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Vacancy-engineered bismuth vanadate for
photoelectrocatalytic glycerol oxidation
with simultaneous hydrogen production†
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Photoelectrocatalytic (PEC) water splitting offers a sustainable pathway for clean H2 production, and its

integration with biomass valorization further enhances eco-economic efficiency. In this study, a BiVO4

catalyst with an optimized oxygen vacancy (Ov-BVO) concentration was grown on a SnO2 skeleton,

achieving efficient PEC glycerol oxidation to selectively produce dihydroxyacetone (DHA) and H2 under

neutral conditions. By incorporating Ov-BVO with SnO2, the light-harvesting and photo-induced carrier

transfer efficiencies were significantly improved. Ov played a crucial role in selectively absorbing and

activating the secondary –OH group of glycerol molecules, as revealed by theoretical and experimental

studies. However, excessive Ov induced carrier recombination, underscoring the need for an optimal Ov

concentration, which was achieved by tailoring heat treatment conditions. The SnO2/BVO-400 catalyst

demonstrated a trade-off between the prolonged carrier lifetime and efficient reactant adsorption,

exhibiting a PEC DHA productivity of 144 mmol m�2 h�1 with 26.5% selectivity, alongside H2 generation

(1850 mmol m�2 h�1). This work lays the groundwork to achieve value-added chemical fabrication

through neutral PEC glycerol reforming and the potential scale-up of this sustainable technology.

Broader context
The sustainable photoelectrocatalytic (PEC) conversion of glycerol to dihydroxyacetone (DHA) represents a significant advancement in renewable energy and
environmental catalysis. Traditional methods rely on acidic conditions, which are costly and environmentally detrimental. This work addresses these
challenges by developing a system that operates efficiently under mild, neutral conditions, offering a more eco-friendly and cost-effective solution.
By integrating defect-engineering strategies and optimizing oxygen vacancies (Ov) in the catalyst, this study enhances light-harvesting capabilities and
improves reaction efficiency, providing a new pathway for biomass valorization. This advancement not only contributes to sustainable chemical production but
also opens up doors for scalable applications in the broader field of biomass conversion technologies. The approach reduces energy consumption and
operational barriers, aligning with the global push toward carbon-neutral chemical synthesis. The synergy between PEC systems and defect-engineering
strategies paves the way for the development of more efficient solar-driven processes, which have the potential to revolutionize biomass conversion and
renewable energy industries, supporting a cleaner and more sustainable future. This work represents a critical step in addressing global environmental
challenges and advancing the field of solar-driven catalysis.

Introduction

Glycerol reforming to sustainably generate reusable chemicals
and fuels is drawing great attention. As the major by-product of

the biodiesel industry, millions of tons of glycerol are produced
annually.1 In contrast, crude or refined glycerol prices are
extremely low (USD 0.11 kg�1). However, its derived C3 or C2

products are all value-added chemicals, among which dihy-
droxyacetone (DHA) is the most value-added product (USD
150 kg�1). Meanwhile, research has found that formic acid
(FA) is robustly generated as the major by-product since inten-
sive competition exists for activating the glycerol molecules’
primary and secondary –OH groups,2 whilst only activating the
secondary –OH can generate DHA. Considering that formic acid
can be synthesised by many other methods and its price is also
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relatively low (USD 1.0 kg�1) compared with DHA,2 realising
the high-selective generation of DHA is greatly and eco-
economically significant. Currently, selective glycerol oxidation
has been achieved by thermal oxidation and electrocatalytic
oxidation with noble metal-based catalysts, which are not cost-
effective and cause enormous energy consumption and green-
house gas emissions.

In this regard, photoelectrocatalytic (PEC) glycerol conver-
sion technologies turn into a promising strategy, allowing solar
energy to trigger the reaction under low-bias or even un-bias
conditions.3,4 It has been demonstrated that selective PEC DHA
generation can be achieved under strong acid conditions
(with a pH of 2).5,6 However, such a harsh reaction condition
significantly limits its practical application because of the
difficulty and high cost of handling the corrosion issues
induced by the acid electrolytes for constructing stable catalysts
and electrolysers and storing photo-refinery products.7,8 There-
fore, developing PEC glycerol refinery technologies that efficiently
produce DHA under neutral conditions would lower the cost
barriers to practically apply this sustainable technology. Develop-
ing catalysts that selectively adsorb and activate the targeted –OH
of glycerol is of significant importance to achieve such a goal. For
instance, Duan et al. recently reported that by modifying TiO2 with
Bi2O3, the selective activation of the secondary –OH of glycerol
could be enhanced, leading to improved solar-driven DHA selec-
tivity in acid electrolytes.9 Besides the modification strategy, the
defect-engineering approach has also been proven effective in
tuning the thermal glycerol refining selectivity.10 However, it
remains unveiled if the product selectivity can also be tuned in
solar-driven reactions by simply adjusting the atomic structure of
the catalyst, which calls for in-depth investigation.

