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A B S T R A C T   

Herein, we have synthesized NiCr2O4 chromite by the sol-gel auto-combustion route. The refined X-ray powder 
diffraction pattern confirmed the single-phase formation of the material, which crystallized in a cubic normal 
spinel structure with space group Fd3m. The complex impedance study indicated the existence of relaxation 
phenomenon and predicted the semiconducting nature of the material. The frequency-dependent Nyquist plot 
modeled by (RGBCGB) (RGQG) equivalent circuit exhibited the effects of grain and grain boundary to the electrical 
response of the compound over the measured temperature range of 263 − 393 K. The experimental AC con-
ductivity data followed Jonscher’s double power-law behavior, and the frequency exponent profile suggested 
small polaron hopping as the most probable transport mechanism for the sample. The complex modulus analysis 
showed the non-Debye type behavior of the material. In contrast, the dielectric constant exhibited dispersion in 
the low-frequency regime with a large tangent loss directly related to temperature.   

1. Introduction 

In the last few decades, there has been a surge of interest in electro- 
ceramic spinel oxides which took prime importance in the telecommu-
nication and electronic industry due to their novel electromagnetic 
characteristics. It makes them worthwhile for their potential applica-
tions in the high quality filters, phase shifters, radiofrequency circuits, 
isolators, optoelectronics, read/write heads for high-speed digital tapes, 
electrochemical technology, transformer cores, and other devices [1,2]. 
Recently, the chromium based spinel oxides with stoichiometric 
composition ACr2O4 (A = Mg, Co, Fe, Zn, Cu, Mn, Cd, etc.) have 
attracted considerable interest in research fields due to their fascinating 
electronic properties and potential applications as humidity sensors [3], 
solid oxide fuel cells (SOFC) [4], semiconductors [5], magnetic mate-
rials [6], high-temperature ceramics with prominent optical features 
[7], super hard materials [8], biocides, and corrosion inhibitors [9]. 
Among spinel chromites, nickel chromite (NiCr2O4) has drawn consid-
erable attention due to its striking electronic and magneto-dielectric 
features [10]. NiCr2O4 has been widely used in gas sensors [5], 

photo-catalysts [11], heat or light sensitive micromechanical devices 
[12], pigments [13], and supercapacitor energy storage devices [14]. 

In spinel oxides, the electronic motion becomes confined to small 
dimensions when the size is reduced, and the separation between the 
valence and conduction bands becomes comparable to or greater than 
the thermal energy (kBT). As a result, the material starts exhibiting 
semiconducting properties. Additional confinement increases the energy 
gap further, and the material becomes an insulator. The electrical 
transport mechanism in spinel chromite is closely related to the syn-
thesis route which consequently affects the structural and morpholog-
ical features of the material. The external parameters, comprising 
temperature, frequency, pressure, and humidity, also influence the 
various characteristic features of the material. Setting suitable condi-
tions and optimizing physical parameters determine the uniqueness of a 
material for device-based applications. In this regard, complex imped-
ance spectroscopy (CIS) has been employed to investigate the role of 
microstructural components in charge conduction and relaxation 
mechanism of a spinel system [15]. The response from electro-active 
regions, such as bulk, interface, and electrode, is critical to analyze 
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the overall electrical behavior of materials. CIS resolves the contribu-
tions of grains (Gs), grain boundaries (GBs), and electrode effects 
independently. It helps to understand the underlying phenomenon for 
electrical conduction and polarization that optimizes the parameters for 
device application. Using this technique, complex electrical quantities, 
such as impedance, dielectric permittivity, modulus, and tangent loss as 
a function of frequency and temperature, are measured for both real and 
imaginary parts [16]. The frequency dispersion of these quantities, 
which depend upon the type of atoms on the octahedral and tetrahedral 
sites in the spinel structure, determines the nature of transport mecha-
nisms and characteristic activation energies of materials. 

Different methods, such as sol-gel wet chemical reaction method 
[17], hydrothermal treatment [13], co-precipitation technique [18], 
and standard solid–state reaction method [17] have been reported for 
the preparation of NiCr2O4 nanocrystals. The sol-gel auto-combustion 
route is preferred over other methods due to its cost-effectiveness, 
environmental friendliness, and control over size and shape with 
improved crystallinity. This method involves an exothermic process 
based on self-sustained and thermally induced anionic redox reaction of 
xerogel. The precursors comprise an aqueous solution of desired metal 
salts as oxidizers and organic complexant as reductant. This makes the 
sol-gel auto-combustion method a useful route to control the distribu-
tion of metal cations at the tetrahedral and octahedral sites of the spinel 
crystal lattice by suitable choice of the fuel which burns unwanted phase 
out of the compound [20,21]. 

