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Abstract 
Dispersed manganese ferrite particles were obtained by a combined co-precipitation method at different pH of the 
initial solution (7–12). The structural, morphological, optical and magnetic properties of the synthesized 
nanoparticles were characterized using X-ray diffraction, scanning electron microscopy, and vibrational 
magnetometry. The XRD results showed that MnFe2O4 has a cubic spinel crystal structure with an average crystallite 
size of 14–65 nm. The presence of additional phases is observed at low pH and pH greater than 12. Ferritization 
significantly depends on pH, which affects the phase composition of the products and the size of the crystallites. In 
addition, with an increase in pH from 7 to 12, the percentage of microstresses and the density of dislocations 
decreases. The obtained MnFe2O4 samples exhibit ferrimagnetic properties, the highest saturation magnetization 
value of 56.8 Emu/g is achieved at pH 10. In addition, the coercive force changes from 5 to 50 Oe with increasing pH 
due to the increase in crystallite size. 
Keywords: MnFe2O4; coprecipitation; acidity; ferritization. 
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Анотація 
Отримано дисперсні частинки фериту марганцю комбінованим методом співосадження за різних рН 
початкового розчину (7–12). Структурні, морфологічні, оптичні та магнітні властивості синтезованих 
наночастинок були охарактеризовані за допомогою рентгенівської дифракції, скануючої електронної 
мікроскопії, вібраційної магнітометрії. Результати XRD показали, що MnFe2O4 має кристалічну структуру 
кубічної шпінелі із середнім розміром кристалітів 14–65 нм. Наявність додаткових фаз спостерігається за 
низьких рН та рН більше 12. Феритизація значно залежить від pH, який впливає на фазовий склад продуктів і 
розмір кристалітів. Крім того, після збільшення pH від 7 до 12 зменшується відсоток мікронапружень та 
густина дислокацій. Отримані зразки MnFe2O4 виявляють феримагнітні властивості, найвище значення 
намагніченості насичення 56.8 А м2/кг досягається за pH 10. Крім того, коерцитивна сила змінюється від 5 до 
50 Ерстед під час збільшення рН за рахунок збільшення розміру кристалітів. 
Ключові слова: MnFe2O4; співосадження; кислотність; феритизація. 
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Introduction 
Nanodispersed spinel ferrites containing 

polyvalent metals form a number of solid 
solutions and compounds, which opens up 
unlimited possibilities for controlling the 
technological properties of oxides. The Fe3O4-
Mn3O4 system has been studied in detail by many 
researchers [1–3]. This is due to the fact that 
manganese ferrites are widely used in industry. 
For example, in microwave ovens and magnetic 
recording systems, for the production of hydrogen 
as an energy source by dehydrogenation of 
methane in ethylene or acetylene, photocatalysis, 
supercapacitors and electromagnetic absorption 
[5–9]. Manganese ferrite forms a mixed spinel, in 
which approximately 80 % is normal, 20 % is 
inverted, and 20 % of Mn migrates from one site to 
another. Therefore, the synthesis of manganese 
spinel ferrites has long been technologically 
difficult. Currently, there are many methods for 
the synthesis of manganese ferrite particles, such 
as hydrothermal, ceramic, sol-gel, co-
precipitation, reverse micellization, combustion, 
mechanosynthesis [10–18]. 

Hydrophase methods allow for control of the 
composition, crystallinity, and morphology of 
particles. Such methods have been studied by 
many researchers and have been successfully 
used for the synthesis of ferrites [19–23] with a 
particle size of 30–50 nm at a temperature of 
50 °C, which is significantly lower than in the 
ceramic synthesis method. Coprecipitation 
methods usually include several stages. The first 
stage is the formation of a hydroxide precipitate, 
the second is the formation of ferrite, which is 
carried out by oxidation, aging, etc. 

It is obvious that the synthesis conditions 
significantly affect the results obtained. For 
example, the particle size and crystallinity can be 
adjusted by changing the concentration of starting 
materials. The nucleation and growth of primary 
crystals depends on the chemical composition of 
the solution and the deposition conditions, such as 
the temperature and pH of the process medium 
[24; 25]. Methods for the synthesis of ferrites from 
solutions are sensitive to pH, which affects the 
formation of ferrite, particle size and degree of 
crystallinity [26]. Therefore, pH can regulate the 
physical and chemical properties of ferrite. 

The use of low-temperature contact non-
equilibrium plasma (CNP) provides a high degree 
of homogeneity of the distribution of components 
both in the initial solution and in the formed 
ferrite, which ensures effective interaction 
between the components with the formation of a 

relatively integral structure and composition of 
ferrites. We have investigated the influence of the 
initial pH and conditions on the production of 
nano-sized ferrites of different compositions from 
aqueous solutions using contact non-equilibrium 
plasma [27]. 

