo-
electrodes was produced by Fused Filament Deposition (FDM),
using an Ultimaker S5 3D printer equipped with polypropylene
filament from Ultimaker and the recommend settings from the
manufacturer. Cell consisted of a rectangular body with an
open side featuring a slot for the insertion of the quartz
window. The system was completed by sealing the window
with an adhesive and a 3D-printed top cover featuring holes for
the electrodes.

Structural, Morphological, Optical and Photoelectrochem-
ical Characterization of the BiVO4 nanoparticles and films. The
morphology and composition of the as-prepared BiVO4 nano-
particles were studied by High Resolution Transmission Electron
Microscopy (HR-TEM) using a LaB6 JEOL JEM 2100 plus
equipped with Aztec TEM Ultim Max Oxford EDS analyser
operating at 200 kV. Atomic resolution aberration corrected
(AC) HAADF and iDPC STEM images and the corresponding EDS
composition maps were obtained in a Spectra 300 Thermo
Fisher microscope equipped with Super-X EDX detectors. The
AC STEM was operated at 300 KeV. The crystalline structure of
the samples was determined by X-ray diffraction (XRD) analysis
using a Bruker-AXS X-ray diffractometer with a Cu Kα radiation
(λ=1.5418 Å) operating at a grazing incidence of 1 °, and at a
scan speed of 3 ° min@1 for 2θ angles from 15 to 70°.

The volume fraction of s-m phase can be roughly estimated
from the normalized ratio of relative intensities for the (1 2 1)
peak of s-m phase against the (2 0 0) peak of the t-z phase:[41]

Vs@m ¼
Is@m 121ð Þ

Is@m 121ð Þ þ Iz@t 200ð Þ
(1)

Where Vs-m denotes the percentage of s-m phase, Is-m(121) the
relative intensity of (1 2 1) peak for s-m and Iz-t(200) the relative
intensity of (2 0 0) peak for t-z phase.

The crystallite size was estimated from the Scherrer
equation as follows:

Dp ¼
kl

bcosq (2)

Where Dp is the crystalline size; l is the wavelength of the
X-ray radiation (l=0.15418 nm); k is a numerical factor referred
to as the crystallite-shape factor (usually taken as 0.9); β is the
line broadening at half the maximum intensity (FWHM) after
subtracting the instrumental line broadening and q is the Bragg
angle.

Thermogravimetric analysis (TGA) measurements on the as-
synthesized BiVO4 nanoparticles were performed on a NETZSCH
TG 209F1 LIBRA instrument using a ramping rate of 5 °C/min
from 30 to 500 °C, under air flow.

The morphology of the BiVO4 films were examined by field-
emission scanning electron microscopy (FE-SEM) with a JSM-
700 F JEOL FEG-SEM system (Tokyo, Japan) equipped with an
INCA 400 Oxford EDS analyzer (Oxford, UK) operating at 15 kV.
Prior to the FE-SEM measurements, the samples were sputtered
with a 2 nm thick layer of Pt. Raman spectra were measured
with a WITec Apyron confocal microscope using a 532 nm laser
with a 1 mW power, a grating of 1800 g/mm, a BLZ=500 nm
and an optical objective Zeiss EC Epiplan-Neofluar Dic 50x/0.55.
For the FTIR spectroscopy a Fourier FT/IR-6200 (Jasco) equipped
with an ATR Pro One device and an IRT-3000 microscope was
used.

XPS data has been acquired holding the sample at room
temperature and illuminating it with monochromatized Al K-α
light (hν=1486.6 eV) from a microfocus setup (SPECS Focus
600, approx. 500 μm spot size). The excited photoelectrons
were collected by a SPECS 150 hemispherical analyzer at
emission and incidence angles of 40° and 60°, respectively. The
overall experimental resolution was extracted from Fermi edge
analysis of a reference gold sample and resulted in 0.4 eV. The
samples were rinsed with MiliQ water after synthesis and
transferred to the XPS chamber under a N2 atmosphere. This
process removes residues from the synthesis and prevents the
adsorption of air-borne species that hinder the XPS
measurements.[42] The samples showed random charging under
X-ray illumination with energy shifts of 1–2 eV and time
intervals from 1 to 5 minutes. To account for this effect,
individual scans of several tenth/hundreds repetitions to the O
1s, V 2p, Bi 4 f, C 1s, Al 2 s and Al 2p regions were shifted to
reference values from the NIST database[43] for BiVO4, Al2O3, and
adventitious carbon. The corrected scans were then summed to
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produce the data shown in Figures 2c and d. All XPS data was
processed using KolXPD, Origin 2020 and Inkscape.