In this work, we synthesized nickel chromite (NiCr2O4) nano-
crystalline material via the sol-gel auto-combustion method and inves-
tigated its structure and morphology. The impedance analysis, electrical 
transport properties, electric modulus with long-and short-range con-
duction, and dielectric properties were examined by impedance spec-
troscopic techniques over different ranges of frequency and 
temperature. 

2. Experimental 

Nickel chromite (NiCr2O4) spinel oxide was prepared by the sol-gel 
auto-combustion method. High-purity precursors were used: nickel ni-
trate Ni(NO3)2.6H2O, chromium nitrate Cr(NO3)3.9H2O, and citric acid 
C6H8O7. In a typical synthesis of NiCr2O4, the 0.5 M solution of Ni 
(NO3)2.6H2O and 1 M solution of Cr(NO3)3.9H20 were prepared sepa-
rately in 25 ml deionized (DI) water. Both solutions were stirred 
continuously for 1 h to obtain homogenous mixture. The 5 M aqueous 
solution of citric acid was prepared in DI water and nitrate to citrate 
ratio was fixed at 1. The resulting citrate solution was dropped into the 
nitrate solution under continuous stirring, and neutralization of the 
solution was achieved by adding ammonium hydroxide (NH4OH). The 
overall solution was evaporated by heating it on a hot plate at 100 ◦C 
under intensive stirring for about 1–3 hours. The solution turned into a 
highly viscous gel which was then transferred to a muffle furnace, where 
self-ignition was initiated at the experimental temperature of 300 ◦C. 
This step yielded a green fluffy and spongy powder which was further 
ground and calcined at 900 ◦C for 6 h. The calcined sample of NiCr2O4 
was mixed with 5 wt.% polyvinyl alcohol solution which was used as a 
binder. The powder was pelletized into a circular disc with 13.5 mm 
diameter and 1.5 mm thickness under a uniaxial hydraulic pressure of 75 
bar. Subsequently, the circular disc was sintered at 900 ◦C for 6 h and 
cooled to room temperature under a cooling rate of 5 ◦C per minute. 

X-ray diffraction (XRD) analysis was carried out using a powder 
diffractometer (Rigaku DMAX-3A) with CuKα radiation at a wavelength 
of 1.54 Å to investigate the crystalline phase and various structural 
parameters of the prepared sample. The XRD patterns were scanned in a 
2θ range of 10o to 80o with a scanning step size of 0.05◦. The 
morphology of the sample was explored by field-emission scanning 
electron microscopy (FESEM), and elemental composition was identified 
by energy-dispersive X-ray (EDX) analysis. The impedance, dielectric, 
and conductivity measurements of the prepared pellet were performed 

using an Alpha-N impedance analyzer (Novocontrol Germany) with a 
sinusoidal input signal of amplitude 500 mV. The pellet was scanned 
over a frequency range of 70 − 2 × 106 Hz and a temperature range of 
263 − 393 K. The data were extracted through a WINDATA software 
programmed by a fully automated computer interface and analyzed by 
Zview software. 

3. Results and discussion 

3.1. Structural and microstructural study 

Fig. 1 shows the refined XRD profile of nickel chromite calcined at 
900 ◦C. The observed diffraction pattern was refined and analyzed using 
the FullProf Suite program [22]. In the refinement process, the peak 
shape was modeled using the pseudo-Voigt function, and the back-
ground mode was set as 12-coefficient Fourier cosine series. Lattice 
parameters, atomic positions, scale factors, zero correction, preferred 
crystallographic orientations, full width at half maximum (FWHM) pa-
rameters (U, V, and W), occupancy, and isotropic temperature factors 
were iterated. The quality of fit was judged by reliable factors, which 
include the weighted profile discrepancy factor (RWP; %), Bragg 
discrepancy factor (RB; %), expected weighted profile factor (Rexp), 
crystallographic factor (RF), and goodness of fit (G; %). The refined 
pattern revealed that the sample crystallized as a face-centered cubic 
normal spinel with the Fd3m space group, in accordance with JCPDS file 
no. 89-6615. No secondary phase impurity, such as Cr2O3, Ni2O, nor any 
other oxide of Ni and Cr, was found in the reflection patterns, which 
indicates the single-phase growth of the spinel structure of NiCr2O4. The 
built-in BondStr program estimated the bond lengths and angles in 
FullProf Suite software. The refined results were listed in Table 1. The 
average crystallite size of the prepared sample was calculated using the 
Debye–Scherrer (D-S) equation and further compared with the size 
deduced from the Williamson–Hall (W-H) equation. The former is 
expressed by the following relation [23]: 

