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1. Introduction

The pursuit of sustainable energy solutions has
driven extensive research into water oxidation,
a key reaction for renewable hydrogen produc-
tion within artificial photosynthesis systems.[1]

Among the many semiconductors investigated
for photoelectrochemical (PEC) water oxida-
tion, including WO3,

[2] Si,[3] TiO2,
[4] CN,[5]

and α-Fe2O3,
[6] BiVO4 (BVO) has emerged as a

particularly promising candidate. This is attrib-
uted to its advantageous features, such as the
relative abundance of its constituent elements,[7]

favorable energy band alignment for water
oxidation[8] and low processing cost.[9] Never-
theless, BVO suffers from intrinsic drawbacks,
including sluggish water oxidation kinetics,[10]

rapid recombination of photogenerated
electron–hole pairs,[7] poor charge carrier
mobility, and short carrier diffusion lengths
(≈70 nm).[11]

To address these limitations, considerable
efforts have focused on exploiting the distinc-
tive electronic structure and surface chemistry
of BVO through diverse modification strategies.

These include metal-ion doping,[12] surface passivation,[13] heterojunc-
tion formation,[14] nanostructuring,[15] plasmonic enhancement,[16]

photo charging,[7,9,17] and surface modifications.[18,19] Another highly
effective approach involves loading oxygen evolution co-catalysts onto
BVO,[20] which improves surface catalytic activity,[21] suppresses sur-
face recombination,[22] and enhances both stability[23] and
durability.[24] In parallel, the integration of functional charge-transport
layers between BVO and co-catalysts has been shown to facilitate charge
separation and transport, minimize recombination losses, and optimize
band alignment.[25–27]

In this context, the deposition of organic materials onto semicon-
ducting photoanodes has emerged as a promising strategy for the
design of hybrid materials with tailored optoelectronic and catalytic
properties.[28] Synergistic interactions between organic and inorganic
components can enhance light absorption,[29–31] strengthen the interfa-
cial electric field,[32] improve charge mobility and separation,[33,34]

increase catalytic efficiency,[35,36] and prolong long-term operational
stability.[32,37] Various organic molecules, including graphene
oxide,[38] graphitic carbon nitride,[39] poly (3-hexylthiophene),[40]
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Photoelectrochemical (PEC) water splitting is a promising strategy for sustainable
hydrogen and chemical production. Among candidate photoanodes, bismuth
vanadate (BVO) offers a suitable band gap (�2.4 eV) and favorable band-edge
alignment for water oxidation, yet its performance remains limited by inefficient
charge separation, severe surface recombination, and sluggish interfacial kinetics.
Here, these challenges are addressed through the electro-polymerization of a
π-conjugated carbazole (p-CBZ) layer on BVO, forming a p–n heterojunction that
enhances the built-in electric field, accelerates hole transport, and passivates
surface defects. The subsequent deposition of NiOOH as an oxygen evolution
co-catalyst further promotes charge transfer and catalytic activity. The resulting
BVO/p-CBZ/NiOOH hybrid photoanode achieves a photocurrent density of
5.6 mA cm�2 at 1.23 V versus RHE under 1 sun illumination and maintains stable
water oxidation for over 72 h. Further mechanistic insights using electrochemical
impedance (EIS) and light-modulated spectroscopies (IMPS/IMVS) confirm that
p-CBZ markedly improves charge separation and carrier diffusion, while NiOOH
facilitates oxygen evolution. This synergistic design significantly enhances PEC
performance, highlighting π-conjugated carbazole polymers as effective hole
extraction and passivation layers in BVO-based photoanodes for efficient and
durable solar-driven water splitting.
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polycarbazole,[41] covalent organic frameworks,[29] etc., have been
explored as charge-transport layers or structural modifiers to boost PEC
performance.

In particular, coupling a hole transport layer (HTL) with a BVO
photoanode via p–n heterojunction formation enables favorable band
bending and efficient interfacial hole transfer at the
semiconductor/electrolyte interface (SEI).[25,37] For optimal function,
HTLs must exhibit suitable band alignment with BVO to ensure that
photogenerated holes can overcome the 1.23 V versus RHE thermody-
namic threshold for water oxidation, while also providing sufficient
conductivity for efficient charge transport.[42,43] Among available HTLs,
polycarbazoles are especially attractive owing to their excellent hole
conductivity, wide bandgap, tunable electronic structure, and favorable
film-forming characteristics.[41,44] Beyond PEC applications,
carbazole-based polymers have been widely employed in organic and
perovskite solar cells,[45,46] energy storage devices,[47] and electrochem-
ical sensors,[48] underscoring their versatility and efficiency in energy
conversion technologies.[44,49]

Therefore, the integration of carbazole with BVO presents an oppor-
tunity to combine the complementary advantages of both components,
yielding hybrid materials with enhanced charge-transport and catalytic
properties.[41] For instance, Xu and co-workers reported a hybrid p-
CBZ/Sb2S3 photoanode delivering a photocurrent density of
10.1mA cm�2 at 1.23 V versus RHE with stable operation exceeding
100 h,[50] while Jang and co-workers demonstrated a NiFeCoOx/p-
CBZ/Mo:BiVO4 system achieving 6.66mA cm�2 at 1.23 V vs RHE, with
stability maintained over 5 h.[41] In both cases, electro-polymerized car-
bazole served as an effective HTL. However, when directly applied to
BVO, a decline in stability has been observed, consistent with reports
that functional interlayers often enhance either photocurrent density or
long-term stability, but rarely both simultaneously. Overcoming this
trade-off to achieve simultaneous improvements in photocurrent output
and durability, along with elucidating the underlying mechanisms,
remains a critical challenge in PEC photoanode design.[32,43,51]

