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Abstract

Ferrimagnetic nanoparticles are used in biotechnology (as drug carriers, biosensors, elements of diagnostic sets, contrast
agents for magnetic resonance imaging), catalysis, electronics, and for the production of magnetic fluids and
magnetorheological suspensions, etc. The use of magnetic nanoparticles requires enhanced magnetic characteristics, in
particular, high saturation magnetisation.

The aim of our study was to obtain single-phased magnetic nanoparticles of Mn Fe, O, solid solutions at room temperature.
We also studied the dependence of the changes in their structure, morphology, and magnetic properties on the degree of
substitution in order to determine the range of the compounds with the highest magnetisation value.

A number of powders of Mn-substituted magnetite Mn Fe, O, (x = 0 - 1.8) were synthesized by means of co-precipitation
from aqueous solutions of salts. The structural and micro-structural features and magnetic properties of the powders were
studied using magnetic analysis, X-ray diffraction, transmission electron microscopy, and IR spectroscopy.

The X-ray phase analysis and IR spectroscopy confirm the formation of single-phase compounds with cubic spinel structures.
The maximum increase in saturation magnetization as compared to non-substituted magnetite was observed for Mn, .Fe, .0,

(M, = 68 A-m>kg" at 300 K and M, = 85 A-m*kg™" at 5 K). This is associated with the changes in the cation distribution
between the tetrahedral and octahedral cites.

A method to control the magnetic properties of magnetite by the partial replacement of iron ions in the magnetite structure
with manganese has been proposed in the paper. The study demonstrated that it is possible to change the magnetisation
and coercivity of powders by changing the degree of substitution. The maximum magnetisation corresponds to the powder
Mn, Fe, O,. The nanoparticles obtained by the proposed method have a comparatively high specific magnetisation and a
uniform size distribution. Therefore the developed materials can be used for the production of magnetorheological fluids
and creation of magnetically controlled capsules for targeted drug delivery and disease diagnostics in biology and medicine
(magnetic resonance imaging).
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1. Introduction

The synthesis of nanomaterials has been
the focus of many studies lately. Of particular
interest are magnetite (Fe,O,) and maghemite
(y-Fe,0,) magnetic nanoparticles (MNP) [1].
They are used in biotechnology (as drug carriers,
biosensors, elements of diagnostic sets, and
contrast agents for magnetic resonance imaging),
catalysis, electronics, production of magnetic
fluids and magnetorheological suspensions, etc.
[2, 3]. The magnetic properties of nanoobjects are
known to be weaker than those of bulk materials.
Thus, their application requires high magnetic
characteristics, in particular high saturation
magnetisation values. In this regard, magnetite
was chosen as one of the best candidates.
Moreover, the magnetisation of magnetite may
increase due to its ferrous ions being substituted
by some transition metals ions. For instance, the
magnetic moment of bivalent manganese ions is
5 uB. So, when they replace the magnetite ferrous
ions, the magnetic moment of the solid solution
may be increased.

At present, there are various methods to
obtain oxide nanoparticles [1,4-9]. The simplest
and the most convenient method is the co-
precipitation method. It is a well-stidied approach
thatallows carrying on the synthesis without
heating or using an inert atmosphere. Due to its
high sensitivity to various parameters (type of the
precipitant, the concentrations of the reagents,
pH of the reaction medium, etc.) the method
can be used to obtain nanoparticles of various
size and properties [1]. It is also quite simple,
inexpensive, and practical, and therefore is of
great use for large-scale production.

The aim of our study was to obtain single-
phased magnetic nanoparticles of Mn Fe, O, solid
solutions at room temperature. We also studied
the dependence of the changes in their structure,
morphology, and magnetic properties on the
degree of substitution in order to determine
the compounds with the highest magnetisation
values.

