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Abstract 

This research explores the effect of graphene nanoplatelets (GNPs) on structural, electrical, 

magnetic and dielectric properties along with surface morphology of CoZnNd ferrites (CZNF), 

synthesized through sol-gel auto combustion route. The results exhibited that CZNF particles were 

dispersed on GNPs, which modified the structural and electromagnetic characteristics of CZNF. 

Moreover, SEM micrographs revealed the reduction in agglomeration with inclusion of GNPs. 

Additionally, resistivity was increased in the ferro region and decreased in the para region with 

rising temperature. TCR for CZNF/2.5wt. %GNPs composite was recorded as -3.49 % at 371 K. 

Excellent magnetodielectric properties were observed for CZNF/2.5wt. %GNPs composite, i.e. 

Ms =141.76 emu/g and Hc = 81.2 Oe along with minimum Tan δm and skin depth. On the basis of 

studied parameters, CZNF/2.5wt. %GNPs composite is appropriate for high frequency micro wave 

shielding applications, inductors, filters, bolometers and switching devices. 

Keywords: Nanocomposites; graphene nanoplatelets; ferrites; dielectric; switching field 

distribution (SFD). 
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1 Introduction 
Graphene an allotrope of carbon is known as strongest material in the world. [1]. Graphene 

is a two dimensional (2-D) arrangement of atoms with thickness of only one atom, which holds 

unique mechanical, chemical and physical properties [2]. Structure of graphene comprises with six 

carbon atoms arranged in a regular hexagonal fashion with a single atom thickness, large aspect 

ratio and superior flexibility. This network of six-atom rings composed of one carbon (C) atom 

bonded to three other carbon (C) atoms with a C-C bond length of 1.42 Å and bond angle of  120°. 

Moreover, due to tiniest thickness graphene (derivative of carbon) could not exist in free form. 

Graphene based studies have been a raid growth due to their synthesis, unique properties and 

potential candidate for many applications [3,4]. Additionally, the production cost of multilayer 

graphene on large scale is very low as compared to other allotropes of carbon. Owing to these 

properties many graphene based ferrites composites have been studied extensively [1]. 

Ferrites/graphene composites are very famous for water treatment, diagnostic analysis, 

photocatalytic phenomena, electronic devices and drug transportation [5,6]. 

  Nanocomposites are polyphase solid materials fabricated by the amalgamation of 

different materials whose characteristics are substantially changed at nano-scale as compared to 

their parent elements. Surface to volume ratio of nanocomposites is high [7]. Owing to different 

materials as a single element the properties of nanocomposites are highly improved. 

Nanocomposites of graphene and rare-earth doped ferrites are remarkable materials attributable to 

their nontoxic nature and exceptional magnetic, chemical, optical and electrical properties. 

Research work on the synthesis of graphene based rare-earth doped ferrite nanoparticles is very 

vast [8–10]. Properties of composites can be tuned by changing composition of precursors and 

selection of doped rare earth element. Accumulation problem of ferrites can be resolved by the 

addition of graphene [6]. Though, defects and disorders are appeared in the crystal structure due 

to the presence of different electronic structures, distribution of cations and valance states, which 

are responsible for unique dielectric and magnetic properties in composites [5,11].  

Magnetodielectric (MD) materials are an important class of materials that exhibit dielectric 

and magnetic properties in a single phase. Magnetodielectric materials have been widely 

investigated due to their potential applications including magnetic sensors, high frequency 

microwave absorbers, an- tenna miniaturization, data storage devices, catalysis, etc.[11–14]. 
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Generally, magnetodielectric materials are formed by combining material with high electric 

permittivity along with material having high magnetic permeability. In this research work, we 

considered Cobalt Zinc ferrites (CZF) and graphene nanoplatelets (GNPs). The CZF are magnetic 

materials hence exhibit considerable magnetic permeability while GNPs are material with high 

electric permittivity. The CZ ferrites are regarded as soft magnetic materials with extraordinary 

electrical and magnetic properties [15]. On the other hand, insertion of GNPs stimulates formation 

of space charges which promote the interfacial polarization. Due to this phenomenon dielectricity 

of material increases [16].          

