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Orientation-engineered epitaxial BiVO4 thin films
for efficient photoelectrochemical glycerol
valorization

Minjoo Lee,†a Jun Beom Hwang,†a Yoonsung Jung,a Jiwoong Yang,a

Yunseo Jang,a Inhyeok Oh,a Yejoon Kim, a Yong-Ryun Job and Sanghan Lee *a

Epitaxial BiVO4 photoanodes with precisely controlled crystallo-

graphic orientations were fabricated to elucidate the intrinsic

influence of facet anisotropy on photoelectrochemical (PEC) gly-

cerol oxidation. The b-axis-oriented (0k0) BiVO4 film exhibited a

2.4-fold higher photocurrent density and a 2.6-fold greater charge-

separation efficiency than the c-axis-oriented (00l) film, achieving a

production rate of 81.4 mmol m�2 h�1 under AM 1.5 G illumination.

PEC and charge-transfer analyses reveal that the enhanced activity

of the (0k0) facet originates primarily from improved bulk charge

separation and transport rather than surface catalytic effects. This

work establishes crystallographic orientation control as an effective

design strategy for developing energy-efficient oxide photoanodes

for solar-driven glycerol oxidation beyond conventional water

splitting.

Introduction

The rapid increase in global energy consumption has intensi-
fied greenhouse gas emissions, underscoring the urgent need
for sustainable energy conversion technologies. Among various
strategies, hydrogen is regarded as a clean, high-energy-density
carrier (142 kJ g�1) with excellent storability and transportabil-
ity. Solar-driven photoelectrochemical (PEC) water splitting is
one of the most promising routes toward green hydrogen
production and carbon neutrality. However, the oxygen evolu-
tion reaction (OER) at the photoanode suffers from sluggish
kinetics and a large overpotential, which fundamentally limits
overall PEC efficiency. In addition, oxygen, a product of negli-
gible market value (E0.11 USD kg�1), further undermines its

economic viability.1 Replacing the OER with a thermodynami-
cally more favorable oxidation that generates value-added che-
micals therefore provides dual benefits in both energetic and
economic aspects.2–6

The PEC glycerol oxidation reaction (GOR) has recently
emerged as an attractive alternative anodic reaction.7–10

Glycerol, an inexpensive by-product of biodiesel production
(E0.75 USD kg�1), contains three hydroxyl groups that enable
multistep oxidation to high-value chemicals such as glyceric,
glycolic, and formic acids (E126, 188, 97 USD kg�1,
respectively).9,11,12 The reaction proceeds at a much lower
potential (E0.7–0.9 V vs. the reversible hydrogen electrode
(RHE, VRHE)) than the OER, enabling concurrent hydrogen evolu-
tion at reduced bias. Consequently, coupling hydrogen generation
with glycerol oxidation enhances both energy efficiency and
system profitability. Nevertheless, despite extensive efforts includ-
ing dopant incorporation, oxygen-vacancy engineering, and het-
erojunction design, bulk charge recombination and inefficient
carrier transport still restrict PEC GOR performance.13–19
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New concepts
Previous studies on photoelectrochemical glycerol oxidation have pre-
dominantly employed polycrystalline or textured BiVO4 films, where the
coexistence of multiple orientations and surface terminations obscured
the intrinsic role of crystallographic anisotropy. As a result, the funda-
mental relationship between orientation and glycerol oxidation activity
has remained unexplored. In this work, we establish an epitaxial model
platform consisting of (00l)- and (0k0)-oriented BiVO4 thin films grown by
pulsed laser deposition, in which orientation is isolated as the only
variable under similar structural and chemical environments. This model
system allows, for the first time, a direct evaluation of how orientation
governs charge separation and oxidation kinetics in the glycerol valoriza-
tion pathway. The finding that bulk charge-transport anisotropy dictates
overall glycerol oxidation reaction performance transforms crystallo-
graphic orientation from a structural descriptor into a functional design
parameter. This insight establishes crystallographic orientation as an
active design parameter for tuning charge transport and oxidation
behavior in oxide photoanodes.
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Controlling the crystallographic orientation of oxide semi-
conductors has proven to be an effective strategy to overcome
intrinsic charge-transport bottlenecks.20 Monoclinic BiVO4

