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Studies of the possibilities to obtain nanosized MnFe,O,4 by solution combustion
synthesis
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Nanosized MnFe,O,4 has important applications such as magnetic recording devices, ferrofluids, biosensors, catalysts,
guided transport and delivery of drugs in the body and others. The possibilities to obtain nanosized MnFe,0, using the
method of solution combustion synthesis are studied in this work. Two systems with mixed fuels in various ratios, namely
glycine-glycerol and sucrose-urea are studied. The obtained products are thermally treated at various temperatures and in
various atmospheres (air, argon) to find optimal conditions for obtaining single phase nano-sized MnFe;O4. Samples were
studied by the methods of X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), low-temperature nitrogen
adsorption (BET), and Mgssbauer spectroscopy. Samples obtained by using pure hydrocarbons or mixtures with high
content of hydrocarbons show superparamagnetic behavior due to the small size of the crystallites while samples obtained
with high content of nitrogen containing fuels show magnetic ordering. It was shown that smaller particles obtained at
low temperatures of thermal treatment demonstrate higher strain. Thermal treatment at higher temperatures leads to

decrease of the strain without significant change of the size of the crystallites.
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INTRODUCTION

Nanoscale and nanostructured materials are
among the most important priorities of modern
materials science. In recent years, various
technological applications based on nano-sized
ferrite materials were developed using of their
unique magnetic, electrical and optical properties.
An important representative of the ferrite family is
MnFe,0.. It is well known that it is partially inverse
spinel, in which about 20% of Mn?* ions occupy
octahedral sites (B) and 80% of them are located in
tetrahedra (A). Cation distribution in spinels is very
important and directly affects its physical properties
[1, 2]. In recent years nano-sized MnFe;O, has
received increasing research interest because of its
remarkable magnetic properties (low coercivity,
moderate magnetization) combined with good
chemical resistance, high permeability and
mechanical strength [3]. The high density of
MnFe,O4 underlies its technological applications as
core materials for coils, transformers, information
and communication devices and others [4].
Nanoscale MnFe,O, is interesting for other practical
applications, namely as contrast agent for magnetic
resonance imaging, magnetic drug delivery for
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cancer treatment by hyperthermia and others [5 - 7].
Another important application of nano-sized
MnFe204 in the last decade is the removal of heavy
metals and a variety of toxic organic pollutants from
waste water [8, 9]. The use of nano-sized manganese
ferrite as a sensor for monitoring the environment is
based on its high specific surface area. The same fact
lies at the basis of the use of this material as a catalyst
[10, 11] and as electrode material in asymmetric
supercapacitors [12, 13]. Physical and chemical
properties of MnFe,O4 are strongly dependent on its
structural and micro-structural characteristics that
are directly related to and can be controlled during
the synthesis process [14]. Various methods for
preparing nano-sized MnFe.O, have been
developed, such as sol-gel [15], co-precipitation
[16], hydrothermal method [17], solid state reaction
[18, 19], thermal decomposition [20], solution
combustion synthesis [21, 22], mechanochemical
reaction [23], etc. Among them solution combustion
synthesis is considered as very appropriate for
preparation of nano-sized materials due to the fact
that this method is simple, fast, versatile, and cost-
effective [24]. In our previous study concerning the
preparation of nano-sized NiFe,O, using the solution
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combustion method was found that the type of the
fuel component has an influence both on structural
characteristics (cation distribution) and on the
morphological characteristics (size and shape of the
particles, aggregation ability, etc.) [25]. The aim of
this work was to study the influence of mixing of
different types of fuel (nitrogen-containing and
hydrocarbons) at different ratios in the systems of
fuels: sucrose-urea and glycine-glycerol for
preparing a single phase MnFe,O, and to study the
influence of mixing of different types of fuels on
structural and morphological characteristics of the
obtained powders.