The aim of this work is to study the influence of 
CNP on the process of obtaining Mn-ferrites using 
CNP and to study their structural and phase state 
using X-ray and magnetic measurements. 

 

Experimental 
The coprecipitated compounds were obtained 

by merging with continuous stirring the 
appropriate mixture of sulfate solutions with the 
required ratio of cations, as in ferrite. Further 
treatment was carried out at 30 min. The 
treatment process was carried out in a cylindrical 
reactor with an internal diameter of 45 mm and a 
height of 85 mm. Cooling of the reaction mixture 
was ensured by continuous circulation of cold 
water in the outer jacket. The electrodes were 
made of stainless steel, one of which (diameter 4 
mm) was located in the lower part of the reactor, 
and the other (diameter 2.4 mm) was placed 
above the surface of the solution at a distance of 
10 mm. To obtain a plasma discharge, a voltage of 
1000 V was applied to the electrodes. A vacuum 
pump was used to reduce the pressure in the 
reactor. Samples were prepared at an initial pH of 
7–12.2. 

The concentration of Mn2+ in the obtained 
samples was determined complexometrically. The 
concentration of iron was determined by the 
permanganate method. To control the reaction, 
the reactor was equipped with an electrode 
system that included a glass electrode ESL 43-07 
for measuring pH, a platinum electrode for 
measuring oxidation potential, and an EVL-1M3 
reference electrode. 

The morphology of ferrite powders and their 
size were studied using scanning electron 
microscopy. The phase composition (XRD) and 
structure of ferrite samples were studied using a 
DRON-2 X-ray diffractometer in 
monochromatized Co-K-radiation. The 
calculation of crystallite sizes and the degree of 
microstress was performed by the approximation 
method. The average crystallite size was 
estimated using the Debye-Scherrer formula. 

Magnetic characteristics were determined 
using a vibration magnetometer. 

Measurements of the complex absorption and 
reflection coefficient, reflection coefficient, 
specific absorption for ferrites were performed 
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using a setup consisting of a G4-83 generator, a S4-
11 spectrum analyzer, and a biconical resonator. 
Measurements were performed at a frequency of 
108–1012 Hz at a temperature of 20 °C. 

 

Results and discussion 
Fig. 1 shows the diffraction patterns of 

MnFe2O4 nanoparticles obtained at different pH. It 
is obvious that the relative intensities of all 
diffraction peaks of MnFe2O4 samples are in good 
agreement with the cubic spinel structure of 
manganese ferrite with Fd3M space group (JCPDS 

No. 100467). It can be seen that six different peaks 
in the X-ray diffraction patterns of the 3 samples, 
corresponding to the lattice planes (220), (311), 
(400), (422), (511) and (440), correspond to the 
cubic spinel structure, which confirms the 
synthesis of MnFe2O4 particles at pH=10-12. The 
relatively broad XRD peaks are characteristic of 
nanosized ferrite particles. The corresponding 
average crystallite size is given in Table 1. As it can 
be seen from Table 1, the crystallite size increases 
with increasing pH. 

 
Table 1 

Structural parameters of samples depending on pH 
pH L311, А L440, А L, А M 10-4, % D311 1010cm-2 D440 1010cm-2 а, А 
7 136 131 121 2.33 394 383  
8 164 144 204 1.88 271 165 8.3402 
9 141 153 533 8.7 365 429  
10 428 615 533 6.24 39.9 26,37 8.3891 
11 Amorphous 
12 472 669 591 3.38 32.9 26.35 8.4012 
12,2 340 584 425 10.36 63.16 29.45 8.3891 

 
Table 1 shows that with increasing pH, lattice 

parameters and crystallite size, the average value 
of microstrains increases, while the dislocation 
density shows a tendency to decrease. The 
increase in the percentage of microstrains at low 
pH is consistent with the decrease in grain size and 
the deviation of the lattice parameters of MnFe2O4 
nanoparticles. A higher value of the dislocation 
density causes a decrease in lattice defects due to 
a decrease in grain size. It is obvious that a 
decrease in crystallite size leads to an increase in 
the specific surface area, which causes an increase 
in surface effects. Thus, the synthesized samples at 
lower pH values have a larger surface area with 
significant surface effects in accordance with the 
smaller particle size. 