D =
Kλ

βcosθ
(1)  

where D is the average crystallite size, K is particle shape factor whose 
value is 0.9, λ is the wavelength of CuKα radiation used (0.154 nm), β is 
the FWHM of the intensity peak, and θ is half of the Bragg reflection 
angle. From the above XRD spectra of NiCr2O4, the FWHM values of the 
prominent peaks were estimated, and the corresponding angles at which 
maximum intensity appeared were recorded. The D-S plot was drawn 
between cosθ and 1/β, and crystallite size (72.029 nm) was estimated 
from the fit of Eq. (1) as shown in Fig. 2(a). 

Given the W-H equation [24], we obtained the following: 

βcosθ =
Kλ
D

+ 4εsinθ (2)  

where ε refers to the micro-strain induced in the lattice; the other pa-
rameters have the usual meaning. The W-H plot was drawn by plotting 
the estimated values of βcosθ for the same peak against sinθ as shown in 
Fig. 2(b). By fitting Eq. (2) to this plot, the crystallite size and micro- 
strain were recorded as 69.74 nm and 3.7259 × 10− 6 units, respec-
tively. The difference in crystallite size values from the D-S and W-H 
plots was due to the incorporation of crystallite lattice strain in the W–H 
method, resulting from defects such as twinning, dislocation, distortion, 
and imperfection. 

The refined crystal information file was used as an input to VESTA 
software to realize the unit cell and crystal lattice of the prepared 
ceramic spinel oxide as shown in Fig. 3. Unlike cubic ferrite materials 
that can adopt any mode of spinel structures, such as normal, inverse, or 
mixed, chromites always crystalize as normal-phase spinel structure. In 
the normal version of a spinel structure, trivalent Cr3+ is situated in all 
the octahedral 16(d) sites, whereas the tetrahedral 8(a) site is 
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completely occupied by divalent metal Ni2+. This condition is attributed 
to the large crystal field stabilization energy of chromium cations when 
situated in octahedral O2− ligand coordination [25,26]. Fig. 3 reveals 
that the unit cell of NiO.Cr2O3 with the normal spinel structure was built 
up with 8 formula units. This cubic spinel unit cell has 56 total atoms per 
unit cell, of which 32 are oxygen ions, and 24 are cations (Ni2+ and 
Cr3+). The distribution of Cr+3 included 8 Cr+3 from the corner of the 
cube that contributed 1 Cr ion to the unit cell and 12 Cr+3 from six faces 
(two for each center) of the cube that contributed 6 Cr ions to the unit 

cell. In contrast, five Cr+3 were contained completely within the unit 
cell. Thus, a total of 5 + 6 + 5 = 16 Cr ions existed per unit cell. On the 
other hand, 8 Ni2+ were present in the unit cell, with a total of 8 + 16 =
24 metal cations per unit cell. However, 32 oxygen ions (O2− ) settled in 
a cubic closed packing and were accommodated on octahedral and 
tetrahedral sites with Cr and Ni ions, respectively (Fig. 3). Thus, the ratio 
of ions in the unit cell was Ni2+:Cr3+:O2− = 8:16:32 = 1:2:4, which 
confirms the formula for the normal spinel structure of NiCr2O4 [18, 
27–29]. 

Fig. 1. Rietveld refined pattern of NiCr2O4. Black symbols represent the experimental XRD pattern together with the calculated pattern (solid-red line), difference 
profile (blue line), and the standard Bragg positions (green vertical ticks). 

Table 1 
Structural and Rietveld refinement results of sol-gel auto-combustion-derived NiCr2O4 obtained from XRD powder diffraction data.  

