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ARTICLE INFO ABSTRACT

Keywords: Nano-ferrites, metal oxides, and carbon-based nanomaterials have been used frequently to
Facile synthesis enhance optical and magnetic prospects for latent applications. Copper ferrite/Graphene Oxide
CuFe,04/GO/Zn0

and Zinc Oxide (CuFep04/GO/Zn0) ternary nanocomposite synthesized by hydrothermal route
showed dramatically good outcomes as the band gap energy value of synthesized nanocomposite
approaches to 2.4 eV. Furthermore, the light absorbance of CuFe;04 increases by adding ZnO and
GO. The experimental data revealed the face-centered cubic structure (FCC) of pure spinal ferrite
(CuFe304) nanoparticles even after adding ZnO and GO. The 20 peak observed at 31.70° with
(220) hkl planes indicates the successful addition of ZnO nanoparticles in CuFe;04/GO nano-
composite. XRD graph, the absence of characteristic peaks of GO revealed the intercalation of
CuFey04 nanoparticles with GO layers. In SEM images, agglomeration among CuFe;O4 nano-
particles is observed due to the magnetic interaction of nano-crystallite with a high surface-to-
volume (S/V) ratio. VSM can be used to determine the magnetic properties of as-synthesized
samples at moderate temperatures under 0-0.5 and + 5 tesla. In CuFe;04/GO/ZnO ternary
nanocomposite, the saturation magnetization value reduces from 2.071 to 1.365 emu/g due to the
addition of ZnO nanoparticles. The loops were narrowed showing a decrease in the coercive field
with the addition of ZnO nanoparticles in CuFe204/GO ternary nanocomposite material. More-
over, the study of electrical properties of pure CuFe;04 and CuFe;04/GO/ZnO ternary nano-
composite revealed that the values of dielectric constant and tangent loss decrease at high
frequencies owing to surface charge polarization and intrinsic dipole interactions. The study of
the electrical properties of both pure CuFe;04 and the CuFe04/GO/ZnO ternary nanocomposite
reveals that the dielectric constant (¢’) and tangent loss (tand) exhibit a decreasing trend as the
frequency increases. This behavior is attributed to surface charge polarization and intrinsic dipole
interactions. At lower frequencies, both samples display elevated values for these properties,
which stabilize as the frequency increases beyond 2 MHz. Notably, high AC conductivity is
observed in both samples, attributed to increased capacitance and resistance.
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1. Introduction

Nano-ferrites belong to the family of spinel magnetic materials and have been used recently in various applications i.e., magnetic
resonance imaging (MRI), sensors, electromagnetic shielding, transformer inductors, and memory core devices owing to their
exceptional magnetic as well as dielectric prospects [1]. Heating, cooling time, grinding as well as high temperature tend to increase
the physical and chemical properties of nano-ferrites. Even a small addition of any other ions in the nano-ferrites can change their
chemical composition drastically. Spinel ferrites are used as magnetic materials in different fields due to their low cost, high resistivity,
wide-frequency range, superior magnetic properties, and high sensitivity to visible light [2]. The basic chemical formula of ferrites
AB,04 indicates the divalent cations and trivalent metal ions. The spinel structure is formed when the octahedral (A) and tetrahedral
(B) sites are occupied by the distribution of cations (e.g., A = Cu2+, Ni2+, Mn2+, Zn?>" and B=Fe>") [3]. One of the dominant spinel
ferrites is Copper ferrite (CuFe304), it displays the stage conversion, and exchange of semi-conducting effects, and reveals variation in
the direction of electrical current when surged under individual conditions in inclusion to compel magnetic and optical effects with
chemical and thermal stability [4]. CuFe;O4 is used in a wide range of applications i.e., gas sensing, catalytic, color imaging, bio-
purifying, Li-ion batteries high bulk magneto-optic videotape devices, and magnetic freezing. In addition, due to the high electric
conductivity and thermal stability, CuFe;04 is assumed to be a magnetic and dielectric material of great potential [5,6]. However, easy
recombination of electron-hole pair and high agglomeration in the solution are the drawbacks that affect the performance of CuFep04
during various applications. Coupling CuFe>O4 with porous materials having a large surface area can overcome the drawbacks. For
that purpose, among semi-conducting metal oxide materials like ZnO nanoparticles have gained popularity for their high stability and
high band gap energy which could easily enhance the oxidizing activity when dispersed together with CuFe3O4 [7]. ZnO is an excellent
semiconductor and it belongs to the II-VI semiconductor family as it has a direct band gap energy of 3.37eV and high excitation binding
energy at room temperature [8]. Excellent dielectric properties, sensible transparency, high negatron quality, and wide band gap are
the main properties of ZnO. These properties turn ZnO into an asset in applications like solar cells, photocatalysts, heat-preserve
windows, thin-film transistors, and light-discharge diodes [9-11], as for the magnetic loss properties which cannot satisfy the
strong absorption and broad-band gap requirements of the nanomaterials.