In this study, we introduce a multilayer heterojunction photoa-
node comprising BVO, an electro-polymerized carbazole interlayer
(p-CBZ), and a NiOOH co-catalyst, designed to overcome key limita-
tions of conventional BVO architectures. The p-CBZ layer, deposited
with finely controlled thickness, functions as a passivating and con-
ductive interface that suppresses surface recombination, while facilitat-
ing efficient hole transfer. Complementarily, the NiOOH overlayer
accelerates water oxidation kinetics by providing a highly active,
hydroxyl-rich catalytic surface. Working in concert, these engineered
layers enhance charge separation, strengthen band bending, and
markedly increase catalytic activity, yielding photocurrent densities of
≈5.6mA cm�2 at 1.23 V versus RHE together with operational stabil-
ity exceeding ≈70 h, surpassing the stability over previously reported
organic-based interlayers. Using a comprehensive suite of in situ and
ex situ techniques, including X-ray photoelectron spectroscopy (XPS),
electrochemical impedance spectroscopy (EIS), optoelectronic analyses,
and photoelectrochemical characterization, we unravel how the multi-
layer architecture modulates interfacial electronic structure and carrier
dynamics, providing insights beyond prior polycarbazole-based het-
erostructures. Overall, our findings establish a general strategy for
simultaneously improving both efficiency and durability in
BVO-based photoanodes. This multilayer design thus represents a
promising avenue for the development of high-performance PEC
water-splitting systems.

2. Results and Discussion

2.1. Fabrication and Characterization of BVO and Modified
BVO Photoanodes

Figure 1a shows the fabrication of BVO films on FTO substrates,
followed by electro-polymerization of the carbazole (CBZ) hole
transport layer (Figure 1b). Various electro-polymerization conditions
were tested to optimize the performance of the BVO/p-CBZ photoa-
nodes (Figure S1a, Supporting Information). During CBZ oxidation,
well-established radical cation coupling reactions[52] lead to polymer
growth, which was confirmed by repeated cyclic voltammetry (CV)
scans (Figure S2, Supporting Information). The progressive increase
in oxidation and reduction currents indicated the formation of an
electroactive film, consistent with the accumulation of polymerized
species.[53] A corresponding rise in capacitive current with additional
CV cycles reflected thickening of the p-CBZ layer,[50] which
adversely affected photocurrent density (Figure S1b, Supporting
Information). This decline is attributed to the longer transport path
for photogenerated holes as observed in most of the polymer/
photoanode architectures. This decreases the effective charge separa-
tion as the carrier diffusion lengths in polymers are shortened with
thicker layers, further promoting charge recombination.[54] Optimal
PEC performance was obtained after two CV cycles of CBZ deposi-
tion. To further accelerate oxygen evolution kinetics, nickel oxyhydr-
oxide (NiOOH) was employed as the oxygen evolution catalyst
(OEC) and electrodeposited from a NiCl2�6H2O solution, as outlined
in Figure 1b. Detailed experimental procedures are provided in the
Experimental section.

The morphology and structure of the synthesized photoanodes were
examined by scanning electron microscopy (SEM), bright field trans-
mission electron microscopy (BF TEM), and high angle annular dark
field scanning transmission electron microscopy (HAADF TEM).
Top-view SEM images of the pristine BVO films (Figure 1c and
Figure S3, Supporting Information) reveal a nanostructured, worm-like
porous morphology, consistent with earlier reports.[33,51] After p-CBZ
electro-polymerization, the overall surface morphology remains largely
unchanged (Figure 1d and Figure S4, Supporting Information), indicat-
ing that the polymer layer does not disrupt the underlying BVO archi-
tecture. By contrast, the BVO/p-CBZ/NiOOH photoanode (Figure 1e
and Figure S4, Supporting Information) displays a roughened surface, a
feature known to promote enhanced PEC activity.[43] BF TEM analysis
of BVO (Figure 1f) shows hexagonal nanoparticles of ≈35 nm with an
interplanar spacing of ≈3.1 Å, corresponding to the (121) plane of
monoclinic BVO.[41,55] Following NiOOH deposition, a conformal
overlayer is observed on the BVO surface (Figure S4, Supporting Infor-
mation). HR-TEM and HAADF STEM images of BVO/p-CBZ
(Figure 1g,i–j and Figure S5a, Supporting Information) further confirm
the presence of a uniform p-CBZ layer with a thickness of ≈10 nm. For
the BVO/p-CBZ/NiOOH photoanode, HR-TEM and HAADF STEM
images (Figure 1h,k–l and Figure S5b, Supporting Information) clearly
show sequential stacking of the BVO, p-CBZ, and NiOOH layers. Ele-
mental mapping by EDS (Figure 1m) verifies the homogeneous distri-
bution of Bi, V, C, O, and Ni, confirming successful deposition of both
p-CBZ and NiOOH.[25]

The crystalline structure and phase purity of the photoanodes were
examined by X-ray diffraction (XRD) (Figure S6, Supporting Informa-
tion). The diffraction peaks correspond well to the monoclinic phase of
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BVO (JCPDS No. 14-0688),[56] confirm-
ing the successful formation of
phase-pure BVO. Incorporation of p-CBZ
and NiOOH did not alter the BVO crystal
structure, consistent with the amorphous
nature of the carbazole polymer,[41] and
the low thickness of the NiOOH
overlayer.[41,51] By contrast, NiOOH
deposited directly on FTO exhibits dis-
tinct diffraction peaks assigned to crystal-
line NiOOH (JCPDS No. 27-0956;
Figure S7a, Supporting Information).
The redox behavior of NiOOH was fur-
ther confirmed by cyclic voltammetry
(Figure S7b, Supporting Information).

