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Loading transition metal oxyhydroxides (TMOH) electrocatalyst on semiconductors (SC) improves the pho-
toelectrochemical (PEC) water splitting performance. However, the inevitable interface charge recombina-
tion between SC and TMOH hinders the PEC efficiency. Herein, differing from the conventional charge
transfer process, a novel charge modulation layer, i.e., Ce-CoOy, like a “hole transporter” has been incor-
porated into the SC/TMOH system. A series of electrochemical characterizations confirm that the “hole
transporter” can directly and rapidly transfer holes from BiVO,4 to FeNiOOH, resulting in a highly efficient
charge separation. As expected, the BiVO4/Ce-CoOx/FeNiOOH photoanode presents a desirable photocur-
rent of 6.0mA/cm? and good stability. More importantly, the smart approach can also be extended to
BiVO,4/Ce-NiOx/FeNiOOH system, proving its universality. This work opens up a new avenue for designing
efficient photoanode for PEC water splitting.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Solar-driven hydrogen (H,) production is widely regarded as a
pivotal strategy to address environmental challenges and global en-
ergy [1-4]. Since the pioneering discovery of TiO, photoanodes
in 1972 [5], semiconductor (SC) based photoelectrochemical (PEC)
water splitting has garnered significant attention [6-11]. Neverthe-
less, these photoanodes, suffering from significant charge recombi-
nation and slow oxygen evolution reaction (OER) kinetics, result in
photocurrent densities far below theoretical limits under AM 1.5G
illumination. Recently, numerous efforts have been made to en-
hance PEC performance, including heterojunction engineering [12],
defect modulation [13], elemental doping [14], and electrocatalyst
loading [15].

Among the strategies mentioned above, deposition of effi-
cient OER electrocatalyst, namely, transition metal oxyhydroxide
(TMOH), on photoanodes has been treated as a promising ap-
proach to improve PEC water splitting performance [16-19]. How-
ever, only integrating high-activity TMOH often fails to achieve the
desired photocurrent density due to inefficient hole extraction at
the SC/TMOH interface, which will inevitably lead to interfacial
charge recombination [14,20-24]. Addressing this challenge neces-
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sitates innovative strategies to effectively boost interfacial charge
separation.

Introducing an interfacial regulation layer (IRL) at the SC/TMOH
interface significantly improves charge separation. For instance,
Ni(OH), [25], CoOOH [26], and Ni(OH)x/CoOx [27] act as efficient
IRLs by storing or transferring holes. Specifically, CoOy, as a p-type
semiconductor, can adhere tightly to BV, forming strong interfa-
cial bonding between CoOx and BV, which can efficiently boost
charge transfer across the formed interface [28]. Building on these
advances, this study constructs a novel SC/TMOH system using in-
terfacial regulation layers (Ce-CoOy and Ce-NiOyx) to optimize hole
transfer kinetics. BiVO4 (named BV) is selected as the photoanode
for its narrow bandgap (ca. 2.4eV), suitable band alignment, and
abundance [29-33]. Given their tunable 4f energy levels and vari-
able 4f valence states, rare-earth elements (e.g., Ce) are posited to
modulate the electronic structure [34-36]. Meanwhile, for a highly
efficient surface catalytic reaction, NiFe-based oxyhydroxides (i.e.,
FeNiOOH) have attracted extensive attention owing to their natural
abundance, excellent stability, and exceptional OER activity under
alkaline conditions [37-38].

In this work, the designed IRL directly facilitates hole migra-
tion from BV to FeNiOOH, curbing recombination and prolong-
ing carrier lifetimes. A series of experimental results demonstrate
that the BV/Ce-CoOy/FeNiOOH photoanode achieves a photocurrent
density of 6.0mA/cm? at 1.23V vs. RHE under AM 1.5G illumina-
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Fig. 1. (a) Fabrication process of the BV/Ce-CoOx/FeNiOOH photoanode. (b) SEM im-
ages of BV/Ce-CoOx/FeNiOOH. (c, d) TEM, (e) high-resolution TEM, (f) EDS mapping
of BV/Ce-CoOx/FeNiOOH.

tion (100 mW/cm?2) with outstanding stability. This enhancement
is further validated in the BV/Ce-NiOx/FeNiOOH system, proving
the universality of this strategy. These findings highlight the hole
transfer behavior in advancing solar H, production.