Besides the reaction, catalyst design is another critical issue
that significantly affects PEC oxidation reaction performance.
The eventual PEC activity is determined by the light-harvesting
and charge carrier transfer performance of anode catalysts,
which are sensitively influenced by the defect states in the
catalysts.11 Defects with appropriate concentration could greatly
promote the catalyst’s reaction activity, whilst excessive defects
could compromise the reaction performance.12,13 In addition,
considering the optical response capability, BiVO4 is regarded
as one of the most promising anode catalysts, and generally
shows a band of 2.4–2.7 eV.14–17 Recently, Liu et al. reported a
BiVO4 (BVO)-based photoanode for selective glycerol oxida-
tion.18 However, as a pristine semiconductor material, the charge
transfer performance of BVO is still limited.19 Besides, the most
reported BVO-based photoanode has a bulk structure,20,21 which
also limits the light-harvesting capability of the photoanode
material, as the anode material could simply reflect the light.
SnO2, an n-type wide bandgap semiconductor (Eg = 3.5 eV),22

provides a stable framework for BVO, preventing agglomeration
and enhancing durability. It improves visible light absorption
with increasing photon utilization.23 Additionally, the formation
of a heterojunction of SnO2/BVO enhances charge separation
and transport through band alignment and efficient electron
pathways, boosting PEC performance for glycerol oxidation and
H2 production. Therefore, constructing a rationally engineered

photoanode could contribute to a more satisfactory PEC glycerol
oxidation performance.

Here, we demonstrated a BVO catalyst with an optimal oxygen
vacancy (Ov) concentration for highly selective PEC DHA
generation under neutral conditions with simultaneous H2

production. Systematic studies confirmed that growing the
BVO catalysts on a SnO2 skeleton enhanced the photoanodes’
light-harvesting and interfacial charge transfer behaviors, which
led to an increased current density. By tuning heat treatment
conditions, the effect of the Ov on the carrier surface trapping
process is investigated by time-resolved spectroscopy and X-ray
photoelectron spectroscopy. Then the concentration of the Ov is
precisely tailored to achieve the best reaction activity. Finally, it
is confirmed by both experimental and theoretical results that
the introduction of the Ov into BVO could play a vital role in the
selective adsorption and activation of the secondary –OH in
glycerol, which results in significantly improved DHA selectivity
and productivity in neutral electrolytes.

Results
Effect of annealing condition control on the structure and
morphology of BVO

The SnO2/BVO-x (x = 300, 400, 500, Air) photoanode was
synthesised by a two-step growth approach (Fig. 1a). Firstly,
the well-crystalised SnO2 nanosheet skeleton was grown on the
FTO substrate through a facile solvent-thermal method. Then,
the BVO precursor was spin-coated onto the skeleton, which
was then, respectively, annealed in Ar at 300, 400, and 500 1C
and in Air at 500 1C. The morphology of the SnO2/BVO-x
(x = 300, 400, 500, Air) photoanode is recorded using a scanning
electron microscope (SEM). As shown in Fig. 1b and Fig. S1
(ESI†), the SnO2 nanosheet is uniformly grown on the FTO
substrate with a thickness of ca. 2.1 mm.

Moreover, from the front- and cross-sectional SEM images
(Fig. 1c and Fig. S2, ESI†), it could be seen that the BVO
nanoparticles are evenly distributed on the surface of the
SnO2 nanosheet. This conclusion could be further illustrated
by the high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image of SnO2/BVO-400,
as shown in Fig. 1e. From the corresponding energy disperse
spectra mapping images (Fig. 1f–h), the uniform distribution of
elements Sn, Bi, and V could be evidenced. However, under
different heat treatment conditions, the morphologies and
composition of the SnO2/BVO-x (x = 300, 400, 500, Air) materials
show no big change (Fig. S3, ESI†). The XRD patterns of the as-
synthesised catalysts are shown in Fig. 1d. With BVO grown
on SnO2, it could be evidenced that besides the XRD pattern
of the SnO2 backbones, the XRD peaks of BVO could also be
seen. Also, with the annealing temperature, a mixed-phased
BVO (tetragonal/monoclinic phase) could be obtained.24,25