The Raman spectrum of pristine BVO
(Figure S8, Supporting Information) dis-
plays characteristic peaks at 210, 367,
and 827 cm�1, consistent with the
monoclinic phase of BVO.[42] Similar
features are observed for BVO/p-CBZ,
BVO/NiOOH, and BVO/p-
CBZ/NiOOH, indicating that neither
p-CBZ electro-polymerization nor
NiOOH electrodeposition alters the
Raman-active vibrational modes of
BVO.[57] Fourier transform-infrared (FT-
IR) spectroscopy was further employed
to confirm p-CBZ electro-polymerization
on BVO (Figure 2a). The CBZ monomer
spectrum exhibits a peak at 1329 cm�1

(aromatic C–N) and peaks at 1448,
1460, 1480, 1576, and 1590 cm�1, cor-
responding to aromatic C=C bonds in
the benzene ring and carbazole
unit.[41,58] Upon electro-polymerization
on FTO, slight shifts in peak positions
were observed, most notably the C=C
stretching vibration, which shifted from
1590 to 1600 cm�1, indicating success-
ful polymerization and strong substrate
interaction.[58,59] A similar shift in
BVO/p-CBZ confirmed polymer deposi-
tion, while the FT-IR spectra of samples
prepared with 4, 6, and 8 CV cycles
showed progressively increasing peak
intensities, consistent with the gradual
thickening of the p-CBZ layer (Figure S9,
Supporting Information).[60] As shown
in Figure S1b, Supporting Information,
the photocurrent density decreases with
an increase in p-CBZ layer thickness,
indicating an optimal layer thickness
required for effective charge extraction
and improving device performance.

X-ray photoelectron spectroscopy
(XPS) was employed to investigate the
surface composition and bonding

Figure 1. Schematic synthetic route of a) BVO photoanodes and b) electrodeposition of p-CBZ and
NiOOH onto BVO photoanodes. Top-view SEM images of c) BVO, d) BVO/p-CBZ, e) BVO/p-CBZ/NiOOH,
the scale bar is 1 μm. BF TEM images of f) BVO, g) BVO/p-CBZ, h) BVO/p-CBZ/NiOOH. i, j) HAADF STEM
images of BVO/p-CBZ at different magnifications. k, l) HAADF STEM images of BVO/p-CBZ/NiOOH at
different magnifications. m) STEM EDS elemental mapping for BVO/p-CBZ/NiOOH photoanodes.
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environments of the photoanodes (Figure S10, Supporting Informa-
tion). The O 1s spectrum of pristine BVO (Figure 2b) shows peaks at
529.5 and 531.75 eV, attributed to lattice oxygen and chemisorbed
oxygen, respectively.[51] After p-CBZ electro-polymerization, these
peaks shift slightly to 529.9 and 532.1 eV, confirming successful poly-
mer incorporation and a new peak emerges at 530.7 eV, assigned to
the hydroxyls of water adsorbed on the surface.[61] Upon NiOOH load-
ing, the O 1s spectrum shows a strong peak at ≈531.1 eV, due to the
strong overlapping of chemisorbed oxygen peak with NiOOH peak
(e.g., –OH from NiOOH or adsorbed water), consistent with surface
hydroxyl groups/chemisorbed oxygen species and a new shoulder
at 528 eV arises, characteristic of metal oxide species.[57] The

BVO/p-CBZ/NiOOH photoanode exhibits a similar profile, with fur-
ther enhancement of chemisorbed oxygen.

The Ni 2p spectrum (Figure 2c) further verifies NiOOH deposition,
showing a Ni 2p3/2 peak at 855.6 eV for both BVO/NiOOH and
BVO/p-CBZ/NiOOH, consistent with NiOOH.[57] The Bi 4f spectra
(Figure S11a, Supporting Information) of pristine BVO display peaks at
158.55 and 164.3 eV, corresponding to Bi 4f7/2 and Bi 4f5/2 of Bi–O
bonds. After p-CBZ deposition, a shift to higher binding energy
(≈157.3 eV) indicates strengthened Bi–O interactions, whereas
BVO/NiOOH shows a downshift to ≈157.3 eV, suggesting partial
reduction of Bi3+ to Bi2+. Interestingly, the BVO/p-CBZ/NiOOH het-
erostructure exhibits an additional Bi 4f7/2 peak at 159.3 eV, which is
consistent with the presence of surface Bi2O3.

[62] Due to the sequential
electro-polymerization of p-CBZ and electrodeposition of NiOOH, the
BVO surface is exposed to different oxidative potentials, which pro-
motes the surface oxidation to Bi2O3, a transformation previously
reported to enhance PEC performance.[63,64]

The V 2p spectra (Figure S11b, Supporting Information) of pristine
BVO show V 2p3/2 and V 2p1/2 peaks at 516.6 and 524.1 eV, charac-
teristic of V5+.[51] With p-CBZ modification, a slight shift to 516.8 eV
reflects local surface interactions with the polymer, while in BVO/-
NiOOH, the peak shifts down to 514.9 eV, suggesting partial reduction
of V5+ to V4+ and an increase in oxygen vacancies. Notably, in BVO/p-
CBZ/NiOOH the V 2p signal is no longer detected. This attenuation
can be attributed to the shadowing effect of the p-CBZ/NiOOH over-
layers, combined with electrochemically induced surface reconstruction
leading to Bi enrichment and the formation of a thin Bi2O3 layer.[65]

Such surface oxidation likely arises from the sequential electro-
polymerization of p-CBZ followed by NiOOH electrodeposition, during
which the BVO surface is exposed to oxidative potentials that promote
partial Bi segregation.

