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Synthesis and application of Fe/Ni modified ZIF-8
as an environmentally friendly photocatalyst for
methylene blue dye degradation under visible light
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A series of Fe(n) and Ni(i) bimetallic doped ZIF-8 materials were synthesized via a facile, green, room-
temperature method to act as highly efficient photocatalysts for methylene blue (MB) degradation. The
study reveals that the Fe/Ni bimetallic synergistic effect is crucial for enhancing photocatalytic
performance. Optimization of the metal doping ratio revealed that Fe(15)/Ni(5)@ZIF-8 exhibited the
highest photocatalytic efficiency. This optimized catalyst maintained the parent ZIF-8 crystalline
structure but showed an increased particle size (80 nm). X-ray Photoelectron Spectroscopy (XPS)
confirmed the successful metal incorporation and, importantly, the presence of mixed valence states for
both iron (Fe?*/Fe®") and nickel (Ni*/Ni**). This electronic modification leads to a significant reduction
of the material's band gap to 2.26 eV, enabling strong visible light absorption. Consequently, the
optimized photocatalyst exhibited outstanding activity, achieving 95.06% degradation of MB within 180
minutes under visible light, following pseudo-first-order kinetics (k = 2.73 x 1072 min™?). This work not
only presents a highly stable and effective catalyst but also underscores that harnessing bimetallic
synergy is a powerful strategy for engineering advanced MOF-based materials for environmental

rsc.li/rsc-advances remediation.

Introduction

The rapid development of the textile industry has significantly
contributed to the global economy through job creation and
economic growth. Nevertheless, this progress has simulta-
neously posed serious environmental concerns. Intensive use of
synthetic dyes and various chemical reagents in textile
production,* along with the discharge of untreated wastewater
from textile, paint, plastic, agricultural, and dyeing industries,
has led to severe water contamination. Synthetic dyes, being
stable organic pollutants, exhibit high resistance to natural
degradation and persist in aquatic environments, thereby
impeding light penetration and reducing dissolved oxygen
levels essential for aquatic organisms.” Although various treat-
ment technologies—physical, chemical, and biological—have
been proposed, most still produce toxic by-products that may
lead to secondary pollution.?

In response to the limitations of conventional wastewater
treatment methods, catalytic photodegradation has emerged as
a more environmentally friendly and efficient approach for the
removal of dyes from wastewater.®” This “green” technique
employs photocatalytic oxidation processes activated by

“Department of Chemistry, Universitas Gadjah Mada, Sekip Utara, 55281 Yogyakarta,
Indonesia. E-mail: fajar.inggit@ugm.ac.id

*Advanced Materials Research Centre — National Research and Innovation Agency,
Banten 15314, Indonesia

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

ultraviolet (UV) or visible (Vis) light to cleave the chromophoric
structures of dyes, achieving complete mineralization into non-
toxic end products such as CO, and H,0.® However, traditional
photocatalytic materials, including metal oxides and sulfides,
often suffer from high recombination rates of photogenerated
charge carriers, which significantly reduce their photocatalytic
efficiency.’ These drawbacks have prompted the exploration of
novel materials with enhanced charge separation and photo-
catalytic activity. With the advancement of materials science,
various emerging candidates—such as metal-organic frame-
works (MOFs), covalent organic frameworks (COFs), zeolites,
activated carbon, and nanoparticles—have been extensively
developed to improve photocatalytic performance through
structural engineering and electronic property optimization.
Metal-organic frameworks (MOFs) are crystalline porous
materials composed of metal ions or metal clusters inter-
connected by organic linkers. Their unique architectures enable
photocatalytic activity through ligand-to-metal charge transfer
(LMCT) processes, facilitated by the electronic configuration
between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO)."*** MOFs
possess several remarkable advantages, including tunable pore
sizes and exceptionally high surface areas, making them
promising candidates for photocatalytic applications.> Among
various MOF derivatives, zeolitic imidazolate frameworks (ZIFs)
have attracted considerable attention for combining zeolitic
characteristics with metal-organic coordination features. ZIFs
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consist of transition metal ions, such as Zn(u) or Co(u), coor-
dinated with imidazolate linkers to form a three-dimensional
tetrahedral framework."” These materials are highly appealing
due to their large surface areas, excellent crystallinity, and
outstanding thermal and chemical stability.”* One of the most
extensively studied members, ZIF-8, exhibits superior chemical
and thermal stability compared with other MOFs.** However,
ZIF-8 possesses a relatively wide band gap (~5 eV) owing to the
intrinsic electronic properties of its imidazolate rings.'* The
strong absorption peak observed around 230 nm originates
from the 7t — 7* transition within the imidazolate structure,
involving electron excitation from the HOMO to the LUMO,
which requires high energy due to the large energy difference
between these orbitals.”® Consequently, the photocatalytic
activity of pristine ZIF-8 under visible light irradiation remains
limited, necessitating optical modification to enhance its pho-
todegradation performance.

To overcome these limitations, various strategies have been
developed through structural modification, particularly via
metal ion doping or substitution, which can alter the
morphology, optical properties, and structural characteristics of
the material, thereby enhancing its photocatalytic activity.
Bimetallic MOFs generally exhibit superior performance
compared to their monometallic counterparts due to the
synergistic interactions between metal ions that facilitate metal-
to-metal charge transfer (MMCT).**"” Abdi (2020)"” successfully
synthesized Ag-doped ZIF-8, which demonstrated a significant
improvement in the degradation efficiency of dyes such as
methyl orange and rhodamine B, where Ag ions acted as elec-
tron traps that promoted charge separation. Thanh et al. re-
ported that Fe doping in ZIF-8 induced a red shift and narrowed
the band gap, resulting in enhanced photocatalytic activity
toward the degradation of Remazol Deep Blue under sunlight
irradiation. In Fe-ZIF-8, the Fe valence orbitals elevate the
HOMO energy level, extending light absorption into the visible
region and facilitating more efficient charge transfer.” Simi-
larly, Mphuthi et al. found that Fe(u)-incorporated ZIF-8 nano-
particles achieved up to 98% degradation efficiency of Remazol
Brilliant Blue R (RBBR) after 120 minutes of visible light irra-
diation, with a rate constant of 2.20 x 10~2 min~*.*® Further-
more, Zulfa et al. confirmed that Ni doping in ZIF-8 led to
a narrower band gap and lower charge recombination rate than
pristine ZIF-8, achieving 93.22% methylene blue degradation
within 150 minutes under UV illumination. The corrosion-
resistant nature of Ni also provides additional stability in the
photocatalytic system."