Crystal System Space Group Unit Cell Parameters (Å) a = b= c Angles (o) α = β = γ Unit Cell Volume (Å3) Atomic Position 

Cubic (F) Fd3m 8.330274 90 578.0665 Atom Ox. Site X y z 
Reliable Factors Ni +2 8a 0.3750 0.3750 0.3750 
RWP Rexp RB RF G Cr +3 16d 0.0000 0.0000 0.0000 
12.33 9.9366 8.23 6.36 1.54 O − 2 32e 0.2392 0.2392 0.2392 
BondStr Results 
Bond distance (Å) Bond Angle (o) Coordination 
Ni-O: 1.95982 O-Ni-O: 109.471, Ni-O-O: 35.2644 O-Cr-O: 84.7078, Ni- 

O: 
4 

Cr-O: 1.99643 Cr-O-O: 47.6461, Ni-O-Cr: 121.600, O-Cr-Ni: 28.9035, Cr- 
O: 

6 

Cr-Cr: 2.94520 O-Ni-Cr: 29.4962, Cr-O-Cr: 95.0573, O-Cr-Cr: 42.4714   
Crystallite size Micro-strain 
D(D-S) nm D(W-H) nm 

3.7259 × 10− 6 
72.029 69.74  

Fig. 2. (a) D-S and (b) W-H plots of NiCr2O4 annealed at 900 ◦C.  
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Fig. 4(a) and (b) shows the FESEM micrographs of NiCr2O4 spinel 
chromite calcined at 900 ◦C for 6 h with two different magnifications in 
micrometer and nanometer range, respectively. The micrograph struc-
ture reveals non-uniform Gs separated by distinctive GBs with no 
evident porosity. Fig. 4(c) shows the EDX profile of the sample; all ele-
ments were present with their atomic weight percent in accordance with 
the initial compositional stoichiometry. The results obtained from EDX 
analysis of NiCr2O4 spinel are in good agreement with those reported 
ones by Prabhulkar S. G. and Patil R. M [30]. Thus, the determination of 
elemental composition by EDX study confirmed the consistency of the 
Rietveld refinement model for the chromite under investigation. 

3.2. Impedance analysis 

Fig. 5(a) and (b) shows the temperature-dependent variations of the 
real part of impedance (Z’) as a function of frequency over the tem-
perature ranges of 263 − 328 K and 333 − 393 K (the insets depict a two- 
dimensional (2D) variation profile of Z’ with frequency over the 
measured temperature ranges). The figure shows that a monotonous 
decrease in the values of Z’ occurred with the increase in frequency and 
temperature. The variation patterns of Z’ reveal the dispersion at low 
frequencies, followed by a plateau-type region. Finally, a merger 
appeared at all temperatures at which Z’ became frequency-independent 
above a particular frequency value. This finding indicates that NiCr2O4 
material possesses a negative temperature coefficient of resistance; its 
conduction should have an increasing trend with temperature and can 
thereby be declared to have a semiconducting behavior over the 

concerning temperature range. At high frequencies, the merger of Z’ 

marked the possible release of space charge at all temperatures. This 
effect is based on the reason that at sufficiently high frequencies, 
recombination occurs rapidly; thus, the space charge finds less time to 
relax, which resultantly reduces the space charge polarization, and the 
Z’ curves merge at high frequencies [31,32]. 

Fig. 5(c) and (d) display the 3D plot of the imaginary part of 
impedance (Z’’) against frequency over the experimental temperature 
limit from 263 to 328 and 333–393 K, respectively (the insets shows the 
2D version of Z’’ against frequency plot over the experimental temper-
ature range). The complex impedance plot was used to explore signifi-
cant features of the material, including the following: (i) a particular 
peak that appeared and was associated with relaxation frequency (fmax) 
and Z’’ that decreased monotonically with the further increase in fre-
quency at all temperatures; (ii) the peak shifts toward higher frequencies 
with the decrease in the magnitude of Z’’ and increase in temperature; 
(iii) the decreased height of the peak and broadening of width with 
temperature. The fall of the peak with temperature is based upon the 
perturbation caused by frequency in the network, which eases the 
charge carriers through the CrO6 octahedral. As a result, Cr and O ions 
vibrate with a large amplitude, bring the carriers closer to each other, 
and results hopping between the sites. In this way, the frequency facil-
itates the crossing of charge carriers to the energy barriers, which con-
tributes to the relaxation process of the material. 

The relaxation time of the sample was measured with the peak 
location in accordance with the expression τ = 1

2πfmax
, where τ is the 

Fig. 3. (a) Unit cell, (b) NiO4 tetrahedral and CrO6 octahedral sites, and (c) crystal structure of NiCr2O4 normal spinel with space group Fd3m.  