To further elucidate the local electronic and structural environments
of the photoanodes, X-ray absorption spectroscopy (XAS) was
employed on the BVO, BVO/p-CBZ, and BVO/p-CBZ/NiOOH sam-
ples. As shown in Figure 2d, the Bi L3-edge X-ray absorption near-edge
structure (XANES) spectrum of BVO exhibits a positive edge shift from
13436.2 to 13437.4 eV after p-CBZ electro-polymerization and subse-
quent NiOOH electrodeposition.[66] A similar trend is observed at the
V K-edge (Figure S11c, Supporting Information), where the edge posi-
tion slightly shifts from 5504.5 to 5503.3 eV. These subtle variations
indicate that the introduction of p-CBZ and NiOOH significantly influ-
ences interfacial charge transfer and surface energetics, while the bulk
electronic structure of BVO remains essentially unchanged.[41] More-
over, the Ni K-edge spectrum of the BVO/p-CBZ/NiOOH photoanode
(Figure 2e) closely matches that of reference NiOOH, confirming the
successful deposition of the NiOOH overlayer.[67] It should be noted
that the XANES and XPS analyses presented here provide qualitative evi-
dence of relative valence changes, and no absolute quantification of
oxygen vacancy concentration is inferred.

The optical properties of the photoanodes are shown in Figure S12,
Supporting Information. Pristine BVO (Figure S12a, Supporting Infor-
mation) exhibits a sharp absorption edge near 500 nm along with a
broad absorption band in the 300–500 nm range. Comparable absor-
bance spectra for BVO/p-CBZ, BVO/NiOOH, and BVO/p-
CBZ/NiOOH indicate that neither p-CBZ electro-polymerization nor
NiOOH deposition significantly alters the optical response of BVO.[68]

This indicates that the enhanced PEC performance originates from the
synergistic interfacial effects of p-CBZ and NiOOH rather than from
increased light harvesting. Direct band gap values estimated from Tauc

Figure 2. a) FT-IR spectra of the CBZ monomer and p-CBZ over FTO and
FTO/BVO samples. XPS spectrum of the b) O 1s and c) Ni 2p regions for
the studied photoanodes. XANES spectra of the d) Bi L3-edge of BVO, BVO/
p-CBZ, and BVO/p-CBZ/NiOOH photoanodes and e) Ni K-edge of NiOOH
powder and BVO/p-CBZ/NiOOH photoanode. The light blue bands on the
FT-IR spectra highlight the main peak regions.
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plots (Figure S12b, Supporting Information) were ≈≈2.34 eV for all
samples, in good agreement with previous reports.[42]

2.2. Photo-Electrochemical Measurements of BVO Photoanodes

The PEC performance of the synthesized photoanodes was evaluated
in a standard three-electrode configuration using 0.5M potassium
borate (KBi) buffer under simulated AM 1.5 G illumination (see
Experimental Section for details). As shown in Figure 3a, the bare
BVO photoanode delivered a modest photocurrent density of
0.9mA cm�2 at 1.23 V versus RHE, limited by severe surface charge
recombination. By contrast, BVO/p-CBZ delivered an enhanced photo-
current to 1.9mA cm�2, representing more than a two-fold increase,
confirming the role of p-CBZ as an effective HTL that facilitates charge
extraction and suppresses recombination.[41] Further enhancement
was obtained upon electrodeposition of NiOOH as an oxygen evolu-
tion catalyst. BVO/NiOOH and BVO/p-CBZ/NiOOH exhibited signifi-
cantly higher photocurrents of 3.8 and 5.6mA cm�2 at 1.23 V versus
RHE, representing more than 4- and 6-fold enhancements relative to
pristine BVO. While the improvement in BVO/NiOOH is primarily
attributed to oxygen vacancies, the superior performance of BVO/p-
CBZ/NiOOH arises from the synergistic effects of p-CBZ–mediated
charge separation, increased oxygen vacancy concentration, and partial
surface transformation to Bi2O3.

[62] Notably, at a low applied bias of
0.8 V versus RHE, BVO/NiOOH and BVO/p-CBZ/NiOOH still
achieved high photocurrents of 3.3 and 4.1mA cm�2, respectively,

demonstrating promise for low-bias PEC operation.[51] Photocurrent
trends under chopped and continuous illumination (Figure S12, Sup-
porting Information) were consistent, confirming the stability and
reproducibility of the PEC response.