    Herein, we report on sol-gel auto combustion synthesis of Co0.5Zn0.5Fe2O4 (CZF), 

Co0.5Zn0.5Nd0.03Fe1.97O4 (CZNF) and its composites with GNPs. The effect of different 

stoichiometric proportions of graphene nanoplatelets (GNPs) was studied on structural, electrical, 

morphological, dielectric and magnetic properties of ferrites/GNPs composites. In this research 

work five samples were synthesized i.e. CZF, CZNF, CZNF/2.5wt.%GNPs, CZNF/5wt.%GNPs 

and CZNF/7.5wt.%GNPs.  

2 Experimental procedure 
  Co nitrate hexahydrate [Co(NO3)2.6H2O], Zinc acetate [Zn(CH3COO)2.2H2O], Iron nitrate 

nonahydrate [Fe(NO3)3.9H2O], Neodymium nitrate hexahydrate [Nd(NO3)3.6H2O] and graphene 

nanoplatelets (GNPs) were used as precursors. GNPs with particle size 25 µm and surface area 

120-150 m2/g were used to form composites. Citric acid [C6H8O7] was picked out as a combustible 

agent. Citric acid and other metal solutions were mixed at 1:1.2 with stoichiometric calculations. 

Liquid Ammonia was added drop wise to obtain a pH of 7 while keeping the resulting solution at 

magnetic stirrer. Heating with continuous stirring led to the formation of sticky gel, which was in 

dark fluffy powder by auto combustion process. The resultant powder of as-prepared samples was 

obtained by grinding and calcination at 850℃ for 5 hours.  Complete synthesis process is presented 

in Fig. 1.   

3 Results and discussion  

Structure of as-prepared samples was evaluated by XRD and Raman analysis. Fig. 2(a) 

represents the XRD pattern whose peaks were indexed to miler indices (220), (311), (222), (400), 

(422) and (511, appearance of  major peak in XRD spectra indexed at (311) indicated spinel 

structure of all samples. A slight peak shift was detected in the (311) plane attributed to the 
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substitution of Nd3+ and GNPs (Fig. 2(b)). However, the CZNF/GNPs composites revealed that 

GNPs peaks indexed to (0 0 2) and (0 0 4) were slightly shifted towards lower 2θ due to 

deformation in structure of GNPs by spinel structure of ferrite and presence of rare-earth [17].  

Grain size calculated from XRD was found in the range of 25.2nm to 59.3nm. Reduction 

in grain size by Nd3+ doping in CZF matrix may attributed to small solubility of Nd3+ , hence more 

Nd3+ are located at grain boundaries and pressure of doping  Nd3+  at grain boundaries indicated 

decreased lattice constant (a) grain growth of CZNF. More energy is required for the formation 

and growth of  CZNF as compared to CZF [18]. Enhancement in grain size was seen with the 

inclusion of GNPs in CZNF [10] but not in a regular manner. Variation in crystallite size, lattice 

constant and FWHM regarding samples is presented in Fig. 2 (c) 

 Raman analysis was performed to further reveal structure of as-prepared samples and 

corresponding Raman spectra is presented in Fig. 3.  Raman spectra exhibits the three major active 

modes of spinel ferrites including Eg, T2g, and A1g (2) are detected around 331, 470 and 640 cm-1 

[19]. However, three bands around 1304 cm-1 (D-band) and 1670 cm-1 (G-band). Which indicates 

ferrite particles are successfully dispersed on GNPs. The D and G bands are attributed to defect 

and disorderliness of GNPs [20].   

Electrical properties of ferrites and its composites can be well explained by measuring 

temperature-dependent resistivity. Fig. 2(d) illustrates log ρ versus 103/T (Arrhenius plots) of all 

samples. Curie temperature (TC), a transition temperature divides the log of resistivity curves into 

two separate region such as ferro region and para region. Reduction in resistivity with rising 

temperature (T) demonstrates the semiconducting nature of as-prepared samples because the drift 

mobility of charge carriers increases with a hike in T. Ferrites conduct by electron hopping amongst 

same ions such as Fe3+ and Fe2+ ions with different oxidation number which are distributed 

arbitrarily between lattice sites stated by Verwey's hopping mechanism [21].  

