
 1 

Laser-Reduced BiVO4 for Enhanced 

Photoelectrochemical Water Splitting 

Mariam Barawi,a Miguel Gomez‐Mendoza,a Freddy E. Oropeza,a Giulio Gorni,b Ignacio J 

Villar-Garcia,c Sixto Giménez,d Victor A. de la Peña O'Shea a* and Miguel García-Tecedor a* 

aPhotoactivated Processes Unit, IMDEA Energy, Avda. Ramón de la Sagra, 3, Móstoles, 28935, 

Spain. 

bCLÆSS Beamline, ALBA Synchrotron, Carrer de la Llum 2-26, Cerdanyola del Valles, 08290, 

Spain. 

cNAPP Endstation, CIRCE Beamline, ALBA Synchrotron, Carrer de la Llum 2-26, Cerdanyola 

del Valles, 08290, Spain. 

dInstitute of Advanced Materials (INAM), Universitat Jaume I, Avda. Vicente Sos Baynat, s/n, 

Castelló, 12006, Spain. 

Email: victor.delapenya@imdea.org , miguel.tecedor@imdea.org 

KEYWORDS. Photoelectrochemistry, BiVO4, Solar Fuels, Surface Chemistry, Electrochemical 

Impedance Spectroscopy, Transient Absorption Spectroscopy. 

 

 

mailto:victor.delapenya@imdea.org
mailto:miguel.tecedor@imdea.org


 2 

Abstract  

The present study proposes a laser irradiation method to superficially reduce BiVO4 

photoelectrodes that boosts their water oxidation reaction performance. The origin of this enhanced 

performance towards Oxygen Evolution Reaction (OER) was studied by a combination of a suite 

of structural, chemical, and mechanistic advanced characterization techniques including XPS, 

XAS, EIS and TAS, among others. We found that the reduction of the material is localized at the 

surface of the sample and that this effect creates an effective n-type doping and a shift to more 

favorable energy band positions towards water oxidation. This thermodynamic effect, together 

with the change in sample morphology to larger and denser domains, result in an extended lifetime 

of the photogenerated carriers and an improved charge extraction. In addition, the stability in water 

of the reduced sample was also confirmed.  All these effects, result on a two-fold increase in the 

photocurrent density of the laser treated samples. 

Introduction 

BiVO4 is one of the most attractive candidates for photoelectrochemical (PEC) water splitting due 

to its suitable optoelectronic properties as its bandgap (2.4 eV) and its energy band edge 

positions.1,2 However, it also suffers from poor carrier transport and surface recombination.3,4,5 In 

order to overcome these limitations, a great effort has been made to enhance the performance of 

BiVO4 photoanodes through different approaches such as nanostructuring,6 heterostructuring with 

other metal oxides,7 the deposition of co-catalysts8 and the employment of post-synthetic 

treatments.9 
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Among the different reported post-synthetic treatments, several studies were focused on 

different light exposures enhancing the performance of BiVO4. An improvement in the 

photocurrent onset was reported on BiVO4 photoanodes after long UV exposure due to a decrease 

in the number of defect states at the surface, mainly dangling oxygen centers.10 Photocharging 

effect after illumination of BiVO4 photoanodes at open circuit conditions (OCP), was also 

reported, finding that this beneficial effect was the result of the formation of a capacitive layer 

which reduces surface recombination.8 Very recently, Mas-Marzá et al. have shown that the 

segregation of Bi species to the surface, with the concomitant formation of intrabandgap states 

associated to oxygen vacancies after light-aging treatments, lead to an enhanced photocurrent in 

BiVO4 photoanodes for the oxidation of benzyl alcohol.11 After the majority of light-exposure 

treatments in BiVO4 photoanodes, the generation of oxygen vacancies was detected. Interestingly, 

and following the highly-reported black-TiO2
12,13,14 there is an ongoing debate about the role of 

these defects in the final performance of metal oxide photoelectrodes.15,16,17 On this direction, 

several works reported oxygen-vacancies-rich BiVO4 photoanodes based on different post-

synthetic methods. The hydrogeneration of BiVO4 films were reported to generate oxygen 

vacancies and hydrogen impurities increasing the donor density.18 Wang and co-workers reported 

a consecutive-calcination method to enhance the performance of BiVO4 photoanodes by the 

generation of oxygen vacancies which act as shallow donors.19 A sulfur oxidation strategy was 

also reported by this group to in situ form oxygen vacancies in BiVO4, boosting the charge 

separation efficiency over 98%.20 Black-BiVO4 was reported by reducing BiVO4 under hydrogen 

plasma treatment, leading to a bandgap reduction of approx. 0.3 eV and improved transport and 

charge separation.21 However, recent studies in BiVO4 demonstrate that bulk oxygen vacancies act 

as deep hole traps unable to participate in water oxidation, while surface oxygen vacancies boosted 
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water oxidation on BiVO4 due to the creation of surface states close to the conduction band which 

accelerate charge transport and charge extraction.22,23,24 Additionally, surface oxygen vacancies 

were also recently reported to enhance surface reactivity in BiVO4 photoanodes.25 