Long-term stability was further examined by chronoamperometry
(CA) under continuous illumination. In water oxidation, bare BVO
degraded rapidly, undergoing complete decomposition within 9 h
(Figure S14, Supporting Information). By contrast, BVO/p-CBZ main-
tained 40% of its photocurrent after 37 h, indicating improved but
still limited stability due to photocorrosion and surface
dissolution.[51,69] The BVO/NiOOH photoanode retained only ≈40%
of its initial photocurrent after 37 h of operation. The direct
BVO/NiOOH interface does not provide sufficiently efficient hole
extraction, leading to surface hole accumulation, photocorrosion, and
Bi dissolution. Remarkably, the BVO/p-CBZ/NiOOH photoanode sus-
tained a stable photocurrent density of ≈4.3mA cm�2 at 0.8 V versus
RHE for 72 h (Figure 3b). Interestingly, an initial increase in photo-
current during the first ≈40 h was observed. This behavior may be
related to photo-charging phenomena commonly reported for BVO
photoanodes, including light-induced redistribution of defect states
and surface restructuring processes that can reduce recombination and
improve charge transport. In addition, progressive interfacial modifi-
cations, such as NiOOH surface restructuring under operating condi-
tions, may contribute to enhanced oxygen evolution kinetics over
time.[32,70] These findings confirm that the NiOOH overlayer not
only accelerates oxygen evolution but also plays a pivotal role in mit-
igating photocorrosion and ensuring durable PEC operation. Post-PEC

characterization (XRD, SEM, and HAADF
STEM; Figures S15 and S16, Supporting Infor-
mation) reveals slight surface modification
indicating surface reconstruction rather than
bulk degradation, further supporting the pro-
tective role of NiOOH.

The charge carrier dynamics of the differ-
ent photoanodes was further examined using
sacrificial hole scavenger experiments
(0.1 M Na2SO3). Under these conditions, bare
BVO displayed a photocurrent of
2.9 mA cm�2 at 1.23 V versus RHE, whereas
BVO/p-CBZ delivered a 40% higher value of
5.0 mA cm�2 (Figure S17a,b, Supporting
Information). This enhancement is attributed
to the formation of a favorable p–n junction
at the BVO/p-CBZ interface, which promotes
directional hole transport and reduces
recombination.[37,71] The photocurrent onset
potential (≈0.3 V vs RHE), measured in the
presence of a sacrificial hole scavenger, pro-
vides an estimate of the effective flat-band
potential of BVO under operating
conditions[72,73] and appears slightly more
anodic than commonly reported values, sug-
gesting enhanced band bending in the modi-
fied photoanode.[74,75] When subjected to
long-term stability test, bare BVO suffered
≈35% photocurrent loss after 72 h
(Figure S17d, Supporting Information),
whereas BVO/p-CBZ retained ≈87% of its ini-
tial activity, corresponding to a≈23% stability

Figure 3. a) Photocurrent density–voltage (LSV) curves of BVO photoanodes with chopped
illumination. Voltage scan rate: 10 mV s�1. b) Chronoamperometry test of BVO/p-CBZ/NiOOH at 0.8 V
versus RHE. c) IPCE of BVO photoanodes at 1.23 V versus RHE (left) and integrated photocurrent
density (right). d) Amount of experimental and theoretical oxygen evolution and calculated Faradaic
efficiency at 1.23 V versus RHE. All these measurements were carried out in a 0.5 M potassium borate
buffer solution with pH 9.5 under simulated sunlight (Xe source, AM 1.5G filter, 100 mW cm�2).
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improvement. Post-PEC HAADF STEM characterization (Figure S18,
Supporting Information) revealed no significant structural changes,
which is attributed to the HTL functionality of p-CBZ, that improves
charge separation and suppresses surface recombination (Figure S19,
Supporting Information).[17,44]

To gain deeper insight into the origin of the enhanced PEC activity,
incident photon-to-current efficiency (IPCE) measurements were car-
ried out (Figure 3c). The pristine BVO photoanode exhibited a maxi-
mum IPCE of 18% at 455 nm. Incorporation of p-CBZ and NiOOH led
to pronounced improvements, with BVO/p-CBZ/NiOOH reaching a
maximum IPCE of 82%, highlighting the synergistic enhancement of
charge carrier extraction and transport. Integration of the IPCE spectra
with the AM 1.5G photon flux yielded photocurrent densities consis-
tent with those measured under simulated sunlight, validating the
accuracy of the measurements. Additional IPCE measurements in the
presence of a hole scavenger (Figure S17c, Supporting Information)
revealed further increases, reaching 68% and 78% efficiency at
455 nm, for BVO/p-CBZ and BVO/p-CBZ/NiOOH, respectively. These
results confirm the role of the p-CBZ layer in facilitating hole transfer
and suppressing interfacial recombination, thereby improving spectral
response and charge separation efficiency.[76] The applied bias photon-
to-current efficiency (ABPE) was calculated (Figure S20, Supporting
Information) to evaluate the photon-to-charge conversion efficiency
under the application of an external bias. The BVO/p-CBZ/NiOOH
photoanode exhibits the highest ABPE, reaching 2.75% at an applied
bias of 0.6 V and 1.50% at 0.8 V versus RHE. This enhanced efficiency
originates from the substantially increased photocurrent density at
lower voltages, reflecting more effective photogenerated charge extrac-
tion and utilization. Notably, these ABPE values compare favorably with
previously reported BVO photoanodes, as summarized in Table S1,
Supporting Information.

The overall water oxidation performance was directly evaluated
through oxygen quantification (Figure 3d). The BVO/p-
CBZ/NiOOH photoanode generated 88.5 μmol of O2 at 1.23 V ver-
sus RHE, with an average Faradaic efficiency of ≈90%, confirming
its excellent catalytic and charge utilization efficiency. Small inaccura-
cies related to system calibration and gas leaks are believed to
account for the remaining 10% FE. Reproducibility is confirmed
through repeated FE measurements (Figure S21a, Supporting Infor-
mation) with error bars, and a 10-hour stability test (Figure S21b,
Supporting Information) demonstrates enduring photocurrent and
FE. This efficiency, combined with its stable high photocurrent out-
put, places the BVO/p-CBZ/NiOOH system among the most effec-
tive BVO-based photoanodes reported to date (Table S1, Supporting
Information). Importantly, unlike many BVO systems that exhibit a
trade-off between photocurrent density and long-term stability, the
hybrid configuration achieves both, underscoring the effectiveness of
the dual-modification strategy in enabling efficient and durable
solar-driven water oxidation.