Fig. 4. Field-emission scanning electron micrographs with (a) low-magnification image, (b) high-magnification image, and (c) EDX spectrum of NiCr2O4.  
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relaxation time, and fmax is the maximum frequency at which a peak 
appears. The log of relaxation time (lnτ) calculated from this relation 
was plotted with the inverse of temperature (T− 1) and showed a linear 
behavior (Fig. 6). This distribution of relaxation times is of Arrhenius 
nature, as expressed by the following relation: 

τ = τoexp
(

Ea

KBT

)

(3)  

where τo designates the pre-exponential factor, KB is Boltzmann con-
stant, and Ea is the activation energy which was estimated after fitting 
the above Arrhenius relation to the plot and was found to be 185.040 ±
1.480 meV. 

Fig. 7(a) and (b) shows the complex plane plots (Nyquist plots) of the 
impedance between Z’ and Z’’ parts for NiCr2O4 spinel over the 
measured temperature ranges of 263–328 and 333–393 K, respectively, 

with a temperature step size of 5 K for each range. The colored symbols 
demonstrate the actual experimental data, whereas the solid-black lines 
represent the fit administered by Zview software. In these plots, the 
frequency of the applied sinusoidal field increases from right to left side 
of the spectrum, and it was used to explore the most resistive parts in the 
sample [33]. Each curve comprises two depressed semi-circular arcs 
whose centers lie below the abscissa, which indicates the non-Debye 
type behavior and contribution of bulk and interface to the electrical 
characteristics of the material (inset of Fig. 7(a)). The diameter of the 
semicircle reached the maximum at 263 K, and it decreased with tem-
perature, indicating the change in capacitive and resistive parts of the 
material and thermally activated process. Thus, the impedance of the 
material decreased with temperature. 

An equivalent circuit model was proposed from the fit of experi-
mental data to investigate the relationship between microstructure and 
electrical properties of the material. The model includes two parallel 
combinations designated as (RGBCGB)(RGQG) shown as an inset in Fig. 7 
(c), where RGB, RG, CGB, and Q label the resistance of GBs, resistance of 
Gs, capacitance of GBs, and the constant phase element (CPE), respec-
tively. In the Zview fitting procedure, Q accommodates heterogeneity in 

the material, and the capacitance is estimated by C =

⎛

⎝R1− n
n

⎞

⎠Q1
n, where 

the parameter n assumes the value unity for pure capacitance and zero 
for pure resistance. Fig. 7(c) shows the decreasing trend of electrical 
resistances of Gs and GBs with temperature. This finding marks the 
thermally activated mechanism and further suggests the semiconducting 
response of the material. These results are consistent with Z’ and Z’’ 

versus frequency plots. The resistance of GBs in NiCr2O4 has greater 
value than that of Gs at all temperatures. This condition may be due the 

Fig. 5. Frequency-dependent variations of Z’ and Z’’ parts of complex electrical impedance of NiCr2O4 over the temperature ranges of 263–328 [(a) and (c)] and 
333–393 K [(b) and (d)]. 

Fig. 6. Arrhenius plot of relaxation time distribution of NiCr2O4 with 
temperature. 
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small concentration of defects and trapped charge carriers in the GBs. As 
a result, these boundaries provide minimal assistance to reduce the 
potential barriers to the mobility of charge carriers when activated 
compared with that of Gs. Such trends have been reported for other 
electro-ceramic materials [34]. Fig. 7(d) shows the 
temperature-dependent variation in capacitance of Gs (CG) and GBs 
(CGB). The values of CG were of the order of 10− 9F (nF), whereas those of 
GBs (CGB) were of the order of 10-12F (pF). The higher CG compared with 
CGB can be due to the high concentration of defects, non-stoichiometric 
oxygen distribution, and canted spin alignment, which trapped the 
charge carriers, in Gs. The values of CG increased with temperature, and 
this result may be due to the reduction in defect density with 

temperature. On the other hand, the CGB first decreased, reached a 
minimum value, and then increased with temperature. This trend is due 
to the thermal depopulation of the trapped charge carriers, which 
received adequate energy to cross over the boundary by hopping 
through the barrier height. However, with the further increase in tem-
perature, the electronic and ionic charge density accumulation at the 
GBs increased, which resulted in an increased CGB at higher tempera-
tures [35]. 

