
Vol:.(1234567890)

J Mater Sci: Mater Electron (2017) 28:17254–17261
DOI 10.1007/s10854-017-7656-1

1 3

Influence of Ti4+ ion substitution on structural, electrical 
and dielectric properties of Li0.5Fe2.5O4 nanoparticles

Jitendra S. Kounsalye1 · Prashant B. Kharat1 · Mahendra V. Shisode1 · K. M. Jadhav1 

Received: 1 July 2017 / Accepted: 3 August 2017 / Published online: 9 August 2017 
© Springer Science+Business Media, LLC 2017

saturation magnetization (67.8 emu/g) [2] and high Curie 
temperature (Tc  ~ 620 °C) [3]. The Li-ferrite with inverse 
spinel structure have great importance in today’s technol-
ogy and has potential applications in lithium ion batteries, 
magnetic cores, microwave frequency applications, power 
transformation in electronics, antenna and memory devices 
etc. [4–6]. They possess inverse spinel structure with Li+ 
and some Fe3+ occupying octahedral sites [B] and rest Fe3+ 
ions occupy tetrahedral (A) sites [7]. In literature, two crys-
tallographic arrangements of Li-ferrite have been reported, 
a super structured form in which the Li+ and Fe3+ ions are 
ordered [8] and a disordered form in which Li+ and Fe3+ ions 
have a random distribution over all the octahedral sites [9].

The properties of nanocrystalline spinel ferrites are 
dependent on various aspects such as the method of prepara-
tion [10, 11], synthesis parameters [12, 13], substituted cati-
ons [14–16], annealing temperature, and duration [17, 18] 
etc. Recently sol–gel auto combustion [19], micro-emulsion 
[20], hydrothermal [21], co-precipitation synthesis methods 
[22] have been employed for the preparation of nanocrys-
talline spinel ferrites. Among these methods, sol–gel auto 
combustion method offers great advantages such as homo-
geneity, fine crystallite size, easy to tailor synthesis param-
eters, requires low temperature and is cost-effective [23, 24]. 
Li-ferrite, as well as substituted Li-ferrite, has interesting 
technological applications in various fields. The introduc-
tion of Ti4+ ions in the Li-ferrite reduces the formation of 
Fe2+ ions [25]. Thus, it is expected that it may improve 
dielectric and magnetic properties of Li-ferrite. Structural 
and electric properties of Li0.35CdxTixMn0.1Fe2.55−2xO4 
system [26], magnetic and electrical properties of 
Li0.5ZnxTixMn0.05Fe2.45−2xO4 system [27] also, Ti4+ substi-
tuted Li-ferrite [28–30] have been reported in the literature. 
However, to the best of our knowledge and updated litera-
ture survey, there are no reports available on the systematic 

Abstract  The extent study deals with the structural, 
electrical and dielectric properties of tetravalent Ti4+ ion 
substituted lithium ferrite nanoparticles synthesized via 
sol–gel auto combustion technique with chemical formula 
Li0.5+0.5xTixFe2.5−1.5xO4 (where 0.0 ≤ x ≤ 1.0 in step of 0.2). 
The synthesized nanoparticles were characterized by X-ray 
diffraction technique (XRD). The XRD analysis reveals sin-
gle phase cubic spinel structure of synthesized samples. The 
crystallite size calculated from Scherrer’s formula and grain 
size by linear intercept method using field emission scan-
ning electron microscopy (FE-SEM) images, confirms the 
nanocrystalline nature of the samples. Infrared (IR) spectros-
copy shows principle absorption bands for spinel structure. 
The DC resistivity at room temperature and as a function 
of temperature was studied using the two-probe technique. 
DC electrical resistivity of the samples increases with tita-
nium substitution. The frequency dependence of dielectric 
properties was studied using LCR-Q meter, the dielectric 
parameters were found to decrease after substitution of tita-
nium ions.

1  Introduction

Ferrites with spinel structure have great importance since 
they possess both electric and magnetic properties, hence, 
they can be used in electronic and magnetic applications 
[1]. Among the spinel ferrites family, lithium ferrite (Li-
ferrites) is one of the most important spinel ferrite with high 
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investigations of structural and electrical properties of Ti4+ 
substituted Li-ferrite nanoparticles with chemical formula 
Li0.5+0.5xTixFe2.5−1.5xO4.

With this motivation, herein we report the structural and 
electrical properties of Ti4+ substituted Li-ferrite nanopar-
ticles synthesized via simple and cost-effective sol–gel auto 
combustion method for first time. Further, the structural, 
morphological, DC electrical and dielectric properties were 
investigated and discussed in detail.

