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The development of stable and efficient non-noble metal cocatalysts has arisen as a promising yet chal-
lenging endeavor in the context of photocatalytic overall water splitting. In this study, NiCo alloy co-
catalysts were synthesized with nickel/cobalt metal organic framework (NiCo-MOF) as source of nickel
and cobalt. Systematic characterization results demonstrate the successful deposition of alloy cocatalysts
onto the surface of SrTiOs. The prepared SrTiO3; loaded NiCo-alloy can generate hydrogen and oxygen
in a stoichiometric ratio for photocatalytic overall water splitting, achieving an apparent quantum yield
of 11.9% at 350+ 10nm. Theoretical calculations indicate that the introduction of cobalt has a benefi-
cial regulatory effect on the hydrogen evolution sites of Ni, reducing the free energy of H adsorption.
The synergistic catalytic effect of bimetallic catalysts contributes to enhancing photocatalytic activity and
stability. This study offers constructive insights for the development of high-efficiency and cost-effective
cocatalyst systems.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the widespread use of fossil fuels, environmental pollution
and energy scarcity issues have become increasingly severe [1,2].
The exploitation and utilization of clean and renewable energy is
receiving wider attention than ever before. Hydrogen is considered
to be the most desirable secondary energy source with high energy
density, easy storage and transportation, no carbon emission and
renewable [3-6]. The research and development of efficient and
low-cost hydrogen-production technology has become a research
hotspot in recent years. Solar-driven photocatalytic splitting of wa-
ter for hydrogen production has the advantages of mild reaction,
no additional energy input, and non-polluting products, which is
considered as one of the most promising ways [1,7,8]. Yet, practi-
cal water splitting systems rely on the development of stable and
efficient photocatalysts [9].

Due to its suitable position of the conduction and valence
bands, SrTiO3 has received wide attention in the field of photo-
catalysis, especially on photocatalytic overall water splitting. The
research of SrTiO; as photocatalyst has made great progress re-
cently. Typically, Domen et al. reported Al-doping SrTiO3 (STO)
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with apparent quantum yield (AQY) of 96% at 365nm with co-
loading Rh/Cr,03 and CoOOH cocatalysts [10]. This groundbreak-
ing research has shown that the surface energy band bending, the
suppression of Ti3* defects, and the co-catalyst-modulated carrier
space separation and surface reactions together guarantee the pho-
tocatalytic performance of STO [10,11]. Further investigation real-
ized a demonstration application at 100 m? scale with solar-to-
hydrogen conversion efficiency of 0.76% using STO [3]. Recent re-
lated studies have revealed the key factors affecting the perfor-
mance of STO from the perspective of carrier dynamics [12,13],
showing that Al doping prolongs the carrier lifetime, while Rh
loading is crucial for photogenerated electron migration to the sur-
face of STO for hydrogen evolution reaction. Tian and Fang et al.
investigated the modulation mechanism of the internal defects in
STO in terms of Al doping amount and molten salt medium, re-
spectively [11,14].

As indicated by previous reports, photocatalytic hydrogen pro-
duction from overall water splitting currently relies on no-
ble metal loading, potentially increasing the cost of application
[10,15-18]. The development of noble-metal-free co-catalyst sys-
tems are highly desirable to realize the large-scale application
of photocatalysis [4,19-22]. However, the performance of single-
metal co-catalysts is still limited [7,15]. Recently, alloy co-catalysts
with synergistic effects for photocatalysis, unique microstructures
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Fig. 1. XRD patterns of 1%-MOF-STO-NH; and MOF-NH3.

and suitable work functions have attracted increasing attention
[7,23-25]. Double-non-noble-metal cocatalysts, such as NiCd [26],
CuNi [27], NiMo [28], CoNi [29] and FeCu [30], have been used
as co-catalysts for photocatalytic water splitting at the presence of
sacrificial agents. The injection of heterogeneous metals can mod-
ulate the work function of the base metal, which facilitates the ad-
sorption energy of H,O and H [27,31]. Meanwhile, the bimetallic
synergistic effect can improve the stability during photocatalytic
process. In recent studies, nickel-cobalt alloys have shown excel-
lent performance as catalysts in electrocatalysis for hydrogen evo-
lution reaction [32,33] and oxygen evolution reaction [34]. How-
ever, preparation and loading approaches for alloy co-catalyst with
earth abundant metals and the overall water splitting performance
need further investigation and improvement [35-37]. Metal-organic
frameworks (MOFs), as a kind of porous structure composed of
metal ions and organic ligands with unique microscopic morphol-
ogy and flexible tunability, have attracted much attention in the
field of catalysis [38]. Ionic doping in situ during MOF formation
with the help of metal-organic ligand interactions enables a more
rational and homogeneous spatial distribution of the bimetallic
atoms, which could facilitate the formation of alloy.