2.3. Charge Carrier Dynamics and Interfacial Energetics in BVO
Photoanodes

Based on the measurements with the Na2SO3 sacrificial hole scav-
enger, the charge separation efficiency (ηsep) and charge injection
efficiency (ηtrans) were extracted (Figure 4a,b). These results reveal
the beneficial impact of both p-CBZ and NiOOH on charge extrac-
tion from BVO, with ηsep significantly enhanced up to 1.23 V

versus RHE. Moreover, NiOOH dramatically improves ηtrans, achiev-
ing nearly 100% at applied bias as low as 0.8 V versus RHE, con-
firming its role as an efficient water oxidation co-catalyst.[77] These
findings underscore the complementary roles of p-CBZ (charge sep-
aration) and NiOOH (charge injection), supported by stronger
band bending and enhanced internal electric fields in the BVO/p-
CBZ/NiOOH heterostructure.[51,78]

The electronic band structure of the BVO/p-CBZ heterojunction
was constructed using literature-reported band positions of BVO[79]

and polycarbazole.[50] Direct UPS/XPS measurements were not pur-
sued, as surface-sensitive techniques can be challenging for
organic/inorganic interfaces due to vacuum sensitivity and potential
modification of the buried interfacial energetics. The resulting band
diagram (Figure S22b, Supporting Information) is therefore intended
as a schematic representation of the plausible energy-level alignment
forming a type-II staggered junction. This configuration enables effi-
cient spatial separation of photogenerated carriers: Holes in BVO are
preferentially transferred to the p-CBZ layer, while electrons remain
confined within BVO. Such directional carrier flow suppresses interfa-
cial recombination and facilitates charge transport across the
heterojunction.[42]

To further probe band energetics, the open-circuit potential (OCP)
was measured in the dark (OCPdark) and under AM 1.5G illumination
(OCPlight). The most positive OCPdark reflects the degree of upward
band bending, whereas OCPlight corresponds to the flat-band potential
(Ef) of the photoanodes.[78] As shown in Figure 4e, BVO/p-
CBZ/NiOOH exhibits the most anodic OCPdark, indicating enhanced
upward band bending and a stronger built-in potential at the
semiconductor/electrolyte interface. By contrast, OCPlight remains
essentially constant across all samples, suggesting that the bulk elec-
tronic structure of BVO is preserved upon surface functionalization. The
photovoltage (ΔOCP=OCPdark – OCPlight) values confirm this trend:
BVO/p-CBZ and BVO/p-CBZ/NiOOH exhibit the highest photovol-
tages, 0.297 and 0.359 V versus RHE, respectively, consistent with
strengthened internal electric fields that improve charge separation and
reduce surface recombination.[80]

Further insights into the carrier dynamics were obtained through
OCP transient decay measurements (Figure S22a, Supporting
Information).[41] Under continuous illumination, band flattening
occurs due to quasi-equilibrium of photogenerated carriers. Upon
switching to dark conditions, equilibrium is re-established, restoring
band bending and triggering recombination governed by charge accu-
mulation in the depletion region.[6] Faster photovoltage decay corre-
sponds to stronger recombination in the dark, which in turn implies
more efficient charge extraction under illumination. Indeed, BVO/p-
CBZ/NiOOH shows the most rapid decay among all samples
(Figure S22a, Supporting Information), highlighting enhanced carrier
separation and photocurrent generation during operation.

Carrier lifetimes (τn), extracted from OCP decay curves (Figure 4c),
were determined as 329ms for BVO, 235ms for BVO/p-CBZ, 264ms
for BVO/NiOOH, and 138ms for BVO/p-CBZ/NiOOH. The shortened
lifetime in the ternary system reflects rapid recombination dynamics
once illumination is removed, consistent with reduced trap-mediated
recombination and accelerated charge transfer under operating
conditions.[6,41] Collectively, these findings underscore the synergistic
effects of p-CBZ and NiOOH: The polymer interlayer promotes effec-
tive hole extraction and suppresses recombination, while NiOOH
enhances interfacial charge transfer, together enabling superior PEC
water oxidation performance.
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In situ Raman spectroscopy (Figure 4d) was employed to monitor
the structural evolution of the BVO/p-CBZ/NiOOH heterostructure
under anodic bias in borate buffer. At potentials below 0.6 V versus
RHE, the spectra are dominated by the characteristic vibrational modes
of monoclinic BVO. Upon increasing the potential to 0.8 V versus RHE
(near the OER onset), two distinct bands emerge at 471 and 556 cm�1,
corresponding to the Eg bending and A1g stretching modes of γ-
NiOOH, respectively. The progressive growth of these γ-NiOOH fea-
tures with increasing anodic bias indicates a potential-driven recon-
struction of the Ni species toward higher-valence oxyhydroxide states
under operational conditions. This operando structural evolution sup-
ports the proposed mechanism in which activation of the NiOOH co-
catalyst contributes to the enhanced water oxidation performance.[24]

