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Abstract

MnFe,O4 nanoparticles were synthesised using co-precipitation method and investigated by the techniques
such as x-ray diffraction (XRD), field effect scanning electron microscopy (FESEM) and a vibrating sample
magnetometer (VSM). The nanoparticles were of an average crystallite size of ~ 20 nm at molarities 7M and
9M of NaOH without annealing / sintering the samples. X-ray diffraction was used to determine the crystallite
size, lattice parameter, and density of the nanoparticles. The FESEM images clearly show the production of
spherical nanoparticles. Manganese ferrite nanoparticles were found to have the correct stoichiometry, as is
evident from energy-dispersive X-ray spectroscopy (EDS). The saturation magnetization, coercivity,
retentivity, squareness ratio, dead layer thickness, magnetic moment, and anisotropy constant were estimated
using VSM.
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1 Introduction

Spinel ferrites have been at the frontiers of
nanoscience because of their exceptional magnetic,
electrical and optical properties [1]. This class of
nanomaterials have numerous uses including
storage devices, sensors, the production of
transformers and inductors, biomedical
applications, etc. [2-3]. AB.O, demonstrates the
spinel ferrites. Divalent cations A% (Mn?*, Co?*,
Ni2*, etc.) occupy the interstitial tetrahedral places
in the formula, while B®* (Fe3*, Mn®*, etc.) occupy
the octahedral sites [4]. Various methods such as
sol-gel, microemulsion, and hydrothermal, etc.
have been used to synthesise ferrites [5 - 7]. The
synthesis technique, the substitution of various
cations, annealing temperature and time, porosity,
crystallite size, chemical composition, and the
distribution of cations, etc. affect the properties of
ferrites [8 — 10].

In this work, MnFe;O4 is synthesised by the co-
precipitation method as it is a very economical
method. The literature survey shows that the pH
parameter during synthesis plays a key role in
controlling the ferrite nanostructure and its
properties [11 - 13]. In the co-precipitation process,
the molarity of NaOH determines the pH value
used to synthesise ferrite. The effects of pH in the
range of 8-12 on the structural and magnetic
characteristics of MnFe,O, have been researched
by Puspitasari et al [11]. It was found that the
unsintered particles were amorphous and had
saturation magnetisation values of less than 3
emu/g. With arise in pH, areduction in particle size
was seen. The saturation magnetisation (Ms) was
discovered to be 31.36 emu/g for the sample
sintered at a temperature of 600°C and a pH value
of 11, according to the study by Ahalya et al [12].
With ammonia acting as a co-precipitating agent,
Islam et al. reported that sodium hydroxide was
unsuitable as a precipitating agent due to the
formation of larger particle sizes, which
contributed to the non-stable colloidal solution
[13]. The particle size and Ms were also reported to
increase with an increase in pH. At 300 K and a pH
of 12, saturation magnetisation of 66 emu/g has
been reported. Trandafir et al. [14] studied the
effect of molar concentration of the precipitating
agent (NaOH) in the range of 1— 5 M on the
properties of zinc ferrite.

When the crystallite size is less than the critical
size, the nanoparticles become superparamagnetic
in nature. Superparamagnetic nanoparticles are
significant for biomedical applications such as heat
therapy, cancer diagnostics, treatment, etc., [15 -
16]. No work has been reported on the effects of
high molarity (7M, 9M) of NaOH on the properties
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of superparamagnetic manganese ferrites. In the
current work, the structural, morphological, and
magnetic  properties of  superparamagnetic
MnFe;Os nanoparticles  (without  annealing
/sintering) were studied for high molarity (7M, 9M)
of co-precipitating agent NaOH. The samples have
been analysed using XRD, FESEM, and VSM
techniques.

2. Experimental

2.1 Synthesis of MnFe;Os nanoparticles
MnFe204 nanoparticles were produced using the
co-precipitation method. MnCl,.4H,0O and FeCls;
were dissolved in deionized water to obtain 1.0 M
and 2.0 M solutions, respectively. The combination
of these solutions (labelled as solution a), was
heated on a magnetic stirrer at 60°C. NaOH
solution was prepared with 7M molarity in
deionised water, after that it was boiled, and added
to solution a, as a result of which dark brown
solution was formed. This brown solution was
swirled magnetically at 85°C for two hours,
resulting into the formation of dark brown
MnFe,O,4 nanoparticles. The resultant product was
thoroughly rinsed for 10 times in deionised water
to remove unwanted residual of NaCl and finally
washed with ethanol. This material was then
vacuum dried, and thereafter it was ground with a
mill and pestle to prepare dark brown powdered
MnFe.O,  nanoparticles. The  aforementioned
technique was used to obtain MnFe;O4
nanoparticles at a molarity of 9M of NaOH. The
samples thus prepared for NaOH molar
concentrations of 7M and 9M were designated as
samples MF7 and MF9 respectively. The chemical
reaction for the synthesis of MnFe,Q is:

MnCl, + 2FeCl; + 8NaOH ----- > MnFe O, +
8NaCl + 4H,0 (1)

2.2 Characterization

X-ray diffraction (XRD) analysis was conducted on
the Ultima IV utilising CuK, radiation (=1.5406A )
at 40 kV and 40 mA for the values of 20 between
10° and 80° to determine phase, crystallite size,
lattice parameter, and density. Zeiss Gemini
SEM500 with energy-dispersive X-ray
spectroscopy was used to examine the morphology,
microstructure and elemental composition of the
samples. The magnetic measurements were
studied using a Physical Properties Measurement
System (MicroSense EV9 VSM systems) with a
field varying from -10000 Oe to 10000 Oe at room
temperature and the estimates were made for the
following quantities: squareness ratio (S=M/Ms),
coercivity (Hc), remnant magnetization (M),
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magnetic moment (), and anisotropy constant
(Ka).

3 Results and Discussion

3.1 Structural analysis

The X-ray diffraction patterns for the samples MF7
and MF9 of MnFe;O4 nanoparticles for 26 ranging
from 20° to 70° at room temperature, are presented
in Figure 1.

Intensity (arbitrary units)

20(in degrees)
Figure 1: XRD patterns of samples MF7 and
MF9.

Figure 1 shows that the peaks coincide well with
peaks reported in earlier studies of manganese
ferrite and are also in agreement with JCPDS data
card (74-2403). The samples showed crystalline
nature, the cubic spinel structure with space group
Fd3m, and the Bragg diffraction peaks correspond
to (220), (311), (400), (333), and (440) phases. The
peaks were marked in Figure 1. No peaks were
observed in respect of the impurities or secondary
phases. The following equations were used to
compute the density (p), lattice parameter (a), and
crystallite size (d) [17 - 19].

__ 092
_[fcose (2)
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Figure 2 FESEM images of MnFe;O, nanoparticles (a) MF7 and (b) MF9.
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where (A =1.5406A) is the X-ray wavelength, B is
the FWHM (full width at half maximum) of the
major diffraction peak, 0 is the Bragg angle of the
strongest peak, (h k I) are plane indices for the
greatest intensity peak in the XRD pattern, M is the
molecular weight, N is the Avogadro’s number, and
a3 is the cubic unit cell volume.

The structural parameters (crystallite size, lattice
parameter and density) for the samples MF7 and
M9 are listed in Table 1. The values of lattice
parameters and density of the samples agree well
with JCPDS card 74-2403 and are similar to the
reported values [20, 21]. In the present work, the
crystallite sizes of the samples MF7 and MF9 were
18.9 nm and 20.3 nm respectively without
annealing / sintering the samples. Ahalya et al.
reported crystallite size in the range of 26 — 31 nm
for the annealed samples prepared at a pH of 8 and
11 [12]. Puspitasari et al. reported crystallite size in
the range of 29 nm — 59 nm for the samples
prepared at pH of 8, 10 and 12 which were sintered
at temperature of 1000 °C for 3h [11].

Table 1 Values of crystallite size (d), lattice
parameter (a) and density (p) determined from the
XRD patterns.

d a p
Sample  (nm) A) (g/ccd)

MF7 18.9 8.424 5.11
MF9 20.3 8.425 5.12

3.2 Morphological Analysis

Figure 2 and Figure 3 display FESEM images and
EDS spectra of MnFe.Os nanoparticles. The
FESEM micrographs showed sphere-shaped
nanoparticles and the particles were clumped
together which may be attributed to the magnetic
interaction among them.

(b)
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Figure 3 EDS spectra of MnFe,O4 nanoparticles (a) MF7, and (b) MF9.

The Energy Dispersive X-ray (EDS) spectra were
used to determine the elemental composition of the
nanoparticles. The data of weight % and atomic %

were depicted in Table 2 and the values of the
theoretical and experimental ratios of Mn/Fe and
Fe/O were shown in Table 3.

Table 2 Weight % and atomic % of the elements O, Mn, and Fe in samples MF7 and MF9 obtained from

EDS analysis.
Element MF7 MF9
Wit% At% Wit% At%
O 20.25 46.85 27.37  56.67
Mn 26.79 18.05 2497  15.06
Fe 52.96 35.10 4766  28.27

Table 3 Values of theoretical (theo) and experimental (exp) ratios of Mn/Fe and Fe/O.