(a = 5.195 Å, b = 5.092 Å, c = 11.701 Å, b = 90.381) exhibits
pronounced anisotropy in electronic structure and carrier
mobility: charge transport along the b-axis (010) is more favor-
able than along the c-axis (001). In our previous work, we
fabricated epitaxial BiVO4 thin films with well-defined (001)
and (010) orientations, revealing that the b-axis-oriented BiVO4

exhibited superior charge-separation efficiency and photocur-
rent density during PEC water oxidation.21 This demonstrates
that crystallographic orientation directly governs bulk charge
transport and overall PEC performance.21–23 Building on this,
subsequent studies have reported that the exposed facet also
affects catalytic behavior.24–27 For instance, hydrothermally
grown or polycrystalline BiVO4 photoanodes with (001)-rich
facets have shown faster oxidation kinetics than those domi-
nated by (112) or (101).10,21,28,29 However, such polycrystalline
systems inherently contain mixed grains and heterogeneous
interfaces, making it difficult to isolate the intrinsic orientation
effect.24,28,30 Therefore, a comprehensive orientation-resolved
investigation using epitaxial BiVO4 for glycerol oxidation
remains scarce.

Here, we extend the orientation-controlled epitaxial BiVO4

platform from water oxidation to PEC glycerol valorization.
(00l)- and (0k0)-oriented BiVO4 films were grown by pulsed-
laser deposition (PLD) to decouple crystallographic anisotropy
from other structural variables and directly correlate orienta-
tion with GOR activity.31–34 The (0k0)-oriented BiVO4 film
demonstrated substantially enhanced performance compared
with the (00l) orientation, showing a 2.6-fold increase in charge-
separation efficiency, a 2.4-fold higher photocurrent density,

and nearly threefold greater production rate (81.4 vs.
25.8 mmol m�2 h�1) under AM 1.5 G illumination. These
findings provide the first direct evidence that crystal orienta-
tion governs GOR activity even in complex organic oxidation,
confirming that the anisotropic charge-transport behavior pre-
viously observed in water oxidation also dictates multi-electron
alcohol conversion reactions. This work establishes an
orientation-engineering framework for facet-driven photoa-
nodes, advancing solar-driven glycerol oxidation beyond con-
ventional OER-based PEC systems.

Results and discussion

Epitaxial BiVO4 thin films with distinct crystallographic orien-
tations were fabricated using an in situ pulsed laser deposition
(PLD) system equipped with a carousel target exchange unit
(Fig. 1a).21,35,36 This configuration enabled precise control of
the stacking sequence through target rotation and of the film
thickness via laser pulse count. The c-axis-oriented BiVO4 (00l)
film was grown on YSZ (001) with an indium tin oxide (ITO)
conducting buffer layer, whereas the b-axis-oriented BiVO4 (0k0)
film was deposited on STO (001) with a SrRuO3 (SRO) buffer
layer (yellow and purple schematic boxes in Fig. 1a). The lattice
mismatch between BiVO4 and each the respective substrates,

calculated as mismatch ð%Þ ¼ afilm � asub

asub
� 100, was less than

1% for both heterostructures (as indicated in Fig. 1a), ensuring
coherent in-plane alignment. In the BiVO4 (00l)/ITO/YSZ, the
nearly identical lattice constants enable conventional lattice-
matching epitaxy, whereas the BiVO4 (0k0)/SRO/STO combi-
nation follows a domain-matching mechanism, where in-plane
periodicity is preserved through integer-multiple registry

Fig. 1 (a) Schematic illustration of the fabrication process via in situ pulsed laser deposition system and the growth of BiVO4 (00l) thin films along the c-
axis on YSZ (001) substrates and BiVO4 (0k0) thin films along the b-axis on STO (001) substrates. (b) Out-of-plane X-ray diffraction (XRD) y–2y scans of
epitaxial BiVO4 thin films with different crystallographic orientations. (c) Reciprocal space map (RSM) of an epitaxial BiVO4 (00l) thin film around the (202)
diffraction peak of the YSZ (001) substrate. (d) RSM of an epitaxial BiVO4 (0k0) thin film around the (102) diffraction peak of the STO (001) substrate.

