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Abstract

Mixed metal oxide nanoparticles have gained significant attention due to their enhanced physicochemical
properties compared to single metal oxides. In the present study, Co-Ni-Zn and Ni-Fe mixed metal oxide
nanoparticles were successfully synthesized using a green synthesis approach with grape leaf powder as a
natural reducing and stabilizing agent, followed by calcination at 500°C to achieve crystalline oxide
formation. The structural properties of the synthesized materials were systematically investigated using X-ray
diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR). XRD analysis confirmed the formation
of nanocrystalline phases with crystallite sizes in the range of 50—70 nm. The Co-Ni-Zn system exhibited three
distinct phases corresponding to CosO4, NiO, and ZnO, while the Ni-Fe system showed the formation of NiO
and Fe:0s phases with possible NiFe:O; spinel formation. FTIR spectra revealed characteristic metal-oxygen
(M=-0) stretching vibrations confirming the establishment of stable oxide lattices in both samples. The Ni-Fe
sample exhibited additional M—O bands at 668 cm™, indicating spinel ferrite formation, along with fewer
organic residues compared to the Co-Ni-Zn sample, suggesting better thermal decomposition and higher
purity. The presence of phytochemical-related C—O stretching vibrations confirmed that grape leaf powder
components act as effective capping agents, preventing nanoparticle agglomeration. The combined results
demonstrate the successful synthesis of nanostructured mixed metal oxide systems with good crystallinity and
stable surface chemistry using an environmentally benign approach.

Keywords: Green synthesis; Grape leaf powder,; Co-Ni-Zn mixed oxide,; Ni-Fe mixed oxide; X-ray diffraction;
FTIR spectroscopy; Nanocrystalline oxides.

1. Introduction

Mixed metal oxide nanoparticles have attracted many
interests because of their better physicochemical

properties than single metal oxides. The
incorporation of more than one metal ion to the same
oxide lattice influences crystallinity, surface

chemistry, electronic configuration, and charge
distribution of these materials. Therefore, mixed
metal oxides exhibit improved catalytic activity,
magnetism, optics, and thermal stability. Mixed
metal oxides can be used in applications including
catalysis, sensors, environment protection, and
functional coatings. Metal oxide nanoparticles are
usually synthesized through the physical and
chemical methods that are toxic, energy-consuming,
and hazardous. Green synthesis using plant extracts
is environmentally friendly and economically
sustainable technique. Plant extracts contain
flavonoids, phenolics, terpenoids, alkaloids, etc. that

are natural reducing, stabilizing, and capping agents.
They help to reduce metal ions to nanoparticles and
avoid aggregation by capping nanoparticle surfaces.
Grape leaves represent an agricultural waste that
contains many biologically active substances such as
polyphenols, flavonoids, tannins, organic acids, and
sugars. Polyphenolic substances constitute the major
component that explains high antioxidant and
reducing abilities of grape leaves extract. The
previous studies prove that the grape leaves extract is
able to synthesize many metal nanoparticles such as
titanium dioxide, iron, silver, and mixed metal oxides
. Biogenic synthesis using plant extracts is considered
to be the best alternative to traditional chemical
synthesis of nanomaterials . The utilization of grape
leaf powder in nanoparticle synthesis is not only
environmentally responsible but also contributes to
valorization of agricultural waste, following the goals
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of sustainable development. Among all synthesis
techniques, solid-state calcination technique is
preferable since it is simple, cost-efficient, scalable,
and allows to control composition and crystallinity. It
involves a mixture of metal salts with plant powder
and subsequent heating when the organic matrix
decomposes and metal species transform into
crystalline oxides. The calcination temperature and
time have great impact on crystallinity, phase purity,
and particle size. The current work is devoted to the
green synthesis of Co-Ni-Zn and Ni-Fe mixed metal
oxide nanoparticles using grape leaf powder as a
natural reducing and stabilizing agent, followed by
calcination at 500°C. The obtained materials were
characterized with the help of X-ray diffraction
analysis (XRD) and Fourier transform infrared
spectroscopy (FTIR) in order to determine crystalline
phases, crystallite size, functional groups, and metal-
oxygen bonds. Structural properties of two mixed
oxide systems were compared to evaluate the effect
of metal composition on crystallization.
2. Materials And Methods