Time-resolved spectroscopies, as Transient Absorption spectroscopy and Electrochemical 

Impedance spectroscopy (EIS), have emerged as powerful tools for the analysis of the different 

physical processes, as charge generation, extraction and recombination, taking place in 

semiconducting photoelectrodes at different time scales.26,27,28,29,30,31  

With these premises, a laser pulse was employed in the present study to selectively reduce the 

surface of BiVO4, leading to an enhanced photoelectrocatalytic behavior towards the Oxygen 

Evolution Reaction (OER). The reduced material was analyzed through a wide range of advanced 

materials characterization techniques, through a deep structural and physico-chemical study of 

surface and volume. Additionally, a combination of EIS and TAS was employed to study the 

charge dynamics to unveil the origin of the enhanced behavior towards water oxidation.  

Results and discussion  

To fabricate the reduced Zr doped BiVO4, the electrodeposited pristine samples on FTO 

(fluorine doped tin oxide, F: SnO2) substrates, described in supporting Information, were irradiated 

with different 355 nm laser pulse energies (1, 10, 20 and 30 mJ) during 30 s of exposure (Figure 

1a). On the other hand, Figure 1b shows the photocurrent density at 1.8 V vs RHE as a function 

of the laser output energy. The plot exhibits a volcano-shape profile with a maximum at 10 mJ 

output energy (see also cyclic voltammetries, CV, Figure S1, Supporting Information).  



 5 

 

Figure 1. (a) Scheme of the laser-based reduction process on BiVO4 photoanodes. (b) Volcano 

plot showing the measured photocurrent at 1.8 V vs RHE versus laser energies in 0.1 M potassium 

phosphate (KPi) buffer solution of pH 7.5 as electrolyte. (c) Linear sweep voltammetry (LSV) 

under 1 Sun (100 mW cm-2) chopped illumination on the analyzed samples. (d) IPCE spectra 

acquired at 1.23 V vs RHE and the correspondent estimated photocurrent densities. 

As it will analyzed in depth along this study, the laser irradiation induces a reduction at the 

surface of the pristine BiVO4 with its concomitant creation of oxygen vacancies. This process leads 

to an enhanced photoelectrocatalytic behavior which improves up to 10 mJ. However, an 
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additional increase in the laser energy leads to a sample degradation doe to material loss, 

decreasing the PEC performance. Therefore, from now on, this study will be focused on the 

comparison between pristine and reduced BiVO4 with the optimized laser treatment conditions (10 

mJ for 30s). Figure 1c shows the j-V response of the two analyzed samples, where the reduced 

sample exhibits a two-fold increase in the photocurrent density in comparison with the pristine 

sample (from 0.29 mA cm-2 in the pristine sample to 0.6 mA cm-2 in the reduce one, at 1.23 V vs 

RHE). Both analyzed photoelectrodes show a higher photocurrent when back-illuminated, Figure 

S2 Supporting Information, due to the lower diffusion length of the photogenerated electrons 

which have to hop between VO4 tetrahedra, as it has been reported for BiVO4.
32 Figure S3a shows 

the linear sweep voltammograms (LSV) of the analysed samples under aqueous electrolyte and 

under the presence of a hole scavenger (Na2SO3). At large anodic bias (V > 1.4 V vs RHE), the 

reduced BiVO4 shows around 10% higher catalytic efficiency than the pristine BiVO4, while the 

calculated charge separation efficiency was higher in the reduced sample along the whole potential 

window, demonstrating the validity of this post-synthetic treatment for enhancing the PEC 

performance of BiVO4. In addition, the stability of the laser-reduced and the pristine BiVO4 was 

proved along 4 hours of operation, as shown in Figure S4. As it can be observed, the photocurrent 

of the reduced sample decreased faster (in two hours it suffers from a 50% loss) than the pristine 

one, even it shows a stable behavior over the first hour of operation. Furthermore, after 3 hours, 

the photocurrent of the reduced sample achieves the value of the pristine one, indicating the 

reoxidation of the laser-reduced sample under this operation conditions (anodic potential and 

aqueous media). Besides, Figure S5 shows the theoretical and experimental oxygen generation as 

well as the calculated Faradaic Efficiency (FE). FE values close to 100% were obtained on the 
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laser-reduced BiVO4 photoanode, proving the ability of this material to generate oxygen. The 

scattering on the calculated values are related to flux variations during sampling process. 

