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uctured MOF-on-MOF
photocatalysts with engineered charge dynamics
for sustainable green fuel generation

Priyanka Priyadarshini, Subrat Kumar Sahoo and Kulamani Parida *

The limited photocatalytic performance of individual metal–organic frameworks (MOFs) restricts their

practical use. To address this, the integration of distinct MOFs into MOF-on-MOF heterostructures can

create well-defined charge-transfer interfaces, significantly enhancing photocatalytic efficiency.

Motivated by this, we investigated the in situ assembly of ZIF-67 with NH2-MIL-125(Ti), resulting in

a binary ZIF-67/NH2-MIL-125(Ti) all-solid-state Z-scheme heterostructure. Comprehensive

characterisation through PXRD, BET, FTIR, UV-Vis spectroscopy, contact angle analysis and

electrochemical studies confirmed enhanced structural and optoelectronic properties. Elemental

profiling was carried out by ICP-OES, CHNO evaluation, and EDX spectroscopy. The hybrid catalyst

exhibited an impressive H2O2 formation efficiency of 1345 mmol g−1 h−1, accompanied by a quantum

yield of 3.64% under 400 nm irradiation, and also delivered a H2 evolution output of 215 mmol h−1, each

showing a fourfold improvement compared to the individual pristine MOFs. The synergistic interaction

between the well-designed MOF-on-MOF heterostructure and the Z-scheme charge transfer

mechanism effectively minimised charge recombination, as evidenced by XPS, PL spectra, TRPL, and EIS

analyses. Furthermore, free radical trapping experiments and ESR studies confirmed the critical role of

cO2
− radicals in the photocatalytic formation of H2O2. This study provides valuable insights for

developing advanced MOF-based heterojunction photocatalysts tailored for efficient solar-to-chemical

energy conversion.
Sustainability spotlight

Water and energy sustainability are critical pillars of global ecological balance. This study focuses on the development of hierarchically structured MOF-on-MOF
photocatalysts for the efficient generation of green fuels, specically hydrogen (H2) and hydrogen peroxide (H2O2), through solar-driven processes. By addressing
the limitations of individual metal–organic frameworks (MOFs) and leveraging their synergistic integration, this work offers a sustainable pathway for clean
energy production and environmental remediation. The research aligns with the following UN Sustainable Development Goals (SDGs): SDG 7 (Affordable and
Clean Energy); SDG 6 (Clean Water and Sanitation); SDG 9 (Industry, Innovation, and Infrastructure); and SDG 13 (Climate Action). This work underscores the
potential of MOF-based photocatalysts to address pressing energy and environmental challenges while advancing global sustainability objectives.
1. Introduction

Hydrogen peroxide (H2O2) has recently garnered signicant
interest as an environmentally benign oxidant, widely utilised
across various sectors such as chemical synthesis, food pro-
cessing, paper manufacturing, medical sterilisation, and
wastewater treatment. Its high-water solubility and the
production of water (H2O) as the only byproduct make H2O2

a promising energy carrier for future applications.1,2 Multiple
approaches have been developed for H2O2 synthesis, including
the anthraquinone process, alcohol oxidation, direct
logy, S ‘O’ A (Deemed to be University),

. E-mail: kulamaniparida@soa.ac.in;

the Royal Society of Chemistry
combination of oxygen and hydrogen gases, and electro-
chemical methods.3,4 However, these conventional techniques
oen suffer from major drawbacks such as high energy
demands, excessive solvent usage, and safety risks due to the
explosive nature of H2/O2 gas mixtures. Consequently, the
development of a green, energy-efficient, and safe method for
H2O2 production is highly sought aer.5,6 In this context, H2O2

generation through photocatalytic routes has risen as a prom-
ising alternative, leveraging photocatalysts to drive the reaction
within O2-saturated water or alcohol environments when
exposed to light.7

Following the groundbreaking discovery by Fujishima and
Honda, who demonstrated the photolytic splitting of water over
a TiO2 semiconductor under photoirradiation, the concept of
photocatalytic water splitting has garnered considerable
RSC Sustainability, 2026, 4, 355–370 | 355
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interest as a potential solution to the global energy challenge.8

This pioneering work laid the foundation for the development
of sustainable hydrogen (H2) production technologies.9 As the
world grapples with the urgent need to transition away from
depleting fossil fuels, hydrogen has emerged as a clean and
renewable energy carrier with immense promise.10 Among the
various renewable energy strategies, photocatalytic hydrogen
evolution from water stands out due to its cost-effectiveness,
environmental benignity, and relatively straightforward opera-
tional setup.11 A broad spectrum of inorganic semiconductors,
such as TiO2,12 quantum dots,13 perovskites,14 MoS2,15 layered
double hydroxides (LDHs),16 and graphitic carbon nitride-based
photocatalysts,17 have been extensively studied for their ability
to drive H2 and H2O2 production under solar irradiation.
Despite these advances, the practical implementation of these
materials remains hampered by intrinsic limitations, including
wide band gaps that conne light absorption to the ultraviolet
region and suboptimal reaction efficiency resulting from the
scarcity of catalytically accessible and inefficient charge
separation.18

The domain of photocatalytic H2O2 and H2 production has
progressively shied focus toward inorganic–organic hybrid
architectures, attributable to the synergistic integration of the
distinct properties of the individual constituents into a unied
hybrid system. Metal–organic frameworks (MOFs), ordered
materials comprising metal centres coordinated with organic
linkers, have emerged as highly promising candidates.19–21 Their
structural tunability, adaptable framework design, and
remarkably large surface area render them well-suited for
photocatalytic applications driven by visible-light illumination,
greatly improving both performance and product specicity.22–24

Notably, MOFs with semiconducting properties have exhibited
signicant promise in diverse photocatalytic applications,
including H2 evolution from water, N2 reduction, and H2O2

production, thereby presenting a promising avenue for
improving overall photocatalytic efficiency.25,26

Titanium-based MOFs offer photocatalytic performance on
par with TiO2, with the added advantage of structural tunability
that allows extension of light absorption from the UV into the
visible region.27 One of the rst titanium-basedMOFs developed
was MIL-125, which consists of titanium-oxo clusters coordi-
nated with terephthalic acid (BDC) as the organic linker.28

Replacing BDC with 2-aminoterephthalic acid (NH2-BDC)
results in NH2-MIL-125(Ti), a structurally similar framework
where the introduction of amino groups serves as chromo-
phores. This substitution lowers the band gap, enabling
enhanced absorption in the visible spectrum compared to the
UV-limited absorption of MIL-125.29 Despite this improvement,
NH2-MIL-125(Ti) still exhibits restricted visible-light absorption
and relatively low catalytic efficiency. This is primarily because
the amino functionalisation predominantly raises the energy
level of the valence band, which is situated on the organic
moiety, whereas the conduction band, governed by the Ti-oxo
nodes, stays mostly unchanged.30 To overcome this limitation
and enhance the visible-light activity and photocatalytic effi-
ciency of NH2-MIL-125(Ti) for applications like H2O2 and H2

production, researchers have proposed the incorporation of
356 | RSC Sustainability, 2026, 4, 355–370
a secondary component. This approach aims to tune the Ti-oxo
nodes and shi the conduction band edge to more favourable
levels.31,32

