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In this research, we synthesized rare-earth element-doped Ni-Co ferrites graphene nanocomposites (Nig2C-
00.8REp.06Fe1.9404/3 wt% GNPs RE = Nd, Er, Pr, Lu, Ho) to study their structural, magnetic, electrical and
dielectric properties. The XRD patterns confirm FCC spinel structure. The average crystallite sizes of the rare
earth-doped samples ranged from 30.4 nm to 34.4 nm. SEM analysis confirms the successful synthesis of a
nanostructured, porous ferrite-GNP composite with uniformly distributed grains and morphology well-suited for
multifunctional applications. The magnetic analysis confirms the soft magnetic nature of synthesized composites
due to moderate saturation magnetization ranged from 108.9 emu/g to 123.9 emu/g and coercivity ranged from
475.48 Oe to 835.12 Oe. The DC resistivity at room temperature ranged from 3.02 x 107 - 3.44 x 10° Q cm at
room temperature. The DC resistivity decreases with the rise in temperature, at 773 K it ranges from
1.53 x 10* Q cm t0 9.39 x 10* Q cm. The dielectric characteristics, such as the dielectric constant (¢'), dielectric
tangent loss (tand), AC conductivity and quality factor showed a strong frequency dependent behavior. The
enhanced structural, electrical magnetic and dielectric properties of synthesized nanocomposites render them
exceptionally promising as an electrode material in energy storage and other advanced technological fields.

1. Introduction

Nanocomposites of graphene nanoplatelets (GNPs) have emerged as
multifunctional systems exhibiting enhanced mechanical integrity, high
surface to volume ratio, improved electrical resistivity, and suitable
thermoelectric responses [1,2]. These characteristics can also be
controlled by chemical composition, synthesis conditions, and sintering
temperature [3]. The general formula for spinel structure is AB>O4, here
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cations occupy tetrahedral (A) and octahedral (B) voids [4]. Recent re-
searchers focused on combining ferrites with carbon or other materials
which have excellent electronic properties, to form hybrid nano-
composites with synergistic performance [5,6]. The polymer based
composites with ferrites also exhibit excellent properties for high fre-
quency applications [7]. But carbon based composites have more
excellent performance due to its conducting nature. Such GNPs based
materials have large surface area, which facilitates electron
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transportation [8,9]. Addition of GNPs with two or more metallic cat-
ions has proven to be an effective for tuning electrical, magnetic, and
energy storage applications [10,11]. When ferrites combined with
GNPs, such doped ferrites yield composites with enhanced space charge
effect, electrochemical and electro-thermal behavior, beneficial for
stealth and energy-related technologies [12-14]. The extended surface
area of GNPs also support in transportation of charges and interfacial
coupling [15,16]. There are several methods to synthesize spinel ferrites
like hydrothermal [17], co-precipitation [18] and sol gel auto combus-
tion [19].

In particular, nickel-cobalt ferrite (NiCoFe;O4) — often with an equal
ratio of Ni:Co, shows high structural symmetry with relatively low
magneto-crystalline anisotropy [20]. These soft ferrites have improved
structural, dielectric and magnetic properties that supports their use in
advanced technologies such as sensors, microwave devices, super-
capacitors, and even biomedical applications [21,22]. Spinel ferrites
have high losses as compare to hexa ferrites [23]. But these losses are
reduced due to addition of GNPs and suitable for microwave devices
[24]. Due to tunable magnetic, chemical and functional characteristics,
spinel ferrites are favorable candidate for biomedical applications [25].
The magnetic softness of ferrites also influenced by the replacement of A
site and B site cations as reported hexa ferrites, Sr;_xMnyFejs 4YxO19
(with 0.0 < x < 0.5) revealed that the magnetic interactions were
weakened with the replacement of both Sr®* and Fe>" ions by the Mn?"
and Y3* dopants [26].

