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ARTICLE INFO ABSTRACT

Method name: The aim of this study is to synthesize and characterize ZnO and NiFe, O, nanoparticles via green
Green synthesis and Co-precipitation method route and co-precipitation of ZnO/NiFe,0,. X-ray diffraction (XRD) data show no extra diffrac-
tion peaks belonging to other phases except wurtzite. High resolution transmission electron mi-

I;?g;‘;\]r:j:e o croscopy (HRTEM) images showed that the average interplanar distance of wurtzite phase at 3,
Nanoco m;os;t es 5, and 7 % dopant concentration were about 0.28, 0.44 and 0.33 nm respectively. X-ray photo-
Green synthesis electron spectroscopy (XPS) results show difference in binding energies of the elements present
Co-precipitation in different concentration of the dopants. Electron Energy Loss Spectroscopy (EELS) spectra show
Sol-gel similarities in the shape of Zn, Fe and Ni from zero loss, low loss and core loss region with a little
EELS shift in energy. All the elements exhibit multiple oxidation state; +2 and +3 for Fe and +1 and +2
XPS and BET for Zn and Ni. Brunauer-Emmett-Teller (BET) plot shows that ZnO belongs to the type II isotherm

curve while NiFe,0, and 3, 5 and 7 % ZnO/NiFe,0, all belong to type IV isotherm curve indicat-
ing ZnO as macroporous while NiFe,0, and different dopant concentration of ZnO/NiFe,O, are
mesoporous. The study shows the complete synthesis of ternary ZnO/NiFe,0, nanocomposites
using green synthesis and sol-gel approach.

+ Green synthesis of ZnO and NiFe, 0, using leaf extract of Anacardium occidentale

+ Co-precipitation method at different concentration of ZnO and NiFe,O, for the synthesis of
ZnO/NiFe,0,.

» Nanocomposites was characterized using different analytical tools
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Name and reference of original method: NA

Resource availability: The study was carried out in the Centre for Genetic Engineering and Biotechnology Laboratory of Nanotechnology
Research Group, Africa Centre of Excellence for Mycotoxin and Food Safety, Federal University of Technology,
PMB 65, Bosso, Minna, Niger State, Nigeria. The reagents and chemicals used were purchased from commercial
suppliers such as Merck, Sigma-Aldrich. The instruments used were HRTEM, XRD, XPS, EELS and BET.

Background

Zinc oxide nanoparticles, an n-type semiconductor with a 3.3 eV band gap, have attracted a lot of attention because of its great
mechanical and thermal stability at ambient temperature, significant excitonic binding energy, oxidation and photonic resistance,
and non-toxicity [1,2]. Because of their distinctive properties, ZnO nanoparticles find wide-ranging applications in electronic devices,
astringents, laser technology, veterinary science, as well as in antigenic and antibacterial agents [3]. Zinc oxide (ZnO) nanoparticles
can be produced by many chemical techniques, including hydrothermal synthesis [4], precipitation [5], chemical vapor transport
[6], and sol-gel [7]. However, these conventional methods of synthesis have several drawbacks, such as energy and time-inefficient
and the use of harmful chemicals as capping and stabilizing agents that endanger the environment [7]. Thus, green synthesis of
nanoparticles which involves the use of biological materials such as plants, seaweeds, and microbes have better advantage than
the chemical method because of they are safer, non-toxic, cost-effective, environmentally friendly, and bio-compatible [8,9]. ZnO
nanoparticles are commonly employed as photocatalysts, yet their effectiveness is hindered by their wide band gap, which allows
only 4 % of the solar spectrum to be utilized. To optimize and enhance their solar spectrum usage, ZnO nanoparticles can be doped
with metals, non-metals, or metal oxides into a composites form. In this study, NiFe,O, was used as a potential metal oxide for doping
ZnO.

NiFe,O,4 nanoparticles is a spinel ferrites nanoparticle that has garnered considerable interest in the scientific community, partic-
ularly in nanoscience, owing to its unique magnetic properties and wide-ranging applications in photocatalysis, microwave devices,
magnetic nanocarriers for drug delivery and gas sensors [10]. These applications are attributed to their smaller average grain size,
high surface area, magnetic nature and crystallinity [11]. NiFe,O, nanoparticles exhibit soft magnetic characteristics and have been
proposed for scientific applications in stealth anti-radar devices. The material’s exceptional characteristics, including its high perme-
ability, significant magnetization, and absence of electromagnetic properties, make it very suitable for high frequency applications.
The magnetic characteristics of the material are contingent upon its particle size and shape [12]. The Jahn Teller ion, which is re-
sponsible for the electrical and magnetic characteristics of nickel ferrite, is another of its crucial features [13]. Due to its small size
NiFe, 0,4 nanoparticles has high surface-to-volume ratio, consequently increasing the surface area for interactions with other materials
to occur [10]. Tijani et al. [2] had earlier reported the adsorptive and photocatalytic performance of ZnO/NiFe,0,4 nanocomposites,
however the effect of mixing ratios of NiFe,04 nanoparticles on the crystal layers of ZnO nanoparticles and the physic-chemical
properties of the ZnO/NiFe, 0, nanocomposites especially using XPS and EELS were not explored.