The analysis of the X-ray diffraction patterns 
also shows that the crystal lattice parameter is 
8.34–8.40 Å (for stoichiometric manganese ferrite 
of cubic structure MnFe2O4 a = 8.47 Å). The 
decrease in the lattice parameter value can be 
explained by the redistribution of cations across 
the sublattices. 
From Table 1, it can be seen that with increasing 
pH, the lattice parameters and crystallite size, the 
average value of microstrains increase, while the 
dislocation density shows a tendency to decrease. 
The increase in the percentage of microstrains at 
low pH is consistent with the decrease in grain size 
and the deviation of the lattice parameters of 

MnFe2O4 nanoparticles. A larger value of the 
dislocation density causes a decrease in lattice 
defects due to a decrease in grain size. It is obvious 
that a decrease in crystallite size leads to an 
increase in the specific surface area, which causes 
an increase in surface effects. Thus, the 
synthesized samples at lower pH values have a 
larger surface area with significant surface effects 
corresponding to a smaller particle size. 

Analysis of X-ray diffraction patterns also 
shows that the crystal lattice parameter is 8.34–
8.40 Å (for stoichiometric manganese ferrite of 
cubic structure MnFe2O4 a=8.47 Å). The decrease 
in the lattice parameter value can be explained by 
the redistribution of cations across sublattices. 

Fig. 2 presents SEM images of synthesized 
MnFe2O4 nanoparticles at pH 10 and 12 to 
investigate their size and morphology. SEM 
morphological analysis shows significant 
agglomeration of MnFe2O4 due to the interaction 
between magnetic nanoparticles. This effect can 
be explained by the action of Van der Waals forces 
and magnetic interaction, which causes the 
formation of aggregates. This is a characteristic 
feature of spinel ferrites obtained under the action 
of CNP [26]. 

These observations are in good agreement with 
the results of X-ray phase analysis. Analysis of the 
two SEM images indicates that a higher pH value 
of =12 promotes the formation of larger particles. 
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Fig. 1 X-ray diffraction patterns of samples obtained at different pH 

 

 
Fig. 2. SEM photographs of MnFe2O4 particles obtained at pH=10, pH=12

 
Fig. 3. Magnetic hysteresis loops for ferrites as a function of pH 
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The magnetic properties of MnFe2O4 particles 
with different initial pH were investigated using 
vibrational magnetometry at 300 K under a 
magnetic field of up to ±10 kOe, as shown in Fig. 3. 
As it can be seen from Fig. 3, four MnFe2O4 samples 
have almost zero coercive force and saturation 
residual magnetization of 8.29–16.2 Emu/g on the 
magnetization curve. It can also be seen that with 
increasing applied field, the magnetization 
increases and reaches almost a saturation point 
near the maximum applied field of 10 kOe. The 
saturation magnetization (Ms) is calculated from 
the point of intersection on the M axis of the 
M=f(H) plot. 

At pH 7, a decrease in saturation magnetization 
(4.5 emu/g) is observed, which is associated with 

the formation of additional phases -Fe2O3·Н2О 
and MnO2 together with the manganese ferrite 
phase. The highest saturation magnetization of 
~56.9 Emu/g was achieved at pH 12, while a 
further increase in pH leads to a decrease in 
magnetic properties. 

Fig. 4 shows the dependence of the complex 
absorption and reflection coefficient, reflection 
coefficient, specific absorption for ferrites on 
frequency. The reflection coefficient decreases 
from 0.09 to 0.07 in the range of 8–12 GHz for 
samples with different initial pH. The lowest 
values of the reflection coefficient are observed at 
pH 10. The specific absorption coefficient 

increases from 10.1 to 15.2 dB/mm.

 
a 

 
b 
 

Fig. 4. Dependence of the reflection coefficient (a) and the complex reflection and absorption coefficient (b) on the 
frequency of electromagnetic radiation for ferrites
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Fig. 5. Frequency dependence of electromagnetic radiation absorption for manganese ferrites at different pH 

 

Conclusions 
MnFe2O4 samples were obtained by a combined 

co-precipitation method at different initial pH (7–
12.2) of the solution. The pH values affect the 
oxidation rate due to the formation of different 
precursors, and then affect the structure, phase 
composition, morphology and magnetic 
properties. The high oxidation rate at pH 7 leads 
to the formation of additional phases -Fe2O3 Н2О 
and MnO2 together with the manganese ferrite 
phase, which leads to a decrease in the saturation 
magnetization (4.5 Emu/g). The morphology of 
the powders changes, which is accompanied by an 
increase in the size of crystallites and 
agglomerates with increasing pH. The highest 

saturation magnetization of ~56.9 Emu/g was 
achieved at pH 12, while a further increase in pH 
leads to a decrease in the magnetic properties. 

The dependence of the complex absorption and 
reflection coefficient, reflection coefficient, 
specific absorption for MnFe2O4/PVA composites 
on frequency and pH was determined and 
analyzed. The synthesized composites were 
fabricated and demonstrated a maximum 
reflection loss of 15.6 dB at 10.0 GHz with a 
bandwidth of approximately 1.5 GHz in a 1 mm 
thick sample. The results show that the 
composites exhibit good absorption 
characteristics of manganese ferrites obtained at 
pH 10. 
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