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ABSTRACT: The simultaneous optimization of the bulk and surface
characteristics  of  photoelectrodes  is  essential  to  maximize  their
photoelectrochemical  (PEC)  performance.  We  report  a  novel  one-
pot  hydrothermal  synthesis  of  textured  and  surface-reconstructed
BiVO4 photoanodes (ts-BVO), achieving significant improvements in
PEC water  splitting.  By  controlling precursor  molarity  and ethylene
glycol  (EG)  addition,  we  developed  a  stepwise  dual  reaction  (SDR)
mechanism, which enables simultaneous bulk texture development
and surface reconstruction. The optimized CoBi/ts-BVO photoanode
exhibited  a  photocurrent  density  of 4.3  mA∙cm−2 at  1.23  V  vs.
reversible hydrogen electrode (RHE) with a high Faradaic efficiency

of 98% under one sun illumination. Compared with nontextured BiVO4, the charge transport efficiency increased from 8% to 70%,
whereas the surface charge transfer efficiency improved from 9% to 85%. These results underscore the critical role of both bulk and
surface  engineering  in  enhancing  PEC  performance.  Our  findings  offer  a  streamlined  approach  for  improving  the  intrinsic
properties of photoanodes in solar water splitting.
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1    Introduction
Bismuth vanadate (BiVO4) has attracted considerable attention for
its  potential  applications  in  photoelectrochemical  (PEC)  and
photocatalytic  (PC)  oxidation  reactions,  which  are  crucial  for
producing clean hydrogen fuel from solar energy [1,2]. Owing to
its  narrow  bandgap  of  2.4  eV,  BiVO4 can  absorb  sunlight  up  to
520  nm,  making  it  an  attractive  candidate  for  solar  energy
conversion. Additionally, it has an appropriate valence band edge
for  water  oxidation,  reasonable  PEC  and  PC  activities,  and
moderate  physicochemical  stability  in  neutral  electrolytes  [3−5].
However,  several  intrinsic  limitations  significantly  hinder  its
performance,  including  low  charge  mobility,  high  bulk
recombination  rates,  and  sluggish  oxygen  evolution  reaction
(OER)  kinetics  at  the  surface  [6].  Addressing  these  issues  is
essential for realizing the full potential of BiVO4 as a photoanode
material for water splitting.

Various  strategies  have  been  employed  to  improve  the  PEC
performance  of  BiVO4,  among  which  texture  engineering  has
emerged  as  a  promising  approach.  By  controlling  the
crystallographic  orientation  and  exposed  facets,  texture
engineering  can  enhance  charge  transport  and  reduce  surface
recombination,  thereby  improving  the  PEC  efficiency.  For
example, BiVO4 with preferential orientation along the [001] axis
has  demonstrated  significant  improvements  in  charge  transport
and photocurrent density [7−10]. Our previous work showed that
the  laser  ablation  method  could  be  used  to  synthesize  [001]-
oriented  BiVO4,  which  resulted  in  a  71%  charge  transport
efficiency and a photocurrent density of 3.9 mA∙cm−2 at 1.23 V vs.
the  reversible  hydrogen  electrode  (RHE)  [11].  Similarly,  Mo
doping  has  been  shown  to  enhance  charge  separation  through
texture  development,  further  improving  PEC  performance
[12,13].  However,  these  approaches  typically  focus  on  enhancing 
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bulk  properties,  often  neglecting  the  surface-related  factors  that
are equally crucial for PEC reactions.

Recent  studies  have  revealed  that  the  surface  properties  of
BiVO4,  including  surface  stoichiometry  and  defect  states,  play  a
critical role in determining its PEC performance [14−18]. Defects
related  to  vanadium,  bismuth,  and  oxygen  can  significantly
impact charge transport, carrier density, and surface reactivity, all
of  which  are  crucial  for  efficient  water  oxidation.  In  particular,
surface recombination and poor oxygen evolution kinetics remain
significant  challenges,  even  in  textured  BiVO4 [19−24].  Thus,
while  texture  engineering  improves  bulk  charge  transport,  it  is
often  insufficient  for  maximizing  overall  PEC  performance
without simultaneous surface optimization.

To  address  these  challenges,  surface  engineering  techniques
such  as  surface  passivation  and  defect  engineering  have  been
applied  to  BiVO4 [16,18].  These  strategies  aim  to  reduce  surface
recombination  and  improve  the  OER  kinetics  [25].  Surface
modifications,  such as  incorporating  protective  layers  or  creating
oxygen  vacancies,  have  been  shown  to  enhance  surface  charge
transfer  efficiency,  but  they  often  require  additional  processing
steps,  making  the  fabrication  process  more  complex  and  time-
consuming. Moreover, the independent optimization of bulk and
surface  properties  can  lead  to  inconsistencies  in  performance,  as
these two aspects are closely interconnected.