Communication Materials Horizons

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 2
/2

5/
20

26
 6

:2
4:

14
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5mh02094h


This journal is © The Royal Society of Chemistry 2026 Mater. Horiz.

between the BiVO4 and substrate unit cells. Such structural
coherence facilitates strain-relaxed epitaxial growth, as schema-
tically illustrated on the right of Fig. 1a.37 We additionally
constructed orientation specific energy level diagrams based on
ultraviolet-visible (UV-vis) absorption spectroscopy and ultravio-
let photoelectron spectroscopy (UPS) measurements to provide a
clearer picture of the band edge positions and carrier extraction
through the conducting buffer layers. The resulting band dia-
grams and schematic energy alignment for the full PEC configu-
ration are provided in Fig. S1 and S2. The out-of-plane X-ray
diffraction (XRD) y–2y scans (Fig. 1b) clearly demonstrate
orientation-specific diffraction features. For BiVO4 (00l)/ITO/
YSZ, distinct reflections corresponding to the (002), (004),
(006), and (008) planes were observed at 15.181, 30.551, 46.531,
and 63.581, respectively, confirming a pure (00l) orientation
without secondary phases. In contrast, BiVO4 (0k0)/SRO/STO
exhibited only (020) and (040) reflections at 35.401 and 74.821,
indicating a single (0k0) orientation. Rocking-curve analysis of
the (004) and (020) reflections yielded comparable full widths at
half maximum (FWHM) of 0.741 and 0.771, respectively, demon-
strating that both films possess similar crystalline quality
(Fig. S3). High-resolution reciprocal space mapping (RSM) was
employed to determine the in-plane epitaxial relationship of the
BiVO4 thin films. As shown in Fig. 1c, the RSM pattern of BiVO4

near the (202) reflection of the YSZ (001) substrate shows a
single, well-aligned (204) diffraction spot, confirming in-plane
epitaxial registry. Based on the (204) peak position, the lattice
parameters of the BiVO4 (00l) film were calculated as 5.163 Å (in-
plane) and 11.703 Å (out-of-plane), corresponding to an orienta-
tion relationship of BiVO4 (001) 8YSZ (001). Similarly, for the
BiVO4 (0k0) film on STO (001), the RSM pattern (Fig. 1d) shows a
single (303) diffraction peak of BiVO4 aligned with the (102) peak
of STO. The calculated lattice parameters were 5.216 Å and
11.806 Å (in-plane), confirming the relationship BiVO4

(010)8STO (001). These results verify that both films were epi-
taxially aligned in both out-of-plane and in-plane directions. To
further elucidate the in-plane epitaxial registry, j-scans were
conducted. For the BiVO4 (00l) film on YSZ (001), both YSZ (204)
and BiVO4 (208) reflections exhibited fourfold symmetry with 901
separation, indicative of cube-on-cube epitaxy with 901 twin
domains, where BiVO4 [100] is parallel to YSZ [100] or [010]
(Fig. S4a). Likewise, for the BiVO4 (0k0) film on STO (001),
j-scans of the STO (103) and BiVO4 (112) reflections displayed
fourfold symmetric peaks, demonstrating that BiVO4 [100] is
parallel to STO [110] or [1 %10].38 Together, these analyses
confirm coherent in-plane epitaxy with 901 twin relationships,
evidencing highly ordered crystalline alignment across the
film–substrate interface (Fig. S4b). Overall, these results
demonstrate that BiVO4 thin films can be epitaxially grown
with two distinct orientations, (00l) and (0k0), while main-
taining comparable crystallinity and lattice coherence. Such
structural precision provides a robust foundation for system-
atically investigating the anisotropic charge-transport beha-
vior and facet-dependent photoelectrochemical reactivity of
BiVO4 during glycerol oxidation and related solar-driven
reactions.34