Previous studies have demonstrated that single-ion doping
of Fe or Ni into ZIF-8 can enhance photocatalytic activity by
extending light absorption and suppressing electron-hole
recombination.™?® However, the simultaneous incorporation of
Fe and Ni ions into ZIF-8 for the photocatalytic degradation of
methylene blue (MB) under visible light irradiation has not yet
been reported, particularly through an environmentally friendly
synthesis route. The integration of these two metals is expected
to generate a synergistic effect between the redox properties of
Fe and the chemical stability of Ni."** The presence of these
metal ions can modify the surface characteristics of ZIF-8,
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creating a more active charge distribution and increasing the
number of adsorption sites. Such modifications strengthen the
interaction between the catalyst surface and MB molecules
through electrostatic attraction, interactions, and
hydrogen bonding.”* Moreover, the coexistence of Fe and Ni can
facilitate metal-to-metal charge transfer (MMCT) among Fe-N,
Ni-N, and Zn-N clusters, collectively enhancing charge sepa-
ration and improving photocatalytic degradation efficiency.*

TC—TC

Materials and methods
Chemicals and reagents

The primary materials employed in this research consisted of
zinc(u) nitrate hexahydrate (Zn(NOs),-6H,0) (Merck, 99%),
nickel(n) nitrate hexahydrate (Ni(NO;),-6H,0) (Merck, 99%),
iron(m) nitrate nonahydrate (Fe(NOs);-9H,0) (Merck, 99%), 2-
methylimidazole (Merck, 99%), and ascorbic acid (Merck, 99%).
The supporting materials utilized included triethylamine
(Sigma-Aldrich, 99%), methanol (Sigma-Aldrich, 99.9%), meth-
ylene blue (Sigma-Aldrich, 99%), isopropyl alcohol (Sigma-
Aldrich, 99.7%), dimethyl sulfoxide (Sigma-Aldrich, 99.8%),
and deionized water (Onemed; Indonesia).

Synthesis of ZIF-8, Fe@ZIF-8, Ni@ZIF-8 and Fe/Ni@ZIF-8

The synthesis procedure of ZIF-8, single metal doped (Fe or Ni),
and its bimetallic (Fe/Ni) variants was adapted from a previously
reported method with slight modifications.™ Typically,
3.375 mmol of metal precursors (Zn(NOs),-6H,0, Fe(NO;);-
-9H,0 and/or Ni(NOj3),6H,0) with Zn : Fe : Ni molar ratios of
100:0:0, 80:20:0, 80:0:20, 80:5:15, 80:10:10, and 80:
15:5 were dissolved in 7.5 mL deionized water. Separately,
27 mmol of 2-methylimidazole was dissolved in a mixture of
3.9 mL of triethylamine and 7.5 mL of deionized water. Both
solutions were sonicated for 10 min, after which the metal
solution was added dropwise to the ligand solution under
continuous stirring (500 rpm). The mixture was stirred for an
additional 60 min and then aged at room temperature for 24 h.
The resulting precipitate was collected by centrifugation
(5000 rpm, 10 min), washed three times with deionized water
and twice with methanol, and dried at 60 °C overnight. The
obtained samples were denoted as ZIF-8, Fe@ZIF-8, Ni@ZIF-8,
Fe(5)/Ni(15)@ZIF-8, Fe(10)/Ni(10)@ZIF-8, and Fe(15)/Ni(5)
@ZIF-8.

Characterization

The crystalline phases of ZIF-8 and metal-doped ZIF-8 photo-
catalysts were characterized by high-resolution X-ray diffraction
(XRD, Empyrean, PANalytical, Netherlands) equipped with Thin
Film Metrology and SAXS, using Cu-Ke radiation (A = 1.54060 A)
in the 26 range of 5-50°. Functional groups were identified by
Fourier-transform infrared spectroscopy (FTIR, IR Prestige-21,
Shimadzu, Japan) in the range of 400-4000 cm . The
morphology and elemental distribution of the samples were
observed using field-emission scanning electron microscopy
with energy-dispersive X-ray spectroscopy (FESEM-EDX, JSM-
IT700HR, JEOL, Japan). Optical properties were assessed via

© 2025 The Author(s). Published by the Royal Society of Chemistry
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diffuse reflectance UV-Vis spectroscopy (DR-UV, Lambda 365+,
PerkinElmer, USA). X-ray photoelectron spectroscopy (XPS, Axis
Supra+, Kratos Analytical Ltd, UK) was employed to analyze the
chemical bonding states of Fe(15)/Ni(5)@ZIF-8. Methylene blue
(MB) concentrations after photodegradation were quantified
using a UV-Vis spectrophotometer (Orion AquaMate 8100,
Thermo Scientific, USA). All measurements were conducted
under ambient conditions.

Photocatalytic activity measurements

The photocatalytic performance of the synthesized materials
was evaluated through the degradation of methylene blue (MB)
under visible light irradiation at ambient temperature. Prior to
the degradation tests, the photocatalysts were thermally acti-
vated at 60 °C for 24 h in an oven. To determine the adsorption-
desorption equilibrium, 10 mg of each photocatalyst (ZIF-8,
single metal doped, and Fe/Ni@ZIF-8) was dispersed in 10 mL
of MB solution (30 mg L ", pH = 6.8), followed by stirring in the
dark for various contact times (15, 30, 45, 60, and 75 min). The
optimal equilibrium time was subsequently used as the pre-
irradiation equilibration period for all photocatalytic runs.

Photodegradation experiments were carried out under
visible light irradiation provided by four 20 W Philips tungsten
lamps placed equidistantly around the reaction vessel. The
photocatalyst-dye mixture was irradiated for specific time
intervals of 5, 10, 15, 30, 60, and up to 180 min. At each interval,
aliquots were withdrawn, centrifuged at 5000 rpm for 10 min to
remove particulates, and the concentration of MB was analyzed
by UV-Vis spectrophotometry at a wavelength of 664 nm. The
photocatalyst exhibiting the highest degradation activity was
subsequently employed to evaluate the photocatalytic efficiency
under various conditions, including different initial pH values,
catalyst dosages, and initial dye concentrations.

The Fe(15)/Ni(5)@ZIF-8 composite was assessed for stability
and recyclability through three consecutive runs of MB degra-
dation under identical conditions (30 mg per L MB, 10 mL
solution, 10 mg catalyst, 180 min irradiation). After each run,
the photocatalyst was washed with methanol and dried at 60 °C
before reuse. Reactive species involved in the degradation were
examined via trapping experiments using IPA (-OH), DMSO
(e7), ascorbic acid (-0,7), and EDTA (h") as scavengers under
identical conditions.

Result and discussion

Morphological and structural properties

XRD. The phase purity and crystallinity of the pristine ZIF-8,
single-doped (Fe or Ni), and co-doped Fe/Ni@ZIF-8 composites
were further examined by X-ray diffraction (XRD) analysis. In
addition, the synthesized photocatalyst powders are provided in
Fig. S1 of the SI with their respective colour. In Fig. 1, all samples
exhibited diffraction patterns that closely matched the character-
istic peaks of the sodalite (SOD)-type ZIF-8 structure, as reported
from Yaghi et al.*® The major diffraction peaks were observed at 26
= 7.29° (110) and 12.69° (211) with high intensity, along with
additional peaks at 26 = 10.39° (200), 16.38° (310), and 17.96°

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD pattern of ZIF-8 reference, ZIF-8, Fe(5)/Ni(15)@ZIF-8,
Fe(10)/Ni(10)@ZIF-8, Fe(15)/Ni(5)@ZIF-8, Fe@ZIF-8, and Ni@ZIF-8.