In this study, we propose a novel approach that simultaneously
addresses both the bulk and surface limitations of BiVO4 through
a one-pot hydrothermal synthesis method. This approach enables
the simultaneous optimization of texture development and surface
reconstruction,  utilizing  a  stepwise  dual  reaction  (SDR)
mechanism. By carefully controlling the molarity of the precursors
and the concentration of ethylene glycol (EG), we achieve precise
control  over  both  bulk  crystal  growth  and surface  stoichiometry.
EG plays a critical role in this process by facilitating [00l]-oriented
growth  in  the  early  stages  and  inducing  surface  reconstruction
during  the  later  synthesis  stages.  This  unified  approach
significantly  enhances  both  the  bulk  charge  transport  efficiency
and surface charge transfer efficiency, addressing the limitations of
previous methods that focused on one aspect at a time.

The  resulting  textured  and  surface-reconstructed  BiVO4 (ts-
BVO)  photoanode  with  the  CoBi  electrocatalyst  achieves  a
photocurrent  density  of  4.3  mA∙cm−2 at  1.23  V  vs.  RHE,  with  a
Faradaic  efficiency  of  98%,  representing  a  substantial
improvement  over  nontextured  and  nonreconstructed  BiVO4.
This  study  highlights  the  importance  of  integrated  bulk  and
surface engineering in the development of high-performance PEC
photoanodes  for  solar  water  splitting,  providing  a  streamlined,
efficient method for enhancing the intrinsic properties of BiVO4.

2    Experimental

2.1    Deposition of BVO seed layer
Prior to hydrothermal growth, a BVO nanoparticle film serving as
a  seed  layer  was  deposited  onto  fluorine-doped  tin  oxide  (FTO)
glass  substrates  (Pilkington,  TEC-8)  via  spin-coating.  For  this
process, a 0.1 M BVO coating solution was prepared by dissolving
bismuth  nitrate  pentahydrate  (Bi(NO3)3·5H2O,  0.485  g,  ≥  98%,
Sigma–Aldrich) and vanadyl  acetylacetonate (C10H4O5V, 0.265 g,
98%,  Sigma–Aldrich)  in  a  solvent  mixture  of  2-methoxyethanol
(C3H8O2,  6  mL,  ≥  99.3%,  Alfa  Aesar),  acetic  acid  (CH3COOH,
2 mL, 99%, Duksan) and 2,4-pentanedione (C5H8O2,  2 mL, 99%,
Alfa Aesar). The solution was ultrasonicated for 1 h and then aged
at 25 °C for 12 h. Next, the coating solution was spin-coated onto
the  precleaned  FTO  substrates  at  3000  r/min  for  60  s.

Intermediate  annealing  was  performed  at  300  °C  for  10  min,
followed by final annealing at 500 °C for 1 h in a box furnace.

2.2    Hydrothermal growth of ts-BVO
For  hydrothermal  growth,  Bi(NO3)3·5H2O  (1.94  g,  ≥  98%,
Sigma–Aldrich) and ammonium metavanadate (NH4VO3, 0.464 g,
99%,  Sigma–Aldrich)  were  separately  dissolved  in  EG  (C2H6O2,
25  mL,  99.8%,  Sigma–Aldrich)  and  deionized  water  (25  mL)
under  stirring  for  30  min  at  80  °C  to  form  solutions  A  and  B,
respectively. The solution B was subsequently added slowly to the
solution  A,  and  the  mixture  was  stirred  for  30  min  until  the
temperature decreased to 25 °C. The resulting orange suspension
(50 mL) was transferred to a Teflon-lined stainless-steel autoclave
(100  mL),  where  the  BVO  seed  layer-coated  substrates  were
placed vertically. The autoclave was then sealed and maintained at
200 °C for 0.5–11 h. After the reaction, the samples were removed,
rinsed  with  deionized  water  and  ethanol,  and  dried  under  a
nitrogen  atmosphere.  For  electrochemical  etching  (to  remove
surface residues), chronoamperometry was conducted via a three-
electrode  cell  with  a  Ag/AgCl  reference  electrode  (3  M  KCl),  a
BVO working electrode, and a platinum wire counter electrode. A
constant  external  bias  of  1.0  V vs.  RHE was  applied to  the  BVO
sample  for  30  s  to  remove  surface  residues.  Finally,  the  BVO
electrode was rinsed with deionized water and dried with flowing
nitrogen.

2.3    Hydrothermal  growth  of  textured  (t-BVO)  and
nontextured BVO (n-BVO)
The same hydrothermal growth process was used to synthesize t-
BVO and n-BVO,  except  for  the  precursor  molarity  and  growth
time.  For  t-BVO  (textured  without  surface  reconstruction),  the
precursor  molarity  was  0.08  M,  and  hydrothermal  growth  was
conducted  at  200  °C  for  5  h.  For  n-BVO  (nontextured  and
nonreconstructed),  the  precursor  molarity  was  0.06  M,  and
hydrothermal growth was conducted at 200 °C for 5 h.