MATERIALS AND METHODS

The method of solution combustion synthesis
was used to obtain nano-sized MnFe;Os. Metal
nitrates (oxidizers) and fuels sucrose, urea, glycine,
and glycerol in various ratios were used. The ratio of
the amounts of oxidant and fuel was based on the
proposed by Jain et al theory [26]. Stoichiometric
amounts of the starting reagents were dissolved in an
appropriate amount of deionized water. The
resulting solutions were heated on a magnetic stirrer.
Initially, the solution was dehydrated, and then the
residue reaches its point of ignition and ignites. The
obtained powders were then thermally treated at
various temperatures from 400 to 700°C for one hour
in a different atmosphere (air, argon). Structural
characteristics of all samples were studied with
powder X-ray diffractometer Bruker D8 Advance
with Cu-Ka radiation and LynxEye detector. Powder
diffraction patterns were collected in the range from
10 to 90 deg. 26 with a step 0.03 deg. 20 rotating the
sample with 15 rpm. Phase analysis was performed
with the software package Diffracplus EVA using
the database ICDD-PDF2 (2014). The unit cell
parameters and mean crystallite sizes were
determined with the program Topas - 4.2 [27]. The
specific surface areas (SSA) was determined by low
temperature nitrogen adsorption (BET) method in an
equipment Quantachrome Instruments NOVA
1200e (USA). The particle size and morphology
were studied by a transmission electron microscopy
(TEM) with a TEM JEOL 2100 at 200 kV. The XPS
measurements were carried out in the analysis
chamber of the electron spectrometer Escalab-Mkil|
(VG Scientific) with a base pressure of ~5 x 10 Pa.
The C1s, O1s, Mn2p, Fe2p and Mn3s photoelectron
lines were evaluated by using the normalized
photoelectron intensities [28]. Mdssbauer spectra
were recorded on electromechanical spectrometer
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(Wissenschaftliche Elektronik GMBN, Germany)
operating under constant acceleration at room
temperature. As a source 57Co/Cr was used
(Activity >50 mCi). The standard material was o-
Fe. The spectra were processed using a program
based on the least squares method.

RESULTS AND DISCUSSION

The possibilities for obtaining nano-sized
MnFe.O, were studied when as a fuel were used
mixture of sucrose-urea or glycin-glycerol in various
ratios, namely: 1:0, 0.75:0.25; 0.5:0.5, 0.25:0.75 and
0:1. All samples were thermally treated for one hour
at a temperature ranging between 400 and 700°C in
air and in argon atmosphere. The obtained materials
were analyzed by powder X-Ray diffraction. Table
1 and Table 2 show the results for phase composition
of these samples. As can be seen from Table 1
single-phase product was obtained when using only
sucrose as a fuel and for the sucrose-urea fuel
mixtures, for fuel compositions with higher sucrose
content. Preparation of single-phase product using
urea as a fuel was not observed. In the second fuel
system, the formation of single phase nano-sized
MnFe,04 was observed when using glycerol as fuel
and for fuel compositions with higher glycerol
content. Formation of single phase MnFe;O4 using
only glycine as a fuel was not observed. In all the
samples thermally treated at a temperatures above
600°C in both atmospheres (air, argon) a
decomposition of the spinel phase to the individual
oxides (Fe2Os-hematite and Mn.Os-bixbite) was
observed. It deserves commenting that samples
prepared with high content of nitrogen-containing
fuels show impurity phase of oxides of divalent ions
(Fe?*, Mn?*) which indicates that synthesis reaction
proceeds at high temperatures and with the release
of gases that promote the reduction of metal ions.
These observations leads to the conclusion that
single-phase  nano-sized MnFe;O; can be
synthesized using either pure hydrocarbons (sucrose,
glycerol) as a fuel or having fuel mixtures with high
content of hydrocarbons.