(222), showing low to moderate intensity levels. Although no
significant shift in peak positions was observed, a gradual
decrease in peak intensity was noted in Fe@ZIF-8, Ni@ZIF-8,
Fe(5)/Ni(15)@ZIF-8, Fe(10)/Ni(10)@ZIF-8, and Fe(15)/Ni(5)@ZIF-8,
indicating a reduction in crystallinity due to metal doping. This
phenomenon is attributed to the competitive coordination
between Fe/Ni and Zn ions toward the nitrogen atoms in the
imidazolate ligands. Notably, Fe exhibits a stronger interaction
with nitrogen lone pairs than Zn, which is consistent with its
higher electronegativity value (1.85 for Fe versus 1.65 for Zn).**

To further investigate potential changes in the crystal lattice, Le
Bail refinement was applied to the experimental XRD data. This
method involved the fitting of experimental diffraction patterns to
the reference unit cell and space group parameters of ZIF-8, which
crystallizes in a cubic system (space group I43m) with orthogonal
lattice angles of 90°, as shown in Fig. S2. The refinement results,
presented in Table 1, demonstrate that the incorporation of Fe and
Ni did not significantly alter the unit cell parameters. This
suggests that the dopant metals were successfully integrated into
the ZIF-8 framework without disrupting its crystalline topology.
The retention of peak positions and overall pattern alignment with
the standard ZIF-8 also confirms the absence of secondary phases
or detectable impurities, indicating that the synthesized materials
remain phase-pure.*®

FTIR. Fourier Transform Infrared (FTIR) spectroscopy was
employed to identify the functional groups and to investigate
possible bond alterations in the ZIF-8 framework upon doping
with Fe and Ni metals at various molar ratios, as illustrated in
Fig. 2. In the FTIR spectrum of pristine ZIF-8, the characteristic
vibrations of the 2-methylimidazolate ligand can be observed in
several absorption bands. An absorption band at 2928 cm™! is
attributed to the asymmetric stretching vibration of the C-H bond
in methyl groups (-CHj). The aliphatic C-H stretching vibration is
observed at around 1400 cm™'. Additionally, a weak band at
1143 cm ' indicates the presence of C-N stretching vibrations
associated with the aliphatic ring of the ligand."”**

RSC Adv, 2025, 15, 44893-44908 | 44895
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Table 1 Lattice parameter changes of ZIF-8 and Fe/Ni@ZIF-8 composite

Photocatalyst Space group a=hb=c(A) Cell volume (A?) Ry, (%)
ZIF-8 143m 17.016(5) 4927.310(4) 7.748
Fe(5)/Ni(15)@ZIF-8 143m 17.004(3) 4916.438(2) 6.861
Fe(10)/Ni(10)@ZIF-8 143m 16.980(5) 4896.025(5) 9.781
Fe(15)/Ni(5)@ZIF-8 I43m 17.018(5) 4928.523(4) 9.189
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Fig. 2 FTIR spectra of ZIF-8, single doped Fe@ZIF-8 and Ni@ZIF-8,
and Fe/Ni@ZIF-8 composites.

Sharp absorption bands observed in the region of 690-
900 cm ™" are indicative of aromatic C-H bending vibrations
from the imidazole ring. Furthermore, the absorption band at
424 cm™ ! is assigned to the Zn-N stretching mode, which is
a key structural component of the ZIF-8 framework.>® The FTIR
spectra of Fe/Ni-modified ZIF-8 composites exhibit similar
absorption features to those of pristine ZIF-8, indicating that
the basic framework of ZIF-8 is retained after metal doping.*

FESEM-EDX mapping. Field Emission Scanning Electron
Microscopy (FESEM) combined with EDX mapping was con-
ducted to examine the effect of Fe and Ni doping on the surface
morphology and elemental composition of the Fe/Ni@ZIF-8
photocatalyst. The FESEM images of pristine ZIF-8 and its Fe/
Ni-modified composites with varying metal ratios are pre-
sented in Fig. 3. The pristine ZIF-8 sample (Fig. 3(a)) exhibited
a relatively uniform crystal morphology with small particle sizes
and homogeneous distribution. Upon co-doping with Fe and Ni,
notable morphological changes were observed. The Fe(5)/Ni(15)
@?ZIF-8 sample (Fig. 3(b)) displayed larger particle sizes and less
uniform morphology compared to the undoped ZIF-8. Further
increase in metal content, as seen in Fe(10)/Ni(10)@ZIF-8
(Fig. 3(c)) and Fe(15)/Ni(5)@ZIF-8 (Fig. 3(d)), led to
pronounced particle agglomeration. This agglomeration is
likely attributed to increased surface energy and enhanced van
der Waals interactions among the particles due to their high
surface area.”” Such morphological evolution may influence the
photocatalytic behavior by affecting the active surface sites,

44896 | RSC Adv, 2025, 15, 44893-44908

charge transport, and light absorption characteristics of the
materials.

The particle size distribution analysis confirmed that the
incorporation of Fe and Ni metals led to an increase in the
average particle size from approximately 50 nm in pristine ZIF-8
to around 80 nm in the Fe/Ni@ZIF-8 composites. Such varia-
tions can be attributed to differences in synthetic conditions
that affect the nucleation and crystal growth kinetics. The
presence of Fe** and Ni*" ions may act as heterogeneous
nucleation sites, thereby altering the crystallization mecha-
nism. Moreover, the partial substitution of metal ions alters the
interaction with 2-methylimidazole ligands and modifies the
deprotonation rate, which slows down nucleation and allows for
the formation of larger crystals.>”

The EDX elemental mapping results, shown in Fig. 4,
provided insights into the surface elemental distribution. The
pristine ZIF-8 sample (Fig. 4(a)) exhibited a homogeneous
distribution of Zn, C, and N, consistent with the well-defined
framework of the parent structure. Zn is primarily concen-
trated at the metal nodes of the MOF structure, while C and N
are distributed along the organic linkers. In Fe(5)/Ni(15)@ZIF-8
(Fig. 4(b)), both Fe and Ni were relatively well-dispersed
throughout the framework, with a notably higher intensity of
Ni, which suggest its potential role as a stabilizing agent that
minimizes particle agglomeration.>® The sample Fe(10)/Ni(10)
@ZIF-8 (Fig. 4(c)) exhibited localized enrichment of Fe and Ni,
suggesting the possible formation of Fe/Ni clusters. In contrast,
Fe(15)/Ni(5)@ZIF-8 (Fig. 4(d)) showed a dominant accumulation
of Fe with a more limited distribution of Ni.

Quantitative data obtained from EDX and XRF analyses are
presented in Table 2. The Zn content, designed to be approxi-
mately 80 wt%, was successfully achieved, with experimental
values ranging from 78.34% to 83.2%, indicating good agree-
ment with the theoretical composition. This confirms the
effective incorporation of Fe and Ni into the ZIF-8 framework,
most likely via partial substitution or surface deposition,
without inducing significant structural disruption. The Fe
content increased from 5.38% to 12.5%, while the Ni content
decreased from 11.48% to 4.55%, consistent with the molar
ratios of the dopant precursors. The strong correlation between
EDX and XRF results supports the reliability of the composi-
tional data and further confirms the successful immobilization
of Fe and Ni within the host structure.