UV-visible absorption spectra of the colloidal solution were
recorded in absorbance mode with a Jasco V-780 Spectropho-
tometer. The optical response of the deposited BiVO4 photo-
anodes was recorded on a Lambda 1050+ spectrophotometer
(Perkin Elmer). For a semiconductor, the band edge absorption
follows the formula (hνα)m=A(hν @ Eg), where α, h, ν, Eg, and A
are absorption coefficient, Planck constant, light frequency,
optical bandgap, and the absorbance, and m is 1/2 or 2 for
indirect and direct allowed transition, respectively.[44] Since
BiVO4 is an indirect bandgap semiconductor m=1/2 is used for
the calculations in these samples.[2] The absorbance (A) was
estimated by Equation (3), where T is transmittance and R
corresponds to the diffuse reflectance and the absorptance
(Abs) was calculated by Equation (4). The indirect optical
bandgap Eg could be estimated by the Tauc plot using
Equation (5), from a plot (αhν)1/2 versus photon energy (hν): the
intercept of the tangent to the x-axis gives a good approx-
imation of Eg (Eg is the band gap, hν is the photon energy and
A is the estimated absorbance).

A ¼ @ log T þ Rð Þ (3)

Abs ¼ 1@ T @ R (4)

huað Þ1=2 ¼ Aðhu@ EgÞ (5)

Photoelectrochemical (PEC) experiments of the photoelectr-
odes were carried out at room temperature using a three-
electrode electrochemical cell, where each of the 5 cm2 BiVO4

photoanodes worked as working electrode with an illuminated
area of 0.2 cm2 defined by a mask, a Pt wire as counter
electrode and Ag/AgCl as reference electrode. The cell was
connected to a computer controlled Autolab potentiostat/
galvanostat (PGSTAT302) to perform PEC measurements. The
light source was a 300 W Xe lamp (Newport Oriel) with
simulated AM 1.5 G solar irradiation, adjusting the light
intensity to 100 mW·cm@2 using a Si photodiode sensor (Ophir
photonics). During the tests, the photoanodes were illuminated
from both the FTO substrate side (back illumination) and the
electrode/electrolyte side (front illumination), with the electrode
in contact with a 0.1 M potassium phosphate (KPi) buffer
aqueous solution (pH 7.0) and 0.1 M Na2SO3 serving as a hole
scavenger. In all measurements, the applied potential was
measured against the Ag/AgCl reference electrode and con-
verted into the reversible hydrogen electrode (RHE) by using
the Nernst equation:

ERHE ¼ E Ag
AgCl
þ EoAg

AgCl
þ 0:0591V � pH

ðEoAg=AgCl ¼ 0:1976V vs NHE at 25 �CÞ (6)

Linear sweep voltammetry (LSV) measurements were per-
formed with a scan rate of 10 mVs@1 in the dark and under
illumination and recorded between @0.4 to 1.0 V vs Ag/AgCl.
Three consecutive LSV scans were recorded for all tested

electrodes in each irradiation configuration, without observing
decay in the photocurrent. Stability tests were carried out
through chronoamperometric measurements, performed under
illumination at an applied potential of 1.23 V vs. RHE. The
Incident Photon to Current Efficiency (IPCE) measurements
were performed with an ozone-free 300 W Xe lamp, coupled
with a monochromator (Oriel Cornerstone 130 1/8 m) and an
optical power meter. The photocurrent was measured at 1.23 V
vs RHE, with 10 nm spectral step. IPCE was calculated through
the expression:

IPCE ¼ 1240� Iph Að Þ
l nmð Þ � P Wð Þ (7)

where Iph is the photocurrent density (A), λ is the incident light
wavelength (nm), and P is the power of the monochromatic
light (W) at the same wavelength.

Results and Discussion

A bespoke continuous-flow set-up was developed to carry out
the nanomaterial synthesis (Figure 1a and Figure S1). Different
designs and conditions were studied for the continuous-flow
synthesis, see the Supporting Information (Table S1 and Fig-
ure S2) for more detailed information. Under optimized con-
ditions, the heating bath was maintained at 65 °C and the
residence time was less than 10 s, thus indicating the fast
kinetics involved in the synthesis of the NPs.

