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Abstract
Polycrystalline MgFeTiO4 ceramic is prepared using a solid-state reaction route. The structural, vibrational, morphology, and 
electrical characteristics of the compound are studied. Crystal structure and phase analysis results suggest that MgFeTiO4 has 
a cubic spinel structure corresponding to the Fd3m space group. Fourier transform infrared (FTIR) and Raman spectroscopy 
indicate that Mg‒O, Fe‒O, and Ti‒O bonds are present in the sample. X-ray photoelectron spectroscopy study suggests the 
valence state of iron (Fe); thus, the formation of MgFeTiO4 is confirmed. The morphology and compositional analyses are 
done by field emission scanning electron microscopy and high-resolution transmission electron microscopy. The electrical 
and dielectric behaviors of the sample are studied at various temperature ranges. The dc conductivity of 5.68 × 10−4 S cm−1 
is obtained at 300 °C, which is higher compared to LiFeTiO4. The activation energy is estimated and observed two different 
temperature-dependent conductivity regions.

1  Introduction

Currently, renewable energy sources viz., the solar, wind, 
and geothermal are becoming very popular due to the short-
age of traditional fossil fuels and crude oil sources [1–4]. 
The evolution and research in the area of storage devices 
like rechargeable batteries (Li/Na/Mg-ion) are escalating for 
storing the energy. Li-ion battery technology is well estab-
lished among storage devices due to its high energy conver-
sion efficiency, long cycle life, and low self-discharge [5, 6]. 
Based on the literature [7], it is found that the working prin-
ciple of Li/Na/Mg-ion rechargeable batteries is the same. 
The cathode-storing ions by electrochemical intercalation 
should possess an apt number of lattice positions to store 
and eject working ions reversibly [7]. Although progress in 
Li-ion batteries occurred extensively, the major problem in 
lithium batteries is the dendrite formation, which causes an 
internal short circuit and fire hazard. Moreover, it is expen-
sive, unsafe, and there are growing environmental concerns 
as well [8–10]. Therefore, the development of new electro-
chemical storage systems using safe, green, and low-cost 
electrode materials with high theoretical capacities are in the 

research forefront [11]. Magnesium metal’s higher volumet-
ric capacity in comparison to lithium metal (i.e., 3832 mAh 
cm−3 for Mg vs. 2061 mAh cm−3 for Li [12–14]) is gripping 
attention. Moreover, Mg deliberates low electrode potential, 
high charge density, and reasonable low-cost batteries owing 
to the fact that it is the most abundant natural element on 
earth’s crust [9, 12–16].

Although Mg has many advantages over Li, still Mg-
ion batteries have several issues like high potential cath-
ode material, high-voltage stable electrolyte, and many 
more. To overcome these issues, the researcher is trying to 
develop a new cathode system. The reported cathode mate-
rials are Chevrel phases (CP) (MgxMo6T8; T = S, Se, Te) 
[17–19], Mixed Chevrel phases (Mo6S8−ySey; y = 1,2) [20] 
and CuxMo6S8 (x = 1) [21], layered (TiS2, V2O5, V6O13) [22, 
23], transition metal oxides (TMO), defect oxide spinel, oli-
vine compound (MgMSiO4 (M = Mn, Co, Fe) [15, 24, 25], 
MT2 (M = metal, T = S, Se), magnesium–sulphur (Mg–S) 
[10], etc. Spinel structure-based magnesium cathode may 
show high potential and high capacity, but there are very few 
spinel-based Mg cathode materials. The spinel type of the 
cathode shows many advantages in LIBs. It is not only pure 
ionic conductor but also a mixed conductor. Spinel LiFeTiO4 
with two redox reaction centres, viz; Fe3+/Fe2+ and Ti4+/Ti3+ 
and shows better electronic conductivity [26].