2 � Experimental

2.1 � Materials

Lithium nitrate (LiNO3) as source of Li+ ions, ferric nitrate 
nonahydrate [Fe(NO3)3·9H2O] as source of Fe3+ ions, tetra 
butyl titanate (C16H36O4Ti) as source of Ti4+ ions and citric 
acid (C6H8O7) as a fuel, distilled water (DH2O) and etha-
nol (C2H6O) as a solvent. All the chemicals of AR grade 
with ~99.99% purity were purchased from Sigma-Aldrich 
(Merck) and used for synthesis without further purification.

2.2 � Synthesis of Li0.5+0.5xTixFe2.5−1.5xO4 nanoparticles

As shown in Fig. 1, nanoparticles of Ti4+ substituted Li-
ferrite were synthesized using the sol–gel auto combustion 
method. The metal nitrates to fuel ratio was taken as 1:3 
by implementing the propellant chemistry approach. All the 
oxidants were dissolved separately in 100 ml DH2O [solu-
tion (B, C, D)], ethanol was used as a solvent to dissolve 
tetra butyl titanate [solution (A)] whereas ammonia solu-
tion was used to adjust the pH of the solution (AB) at 8 and 
for making the sol neutral. The neutral sol [a mixture of 
(AB) and (CD)] was continuously stirred at 90 °C up to gel 
formation when the gel befalls the temperature is increased 
to 180 °C; the combustion proceeds and we get the yield 
in the form of ash. The ash was ground in mortar pestle to 
form a fine powder; this powder was annealed at 800 °C 
for 6 h for removal of nitrate impurities, as well as for crys-
talline growth. The annealed powder was further used for 
characterizations.

2.3 � Characterizations

The annealed samples were characterized by X-ray dif-
fractometer (XRD) Rigaku (Miniflex-2) using CuKα 
(λ = 0.15418 nm) radiation in the 2θ range of 20°–80°. The 
JEOL JSM-6360, Mira-3, Tescan, Brno-Czech Republic, 
Field emission scanning electron microscope (FE-SEM) 
was used to study the morphology of typical samples and 
Multi RAM FT-Raman spectrometer was used to study 
compositional analysis in the range of 400–800 cm−1. The 

temperature dependent electrical properties (DC resistivity) 
were studied using two probe setup in the temperature range 
700–1000 K with a step size of 10 K. The I–V characteristics 
were studied using the KEITHELY Source Meter (Model 
No. 2400), in the voltage range from +5 to −5V and the 
room temperature resistivity was calculated from the I–V 
plot. The frequency dependence of dielectric properties 
was studied using the LCR-Q meter in the frequency range 
50 Hz–5 MHz.

3 � Results and discussion

3.1 � XRD analysis

The XRD patterns of the Li0.5+0.5xTixFe2.5−1.5xO4 nanoparti-
cles are shown in Fig. 2. The XRD pattern of pure Li-ferrite 
sample matches well with JCPDS card #82-1436 belonging to 
the octahedral [B]-site-ordered (α) phase while the remaining 
patterns match with JCPDS card #74-1911 corresponding to 
the [B]-site-disordered (β) structural phase. The α-phase is an 
ordered phase in which Li+ and Fe3+ ions are ordered in 1:3 
ratio on the [B] site of the FCC inverse spinel structure with a 
space group of P4332 [31]. The β-phase is a disordered phase 

Fig. 1   Schematic flow chart of sol–gel auto combustion route for 
Li0.5+0.5xTixFe2.5−1.5xO4 nanoparticles
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where Li+ and Fe3+ ions distributed on the [B] sites of the 
FCC mixed spinel structure with Fd3m space group [32]. The 
P4332 → Fd3m symmetry transformation of Li0.5Fe2.5O4 spinel 
ferrite in the present system is observed with the substitution 
of Ti4+ ions, such type of transition is reported in the literature 
with heat-treatment [33].

The XRD patterns revealed the reflections belonging to 
cubic spinel structure, no impurity peaks have been observed 
in the XRD pattern. The intensity of (311) plane is higher than 
that of other planes (211), (220), (222), (400), (422), (511), 
(440) and (533) which was chosen for the determination of 
crystallite size. As the Ti4+ concentration increases, the minor 
reflections along (210), (310), (320), (421) and (620) planes 
disappeared, confirming the symmetry transformation.

The lattice parameter (a) was calculated using the Eq. (1) 
[34],

where, all symbols carry their usual meanings.