The freshly prepared BiVO4 nanoparticles show a Gaussian
size distribution of (4�1) nm (Figure 1b) and spherical shape,
as determined by measuring 100 different nanoparticles from 2
different flow syntheses. These NPs are formed during the
mixing procedure at the loop. High Resolution Transmission
Electron Microscopy (HR-TEM) revealed the presence of two
different crystalline phases, monoclinic scheelite and tetragonal
zircon (Figures 1c, d and e). While the lattice fringes of d=2.5 Å
match with the (020) facet of monoclinic BiVO4 (Figure 1c),[45]

those with d=3.6 Å correspond to the (200) plane of the
tetragonal zircon structure (Figure 1e).[46] The microchemical
analysis of these BiVO4 nanoparticles was studied by energy
dispersive X-ray spectroscopy (EDS), showing an atomic ratio of
Bi : V=0.84 :1, in good agreement with the BiVO4 stoichiometry
(Figure S3c).

Next, the reproducibility of the synthetic method was
confirmed by UV-Vis spectroscopy. The optical absorption
spectra of all BiVO4 samples from seven different synthetic runs
were practically identical (within experimental error), validating
the good reproducibility of the developed method (Figure S4).

BiVO4 photoanodes were obtained by CBD deposition of the
as-synthesized NPs onto FTO substrates and subsequent air-
annealing, the optimized deposition conditions are described in
Supporting Information, S4. An ultra-thin 0.2 nm layer of Al2O3

was coated by ALD after annealing, see Experimental section.
The estimation of the thickness of the Al2O3 layer was based on
the calibration of the ALD equipment. This 0.2 nm thickness
was selected after an optimization study, showed as Supporting
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Information, Figure S11. The obtained photoanodes are termed
as FTO/BiVO4/Al2O3.

Before annealing, Scanning Electron Microscopy (SEM)
shows that the BiVO4 films feature a crosslinked pillared laminar
nanostructure, (~1.25 μm thick, Figure S6a, b). It is believed that
this nanostructure is developed through self-assembly of the
Sodium dodecylbenzenesulfonate (SDBS) molecules, which
remained in the colloidal suspension (and at the surface of the
BiVO4 nanoparticles).[47–49] Moreover, the high concentration of
SDBS can lead to laminar structuration through stacking
interactions of surfactant bilayers, arranging the observed
meso-organization. During the thermal treatment, removal of
the residual organic matter and the surfactant template is
expected, leading to an increased porosity and hence, increased
effective surface area.[50] After annealing, the BiVO4 films showed
a more compact morphology (Figure S6d) attributed to the
evaporation of solvents and partial melting of BiVO4, as
demonstrated by thermogravimetric analysis (TGA) (See Sup-
porting Information, Figure S7). However, the crosslinked nano-
structure was preserved (Figure 2a and Figure S6c) enhancing
the interconnection between the particles.

XRD measurements of the as-synthesized FTO/BiVO4 photo-
anodes (before annealing) showed the presence of both, the
tetragonal zircon (t-z) phase with space group I41/amd (JCPDS
card No: 14–0133) and the scheelite monoclinic (s-m) phase
with space group I2/b (JCPDS card No: 14–0688) (Figure S8),
consistently with the TEM characterization of the NPs (Figur-

es 1c, d and e), and some signals attributed to the tetragonal
SnO2 from the FTO substrate (JCPDS card No: 41–1445). The
relative volume fractions of both tetragonal and monoclinic
phases were 62% and 38%, respectively. After annealing, only
the monoclinic phase (which has been reported as the most
active phase for photo(electro)catalytic applications),[51,52] has
been identified, together with some signals from the FTO
substrate. An average crystallite size of 5.3 nm was estimated
through Scherrer equation, which is comparable with the
average particle size obtained from the colloidal suspension
(4 nm, Figure 1b). After the subsequent deposition of the Al2O3

coating by ALD, negligible changes were identified by both
XRD and SEM, suggesting that the subnanometric Al2O3 layer
did not alter the surface topography of the BiVO4 films.[53]

Raman, fast fourier transform infrared (FT-IR) spectroscopies
and optical measurements were carried out on FTO/BiVO4 films
before and after annealing. Raman spectroscopy confirmed the
crystal phases of the films (Figure S9a). Before annealing, the
spectrum revealed the t-z BiVO4 as the main crystalline phase,
with two intense bands appearing at 858 cm @1 and 765 cm @1

respectively, which are ascribed to the symmetric V@O (Ag) and
the antisymmetric V@O stretching mode (Bg). The band at
373 cm@1 is attributed to the O@V@O bending mode (Ag) and
the band at 255 cm@1 could be assigned to the Bi@O stretching
mode (Eg).