Therefore, this study involves a two-step synthesis of ternary ZnO/NiFe,0,4 nanocomposite. Firstly, ZnO and NiFe,O, nanopar-
ticles were synthesized using leaf extract of Anacardium occidentale and secondly, synthesis of ZnO/NiFe,O, by sol-gel method. The
nanocomposite was further characterized using different analytical techniques.

Method details
Materials

Iron (III) chloride hexahydrate (>99.99 %), nickel (II) chloride hexahydrate (99.9 %), zinc acetate dihydrate (99.99 %), and
sodium hydroxide (>97.0 %) were all purchased from Sigma Aldrich and used as received.

Preparation and extraction of plant extract

Anacardium occidentale leaves were harvested, cleansed, and air-dried for 2 weeks at room temperature. The dried leaves were
pulverized into fine powder using a kitchen blender. Exactly 50 g of the powdered leaf sample was measured and extracted with
400 mL of double distilled water under reflux for 2 h at 40 °C. The extract filtered using Whatman No. 1 filter paper. The partially
dried extract was weighed into a sterile container and stored at 4 °C [14]. The green synthesis of ZnO and NiFe,O, nanoparticles
have been reported earlier by Tijani et al. [2].

Co-Precipitation synthesis of ZnO/NiFe,0,

ZnO/NiFe,0, nanocomposites was synthesized by co-precipitation method, following the protocol outlined by He et al. [15].
Exactly 1.0 g of FeCl;'6H,0 and 0.56 g of NiCl,'6H,0 were combined and dissolved in 40 mL of distilled water, resulting in a
brown-green solution. 3 % (w/v) of ZnO nanoparticles in double distilled water were ultrasonicated for 60 min. Afterwards, the two
solutions were combined, and the pH of the resulting solution was adjusted to 10 by gradually adding drops of a 2 M NaOH solution.
The solution was agitated for another 1 h before centrifuging at 3000 rpm for 30 min to collect the nanomaterials. The nanomaterial
was thoroughly washed with double distilled water and ethanol to eliminate any remaining contaminants, and then dried in the oven
overnight at 80 °C. The dried sample was calcined at 600 °C to obtain crystalline ZnO/NiFe, 0, nanoparticles. The above procedure
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Fig. 1. XRD pattern of magnetic ZnO/NiFe,0, nanocomposites.

was repeated for 2.5 g and 1.56 g of ZnO to obtain 5 and 7 % dopant concentration [15]. The percentage of the dopant in each case
was calculated using Eq. (1):

ZnO
__mEn0) 10 _ g o
m(ZnO/NiFe,0,) 1
Where m(NiFe,0,) is the mass of Nickel Ferrite added, m(ZnO) is the mass of ZnO nanoparticles.
The stoichiometric reaction between FeCl;, NiCl,, and NaOH to form nickel ferrite (NiFe,0,) is represented in Eq. 2 below:

2FeCl, + NiCl, + 8NaOH—NiFe,0, + 8NaCl + 4H,0 @)

Characterization

The crystal structure of the sample was determined using a Bruker 8-Advance X-ray diffractometer. X-ray photoelectron spec-
troscopy (XPS) (TFSK-250XI) was used to measure the XPS spectra of the samples. The morphology of the materials was analyzed
using Zeiss Auriga high resolution transmission electron microscopy combined with selected area electron diffraction (HRTEM-SAED).
Electron Energy-Loss Spectroscopy (EELS) FEI Titan80-300 was used to determine the chemical composition, energy loss and elec-
tronic structure of the nanoparticles.