3    Results and discussion

3.1    One-pot hydrothermal synthesis of ts-BVO
Figure 1(a) illustrates the one-pot hydrothermal synthesis of the ts-
BVO  photoanode,  which  followed  an  SDR  mechanism  utilizing
EG. Before hydrothermal  growth,  a  BVO nanoparticle  seed layer
was  deposited  on  the  FTO  substrates  via  solution  spin  coating
(Fig.  S1  in  the  Electronic  supplementary  Material  (ESM)).  The
seed layer-coated substrates were then subjected to hydrothermal
treatment under controlled conditions, including variations in the
precursor  molarity,  EG-to-water  volume  ratio,  and  growth  time
(Fig.  S2  in  the  ESM).  Texture  development  and  surface
reconstruction were achieved by adjusting the precursor molarity
and the EG-to-water volume ratio.

EG  plays  a  crucial  role  as  the  reaction  medium  owing  to  its
unique  physical  and  chemical  properties  [26].  During  the  early
synthesis stages, EG was selectively adsorbed onto specific facets of
the BVO nuclei,  promoting oriented (textured) growth along the
[00l]  direction.  Subsequently,  EG  undergoes  self-oxidation,
releasing electrons that selectively reduce the exposed (001) facets.
This reduction led to the formation of a Bi-rich nonstoichiometric
surface by etching. These two processes, texture development and
surface reconstruction, occur sequentially and are facilitated by the
SDR mechanism during one-pot hydrothermal synthesis,  leading
to the creation of highly textured and surface-reconstructed BVO
photoanodes (referred to as ts-BVO).

An  SEM  image  of  the  synthesized  ts-BVO  (Fig.  1(b))  reveals
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elongated decahedron-shaped grains with a high packing density.
XRD  analysis  (Fig.  1(c))  confirmed  the  successful  synthesis  of
monoclinic BVO (JCPDS No. 75-1867). Furthermore, the texture
coefficient  and  inverse  pole  figure  map  (insets  of Figs.  1(c)  and
1(d)) demonstrate the dominance of the (00l) out-of-plane texture
in  ts-BVO.  As  shown  in  Fig.  S3  in  the  ESM,  ts-BVO  was  also
successfully grown on quartz (an amorphous substrate), indicating
that texture development was driven by kinetic factors rather than
by epitaxial relationships with the underlying FTO substrate.

Transmission  electron  microscopy  (TEM)  revealed  a
decahedral morphology with smooth surfaces, exposing the (001)
and (112) facets (Fig. 1(e)). Three distinct regions, denoted as ‘A’,
‘B’, and ‘C’, were examined. As shown in Fig. S4 in the ESM, the
high-resolution TEM images revealed a monoclinic BVO phase in
all  three  regions.  Selective  area  electron  diffraction  (SAED)
patterns  indicate  that  region ‘A’ (at  the  bottom)  consists  of
polycrystalline, randomly oriented small grains (Fig. 1(f)), whereas
the  region ‘B’ (in  the  middle)  contains  larger  crystalline  grains
with  a  slight  orientation  (Fig.  1(g)).  The  region ‘C’ (at  the  top)
comprises  a  large  single-crystal  grain  (~600  nm  in  size),  as
evidenced  by  the  SAED  pattern  (Fig.  1(h)).  This  gradient  in  the
microstructure  suggests  that  texture  development  occurred
progressively during hydrothermal synthesis.

3.2    Critical parameters for texture development
To identify the critical factors for the textured growth of ts-BVO,

we  investigated  the  impact  of  precursor  molarity  on  the  growth
rate,  morphology,  and  texture  coefficient  (Figs.  S5  and  S6  in  the
ESM).  As  summarized  in Fig.  2(a),  the  growth  rate  increased
linearly  with  increasing  precursor  molarity  but  was  moderate  at
molarities greater than 0.08 M, forming two distinct linear curves.
This  indicated  a  shift  in  the  growth  mechanism  at  molarities
above  0.08  M. Figure  2(b)  shows  the  variation  in  the  texture
coefficient for several crystal planes as a function of the precursor
molarity.  At  a  low  molarity,  the  texture  coefficients  of  the  four
planes  were  close  to  1  (no  texture  development).  However,  at
higher  molarities  (>  0.08  M),  the  texture  coefficient  of  the  (004)
plane increases sharply, as confirmed by the intensified (004) XRD
peaks (Fig. S6 in the ESM). This suggests that a precursor molarity
greater than 0.08 M is critical for achieving strong (00l) texturing
in ts-BVO.