[54] After annealing, the observed Raman peaks
confirmed the s-m phase of BiVO4.

[55] Specifically, the peaks
observed at 826 and 710 cm @1 were assigned to the symmetric

Figure 1. (a) Schematic illustration of the microreactor set-up design used to synthesize the BiVO4 NPs. (b) Histogram and (c, d, e) HRTEM images of the BiVO4

NPs after the synthetic procedure.
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(Ag) and antisymmetric (Bg) V@O stretching modes, respectively.
These modes are related to the vanadium-oxygen bond lengths.
On the other hand, the peaks at 367 and 327 cm @1 could be
attributed to symmetric (Ag) and antisymmetric V@O bending
mode (Bg) of VO4 units, respectively. In addition, the peak at
210 cm@1 was related to external modes of rotation/translation
of V@O bonds.[54]

Complementarily, FT-IR vibrational spectra of the films
before and after annealing are shown in Figure S9b. A broad
and strong band centered at 720 cm@1 was systematically
observed for all films and was attributed to the stretching
modes of tetrahedral VO4

@3.[56] On the other hand, a band
centered at 1550 cm@1 was related to H2O molecules absorbed
onto the surface of the material,[57] and some fingerprints from
SDBS at ~1150 cm@1 (symmetric and asymmetric stretching

modes of sulfonic acid group[58]) were only detected before
annealing.

The optical absorption of the FTO/BiVO4 films before and
after annealing (Figure S10a) also evidenced the phase trans-
formation from the mixture of tetragonal and monoclinic
phases to only monoclinic. Before annealing, two absorption
edges at ~400 nm and ~500 nm were identified, in good
agreement with the absorption of both t-z and s-m BiVO4

respectively.[59,60] On the other hand, the annealed films only
showed the optical fingerprint for monoclinic BiVO4, at wave-
lengths below ~500 nm. The corresponding Tauc plot calcu-
lated to determine the indirect bandgap of the semiconductor
evidenced a 2.4 eV value after annealing (Figure S10b), in
excellent agreement with the monoclinic phase.[61]

More detailed structural/chemical information was obtained
by Scanning Transmission Electron Microscopy (STEM). The

Figure 2. (a) top view SEM image of the BiVO4 film coated with the ultrathin Al2O3 layer, (b) STEM-HAADF image, (c) and (d) detail of the BiVO4 NPs in STEM-
HAADF and STEM-iDPC, respectively, in grey scale and red-violet color palette in order to visualize all the fine details in the image. XPS spectra for (e) O1s, V
2p and (f) Al 2 s and 2p of BiVO4 without (black) and with Al2O3 coating (red).
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High-Angle Annular Dark-Field (HAADF-STEM) images of the
BiVO4 annealed film evidenced a high crystalline quality
(Figures 2c and S12), in good agreement with the results from
XRD (Figure S8). Here, the BiVO4 catalyst was imaged along its
[010] zone axis, as evidenced by the perfect atomic model
match onto the STEM-HAADF image (Figure 2c). In Figure 2d,
the corresponding integrated differential phase contrast image
(STEM-iDPC) is reported, highlighting the complex BiVO4

structure. In the latter, the image contrast varies as the atomic
number Z,[62] therefore both light and heavy atoms can be
imaged together (in this case Bi, V and O). The atomic positions
are correlated with the BiVO4 atomic model, evidencing the
excellent match. Since the identification of the 0.2 nm Al2O3

layer was not obvious from HRTEM, due to sample preparation
issues, a thicker layer was prepared for microscopic character-
ization. In Figures 2b and S12b, the presence of the 2 nm Al2O3

layer on top of BiVO4 is evident. The dark contrast of this layer is
ascribed to the atomic number of its constituting elements
(since in STEM-HAADF the image contrast depends on Z~2). In
order to evaluate the elemental distribution, STEM-EDS map-
ping has been performed, as reported in Figure S12, evidencing
that Bi, V and O are homogeneously distributed within the
crystal domains (grains) and the presence of a thin Al2O3 layer
onto the thin film grains surface. In the STEM-EDS maps the O
signal is present also in the FTO substrate, as expected.

