
 

  

  

Abstract—It is well known that in recent years magnetic 
materials have received increased attention due to their properties. 
For this reason a significant number of patents that were published 
during the last decade are oriented towards synthesis and study of 
such materials. The aim of this work is to create and study ferrite 
nanocrystalline materials with spinel structure, using sol-gel 
technology with participation of auto-combustion. This method is 
perspective in that it is a cheap and low-temperature technique that 
allows for the fine control on the product’s chemical composition. 

 
Keywords—Magnetic materials, ferrites, sol–gel technology, 

nanocrystalline powders.  

I. INTRODUCTION 

OWADAYS ferrites are very topical objects and 
promising materials for the various practical applications 

[1]–[4]. The ferrite materials are widely used in the modern 
radioelectronics, the basic tendency of which is 
microminiaturization of the products. It should be noted that 
the ferrite memory is indispensable in cosmos and military 
industries in the conditions of hard electromagnetic radiation. 

Complex oxide systems based on nickel, magnesium, iron, 
cobalt have been investigated intensely in order to obtain new 
materials for the ceramics production. Among these oxides 
phases with spinel structure are the most promising. 
Magnesium-zinc and nickel-aluminum ferrites are different 
from many other materials because they have important 
electrical, magnetic and mechanical properties. These ferrites 
are promising in SHF-technology, and they are used as a 
magnetic component in composite magnetoelectric materials 
[5]–[8].  

During last decade several patents were published in the 
field of materials science in order to obtain and study complex 
oxide materials. Methods of deposition or mixing the 
components solid powders with the following stages of 
thermal treatment are the most common ways of such 
materials obtaining. It is rather difficult to obtain single-phase 
products by these methods. 

In recent years in SHF-technology new trend in material 
science has appeared – the synthesis of various substances 
with nanometer-sized particles. This problem is a result of the 
nanocrystalline materials using, which have unique properties 
comparing with the macrocrystalline materials of the same 
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chemical composition. During the synthesis of ferromagnetic 
oxide nanomaterials special attention is paid to chemical 
methods of ferrite components homogenization [9]–[11]. This 
provides the high chemical homogeneity and activity of ferrite 
powders. Today sol-gel technology is an important and 
progressive method of nanomaterials with improved properties 
obtaining. 

Developing the ideas of nanotechnology, we have patented 
a method of synthesis the ferrites with different chemical 
compositions for magnetic devices and components of 
electronic equipment – the sol-gel with participation of auto-
combustion (SGA) [12]. In comparison with the ceramic 
method, SGA-technology is more simple and economical way 
of obtaining the nanocrystalline materials with high 
homogeneity, which increases their electromagnetic and 
mechanical properties.  

II. EXPERIMENTAL 

In this paper ferrite systems Mg1-xZnxFe2O4 (х = 0, 0.2, 
0.44, 0.5, 0.6) and NiAlxFe2-xO4 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5) 
were synthesized by SGA-technology. The main idea of this 
method is using heat of an exothermic reaction at the ferrites 
synthesis. In some cases this process (the use of exothermic 
reaction heat to maintain this reaction itself) is dynamic, that is 
the narrow high-temperature combustion zone is moving 
according to the model. 

The synthesis of complex oxide materials by SGA-method 
involves the following stages: preparation of metal nitrates 
aqueous solutions in accordance with their stoichiometric 
ratio, adding of the optimum amount of citric acid, changing 
of the pH to 7 by adding of 25% NH4OH solution, evaporation 
of the solution to the gel formation, drying of gel at low 
temperatures to the xerogel forming, controlled auto-
combustion of xerogel with nanopowders forming. 
Magnesium and zinc oxides, metal nitrates with the chemical 
formula Men(NO3)m×rH2O, Me = Ni, Al, Fe, nitric and citric 
acids were used as precursors.  

The phase identification of powders was performed using 
X-ray diffraction (XRD). XRD patterns were recorded at room 
temperature with a DRON-3 diffractometer using Cu Ka 
radiation with λ = 1,5419 Å in air. Diffraction patterns were 
recorded in the scan range 15°–65° with a scan steep size of 
0.02°. Surface morphology of the samples was investigated by 
a JEOL NeoScope JSM-5000 scaning electron microscope 
(SEM).  

Thermal analysis of samples was conducted using 
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simultaneous thermal analyzer STA 449 F3 Jupiter in the 
mode of the linear heating with rate of 10ºС/min in the 
temperature range 25–1000ºC; as a result curves of 
thermogravimetric (TG) and differential thermal analysis 
(DTA) were experimentally obtained. Change of mass at 
heating was determined with an accuracy of 10-6 kg.  

Infrared (IR) spectra for the gel precursor and the as-burnt 
powder were recorded on a NICOLETIS 10 spectro-
photometer in the range 400–4000 cm-1 by the KBr pellet 
method. Processing of the results was carried out in software 
OMNIC 8.1. 

