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Abstract

Developing sustainable visible-light-driven photocatalysts for wastewater treatment remains a
significant challenge. In this study, Mn—Ni and Mn—-Cu co-doped ZnFe,0, nanoparticles were
synthesized via a green microwave-assisted method using Azadirachta indica (neem) leaf extract. XRD
confirmed single-phase cubic spinel ferrites, while TEM revealed nanosized quasi-spherical particles.
UV-Vis DRS showed reduced band gaps and enhanced visible-light absorption after co-doping, whereas
VSM confirmed enhanced soft ferrimagnetic behavior with increased saturation magnetization, enabling
efficient magnetic recovery. Under visible-light irradiation, Mn—Ni and Mn—Cu co-doped ZnFe,0,
achieved methyl orange degradation efficiencies of 98.2% and 96.0%, respectively, outperforming
pristine ZnFe,0,. The enhanced photocatalytic performance is attributed to band-gap narrowing,
improved charge separation, suppressed electron—hole recombination, and enhanced magnetic
properties. These findings demonstrate that green microwave-assisted co-doping is an effective strategy
for developing efficient, magnetically recyclable ZnFe,0, photocatalysts for sustainable wastewater
remediation.

1. Introduction

Green synthesis has emerged as an environmentally friendly and sustainable approach for preparing
nanomaterials by minimizing hazardous chemicals and reducing environmental pollution. Plant extracts
serve as effective natural reducing, stabilizing, and capping agents because of their rich phytochemical
constituents, including flavonoids, phenolics, alkaloids, and terpenoids, which facilitate controlled
nanoparticle formation. Compared with conventional chemical methods, green synthesis offers several
advantages, including simplicity, low cost, biocompatibility, and eco-friendliness. In addition, microwave-
assisted synthesis has gained considerable attention owing to its rapid and uniform heating, shorter
reaction time, high energy efficiency, improved crystallinity, and better control over particle size and
morphology. The integration of green chemistry with microwave-assisted processing provides an
efficient route for producing highly crystalline ferrite nanomaterials with enhanced physicochemical
properties for environmental applications [1-6].

Among spinel ferrites, ZnFe,0, is considered a promising visible-light-responsive photocatalyst because
of its narrow band gap, excellent chemical stability, magnetic recoverability, and low toxicity. However, its
practical application is limited by rapid electron—hole recombination and relatively poor visible-light
utilization, resulting in moderate photocatalytic efficiency. Transition-metal doping has proven to be an
effective strategy for overcoming these limitations by tailoring the electronic structure, narrowing the
band gap, enhancing visible-light absorption, promoting charge-carrier separation, and improving
magnetic properties. In particular, Mn, Ni, and Cu dopants have shown remarkable potential for
enhancing the photocatalytic performance of ZnFe,0, through modifications of its structural, optical,
and magnetic characteristics [7-12].
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Recent studies have demonstrated that microwave-assisted green synthesis significantly improves the
crystallinity, morphology, and catalytic activity of ferrite nanoparticles while greatly reducing synthesis
time. Although several investigations have reported individually doped ZnFe,O, photocatalysts,
systematic comparative studies on different transition-metal co-doping strategies synthesized under
identical green microwave-assisted conditions remain scarce. In particular, a direct comparison between
Mn-Ni and Mn—-Cu co-doped ZnFe,0, nanoparticles and their combined effects on crystal structure,
optical band-gap engineering, magnetic behavior, and visible-light photocatalytic performance has not
been comprehensively explored [13-16].

In the present work, Mn—Ni and Mn—Cu co-doped ZnFe,0, nanoparticles were successfully synthesized
through a rapid green microwave-assisted method using Azadirachta indica (neem) leaf extract as a
natural reducing, stabilizing, and capping agent. The synthesized nanoparticles were characterized by X-
ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), UV-Vis diffuse reflectance
spectroscopy (UV-Vis DRS), transmission electron microscopy/high-resolution transmission electron
microscopy (TEM/HRTEM), and vibrating sample magnetometry (VSM). Their structural, optical,
magnetic, and visible-light photocatalytic properties toward methyl orange degradation were
systematically investigated, together with magnetic recoverability and photocatalytic kinetics. The
novelty of this work lies in the development of an eco-friendly microwave-assisted green synthesis route,
the direct comparison of Mn—Ni and Mn—Cu co-doping under identical conditions, and the establishment
of the relationship between band-gap reduction, enhanced magnetic properties, and photocatalytic
performance. These findings provide valuable insights into the design of highly efficient, magnetically
recyclable ZnFe,0,-based photocatalysts for sustainable wastewater treatment.

2. Experimental
2.1 Materials

Analytical-grade zinc nitrate hexahydrate (Zn(NO;), 6H,0, =99%), iron(lll) nitrate nonahydrate
(Fe(NO,);-9H,0, = 98%), manganese(ll) nitrate tetrahydrate (Mn(NO,),"4H,0, = 98%), nickel(ll) nitrate
hexahydrate (Ni(NO,),6H,0, = 98%), and copper(ll) nitrate trihydrate (Cu(NO,), 3H,0, 299%) were
purchased from Merck (India) and used as received without further purification. Fresh neem
(Azadirachta indica) leaves were collected locally, thoroughly washed with distilled water to remove dust
and impurities, air-dried, and used for the preparation of the plant extract, which served as a natural
reducing, stabilizing, and capping agent during nanoparticle synthesis.