In addition, the increased annealing temperature could result
in an obviously enhanced growth of BVO, as the BVO peak
intensity becomes more intense with higher heat treatment
temperatures.
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The chemical states of the as-synthesised photoanode cata-
lyst are further investigated through X-ray photoelectron
spectroscopy (XPS). The survey XPS spectrum of SnO2/BVO-
400 is shown in Fig. S4a (ESI†), with the elements of Bi, V,
Sn, and O being identified. The high-resolution Sn 3d, Bi 4f,
and V 2p spectra of SnO2/BVO-400 show the typical peak shape
and positions of SnO2 and BVO.26–28 Moreover, the high-
resolution Bi 4f and O 1s spectra of SnO2 and SnO2/BVO-400
are shown in Fig. 1i and j. Compared to pristine SnO2, SnO2/
BVO-400 shows obvious Bi 4f peaks and lattice oxygen signals in
the Bi 4f and O 1s spectra, confirming the successful loading of
BiVO4 on SnO2, which is in line with the above microscopy
results. However, from the O 1s spectrum of SnO2/BVO-400, it
could be noticed that besides the typical oxygen signal from the
lattice of SnO2 and BVO, and the surface adsorbed –OH groups,
the signal from the Ov could also be evidenced, which could be
induced by the oxygen-deficient heat treatment conditions.29

On this basis, to further explore the influence of oxygen-
deficient heat treatment on the atomic structure of the cata-
lysts, the HAADF and integrated differential phase contrast
(iDPC) images of the SnO2/BVO-400 are shown in Fig. 2a and b.

From the HAADF image, the interface between BVO and SnO2

could be evidenced. The marked d-distance could be attributed to
the (121) and (110) facets of BVO and SnO2, respectively. From the
iDPC image, the Ov could be directly evidenced, which is marked
in green circles. From the plot intensity profile curve of the framed
region in Fig. 2b (as shown in the inset figure of Fig. 2b), the
existence of the Ov could be further validated. In this regard, the
microscopy results are in line with the XPS results, confirming
that Ov defects could be introduced to the lattice of BVO by
oxygen-deficient heat treatment.

To gain a deeper understanding of the correlation between
heat treatment conditions and the atomic structure of the
catalysts, electron paramagnetic resonance (EPR) and XPS
analyses were carried out, as shown in Fig. 2c–f and Fig. S5
(ESI†). According to previous work, the Ov-related V4+ is para-
magnetic, which could be determined by room temperature
EPR. As shown in Fig. 2c, it could be seen that, except SnO2/
BVO-Air, all other three samples exhibit strong signals
centered at g = 1.977, which matches well with the g value of
paramagnetic V4+ and confirms the existence of the Ov in
BVO.29 Moreover, regarding the signal intensity, the sample

Fig. 1 (a) Schematic synthesis procedure of the SnO2/BVO nanosheet array photoanode; (b) and (c) SEM images of the pristine SnO2 nanosheet array
and the SnO2/BVO-400 heterostructure nanosheet array. (d) XRD pattern of pristine SnO2 and SnO2/BVO samples under different annealing conditions.
(e) HAADF-STEM image of SnO2/BVO-400, (f)–(h) Sn, Bi, V EDS-mapping images of SnO2/BVO-400. (i) and (j) High-resolution Bi 4f and O 1s XPS spectra
of pristine SnO2 and SnO2/BVO-400.
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SnO2/BVO-300 shows the most intensive signal, indicating the
largest amount of Ov. With the increase of annealing tem-
perature, the signal intensity decreased gradually, attributed
to the crystallisation of BVO. But for SnO2/BVO-500, this
characteristic signal could still be evidenced, suggesting that
the Ov could not be completely diminished in an oxygen-
deficient atmosphere, even annealing at high temperatures.
Interestingly, for the SnO2/BVO-Air sample, which is annealed
in the Air at 500 1C, it could be seen that the signal disap-
peared. For this reason, it is believed that higher heating
temperature could help the crystal to alter the local structure
distortion of BVO, which therefore leads to a decreased Ov
concentration.29

Through XPS, the chemical states of SnO2/BVO-x (x = 300,
400, 500, Air) samples are further studied (Fig. 1j and 2d–f). The
pristine SnO2 nanosheet skeleton is well crystallised, as demon-
strated by the O 1s XPS peak shown in Fig. 1j. However, for the
SnO2/BVO-x (x = 300, 400, 500) samples (Fig. 2d–f), besides the
lattice oxygen from BVO, SnO2 and surface adsorbed oxygen
groups, obvious signals from the Ov could be seen. To better
understand the influence of heating temperature on the Ov
ratio of BVO, the O 1s spectra of BVO-x (x = 300, 400, 500, Air)
are collected and shown in Fig. S6 (ESI†). The Ov/(Ov + OBVO +
Oads) ratios of BVO-x (x = 300, 400, 500) samples are calculated
to be 24.6%, 20.1%, and 14.7%. This result is in line with the
EPR results and confirms that the Ov concentration will
decrease with increasing heating temperature.