(1)a = d

√

(

h2 + k2 + l2
)

Å

The calculated values of the lattice parameter (a) are listed 
in Table 1. The values are between 8.337 to 8.381 Å, com-
patible with the standard JCPDS data. The value of lattice 
parameter increases with increasing Ti4+ concentration, since 
the ionic radii of substituted Ti4+ ion is larger (0.076 nm) when 
compared to that of Fe3+ (0.0645 nm).

The X-ray density (dx) [35] of the samples was calculated 
by the Eq. (2),

where, M is a molecular mass of the sample and NA is the 
Avogadro’s number. The obtained values are summarized in 
Table 1. The X-ray density decreases with increasing Ti4+ 
concentration. This is due to the decrease in molecular mass 
which is proportional to the X-ray density. The crystallite 
size was calculated by the Debye-Scherrer’s formula using 
the most intense peak (311) [36], the obtained values of the 
crystallite size are tabulated in Table 1. The values show 
nanocrystalline size (44–46 nm) of the present system.

Using the values of the lattice parameter (a) and oxygen 
positional parameter ‘u’ (0.0381 nm); the structural parameters 
viz. hopping lengths (LA, LB), tetrahedral bond length (dAL), 
octahedral bond length (dBL), tetra edge (dAE) and octa edge 
(dBEU) were determined for all the samples using the standard 
Eqs. (3–9) [37, 38],
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Fig. 2   X-ray diffraction pattern of Li0.5+0.5xTixFe2.5−1.5xO4 nanoparti-
cles

Table 1   Lattice parameter (a), X-ray density (dx), hopping length 
(LA, LB), tetrahedral bond (dAL), octahedral bond (dBL), tetra edge 
(dAE) and octa edge (dBEU) shared and unshared, Ionic radii (rA, 

rB) of tetrahedral and octahedral site, average crystallite size (t) of 
Li0.5+0.5xTixFe2.5−1.5xO4 nanoparticles

X a (Å) dx (gm/cm3) LA (Å) LB (Å) dAL (Å) dBL (Å) dAE (Å) dBEU rA rB t (nm)

Shared Unshared

0.00 8.337 4.747 3.610 2.948 1.892 2.035 3.089 2.806 2.949 0.572 0.714 44.0
0.20 8.346 4.583 3.614 2.951 1.894 2.038 3.093 2.809 2.953 0.574 0.717 46.0
0.40 8.355 4.421 3.618 2.954 1.896 2.040 3.096 2.812 2.956 0.576 0.719 45.7
0.60 8.365 4.259 3.622 2.957 1.898 2.042 3.099 2.815 2.959 0.578 0.721 45.2
0.80 8.376 4.095 3.627 2.961 1.900 2.045 3.103 2.819 2.963 0.580 0.722 45.9
1.00 8.381 3.942 3.629 2.963 1.901 2.046 3.105 2.821 2.965 0.582 0.725 44.9
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The behavior of these parameters with concentration ‘x’ 
of Ti4+ is analogous to the behavior of lattice parameter ‘a’ 
with ‘x’ and is found to increase with increase in Ti4+ con-
centration. The calculated values of the parameters are given 
in Table 1.

The tetrahedral A-site ionic radii and octahedral B-site 
ionic radii [39, 40] were calculated by the Eq. (10) and (11) 
respectively [41],

where r(O) represents the radius of oxygen anions. The val-
ues of the ionic radius are given in Table 1 and found to 
increase with an increase in concentration x.

3.2 � IR absorption spectra analysis

According to Waldron [42], the ferrites can be considered 
as continuously bonded crystals with the atoms bonded to 
all nearest neighbors by equivalent forces (ionic, covalent 
or Van der Waals). In spinel ferrites, the ions occupy two 
different sublattices namely tetrahedral (A-site) and octahe-
dral (B-site), depending on the geometrical configuration of 
the oxygen nearest neighbors. The band at around 600 and 
400 cm−1 can be attributed to the stretching vibrations of the 
tetrahedral group and of the octahedral group respectively 
[42, 43]. IR spectra for the typical samples of present series 
were recorded in the range of 400–800 cm−1 are shown in 
Fig. 3. The absorption band positions are listed in Table 2. 
The spectra indicate the presence of two absorption bands at 
~600 and ~480 cm−1 for all the samples, which confirms the 
formation of spinel ferrite. Similar results are reported in the 
literature for Li0.5+0.5xTixFe2.5−1.5xO4 synthesized by ceramic 
technique [44]. The Debye temperature has been calculated 
using the equation given by Waldron [42] [Eq. (12)],

where �
av
= (�

A
+ �

B
)∕2, �

A
 and �

B
 are the frequencies of the 

primary band of A-site and B-site, ℏ, c and k have their usual 
meanings. The calculated values of the Debye temperature 
are listed in Table 2. It can be noticed that the value of the 
Debye temperature is high for x = 0.40 and the values are 
following the trend of absorption band position.