Epitaxial BiVO4 thin films with (00l) and (0k0) orientations
were comprehensively characterized to clarify how crystallo-
graphic orientation affects their structural and morphological
properties. Cross-sectional SEM images (Fig. S5a and b) reveal
uniform multilayer architectures, with B100 nm BiVO4 layers
on B50 nm ITO or B20 nm SRO bottom electrodes for the (00l)
and (0k0) films, respectively. 81-tilted top SEM images (Fig. S6a
and b) further confirms smooth, dense morphology of both
films. Consistently, AFM images (Fig. S7a and b) show homo-
geneous topographies with comparable root-mean-square
roughness (Rq) values of 2.44 and 2.29 nm for the (00l) and
(0k0) films, respectively (Fig. S7c). The calculated surface areas
within the same scan region were B9.03 mm2 for both samples,
indicating that surface area does not contribute to any PEC
performance differences. XPS spectra (Fig. S8a–c) confirm that
both BiVO4 films possess nearly identical Bi 4f, V 2p, and O 1s
core-level features, demonstrating consistent stoichiometry
irrespective of orientation. Deconvolution of the O 1s region
reveals similar contributions from lattice oxygen (OL) and
chemisorbed oxygen species (Oabs), suggesting that the overall
surface oxygen environment is nearly consistent between the
two orientations. Raman spectra (Fig. S9) display the character-
istic monoclinic BiVO4 vibrational modes: symmetric and
asymmetric bending (ds, das) of (VO4)3� at 330–400 cm�1,
asymmetric stretching (nas) at 610 cm�1 and 700–750 cm�1,
and symmetric stretching (ns) at 820–830 cm�1.39 The nearly
identical peak positions and relative intensities indicate that
the VO4 tetrahedral framework remains unaffected by
orientation.

Further investigation of the structural properties for epitax-
ial BiVO4 thin films with different crystallographic orientations
was performed by high-resolution transmission electron micro-
scopy (HRTEM) as shown in Fig. 2. HRTEM images for epitaxial
BiVO4 thin films with different crystallographic orientations
were taken along the [100]substrate zone axis and can identify
well-aligned lattice fringes in each layer and at the interfaces
between them, suggesting highly single crystalline BiVO4 thin
films were grown epitaxially. In the BiVO4 (00l) film on ITO-
buffered YSZ (001), the measured spacing of d(002) = 5.87 Å for
BiVO4, and d(002) = 5.05 Å for ITO, match theoretical values.21

Similarly, for the BiVO4 (0k0) film on SRO-buffered STO (001),
d(020) = 2.53 Å for BiVO4 and d(001) = 3.88 Å for SRO agree with
bulk parameters.21 FFT patterns (Fig. 2c and d) confirm these
epitaxial relationships: BiVO4 (011)/(002) and ITO (020)/(022)/
(002) reflections share a [100] zone axis, verifying c-axis-
oriented growth, whereas BiVO4 (024)/(004)/(020) and SRO
(001)/(011) reflections correspond to b-axis orientation (Fig. 2g
and h). SAED patterns (Fig. S10) verify long-range epitaxial
order consistent with XRD results, and TEM–EDS elemental
mapping (Fig. S11 and S12) reveals atomically sharp interfaces
with no interdiffusion. Elemental distributions confirm that Bi,
V, In, Sn, Y and Zr are confined within the BiVO4, ITO, and YSZ
layers of the (00l) film, while Bi, V, Sr, Ru, and Ti remain
localized in the BiVO4, SRO, and STO layers of the (0k0) film. To
ensure equivalent electrical conditions for PEC comparison, the
resistive properties of the bottom electrodes were evaluated.
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The ITO layer exhibited Rs = 88 O sq�1 and r = 4.4 � 10�4 O cm,
while the SRO layer showed Rs = 131 O sq�1 and r = 2.6� 10�4 O cm
(Fig. S13), confirming comparable out-of-plane conductivities in
both systems. Collectively, the AFM, XPS, Raman, TEM, SEM, UV-
Vis, and electrical analyses confirm that the BiVO4 (00l) and (0k0)
films are equivalent in structural, compositional, and optical

aspects, differing only in crystallographic orientation. This struc-
tural equivalence provides a robust foundation for evaluating the
intrinsic role of orientation in governing PEC performance.