Energy band structure of defect-engineered catalysts

Ultraviolet-visible (UV-vis) absorption spectroscopy is applied to
study the optical response of the obtained photoanode cata-
lysts. Firstly, the absorption spectrum of the SnO2 nanosheet

array as the skeleton is collected (Fig. 3a), which shows quite
narrow light harvesting. Combining with the TAUC plot
(Fig. S7, ESI†), the band gap of pristine SnO2 is calculated to
be 3.64 eV, which is in accordance with the previously reported
work.30,31 Moreover, it should be pointed out that an enhanced
optical response could be evidenced in the range of 400–
800 nm. Compared with the absorption spectrum of SnO2

powder, it could be seen that the SnO2 nanosheet array shows
an enhanced light harvesting performance (Fig. S8a, ESI†).
This phenomenon should be attributed to the effective light
scattering and trapping process in the array skeleton (as shown
in the inset image of Fig. 3a).32 A similar phenomenon can also
be evidenced in the SnO2/BVO array and powder catalysts
(Fig. S8b, ESI†). From the obtained light harvesting curves
(shown in Fig. S9, ESI†),33 the enhanced light harvesting
process induced by the array-structured skeleton could also
be evidenced, demonstrating the unique morphology advan-
tage of the as-designed photoanode.

Moreover, due to the narrow bandgap of BVO, the SnO2/
BVO-x (x = 300, 400, 500, Air) samples show visible light
response capability (Fig. 3a). To understand the effect of the
planted Ov on the electronic structure of BVO, the TAUC plots
of BVO-x (x = 300, 400, 500, Air) are obtained and shown
in Fig. S10a (ESI†). It could be seen that well-crystalised BVO
(BVO-Air) shows a bandgap of 2.66 eV. With increasing
Ov concentration, the bandgap of BVO decreased slightly.
Moreover, according to the valence band XPS(VB-XPS) spectra
(Fig. S10b, ESI†), the energy band structure of BVO-x (x = 300,
400, 500, Air) is further calculated. It could be seen that, with
increasing annealing temperature, the valence band position
gradually increased from 0.99 eV to 1.27 eV for BVO-x (x = 300,
400, 500). Moreover, BVO-Air exhibits a valence band position

Fig. 2 (a) and (b) HAADF and iDPC images of the SnO2/BVO-400 sample. (c) EPR spectra of BVO-300, BVO-400, BVO-500, and BVO-Air. (d)–(f) High-
resolution O 1s spectra of SnO2/BVO-300, SnO2/BVO-500, and SnO2/BVO-Air.
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of 1.40 eV. These phenomena show that with limited crystal-
linity and the existence of the Ov, the valence band position of
BVO could be uplifted. Consequently, the relative energy band
structures of BVO-x (x = 300, 400, 500, Air) are calculated and
shown in Fig. S11 (ESI†). By tuning the heat treatment condi-
tions, both the conduction band and valence band position of
BVO could shift to low positions with increasing annealing
temperature.

Effect on interfacial charge transfer

The effect of heat treatment conditions on the charge transfer
behaviours of the photoanode system is further studied, which
is of great significance for the PEC reaction. As shown in
Fig. 3b, the steady state photoluminescence (SSPL) spectra of
BVO-x (x = 300, 400, 500, Air) samples are obtained. It could be
seen that all samples exhibit emission peaks at a wavelength of
about 460 nm, which is attributed to the charge transfer
process between the V 3d and O 2p orbitals in VO4

3�.34 The
BVO-x (x = 300, 400, 500) samples show much higher emission
intensity compared with BVO-Air, suggesting that there is better
carrier transfer in BVO-Air due to the improved crystallinity.
However, due to the limited crystallinity of BVO-300, the

excessive Ov could act as the carrier trapping centers and lead
to a severe carrier recombination process.