Substituting a small fraction of the Fe>* cations with trivalent rare-
earth ions (e.g. Nd**, Pr3*, Er**, Lu*, Ho®") provides another power-
ful way to tailor ferrite properties [27,28]. Rare-earth ions (RE) have
much larger ionic radii than Fe>*, so their incorporation strains the
spinel lattice and modifies cation distributions. Even modest RE doping
can markedly change a ferrite's dielectric and magnetic behavior. For
example, lanthanum, gadolinium or neodymium substitution in
CoFey04 spinels has been reported to reduce the static dielectric con-
stant with higher RE content [29,30]. Similarly, Nd3* substitution in Co
ferrite sharply increased its coercivity while lowering dielectric loss. In
Ni and Co spinel's alike, RE doping often decreases saturation magne-
tization because most RE3" (unlike Fe3* with 5 pp) contribute only weak
paramagnetic moments. Indeed, in Gd3+—d0ped Nig.5C0g.5Fes04
nano-crystals, the saturation magnetization falls significantly (e.g. from
~29.8 to 20.8 emu/g as Gd-content rises) while coercivity more than
doubles [31]. This decline in magnetization is attributed to the
replacement of magnetic Fe>* ions (in octahedral sites) with largely
paramagnetic Gd>' [28]. Vibrating-sample magnetometer (VSM)
studies on Pr3*-doped Ni-Co ferrite similarly show that M, and M,
decrease while the coercive field H, increases with higher Pr>* content.
The overall effect of RE substitution depends on the ion's 4f configura-
tion: for example, Ho>" and Er®" (with high 4f moments of ~10 pg and
9.6 pp) might boost magnetization differently than non-magnetic Lu>*
(4f14, 0 pp) or moderately magnetic Nd3* (3.3 pp) [29]. In general,
introducing RE ions tends to deform the spinel structure, change the
lattice constant (often expanding it), and shift magnetic anisotropies.
The altered cation distribution and exchange pathways also impact
dielectric relaxation and conductivity: space-charge polarization at
grain boundaries is modified [12]. For instance, La®*-substitution in
Co-Zn ferrite lowered M; to drop (from 55.8 to 22.1 emu/g) while
raising H, [31]. Ni-Zn (Nig 4ZngcFe204) spinel ferrites have been re-
ported with a saturation magnetization of 74.6 emu/g [32].

Nickel-cobalt ferrite in particular has been previously doped with
various RE elements, often forming single-phase spinel phases [33]. For
example, Nig.5Cog.5Fe1.97Ndg.0304 was synthesized as a single-phase
cubic spinel, and similarly Nig.5Coq.5Fe204 doped with Gd*>* or Pr3*
remains a homogeneous spinel with gradually changing lattice param-
eters. In all cases, small amounts of heavy RE in the B-site typically
reduce M; and shift the magnetic behavior toward higher coercivity or
even super paramagnetic [34]. These modifications are coupled with
measurable changes in electrical transport: RE doping tends to narrow
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the band gap or introduce mid-gap states, and it can increase the
permittivity at low frequencies. In summary, doping Ni-Co ferrite with
Nd, Er, Pr, Lu or Ho is expected to distort the lattice, reduce net ferri-
magnetism (by diluting Fe>*—Fe®" exchange), and tailor the dielectric
properties [15,35].

In this work, we synthesize Nip 2Cog gFe204/3 wt% GNPs (NCF) and
its rare-earth-doped derivatives Nig 2Cog gREg geFe1.9404/3 wt% GNPs
[RE = Nd (NCNAF), Er (NCErF), Pr (NCPrF), Lu (NCLuF), Ho (NCHoF)]
and incorporate them with graphene nanoplatelets to form multifunc-
tional nanocomposites. The crystal structure and phase purity are
confirmed by X-ray diffraction (XRD), with expected cubic spinel pat-
terns and lattice parameter shifts indicating RE substitution. Scanning
electron microscopy (SEM) was used to examine surface morphology
and it confirms GNPs sheets are well-interfaced with ferrite particles.
Magnetic properties are measured via vibrating-sample magnetometer
(Model VSM-175) to evaluate saturation magnetization (M), coercivity
(H,), and magnetic anisotropy changes due to doping and composite
formation. Finally, DC electrical resistivity was measured to quantify
how GNPs and RE doping jointly influence charge transport, bridging
the ferrite (normally an insulator) to a more conductive composite. By
correlating these structural, magnetic, electrical and dielectric, we aim
to demonstrate how rare-earth substitution and graphene inclusion
together tailor the structural, morphological, magnetic and resistive
characteristics of Ni-Co ferrites nanocomposites, opening routes to
optimized materials for next-generation electrodes and energy storage
applications.

