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Cocatalysts are pivotal in realizing photocatalytic overall water splitting (POWS) by mitigating carrier
recombination and expediting reaction kinetics. Nevertheless, conventional cocatalysts still faces with
challenges in balancing high efficiency and low cost. Herein, adjacent CoP and CoOOH, as noble-metal-
free dual cocatalysts for hydrogen/oxygen evolution, are introduced onto the surface of Al-doped SrTiO3
(Al:STO), achieving stable and efficient POWS, with a hydrogen and oxygen evolution rate of 4.86 and
2.30mmol h'g?, respectively, and an apparent quantum yield of 12.7% at 350+ 10 nm. The superior
performance is attributed to the unique adjacent structure of CoP and CoOOH dual cocatalysts. Func-
tioning as critical reactive sites for hydrogen and oxygen evolution, respectively, co-modification of CoP
and CoOOH effectively promotes the surface redox reaction. Notably, due to the Schottky junction form
between CoP and CoOOH, the uniformly distributed and tightly attached adjacent CoP-CoOOH dual cocat-
alysts shortened the distance of both charge-carrier migration from bulk to the surface of photocatalyst
and proton transfer from oxidation sites to reduction sites, thereby enhancing the charge-separation ef-
ficiency and protecting CoP against oxidation during photocatalytic overall water splitting process. This

work offers innovative insights for designing efficient, noble-metal-free cocatalysts for POWS.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Photocatalytic overall water splitting (POWS), with solar irra-
diation and water as the only energy and substance input, has
emerged as a promising scenario for green H, production [1-6].
Upon the excitation and separation of charge carriers, the subse-
quent redox reaction on the surface of photocatalyst represents as
one of the essential issues for the efficient water splitting process,
with cocatalyst lowering the overpotentials and serving reactive
sites [7-9]. Although some excellent examples have been reported,
the high efficiency on POWS currently relies on the utilization of
noble metal cocatalyst, such as Rh and Pt, which hinders the po-
tential large-scale application [8,10-12].

Cobalt-based cocatalysts, with merits of high electrical conduc-
tivity and diverse compositional characteristics, have become ideal
choice for low-cost photocatalytic water splitting [13-16]. Specif-
ically, cobalt phosphide (CoP), owing to the metallic properties
and potential Schottky effect when combining with semiconduc-
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tor, has been widely investigated as H, evolution reaction (HER)
cocatalysts [17-19]. Typically, CoP/CdS hybrid photocatalytic sys-
tem with CoP as cocatalyst exhibited excellent activity and stabil-
ity for over 100h in the presence of sacrificial reagents [20]. Our
group have demonstrated POWS from Al-doped SrTiOs (Al:STO)
with CoP cocatalyst tightly attached through a photodeposition-
phosphorization method [21], yet further improvements in effi-
ciency are still desired from developing novel cocatalytic structure
beyond the exclusive role of cocatalyst solely in H, evolution.
Employing dual cocatalysts respectively for hydrogen and oxy-
gen evolution has emerged as a pivotal approach to enhancing
the efficiency of POWS by the spatial separation of charge carri-
ers and active sites [22-26]. As a cost-effective candidate, cobalt
oxyhydroxide (CoOOH) has garnered significant attention due to
its immense potential to enhance electrocatalytic O, production
[27,28]. In recent years, COOOH has been introduced into photocat-
alytic systems [29-31]. For instance, Al:STO co-loaded with CoOOH
and Rh/CrOx has achieved near 100% carrier separation efficiency
while demonstrating stability over 1000h [32,33], demonstrating
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great potential in dual-cocatalyst modified photocatalytic system in
POWS when efficient low-cost metals are incorporated.

Even though given the advantages of spatial charge-carrier sep-
aration, the traditional dual cocatalysts might encounter some lim-
itations when taken the water molecule adsorption and splitting
process on the surface of the cocatalyst into consideration. With
spatial separated active sites on photocatalyst, once the H-O bond
in water molecule adsorbed on the oxygen evolution reaction
(OER) cocatalyst is broken during water oxidation, the produced
hydrogen radicals will take a relatively long journey to reach the
HER cocatalyst. It could be proposed that a configuration of ad-
jacent dual cocatalysts would be more efficient since it inherits
the advantages the charge-carrier separation while providing rapid
consumption of reactant species with reduced distance between
reduction and oxidation sites [34,35]. However, it is challenging
to realize the facile loading of adjacent dual cocatalysts while si-
multaneously ensuring the well dispersion and intimate contact of
these cocatalysts on the surface of photocatalyst.