The titanium-based oxides are widely used in electrode 
material because of abundance, excellent electrochemical 
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stability, development of less strain during intercalation/de-
intercalation, prolonged cyclability, and lower cost [27, 28]; 
but they have poor electrical conductivity (~ 10–12 and 10–13 
S cm−1) [27]. To improve these properties, the transition 
metals (Fe3+, Mn3+, Co3+, Ni2+, etc.) or non-metal are doped 
in the Mg or Ti sites. The structural and electrical properties 
of Mg2TiO4 are already reported [29], but in the absence of 
redox ion, it is electrochemically inactive. By incorporating 
the transition metals, the electrochemical properties can be 
improved.

In the present work, a new Mg-based spinel structure 
viz, MgFeTiO4, is selected as possible electrode material 
for the Mg-ion battery. The concept is borrowed from the 
well-studied LiFeTiO4, which shows mixed conduction. 
LiFeTiO4 shows the electronic conductivity of the order of 
10−6 S cm−1 at 350 °C due to the presence of more than one 
redox center per atom. The high-specific capacitance, near-
perfect Columbia efficiency, and remarkable electrochemical 
properties had been reported for LiFeTiO4 [26, 30]. In view 
of that, MgFeTiO4 is synthesized by using a solid-state reac-
tion route and subsequently structural, vibrational, electrical 
characterizations of the same were examined.

2 � Experimental method

2.1 � Preparation of spinel MgFeTiO4

MgFeTiO4 was prepared via solid-state reaction route using 
magnesium oxide (Loba Chemie, 98%), iron oxalate (Alfa 
Aesar, 99%), and titanium dioxide (Loba Chemie, 99%) as 
raw materials. The raw materials were mixed for 6 h with a 
stoichiometric ratio of 1:1:1 followed by 12 h of calcination 
at various temperatures in an argon atmosphere to form the 
MgFeTiO4 as per the following reaction:

2.2 � Structural characterization technique

The thermogravimetric analysis of the as-synthesized sam-
ple was performed using Perkin Elmer Pyris Diamond TG‒
DTA analyzer. XRD of the sample was done using BRUKER 
D8 Advance, Germany, with diffraction angles ranging from 
15° to 80° using CuKα radiation. Rietveld refinement was 
performed with software TOPAS. Rietveld refinement is 
done using isostructural LiFeTiO4 by replacing Li with Mg. 
Fourier transform infrared (FTIR) spectra of the powder 
sample was obtained using Thermofisher Scientific NICO-
LET 6700 FTIR spectrometer using a KBr pellet technique 
in the wavenumber range between 400 and 4000 cm−1. 
Raman spectrum of powder sample was obtained at room 

(1)
MgO + FeC2O4 ⋅ 2H2O + TiO2 → MgFeTiO4 + 2CO2 + 2H2O

temperature using Raman Optical Microscope, Olympus, 
BX41 in the wavenumber region of 100 to1000 cm−1. X-ray 
photoelectron spectroscopy (XPS) analysis was carried out 
by PHI5000 Versa Probe II system (ULVAC‒PHI, INC) 
JAPAN. The excitation source was Al Kα (1486.6 eV) with 
the hemispherical analyzer and a multichannel detector. The 
particle morphology and elemental mapping of the pow-
der were observed using a field emission scanning electron 
microscopy (FESEM) obtained by ZEISS EVO 60 and 
high-resolution transmission electron microscopy (HRTEM, 
JEOL, JEM-2100F).

2.3 � Electrical characterization technique

Detailed investigation of electrical properties of the elec-
trode material was carried out with the aid of complex 
impedance spectroscopy (CIS). Nature of the conducting 
system and electrical conductivity of sample was determined 
with the help of CIS. This technique helps to separate indi-
vidual contributions of bulk, grain boundary, and electrode 
polarization effect for a polycrystalline ceramic [31, 32]. 
The impedance study was executed with HIOKI 3532‒50 
LCR Hitester at various frequencies ranging from 50 Hz to 
5 MHz and at different temperatures (room temperature to 
300 °C) at 20 °C intervals. The pellets of the sample before 
CIS measurement were sintered at 950 °C for 12 h. The sil-
ver paste was applied on both sides of this sintered pellets 
as a current collector. In CIS, the single semi-circular arc 
may be a combination of two or more arcs. To identify this, 
the experimental curve was deconvoluted using ZSimp Win 
software (described in Sect. 3.2).