The spectral response of the photoanodes was determined by Incident Photon to Current 

Efficiency (IPCE) measurements (Figure 1d). Pristine BiVO4 exhibits a photocurrent onset around 

525 nm, in good agreement with previous studies,33 indicating that wavelengths above 550 nm are 

not contributing to photogeneration of carriers. A slight shift of the photocurrent onset to higher 

wavelengths can be observed for the reduced sample with a clear increase in the IPCE (%) for λ < 

550 nm, showing an improvement in the optical properties after the laser treatment. The estimated 

photocurrents from the IPCE measurements are 0.56 mA·cm-2 and 0.77 mA·cm-2 for the pristine 

and reduced BiVO4, respectively, while those obtained from the LSV are 0.38 mA·cm-2 and 0.72 

mA·cm-2, respectively. Additionally, the bandgap for both samples was extracted from the Tauc 

plot (Figure S6, Supporting Information), giving similar values of 2.43 eV and 2.45 eV for the 

reduced and pristine samples, respectively.  

To unravel the origin of the enhanced behavior of the reduced samples, a combination of several 

material characterization techniques was employed along this study. Regarding the morphology, 

Figures 2a and 2b show the SEM images of pristine and reduced sample, respectively. The pristine 

sample shows a granular surface with spherical grains sizing around 200 nm, while the reduced 

sample shows an interconnected dendritically planar surface with domains in the orders of microns 

(see also Figure S7, Supporting Information). The combination of a dense surface and larger 

domains could benefit the lifetime of the photogenerated holes, as previously reported for BiVO4.
34 

On the other hand, the cross-section images from secondary and back-scattered electrons (Figure 

S8, Supporting Information) depict the three components of the studied photoanodes (glass, FTO 

contact and BiVO4 active layer) which can be clearly distinguished. The thickness of the FTO 
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layer is 300 nm while the BiVO4 layers shows a thickness close to 500 nm. The increase in the 

grain size due to the laser treatment can be also observed.  

Energy Dispersive X-Ray Spectroscopy (EDX) measurements (Figure S9 and S10, Supporting 

Information) confirm the presence, in stoichiometric proportion (Table S1, Supporting 

Information), of the expected elements from the active layer (Bi, V, O), the substrate (Si and Sn), 

as well as adventitious carbon, (C). No other elements were detected by this technique. The 

crystalline structure of the analyzed thin films samples was confirmed by X-Ray Diffraction 

(XRD), as shown in Figure 2c. All the indexed peaks for both samples correspond to the active 

monoclinic phase of BiVO4 (Figure S11, Supporting Information), apart from the peaks at 26.5, 

33.7 and 37.7º corresponding to the FTO substrates. In both cases, the presence of other 

compounds or phase segregations can be ruled out. Pawley analysis, shows an expansion in lattice 

parameters in the reduced sample (a=5,260782 Å, b=5,199361 Å and c=11,680757 Å), attributed 

to the presence of oxygen vacancies, compare with the pristine ones (a= 5,220597 Å, b= 5,118929 

Å and c= 11,669325 Å). 



 9 

 

1 µm 1 µm

(a) (b)

(e) Pristine (f)

1 µm

(g)

1 µm

(d)(c)

Reduced



 10 

Figure 2. SEM images of the (a) pristine and (b) reduced sample. (c) XRD patterns of the 

analyzed samples. (d) Raman spectra of the analyzed samples.  (e) (001) Surface of monoclinic 

BiVO4 simulated with VESTA software (Bi in yellow, V in blue and O in red). AFM images of the 

(f) pristine and (g) reduced surface.  