In this work, NiCo-alloy co-catalysts prepared with MOF as pre-
cursor have superior catalytic performance and more attractive sta-
bility than other approaches. The prepared STO loaded with noble-
metal-free alloy can produce hydrogen and oxygen for photocat-
alytic overall water splitting in stoichiometric ratio, which could
achieve AQY of 11.9% at 350 £ 10 nm. Characterization and theoret-
ical calculations demonstrate the synergistic effect of bimetallic al-
loy for photocatalytic reactions. Meanwhile, the introduction of Co
into Ni to form NiCo-alloy, the H adsorption energy of Ni sites was
significantly reduced, which was more suitable for H adsorption.
This work is expected to provide a low-cost and high-performance
co-catalyst synthesis and loading scheme.

The crystal structure and composition of the prepared sample
are determined by powder X-ray diffraction (XRD). XRD patterns
of NiCo-MOF and Ni-MOF are consistent with previous report [38],
while crystallinity of NiCo-MOF decreased compared to Ni-MOF,
with Ni2* partially replaced by Co2* (Fig. S1 in Supporting infor-
mation). Meanwhile, Al-doped SrTiO3 (STO) with excellent crys-
tallinity was successfully prepared (Fig. S1) [39,40]. As shown in
Fig. 1, the characteristic peak of NiCo alloy loaded STO (3%-MOF-
STO-NH3) is consistent with cubic phase SrTiO; (JCPDS No. 96-
151-2125) without peaks of Ni or Co because of the relatively low
loading amount [29]. Specifically, new diffraction peaks could be
identified when loading ratio was increased to 40% (40%-MOF-STO-
NH3, Fig. S2 in Supporting information), which could be indexed
as metal phases Ni (JCPDS No. 96-210-0644) or Co (JCPDS No. 96-
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Fig. 2. (a) SEM image, (b) HRTEM image, (c) STEM image and (d-h) corresponding
elemental maps of 3%-MOF-STO-NH3.

901-0969). Due to the close similarity of the characteristic peaks
of Ni and Co, there is no obvious splitting peak at 44.2°, 51.5°
and 75.8°. Similarly, the XRD pattern of NiCo-MOF annealed with
high-temperature ammonia (MOF-NH; in Fig. 1) also shows simi-
lar characteristic peaks of NiCo metal. These results indicate that
NiCo-MOF is reduced to metal phase material under high temper-
ature ammonia atmosphere while does not bring other impurities
in 3%-MOF-STO-NH3.

As shown in the scanning electron microscopy (SEM) im-
ages (Fig. S3 in Supporting information), NiCo-MOF exhibits a
dandelion-like hollow structure with fluffy protrusions on the sur-
face, and STO exhibits a cubic morphology with diameters in the
range of 100-500nm [11,19]. SEM image in Fig. 2a indicates that
the surface of cubic STO is covered with nanoparticles, which could
be resulted from the pyrolyzed NiCo-MOF attached on STO under
high temperature atmosphere. Further supporting evidence could
be found that NiCo-MOF forms a hollow cage when calcined by
high temperature air (Fig. S4a in Supporting information) while
turns into particles in the reducing ammonia atmosphere (Fig. S4b
in Supporting information). In a high-temperature ammonia atmo-
sphere, the NiCo-MOF likely undergoes pyrolysis followed by renu-
cleation, leading to the growth of larger NiCo alloy particles (Fig.
S4b). When mixed with NiCo-MOF, the STO acts as a growth plat-
form for the NiCo alloy, facilitating the formation of fine nanoalloy
particles on its surface (Fig. 2a). The presence of STO significantly
inhibits the aggregation of NiCo alloy into larger particles during
its growth. This explains why the NiCo-MOF tends to form larger
particles in an ammonia atmosphere but grows as fine nanoalloy
particles on the STO surface when coexisting with STO. Further de-
tailed studies are needed to fully understand the growth mecha-
nism. High-resolution transmission electronic microscopy (HRTEM)
and scanning transmission electronic microscopy (STEM) images
further demonstrate the existence and distribution of Ni, Co on
the surface of STO (Figs. 2b-h). The lattice spacing with distances
of 0.276 and 0.205nm could be well indexed to the (110) plane
of STO [19] and (111) planes of Ni, Co [29], respectively. Noting
that Co doping enters the lattice of Ni, the lattice spacing of NiCo-
alloy is larger than Ni (0.203 nm). Further, STEM and correspond-
ing elemental maps of 3%-MOF-STO-NHj3 indicate that Ni and Co
are spatially distributed uniformly in the NiCo-alloy on the sur-
face of STO. The inductively coupled plasma mass spectrometry
(ICP-MS) is used to determine the Ni and Co concentrations in
3%-MOF-STO-NH3. The results indicate that the Ni and Co contents