2.1.Materials
Analytical reagent (AR) grade metal salts were used
as received. Cobalt(Il) chloride hexahydrate
(CoCl2-6H20, 237.93 g/mol, Merck) was used as the
cobalt source. Nickel(Il) chloride hexahydrate
(NiClLz-6H20, 237.69 g/mol, Qualigens) was used as
the nickel source. Zinc sulfate heptahydrate
(ZnSO4-TH20, 287.55 g/mol, Merck) was used as the
zinc source. Iron(Ill) chloride hexahydrate
(FeCls-6H20, 270.30 g/mol, Merck) was used as the
iron source. Fresh grape leaves (Vitis vinifera) were
collected, washed with deionized water, dried at 60-
70°C for 24 hours, and grinded to a powder.
Deionized water was used throughout the whole
synthesis.

2.2.Preparation of Grape Leaf Powder
Fresh grape leaves were washed several times with
deionized water to remove dust and other impurities.
Then, they were dried in a hot air oven at 60-70°C for
24 hours till the constant weight was reached. The
dried leaves were grinded to a powder with the help
of mortar and pestle and stored in airtight containers
at room temperature for further use. Grape leaves are
known to be a good bio-template for nanoparticle

synthesis; the phytochemicals of grape leaves provide
reduction and stabilization of metal ions.

2.3.Green Synthesis of Co-Ni-Zn and Ni- Fe

Mixed Metal Oxide Nanoparticles

Co-Ni-Zn and Ni-Fe mixed metal oxide nanoparticles
were synthesized using grape leaf powder as a green
reducing and stabilizing agent, followed by
calcination. The synthesis was conducted according
to the fixed stoichiometric ratio of biomass to metal
precursor (0.01 mol metal precursor per 20 g grape

leaf powder).
2.3.1. Synthesis of Co-Ni-Zn Mixed Oxide
(Sample 1)

To obtain Co-Ni-Zn mixed oxide, 2.38 g of
CoCl2-6H-0 (0.01 mol), 2.38 g of NiCl.-6H20 (0.01
mol), and 2.87 g of ZnSO4-7H20 (0.01 mol) were
added to 20 g of powdered grape leaf. The mixture
was grinded for 20-30 minutes to ensure
homogeneity. The powder mixture was transferred to
porcelain crucible and dried in a hot air oven at 80°C
for 6-8 hours to remove moisture. Afterward, it was
calcined in a muffle furnace using the program
heating (ramp to 200°C at 5°C/min with 1-hour
holding, ramp to 500°C at 10°C/min with 3-hour
holding) in order to obtain crystalline metal oxide
nanoparticles. After the calcination process, the
furnace was cooled down naturally to room
temperature. The obtained calcined product was
grinded again to powder and kept in airtight glass
vials in a desiccator.
2.3.2. Synthesis
(Sample 4)
To obtain Ni-Fe mixed oxide, 2.38 g of NiCl.-6H-0
(0.01 mol) and 2.70 g of FeCls-6H20 (0.01 mol) were
added to 20 g of powdered grape leaf. The same
procedure as described above was repeated (grinding,
drying at 80°C for 6-8 hours, calcination at 500°C
with the same heating program, natural cooling, and
collecting).
2.4.Reaction
Mechanism
The formation of mixed metal oxide nanoparticles
occurs through biomass-assisted coordination and
thermal decomposition. Functional groups in the
grape leaf lignocellulosic matrix (hydroxyl, carboxyl,
phenolic groups) coordinate with metal ions, forming

of Ni-Fe Mixed Oxide

Pathways and Formation
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stabilized biomass-metal complexes. Calcination
leads to the decomposition of organic matrix and
transformation of coordinated metal species to metal
oxide phases.

For Co-Ni-Zn System:

CoCl2-6H20 — CoO + 2HCI + 5H20 (upon heating)
NiClz-6H20 — NiO + 2HCI + 6H20

ZnS04-7TH.0 — ZnO + SOz + 502 + TH20

Final: CoO + NiO + ZnO (or mixed oxide phases)
For Ni-Fe System:

NiClz-6H20 — NiO + 2HCI + 6H20

FeCls;-6H20 — Fe:0s + 6HCI + 3H20

Final: NiO + Fe2Os (or NiFe204 spinel)

During calcination, the intimate mixture of metal salt
precursors in the biomass matrix leads to the
formation of closely coupled oxide phases.