Additionally, the characteristic Raman vibrational modes associated with monoclinic BiVO4 

were clearly observed in the pristine sample, with peaks located at 215, 328, 368, 711 and 826 cm-

1 (Figure 2d).35,36 However, in the reduced sample, the detected peaks broadened and merged, and 

a red-shift was observed in all of them, as detailed in Figure S12, Supporting Information. This 

broadening has been associated with the formation of surface defects as oxygen vacancies,18,37 

while the red-shift could be attributed to the lattice expansion induced by the elongation of the V-

O bonds as a consequence of the oxygen removal and the bigger ionic radii of V4+ compare with 

V5+,38 in good agreement with XRD measurements. Figure 2e shows a representation of the (001) 

surface, which has been reported to be the most active for water oxidation, of monoclinic BiVO4, 

while the inset shows the surface including some oxygen vacancies after the laser treatment.  The 

morphology of the surface was also analyzed by Atomic Force Microscopy (Figures 2f and 2g), 

where a saw-like relief formed by smaller grains can be observed in the pristine sample, while a 

less pronounced relief formed by more extended grains can be observed in the reduced sample, in 

good agreement with the SEM results. This is also confirmed by AFM 3D images (Figure S13, 

Supporting Information) where the surface relief is detailed. 

Aiming to characterize the chemical state and the surface chemistry of the analyzed samples, 

both X-Ray Absorption (XAS) and X-Ray Photoelectron (XPS) spectroscopies were used. Figure 

3 displays the ultrahigh-vacuum Al Kα photoemission spectrum in the V 2p-O 1s, Bi 4f and 

valence band regions of the BiVO4 thin films, before and after the laser irradiation treatment. The 
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spectrum of the as-prepared sample features intense peaks in the Bi 4f and V 2p regions with 

maxima at 158.7 and 516.5 eV, values which are well within the expected binding energy range 

for Bi(III) and V(V) cations, respectively.39,40 The laser treatment brings about two significant 

changes to the spectrum: (i) a low binding energy component in V 2p region emerges, and (ii) a 

shift of the whole spectrum (core lines and VB) towards higher binding energy by about 0.38 eV, 

which can be clearly seen in the Bi 4f and VB regions. This indicates that a significant 

photoreduction process occurs in BiVO4 upon laser irradiation. We can also observe that such 

reduction occurs selectively on V cations since the profile of the Bi 4f peak remains unchanged. 

Also, the contribution associated to reduced V species is about 1.2 eV below the main V 2p peak, 

at around 517 eV, which can be assigned to V(IV) cations.41 Additionally, the surface reduction 

after the laser treatment was observed in the decrease in the ratio between lattice oxygen and 

vanadium extracted from the XPS analysis, as shown in Figure 3b and 3e. Reduced V species 

introduce electronic states above the VB, well within the band gap of BiVO4, as clearly observed 

as a shoulder above the VB region of the photoelectron emission spectrum of the laser-treated 

sample (Figure 3f). These in-gap states can act as e- density donor states, leading to an effective 

n-type doping of the system that pins the Fermi level to the conduction band.42 Since all spectra 

are referenced to the Fermi level, this results in the observed shift of the spectrum of the laser-

treated sample to higher BE. This shift represents a thermodynamically more favorable position of 

the energy bands to the water oxidation potential and hence an increased driving force towards this 

reaction.  

Additionally, we evaluated the stability of V(IV) species under relevant H2O environment by 

following the evolution of the photoelectron spectrum in the V 2p-O 1s region of the laser-treated 

sample, as the sample was exposed to increase pressures of H2O vapour from Ultra High Vacuum 
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(UHV) to 1 mbar (Figure S14, Supporting Information) in a near-ambient pressure (NAP) XPS 

experiment.43 Besides the increasing contribution of absorbed water species in the O 1s region 

around 535 eV, no significant changes were observed in the V 2p region. This observation suggests 

that generated V(IV) states and the associated electronic modulations are likely to be stable in the 

photoelectrodes during the PEC reaction. 

 

Figure 3. XPS measurements corresponding to the Bi 4f edge, V 2p-O 1s and valence band, 

acquired on the pristine (a, b and c) and reduced (d, e and f) BiVO4 samples, respectively. 

Once the surface reduction was confirmed by means of XPS, synchrotron-XAS measurements 

were performed to analyze if the reduction penetrates deeper in the bulk of the BiVO4 films. Figure 

4a shows the X-ray absorption near edge structure (XANES) of thin film samples and references. 

For comparison, a BiVO4 film was calcinated under highly reducing H2 atmosphere during 2h at 
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sample show practically identical spectral features. The samples show an intense pre-edge peak at 

5469 eV that is associated to 1s-3d transitions. p-d transitions are electric-dipole forbidden but 

become allowed when there is a certain p-d orbital mixing, as it happens for tetrahedral 

coordination.44 Spectral resonances at 5483 and 5502 eV are also in agreement with those reported 

by other authors for BiVO4.
8 The edge position, around 5480 eV is similar to that of V2O5, 

indicating the presence of V5+ ions in the reduce film and the absence of detectable reduced 

vanadium species. Instead, there are remarkable spectral changes after exposure to H2. The 

spectrum shifts towards lower energy and the edge is around 5477 eV. Two new resonances appear 

at around 5488 and 5500 eV, similar to V2O3.
45 The pre-edge peak decreases in intensity and this 

is a further confirmation of the reduction process occurred in the bulk of the sample. Moreover, a 

different local symmetry was obtained for the pristine and laser irradiated samples compared to 

the H2-reduced film, as confirmed by the analysis of extended X-ray absorption fine structure 

(EXAFS).  