2. Materials synthesis and methodology
2.1. Synthesis procedure

In this research, we employed highly pure analytical reagents to
synthesize Nip.2Co0.8REq ocFe1.9404 spinel ferrite composites doped
with graphene nanoplatelets (GNPs) through the sol-gel auto-combus-
tion process. The reagents used included nickel(II) nitrate trihydrate [Ni
(NO3)2-3H20], cobalt(Il) nitrate hexahydrate [Co(NO3)-6H50], iron
(III) nitrate nona-hydrate [Fe(NO3)3-9H50], rare-earth element nitrates
(RE = Nd, Er, Pr, Lu, Ho), citric acid monohydrate [C¢HgO7-H20], and
graphene nanoplatelets (GNPs). The initial step in the synthesis involved
dissolving the metal nitrates in a precise quantity of distilled water. This
solution was stirred continuously to ensure homogeneity, resulting in
the formation of a sol. Citric acid was used as a fuel agent, in a 1:2 M
ratio with the metal nitrates. Ammonia (NH3) solution was added
dropwise to adjust the pH to approximately 7. After maintaining the pH,
the heat was turned on, and the solution was stirred continuously. The
sol transformed slowly into a gel and then into fluffy ashes after burning.
Those fluffy ashes were ground and sintered at 973 K for 5 h to enhance
crystallinity and phase formation. After sintering, sintered samples were
again grounded to obtain homogeneous powder which was used for
characterizations. The complete synthesis is described in Fig. 1.

2.2. Characterizations techniques

We employed various techniques to characterize the materials. The
D8 Advance XRD model (Bruker, Germany) was used to study X-ray
diffraction (XRD) patterns, while the SEM Cubes 10 (Emcraft, South
Korea) and JEM-1010 transmission electron microscope (JEOL, Japan)
were used to examine the surface morphology. We employed a VSM-175
vibrating sample magnetometer (Dexinmag, China) instrument, to
measure magnetic properties. We employed a two-point probe tech-
nique with a source meter, Keithley 2401 (Keithley Instruments, USA) to
determine the DC electrical resistivity and utilized an LCR meter HIOKI
IM-3536 LCR meter (HIOKI E.E. Corporation, Japan) to examine the
dielectric properties.
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Fig. 1. Schematic diagram of synthesis of samples by sol-gel technique.
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3. Result and discussion
3.1. Structural analysis by XRD

The structural properties of Nig2CoggFe204/GNPs and rare earth
(RE)-doped Nig 2Cog sRE( gsFe1.9404/GNP nanocomposites were inves-
tigated through X-ray diffraction (XRD) analysis. The synthesized sam-
ples were thermally treated at 973 K for 5 h to enhance crystallinity. The
XRD spectra confirmed the presence of a single-phase cubic spinel
structure corresponding to Ni-Co ferrite/GNPs composites. No extra
peak for secondary phase is observed in the XRD data, which also con-
firms the oxygen stoichiometry in the synthesized composites. The
prominent diffraction peaks were observed at 20 values of 30.04°,
35.61°, 43.25°, 56.96°, and 62.76°, which were indexed to the (220),
(311), (400), (511), and (440) crystallographic planes, respectively, as
shown in Fig. 2 [36]. Among these, the (311) reflection exhibited the
highest intensity and appeared within 35.46° to 35.52°, indicating it as
the most dominant peak. The crystallite sizes were computed using the
Debye-Scherrer equation:

ki
" Pcosh

Crystallite size (D) 1)

Here, K is Scherrer constant (typically 0.9), 4 is the wavelength of
incident X-rays, f is the full-width at half-maximum (FWHM), and 6 is
the Braggs angle [37]. The incorporation of GNPs into the spinel lattice
introduced structural distortion, as evidenced by a shift in the (311)
peak position toward lower 20 values as depicted in inset Fig. 2 (a). This
shift was more pronounced with the substitution of rare earth ions into
the spinel framework, indicating lattice strain and site distortion due to
ionic radius mismatch. Moreover, the presence of rare earth dopants led
to an increase in interplanar spacing (d-spacing), as detailed in Table 1
and Fig. 2(b). No secondary phases or impurities were detected, con-
firming the phase purity and high crystallinity of the synthesized ma-
terials [10]. A broad reflection attributed to the GNPs phase was
observed, which may result from its inherently low crystallinity. Dif-
ferences in XRD peak intensities among the samples were attributed to
variations in cation distribution, local distortions, and changes in
shared/unshared edge geometries within the spinel structure. The
average crystallite sizes of the rare earth-doped samples ranged from
34.37 nm to 30.43 nm, depicted in Fig. 2 (b). These variations are
attributed to the ionic size of the dopant cations, where larger radii
induced more significant lattice expansion compared to smaller ions
[27]. The d-spacing, X-ray density, lattice constant, strain and unit cell
volume ranged from 2.5243 A to 2.5284 A, 5.3119 g/cm® to
5.4649 g/cm°, 8.3722 A to 8.3859 A, 1.08 to 1.19 and 586.85 A® to
589.74 A3 respectively as described in Table 1 and Fig. 2(c) and (d).
Among all the synthesized composites, the NCPrF sample was found to
be the most promising candidate as electrode material because of its
optimized structural parameters, optimized crystallite size value of
31.36 nm, intermediate lattice constant and unit cell volume, showing
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the least lattice distortion.