SAA. The N, adsorption-desorption isotherms were
employed to determine the specific surface area (Sggr) of pris-
tine ZIF-8, Fe(5)/Ni(15)@ZIF-8, Fe(10)/Ni(10)@ZIF-8, and Fe(15)/
Ni(5)@ZIF-8, as shown in Fig. S3 and pore size distribution are
presented in Table 3. All samples exhibited type I adsorption

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FESEM image and particle size of (a) ZIF-8 (b) Fe(5)/Ni(15)@ZIF-8 (c) Fe(10)/Ni(10)@ZIF-8, and (d) Fe(15)/Ni(5)@ZIF-8.
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Fig. 4 EDX mapping and spectrum of (a) ZIF-8 (b) Fe(5)/Ni(15)@ZIF-8 (c) Fe(10)/Ni(10)@ZIF-8 and (d) Fe(15)/Ni(5)@ZIF-8.
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Table 2 Elemental composition of Fe/Ni-doped ZIF-8 materials
determined by EDX and XRF analyses

Mass content (%)

Material Element EDX XRF
Fe(5)/Ni(15)@ZIF-8 Zn 83.14 83.20
Fe 5.38 4.14
Ni 11.48 12.70
Fe(10)/Ni(10)@ZIF-8 Zn 78.34 83.70
Fe 10.74 8.05
Ni 10.92 8.25
Fe(15)/Ni(5)@ZIF-8 Zn 82.96 83.20
Fe 12.50 12.40
Ni 4.55 4.43

isotherms with type H4 hysteresis loops at high relative pres-
sures, indicating microporous characteristics with minor
contributions from secondary mesoporosity. This is consistent
with previous reports showing that ZIF-8 synthesized in
aqueous media at room temperature produces a type I
isotherm,** confirming that the microporous structure of ZIF-
8 was largely preserved after Fe and Ni incorporation.

BET analysis revealed surface area trend: Fe(10)/Ni(10)@ZIF-
8 (528.08 m* g~ ') > Fe(15)/Ni(5)@ZIF-8 (459.14 m> g~ ') > Fe(5)/
Ni(15)@ZIF-8 (445.02 m> g~') > ZIF-8 (378.14 m> g~ '). The
~40% increase in surface area for Fe(10)/Ni(10)@ZIF-8 is likely
attributed to the synergistic Fe-Ni effect, which may induce
structural defects, partial framework expansion, or improved
nanoparticle dispersion that enhances pore accessibility. The
presence of relatively high surface area is beneficial for the
adsorption and photodegradation process of guest molecule
such as methylene blue.

XPS. X-ray photoelectron spectroscopy (XPS) analysis was
conducted to investigate the surface chemical composition and
metal valence distribution in the Fe(15)/Ni(5)@ZIF-8 composite.
The wide-scan survey spectrum in Fig. 5(a) reveals the presence
of C, N, Zn, Fe, and Ni elements, indicating that all principal
elements were successfully detected on the material surface.
This confirms the successful incorporation of Fe and Ni
dopants into the ZIF-8 structure while retaining Zn as the base
metal. The high-resolution C 1s spectrum Fig. 5(b) displayed
three characteristic peaks located at 284.7 eV, 285.7 eV, and
291.3 eV, which are assigned to C-C (sp*), C-N bonds, and the
m-m* aromatic satellite, respectively. These features are asso-
ciated with the 2-methylimidazole ligand forming the ZIF-8
framework.

Table 3 Physical properties of material
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The N 1s spectrum Fig. 5(c) exhibited three distinct peaks at
binding energies of 398.7 eV, 399.5 eV, and 407.0 eV, which
correspond to N-C, N-M (where M = Zn, Fe, and Ni), and N=C
bonding configurations, respectively. The presence of the N-M
peak at 399.5 eV provides direct evidence that Fe and Ni
successfully replaced part of the Zn sites in the ZIF-8 frame-
work.**** In Fig. 5(d), the Zn 2p spectrum showed two sharp
peaks at 1021.6 eV and 1044.6 eV, attributed to Zn 2p3/, and Zn
2p1s, respectively. The observed spin-orbit splitting of
approximately 23 €V is consistent with the expected value for
Zn** species and confirms that Zn exists in a single and stable
oxidation state.*

The Ni 2p spectrum Fig. 5(e) reveals the coexistence of Ni**
and Ni*" oxidation states, as evidenced by characteristic
doublets at binding energies of ~853.1 eV and ~872.1 eV (Ni*"
2pss» and 2py,), and ~855.1 eV and ~873.4 eV (Ni** 2pg/, and
2p12). Multiple satellite peaks, especially at 859.9 eV and
880.6 eV, are attributed to Ni** shake-up transitions, suggesting
strong metal-ligand interactions. Although the overall area
contribution of Ni** components is slightly higher (~56.3%)
than that of Ni*" (~39.7%), the prominent satellite features
associated with Ni** indicate its significant electronic involve-
ment within the framework. The ~2 eV chemical shift between
Ni** and Ni*" confirms distinct oxidation environments. These
findings suggest a complex coordination environment with
dominant electronic influence from Ni** species, which may
affect the redox activity and catalytic performance of the Ni-
modified ZIF-8 system.

The Fe 2p high-resolution spectrum Fig. 5(f) revealed
multiple peaks characteristic of different oxidation states,
including signals corresponding to metallic Fe, Fe*' 2ps,,
mixed Fe**/Fe*", Fe’* 2p;,, satellite, Fe** 2p,,,, Fe*" 2p, )5, and
Fe®* 2py,, satellite. This confirms that Fe is present in both +2
and +3 oxidation states, with Fe*" being the dominant species.
The prevalence of Fe®' suggests a higher stability of this
oxidation state within the ZIF-8 coordination environment.*®
The XPS findings confirmed the successful incorporation of Fe
and Ni into the ZIF-8 framework through partial substitution of
Zn. The detection of multiple oxidation states for Fe and Ni
suggests the potential for improved photocatalytic performance
by facilitating charge carrier mobility and introducing defect
states within the material.

Structural analysis of ZIF-8 and Fe/Ni@ZIF-8 via GFN2-xTB
computational method. Based on the experimental XRD data,
supported by other characterization results, the incorporation
of Fe and Ni dopants into the ZIF-8 framework has been
confirmed, without inducing any phase transformation or the

%YV, micro %YV, meso
Material Sper (M g™ 1) V, total (cm® g™") V, micro (cm® g™*) (%) (%)
ZIF-8 378.14 0.31 0.15 48.38 51.61
Fe(5)/Ni(15)@ZIF-8 445,02 0.29 0.09 31.03 68.96
Fe(10)/Ni(10)@ZIF-8 528.08 0.36 0.11 30.55 69.44
Fe(15)/Ni(5)@ZIF-8 459.14 0.37 0.16 43.24 56.75
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Fig. 5 XPS spectra of (a) survey spectrum, (b) C, (c) N, (d) Zn, (e) Ni, and (f) Fe.

formation of impurities. In reference to these findings,
a computational study was conducted to predict the structure
and energetics of partial substitution of Zn atoms by Fe and Ni
within the ZIF-8 structure. The calculations were performed
using the GFN2-xTB method, beginning with a model validation
process against the available experimental data. This validation
aimed to assess the reliability of the theoretically optimized
structure, particularly in accurately representing key geometric
parameters such as bond lengths and bond angles.

