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A B S T R A C T

In this work, we propose a novel strategy for synthesizing BiVO4 photoelectrodes for photocatalytic oxidation of 
glycerol. The two-step electrodeposition process of BiOI, followed by a thermal diffusion of vanadium, results in 
the formation of a BiVO4 electrode with a bismuth gradient. This gradient leads to excess bismuth clusters at the 
FTO contact and a stoichiometric proportion at the electrode surface. Structural, optical, and photo
electrochemical characterization revealed that the bismuth gradient acts as an electron transport layer, with 
superior photoelectrochemical properties in comparison to unmodified BiVO4. This includes lower electron/hole 
recombination, while maintaining its glycerol oxidation catalytic properties.

1. Introduction

In recent years, there has been an increased focus on the production 
of green hydrogen, given its potential as an energy vector to replace 
fossil fuels. Consequently, there has been a rise in interest in water 
splitting, as it can produce hydrogen with renewable energy sources. 
However, the electrolysis of water is energy-intensive due to the sluggish 
kinetics of the oxygen evolution reaction (OER), which results in a high 
overpotential [1]. To overcome these limitations, a strategy that has 
been proposed is the replacement of OER by the oxidation of organic 
compounds with faster kinetics, with the aim of reducing the energy 
consumption [2].

Glycerol, a by-product of biodiesel production [3,4], has demon
strated significant potential as a cost-effective alternative to the OER. In 
this context, glycerol not only reduces energy consumption by acting as 
a cheap feedstock, but also enhances the economic viability of the 
anodic reaction by producing high added value products such as dihy
droxyacetone and formic acid [5,6]. However, there are two key chal
lenges that must be addressed for wider industry adoption: reducing 
overall energy costs and enhancing the selectivity towards a single 
compound to minimize separation costs.

In recent studies, researchers have proposed the use of semi
conductor electrodes to power the process with solar light. Titanium 
oxide has been the most widely studied semiconductor for glycerol 
oxidation (GOR), but its high affinity for OER results in low selectivity. 

Additionally, its large bandgap (3.2 eV) limits the solar absorption 
[7–9]. Alternatively, tungsten oxide (WO3) offers high resistance to 
photocorrosion and stability in acidic conditions [10,11] along with a 
suitable band gap for absorbing a wider portion of the solar spectrum. 
Despite the advantages of WO3, bismuth vanadate (BiVO4) is a stronger 
candidate for glycerol oxidation due to its low bandgap (2.4 eV) and 
suitable conduction band edges for both OER and GOR [12–14]. How
ever, the poor electronic transport properties of BiVO4 result in a high 
recombination rate of photogenerated charge carriers, which reduces its 
overall photoelectrochemical output [15]. Numerous strategies have 
been attempted to improve BiVO4 performance by either introducing a 
co-catalyst on the surface to enhance the GOR [16–23] or incorporating 
an electron transport layer to enhance charge extraction [24–26]. The 
Bi:V stoichiometric ratio also significantly influences the performance of 
BiVO4 photoanodes and some studies have shown that V and Bi va
cancies at the electrode surface can modify band alignment [13,27–30] 
affecting interfacial charge transfer [31].

This work presents a novel strategy for synthesizing BiVO4 with a 
graded Bi:V stoichiometric ratio, resulting in superior photo
electrochemical properties. Our comprehensive characterization of the 
BiVO4 photoelectrodes revealed that bismuth excess at the FTO interface 
acts as an electron transport layer, improving charge extraction at the 
back contact.

* Corresponding authors.
E-mail addresses: cfabrega@ub.edu (C. Fàbrega), tandreu@ub.edu (T. Andreu). 
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2. Experimental

2.1. Synthesis of photoanodes

In the present study, BiVO4 photoelectrodes have been prepared 
using four different strategies, as shown in Fig. 1. Conventional BiVO4 
photoanodes have been prepared by the well-stablished electrodeposi
tion of BiOI (step A), followed by a thermal diffusion of vanadium (step 
B1). In this work, we propose a two-step electrodeposition process of 
BiOI with an intermediate thermal conversion of BiOI to Bi2O3 (step B2) 
prior to the thermal diffusion of V to promote the formation of a bismuth 
rich interface with the conductive substrate (G-BiVO4). For comparison, 
photoanodes were prepared with the two-step electrodeposition process 
of BiOI but without the thermal conversion to Bi2O3 (2xBiVO4), as well 
as BiVO4 derived from Bi2O3 (ox-BiVO4). The detailed preparation of the 
photoanodes is described below.