2.4. Insights into Charge Carrier Dynamics
through Impedance and IMPS/IMVS
Analysis

Further insights into charge carrier dynamics
were obtained from electrochemical impedance
spectroscopy (EIS), intensity-modulated photo-
current spectroscopy (IMPS), and intensity-
modulated photovoltage spectroscopy (IMVS).
The Nyquist plots from EIS (Figure S23a, Sup-
porting Information) displayed a single semi-
circle, well described by a simple Randles
circuit. The semicircle diameter, which reflects
charge transport and transfer kinetics, scaled
inversely with PEC activity. Pristine BVO
exhibited the largest semicircle, consistent with
its poor electrical conductivity and sluggish
water oxidation kinetics. By contrast, BVO/p-
CBZ showed a substantially smaller semicircle,
reflecting improved hole extraction and sup-
pressed recombination at the p–n junction
interface.[43] Both BVO/NiOOH and BVO/p-
CBZ/NiOOH electrodes exhibited further
reduced semicircles, attributable to accelerated
interfacial charge transfer enabled by NiOOH
catalysis.[51] The series resistance (Rs), which
is the combined resistance of the electrolyte,
contacts, and the underlying FTO substrate,
remained essentially constant for all samples
(≈40Ω cm�2), since it was controlled by the
sheet resistance of the FTO substrate
(Figure S23b, Tables S2–S4, Supporting
Information).

The extracted charge transfer resistance
(Rct) and capacitance (C), corresponding to
the resistance of interfacial charge transfer at
the photoanode/electrolyte interface and the
non-ideal capacitive behavior of the electrode
surface, are summarized in Figure 5a,b and
Tables S2–S4, Supporting Information. BVO
and BVO/p-CBZ showed similar Rct trends
with applied bias, indicating comparable
intrinsic catalytic activity, though the consis-
tently lower resistance of BVO/p-CBZ con-
firmed improved charge transport through
more effective charge separation. Incorporat-

ing NiOOH caused a pronounced drop in Rct, especially below 0.8 V
versus RHE, where band bending is insufficient to fully suppress
charge recombination. This behavior underscores the catalytic func-
tion of NiOOH in accelerating water oxidation. Notably, the BVO/p-
CBZ/NiOOH photoanode displayed the lowest Rct across the full
potential range, highlighting the complementary roles of p-CBZ (hole
extraction, recombination suppression) and NiOOH (catalytic charge
transfer) in establishing highly efficient charge carrier dynamics.

Capacitance trends further corroborated these effects (Figure 5b).
Higher capacitance correlated with reduced Rct, suggesting that the
charge storage mechanisms are mainly controlled by the NiOOH cata-
lyst. For Ni-based catalysts, capacitance has been proposed as a descrip-
tor of catalytic activity,[81] in good agreement with the present results.

Figure 4. a) Charge separation (ηsep). b) Charge transfer (ηtrans), efficiencies of BVO photoanodes. c)
OCP-derived carrier lifetimes. d) In situ Raman spectra of BVO/p-CBZ/NiOOH under different applied
potentials versus RHE and e) OCP plots in the dark and under illumination. All these measurements
were carried out in a 0.5 M potassium borate buffer solution with pH 9.5 under simulated sunlight (Xe
lamp, AM 1.5G filter, 100 mW cm�2).
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A well-defined peak around 0.8 V versus RHE corresponds to the
V4+/V5+ redox couple of BVO and the associated formation of oxygen
vacancies.[82] This in situ technique provides mechanistically relevant
insight into vacancy-related electronic states under operating condi-
tions, whereas ex situ approaches such as XPS and EPR may be limited
by the instability of these defect states outside the electrochemical
environment.

Complementary IMPS and IMVS measurements provided additional
kinetic insights (Figure 5c,d and Figure S24, Supporting Information).
At low frequency, the IMPS response reflects the differential external
quantum efficiency (EQEdiff).

[83] The addition of p-CBZ markedly
enhanced EQEdiff relative to bare BVO, with further improvements
observed upon NiOOH incorporation. IMVS (W) measurements,
which are related to IS (Z) and IMPS (Q) viaW= Z� Q, supported this
trend, representing the photovoltage generated per incident
photon.[84,85]

To quantify these effects, we simultaneously fitted the EIS, IMPS, and
IMVS data for all electrodes following the procedure developed in our
previous work,[7] and summarized in the experimental method of the
Supporting Information, with the resulting parameters summarized in
Table S3a, Supporting Information (full data set in Table S3b, Support-
ing Information). Bare BVO exhibited a low EQEdiff of 2.1%. Modifica-
tion with either NiOOH or p-CBZ increased EQEdiff by approximately
two- and 2.5-fold, respectively, while the combined BVO/p-
CBZ/NiOOH system reached 6.0%. These trends can be rationalized by
the relation:

EQEDiff = ηopt :a:ηsep:ηcol, (1)

where ηopt, a, ηsep, and ηcol denotes the optical efficiency, absor-
bance, charge separation efficiency, and charge collection effi-
ciency. In this work, ηopt and a are assumed to be constant across
devices. From Table S3, Supporting Information, we can note that
the improvements of the EQEDiff stem mainly from the

improvements of charge separation efficiency
(ηsep), which increases in the order: BVO<
BVO/NiOOH < BVO/p-CBZ< BVO/p-
CBZ/NiOOH.