Graphene Oxide (GO) is a two-dimensional carbon material with high mechanical strength, high electrical conductivity, and
specific area paramagnetic and biocompatible properties. It also has high optical transmittance in the visible spectrum region. GO has
outstanding properties of huge extent and mechanical and thermal stability. GO has implementations in nuclear system cooling, house
and safeguarding, star absorption, mechanical application, magnetic protection, medical skill application, heat transfer electronic
employment, laser applications, industrial cooling utilization, photocatalysis, and decreasing pollution [12-14]. In response to optical
properties, GO suggestively resists the electron-hole pair rejoining rate results to enhance the optical activity or photocatalytic activity
of the composite materials. For degradation purposes, if GO is coupled with appropriate UV-visible light semiconductor nano-
composites it can lead to efficient photodegradation activity during photocatalysis or optical applications [15]. Not only optically or
magnetically but also the study of electrical as well as dielectric behavior is similarly substantial to both fundamental as well as applied
viewpoint. In the comparison of GO binary nanocomposite complexes with the others, recently the GO ternary nanocomposite
complexes show greater potential for enhancing the optical and electrical prospects of nanocomposite samples. So, the combination of
magnetic nano-ferrite CuFe304, semiconductive metal oxide ZnO, and non-magnetic GO can show synergistic effects not only at the
same time but also can be beneficial in optical, electrical, and magnetic parameters. So, the combination of nano-ferrite/carbon
material/metal oxide demonstrates high electrochemical behavior owing to redox reaction, large surface-to-volume ratio(S/V), and
excellent conductivity.

Some convenient techniques for preparing the nano-ferrites include a hydrothermal method, sol-gel process, microwave com-
bustion, wet chemical, and co-precipitation methods. The hydrothermal route is attractive because it can offer homogenous
(dispersed) samples with good crystallinity, mild operating conditions (i.e., low temperature <300 °C), high yield and purity, and eco-
friendly and one-step procedure.

The present study aims to decrease the energy band gap of pure CuFe;O4nanodots by adding GO nanosheets and ZnO nanoparticles
to enhance their optical properties. Additionally, for improving the magnetic and electrical properties of pure CuFe,O4 nanoparticles,
ZnO nanoparticles act as a boosting material- they exhibit intrinsic ferromagnetic behavior and have extraordinary dielectric prop-
erties. The hydrothermal route carries out the synthesis of CuFe304/GO/ZnO ternary nanocomposite and undergoes different char-
acterization techniques to determine structural and spectroscopic parameters of the ternary nanocomposite. Moreover, analyzing
optical, magnetic, as well as electrical prospects of the CuFe304/GO/ZnO0 ternary nanocomposite which could be further utilized as a
potential candidate for various applications e.g., as a catalyst, light emitting diodes, water treatment, magnetic storage, fuel cells,
Sensors, etc.

2. Experimental section
2.1. Materials
Iron nitrate (Fe(NO3)3-9H;0), Copper nitrate (Cu(NO3)2 3H50), as well as Zinc oxide nanoparticles (ZnO) were purchased out of

Sigma-Aldrich, USA. Sanitized water and deionized water were used as a solvent and were prepared in the lab. All materials were
analyzed as reagents and used as received without further purification.
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Graphite powder (99.99 % purity) was bought from Merck & Co. Chemicals, New Jersey, USA. Using Hummer’s method, graphene
oxide (GO) was synthesized by graphite powder.1.5 g of graphite powder with 3 g of NaNO3 and both of them were dispersed in the
H,S04 ice bath. A specific amount of KMnO,4 was added under vigorous stirring. The dispersion was sonicated for 30 min, kept at 90 °C
for 24 h, and further treated with deionized water and HoO,. Deionized water was used to wash the GO nanosheets many times till their
pH reached 7 and at the end, a vacuum oven was used to dry the as-synthesized nanosheets at 65 °C for 24 h.

2.1.1. Synthesis of CuFe;04/GO/ZnO ternary nanocomposite

As for copper ferrite (CuFep04), 100 ml distilled water is added in 1.5 g and 4 g of metal salt precursors iron nitrate (Fe
(NO3)3-9H,0) and copper nitrate (Cu(NO3)5-3H50) to form an aqueous solution. The pH of this aqueous solution is maintained by the
use of NaOH. The aqueous dispersion was sonicated and stirred for 45 min. Then, the dispersion was put into an autoclave vessel at
130 °C for 1 h. The solution was washed several times with sanitized water and centrifuged5 times at 3000 rpm for 30 min. At 200 °C
sintering temperature for 24 h, the solvent evaporated, and the final product was obtained.

For the synthesis of CuFe;04/GO/ZnO ternary nanocomposite, 0.06 g GO was added into 50 ml distilled water to prepare a
dispersion. In another beaker, 0.5 g ZnO nanoparticles were added in 50 ml distilled water to form another dispersion. 1.5 g prepared
sample of CuFe;04 mixed in 100 ml distilled water. All dispersions were sonicated for 35 min separately and then added together in a
single beaker. The solution was sonicated again for 15 min to obtain uniform dispersion. The solution was poured into the autoclave
vessel and put into the autoclave chamber overnight at 110 °C. After the mixture precipitates overnight, it filters again and again till
the pH adjusts to 7. The product was dried at room temperature and then put in a vacuum oven at 60 °C overnight. The CuFe304/GO/
ZnO ternary nanocomposite was grinding into a fine powder for characterization purposes. The design of the experiment is shown in
Table 1.