3 � Results and discussion

3.1 � Structural characterizations of synthesized 
MgFeTiO4

The thermal analysis of as-synthesized powder is shown in 
Fig. 1a and observed that its decomposition occurs in mul-
tiple stages. The first weight loss between 150 and 200 °C 
is due to the dehydration of surface-absorbed moisture in 
the sample. The endothermic peak confirms this weight loss 
at 200 °C in the DTA curve [33, 34]. The second weight 
loss between 200 and 350 °C is attributed to vaporization of 
chemisorbed (i.e., structural) water; the exothermic peak is 
assigned and the third weight loss between 350 and 500 °C 
is due to the decomposition of carbonaceous compound 
present in physical mixture of the precursors [30, 32]. The 
TGA‒DTA curve exhibits no change in mass occurs after 
500 °C. The exothermic peak around 1100 °C is due to 
decomposition of MgFeTiO4 into FeTiO3 which shows the 
transition from MgFeTiO4 into FeTiO3 crystalline form [35].
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The phase purity and crystal structural analysis of 
MgFeTiO4 calcined at 900, 950, 1000, 1100 °C are shown 
in Fig. 1b. Formation of MgFeTiO4 is confirmed along with 
some traces of other phases. With increased temperature, 
the intensity of other phases are increasing, suggesting a 
possible decomposition. Hence, sample calcined at 950 °C 
is selected for further examination. The experimental XRD 
pattern of MgFeTiO4 matches well with that of the simulated 
one shown in Fig. 1c (obtained from structure simulated 
by density functional theory (DFT)). The DFT simula-
tion is done by using LiFeTiO4 isostructural of MgFeTiO4 
and GGA-PBE exchange–correlation functional with 
4 × 4 × 4 k-point mesh was used for simulation. In LiFeTiO4 
structure, Li is replaced by Mg atom and structural optimi-
zation of the Mg atom contained structure was done [36]. 
The Rietveld refinement pattern and difference plot (shown 
in Fig. 1d) suggest the presence of MgFeTiO4 (76.52%) as 
the major phase along with secondary phases like Fe2TiO4 
(18.45%), FeTiO3 (5.03%) in the experimental XRD pat-
tern. Crystallographic parameters obtained from Rietveld 
refinement are tabulated in Table 1. MgFeTiO4 has a cubic 
spinel structure corresponding to space group Fd3m where 

Ti atoms occupy octahedral sites (16d), while Mg and Fe 
atoms occupy both octahedral sites (16d) and tetrahedral 
sites (8a). Oxygen atoms occupy face-centered lattice site 
(32e). The refined lattice parameters for the cubic spinel are 
calculated to be a = 0.853 nm which matches with the pre-
vious reported LiFeTiO4 [30]. Further, the crystal structure 
of MgFeTiO4 spinel is generated by VESTA software using 
the refined structural parameters and as shown in Fig. 1d. 

Fig. 1   a DTA‒TGA curve of MgFeTiO4 up to temperature 1300 °C, 
b XRD patterns of MgFeTiO4 experimental calcined at different tem-
peratures and simulated (*MgFeTiO4/Fe2TiO4, · FeTiO3), c Rietveld 

analysis of MgFeTiO4, d Crystal structure of MgFeTiO4 spinel gener-
ated by VESTA