Next, we explored the effect of the EG-to-water volume ratio on
texture  development  during  hydrothermal  growth  (Fig.  2(c),
Fig.  S7  in  the  ESM).  At  low EG-to-water  volume ratios  (0% and
20%),  BVO  exhibited  rectangular  plate-like  grains  aligned
vertically  on  the  FTO  substrate,  with  a  higher  texture  coefficient
for  the  (200)  plane  than  for  the  (00l)  plane,  indicating  moderate
(h00) texturing. However, at an EG-to-water volume ratio of 50%,
decahedron-shaped  grains  with  well-defined  facets  formed,
indicating strong (00l) texturing. At 80%, the grains became rough
and damaged, with nanorod-like shapes and reduced thicknesses.
XRD and SEM analyses (Fig. S8 in the ESM) revealed the presence

 

Fig. 1    One-pot hydrothermal synthesis of (00l)-textured and surface-reconstructed BiVO4 (ts-BVO). (a) Schematic of stepwise dual-reaction synthesis. (b) Top-view
scanning  electron  microscopy  (SEM)  image.  (c)  X-ray  diffraction  (XRD)  pattern  where  the  inset  shows  texture  coefficient  of  selected  planes.  (d)  Inverse  pole
figure. (e)  Cross-sectional  transmission  electron  microscopy  (TEM)  image  and  (f–h)  corresponding  selective  area  electron  diffraction  (SAED)  patterns  at  the
three different spots.
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of  Bi  metal  peaks  and  a  damaged  surface,  suggesting  that  EG
played  a  key  role  in  the  chemical  (reduction)  reactions  during
hydrothermal  growth  [27,28].  Notably,  even  the  damaged  BVO
grown  at  an  EG-to-water  volume  ratio  of  80%  maintained  a
relatively  high  (00l)  texture  coefficient  (Fig.  2(c)).  According  to
Zhao et  al.  [29],  EG  can  be  adsorbed  onto  specific  BVO  crystal
planes,  promoting  preferentially  oriented  growth.  In  addition,
Chen et  al.  [30]  reported  that  the  EG-to-water  volume  ratio
significantly influences the crystal growth of BVO, particularly by
promoting  orientation  along  the  {004}  facets.  In  this  study,  EG
molecules  were  attached  to  the  sidewalls  of  the  BVO  grains
({101}), facilitating [00l] textured growth.

The  effects  of  growth  time  on  the  texture  coefficient  and  film
thickness  were studied at  0.08 M (Fig.  2(d),  Fig.  S9 in the ESM).
The (00l) texture coefficient increased with growth time, reached a
maximum at the growth time of 5 h, and remained high up to 9 h.
The film thickness followed a similar trend, suggesting that texture
development  was  closely  related  to  the  film  thickness.  Cross-
sectional TEM images further confirmed that the growth kinetics
drive  the  (00l)  texture  development  in  ts-BVO  (Fig.  S10  in  the
ESM). Interestingly, after 5–9 h of growth, there was no significant
increase in the film thickness or growth rate (Figs. S11 and S12 in
the  ESM).  Furthermore,  the  postsynthesis  solution  pH
demonstrated a trend analogous to that of the growth rate. Under
controlled  synthesis  conditions  (0.08  M,  200  °C,  and  6  h),  the
temporal evolution of pH was investigated (Fig. S13 in the ESM).
The results revealed a rapid increase in pH during the initial 3 h,
subsequently  reaching  a  plateau.  This  inflection  point  coincided
with the onset  of  a  gradual  decline in growth rate.  To rigorously
assess  the  effect  of  pH  on  crystal  growth,  BVO  was  synthesized
under  low  and  high  initial  pH  conditions  (0.4  and  4.2,
respectively)  while  all  other  parameters  were  held  constant.
Notably,  after  6  h  of  synthesis,  the  low-pH  BVO  resulted  in
significantly  greater  film  growth,  exceeding  approximately  3  μm,
than  did  the  high-pH  BVO,  which  resulted  in  a  substantially
reduced  film  thickness  of  less  than ~80  nm.  These  findings
underscore  the  critical  role  of  the  solution pH in  influencing the
crystal growth process.

Top-view  SEM  images  captured  at  various  growth  stages
(30 min,  3  h,  5  h,  and 6  h)  revealed the  progressive  evolution of
the surface morphology (Fig. 2(e)). At 30 min, the BVO exhibited
randomly  oriented  grains  with  small  nanoparticles,  resembling  a
bumpy “crocodile  skin” appearance,  suggesting  that  an  oriented
attachment  mechanism  governed  growth  [31,32].  As  the  growth
time  increased  to  5  h,  the  grains  transitioned  to  smooth
decahedral  shapes  with  larger  grain  sizes  (~600  nm).  However,
after 6 h of growth, the grains became thicker,  and nanoparticles
formed  exclusively  on  the  (001)  facet,  indicating  surface
reconstruction.  These  nanoparticles  continued  to  grow  as  the
reaction progressed (Fig.  S11  in  the  ESM).  Previous  studies  have
shown that the (001) and (101) facets  of  BVO correspond to the
reduction and oxidation facets, respectively [33,34]. Therefore, the
(001)  surface  was  preferentially  reduced  during  prolonged
hydrothermal  growth.  At  11  h,  XRD  analysis  (Fig.  S14  in  the
ESM)  revealed  the  formation  of  VOx flakes  and  Bi  metal,  along
with  a  diminished  (004)  peak  intensity,  indicating  excessive
reduction  and  surface  reconstruction  in  the  later  stages  of
hydrothermal growth. At 18 h,  EDS mapping revealed that these
spheres  are  primarily  rich  in  Bi,  with  less  V,  indicating  an
enrichment of metallic Bi (Fig. S15 in the ESM). These SEM and
EDS results align well with the XRD analysis, confirming that the
reduction reaction facilitated by EG.