2.2. Analytical characterization

For X-ray diffraction(XRD), an X-ray diffractometer (XRD, X’Pert XRD) having a radiation source of CuKa (1.54 10\) functioned in the
260 range of 10-80° determines the crystalline and phase properties of the as-synthesize sample. Scanning electron microscopy (SEM) —
(FEI Quanta 250, USA) attached with energy dispersive X-ray (EDX) determines the surface morphology and elemental composition of
the as-synthesized sample and transmission electron detectors operated at an accelerating voltage of 15 kV. Fourier transform infrared
spectroscopy (FTIR)was used to analyze the chemical bonding amongst the materials recorded on a (ATR-FTIR) Bruker Tensor 27
spectroscope in the wavenumber range of 4000-600 cm L. The optical spectra and parameters of the prepared ternary nanocomposite
were analyzed using a UV-Vis spectrophotometer (UV-1800, Shimadzu, Japan) having a resolution of 1 nm and a wavelength range of
200-1100 nm. A vibrating sample magnetometer (VSM, DXV-9000 series, Xiamen Dexing Magnet Tech Co., Ltd) can be used to
determine the magnetic parameters of the prepared sample having a maximum magnetic field of 10 mOe. The electrical propertiesi.e.,
dielectric constant, dielectric loss, tangent loss, and AC conductivity were analyzed by Frequency Response Analyzer (Impedance/
Gain-phase analyzer) using model Solartron 1260 in the frequency range of 20 mHz-2 MHz at room temperature.

3. Results & discussion
3.1. XRD analysis

The structure composition and crystallite size of pure CuFe;04, CuFe204/GO, and CuFe304/GO/ZnO were investigated by XRD
graphs as shown in Fig. 1. Diffraction peaks of CuFe;O40bserved at 26 (35.64°, 43.04°) corresponding to hkl values (400), (511)
respectively [16]. The experimental data revealed the face cubic structure of pure spinal ferrite (CuFe;04) nanoparticles. Moreover, no
additional impurity peaks (CuO or Cup0) were observed in the spectrum of raw CuFepO4 nanoparticles. The diffraction peaks of
CuFe,04/GO nanocomposite at 26 (33.36°,53.37°,75.48°), all corresponded to the crystal planes hkl (311), (511), (215) of CuFe304
nanoparticles (JCPDS card no: 85-1326). As shown in Fig. 1, the diffraction pattern of CuFe;04 was like CuFe304/GO nanocomposite.
As no peak of GO seemed in the spectrum of the nanocomposite suggested that CuFe;04/GO nanocomposite was fully exfoliated owing
to the crystal growth of CuFe;O4 nanodots among the interlayers of GO which caused small diffraction intensity of GO [17]. The
diffraction peaks of prepared CuFe;04/GO/ZnO ternary nanocomposite observed at 20 (31.70°, 33.36°, 36.85°, 41.54°, 53.37°,
63.04°, 66.84°, 75.48°) consistent to hkl values (220, 311, 331, 400, 511, 440, 112, 215) respectively. The peaks of CuFe;0O4 and
CuFe304/GO were well-matched with the literature [18,19]. As mentioned above, even with the addition of ZnO nanoparticles — the
face structure of CuFe;04/GO/ZnO ternary nanocomposite is cubic. The presence of a peak at 20(31.70°) with an hkl value (220)

Table 1
Design of Experiment of Cu CuFe;04/GO/ZnO ternary nanocomposite.
Precursor CuFe,04 nanoparticles CuFe»04/GO nanocomposite CuFe504/GO/ZnO ternary nanocomposite
(Fe(NO3)3 9H,0) 15¢g - -
(Cu(NO3), 3H20) 4g - -
CuFe,04 - 15¢g 15¢g
GO - 0.06 g 0.06 g

ZnO - 05¢g
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Fig. 1. X-ray diffraction pattern of pure CuFe;O4 nanoparticles, CuFe,04/GO nanocomposite, and CuFe;04/GO/ZnO ternary nanocomposite.

indicates the successful addition of ZnO in CuFe204/GOnanocomposite. The doubling of diffraction peaks appears to be an accu-
mulation of ZnO peak with CuFe,04 nanoparticles peak and claims the formation of nano-size particles whereas the crystal size of the
CuFey04 is ~51.23 nm, while the crystal size of CuFe;04/GO/ZnO ternary nanocomposite is ~57.54 nm calculated by using the
Debye-Scherrer formula.

While the manuscript indicates a higher ZnO content in the composite, the actual ZnO amount may be insufficient to yield distinct
peaks in the XRD pattern. Potential reasons for this include the synthesis method or the ZnO concentration in the final product. The
XRD pattern of the CuFe;04/GO/ZnO ternary nanocomposite exhibits peaks at 20 values of 31.70° and 57.54 nm, attributed to
CuFe,04 and ZnO presence. However, these peaks may overlap, hindering the differentiation of individual ZnO peaks. The similarity in
lattice parameters between CuFe;04 and ZnO could contribute to this overlap. Furthermore, ZnO peaks perfectly concede with the
following linked literature [20]. Additionally, the crystal size and morphology of the CuFe;04/GO/ZnO nanocomposite may impact
the clarity and sharpness of XRD peaks.