Moreover, the time-resolved photoluminescence (TRPL)
spectra of the as-prepared photoanode are obtained and shown
in Fig. 3c and Fig. S12 (ESI†). It could be seen that, for all
samples, the obtained curve could be fitted by a biexponential
decay model. The two decay channels could be explained as the
defect-trapping recombination process, for the fast decay com-
ponent (t1), and the charge carrier recombination process
between the conduction band and the valence band, for the
slow decay component (t2).35 The fitting constants are listed in
Table S1 (ESI†). Due to the highest Ov concentration, SnO2/
BVO-300 shows the shortest t1 and average carrier lifetime
(tave). By regulating the heat treatment conditions, t1 and tave

obviously increased in SnO2/BVO-x (x = 400, 500, Air) samples,
indicating that better crystallinity could bring in a better charge
transfer process.

To understand the influence of the Ov on the interfacial elec-
tron interaction between BVO and SnO2, the high-resolution
O 1s spectra of pristine SnO2 and SnO2/BVO-x (x = 400 and Air)
are compared and shown in Fig. 3d. For SnO2 and SnO2/BVO-
Air samples, the negatively shifted SnO2 lattice O peak of the

Fig. 3 (a) UV-vis light absorption spectra of SnO2 and SnO2/BVO-x (x = 300, 400, 500, Air) samples (with inset showing the light scattering model of the
nanosheet array photoanode). (b) Steady-state photoluminescence spectra of BVO-x (x = 300, 400, 500, Air) samples. (c) Time-resolved photo-
luminescence spectra of SnO2/BVO-300 and SnO2/BVO-500 samples. (d) High-resolution O 1s spectra of SnO2, SnO2/BVO-400, and SnO2/BVO-Air.
(e) Schematic illustration of the photo-induced carrier transfer process of the SnO2/BVO photoanode with the Ov in BVO.
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SnO2/BVO-Air sample indicates that there exists an electron
transfer process from BVO to SnO2. This is driven by the
thermal dynamic driven force as the conduction band position
of BVO is higher than that of SnO2.36 However, as for the SnO2/
BVO-400 sample, the above negative shifting trend could still
be evidenced, but the intensity is relatively weak. Moreover,
precisely observing the O peaks belonging to the lattice of BVO,
a contrary positive shift is evidenced for SnO2/BVO-400. The
above results demonstrate that with the existence of the Ov,
during the charge transfer process from BVO to SnO2, some
electrons would be captured by the Ov,37 making fewer elec-
trons reach SnO2 (shown in Fig. 3e). In this regard, rationally
regulating the heat treatment condition is of great significance
to realise the appropriate charge transfer process, which is vital
for the PEC catalytic reaction.

PEC catalytic performance

As evidenced before, by regulating the heat treatment condi-
tions, the electronic structure and crystal structure could be
efficiently regulated. All these factors could directly influence
the following PEC performance.

In this regard, the PEC performance was tested under
general water-splitting conditions (electrolyte: 0.01 M Na2SO4).
As shown in Fig. S13 (ESI†), pristine SnO2 exhibited the lowest

current density due to the limited optical response and charge
transfer.38 In comparison, for the SnO2/BVO-x catalysts, the
current densities are obviously enhanced, whilst SnO2/BVO-400
exhibits the largest current density. Considering the better
charger transfer performance exhibited by SnO2/BVO-500 and
SnO2/BVO-Air, the enhanced PEC activity could come from the
better interfacial environment of SnO2/BVO-400. The Ov could
act as the adsorption site for the reaction intermediates and
facilitate the surface water oxidation reaction,39 therefore,
a trade-off between the defect-mediated charge transfer and
surface reaction could be evidenced from the as-synthesised
catalysts. Then, on this basis, the applied bias potential effi-
ciency (ABPE) of the above catalysts is calculated and shown
in Fig. S14 (ESI†). SnO2/BVO-400 exhibits the largest ABPE of
0.21% at a bias of 0.81 V vs. RHE, which is much higher than
that of other catalysts. It proves that an optimal balance
between charge transfer and surface adsorption is of signifi-
cant importance to the defect-mediated solar energy conversion
process.