The analysis of EXAFS spectra was performed in order to obtain more information about the 

local structure around vanadium ions before and after laser heating as well as after exposure to H2. 

 



 14 

 

Figure 4. (a) Normalized XANES spectra at V K-edge of samples and V2O5 reference. (b) 

Fourier-transform moduli of the V K-edge EXAFS of data (sphere) and fit (black line) in the phase-

shift-uncorrected scale. 

The signal was analyzed in the k-range 3-11 Å and the fit performed using multiple k-weights, 

see Figure 4b. BiVO4 can crystallize in orthorhombic, tetragonal and monoclinic phase, the 

monoclinic one being the only thermodynamically stable phase.46,8 This structure has V5+ ions in 

tetrahedral coordination with O ions. For the pristine and laser reduced films the V-O coordination 

number was fixed to four and the average bond distance is 1.74 Å, in agreement with the average 

bond distance obtained from crystallographic data of the monoclinic structure,46 see Table S2, 

Supporting Information. No relevant differences are observed in the EXAFS spectra of the samples 

after laser treatment, confirming the XANES results and the absence of bulk effects introduced 

upon laser irradiation. On the other side, for the film exposed to H2, the coordination number of 

V-O shell was consistent with an octahedral geometry. Moreover, the reduction of vanadium was 

also confirmed by the relevant increase of the V-O bond distance to 2.01 Å, similar to the value 

reported for V2O3 species.47 These results confirm the similarity of XAS and EXAFS spectra upon 
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laser irradiation, indicating that the changes occur only on the surface, as shown in the XPS results. 

In fact, XAS is an element selective technique sensitive to the average bulk properties and 

superficial changes are averaged out. Instead, only relevant changes are produced when the film 

were exposed to H2 where the reduction process affects the whole bulk structure.  

To investigate the role of the reduced species in the photoelectrochemical mechanism, 

Electrochemical Impedance Spectroscopy (EIS) and Transient Absorption Spectroscopy (TAS) 

were carried out. EIS measurements were performed in the dark and under illumination for the 

whole analyzed electrochemical window. Nyquist plots (Figure S15, Supporting Information) of 

the analyzed samples showed two arcs, and a consistent equivalent circuit previously employed 

for porous BiVO4 photoanodes was employed for fitting the data.48,49  

More specifically, due to the porous nature of the fabricated samples herein (by electrodeposition 

we achieve porous films, in contrast to other reported dense films of BiVO4 deposited by spin-

coated, for example)50 we consider that the FTO substrate (CFTO) is in contact with the electrolyte. 

The equivalent circuit (inset Figure 5b) also accounts for the charge transport (Rt) and charge 

transfer to the solution (Rct), which are distributed and coupled along the electrode thickness, while 

Rs is the series resistance accounting for the contact and wiring.51 The series resistance is within 

the 10-30 Ω cm2 range for all the analyzed samples (Figure S16a, Supporting Information). 

However, the laser treatment induces a decrease in the charge transfer resistance (Rct), Figure 5a, 

both in the dark and under illumination. Additionally, both the pristine and the reduced sample 

show a decrease in the Rct with the anodic applied potential and with the illumination, as expected 

from an increase in the charge extraction due to a higher band bending. On the other hand, the 

extracted capacitances (Figure 5b) show the already reported feature with the applied potential 

for BiVO4 photoanodes showing a peak at around 0.8 V vs RHE associated with V4+/V5+ redox 
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transformation.8,52 More interestingly, the reduced sample showed a clear decrease in the 

capacitance due an enhanced extraction as a consequence of a lower accumulation of carriers at 

the BiVO4/electrolyte interface, especially at larger anodic bias, as well as a sharper peak at 0.8V 

vs RHE (Figure S16b, Supporting Information) which can be directly related with a higher amount 

of reduced V4+ states previous to the photoelectrochemistry, in good agreement with XPS 

measurements. The flatband position of the analyzed samples was extracted from Mott-Schottky 

analysis (Figure S17, Supporting Information), giving values of 0.05 and 0.1 V vs RHE for the 

pristine and reduced samples, respectively. These measurements, together with the Tauc analysis 

and the XPS measurements, allow the estimation of the band-energy positions (Figure S18, 