Fig. 1a demonstrates a flexible preparation process of the
BV/Ce-CoO/FeNiOOH photoanode, and the BV array was synthe-
sized through electrodeposition (EDP) followed by calcination. The
structural and morphological properties were characterized by
scanning electron microscopy (SEM, Fig. S1 in Supporting infor-
mation) and transmission electron microscopy (TEM). Vermicular
BV nanoarrays (with diameters of 150-200nm) were uniformly
coated on Fluorine-doped tin oxide (FTO) substrates. X-ray diffrac-
tion (XRD) confirms the monoclinic BV structure (JCPDS No. 14-
0688, Fig. S2 in Supporting information) [31], while X-ray photo-
electron spectroscopy (XPS, Fig. S3 in Supporting information) and
Raman spectroscopy (Fig. S4 in Supporting information) together
confirm the successful synthesis of BV.

The Ce-CoOx layer were deposited on BV arrays via EDP fol-
lowed by calcination (CAL), as evidenced by morphological char-
acterization (Fig. S5 in Supporting information). The lack of de-
tectable changes in crystalline phases in XRD patterns (Fig. S6 in
Supporting information) and Raman spectra (Fig. S7 in Support-
ing information) indicates the formation of an ultrathin, homo-
geneously distributed covering layer. Furthermore, XPS, XRD, and
Raman analyses have unambiguously confirmed the formation of
BV/Ce-CoOx (Figs. S7 and S8 in Supporting information).

This photo-assisted EDP strategy was successfully extended
to fabricate BV/Ce-CoOx/FeNiOOH and BV/FeNiOOH photoanodes
(Figs. S9-S12 in Supporting information), demonstrating its versa-
tility for TMOH deposition.

For the BV/Ce-CoOy/FeNiOOH photoanode, we can observe a hi-
erarchical architecture (a roughened BV surface compared to BV,
Fig. 1b), where BV is sequentially coated with a Ce-CoOy interlayer
and an outer FeNiOOH layer, as evident by TEM images (Figs. 1c
and d). Fig. 1e shows distinct lattice fringes in the BV region with
a d-spacing of 0.29nm, corresponding to the (211) planes. Addi-
tionally, a d-spacing of 0.24nm, originating from Co30y4, is con-
firmed by XRD results (Fig. S8) and previous reports [39,40]. This
clearly distinguishes the CoOx layer from BV and FeNiOOH (which
have an amorphous nature, as confirmed by XRD, Fig. S10). In
the energy dispersive spectroscopy (EDS) mapping images (Fig. 1f),
Bi and V elements are localized in the central region of BV/Ce-
CoOy/FeNiOOH. In contrast, Ce, Co, Ni, and Fe elements are ho-
mogeneously distributed across the entire composite, verifying the
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successful synthesis of BV/Ce-CoOx/FeNiOOH, and this can also be
confirmed by XPS results (Fig. S13 in Supporting information). An
obvious positive shift is observed in the Bi 4f and V 2p peaks for
BV/Ce-CoOx/FeNiOOH compared to those for BV and BV/Ce-CoOx,
indicating the excellent charge transfer properties at the interfaces
of BV, Ce-CoOx, and FeNiOOH (Fig. S14 in Supporting informa-
tion). Additionally, the ultrathin nature of both the Ce-CoOx and
FeNiOOH layers can still be evidenced by XRD patterns and Raman
spectra (Fig. S15 in Supporting information).

The PEC water splitting performance of these BV based pho-
toanodes was assessed in a traditional three-electrode system un-
der AM 1.5G illumination. As shown in Fig. 2a, the photocurrent
response of the BV photoanode is relatively low, which is restricted
by the severe charge recombination and the slow OER process. No-
tably, after functionalizing the BV photoanode with the Ce-CoOx
layer, the BV/Ce-CoOx composite achieved a significant photocur-
rent enhancement of 3.4mAj/cm?2. This is likely attributed to the
promotion of charge separation. In addition, when the surface of
the BV photoanode is decorated with FeNiOOH, the PEC activity
can be significantly enhanced. Specifically, the photocurrent in-
creased to 4.0mA/cm? at 1.23 Vyye (Fig. 2a).

Regrettably, the conventional BV/FeNiOOH structure still has
the problem of interfacial charge recombination. Interestingly, af-
ter introducing the Ce-CoOyx interlayer between BV and FeNiOOH,
the optimized photocurrent density achieved a breakthrough in-
crease, reaching 6.0mA/cm? at 1.23 Vgye (Fig. 2a, Figs. S16 and
$17 in Supporting information). The applied bias photon-to-current
efficiency (ABPE) calculated based on the photocurrent density
curve shows that the BV/Ce-CoOx/FeNiOOH reaches a peak effi-
ciency of 1.8% at 0.72 Vgye (Fig. 2b), which is significantly better
than that of BV/FeNiOOH (1.3%, 0.72 Vgyg) and pristine BV (0.4 %,
0.82 VRyE)-