The transport behavior of the NiCr2O4 material was investigated by 
applying the small polaron hopping (SPH) model to the data obtained 
from equivalent circuit modeling of complex plane plots. In the SPH 
mechanism, the resistance is expressed by the following relation [36]: 

Fig. 7. (a), (b) Nyquist plots for NiCr2O4 modeled by the equivalent circuit in the temperature ranges of 263 − 328 and 333 − 393 K, respectively. (c) Variation in 
resistances of Gs and GBs with temperature and (d) temperature dependence of capacitances of Gs and GBs. 

Fig. 8. Plots of (a) SPH model and (b) Arrhenius relations for relaxation times of Gs and GBs in NiCr2O4 material.  
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R = RoTexp
(

Ec

KBT

)

(4)  

where Ro is the pre-exponential factor, EC is the activation energy of 
conduction phenomenon, KB is Boltzmann constant, and T is the abso-
lute temperature. Fig. 8(a) and (b) shows the fit of the SPH model given 
in Eq. (4) and Arrhenius fit of relaxation times for Gs and GBs, respec-
tively. The figure reveals that the SPH model fits the experimental data 
well and is, therefore, a justified mechanism for electrical transportation 
in the material. The activation energies for conduction determined by 
SPH model fitting were 202.5 and 216.4 meV for Gs and GBs, respec-
tively. The relaxation time was determined by the extracted values of 
resistances and capacitances of bulk and interface in accordance with 
the relation τ = RC. The activation energy of relaxation phenomenon Er 
was estimated by employing the Arrhenius relation: τ = τoexp(Er/KBT). 
The activation energies for relaxation were 193.400 ± 1.241 meV and 
203.500 ± 1.320 meV for Gs and GBs, respectively, and were approxi-
mately in close agreement with those obtained earlier from complex 
impedance against frequency spectra. The activation energies for con-
duction were slightly greater than those for relaxation mechanism 
because the conduction involved both the hopping energy and polaron 
binding energy, whereas the relaxation involved only the hopping en-
ergy [37]. 

3.3. Conductivity analysis 

Fig. 9(a) and (b) shows the variations in AC electrical conductivity 

(σAC) of NiCr2O4 material as a function of frequency in the temperature 
range 263–323 and 328–393 K, respectively. The conductivity pattern 
exhibited a typical behavior of ionic material, that is, it displayed a 
plateau-type response at low frequencies. The conductivity then 
increased sharply with the further increase in frequencies over the whole 
range of temperature measurements. In the low-frequency region up to 
103Hz, the conductivity was almost independent of frequency, which 
characterizes the DC part of conduction in the sample. The frequency at 
which the slope of conductivity was altered and above which the con-
duction involved the AC part of the conductivity is termed as the hop-
ping frequency, which shifted towards higher frequencies with the rise 
in temperature. The dispersion of AC conductivity is generally charac-
terized by Jonscher’s universal power-law, which expresses the trans-
port mechanism based upon thermal activation of the hopping 
phenomenon between two sites with an energy barrier. According to this 
law, the total conductivity of a material is given by σ(ω) = σDC + Aωs, 
where σDC is DC conductivity, A is a temperature-dependent pre-expo-
nential factor, and s is a frequency exponent associated with the slope of 
the conductivity curve. The variation in exponent s with temperature 
characterizes the nature of the hopping mechanism in the materials. The 
direct variation in s with temperature determines the conduction by SPH 
[38], the inverse proportionality of s with temperature signifies the 
correlated barrier hopping mechanism [39], s decreases with tempera-
ture to attain the least value and then increases in the large polaronic 
hopping conduction [40], and if s sets itself fixed or close to 0.8, then the 
transport is governed by quantum mechanical tunneling in the material 
[41]. 

Fig. 9. Variation of AC conductivity as a function of frequency over various temperatures (a) from 263 − 323 (inset represents slopes of conductivity curve) and (b) 
328 − 393 K. 
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In the current study, the conductivity spectrum of NiCr2O4 possessed 
three different regions corresponding to the contributions from various 
components of the material: (i) the conductivity below 103 Hz infers the 
frequency-independent DC part of the conduction mechanism, (ii) the 
region from 103 − 105 Hz is attributed to the contribution from GBs; (iii) 
the third region above 105 Hz marks the contribution from Gs as shown 
in the inset of Fig. 9(a). In such a situation, the total conductivity is 
expressed by Jonscher’s double power-law which is given by the 
following [42]: 

σAC = σDC + Aωs1 + Bωs2 (5)  

where A and B are pre-exponential factors whose values depend on 
temperature and frequency, respectively. Herein, s1 and s2 are frequency 
exponents with values in the range 0 ≤ s1 ≤ 1 and 1 ≤ s2 ≤ 2, respec-
tively. In Fig. 9, the symbols represent the experimental data of AC 
conductivity, and the solid- black lines reveal the fit by Jonscher’s 
double power-law expressed in Eq. (5). 