2.5.Characterization Techniques

2.5.1. X-ray Diffraction (XRD)
X-ray diffraction analysis was carried out to
determine the crystalline phases, phase purity, and
crystallite size of the synthesized nanoparticles. XRD
patterns were obtained on a powder X-ray
diffractometer using Cu Ka radiation (A = 1.5406 A),
operated at 40 kV and 40 mA. The scan range was 5-
90° (20) with the step size of 0.02° in the continuous
scanning mode. Phase identification was performed
by matching diffraction peaks with standard JCPDS
(Joint Committee on Powder Diffraction Standards)
cards. The average crystallite size was estimated by
the Debye-Scherrer equation:

D=KA/B cosb

where D is the crystallite size, K is the shape factor
(0.94 for spherical particles), A is the X-ray
wavelength (1.5406 A), B is the full width at half
maximum (FWHM) of the diffraction peak in

radians, and 0 is the Bragg angle.

2.5.1.  Fourier Transform Infrared

Spectroscopy (FTIR)

Fourier transform infrared spectroscopy was used to
identify functional groups, metal-oxygen bonds, and
organic residues in the synthesized nanoparticles.
FTIR spectra were recorded in the wavenumber range
of 400-4000 cm™ with the help of spectrometer
equipped with ATR (attenuated total reflectance)
accessory. The spectra were analyzed to detect
characteristic absorption bands of various functional
groups and metal-oxygen bonds.
3. Results And Discussion

3.1.XRD Analysis

3.1.1. Co-Ni-Zn Mixed Oxide (Sample 1)
The XRD pattern of Co-Ni-Zn mixed oxide
nanoparticles revealed diffraction peaks at 20 values
of 36.6°, 37.1°, 43.3°, 44.8°, 62.9°, and 75.3°. The
diffraction peak at 43.3° corresponds to NiO (JCPDS
Card No. 47-1049), which confirms the formation of
the nickel oxide phase. The diffraction peaks at 36.6°
and 44.8° correspond to CosO4 (JCPDS Card No. 42-
1467). Diffraction peaks at 37.1° and 44.8° may
indicate the formation of ZnO (JCPDS Card No. 36-
1451). Diffraction peaks at 62.9° and 75.3° confirm
the formation of NiO once again. The presence of
distinct diffraction peaks for CosO4, NiO, and ZnO
without any peak shift proves the formation of the
physical mixture of three distinct oxide phases in the
Co-Ni-Zn system. The diffraction peak broadening
indicates the nanocrystalline nature of the material.
According to the Debye-Scherrer equation, the
average crystallite size was calculated to be about 50-
60 nm.

"Commander Sample ID (Coupled TwoTheta/Theta)

...................................................................................

Figure 1 RD Spectra: Co-Ni-Zn Mixed Oxide
(Sample 1)
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3.1.2. Ni-Fe Mixed Oxide (Sample 4)

The XRD pattern of Ni-Fe mixed oxide nanoparticles
showed diffraction peaks at 26 values of 31.2°, 35.6°,
37.1°,43.3°, 53.7°, 57.3°, and 62.9°. The diffraction
peak at 37.1° with high intensity (~1241 counts)
corresponds to NiO (JCPDS Card No. 47-1049),
which confirms the formation of the nickel oxide
phase. The diffraction peaks at 35.6° and 53.7°
correspond to Fe.Os; (JCPDS Card No. 39-1346),
which confirms the formation of the iron oxide phase.
The diffraction peaks at 31.2° and 57.3° indicate the
formation of NiFe204 spinel (JCPDS Card No. 10-
0325). The sharp and intensive diffraction peaks
indicate the higher crystallinity compared to Sample
1. The average crystallite size was estimated to be 60-
70 nm using the Debye-Scherrer equation. The higher
crystallinity in the Ni-Fe sample (sharper diffraction
peaks with higher intensity ~1241 counts) indicates
better crystal growth and phase purity.

samples exhibited nanocrystalline nature with
crystallite sizes in the range of 50-70 nm; it confirms
successful synthesis using grape leaf powder as a
stabilizing agent.As shown in Table 1 Comparative
XRD Analysis of Co-Ni-Zn and Ni-Fe Mixed Oxides

Table 1 Comparative XRD Analysis of Co-Ni-Zn
and Ni-Fe Mixed Oxides

c Sample ID (Coupled TwoTheta/Theta)

nts

Cout

IEREERERERRANY

M WL
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2Theta (Coupled TwoThela/Theta) WL=1.54060

