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In this study, a novel metal-organic framework (MOF), Co and Ni ion impregnated CuBTC, is synthesized
and its photocatalytic hydrogen evolution reaction (HER) performance is investigated. The partial substi-
tution of Cu®* with Co?* and Ni?* ions in the catalyst is carried out and investigated to obtain critical
insights into the underlying reaction mechanism. Morphological analysis revealed a well-defined
octahedral structure for all photocatalysts. Among the synthesized materials, Co—Ni—CuBTC exhibited
the highest HER rate of 23.9 mmol g~* h™%, which is 6.6 times higher than that of pristine CuBTC. The
photocatalyst characterization and its improved performance were corroborated using various physico-
chemical analyses including XRD, FTIR, XPS, and UV-DRS, and thermal stability assessments via TGA
analysis. The Co-Ni—CuBTC composite exhibited a significant surface area and a prolonged average
photoexcited charge lifetime of 1.03 nanoseconds, enhancing its photocatalytic HER efficiency. The
structural stability of the Co—Ni—CuBTC photocatalyst is confirmed through post reaction SEM and XRD
investigations. The photocatalytic mechanism study emphasizes the synergistic role of Co?* and Ni?* in
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DOI: 10.1039/d4ma01243g the CuBTC framework with desirable photo redox properties for a superior HER. This work offers a pro-
mising strategy for uniformly incorporating multiple metal sites into organic frameworks to synergistically

rsc.li/materials-advances enhance photocatalytic performance.

have developed numerous photocatalysts for H, production
through photocatalytic water splitting, including metal oxides,
sulfides, MOFs, layered double hydroxides (LDHs), and hetero-

Introduction

Our society faces the dual challenges of an energy crisis and
6-10

environmental pollution, and conventional energy sources are
proving to be insufficient to meet growing demands while
contributing heavily to ecological harm. In this context, there
is a global consensus on the urgent need for clean and
sustainable energy alternatives."”” Hydrogen stands out as a
clean, renewable energy source with versatile applications in
fuel cells and energy storage systems.’ Among the various
production methods of green H,, photocatalytic hydrogen
production from water offers a green, promising pathway with
its potential for reduced carbon emissions, high energy effi-
ciency and utilization of abundant solar energy.*® Researchers
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junctions with various semiconductors.

As emerging porous materials with stable structures, MOFs,
a class of organic-inorganic hybrid crystalline solid materials,
have been extensively used for a number of purposes, including
catalysis, adsorption/separation, and more.'’ Basically, the
unique structural characteristics of MOFs allow the frameworks
to evenly integrate the catalytic active sites and light-harvesting
centres.'”'® The coordination of transition metals (Zn, Cu, Ni,
Co and Fe) with 1,3,5-benzenetricarboxylic acid (BTC) produces
metal-BTCs, which are among the MOFs that are widely
utilized to create a variety of catalysts with distinct structures
and purposes. Nevertheless, the majority of studies have con-
centrated on the use of metal-BTCs in gas adsorption and
electrocatalysis, while their usage in photolysis as photocata-
lysts is rarely reported.””*® CuBTC (also known as HKUST-1 or
Cu;(BTC),, with BTC as the organic linker) has emerged as a
promising photocatalytic material due to its high porosity, large
surface area, tunable structure, and cost-effective large-scale
synthesis. However, its application in hydrogen production
via water photolysis is limited by the quick recombination
of photogenerated charge carriers and structural degradation
caused by the adsorption of water. As a result, the
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photocatalytic activity of pure CuBTC remains relatively low."’
To address these challenges, various strategies such as creating
heterojunctions, incorporating additional metal dopants, and
introducing defective ligands into CuBTC are used. These
approaches aimed to enhance its specific surface area, electro-
nic and spatial properties, light absorption capacity, bandgap,
and charge carrier separation efficiency.>**>