Among various heterostructure engineering strategies, the
MOF-on-MOF approach, where one MOF is grown atop another
possessing good structural integrity and photocatalytic capa-
bility, has shown signicant promise, particularly for applica-
tions in aqueous environments.33 The intimate interfacial
contact achieved in such architectures facilitates more efficient
charge separation and carrier transport, thereby markedly
enhancing photocatalytic performance. The integration of two
or more MOFs has attracted considerable research interest, as
MOF-on-MOF structures can preserve desirable features such as
high surface area, porosity, and crystallinity, all of which
contribute to superior catalytic activity.34,35 For example, Jiang
et al. in situ synthesised a MOF-74/MOF-274 hybrid directly on
NiFe alloy foam (NFF), resulting in a MOF-(74 + 274)@NFF
composite. This structure demonstrated outstanding oxygen
evolution reaction (OER) activity, attributed to phase
conjugation-induced electronic modulation and the cooperative
effect of Ni–Fe multimetallic centres.36 A recent study by
Sepehrmansourie et al. introduced an advanced heterostructure
where UiO-66 was grown on NH2-MIL-125 and further modied
with g-C3N4 nanosheets, creating a UiO-66/NH2-MIL-125/g-C3N4

Z-scheme system. This design signicantly enhanced the
visible-light photocatalytic degradation of ooxacin.37 In a 2025
study, researchers developed an innovative dual S-scheme
heterojunction by integrating BiVO4 with NH2-MIL-125(Ti) and
NH2-MIL-53(Fe), forming a MOF@MOF hybrid. This system
demonstrated outstanding photoelectrochemical (PEC) perfor-
mance in the removal and detoxication of diverse organic
pollutants.38 Despite growing interest in MOF-based photo-
catalysis, studies focusing on NH2-MIL-125(Ti)/MOF hetero-
junctions for photocatalytic H2O2 and H2 generation remain
limited in the literature.

The selection of a secondary MOF to construct a hetero-
junction with NH2-MIL-125(Ti) should be guided by its opto-
electronic characteristics, particularly its light absorption
capability. Since NH2-MIL-125(Ti) primarily absorbs in the early
visible region, it is advantageous to pair it with an MOF that
exhibits extended visible-light absorption. ZIF-67, a robust Co-
based MOF known for its strong absorption in the visible
spectrum, emerges as a suitable candidate. Accordingly, binary
hybrid composites of NH2-MIL-125(Ti) with ZIF-67 were
successfully prepared via a simple in situ growth method at
room temperature. These demonstrated markedly improved
photocatalytic efficiency for visible-light-driven production of
H2O2 and H2, surpassing that of the individual parent MOFs.
The observed improvement in photocatalytic efficiency is
credited to superior light-harvesting ability, more enhanced
separation of photogenerated charge carriers, and accelerated
charge migration, as conrmed by UV-vis DRS, PL spectra, LSV
study, TPC response, and EIS plots.

Additionally, the investigation explores the underlying reac-
tion mechanism of O2 photoreduction to H2O2 through tracer
experiments. The results underscore the cooperative interaction
involving NH2-MIL-125(Ti) and ZIF-67 within the binary hybrid,
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00595g


Scheme 1 Schematic illustration of the synthesis route for NH2-MIL-125(Ti)/ZIF-67 (MNZ) binary hybrid.
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which induces substantial modications in their electronic and
optical properties, ultimately boosting photocatalytic activity.
Scheme 1 provides a schematic representation of the prepara-
tion pathway covering individual MOFs as well as their resulting
composite, with detailed procedures outlined in the subsequent
section.
2. Experimental section
2.1. Synthesis of NH2-MIL-125(Ti) MOF

The amino-functionalized titanium-based MOF, NH2-MIL-
125(Ti) (denoted as MNH) was synthesised via a solvothermal
approach. Specically, 1.2 mL of titanium tetra-isopropoxide
precursor (TTIP) and 0.53 g of 2-aminoterephthalic ligand
were dissolved in a 1 : 1 mixture of DMF and methanol. The
prepared reaction mixture was introduced into a 100 mL Teon-
lined stainless-steel autoclave, followed by thermal treatment at
180 °C for 24 h. Upon cooling, the yellow solid was separated via
centrifugation and thoroughly washed multiple times using
a methanol–DMF blend. The product was then vacuum-dried
overnight at 80 °C, resulting in the formation of a bright
yellow, amino-functionalized MIL-125(Ti) powder (MNH).
2.2. Synthesis of ZIF-67 MOF

ZIF-67 was synthesised through a simple stirring method at
room temperature. First, 1.048 g of Co(NO3)2$6H2O was di-
ssolved in 50 mL of methanol to form a homogeneous solution
A. Separately, 0.791 g of 2-methylimidazole was dispersed in
another 50 mL of methanol to prepare solution B. A dropwise
addition of solution B into solution A was performed under
persistent stirring. The resulting mixture was allowed to react
for 12 h at room temperature. The purple precipitate formed
was separated via centrifugation, washed multiple times using
© 2026 The Author(s). Published by the Royal Society of Chemistry
methanol, and subsequently vacuum-dried to obtain pure ZIF-
67 powder.
2.3. Synthesis of NH2-MIL-125/ZIF-67 binary composites

For the fabrication of the NH2-MIL-125(Ti) and ZIF-67 hybrid
composite (MNZ), a precise quantity of NH2-MIL-125 was
uniformly dispersed in 50 mL of methanol containing 1.05 g of
cobalt nitrate hexahydrate [Co(NO3)2$6H2O], referred to as
mixture 1. The resulting solution underwent ultrasonication for
30 minutes, followed by magnetic stirring for an additional
hour. Separately, 0.76 g of 2-methylimidazole was introduced
and completely solubilized in methanolic solvent under
ambient conditions to prepare mixture 2, which was quickly
introduced into mixture 1 under stirring, and the resulting
solution was kept under continuous stirring for 24 h. The
resulting hybrid material was collected through centrifugation,
washed thoroughly with methanol in three cycles, and subse-
quently vacuum-dried at 60 °C for 12 h to obtain the MNZ
composite.
3. Results and discussion
3.1. Structural and morphological characterisation