The optimized cluster structure model is presented in Fig. 6.
Bond lengths and bond angles for the FeNiZn, cluster are listed
in Table 4, while data for Zn,, FeZn;, and NiZn; clusters are
provided in Table S1. The optimized geometries exhibit strong
agreement with experimental structural parameters. The
average relative deviation in bond lengths and angles across the
four cluster models was found to be less than 5%, indicating
that the optimized structures remain close to the experimental
configuration. Such a low deviation supports the reliability of

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

the GFN2-xTB method in accurately describing the fundamental
structural features of the material.

The structural parameters of the Fe/Ni@ZIF-8 is summarised
in Table 4. In pristine ZIF-8 structure, the characteristic Zn-N
bond distance is found to be 1.99 A which is relatively close to
the reported experimentally derived structure. The presence of
both Fe*" and Ni** indicates distortion in M (Fe/Ni)-N bond
distance to give 2.23 and 2.05 A, respectively. This is expected
since the ionic radii of Fe*" is bigger than Ni** and Zn**. The
distortion is predicted to alter the stability of the whole struc-
ture, especially at the supercell structure since the location of
either Fe** or Ni** can be randomly distributed over the struc-
ture with many possibilities.

Binding energy calculations were carried out to assess the
stability and strength of chemical interactions between metal
centers and the 2-methylimidazole ligands. The geometry
optimizations for each cluster were performed using the GFN2-
xTB method. The results indicate that Zn**, Fe*", and Ni** ions
preferentially form tetrahedral geometries, each exhibiting

RSC Adv, 2025, 15, 44893-44908 | 44899
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Fig. 6 The optimized geometries of (a) Znys—MelM, (b) FeZnz—MelMy; (c) NiZns—MelMy; (d) 2-metilimidazol ligand (e) FeNiZn,—MelMy; (f) Zns—
MelMy, experimental. Atom colors: zinc (cyan), iron (light brown), nickel (green), nitrogen (blue), carbon (dark gray), and hydrogen (light gray).

Table 4 Comparison of experimental and calculated bond lengths
and angles of FeNiZn,—-MelM12

Parameter Type ZIF-8.y,  FeNiZn,e,.  Deviation
Bond lengths (A)  Zn-N 1.98 1.99 0.48
Fe-N 2.23
Ni-N 2.05
C1-N1 1.33 1.33 0.36
C3-N1 1.37 1.36 0.35
C1-C2 1.49 1.48 0.38
C3=C4 1.34 1.36 1.15
Average deviation 0.54
Bond angles (°) N-Zn-N 109.81 107.43 2.15
N-Fe-N 108.79
N-Ni-N 132.23
C1-N1-C3 105.30 105.31 0.01
N1-C3-C4 108.66 108.34 0.28
N1-C3-H4 125.70 121.36 3.44
N1-C1-C2 123.90 123.52 0.30
C1-C2-H1 109.50 110.40 0.82
H1-C2-H2 109.50 107.71 1.63
Average deviation 1.23

a coordination number of four. The computed single-point
energy output represents the total binding energy of the opti-
mized metal-ligand complexes. The binding energies
(AEbinding) for Fe and Ni in the FeZn;-MeIM,, NiZn;-MeIM,,,
and FeNiZn,-MeIM,, clusters were calculated based on eqn (I).

AE‘binding = Lcomplex — (EZn+2—MeIM + EFe/Ni metal) (I)

These calculated values were then used to predict the relative
stability of Fe** and Ni** ions within the ZIF-8 framework, where
lower binding energies indicate higher structural stability.’” The
predictive calculations were performed using the GFN2-xTB

44900 | RSC Adv, 2025, 15, 44893-44908

method, whose accuracy still requires validation against more
rigorous approaches such as DFT. For the bimetallic cluster
systems NiZn;-MeIM;, and FeZn;-MeIM;,, the Fe®" ion
exhibited a more stable configuration with a binding energy of
—18.9 eV compared to Ni**. Similarly, in the trimetallic
FeNiZn,-MeIM,, system, the structure containing Fe** showed
higher stability, with a binding energy 24.6 eV lower than that of
the Ni**-containing structure. These results suggest that, in
both bimetallic and trimetallic cluster models, Fe*" is thermo-
dynamically more stable than Ni*>* within the ZIF-8 framework.

Optical properties

Diffuse Reflectance UV-Visible (DR UV-Vis) spectroscopy was
employed to evaluate the reduction in band gap energy (E,)
resulting from the co-doping of Fe and Ni into the ZIF-8 pho-
tocatalyst framework. The DR UV-Vis absorption spectra of
pristine ZIF-8 and Fe/Ni-modified ZIF-8 in the wavelength range
of 200-500 nm are presented in Fig. 7(a). The pristine ZIF-8
(black line) exhibited a sharp absorption peak at approxi-
mately 230 nm, with a rapid decline in absorbance beyond
280 nm. This behavior indicates that ZIF-8 possesses a wide
band gap and is only responsive to UV radiation, in agreement
with previous studies that reported a band gap of approximately
5.0 eV for ZIF-8."® In contrast, the introduction of transition-
metal dopants notably modified the optical absorption char-
acteristics. The single-doped Fe@ZIF-8 (purple line) showed
a moderate redshift and broader absorption edge compared to
pristine ZIF-8, implying partial narrowing of the band gap due
to Fe-induced electronic transitions. Similarly, Ni@ZIF-8
(orange line) exhibited stronger and more extended absorp-
tion toward the visible region, indicating that Ni incorporation
further enhanced light-harvesting capability.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) UV-Vis DR absorption spectra and (b) plot of hv vs. E.

Furthermore, co-doping with Fe and Ni produced a syner-
gistic effect, leading to more pronounced spectral redshifts.
Among the co-doped samples, Fe(15)/Ni(5)@ZIF-8 (green line)
demonstrated the most significant extension of absorption into
the visible light region (400-500 nm), suggesting a substantial
reduction in band gap energy. Comparable but less intense
redshifts were observed for Fe(10)/Ni(10)@ZIF-8 (blue line) and
Fe(5)/Ni(15)@ZIF-8 (red line), indicating that the Fe/Ni ratio
strongly influences the electronic structure and light absorption
behavior of the materials.

Quantitative estimation of band gap energy was performed
using the Tauc plot method, as described by eqn (II), where « is
the absorption coefficient, % is Planck's constant, c is the speed
of light, and A is a material-dependent constant. The band gap
was determined by extrapolating the linear region of the plot of
(ahv)? versus photon energy (hv) to intersect the x-axis.*® The
resulting E, values are summarized in Fig. 7(b).