From the data presented in Table 1 and Table 2 it
may be concluded that single phase spinel product
can be obtained at temperatures below 600°C from
fuel mixtures containing high content of
hydrocarbons. In Fig. 1 (a-d) are presented powder
diffraction patterns of some MnFe;O4 synthesized
using a mixture of fuels (a, b) sucrose-urea, (c, d)
glycine-glycerol. All diffraction lines can be indexed
within the cubic Space group Fd-3m.
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Fig. 1. XRD patterns of nanosized MnFe;04 synthesized by (a) sucrose-urea 0.75:0.25 at 500°C, (b) sucrose-urea 0.25:
0.75 at 500°C, (c) glycine-glycerol 0.75: 0.25 at 400°C (Ar) and (d) glycine-glycerol 0.25:0.75 at 500°C (Ar).

Table 1. Phase composition of samples synthesized with mixture of sucrose and urea at different ratios, thermally
treated at 400 to 700°C in Air and Argon atmosphere. ldentified phases were manganese ferrite spinel-MnFe;O.,
bixbite-Mn,03, hematite-Fe,O3 and wustite (Fe,Mn)O.

Air Argon

Fuel/Temperature

Identified phases

Fuel/Temperature

Identified phases

sucrose sucrose

400°C spinel 400°C spinel

500°C spinel 500°C spinel

600°C bixbite + hematite 600°C spinel +wustite

700°C bixbite + hematite 700°C spinel +wustite
sucrose and urea sucrose and urea

0.75:0.25 0.75:0.25

400°C spinel 400°C spinel

500°C spinel 500°C spinel

600°C bixbite + hematite 600°C spinel + bixbite +hematite

700°C bixbite + hematite 700°C Traces of spinel + bixbite +

hematite

sucrose and urea

sucrose and urea

0.5:0.5 0.5:0.5
400°C spinel 400°C spinel
500°C spinel 500°C spinel
600°C bixbite + hematite 600°C spinel + hematite
700°C bixbite + hematite 700°C spinel + bixbite + hematite
sucrose and urea sucrose and urea
0.25:0.75 0.25:0.75
400°C spinel 400°C spinel
500°C spinel 500°C spinel
600°C bixbite + hematite 600°C traces of spinel + hematite
700°C bixbite + hematite 700°C traces of spinel + bixbite +
hematite
urea urea
400°C spinel + bixbite 400°C spinel
500°C spinel + bixbite + hematite 500°C spinel + hematite
600°C bixbite + hematite 600°C spinel + hematite
700°C bixbite + hematite 700°C spinel + hematite
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Table 2. Phase composition of samples synthesized with mixture of glycine and glycerol at different ratios, thermally
treated at 400 to 700°C in Air and Argon atmosphere. ldentified phases were manganese ferrite spinel-MnFe;Os,,
bixbite-Mn,03, hematite-Fe,O3 and wustite (Fe,Mn)O.

Air Argon
Fuel/Temperature Identified phases Fuel/Temperature Identified phases
glycine glycine
400°C spinel + wustite 400°C spinel + wustite
500°C traces of spinel+ bixbite+ 500°C spinel +wustite
hematite
600°C traces of spinel +bixbite + 600°C spinel + hematite
hematite
700°C bixbite + hematite 700°C spinel + hematite
glycine and glycerol glycine and glycerol
0.75:0.25 0.75:0.25
400°C three unknoun spinels 400°C spinel
500°C three unknoun spinels 500°C spinel+ hematite +
maghemite
600°C bixbite + hematite 600°C traces of spinel+ bixbite +
hematite
700°C bixbite + hematite 700°C traces of spinel +bixbite +
hematite
glycine and glycerol glycine and glycerol
0.5:0.5 0.5:0.5
400°C spinel 400°C spinel
500°C spinel 500°C spinel + hematite
600°C bixbite + hematite 600°C traces of spinel+ bixbite +
hematite
700°C bixbite + hematite 700°C traces of spinel bixbite +
hematite
glycine and glycerol glycine and glycerol
0.25:0.75 0.25:0.75
400°C spinel 400°C spinel
500°C spinel 500°C spinel
600°C bixbite + hematite 600°C traces of spinel+ bixbite +
hematite
700°C bixbite + hematite 700°C traces of spinel+ bixbite +
hematite
glycerol glycerol
400°C spinel 400°C spinel
500°C spinel + traces of hematite 500°C spinel
600°C bixbite + hematite 600°C traces of spinel+ bixbite +
hematite
700°C bixbite + hematite 700°C traces of spinel + bixbite +
hematite