The variation in DC conductivity with temperature followed the 
following Arrhenius expression: 

σdc = σoexp
(

−
Ea

KBT

)

(6)  

where σo is a pre-exponential factor, and Ea is the activation energy. By 
linear fitting of the expression in Eq. (6) to the plot in Fig. 10(a), the 
activation energy for DC conduction was measured as 187.340 ±

1.480 meV. 
The values of s1 and s2 increased with temperature as shown in 

Fig. 10(b). The increasing pattern of s1 and s2 with temperature suggests 
that the SPH model governed the transport mechanism in NiCr2O4. 

3.4. Electric modulus study 

The study of complex electric modulus provides deep insights into 
the relaxation behavior of materials. It resolves the contribution from 
different parts of the system, such as bulk, interface, and electrode ef-
fects, on the transport mechanism. Fig. 11(a) shows the Cole–Cole plot 
of electric modulus between M// and M/ for NiCr2O4 chromite. The 
figure resolves two depressed semicircles in low- and high-frequency 
regions, inferring the contributions of GBs and Gs respectively, in the 
charge conduction and relaxation phenomenon at different tempera-
tures. Moreover, each spectrum exhibited a zero value at the origin, 
which rules out the presence of electrode effect in the conduction 
mechanism of the material. 

Fig. 11(b) shows the frequency dependence of the real part M/ of the 
complex electric modulus of nickel chromite ceramic at several tem-
peratures. The figure shows that M/ possessed small, near-zero values in 

the low-frequency region at all temperatures. This type of behavior is 
based on the negligible electrode polarization at low frequencies, which 
is due to the lack of the restoring force governing the mobility of charge 
carriers under an applied electric field [43]. The values of M/ increased 
with the increase in frequency and finally reached the maxima M∞ at 
high frequency, indicating the presence of relaxation processes in the 
material over the studied frequency range. The maximum value of M/ 

decreased with the rise in temperature. In general, M/ specifies the 
capability for energy storage of the sample. The reduction in maxima 
value with temperature is due to the increased mobility of charge 
carriers. 

Fig. 10. (a) Variation in DC conductivity with the T− 1 and (b) temperature-dependent profile of frequency exponents s1 and s2.  

Fig. 11. (a) Cole–Cole plot and frequency dependence of (b) M’ and (c) M’’ 

parts of complex electrical modulus of NiCr2O4 spinel over the measured 
temperature range of 263–393 K. 
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Fig. 11(c) shows the variation in the imaginary part M// of modulus 
against frequency over the experimental temperature range. The value 
of M// increased with frequency, attained a maxima, and then declined 
with the further increase in frequency at all temperatures, which spec-
ifies the existence of thermal relaxation mechanism in the sample. The 
locus of peak maxima shifted toward higher frequencies, and the 
broadening of the peak increased with temperature. The asymmetry in 
the peak maxima determines the non-Debye type relaxation of the ma-
terial. The frequency at which peak maxima M’’

max occurred was desig-
nated as the fM. The region below the fM was attributed to the long-range 
mobility of charge carriers, whereas above the fM, the charge carriers 
were confined and showed short-range mobility [44]. Fig. 12(a) shows 
the temperature-dependent variation of fM which exhibited a linear 
pattern, and it can be manipulated by the Arrhenius relation with the 
following formula: 

fM = foexp
(

EM

KBT

)

(7)  

where fo is the pre-exponent factor, and EM is the activation energy for 
relaxation. The activation energy calculated by the Arrhenius fit was 
185.690 ± 1.881 meV. Thus, the activation energy estimated from the 
modulus profile is comparable to that obtained from impedance anal-

ysis. The comparable values of activation energies from both impedance 
and modulus suggest that the transport mechanism in NiCr2O4 material 
is governed by thermally activated hopping phenomena [45]. 