2.2 Microwave-assisted green synthesis of ZnFe,0,

Pristine ZnFe,0, nanoparticles were synthesized by a green microwave-assisted method using
Azadirachta indica (neem) leaf extract. Zinc nitrate hexahydrate (Zn(NO,), 6H,0) and iron(lll) nitrate
nonahydrate (Fe(NO,),-9H,0) were dissolved in distilled water under constant magnetic stirring. Neem
leaf extract was added slowly to the precursor solution, and the mixture was stirred for 30 min. The
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resulting solution was irradiated in a domestic microwave oven at 800 W for 15 min. The obtained
precipitate was washed several times with distilled water and ethanol, dried at 80°C for 12 h, and finally
calcined at 650°C for 5 h to obtain crystalline ZnFe,0, nanoparticles.

2.3 Microwave-assisted green synthesis

Mn—Ni and Mn—Cu co-doped ZnFe,0, nanoparticles were synthesized via a rapid green microwave-
assisted method. Appropriate stoichiometric amounts of the metal nitrate precursors were dissolved in
distilled water under continuous magnetic stirring to obtain a homogeneous solution. Subsequently, the
freshly prepared neem leaf extract was added dropwise to the precursor solution while maintaining
constant stirring. The resulting reaction mixture was subjected to microwave irradiation at a power of
800 W for 15 min, promoting rapid nucleation and the formation of ferrite nanoparticles. The obtained
precipitates were repeatedly washed with distilled water and ethanol to remove residual impurities and
phytochemical residues, followed by drying at 80°C for 12 h. Finally, the dried powders were calcined at
650°C for 5 h in air to obtain highly crystalline Mn—Ni and Mn—Cu co-doped ZnFe,0, nanoparticles [17-
20].

2.4 Photocatalytic Activity

The visible-light photocatalytic performance of the synthesized pristine ZnFe,0,, Mn—Ni co-doped
ZnFe,0,, and Mn—-Cu co-doped ZnFe,0, nanoparticles was evaluated through the degradation of methyl
orange (MO) aqueous solution under visible-light irradiation. In a typical experiment, 10 mg of the
photocatalyst was dispersed in 100 mL of MO solution with an initial concentration of 10 mg L=". The
suspension was ultrasonicated for 10 min to ensure homogeneous dispersion and subsequently
magnetically stirred in the dark for 30 min to establish adsorption—desorption equilibrium between the
photocatalyst surface and dye molecules. The photocatalytic degradation experiments were carried out
in a quartz reactor under continuous magnetic stirring using a 12 W blue LED light source with a peak
emission wavelength of 463 nm. The LED was positioned approximately 10 cm from the reaction vessel
to provide uniform visible-light irradiation throughout the experiment. During irradiation, 3 mL aliquots
were withdrawn from the reaction mixture at 15 min intervals and centrifuged to separate the
photocatalyst from the solution. The concentration of methyl orange was determined using a UV-Vis
spectrophotometer by monitoring the characteristic absorption maximum of the dye at 464 nm (Amax).
The decrease in absorbance at 464 nm was used to calculate the photocatalytic degradation efficiency
as a function of irradiation time.

The degradation efficiency was calculated using the following equation:

Degradation\:(\%) = # x 100
0
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where A, is the initial absorbance of the methyl orange solution after adsorption—desorption equilibrium,
and All is the absorbance measured after visible-light irradiation for time t.

The photocatalytic degradation kinetics were analyzed using the pseudo-first-order Langmuir—

Hinshelwood model:
A
In (—0) — kt
Ay

where k (min-") is the apparent first-order reaction rate constant and t (min) is the irradiation time. The
photocatalytic performances of the pristine ZnFe,0,, Mn—Ni co-doped ZnFe,0,, and Mn—Cu co-doped
ZnFe,0, nanoparticles were compared under identical experimental conditions to evaluate the influence
of transition-metal co-doping on the visible-light-driven degradation of methyl orange.

2.5 Analytical Characterizations

2

The crystal structure of the synthesized nanoparticles was analyzed using X-ray diffraction (XRD) with
Cu—Ka radiation (A = 1.5406 A). Fourier-transform infrared spectroscopy (FTIR) was employed in the
wavenumber range of 4000—-400 cm~" to identify the characteristic vibrational modes of the spinel ferrite
structure. The optical properties and band-gap energies were investigated using UV-Vis diffuse
reflectance spectroscopy (UV-Vis DRS), whereas the particle morphology, size distribution, and lattice
structure were examined by transmission electron microscopy (TEM) and high-resolution TEM (HRTEM).
The magnetic properties were evaluated at room temperature using a vibrating sample magnetometer
(VSM).