Diffraction patterns indicate the formation of single-
phase spinels, but also reveal that materials, obtained
with different fuel mixture differ strongly by their
mean crystallite size and unit cell parameters. This
fact indicates that the mixture of fuels produces
different synthesis conditions thus leading to the
production of materials with different structural and
morphological characteristics.

A significant difference in particles morphology
can be seen from the TEM-photographs of the
materials synthesized with the use of different fuel

220

mixtures. Fig. 2 represents the TEM images of
MnFe;0,4 synthesized using a mixture of sucrose-
urea (a, b) and glycine-glycerol (c, d) fuels. TEM
images show poorly shaped particles with an average
size smaller than 10 nm for the materials obtained
with the use fuel mixture of sucrose-urea and
glycine-glycerol with high hydrocarbons content.
The exception is the sample from glycine-glycerol
fuel system with high content of glycine (Fig. 2c),
where the average size is about 50 nm.
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Fig. 2. TEM image of nano-sized MnFe,O, synthesized by using a mixture of fuels: (a) sucrose-urea 0.75:0.25 at
500°C, (b) sucrose-urea 0.25: 0.75 at 500°C, (c) glycine-glycerol 0.75: 0.25 at 400°C (Ar) and (d) glycine-glycerol

0.25:0.75 at 500°C (Ar).

Table 3. Structural parameters determined by XRD analysis of nano-sized MnFe,O, synthesized by using mixture of

sucrose and urea fuels in different ratio and thermally treated in Air or Argon atmosphere.

. SSA,m?g /
temperature unit cell mean mean size
fuel po parameter crystallite - Strain x10*
C A) size. nm derived from
! BET, nm

400°C 8.35 5.7 69.17
sucrose

500°C 8.34 6.4 88/12.7 56.82

400°C 8.35 6.9 52.46
sucrose and urea 0.75:0,25

500°C 8.379 19.1 85/13.15 13.96

400°C 8.38 15.8 44 [25.4 18.94
sucrose and urea 0,5:0,5

500°C 8.379 20.04 39/28.66 16.32

400°C 8.38 20.57 17.99
sucrose and urea 0.25:0.75

500°C 8.352 6.6 40/27.9 44,92
SuCrose 400°C 8.439 5.9 85/13.15 51.39
(Argon) 500°C 8.5142 14.2 44/25 4 25.76
sucrose and urea 0.75:0.25 400°C 8.387 6.8 44.83
(Argon) 500°C 8.401 7.8 98/11.5 37.07
sucrose and urea 0.5:0.5 400°C 8.500 13.3 15.06
(Argon) 500°C 8.499 26.1 54/20.7 33.97
sucrose and urea 0.25:0.75 400°C 8.456 7.2 30.7
(Argon) 500°C 8.461 6.8 82/13.63 61.3

Table 4. Structural parameters determined by XRD analysis of nanosized MnFe,O4 synthesized by using mixture of

glycine and glycerol fuels in different ratio and thermally treated in air or argon atmosphere.