Supporting Information). A more favorable position of the valence band maximum (VBM) 

towards the water oxidation potential was confirmed for the reduced sample. The extracted 

capacitance from the FTO/electrolyte interface (Figure S19) shows a flat behavior with the applied 

potential, showing a constant value typical of a double layer capacitance, in good agreement with 

previous studies.53 
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Figure 5. Extracted (a) charge transfer resistance, Rct, and (b) capacitance, C, from the fitting of 

the EIS measurements. Inset showing the employed equivalent circuit superimposed on a cross-

section SEM image accounting for the analyzed interfaces. 

To further understand the role of the reduced BiVO4 species and its implication on the charge 

dynamics, photoluminescence (PL) and transient absorption spectroscopy (TAS) experiments 

were performed.54,55 Photoluminescence of pristine BiVO4 resulted in an intense band centered at 

430 nm exhibiting a bi-exponential lifetime (F) of 11.2 and 69 ns (Figure 6a and inset). On the 

other hand, the radiative signal detected by PL has a maximum around 440 nm, which correspond 

to an energy of 2.8 eV. However, the bandgap of BiVO4 is 2.4 eV, meaning that the observed 

optical signal corresponds to an above-edge emission (ABE). This phenomenon could be explained 

by the Moss-Burstein effect, consisting in the increasement of the apparent bandgap of a 

semiconductor as a result of some populated states close to the conduction band. This effect has 

been already reported in BiVO4 due to the generation of electrons due to the presence of oxygen 

vacancies.56,24 Additionally, the increase of laser pulses over the sample, lead to a decrease in the 

fluorescence emission of BiVO4 as a consequence of the progressive reduction of the material 

(Figure 6b). This behavior was already observed on black TiO2 mesocrystals containing oxygen 

vacancies, since the presence of these defects decrease the radiative recombination between free 

electrons and trapped holes, enhancing the catalytic activity.57 

Firstly, the transient absorption spectrum of deaerated thin-film based on BiVO4 exhibited a 

negative band in the range of 400-500 nm attributable to photoluminescence and a positive band 

from 500 nm corresponding to the photogenerated holes as it has been reported in the literature 

(Figure 6c, orange trace).54,55 After fluorescence subtraction, this positive transient signal covers 

all the spectral window from 400 nm (Figure 6c, yellow trace). For reduced BiVO4, a great 
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increase of the transient signal was observed from 450 nm, being at its maximum at around 600 

nm (Figure 6c, grey trace).  

 

 

Figure 6. (a) Photoluminescence spectra (λexc = 355 nm) for BiVO4 at different timescales. Inset: 

Decay trace (λobs = 430 nm). The fit is included (blue trace).  (b) Photoluminescence spectra (λexc 

= 355 nm) for BiVO4 upon increasing number of laser pulses. (c) Transient absorption spectra 

(TAS, λexc = 355 nm) for BiVO4 (orange) immediately after the laser pulse and after fluorescence 

subtraction (yellow). TAS signal for reduced BiVO4 (grey). FTO signal is included (turquoise). 

(d) Transient decay traces (λexc = 355 nm, λobs = 600 nm) for BiVO4 (yellow) and reduced BiVO4 

(grey). All photophysical measurements were performed in deaerated thin films BiVO4 over FTO 

immersed in 0.1 M KPi buffer. 
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More interestingly, a remarkable enhancement of the transient lifetime (T), accompanied with 

a significant increase in signal intensity, was observed for the reduced BiVO4 compared to the 

pristine BiVO4 after monitoring at 600 nm, confirming a slow-down of the electron-hole pair 

recombination process (Figure 6d). Thus, while the temporal kinetic study for pristine BiVO4 

resulted in a transient lifetime of 5.6 µs (monitoring the first decay contribution), the reduced 

compound exhibited a long-lived T of 11.2 µs in the same timescale range. Furthermore, the 

reduced BiVO4 sample showed a large second contribution living above 60 µs timescale. This 

extended lifetime of the photogenerated holes could be attributed to the improved charge 

separation mediated by temporary carrier trapping at oxygen vacancies states in the reduced 

sample, as observed in other photoanodes.58,59 On the other hand, the reduced lifetime in the 

pristine sample could be explained by an increase in the band to band recombination (free electrons 

in the conduction band recombine with valence band holes) due to the absence of oxygen vacancy 

states.60   

The obtained results explain the greater performance as photoanodes of the reduced BiVO4 

compared to the pristine sample. The measured longer lifetime of photogenerated charges resulted 

from a slow non-coupled recombination in the microsecond scale, meaning that the photogenerated 

carriers can move further before recombining, in good agreement with the improved charge 

extraction observed by EIS based on the reduction of the capacitance, especially in the more anodic 

region.  