3. Results and discussion

3.1 X-ray Diffraction Analysis

Figure 2. presents the X-ray diffraction (XRD) patterns of the synthesized Mn—Ni and Mn—Cu co-doped
ZnFe,0, nanoparticles. All diffraction peaks can be indexed to the characteristic reflections of the cubic
spinel ferrite structure corresponding to the (220), (311), (400), (422), (511), and (440) crystallographic
planes, confirming the successful formation of single-phase ZnFe,0, without detectable secondary
impurity phases. The diffraction peaks are in good agreement with the standard JCPDS/PDF card of
cubic ZnFe,0,, indicating that the incorporation of Mn?*, Ni?*, and Cu?* ions does not alter the crystal
symmetry but is accommodated within the spinel lattice.

The average crystallite size (D) was estimated from the most intense (311) diffraction peak using the
Debye—-Scherrer equation and was found to be in the range of 20-28 nm, confirming the nanocrystalline
nature of the synthesized samples. The slight broadening of the diffraction peaks after co-doping is
attributed to the reduction in crystallite size together with the development of lattice strain. Moreover, a
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small shift in the diffraction peak positions was observed for the co-doped samples, suggesting
successful substitution of Mn?*, Ni?+, and Cu?* ions into the ZnFe,0, crystal lattice. These shifts
originate from differences in the ionic radii of the dopant cations relative to Zn?* and Fe?*, resulting in
local lattice distortion and modification of the lattice parameters [21-24].

The enhanced peak intensity and sharp diffraction profiles indicate improved crystallinity, which can be
attributed to the rapid and homogeneous heating provided by microwave-assisted synthesis. The
phytochemicals present in neem (Azadirachta indica) leaf extract also play an important role in
controlling crystal nucleation and particle growth, resulting in highly crystalline nanoparticles with
reduced structural defects. The absence of secondary phases further confirms that the selected co-
doping concentrations are within the solubility limit of the ZnFe,0, spinel structure.

The improved crystallinity together with the induced lattice distortion is expected to influence the
electronic structure and magnetic exchange interactions of ZnFe,0,, thereby contributing to enhanced
visible-light absorption and photocatalytic performance. These XRD results demonstrate that the green
microwave-assisted synthesis route is an effective approach for producing highly crystalline Mn—Ni and
Mn-Cu co-doped ZnFe,0, nanoparticles suitable for visible-light-driven photocatalytic applications.

3.2 Fourier Transform Infrared (FTIR) Analysis

Figure 3. shows the FTIR spectra of the synthesized Mn—Ni and Mn—Cu co-doped ZnFe,0, nanoparticles
recorded in the wavenumber range of 4000—400 cm~". The spectra exhibit the characteristic absorption
bands of the spinel ferrite structure, confirming the successful formation of ZnFe,0, after green
microwave-assisted synthesis. Two prominent absorption bands are observed at approximately 580
cm-" (v,) and 430 cm~ (v,), corresponding to the intrinsic stretching vibrations of metal-oxygen (M-0)
bonds at the tetrahedral (A) and octahedral (B) sites, respectively. These characteristic bands are the
fingerprint of the cubic spinel ferrite structure and are in good agreement with previously reported
ZnFe,0, ferrites.

Compared with pristine ZnFe,0,, slight shifts in the v, and v, absorption bands are observed after Mn—Ni
and Mn—Cu co-doping, indicating the successful incorporation of Mn?*, Ni2+, and Cu?* ions into the
ZnFe,0, lattice. The substitution of transition-metal ions with different ionic radii modifies the local
crystal field, resulting in variations in the metal—oxygen bond lengths and bond strengths. These
changes lead to lattice distortion and confirm that the dopant ions are effectively accommodated within
the spinel lattice without altering the crystal structure. The observed band shifts are consistent with the
lattice distortion inferred from the XRD analysis.

A broad absorption band centered around 3400 cm~" is assigned to the stretching vibration of hydroxyl
(—OH) groups originating from surface-adsorbed water molecules and phytochemical constituents of the
neem (Azadirachta indica) leaf extract used during green synthesis. In addition, the weak absorption
band near 1630 cm~" corresponds to the bending vibration of molecular water (H-0-H), indicating the
presence of physically adsorbed moisture on the nanoparticle surface. The residual phytochemical
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species from the neem extract may act as natural capping and stabilizing agents, preventing excessive
particle agglomeration during microwave-assisted synthesis [25-26].

The characteristic metal-oxygen stretching vibrations observed at the tetrahedral and octahedral sites
verify the local bonding environment of the spinel lattice. The slight shifts in these absorption bands
after Mn—Ni and Mn—Cu co-doping indicate successful incorporation of the transition-metal ions and
reveal changes in metal-oxygen bond strength caused by local lattice distortion. These observations
complement the XRD results by providing evidence of local structural modifications induced by co-
doping, which facilitate improved charge-carrier transport, enhanced visible-light absorption, and
superior photocatalytic performance.