Trimetallic MOFs with adjustable bandgaps are commonly
synthesized by incorporating two or more metal ions into a
single framework, resulting in multiple active sites. This integra-
tion enhances intramolecular self-assembly via coordination
effects, thereby improving their overall efficiency.>**” In this
study, we developed an innovative in situ method to synthesize
Co-Ni-CuBTC by substituting Cu** with Ni** and Co®" ions
within the BTC framework through a solvothermal process
at 120 °C. Co and Ni were selected for doping into CuBTC due
to their abundance, economic viability, and ionic radii (Co*":
0.745 A, Ni*": 0.69 A, and Cu®": 0.73 A), allowing partial exchange
with minimal lattice distortion.>®?° Co and Ni act as co-catalysts,
facilitating more efficient charge separation and electron
transfer, thereby minimizing electron-hole recombination.
Their presence introduces additional active sites and modulates
the electronic structure, optimizing the adsorption and activa-
tion of water molecules for enhanced hydrogen production.
Furthermore, Co and Ni synergistically improved photoexcited
charge transfer properties, conductivity and stability, ensuring
prolonged photocatalytic activity. These combined effects
significantly boost the HER performance compared to pristine
CuBTC, demonstrating the effectiveness of our material design.
Additionally, their synergy with the CuBTC porous structure and
electronic properties establishes an efficient framework for
photocatalysis. The resulted Co-Ni-CuBTC demonstrated effec-
tive photocatalytic hydrogen evolution (PHE) in aqueous metha-
nol solutions and displayed a hydrogen production rate about six
times higher than that of the pristine CuBTC under a simulated
solar spectrum. Additionally, photocatalytic cycling stability tests
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confirmed the catalyst reusability and regenerative capacity. The
findings highlighted several advantages of the Co-Ni-CuBTC
catalyst, including enhanced light absorption, high lifetime, and
sustained transient photocurrent, all contributing to signifi-
cantly improved hydrogen production.

Experimental section

CuBTC was prepared using a reported method'® and the
synthesis of Ni-CuBTC and Co-CuBTC is detailed in the ESL¥

Preparation of Co-Ni-CuBTC

The synthesis of Co-Ni-CuBTC was performed by dissolving
1.27 g of Cu(NOj3),-3H,0, 0.24 g of Co(NO3),-6H,0, and 0.290 g
of Ni(NOs),-6H,0 in 7.2 mL of deionized water and 0.840 g of
1,3,5-benzenetricarboxylic acid in 24 mL of ethanol. The two
solutions were combined and stirred for 10 minutes, followed
by the addition of 12 mL of isopropanol. The two solutions were
subsequently placed into a Teflon-lined stainless-steel auto-
clave and subjected to heating in an oven at 120 °C for 12 hours.
After cooling, the resulting material was collected via centrifu-
gation. The obtained blue precipitate was washed three times
with ethanol and dried at 80 °C overnight. By taking different
molar ratios of Co®" and Ni** by keeping Cu®** constant,
products were obtained and labelled as Co-Ni-CuBTC(1) and
Co-Ni-CuBTC(2) (Scheme 1) and are shown in Table 1.

Results and discussion

Powder XRD analysis verified the successful synthesis and
crystal phase of CuBTC, as well as Ni-CuBTC, Co-CuBTC, and
Co-Ni-CuBTC. The diffraction patterns for all samples dis-
played identical peak positions, with characteristic peaks
observed at 260 values of 6.7°, 9.7°, 11.7°, 13.5°, and 19.1°
corresponding to the (200), (220), (222), (400), and (440) planes
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12hrs at 120°C

CuBTC
f .
¢ 9
000 0 . % 5% Ni(NO.),.6H,0 or Co(NO),.6H,0
'Co8s - € e Autoclave
- M 12hrs at 120°C
-9
Cu(NO,),.3H,0 ¢ Ni-CuBTC Co-CuBTC

Trimesic acid

Ni(NO,),.6H,0+Co(NO;),.6H,0

Autoclave
12hrs at 120°C

Ni-Co-CuBTC

Scheme 1 Synthesis process diagram for CuBTC, Ni-CuBTC, Co-CuBTC, and Co—-Ni-CuBTC.
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Table 1 Contents of metal salts used in the synthesis of MOFs and metal concentrations obtained from ICP-MS