Furthermore, EIS was employed to investigate the charge trans-
fer properties. According to the Nyquist plots and the fitting results
(Fig. 2c and Table S1 in Supporting information), the correspond-
ing charge transfer resistance (R.t) exhibits the following trends:
BV (1130 2) > BV/Ce-CoOx (750 €2) > BV/FeNiOOH (553 2) >
BV/Ce-CoOy/FeNiOOH (361 2), further demonstrating that the Ce-
CoOy layer significantly enhances hole transfer, as evidenced by
the improved surface charge separation efficiency (Fig. 2d) and the
increased incident photon-to-current conversion efficiencies (IPCE,
Fig. S18 in Supporting information). To further confirm the charge
separation ability and carrier dynamics, photoluminescence (PL)
spectroscopy and time-resolved photoluminescence (TRPL) were
conducted. As shown in Fig. 2e and Fig. S19 (Supporting informa-
tion), the BV/Ce-CoOx/FeNiOOH exhibits a prolonged carrier life-
time (ca. 3.53 ns, Table S2 in Supporting information) and reduced
PL intensity, confirming efficient interfacial charge separation at
the BV/FeNiOOH interface. Building on the aforementioned positive
outcomes, we evaluated the PEC activity in comparison with that
of previously reported BV-based photoanodes. As illustrated in Ta-
ble S3 (Supporting information), our integrated system exhibits re-
markable competitiveness.

Beyond high PEC water splitting efficiency, excellent photosta-
bility is a critical factor for practical applications. As shown in
Fig. 2f, the bare BV photoanode exhibits a photocurrent density de-
cline from 1.6 mA/cm? to 0.6 mA/cm? over 1h under AM 15G ir-
radiation, suggesting significant photocorrosion of the pristine BV.
On the contrary, the BV/Ce-CoOx/FeNiOOH photoelectrode remains
above 91% after 3h of operation, implying excellent photoactivity
for PEC water splitting, which is attributed to the rapid hole trans-
fer mediated by Ce-CoOx.

To elucidate the origin of the improved PEC activity, UV-vis dif-
fuse reflectance spectroscopy (DRS) analysis was performed. The
overlapping absorbance results in Fig. S20 (Supporting informa-
tion) indicate that “Ce-CoOx” exerts a negligible impact on the sub-
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Fig. 2. (a) Linear-sweep voltametric (LSV) curves, (b) ABPE, (c) electrochemical impedance spectroscopy (EIS) for different photoanodes. (d) Charge separation efficiencies of
different photoanodes. (e) TRPL of different samples. (f) I-t curves of different photoanodes.

stantial PEC improvement, as supported by the similar light har-
vesting efficiency (LHE, Fig. S20). Therefore, it can be inferred that
the photocurrent enhancement primarily originates from interfa-
cial charge separation. To further evaluate the separation of photo-
generated charges, intensity-modulated photocurrent spectroscopy
(IMPS) was employed. As depicted in Figs. 3a and b, K.; stands for
the charge transfer rate constant, whereas K. signifies the charge
recombination rate constant. In Fig. 3c, pristine BV exhibits a sub-
stantially higher K. than K. due to pronounced charge recombi-
nation. When the FeNiOOH layer is integrated on BV, K increases,
yet K. remains dominant, as shown in Fig. 3c. This is mainly due
to interfacial charge recombination occurring at the BV/FeNiOOH
interface, as evidenced by the rapid photocurrent decay shown in
Fig. S21 (Supporting information).

Upon the introduction of “Ce-CoOy”, the K¢ values far exceed
the K. values, typically, the K.t of BV/Ce-CoOx/FeNiOOH is 4 times
higher than that of BV/FeNiOOH. This implies that the interfacial
charge recombination can be effectively inhibited, consistent with
the charge transfer efficiency result (Fig. S22 in Supporting infor-
mation) and the “slow” current decreasing trend (Fig. S16). Tran-
sient time (74=1/(27fimps)) shows the following trend: BV/Ce-
CoOy/FeNiOOH (0.42ms) < BV/FeNiOOH (0.61 ms) < BV/Ce-CoOx
(0.74ms) < BV (0.89ms) (Fig. S23, Table S4 in Supporting informa-
tion), meaning that the Ce-CoOx boosts the hole transfer kinetics,
consistent with the increasing value of K.

Even though “Ce-CoOy” has the capacity to inhibit interfacial
charge recombination, it remains uncertain whether photogener-
ated holes are prone to transfer to the surface of the photoelec-
trode. Therefore, ([Fe(CN)g]3-/[Fe(CN)g]*), a soft probe molecule,
was employed to explore the charge transfer behavior (Fig. 3d).
Under illumination, the BV/Ce-CoOx/FeNiOOH sample exhibits a
lower redox potential and a higher photocurrent density compared

to pristine BV (Fig. 3e), demonstrating that more photogenerated
holes from the valence band (VB) of BV are transferred to the sur-
face for oxidation reactions, which correlates well with the low R
value (Fig. 3f) and high open circuit potential (OCP) values (Fig. S24
in Supporting information).