PXRD study was employed to inspect the crystallographic
structure and phase purity of the synthesised MNH, ZIF-67, and
their binary composite MNZ. As presented in Fig. 1(a), for NH2-
MIL-125(Ti), well-dened diffraction peaks were detected at
6.82°, 9.82°, 11.6°, 15.07°, 16.7°, 18°, 19.6°, 22.8°, 23.5°, 24°,
26.2°, and 29.8°, which are in good agreement with previously
reported patterns for this MOF (JCPDS#7211159).39–41 ZIF-67
displayed its characteristic peaks at 7.3°, 10.3°, 12.6°, 14.7°,
16.4°, 18.09°, 22.1°, 24.4°, 25.5°, 26.6°, and 29.5°, consistent
with the previous works (JCPDS#621030).42–44 The PXRD pattern
of the MNZ composite revealed the presence of all major peaks
RSC Sustainability, 2026, 4, 355–370 | 357
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Fig. 1 (a) PXRD patterns of the synthesized photocatalysts. XPS spectra of MNZ: (b) survey scan, (c) Ti 2p, (d) Co 2p, (e) O 1s. (f) N2 adsorption–
desorption isotherms of the samples.
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from MNH, as well as distinct peaks corresponding to ZIF-67.
This conrms the successful formation of the composite
without any notable loss in crystallinity, indicating that the
structural integrity of both MOFs was well preserved upon
integration. Scherrer's formula was utilised to estimate the
crystallite dimensions of the synthesised materials, yielding
values of 76.06 nm for MNH, 68.01 nm for ZIF-67, and 59.36 nm
for the MNZ composite. The observed reduction in particle
dimensions suggests improved material distribution and more
robust interfacial connectivity between the MOF phases in the
hybrid system. Furthermore, CHNO and ICP-OES analyses were
conducted to determine the elemental composition of the
binary MOF-on-MOF nanocomposite. The results conrmed the
presence of C (39.90%), H (5.87%), N (11.67%), O (22.64%), Ti
(10.01%), and Co (9.91%). These ndings conrm the success-
ful incorporation of Ti and Co from the respective parent MOFs,
validating the formation of the hybrid structure and under-
scoring the existence of key elements essential for its photo-
catalytic functionality.

The FT-IR spectra displayed in Fig. S1 provide clear evidence
of the successful synthesis and integration of MNH and ZIF-67
within the composite structure. For MNH, characteristic
absorption bands are observed at 1600, 1500, 1440, and
1400 cm−1, corresponding to the asymmetric and symmetric
stretching vibrations of carbonyl groups. Moreover, the broad
and intense absorption band observed around ∼3405 cm−1 can
be ascribed to the stretching vibrations of primary amine (–
NH2) groups in the organic linker, as well as to O–H stretching
vibrations arising from adsorbed water molecules.45,46 Mean-
while, the band appearing at 1625 cm−1 is associated with the
N–H bending vibrations characteristic of aromatic amine
groups.47 A distinct absorption at 1250 cm−1 arises from
benzene ring C–H bonds, while lower frequency modes (400–
358 | RSC Sustainability, 2026, 4, 355–370
800 cm−1) represent titanium-oxygen framework vibrations.48,49

ZIF-67 is identied by its distinct peaks at 422, 1350, and
1500 cm−1, associated with Co–N stretching and imidazole ring
vibrations. Additional bands in the 900–1350 cm−1 and 500–
800 cm−1 ranges correspond to in-plane and out-of-plane
imidazole ring vibrations, respectively. A prominent peak at
1598 cm−1 is attributed to C]N stretching.50 Consequently, the
N–H stretching band in the MNZ appears to be slightly less
intense and somewhat broader compared to MNH, probably
because of minor changes in the hydrogen-bonding interac-
tions or molecular environment of the amine groups upon
composite formation. Except for this variation, the other char-
acteristic bands of MNH and ZIF-67 have remained essentially
unchanged, indicating that the structural frameworks of both
the parent MOFs are well retained within the composite.

XPS analysis was conducted to investigate the elemental
composition and chemical states of the photocatalysts. As
shown in Fig. 1(b), the survey spectrum of the MNZ composite
conrms the existence of Ti, Co, C, N, and O, aligning well with
the results obtained from elemental mapping. In the case of
MNH, the Ti 2p spectrum is deconvoluted into two distinct
peaks at 462.10 eV (Ti 2p1/2) and 456.36 eV (Ti 2p3/2), indicative
of Ti4+ species within the Ti-oxo clusters of the framework
(Fig. S2(a)). In theMNZ hybridmaterial, the Ti 2p signals exhibit
a slight positive shi, suggesting a net migration of electrons
from MNH toward ZIF-67 upon heterostructure construction
(Fig. 1(c)). The O 1s spectrum of MNH shows two primary peaks
at approximately 527.7 eV and 529.3 eV, corresponding to lattice
oxygen species (OLt, including O2− in metal-oxo bonds) and
surface-adsorbed oxygen (OAds), which may include O−, O2

−, or
O2

2− typically associated with surface hydroxyls (Fig. S2(c)).
These spectral features are also present in the MNZ composite,
with a slight positive shi, as illustrated in Fig. 1(e), further
© 2026 The Author(s). Published by the Royal Society of Chemistry
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supporting the formation of strong interfacial interactions
within the hybrid. The Co 2p XPS spectrum of the MNZ
composite (Fig. 1(d)) displays two prominent peaks at 778.08 eV
(Co 2p3/2) and 793.49 eV (Co 2p1/2), with a spin-orbit separation
of approximately 15 eV. Additionally, broad satellite peaks at
783.19 eV and 799.39 eV, corresponding to Co 2p3/2 and Co 2p1/
2, respectively, provide additional evidence for the effective
integration of ZIF-67 into the composite. Compared to pristine
ZIF-67 (Fig. S2(b)), these peaks exhibit a negative binding energy
shi, suggesting charge transfer from the MNH framework to
ZIF-67's surface. This shi strongly suggests that MNH func-
tions as an electron donor upon hybridisation with ZIF-67.
While determining the exact oxidation states of cobalt centres
is oen challenging, the binding energy gap spanning the main
and satellite peaks provides critical insight: a gap of ∼6.0 eV is
indicative of Co(II), whereas Co(III) typically shows a larger
separation of 9–10 eV.51 Based on this criterion, the presence of
Co(II) as the dominant oxidation state in the composite is
evident. Altogether, these ndings conrm effective interfacial
charge transfer and support the operation of a bioinspired Z-
scheme charge transfer mechanism within the hybrid system.

The porosity and textural characteristics of MNH, ZIF-67,
and the MNZ composite were evaluated through nitrogen
adsorption–desorption isotherm analysis. The linear BET plots
for the photocatalysts, used to determine their corresponding
surface areas, are shown in Fig. S3(a–c). Further details of the
BET analysis are provided in the SI. Table S1 summarises the
values corresponding to surface area, pore volume, and average
pore size for the synthesised materials. As shown by the
nitrogen adsorption–desorption analysis in Fig. 1(f), the parent
MNH MOF followed a type IV isotherm accompanied by an H3
hysteresis loop, suggesting the presence of mesopores and the
occurrence of capillary condensation at elevated relative pres-
sures (P/P0). Notably, MNH demonstrated a remarkably high
specic surface area (SBET) of 981.34 m2 g−1, a feature that
signicantly enhances the accessibility of catalytic sites and
thereby contributes to improved photocatalytic activity. The
pristine ZIF-67 displayed a type II isotherm, which is typically
associated with materials that are either non-porous or possess
macroporous structures undergoing typical physical adsorp-
tion, with a notably high specic surface area (SBET) of 1265.30
m2 g−1. This substantial surface area is attributed to its 3D
macroporous channel structure. The close consistency between
measured and calculated SBET (Table S1) further conrms the
reliability of the surface area estimation for all three materials.
Fig. S3(d) displays the pore distribution of the as-analysed
photocatalysts. Upon forming the MNZ composite, the SBET
decreased to 759.78 m2 g−1, and the isotherm exhibited features
similar to the type IV isotherm and H3 hysteresis loop observed
in MNH. This represents a 23% reduction in surface area and
a 20% decrease in total pore volume. Such a reduction is
considered moderate and is likely due to partial pore blockage
by ZIF-67 within the composite framework, which restricts the
internal porosity while simultaneously promoting structural
rearrangements that facilitate the formation of mesopores.
FESEM and HRTEM analyses further support this nding,
revealing changes in the porosity and the development of
© 2026 The Author(s). Published by the Royal Society of Chemistry
mesostructured features (Fig. 2(a)–(c)). The presence of such
mesopores is benecial as they enhance the uptake of H2O and
O2 species, thereby facilitating improved mass transport
throughout the photocatalytic process.