3.3 UV-Vis Diffuse Reflectance Spectroscopy (UV-Vis
DRS) Analysis

Figure 4. presents the UV-Vis diffuse reflectance spectra (DRS) and the corresponding Tauc plots of
Mn-Ni co-doped ZnFe,0, and Mn—Cu co-doped ZnFe,0, nanoparticles. Both samples exhibit broad
absorption extending from the ultraviolet to the visible region, indicating their excellent visible-light
harvesting capability. The Mn—Ni co-doped ZnFe,0, sample exhibits characteristic absorption maxima
at approximately 217 nm and 373 nm, whereas the Mn—Cu co-doped ZnFe,0, sample shows absorption
peaks around 220 nm and 426 nm. The broad absorption in the visible region confirms the successful
incorporation of transition-metal dopants into the ZnFe,0, lattice, resulting in enhanced optical
absorption.

The optical band-gap energy (Eg) was determined using the Tauc relation:
(a ) = A(hv — Eg)

2

where a is the absorption coefficient, h is Planck's constant, v is the frequency of the incident photon, A
is a proportionality constant, and Eg represents the optical band-gap energy.

The band-gap energies were estimated by extrapolating the linear portion of the Tauc plots (a hv )2
versus hv to the photon-energy axis. The calculated optical band-gap values were found to be
approximately 1.50 eV for the Mn—Ni co-doped ZnFe,0, nanoparticles and 1.60 eV for the Mn—Cu co-
doped ZnFe,0, nanoparticles.

The slight variation in band-gap energy can be attributed to the incorporation of Mn2*, Ni2*, and Cu?* ions
into the ZnFe,0, crystal lattice. The substitution of transition-metal ions introduces localized impurity
levels and defect states within the forbidden energy gap, facilitating electronic transitions from the
valence band to the conduction band. Moreover, the difference in ionic radii and electronic configurations
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of the dopant ions induces lattice distortion and modifies the electronic band structure, thereby
influencing the optical properties of the ferrite nanoparticles [27].

Among the synthesized samples, Mn—Ni co-doped ZnFe,0, exhibits the lower optical band-gap energy
(1.50 eV), indicating a greater degree of band-gap narrowing than the Mn—-Cu co-doped ZnFe,0, sample
(1.60 eV). This lower band-gap value facilitates easier excitation of electrons under visible-light
irradiation, thereby improving the utilization of solar energy. In contrast, the Mn—Cu co-doped ZnFe,0,
nanoparticles display a comparatively broader absorption band extending toward longer wavelengths,
suggesting enhanced visible-light absorption despite their slightly higher band-gap energy. Such
behavior may arise from defect-induced absorption and charge-transfer transitions associated with Cu?*
ions.

The reduced band-gap energies of both co-doped ferrites promote efficient generation of
photogenerated electron—hole pairs under visible-light illumination. Furthermore, the dopant-induced
defect states act as charge-carrier trapping centers, suppressing the recombination of photogenerated
electrons and holes and thereby enhancing the formation of reactive oxygen species such as hydroxyl
(*OH) and superoxide (+0,"-) radicals. Consequently, the improved optical characteristics of the Mn—Ni
and Mn-Cu co-doped ZnFe,0, nanoparticles are expected to significantly enhance their visible-light-
driven photocatalytic efficiency, making them promising candidates for wastewater treatment and
environmental remediation [28-29].

Table 1

Structural, Optical and Morphological Properties of ZnFe,0, and Mn—Ni, Mn—Cu co-doped ZnFe,0,
nanocomposites

Sample Crystal Crystallite Size Particle Size Band Gap
Structure (nm) (nm) (eV)

ZnFe,0, Cubic spinel 20-28 20-35 1.90

Mn-Ni@ZnFe,O,  Cubic spinel 20-28 20-35 1.50

Mn- Cubic spinel 20-28 20-35 1.60

Cu@ZnFe,0,

3.4 Transmission Electron Microscopy (TEM) Analysis

Transmission electron microscopy (TEM), selected area electron diffraction (SAED), and high-resolution
transmission electron microscopy (HRTEM) were employed to investigate the morphology, crystallinity,
and microstructural characteristics of the synthesized pristine ZnFe,0,, Mn—Ni co-doped ZnFe,0,, and
Mn-Cu co-doped ZnFe,0, nanoparticles. The corresponding TEM, SAED, and HRTEM images are shown
in Figs. (5-7)

The TEM micrographs of the Mn—Ni co-doped ZnFe,0, nanoparticles (Fig. 5a—c) reveal predominantly
quasi-spherical particles with slight agglomeration arising from magnetic interactions and high surface
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energy. The particles are uniformly distributed with an average particle size of approximately 20—-35 nm,
which agrees well with the crystallite size estimated from XRD analysis. The incorporation of Mn?* and
Ni2+ ions does not significantly alter the particle morphology but results in a homogeneous
nanostructure with improved crystallinity.