L. Dong, J. Qu, T. Zhang et al.

a) o ” b) . Sr3d
a ) 1346V i S \133.0ev

= 2B -

A L35 | i & & e

4 : 3| 3 [3%-MOF-STO-NH, |

Z e =1 v\ 1327 eV

2 [3%-MOF-STONI; o 2 1343 eV}

E E

510 STO

1000 800 600 400 200 0 140 136 132 128
Binding energy (eV) Binding energy (eV)
C) ] Ti 2p d) O 1s
464.0 eV [|\458.3 eV 5314ev 5292V
5 ' 5 (55.6%) (44.4%
< [3%-MOF-STO-NH, | = - 272
20" o 2 [3%-MOF-STO-NH, 29.2 eV
£ ' | 5 531.4eV
E| 463.7ev : z
STO STO
475 470 465 460 455 450 534 532 530 528

Binding energy (eV) Binding energy (eV)

Fig. 3. (a) Survey-scan XPS spectra, high resolution XPS spectra of (b) Sr 3d, (c) Ti
2p and (d) O 1s orbitals for STO and 3%-MOF-STO-NH3.

are determined to be 114 wt% and 1.21 wt%, respectively. The
above results show that NiCo-alloy is successfully prepared and
loaded on the surface of STO.

XPS spectra were recorded and shown in Fig. 3. For bare STO,
only Sr, Ti, O and adsorbed C elements were detected, while 3%-
MOF-STO-NH3 revealed additional signals of Co and Ni elements,
further indicating the successful preparation of NiCo-alloy in 3%-
MOF-STO-NH3. In Fig. 3b, the binding energies of Sr d3, and 3ds,
orbitals STO appear at 134.4 and 132.7eV [41,42], and the peaks
located at 463.7 and 458.0eV are attributed to the 2p,, and 2p;,
orbitals of Ti (Fig. 3c). After loading the NiCo-alloy on the surface
of STO, the Sr 3d and Ti 2p orbitals are shifted to high binding
energy by ~0.3eV, indicating the potential electron-transfer from
STO to NiCo-alloy [43]. In Fig. 3d, the O 1s high resolution XPS
spectrum of STO and 3%-MOF-STO-NH3; can be fitted with two
peaks at 529.2 and 531.4eV, which are attributed to lattice oxy-
gen and surface adsorbed hydroxyl groups (H-O-H), respectively
[13,44]. After loading NiCo-alloy, the proportion of hydroxyl groups
changed from 48.7% to 55.6%, indicating that the loading of NiCo-
alloy is conducive to increasing the hydroxyl group content on the
surface of STO, which is beneficial to the hydrogen evolution re-
action [13,45]. The significant enhancement of the Fourier trans-
form infrared (FTIR) spectra (Fig. S5 in Supporting information) at
3446 cm! proves that the 3%-MOF-STO-NH; surface is more sus-
ceptible to adsorption of hydroxyl groups (H-O-H). The peaks at
855.5 and 873.5eV in Fig. S6a (Supporting information) are at-
tributed to Ni2* [46,47], while the peaks located at 780.6 and
796.2eV in Fig. S6b (Supporting information) belong to Co3+[48].
Due to the easily oxidized surface of the small size metal particles
and XPS could only reflect the chemical state within depth of sev-
eral nanometers from the materials, the signals of Ni® and Co® did
not emerge in the data fitting process [49]. It is worth noting that
the characteristic peaks of Ni® and Co® appeared in the XPS spec-
tra of NiCo-MOF after ammonia annealing, which further indicates
that NiCo-MOF can be used as a precursor for the preparation of
alloy (Figs. S6¢ and d in Supporting information). During the pho-
tocatalytic reaction, the partially oxidized NiCo-alloy on the surface
of STO could be quickly reduced by photogenerated electrons and
serve as hydrogen-production reactive sites, which will be reflected
in the subsequent photocatalytic performance test.