In this contribution, using Al:STO as probe photocatalyst, we re-
port on modification of adjacent cobalt-based dual cocatalysts for
efficient POWS without noble metal. By controlling the phospho-
rization process of CoOOH deposited on Al:STO, highly dispersed
CoP-CoOOH could be obtained as adjacent dual cocatalysts, which
contribute to the boosted efficiency and stability of POWS. Through
structural characterizations combined with spectra technologies, it
is revealed that the adjacent CoP-CoOOH dual cocatalysts both fa-
cilitate charge separation and inhibit potential photocorrosion of
CoP during POWS process. This work not only provides novel strat-
egy for efficient low-cost cocatalysts but also lays a solid founda-
tion for advancing the development and application of photocatal-
ysis technology.

Fig. S1 (Supporting information) briefly illustrates the synthesis
process of CoP-CoOOH/AIL:STO. With the assistance of oxidative en-
vironment provided by NalO4 under irradiation of ultraviolet light,
Co%t ions in the solution were oxidized into Co3* species (char-
acterized as CoOOH in the following discussion) deposited on the
surface of Al:STO, and were then partially converted into cobalt
phosphide by controlling the duration of the following phospho-
rization process. The detailed synthesis procedure and characteri-
zation methods were introduced in Texts S1-S4 (Supporting infor-
mation).

Fig. S2a (Supporting information) and Fig. 1 exhibit the crys-
tal structure and the morphological characteristics of as-prepared
samples. As shown in the X-ray diffraction (XRD) patterns in Fig. S2
(Supporting information), the crystal structure of Al:STO remained
unchanged after loading Co species. The Co species, due to their
low loading amount, were not observed in XRD patterns. Scanning

Fig. 1. SEM images of (a) Al:STO, (b) CoOOH/AIL:STO, (c) CoP-CoOOH/AI:STO,
(d) CoP/Al:STO. TEM images of (e) CoOOH/AL:STO, (f) CoP-CoOOH/AI:STO, (g)
CoP/AL:STO. (h) STEM and element mapping images of CoP-CoOOH/AI:STO.
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electron microscope (SEM) images in Figs. 1a and b show the mi-
crostructures of the samples before and after loading Co species. It
could be seen that Al:STO presented a cubic structure with smooth
surface. After Co was loaded, a large number of nanoparticles were
uniformly distributed on the surface of Al:STO, indicating the suc-
cessful loading of cobalt species. The high-resolution transmission
electron microscopy (HRTEM) image in Fig. 1e demonstrates that
the Co species were in close contact with the surface of Al:STO,
with the lattice (2.38A) of the Co species identified as the (101)
plane of CoOOH [36,37], confirming that the Co species loaded
onto the AL:STO surface were in the form of CoOOH, designated
as CoOOH/AL:STO.

Then, CoOOH/AI:STO was phosphorized for 2 h in a tubular fur-
nace. As shown in Fig. S2a, the phosphorization process did not
change the crystal structure of Al:STO. As observed from the SEM
image in Fig. 1c, the morphology of the sample after phosphoriza-
tion was consistent with that before phosphorization, indicating
that the phosphorization process did not alter the uniformity of
the size and distribution of the cocatalyst nanoparticles. From the
HRTEM image in Fig. 1f, a new lattice corresponding to the (211)
plane of CoP (1.89A) could be observed [38,39], while the lattice
of CoOOH was also presented, which indicated that CoOOOH was
partially converted to CoP during the phosphorization process. Fur-
thermore, CoP was in close contact with both CoOOH and Al:STO.
Thus, the as-prepared sample was confirmed as adjacent CoP and
CoOOH co-loaded on AI:STO, designated as CoP-CoOOH/AI:STO.
Fig. 1Th shows the STEM image of CoP-CoOOH/AIL:STO and its ele-
mental mapping, explicitly demonstrating the uniform loading of
Co and P elements on the surface of Al:STO.