Theoretical (millimoles) ICP-MS (ppb)
S. no. Photocatalyst Co** Ni** cu* Co** Ni** cu**
1. CuBTC 0 0 7.3 — — 24 801.62
2. Co-CuBTC 2 0 5.3 1647.11 — 12 833.76
3. Ni-CuBTC 0 2 5.3 — 1636.96 17 460.43
4. Co-Ni-CuBTC 1 1 5.3 1809.50 2291.68 19 341.75
5. Co-Ni-CuBTC(1) 1.5 0.5 5.3 — — —
6. Co-Ni-CuBTC(2) 0.5 1.5 5.3 — — —

of CuBTC, as illustrated in Fig. 1(a). These diffraction results
align with previously reported data, supporting the successful
formation of CuBTC and the patterns closely matched the
reference JCPDS card no. 00-064-0936.°%3' Ni-CuBTC, Co-
CuBTC, and Co-Ni-CuBTC exhibited identical peaks at the
same 20 positions as CuBTC, confirming the preservation of
the MOF structure and indicating that Ni and Co incorporation
did not introduce phase impurities or structural changes in
CuBTC.*?

The FTIR spectra of the fabricated photocatalysts display
distinctive peaks and confirm structural details (Fig. 1(b)).
Peaks at 488 cm ™" and 721 em ™" correspond to the bending and
stretching vibrations of Cu-O, verifying the coordination between
BIC ligands and Cu®" ions.** A strong absorption peak at
1642 cm™ ! is attributed to the C—0 bonds within the BTC linkers
of the CuBTC structure, indicating the presence of carboxyl groups
essential for metal-ligand coordination. Additionally, intense
peaks at 1365 cm ' and 1444 cm ' are associated with the
asymmetric and symmetric stretching modes of C-O and C—C
bonds, respectively.>* The bending vibration peak of C-H appears
at 938 cm !, while a broad band at 3346 cm ' suggests the
presence of surface-adsorbed water and hydroxyl groups within
the CuBTC framework.>® All synthesized photocatalysts exhibit
these same characteristic peaks, confirming the presence of the
CuBTC structure in all samples.

X-ray photoelectron spectroscopy (XPS) was employed to
analyse the surface composition and chemical states of the
photocatalysts. The survey spectra in Fig. 2(a) confirmed the
existence of C 1s, O 1s, Cu 2p, Co 2p, and Ni 2p peaks in Co-Ni-
CuBTC. The C 1s spectrum shown in Fig. 2(b) of Co-Ni-CuBTC

reveals three distinct peaks at 284.8 eV (C—C), 286.1 eV (C-0),
and 288.6 eV (C=0).***” The O 1s spectrum shown in Fig. 2(c)
exhibits main peaks around 531.7 eV and 532.8 eV, corres-
ponding to lattice oxygen and C-O functional groups.*®3°
The Cu 2p spectrum shown in Fig. 2(d) reveals two peaks at
954.04 eV and 934.02 eV for Cu 2p,,, and 2ps,, with satellite
peaks at 940 eV and 943.9 eV confirming the Cu®** presence.”®
The binding energy peaks detected at 781.8 eV and 797.1 eV
for Co 2p;/, and Co 2p,,,, with satellite peaks at 786.2 eV and
802.3 eV, indicate Co*>* coordination through chemical interac-
tions, Fig. 2(e).>® In the Ni 2p region (Fig. 2(f)), the Ni 2p;/, and
Ni 2p,,, peaks appeared at 856.2 eV and 874.1 eV, confirming
the Ni** oxidation state, with satellite peaks at 861.4 eV and
880.5 eV.*>*! To investigate differential charging, we compared
the XPS profiles of C 1s, O 1s, and Cu 2p for CuBTC (Fig. S3(a)-
(c), ESIT) and Co-Ni-CuBTC. A noticeable shift in binding
energy (B.E.) values and variations in peak intensities of C 1s
and O 1s were observed in CuBTC compared to Co-Ni-CuBTC.
In the Cu 2p spectrum of CuBTC, the Cu 2p,,, and Cu 2p3, peaks
appear at 954.28 eV and 934.24 eV, respectively, indicating a
negative shift in Co-Ni-CuBTC attributed to the decreased
electron density around Cu centers due to the incorporation of
Co and Ni into CuBTC. Collectively, these XPS results confirm
the formation of the tri-metallic Co-Ni-CuMOF, with Co, Ni, and
Cu ions bound to tricarboxylate linkers in the CuBTC structure.