2.1.1. BiVO4 synthesis
The BiVO4 photoelectrodes were synthesized using a two-step pro

cess: electrodeposition followed by thermal treatment [32]. First, BiOI 
was electrodeposited onto FTO-coated glass (7 Ω sq-1, Sigma-Aldrich) 
substrates using two sequential potentiostatic pulses: − 0.35 V vs 
Ag/AgCl/KCl (3.5 M) for 1 min followed by − 0.1 V vs Ag/AgCl/KCl (3.5 
M) for 3 min. The electrochemical bath consisted of 0.97 g of Bi(NO3)3 
(reagent grade, Acros organics) and 3.32 g of KI (99 %, Panreac) in 50 
mL of water. Once the reagents had been dissolved, a solution of 0.12 g 
of p-benzoquinone (reagent grade, Fisher Chemical) in 20 mL of ethanol 
(96 %, Panreac) was added. After electrodeposition, the resulting BiOI 
electrodes were rinsed with deionized water and air-dried. Then, a drop 
of vanadium precursor solution was deposited onto each electrode. The 
vanadium precursor solution consisted of a dimethyl sulfoxide (DMSO) 
(99.9 %, Sigma-Aldrich) solution with 0.2 M vanadyl acetylacetonate 
(99 %, Acros organics). The electrodes were then heated at 450 ◦C for 2 h 
with a heating ramp of 2 ◦C min-1. After cooling, excess V2O5 was 
removed by rinsing with a 1 M KOH (pellets for analysis, Sulpelco) so
lution for 3 min.

2.1.2. G-BiVO4 synthesis
To synthesize the G-BiVO4 electrodes (where G denotes a gradient), a 

BiOI layer was first electrodeposited onto FTO-coated glass substrates 
using the same conditions as described previously. These electrodes 
were then heated at 550 ◦C for 2 h with a heating ramp of 2 ◦C min-1 to 
obtain a Bi2O3 layer. A second BiOI layer was electrodeposited and 
finally, the electrode was thermally treated with the vanadium precursor 
at 450 ◦C for 2 h with a heating ramp of 2 ◦C min-1. After cooling, excess 
V2O5 was removed by rinsing with a 1 M KOH solution for 3 min.

2.1.3. 2x-BiVO4 synthesis
To synthesize the 2x-BiVO4, two identical BiOI layer were sequen

tially electrodeposited onto FTO-coated glass substrates using the same 
conditions as previously described, followed by a second identical 
electrodeposition. The resulting electrodes were then thermally treated 
with the vanadium precursor, following the BiVO4 synthesis method. 
After cooling, excess V2O5 was removed by rinsing with a 1 M KOH 
solution for 3 min.

2.1.4. Ox-BiVO4 synthesis
The Ox-BiVO4 electrodes were synthesized by electrodepositing a 

BiOI layer onto FTO-coated glass substrates, utilizing the same condi
tions as previously described. These electrodes were then heated at 550 
◦C for 2 h with a heating ramp of 2 ◦C min-1 to obtain a Bi2O3 layer. 
Finally, the electrode was thermally treated with the vanadium pre
cursor at 450 ◦C for 2 h with a heating ramp of 2 ◦C min-1. After cooling, 
excess V2O5 was removed by rinsing with a 1 M KOH solution for 3 min.

2.2. Structural characterization

The morphology of the BiVO4 electrodes was analyzed using a JEOL 
J-7100 field emission scanning electron microscopy (FESEM) coupled 
with energy dispersive spectroscopy (EDS). X-ray diffraction (XRD) 
spectra were acquired using a PANalytical X’pert PRO diffractometer 
with monochromatized CuKα radiation (λ = 1.5406 Å), operating at 45 
kV and 40 mA in a Bragg-Brentano configuration. Raman spectroscopy 
was conducted using a Jovin Yvon LabRaman HR800 in the 100 – 1000 
cm-1 range employing three different lasers (325, 532 and 785 nm) and 
calibrated with a silicon reference. UV–vis spectroscopy (UV–vis) was 
performed on a Lambda 950 UV–vis-NIR spectrometer (PerkinElmer) 
equipped with a 150 mm Integrating Sphere and Spectralon standard.