Figure 2 XRD Spectra: Ni-Fe Mixed Oxide
(Sample 4)

3.1.3. Comparative XRD Analysis
Comparative XRD analysis showed distinct
difference between two mixed oxide systems. The
Co-Ni-Zn system revealed three distinct phases
(Co0304 + NiO + ZnO) without any peak shift, which
proves the formation of physical mixture. In turn, the
Ni-Fe system showed the possible formation of
NiFe:04 spinel together with the formation of NiO
and Fe:0s phases. The higher crystallinity observed
in Ni-Fe sample indicates better crystal growth, while
the Co-Ni-Zn sample showed smaller crystallite size
(50-60 nm) compared to Ni-Fe (60-70 nm). Both

Co-Ni-Zn Ni-Fe Mixed
Parameter Mixed Oxide .
Oxide (S4)
Sy
Phases Co0304 + NiO + )
identified Zn0 NiO + Fe0s
Major peak o o
(20) 43.3 37.1
Crystallite |5 60 1m ~60-70 nm
size
Spinel . .
. Possible Yes (NiFe20.4)
formation
Crystallinity Moderate Higher
Peak' Moderate Moderate
broadening

3.2.FTIR Analysis

3.2.1. Co-Ni-Zn Mixed Oxide (Sample 1)
The FTIR spectrum of Co-Ni-Zn mixed oxide
nanoparticles  showed  several characteristic
absorption bands. In the high wavenumber region, a
weak and broad absorption band at 3418 cm™ was
attributed to O-H stretching vibrations of the surface
hydroxyl groups related to the adsorbed water. The
absorption band at 1630 cm™ was attributed to C=0
stretching or H-O-H bending vibrations and proved
the presence of carbonyl groups and adsorbed water.
The absorption band at 1385 cm™ corresponded to C-
H bending or carbonate vibrations and indicated the
presence of residual organics from the grape leaf
powder. In the low wavenumber region, strong
absorption bands at 1045 cm™! were attributed to C-O
stretching vibrations of phytochemicals from grape
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leaf powder, which proved their role as capping
agents. The most significant features were the
absorption bands at 547 cm™ and 469 cm™', which
correspond to metal-oxygen (M-O) stretching
vibrations. The absorption band at 547 cm™ may be
attributed to Co-O, Ni-O, and Zn-O stretching
vibrations, while the absorption band at 469 cm ™ may
be attributed to similar M-O bonds. The presence of
the characteristic bands proves the successful
synthesis of Co-Ni-Zn mixed metal oxide
nanoparticles. Figure 3 FTIR Spectra: Co-Ni-Zn
Mixed Oxide (Sample 1).

(Sample 4).
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Figure 3 FTIR Spectra: Co-Ni-Zn Mixed Oxide
(Sample 1)

3.2.2. Ni-Fe Mixed Oxide (Sample 4)
The FTIR spectrum of Ni-Fe mixed oxide
nanoparticles revealed similar characteristic bands
with some distinctions. The O-H stretching vibration
was observed at 3394 cm™', shifted in comparison to
the Co-Ni-Zn sample. The C=0O/H-O-H bending
vibration was observed at 1630 cm!, and C-O
stretching vibrations were observed at 1045 cm™.
The M-O stretching vibrations were clearly observed
at 668 cm!, 547 cm!, and 469 cm! and
corresponded to Ni-O and Fe-O bonds. The presence
of the additional absorption band at 668 cm™ is
especially important, because it indicates the
presence of Fe-O bonds, which relate to the NiFe20Oa
spinel phase. It is notable that the Ni-Fe sample
showed absence of C-H stretching and C-H bending
peaks, indicating fewer organic residues and better
thermal decomposition during calcination. As shown
in Figure 4 FTIR Spectra: Ni-Fe Mixed Oxide

Figure 4 FTIR Spectra: Ni-Fe Mixed Oxide
(Sample 4)

Table 2 Comparative FTIR Analysis of Co-Ni-Zn
and Ni-Fe Mixed Oxides
Wavenumbe | Functional | Co-Ni-
r (cm™) Group Zn (S1)
O-H
stretching
(water)
C=0/H-
O-H
bending
C-H
bending /
carbonate
C-O
stretching
(phytochem
icals)
M-O
stretching
(Fe-0)
M-O
stretching
M-O
stretching