Temperature coefficient of resistance (𝑇𝐶𝑅% =	 [1 𝜌⁄ ][𝑑𝜌 𝑑𝑇]⁄ 	× 100	Here, T =

temperature, ρ = resistivity) is an important parameter for estimating device applications in 

bolometers and optoelectrical devices [22]. The peak position of TCR% values from Fig. 2(e) were 

-2.10K-1, -4.28K-1, -3.49K-1, -3.22K-1, -3.22K-1 at 363K, 414K, 371K, 382K and 382K 

respectively. Factors that could  affect peak values of TCR %  are sintering temperature and time 

[23].   
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Morphology of all samples was identified by SEM and AFM. Fig. 4 (A) illustrates that 

ferrite particles are not uniform in size and tend to aggregate up to some extent because of their 

strong magnetic interactions and high surface energy [24]. Fig. 4A (a-e) demonstrates that with 

increasing content of GNPs agglomeration of ferrite particles was reduced. AFM images shown in 

Fig. 4B exhibits roughness of surfaces with GNPs inclusion, indicating that ferrite particles are 

fused on GNPs surface. Synthesis route and dispersion of ferrite particles on GNPs sheets play a 

key in modifications of composites [25].  

Dielectric behavior, one of the significant properties of ferrite/GNPs composites was studied 

at room temperature between 4Hz to 8MHz. Different parameters like chemical composition of 

materials, crystallite size, synthesis method, sintering temperature and distribution of metal ions 

in the unit cell are responsible for dielectric behavior [5]. In ferrites charge carriers are transported 

through hopping among the atoms of octahedral sites but with different oxidation states i.e. Fe2+ 

and Fe3+ states. However, in ferrite/GNPs composites the loss mechanism is related to the 

transportation of charge carriers through hopping and migration over interlocked GNPs grid. The 

dielectric polarization in ferrites is associated with conduction mechanism [26]. Though, in 

ferrite/GNPs composites many defects which are created on GNPs during synthesis process 

stimulate dipole polarization [27]. With rising frequency variation in dielectric loss is due to the 

orientation of induced dipoles with external frequency [28]. Interfacial polarization which is the 

result of formation of heterogeneous interfaces including ferrite/ferrite and ferrite/GNPs. These 

manifold polarizations are responsible for dielectric loss [29]. Simultaneously, ferrite (magnetic) 

particles introduce magnetic loss which comprises magnetic resonance and induction of eddy 

current [30]. These all phenomenon are showed in Figs. 5(a-e). 

Real part of permittivity (ɛ´) and imaginary part of permittivity (ɛ´´) are plotted in Figs. 6 (a,b) 

respectively. Both ɛ´ and ɛ´´ exhibited continuously decline curve with increasing frequency hence, 

follows the Debye’s conduction theory at large values of frequency [30,31]. At low frequency ɛ´ 

increased up to 48 with Nd3+ doping and then suddenly decreased to 23 with GNPs 2.5wt.%, which 

was decreased up to 20.6 for 7.5wt.%GNPs, indicating decreasing capability of polarization with 

GNPs content [30]. At high frequency ɛ´ was irregularly decreased with Nd3+ and GNPs. ɛ´´ was 

increased up to 13.9 with Nd3+ doping [32] which was regularly decreased up to 0.80 with GNPs 

addition at low frequency. Tan δe, referred as tangent loss (Tan δe =ɛ´´/ɛ´) is presented in Fig. 6(c). 
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Loss capability of dielectric materials for electromagnetic energy is represented by ɛ´´. Therefore, 

the variation in tangent loss plot indicated low dielectric loss with inclusion of GNPs in CZNF. 

The dielectric relaxation, domain wall dielectric resonance and electrical conduction are key 

phenomena to dissipate energy [21,33]. 