The chemical composition of the catalyst surface was
studied by X-ray Photoemission Spectroscopy (XPS). Figures 2e
and f show the O 1s, V 2p, as well as Al 2 s and 2p core level
line-shapes of the bare BiVO4 (black) and the sample covered
with a 0.2 nm layer of Al oxide (red). Binding energies (BE) have
been fixed using reference values for Al2O3 (Al 2 s and 2p:
119.0 eV and 74.0 eV, respectively) and BiVO4 (Bi 4 f: 159.2 eV, O
1s: 530.0 eV). The V 2p energy is fixed to the O 1s BE to
counteract the effect of sample charging by the photoemitted
electrons (see the Experimental Method for the description of
BE assignments). In the bare BiVO4 sample, (Figure 2e, black
line), the O 1s component was observed at about 13 eV larger
binding energy with respect to the V 2p3/2 component, in
agreement with the reported +5 oxidation state for
vanadium.[63] In Figure 2f, only the features related to the Bi 5p
and V 3 s core levels were observed for bare BiVO4 (black). Al 2 s
and Al 2p components were evidenced after coating the sample
with a 0.2 nm layer of Al oxide, (Figure 2e, red line). The O 1s
line-shape of the 0.2 nm film, (Figure 2f, red line), reveals two
additional contributions at binding energies of 532.4 and
530.7 eV. We tentatively attributed the component at 532.4 eV
to a superficial Al hydroxyl phase, common of amorphous ALD-
grown Al2O3 films.[64]

The PEC behavior of the FTO/BiVO4/Al2O3 photoanodes after
annealing was assessed under simulated solar light (AM 1.5 G,
100 mW·cm@2) at pH 7 in aqueous potassium phosphate (0.1 M)
buffer, in the presence of a sacrificial hole scavenger (0.1 M
Na2SO3). All measurements were performed by illuminating the
sample from the transparent FTO substrate (back-side illumina-
tion), since consistently with previous studies,[65] back-side
illumination led to significantly higher photocurrents due to
electron limited transport in BiVO4.

[66,67] It was observed that the

0.2 nm Al2O3 overlayer significantly improved the activity of the
annealed photoelectrodes, as reflected by the photocurrent
increase of ~30% at an applied potential of 1.23 V vs. RHE
(Figure 3a), with an excellent reproducibility, confirmed by a
statistical error below 10% (Figure S13). Furthermore, the
charge transfer and charge separation efficiencies were calcu-
lated from water and sulfite oxidation measurements. The
results are compiled as Supporting Information, Figure S14,
showing that the presence of the Al2O3 layer improves both
charge separation and charge transfer processes. These findings
match with the results published by Kafizas et al.[39] They have
investigated the effect of ultra-thin Al2O3 layer deposited onto
BiVO4 with an optimum thickness of ~0.33 nm (similar to our
optimal thickness of ~0.2 nm), displaying a remarkable photo-
current increase from ~0.4 mA/cm2 (uncoated BiVO4) to
~1.1 mA/cm2 (BiVO4/Al2O3), due to the inhibition of surface
recombination in BiVO4. This inhibition was attributed to: (i) the
passivation of surface states, (ii) the enhancement of the
dielectric screening of charge carriers at the surface and (iii) a
favorable increase in the space-charge layer width. In this case,
they attributed their results to faster water oxidation kinetics
because the Al2O3 layer is sufficiently thin to permit tunnelling
the hole carriers formed in the BiVO4 layer to oxidize water.

The photocurrents at 1.23 V vs. RHE, obtained from
integration of the IPCE with the solar spectrum are consistent
with those obtained from the linear sweep voltammetries (LSV)
(1.43 mA·cm@2 and 1.81 mA·cm@2 for uncoated and Al2O3-coated
BiVO4 samples, respectively, Figure 3b), validating the clear
functional enhancement produced by the Al2O3 layer. These
electrodes deliver promising photocurrent densities compared
to other reported results with particulate BiVO4 photoelectrodes
(0.55 mA·cm@2 at 1.23 V vs. RHE in 0.5 M Na2SO4 electrolyte).[25]

Additionally, stability was significantly improved with the Al2O3

layer, as evidenced by the reduced photocurrent decay over a
three hours chronoamperometric experiment, see Figure 3c.
Complementary assessment of the enhanced stability was
confirmed by consecutive linear sweep voltammograms for
2 hours, showing negligible performance loss, see Supporting
Information, Figure S15. In order to maximize the functional
performance and stability of the films, further optimization of
the BiVO4 and Al2O3 layer thicknesses is needed, which is
beyond the scope of the present study.