Similarly, the Mn-Cu co-doped ZnFe,0, nanoparticles (Fig. 6a—c) exhibit quasi-spherical morphology
with a narrow particle size distribution and slight agglomeration. The average particle size remains
within the range of 20—35 nm. Compared with the Mn—Ni co-doped sample, a slight variation in particle
morphology is observed, which may be attributed to lattice distortion induced by the substitution of Cu?*
ions into the ZnFe,0, lattice during microwave-assisted synthesis [30—32].

The TEM images of the pristine ZnFe,0, nanoparticles (Fig. 7a—c) also demonstrate uniformly
distributed quasi-spherical nanoparticles with an average particle size of 20—35 nm. The microwave-
assisted green synthesis using Azadirachta indica (neem) leaf extract effectively controlled particle
nucleation and growth, resulting in nanosized particles with relatively uniform morphology and limited
agglomeration.

The SAED patterns of the Mn—Ni co-doped (Fig. 5d), Mn—Cu co-doped (Fig. 6d), and pristine ZnFe,0,
(Fig. 7d) nanoparticles display distinct concentric diffraction rings that can be indexed to the (220),
(311), (400), (422), (511), and (440) crystallographic planes of the cubic spinel ZnFe,0, structure. The
absence of additional diffraction rings or spots confirms the formation of phase-pure spinel ferrite
nanoparticles without detectable impurity phases. The well-defined diffraction rings further indicate the
polycrystalline nature and high crystallinity of all synthesized samples, in good agreement with the XRD
results.

The HRTEM images of the Mn—Ni co-doped ZnFe,0, (Fig. 5e,f), Mn—Cu co-doped ZnFe,0, (Fig. 6e,f), and
pristine ZnFe,0, (Fig. 7e,f) nanoparticles exhibit clear and well-resolved lattice fringes, confirming their
excellent crystallinity. The measured interplanar lattice spacing (d-spacing) is approximately 0.25 nm,
corresponding to the (311) crystallographic plane of the cubic spinel ZnFe,0, structure. The
incorporation of Mn2+, Ni?*, and Cu?* ions into the ZnFe,0, lattice does not alter the fundamental spinel
crystal structure but induces slight lattice distortion, which is consistent with the peak shifts observed in
the XRD analysis.

The uniform nanoscale morphology and well-resolved lattice fringes indicate excellent crystallinity and
short diffusion pathways for photogenerated charge carriers. The reduced particle size increases the
available active surface area, facilitating efficient interfacial charge transfer and providing more active
sites for photocatalytic reactions. These structural characteristics contribute to enhanced visible-light
photocatalytic performance compared with pristine ZnFe,0,

3.5 Vibrating Sample Magnetometer (VSM) Analysis
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Figure 8 presents the room-temperature magnetic hysteresis (M—H) curves of pristine ZnFe,0,, Mn—Ni
co-doped ZnFe,0,, and Mn—-Cu co-doped ZnFe,0, nanoparticles measured using a vibrating sample
magnetometer (VSM). All the samples exhibit narrow hysteresis loops with low coercivity (Hc) and
remanent magnetization (Mr), confirming their soft ferrimagnetic nature. Such soft magnetic behavior is
advantageous for photocatalytic applications because it enables rapid magnetic separation and efficient
recovery of the photocatalyst from wastewater using an external magnetic field.

The magnetic parameters, including saturation magnetization (Ms), remanent magnetization (Mr),
coercivity (Hc), and the squareness ratio (Mr/Ms), were extracted from the hysteresis loops and are
summarized in Table 2. The pristine ZnFe,0, nanoparticles exhibited a saturation magnetization of 17.5
+ 0.5 emu g7, which increased remarkably to 72 + 2 emu g~' for Mn—Ni co-doped ZnFe,0, and 76 + 2
emu g~' for Mn—Cu co-doped ZnFe,0,. This enhancement in saturation magnetization is attributed to the
redistribution of cations between the tetrahedral (A) and octahedral (B) sites of the spinel lattice, which
strengthens the Fe3+-02--M?2* (M = Mn, Ni, Cu) superexchange interactions. Furthermore, the
substitution of magnetic transition-metal ions modifies the cation distribution and increases the net
magnetic moment of the spinel ferrite structure, thereby improving the overall magnetic response [33-
371.

The coercivity increased from 18 + 2 Oe for pristine ZnFe,0, to 35+ 3 Oe and 42 + 3 Oe for the Mn—Ni
and Mn-Cu co-doped samples, respectively, while retaining their soft magnetic characteristics. The
increase in coercivity is associated with enhanced magnetocrystalline anisotropy, lattice distortion
caused by co-doping, and the nanoscale crystallite size of the ferrite nanoparticles. Likewise, the
remanent magnetization increased from 1.8 + 0.2 emu g~ for pristine ZnFe,0, t0 8.0 £ 0.4 emu g~" for
Mn-Ni co-doped ZnFe,0, and 9.0 £ 0.5 emu g-' for Mn—-Cu co-doped ZnFe,0,, indicating stronger
magnetic ordering and enhanced exchange interactions within the spinel lattice.