Morphological and macrostructural features of the fabri-
cated materials were investigated through scanning electron
microscopy (SEM). As shown in Fig. S4(a), pure NH2-MIL-125
exhibited a tablet-like morphology, with the surface appearing
very smooth, aligning with previous reports.39,52 The large
surface area and functional framework of MNH offered a suit-
able platform for anchoring the dodecahedral ZIF-67. Following
the growth of ZIF-67 onto the tablet-like MNH surface, the size,
structure, and morphology of both MOFs were retained, con-
rming the structural stability of the MOF under various
solvents and reductive environments (Fig. 2(a)). Elemental
composition assessment via EDX for the MNZ nanocomposite
conrms the presence of Ti along with Co, indicating the
effective integration of ZIF-67 into MNH (Fig. S5). The obtained
atomic weight% were 75.2% for C, 11.8% for O, 10.7% for N,
1.6% for Ti, and 0.7% for Co, as shown in Fig. S4(b) and (c).
Moreover, no unexpected elements were detected, conrming
the high purity of the synthesised nanocomposite. This further
validates the formation of composite heterostructures, a feature
that is anticipated to improve the effectiveness of photogene-
rated charge carrier separation and mobility. High-resolution
transmission electron microscopy (HR-TEM) was utilised to
further investigate the distribution of materials and the
formation of heterojunctions between them. Detailed analysis
was performed on the morphology and structural attributes of
the synthesised samples. HR-TEM image of ZIF-67 displayed
a uniform dodecahedral structure, which matches the existing
literature (Fig. S6(a)).53,54 Fig. 2(b) conrmed the growth of ZIF-
67microcrystals on theMNH surface, with deposition occurring
both on the surface and along the edges. The results clearly
demonstrate that dodecahedral ZIF-67 was rmly anchored to
the cubic MNH, forming well-integrated NH2-MIL-125(Ti)@ZIF-
67 MOF-on-MOF binary hybrids. This close interfacial coupling
is expected to promote efficient migration of photoinduced
charge carriers during photocatalytic reactions. Fig. 2(c) pres-
ents the lattice fringes of MNH and ZIF-67, revealing distinct d-
spacing values for each component. The MNH sample exhibited
a d-spacing of 0.219 nm, corresponding to its characteristic
lattice structure.55 For ZIF-67, the measured d-spacing of
0.251 nm was assigned to the (111) lattice planes.56 Particle size
distribution analysis (Fig. 2(d)) indicated an average particle
size of 150 nm. Although the SBET of theMNZ composite showed
a moderate decrease compared to the parent MOFs, this smaller
particle size relative to the neat MOFs (Fig. S6(b) and (c))
enhances the material's external surface-to-volume ratio. This
increase in exposed surface area, despite a slight reduction in
total pore area, improves the accessibility of catalytically active
sites and supports more efficient charge transport within the
material. These ndings align with the BET results, suggesting
that while some internal pores may become partially blocked
during composite formation, the overall external reactive
surface remains more accessible for photocatalytic reactions.
RSC Sustainability, 2026, 4, 355–370 | 359
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Fig. 2 (a) FESEM image of MNZ. (b) HRTEM image of MNZ. (c) Lattice fringe pattern of MNZ. (d) Particle size distribution of MNZ derived from
HRTEM analysis.
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3.2. Evaluation of photocatalytic activity

All synthesised photocatalysts were evaluated for H2O2

production through photoinduced oxygen reduction reactions
using isopropyl alcohol as a hole scavenger under ambient
temperature and pressure. The reactions were conducted in an
environment pre-saturated with oxygen for two hours. As
depicted in Fig. 3(a), the cumulative H2O2 production efficiency
increased progressively from pristine MOFs to the MOF-on-
MOF binary system. MNH exhibited limited H2O2 generation
(677.0 mmol g−1 h−1) under photoirradiation, primarily due to
its limited light-harvesting capability within the visible region
and rapid recombination of photoinduced charge carriers.
Pristine ZIF-67 showed improved performance, producing 720
mmol g−1 h−1 of H2O2. However, the binary composite of MNH
and ZIF-67 displayed a remarkable improvement in photo-
catalytic efficiency, attaining an H2O2 formation rate of 1345
mmol g−1 h−1. This value was approximately fourfold greater
than that of MNH and twice that of ZIF-67 under identical
experimental conditions (Fig. 3(b)). The quantitative determi-
nation of H2O2 was based on the standard calibration curve
shown in Fig. S7.
360 | RSC Sustainability, 2026, 4, 355–370
Contact angle measurements demonstrated that the binary
MNZ composite exhibited a higher angle (105.3°) compared to
neat MNH (88.4°), indicating enhanced surface hydrophobicity
(Fig. S8(a) and (b)). This increased hydrophobicity promotes
selective adsorption of non-polar O2 molecules necessary for the
reduction reaction while minimising excessive water adsorption
that could lead to undesirable side reactions. Furthermore, the
hydrophobic surface facilitates easier desorption of produced
H2O2, thereby reducing its decomposition on the catalyst
surface and improving product stability. The synergistic
combination of ZIF-67-derived hydrophobicity with the redox-
active NH2-MIL-125(Ti) framework in MNZ substantially
contributes to its superior H2O2 production efficiency relative to
the individual MOF components.

Hydrogen peroxide (H2O2) is inherently unstable at room
temperature, as it tends to decompose on the catalyst surface
through interactions with photogenerated electrons and holes.
Therefore, the overall amount of H2O2 produced is determined
by the competing kinetics of its formation and decomposition.
The nal concentration is inuenced by the interplay between
the formation rate constant (Kf) and the decomposition rate
constant (Kd), as described by eqn (1).57
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) H2O2 production by the synthesised photocatalysts. (b) Time-dependent H2O2 generation. (c) Formation (Kf) and decomposition (Kd)
profiles of H2O2. (d) H2O2 production using different sacrificial donors. (e) UV–vis absorption spectrum and AQE values of MNZ under various
irradiation wavelengths. Error bars represent mean ± SD of three independent measurements.
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½H2O2� ¼ Kf

Kd

�
1� e�Kdt

�
(1)

Here, t refers to the reaction time, and [H2O2] indicates the
concentration of hydrogen peroxide produced (mmol L−1). The
constants Kf and Kd denote the reaction rates for H2O2 forma-
tion (mmol L−1 min−1) and its subsequent decomposition
(min−1), respectively. Moreover, Ct and C0 denote the H2O2
© 2026 The Author(s). Published by the Royal Society of Chemistry
concentration at time t and the initial concentration,
respectively.