2.3. Photoelectrochemical characterization

Photoelectrochemical measurements were made in a 4 × 1 × 1 cm3 

Hellma optical glass cuvette using a three-electrode configuration. An 
Ag/AgCl/KCl (3.5 M) served as the reference electrode, and a platinum 
filament as the counter electrode. A Newport LSH-7320 solar simulator 
was used to illuminate the samples from both the frontside (electrolyte- 
electrode interface, EE) and back side (substrate-electrode interface, 
SE). Incident Photon-Electron Conversion Efficiency (IPCE) measure
ments were conducted at 1 VRHE using band pass filters (Thorlabs) with 
10 nm bandwidth, ranging from 400 to 540 nm. The electrolyte used was 
0.5 M Na2SO4 with 0.1 M glycerol at pH 2. IPCE was calculated using Eq. 
(1), where λ is the wavelength, jlight is the measured photocurrent under 
each illumination condition, jdark is the dark current, and P is the inci
dent light power density measured with a silicon photodiode (Thorlabs 

Fig. 1. BiVO4, 2x-BiVO4, G-BiVO4, and Ox-BiVO4 synthesis scheme. A corresponds to the electrodeposition step at − 0.35 VAgCl for 1 min and − 0.1 VAgCl for 3 min. B1 
corresponds to the vanadium precursor thermal treatment step at 450 ◦C for 2 h followed by the V2O5 removal with KOH. B2 corresponds to the thermal treatment 
step at 550 ◦C for 2 h.
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S120VC). 

IPCE=

1240
λ ⋅ (jlight − jdark

)

P
⋅100 (1) 

Mott-Schottky measurements were done under dark conditions in a 
0.5 M Na2SO4 (99 %, Merck) electrolyte at pH 2 for OER and with the 
addition of 0.1 M glycerol (99.5 %, VWR chemicals) for GOR. All mea
surements were carried out at a frequency of 1000 Hz.

Photocurrent transient measurements were performed at 1 VRHE 
under 1 sun illumination with chopped light. The electrolyte used was 
0.5 M Na2SO4 at pH 2 for OER and the same electrolyte with the addition 
of 0.1 M glycerol for GOR. The jss/jo ratio was calculated, where j0 is the 
initial current density when the illumination is turned on, and jss is the 
current density just before the illumination is turned off, when the 
electrode has reached a steady state. The ratio jss/jo gives an approxi
mation of the charge carrier recombination rate within the electrode. A 
ratio closer to 1 indicates less recombination.

2.4. Glycerol photoelectrolysis

The photoelectrochemical oxidation of glycerol was studied in a 
home-made two-compartment Teflon electrochemical cell (3 mL vol
ume) equipped with an optical glass window [7]. A Nafion 117 mem
brane separated the two compartments, and the same three-electrode 
cell configuration was employed.

The analysis of glycerol oxidation products was carried out in 0.5 M 
Na2SO4 and 0.1 M glycerol electrolyte at a constant potential of 1 VRHE 
under 1 sun illumination until a charge of 2.5 C mL-1 had passed 
(Table S1). After electrolysis, the sample was kept at 12 ◦C and analyzed 
by high-performance liquid chromatography (HPLC) and proton nuclear 
magnetic resonance (1H NMR).

HPLC analysis has been done with a Waters Alliance 2695 chro
matograph with an Aminex HPLX-87H carboxylic acid column main
tained at 60 ◦C. The mobile phase consisted of 10 mM sulfuric acid with 
a flow rate of 0.6 mL min-1 and an injection volume of 100 µL. The 
products were detected with a Jasco UV-1570 UV–vis spectrophotom
eter and a RID, Waters 2414 refraction index detector.

The 1H NMR analysis was performed in a Bruker 400 spectrometer 
with a water suppression method. For sample preparation, 490 µL of the 
sample was mixed with 20 µL of 0.2 %vol DMSO and 90 µL of deuterated 
water.

Faradaic efficiency (FE) was calculated using the concentration of 
products (mol l-1) obtained from HPLC and 1H NMR analysis. The 
equation used to calculate FE is: 

FE (%) =
c z F

Q
⋅100 (2) 

Where c is the concentration of the desired product (mol l-1), z is the 
number of electrons exchanged in the electrooxidation reaction (Equa
tions S1-S4), F is the Faraday constant (95,485 C mol-1) and Q is the total 
charge passed during the electrolysis (C l-1).