The Rietveld refinement of XRD patterns of synthesized composites
are shown in Fig. 3(a—f). The refinement of all the patterns of synthe-
sized composites was based on cubic spinel structure with Fd-3m space
group. The observed peaks correspond to the spinel phase. The calculate
R-factors (Ryyp, Rexp, and )(2) are presented in Table 1, their values are in
an acceptable range and confirm the reliability of spinel structure of all
synthesized samples [38,39]. The calculated site occupancy (g), atomic
positions (x =y = z) and cationic distributions are presented in Table 2.
The doped rare earth elements occupy B-sites, the size of B-sites is
greater than A-sites because of large ionic radius of rare earth elements
as shown in Fig. 4.

3.2. Scanning electron microscopy (SEM)

The morphological characteristics of the synthesized rare-earth-
doped Nig 2Cog gFe1.9404/graphene nanocomposites were investigated
using scanning electron microscopy (SEM), as presented in Fig. 5. The
SEM micrograph exhibits a microstructure comprising densely packed
nano-sized grains with a relatively uniform distribution [40]. Upon
closer examination, the particles demonstrate a quasi-spherical to
polyhedral shape with visible inter-particle voids. These voids and
porous regions are likely a result of the liberation of gaseous by-products
during the combustion of citric acid in the sol-gel auto-combustion
synthesis route, which make them suitable as electrode material for
energy storage devices [41-43]. Such morphological porosity is
considered beneficial for applications requiring high surface area, such
as electrochemical energy storage, photocatalysis, and adsorption-based
separation technologies [10,20].

Notably, the incorporated GNPs layers in composites are not
distinctly visible because of the low weight percentage and their
extremely thin layers; however, their presence can be inferred from the
decline in agglomeration of ferrite particles [44]. The GNP matrix likely
gives a conductive support to the ferrite nanoparticles, enhancing
charge transportation and conductivity of the synthesized composites
[45,46]. Moreover, the interfaces between the ferrite particles and the
GNPs sheets appear coherent, in the form of agglomerates [42,47]. The
interface between GNPs and ferrite particles improves conductivity,
mechanical strength, and charge transport like properties [43,46]. The
compactness and grain connectivity in the microstructure also suggest
efficient densification, which is desirable for enhancing magnetic,
electrical, and electrochemical performance [20,48,49]. In conclusion,
the SEM analysis confirms the successful synthesis of a nanostructured,
porous ferrite-graphene composite with uniformly distributed grains
and a morphology well-suited for multifunctional applications [S0]. The
observed features reflect the influence of rare earth elements doping and
GNP integration on the morphological evolution of the material during
thermal processing [42,51].

Table 1
XRD parameters of Nip 2Cog gREg osFe1.9404/3 wt% GNP composites.
Sample ID 26 (degree) S (degree) hkl D (nm) d (&) d, (g/cm®) a(A) £(107%) V(A Rup Rexp ¥
NCF
35.52 0.2687 (311) 34.37 2.524 5.3119 8.3722 1.12 586.85 73.10 56.50 1.29
NCNdF
35.48 0.2596 (311) 33.50 2.527 5.4142 8.3814 1.08 588.77 65.66 45.38 1.45
NCErF
35.48 0.2796 (311) 31.11 2.527 5.4455 8.3814 1.16 588.77 82.35 55.86 1.47
NCPrF
35.49 0.2774 (311) 31.36 2.526 5.4141 8.3791 1.15 588.29 55.47 45.12 1.23
NCLuF
35.50 0.2625 (311) 33.13 2.526 5.4649 8.3768 1.09 587.81 58.36 39.80 1.46
NCHoF
35.46 0.2858 (311) 30.43 2.528 5.4335 8.3859 1.19 589.74 61.38 45.88 1.33
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Fig. 3. (a—f) Rietveld refinements XRD patterns for Nig 2Cog gREq osFe1.9404/3 wt% GNP composites.

Table 2

Atomic positions (x =y = 2), site occupancy (g) and cationic distribution obtained from Rietveld refinement for as-prepared samples.
Ions NCF NCNdF NCErF NCPrF NCLuF NCHoF