Ni-Fe
(54)

3394-3418 Present | Present

1630 Present | Present

1385 Present | Absent

1045 Present | Present

668 Absent | Present

547 Present | Present

469 Present | Present

3.2.3. Comparative FTIR Analysis
The comparative FTIR analysis revealed some
differences between the two samples. Both samples
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revealed characteristic M-O stretching vibrations,
which confirmed the successful formation of metal
oxides. The additional M-O band at 668 cm™ in the
Ni-Fe sample confirmed the formation of Fe-O bonds
in ferrite spinel structure. It correlates with the XRD
results and proves the possible formation of NiFe20a
spinel. The Ni-Fe sample showed fewer organic
residues (absence of 1385 cm™ bands), indicating
better thermal decomposition and higher purity. The
Co-Ni-Zn sample contained more organic residues,
which probably relates to the presence of multiple
metal species, which influenced the decomposition of
biomass components. The presence of C-O stretching
vibrations at 1045 cm™ in both samples indicates that
phytochemicals from grape leaf powder are effective
capping agents, which avoid nanoparticle
aggregation. The presence of the surface hydroxyl
groups (O-H at 3394-3418 cm™) in both samples
increases surface reactivity and can be useful for
catalytic and photocatalytic applications.

4. Discussion

The comprehensive structural characterization
confirms the successful synthesis of Co-Ni-Zn and
Ni-Fe mixed metal oxide nanoparticles using grape
leaf powder as a green reducing and stabilizing agent.
The combination of XRD and FTIR analyses
provides additional information about the material
properties and proves the reliability of the green
synthesis technique. X-ray diffraction analysis
proved the crystalline nature of both synthesized
materials with the presence of diffraction peaks
corresponding to the oxide phases. Absence of any
impurity peaks indicates high phase purity and proves
effective transformation of precursor salts into oxide
lattices during calcination. The crystallite sizes
estimated with the help of the diffraction peak
broadening fell in the nanometer range (50-70 nm),
which confirms the nanocrystalline domain
formation. The variation in crystallite sizes in case of
Co-Ni-Zn (50—60 nm) and Ni-Fe (60—70 nm) may be
attributed to different ionic radii and coordination
preferences of metal ions. Further, the structural
information provided by XRD results indicates some
important differences in the two systems under study.
In the Co-Ni-Zn system, three different phases are
identified without any peak shift, thus proving a

physical mixture and absence of any solid solution
formation. This means that the metal oxides Co03Oa,
NiO, and ZnO do not inter-diffuse in such conditions.
On the other hand, Ni-Fe system indicates the
formation of spinel NiFe:O4, which means that Fe**
ions get incorporated into the NiO structure. The
formation of spinel is due to the similarity in ionic
radii and coordination preferences of Ni** and Fe**
ions. Further, the FTIR spectroscopic data clearly
indicates the formation of oxides as indicated by the
presence of metal-oxygen vibration bands in the
lower wavenumber region. Bands found at 668, 547,
and 469 cm™ are due to vibrations of metal-oxygen
bonds. The presence of extra M-O vibrations at 668
cm' in case of Ni-Fe is particularly indicative of the
formation of NiFe.Oas spinel, as it corresponds to Fe-
O vibration frequencies. Further, the presence of C-O
vibration frequencies at 1045 cm™ in both the cases
proves that the phytochemicals from grape leaf
powder act as capping agents and prevent
nanoparticles from agglomeration. Further, it was
observed that Ni-Fe sample contained lesser organic
residue than the Co-Ni-Zn sample. This may be due
to different thermal stability of the metal salts used,
or due to the catalytic effect of iron species on
degradation of organic matter. Higher crystallinity of
Ni-Fe sample indicates that iron promotes crystal
growth, whereas the presence of multiple metal
species in the Co-Ni-Zn sample inhibits crystallite
growth, thereby giving rise to smaller particle size.
These observations show that the synthesized
nanoparticles have suitable structural features that
allow them for functional investigations. Their high
crystallinity and phase purity, combined with the
presence of phytochemical capping agents, indicate
the possibility of their use in catalysis, photocatalysis,
and antimicrobial activities. Further, the formation of
NiFe:0s4 spinel in case of Ni-Fe sample will impart
additional magnetic property, while the physical
mixture of CosOs, NiO, and ZnO in case of Co-Ni-Zn
system may provide a synergic effect for catalytic