3. Discussion

3.1. Structural characterization

FESEM images (Fig. 2) illustrate the morphologies of the electrodes 
at different stages of the synthesis. The initial BiOI deposit exhibits a 
needle-like morphology (Fig. 2a), which evolves into a worm-like 
structure with large isolated fragments upon thermal treatment 
(Fig. 2b).

Further XRD analysis (Fig. S1) confirmed the complete trans
formation of BiOI to Bi2O3 after the thermal treatment and revealed that 
the Bi2O3 layer consists of a mixture of the α, β and γ phases. The thermal 

treatment of BiOI with the vanadium precursor resulted in the formation 
of a BiVO4 with a similar morphology, albeit with smaller and inter
connected fragments (Fig. 2d). Fig. 2c shows that G-BiVO4 has the same 
structure and grain size as BiVO4, indicating that the intermediate layer 
of Bi2O3 formed during the synthesis does not affect the final surface 
morphology. XRD analysis (Fig. S1) confirmed the complete trans
formation of the BiOI and Bi2O3 layers into a continuous BiVO4 phase. In 
the cross section of the G-BiVO4 (Fig. 3), two distinct layers are visible: 
the bottom layer corresponding to the FTO of the substrate and the 
upper layer corresponding to the BiVO4. EDS analysis (Table S2) shows 
that the Bi:V ratio is approximately 1:1 in both electrodes. However, 
cross-sectional analysis (Fig. S2 and Table S3) shows an excess of bis
muth near the FTO contact. This difference in the stoichiometric ratio 
between the electrode surface and the FTO contact suggests the presence 
of a bismuth gradient within the G-BiVO4 electrode.

Raman spectroscopy (Fig. 4a) confirmed the presence of monoclinic 
BiVO4, as evidenced by characteristic bands at 826 cm-1, 365 cm-1, 326 
cm-1, 208 cm-1 and 126 cm-1 [33–35]. The band at 826 cm-1 corresponds 
to the symmetric V-O stretching mode (Ag). The bands at 365 cm-1 and 
326 cm-1 are attributed to the symmetric (Ag) and antisymmetric (Bg) 
V-O bending modes of VO4 tetrahedra, respectively. Finally, the bands at 
208 cm-1 and 126 cm-1 are associated with the external rotation and 
translation modes. The G-BiVO4 electrode exhibits two additional bands 
at 178 cm-1 and 187 cm-1, which can be attributed to either metallic 
bismuth (Bi0) or α-Bi2O3. But the absence of other α-Bi2O3 peaks (282 
cm-1 and 410 cm-1) confirms that it corresponds to metallic bismuth 
[36–38]. This indicates that there is the formation of small bismuth 

Fig. 2. FESEM images of (a) BiOI, (b) Bi2O3, (c) G-BiVO4 and (d) BiVO4. Scale 
bar corresponds to 1 µm.

Fig. 3. G-BiVO4 FESEM transversal section. Yellow arrow represents the Bi:V 
proportion alongside the material.
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clusters within the BiVO4 structure. The Raman spectra of the Ox-BiVO4 
(synthesized by applying a vanadium thermal treatment to a Bi2O3 
electrode) show the same peaks as those of the G-BiVO4 (Fig. S3). This 
corroborates that the Bi2O3 layer can transform into BiVO4, leading to 
the formation of bismuth clusters.

To investigate the depth profile of the bismuth clusters, we con
ducted additional Raman measurements using different excitation 
wavelengths (325 nm and 785 nm) which probe different depths within 
the electrode. As shown in Fig. 4b, the intensity of the peaks at 178 cm-1 

and 187 cm-1 increases in the deeper layers of the G-BiVO4 electrode, 
while they disappear at the surface. At the lower excitation wavelength 
(325 nm), which has a shallower penetration depth, the G-BiVO4 elec
trode shows an identical Raman spectrum to the BiVO4 electrode 
(Fig. S4). This indicates that the surface of the G-BiVO4 electrode has the 
same structure as that of the BiVO4 electrode. However, the increased 
intensity of the Bi0 peaks at greater depths suggests higher concentration 
bismuth clusters within the G-BiVO4 electrode. The XRD patterns in 
Fig. S5 confirm that both the BiVO4 and G-BiVO4 structures match the 
monoclinic BiVO4 (JCPDS 00–014–0688), with no detectable metallic 
bismuth phase. This indicates that the bismuth clusters are amorphous.