unit cell mean SSAm?lg/
fuel temperature parameter crystallite mean size Strain x10*
°C size. nm derived from
’ BET, nm
. . 400°C 8.37 11 19.33
glycine and glycerol 0.5:0.5 500°C 8.38 12 11.44
. . 400°C 8.37 12 8.06
glycine and glycerol 0.25:0.75 500°C 8.38 15 60 /18.63 7 85
glycerol 400°C 8.37 11 13.03
glycine and glycerol 0.75:0.25 400°C 8.4208 59 11/102 6.04
(Argon)
glycine and glycerol 0.5:0.5 400°C 8.38 10 36.19
(Argon)
glycine and glycerol 0.25:0.75 400°C 8.45 9.7 96/11.64 37.42
(Argon) 500°C 8.41 10.4 86/13 11.52
Glycerol 400°C 8.44 13 45.32
(Argon) 500°C 8.40 13 13.05
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Table 3 and Table 4 show the unit cell
parameters, mean coherent domain sizes and
microstrains for all single-phase samples, and
for some of them the specific surface areas.
Samples obtained from both fuel systems and
thermally treated in argon atmosphere show
spinel phase with higher unit cell parameters
and higher specific surface areas than those
thermally treated in air atmosphere. At the
same time the mean crystallite domain sizes of
the samples treated in different atmospheres
show similar values.

The data presented in Table 3 and Table 4
show correlation between unit cell parameters,
mean crystallite sizes and residual microstrains.
In general, samples with small unit cell
parameters have also small mean crystallite size
and high values of lattice strain. Thermal
treatment at higher temperatures leads to

decrease of the strain without significant change
of the size of the crystallites. The differences in
unit cell parameters can be due to differences of
oxidation state of cations, as well as to different
cation distributions into two cation sublattices
in the spinel structure (tetrahedral and
octahedral).

The Mn2p and Fe2p photoelectron lines are
shown on Fig. 3. The Mn2ps, binding energy
value of 642.0 eV is slightly higher than
expected for Mn?* i.e. 641.3 eV [29, 30]. In
addition, the absence of satellite at ~ 647 eV is
an indication for the possible presence of Mn in
oxidation state higher than 2+ due to air
exposure after samples preparation. The Fe2ps.
main line has maximum at 711.0 eV, a value
characteristic of Fe* as in Fe,0s [31].

O1s Mn2 Fe 2p
d) b)
a) 3 d)
) b) a) > C)
b)
3
540 535 530 525 520 515 670 660 650 640 630 750 740 730 720 710 700

Binding energy, (eV)

Binding energy, (eV)

Binding energy, (eV)

Fig. 3. O1s, Mn2p and Fe2p photoelectron lines for MnFe,O4 samples synthesized by (a) sucrose-urea 0.75:0.25
at 500°C, (b) sucrose-urea 0.25: 0.75 at 500°C, (c) glycine-glycerol 0.75: 0.25 at 400°C (Ar) and (d) glycine-

glycerol 0.25:0.75 at 500°C (Ar).
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Fig. 4. The Mgssbauer spectra of MnFe0, synthesized by (a) sucrose at 500°C (Ar), (b) sucrose-urea 0.5:0.5 at
500°C, (c) glycine-glycerol 0.75: 0.25 at 400°C (Ar) and (d) glycine-glycerol 0.25:0.75 at 500°C (Ar).

222



Lazarova et al. — “Studies of the possibilities to obtain nanosized MnFe204 by solution combustion synthesis”

The Fe® ions can be distinguished also by the
small satellite appearing at higher binding (~8.5
eV above the main line). The position of Ols
peak practically does not change for all samples
and has a binding energy of 530.0 eV, a value
typical for lattice oxygen in transition metal
oxides. The higher binding energy shoulder is
usually assigned to species adsorbed on surface
defect structures, OH group and/or adsorbed
water.

The Mossbauer spectra at room temperature
of some of synthesized samples are shown on
Fig. 4. It can be seen that all the experimental
spectra are complicated and include unresolved
components. Two of materials, MnFe;O4
synthesized by sucrose-urea 0.5:0.5 and
glycine-glycerol 0.75:0.25 (Ar), have only
sextet components i.e. magnetic structure. The
spectra of MnFe,O4 synthesized by sucrose (Ar)
and glycine-glycerol 0.25:0.75 (Ar), contain
both doublet and sextet components. The
calculated hyperfine parameters IS and QS
suggest the presence of spinel ferrite material
with critically small particle size. This leads to
registration of  relaxation effects as
superparamagnetism (SPM) and collective
magnetic excitation behavior (CME) [32, 33].