The photocatalytic performance of as-prepared samples was in-
vestigated by overall water splitting. Fig. S7a (Supporting informa-
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Fig. 4. Photocatalytic activity for H, evolution of (a) x%-MOF-STO-NH5 (x = 1, 3, 5,
7). (b) STO with different loading methods for NiCo-alloy. (c) Stability test of 3%-
MOF-STO-NHj5. (d) Molar ratio of hydrogen to oxygen.

tion) records the photocatalytic activity for H, evolution of STO
and MOF-STO treated with different ways. Hy-evolution rates of
MOF-STO-AIR, MOF-STO-AIR-NH3, and 1%-MOF-STO-NH;3 under full
spectrum irradiation were 85.2, 296.4, and 592.0 pmol g 'h’,
which were 4.2, 14.5, and 29.0 times as that of STO, respectively.

Compared to samples prepared using Ni-based MOF as a pre-
cursor, the sample synthesized using NiCo-MOF as a precursor ex-
hibit superior catalytic performance (Fig. S7b in Supporting in-
formation), highlighting the enhanced catalytic properties of the
alloy. As XRD results show that MOF can be reduced to metal
phase material under high temperature ammonia atmosphere, al-
loy nanoparticles attached to the STO surface via same procedure
could promote the photocatalytic performance. With further opti-
mization on the loading amount of cocatalyst (Fig. 4a), the highest
rate of photocatalytic H, evolution was achieved when the NiCo-
MOF addition was 3 wt%, with apparent quantum yield of 11.9%
at 350+ 10nm and activity of 979.9 pmol g'' h'!, which was 48.0
times as that of STO. To verify the synergistic catalytic effect of
bimetallic co-catalysts, STO loaded with single-metal and bimetal-
lic co-catalysts by in-situ photodeposition (NiCo-STO-DP) and H,-
annealing (NiCo-STO-H,) were respectively prepared for compari-
son. Cocatalyst from photodeposition method did not exhibit the
bimetallic synergistic catalytic effect, probably due to the fact that
simultaneous photodeposition of both metals did not result in the
formation of NiCo-alloy (Fig. S7c in Supporting information). The
samples prepared by H,-annealing again confirmed that the Ni,
Co bimetallic co-catalyst could promote the photocatalytic reac-
tion compared with the single metal loading (Fig. S7d in Support-
ing information). In contrast, the loading of bimetallic alloy co-
catalysts on the surface of STO with NiCo-MOF as precursors ex-
hibited higher water splitting performance, which was 2.5 times
higher than NiCo-STO-H, (Fig. 4b).

The stability test results of 3%-MOF-STO-NH3 are shown in Fig.
4c. Hy evolution of 3%-MOF-STO-NH3 did not decrease significantly
in 4 cycles (16 h), indicating 3%-MOF-STO-NH3 exhibited excellent
photocatalytic stability. XRD and high resolution XPS spectra re-
vealed that the crystal structure and chemical state of 3%-MOF-
STO-NH;3 did not change significantly before and after water split-
ting test, which verified the stability of the catalysts (Fig. S8 in
Supporting information). The molar ratio of H,/O, in the first cycle
is less than 2:1 (Fig. 4d), while the hydrogen generation in the first
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Fig. 5. High resolution XPS spectra of (a) Ni 2p and (b) Co 2p orbitals for 3%-MOF-
STO-NHj irradiated before and after, (c) photoluminescence spectra, (d) LSV curves
of STO and 3%-MOF-STO-NH3.

cycle is lower than that in the second cycle, indicating the hydroxyl
oxides on the surface of the NiCo-alloy are electronically reduced
and reconverted to NiCo-alloy during the first cycle. This process
can be regarded as the co-catalyst activation stage. The NiCo-alloy
acts as a hydrogen evolution reaction (HER) active site, so the ox-
idized hydroxyl oxides on the surface of the alloy tend to be re-
duced. This also coincides with high resolution XPS spectra of Ni
and Co 2p orbital (Figs. 5a and b). After the first cycle, the high
resolution spectra of Ni and Co 2p orbitals of 3%-MOF-STO-NH3
showed peaks of Ni® and Co?, respectively, which indicated that
Ni2t and Co3* on the surface of NiCo alloy are reduced by photo-
generated electrons. The molar ratio of H,/O, produced by photo-
catalytic water splitting was close to 2:1 after the first cycle when
the co-catalyst was completely converted to NiCo-alloy.