FESEM analysis reveals the morphological features of
CuBTC and Co-Ni-CuBTC. The particles of CuBTC and Co-
Ni-CuBTC exhibit an octahedral geometry with smooth sur-
faces, as shown in Fig. 3(a)-(d). The SEM images of Co-CuBTC
and Ni-CuBTC are provided in Fig. S1, ESL.f However, some
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(a) PXRD patterns, and (b) FTIR spectra of CuBTC, Ni-CuBTC, Co-CuBTC and Co—Ni-CuBTC.
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Fig. 2 XPS spectra of Co—Ni—CuBTC: (a) survey spectra, (b) C 1s, (c) O 1s, (d) Cu 2p, (e) Co 2p and (f) Ni 2p.

Fig. 3 FESEM images of (a) and (b) CuBTC, (c) and (d) Co—Ni—-CuBTC. HAADF-STEM images of Co—-Ni—CuBTC (e) C, (f) O, (g) Cu, (h) Co, and (i) Ni.

variations in the particle size and shape were observed indicat-
ing moderate non-uniformity. Notably, no substantial morpho-
logical differences were detected in the CuBTC structure before
and after Co and Ni inclusion.*” EDS analysis confirmed the
presence of Co and Ni on the catalyst surface (Fig. S2, ESIt) and
the absence of significant changes in the morphology suggests
the successful incorporation of Co and Ni into the CuBTC
surface. High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) confirmed the presence of
Co and Ni metal atoms in Co-Ni-CuBTC (Fig. 3(e)-(i)). The
octahedral shape indicated that the inclusion of Co and Ni did
not alter the morphology of CuBTC. Additionally, HAADF-STEM
elemental mapping demonstrated a uniform distribution of Co,
Ni, Cu, C, and O elements throughout the structure, with no

4214 | Mater. Adv, 2025, 6, 4211-4219

evidence of aggregation. The concentrations of Cu**, Co**, and
Ni*" in the synthesized MOFs were determined using ICP-MS,
as presented in Table 1.

UV-DRS spectra of CuBTC samples were recorded to assess
their light-harvesting potential. The spectra revealed a distinct
absorption between 200 and 350 nm, attributed to ligand-to-
metal charge transfer (LMCT) from oxygen to Cu®" ions
(Fig. 4(a)).>"**** When Co and Ni were incorporated into the
CuBTC framework, the LMCT band of the Co-Ni-CuBTC com-
posite exhibited a red-shift and gradually increased light
absorption, relative to CuBTC. These enhanced characteristics
suggest that the composite structure is well-suited for visible-
light photocatalysis. The band gap energies of the photocata-
lysts were determined using the Kubelka-Munk equation [ohv =

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Surface area and pore size parameters of CuBTC and Co-Ni—-CuBTC

S. no Photocatalyst BET surface area (m® g ') Langmuir surface area (m* g ) Pore size (nm) Pore volume (cm® g ™)
1 CuBTC 695.194 725.408 9.845 0.023
2 Co-Ni-CuBTC 611.1253 645.1855 13.091 0.046