The successful control of exposed facets in BiVO4 photo-
anodes enabled a systematic investigation into the correlation
between PEC GOR activity and crystallographic orientation.20

Fig. 2 High-resolution transmission electron microscopy (HRTEM) analysis of epitaxial BiVO4 thin films with different crystallographic orientations. (a)
Cross-sectional HRTEM image for an epitaxial BiVO4 film grown on an ITO-buffered YSZ (001) substrate. (b) Enlarged HRTEM image of the boxed region
in (a) highlighting the BiVO4/ITO interface. The dashed boxes indicate the areas used for fast Fourier transform (FFT) analysis. The dashed boxes indicate
the areas used for fast Fourier transform (FFT) analysis. (c and d) FFT patterns obtained from the ITO and BiVO4 regions in (b), respectively. (e) Cross-
sectional HRTEM image of an epitaxial BiVO4 film grown on an SRO-buffered STO (001) substrate. (f) Enlarged HRTEM image of the boxed region in (e)
highlighting the BiVO4/SRO interface, with dashed boxes indicating the FFT sampling areas. (g and h) FFT patterns obtained from the SRO and BiVO4

regions in (f), respectively. Lattice fringe spacings were estimated from the marked line profiles in (b) and (f).

Fig. 3 (a and b) Linear-sweep voltammetry (LSV) curves of BiVO4 (00l) and (0k0) photoanodes in different electrolytes under 1.5G illumination, with
dotted line indicating the corresponding dark currents. (a) 0.1 M KOH, (b) 0.1 M KOH + 1.0 M glycerol. (c) Electrochemical impedance spectroscopy (EIS)
Nyquist plots measured at 1.23 VRHE (inset shows the equivalent circuit used for fitting), (d) Mott–Schottky plots of BiVO4 (00l) and (0k0) photoanodes
measured in 0.1 M KOH + 1.0 M glycerol under dark conditions. (e) Chronoamperometry analysis measured at 1.0 VRHE in 0.1 M KOH + 1.0 M glycerol
under AM 1.5G illumination, (f) production rates, (g) selectivity, and (h) faradaic efficiency for glyceric acid, glycolic acid, and formic acid quantified by
HPLC during PEC glycerol oxidation at 1.0 VRHE.
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PEC GOR performance was evaluated in 0.1 M KOH containing
1.0 M glycerol under AM 1.5 G illumination. Under OER
conditions (Fig. 3a), the (00l)-oriented BiVO4 photoanode
showed a photocurrent density of 0.45 mA cm�2 at 1.23 VRHE,
whereas the (0k0)-oriented film exhibited a much higher cur-
rent density of 1.01 mA cm�2, indicating that the (0k0) orienta-
tion facilitates more efficient charge transport and surface
reaction kinetics. Upon introducing glycerol into the electrolyte
(Fig. 3b), both electrodes showed a pronounced enhancement in
photocurrent across the entire potential range. The (0k0)-BiVO4

achieved 2.51 mA cm�2 at 1.23 VRHE—approximately 2.4 times
higher than the (00l)-oriented film (1.06 mA cm�2)—demonstrat-
ing the superior photoactivity of the b-axis-oriented facet.
Additional PEC GOR activity tests in near-neutral and acidic
electrolytes are provided in Fig. S14, confirming that the
orientation-dependent trend is maintained across different pH
environments. Electrochemical impedance spectroscopy (EIS)
performed at 1.23 VRHE (Fig. 3c) revealed series resistances (Rs)
of 66.6 and 64.1 O cm2, and charge-transfer resistances (Rct) of
633 and 425 O cm2 for the (00l)- and (0k0)-BiVO4 films, respec-
tively. The markedly lower Rct of the (0k0) film highlights its
enhanced interfacial charge separation and transfer efficiency.
To further probe the orientation dependent electronic properties
of the epitaxial BiVO4 films, Mott–Schottky analysis was per-
formed under dark conditions to estimate the donor density and
compare the space charge characteristics of the two facets
(Fig. 3d). The (0k0) oriented BiVO4 film exhibits a noticeably
smaller slope than the (00l) film, corresponding to a higher
donor density. Specifically, the extracted ND values are 2.81 �
1018 cm�3 for the (0k0) film and 1.65 � 1018 cm�3 for the (00l)
film. The higher donor density of the (0k0) orientation is
consistent with its improved electrical conductivity and more

