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Li0.5 – x/2NixFe2.5 – x/2O4 (х  0.0, 0.2, 0.4, 0.6, 0.8, 1.0) ferrite spinels have been synthesized by sol-gel au-

to-combustion technique. Structural properties of the obtained powders have been investigated by X-ray 

diffraction (XRD) method and scanning electron microscopy (SEM). All the synthesized powders have good 

crystallinity and it is possible to distinguish two spinels of the same composition: the first one of P4332 

spatial group (iron and lithium ions are arranged along 110 crystallographic direction) and the second 

one of Fd3m spatial group (disordered spinel). The presence of both spinels is observed at low content of 

the doping material (х  0.2 and 0.4). In the case of increase in Ni2+, the disordered component is absent 

and there is only the ordered phase. The particle size values of the synthesized material are calculated us-

ing Debye-Scherrer and Williamson-Hall methods. They are of about 22-35 nm. The presence of internal 

lattice stresses has been detected. According to proposed cation distribution, nickel ions are localized in 

tetrahedral sublattice and lithium ions are localized in octahedral one. Iron ions are redistributed in both 

sublattices in the ratio of about 1:2. The Mossbauer spectra represent a superposition of two magneto-

ordered components corresponding to the octahedral and tetrahedral surroundings of iron in the spinel lat-

tice and the paramagnetic doublet that indicates the presence of iron in the bivalent state. It is shown that 

the conductive and dielectric properties of the synthesized powders are characterized by frequency depend-

ence that is characteristic for ferrite materials. The behavior of this dependence is explained on the basis of 

the hopping mechanism of conductivity and intergranular polarization. 
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1. INTRODUCTION 
 

Spinel ferrites of the general formula (Me, Fe)3O4 at-

tract considerable attention due to their excellent physi-

cal and chemical properties, as well as an extremely 

wide range of applications including magnetic storage 

devices, magnetic leads, telecommunication, microwave 

devices, gas sensors , magnetic diagnostics, transporta-

tion of medicines and much more [1]. Each field of fer-

rites application requires special properties that can be 

directly changed selecting the conditions and methods of 

synthesis as well as the intercalation of certain ions [2]. 

In particular, for medical and biological applications, 

such materials should have a magneto-soft behavior at 

room temperature with low losses at Eddy currents at 

high frequencies, as well as electrical and optical prop-

erties and good chemical and physical stability. Among 

the various investigated ferrites, nanosized Ni-

containing ferrites exhibit small hysteresis, making 

them a good candidate for use in the medical field [3]. 

The ferrite spinel crystallizes in the face-centered 

cubic (fcc) structure of the Fd3m spatial group, in which 

the unit cell consists of 8 formula units. 32 oxygen ions 

are located in the nodes of the fcc structure and 24 

metal cations are distributed between two types of non-

equivalent positions: 64 tetrahedral (A) and 32 octahe-

dral (B) sites, in which metal cations are surrounded by 

4 and 6 oxygen ions, respectively [3, 4]. According to 

the cationic distribution, the spinel structure can be 

realized in one of three types: normal, inverse and a 

mixed spinel. Bulk LiFe2O4 ferrite crystalizes in the 

inverse spinel structure, in which Li+ ions occupy B-sites 

while Fe3+ ions are distributed between A and B-sites 

[5, 6]. However, the cationic distribution depends on a 

number of factors, one of which is the synthesis process. 

It was found that nanosized substituted (LiNi)-ferrites 

could have an inverse spinel structure [7, 8], and also a 

mixed one – in the case when sizes of Ni ferrite nanopar-

ticles are less than several nanometers [9], that is some 

Ni2+ ions occupy А-sites, displacing an equal number of 

Fe3+ ions to В-sites. The degree of inversion in spinel 

may vary under different synthesis conditions. 

In this paper, we propose the investigation results 

of the effect of Ni2+ ions substitution into the base 

Li0.5Fe2.5O4 lithium iron spinel obtained by a simple 

and low cost sol-gel auto-combustion route on its struc-

tural and electrical properties. 