Fig. 6 (d,e) depicts frequency dependent real (𝜇!) and imaginary (𝜇!!= 𝜇! × tan𝛿") parts of  

complex permeability, indicates the storage ability and dissipation capacity of magnetic energy 

respectively [34]. Real part of complex permeability was independent of low frequency and 

suddenly reduced at high frequency. At low frequency 𝜇!! was observed dependent on frequency 

and became independent at higher frequency as displayed in Fig. 6(e). Moreover, 𝜇! was 

significantly improved by Nd3+ and GNPs addition. Whereas, µ′′  was decreased substantially with 

increasing GNPs substitution in CZNF sample.  Magnetic tangent loss or magnetic loss factor 

(tan	𝛿") referred to the energy loss due to the phase delay among induced magnetic field and 

applied magnetic field inside a magnetic material, displayed in Fig. 6(f). Magnetic tangent loss 

(tan	𝛿") was dominated by CZF, which was reduced by Nd3+ and GNPs substitution but not in a 

regular manner. Hysteresis loss, residual loss and eddy current loss are the general forms of 

magnetic tangent loss inside a magnetic material [32,35]. Eddy current loss is caused by the 

generation of eddy current by induction mechanism inside a magnetic material placed in an 

alternating magnetic field. The residual loss is generally comprises of natural resonance, exchange 

resonance and domain wall resonance during magnetization of a magnetic material [35]. Magnetic 

loss can be evaluated by C0 (𝐶# =	µ!!(µ!)$%𝑓$&) versus frequency plot [29,35,36],  Fig. 6(g). 

Fig. 6(h) demonstrates the variation in skin depth (𝑠 = [1 2𝜋][Iµ𝑓 𝜌⁄⁄ ] ) against frequency 

[37]. Skin depth slightly increases with increasing frequency. Minimum skin depth of 0.21mm at 

8MHz was observed for CZNF/2.5wt.% GNPs composite.  The ac conductivity (σac) was reduced 

with the inclusion of GNPs as compared to pure CZF and CZNF samples Figs. 6(i).  

Fig. 7(a,b) exhibited the inverse relation of real (Z´) and imaginary (Z´´) parts of impedance 

with frequency. As Z´ and Z´´ remain unaltered after 106 Hz showing that conduction mechanism 

is prevailing at high frequency because of electron hopping [38]. Q factor is an important dielectric 

parameter to predict the efficiency of electrical components and devices by establishing relation 

between stored energy and dissipated energy shown in Fig. 7(c). Q factor of ferrite/GNPs 

composites is greater than pure CZF and CZNF samples. 
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The Hysteresis loops (M-H loop) of ferrites and its composites are shown in Fig. 7(d), 

exhibiting soft ferromagnetic nature. Properties of hysteresis loops  are highly affected by 

microstructures, synthesis methodology, sintering temperature, purity and distribution of cations 

among A and B sites [17,36,39]. Variation in magnetic parameters including saturation 

magnetization, remanence, coercivity and microwave frequency versus samples is illustrated in 

Fig. 7(g). It was observed that saturation magnetization and other magnetic parameters were 

reduced with Nd3+ doping. Saturation magnetization attributed to different magnetic moments at 

A and B sites in ferrites. Hence, the overall saturation magnetization in ferrites is the result of 

difference in magnetization at both sites. Generally, in rare earth doped ferrites Fe3+ are replaced 

by RE3+ ions which may reduce magnetization due to the small magnetic moments of RE3+ ions 

as compared to Fe3+ ions. Moreover, when nonmagnetic GNPs are added to CoZn ferrites, the 

magnetic moments tend to further decrease in saturation magnetization [40,41].  

The figure illustrates that hysteresis curves are not wide, with a relatively small coercive 

magnetic field classifying the synthesized samples as soft magnetic materials. The small coercive 

force values permit easy magnetization and demagnetization with limited losses. This observation 

suggests that all samples may be suitable for magnetic applications conditioned by low energy 

losses. Saturation magnetization and remanence of synthesized samples were found between 

159.37 – 132.83 emu/g and 34.7 – 1.81 emu/g respectively. The figure 7(d) illustrates narrow M-

H loops, which are attributed to small values of coercivity. These low values of coercivity classify 

the synthesized material as soft magnetic materials. Therefore, magnetization and demagnetization 

of material offer limited losses which suggests the suitability of material for low loss energy 

devices. Additionally, Hc was reduced from 104.3 – 92.5 Oe with Nd doping which was further 

reduced in ferrite/GNPs composites up to 58.04 Oe due to reduced spin order of GNPs. The low 

coercivity of as-prepared samples make them potential candidate for microwave absorption 

applications  [42]. According to literature review Riaz et al., reported saturation magnetization  of 