2. Experimental
Mn Fe, O, solid solutions (x = 0; 0.3; 0.6;

X 3-x 4
0.8; 1.0; 1.2; 1.4; 1.8) were synthesised at room
temperature by combined hydrolysis of aqueous

solutions of inorganic salts of the corresponding
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metals. The starting materials (MnCl-4H,0,
Fe(NO,).-9H,0, and FeSO,-7H,0) were taken in
the stoichiometric proportions (Fe3": Fe* = 2:
1 mol.). For some samples, the stoichiometric
proportions of the cations Fe3 and Fe? were
altered by 5 % compared to the total number of
Fe* and Fe*cations. The precipitant was chosen
to be NaOH. The amount of the precipitant was
10% larger than the stoichiometric amount. The
excess amount of the precipitant was selected
specifically so that after mixing the solutions
the pH of the reaction mixture was ~ 11. The
sample with x=0.3, which had the highest specific
saturation magnetisation, was subjected to
thermal treatment in air for 2 h at 300 °C followed
by vibromilling (30 min). This was done in order to
use the sample to produce a magnetorheological
suspension.

The XRD spectra of the powders were
registered using a DRON 3.0 diffractometer
(Co,-radiation, 1.78897 A) within angle range
of 20 = 6—80°. The phase composition of the sub-
stance was determined by comparing the char-
acteristics of each peak (their diffraction angles
and intensity) with the reference values for mag-
netites Fe,O, (JCPDS 88-0315, a=8.3752 A) and
MnFe,0, (JCPDS 74-2403, a = 8.511 A). Scher-
rer’s equation was used to calculate the average
size of the particles based on the XRD patterns.

The microstructure of the samples was
studied using transmission electron microscopes
LEO 1420 and HitachiH-800 with an accelerating
voltage of 200 keV.

The IR spectra of the samples were registered
using an AVATAR 330 (Thermo Nicolet)
spectrometer in the region v = 4000-400 cm'.
The spectra were registered by means of diffuse
reflection using a Smart Diffuse Reflectance
accessory.

The magnetic characteristics were studied
using a Cryogen Free Measurement System
from Cryogenic Ltd, where hysteresis loops were
recorded at 5 and 300K,and B__ =8T.

3. Results and discussion

The spinel structure of a magnetite doped
with manganese can be either cubic or tetragonal
depending on the degree of substitution. Non-
substituted magnetite (x=0) has a cubic structure,
while Mn,O, has a tetragonal lattice [10].
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During the transformation from Fe, O, to
Mn,O, the degree of inversion of the crystal
structure alters, with the magnetite being an
inverse spinel and Mn,O, being a normal spinel
[7]. This transformation is caused by a different
distribution of cations between the sites as
suggested in [11]. For Mn Fe, O,, the cation
distribution can be generally presented as follows:

)

where x is the degree of substitution in Mn Fe, O,
solid solution (the total number of Mn?'ions); i is
the ratio of Mn?* ions in the octahedral sites; and
vis the degree of inversion of the crystal lattice.
It is known that for the stoichiometric
manganese ferrite MnFe O, v = 0.2, with 80 % of
Mn?* ions occupying tetrahedral positions [11].
The XRD patterns of Mn Fe, O, solid solution
powders presented in Fig. 1 are similar and have
broad peaks. All the synthesised Mn Fe, O,
compounds have a cubic spinel structure, which is
characteristic of pure magnetite. The presence of
the broad diffraction reflections may result from

the low degree of crystallinity of the structure.

(Mniii Fel* )A [Mnf’+ Fel’ Fej’ ]B 0,,

Intensity, a. u.

Synthesis and physicochemical properties of Mn Fe, O,solid solutions

Mn Fe, O, with x > 1.0 was synthesised using a
different method (the stoichiometric proportions
of the cations Fe* and Fe?" were altered by 5 %) to
prevent the formation of the a-Fe,O, phase in the
samples with high concentrations of manganese
(x>1.0)

Despite the low intensity of the peaks, the
X-ray diffraction pattern of the sample with x =
1.8 showed a peak at 20 =41.2, which was assumed
to correspond to the diffraction reflection of the
spinel with the maximum intensity index (311).
The X-ray amorphous state of this compound may
indicate a significant deformation of the crystal
lattice of the spinel caused by a large number
of manganese ions [12]. In other words, it may
indicate a gradual structural transformation
of the cubic spinel. This study demonstrated
that an increase in the degree of substitution
is predictably followed by an increase both in
unit cell parameters and in its volume. The ionic
radius of Mn?* is larger than the one typical
of Fe?* and Fe* regardless of the coordination
environment. Therefore, the introduction of
manganese ions into the crystal lattice inevitably