3.2. SEM analysis

The topographical morphology of as-synthesized CuFez04, CuFe304/GO nanocomposite, and CuFe304/GO/ZnO ternary nano-
composite are shown in Fig. 2. SEM micrographs of prepared samples revealed amorphous nature and cubic crystal structure as
mentioned in XRD analysis. No definitive morphology is noticed. Fig. 2a, b designates that the CuFe»04 nanoparticles have crystalline
morphology, and compact arrangement and are embedded homogeneously into the GO layers. This indicates the homogenous dis-
tribution of CuFe»04 nanoparticles may be a reason for enhanced optical parameters which will be discussed later [21]. The shape of
the CuFe;04 nanoparticles is cubic. The CuFep04/GO/ZnO ternary nanocomposite showed agglomerated spherical morphology in
Fig. 2¢c. This was caused due to the essential magnetic interaction among the nano-crystallites and large surface-to-volume area that
caused agglomeration [22].

Fig. 2. SEM micrographs of (a) pure CuFe,O4 nanoparticles(b) CuFe;04/GO nanocomposite (c) CuFe;04/GO/ZnO ternary nanocomposite (d) EDX
spectra CuFe;04/GO/ZnO ternary nanocomposite.
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3.3. EDX analysis

To define the elemental composition of CuFe304/GO/ZnO ternary nanocomposite, EDX analysis was undertaken. The EDX spectra
of the ternary as-synthesized sample are shown in Fig. 2d. According to the spectra, it shows that Cu, Fe, C, O, and Zn elements are
distributed all over the surface, indicating the successful formation of the nanocomposite. TheCuFe;04/GO/ZnO ternary nano-
composite consists of 22.45 % (0), 22.85 % (Fe),13.51 % (Cu), and 41.19 % (Zn) content as shown in Table 2.

3.4. FTIR analysis

The functional group measurement and their chemical bonding in ternary material were done by FTIR analysis. The FTIR spectra of
raw CuFe304, CuFe;04/GO, and CuFe;04/GO/ZnO are shown in Fig. 3. The graph shows a broad absorption peak around 3500 em™!
that resembles the stretching vibrations of water molecules (O-H) group. The depth (intensity) of this peak decreases owing to the
evaporation process of HoO molecules during synthesis [22]. The spectra of pure CuFe;04 associated with stretching vibrations of
(Fe—0) metal-oxygen group at 750-650 cm L. The intensity of this peak increases when ZnO (metal-oxide nanoparticles) is added to the
CuFe»04/GO nanocomposite. The peaks at 1398 cm™Y, 1405 ecm ™!, and 1648 cm-1 are recognized to be symmetrical as well as
anti-symmetrical stretching vibrations of COO groups as C—=0, C-C, and C-O band vibrations. There are light peaks in pure CuFe304
which may attributed to C =C bond which almost diminishes in the CuFe;04/G0O/ZnO ternary nanocomposite which may be due to
high temperature during synthesis [23]. In the case of GO characteristic peaks in CuFe;04/GO nanocomposite attributed to 859 cm ™
and 1047 cm™'remainepoxy C-O stretching and alkoxy C-O stretching vibrations. The peaks in CuFe;04/GO/ZnO ternary nano-
composite originate at 2995 cm ™!, 1514 em ™!, and 1392 indicating the presence of C-H, N-H, and O-H groups.

Generally, in spinel ferrites, the two absorption bands can be noticed. In the FTIR spectrum of CuFe;04/GO/ZnO ternary nanodots,
the peaks appear within the range of 600-700 cm™! attributed to the Fe>*tetrahedral sites whereas the peaks in 600-550 cm ™ *cor-
respond to Cu®"octahedral sites [24]. So, the peaks in these ranges can be acknowledged as absorption peaks of copper ferrite
nanodots.

3.5. UV-visible spectroscopy

The optical properties play a dynamic role in improving the photocatalytic activity of nanoparticles or nanocomposites. UV-Vis
absorbance spectra of pure CuFe;04, CuFe304/GO nanocomposite and CuFe204/GO/ZnO ternary nanocomposite as shown in Fig. 4.
The CuFe;O4nanoparticles showed absorbance peaks in the region of 350 nm-550nm having a distinct peak at 362 nm as shown in
Fig. 4a and a shoulder peak at 390 nm which corresponds to n-n* transition of C=0 bonds which is also well matched with the previous
literature [25,26]. The CuFe204/GO nanocomposite has shown a similar spectrum but with a broad peak at 380 nm. The absorbance of
CuFe204/GO nanocomposite was decreased by adding GO nanosheets compared to pure CuFe;O4 nanoparticles. Still, the peak of
CuFe,04/GO nanocomposite was slightly broader as compared to pure CuFe;O4 nanoparticles as is visibly shown in Fig. 4b.