The H2O2 stability prole is illustrated in Fig. 3(c), beginning
with an initial H2O2 concentration of 1000 mmol L−1 in the
different catalytic systems under a N2 atmosphere. Both the
parent MOFs exhibited a deformation rate greater than the
formation rate for H2O2. However, for the binary MOF
RSC Sustainability, 2026, 4, 355–370 | 361
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composite, MNZ, the formation rate was signicantly higher
than the deformation rate. Out of all the evaluated materials,
the MNZ binary heterostructure demonstrated the highest effi-
ciency in decomposing H2O2. This enhanced activity is ascribed
to its improved spatial separation and directional migration of
photoinduced charge carriers, allowing a greater number of
charge carriers to effectively engage in the decomposition
process. Accordingly, the kinetics of H2O2 formation and
degradation were evaluated using a zero-order rate constant (Kf)
to represent the formation process and a rst-order rate
constant (Kd) to describe the decomposition behaviour, as
described by the kinetic model presented in eqn (2).57

Kd ¼ �lnðCt=C0Þ
t

(2)

As shown in Fig. 3(c), both parent MOFs exhibited relatively
low Kf and Kd values, signifying restricted photocatalytic
performance. In contrast, the MNZ composite exhibited a Kf

value of 11.2 mmol g−1 min−1, nearly fourfold and twofold
greater than ZIF-67 and pristine MNH, respectively. Similarly,
the Kd value for MNZ exceeded those of the individual MOFs,
implying that simultaneous generation and breakdown of H2O2

were more pronounced in the presence of the composite cata-
lyst. Nevertheless, the enhanced decomposition had a minimal
effect on the overall H2O2 yield under light irradiation when
using the binary photocatalyst. This conrms that the modi-
cation of ZIF-67 effectively enhances charge separation, allow-
ing the rate of H2O2 formation to surpass its decomposition.

Additionally, various alcohols were introduced as electron
donors into the reaction system, and their inuence on the
photocatalytic H2O2 production by MNZ was evaluated, as
depicted in Fig. 3(d). The ndings indicated that isopropanol
was more effective in promoting H2O2 generation compared to
ethanol and methanol. This is primarily attributed to the fact
that an equal volume of isopropanol can release a higher
amount of H+ ions, which actively participate in the H2O2

formation process with MNZ. Consequently, the inuence of
varying concentrations of isopropanol on the photocatalytic
performance of MNZ was further investigated and presented in
Fig. S9(a). The results indicated that the H2O2 yield by MNZ
increased with the rising amount of isopropanol. The highest
H2O2 concentration was achieved at 2 mL of isopropanol, which
can be considered the equilibrium point rate of the reaction and
mass transport. Beyond this volume, an extra addition of iso-
propanol increased the viscosity of the reaction system, notably
hindering oxygen diffusion and slowing down the reaction rate,
ultimately causing a decrease in H2O2 concentration.

To assess the apparent quantum efficiency (AQE) for H2O2

generation, the performance of the MNZ photocatalyst was
examined under different monochromatic light wavelengths
employing appropriate band-pass lters (lband-pass = 340, 400,
450, 500, and 550 nm), as shown in Fig. 3(e). Detailed AQE
calculation procedures can be found in the SI. The highest AQE
value of 3.64% was achieved at 400 nm, and progressively
declines at longer wavelengths as reported in Table S2, which
corresponds well with the light absorption spectrum.
362 | RSC Sustainability, 2026, 4, 355–370
To gain a deeper understanding of the photocatalytic H2O2

generation mechanism, a sequence of controlled experiments
was designed and executed, as illustrated in Fig. S9(b). No
signicant H2O2 formation was observed in the absence of light,
photocatalyst, or sacricial agent, conrming their essential
roles in the reaction. The signicance of O2 was further inves-
tigated by altering the reaction atmosphere. Fig. S9(b) shows
H2O2 production under different conditions, including air, N2,
and O2. Among these, the MNZ nanohybrid demonstrated the
highest photocatalytic activity in an O2-saturated environment,
while negligible H2O2 generation was detected under air and N2

atmospheres. These ndings indicate that the photocatalytic
process is highly dependent on the presence of dissolved O2,
which is crucial for H2O2 formation.

The inuence of several individual parameters, including the
initial pH of the reaction medium, the amount of MNZ
composite photocatalyst, the type of electron donor, and the
donor concentration, was systematically examined to evaluate
their effects on the photocatalytic H2O2 production perfor-
mance. As depicted in Fig. 4(a), the impact of initial pH ranging
from 3 to 11 on H2O2 generation by MNZ was investigated. The
highest H2O2 yield was obtained at neutral pH (pH = 7), while
the production efficiency declined when the medium was either
acidic or basic. This trend underscores how crucial interfacial
charge dynamics, particularly electron and proton interactions,
are in governing the photocatalyst's activity, which is sensitive
to the pH of the reaction environment. Under acidic conditions,
an excess of H+ ions can interact with H2O2, resulting in its
partial degradation. In contrast, under basic conditions, the
presence of OH− ions not only consumes H+, thereby lowering
the efficiency of H2O2 generation, but also accelerates the
further decomposition of the formed H2O2. Moreover, extreme
pH values such as 3 and 11 caused a signicant drop in H2O2

generation. This reduction is primarily attributed to the struc-
tural instability of MNH in these conditions, wherein the tere-
phthalate linkers undergo protonation, resulting in their
dissociation from the Ti8O8(OH)4 clusters, ultimately compro-
mising the integrity of the MNH framework.

The quantity of photocatalyst plays a critical role in deter-
mining the efficiency of H2O2 production. As observed in
Fig. S9(c), an upward trend in H2O2 production is seen with
higher catalyst dosage, peaking at an optimal loading of 10 mg.
This improvement is linked to the increased number of active
sites available for oxygen adsorption, thereby enhancing the
oxygen reduction reaction. However, further increase in the
catalyst amount led to a decline in photocatalytic activity,
primarily due to reduced light penetration and scattering
effects, which limit effective light absorption and diminish
overall efficiency. Moreover, theMNZ hybrid achieved a solar-to-
chemical conversion efficiency (SCC%) of 0.025%, nearly twice
that of MNH. The detailed calculation and the values are sum-
marised in Table S3 as provided in the SI.