The combined results of EDS, Raman spectroscopy, and XRD analyses 
confirm the successful synthesis of a BiVO4 electrode with a graded 
bismuth concentration. The Bi:V ratio is stoichiometric at the surface, 
while a bismuth-rich region, composed of bismuth clusters, exists near 
the FTO contact. These clusters are formed during the thermal treatment 
step, as illustrated in Fig. 5. During this step, the vanadium (IV) of the 
precursor is oxidized to vanadium (V) and atmospheric oxygen is 

reduced to produce the vanadate ion. In the case of BiVO4 and 2x-BiVO4 
synthetic routes, since BiOI is porous, all the material can be converted 
to BiVO4. However, the Bi2O3 layer is more compact, resulting in areas 
with limited O2 accessibility. This leads to the reduction of the bismuth 
(III) to metallic bismuth, forming the clusters.

UV–vis analysis (Fig. S6) was employed to determine the bandgaps of 
the G-BiVO4 and BiVO4 electrodes, which were found to be 2.3 eV and 
2.4 eV, respectively. The bandgap of the Bi2O3 layer was also deter
mined to be 2.7 eV, which is similar to the reported values of the α-Bi2O3 
phase [39,40].

3.2. Photoelectrochemical characterization

Fig. 6 illustrates the linear sweep voltammograms of the electrodes 
under both back (SE) and front (EE) illumination conditions in the 
absence and presence of 0.1 M glycerol. The G-BiVO4 electrode presents 
superior performance for the oxygen evolution reaction (OER) 
compared to the BiVO4 electrode under both illumination conditions. In 
back illumination, the onset potentials for BiVO4 and G-BiVO4 are 0.93 
VRHE and 0.66 VRHE, respectively. Under front illumination, the onset 
potentials are 0.90 VRHE and 0.57 VRHE, respectively. At 1 VRHE, the G- 

Fig. 4. (a) Raman spectra at 532 nm incident wavelength of the BiVO4 and G-BiVO4 electrodes. (b) Raman spectra of the G-BiVO4 electrode at 325, 532 and 785 nm 
incident wavelengths.

Fig. 5. Diagram of the bismuth clusters formation upon vanadium ther
mal treatment.

Fig. 6. LSV curves recorded at a scan rate of 5 mV s-1 in Na2SO4 0.5 M elec
trolyte pH 2 for OER (dotted line) and with added 0.1 M glycerol for GOR (full 
line) conditions, under 1 sun illumination. Measurements were done under back 
(SE) and front (EE) illumination.
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BiVO4 electrode achieves current densities of 0.27 mA cm-2 and 0.53 mA 
cm-2 for back and front illumination, respectively. In contrast, the BiVO4 
electrode does not exceed 0.05 mA cm-2 under either illumination 
condition.

For the glycerol oxidation (GOR), the G-BiVO4 electrode also pre
sents improved performance, achieving higher photocurrents at 1 VRHE. 
Specifically, it achieves current densities of 1.15 mA cm-2 and 1.55 mA 
cm-2 under back and front illumination, respectively. In comparison, the 
BiVO4 electrode yields photocurrents of 0.88 mA cm-2 and 0.7 mA cm-2 

under back and front illumination, respectively. Despite the improved 
performance of G-BiVO4, there are minimal differences in onset poten
tial between the G-BiVO4 and the BiVO4 electrodes, with both exhibiting 
an onset potential around 0.4 VRHE, regardless of the illumination con
ditions. The photovoltage of each electrode was calculated from the 
difference between the light and dark OCV measurements and is pre
sented in Table S4. For the OER, the G-BiVO4 electrode presents a 
photovoltage of 0.26 V, compared to 0.16 V for the BiVO4 electrode. For 
the GOR, the photovoltages are 0.52 V and 0.37 V, respectively. This is 
consistent with the improved photoelectrochemical (PEC) properties 
observed for the G-BiVO4 electrode. The higher photovoltage suggests 
improved charge separation, possibly due to a reduction in surface de
fects. This enhancement in light harvesting is also reflected in the IPCE 
measurements (Fig. S7). At 460 nm, the IPCE for the G-BiVO4 electrode 
(30.5 %) is double that of the BiVO4 electrode (15.5 %). To confirm that 
the improved PEC performance is not simply due to an increase in BiVO4 
layer thickness, a control BiVO4 electrode was synthesized with double 
the BiOI electrodeposition time (2x-BiVO4). As can be seen in Fig. 6 and 
Table S5, this thicker electrode has significantly lower PEC performance. 
This is attributed to the higher recombination rate inherent in thicker 
BiVO4 layers, which reduces the overall PEC performance [41].