 

2. METHODOLOGY 
 

Nickel-substituted Li0.5 – x/2NixFe2.5 – x/2O4 lithium-iron 

spinels were synthesized by sol-gel auto-combustion 

method. Fe(NO3)39H2O iron, LiNO3 lithium, and 

Ni(NO3)26H2O nickel nitrates, citric acid and aqueous 

ammonia solution were used as precursors. Calculated 

according to stoichiometry, the starting compounds 

were dissolved in distilled water and mixed dropwise 

until a homogeneous solution was obtained. To obtain a 

pH value of 7, an aqueous solution of ammonia was 

added dropwise to the resulting precursor solution. The 

obtained mixture was dried until xerogel formation. 

The xerogel was placed in the furnace and heated to a 

temperature of approximately 200-220 С that caused 

its flaming. As a result of the exothermic reaction, a 
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synthesis of ferrite was carried out. The reaction oc-

curred rapidly (about a few minutes) and as a result, a 

single-phase spinel was obtained as shown by X-ray 

diffraction analysis. 

X-ray diffraction patterns of the synthesized powder 

systems were obtained using an X-ray diffractometer  

Ultima-IV, (Rigaku, Japan) in Cu-Kα radiation at room 

temperature in Bragg-Brentano geometry, in the angle 

range of 25-90. The analytical processing of experi-

mental XRD patterns was carried out using the Rietveld 

method in the fullproff software, coherent scattering 

regions (CSR) sizes were calculated using Selyakov-

Scherrer and Williamson-Hall methods. 
57Fe absorption spectra were obtained using a 

MS1104EM Mossbauer spectrometer (57Co source, 

chromium matrix, activity – 100 mCi. Interpretation of 

the received spectra was carried out in the Univem 

package with the calibration relative to -Fe. 

The morphology of the samples surface was studied 

using a FE-SEM QUANTAFEG 250 scanning electron 

microscope. The scanning was done at an accelerating 

voltage value of 15 kV. 

Investigation of the conductive and dielectric prop-

erties of the samples was carried out using the Autolab 

PGSTAT 12/FRA-2 impedance spectrometer in the fre-

quency range of 0.01 Hz to 100 kHz. 

 

3. RESULTS AND DISCUSSION 
 

3.1 Structural Analysis and Morphology 
 

XRD patterns of synthesized Li0.5 – x/2NixFe2.5 – x/2O4 

(where х  0.2, 0.4, 0.6, 0.8, 1.0) spinel system are shown 

in the Fig. 1. 

All samples are crystalline, and one can emphasize 

two spinels of the same composition: the first one of P4332 

spatial group, the so-called spinel with a superstructure, 

in which the iron and lithium ions are arranged along the 

110 crystallographic direction and the other one of Fd3m 

spatial group – disordered spinel. The presence of both 

spinels is observed with low content of the doped element 

(х = 0.2 and 0.4). In the case of an increase in Ni2+, the 

disordered component disappears and only the ordered 

phase remains. In addition to the above phases, systems 

also have a low content of metallic nickel. Table 1 shows 

the phase composition of the obtained samples. 

Obviously, the presence of metallic nickel can be 

explained as follows. At the first stage of the auto-

combustion reaction, there is a decomposition of pre-

cursors and the formation of initial compounds oxides. 

The remnants of the carbon black frame of citric acid 

during the burning process reduce part of nickel oxide 

to the metallic state. 

The specified lattice parameters of each component 

are given in Table 2. 

With the increase in Ni2 + ions content, the value of 

the lattice constant of the P4332 dominant phase in-

creases, which is in agreement with Vegard law. 
 

Table 1 – Phase composition of the synthesized systems 
 

Composition 0.2 0.4 0.6 0.8 1.0 

P4332 63.32 95.22 92.9 92.77 83.76 

Fd3m 35.01 2.58 0 0 0 

Ni 1.67 2.2 7.1 7.23 16.24 
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Fig. 1 – XRD patterns of nanocrystalline Li0.5 – x/2NixFe2.5 – x/2O4 

ferrites obtained by sol-gel auto-combustion method 
 

Table 2 – The value of the lattice parameter for each phase of 
the synthesized samples 

 

Composition 0.2 0.4 0.6 0.8 1.0 

P4332 8.333 8.337 8.339 8.339 8.341 

Fd3m 8.376 8.315 0 0 0 

Ni 3.550 3.550 3.550 3.550 3.549 
 

The dimensions of the CSR were determined from 

the full width at half maximum (FWHM) of the lines 

using the Scherrer formula 
 

 
cos

k
D



 
 , (1) 

 

where  is the X-ray wavelength (1.54056 Å), θ is the 

diffraction angle,  is the full width at half maximum 

and k is the Scherrer constant (k  0.94 for particles 

close to spherical cubic symmetry) [21]. However, the 

dependence of cosθ on 1/ (Scherrer's dependence) is not 

approximated by line well (see the insertion in Fig. 2). 