Method validation
XRD analysis

The phase of the synthesized ZnO/NiFe, 0, nanocomposites was determined using XRD analysis and the result is presented in Fig. 1.
The nanocomposites at the different dopant concentrations shows a diffraction peaks at 26 values of 30.32°, 35.34°, 37.21°, 47.23°,
56.71°, 63.40°, and 67.51° with the following crystal plane (100), (220), (102), (311), (222), (110) and (103) which corresponds
to hexagonal wurtzite phase of ZnO. No extra diffraction peaks belonging to the other phases were observed suggesting that the
synthesized spinel phase of NiFe,0, is pure and the intensity of ZnO peaks gradually increases with increasing NiFe,O, content.
Moreover, the outcome also demonstrates the effective spreading of Fe,0,4 over the pores of ZnO without any alteration or damage
to the ZnO phase. The mean grain size of the ZnO/NiFe,0, nanocomposites synthesized with dopant concentrations of 3, 5, and
7 % were determined to be 21.39 nm, 28.03 nm, and 36.18 nm, respectively. The correlation between the quantity of NiFe,O,
nanoparticles and the enlargement of grain size is evident. In addition, it was noted that the strength of the most prominent peaks
with miller indices (100), (311), and (110) reduced, but the full width at half maximum (FWHM) increased as the number of NiFe204
nanoparticles increased from 3 to 7 %.

HRTEM-SAED analysis

Synthesis and characterization of ternary ZnO/NiFe,0, nanocomposites was carried out using leaf extract of A. occidentale. The
results of HRTEM and SAED micrographs of 3, 5 and 7 % ZnO/NiFe, 0, nanocomposites are presented in Fig. 2a—f. The nanostructures
exhibited a spherical morphology, with minimal clustering (Fig. 2a). However, as the concentration of the dopant increased to 5 and
7 %, there was a complete spherical shape formation which is an indication of complete formation of ZnO/NiFe,0, nanocomposites.
The shape formation is due to the overlap between NiFe,0, and ZnO along their direction of growth [16]. The arrangement of the
lattice fringes of about 0.37, 0.33 and 0.31 nm were obtained for 3, 5 and 7 % nanocomposites respectively which corresponds to
(311), (110), (101) crystal planes (Fig. 2b, d and f). This observation provides more evidence for the increasing alignment of the
nanocomposites in the ZnO wurtzite structure (Fig. 2b, d and f).
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Fig. 2. HRTEM and SAED micrograph of (a and b) 3 % (c and d) 5 % and (e and f) 7 % of ZnO/NiFe,0, nanocomposites respectively.

HRSEM analysis

Fig. 3a—c shows HRSEM micrographs of the ZnO/NiFe, 0,4 nanocomposites produced using different concentration of the dopant.
The micrograph indicates minimal morphological changes with increasing concentration of the dopant characterized by nano-scale
pores surrounded by dense agglomerated regions (Fig. 3a—c). Furthermore, there was a significant increase in particle sizes of the
nanocomposites from 24.91 nm at 3 % dopant concentration to 25.51 nm (5 % dopant) and 82.71 nm at 7 % dopant concentration
(Fig. 3d-f). The observed increase in particle size of ZnO/NiFe, 0, nanocomposites with increasing ZnO concentration (3 %: 24.91 nm,
5 %: 25.52 nm, and 7 %: 82.72 nm) can be attributed to the growth and agglomeration tendencies of ZnO nanoparticles. At lower
concentrations (3 % and 5 %), ZnO particles are more evenly distributed within the NiFe,0, matrix, minimizing growth due to spatial
restrictions. However, at higher ZnO concentration (7 %), the excess ZnO facilitates enhanced nucleation and coalescence of particles,
resulting in larger ZnO domains [17,18]. This increased particle size can also be influenced by reduced interfacial interactions between
ZnO and NiFe,0,, leading to weaker confinement effects as ZnO dominates the nanocomposite structure [19,20]. These chemical
interactions and aggregation effects highlight the concentration-dependent growth behavior of ZnO in the composite.

XPS analysis

X-ray Photoelectron Spectroscopy (XPS) is a powerful surface analysis technique that provides detailed information on the elemen-
tal composition, chemical state, and electronic structure of a material’s surface. The surface oxidation state of the elements present
in ZnO/NiFe,0, nanocomposites were examined using XPS analysis (Fig. 4a—c).The results show high resolution XPS spectra for Zn
(2p), Fe (2p), Ni (2p) in 3,5 and 7 % ZnO/NiFe, 0,4 The binding energies of Zn (2p), Fe (2p), Ni (2p), O (1s) and C (1s) components
of 3 % ZnO/NiFe,0, (Fig. 4a) were significantly higher than the binding energies of Zn (2p), Fe (2p), Ni (2p), O (1s) and C (1s)
components for 5 and 7 % of the dopant to form ZnO/NiFe,04 nanocomposites (Fig. 4b and c). The difference in the binding energy
may be due to 3d electron configurations of Fe, Ni, Zn, the spin—orbit coupling and electron—electron interactions within Fe, Ni, Zn
and the hybridization of 3d electrons to other valence electrons [21]. Zn in the composites has 2p peaks at 1021.7 eV, which could be
ascribed to the formation of zinc ferrite with zinc atom occupying tetrahedral sites. The peak at 1023.2 may be ascribed to Zn atom
at the octahedral sites attributed to Zn 2p (%) and Zn 2p (%) of 3 % ZnO/NiFe,0, nanocomposites respectively (Fig. 4a). Similarly,