(ozhu)2 = A(hv — Ey) (1)

Tauc plot analysis showed that the pristine ZIF-8 sample had
a band gap of 5.09 eV, consistent with previously reported
values ranging from 4.9 to 5.2 eV.* This wide band gap arises
from the electronic properties of the imidazole ring in the ZIF-8
framework. The strong absorption around 230 nm corresponds
to T — 7* transitions within the aromatic imidazole system,
which involves excitation from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO). Due to the large energy difference between these
orbitals, this transition requires high excitation energy."> The
introduction of transition metals, specifically the single-doped
samples of Fe@ZIF-8 and Ni@ZIF-8, resulted in a noticeable
reduction in band gap energy compared to pristine ZIF-8. The
Fe@ZIF-8 sample exhibited band gap values of 4.96, 4.36, and
3.04 eV, while Ni@ZIF-8 showed band gaps of 4.99 and 2.23 eV,
depending on the transition edge analysed. These results indi-
cate that the incorporation of either Fe or Ni individually can
effectively narrow the band gap and enhance visible-light

© 2025 The Author(s). Published by the Royal Society of Chemistry
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absorption. The Fe(15)/Ni(5)@ZIF-8 sample exhibited band
gap values of 5.01, 2.95, and 2.33 eV, depending on the
absorption edge analysed. These values are comparable to those
previously reported for Fe-ZIF-8 materials, which exhibited
band gaps ranging from 2.1 to 3.1 eV depending on dopant
concentration.” Similarly, the Fe(10)/Ni(10)@ZIF-8 and Fe(5)/
Ni(15)@ZIF-8 samples showed band gap values of 5.05, 4.03,
and 2.48 eV; and 5.03, 4.26, and 2.81 eV, respectively. These
findings are consistent with reported band gaps for Ni-ZIF-8,
ranging from 3.05 to 5.02 eV, also influenced by doping
concentration.™

The observed reduction in band gap energy upon Fe and Ni
co-doping can be explained by the incorporation of Fe**/Fe**
and Ni*' jons into the ZIF-8 lattice, which introduces new
energy levels within the band structure through partially filled
d-orbitals.* These transition metal ions create additional elec-
tronic states that act as intermediate energy levels between the
valence and conduction bands, thereby facilitating lower-energy
electronic transitions.** The formation of these intermediate
states effectively narrows the band gap and introduces a new
Fermi level, which disturbs the original band structure. More-
over, the appearance of absorption bands in the visible region is
attributed to metal-to-metal charge transfer (MMCT) transi-
tions, particularly from and Fe**/Fe*" and Ni** to Zn**, enabled
by the newly formed Fermi level acting as an alternative energy
pathway.** Overall, the significant narrowing of band gap energy
in the Fe/Ni-doped ZIF-8 materials suggests enhanced photo-
catalytic potential under visible light irradiation.

Photocatalytic activity

(a) Influence of light exposure duration on methylene blue
photodegradation. The effect of irradiation time was investi-
gated to determine the optimum exposure duration required for
the photodegradation of methylene blue (MB) using pristine
ZIF-8, single doped (Fe@ZIF-8 or Ni@ZIF-8), and co-doped Fe/
Ni@ZIF-8 photocatalysts under visible light. Prior to irradia-
tion, adsorption-desorption equilibrium was ensured for all

RSC Adv, 2025, 15, 44893-44908 | 44901
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samples through dark-condition testing Fig. 8. Both pristine
ZIF-8 and its composites exhibit high porosity and superior
adsorption capacity compared to conventional metal oxides. A
notable increase in MB removal was observed during the first
15-45 minutes of contact, with equilibrium reached after 60
minutes, where approximately 30% of MB was adsorbed.
Interestingly, the single-doped Fe@ZIF-8 and Ni@ZIF-8 exhibi-
ted lower adsorption capacity than pristine ZIF-8, which is
consistent with previous findings**** showing that single metal
doping tends to reduce the specific surface area due to partial
pore blockage by metal species.** In contrast, the co-doped Fe/
Ni@ZIF-8 displayed higher adsorption performance, in line
with its increased Sggr value compared to pristine ZIF-8, sug-
gesting that the synergistic effect between Fe and Ni enhances
surface accessibility and facilitates stronger dye-surface inter-
actions. Various interactions such as -7 stacking, hydrogen
bonding, electrostatic attraction, and pore filling were respon-
sible for the adsorption behavior.**®

Fig. 9(a) demonstrates the photodegradation performance
under visible light. In the absence of photocatalyst, MB degra-
dation was negligible, confirming the necessity of catalytic
assistance to break the dye's complex molecular bonds.*** All
co-doped photocatalysts displayed improved performance over
pristine ZIF-8 and single doped (Fe@ZIF-8 and Ni@ZIF-8), with
Fe(15)/Ni(5)@ZIF-8 achieving the highest efficiency of 83.51%
after 60 minutes of visible-light irradiation. The superior
activity of this sample is attributed to its narrower band gap
Fig. 7(b), which facilitates charge separation, as well as an
optimal Fe/Ni ratio that effectively promotes the formation of
mid-gap energy levels, enhancing photocatalytic charge
transfer.*

The enhanced performance is driven by a synergistic effect
between the bimetallic nodes within the ZIF-8 framework,
enabling efficient metal-to-metal charge transfer (MMCT)
among Fe’*, Ni**, and Zn”* ions.* In contrast, the single-doped
Fe@ZIF-8 and Ni@ZIF-8 showed poorer performance than the
co-doped samples, likely due to the absence of Fe-Ni synergistic
interactions that facilitate charge transfer and suppress elec-
tron-hole recombination. degradation

However, lower
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Fig. 8 Adsorption capacity of ZIF-8, Fe@ZIF-8, Ni@ZIF-8, and Fe/
Ni@ZIF-8 composites.
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efficiency observed in Fe(10)/Ni(10)@ZIF-8 and Fe(5)/Ni(15)
@ZIF-8 is likely due to excessive dopant content that
surpasses the optimum level needed to maintain charge carrier
separation and structural stability. This excess may induce
defect states or recombination centers that hinder photo-
catalytic efficiency. It also suggests that the balance between
dopant amount and dispersion must be carefully controlled, as
high-energy surfaces in MOFs are prone to particle aggregation
and framework distortion under high dopant loads.'>** There-
fore, further optimization of Fe/Ni ratios is essential to maxi-
mize the synergistic effect without compromising the MOF
integrity or introducing electronic trap states.

The degradation kinetics of MB using pristine ZIF-8, single
doped, and Fe/Ni co-doped composites were evaluated using
a pseudo-first-order kinetic model Fig. 9(b). The results
demonstrated good linearity with R* values approaching unity
for all samples, confirming that the degradation followed
pseudo-first-order kinetics. Among the materials tested, Fe(15)/
Ni(5)@ZIF-8 exhibited the highest degradation rate constant of
2.73 x 10> min~". This finding validates that optimizing the
Fe/Ni dopant ratio can significantly enhance photocatalytic
performance. The kinetic modeling further supports that the
degradation rate is governed by the intrinsic photocatalytic
activity of the materials—primarily charge transfer dynamics—
rather than mass diffusion limitations. Therefore, the
improvement in performance of Fe/Ni@ZIF-8 composites is
attributed to enhanced charge separation and electron transfer
efficiency.”