Conclusions 

The proposed laser irradiation method has been proved as a successfully surface reduction 

method to improve the performance of BiVO4 towards water oxidation. Moreover, this method 
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selectively reduces superficial vanadium atoms and consequently creates oxygen vacancies 

without affecting the bulk of the films, as demonstrated by a combination of XPS and XAS. An 

effective n-doping was found in the reduced samples with a shift of the VBM to higher BE, leading 

to an enhance charge transport and a thermodynamically more favorable VB position towards 

water oxidation. Additionally, an extended lifetime of the photogenerated holes with a reduction 

in the charge transfer resistance and the accumulation of holes at the surface was found in the 

reduced sample, reducing recombination and boosting charge extraction, respectively. This 

phenomenon could be attributed to a combination of the changes in sample morphology and the 

optoelectronic properties, created after the sample treatment. 

Experimental 

Materials. Bismuth (III) nitrate (Bi(NO3)3·5H2O ≥ 98.0%), vanadyl acetylacetonate (VO(acac)2 

≥ 97.0%), zirconyl chloride octahydrate (ZrOCl2·8H2O ≥ 98.0%) and potassium phosphate 

monobasic and dibasic (KH2PO4 ≥ 99.0% and K2HPO4 ≥ 98.0%). All reagents were acquired from 

sigma-Aldrich. 

Synthesis of FTO-BiVO4 electrodes. Zr doped BiVO4 films were prepared following a 

previously reported method.61 Metallic Bi was electrodeposited on glass substrates, coated with 

fluorine doped tin oxide (FTO), followed by a reaction with the vanadium precursor in DMSO, at 

450 ºC for 2h. Zr precursor was added as 2.5 mol.% to the bismuth solution, according to a 

previously reported optimization process.62 

Modification of BiVO4 electrodes with laser treatment. To fabricate the reduced 

photoelectrodes, the pristine BiVO4 samples were irradiated in air with the third harmonic (355 
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nm) of a Nd:YAG laser from EKSPLA, using different laser energies (1, 10, 20 and 30 mJ) for 30 

s. No additional treatment was required. 

X-Ray Diffraction (XRD). The crystal structure of BiVO4 was characterized by using a 

diffractometer Philips PW 3040/00 X’Pert MPD/MRD with Cu Kα radiation (l= 1.54178 Å) at a 

scanning rate of 0.2ᵒ s−1. 

Field Emission-Scanning Electron Microscopy (FE-SEM). The morphology of the analysed 

samples was studied with a Field Emission SEM JEOL JSM-7900F, using LED and BED-C 

detectors, operating with 15 kV and a work distance (WD) between 2-10 mm. The EDX spectra 

were acquired with a ULTIM Max 170 from Oxford Instruments, equipped with Aztec software. 

Raman Spectroscopy. The analysis was performed with a Jasco NRS-5100 spectrometer using 

a laser of 532 nm of wavelength at 5.3 mW power. 

Near Ambient Pressure X-Ray Photoelectron Spectroscopy (NAP-XPS) measurements were 

recorded on a lab-based spectrometer (SPECS GmbH, Berlin) using a monochromated AlKα1 

source (hν = 1486.6 eV) operating at 50 W. The X-rays are microfocused to give 300 μm a spot 

size on the samples. The spectrometer analyser is a SPECS PHOIBOS 150 NAP, a 180° 

hemispherical energy analyser with 150 mm mean radius. The entrance to the analyser is a nozzle 

with a 300 μm diameter orifice. The total energy resolution of the measurements was about 0.50 

eV. The binding energy (BE) was calibrated against the Au Fermi level. Spectra were recorded in 

UHV as well as under H2O pressures of at 0.1 mbar, 0.5 mbar and 1 mbar.  

X-ray Absorption Spectroscopy (XAS) spectra at V K-edge were measured at the CLAESS 

beamline of the ALBA synchrotron63 using a Si(111) double crystal monochromator cooled with 
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liquid nitrogen. Harmonic rejection was achieved by a proper combination of angle and coating of 

vertically collimating and focusing mirrors. The beam size at the sample position was adjusted to 

be around 400 x 400 mm2. The BiVO4 samples were measured in fluorescence mode using a six 

channels silicon drift detector. V2O5 was used as reference material and proper amount of sample 

powder was mixed with cellulose, press into pellet and measured in transmission mode by 

detecting the incident and transmitted intensity by two ionization chambers.  A V foil was used for 

energy calibration. Data analysis was performed by ATHENA and ARTEMIS software.64 Self-

absorption corrections for fluorescence detection were also checked, and were negligible due to 

the small thickness of the samples. 