As shown in Fig. 5¢, the emission peaks of photoluminescence
spectra at ~445nm for both samples are ascribed to the recom-
bination of carriers [11]. In contrast, the fluorescence intensity of
STO is significantly higher than that of 3%-MOF-STO-NH3, indi-
cating that the loading of NiCo-alloy facilitates carrier migration.
The increase in fluorescence lifetime indicates an improvement in
carrier separation efficiency upon loading of NiCo alloy (Fig. S9
in Supporting information). Meanwhile, the carrier migration of
the prepared samples was further investigated using electrochemi-
cal impedance spectroscopy and linear sweep voltammetry (LSV)
curve. The smaller Nyquist semicircle of 3%-MOF-STO-NH3 indi-
cates a greater contribution to enhanced carrier migration and sep-
aration (Fig. S10 in Supporting information). Meanwhile, LSV curve
of HER showed that the overpotential of STO after loading NiCo-
alloy was lower than that of STO (~0.463V at 10 mA/cm?), indi-
cating that the alloy co-catalyst facilitated the HER (Fig. 5d). As
shown in Fig. S11 (Supporting information), the UV-vis absorption
spectrum depicts the absorption of as-prepared samples for differ-
ent wavelengths of light. The absorption edge of all samples was
380 nm, indicating that the loading of the co-catalyst did not affect
the band gap of STO. The absorption edge of 3%-MOF-STO-NHj3 in
the visible region is enhanced, which demonstrates the successful
surface loading of bimetallic alloys.

The charge density distribution and the direction of electron
transfer at the interface between NiCo-alloy and STO were then re-
vealed by density functional theory (DFT). As shown in Fig. 6a, the
interfaces of NiCo accumulate electrons indicated by a yellow re-
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gion while electrons in interfaces of STO dissipate as indicated by
blue. To further investigate the promotion of HER on the STO sur-
face by bimetallic alloy co-catalysts, the charge density distribution
of an additional electron on the (100) surface of NiCo loaded STO
was calculated to simulate the distribution of photogenerated elec-
trons on the surface of the alloy-loaded photocatalysts when STO
was excited by light (Fig. 6b). Calculated results indicated the elec-
trons generated by optical excitation of STO tend to accumulate on
the surface of NiCo-alloy with high work function on the surface of
STO. The plane-averaged charge density difference Ap(Z) parallel
to the planes of STO and NiCo-alloy (Fig. 6¢), confirming an obvious
charge transfer from STO to NiCo. According to the Mott-Schottky
testing (Fig. S12 in Supporting information), the flat band poten-
tials for STO and 3%-MOF are —0.514 and —0.397 eV, respectively.
The significant positive shift in flat band potential originates from
the electron redistribution during the formation of heterojunction
between STO and NiCo alloy. Further DFT calculations show that
the bimetallic alloy on the STO (110) surface is more favorable for
H adsorption compared to a single metal (Fig. 6d), which has the
advantage of facilitating the HER. Meanwhile, Ni sites in NiCo-alloy
are more conducive to H adsorption compared to Co sites, suggest-
ing that HER is better suited to the Ni sites.

Both experimental and theoretical calculations show that
bimetallic alloy have more prominent catalytic performance than
single-metal co-catalysts. The detailed photocatalytic reaction
mechanism was proposed and shown in Fig. 7. On the one hand,
NiCo-alloy with higher work functions cause electrons to be trans-
ferred from the STO surface to NiCo-alloy after forming heterojunc-
tions with STO. The electrons generated by photoexcitation migrate
to the STO conduction band firstly and then transfer to the NiCo-
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alloy, which effectively promotes the spatial separation of carriers
and reduces the carrier composite. On the other hand, the bimetal-
lic alloy co-catalysts exhibit enhanced suitability for the HER. Ni
sites in NiCo-alloy adsorb H and react reduction reaction with the
participation of electrons to form H,. After the formation of NiCo-
alloy, the H adsorption energy of Ni sites was significantly reduced,
which was more suitable for H adsorption and HER.

In summary, we successfully prepared NiCo alloy co-catalysts
with bimetallic MOF as precursor for photocatalytic overall water
splitting. The distribution of metal elements in the bimetallic MOF
is more rational, which will better function the synergistic effects
of bimetallic alloy. Meanwhile, the introduction of Co facilitates H
adsorption at the Ni site, which is beneficial for further H, evo-
lution processes. 3%-MOF-STO-NH3 could produce hydrogen and
oxygen for photocatalytic overall water splitting in stoichiometric
ratio, with apparent quantum yield of 11.9% at 350+ 10nm. This
work provides a solution for synthesizing and loading economical
and efficient alloy co-catalysts.
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