The absorbance of CuFe;04 nanoparticles decreased when we added GO nanosheets within the sample but with the addition of ZnO
nanoparticles the absorbance of nanocomposite increased as shown in Fig. 4c¢, which means that the enhanced absorption peak within
the region of 350 nm-400nm shows an increase in the absorbance and decrease in wavelength spectra of CuFe;04/GO/ZnO ternary
nanocomposite.

Through UV-vis spectra, the band gap energy of as-synthesized CuFe;04/GO/ZnO ternary nanocomposite is determined by using
Tauc’s plot method. According to the obtained data, the band gap energy of pure CuFe,04 nanoparticles is 2.63eV. After the addition of
GO in pure CuFe,04 nanoparticles, the value of the energy band gap becomes 2.51eV. Whereas the value of direct band gap energy of
CuFe204/G0O/ZnO ternary nanocomposite approaches 2.46eV after including the ZnO nanoparticles into the ternary nanocomposite
as shown in Fig. 5.

The value of the energy band gap of nanocomposite is decreased related to raw CuFe04 and ZnO nanoparticles. This is owing to the
increasing surface defects of various concentrations in energy levels within valence and conduction bands of nanocomposite which
facilitates the activation towards visible light. Another reason for the decrease in band gap energy is the superior ionic radius of
nanocomposite metals in comparison to base metals leads to increasing disorder in the system. This disorder is more distinct in the
lower energy region of the band gap, where the bending of the band occurs due to the interaction of valence bond holes and conduction
band electrons [27,28].

Table 2
Elemental composition percentage of Cu CuFe;04/GO/ZnO ternary nanocomposite.
Element Line type CuFe;04/GO/Zn0O (Wt.%)
C K series 2
) K series 21.45
Fe K series 21.85
Cu L series 13.51

Zn L series 41.19
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Fig. 3. FTIR pattern of pure CuFe,O4 nanoparticles, CuFe;04/GO nanocomposite, and CuFe;04/GO/ZnO ternary nanocomposite.
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Fig. 5. Band gap energy of pure CuFe;04 nanoparticles, CuFe;04/GO nanocomposite, CuFe;04/GO/ZnO ternary nanocomposite.

3.6. Magnetic analysis

The physical as well as chemical properties of prepared samples may vary from their bulk form, mainly due to nanoscale size.
Magnetic materials like CuFe;04 act as a huge paramagnetic atom that gives a quick response to a magnetic field when placed or
applied to it [29]. The basic magnetic properties i.e., saturation magnetism (M;), remnant magnetism (M;) as well as coercivity (H.) of
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pure CuFe504 [Fig. 6a], CuFe;04/GO [Fig. 6b] nanocomposite and CuFe;04/GO/ZnO [Fig. 6¢] ternary nanocomposite were evaluated
through a hysteresis loop. The characterization was carried out at room temperature via VSM analysis under 0-0.5 and + 5 T. Plots of
pureCuFe;04, CuFe204/GO nanocomposite, and CuFe;04/GO/ZnO0 ternary nanocomposite are shown in Fig. 6. The graph reveals that
the hysteresis loop of pure CuFe;O4 indicates the normal ferromagnetic behavior of magnetic material. For pureCuFe204, Saturation
magnetization (M), remnant magnetization (M,), and coercivity (H.) have the values 2.071emu/g, 0.788emu/g, and 0.00984 kOe. As
for the CuFey04/GO nanocomposite, the saturation magnetization (Ms) was 1.992 emu/g which shows the superparamagnetic
behavior of nanocomposite. It appears that the saturation magnetization (M) reduces after the packing of GO [21]. Moreover, for
CuFey04/G0O/ZnOternary nanocomposite, the same hysteresis loop of ferrites is identified. The value of saturation magnetization
decreases to 1.365 emu/g with the addition of ZnO as shown in Fig. 6¢.In ternary nanocomposite, the loops were narrowed showing a
decrease in coercive field with the addition of ZnO content in CuFe304/GO nanocomposite material. The decrease in saturation
magnetization behavior of nanocomposite can be well explained by the Sawatzky model. Hence, it can result in the hyper-fine field
reduced by the addition of ZnO content in CuFe;04/GO nanocomposite. It assumed that if the external magnetic field is applied for
seconds, the nanocomposite shows rapid aggregation within the homogenous dispersion. It is an advantageous option which means
that by using an external magnet the nanocomposite can be separated from the solution, which may be beneficial in real-world
applications.

The reduction in saturation magnetization in nanoparticles is due to surface effects and size effects. As nanoparticles become
smaller, their surface-to-volume ratio increases, leading to a higher proportion of atoms at the surface, which may not contribute fully
to the overall magnetization.

The magnetic properties of pure CuFe04, CuFe204/GO, and CuFe304/GO/ZnO ternary nanocomposites were explained using a
vibrating sample magnetometer (VSM). The hysteresis loops in Fig. 6d show that the magnetization (Ms) of the ternary nanocomposite
is lower compared to pure CuFe204 nanoparticles. This reduction in Ms can be attributed to the presence of GO and ZnO nanoparticles,
which may disrupt the magnetic ordering of CuFe;04 nanoparticles.