Table 1   Crystallographic data for the Rietveld refinement of 
MgFeTiO4

a = 0.853 nm, Rexp = 1.83, Rwp = 2.79, Rp = 2.02, GOF = 1.52

Atom Wyckoff 
position

x y z Occupancy site

Mg 16d 0.6250 0.6250 0.6250 0.25
Fe 16d 0.6250 0.6250 0.6250 0.25
Ti 16d 0.6250 0.6250 0.6250 0.5
Mg 8a 0.0000 0.0000 0.0000 0.5
Fe 8a 0.0000 0.0000 0.0000 0.5
O 32e 0.3847 0.3847 0.3847 1
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The MgFeTiO4 shows a similar structure as LiFeTiO4 both 
have spinel framework and same space group Fd3m (227). 
Hence, this type of composition forms a spinel structure 
ABO4 in which (Mg1/2 Fe1/2)8a [Mg1/4Fe1/4Ti1/2]16d O4 and 
without any vacancies. Here tetrahedral and octahedral sites 
are represented by “()” and “[]”, respectively.

The FTIR spectrum and deconvoluted peaks of calcined 
MgFeTiO4 powder are shown in Fig. 2a and b. The vibra-
tional modes of FTIR spectra are tabulated in Table 2. The 
absorption bands in the range of 4000 cm−1 to 1300 cm−1 are 
assigned to O‒H stretching vibration as moisture is present 
in the samples [37, 38]. The characteristic peaks at 1074 and 

Fig. 2   a, b FTIR spectrum and de-convoluted FTIR peaks of MgFeTiO4, c Raman spectrum and deconvoluted Raman peaks of MgFeTiO4, XPS 
plot of MgFeTiO4 d overall e iron (Fe 2p) f oxygen (O 1 s)
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801 cm−1 are assigned to stretching vibration of Ti‒O‒Mg 
[37]. The absorption bands corresponding to 656 cm−1 and 
701 cm−1 are assigned to the vibration of FeO4 tetrahedra 
and TiO6 octahedra in Mg2TiO4 [39, 40]. The characteristic 
peak at 592 cm−1 is due to the Fe‒O‒Fe tetrahedra vibra-
tion mode [40]. IR spectrum shows board hump due to the 
overlapping of different peaks obtained from bond vibration 
of Fe‒O, Ti‒O, and Mg‒O [32, 39].

The Raman spectrum and deconvoluted peaks of 
MgFeTiO4 are shown in Fig. 2c. Different bands in the 
Raman spectra have been identified and presented in 
Table 3. Raman spectra confirm that Ti‒O, Mg‒O, and 
Fe‒O bonds are present in the sample. Five vibrational 
Raman active modes are present in the spinel structure; A1g 
at (714 cm−1), Eg at (290 cm−1), and three F2g modes at 
(336, 476, 566 cm−1) [40]. The study confirms the presence 
of Mg2TiO4 and Fe2TiO4 by identifying, respectively, two 
Mg‒O vibration bonds found in Mg2TiO4 spinel at 336, 476, 
and Fe‒O vibration bond found in Fe2TiO4 at 566 cm−1. The 
Raman modes conforming to TiO6 and FeO6 octahedra were 
found at 714 and 290 cm−1, respectively [41, 42]. Raman 
analysis shows that Mg and Fe are present at both tetrahedral 
(8a) and octahedral (16d) sites; the Rietveld of XRD analysis 
also supports this.

XPS study of MgFeTiO4 sample calcined at 950 °C is 
also done to confirm the valence state of Fe (shown in 

Fig. 2d). The XPS spectra are deconvoluted and analyze 
the peak by using XPSPEAK 41 software with Lorentz-
ian function and Shirley background. Figure 2d shows the 
overall XPS spectra of the sample which reveals the exist-
ence of Mg, Fe, Ti, and O elements (supports the EDX 
results in next section). Figure 2e shows Fe 2p spectra 
and the peaks observed at 710.3 eV and 723.9 eV are the 
characteristic doublets of Fe 2p3/2 and Fe 2p1/2, respec-
tively. Also, a satellite present at 715.0 eV appears due to 
the presence of FeO in the sample. The results show that 
Fe has + 2 valance state, hence proves that Fe+2 replaces 
Mg+2 ion in the structure forming MgFeTiO4 is compound 
[43]. Additionally, Fig. 2f shows O 1 s spectrum, the peak 
at 529.3 and 529.9 is attributed to metal-oxide (Mg/Fe/
Ti)–O. The peak at 530.6 and 531.5 can be assigned to 
hydroxyl group (OH) [44–47].