3.3 � FE‑SEM analysis

FE-SEM images of typical samples of the present system 
are presented in Figs. 4, 5, 6. The FE-SEM images show 
a porous network of agglomerated fine particles formed 
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due to the release of gases during the combustion. The fine 
particles show spherical morphology. As discussed in the 
previous section, the crystallite size of the powder particles 
is estimated in the range of 44–46 nm; the grain size calcu-
lated using linear intercept method is also in the range of 
nanometer size (88–96 nm) which also confirms the nano 
size of the samples.

3.4 � Electrical properties

DC electrical resistivity at room temperature and the tem-
perature dependence (Arrhenius plot) is illustrated in Figs. 7 
and 8 respectively. The nanoparticles were pressed into a cir-
cular pellet of dimensions ∼12 mm × 3 mm. The silver paste 
was surfaced on both the faces of pellet for good Ohmic con-
tact. The Arrhenius plots show two distinct regions with its 
own conduction mechanism and different activation energy. 
The first one belongs to the ferrimagnetic phase known as 
ordered region and the second one is a disordered region 
which belongs to the paramagnetic phase [45]. The Arrhe-
nius plot shows a change in slope in each region which cor-
responds to the Curie point, similar observations have been 
reported by many researchers for spinel ferrite [46, 47]. The 
electrical resistivity decreases with increase in temperature, 
it proposes that the sample obeys Arrhenius relation [48] 
by indicating semiconducting behavior. The DC electrical 
resistivity decrease with temperature, since the drift mobility 
of the charge carriers increases with temperature. The spinel 
ferrites possess the exponential dependence of DC electrical 
resistivity with temperature. In spinel ferrites, the charge 
carrier jumps from ion to ion and not through the crystal 
lattice, the conduction occurs due to the electronic exchange 
between Fe3+ and Fe2+. Thus, the hopping mechanism can be 
used to explain conduction of spinel ferrite wherein charge 
carrier jumps from ion to ion. The activation energy in each 

Fig. 3   IR patterns of typical Li0.5+0.5xTixFe2.5−1.5xO4 (0.00, 0.40 and 
0.80) nanoparticles
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region was calculated by Arrhenius relation [49]. The cal-
culated values of activation energies in the paramagnetic 
and ferromagnetic region are listed in Table 2. The values in 

the paramagnetic region are higher when compared to that 
of the ferromagnetic region as the conduction and valence 
bands splits below Curie temperature, while the bands are 
degenerate above the Curie temperature. Thus, it is expected 
that the activation energy in the paramagnetic region must be 
larger. The diffusion coefficient (D) was calculated using the 
relation [Eq. (13)] [50] and is presented in Fig. 9.

  

Table 2   IR absorption bands 
(υ1 and υ2), Debye temperature 
(θD), grain size (G), activation 
energy of paramagnetic region 
(Ep) and ferromagnetic region 
(Ef), activation energy (ΔE) 
of Li0.5+0.5xTixFe2.5−1.5xO4 
nanoparticles

X υ1 υ2 θD G (nm) Ep (eV) Ef (eV) ΔE (eV)

0.00 595.56 478.81 123.093 96 0.851 0.579 0.272
0.20 – – – – 0.793 0.498 0.295
0.40 595.26 487.39 124.042 92 0.834 0.540 0.295
0.60 – – – – 0.751 0.430 0.321
0.80 596.84 479.27 123.292 – 0.978 0.622 0.356
1.00 – – – 88 0.995 0.588 0.407

Fig. 4   FE-SEM image of Li0.5Fe2.5O4 nanoparticles

Fig. 5   FE-SEM image of Li0.7Ti0.4Fe1.9O4 nanoparticles

Fig. 6   FE-SEM image of LiTiFeO4 nanoparticles

Fig. 7   Room temperature resistivity and dielectric constant at 50 Hz 
frequency of Li0.5+0.5xTixFe2.5−1.5xO4 nanoparticles
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where, σ is the DC electrical conductivity, kB is Boltzmann 
constant and T is the temperature in Kelvin, N is the number 
of atoms/m3, e is the electronic charge.