When phosphorization time was increased to 5h, it could be
observed from the SEM image (Fig. 1d) that the cocatalyst main-
tained dispersed nanoparticle morphology on the surface of Al:STO
photocatalyst. In the HRTEM image (Fig. 1g), only lattice fringes
corresponding to the (201) and (112) crystal planes of CoP were
observed [40,41], while the lattice fringes of CoOOH could not be
observed, indicating that CoOOOH had been completely converted to
CoP after phosphorization for 5h. Therefore, the sample was con-
firmed CoP-modified Al:STO, designated as CoP/Al:STO.

The elemental chemical states of as-prepared samples were
characterized by X-ray photoelectron spectroscopy (XPS) to further
determine the structure and composition. As shown in the sur-
vey scan XPS in Fig. S3 (Supporting information), Al:STO exhibited
typical peaks attributed to Sr, Ti, and O elements in SrTiOs, addi-
tional peaks ascribed to Co and P were distinctly observed in CoP-
CoOOH/AI:STO, conclusively demonstrating the successful intro-
duction of both Co and P. The high-resolution XPS of Co, P, Sr, and
Ti were further characterized. As shown in Co 2p spectra in Fig. 23,
a binding energy of 782.24eV observed both in CoOOH/AI:STO
and CoP-CoOOH/AI:STO indicated the presence of Co3t in CoOOH
[42,43], while the Co 2p orbital of CoP-CoOOH/AIL:STO exhibited
a new peak at 778.03 eV attributed to Co-P in CoP, which is fur-
ther demonstrated by the Co 2p orbital of CoP/Al:STO [21]. It
has been reported that Co3*+ could serve as active sites for the
OER [43], suggesting that CoP-CoOOH dual cocatalyst could facil-
itate both HER and OER process in POWS. In further analysis, the
Co 2p orbital of CoP/Al:STO only exhibited a major peak of Co-P,
without detecting any characteristic peaks attributed to Co3*t of
CoOOH, unequivocally indicated that CoOOOH had been completely
converted into CoP. Subsequently, the high-resolution Sr 3d and P
2p spectra of as-prepared samples were presented in Fig. 2b. It
was evident that two peaks attributed to Sr 3d were located at
134.44 and 132.81eV. Additionally, a peak at 129.4eV attributed
to the P-Co bond in CoP was observed in CoP-CoOOH/AI:STO and
CoP/AlL:STO, while was absent in CoOOH/AI:STO [21,44]. Accord-
ingly, Ti 2p spectra of the as-prepared samples (Fig. 2c) showed
two main peaks of Ti 2p3; and Ti 2p;;, components at 464.36
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Fig. 2. High-resolution XPS spectra of (a) Co 2p, (b) Sr 3d and P 2p, (c) Ti 2p or-
bitals, and (d) VB edge of as-prepared samples.

and 458.59eV, respectively. Energy dispersive X-ray spectroscopy
(EDS) of SEM was used to characterize the atomic ratio of P and
Co in the samples with different phosphorization time. The results
in Table S1 (Supporting information). further indicated that the
unphosphorized sample of CoOOH/AIL:STO does not contain phos-
phorus. With the increment of phosphorization time, the atomic
ratio of phosphorus to cobalt gradually increased, indicating that
CoOOH was gradually converted to CoP. When the phosphoriza-
tion time reached 5h, the atomic ratio of phosphorus to cobalt
was approximately 1, demonstrating the complete conversion of
CoOOH into CoP. This phenomenon is further supported by the
XPS valence band (VB) analysis, as depicted in Fig. 2d. Al:STO and
CoOOH/AI:STO exhibited a distinct VB edge positioned at approxi-
mately 1.66eV (vs. the Fermi level), corresponding to the valence
band maximum of Al:STO [21]. Notably, the CoP-CoOOH/AI:STO
and CoP/Al:STO exhibited a VB edge located at —0.38 eV below the
Fermi level, attributed to the unique metallic character of CoP.