To explore the glycerol oxidation performance of the
designed catalysts, the applied electrolyte was changed to a
mixed aqueous solution of 0.01 M Na2SO4 and 0.1 M glycerol.
It is worth pointing out that, such a low concentration support-
ing electrolyte (0.01 M Na2SO4) is applied to further reduce the

Fig. 4 (a) Linear sweep voltammetry curves of SnO2 and SnO2/BVO-x (x = 300, 400, 500, Air) samples in the glycerol electrolyte. (b) The I–t curves of
SnO2 and SnO2/BVO-x (x = 300, 400, 500, Air) with chopped illumination at a bias of 1.4 V vs. RHE. (c) Electrochemical impedance spectra of SnO2 and
SnO2/BVO-x (x = 300, 400, 500, Air) samples obtained at a bias of 1.4 V vs. RHE in the glycerol electrolyte. (d) Average electron lifetime (t) calculated from
the open-circuit potential test of SnO2/BVO-x (x = 300, 400, 500, Air) samples in the glycerol electrolyte.
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raw material costs. All samples showed a similar current
changing trend compared to that observed in the PEC water
oxidation test (Fig. 4a). The SnO2/BVO-400 sample still exhibits
the largest current density. At a bias of 1.4 V vs. RHE, it shows a
current density of ca. 3.5 mA cm�2. More importantly, SnO2/
BVO-400 also exhibits a larger current density compared with
SnO2/BVO-500 and SnO2/BVO-Air, which showed better charge
transfer. Therefore, the boosted current of SnO2/BVO-400 could
also be attributed to a balance between defect-site induced
better reactant adsorption capability and an optimal charge
transfer process.

To further illustrate the electrode reaction process, the
amperometric I–t curves of all samples are recorded under
chopped illumination at a bias of 1.4 V vs. RHE. As shown in
Fig. 4b, all samples show obvious changes during the light on/
off cycle, indicating the good optical response of the catalysts.
In line with the LSV results, due to the more favourable
oxidation kinetics, the catalysts could exhibit larger current
density in glycerol oxidation reactions. In addition, it should be
pointed out that, the dark current density of the catalyst is
relatively small compared to the photocurrent. As a result,
the glycerol oxidation reaction is mainly driven by the PEC
reaction, rather than the electrocatalytic or photocatalytic reac-
tion (Fig. S15, ESI†). Then the electrochemical impedance
spectroscopy (EIS) curves are obtained under the glycerol
oxidation conditions as shown in Fig. 4c. The obtained curves
are fitted based on the Randles equivalent circuit inserted in
Fig. 4c, which contains the solution resistance (Rs), capacitance
(CPE), Warburg impedance (Zw), and the charge carrier transfer
resistance (Rct), whilst Rct is represented by the semicircle
diameter.40 According to the fitting constants shown in
Table S2 (ESI†), it could be seen that the SnO2/BVO photo-
anodes could show an excellent charge transfer capability by
constructing heterostructured electrodes.37 From the details of
Rct differences between SnO2/BVO-x (x = 300, 400, 500, Air)
samples, it could be seen that better crystallinity of BVO can
lead to better charge transfer kinetics to the catalysts, as SnO2/
BVO-300 shows a relatively large Rct of 295.2 ohms. However, Rct

is influenced by the built-in electric field-induced charge trans-
fer process and the surficial charge injection process since the
latter could cause carrier trapping recombination. The efficient
glycerol sorption could facilitate surficial carrier consumption
and improve charge transfer. Based on the fitting constants,
SnO2/BVO-400 shows the smallest Rct. This should be attributed
to an optimal Ov concentration, which results in a balanced
defect-mediated charge transfer process.

To further understand the influence of the BVO’s atomic
structure on the carrier lifetime, the photo-induced carrier
lifetime was calculated using the open circuit voltage (OCV)
decay plots, which were obtained using the following equation:

t ¼ kBT

e

dVoc

dt

� ��1
(1)

where kB is the Boltzmann constant, e is the charge, and T is the
temperature. As shown in Fig. 4d and Fig. S16 (ESI†), compared

with SnO2/BVO-300, the catalysts treated with higher tempera-
tures could exhibit obviously longer carrier lifetime.41 The
largest attenuation rate of SnO2/BVO-300 comes from the poor
crystallinity of BVO, which severely traps the photo-induced
carrier. With a reduced Ov ratio, greatly facilitated carrier
transfer behaviour is evidenced with simultaneously efficient
surficial carrier injection performance. However, upon further
increasing the annealing temperature and treating in Air, the
existence of the Ov will be minimised and diminished. This will
lead to an unfavourable glycerol sorption process, thus further
strengthening the carrier recombination in contrast. All the
photoelectrochemical results confirm that the trade-off
between defect-mediated charge transfer and glycerol adsorp-
tion is of significant importance to the reactivity.