X=y=2z 8 X=y=2z 8 X=y=2z 8 X=y=2 8 X=y=2 8 X=y=2 8

NiZt 0.125 0.05 0.125 0.05 0.125 0.05 0.125 0.05 0.125 0.05 0.125 0.05
Ni?t 0.125 0.15 0.125 0.15 0.125 0.15 0.125 0.15 0.125 0.15 0.125 0.15
Co?t 0.125 0.15 0.125 0.15 0.125 0.15 0.125 0.15 0.125 0.15 0.125 0.15
Co?t 0.125 0.65 0.125 0.65 0.125 0.65 0.125 0.65 0.125 0.65 0.125 0.65
Fe3* 0.125 0.80 0.125 0.80 0.125 0.80 0.125 0.80 0.125 0.80 0.125 0.80
Fed+ 0.500 1.14 0.500 1.14 0.500 1.14 0.500 1.14 0.500 1.14 0.500 1.14
Na** —— 0.500 0.06 - —— —— -
Er®t - - 0.500 0.06 — — —
Pr3t —— - —— 0.500 0.06 - -
Lu®*t —— - - —— 0.500 0.06 -
Ho®* - - - — — 0.500 0.06
o+ 0.255 1.0 0.255 1.0 0.255 1.0 0.255 1.0 0.255 1.0 0.255 1.0

524 24 3+
(Nig 65 Cog 15Fegs) 4

20 24 3
(Ni 15 Cog 65Fei’s) 504

(NighsCodtsFess) , (Nig s CodhsFed 1, RES 6 ) ,04 (RE= Nd*T, Er®T, Pr®T, Lut, Ho™)

3.3. TEM micrographs analysis

The TEM micrographs of Nip 2Cog gFes04/3 wt% GNPs and Nig oC-
00.8Pro.06F€1.9404/3 wt% GNPs are shown in Fig. 6 (a) and (b) respec-
tively. The particle sizes were measured using Image J software, which

revealed the spherical-like morphology of particles of synthesized
composites. These micrographs also revealed high crystallinity and
agglomeration of Ni-Co ferrites and GNPs in synthesized composites.
The average particle size observed was 41.39 nm and 39.65 nm of
Nig 2Cog.gFe204/3 wt% GNPs and Nig 2Cog gPrg.osFe1.9404/3 wt% GNPs
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Fig. 5. SEM image of Ni 2Cog sREq osFe1.9404/3 wt% GNP composites.

respectively. The particle size was found higher than crystallite size, 3.4. Magnetic characteristics
because particles consist of crystallites [19].

The M-H hysteresis loops in Fig. 7(a), show that all rare-earth-doped
(Nig 2Cog gREg geFe1.9404/3 wt% GNPs) composites remain soft ferro
magnets, but the magnetic properties (saturation magnetization Ms,
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remanence Mr, coercivity Hc, squareness ratio Mr/Ms, anisotropy constant K, and initial permeability i) depend strongly on the dopant as

described in Table 3. The magnetic properties are greatly influenced by
the doping of rare earth elements due to change in structural parameters

Table 3 and their occupancy at tetra and octahedral sites because the net

Magnetic properties of Nig 2Cog sREq gsFe1.9404/3 wt% GNP composites. magnetization is the difference of magnetic moments of B-site and A-site

Sample M, (emu/ M, (emu/  H, M/ K (10° erg/ 4 atoms. The supelj-exchan'ge (?f cations l?etween the%;e §1tes also causes the

) ) (0e) M, em?) super-exchange interaction in magnetic characteristics [24]. The larger

NCF ionic radius results in the expectation that the RE>* ions will occupy

114.7 61.8 8151 054 97.4 4.64 B-sites, where they will alter the A-B superexchange interactions which

NCNdF control ferrimagnetism [44]. Besides, the decrease of the crystallite size

123.9 61.4 660.0 0.49 85.2 6.03 creates higher surface-to-volume ratio and hence spin canting at the

NCErF grain boundaries, which may give rise to variations in the saturation
122.3 61.7 835.1 0.50 106.4 4.37 o . . . .

NCPrF magnetization. The role of the ferrite-graphene interfacial structure is

113.7 45.3 533.0 0.39 63.1 6.42 also important because it can reduce particle agglomeration as described