The Sawatzky model is a theoretical framework used to describe the magnetic properties of spinel ferrites. It is based on the idea
that the magnetic moments of the transition metal ions (Cu?>* and Fe3") are aligned in a specific manner to produce the observed
magnetic behavior. The model is appropriate for the sample because it takes into account the magnetic interactions between the
transition metal ions and the oxygen ions in the spinel lattice. The reduction in Ms observed in the ternary nanocomposite can be
explained by the Sawatzky model, which suggests that the magnetic moments of the transition metal ions are affected by the presence
of GO and ZnO nanoparticles. This disruption in magnetic ordering leads to a decrease in the overall magnetization of the nano-
composite and these results are also following this model.

3.7. Electrical analysis

The electrical properties of CuFe204/GO/ZnO ternary nanocomposite were analyzed in order of the frequency range of 20 mHz-2
MHz and are shown in Fig. 7a, b. The electrical analysis depends on two parameters which are as follows.
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Fig. 7. Electrical properties of pure CuFe;O4 nanoparticles and CuFe;04/GO/ZnO ternary nanocomposite are (a) real (¢") and imaginary (¢"") values
of dielectric constant (b) AC conductivity.

3.7.1. Dielectric parameters

The dielectric property depends on two traits representing energy stored and energy loss within the dielectric material when an
outer electric field is implemented. The dielectric can be calculated by ¢* = ¢ + ie”” and € = ¢ tan 6 where ¢'is the real element for
energy storage ¢ 'is the imaginary element for energy loss and tand is tangent loss. Whereas the value of permittivity for free space is (¢
= 8.85*10'2 F/m) [30].

At low frequencies, the value of ¢” increased while with time at higher frequencies, the value starts to degenerate and becomes too
small which is also described in the literature for the spinel ferrites [31]. According to Maxwell-Wagner’s theory, the large value of ¢ at
small frequency is due to the polarization of space charge which may cause in-homogeneity due to impurities or grain boundaries
originally isolated in nature. The small frequency value could be tested by taking log (®) at the x-axis and log (¢"") at the y-axis as shown
in the inset graph of Fig. 7a. The linear line shows the accuracy of Maxwell-Wagner’s theory yields at 0.987 and 0.990 for pure CuFe304
nanoparticles and CuFe;04/GO,/ZnO ternary nanocomposite. During the interaction of charge carriers Cu'* and Fe?* ions may also be
the reason for the rising of dielectric polarization by the electric field produced during interaction. Same as for dielectric loss, the value
of tand is at large when the frequency is low and starts to reduce with the enhancement in frequency reliable to ¢" plot.

At lower frequencies, the dielectric constant (¢°) increases, but at higher frequencies, it begins to decrease, consistent with ob-
servations in the literature for spinel ferrites [30]. Maxwell-Wagner’s theory attributes the high ¢ value at low frequency to space
charge polarization, which may arise from impurities or grain boundaries initially isolated. To validate this behavior, a log-log plot of
frequency (o) versus ¢’ can be examined, as shown in the inset graph of Fig. 7a. The linear relationship confirms the accuracy of
Maxwell-Wagner’s theory, yielding coefficients of determination (R?) of 0.987 and 0.990 for pure CuFe;O4 nanoparticles and the
CuFe»04/G0O/ZnO ternary nanocomposite, respectively. Additionally, the interaction between charge carriers (Cu't and Fe*" ions)
contributes to dielectric polarization due to the electric field generated during their interaction. Similarly, the loss tangent (tand)
exhibits a large value at low frequencies, gradually decreasing with increasing frequency, consistent with the ¢ behavior. Furthermore,
this behavior is often associated with relaxation processes and the time required for dipoles or charge carriers to respond to the
changing electric field.

Furthermore, adding up GO/ZnO nanoparticles within CuFe;04 nanoparticles, the dielectric properties changed drastically. The
decline in dielectric parameters with change in frequency values is due to the charge carriers smattering and production of the electric
field. This is due to the space charge polarization, which occurs when the carriers accumulate. The orientation of the dipoles took more
time under high frequency resulting reduction in the value of ¢” and achieving the constant value [32]. In simple words, due to high
frequency, the dipoles won’t be able to rotate when an electric field is applied/produced thus, the dielectric constant declines. This
shows that the addition of GO and ZnO content in pure CuFe;04 nanoparticles leads to reduce the value of the dielectric constant
further enhancing the electrical property of the nanocomposite.

Upon incorporating GO/ZnO nanoparticles into CuFe;O4 nanoparticles, significant changes in dielectric properties were observed.
The decrease in dielectric parameters with increasing frequency can be attributed to charge carrier scattering and electric field
generation. Space charge polarization occurs as carriers accumulate, affecting the orientation of dipoles. At higher frequencies, the
dipoles require more time to respond, resulting in a reduction of the dielectric constant (¢") and eventual stabilization [32]. In simpler
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terms, the dielectric constant declines due to hindered dipole rotation under high-frequency electric fields. Overall, the addition of GO
and ZnO content to pure CuFe;04 nanoparticles further enhances the electrical properties of the nanocomposite.