*-Fe O,
WWNWM x=1.8
MWWMM x=1.4
WMWWWWM x=1.2

MMWMM 10
WMM e
x=0.6

80 70 60

50

20, degree

Fig. 1. XRD spectra of Mn Fe, O, powders (0 <x < 1.8)
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results in an increase in the unit cell parameters
and volume. For the same reason, the peaks with
the corresponding Miller indices shift toward the
region of narrow angles, when the concentration
of manganese in the sample increases.

The calculated lattice constants of the powders
with higher concentrations of manganese are
smaller than those described in the available
literature. The difference can be accounted
for by the fact that during the growth of the
nanoparticles in alkaline medium and in the
presence of atmospheric oxygen, the ageing
of the Fe,O, magnetite to y-Fe,O, maghemite
with smaller lattice constant (JCPDS 39-1346,
a =8.3515 A) proceeds smoothly [13, 14].

The average size of the crystallites increases
nonlinearly with an increase in the degree
of substitution. The difference in the size
may indicate a difference in the speed of
Mn(OH), and Fe(OH), hydrolysis as well as strong
competition between them during the formation
of nanoparticles of various compositions.

The dislocation densities and the number
of micro-stress sites in solid solutions decrease
nonlinearly and in a similar way. Micro-stress
plays a key role in the development of crystals.
They prevent the growth of crystals and thus
determine the size if the formed particles [15].
The comparison of the curves showing the
alterations in the particle size and micro-stress
demonstrates that they are mirror reflections of
each other.

Fig. 2 presents TEM microphotographs
of some of the samples obtained by the co-
precipitation. In each case, nearly spherical
nanoparticles were formed. The average size
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particles of Mn .Fe .0, was 9 nm, Mn_Fe, O, -
11 nm, and MnFe,O,~ 15 nm. The obtained
results comply with the average crystallite size
calculated using the X-ray diffraction patterns of
the corresponding samples. The diameter of the
nanoparticles increases with the growth of the
concentration of manganese in the Mn Fe, O,
solid solution. For the sample annealed at 300 °C
(Fig. 2c), we observed the obvious faceting of the
nanoparticles accompanied by an increase in the
crystallinity, while the size of the nanoparticles
was similar to that of the nanoparticles that had
not been annealed.

For the spinel structures, the characteristic IR
spectra lines indicating the presence of structural
changes correspond to the vibrations of M-0
and M-0O-H bonds. The ion environment of Fe*"
was altered by introducing divalent ions with
large radii into the magnetite crystal lattice. This
resulted in the distortion of the symmetry of the
coordination environment of Fe*" or changes in
the force constant of the Fe—0O bond. Therefore,
the IR spectra (Fig. 3) demonstrate the splitting or
distortion of the lines of characteristic vibrations
of the Fe—0 bond. When manganese and iron ions
are evenly distributed within the crystal lattice of
the spinel, one can usually observe the shift of
the absorption peaks of characteristic vibrations
only. The additional peaks indicate the presence
of a different phase.

The results of the IR spectroscopy presented
in Fig. 3 confirm the formation of the spinel
structure for all the compounds.

The characteristic frequencies v, (= 560 cm™)
andv, (=430 cm™) corresponding to the stretching
vibrations of Me-0 in tetrahedral and octahedral

c
Fig. 2. TEM images of the Mn Fe, O, powder: a) x = 0.3; b) x = 1.0; ¢) x = 0.3 (annealed at 300 °C, 2 h)
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Fig. 3. Fragments of IR spectra of Mn Fe, O, solid solutions (0 < x < 1.8), (an.) — the powder after annealing at

300°Cfor2h

sites shift towards lower frequencies after the
introduction of Mn?*'cations. This is caused by
the presence of combined vibrational bands of
the Fe—0 bonds in octahedral positions with Mn?*
ions in the immediate coordination environment
Fe-O-Mn. This results in the increase in the
length of the bond (I, , > I, ) and alters the
force constant.