Williamson-Hall equation is more precise. It binds both 

the crystallite size and the strain in the lattice, which 

are caused by the peak broadening: 
 

 4 tan
cos

size strain

k

D


    


    , (2) 

 

where ε is the microstrain parameter, and other sym-

bols have the above meanings. Dependence of βcosθ on 

4sinθ is shown in Fig. 2 (W-H dependence). 

This dependence is a set of points with a small scat-

ter that indicates the uniformity of lattice strains and, 

thus, isotropic nature of samples. Moreover, the de-

pendence shows a positive inclination/slope, which is 

the evidence of the presence of elastic strains in the 

nanoparticles. The crystallite (grain) sizes and the mi-

crostrain values of the samples that are determined 

according to the intersection and inclination/slope of 

the W-H dependence are shown in Table 3. As can be 

seen from Table 3, there is no apparent tendency of 

influence of the substituting element content on the 

crystallite sizes. Somewhat higher values of CSR for 

samples x = 0.0 (42 nm) and x = 0.4 (35 nm) are obvi-

ously related to the auto-combustion reaction rate, 

which depends on the metal/fuel ratio [10]. 

The morphology of the synthesized samples was in-

vestigated using scanning electron microscopy (SEM). 

SEM images of the obtained systems and their chemical 

composition are shown in Fig. 3. As can be seen from 
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SEM images, the particles are agglomerates consisting 

of smaller particles with close to spherical shape. 

Taking into account the spherical form of the syn-

thesized particles, their active surface area (SSA, total 

surface area per unit mass) can be calculated as 

 

 
A

S
D



, (3) 

 

where А is a shape factor, for spherical particles А = 6 

[25], D is the particle size and  is the sample density. 

The theoretical (X-ray) density of our cubic compounds 

was calculated according to the formula [26]: 
 

 
3x

A

ZM

N a
  , (4) 

 

where Z is the number of formula unit per unit cell (in 

this case Z = 8), M is a molecular mass of the compound 

and NA is Avogadro's number. Calculated density and 

the specific surface area values are shown in Table 3. 

Ions of substituted nickel are localized in the tetra-

hedral sublattice, whereas lithium and about 2/3 of iron 

ions are in the octahedral sublattice. Cation distribution 

under sublattice with increasing substitution obtained 

by Rietveld method is shown in Table 4. 

In the papers [9, 11, 12] on the study of NiFeO4 nano-

particle composition, the following distribution was pro-

posed: (  ( 2 3 2 3
1 2 4i i i i

A B
Ni Fe Ni Fe O   

  . Since the lithium 

ions have the greatest ionic radius, it is logical to assume 

that it will be localized in the octahedral sublattice. Since, 

according to the X-ray diffraction analysis, it is impossible 

to directly determine the localization of lithium ions due to 

the small number of electrons, this distribution was pro-

posed according to experimental data on the distribution 

of iron and nickel ions and logical assumptions. These 

works [10-12] confirm our results on the octahedral locali-

zation of lithium ions. 

Based on experimentally obtained values of the lat-

tice constant and oxygen parameter (u), the ionic radii 

values were calculated for the tetrahedral rA and octa-

hedral rB positions using formulas [13]: 
 

 (  ( 2 3
A ANi AFer C r Ni C r Fe   , (5) 

 

 (  ( 31

2
B BFe BLir C r Fe C r Li   

 
, (6) 