CONCLUSION

Single phase nanosized spinel manganese
ferrites were prepared by solution combustion
method using two mixtures of fuels urea-sucrose
and glycine-glycerol in different ratios. The type of
fuel has a strong influence on the possibilities to
obtain single-phase product. The analyses indicate
that single-phase product was obtained using pure
hydrocarbons as fuel or fuel mixtures with high
content of hydrocarbons. The spinel phase
decomposes to individual oxides at temperatures
above 600°C despite the atmosphere of thermal
treatment. Samples obtained by using pure
hydrocarbons or mixtures with high content of
hydrocarbons show superparamagnetic behaviour
due to the small size of the crystallites while
samples obtained with high content of nitrogen
containing fuels show magnetic ordering. It was
shown that smaller particles obtained at low
temperatures of thermal treatment demonstrate
higher strain. Thermal treatment at higher
temperatures leads to decrease of the strain without
significant change of the size of the crystallites.
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(Pesrome)

Hanopasmepuust MnFe;,O; mma BakHM NPWIOKEHUS B YCTPOMCTBA 3a MarHMTEH 3amnuc, (epodiayunu,
OMOCeH30pH, KaTaln3aTopy, HalpaBIIsiBaH TPAHCIIOPT Ha JieKapcTBa B opranuima u 1p. B paborara ce usyuasar
BB3MOXKHOCTHTE 3a MOJydaBaHe Ha HaHopasmepuu MnFe;O4 mo MeTosa Ha CHHTE3 4pe3 M3rapsiHe OT Pa3TBOP.
W3yyeHu ca JBe CHCTEMHU ChC CMECEHH TOpPHBA B PA3lUYHH CHOTHOILICHUS, & MMEHHO TJIHIMH-TIHIEPONT U
3axapo3a-ypes. [lonyueHnuTe MpoayKTH ca MOAJI0KEHH HA TEPMUYHA 00pabOTKa NPU Pa3IUYHK TEMIIEPAaTypH U B
pasnuuHu cpeau (BB3IyX, aproH), 3a Jila Ce HAMEPSAT ONTHMAIHUTE YCIIOBHS 3a TOJydyaBaHe Ha MOHO(aseH
nanopasmepen MnFe;Os. OOpasire ca wH3CIEABAHM C METOAUTE HA PpEHTreHoBata audpaxims,
HUCKOTeMIIepaTypHa aacopoius Ha a3ot (BET), horoenektporna 1 MbocbayepoBa criekrpockomnus. Oopasiure,
MOJYYEHH 4Ype3 HM3IO0J3BaHe Ha YMCTH BBIVIEBOJOPOJIU WIIM CMECH C BHCOKO ChIbP)KAHWE Ha BBIJIEBOJOPOIH
MOKa3BaT CylepliapaMarHUTHO ITOBEACHHE MOpaad MajKHs pa3Mep Ha KPUCTAIUTE, JOKaTO TE3H, MOJYYeHH C
BHCOKO ChJIbp)KaHHE Ha a30TChIbPIKAIU TOPUBA [TOKAa3BaT MarHUTHO Mojapexaane. [lokasaHo e, ye no-mMajikure
YaCTHLM, MOJYYeHH NPU HUCKM TEeMIlepaTypd Ha TepMHUYHa 00paboTKa HMAaTr I0-BHCOKH CTOMHOCTH Ha
peleTbuHUTe HampexeHus. TepMuuHa o0paboTKa IIpM BHCOKM TEMIIEpPaTypH BOAM [0 HaMmalsiBaHe Ha
HAMpeXeHusITa 0e3 3HaYNTeIHA MPOMSIHA HAa Pa3Mepa Ha KPUCTAIUTE.

Knrouosu oymu: cunmes upes useapsine om pasmeop, MnFe>Os, XRD, XPS, Mvocbayeposa cnekmpockonus.
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