Reusability and stability are crucial parameters for evalu-
ating the practical applicability of photocatalysts. In this study,
the cyclic stability of MNZ was assessed through repeated
photocatalytic experiments. Fig. 4(b) illustrates that the H2O2

production efficiency of MNZ declined by only 9% aer four
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) H2O2 production at different pH levels. (b) Reusability test of MNZ for H2O2 generation. (c) Photocatalytic H2 evolution over all
synthesised photocatalysts. (d) Time-dependent H2 evolution profiles. (e) Reusability test of MNZ for H2 evolution. Error bars represent mean ±

SD of three independent measurements.
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consecutive cycles, indicating excellent stability. Additionally,
the FESEM, HRTEM, and PXRD analyses of MNZ aer four
cycles (Fig. S10) revealed no signicant structural or morpho-
logical changes compared to the fresh sample, further con-
rming the durability and robustness of the photocatalyst for
long-term application.

Beyond H2O2 generation, the catalyst's ability to drive pho-
tocatalytic hydrogen (H2) evolution was assessed in the presence
of a methanolic aqueous medium serving as a sacricial hole
scavenger under simulated visible-light irradiation (l $ 400
© 2026 The Author(s). Published by the Royal Society of Chemistry
nm). Control tests demonstrated that hydrogen evolution did
not take place when either the light source or the catalyst was
excluded, conrming that both components are essential for
efficient H2 generation. For comparison, the photocatalytic H2

evolution performances of MNH, ZIF-67, and the MNZ
composite were investigated, as presented in Fig. 4(c). The
hydrogen production of the pure photocatalysts exhibited
a linear increase over time, indicating continuous H2 genera-
tion under irradiation Fig. 4(d). Upon incorporation of ZIF-67,
the hydrogen evolution rate of the composite signicantly
RSC Sustainability, 2026, 4, 355–370 | 363
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surpassed that of pristine MNH, demonstrating the enhanced
photocatalytic output of the hybrid system. As displayed in
Fig. 4(c), the MNZ composite exhibits an average photocatalytic
evolution activity of 215 mmol h−1 under visible-light irradia-
tion, approximately two and three times higher than that of ZIF-
67 and MNH, respectively. This enhancement suggests that the
incorporation of ZIF-67 into the composite framework effec-
tively increases the number of surface-active sites, enhances the
utilisation of photogenerated electrons, and suppresses elec-
tron–hole recombination, primarily because of the formation of
numerous MNH/ZIF-67 interfacial junctions that generate new
Co–N and Ti–O coordination centres, facilitating efficient
charge transfer. Consequently, despite the slight reduction in
SBET, the interfacial synergy increases both the density and
accessibility of catalytically active sites, leading to enhanced H2

evolution performance. The calibration curve used for H2

quantication is shown in Fig. S11. The apparent conversion
efficiency (ACE) achieved for hydrogen evolution was measured
to be 3.45%, nearly three times higher than that of pristine
MNH. Detailed calculations and a table summary (Table S4) are
provided in the SI. Beyond high H2 evolution activity, reusability
is also a vital criterion for an efficient photocatalyst. To assess
this, the time-dependent hydrogen evolution performance of
MNZ under visible light was tested over four cycles. As shown in
Fig. 4(e), the H2 production efficiency remained nearly
unchanged, indicating the excellent stability and reusability of
the MNZ photocatalyst.
3.3. Investigation of the enhanced catalytic activity

Motivated by the enhanced photocatalytic performance,
a detailed investigation into the optical and electrochemical
characteristics of the catalytic materials was conducted. The
Fig. 5 (a) UV–vis DRS spectra of the synthesized samples. (b) Tauc plot f
photocurrent responses. (e) EIS Nyquist plots. (f) LSV curves of MNH, ZIF

364 | RSC Sustainability, 2026, 4, 355–370
ability of a semiconductor to absorb visible light is a key factor
inuencing its photocatalytic efficiency. As illustrated in the
UV–vis absorption prole (Fig. 5(a)), the MNH material di-
splayed a strong optical response centred at 383 nm, suggesting
limited responsiveness to visible light, with dominant absorp-
tion occurring in the near-ultraviolet range.29 In contrast, ZIF-67
showed extended light uptake across the UV and visible regions,
with signicant absorption between 480–680 nm, primarily
arising from the 4A2(F)/

4T1(P) electronic transition associated
with Co2+ centres.50 This observation conrms the predomi-
nance of tetrahedrally coordinated Co(II) centres within the ZIF-
67 structure. The optical absorption edges for MNH and its ZIF-
67 counterpart were observed at approximately 504 nm and
645 nm, corresponding to semiconductor band gaps of 2.46 eV
(MNH) and 1.92 eV (ZIF-67). The binary heterostructure MNZ
preserved the characteristic absorption features of its individual
MOF constituents, with distinct signals corresponding to each
framework, indicating that their electronic transitions
remained intact. Moreover, a noticeable red shi in the
absorption edge was observed for the MNZ composite, sug-
gesting enhanced light absorption in the visible region. This
improvement is primarily due to the incorporation of ZIF-67,
which increases the absorption capacity, thereby promoting
the formation of more photoinduced charge carriers during the
catalytic process. The enhanced absorption is further supported
by the visually darker appearance of ZIF-67, as evidenced in the
UV–vis absorbance prole.

The optical band gap (Eg) is a crucial parameter for evalu-
ating the potential of a material as an efficient photocatalyst. In
this study, the Eg values were determined through Tauc plot
extrapolation, by plotting (ahn)1/g versus photon energy (hn),
following our previous study.25,31 As demonstrated in Fig. S12(a)
or MNZ. (c) Steady-state PL spectra of the photocatalysts. (d) Transient
-67, and MNZ photocatalysts.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and (b), the calculated band gaps were 2.53 eV for MNH and
1.95 eV for ZIF-67. For the binary MOF-on-MOF composite, two
distinct band gap values were observed, with Eg values of 2.51 eV
and 1.85 eV for the rst and second transitions, respectively
(Fig. 5(b)). These values are notably lower than the reported
band gaps of pure ZIF-67 (1.98 eV) and MIL-125-NH2 (2.65 eV),
indicating enhanced visible light absorption. Analysis of the VB
and CB potentials of MNH and ZIF-67 provides crucial insights
into the photocatalytic H2O2 and H2 production mechanism.
Examination of the valence band XPS spectra (Fig. S12(c) and
(d)) yielded VB potentials of 2.42 eV for MNH and 1.18 eV for
ZIF-67. Aer getting the corresponding VB position, the CB
values are calculated using eqn (3).

Eg = VB − CB (3)

The as-obtained CB potentials were observed as −0.11 eV for
MNH and −0.77 eV for ZIF-67. These energetically favourable
band alignments between MNH and ZIF-67 enable the estab-
lishment of an efficient Z-scheme charge transfer pathway in
the MNZ composite, which is critical for enhanced charge
separation and photocatalytic performance. The at band
potentials determined through Mott–Schottky analysis
(Fig. S12(e) and (f)) were −0.50 V for MNH and −1.26 V for ZIF-
67 (vs. Ag/AgCl at pH = 7), with the positive slopes conrming
their n-type semiconductor nature.