The enhanced magnetic response originates from the combined effects of transition-metal substitution,
improved crystallinity, and reduced surface spin disorder. Redistribution of magnetic cations between
the tetrahedral and octahedral sites strengthens the superexchange interactions, leading to increased
saturation magnetization while preserving the soft ferrimagnetic behavior. These magnetic
characteristics facilitate rapid magnetic separation and efficient recovery of the photocatalyst after
wastewater treatment.

Table 2

Magnetic parameters of pristine ZnFe,0,, Mn—Ni co-doped ZnFe,0,, and
Mn-Cu co-doped ZnFe,0, nanoparticles.

Sample Ms (emug’) Mr(emug') Hc(Oe) Mr/Ms
ZnFe,0, 17.5+0.5 1.8+0.2 1812 0.103
Mn-Ni@ZnFe, 0, 72%t2 8.0+04 353 0.111
Mn-Cu@ZnFe,O, 76t2 9.0+0.5 42 +3 0.118
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3.6 Visible-Light Photocatalytic Activity

The visible-light photocatalytic performance of the synthesized Mn—Ni and Mn—Cu co-doped ZnFe,0,
nanoparticles was evaluated by monitoring the degradation of methyl orange (MO) dye under visible-light
irradiation. The photocatalytic behavior was systematically investigated through degradation efficiency,
pseudo-first-order kinetic analysis, normalized concentration (C/C,) profiles, radical scavenger
experiments, and catalyst reusability, as illustrated in Fig. 9(a—f).

1. Degradation Efficiency as a Function of Irradiation Time

Figure 9(a,b) shows the variation of photocatalytic degradation efficiency with irradiation time. For both
photocatalysts, the degradation efficiency increases steadily with prolonged visible-light exposure,
indicating continuous generation of reactive species during the photocatalytic process. The degradation
proceeds rapidly during the initial stage because of the high concentration of methyl orange molecules
and the abundance of active catalytic sites, followed by a gradual increase until equilibrium is
approached.

Among the synthesized samples, Mn—Ni co-doped ZnFe,0, achieved the highest degradation efficiency
of approximately 98.2% within 90 min, whereas Mn—Cu co-doped ZnFe,0, exhibited 96.0% degradation
under identical experimental conditions. The superior photocatalytic activity of the Mn—Ni co-doped
ZnFe,0, is mainly attributed to its lower optical band-gap energy (1.50 eV), enhanced visible-light
absorption, efficient charge separation, and suppressed electron—hole recombination. These results
demonstrate that transition-metal co-doping significantly improves the visible-light photocatalytic
performance of ZnFe,0, nanoparticles [38—40].

1. Pseudo-First-Order Kinetic Analysis

As shown in Fig. 9(c) the linear relationship between In(Cy/C})and irradiation time indicates that the
degradation process follows pseudo-first-order kinetics. The linear fitting exhibits excellent correlation
coefficients (R? = 0.98-0.99), confirming the applicability of the Langmuir—Hinshelwood model. The
Mn-Ni co-doped ZnFe,0, photocatalyst exhibits a higher apparent rate constant than the Mn-Cu co-
doped sample, demonstrating faster degradation kinetics. The improved reaction rate originates from
enhanced visible-light absorption, efficient charge transfer, and prolonged lifetime of photogenerated
charge carriers induced by Mn—Ni co-doping.

(c) Variation of C/C, with Irradiation Time

Figure 9(d) illustrates the variation of the normalized dye concentration (C/C,) as a function of irradiation
time. Before light irradiation, the photocatalyst suspension was stirred in the dark to establish
adsorption—desorption equilibrium. During this period, only a slight decrease in C/C, was observed,
indicating that adsorption contributes minimally to dye removal.
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After visible-light illumination, the C/C, value decreased continuously with increasing irradiation time for
both photocatalysts, confirming efficient photocatalytic degradation. The Mn—Ni co-doped ZnFe,0,
exhibited a more rapid decrease in C/C, than the Mn—Cu co-doped ZnFe,0,, consistent with its higher
degradation efficiency. The faster decline in C/C, reflects more efficient photogenerated charge
separation, accelerated formation of reactive oxygen species, and enhanced oxidation of methyl orange
molecules.

(d) Radical Scavenger Experiments

To identify the active species responsible for photocatalytic degradation, scavenger experiments were
performed using tert-butanol (t-BuOH), p-benzoquinone (p-BQ), and potassium iodide (KI) as scavengers
for hydroxyl radicals (+OH), superoxide radicals (0,"), and photogenerated holes (h*), respectively.

As presented in Fig. 9(e) the degradation efficiency decreased only slightly in the presence of t-BuOH,
indicating that hydroxyl radicals play a relatively minor role in the degradation process. However, the
addition of p-BQ and Kl resulted in a significant decrease in photocatalytic activity, confirming that
superoxide radicals (*0,") and photogenerated holes (h*) are the dominant reactive species responsible
for methyl orange degradation. The enhanced generation of these reactive species results from efficient
charge separation induced by transition-metal co-doping, thereby promoting rapid oxidation and
mineralization of dye molecules.