The morphology and compositional analysis (map-
ping) of the MgFeTiO4 sample are done using a scanning 
electron microscope (SEM). The SEM image, energy dis-
persive X-ray spectrum (EDS), and mapping of the sam-
ple calcined at 950 °C are shown in Fig. 3. The mapping 
results show a homogenous distribution of Mg, Fe, Ti, and 
O in the sample (Fig. 3a‒d). The EDS results suggest that 
the prepared sample MgFeTiO4 consists of 10.01% Mg, 
27.11% Fe, 24.59% Ti in weight, giving an atomic ratio 
of Mg:Fe:Ti to be 1:1:1. The EDS confirms the presence 
of constituent elements Mg, Fe, Ti, O within the sample, 
shown in Fig. 3e. The SEM micrograph (Fig. 3f) shows the 
nanoparticles formation and they are present in agglom-
erated form due to the high reactivity of nanoparticles. 
Transmission electron microscope (TEM) and Selected 
area electron diffraction (SAED) images of MgFeTiO4 are 
illustrating in Fig. 4a and b, respectively. The TEM images 
clarify that nanoparticles are spherical as it is not seen 
in SEM. The SAED diffraction spots seem to be forming 
a discontinuous ring, which confirms the polycrystalline 
nature of the sample. The SAED image shows diffrac-
tion spots as planes (311) and (400) and lattice fringes of 
(311) and (400) can be seen in HRTEM image with spac-
ing 0.271 nm and 0.244 nm. These results also support for 
XRD analysis.

Table 2   FTIR of MgFeTiO4 Wave no. (cm−1) Assignment Refs

432 Mg‒O stretching vibration [38]
515 Ti‒O stretching in TiO6 [39]
592 Fe‒O‒Fe tetrahedra vibration mode [40]
656 FeO4 tetrahedra [39]
701 TiO6 in pure phase of Mg2TiO4 [39, 40]
801 Ti‒O‒Ti vibration bonds or stretching bond is Ti‒O‒Mg [37]
1074 Ti‒O‒Ti vibration bonds or stretching bond is Ti‒O‒Mg [37]
1383 Deformation of O‒H bonds [32]

Table 3   Raman of MgFeTiO4

Wave 
no. 
(cm−1)

Assignment Sym-
metry 
species

Refs

122 Lattice mode of vibration – [40]
290 Asymmetric stretching vibration of 

Fe–O bond in FeO6 octahedral
Eg [40]

336 Mg2TiO4 spinels and MgO4 F2g [40–42]
476 Mg2TiO4 spinels and MgO6 F2g [40–42]
565 Fe‒O octahedral bond found in 

Fe2TiO4

F2g [40]

714 Symmetric stretching of Ti–O bond in 
TiO6 octahedral

A1g [40–42]
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3.2 � Electrical characteristics

The impedance spectroscopic plots (Nyquist plot) of 
MgFeTiO4 are shown in Fig. 5a and b, which reveal the 