A(hv — E,)*]. CuBTC and Co-Ni-CuBTC show band-gap energies
of 2.59 eV and 2.46 eV, respectively (Fig. 4(b)) consistent with
reported literature.”>**> The photoluminescence (PL) spectra show
fluorescence from the recombination of photogenerated electrons
and holes (Fig. 4(c)). Upon excitation at 300 nm, the emission
peak occurs at approximately 525 nm.*® The Co-Ni-CuBTC
composite shows a significant reduction in emission intensity,
indicating rapid charge transfer kinetics and a lower recombina-
tion rate of electron-hole pairs, which facilitate an enhanced rate
for PHE. The charge carrier dynamics were investigated using
time-resolved photoluminescence spectroscopy (TRPL). This ana-
lysis revealed lifetimes of CuBTC (0.51 ns), Ni-CuBTC (0.57 ns),
Co-CuBTC (0.63 ns), and Ni-Co-CuBTC (1.03 ns) as shown in
Fig. 4(d). The extended lifetime in Ni-Co-CuBTC is due to
modified electron-hole recombination and quenching effects,
enhanced charge transfer, light harvesting, and PHE.
Brunauer-Emmett-Teller (BET) analysis, along with BJH pore
size distribution curves were utilized to determine the specific
surface area and pore volume of CuBTC and Co-Ni-CuBTC
through N, adsorption-desorption isotherms. The CuBTC sample
exhibited a high surface area of 695 m> g™, with a pore size of
9.84 nm and a pore volume of 0.023 cm® g~ . After the incorpora-
tion of Co*" and Ni** ions, the surface area of Co-Ni-CuBTC was
adjusted to 611.12 m> g ', with an increased pore size of

© 2025 The Author(s). Published by the Royal Society of Chemistry

13.09 nm and a pore volume of 0.046 cm® g~ '. The decrease in
the surface area and an increase in the pore size and pore volume
in Co-Ni-CuBTC, relative to CuBTC, are ascribed to the partial
exchanging of Cu®" ions with Co®>" and Ni**, which alters the pore
structure.>® Both samples exhibited a microporous structure with
a type I adsorption-desorption isotherm (Fig. 4(e) and Fig. S4(a),
(b), ESIt), and the surface area data are provided in Table 2.
The thermogravimetric analysis (TGA) related to the as-
synthesized CuBTC and Co-Ni-CuBTC samples is illustrated
in Fig. 4(f). A slight weight reduction of 15% was observed for
CuBTC within the temperature range of 40 to 70 °C, which can
be ascribed to the elimination of H,O molecules. A subsequent
reduction in mass of 20% was noted between 75 and 180 °C,
indicative of the escape of solvent molecules from the CuBTC
framework. When temperatures exceed 380 °C, a notable
weight reduction of around 35% was recorded, attributed to
the breakdown of the BTC framework, resulting in the for-
mation of H,0, CO,, and Cu,O. The TGA profile of Co-Ni-
CuBTC closely resembles that of CuBTC, suggesting that both
MOFs demonstrate thermal behaviour up to 380 °C.2%*78

Photocatalytic hydrogen evolution

Under light irradiation, the PHE performance of each synthe-
sized photocatalyst was evaluated by suspending 10 mg of the

Mater. Adv,, 2025, 6, 4211-4219 | 4215
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test of the optimised catalyst (Co—Ni—CuBTC), (d) SEM images, (e) PXRD pattern of Co—Ni—CuBTC before and after the photocatalytic reaction, and (f)
Comparison of PHE rates between Co-Ni—-CuBTC and CuBTC-based photocatalysts.

catalyst in a mixed aqueous solution comprising 25 mL of
deionized water and 25 mL of methanol (1:1) which served
as sacrificial electron donor. During illumination, photogener-
ated excitons are created and migrated to specific energetic
band positions, thereby triggering critical redox reactions. The
PHE results of synthesised MOFs depicted in Fig. 5(a), Table S1
(ESIT) demonstrate HER rates that follow a distinct progres-
sion: Co-Ni-CuBTC > Co-Ni-CuBTC (1) > Ni-CuBTC > Co-
Ni-CuBTC (2) > Co-CuBTC > CuBTC. Notably, Co-Ni-CuBTC
exhibited the most exceptional hydrogen generation rate,
reaching 23.9 mmol ¢! h™'. The accompanying comparative
data suggest that strategic metal exchange of Co and Ni in
CuBTC is crucial for optimizing hydrogen production with the
caution that excessive metal incorporation can potentially
diminish photocatalytic efficiency. The hydrogen production of
the optimized catalyst (Co-Ni-CuBTC) was evaluated at various
methanol concentrations. As shown in Fig. 5(b), hydrogen evolu-
tion increased significantly with increasing methanol concentra-
tions peaking at 50% (v/v), and above this concentration PHE
declined drastically. This shows that greater methanol concentra-
tions increase photocatalyst methanol adsorption and for metha-
nol decomposition, additional reactive species (*OH) are needed.
Due to consistent light intensity, irradiation period, and catalyst
quantity, *OH generation does not increase. Thus, methanol
breakdown efficiency drops reducing hydrogen generation at
methanol concentrations above 50% (v/v).** The strategic incor-
poration of Co”* and Ni** significantly amplifies CuBTC visible-
light photocatalytic performance. Apparent quantum efficiency
(AQE) data reveal that Co-Ni-CuBTC outperforms other compo-
sites, demonstrating the highest AQE of 57.3%. The photocatalytic
stability test conducted over five cycles showed impressive