(e) Photocatalyst Reusability

The long-term stability and practical applicability of the synthesized photocatalysts were evaluated
through four successive photocatalytic degradation cycles, as shown in Fig. 9(f) After each cycle, the
photocatalysts were magnetically separated, washed, dried, and reused under identical experimental
conditions.

Both Mn—Ni and Mn—-Cu co-doped ZnFe,0, nanoparticles retained excellent photocatalytic performance
after repeated use, exhibiting only a slight reduction in degradation efficiency after four cycles. The
negligible loss in activity demonstrates the outstanding structural stability, chemical durability, and
resistance to photocorrosion of the synthesized ferrite nanoparticles. Furthermore, their enhanced
magnetic properties enable rapid magnetic recovery with minimal catalyst loss, highlighting their
excellent recyclability and suitability for practical wastewater treatment applications .

Overall, the photocatalytic results clearly demonstrate that Mn—Ni and Mn—Cu co-doped ZnFe,0,
nanoparticles exhibit outstanding visible-light-driven photocatalytic performance, excellent kinetic
behavior, efficient charge separation, high stability, and superior magnetic recoverability. Among the
synthesized samples, Mn—Ni co-doped ZnFe,0, exhibited the best overall photocatalytic performance,
achieving 98.2% degradation of methyl orange within 90 min, confirming its potential as an efficient,
reusable, and environmentally sustainable photocatalyst for wastewater purification.
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Table 3
Comparison of ZnFe,0,-Based Photocatalysts

Photocatalyst Synthesis Pollutant Light Degradation  Time Reference
Method Source (%) (min)

ZnFe,0, Sol—-gel Methyl Visible 82 120 [41]

orange light

Mn-doped Hydrothermal Methyl Visible 90 120 [42]

ZnFe,0, orange light

Dy-doped Sol-gel Methylene  Visible 94 120 [43]

ZnFe,0, blue light

Sm-doped Hydrothermal Organic Visible 95 120 [44]

ZnFe,0, dye light

La3*-substituted Co- Organic Visible 95 120 [45]

ZnFe,0, precipitation dye light

Cu-doped Sol—-gel Organic Visible 96 100 [46]

ZnFe,0, dye light

Ni/Mn co-doped  Hydrothermal Organic Visible 98 120 [47]

ZnFe,0,/rGO dye light

Mn-Cu co- Green Methyl Visible 96.0 90 Present

doped ZnFe,0, microwave- orange light work
assisted

Mn-Ni co- Green Methyl Visible 98.2 90 Present

doped ZnFe,0, microwave- orange light work
assisted

3.7 Photocatalytic Mechanism

The enhanced visible-light photocatalytic activity of Mn—Ni and Mn—Cu co-doped ZnFe,0, nanoparticles
can be explained by the synergistic effects of transition-metal co-doping, which modifies the electronic
band structure and promotes efficient charge separation. Under visible-light irradiation (A = 463 nm),
photons with energy greater than or equal to the optical band-gap energy excite electrons (e-) from the
valence band (VB) to the conduction band (CB), leaving positively charged holes (h*) in the valence band
[48-51].

ZnFe,0, + hv — e~(CB) + h*(VB) (4)

The incorporation of Mn2+ together with Ni2* or Cu?* introduces localized defect states and intermediate
energy levels within the ZnFe,0, band structure. These defect states serve as charge-trapping centers
that effectively suppress the rapid recombination of photogenerated electron—hole pairs and prolong the
lifetime of charge carriers. Consequently, more electrons and holes participate in surface redox
reactions.
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The photogenerated electrons react with dissolved oxygen molecules adsorbed on the catalyst surface
to generate superoxide radicals:

e +0,- 0,7 (5)

The photogenerated holes oxidize water molecules or surface hydroxyl ions to produce hydroxyl radicals:
h* + H,0 — *OH + H* (6)

or

h* + OH- - *OH (7)

The generated reactive oxygen species, particularly superoxide (0,-) and hydroxyl (-OH) radicals,
possess strong oxidative ability and attack methyl orange molecules, breaking the azo bonds and
aromatic rings into intermediate products, which are finally mineralized into harmless products such as
carbon dioxide and water.

*0," / *OH + Methyl Orange — Intermediates — CO, + H,0 (8)

Among the synthesized photocatalysts, Mn—Ni co-doped ZnFe,0, exhibited the highest photocatalytic
degradation efficiency (98.2%), indicating that Mn—Ni co-doping provides more efficient charge
separation and slower electron—hole recombination than Mn—Cu co-doping under the present
experimental conditions. The improved crystallinity, nanoscale particle size, increased surface-active
sites, and enhanced visible-light absorption further contribute to the superior photocatalytic
performance. In addition, the soft magnetic nature of the co-doped ZnFe,0, nanoparticles enables rapid
magnetic separation and catalyst recovery after photocatalytic treatment, making them promising
recyclable photocatalysts for wastewater purification.