As such, successful deposition of adjacent CoP-CoOOH dual co-
catalysts was demonstrated, and composition of cocatalyst could
be facilely tailored by controlling of phosphorization process. This
characteristic was further corroborated by the high absorption co-
efficient of CoP-CoOOH/AL:STO in the ultraviolet-to-visible light re-
gion (Fig. S4 in Supporting information). Upon a detailed analy-
sis of the UV-vis spectra, Al:STO exhibited an absorption edge of
approximately 390 nm, corresponding to a bandgap energy of ap-
proximately 3.19eV for SrTiO3, while the weak absorption in visi-
ble light region was ascribed to the formation of oxygen vacancy
by Al-doping. Upon the loading of CoOOH and CoP, the absorption
intensity beyond the absorption edge significantly increased (Fig.
S4a), and was observed to be elevated with further increment of
CoP-CoOOH content (Fig. S4b). It was noteworthy that the absorp-
tion edge remained almost identical to that of pure Al:STO, sug-
gesting that CoP-CoOOH adjacent dual cocatalysts were primarily
loaded on the surface of Al:STO without penetrating deeply into
its crystal lattice, hence maintaining the inherent high crystallinity
and excellent bulk charge separation properties of Al:STO for po-
tentially efficient POWS.

The POWS performance was evaluated and shown in Fig. 3. As
could be seen from Fig. 3a, the loading of CoP-CoOOH had a sig-
nificant impact on the POWS performance of Al:STO. Neither pris-
tine Al:STO nor CoOOH/AIL:STO exhibited activity for POWS since
no HER sites were provided. In contrast, Al:STO loaded with CoP-
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Fig. 3. (a) POWS of Al:STO with different cocatalysts. (b) POWS on xCoP-
CoOOH/AL:STO (x refer the mass ratio of Co to Al:STO). (c) Time course of POWS on
CoP-CoOOH/AL:STO. (d) H, and O, evolution rate on cobalt-based cocatalysts modi-
fied AL:STO with different phosphorized time (sacrificial agent: 20 vol% CH30H for
H, evolution, 20 mmol/L NalO; for O, evolution).

CoOOH displayed the highest activity for POWS, with H, and O,
evolution rates of 4.86 and 2.30 mmol h™! g'!, respectively. The AQY
of 12.7 % at 350 £ 10 nm surpasses most of recently reported results
on POWS without noble metal. Detailed information regarding the
calculation of AQY was supplied in Table S2 (Supporting informa-
tion), and the recently reported results were summarized in Ta-
ble S3 (Supporting information). However, inferior activity was ob-
served when CoOOH was completely converted into CoP, with no
CoOOH left as OER sites. The synergistic loading of CoP and CoOOH
as dual cocatalysts could significantly enhance the activity, thereby
achieving efficient POWS. Comparison activity (Fig. S5 in Support-
ing information) further demonstrated the advantage of adjacent
dual-cocatalysts.

The impact of cocatalyst loading amounts on the performance
of POWS was investigated (Fig. 3b). Initially, pristine Al:STO was
unable to split water due to the lack of active sites. However, upon
loading with CoP-CoOOH, the POWS performance of Al:STO was
noticeably enhanced, which can be attributed to CoP-CoOOH serv-
ing as a cocatalyst that provides sufficient reactive sites and effec-
tively promotes the redox reactions. Optimized POWS performance
was observed when loading adjacent CoP-CoOOH dual-cocatalysts
with 2 wt% Co, while further increasing the loading amount of
CoP-CoOOH led to a decrease in the POWS performance of CoP-
CoOOH/AI:STO, which could be ascribed to excessive surface load-
ing of CoP shielding the light absorption of Al:STO [21]. The sta-
bility of CoP-CoOOH/AI:STO was tested, and the results are shown
in Fig. 3c, demonstrating excellent stability with no significant de-
crease in POWS activity during 18 h test.

To identify the distinct roles of CoP and CoOOH in POWS,
the photocatalytic H, and O, evolution tests were conducted on
cobalt-based cocatalysts modified Al:STO with different phospho-
rization time (Fig. 3d). The O,-evolution rate exhibited a down-
ward trend with the extension of phosphorization time, while
the H,-evolution performance experienced a process of initially
increasing and then decreasing. From the perspective of O,-
evolution performance, the unphosphorized sample, which was
Al:STO loaded with CoOOH, exhibited the highest O,-evolution
performance. This suggested that CoOOH played a crucial role of
OER cocatalyst. However, with increased phosphorization time, the
0,-evolution performance started to decrease since CoOOH was
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Fig. 4. (a) PL spectra, (b) TR-PL spectra, (c) EIS curves, and (d) LSV curves of HER
and OER on as-prepared samples.

gradually converted into CoP upon phosphorization. For the trend
of Hy-evolution performance, the unphosphorized sample did not
exhibit significant H, evolution ability. With increased phospho-
rization time, the Hj-evolution performance gradually improved,
indicating that the as-converted CoP during phosphorization pro-
cess served as effective HER cocatalyst. When the phosphoriza-
tion time exceeded 3 h, the H, and O, evolution performances re-
mained stable and no significant changes were observed. This may
be due to the nearly complete conversion of CoOOH to CoP.