4216 | Mater. Adv., 2025, 6, 4211-4219

efficiency, with only a 4% decline (Fig. 5(c)). Comprehensive
post-reaction analyses including SEM, XRD and XPS were con-
ducted. The SEM image of the catalyst after the reaction (Fig. 5(d))
confirms the negligible morphological alterations revealing
catalyst structural integrity. The XRD pattern of the catalyst before
and after the photocatalytic reaction (Fig. 5(e)) displays nearly
identical peaks. However, the post-reaction catalyst exhibits
slightly reduced peak intensity and broader profiles, suggesting a
possible decrease in crystallinity. The appearance of small peaks
after the reaction may indicate MOF surface corrosion and inter-
ference from decomposed sacrificial electron donors during photo-
irradiation. XPS analysis of Co-Ni-CuBTC (Fig. S5(a)—(e), ESIt)
after photocatalysis confirmed that Co, Ni, and Cu maintained
their +2 oxidation states throughout the reaction. These demon-
strates the exceptional chemical stability of the Co-Ni-CuBTC
framework during photocatalytic processes. Among CuMOF-
based photocatalysts, Co-Ni-CuBTC exhibited remarkable photo-
catalytic performance, as illustrated in Fig. 5(f) and Table S2 (ESIY).

Photoelectrochemical properties of photocatalysts

To assess the charge transfer capabilities of photocatalysts,
several photoelectrochemical analysis techniques were used,
including transient photocurrent measurements, electrochemi-
cal impedance spectroscopy (EIS), and Mott-Schottky analysis.
When comparing the photocurrent of synthesised MOFs, Co-
Ni-CuBTC demonstrated the highest photocurrent density
which aligns with the PHE performance suggesting that the
charge separation was improved and the charge recombination
was decreased at the CuBTC-metal ion interface after doping
metal ions (Co, Ni) into CuBTC, as shown in Fig. 6(a).>° Photo-
current measurement of Co-Ni-CuBTC extended to 30 minutes,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6
CuBTC and (d) Co—-Ni-CuBTC.

and it exhibited a sustained photocurrent response, demon-
strating excellent charge separation efficiency and long-term
stability under continuous illumination (Fig. S6, ESI{). Co-Ni-
CuBTC displayed the smallest EIS curves, which means that the
interfacial charge transfer resistance was lowered when Ni**
and Co*" were introduced to the CuBTC framework (Fig. 6(b)).>"
Mott-Schottky analysis was used to evaluate the conduction
band positions of semiconductor materials. As shown in
Fig. (6(c) and (d)), both CuBTC and Co-Ni-CuBTC demonstrate
typical n-type semiconductor behaviour. The flat band poten-
tials of CuBTC and Co-Ni-CuBTC were positioned at —0.44 eV
for CuBTC and —0.74 eV for Co-Ni-CuBTC, respectively, rela-
tive to the SCE.>> Typically, in n-type semiconductors, the
conduction band energy level (Ecg) is generally located about
0.1 to 0.2 eV more negative to the flat band potential (Egg).
Based on theoretical calculations, the Eqg values for CuBTC and
Co-Ni-CuBTC are —0.64 eV and —0.94 eV versus SCE, respec-
tively. Using the equation Exyg = Escg + 0.241,>% the Ecg values
can be roughly estimated as —0.39 eV and —0.69 eV, respec-
tively, relative to the NHE.