The PEC glycerol oxidation products’ distribution was
further tested and analysed on the SnO2/BVO-400 sample with
different bias potentials. As shown in Fig. 5a, it could be seen
that FA and DHA are the main products. It is reported that the
solution-based glycerol oxidation2 leads to generation of a large
amount of FA, and because the symmetry molecule possesses
two primary –OH groups it could be more easily attacked by the
surface adsorbed *OH. In this process, glycerol will be conse-
quently oxidised into GLYD, glyceric acid, and glycolic acid
(Fig. 5b). As reported before, GLYD can be easily oxidised into
glyceric acid, whilst glyceric acid can be converted to FA via C–C
cleavage.9 During the following conversions of glyceric acid to
glycolic acid and glycolic acid to formic acid, formic acid will be
kept releasing, making FA the primary product.2 Moreover,
since DHA is relatively stable than GLYD, it makes the main
by-products are the derivatives of GLYD.9 With increasing bias,
the total product yield rate increased simultaneously, and
the most considerable DHA selectivity (26.5%) and yield
(144 mmol m�2 h�1) are achieved at a bias of 1.4 V vs. RHE
(Fig. S17, ESI†), whilst a DHA faradaic efficiency of 22% was
achieved (Fig. S18, ESI†), which are compatible or even better
than those of some latest works (Table S3, ESI†). To date, most
research efforts in the field of glycerol reforming have been
focused on using strongly acidic electrolytes, which have been
found to show the highest selectivity of about 70% for DHA
production.9 However, the acidic environment required for this
process leads to significantly increased costs associated with
building stable electrolysers and catalysts, as well as the storage
of acidic products.7 While current studies are primarily focused
on optimizing catalyst performance under acidic conditions,
there is an urgent need for deeper investigation into the
development of efficient catalysts for neutral conditions. This
study contributes to this effort by presenting a practical
approach for selectively reforming glycerol under neutral con-
ditions, which is a promising alternative to the strongly acidic
conditions typically used in current research. Although the
selectivity for DHA in this study is lower than that achieved
under strongly acidic conditions, there is still potential for
further improvements (Fig. S19, ESI†). Nonetheless, this work
sheds light on a promising avenue for realizing efficiently
selective glycerol reforming in a more environmentally benign
manner.
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In addition, after a 3 h reaction, the hydrogen yield rate is
about 1850 mmol m�2 h�1, which is superior to those of other
systems shown in Table S4 (ESI†). In this regard, the electron
consumption rate of this process is about 3700 mmol m�2 h�1.42

For the oxidation half-reaction, the hole consumption rate
is calculated to be about 3240 mmol m�2 h�1. Notably, the
electron-to-hole consumption rate was found to be 1.1, indicat-
ing a nearly 100% efficiency in terms of producing both DHA
and clean hydrogen gas per atom.

To validate the influence of catalysts’ fine structure on the
catalytic performance, the PEC glycerol oxidation performance
of SnO2/BVO-400 and SnO2/BVO-Air is investigated at a bias of
1.4 V vs. RHE and compared in Fig. 5c. As shown in Fig. 5c, the
SnO2/BVO-Air sample shows much lower DHA selectivity (8%)
than SnO2/BVO-400. To realise the effective glycerol/DHA con-
version, besides the surface adsorbed *OH group mediated
processes, the selective adsorption and activation of the sec-
ondary –OH group of the molecule is of great importance.
Therefore, DFT calculation is adopted to clarify further the
adsorption and cleavage difference of the secondary OH� on
BVO with different atomic structures (Fig. 5d). It could be seen
that with the existence of the Ov, the oxygen atom from the
secondary –OH of the glycerol molecules will occupy the Ov
position and bond with the two adjacent Bi atoms, with an
adsorption energy of �1.63 eV. In comparison, without Ov, the
secondary –OH can only link to one Bi atom, with a much
smaller adsorption energy of �0.58 eV. Moreover, the stronger
secondary C–O bond activation is demonstrated from BVO with

the existence of the Ov, with a larger C–O bond elongated from
1.33 Å to 1.36 Å. Moreover, the adsorption energy of the primary
–OH on Ov-BVO and the C–O bond length are also calculated
and shown in Fig. S20 (ESI†). It could be seen that Ov-BVO
shows much larger adsorption energy towards the secondary
–OH, which also leads to longer C–O bond length. The Gibbs
free energy analysis highlights the catalytic performance differ-
ences between BVO and Ov-BVO in the oxidation of glycerol
to DHA (Fig. S21, ESI†). BVO, with limited active sites and
inefficient charge transfer properties, exhibits higher Gibbs
free energy, indicating significant thermodynamic and kinetic
limitations. In contrast, Ov-BVO, enhanced by the introduction
of oxygen vacancies, demonstrates reduced Gibbs free energy
due to the creation of additional active sites and improved
charge separation, leading to greater catalytic efficiency. The
SnO2/Ov-BVO surface exhibits the structure of Ov-BVO, espe-
cially its oxygen vacancy-driven activity. Therefore, the catalytic
behavior of SnO2/Ov-BVO is very similar to that of Ov-BVO.
Considering the enlarged adsorption energy, the significant
role of Ov in selective DHA generation can be confirmed.
Therefore, it could be concluded that rationally constructed
catalysts with precisely designed fine structures are of great
importance to realise efficient DHA fabrication with selective
secondary –OH adsorption and cleavage behaviour.