Nd doped CoZn ferrites  from 81.5–66.2 emu/g ,  Coercivity from 241.24–162.13 Oe and 

remanence from 10.84 - 9.22 emu/g  [43]. Kokare et al., prepared  Nd doped NiCo ferrites via sol-

gel auto combustion method and claimed saturation magnetization between 51.85 – 19.70 emu/g, 

remanence from 31.75 emu/g to 13.83 emu/g and coercivity from 1396.02 Oe to 813.73 Oe [41]. 

Almessiere et al., reported saturation magnetization, coercivity and remanence of CoNdCe ferrites 

with x=0.03 and calculated values were 58.51 emu/g, 1131.5 Oe and 21.12 emu/g respectively 
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[44]. The microwave frequency 𝜔" = 8𝛾𝜋%𝑀', Here, γ = gyromagnetic fraction = 2.8 MHz/Oe 

[21] is presented in Fig. 7(e). The microwave frequency (35.16 – 29.30 GHz) was found to 

decrease with addition of Nd3+ ions and GNPs correspondingly     

In Fig. 7(f) switching field distribution (SFD) curves are analyzed by using dM/dH (first 

derivative of demagnetization data) versus applied field H. SFD curves reveal the exchange 

coupling interactions (A-B interactions) among metal cations at their lattice sites. Magnetic 

characteristics in spinel ferrites are consequence of exchange coupling interactions among Fe-ions 

and spin coupling of 3d electrons [24,45]. Additionally, magnetization of ferrites be influenced by 

the distribution of Fe3+ ions between octahedral and tetrahedral sites along with spins on the 

surface of nanoparticles [46]. Smooth lines at high reverse fields indicates strong magnetic 

interactions of cations. The rapid increasing behavior of dM/dH data at low fields indicates the 

SFD behavior of under investigation samples [45]. Though, the CZNF samples possesses highest 

SFD value and CZNF/7.5wt.% GNPs nanocomposite possess smallest value. The doping of Nd3+ 

(0.983 Å) ions with Fe3+ (0.64 Å) ions, results in a lattice distortion, which improved the magnetic 

properties of the material. Instead non-magnetic nature and low crystallinity of GNPs are 

responsible for the variation in magnetic properties of ferrite/GNPs nanocomposites. However, it 

can be observed from magnetic data that all magnetic parameters systematically increased and 

decreased with the addition of Nd and GNPs. The small particle size along with high values of 

magnetization and low Coercivity can bring innovative changes in the miniaturization of devices 

for high- frequency operating devices [24].    

Conclusion 
This research work demonstrates the sol-gel auto combustion synthesis route for 

CZNF/GNPs composites. The combination of XRD and Raman analysis revealed the existence of 

spinel phase in all samples. SEM micrographs showed a decrease in agglomeration with the 

substitution of GNPs in CZNF/GNPs composites. AFM results were supported by SEM results 

and revealed the dispersion of ferrite particles on GNPs and roughness of surface. Crystallite size 

was measured through XRD analysis and was found between 25.2 nm and 59.3nm. Resistivity at 

303 K was found 1.30 x 108 (Ω-cm) for CZNF/5wt. % GNPs nanocomposite sample. TCR peak 

value for CZNF/2.5wt%GNPs was observed as -3.49 % K-1 at 371 K. Dielectric study reveals that 

Tanδm and magnetic loss of CZNF/2.5wt%GNPs composite was minimum with minimum skin 

depth of 0.21 mm. The maximum permeability was recorded as 2.07 for CZNF/2.5wt%GNPs 
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composite. Values of Ms and Hc were decreased from 157.63emu/g to 132.82emu/g and 92.5Oe 

to 58.04Oe respectively with substitution of GNPs. SFD curves indicated strong magnetic 

interactions of cations at their lattice sites. The dimensions of devices were found to be dependent 

on range of frequency and properties of materials used. Consequently, encapsulation of CZNF 

material into nonmagnetic materials such as GNPs is a novel approach to design various devices 

for microwave shielding applications, switching, inductors and filters. 
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