To further characterize the surface photoelectrochemical properties, 
we conducted Mott-Schottky measurements on both the G-BiVO4 and 
the BiVO4 electrodes. We extracted the charge carrier density (Nd) and 
the flat band potential (Vfb) from the Mott-Schottky plots (Fig. S8 and 
summarized them in Table S6). The positive slope confirms that BiVO4 is 
an n-type semiconductor. A comparison of the values obtained in the 
sulfate electrolyte with and without glycerol reveals no significant 
variation in either Nd or Vfb, suggesting that glycerol addition does not 
significantly affect the band bending of either G-BiVO4 or BiVO4 elec
trodes. We obtained Nd values for both electrodes (4⋅1019 cm-3 and 
2⋅1019 cm-3 for G-BiVO4 and BiVO4, respectively) that are consistent 
with those reported in the literature [42,43]. The G-BiVO4 electrode 
exhibits a Vfb of 0.85 VRHE, while the BiVO4 electrode has a Vfb of 0.91 
VRHE. These lower Vfb values for the G-BiVO4 electrode suggest that its 
Fermi level is closer to the conduction band, which is consistent with its 
higher charge carrier density.

A comparison of the photocurrent under front and back illumination 
(Fig. 6) reveals that the G-BiVO4 electrode achieves higher photocurrent 
under front illumination, while the BiVO4 electrode performs better 
under back illumination. This indicates that the BiVO4 electrode suffers 
from a higher recombination rate due to poor charge transport. To 
further investigate this, we conducted photocurrent transient measure
ments in the presence (GOR) and absence (OER) of glycerol, using in the 
Na2SO4 and Na2SO4 + glycerol electrolytes, respectively (Fig. 7 and 
Fig. S9). For the OER, the G-BiVO4 electrode exhibits a lower recombi
nation rate (jss/j0 = 0.90) compared to the BiVO4 electrode (jss/j0 =

0.55), confirming that the BiVO4 electrode suffers from a higher com
bination rate. For the GOR, both electrodes exhibit a jss/j0 ratio of 1. This 
is because glycerol acts as a hole scavenger, effectively preventing 
charge accumulation on the surface.

We also conducted LSV measurements at neutral pH (Fig. S10). As 
expected, a decrease in current density was observed compared to acidic 
conditions. This is consistent with previous reports indicating that 
glycerol adsorption is favored under acidic conditions, resulting in 
enhanced charge transfer [5]. These results further support the conclu
sion that the Bi gradient in the G-BiVO₄ electrode plays a beneficial role 

in charge carrier dynamics. In addition to the observed increase in 
photocurrent and reduced recombination, these features can be ratio
nalized by considering the electronic structure modulation introduced 
by the Bi gradient.

Mechanistically, the Bi gradient in G-BiVO₄ introduces a favorable 
band structure across the electrode thickness. The increasing bismuth 
concentration toward the FTO substrate likely creates a built-in electric 
field, facilitating directional transport of photogenerated electrons to
ward the back contact while promoting hole migration to the surface. 
This internal potential gradient reduces bulk recombination, as evi
denced by the higher jss/j0 ratio and improved photovoltage. Further
more, the presence of metallic Bi clusters near the FTO may contribute to 
a local reduction in the work function, enhancing band alignment with 
the conductive substrate and improving electron injection efficiency. 
This effect is consistent with the improved photocurrent response under 
back illumination and the lower onset potential for the oxygen evolution 
reaction.

These features align with previous studies where compositional or 
doping gradients within semiconductor photoelectrodes have been 
shown to improve charge separation and transport by inducing spatial 
band bending or forming graded heterojunctions [26,29]. In our system, 
the Bi-rich region acts synergistically as an internal electron transport 
layer and as a contact modifier, without compromising the catalytic 
surface composition.