For  comparison,  BVO  was  further  synthesized  at  a  low
precursor molarity (0.06 M) by varying the growth time. Notably,
no specific texture development was observed, even at prolonged
growth  times  (>  6  h).  However,  surface  chemical  reactions,
including  nanoparticle  formation,  were  still  observed  with
prolonged  growth  (Fig.  S16  in  the  ESM).  This  suggests  that  the
chemical reaction occurs regardless of the precursor molarity, but
texture development requires a higher molarity.

3.3    Surface reconstruction mechanism
Electrochemical  etching  was  used  to  remove  the  surface-formed
nanoparticles  in  the  6  h  ts-BVO  sample.  After  electrochemical
etching,  the  SEM  images  revealed  a  smooth  surface  with  no

 

Fig. 2    Critical parameters for texture development of ts-BVO. (a) Effect of precursor molarity on growth rate. (b) Effect of precursor molarity on texture coefficient.
(c) (001) texture coefficient variation with ethylene glycol (EG)-to-water mole ratio. (d) Texture coefficient variation with growth time. (e) Top-view SEM images at
specific growth times.
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residue (Fig. S17 in the ESM). The electrochemical etching voltage
was controlled to determine its impact on the surface morphology
and PEC performance (Fig. S18 in the ESM). The etching voltage
had  a  minimal  impact  on  the  PEC  performance,  indicating  that
surface  reconstruction  is  primarily  attributed  to  the  addition  of
EG.  Notably,  BVO  demonstrates  good  chemical  stability  at
approximately pH 9 and within an etching voltage range of 0–1.0 V.
However,  vanadium  species  readily  dissolve  into  ionic  forms
under  these  conditions  [35].  Well-known NaOH-based  chemical
etching  is  challenging  due  to  the  uneven  morphology  of  BVO,
which  can  lead  to  nonuniform  etching  across  the  surface.  An
uneven  surface  morphology  and  a  decrease  in  the  photocurrent
density  were  observed  with  increasing  NaOH  etching  duration
(30  min),  which  was  attributed  to  overetching  (Fig.  S19  in  the
ESM).  To  address  the  limitations  of  the  NaOH-based  etching
method,  we  utilized  electrochemical  etching,  which  ensures
uniform  surface  modification  by  leveraging  the  electrochemical
stability  window,  resulting  in  a  more  uniform  and  stable  BVO
photoanode.  XPS  analysis  of  the  three  samples  (5  h, 6  h,  and
6 h/etched) revealed changes in the surface composition (Fig. 3(a),
Fig.  S20  in  the  ESM).  The  Bi  :  V  stoichiometry  remained  at
approximately 1 : 1 (52% Bi) for the 5 h sample. However, the Bi
content of the 6 h sample sharply decreased (8% Bi), indicating a
V-rich surface. Similar to the 11 h sample (Fig. S14 in the ESM),
this  8%  Bi  content  indicated  the  formation  of  VOx due  to  the
surface  reduction  effect.  Notably,  after  etching  (removing  the
surface  nanoparticles),  the  Bi  content  again  increased  to  62%,
suggesting  the  formation  of  a  Bi-rich  surface.  In  addition,  this
6-h/etched  sample  exhibited  many  oxygen  vacancies  and  a  high
V4+ content at the surface. Raman analysis confirmed that surface
reconstruction had little effect on the crystalline structure (Fig. S21
in  the  ESM).  EG,  known  as  a  reducing  agent,  facilitates  surface
reconstruction  by  reducing  Bi–O  bonds,  which  are  weaker  than
V–O bonds in the BVO structure [14,36]. This led to preferential
Bi–O  bond  cleavage  and  the  formation  of  a  VOx layer  during
prolonged  hydrothermal  growth  (Fig.  S14  in  the  ESM).  After

electrochemical etching, the surface reverts to a Bi-rich state. This
Bi-rich  surface  plays  a  key  role  in  surface  reaction  kinetics  and
band-edge modulation, enhancing the PEC performance [37,38].