 

where r(Li+), r(Ni2+), r(Fe3+) are the ionic radii, which 

have the following values 
 

rA(Ni2+)  0.55 Å, rB(Li+)  0.72 Å, 
 

rA(Fe3+)  0.49 Å, rB(Fe3+)  0.645 Å, 
 

and CANi, CAFe, CBFe, CBLi are the concentrations of the 

corresponding ions in the A and B-sublattices. Calcu-

lated values of ionic radii for each composition and each 

sublattice are given in Table 5. 
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Fig. 2 – Williamson-Hall (left) and Debye-Scherrer (right) depe-

ndences for Li0.5 – x/2NixFe2.5 – x/2O4 nanoparticles with different 

nickel contents 
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Fig. 3 – SEM images of the obtained systems and their chemi-

cal compositions 
 

As can be seen from Table 5, when the content of 

nickel increases, the size of tetrahedral holes gradually 

increases and of octahedral ones decreases. This is due 

to an increase in nickel in tetrahedral sublattice and a 

decrease in lithium with a large ionic radius in octahe-

dral sublattice. Some deviations from monotonicity are 

obviously caused by the presence of a phase of metallic 

lithium, the content of which increases from 1.7 (х = 0.2) 

to 7.23 (х = 0.8). 
 

Table 3 – The crystallite (grain) sizes and the microstrain values of the samples that are determined according to the intersection 

and inclination of the W-H dependence 
 

Com-

posi-

tion 

Molar 

mass 

M 

Hopping 

length 

dA, nm 

Hopping 

length 

dB, nm 

Crystallite 

sizes 

D, nm 

Value of  

microstrain 

ε 

X-ray density 

ρ, g/cm3 

Specific surface 

area 

S, (106 cm2/g) 

х  0.0 207.095 0.3607 0.2945 42.1 0.0045 4.77 0.299 

х  0.2 212.5544 0.3608 0.2946 22.96 0.0026 4.89 0.534 

х  0.4 218.0133 0.3610 0.2947 34.86 0.0016 5.21 0.330 

х  0.6 223.4722 0.3611 0.2948 29.75 0.0012 5.25 0.394 

х  0.8 228.9311 0.3611 0.2948 29.02 0.0014 3.95 0.523 

х  1.0 234,39 0.3643 0.2974 26.71 0.0038 3.04 0.242 
 

Table 4 – Cation distribution 
 

x А-site В-site α, nm Δα, nm 

0.0 Fe1.0 Li0.5Fe1.41 0.8330 ± 0.0002 

0.2 Ni0.2Fe0.78 Li0.4Fe1.62 0.8333 ± 0.0002 

0.4 Ni0.4Fe0.66 Li0.3Fe1.54 0.8337 ± 0.0002 

0.6 Ni0.56Fe0.43 Li0.2Fe1.47 0.8339 ± 0.0002 

0.8 Ni0.74Fe0.21 Li0.1Fe1.39 0.8339 ± 0.0002 

1.0 Ni0.93Fe0.11
 

Fe1.34
 

0.8412 ± 0.0002 
 

Table 5 – Average ionic radii at A and B sites (rA and rB, respectively), oxygen positional parameter (u) and site occupancy in 

Li0.5 – x/2NixFe2.5 – x/2O4 nanoparticles synthesized at different pH values of 9 and 11 
 

Concentration, x aexp, (Å) ath, (Å) rA, (Å) rB, (Å) r , (Å) u, (Å) 

0.0 8.330 8.208 0.490 0.635 0.562 0.3721 

0.2 8.333 8.295 0.490 0.667 0.578 0.3760 

0.4 8.337 8.305 0.543 0.605 0.574 0.3778 

0.6 8.339 8.316 0.519 0.527 0.523 0.3759 

0.8 8.339 8.327 0.510 0.484 0.497 0.3759 

1.0 8.412 8.319 0.565 0.432 0.524 0.3715 
 

Fig. 4 shows the diffractograms of the synthesized 

samples that are interpreted using the fullproff program. 
 

3.2 Mössbauer Studies 
 

In order to clarify the cation distribution and to es-

tablish the nature of the magnetic ordering of the syn-

thesized systems, Mössbauer studies at room tempera-

ture were carried out. Mössbauer spectra 57Fe of inves-

tigated systems are shown in Fig. 5. 

The obtained spectrum is a superposition of two sex-

tets that corresponds to tetrahedral and octahedral po-

sitions of iron atoms in the spinel sublattices. The val-

ues of the magnetic field strength are 507 and 492 kOe, 

respectively. In addition, the paramagnetic doublet with 

a quadrupole splitting of ~ 2.5 mm/s is observed in the 

Mössbauer spectrum. The appearance of this doublet is 

explained by the presence of iron with the valence of 2. 