4
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Fig. 5. EELS spectrum of (a) Zn, (b) Ni, (c) Fe and (d) O in 3, 5 and 7 % ZnO/NiFe, 0, nanocomposites.

two fitting peaks located at 1042.6 and 1021.0 eV were attributed to Zn 2p (%) and Zn 2p (%) were observed for 5 % ZnO/NiFe,0,
nanocomposites respectively (Fig. 4b). However, Zn 2p core-level of 7 % ZnO/NiFe,0, nanocomposites has two fitting peaks shifted
towards the higher binding energy at 1043.2 and 1024.2 eV belonging to Zn 2p (%) and Zn 2p (%) orbital respectively (Fig. 4d).

The Fe (2p) orbital in the nanocomposites occurred at binding energies of 725.5 eV and 709.4 eV and assigned as Fe 2p (%) and
Fe 2p (%) for 3 % ZnO/NiFe, 0,4 nanocomposites (Fig. 4a). Also, in 5 % ZnO/NiFe,0, nanocomposites the appearance of two peaks
belonging to different binding energies of 716.4 eV and 710.7 eV was assigned to Fe 2p (%) and Fe 2p (%) respectively (Fig. 4b).
In 7 % ZnO/NiFe,0, nanocomposites, the 2p peaks located at 721.3 eV and 712.2 eV were ascribed to Fe 2p (%) and Fe 2p (%)

respectively (Fig. 4c). Despite the different mixing ratio, Fe (2p) orbital remains constant, however, the values of the binding energies
differ suggesting partial replacement or substitution of O in ZnO by Fe or Ni. Furthermore, the binding energy values of Ni 2p (%) and

Ni 2p (%) peaks were 855.6 and 864.7 eV for 3 % nanocomposites (Fig. 4a), 867.0 and 854.5 eV for 5 % nanocomposites (Fig. 4b)
856.0 and 861.4 eV for 7 % ZnO/NiFe,0, nanocomposites (Fig. 4c).

EELS analysis

Chemical composition, energy loss and electronic structure of the synthesized ZnO/NiFe, 0,4 nanocomposites was determined using
electron energy loss spectroscopy (Fig. 5a—d). The energy loss spectrum was obtained by quantifying the number of electrons that
were lost at specific energy levels and graphing this data against the corresponding energy loss values. The spectra were subjected
to critical analysis, which revealed the specific form of the Zn (L, and L3), Fe (L, and L3) and Ni (L, and L3) edges and O (K)
edge were similar in the three spectra from zero, low and core loss region with little shift in energy (Fig. 5a-d). These edges were
conveniently classified according to the initial state of the excited electron. The shift in energy position and intensity ratio were found
to mostly depend on the oxidation state of each element in the composite. It was observed that Zn and Ni in L, and Ly orbitals exist
in two different oxidation states of +1 and +2 respectively (Fig. 5a and b) while Fe exists in +2 and +3 oxidation state in L, and
L; orbitals respectively (Fig. 5c). The slight shift in energy of the nanocomposites from zero to low loss region may be attributed
to the delocalization effect of the weakly bonded outer shell electrons of Ni and not Fe. The delocalized electrons correlated with
one another via electrostatic interactions. Moreover, the change in energy could potentially be associated with a significant presence
of oxygen vacancies and the specific arrangement of atoms in the nanomaterial [22]. The increased presence of oxygen vacancies
might be attributed to the diffusion of Fe and the coupling or partial substitution of Ni on the lattice layer of ZnO. The energy loss
in the nanomaterials maybe attributed to the structural and electronic properties of nanomaterials [23-25]. This may arise from
the intrinsic quantum confinement effects and electron density variations within the nanomaterials [23,25-27]. The EELS analysis
revealed that the nanomaterials possessed a crystalline structure. Furthermore, the inclusion of NiFe,0, nanoparticles did not cause
any changes to the wurtzite structure of the ZnO nanoparticles. The measured stoichiometric composition matched EDX report by
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Table 1

Surface area, pore volume and pore size distribution of the synthesized nanomaterials.