Figure 3(b) shows the reaction pathway for EG decomposition
(self-oxidation)  during  the  hydrothermal  process.  According  to
previous  studies,  EG  undergoes  self-oxidation  in  the  presence  of
water  and  BVO  precursor  ions,  producing  byproducts  and
electrons [39,40]. EG is oxidized to glycolaldehyde, which is then
cleaved  into  formate  via  C–C  bond  oxidation.  Formate,  a  stable
product,  participates  in  the  chemical  reduction  of  the  BVO
surface,  leading  to  surface  reconstruction.  To  verify  the  self-
oxidation  of  EG, 1H  NMR  analysis  was  performed  on  the
remaining  hydrothermal  solutions.  On  the  basis  of  theoretical
calculations,  the  peak  between  4  and  4.5  ppm  was  identified  as
glycolic acid, and the peak between 8 and 8.5 ppm was attributed
to formic acid (Fig.  S22 in the ESM).  The predominant  peaks  of
glycolic  and  formic  acids  were  clearly  observed  in  the  solution
after 6 h of growth (Figs. 3(c) and 3(d)), confirming that EG self-
oxidation occurred. The leftward peak shift at 3 h is attributed to
changes  in  the  pH  of  the  hydrothermal  solution  [41].  Generally,
the color of a vanadium-containing solution varies depending on
the  oxidation  state  of  the  vanadium [42,43].  At  0  h,  the  solution
appeared  yellow  (indicating  the  +5  oxidation  state).  As  the
reaction progressed, the color of the solution gradually changed to
green or light blue, suggesting a reduction in the oxidation state of
vanadium  from  +5  to  +4  or  +3.  Thus,  the  formation  of  formic
acid and the color change of the solution highlight the crucial role
of EG as a reducing agent in the surface reconstruction process.

The  synthesis  temperature  was  varied  to  investigate  the
decomposition  behavior  of  EG  and  the  reaction  kinetics.  Figure
S23 in the ESM shows that the (001) texture coefficient increases
as  the  temperature  increases,  whereas  the  thickness  remains
constant  between  160  and  200  °C.  Surface  reconstruction,
identified by surface particles, occurs exclusively at 200 °C. Rapid
BVO growth occurs above 160 °C due to the high concentration
of the precursor solution, but EG decomposition is achieved only

 

Fig. 3    Surface reconstruction mechanism. (a) Relative amount of Bi at the surface. (b) EG oxidation reaction byproducts (glycolic acid and formate). 1H NMR spectra of
hydrothermal growth solution after specific reaction times: (c) glycolic acid and (d) formate. (e) The color of solution changed with increasing hydrothermal reaction
time: yellow: V5+, blue: V4+, and green: V3+.
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at 200 °C, given its boiling point of 197 °C. Consequently, texture
development  and  surface  reconstruction  are  achieved  only  at
temperatures above 200 °C.

Figure  S24  in  the  ESM  depicts  the  proposed  hydrothermal
growth  mechanism  via  SDR.  The  introduction  of  EG  into  the
growth solution serves a  dual  purpose:  EG acts  as  a  capping and
reducing  agent,  facilitating  anisotropic  growth  through
preferential  adsorption  at  specific  facets  and  enabling  a  surface
reduction reaction. During the initial stage, BVO rapidly nucleates
on  the  seed  layer  with  random  orientations.  Over  time,  texture
development occurred, forming smooth grains with preferentially
oriented facets within 5 h of growth. However, in the later stages,
as  precursor  consumption  is  completed,  EG  acts  as  a  reducing
agent, initiating surface reconstruction. Consequently, the surface
of  the  BVO  photoanode  is  transformed  into  a  Bi-rich  surface in
situ.  Finally,  as  shown  in  Fig.  S25  in  the  ESM,  the  optimized
synthesis conditions were as follows: precursor molarity of 0.08 M;
growth  temperature  of  200  °C,  growth  time  of  6  h,  and  EG-to-
water volume ratio of 50%.

3.4    Photoelectrochemical (PEC) performance and Faradaic
efficiency
The  PEC  performances  of  the  ts-BVO  photoanodes  were
measured  in  a  1  M  borate  buffer  (KBi,  pH  9.4)  electrolyte  via  a
three-electrode setup (Fig. 4(a)). For comparison, nontextured (n-
BVO) and textured BVO (t-BVO, without surface reconstruction)
photoanodes  with  the  same  thickness  (~800  nm)  were  also

evaluated  (Fig.  S26  in  the  ESM). Figure  4(b)  shows  the
photocurrent  density  versus  potential  (J–V)  curves  of  the  three
BVO photoanodes.  The  photocurrent  density  at  1.23  V vs.  RHE
(Jph, 1.23 V) of ts-BVO, t-BVO and n-BVO was measured to be 3.2,
1.0,  and 0.2  mA∙cm−2,  respectively  (Fig.  4(b)).  ts-BVO achieved a
Jph 1.23 V that which was approximately 3 times greater than that of t-
BVO  and  16  times  greater  than  that  of  the  n-BVO  photoanode.
The maximum applied bias  photon-to-current  efficiency (ABPE)
of ts-BVO was 0.55%, which is approximately three times greater
than that  of  t-BVO (0.17%) and 28 times greater  than that  of  n-
BVO (0.02%) (Fig. S27 in the ESM). Compared with t-BVO and n-
BVO,  ts-BVO  presented  significantly  greater  values  across  the
wavelength  range  of  300–510  nm  (Fig.  4(c)).  Furthermore,  the
integrated IPCE values of ts-BVO, t-BVO, and n-BVO are 2.9, 0.7,
and 0.2 mA∙cm−2,  respectively,  which are consistent  with the J–V
curves.  As  shown  in  Table  S1  in  the  ESM,  the  photocurrent
density  of  ts-BVO  was  compared  to  that  of  BVO  photoanodes
synthesized via diverse methods reported in recent years. Notably,
ts-BVO  has  one  of  the  highest  photocurrent  densities  among
reported  BVO  photoanodes,  highlighting  the  effectiveness  of
texture  development  and  surface  reconstruction  strategies.  These
results  suggest  that  the  enhanced  PEC  performance  of  ts-BVO
arises  from  the  combined  effects  of  its  bulk  and  surface
characteristics, which are optimized through texturing and surface
reconstruction.