The Fig. 9 shows the increase in diffusion coefficient with 
temperature. This trend is further supported by the fact that 
the diffusion coefficient is inversely proportional to the DC 
resistivity. The room temperature DC resistivity and activa-
tion energies showed similar trend thereby indicating that 
the samples with high resistivity have high activation ener-
gies and vice versa.

3.5 � Dielectric properties

Dielectric properties of synthesized samples were studied 
at room temperature by LCR-Q meter. The capacitance (C) 
and loss tangent (tan δ) were measured in the frequency 

(13)D =
�k

B
T

Ne2

range 50 Hz to 5 MHz. Frequency dependence of dielectric 
parameters is presented in Figs. 10 and 11 respectively, 
also they show the changes with the composition at room 
temperature. The inverse relation of dielectric constant (at 
low frequency) with resistivity is shown in Fig. 7.

The dielectric constant (ε′) was estimated using the Eq. 
(14) [12],

where, C is the capacitance measured by LCR-Q meter, d is 
the thickness of the palletized sample, A is the area of the 
cross-section of the specimen and ε0 is the permittivity of 
the free space. The Fig. 10 shows frequency dependence of 
dielectric constant. The dielectric constant is high at low 
frequency and rapidly decreases with increase in frequency 

(14)�
� =

Cd

�0A

Fig. 8   Arrhenius plots for Li0.5+0.5xTixFe2.5−1.5xO4 nanoparticles

Fig. 9   Diffusion coefficient as a function of reciprocal of temperature 
for Li0.5+0.5xTixFe2.5−1.5xO4 nanoparticles

Fig. 10   Frequency dependence of dielectric constant for 
Li0.5+0.5xTixFe2.5−1.5xO4 nanoparticles

Fig. 11   Frequency dependence of dielectric loss tangent for 
Li0.5+0.5xTixFe2.5−1.5xO4 nanoparticles
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due to the dislocations, voids and defects present in the crys-
tal structure of nano ferrites. When the frequency reaches a 
certain frequency limit, the electron hopping cannot follow 
the electric field fluctuations and tends to decrease the die-
lectric constant with increasing frequency. The decreasing 
behavior of dielectric constant with increasing frequency is 
owing to the fact that at higher frequencies, any effect con-
tributing to polarization is found to show lagging behind the 
applied field. At high frequencies, the dielectric constant has 
less value due to low resistivity and becomes less depend-
ent on frequency. The variation of dielectric constant with 
frequency can be attributed to the space charge polarization 
due to an inhomogeneous dielectric structure as discussed 
by Maxwell and Wagner [51] and Koops’ theory. As Ti4+ 
and Li+ content increase in Li-ferrite, the values of dielec-
tric constant decrease. At low frequencies, the difference in 
dielectric constant is more as compared to high frequencies. 
With decreasing Fe ions which are responsible for polariza-
tion and the decreasing trend of grain size with concentra-
tion as discussed in FE-SEM results; the decrease in die-
lectric constant for the present system is expected. Similar 
results are available in the literature for spinel ferrites [52].

Frequency dependence of dielectric loss tangent is illus-
trated in Fig. 11. The Fig. 11 shows an exponential decrease 
of dielectric loss tangent with an increase in frequency, 
following the same trend observed in dielectric loss. The 
decrease of loss tangent with increasing frequency is due to 
the fact that the hopping frequency of charge carriers cannot 
follow the changes of the externally applied electric field 
beyond a certain frequency limit. The obtained results are 
in good agreement with the literature reports available for 
Li-ferrite [53].

4 � Conclusion

The substitution of Ti4+ ions in Li-ferrite has been success-
fully achieved by using sol–gel auto combustion technique. 
XRD analysis revealed the single phase cubic spinel struc-
ture of the synthesized samples wherein ordered α-phase 
is observed in pure Li-ferrite and disordered β-phase is 
observed in Ti4+ ion substituted samples. The lattice param-
eter was found to be comparable with the JCPDS data for 
Li-ferrite. IR spectra show absorption bands at ~600 and 
~480 cm−1 confirming the formation of spinel ferrite skel-
eton. FE-SEM images showed grains of ∼88–96 nm with 
spherical morphology. The substitution of Ti4+ ions greatly 
influenced the electrical and dielectric properties of Li-fer-
rites. DC resistivity increased with Ti4+ ion substitution, the 
room temperature dielectric properties of the system as a 
function of frequency showed the normal dispersion behav-
ior and the values were found to be lower as compared to 
that for Li-ferrite after Ti4+ ions substitution.
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