presence of single semi-circles at all measuring tempera-
ture. As the temperature increases, the radius of semi-circles 
decreases, which can be attributed to the reduction in bulk 
resistance, relaxation time, and an increase in electrical 
conductivity of the material. It shows the semiconducting 
behavior of material [31]. A presence of large single semi-
circle is a combination of one or more physical phenomenon 
of materials like at high-frequency semi-circle is attributed 
to grain property and low-frequency semi-circle is attrib-
uted to grain boundary and/or material–electrode interface 
properties [48]. For validation, the experimental curve is 
fitted using ZSimpWin software considering equivalent 
circuit (RgQg)( RgbQgb) as shown in Fig. 5c and d. In the 
equivalent circuit model, Rg and Rgb represent the grain and 
grain boundary resistance, while Qg and Qgb are grain and 
grain boundary constant phase element (CPE), respectively 
[35, 49]. Hence a single semi-circular arc is attributed to the 
contribution of grain and grain boundary in electrical prop-
erties of the material. The CPE is used due to the non-ideal 
capacitor behaviors [50, 51]. The fitting values are tabulated 
in Table 4. The resistance is decrease with increase in tem-
perature which shows the negative temperature coefficient 
of resistance (NTCR)-type behavior that confirms the semi-
conducting nature of sample and more free charge carriers 
(electron/hole) are available for conduction [52].

The real (Z′) and imaginary (Z″) part of the impedance 
spectra, varying with frequency and temperatures (bode 

Fig. 3   Morphology and compositional analysis of powder sample

Fig. 4   a TEM, b SAED, c FFT, and d HRTEM analysis of powder 
sample
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plot), are shown in Fig. 6a and b. The Z′ drops with an 
increase in frequency and temperature which signifies that 
the conductivity of material increases as the temperature 
and frequency increase. All the curves merge towards a 
higher frequency region which indicates the release of 
space charge due to the diminishing barrier properties of 
materials [31, 53]. In loss spectrum (frequency vs. Z″), Z″ 
values increase up to a certain frequency, and after that, 
it decreases with increase in frequency and temperature. 
The presence of one peak in a loss spectrum suggests the 

existence of a single relaxation process in a material due to 
space charge relaxation. The space charge relaxation domi-
nates due to the presence of grain and grain boundaries. 
It is seen that the peak position of Z″ is shifted towards 
higher frequency region and also peak broadening occurs 
with an increase in temperature. This peak shift towards 
a higher frequency side with an increase in temperature 
establishes an increase in the hopping rate and a decrease 
in the relaxation time of the mobile charge carriers, 
thus indicating a rapid motion of mobile carriers. It is 

Fig. 5   a Nyquist plot variation with frequency at different temperatures, Fitting of Complex impedance spectroscopic (CIS), and equivalent cir-
cuit model of MgFeTiO4 at different temperatures c Room temperature d 300 °C

Table 4   The fitted equivalent 
circuit and their parameters at 
different temperatures

Temp Circuit Rg (ohm) Qg (nF) n Rgb (ohm) Qgb (nF) n

RT (RQ)(RQ) 1.03E5 8.56 0.85 1.15E4 1.71 0.93
100 (RQ)(RQ) 2.39E4 8.46 0.82 3076 1.00 0.95
200 (RQ)(RQ) 1767 7.56 0.83 150 10.22 0.81
300 (RQ)(RQ) 103 16.8 0.80 92.17 10.20 0.80
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also observed that the drop in Z″ maxima with increased 
temperature results in a loss in resistive property of the 
sample. The temperature-dependent relaxation process is 
responsible for the enhanced conductivity in the material 
[48, 54–56].

Figure 6c shows the ac conductivity with varying fre-
quencies and temperatures. The value of ac conductivity 
is found out from the following relation:

where ω angular frequency, εr; relative permittivity, ε0; per-
mittivity of vacuum (8.854 × 10–14 F/cm), tanδ dissipation 
factor, f; frequency, C; capacitance of the specimen in Far-
ads, t; thickness of the specimen, A; area of the specimen in 
(sq. cm.). The ω and εr are calculated by using the formula 
ω = 2πf and εr = Ct/ε0A, respectively. The ac conductivity 
is enhanced with an increase in frequency due to change in 
oxidation state (Fe ions Fe2+/Fe3+, Fe3+/Fe4+, and Ti ions 
Ti3+/ Ti4+) with the creation of Mg vacancies. The hopping 
process increases due to the increased amount of charge car-
riers formed by the change in the oxidation state. The mate-
rial bulk conductivity is estimated from the curve fitted with 
the experimental data (Fig. 5). The dc conductivity of the 
material is calculated by using the relation:

(2)�
ac
= ��r �0 tan �

where Rb; material bulk resistance, l; specimen thickness 
and A; specimen area. The dc conductivity of the material is 
found to be 4.61 × 10–7 at room temperature and 5.68 × 10–4 
S cm−1 at 300 °C. The activation energies (Ea1 and Ea2) are 
calculated for the two different regions (293–413 K and 
433–573 K) and calculated by using the Arrhenius equation,

where σdc; conductivity, T; absolute temperature, σo; pre-
exponential factor, E; activation energy for charge transfer 
and k; Boltzmann constant. The variation of log (σdc) with 
1000/T is found to be almost linear (shown in Fig. 6d). The 
slope of the line helps to determine the activation energy, 
and it showed that the conductivity is a thermally activated 
process [31, 57]. The activation energies, Ea1 = Em and 
Ea2 = Ef + Em where Em is the energy required for the migra-
tion of charge carriers and Ef is the energy required for the 
defect formation. The activation energy of the synthesized 
sample is calculated to be Ea1 = 0.114 eV and Ea2 = 0.274 eV 
which indicates that charge carries require very less energy 
to initiate electrical conduction. It is observed that Ea2 has 
higher value than Ea1 which shows at high temperature the 

(3)�dc = l∕(R × A)

(4)�dc = �oe
(−E∕kT)

Fig. 6   a, b Bode plot, the variation in real impedance (Z′) and imaginary impedance (Z″) with frequency at different temperatures c ac conduc-
tivity plot as a function of temperature d the variation between log (σdc) with 1000/T
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defect formation and migration of charge carriers [58]. The 
change in activation energy is attributed to change in con-
duction mechanism. At low temperature the conduction 
occurs through the hopping of electrons between Fe2+ to 
Fe3+ and Ti3+ to Ti4+ ions. However at higher temperature 
the conduction occurs by hopping of polarons and confirmed 
by the higher Ea2 value than Ea1 [59].

Figure 7a shows the plot of dielectric loss tangent (tan δ) 
vs. applied frequency at different temperatures (RT–300 °C). 
The tan δ decreases with frequency, however, with tempera-
ture it increases (Fig. 7b) which shows the thermal activa-
tion and accumulation of charge carriers [58, 60]. At lower 
frequency, the tan δ decreases very rapid because low con-
ductivity of grain boundary which required more energy for 
electron exchange between Fe2+ to Fe3+ and Ti3+ to Ti4+ 
ions as a result loss is high. However, at high frequency tan 
δ becomes constant because it corresponds to high conduc-
tivity of grain where a small energy is required for elec-
tron transfer [60, 61]. The thermal activation process is also 
confirmed by dielectric constant value which increases with 
temperature Fig. 7b.

4 � Conclusions

In summary, the spinel structure MgFeTiO4 is synthesized 
by a conventional solid-state reaction route. The XRD pat-
tern showed that MgFeTiO4 is formed along with some pres-
ence of other phases like Fe2TiO4, FeTiO3, as confirmed 
by Rietveld analysis. FTIR and Raman spectrum confirmed 
the presence of Mg2TiO4 and Fe2TiO4. The Nyquist plot 
confirms that grain and grain boundary both contribution 
occurs in the conduction process of the synthesized mate-
rial. The variation in dc conductivity 4.61 × 10–7 at RT and 

5.68 × 10–4 S cm−1 at 300 °C, indicates that it is a thermally 
activated process. The activation energy is calculated in two 
different temperature-dependent conductivity regions and 
found to be Ea1 = 0.114 eV (293–413 K) and Ea2 = 0.274 eV 
(433–573 K).
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