As for the variation in (¢'") concerning frequency, the value of ¢" increases at low frequencies due to the dipole polarization and
decreases at high frequencies hence contributing to an improvement in the value of the dipole loss in CuFe204/GO/ZnO ternary
nanocomposite. Moreover, Maxwell-Wagner’s theory also shows the linear fit for ternary nanocomposite which yields at low values
and further moves to high values. The tangent loss in CuFe204/GO/ZnO ternary nanocomposite increases with enhancing ZnO
nanoparticles and has high dielectric loss at higher frequencies further on with the addition of GO shows a decline at high frequencies.
Overall, high dielectric loss at small frequencies in CuFe;04/GO/ZnO ternary nanocomposite is being observed which could be
attributed to strong resistivity at small frequencies. The changes within the values of ¢ and ¢"” are due to space charge polarization. The
larger values of dielectric loss at small frequencies claim that the polarization is greater of CuFe304/GO/ZnO ternary nanocomposite.

In the CuFe;04/GO/Zn0 ternary nanocomposite, the dielectric loss (¢'") exhibits frequency-dependent behavior. At low fre-
quencies, ¢ increases due to dipole polarization, while at high frequencies, it decreases. This trend contributes to an enhancement in
dipole loss. Maxwell-Wagner’s theory confirms this behavior, showing a linear fit for the ternary nanocomposite. The tangent loss in
the CuFe;04/GO/ZnO ternary nanocomposite increases with ZnO nanoparticle content and remains high at higher frequencies.
However, with the addition of GO, the tangent loss declines at high frequencies. Notably, the nanocomposite exhibits significant
dielectric loss at small frequencies, likely attributed to strong resistivity. The variations in ¢” and ¢ values are influenced by space
charge polarization. The higher dielectric loss at small frequencies suggests greater polarization in the CuFe304/GO/ZnO ternary
nanocomposite.

3.7.2. AC conductivity

The high conduction and resistivity phenomena of the pure CuFe;04 and CuFe;04/GO/ZnO ternary as-synthesized sample, the AC
conductivity in the range of frequency was evaluated by equation 64, = ZfSOE, tan 5 where C is capacitance measured in Farad (F) and &,
is the relative permittivity for free space (8.85 * 1012 F/m) and f is frequency. The AC conductivity is dependent on frequency which is
owing to interface charge polarization as well as intrinsic electric dipole polarization. The AC conductivity plots of pure CuFe;O4
nanoparticles are shown in Fig. 7b. As we discussed Maxwell-Wagner’s equation earlier, shows the increase in conductivity as the
frequency goes higher [33]. According to the above equation, the dielectric constant consists of two deposits — one is grains, and the
other is grain boundaries. These layers have low and high electrical resistance points. Normally, at a low resistance point, the con-
ductivity is low due to ideal crystalline properties. The sample becomes less conductive when the grain boundaries are set off insulated
and highly active at low frequency and create a resistance that causes the electronic charge carriers to lessen their motion. At high
frequencies, the involvement of grain boundary becomes negligible, and the conductivity rises due to the motion of conductive grains.
As seen, this evaluation matches with the previous literature [34] in which it is suggested that the AC conductivity enhanced with the
transfer of electrons between Cu't, Cu?* and Fe?!, Fe3" ferrite materials. When the electronic transitions (from lower to high energy
level)decrease, the AC conductivity also. Low conduction of carriers happens at frequencies (10%-10* Hz) whereas the mobility of
electronic charges is enhanced at higher frequencies (equal to or more than 10* Hz) [35]. The movement of charge carriers from A site
to B site, which happens to be tetra and octahedral sites, alters the semiconducting phase band into a metallic phase band. Additionally,
according to XRD crystallites, the size also increases the AC conductivity phenomena.

The AC conductivity of the as-synthesized pure CuFe204 and CuFe;04/GO/ZnO ternary samples was evaluated within a frequency
range using the equation o, = 2feos/ tan §, ¢, is the relative permittivity for free space (8.85 x 10™-12 F/m), and f denotes frequency.
The frequency-dependent behavior of AC conductivity arises from both interface charge polarization and intrinsic electric dipole
polarization. In Fig. 7b, the AC conductivity plots for pure CuFe;04 nanoparticles are presented. As previously discussed with Maxwell-
Wagner’s equation, conductivity increases with higher frequencies [33]. The dielectric constant comprises contributions from grain
and grain boundary layers. At low resistance points (associated with ideal crystalline properties), the sample exhibits lower con-
ductivity. Conversely, when grain boundaries become highly active at low frequencies, they create resistance, limiting electronic
charge carrier mobility. At higher frequencies, grain boundary effects diminish, leading to increased conductivity due to the motion of
conductive grains. This behavior aligns with previous literature suggesting enhanced AC conductivity through electron transfer be-
tween Cu', Cu*t, Fe?*, and Fe®™ ferrite materials [33]. Notably, low carrier conduction occurs at frequencies between 10”3 and 10"4
Hz, while electronic charge mobility improves at frequencies equal to or greater than 10°4 Hz [35]. The movement of charge carriers
between A and B sites (tetrahedral and octahedral sites) transforms the semiconducting phase band into a metallic phase band.
Additionally, the AC conductivity is influenced by the crystallite size, as observed from XRD data.