Even so, the fundamental reason for the improvement in PEC
water splitting performance remains unknown. Previous studies
identified two primary hole modulation strategies: (1) Passiva-
tion layers [41]; (2) storage layers [42]. To elucidate this, we con-
ducted cyclic voltammetry (CV) on isolated Ce-CoOx components.
Notably, Ce-CoOyx exhibits near-elimination of redox peaks com-
pared to pristine CoOx (Figs. S24 and S25 in Supporting informa-
tion), indicating a fundamental shift in hole transfer mechanisms.
Coupled with the fast K. value, high electrical conductivity (Fig.
S26a in Supporting information), low R¢: value (Fig. S26b in Sup-
porting information), and comparative tests on FeOOH (Fig. S26c
in Supporting information), we can confirm that Ce-CoOx does not
undergo the traditional charge transfer behavior but acts as an
innovative “hole transporter” that modulates the charge transfer
pathway. This engineered layer redirects holes through optimized
transfer pathways to electrocatalytic surfaces, thereby achieving
superior PEC performance (Fig. S26).

To validate the aforementioned hypothesis, we demonstrate
that integrating Ce-NiOx as a “hole transporter” at the BV/FeNiOOH
interface is a universal strategy to enhance hole separation (Figs.
S27 and S28 in Supporting information). The results of LSV mea-
surements show that, at 1.23 Vgyg, the photocurrent density of the
BV/Ce-NiOx/FeNiOOH photoanode is respectively higher than that
of its BV/FeNiOOH and BV counterparts (Fig. 4a). The results of
ABPE (Fig. 4b), EIS (Fig. 4c and Table S5 in Supporting information),
and PL (Fig. S29 in Supporting information) support the enhanced
PEC activity.



E Zhao, X. Ning, L. Xu et al.

Chinese Chemical Letters 37 (2026) 112026

z BV/CE-COOX
74 = 1/(2nfips) BV/FeNiOOH
BV/CE—CDOX/FENiOOH
5
2 0 2 4 6 & 10 12
( ) ( d) Re (10° mA mw ' cm?)
C
160 160 P S — 1 [Fe(CN)J¢  [Fe(CN)g>
140 140 : CB
" L | goe
100 2 Lo i
— [ 1
"» 80 Q" 8oL I
5 5] !
g0 & feox |
Q 1
- & 40 |
I
20 20 i bt ht b
]
. g
Sample L---YP""
e f) o0
(€) 3] —8v ®) @ BV/Ce-CoO,
N’g ——BV/Ce-Co0,/FeNiOOH 504 @ BV/Ce-CoO /FeNiOOH
g7
<, __ 40
z =
E S 30
T .14 N
z 20
£ 2]
3 101
34
. . . . o
02 00 02 0.4 06 0.8 y y 0 ; 7 5
¢ 40 60 80 100 120 140 160
Potential (V vs. Ag/AgCl) Z' (ochm)
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Based on the DRS and LHE results (Fig. S30 in Supporting in-
formation), Ce-NiOx still has a negligible impact on light absorp-
tion, while it positively affects interfacial charge separation, as ev-
idenced by IMPS (Figs. 4d and e, Figs. S31 and S32, and Table S6
in Supporting information). We can further conclude that, like Ce-
CoOy, Ce-NiOx also acts as a “hole transporter” capable of regu-
lating charge transfer behavior, thereby enabling high PEC perfor-
mance (Fig. 4f). This enhancement primarily stems from the sup-
pression of interfacial recombination via rapid hole transfer.

In conclusion, we have successfully developed an interface en-
gineering strategy to modulate the SC/TMOH interface, aiming to
enhance the PEC activity of the BV/Ce-CoOx/FeNiOOH integrated
system for water splitting. A series of electrochemical characteri-
zations demonstrate that the incorporation of a Ce-CoOy interfa-
cial mediator can effectively suppress charge recombination at the
BV/FeNiOOH interface by modulating charge transfer pathway and
accelerating hole transfer kinetics. Notably, BV/Ce-CoOx/FeNiOOH
exhibits the highest hole transfer kinetic rate constant of 143.92s1,
which is four times that of BV/FeNiOOH (36.22s™!). As expected,
the optimized BV/Ce-CoOx/FeNiOOH configuration delivers a re-
markable photocurrent density of 6.0mA/cm? at 1.23 Vgyg, along-
side superior durability. More importantly, we have extended this
strategy to other interface regulation layers, including Ce-NiOx,
thereby demonstrating the universality of this approach. This work
provides a novel perspective on the design of prospective photoan-
odes for water splitting.
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