4. Conclusion

In this work, Mn—Ni and Mn-Cu co-doped ZnFe,0, nanoparticles were successfully synthesized through
a rapid, eco-friendly microwave-assisted green synthesis using Azadirachta indica (neem) leaf extract as
a natural reducing, stabilizing, and capping agent. This sustainable synthesis approach provides an
efficient alternative to conventional chemical methods for the preparation of highly crystalline spinel
ferrite photocatalysts with minimal environmental impact. Structural characterization by XRD confirmed
the formation of single-phase cubic spinel ZnFe,0, without detectable impurity phases, while FTIR
analysis verified the characteristic metal-oxygen vibrations corresponding to the tetrahedral and
octahedral sites of the spinel lattice. TEM and HRTEM observations revealed uniformly distributed quasi-
spherical nanoparticles with particle sizes in the range of 20—35 nm and well-resolved lattice fringes,
confirming the excellent crystallinity of the synthesized materials. UV-Vis diffuse reflectance
spectroscopy demonstrated that transition-metal co-doping effectively narrowed the optical band gap
from approximately 1.90 eV for pristine ZnFe,0, to 1.60 eV for Mn—Cu co-doped ZnFe,0, and 1.50 eV for
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Mn-Ni co-doped ZnFe,0,, thereby enhancing visible-light absorption. Magnetic measurements revealed
typical soft ferrimagnetic behavior with significantly enhanced saturation magnetization after co-doping,
enabling rapid magnetic separation and efficient recovery of the photocatalyst following photocatalytic
treatment. The superior magnetic response, combined with high crystallinity and nanoscale morphology,
makes these materials suitable for repeated practical applications. Photocatalytic experiments under
visible-light irradiation demonstrated outstanding degradation efficiencies toward methyl orange,
achieving 98.2% degradation within 90 min for Mn—Ni co-doped ZnFe,0, and 96.0% for Mn—Cu co-doped
ZnFe,0,, both markedly higher than pristine ZnFe,O,. The enhanced photocatalytic activity is attributed
to the synergistic effects of transition-metal co-doping, including band-gap narrowing, defect-state
formation, improved visible-light harvesting, efficient charge-carrier separation, suppressed electron-—
hole recombination, and enhanced generation of reactive oxygen species (*OH and +0,"), which
accelerate dye mineralization. Overall, this study demonstrates that green microwave-assisted Mn—Ni
and Mn—Cu co-doping is an effective strategy for tailoring the structural, optical, magnetic, and
photocatalytic properties of ZnFe,0, nanoparticles. Among the synthesized photocatalysts, Mn—Ni co-
doped ZnFe,0, exhibited the best overall photocatalytic performance owing to its lower band-gap energy
(1.50 eV) and higher methyl orange degradation efficiency, whereas Mn-Cu co-doped ZnFe,0, showed
superior magnetic properties, facilitating easier catalyst recovery. These findings provide valuable
insights into the rational design of sustainable, visible-light-active, and magnetically recoverable spinel
ferrite photocatalysts with significant potential for wastewater purification and other environmental
remediation applications.
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Figure 2

X-ray diffraction (XRD) patterns of pristine ZnFe,0,, Mn—Ni co-doped ZnFe,0,, and Mn—Cu co-doped
ZnFe,0, nanoparticles, confirming the formation of single-phase cubic spinel ferrite structures.
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Figure 3

(a) FTIR spectra of pristine ZnFe,0,, Mn—Ni co-doped ZnFe,0,, and Mn-Cu co-doped ZnFe,0,
nanoparticles synthesized via the green microwave-assisted method; (b) enlarged view of the
characteristic metal-oxygen vibration region (400—-1000 cm-") for pristine ZnFe,0,, Mn—Ni co-doped
ZnFe,0,, and Mn—Cu co-doped ZnFe,0, nanoparticles.
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Figure 4

UV-Vis diffuse reflectance spectra (DRS) and corresponding Tauc plots of (a,b) Mn—Ni co-doped
ZnFe,0, and (c,d) Mn—-Cu co-doped ZnFe,0, nanoparticles.
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Figure 5

TEM, HRTEM, and SAED images of (a—f) Mn—Ni co-doped ZnFe,0,.
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Figure 6

TEM, HRTEM, and SAED images of (a—f) Mn—Cu co-doped ZnFe,0,.
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Figure 7

TEM, HRTEM, and SAED images of (a—f) ZnFe,0,.
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Figure 8

Magnetic hysteresis (M—H) curves of (a,b) pristine ZnFe,0,, (c,d) Mn—Cu co-doped ZnFe,0,, and (&)
Mn-Ni co-doped ZnFe,0, nanoparticles
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Figure 9

(a, b) UV-Vis absorption spectra of MO degradation using Mn—Cu and Mn—Ni co-doped ZnFe,0,
nanocomposites, respectively; (c) degradation efficiency; (d) pseudo-first-order kinetic plots; (e) C/C,
versus irradiation time; and (f) recyclability of the photocatalysts over four successive cycles.
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Proposed photocatalytic mechanism of Mn—Ni/Mn-Cu co-doped ZnFe,0, under visible-light irradiation.
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