efficient carrier transport, which agrees with the higher photo-
current densities observed under both OER and GOR conditions.
Chronoamperometry at 1.0 VRHE under PEC GOR conditions
(Fig. 3e) was used to monitor the photocurrent during operation.
Quantitative analysis of the oxidation products was carried out by
high-performance liquid chromatography (HPLC) to evaluate
orientation dependent activity (production rate, selectivity, and
faradaic efficiency), as shown in Fig. 3f–h and details are
summarized on Table S1. To capture the product dynamics
under operation, the liquid products were quantified at different
reaction times (Fig. S15). The (0k0) BiVO4 sample exhibited a
total production rate of 81.4 mmol m�2 h�1 at 30 min, which
was markedly higher than that of the (00l) oriented BiVO4

(25.8 mmol m�2 h�1). Product distribution analysis further
revealed that the (00l) film mainly yielded formic acid, whereas
the (0k0) BiVO4 produced a larger fraction of glyceric acid at the
early stage. Notably, the product distribution evolves with reac-
tion time, most clearly on the (0k0) film, where the relative
contribution of glyceric acid decreases while formic acid
becomes more pronounced at longer reaction times, consistent
with a consecutive oxidation network under sustained bias.
Additional time dependent product analysis performed at a lower
bias of 0.8 VRHE shows a comparable evolution trend and is
provided in Fig. S16 with quantitative values summarized in
Table S2. For independent verification of the HPLC peak assign-
ments, we additionally performed 1H NMR on the post reaction
electrolyte collected after 30 min operation at 1.0 VRHE (Fig. S17).
This facet dependent trend, together with the enhanced charge
utilization efficiency of the (0k0) film, suggests that crystallo-
graphic orientation influences the overall PEC activity and pro-
duct distribution. The orientation dependent behavior may
originate from intrinsic differences in facet associated carrier

Fig. 4 (a and b) Linear-sweep voltammetry (LSV) curves of BiVO4 (00l) and (0k0) photoanodes measured in 0.1 M KOH with 1.0 M Na2SO3 as a hole
scavenger. The dotted lines represent the dark responses. (b) Charge separation efficiency (Zsep) and (c) surface charge transfer efficiency (Ztrans) of BiVO4

(00l) and (0k0) photoanodes, respectively. (d) Open circuit potential (OCP) transients under chopped illumination for BiVO4 (00l) and (0k0) photoanodes.
(e) Intensity modulated photocurrent spectroscopy (IMPS) complex plane plots for BiVO4 (00l) and (0k0) photoanodes measured at 1.0 VRHE, with the
extracted fmin and corresponding electron transport time constant td.
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dynamics and surface electronic structure. In particular, Li et al.
demonstrated that photogenerated electrons and holes are spa-
tially separated on distinct facets of BiVO4, leading to facet
dependent redox reactivity.26 Theoretical analysis has also sug-
gested that low index planes of monoclinic BiVO4 can exhibit
different atomic terminations and facet dependent electronic
characteristics. Although the direct correlation between facet
geometry and the glycerol oxidation pathway remains to be
verified, our UPS derived band energetics show only minor
differences in work function and band edge positions between
the (00l) and (0k0) films (Fig. S1), suggesting that the distinct PEC
GOR behavior is not primarily governed by a large thermody-
namic shift in band energetics.

To contextualize the photocurrent changes observed during
prolonged PEC GOR operation, we further characterized the
films before and after operation using XRD, SEM, AFM, and
XPS. These analyses indicate that the epitaxial crystallinity is
largely preserved, while surface chemical evolution such as
vanadium depletion and changes in the O 1s components is
observed after operation, and the detailed results are provided
in the SI (Fig. S18–S22 and Tables S3 and S4).