Photocatalytic mechanism

According to the findings derived from the Tauc plots and
Mott-Schottky graphs, the band gap (E,) values for CuBTC and
Co-Ni—-CuBTC were determined to be 2.59 eV and 2.46 eV,
respectively. Furthermore, the Ecg values for CuBTC and Co-
Ni-CuBTC were found to be —0.39 V and —0.69 V, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Potential Vs SCE

(a) Transient photocurrent plots, (b) EIS plots of synthesised photocatalysts. The inset shows the equivalent circuit, Mott—Schottky plots of (c)

Fig. 7 Proposed mechanism for PHE through Co-Ni—-CuBTC.

By using these, the valence band energy level (Eyg) can be
calculated using formula Eyg = Ecg + Eg The Eyp values
of CuBTC and Co-Ni-CuBTC were obtained as 2.19 eV and
1.77 eV. A proposed mechanism for the PHE of Co-Ni-CuBTC is
displayed in Fig. 7. Under light illumination, the BTC in the
Co-Ni-CuBTC lattice absorbs visible light, resulting in the
transition of photogenerated electrons from its excited state
to the CB of the metal clusters through the LMCT mechanism
creating holes at the VB of the organic linker (eqn (1)).>* The
water molecules adhering to the photocatalyst are reduced by

Mater. Adv,, 2025, 6, 4211-4219 | 4217
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the electrons in the CB resulting in the production of H,
(eqn (2) and (3)) Concurrently, the holes in the VB are captured
by methanol, which undergoes oxidation generating H' ions
(eqn (4)—(6)). These ions are subsequently reduced by excited
electrons to yield hydrogen. The sequential procedure of photo-
catalytic hydrogen evolution via Co-Ni-CuBTC utilizing metha-
nol as a sacrificial electron donor can be defined as®>*°

hy

Co—Ni—CuBTC — h' +e~ )
H,0 +h" > *OH + H' (2)

2H" +2e” — H, (3)

CH;0H + 2h" —» HCHO + 2H" (4)
HCHO + H,0 + 2h" — HCHO + 2H" (5)
HCOOH + 2h" — CO, + 2H" (6)

Overallreaction: CH;OH +H,0(Co—Ni—CuBTC) N CO,+3H;

)

Our study presents a novel Co-Ni-CuBTC catalyst, where the
systematic incorporation of Co and Ni significantly enhances
photocatalytic performance compared to conventional CuBTC
by reducing the band gap, thereby enhancing visible light
absorption. Co-Ni-CuBTC is identified as an effective photo-
catalyst due to its reduced fluorescence emission, indicating a
decrease in charge carrier recombination and an extended
carrier lifetime relative to CuBTC and other MOFs reported in
the literature, as confirmed by TCSPC analysis and PL studies.
The increased photocurrent and a reduced EIS radius observed
in PEC studies suggest that Co and Ni facilitate charge carrier
separation and lower charge transfer resistance relative to
CuBTC. This synergistic interaction provides a greater number
of active sites leading to higher hydrogen evolution rates and
enhanced stability under prolonged photocatalytic conditions
underscoring the unique advantages of our material design.

Conclusion

In conclusion, a novel Co-Ni-CuBTC MOF-based photocatalyst
has been synthesized, featuring uniformly dispersed metal ions
integrated in situ into the MOF, and is utilized for PHE. The
optimized metal concentration in CuBTC resulted in a superior
result in the HER with a rate of 23.9 mmol g * h™ " under visible
light irradiation accompanied by an AQE of 57.3% at 420 nm.
The synergistic interaction of uniformly distributed Co and Ni
ions not only optimizes the utilization of visible light but also
reduces the electron transfer distance thereby enhancing the
efficiency of charge separation and transfer. This study intro-
duces a straightforward method for uniformly arranging multi-
metal sites within a photocatalyst to enhance photocatalytic
performance.
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