The value of the isomer shift in all the investigated sys-

tems is of about 0.2-0.4 mm/s that is the evidence of the 

iron presence in Fe3+ state with 3d54s0 electronic con-

figuration. 

The value of quadrupole splitting for all systems is 

very small (close to zero) that indicates that the field 

around the nucleus is spherically symmetric and there 

are no significant deviations from spherical symmetry. 

Sufficiently large values of the linewidth (0.46 mm/s) 

indicate that the samples are fine crystalline and their 

size distribution is practically continuous. 

 

3.3 Conductive and Dielectric Properties 
 

Conductive and dielectric properties of synthesized 

nanosized samples of Li0.5 – x/2NixFe2.5 – x/2O4 composition 

were investigated at room temperature in a wide fre-

quency range using an impedance spectrometer. 

Fig. 6 shows a change of the real and imaginary parts 

of the dielectric permeability with frequency. Both the real 

and imaginary parts decrease with increasing frequency 

and are almost constant at a frequency of ≥ 100 Hz. 

This behavior of dielectric permeability is a conse-

quence of the fact that electric dipoles, beginning with 

a certain frequency, do not have time to reorient in the 
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Fig. 4 – XRD diffractograms of the synthesized samples that 

are decoded using the fullproff program 
 

 
 

Fig. 5 – Mössbauer spectrum 57Fe of the Li0.4Fe2.4Ni0.4O4 system 

obtained at room temperature 
 

direction of the external field when increasing its frequen-

cy. The high value of the dielectric constant in the low-

frequency region is the result of spatial polarization that 

occurs at the boundaries of the grains, which create a po-

tential barrier. As a result, there is a charge accumulation 

on the grain boundaries that leads to a high value of the 

dielectric constant at low frequencies [14]. The behavior of 

the real part of the dielectric permeability also depends on 

the existence of a significant number of trapping centers 

between the valence band and the conduction band [15]. 

These trapping states arise as a result of the defect for-

mation, in particular the Frenkel and Schottky types dur-

ing the crystallization process of samples when synthe-

sized by sol-gel auto-combustion. Polarization in spinel 

ferrites is associated with the charge carrier hops, and 

thus, the accumulation of charges on interphase and in-

tergrain boundaries occurs at low frequencies. This is due 

to their high resistance and this is the cause of high val-

ues of the dielectric constant. 

With an increase in the frequency of the external 

electric field, the frequency of electric dipoles reorienta-

tion lags behind the change in the direction of the ex-

ternal electric field and thus dielectric permeability 

decreases. The non-monotonic behavior of the dielectric 

permeability, which depends on the nickel ions content, 

is the result of changes in the cationic distribution of 

Fe3+ and Ni2+ ions in octahedral and tetrahedral sites 

as well as the microstructure of the specimens, which is 

sensitive to the method and conditions of synthesis. The 

dependences of the real and imaginary parts of specific 

electrical conductivity of samples on the frequency are 

given in Fig. 7. 
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Fig. 6 – Change of the real (a) and imaginary (b) parts of the 

dielectric permeability with frequency at different nickel ion 

contents 
 

In spinel ferrite materials, an electrical conductivity is 

an attribute of the hop of an electron between ions with 

variable valence. In the case of Ni2 + substitution, the hop-

ping conductivity can be realized by two ways: 
 

3 2Fe e Fe     and 3 2Ni e Ni    . 
 

It can be seen from Fig. 7 that the electrical conductiv-

ity does not depend on the frequency at low frequencies 

that corresponds to the DC conductivity and it is related 

to the grain boundaries, which are more effective at low 

frequencies and have high resistance value. In addition, it 

can be noted that the electrical conductivity depends on 

the frequency at high frequencies, and this area can be 

attributed to the АС conductivity. 
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For all samples obtained by sol-gel auto-combustion 

method, AC conductivity increases with increasing fre-

quency. 

This is due to the fact that the electric energy associ-

ated with the applied alternating field contributes to the 

oscillations of the trapped charges and their transfer be-

tween different localized states [16]. Moreover, an in-

crease in conductivity with a further increase in frequency 

is associated with the magnitude of the hop between ions 

of different valency in the investigated spinel ferrites. 