To further explore the separation behaviour of photogene-
rated charge carriers, steady-state photoluminescence (PL)
spectra were recorded. PL analysis serves as a useful tool to
assess the recombination efficiency of photoinduced excitons.
As shown in Fig. 5(c), the pristine MNH displayed a strong
emission peak centred at ∼468 nm when excited at 420 nm,
indicating substantial electron–hole recombination. Under
identical excitation, ZIF-67 also showed a distinct emission
peak at ∼469 nm. Notably, the PL intensity for the MNZ
composite was signicantly quenched compared to both indi-
vidual components. This considerable reduction in emission
suggests that ZIF-67 incorporation into MNH effectively
suppresses charge recombination by serving as a reservoir or
mediator for charge carriers. The suppressed PL signal in MNZ
conrms the presence of a well-established interfacial charge
transfer pathway between MNH and ZIF-67, resulting in
improved charge separation and accelerated surface reaction
kinetics during photocatalysis. The transient photocurrent
response under an on–off simulated light illumination was
investigated to assess the charge separation behaviour of the
photocatalysts. As presented in Fig. 5(d), MNH displayed the
lowest photocurrent intensity, implying poor separation and
mobility of photoinduced charge carriers. ZIF-67 also displayed
a weak photocurrent, likely due to the insulating nature of its
organic ligands, which tend to conne photogenerated elec-
trons near the metal centres and hinder their transport.
However, when ZIF-67 was integrated with MNH, the resulting
MNZ composite showed a signicantly enhanced photocurrent
response. This improvement is attributed to the establishment
of a heterojunction between MNH and ZIF-67, which effectively
promotes efficient charge carrier separation and transfer,
© 2026 The Author(s). Published by the Royal Society of Chemistry
thereby enhancing photocatalytic efficiency. To further assess
the electrical resistance and charge transfer dynamics, electro-
chemical impedance spectroscopy (EIS) was executed, as
depicted in the corresponding Fig. 5(e). The characteristic arc
observed in impedance spectra represents the interfacial resis-
tance occurring at the material-electrolyte interface. A smaller
semicircle indicates reduced resistance, implying improved
charge separation efficiency. All samples exhibited clear semi-
circular proles; however, the MNZ composite demonstrated
the smallest arc radius among them. This suggests that MNZ
possesses superior charge transport and migration abilities,
facilitating more efficient surface reactions. Such enhanced
conductivity contributes to better light harvesting and mini-
mises the recombination of photogenerated carriers.

Furthermore, linear sweep voltammetry (LSV) measurements
were employed to assess the photocurrent responses of the
synthesized photocatalysts. As shown in Fig. 5(f), the cathodic
photocurrent proles of MNH, ZIF-67, and MNZ under visible-
light illumination were compared. In alignment with earlier
observations, ZIF-67 functions as an effective electronmediator,
facilitating charge transport. As a result, the MNZ hetero-
structure displays a signicantly elevated cathodic photocur-
rent. Notably, MNZ achieves a current density of −7861 mA
cm−2, which is approximately two and three times greater than
that of the pristine ZIF-67 and MNH, respectively. This
substantial enhancement in photocurrent suggests improved
generation and transport of photoexcited electrons, attributed
to effective charge carrier separation within the heterojunction.
To further investigate the charge carrier dynamics, time-
resolved photoluminescence (TRPL) measurements were con-
ducted, as shown in Fig. S13(a). The pristine MNH exhibited an
average emission lifetime of approximately ∼13 ns. In contrast,
the binary MNZ composite showed a reduced average lifetime of
8.80 ns, while ZIF-67 alone displayed a lifetime of 9.11 ns. The
noticeable quenching of PL intensity and shortened lifetime in
MNZ indicate more rapid interfacial electron ow fromMNH to
ZIF-67 compared to the pristine MOF. These ndings align well
with previous TPC and EIS results, conrming effective sepa-
ration of photoinduced exciton pairs and enhanced surface
electron mobility in the MNZ system. Collectively, the strong
interfacial coupling between MNH and ZIF-67 effectively
suppresses charge recombination, accelerates electron trans-
port, and reduces interfacial resistance, thereby improving
overall photocatalytic performance.

To identify the primary reactive species involved in the
photocatalytic generation of H2O2 using the MNZ photocatalyst
under light exposure, radical scavenging experiments were
performed, with the outcomes shown in Fig. S13(b). Several
specic scavengers were employed to probe the role of different
active species: 1,4-benzoquinone (PBQ) for superoxide radicals
(cO2

−), tert-butyl alcohol (TBA) for hydroxyl radicals (cOH), citric
acid (CA) for photogenerated holes (h+), and dimethyl sulfoxide
(DMSO) for electrons (e−). A marked decrease in H2O2 yield was
observed upon the addition of PBQ and DMSO, suggesting that
O2

− and e− play dominant roles in the photocatalytic process,
likely through both direct and indirect O2 reduction mecha-
nisms. In contrast, the addition of TBA exerted negligible
RSC Sustainability, 2026, 4, 355–370 | 365
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inuence on H2O2 formation, implying cOH species play only
a minor role in this system. Conversely, the introduction of
citric acid (CA) as a hole scavenger resulted in a signicant
enhancement in H2O2 generation. This improvement is
ascribed to CA's ability to effectively scavenge photogenerated
holes (h+), thereby allowing a greater number of electrons to
participate in the reduction of O2. These observations indicate
minimal involvement of h+ and cOH radicals in the H2O2

generation pathway. Importantly, the substantial suppression
of H2O2 formation following the addition of either p-BQ or
DMSO conrms that molecular oxygen reduction serves as the
dominant route for H2O2 production. This supports a mecha-
nism wherein H2O2 is formed primarily through a single-
electron, two-step reduction process mediated by superoxide
radicals (cO2

−). Furthermore, when electrons were selectively
scavenged, the MNZ system exhibited a 67% decline in H2O2

yield, underscoring the critical role of photogenerated electrons
in driving the reaction. Furthermore, when PBQ was employed
to scavenge superoxide radicals (cO2

−), a notable reduction of
74% in H2O2 production was observed. This result indicates
that the MNZ photocatalyst predominantly facilitates H2O2

generation through the reaction of photogenerated electrons
with adsorbed O2 molecules. It further conrms that the two-
step, single-electron reduction mechanism is the dominant
pathway for H2O2 production in the MNZ system. However, in
addition to this primary mechanism, a minor contribution from
the one-step, two-electron reduction of O2, as well as limited
oxidation of water by photogenerated holes, cannot be
excluded. The involvement of reactive oxygen species was
further corroborated by liquid-phase electron paramagnetic
resonance (EPR) analysis using DMPO as a spin-trapping agent
(Fig. S14). No signal corresponding to either cOH or cO2

− radi-
cals was detected under dark conditions, verifying that their
formation is triggered by light exposure. Upon illumination
with l > 420 nm light, distinct signals corresponding to
Scheme 2 Schematic representation of the proposed photocatalytic me

366 | RSC Sustainability, 2026, 4, 355–370
DMPO–O2c
− and DMPO–cOH adducts were observed for MNZ,

conrming the light-induced generation of superoxide and
hydroxyl radicals. These results highlight the enhanced
formation of reactive species over MNZ due to efficient charge
carrier separation and align well with the ndings from the
radical quenching tests.