III. RESULTS AND DISCUSSION 

The SGA-method allows obtaining single-phase complex 
oxide materials with a high degree of dispersion. The 
technology of this method is to obtain materials with 
predetermined physical and chemical properties. This 
technology involves sol obtaining and consistent turning it 
into a gel. For example, for the synthesis of NiFe2O4 ferrite 
material 1 mole of Ni(NO3)2∙6H2O, 2 mol of Fe(NO3)3∙9H2O, 
and 3 mol of C6H8O7∙H2O (citric acid) were used. Presence of 
citric acid is explained as follows: it is believed that the 
formation of nitrate-citrate complexes of metals eliminates the 
differences in individual behavior of cations in solution. This 
enhances the mixing and allows to avoid separation of the 
components in the following stages of synthesis. Distilled 
water is used as the dispersion phase. At mixing the precursors 
hydrolysis and polycondensation reactions are taking place, 
which lead to the formation of a colloidal solution – sol –
hydroxide particles whose size does not exceed a few nm. 

Neutralization of the dispersion medium by means of 25% 
ammonia solution to the level of pH 7 results in the intensive 
formation of contacts between particles. This leads to the 
formation of monolithic gel in which the molecules of the 
solvent (water) are enclosed in a flexible, but rather strong 
three-dimensional network, which is formed by particles of 
hydroxides. The particles of the dispersed phase are connected 
in points of contact by forces of intermolecular interactions. In 
this case granting of energy to reaction system is necessarily 
to maintain the gel formation. By the way added energy is 
required for the following drying out the gel with the aim of 
converting it to the xerogel due to evaporation of dispersion 
medium. With subsequent drying, the dry gel begins to burn 
arbitrarily with the formation of ferrite powders with a spinel 
structure and the product of combustion. 

In order to explain the process of nitrate-citrate xerogel 
auto-combustion, differential thermal and thermogravimetric 
analysis of the dried gel were carried out. Experimental 
observation showed that the dried gel, formed from metal 
nitrates and citric acid, was burned in the process auto-
combustion, forming a fine powder. Fig. 1 shows the DTA and 
TG plots of the dried nitrate-citrate MgFe2O4 gel. As it was 
expected, the decomposition reaction was strongly 
exothermic. At about 210°C the exothermic peak was 
observed. The weight change associated with this exothermic 
reaction was about 75%. 

 

Fig. 1 DTA-TG curves of the nitrate-citrate xerogel 

 
The auto-combustion process is as follows: ammonium 

nitrate decomposes at temperature of 210˚C with evolution of 
oxygen. It is well known that oxygen accelerates the 
combustion process and great amount of heat generates in this 
exotermic reaction, that results in violent combustion. Also the 
effect of ferrite formation from the metal oxides promotes of 
the burning process. Since process can be finished in very 
short time, the particle size of the synthesized ferrite powders 
can remain small.  

Fig. 2 shows the XRD patterns for the powder of studied 
NiAlxFe2-xO4 system. All the powders have phase of ferrite with 
spinel structure, similar to that of the as-sintered ceramic 
sample. This indicates that the Ni–Al ferrites can be directly 
formed after the auto-combustion of the gel. 

 

 

Fig. 2 XRD patterns of NiAlxFe2-xO4 samples 

 
The average particles size of powders was calculated from 

the (311) diffraction peak using the Debye Scherrer formula: 
 

θβ

λ

cos

9.0

⋅
=〉〈D

,         (1) 

 
where λ is the X-ray wavelength, β – the full width at half 
maximum, θ – the Bragg angle. 
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The results shown in Fig. 3 depict that the increasing 
content of Al3+ ions decreases the particle size of Ni–Al 
ferrites. Though all the samples were prepared under identical 
condition, the particle size was not the same for all contents of 
Al3+. This was probably due to the reaction condition, which 
favored the formation of new nuclei preventing further growth 
of particles when the Al3+ content was increased.  

 

 

Fig. 3 Variation of particle size with Al content x 
 

X-ray diffraction patterns of the studied samples are shown 
in Fig. 4. The patterns confirm also the formation of single 
phase cubic spinel structure. The replacement of Mg2+ ions by 
Zn2+ ions leads to the presence of phase ZnO, the amount of 
which increases with parameter x in the system  
Mg1-xZnxFe2O4. The maximum content of phase ZnO is 3% of 
the total composition for sample Mg0,4Zn0,6Fe2O4. According 
to the X-ray diffraction, size of Mg–Zn ferrites particles are in 
the range of 20–35 nm. 

 

 

Fig. 4 XRD patterns of Mg1-xZnxFe2O4 samples, * – phase ZnO 
 

Fig. 5 shows the morphology of the Mg0,5Zn0,5Fe2O4 

powder. The microphotograph gives an idea of the surface 
morphology of obtained ferrites. The morphology of the 
powder surface shows that obtained powder presents a regular 

repartition of nearly-spherical grains in a flat pattern and a 
rather highly porous homogeneous surface. During the 
combustion process, a large amount of gaseous material is 
released that leading to forming of numerous microscopic 
pores in as-burnt powders. The micrograph shows the 
formation of powder consisting of highly agglomerated 
particles with an average particle size of not greater than 
50 nm.  