As far as CuFe304/G0O/ZnO ternary nanocomposite, the addition of GO and ZnO nanoparticles influences the AC conductivity as
shown in Fig. 7b.The AC conductivity of CuFe204/GO/ZnO ternary nanocomposite increases when the charge carriers shift between
various surface localized centers as a fallout of increased frequency due to which electrons (charge carriers) hops. At low frequencies,
the resistance causes the electrode interface to change the impedance of charge carriers which results in low ac conductivity of
CuFe»04/G0O/ZnO ternary nanocomposite. The ZnO nanoparticles improve the ac conductivity more than the addition of GO [32]. The
conductivity increases when the charge carriers migrate between spinel ferrite and semiconducting bandgap (low and high energy
levels) nanomaterials when high frequency is applied.

In the CuFe304/GO/ZnO ternary nanocomposite, the addition of graphene oxide (GO) and zinc oxide (ZnO) nanoparticles
significantly impacts AC conductivity, as depicted in Fig. 7b. As frequency increases, charge carriers transition between various
surface-localized centers, resulting in electron hopping. At low frequencies, resistance alters the impedance of charge carriers at the
electrode interface, leading to reduced AC conductivity in the CuFe;04/GO/ZnO ternary nanocomposite. Interestingly, ZnO nano-
particles enhance AC conductivity more effectively than the addition of GO. Furthermore, the conductivity increases as charge carriers
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migrate between spinel ferrite and semiconducting bandgap nanomaterials, corresponding to low and high energy levels, respectively,
under the influence of high-frequency fields.

The ternary nanocomposite possesses high resistance and capacitance at lower frequencies. The resistance increased with the
addition of GO and ZnO content but was lower with the increase in the frequency values reaching up to 2 MHz. Whereas the
capacitance rises for CuFe;04/GO/ZnO ternary nanocomposite as compared to pure CuFe;O4 nanoparticles [32].

At lower frequencies, the CuFe204/GO/ZnO ternary nanocomposite exhibits elevated resistance and capacitance. The resistance
increases with the addition of graphene oxide (GO) and zinc oxide (ZnO) content, but as the frequency surpasses 2 MHz, the resistance
decreases. In contrast, the capacitance of the CuFe;04/GO/ZnO ternary nanocomposite surpasses that of pure CuFe;O4 nanoparticles
[32]. While summarizing, the dielectric constant (¢) and tangent loss (tand) were evaluated across a frequency range up to 2 MHz.
Notably, ¢’ and tand exhibit a decline at higher frequencies, signifying reduced energy storage and energy loss within the dielectric
material. This behavior aligns with the expected characteristics of dielectric materials, where the dielectric constant tends to decrease
at higher frequencies due to diminished energy storage capacity. Additionally, the AC conductivity was measured within the same
frequency range. Interestingly, the AC conductivity increases at lower frequencies, indicating enhanced electrical conductivity. This
trend is consistent with the anticipated behavior of AC conductivity, where conductivity typically rises at lower frequencies due to
improved charge carrier mobility.

4. Conclusions

Copper ferrite/Graphene Oxide and Zinc Oxide (CuFe304/GO/Zn0) ternary nanocomposite have been synthesized by hydro-
thermal process. The experimental data revealed the face-centered cubic structure of pure spinal ferrite (CuFe;04) nanoparticles. The
peak observed at 20(31.70°) with an hkl value (220) indicates the successful addition of ZnO in CuFe;04/GO nanocomposite. In the
XRD graph, the absence of the characteristic peak of GO revealed the intercalation of CuFe2O4 nanoparticles with graphene oxide
layers. Visible light absorbance of CuFe;04 nanoparticles increased by adding GO and ZnO content in pure CuFe204. By introducing
GO and ZnO content in CuFe204 nanoparticles, the energy band gap reduces from 2.63 to 2.46 eV as compared to pure CuFeyO4
nanoparticles. In SEM analysis, agglomeration among CuFe;O4 nanoparticles with GO and ZnO has been observed due to magnetic
interaction between sample nano-crystallites and high surface-to-volume ratio. The magnetic properties of as-synthesized samples
have been accomplished via VSM at room temperature under 0-0.5 and + 5 T. In the ternary nanocomposite of CuFe304/GO/ZnO, the
value of saturation magnetization (M;) decreases from 2.071 to 1.365 emu/g due to the addition of ZnO content. In CuFe204/GO/
ZnOternary nanocomposite, the loops were narrowed showing a decrease in the coercive field with the addition of ZnO content in
CuFe»04/GO nanocomposite material. Moreover, the study of electrical properties of pure CuFe;04 and CuFe304/GO/ZnO ternary
nanocomposite revealed that the values of dielectric constant and tangent loss decrease at high frequencies owing to surface charge
polarization and intrinsic dipole interactions and have high values at low frequencies and become constant at values more than 2 MHz
whereas the AC conductivity of both samples was high at low frequencies while having high capacitance and resistance values.
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