To  investigate  the  key  factors  contributing  to  the  enhanced
photocurrent,  electrochemical  impedance spectroscopy (EIS)  was

 

Fig. 4    PEC performance and Faradaic efficiency. (a) Schematic illustration of PEC cell (HER is the hydrogen evolution reaction). (b) J‒V curves (Jph is the photocurrent
density)  measured  in  a  1  M borate  buffer  solution  (KBi,  pH 9.4)  under  1  sun  illumination  (AM 1.5  G,  100  mW∙cm−2).  (c)  Incident  photon-to-current  conversion
efficiency (IPCE). (d) Electrochemical impedance spectroscopy (EIS) analysis. The inset is an equivalent circuit model used for fitting. (e) Comparison of the charge
transport (ηtransport) and charge transfer (ηtransfert) efficiencies at 1.23 V vs. RHE. (f) Summary of the advantages of ts-BVO for PEC water oxidation. (g) Gas evolution and
Faradaic efficiency of ts-BVO and CoBi OEC deposited ts-BVO (CoBi/ts-BVO). (h) Photocurrent stability of ts-BVO and CoBi/ts-BVO measured at 1.23 V vs. RHE.

9221043-6 Hwang S, Jeong Y, Tan R, et al.

J Adv Ceram 2025, 14(3): 9221043
 



performed (Fig. 4(d)). The extracted values of the series resistance
(R1), bulk resistance (R2), and interfacial charge-transfer resistance
(R3) are listed in Table S2 in the ESM. Notably, ts-BVO exhibited
the  smallest  semicircle,  indicating  significant  improvements  in
both  the  bulk  charge  transport  and  surface  charge  transfer
properties.  Next,  the  charge  transport  (ηtransport)  and  transfer
efficiencies (ηtransfer) of three BVO photoanodes were quantified at
1.23 V vs.  RHE via a hole scavenger method (Fig.  4(e),  Figs.  S28
and S29 in the ESM) [44,45]. The results revealed that, compared
with  n-BVO  (9%),  ts-BVO  and  t-BVO  achieved  significantly
greater ηtransport (>  53%),  indicating  that  (00l)-texturing  strongly
enhances  charge  transport.  Previous  studies  have  demonstrated
that specific  crystal  facets,  such as (001) and (101),  and texturing
contribute  to  enhanced  photocurrent  density  owing  to  spatial
charge separation and efficient transport characteristics [11,46,47].
Theoretical  calculations  also  support  this  finding,  showing  that
electron  transfer  along  the  [001]  direction  has  the  lowest
activation energy [47]. Our results also highlight the advantages of
(00l)-textured BVO for efficient electron transport along the [00l]
direction.  Additionally,  compared  with  t-BVO  (62%),  ts-BVO
exhibited greatly improved ηtransfer (85%), which was attributed to
the Bi-rich surface resulting from surface reconstruction.

The  optical  properties  (absorption,  reflectance,  and
transmittance  spectra)  and  photographs  of  the  three  BVO
photoanodes were also examined (Fig. S30 in the ESM). Although
ts-BVO  exhibited  slightly  greater  light  absorption  (~86%),  the
light  absorption  properties  of  all  three  BVO  photoanodes  were
generally  comparable.  This  suggests  that  (00l)-texturing  and
surface reconstruction have little impact on the optical properties.
The  advantages  of  ts-BVO  for  enhancing  PEC  performance  are
summarized  in Fig.  4(f).  The  combination  of  (00l)  texturing
improved the charge separation and transport efficiencies for both
electrons  and  holes.  Furthermore,  the  reconstructed  surface  (Bi-
rich)  enables  more  efficient  hole  transfer  during  the  OER.  To
examine  the  effect  of  EG  on  surface  modification  (reduction),
TiO2 and  Fe2O3 photoanodes  [48−50]  were  hydrothermally
treated with EG (Fig. S31 in the ESM). These results indicate that,
compared  with  their  pristine  counterparts,  EG-treated
photoanodes  exhibit  greatly  improved  photocurrent  densities.  A
darker  surface  was  also  observed  on  the  EG-treated  photoanode
samples,  suggesting  surface  composition  or  property  alterations.
These  findings  emphasize  the  critical  role  of  EG  in  enhancing
surface modification/reconstruction and PEC performance.