applications.
Conclusion
In the current study, Co-Ni-Zn and Ni-Fe mixed
metal oxide nanoparticles were successfully

synthesized using grape leaf powder as a green
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reducing, stabilizing and capping agent using solid-
state calcination method at 500°C. The synthesized
materials were characterized using XRD and FTIR
spectroscopy to determine their structural features.
Successful Synthesis: Grape leaf powder served as
an excellent green reducing, stabilizing and capping
agent for synthesis of both Co-Ni-Zn and Ni-Fe
mixed metal oxide nanoparticles. Presence of
phytochemicals (flavonoids, phenolics, terpenoids)
in grape leaf powder facilitated the reduction of metal
ions and prevention of nanoparticle agglomeration.
XRD Confirmation:XRD patterns confirmed the
formation of nanocrystalline phases in both systems:
Co-Ni-Zn: C0304 + NiO + ZnO (physical mixture of
three phases)

Ni-Fe: NiO + Fe:0s; (possible NiFe2Os spinel
formation)

Crystallite Size: The crystallite sizes varied between
50 and 70 nm, thus proving their nanocrystalline
nature. The Co-Ni-Zn system had smaller crystallite
size (50-60 nm), while the Ni-Fe system had larger
crystallite size (60—70 nm).

FTIR Confirmation: FTIR spectra
characteristic M—O stretching vibrations:
Co-Ni-Zn: 547, 469 cm™

Ni-Fe: 668, 547, 469 cm™!

NiFe:0s Spinel:The Ni-Fe sample showed an
additional M—O band at 668 cm™, characteristic of
Fe—O stretching vibrations in spinel ferrite structures,
confirming NiFe2Oa spinel formation.

Comparative Assessment:The Ni-Fe sample
showed better purity with fewer organic residues
(absence of 1385 cm™ peaks), indicating more
effective thermal decomposition and higher phase
purity compared to Co-Ni-Zn.

Green Synthesis Advantage: Use of grape leaf
powder as the synthesis medium offers sustainable
and cost-effective way of synthesis of nanomaterials,
which i1s in line with the principles of green
chemistry.

Acknowledgements

The authors sincerely thank Sandip University,
Nashik, for providing research facilities and
laboratory infrastructure. The authors acknowledge
The New College, Kolhapur, for their support. The
authors are grateful to the central instrumentation

showed

facilities for XRD and FTIR analyses. Special thanks
to colleagues and technical staff for their assistance
during material synthesis and characterization. The
authors also thank their families for their constant
encouragement.
References
[1].Ramu, A.G., Kumari, M.L.A., Elshikh, M.S.,
Alkhamis, H.H., Alrefaei, A.F., & Choi, D.
(2021). A facile and green synthesis of
CuO/NiO nanoparticles and their removal
activity of toxic nitro compounds in aqueous
medium. Chemosphere, 271, 129475. doi:
10.1016/j.chemosphere.2020.129475
[2]. Abdesselam, D.A., Razika, A., Aida, Z.,
Dehbia, O., & Laid, M. (2021). Green
synthesis of Cu, Ni and CuNi alloy
nanoparticles using Rosmarinus officinalis
plant extract: Evaluation of electrocatalytic
activity of corresponding metallic oxides.
Surface Review and Letters, 28(4), 2150015.
doi: 10.1142/S0218625X21500153
[3].Prammitha, R., & Jeice, A.R. (2022).
Synthesis of Cd(OH):-CdO nanoparticles
using veldt grape leaf extract: Structural,
optical and photocatalytic studies. Research
Square. doi: 10.21203/rs.3.1rs-2332224/v1
[4].Rajaram, P., Samson, Y., & Jeice, A.R.
(2023).  Synthesis of  Cd(OH).-CdO
nanoparticles using veldt grape leaf extract:
Enhanced dye degradation and microbial
resistance. BioNanoScience, 13(3), 1289-
1307. doi: 10.1007/s12668-023-01158-2
[5].Abdulrazaq, H.A., & Alwared, A.L. (2023).
Bio-synthesis of TiO: using grape leaves
extract and its application for photocatalytic
degradation of ibuprofen from aqueous
solution. Environmental Technology, 45(13),
2493-2505.doi:
10.1080/09593330.2023.2176791
[6]. Synthesis and characterization of copper,
zinc, and nickel oxides-based nanocomposite
using Clitoria ternatea flower extract for
antioxidant studies and electrochemical
applications.  (2025).  ChemistrySelect,
10(45), e03871. doi: 10.1002/s1ct.202503871
[7].Masood, F., Hussain, S., Arif, M., et al.