The dependence of the real part of the dielectric per-

meability and specific resistance on the content of Ni2+ 

ions is shown in Fig. 8. 

As can be seen from Fig. 8, these values are sensi-

tive to the nickel content. Thus, the dielectric and con-

ductive properties of obtained nanosized ferrite spinels 

can be optimized by substitution. 
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Fig. 7 – Frequency dependence of the real (a) and imaginary (b) 

parts of the electrical conductivity of Li0.5 – x/2NixFe2.5 – x/2O4 sys-

tems obtained by sol-gel auto-combustion method 
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Fig. 8 – The dependence of the real parts of the dielectric per-

meability and the specific resistance on the Ni2 + ions content 

 

4. CONCLUSIONS 
 

Nanosized spinel ferrites of the Li0.5 – x/2NixFe2.5 – x/2O4 

composition, where х  0.0, 0.2, 0.4, 0.6, 0.8, 1.0, have 

been obtained by sol-gel auto-combustion method. At 

low substitution doses, two spinels of the same composi-

tion coexist in the structure: the first one of P4332 spa-

tial group, the so-called spinel with superstructure, in 

which the iron and lithium ions are ordered arranged 

along the 110 crystallographic direction, and the other 

one of Fd3m spatial group – disordered spinel. The 

presence of both spinels is observed at the low content 

of the doped element (x  0.2 and 0.4). In the case of an 

increase in Ni2+ ions, the disordered component disap-

pears and only the ordered phase remains. In addition 

to the above phases, the systems also have a low con-

tent of metallic nickel. Particle sizes of the synthesized 

product are 22-35 nm. According to the proposed cation 

distribution, nickel ions are localized in the tetrahedral 

sublattice and lithium ions – in the octahedral one. Iron 

ions are redistributed in both sublattices according to 

the ratio of approximately 1:2. It is shown that the con-

ductive and dielectric properties of synthesized powders 

are characterized by frequency dependence characteris-

tic of ferrite materials, the behavior of which is ex-

plained on the basis of the hopping conductivity mecha-

nism and intergrain polarization. These characteristics 

are sensitive to nickel content, peculiarities of cation 

distribution and microstructure. 
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Методом золь-гель автогоріння були синтезовані ферити шпінелі складу Li0.5 – x/2NixFe2.5 – x/2O4 (де 

х  0.0, 0.2, 0.4, 0.6, 0.8, 1.0). Структурні властивості отриманих порошків досліджувалися за допомогою 

рентгенівської дифракції (XRD), мессбауерівської спектроскопії, а також з використанням скануючої 

електронної мікроскопії (SEM). Усі синтезовані зразки володіють гарною кристалічністю, причому мож-

на виділити дві шпінелі однакового складу: одна просторової групи P4332, в якій іони заліза і літію упо-

рядковано розміщені вздовж кристалографічного напрямку 110, а інша – просторової групи Fd3m, ро-

зупорядкована шпінель. Присутність обох шпінелей спостерігається при низькому вмісті допійованого 

елементу (х  0.2 і 0.4). У випадку збільшення Ni2+ розупорядкована компонента зникає і залишається 

тільки упорядкована фаза. Розміри частинок синтезованого продукту, отриманих методами Дебая-

Шеррера і Вільямсона Холла, складають 22-35 нм. Виявлена присутність внутрішніх напруг гратки. 

Згідно запропонованого катіонного розподілу іони нікелю локалізуються у тетрапідгратці, а іони літію – 

у октапідгратці. Іони заліза перерозподіляються по обох підгратках у співвідношенні приблизно 1:2. 

Мессбауерівські спектри являють собою суперпозицію двох магнітоупорядкованих компонент, що відпо-

відають октаедричному і тетраедричному оточенню заліза в шпінельній гратці і парамагнітного дубле-

ту, який вказує на присутність заліза у двовалентному стані. Показано, що провідні і діелектричні влас-

тивості синтезованих порошків мають характерну для феритових матеріалів частотну залежність, пове-

дінка якої пояснюється на основі стрибкового механізму провідності і міжзеренної поляризації. 
 

Ключові слова: Ферити, Золь-гель автогоріння, Рентгенівська дифракція, Провідні і діелектричні 

властивості. 