Detailed characterizations of charge carrier transport perfor-
mance for the CoOOH/AIL:STO, CoP-CoOOH/AI:STO and CoP/Al:STO
were conducted (Fig. 4), so as to highlight the significant advan-
tages of the dual cocatalyst on enhancing the photocatalytic ac-
tivity of Al:STO. Through steady-state photoluminescence (PL) and
time-resolved PL (TR-PL) spectral analysis (Figs. 4a and b), it was
observed that all as-prepared samples exhibited distinct emission
peaks at approximately 450 nm. Specifically, the emission peak
intensity of CoP-CoOOH/AI:STO was significantly lower than that
of CoOOH/AL:STO and CoP/Al:STO, directly reflecting that dual-
cocatalyst loading could significantly reduce the carrier recombi-
nation rate [45]. Furthermore, through TR-PL spectral fitting, the
average carrier lifetime (7., =2.84ns) of the CoP-CoOOH/AL:STO
photocatalyst was longer than that of both CoOOH/AI:STO and
CoP/AlL:STO, promising sufficient redox reaction of water split-
ting on the surface of photocatalyst. Electrochemical impedance
spectroscopy (EIS) analysis further revealed the advantages of
dual cocatalysts in charge transportation (Fig. 4c). Compared to
CoOOH/AIL:STO and CoP/Al:STO, CoP-CoOOH/AI:STO exhibited the
smallest semicircle in EIS spectra, indicating that dual-cocatalyst
loading can substantially diminish carrier transport resistance, fa-
cilitate the migration of photogenerated carriers, and further con-
tribute to the enhanced photocatalytic efficiency [46,47]. Further-
more, as shown in Fig. 4d, the linear sweep voltammetry (LSV)
curves of HER and OER indicated that the overpotentials for H;
and O, evolution of CoP-CoOOH/AIL:STO were lower than those of
CoOOH/AI:STO and CoP/Al:STO. This could be attributed to both ac-
celerated HER and OER processes on the surface of photocatalyst
with the assistance of dual cocatalysts, which in turn facilitated
separation and migration of charge carriers.

Further analysis was conducted to delve into the role of the
interfacial contact between CoP and CoOOH in the CoP-CoOOH
dual-cocatalyst system for enhancing the performance of OWS. As
depicted in Fig. 5a, the work function of metallic CoP (5.58eV)
was larger than that of CoOOH (5.2 eV) [48]. This difference drove
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the flow of electrons from CoOOH to CoP upon contact (Fig. 5b),
thereby constructing a Schottky junction at the interface [49,50].
The unique characteristic of this Schottky junction was its ability
to unilaterally facilitate electron transfer from CoOOH to CoP, ef-
fectively preventing reverse migration. This phenomenon inhibited
the recombination of photogenerated carriers, thus enhancing the
separation efficiency.

Furthermore, it was noteworthy that phosphorus elements were
susceptible to photocorrosion in photocatalytic reactions [51], re-
sulting in the relatively poor stability of CoP cocatalysts without
hole scavengers. As shown in Fig. S6 (Supporting information), the
activity of CoP/AL:STO decreased significantly during a 9-h test.
Interestingly, when CoP was combined with CoOOH to form the
CoP-CoOOH adjacent dual-cocatalyst structure, the as-established
Schottky junction facilitated the holes flowing to CoOOH rather
than CoP, thus effectively preventing the photocorrosion of CoP
caused by photogenerated holes. Consequently, the activity of CoP-
CoOOH/AI:STO remained unchanged during a continuous 18-h test
(Fig. 3c). The synergistic effect of CoP and CoOOH enabled the
POWS reaction to proceed efficiently, providing new insights for
the design of more efficient photocatalytic systems.