NCLuF in SEM images, cause an interfacial strain, and increase the magnetic

111.7 42.9 4755  0.38 55.3 7.47

anisotropy by domain-wall pinning effects. The Nd- and Er-doped

NCHoF composites show higher saturation magnetization than the undoped

108.9 45.5 569.1 0.41 64.5 5.58
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composite because of super-exchange interaction, cations distribution
among A and B-site, as depicted in Fig. 7(b) [44]. Extracting M;, M, and
H, from the M — H curves reveals that the Nd-doped sample has the
highest saturation magnetization (M; ~ 123.93 emu/g, M, ~ 61.39
emu/g), exceeding the un-doped (Rare-earth = 0) case (M; ~ 114.69
emu/g, M, 61.77 emu/g). Ho-doping shows the lowest values
(M; ~ 108.87 emu/g, M, ~ 45.45 emu/g) [52]. Coercivity ranged from
475.48 Oe to 835.12 Oe in all loops (all samples sharply reversible), with
only slight dopant-induced shifts (for example Nd/Er show marginally
larger H,), depicted in Fig. 7(c). In summary, Erbium (and Neodymium)
significantly enhances the saturation and remanence magnetization
relative to the un-doped composite, whereas Holmium slightly sup-
presses them; Lu has little effect. These trends reflect how each 4f-ion
modifies the ferrite's cation distribution and exchange interactions —
Nd3* or Er®* additions can boost net magnetization at low levels,
whereas trivalent RE's with closed-shell character (like Lu3+) or strong
paramagnetism (Ho®") tend to dilute the magnetic sublattice [53]. Thus,
the data demonstrate that selective RE-doping can be used to engineer
the magnetic response of these ferrite/graphene nanocomposites [54].
These differences arise because each RE ion (with its specific magnetic
moment and ionic radius) alters the spinel's cation distribution and ex-
change interactions — for example, Nd>* can increase M; and H. at low
levels whereas nonmagnetic RE®* often dilute the sublattice. The result
is a tunable magnetic profile: by choosing a particular dopant, one can
engineer higher saturation (for stronger magnets or memory media) or
lower magnetization (for low-loss cores), making these RE-graphene
ferrites versatile for targeted applications [55]. The SQR(M,/M;) value
was found in the range of 0.38 to 0.54, as depicted in Fig. 7(c). The
composites doped with rare earth are found to have an M,/M; value less
than 0.5 which suggest the soft magnetic nature and indicates the
presence of single domains while the NCF composite had a value higher
than 0.5 which shows the less soft nature and highly anisotropic nature
[44]. The anisotropy constant value was found in the range
55.32 erg/cm® to 106.35 erg/cm® and, the initial permeability was
ranged from 4.64 to 7.47 described in Table 3 and Fig. 7(d).

~
~

3.5. 1V characteristics

The IV characteristics of synthesized samples were measured by
Keithley instrument model 2401 at a temperature ranging from 313 K to
773 K as shown in Arrhenius plot in Fig. 8(a). The electrical resistivity of
synthesized samples measured by using IV measurements. The DC
electrical resistivity influenced by lattice vibrations, drift mobility, and
occupancy of ions at lattice sites [56]. The DC resistivity at room tem-
perature was ranged from 3.02 x 107 Q cm to 3.44 x 10° Q cm. The DC
resistivity decreases with the rise in temperature, at 773 K it ranges from
1.53 x 10* Q cm to 9.39 x 10* Q cm as described in Table 4. The

11
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Table 4
Electrical properties of Nig 2Cop gREq osFe1.9404/3 wt% GNPcomposites.
Samples p at room p at E,
temperature (Q cm) 773 K (Q cm) (eV)
Nig 2C0¢.gFe>04/GNPs
5.71 x 108 9.39 x 10* 0.711
Nio.2C00.8Ndo.osFe1.9404/
GNPs 1.10 x 10° 4.36 x 10* 0.511
Nig.2C0¢.gEro gsFe1.9404/
GNPs 3.44 x 10° 4.39 x 10* 0.315
Ni.2C00.8Pr0.06F€1.90404/
GNPs 3.02 x 107 1.53 x 10* 0.362
Nig 2C0¢.gLug ocFe1.0404/
GNPs 3.36 x 10° 4.51 x 10* 0.341
Nio.2C00.8H00.06F€1.9404/
GNPs 2.07 x 10° 4.75 x 10* 0.399