In order to validate the developed synthetic method for
large area photoelectrodes, different photoanode sizes were
prepared: 1, 6.25 and 52 cm2 (Figure 4a). Photoelectrochemical
tests on the 52 cm2 photoanode were carried out in a custom-
designed 3D-printed PEC cell (Figure 4b) under static condi-
tions, as a proof of concept. A photocurrent of 0.5 mA·cm2 at
1.23 V vs. RHE under AM1.5 G illumination was obtained for
sulfite oxidation (Figure 4c, red line), a value comparable with
the state-of-the-art for BiVO4 photoanodes with areas >1 cm2

(Table 1) reported in the literature. As an example, Abdi and co-
workers reported a photocurrent density of 1 mA·cm2 for a
50 cm2 W-doped BiVO4 photoanode for sulfite oxidation.[8]

Although the obtained performance of our large area
photoelectrodes is promising for further technoeconomic
evaluation, there is a large room for improvement to minimize
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the losses inherent to the upscaling process. The ohmic losses
at the FTO substrate and mass-transport limitations related to
the inhomogeneous distribution of ionic species (proton/
hydroxyl ions) at the photoelectrode surface have been
reported as the main reasons for the poor performance of large
area photoelectrodes. To overcome these scaling-related losses,
enhancing the substrate conductivity by Nickel lines (mimicking
the same approach used for photovoltaic modules) and acting
on the fluid dynamics of the system by the use of flow cells, are
promising research avenues.[68] Moreover, device design (dis-
tance between electrodes, cell geometry, etc…) is also highly

important to mitigate these losses,[69,70] and implementation of
more advanced optimization strategies is needed for achieving
competitive performances (>6 mA·cm@2).

Conclusions

In summary, a novel continuous-flow synthesis of monodis-
persed BiVO4 nanoparticles (4 nm particle size, showing mono-
clinic and tetragonal crystalline structure) is reported. These
BiVO4 NPs were homogeneously deposited through chemical

Figure 3. a) LSVs under chopped illumination conditions, scan rate, 10 mV*s@1, simulated solar light (AM 1.5 G, 100 mW*cm-2), back illumination. b) IPCE
measurements and integrated photocurrent at 1.23 V vs. RHE, c) Chronoamperometries at 1.23 V vs. RHE. All measurements were carried out in 0.1 M
potassium phosphate buffer (pH 7), containing 0.1 M Na2SO3 as hole scavenger.

Table 1. Summary of reported solar water splitting devices based on BiVO4 photoanodes for areas >1 cm2.

Photoanode Electrolyte Fabricated area/
Active area (cm2)

Current density
(mA·cm@2)

Ref.

WO3/BiVO4-CoPi Na2SO3 in PBS 25/not specified 0.3 [71]

BiVO4/FTO/PVK/Ag Na2SO4 in KPi 25/3.11 4.27 [72]

BiVO4 Na2SO3 in KBi 25/25 1.2 [73]

H, W:BiVO4 or W:BiVO4/CoPi (dual) Na2SO3 in KPi 50/50 1.1 [8]

BiVO4 KBi 3.9/ Not specify 1.6 [74]

2.3/ Not specify 2

1.3/ Not specify 2.1

Patterened FTO/BiVO4 Na2SO3 in KPi 5/Not specify 2.5 [75]

BiVO4 Na2SO3 in KPi 52/43 0.5 This work
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bath deposition as ~1 μm BiVO4 thin films with monoclinic
structure onto transparent conductive substrates to sizes up to
52 cm2. A 0.2 nm thin Al2O3 coating was deposited through
atomic layer deposition, enhancing both the activity and
stability of the developed photoanodes. As a proof-of-concept,
large-area photoelectrodes (52 cm2) were tested in a custom-
designed cell in static conditions, providing photocurrents
comparable to the state-of-the-art (17 mA or 0.5 mA·cm@2).
These results constitute a significant step towards the techno-
logical application of BiVO4 photoanodes for solar-driven
catalytic processes, opening promising perspectives in the fields
of solar synthesis, photocatalysis, and photoelectrochemistry.
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