S/No. Nanomaterial

Surface area (m?/g)

Pore vol. (cc/g)

Pore size (nm)

1 ZnO 8.988 0.353 13.173
2 NiFe,0, 40.387 0.214 16.099
3 Zn0O/ NiFe,0, (30/70) 44,693 0.190 8.113
4 ZnO/ NiFe,0, (50/50) 43.707 0.202 11.091
5 ZnO/ NiFe,0,4 (70/30) 40.799 0.204 9.184
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Fig. 6. Nitrogen adsorption-desorption isotherms of (a) NiFe,0, (b) ZnO, (c) 7 % ZnO/NiFe,0,, (d) 5 % ZnO/NiFe,0, (e) 3 % ZnO/NiFe,0,
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[22]. In the region of increased energy loss, ionization of the Oxygen K-edge occurred in the L2 and L3 orbitals for Zn, Ni, and Fe.
The simulation demonstrated that the initial characteristic in the oxygen K edge of ZnO/NiFe,0, nanocomposites, with loadings of
3 %, 5 %, and 7 % NiFe204, occurred at approximately 543-561 eV. The nanomaterial exhibits potential transitions to the ultimate
states (plasmon loss) through the vacant levels of Zn, Ni, and Fe [28].

BET analysis

The surface area, pore volume, and pore size of ZnO/NiFe,0, nanocomposites were determined using multiple-plot BET analysis
(Table 1). The adsorption—desorption plot and pore size distribution of the nanomaterials is presented in Figs. 6 and 7. The N,
adsorption—desorption isotherms were employed to examine the BET specific surface area and porous structure of nanomaterials.
NiFe,0, and 7 % ZnO/NiFe,0, nanomaterials has the least surface area (40.387 and 40.799 m?2/g) and pore size (16.099 and
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9.184 nm) respectively while 3 % ZnO/NiFe,0, nanocomposites have the highest surface area of 44.693 m?/g with a surface area
of 8.113 nm (Table 1). Based on IUPAC classification, the isotherms of the nanocomposites containing 3, 5, and 7 % NiFe,O, fall
under Type IV, characterized by a narrow hysteresis loop. These results agrees with the report of [29] who reported that both
NiFe,O, and ZnO/NiFe,0O, nanocomposites exhibited mesoporous characteristics. The isotherm of ZnO was classified as type II,
which is indicative of the presence of a monolayer and macro porous structure in ZnO [29]. The increase in the surface area of ZnO
nanoparticles, particularly when combined with NiFe,O,4 in equal proportion, indicates the presence of a synergistic impact between
these metals. Furthermore, increase in the amount of NiFe,O, shows a significant increase in the surface area (Table 1). This was
attributed to the excessive amount of Fe than Ni based on the ionic radii mechanism. The narrow range of pore size and decreased
pore diameter in ZnO/NiFe, 04 nanocomposites can be attributed to the creation of a heterojunction and the coupling effect between
NiFe,0, and ZnO nanoparticles in the ZnO/NiFe,0, nanomaterials [29]. The coupling effect resulted in the formation of an alloy
(ZnO/NiFe,0,4) and more active sites. The findings align with the report by [29], who observed an increase in the surface area of
ZnO/NiFe,0, nanoparticles produced using hydrothermal synthesis, from 4.73 to 59.89 m?/g for ZnO/NiFe,0,4. The increase in
the surface area was because of the incorporation of NiFe,O, nanoparticles. Nevertheless, the surface area observed in this study is
smaller than those reported by [29]. This disparity can be due to variations in the synthesis technique, types of precursor salts used,
and the occurrence of doping phenomena. In addition, Xu et al. [30] observed an increase in the surface area of TiO,/NiFe,0,, which
was synthesized using the sol-gel method, when TiO, was combined with NiFe,O,. They ascribed the increase in the surface area to
the characteristics of the precursor salt employed in the synthesis, the type of dopants, and the synthesis conditions.

Conclusion

The synthesis of ZnO/NiFe,0, using leaf extracts of A. occidentale as capping and reducing agent and was characterized using
various analytical techniques. The surface area of ZnO slightly reduced with increasing concentration of NiFe, O, into the lattice layer
of ZnO as revealed by BET result. The shift in energy position and intensity ratio were found to mostly depend on the oxidation state
of each element in the composite. Also, the differences in binding energies of the elements were attributed to the electron transition
of the various metals (Fe, Ni and Zn) from their 3d orbitals to the empty 4s orbital during the ejection of the core 2p electrons as
revealed by the XPS result. The chemical oxidation state of the respective elements was found to be +2 and +3 for Fe and +1 and +2
for Zn and Ni.
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