Different loading methods of cocatalysts can significantly af-
fect their distribution [26,52]. To deeply explore the superiority of
in-situ photo-assisted chemical oxidation technology, a systematic
comparison was made of CoP-CoOOH loaded by various methods
and the results were displayed in Figs. S7 and S8 (Supporting in-
formation). As shown in Fig. S7, the loading of cocatalysts did not
alter the crystal structure of Al:STO and neither Co nor P species
were detected due to their low loading amounts. Fig. S8a presents
the distribution of CoP-CoOOH/AI:STO cocatalyst synthesized using
in-situ photo-assisted chemical oxidation technology with NalO,4 as
an oxidization sacrificial agent, showing a uniform distribution of
nanoparticles. Figs. S8b and c¢ show the distribution of the 2 wt%
cocatalysts loaded by a photodeposition method without a sacri-
ficial agent and an impregnation method, respectively. Obviously,
both of them exhibited significant agglomeration, sometimes even
covering the entire surface of Al:STO. This distribution not only in-
creased the light-shielding effect on the photocatalyst and reduced
the utilization efficiency of light energy, but also reduced utiliza-
tion efficiency of the cocatalyst.

In addition, the uniform distribution of cocatalysts loaded via
NalOg4-assisted in-situ photo-assisted chemical oxidation method
(Fig. S8a) effectively reduced the light-shielding effect on the pho-
tocatalyst and Optimized utilization efficiency of the cocatalyst and
elevated density of reaction sites. Based on the above advantages,
it was not difficult to conclude that the POWS H, production per-
formance of the sample loaded by the in-situ photo-assisted chem-
ical oxidation method was higher than that of the samples loaded
with other methods, as shown in Fig. S8d.

Based on previous characterization and analysis, the pos-
sible mechanism of the excellent POWS performance on CoP-
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CoOOH/AIL:STO was proposed and depicted in Fig. 6. By utilizing
in-situ photo-assisted oxidation technology, CoOOH nanoparti-
cles were uniformly deposited, and adjacent CoP-CoOOH dual
cocatalysts modified Al:STO was achieved by the controlled
phosphorization process. Dual cocatalysts help to efficiently sep-
arate charge carriers and promote water splitting reaction on
the surface of photocatalyst by promoting both HER and OER
process. Particularly, in comparison with conventional separated
dual-cocatalyst, the special structure of adjacent CoP-CoOOH dual
cocatalysts could shorten the migration distance of carriers, hence
reducing the possibility of carrier recombination during migration.
On the other hand, the adjacent dual-cocatalyst structure could
help to shorten the transfer pathway of proton when compared
to conventional separated dual cocatalysts. Besides, during POWS
process, the Schottky junction constructed at the CoP-CoOOH
interface allows electron transfer from CoOOH to CoP, which
guarantee the gathering of electrons and holes respectively on CoP
and CoOOH, hence significantly inhibiting the recombination and
prolonging the lifetime of charge carriers as well as preventing
CoP from being corroded by photogenerated holes. Consequently,
the CoP-CoOOH/AL:STO system exhibits exceptional POWS activity
and stability.

In summary, adjacent CoP-CoOOH dual cocatalysts are loaded
via in-situ photo-assisted oxidation deposition method followed by
controlled phosphorization, which enables the uniform deposition
of cocatalyst nanoparticles on the surface of Al:STO photocatalyst.
Besides inheriting the conventional merits of dual cocatalysts that
simultaneously promote HER and OER, the unique adjacent struc-
ture of CoP-CoOOH dual cocatalysts significantly reduces the dis-
tance of photogenerated charge carriers migrating from bulk to the
surface and the distance of proton transfer from oxidation sites to
reduction sites. In addition, the formation of Schottky junction at
the CoP-CoOOH interface further enhances charge-separation effi-
ciency, prolongs carrier lifetime, and inhibits the photocorrosion of
CoP. As a result, the CoP-CoOOH/AL:STO photocatalyst demonstrates
exceptional performance in POWS, achieving an H, and O, pro-
duction rate of 4.86 and 2.30mmol h'' ¢!, with an AQY of 12.7%
at 350+ 10nm. This study not only provides a cost-effective and
highly efficient strategy for solar energy conversion into chemical
energy but also advances the understanding of cocatalysts in pho-
tocatalytic systems.
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