(b) Effect of solution pH on the photocatalytic degradation
of methylene blue. The effect of pH on the photocatalytic
performance of Fe(15)/Ni(5)@ZIF-8 was further explored by
varying the initial solution pH at values of 3, 5, 7, 9, and 11,
adjusted using HCI or NaOH as shown on Fig. 10. The results
demonstrate that pH has a significant influence on photo-
catalytic degradation efficiency. The lowest performance was
observed under strongly acidic conditions at pH 3 (~91%),
indicating that excess proton concentration is unfavorable. In
near-neutral conditions (pH 5-7), the efficiency improved to
~92%, while basic environments yielded the best performance,
with degradation efficiencies of 94% (pH 9) and 96.86% (pH 11).
Despite these variations, the relatively narrow efficiency range
(91-96%) highlights the chemical robustness and stability of
the Fe/Ni@ZIF-8 composite across a broad pH spectrum.'***

This pH dependence is primarily attributed to the electro-
static interactions between MB molecules and the surface of the
photocatalyst. In acidic media, elevated H' concentrations
compete with positively charged MB molecules for adsorption
sites, reducing adsorption efficiency and thus suppressing
photocatalytic performance.” Conversely, under alkaline
conditions, the presence of OH™ ions enhance electrostatic
attraction with MB and contributes to the generation of highly
reactive hydroxyl radicals (-OH), which play a critical role in the
oxidative degradation pathway.*® Therefore, the enhanced
activity under basic conditions can be associated with both
favorable adsorption interactions and increased radical
formation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.9 (a) Effect of irradiation of visible light on the degradation of MB (b) pseudo first order kinetic plot (W =10 mg, V=10 mL, C =30 mg L%, pH

= 6.8, dark = 60 min, vis light = 60 min).

(c) Effect of photocatalyst dosage on the photodegradation
of methylene blue dye. The amount of photocatalyst used plays
a critical role in determining the overall degradation efficiency
of methylene blue (MB), as it directly affects the number of
available active sites responsible for generating reactive species.
In this study, the influence of catalyst dosage was investigated
by varying the amount of Fe(15)/Ni(5)@ZIF-8 photocatalyst at
2 mg, 3 mg, 5 mg, 10 mg, and 15 mg dispersed in 10 mL of MB
solution (30 mg L~'). The corresponding photocatalytic
performance is presented in Fig. 11.

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

A substantial increase in MB degradation efficiency was
observed as the catalyst dosage was raised from 2 to 10 mg. At
lower dosages (2-5 mg), the limited number of surface-active
sites hinders the effective formation of reactive oxygen species
(ROS), leading to lower degradation efficiency. As the dosage
increased to 10 mg, a marked enhancement was observed due
to the increased number of active sites, greater light absorption,
and improved MB adsorption on the catalyst surface. However,
further increasing the dosage to 15 mg resulted in a slight
decrease in degradation efficiency. This may be attributed to

RSC Adv, 2025, 15, 44893-44908 | 44903
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Fig. 11 Photocatalytic activity of Fe(15)/Ni(5)@ZIF-8 at various dosage
(Co=30mg L™, V=10 mL, pH = 11, vis light = 180 min).

particle agglomeration and light shielding effects, which reduce
light penetration and photon utilization. Moreover, the excess
amount of catalyst may lead to increased charge carrier
recombination due to overlapping surface areas.*” Based on
these observations, 10 mg was identified as the optimal dosage,
achieving the highest degradation efficiency of 94.57% for
10 mL of MB solution (30 mg L") under visible light irradia-
tion. These results underscore the importance of optimizing
photocatalyst mass to achieve a balance between active site
availability and light-harvesting efficiency.

(d) Effect of initial dye concentration on the photo-
degradation of methylene blue. The initial concentration of
methylene blue (MB) plays a crucial role in determining the pho-
tocatalytic performance of Fe(15)/Ni(5)@ZIF-8. The influence of
varying MB concentrations on degradation efficiency was assessed
at 15, 30, 45, and 60 mg LY, and the results are illustrated in
Fig. 12. As shown in the figure, all MB concentrations exhibit
a relatively steady decline during the dark adsorption phase (—60 to
0 minutes), indicating that adsorption-desorption equilibrium was
successfully established prior to light irradiation. This equilibrium
ensures that the observed photocatalytic activity is not influenced
by additional adsorption effects during the irradiation process.

44904 | RSC Adv, 2025, 15, 44893-44908
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At the lowest tested concentration (15 mg L), the photo-
catalyst demonstrated a high degradation efficiency of approxi-
mately 93% after 180 minutes of irradiation. Increasing the MB
concentration to 30 mg L~ resulted in the highest degradation
efficiency, reaching 95.06%, with a final C/C, value of approxi-
mately 0.029. However, further increases in initial concentration to
45 mg L' and 60 mg L " led to a marked decrease in degradation
efficiency, yielding final values of 85.3% and 82%, respectively.
This decline in performance is primarily attributed to limited light
penetration caused by the higher optical density of the solution,
which reduces photon-catalyst interactions. Additionally, the
increased number of MB molecules may exceed the available
active sites, thereby restricting the extent of photocatalytic reac-
tions.*® Taken together, these results suggest that a starting
concentration of 30 mg L~ " offers optimal conditions for efficient
photocatalytic degradation. This concentration maintains a favor-
able balance between dye molecules and active catalytic sites,
supporting effective photon utilization and charge separation
dynamics within the photocatalytic system.***

Following the determination of optimal conditions for MB
degradation—including irradiation time, catalyst dosage, solution
pH, and initial dye concentration—a comparative analysis was
conducted to assess the relative performance of the Fe(15)Ni(5)
@ZIF-8 photocatalyst. Table 5 summarizes previously reported
ZIF-8-based photocatalysts, highlighting differences in reaction
conditions and degradation efficiencies.

While differences in testing parameters such as photo-
catalyst dosage, dye concentration, and irradiation time limit
direct comparison, the Fe/Ni@ZIF-8 photocatalyst exhibited
excellent activity, achieving 96.05% methylene blue degradation
within 180 min under visible light, even at a high dye concen-
tration (30 mg L"), indicating strong stability toward higher
pollutant loads. The superior performance is mainly attributed
to the Fe-Ni synergistic effect, which enhances charge separa-
tion and electron transfer efficiency. Moreover, the simple
room-temperature, water-based synthesis demonstrates an
energy-efficient and environmentally friendly approach. These
findings highlight that Fe/Ni@ZIF-8 combines high photo-
catalytic performance with sustainable synthesis, making it
a promising candidate for practical wastewater treatment.