To assess the stability of the designed photoanode, long-
circular I–t curves shown in Fig. S23 (ESI†) indicate no signi-
ficant current density drop. These results confirm the good
stability of SnO2/BVO-400, suggesting that it is a promising

Fig. 5 (a) PEC glycerol oxidation product rate of the SnO2/BVO-400 photoanode at different bias potentials. (b) Illustration of the typical glycerol
oxidation pathway. (c) PEC glycerol oxidation product rates of SnO2/BVO-400 and SnO2/BVO-Air at a bias of 1.4 V vs. RHE. (d) DFT-optimized structures
of the secondary OH� group adsorbed on general BVO and Ov-BVO.
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material for use in photoanodes. The XRD pattern and SEM
image were collected for the used SnO2/BVO-400 and presented
in Fig. S24 (ESI†). It shows that the crystallinity of BVO was
slightly enhanced, while the nanosheet array appeared thicker
after recycling with reduced crystallinity. However, the skeleton
structure was well-retained. XPS was utilized to examine the
chemical states of Sn, Bi, V, and O in the SnO2/BVO-400 catalyst
after the reaction. The results showed that the oxidation states
of Sn (Sn4+), Bi (Bi3+), and V (V5+) remained stable before and
after the reaction, indicating the preservation of the catalyst’s
chemical structure (Fig. S25, ESI†). TEM imaging was con-
ducted to observe any changes in the catalyst’s morphology
after the reaction. SnO2 and the BVO retained their structural
integrity without noticeable agglomeration or degradation. The
interfacial structure between SnO2 and BVO remained intact,
which is crucial for maintaining efficient charge transfer and
catalytic activity (Fig. S26 and S27, ESI†). Fig. S28 (ESI†)
provides high-resolution iDPC-STEM images illustrating the
presence and spatial distribution of oxygen vacancies in the
catalyst. The inset at the top of the figure clearly highlights an
Ov, indicated by the circled region, showing a distinct contrast
difference in the atomic lattice. The corresponding line profile
in the lower part of the figure further quantifies this feature,
revealing a localized dip in atomic counts at approximately
1.2 nm, consistent with the presence of an Ov. These observa-
tions provide compelling evidence for the Ov’s existence and its
stability within the catalysts’ structure.

Conclusion

In this study, a BVO catalyst with an optimal oxygen vacancy
(Ov) concentration was grown on a SnO2 skeleton for efficient
PEC glycerol oxidation to produce dihydroxyacetone (DHA)
under neutral conditions with simultaneous H2 production
(1850 mmol m�2 h�1). It is determined that the SnO2/BVO type
II heterojunction suppressed bulk charge recombination, while
the multi-light scattering process enhanced the optical harvest-
ing capability of the catalyst. Meanwhile, the Ov greatly influ-
enced the charge transfer behaviors within BVO, and theoretical
calculations and experimental studies demonstrated that the
implantation of the Ov played a vital role in the selective
adsorption and activation of the secondary –OH group of glycerol
molecules in neutral electrolytes, which was crucial for the
selective DHA generation. More importantly, the Ov concen-
tration of BVO could be precisely tuned by changing the heat
treatment conditions, and an optimal Ov concentration was
demonstrated in the SnO2/BVO-400 catalyst, achieving a trade-
off between the photo-induced carrier lifetime and reactants’
adsorption. Due to the above synergistic effect, the PEC DHA
productivity was 144 mmol m�2 h�1 with a DHA selectivity of
26.5% under neutral conditions (in a 0.01 M Na2SO4 supporting
electrolyte), which was almost the best performance compared
to those of the other PEC glycerol/DHA conversions reported under
neutral conditions. This work provides an example of achieving
highly efficient PEC DHA co-generation under non-acid conditions

by catalyst engineering, making PEC biomass-to-value added
chemical conversion technology closer to practical applications.
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