decreases in DC resistivity show the semiconducting nature of synthe-
sized composites. The observed variation in the DC resistivity shows that
there is no change in oxygen stoichiometry as samples were synthesized
in open air and XRD data also confirms it because no secondary phase
was observed. The oxygen stoichiometry influence the electronic charge
transport properties [57]. The reduction in resistivity was due to rise in
drift mobility of charge carriers and lattice vibrations [44,58]. The
enhanced lattice vibrations contributed to increase the conductivity of
composites [59]. Electrical measurements of ferrites composites depend
on the hopping of electrons between ferrous and ferric ions at B-sites.
The rise in temperature reduces the resistivity value due to rise in
number of hopping pairs of Fe>* and Fe3" which is due to oxygen
deficiency at higher temperature [57]. The composites doped with
larger ionic radius rare earth elements causes reduction in resistivity.
The composites with lower ionic radius dopants having more rare earth
element ions replacement at B-site [60]. The smaller the rare earth
dopants, the smaller the crystallite size and the greater the number of
grain boundaries, causing rise in resistivity [61]. The crystallite size
affects the electrical resistivity; they are inversely linked to each other.
As the crystallite size decreases, the resistivity rises because of grain
boundaries. The smaller the crystallite size, the higher the number of
grain boundaries which behave as a barrier to the charge transportation
which results in rise of resistivity [62]. The observed trends are
consistent with this mechanism as described in Table 1anTable 4. This
confirms that the ionic radius of dopants controls the electrical prop-
erties of Ni-Co ferrites composites. Furthermore, the crystallite size
distribution also influences the mass transport behavior within the
synthesized Ni-Co ferrites composites, particularly with respect to oxy-
gen vacancy transport [63]. In nanocrystalline spinel ferrites compos-
ites, oxygen vacancies preferentially concentrate at grain boundaries.
The transport of oxygen vacancies through grain boundaries may result
in local structural disorder and grain boundary degradation, adding to
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Fig. 8. (a) 1000/T versus log of resistivity and (b) activation energy of Nip 2Cog gREq peFe1.9404/3 wt% GNP composites.
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the modification of electronic properties of the composites. From all the
synthesized composites, Nig 2Cog gPro osFe1.9404/GNPs shows the least
resistivity and minimal lattice distortion, which make it promising
candidate as electrode material due to charge transport [46]. The Curie
temperature also observed in the Arrhenius plot, which is marked by
dotted line in Fig. 8(a). The Curie point shows the conversion of syn-
thesized composites from ferromagnetic nature to paramagnetic nature.
Activation energy was ranged from 0.341 eV to 0.711 eV as described in
Fig. 8(b). The activation energy of synthesized composites varies with
the lattice distortions. It had least value for the composites having least
lattice distortions and dopants with large ionic radius [64]. As the
crystallite size decreases, the surface atoms experience compressive
stress inward, which leads to contraction of crystal lattice, evident by
lattice parameter presented in Table 1. Such compression widens the
band gap of synthesized material and consistent with their higher acti-
vation energy[63]. The variation in the resistivity of the composites is,
therefore, explained not only by the electron hopping mechanism be-
tween Fe?' and Fe®* ions at B-sites, but also by the multiplicity of the
grain boundary scattering of electrons in the smaller crystallites, surface
lattice compression (as a result of the high crystallite size), and the
transport of oxygen vacancies along the grain boundaries, intrinsic pa-
rameters of which depend on the crystallite size and its distribution in
the synthesized nanocomposites. The composites NigoC-
00.8Pro.06F€1.9404/GNPs shows the most effective and suitable value
among the all composites for electrode material applications. The
Nig.2Coq.gPro.0sFe1.9404/GNPs composite shows the most suitable IV
characteristics due to its low resistivity and activation energy, which
support the charge transfer phenomena in electrodes.

3.6. Dielectric characteristics

Fig. 9(a) shows that the dielectric constant (real permittivity ') of all
Nig.2C0o¢.gRE gosFe1.9404/GNPs composites decreases monotonically
with increasing frequency — a behavior characteristic of spinel ferrites
subject to Maxwell-Wagner interfacial polarization. At low frequencies,
space-charge accumulation at grain boundaries yields the highest ¢/

Ceramics International 52 (2026) 38721-38732

whereas at higher frequencies the dipolar and interfacial polarizations
cannot follow the field and ¢ levels off [12]. Among the rare-earth
substitutions, the Lu>*-doped sample consistently exhibits the largest
¢ across the measured range, while the pure sample has the smallest ¢'.
This ordering suggests that the specific RE-ion strongly influences po-
larization: Ho®* (with relatively smaller ionic radius and a high 4f
magnetic moment) appears to enhance the lattice polarizability more
than Pr* (larger radius, weaker moment). In fact, rare-earth doping is
known to increase the dielectric constant of ferrites, and here the
magnitude of ¢ enhancement depends on the electronic configuration of
rare earth elements and ionic size [10,65]. The presence of graphene
nanoplatelets further boosts ¢ at low frequency by creating additional
interfacial polarization [1,66].