OPENaACCESS IRJAEM

2701


about:blank

International Research Journal on Advanced Engineering
and Management
https://goldncloudpublications.com

e ISSN: 2584-2854
Volume: 04 Issue: 08
August 2026

Page No: 2695 - 2702

https://doi.org/10.47392/IRJAEM.2026.0384

(2025). Green synthesis of Mangifera Indica
mediated NiO and NiMn2Os4 nanomaterials
for  electrocatalytic =~ water  splitting.
International Journal of Environmental
Research, 19(6), 1. doi: 10.1007/s41742-025-
00902-8

[8].Banerjee, M., & Rajeswari, D. (2024). Green

synthesis and anti-biofilm effect on
Drosophila  melanogaster of selenium
nanoparticles from Vitis vinifera for

photocatalytic degradation and different
biological applications. Vietnam Journal of
Chemistry, *62%(1), 81-100. doi:
10.1002/vjch.202300376

[9].Kalia, S., Kumar, A., Munjal, N., & Prasad,

[10].

[11].

[12].

[13].

N. (2021). Synthesis of ferrites using various
parts of plants: A mini review. Journal of
Physics: Conference Series, 1913(3), 032003.
doi: 10.1088/1742-6596/1964/3/032003
Salih, S.J., & Wali, M. (2023). Review on
magnetic spinel ferrite (MFe20a4)
nanoparticles: From synthesis to application.
Heliyon, 9(6), el6601. doi:
10.1016/j.heliyon.2023.e16601

Matinise, N., & Hasanuzzaman, M. (2025).
Recent advances review in plant extracts-
driven green synthesis of binary-metal oxide
nanomaterials for sustainable
nanotechnology. Scientifica, 2025, 1-25. doi:
10.1155/5¢15/2888408

Taqvi, S.LH., Solangi, A.R., Buledi, J.A., et
al. (2022). Plant extract-based green
fabrication of nickel ferrite (NiFe204)
nanoparticles: An operative platform for non-

enzymatic determination of
pentachlorophenol. ~ Chemosphere, 294,
133760. doi:

10.1016/j.chemosphere.2022.133760
Parveen, S., Nguyen, H.H., Premkumar, T.,
Puschmann, H., & Govindarajan, S. (2020).
Nano spinel cobaltites and their catalytic and
electrochemical properties: Facile synthesis
of metal (Co, Ni, and Zn) and mixed metal
(Co—Ni and Co—Zn) complexes. New Journal
of Chemistry, 44, 12729-12740. doi:
10.1039/d0nj01016b

OPEN aAccsss IRJAEM

[14].

[15].

[16].

[17].

Durai, L., Gopalakrishnan, A., & Badhulika,
S. (2021). Highly stable NiCoZn ternary
mixed-metal-oxide nanorods as a low-cost,
non-noble electrocatalyst for methanol
electro-oxidation in alkaline medium. Journal
of Alloys and Compounds, 1010, 178232.
doi: 10.1021/acs.energyfuels.1c01506
Kuniyil, M., Khan, M., Adil, S.F., et al.
(2015). Ceria doped mixed metal oxide
nanoparticles as  oxidation  catalysts:
Synthesis and their characterization. Arabian
Journal of Chemistry, 11(4), 64-69. doi:
10.1016/j.arabjc.2015.05.008
Goral-Kowalczyk, M., et al. (2026). Biogenic
nickel ferrite nanoparticles synthesized from

agro-waste: Green synthesis,
physicochemical  characterization,  and
potential  for magnetic  hyperthermia
applications. Nanotechnology, Science and
Applications, 19, 628375. doi:
10.2147/NSA.S628375

Salman, W.K., & Jubier, N.J. (2025).

Structural and optical properties study of
cobalt oxide and copper oxide composite:
Energy band gap evaluation. Journal of
Physics: Conference Series, 2974(1), 012031.
doi: 10.1088/1742-6596/2974/1/012031

2702


about:blank