3.4. Photocatalytic mechanism

In view of the comprehensive ndings discussed earlier, the
MNZ heterojunction demonstrated superior photocatalytic
performance for both hydrogen and hydrogen peroxide gener-
ation when compared to the individual pristine photocatalysts.
This improved efficiency primarily arises from its broadened
light-harvesting capability across the visible spectrum and
minimised charge carrier recombination, which stems from the
effective establishment of a Z-scheme charge transport pathway.
The proposed mechanism is illustrated in Scheme 2, which
outlines the migration pathway of photogenerated exciton pairs
in the MNZ system, thereby accounting for its remarkable
photocatalytic properties. Based on the valence band XPS
spectra data, the CB and VB energies of MNH were measured at
−0.11 V and +2.42 V (vs. NHE), respectively. In comparison, ZIF-
67 showed more negative CB (−0.77 V) and lower VB (+1.18 V)
potentials. The band structures of the individual components
conrm that both MNH and ZIF-67 can generate photogene-
rated electron–hole pairs under light irradiation, making them
suitable candidates for constructing an efficient heterojunction
photocatalyst. As depicted in Scheme 2, two plausible charge
transfer pathways may be responsible for the improved photo-
catalytic activity of the MNZ heterostructure: (a) the dual charge
transfer mechanism and (b) the Z-scheme charge transfer route.
The proposed two-way charge migration involves electron ow
from the lower-lying CB of ZIF-67 (−0.77 V) to the more positive
CB level of MNH (−0.11 V). Simultaneously, photogenerated
holes from the valence band (VB) of MNH (+2.42 V) would
chanisms for H2O2 and H2 production over MNZ under light irradiation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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transfer to the VB of ZIF-67 (+1.18 V), owing to the potential
difference. This leads to the accumulation of electrons in the CB
of MNH, which are then available to reduce dissolved O2,
initiating the formation of superoxide radicals (cO2

−) and
subsequently promoting the generation of H2O2. However, as
shown in Scheme 2, the VB position of ZIF-67 at +1.18 V is not
sufficiently positive to facilitate the generation of hydroxyl
radicals (cOH), since the redox potential required for OH−/cOH
conversion is +1.99 V. This energy mismatch clearly indicates
that the double charge transfer route is not energetically
feasible and therefore cannot account for the improved photo-
catalytic performance of the MNZ heterostructure. As a result,
the Z-schememechanism provides a more credible explanation.
In this mechanism, under light exposure, photoexcited elec-
trons within the CB of MNHmigrate to the VB of ZIF-67, leading
to recombination with holes and thus promoting spatial sepa-
ration of the remaining charge carriers. Consequently, holes are
retained in the VB of MNH (+2.42 V vs. NHE) while electrons
accumulate in the CB of ZIF-67 (−0.77 V vs. NHE). This effective
charge separation leads to improved photocatalytic activity.
Moreover, the holes in the VB of ZIF-67 play a crucial role in
oxidising IPA, facilitating proton generation and thereby
increasing the electron concentration in ZIF-67's CB. As a result,
this Z-scheme conguration maintains robust oxidation and
reduction capabilities at the VB of MNH and CB of ZIF-67,
respectively, consistent with the band structure deduced from
XPS valence band measurements. Based on the proposed
charge transfer dynamics, photoexcited electrons concentrate
in the ZIF-67's CB, which is thermodynamically favoured at
−0.77 V vs. NHE. This potential is sufficiently negative to full
the redox requirements of both the two-step single-electron
pathway (O2 / cO2

− / H2O2) and the one-step two-electron
pathway (O2 / H2O2), with redox potentials of −0.33 V and
+0.28 V, respectively, thereby enabling efficient H2O2 generation
under light irradiation.58,59 Concurrently, the holes retained in
the VB of MNH (+2.42 V) exhibit strong oxidative capability,
exceeding the threshold potential of +1.99 V required for the
OH−/cOH transformation, which can further react to form
H2O2. The feasibility of this Z-scheme charge separation and
migration is corroborated by XPS results, where a negative shi
in ZIF-67's binding energy indicates increased donor density,
conrming electron accumulation in its CB within the MNZ
composite. Furthermore, the electron-rich CB of ZIF-67 is
thermodynamically capable of reducing water to hydrogen gas.
These mechanistic insights are strongly supported by the
experimental outcomes of nitroblue tetrazolium (NBT) and
terephthalic acid (TA) trapping experiments, aligning with the
proposed photocatalytic charge transfer mechanism.

To conrm the proposed Z-scheme charge transfer mecha-
nism between MNH and ZIF-67, we performed complementary
radical trapping experiments using nitroblue tetrazolium (for
cO2

− detection) and terephthalic acid (for cOH quantication).
The NBT assay was employed to detect the presence of super-
oxide radicals (cO2

−), where a notable decrease in NBT
concentration was observed for the MNZ heterostructure
compared to the individual MOFs, as shown in Fig. S15(a). This
conrmed the enhanced generation of cO2

− radicals in MNZ,
© 2026 The Author(s). Published by the Royal Society of Chemistry
indicating a more efficient electron transfer process. Addition-
ally, the TA test was used to monitor hydroxyl radical (cOH)
formation, identied by a characteristic photoluminescence
emission peak at 425 nm. As depicted in Fig. S15(b), MNZ
exhibited a signicantly stronger PL intensity than pristine
MNH or ZIF-67, signifying its superior ability to generate cOH
radicals during photocatalysis. Together, these ndings
strongly support the presence of a Z-scheme electron transfer
mechanism in MNZ, wherein electrons are effectively shuttled
to the ZIF-67 component of the binary heterostructure.

4. Conclusion

In summary, a binary MOF-on-MOF composite photocatalyst,
NH2-MIL-125/ZIF-67 (MNZ), was successfully fabricated via
a simple in situ growth approach, achieving excellent photo-
catalytic performance for both H2O2 generation (1345 mmol g−1

h−1) and H2 evolution (215 mmol h−1) under visible light with an
AQE of 3.64%. The establishment of a heterojunction interface
and the establishment of a Z-scheme charge transfer pathway
within the MOF-on-MOF architecture signicantly enhanced
the separation efficiency of photogenerated charge carriers,
thereby increasing the availability of electrons and holes for
redox processes. This enhancement was corroborated by opto-
electronic measurements, including suppressed steady-state PL
emission, increased photocurrent response, and a smaller
Nyquist arc radius, indicating efficient charge migration,
stronger light harvesting, and improved O2 adsorption. More-
over, ESR and radical scavenging experiments revealed that
H2O2 was predominantly produced through a dual-step one-
electron and a single-step two-electron reduction route. This
study highlights the structural and functional merits of MOF-
on-MOF heterojunctions and offers valuable insight into
designing advanced MOF-based photocatalysts for energy and
environmental applications.
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