3.3. Photoelectrochemical glycerol valorization

Photoelectrochemical glycerol valorization measurements were 
conducted at 1 VRHE since it is the potential at which the BiVO4 elec
trodes does not have a significant oxygen evolution contribution. As 
shown in Fig. S11, both the BiVO4 and the G-BiVO4 exhibit good long- 
term stability during photoelectrolysis, particularly under acidic con
ditions. Fig. 8 presents the faradaic efficiencies towards glycerol 
oxidation products using BiVO4 and G-BiVO4 electrodes. These products 
are grouped into three categories: C1 products consisting on formic acid 
(FA), C2 products consisting on glycolaldehyde (GOAD), and C3 prod
ucts consisting on glyceric acid (GLA), glyceraldehyde (GLAD) and 
dihydroxyacetone (DHA). BiVO4 electrodes show an evenly distribution 
between products categories, with a 25 % for C1, a 20 % for C2 and a 25 
% for C3 products. Within the C3 category, dihydroxyacetone and 
glyceraldehyde are predominant, with a small presence of glyceric acid.

When comparing product distribution for BiVO4 under acidic and 
neutral conditions, only minor differences are observed. Acidic condi
tions slightly enhance C3 product formation, while neutral conditions 
favor glycolaldehyde production. Additionally, acidic conditions pro
mote dihydroxyacetone formation, whereas neutral pH promote 

Fig. 7. Jss and J0 relation obtained from chronoamperometries at 1 VRHE, in 
Na2SO4 0.5 M electrolyte pH 2 for OER (blue) and with added 0.1 M glycerol for 
GOR (green) conditions, under chopped 1 sun illumination. Measurements were 
done under back (SE) and front (EE) illumination.
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glyceraldehyde formation, likely due to the tautomerization equilibrium 
being shifted by the pH difference [44]. Because of that, the main dif
ference between the two conditions is the electrolysis time required to 
reach the same charge. Under acidic conditions, higher currents are 
achieved, allowing the same charge to be reached much faster, as shown 
in Table S1.

The G-BiVO4 electrode produces the same products as the BiVO4 
electrode, suggesting that the Bi gradient does not significantly alter the 
electrocatalytic reaction pathways. However, a slight reduction in the 
faradaic efficiency can be observed. This decrease could result from 
either overoxidation to CO2 or increased competition from the OER. 
Voltammograms in Fig. 6 show that the G-BiVO4 has a non-negligible 
photocurrent at the working potential (1VRHE) in the absence of glyc
erol, which initially suggests enhanced OER competition. However, a 
closer analysis of individual product faradaic efficiencies reveals that 
only formic and glyceric acids exhibit reduced faradaic efficiencies, 
whereas all the other products remain unchanged. If OER were primarily 
responsible, a uniform decrease across all products would be expected. 
Therefore, the observed loss in faradaic efficiency is more likely due to 
overoxidation to CO₂, driven by the enhanced kinetics of G-BiVO₄. 
Despite this slight reduction in liquid products due to increased CO2 
production, the G-BiVO4 electrode remains highly selective for glycerol 
oxidation, exhibiting minor competition with the OER.

4. Conclusions

In this work, we successfully synthesized a Bi-rich BiVO4 using a 
simple electrodeposition method which generated a Bi cluster gradient, 
transitioning from a 2:1 Bi:V stoichiometry at the FTO contact to a 1:1 
stoichiometry at the electrode surface. The presence of this Bi gradient 
improved charge separation and reduced electron-hole recombination 
by acting as an electron transport layer. As a result, the G-BiVO4 elec
trode exhibited an enhanced photocurrent density, reaching 1.15 mA 
cm-2 and 1.55 mA cm-2 for glycerol oxidation at 1 V vs RHE under back 
and front illumination conditions, respectively. Importantly, maintain
ing a 1:1 stoichiometry at the electrode surface ensured that the G-BiVO4 
electrode retained the same selectivity for glycerol oxidation products as 
the bare BiVO4 electrode.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgments

The financial support from Ministerio de Ciencia e Innovación and 
FEDER-UE through project PID2022–138491OB-C33 (MICIU/AEI/ 
10.13039/501100011033) and from AGAUR Generalitat de Catalunya 
(2021SGR00712, 2024 FI-1 00421) are gratefully acknowledged. Au
thors thank Centres Científics I Tecnològics (CCiTUB), Universitat de 
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