(e) Identification of reactive species involved in photo-
catalytic MB degradation. To elucidate the role of reactive species
in the photocatalytic degradation mechanism, scavenger experi-
ments were conducted, and the results are presented in Fig. 13.
The control experiment, performed without any scavengers, yiel-
ded the highest degradation efficiency of 95.37%, which served as
the benchmark for evaluating the contribution of each reactive
species.

Upon the addition of isopropanol (IPA), a known hydroxyl
radical (-OH) scavenger, the degradation efficiency decreased
significantly to 81%. This observation highlights -OH as the
predominant active species responsible for MB degradation.
Similarly, the presence of ethylenediaminetetraacetic acid (EDTA),
a hole (h") scavenger, resulted in a reduction in efficiency to
82.77%, confirming the substantial contribution of photogene-
rated holes as secondary active species. In contrast, the addition of
ascorbic acid, which selectively scavenges superoxide radicals

© 2025 The Author(s). Published by the Royal Society of Chemistry
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= 60 min, vis light = 180 min).

(+O37), led to only a slight reduction in degradation efficiency
(92.19%), indicating a relatively minor role of -O,” in the overall
degradation process.

These findings suggest that the photocatalytic mechanism
primarily follows a dual-pathway route in which hydroxyl radicals
act as the dominant oxidizing agents, while holes serve a comple-
mentary function. The correlation between h' and -OH is further
supported by the observation that inhibition of hole formation in
the valence band (VB) directly affects the generation of -OH,
thereby diminishing photocatalytic performance. This mechanism
aligns with previous reports identifying -OH as the principal
reactive species in MB degradation over ZIF-8-based
photocatalysts.>**

(f) Stability and reusability of the photocatalysts. The stability
and reusability of the Fe/Ni@ZIF-8 photocatalyst were evaluated
through three consecutive photodegradation cycles under visible-
light irradiation (Fig. 14). The degradation efficiency gradually
declined from approximately 91% in the first cycle to around 72%
and 47% in the second and third cycles, respectively. This decrease
is primarily attributed to partial catalyst loss during repetitive
washing and drying processes.*® To assess the structural stability of
the material during the photocatalytic process, atomic absorption
spectroscopy (AAS) was employed to detect possible metal leaching
into the solution. The results (Table S2) revealed that Fe was not

Table 5 Comparative study of ZIF-8-based photocatalyst

detected in the filtrate, whereas measurable concentrations of Ni
and Zn were observed after the degradation process. This indicates
partial leaching of Ni and Zn ions from the ZIF-8 framework into
the aqueous phase.”” Zn leaching suggests minor framework
degradation under light exposure, while Ni leaching is likely
associated with the detachment of surface-active sites during the
reaction. Despite the decline in degradation efficiency and partial
metal leaching, the Fe/Ni@ZIF-8 composite maintained reasonable
structural and functional stability after multiple cycles. These
findings demonstrate that Fe/Ni@ZIF-8 possesses promising
reusability under visible light; however, further optimization is
required to enhance framework robustness and minimize metal
leaching for long-term environmental applications. With its
combination of high photocatalytic performance, adequate
stability, and environmentally benign synthesis route, Fe/Ni@ZIF-8
presents itself as a potential candidate for scalable and sustainable
water treatment systems.

(g) Proposed mechanism for methylene blue degradation
over Fe/Ni@ZIF-8 photocatalyst. The photodegradation of
methylene blue (MB) by Fe/Ni@ZIF-8 proceeds via a two-step
process: initial adsorption under dark conditions, followed by
visible-light-induced photocatalysis (Fig. 15). In the dark phase, MB
molecules are adsorbed onto the active sites of Fe/Ni@ZIF-8
through physical and chemical interactions, leading to a pre-

Degradation
Photocatalyst Reaction condition efficiency (%) Reference
ZIF-8 25 mg; 50 mL; MB 10 mg L™'; 120 min; UV light 82 51
ZIF-8@TiO, 10 mg; 20 mL; MB 1.6 mg L™'; 120 min; UV light 87.50 52
Ni(20)-ZIF-8 30 mg; 50 mL; MB 30 mg L_l; 150 min; 365 UV light 93.22 11
Fe-ZIF-8 10 mg; 500 mL; 30 mg L™*; 300 min; visible light 90 15
Fe@ZIF-8 10 mg; 25 mL; MB 10 mg L™ ; 55 min; visible light 99 53
Ni@ZIF-8 10 mg; 25 mL; MB 10 mg L™'; 55 min; visible light 95 53
Fe(15)/Ni(5)@ZIF-8 30 mg; 10 mL; MB 30 mg L™ '; 180 min; visible light 95.06 This work

© 2025 The Author(s). Published by the Royal Society of Chemistry
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concentrated state that enhances the interaction probability with
incident photons during illumination."**
Upon visible light irradiation, excitation occurs via a ligand-to- (5) ROS-mediated degradation
metal charge transfer (LMCT) process from the 2-methyl-
imidazole ligands to the metal clusters, generating electron-hole MB + -OH — MB intermediate
(e”/h") pairs.”® The photogenerated holes (h") oxidize H,O to
hydroxyl radicals (-OH), while the excited electrons (e”) reduce MB + -0, — MB intermediate
dissolved O, to superoxide radicals (- O, ).* The introduction of Fe . ) )
and Ni dopants into the ZIF-8 framework promotes the formation MB +h" — MB intermediate
of Schottky barriers and new energy levels, which effectivel _ . .
kX + S e & Y MB + e~ — MB intermediate
suppress e /h" recombination.
Furthermore, the system enables efficient metal-to-metal
charge transfer (MMCT) among Fe-N, Ni-N, and Zn-N centers, (6) Charge recombination (non-productive)
facilitating prolonged charge separation and enhanced photo-
catalytic activity.>> These reactive oxygen species (ROS), primarily e+ hye" — heat (1)

-OH and -0O,", subsequently attack the MB molecules, breaking
them down into simpler intermediates that are likely more envi-
ronmentally benign, as summarized in the following reaction
sequence:

(1) Adsorption phase

44906 | RSC Adv, 2025, 15, 44893-44908

This mechanism highlights the synergistic effect of dual-
metal doping and interfacial charge dynamics, which collec-
tively enhance photocatalytic degradation efficiency.

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

This study successfully demonstrated the synthesis of a highly
efficient bimetallic Fe/Ni@ZIF-8 photocatalyst through a simple,
environmentally friendly, one-pot synthesis at room temperature.
The novel co-doping strategy significantly narrows the band gap of
ZIF-8, enhancing its visible light absorption and photocatalytic
activity. The optimized Fe(15)/Ni(5)@ZIF-8 catalyst achieved the
highest photodegradation efficiency of 95.06% for 30 mg L "
methylene blue solution under visible light irradiation (180 min,
10 mg catalyst, pH 11), with a reaction rate constant of 2.73 x
107> min~". The core innovation of this work lies in harnessing
the Fe/Ni bimetallic synergistic effect, which effectively promotes
electron-hole pair separation and boosts the generation of reactive
oxygen species. This study not only presents a promising, high-
performance catalyst for treating dye-polluted wastewater but
also offers a facile and green modification strategy for designing
advanced MOF-based materials for environmental applications.
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