Finally, the oxygen gas evolution rates and Faradaic efficiencies
(FEs)  of  the  three  BVO  photoanodes  were  evaluated  via  gas
chromatography  (GC)  measurements  during  3  h  of  PEC
operation  (Fig.  S32  in  the  ESM).  Notably,  the  oxygen  gas
evolution  rate  was  approximately  19  µmol∙cm−2∙h−1,  which  is
approximately  5  times  greater  than  that  of  t-BVO
(~4  µmol∙cm−2∙h−1)  and  180  times  greater  than  that  of  n-BVO
(0.1  µmol∙cm−2∙h−1).  XPS  analysis  confirmed  that  the  ts-BVO
surface underwent an in situ transformation into a Bi-rich surface
with abundant oxygen vacancies owing to EG oxidation.

Previous studies by Lee et al.  [37] showed that Bi-rich surfaces
exhibit more favorable surface energetics for PEC water oxidation,
leading  to  a  higher  photocurrent  density  and  oxygen  evolution
rate.  Therefore,  the  superior  PEC  performance  of  ts-BVO  is
attributed  to  the  synergistic  effects  of  texture  development  and
surface reconstruction (Fig. 4(f)).

The  PEC  performance  of  ts-BVO  was  further  improved  by
depositing  a  CoBi  electrocatalyst  on  its  surface  (Fig.  S33  in  the
ESM). The energy dispersive spectroscopy (EDS) mapping results
confirmed the homogeneous and uniform deposition of the CoBi
electrocatalyst  across  the  entire  region  (Fig.  S34  in  the  ESM).

Electrocatalysts  play  a  crucial  role  in  enhancing  surface  kinetics
and  mitigating  photocorrosion,  thereby  improving  the  overall
PEC performance of BVO [51]. As shown in Figs. S35 and S36 in
the  ESM,  CoBi/ts-BVO  has  a  greatly  increased Jph 1.23 V of
4.3  mA∙cm−2 and  a  cathodic  shift  of  approximately  200  mV
compared with that of ts-BVO (3.2 mA∙cm−2), which is attributed
to  the  superior  water  oxidation  kinetics  of  CoBi  [52,53].
Additionally,  the  oxygen  evolution  rate  of  CoBi/ts-BVO  is  35
µmol∙cm−2∙h−1,  which  is  twice  that  of  ts-BVO  (18  µmol∙cm−2∙h−1).
More  importantly,  CoBi/ts-BVO  achieved  stable  and  nearly
uniform FE (~98%) (Fig. 4(g)).

Finally,  long-term  photocurrent  stability  tests  were  conducted
at  1.23  V  vs.  RHE  (Fig.  4(h),  Fig.  S32  in  the  ESM).  Notably,
textured  BVOs  (both  t-BVO  and  ts-BVO)  maintained  a  smooth
surface,  whereas  n-BVO  presented  tiny  surface  particles,  likely
resulting  from  photocorrosion  (Fig.  S37  in  the  ESM).
Additionally,  t-BVO  exhibited  a  relatively  stable  photocurrent
density  compared with  n-BVO,  which was  attributed  to  its  well-
developed  (001)  textured  morphology  (Fig.  S32(a)  in  the  ESM).
However,  a  gradual  decrease  in  the  photocurrent  density  was
observed  in  the J–t curve,  which  was  attributed  primarily  to  the
dissolution  of  V5+ ions  from  the  BVO  surface  during  PEC
operation  [54].  Importantly,  CoBi/ts-BVO  retained  75%  of  its
initial photocurrent, even after 20 h of continuous operation. After
20  h,  SEM  analysis  revealed  that  the  CoBi/ts-BVO  layer  had
smoothed  out,  suggesting  partial  removal  or  dissolution  of  the
CoBi layer. We believe that redeposition or regeneration strategies
for electrocatalysts can enhance the long-term stability of ts-BVO
photoanodes for practical applications.

4    Conclusions
We successfully developed a novel one-pot hydrothermal growth
method  based  on  an  SDR  mechanism  to  synthesize  ts-BVO
photoanodes.  Our  study  demonstrated  that  key  growth
parameters,  such  as  precursor  molarity  and  the  addition  of  EG,
substantially  impact  growth  kinetics,  thereby  influencing  both
texturing  and  surface  reconstruction.  EG  was  found  to  play  a
critical  role  in  both the  initial  texture  development  stage  and the
later  surface  reconstruction  stage.  The  optimized  ts-BVO
photoanode  achieved  a  photocurrent  density  of  3.2  mA∙cm−2 at
1.23 V vs.  RHE, which was nearly 20 times greater than those of
nontextured  and  nonsurface-reconstructed  BVOs.  This
improvement  in  the  photocurrent  density  is  attributed  to
enhanced  charge  collection,  facilitated  by  the  formation  of  (00l)-
textured and Bi-rich surfaces. Furthermore, when coupled with a
CoBi  oxygen  evolution  electrocatalyst,  ts-BVO  achieved  an  even
higher  photocurrent  density  of  4.3  mA∙cm−2 at  1.23  V  vs.  RHE,
along  with  an  impressive  Faradaic  efficiency  of  98%.  These
findings  provide  valuable  insights  for  improving  the  intrinsic
properties of photoanodes for more efficient solar water splitting.
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