Atomic Force Microscopy (AFM) was performed with a XE-100 Park equipment.  

Ultraviolet–Visible Diffuse Reflectance Spectra (UV–Vis DRS) were performed with a Perkin 

Elmer Lambda 1050 UV/Vis/NIR spectrometer. Tauc Plot equation (αhνγ = A(hν – Eg), where the 

absorption coefficient (α) is related to the incident photon energy (hν), A is constant, γ is the index 

indicating the type of transition) were employed for the quantification of the band gap transition. 

was determined from the steep shape of the spectra and the equation. 

Laser Flash Photolysis (LFP). Both Steady-State and Time-Resolved Photoluminescence as 

well as Transient Absorption Spectroscopy (TAS) measurements were carried out with a laser 

flash equipment from Edinburgh Instruments (LP980) based on an optical parametric oscillator 

(OPO) pumped by the third harmonic of a Nd:YAG laser (EKSPLA). For the emission 

measurements at 355 nm, the probe shutter is closed so that no light from the Xe lamp is exciting 

the sample and only the laser is used as a light source. It is thus possible to use the LP980 system 

to acquire spectral luminescence and decays. For the transient absorption experiments, the selected 



 23 

excitation wavelength for the measurements was 355 nm with single low energy pulses of 500 

µJ/pulse while a pulsed xenon flash lamp (150 W) of 5 ns duration was employed as detecting 

light source. The probe light is dispersed through a monochromator (TMS302-A, grating 150 

lines/mm) after it has passed the sample and then reaches a PMT detector (Hamamatsu Photonics) 

to obtain the temporal profile. All transient spectra and kinetics were recorded at room temperature 

using 1 x 1 cm quartz cells introducing a thin-film sample into the cuvette. Aqueous potassium 

phosphate 0.1 M (pH = 7) was used as solvent, which were bubbled for 15 min with N2 before 

acquisition. 

Photoelectrochemical Characterisation. All photoelectrochemical experiments were performed 

under three-electrode configuration in an electrochemical cell with a quartz window containing an 

aqueous solution of 0.1 M KPi buffer pH=7.5. An Ag/AgCl electrode was employed as the 

reference, a Pt wire as the counter electrode and the fabricated photoelectrode as the working 

electrode. These experiments were performed with a potentiostat-galvanostat PGSTAT204 

provided with an integrated impedance module FRAII. A solar simulator (LOT LSH302 Xe lamp 

and an LSZ389 AM1.5 global filter) calibrated as 1 Sun (100m W/cm2) was used as a light source. 

Linear sweep voltammetry (LSV) measurements were performed at 20 mV s-1, while cyclic 

voltammetries (CV) were carried out at 50 mV s-1. The charge separation and catalytic efficiencies 

were calculated following the equations 𝑗𝐻2𝑂 = 𝑗𝑎𝑏𝑠 ∙ 
𝑐𝑠

∙ 
𝑐𝑎𝑡

 and 𝑗𝐻𝑆 = 𝑗𝑎𝑏𝑠 ∙ 
𝑐𝑠

, where  𝑗𝐻2𝑂 

is the current density in the presence of KPi electrolyte (aqueous),  𝑗𝐻𝑆  is the current density in 

the presence of Na2SO3 1M as hole scavenger and 𝑗𝑎𝑏𝑠 is the theoretical maximum photocurrent. 

To calculate the Faradaic efficiency, the amount of generated O2 was measured every 3.5 min 

during a chronoamperometric measurement at 1.23 V versus RHE in 0.1 M KPi buffer (pH=7.5), 

using an electrochemical glass-sealed cell coupled to a gas chromatograph.  
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Electrochemical Impedance Spectroscopy (EIS) experiments were performed along the whole 

potential window at a selected potential with a sinusoidal perturbation of 20 mV and a frequency 

range from 400 kHz to 100 mHz. All potentials were referred to RHE through the Nerst equation:  

𝑉𝑅𝐻𝐸 = 𝑉𝐴𝑔/𝐴𝑔𝐶𝑙
0 + 𝑉𝐴𝑔/𝐴𝑔𝐶𝑙 + (0.059 ∙ 𝑝𝐻) 
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