For samples with a high manganese content
(x > 1.2), as well as for a sample with x = 0.3 (an.),
a low-intensity band at 848.57 cm~! was found,

40 -
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characteristic of the individual oxide o-Fe,O..
X-ray diffraction analysis did not reveal this phase
in the samples.

The magnetic properties of the Mn Fe, O,
nanoparticles were analysed using the experimen-
tal data on their specific magnetisation and coer-
civity in the temperature range of 5-300 K. The
magnetisation and demagnetisation curves were
similar at room temperature, which proves the ab-
sence of hysteresis and coercive force, and indi-
cates a superparamagnetic state of the nanoparti-

60 r

-60 . 1 . 1 A 1 A 1 . 1 . ]
-0,15 -0,10 -0,05 0,00 0,05 0,10 0,15
H, T
b

Fig. 4. Curves of specific saturation magnetisation for the Mn_.Fe, O, sample at 300 K and the Mn .Fe, O,

sample (annealed at 300 °C, 2 h) at 300 K

470

Condensed Matter and Interphases, 2020, 22(4), 466-472



cles (Fig.4a). At the same time, Mn .Fe .O, sample
annealed at 300 °C for 2 hours had a coercivitye of
~ 120 Oe (Fig. 4b). Therefore, thermal treatment
results in further crystallisation and an increase
in the anisotropy constant.

The magnetic properties of the Mn Fe, O,
solid solutions depend directly on the distribution
of cations within the spinel structure [7]. The
distribution is of combined nature, i.e. manganese
ions occupy both tetrahedral and octahedral sites
of the crystal lattice. Thus, for the manganese
ferrite the distribution is (Mn, Fe ,) [Mn, Fe, ]O,.

The saturation magnetisation changes non-
linearly with an increase in the concentration
of manganese in Mn Fe, O,. The magnetisation
grows at first following the increase in the portion
of manganese in the solid solution. It reaches its
maximum for Mn.Fe, O, compound and then
decreases (Fig. 5).

The dependence occurs because the magnetic
moment of the Mn?*ion (5 uB) with five unpaired
electrons is higher than that of the Fe?" ion
(4 pB). Therefore, when Fe? ions are replaced
with Mn?* ions in the octahedral sub-lattice,
the magnetisation should grow. The saturation
magnetisation is mainly determined by the super-
exchange interaction between the ions of A and
B sub-lattices, which can be described using the
formula

l"ltheor:!“LB_ l'LA’ (2)

where p, and pi, are the magnetic moments of the
cations of A and B voids respectively.

If the number of manganese ions in Mn Fe, O,
increases further, the ions being oxidised to Mn**
actively begin to occupy the B voids of the crys-
tal lattice. Since Fe3* = (5 uB) and Mn3* = (4 uB),
the super-exchange interaction between the ions
in sub-lattices A and B decreases, which in turn
leads to a decrease in the saturation magnetisa-

tion of Mn Fe, O,.

4. Conclusions

The study allowed us to determine the
conditions for the synthesis of single-phase
magnetite nanoparticles doped with manganese
at room temperature and under atmospheric
pressure. The concentrations at which solid
solutions of iron and manganese oxides have the
structure of a cubic spinel lie within the range
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Fig. 5. Specific magnetisation of Mn Fe, O, solid

solutions depending on the compound

0<x<1.8.

The alteration in the saturation magnetisation
caused by an increase in the concentration of
manganese oxide in the solid solution is nonlinear.
The maximum saturation magnetisation
(68 A-m*kg! at 300 K and 85 A-m*kg™! at 5 K)
was observed in Mn .Fe, O,. The smallest
nanoparticles (9 nm) are observed in Mn, .Fe, O,.

The synthesised nanoparticles can be used
as contrast agents for MRI diagnostics and as
components of magnetorheological fluids, as
well as to obtain magnetorheological fluids and
produce magnetically controlled capsules for
targeted drug delivery.
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