 

 
Fig. 5 SEM picture of Mg0,5Zn0,5Fe2O4 powder 

 
According to the obtained results of X-ray analysis and 

scanning electron microscopy it was determined that the 
synthesized powder was agglomerated, that is composed of 
several nanoparticles. 

The lattice parameter (a) was obtained by extrapolation of a 
for different indexed planes against the Nelson-Rily function. 
Since each primitive unit cell of the spinel structure contains 
eight molecules, the X-ray density (dx) was calculated by: 

 

3

8

aN

M
d

a

x = ,          (2) 

 
where M is molecular weight of the particular ferrite, Na is the 
Avogadro’s number and a3 is the volume of the cubic unit cell. 

The values of lattice parameters and X-ray density were 
obtained for all the samples using XRD data and are listed in 
Table I. It is observed that for NiAlxFe2-xO4 systems the lattice 
parameter and X-ray density decreases with increasing Al3+ 
content x. This behavior of lattice parameter with aluminum 
content is explained on the basis of difference in ionic radii of 
Al3+ (0.51 Å) and Fe3+ (0.67 Å). In the present series, larger 
Fe3+ ions are replaced by smaller Al3+ ions; therefore, decrease 
in lattice constant takes places. Similar trend was found in Cu-
Cd ferrite with aluminum substitution [13]. In the case of our 
samples, the lattice parameters were found to be slightly 
higher than those reported by others [14]. The decrease in dx 
may be due to the fact that molecular weight of NiAlxFe2-xO4 
ferrites is lower than NiFe2O4 ferrite. 

The XRD parameters of Mg1-xZnxFe2O4 systems show that 
a increases smoothly with the increase of Zn2+ content. The 
increase in lattice parameters is attributed to the larger ionic 
radius of Zn2+ (0.82 Å), which when substituted in the lattice 

200 nm 
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resides on the tetrahedral sites and displaces the smaller Fe3+ 
(0.67 Å) ion from the tetrahedral sites to the octahedral sites at 
the expense of the Mg2+ ions (0.66 Å). The results are in close 
agreement with the earlier values reported in the literature 
[15]. 

 
TABLE I 

STRUCTURAL PARAMETERS OF SYNTHESISED FERRITES 

 NiAlxFe2-xO4   Mg1-xZnxFe2O4  

x a (Å) dx (kg/m3) x a (Å) dx (kg/m3) 

0.0 8.3427 5.36 0.0 8.3834 4.51 

0.1 8.3350 5.31 0.2 8.3897 4.69 

0.2 8.3233 5.27 0.44 8.3962 4.88 

0.3 8.3158 5.21 0.5 8.4025 4.93 

0.4 8.2988 5.18 0.55 8.4067 4.98 

0.5 8.2711 5.16 0.6 8.4067 5.01 

 

Chemical and structural changes that take place during 
combustion can be monitored by a spectroscopic analysis. IR 
was performed on the obtained powders to understand the 
mechanism behind the auto-combustion reaction. Fig. 6 shows 
the IR spectra of the dried gel and the as-burnt powder in the 
range 400–4000 cm-1. 

 

 
 

Fig. 6 IR spectra of the dried gel and as-burnt powder 
 

The dried gel shows the characteristic bands at about 1300, 
1600 and 3250 cm-1 corresponding to NO3

- ion, carboxyl –
COO- group and the O-H group, respectively. The existence of 
the characteristic bands of NO3

- indicated that the NO3
- as a 

group exists in the structure of citrate gel during the gelation 
of the mixed solution formed from nitrates and citric acid. The 
band at about 3050 cm-1 is assigned to the stretching 
vibrations of the O-H groups of hydrogen bonding at short 
distances. 

The spectrum of the as-burnt powder gives a significant 
band at 560 cm-1, which is the characteristic band of  
NiAl0,5Fe1,5O4 ferrite. The absence of spectroscopic band 
corresponding to the carboxyl group and nitrate ion at 1600 
and 1300 cm-1, respectively, suggests that these groups take 
part in the reaction during the combustion process. Therefore, 
the combustion can be considered as a thermally induced 
anionic redox reaction of the gel wherein the citrate ion acts as 

a reductant and the nitrate ion acts as an oxidant. This auto-
combustion reaction forms the spinel structure of the ferrite 
with the evolution of heat. 

IV. CONCLUSION 

When using SGA-technology, despite the duration of the 
synthesis process, the consumption of initiating the reaction is 
much smaller than the energy needed for long time high-
temperature annealing at ceramic synthesis. Thus, the SGA-
method is an effective way of obtaining the ferrite samples 
with a given form due to gels polycondensation and their 
following compaction in which the transition sol – gel – ferrite 
powder during heat treatment occurs. 
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