The dielectric tangent loss (tan §) also decreases with frequency for
all samples, as plotted in Fig. 9(b). Each sample shows maximal tan § at
the lowest frequencies, which falls off sharply and becomes very small
above ~10° Hz [8]. This behavior mirrors the ¢ dispersion: at low fre-
quency, space-charge polarization and charge hopping produce large
energy dissipation, while at high frequency dipolar relaxation and
hopping cannot keep up so losses drop to a baseline [8,12]. The
Lu-doped ferrite exhibits the highest tan 6 at low frequency (consistent
with its larger ¢), whereas the pure sample had the lowest losses. Nd-
and Ho-doped samples show moderate tan § values, commensurate with
their intermediate €. In spinel ferrites, dielectric loss is largely due to
hopping of charge between transition-metal ions (e.g. Fe?toFe®?,
Co?t-Co%t, Ni2toNiH) on the octahedral sites [8,60]. Thus, substi-
tution with different R®" cations (which alter the carrier mobility, defect
structure, and hopping barriers) modulates tan & in tandem with &' At
high frequencies all samples converge to very low tan § values, in
agreement with Koop's phenomenological model and the Max-
well-Wagner relaxation picture [8,67]. Overall, the rare-earth trend
(higher ¢ and lower tan § for Ho vs. lower ¢ and higher tan § for Pr)
implies that Ho®' substitution favors stronger interfacial polarization
and/or higher resistivity than Pr>*. These trends are qualitatively
consistent with other reports on RE-doped ferrites [8,66,68], where
larger magnetic moment or smaller ionic radius ions tend to enhance
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dielectric response and introduce distinct dispersion in ¢ and tan §. The
observed dispersion of ¢ and tan § with frequency is well documented in
ferrites, and the effects of RE-ion size/moment on permittivity have
been discussed in the literature [68,69]. Our data demonstrate that Lu’t
substitution yields the strongest dielectric polarization in this Ni-Co
spinel system, while pure composite gives the weakest, illustrating the
interplay of ionic radius and 4f electronic structure on dielectric
behavior.

AC conductivity in Fig. 9(c) showed a clear and significant increase
with frequency, consistent with the well-established behavior observed
in many dielectric and conductive materials. The Maxwell-Wagner
model explains this behavior, frequency dependent conductivity. Ac-
cording to this model, grain boundaries play vital role at low fre-
quencies, due to this electron hopping is low at low frequencies. At
higher frequencies, the hoping of electrons between ferric and ferrous
ions occur which give rise to the conductivity [60,67]. The
Nig.2Cog gLug osFe1.9404/3 wt% GNPs composite exhibits the highest
value of AC conductivity among the synthesized composites.

In Fig. 9(d), Quality factor is depicted versus log of frequency. At low
frequency range quality factor value is low and it increases with the rise
in frequency. The higher value of quality factor indicates the minimal
energy losses at higher frequencies. This behavior aligns with the
dielectric tangent loss, its value is high at low frequency and decreases
with the rise in frequency, both are inversely linked with each other, as
reported in literature [44,70]. Due to this behavior, high Quality factor
value at high frequency, these synthesized composites are suitable for
high-frequency applications, because less energy dissipation into heat is
required in them, like resonators. Due to low energy losses at higher
frequencies, these composites also favorable as a dielectric medium in
capacitive devices, as a lower dielectric constant implies less ability to
store electrical energy at higher frequencies. Energy losses were found
higher in low frequency range because of interfacial polarization [44].
At higher frequencies, grain boundaries becomes active and contribute
in charge transportation and energy dissipations decreases, leading to a
lower tan § value. This behavior is consistent with similar findings in
materials exhibiting complex polarization mechanisms [71,72]. The
frequency-dependent dielectric loss is particularly important for appli-
cations such as microwave absorbers and high-frequency capacitors,
where low energy dissipation is desirable [73].

4. Conclusions

The present study demonstrates the successful synthesis and char-
acteristics analysis of rare-earth-modified nickel-cobalt ferrite nano-
composites integrated with GNPs, offering a unique combination of
structural integrity, dielectric responsiveness, and improved electrical
performance. The materials were synthesized through a sol-gel auto-
combustion approach, which ensured uniform incorporation of gra-
phene nanoplatelets into the ferrite matrix. The XRD analysis confirms
that the Nig 2Coq gPrg.osFe1.9404/3 wt% GNPs composite was found to be
the most promising candidate as electrode material because of its opti-
mized crystallite size value of 31.4 nm. SEM analysis confirms the suc-
cessful synthesis of a nanostructured and porous ferrite-graphene
composite. The composites doped with rare earth are found to have M,/
M; value less than 0.5 which suggest the soft magnetic nature. The
Nig 2C0¢.gPro.06Fe1.9404/3 Wt% GNP composite shows the most suitable
IV characteristics due to its low resistivity (3.02 x 107 Q cm) and acti-
vation energy (0.362 eV), which support the charge transfer phenomena
in electrodes. The dielectric constant and dielectric tangent loss de-
creases with the increases in frequency while AC conductivity and
Quality factor increases. The composites Nig 2Cog gPrg osFe1.9404/GNPs
show the most promising characteristics among all doped Ni-Co ferrite/
GNP composites for electrode material applications.
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