Collection efficiency (ηcol) scales similarly to
EQEdiff. Notably, p-CBZ mainly reduces bulk
recombination, as reflected by an increase in
τrec, while the diffusion coefficient (D) exhibits
only minor changes compared with bare BVO
(Table S3, Supporting Information). As a result,
the effective diffusion length (L=

ffiffiffiffiffiffiffiffiffi

Dτrec
p

)
increases significantly. The extracted L values
exceed the film thickness (≈500 nm), indicat-
ing that photogenerated carriers can be effi-
ciently collected across the electrode. It is
important to emphasize that this effective diffu-
sion length describes macroscopic transport
within the nanostructured electrode under
operando conditions and should be distin-
guished from the intrinsic microscopic diffu-
sion length of compact BVO (≈70 nm).
Altogether, the combined EIS, IMPS, and IMVS
analyses reveal that p-CBZ primarily promotes
charge separation and transport, whereas
NiOOH accelerates interfacial catalytic charge

transfer, resulting in a synergistic enhancement of the photoelectro-
chemical efficiency.

2.5. Mechanistic Insights into Synergistic Charge Regulation in
BVO Photoanodes

Based on OCP, EIS, and IMPS/IMVS measurements, the following
mechanism (Figure 6) is proposed:

Under illumination, BVO absorbs photons and generates electron–
hole pairs. In the case of bare BVO, most of these carriers recombine
before contributing to photocurrent, leading to poor PEC activity. Upon
polycarbazole addition, a p–n junction was formed between BVO and
p-CBZ, acting as a HTL and a passivating interlayer. It reduces surface
recombination by passivating trap states on BVO and simultaneously
serves as a conductive pathway for photogenerated holes. This increases
band bending and strengthens the internal electric field at the BVO sur-
face, thereby improving charge separation (ηsep) and charge collection
(ηcol), together increasing the EQEdiff and suppressing the surface
recombination losses. Electrodeposited NiOOH serves as a highly active
co-catalyst for the oxygen evolution reaction (OER). Its hydroxyl-rich
structure provides abundant adsorption sites for OER intermediates and
increases the OER kinetics through Ni valence-state reconstruction
(Ni2+/Ni3+/Ni4+) and catalytic activation during OER. In parallel,
NiOOH efficiently extracts photogenerated holes from the BVO/p-CBZ
interface, thereby reducing interfacial charge transfer resistance and
lowering the overpotential required for water oxidation. Additionally,
the combined surface treatments (p-CBZ polymerization followed by
NiOOH deposition) induced a partial oxidation of the BVO surface to
Bi2O3 and increased the concentration of oxygen vacancies, while leav-
ing the bulk composition unchanged. Evidence from XPS, XANES, and
EIS confirms these modifications, which collectively enhance charge
injection into the electrolyte and contribute to the improved photoelec-
trochemical performance.

Figure 5. a) Charge transfer resistance (Rct) and b) capacitance (C) as function of the applied
potential extracted from EIS. c) Intensity-Modulated Photocurrent Spectroscopy (IMPS) and d)
Intensity-Modulated Photovoltage Spectroscopy (IMVS). Experimental (dots) and fitted (lines) spectra
for the four investigated devices: BVO (black), BVO/p-CBZ (red), BVO/NiOOH (blue), and BVO/p-CBZ/
NiOOH (green).
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The p-CBZ layer functions as a charge separation engine by doubling
EQEdiff and enhancing internal electric fields via Type-II band align-
ment, while NiOOH acts as a catalytic valve that maximizes ηtrans to
≈100% and minimizes Rct. Their synergy is evidenced by a low carrier
lifetime (138ms) and Rct, where rapid p-CBZ-mediated hole extraction
is coupled with immediate NiOOH-catalyzed consumption to eliminate
interfacial recombination. Thus, the integration of p-CBZ and NiOOH
yields a cooperative effect: p-CBZ enhances charge separation and trans-
port, while NiOOH accelerates surface charge transfer and catalysis.
This synergy minimizes both bulk and interfacial recombination, maxi-
mizes photocurrent density, and suppresses photocorrosion by passivat-
ing surface defects. As a result, the BVO/p-CBZ/NiOOH photoanode
demonstrates superior PEC efficiency and long-term operational stability
compared with pristine BVO.

3. Conclusions

We have successfully electro-polymerized carbazole (p-CBZ), a well-
established hole transport material, onto BVO photoanodes under opti-
mized conditions. The p-CBZ layer passivates surface recombination
and enhances charge separation, as confirmed by electrochemical and
optoelectronic analyses. Subsequent electrodeposition of NiOOH, a
highly active OER catalyst, further accelerates interfacial charge transfer,
enabling efficient hole injection into the electrolyte. The resulting
BVO/p-CBZ/NiOOH photoanode delivers a photocurrent density of
5.6mA cm�2 at 1.23 V versus RHE with remarkable stability over 72 h,
owing to the synergistic effects of improved charge separation, sup-
pressed recombination, and enhanced surface catalysis. This optimized
architecture establishes a rational design strategy for BVO-based photoa-
nodes and highlights the potential of integrating functional interlayers
to achieve both high-performance and long-term durability in practical
PEC water splitting.

4. Experimental Section

Detailed information related to the synthesis of active electrodes, physicochemical
characterization, and electrochemical evaluation of bifunctional electrodes towards
UOR and supercapacitor application is provided in Supporting Information.
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Figure 6. Schematic model showing the proposed PEC operation mechanisms in a) BVO, b) BVO/p-CBZ/NiOOH photoanodes under illumination. EFlat: Flat-
band potential; Ef: Fermi level, Ec: Conduction band; Ev: Valence band; e: Electron; h+: Hole; Ef,n: Quasi-Fermi level for electrons; Ef,p: Quasi-Fermi level for
holes. ηsep: Charge separation efficiency; ηtrans: Charge injection efficiency; Ov: Oxygen vacancies. EOER: Oxygen Evolution Reaction potential.
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