To further clarify the origin of the superior PEC OER and
GOR activities of the (0k0) BiVO4 photoanode, charge-transfer
analyses were conducted (Fig. 4). The LSV curves recorded in
the presence of a hole scavenger (0.1 M KOH with 1.0 M
Na2SO3) showed that the (0k0) BiVO4 achieved a much higher
photocurrent density nearly twice that of the (00l) film at
1.23 VRHE, confirming that the improved PEC performance
primarily originates from more efficient bulk charge generation
and separation rather than from surface recombination sup-
pression. By comparing the photocurrent responses obtained
in the absence (Fig. 3a) and presence of Na2SO3, along with UV-
vis absorbance spectra (Fig. S1a), the charge-separation (Zsep)
and charge-transfer efficiency (Ztrans) were determined (Fig. 4b
and c).37 At 1.23 VRHE, the Zsep for the (0k0) BiVO4 reached
82.3%, more than twice that of the (00l) BiVO4 (31.6%), while
Ztrans values were 91.7% and 78.5%, respectively. Both photo-
anodes thus exhibit high interfacial charge-transfer capability,
but the markedly higher Zsep of the (0k0) film highlights that its
enhanced PEC performance is predominantly governed by
improved bulk charge separation and carrier collection. A
comparison with representative BiVO4 photoanode studies
reported for PEC glycerol oxidation under AM 1.5 G illumina-
tion is summarized in Table S5. This comparison highlights
that our single crystalline BiVO4 thin films enable, to the best of
our knowledge, the first orientation resolved PEC GOR evalua-
tion on single crystalline films and deliver among the highest
reported charge separation efficiencies, while maintaining
competitive donor density and photocurrent density. Open
circuit potential (OCP) transients under chopped illumination
were further measured to prove the photovoltage and recombi-
nation behavior under zero current condition (Fig. 4d). The
photovoltage, evaluated from the OCP difference dark and
illuminated states, was larger for the (0k0) film, with an
absolute OCP shift of 0.552 V compared with 0.499 V for the
(00l) film. This larger OCP shift indicates a greater quasi Fermi

level shifting and more efficient charge separation, which is
consistent with the higher Zsep observed for the (0k0)
orientation.40 In addition, intensity modulated photocurrent
spectroscopy (IMPS) was performed to analyze the electron
transport kinetics (Fig. 4e). The electron transit time tet was
calculated by: td = 1/(2�p�fmin), where fmin corresponds to the
frequency at the minimum imaginary component in the IMPS
spectra.41 The (0k0) film exhibited a higher fmin of 798 Hz and a
shorter td of 199.54 ms than the (00l) film with fmin of 668 Hz
and td of 238.38 ms, indicating faster carrier transport and more
efficient charge collection through the film. The shortened
transport time reduces the time window for bulk recombina-
tion and supports that the facet dependent PEC behavior of
BiVO4 is mainly governed by crystallographically controlled
bulk charge dynamics that dictate the utilization of photogen-
erated carriers at the surface.33,42 Therefore, rational control of
crystallographic orientation represents a general design princi-
ple for optimizing charge utilization and overall reaction effi-
ciency in oxide-based photoanodes.

Conclusions

In summary, epitaxial BiVO4 thin films with distinct crystal-
lographic orientations were fabricated to elucidate the intrinsic
influence of crystal anisotropy on photoelectrocatalytic beha-
vior. Importantly, this work provides the first direct,
orientation-resolved demonstration of PEC glycerol oxidation
using single-crystalline BiVO4 photoanodes. Structural and
electronic analyses confirm that the (00l) and (0k0) films are
identical except for orientation, enabling a direct assessment of
orientation-governed charge transport. The b-axis-oriented
(0k0) BiVO4 photoanode shows markedly enhanced perfor-
mance in both water and glycerol oxidation, with higher
photocurrent density, faradaic efficiency, and production of
value-added products. Charge-transfer efficiency analysis
reveals that this enhancement originates from the intrinsically
superior bulk charge-separation capability of the (0k0) facet,
while both orientations retain comparable surface transfer
efficiency. These findings clarify how crystallographic orienta-
tion governs anisotropic charge dynamics and establish
orientation-controlled epitaxy as an effective route for design-
ing high-efficiency oxide photoanodes for solar-driven glycerol
oxidation.
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