Fig. 12(b) illustrates the scaling behavior of the complex modulus of 
NiCr2O4 in the form of normalized plots between M’’/M’’

max and ln( f
fmax

)

at different temperatures. The low-frequency profile of the normalized 
peak in this modulus master curve infers the dynamics of charge carriers 
over long distances, whereas the high-frequency region of M’’/M’’

max 

versus ln( f
fmax

) curve shows the spatial confinement of charge carriers to 
their potential wells, where they can exhibit localized motions. The re-
gion in which a peak appeared marks the transition from long- to short- 
range dynamics. The perfect merge of all the curves at all temperatures 
can be observed from the figure; this result suggests that the thermal 
energy remained the same for all possible relaxation mechanisms over 
various frequencies, and that the dynamical processes in the material are 
temperature independent; thus, the temperature change only altered the 
number of charge carriers and caused no change in the nature of overall 
conduction mechanism of the sample [46]. 

3.5. Dielectric permittivity analysis 

Figs. 13(a) and 3 (b) shows the temperature dependence of the real 

Fig. 12. (a) Arrhenius plot for relaxation frequencies with the T− 1 and (b) normalized plots between M’’/M’’
max and ln( f

fmax
) associated with complex elec-

trical modulus. 
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(ε/) and imaginary parts (ε//) of the dielectric constant, respectively, 
over different frequencies. The ε/ deals with the energy storage of 
dielectric media through polarization, whereas the ε// characterizes the 
energy loss of the material. The figure reveals that in the low-frequency 
region, the dielectric constant possessed high values for all tempera-
tures. Moreover, the dielectric constant continually declined with fre-
quency, because the increasing frequencies improved the mobility of the 
charge carriers which consequently decreased the dielectric constant. 
Furthermore, given the relaxation process, the electric dipoles cannot 
follow the field and lagged behind it. The magnitude of the dielectric 
constant increased directly with the temperature at a fixed frequency. 
This effect may be attributed to the nonalignment of dipoles in the di-
rection of the field at low temperature. However, as the temperature 
increased, the dipoles obtained sufficient energy, and the thermal 
movements assisted the orientation of dipoles in the field direction. As a 
result, the magnitude of dielectric constant increased with temperature. 
Fig. 13(c) presents the dielectric loss (tan loss) = Z’

Z’’ = ε’’

ε’ . At a constant 

frequency, the dielectric loss increased with temperature. This trend can 
be inferred from the minimum loss in conduction at low temperatures; 
however, as the temperature increased, the loss in conduction also 
increased due to the enhanced conductivity; therefore, the value of 
dielectric loss was reinforced with the rise in temperature [47]. The 
behavior of tan loss displayed dispersion in the low-frequency region 
and decreased with the increase in frequency, which implies that 
relaxation may be based upon thermal activation, and transport is 
directed by hopping mechanism as the peak loss is a fundamental factor 
for charge carriers in hopping conduction mechanism [48]. 

4. Conclusion 

The sol-gel auto-combustion-derived nickel chromite annealed at 
900 ◦C was crystallized in cubic spinel structure (NiCr2O4) with the 
Fd3m space group having Ni ions in tetrahedral and Cr ions in octahe-
dral coordination with O ions. The temperature dependency of Z’ with 
an inverse variation suggests a semiconducting behavior, whereas the 

Fig. 13. Frequency-dependent variations in (a) ε/ and (b) ε// parts of dielectric and (c) and dielectric loss at different temperatures.  
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asymmetric broadening of the relaxation peak of Z’’ implies the non- 
Debye nature of the material. The impedance complex plane plot 
exhibited two overlapping semicircles with (RGBCGB)(RGQG) equivalent 
circuit modeling. The temperature-dependent AC conductivity followed 
Jonscher’s double power-law and suggested hopping as a transport 
mechanism, as supported by the small polaron conduction model. The 
activation energy for conduction estimated by the Arrhenius relation 
showed a close agreement with those for the relaxation processes. The 
Cole–Cole plot of the modulus study indicated the contribution from Gs 
and GBs and identified the absence of electrode effects in the sample. 
The imaginary modulus M// with long-tail approaching zero in the low- 
frequency side characterized the capacitive nature of the material and 
differentiated the long- and short-range mobility of the charge carriers. 
The shifting in the peak of M// to a high frequency with temperature 
justified the presence of thermally activated phenomenon in the sample. 
The dielectric constant exhibited a decreasing trend with temperature, 
whereas the dielectric loss increased with the rise in temperature, which 
signifies the aligning trend of dipoles in the field direction with 
temperature. 
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