Sample  (Mn/Fe)theo  (Mn/Fe)exp (FE/O)theo  (FE/O)exp
MF7 0.50 0.51 0.5 0.74
MF9 0.50 0.53 0.5 0.5

According to the EDS spectra, elements, namely
iron, oxygen, and manganese, were present and
there were no signs of contaminants or other
substances in the samples. Due to various
instrument and process software parameters, such
as the data dead time, work distance, acceleration
voltage, and acquisition time, the calculated
stoichiometric ratios obtained from EDS and the
theoretical stoichiometric ratios in these samples
may vary. However, in the present work, the
measured manganese to iron composition ratios
Eur. Chem. Bull. 2022, 11(Regular Issue 1), 195 — 201

(Mn:Fe) and the iron to oxygen composition ratios
(Fe:O) were found to be compatible with the
theoretical composition ratios, indicating that the
stoichiometry was maintained in the samples.

3.3 Magnetic properties

Hysteresis shapes of MnFe,O4 nanoparticles were
carried out using VSM as shown in Figure 4. The
insets show the magnified plots highlighting
hysteresis loops at low applied fields.
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Figure 4 Hysteresis curves of MnFe,0, samples (a) MF7 (b)MF9.

The magnetic moment () per formula unit is

determined using the equation [22]
— MM 5)

b= N (

where Mg, Ny, M, ug, and are the saturation

magnetization, molecular weight, Bohr magnetron

and Avogadro’s number respectively.

The following relation is used to calculate the

magnetic anisotropy constant [23]:

Msx H,
ka = _(5).96g (6)

The canting of the surface spins, the formation of a
high anisotropy layer or the loss of the long-range
order in the surface layer have all been reported to
cause the formation of a magnetic dead layer at the
surface of magnetic nanoparticles [24]. Equation 7

describes the relationship between the crystallite
size of the nanoparticles, Ms, the saturation

magnetization of the corresponding bulk material,
Msb, and the thickness of the magnetically inactive

layer, t [25].

My = Mg (1= %) (7)
The values of saturation magnetization (Ms),
retentivity (M), coercivity (Hc), ratio t/d,
squareness (S=M/Ms), magnetic moment ((u), and
anisotropy constant (K,) are presented in Table 4.
The computed values of t/d of the samples shows
that Ms declines as t/d was increased. This could be
explained by the fact that when the molarity of
NaOH increases, the effects of an inactive magnetic
layer or a disordered layer on the surface of
nanoparticles become more pronounced.

Table 4 Saturation magnetization (M), Coercivity (H), Retentivity (M,), squareness (S), magnetic moment
(1), and anisotropy constant (K,) of MnFe,O4 samples at room temperature.

Sample M (emulg) M, (emu/g) (09 s=M/M, u (us) kalemugiOe) d
MF7 33.1 1.69 20.5 0.05 1.36 706 0.098
MF9 25.6 0.88 13.6 0.03 1.05 362 0.113

It has been reported that several variables such as
grain size, magnetic particle structure, exchange
coupling between collinear spins in the core, canted
spins on the surface, etc., influence the coercivity
of the nanoparticles[26]. In the MnFe;O, samples
(MF7 and MF9), the value of coercivity Hcis ~13
Oe. Such kind of substances having low coercivity
are beneficial to treat hyperthermia and which
could be employed in magnetic recording devices
such as hard drives, floppy discs, and videotapes
[27].

Table 2 shows that the magnetic moment is
proportional to the saturation magnetization Ms,
and falls when the molarity of NaOH increases. The
decrease in magnetic moment indicates the
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weakness of the super-exchange interactions
among the sites [28].

Rafique et al. reported that the critical diameter of
MnFe;O4 nanoparticle is 42.9 nm, below which the
particle shows superparamagnetic nature [29].
Gnanaprakash et al. [30] claim that the particle size
limit for MnFe,O4 particles is 42 nm. In the present
work, the MnFe;O4 particles had crystallite sizes
24.8 and 34.7 nm, which is less than the estimated
critical size limit and hence the particles have
superparamagnetic characteristics.

Table 2 shows that the magnetic anisotropy
constant K, falls as molarity increases. This might
be because there are less Mn?* ions present at the
octahedral location with increase in molarity. On
the basis of the Stoner-Wohlfarth (S-W) theory,”
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the squareness S can have two values, one around
0.83 connected to cubic anisotropy and the other
around 0.5 related to uniaxial anisotropy” [31].
Table 2 demonstrates that S has values 0.1 (i.e.,
0.5), which are caused by the effects of surface spin
disorder. A multi-domain structure with uniaxial
anisotropy and incomplete coupling is suggested by
values of squareness S (less than 0.5) in the
samples.

4 Conclusions

The co-precipitation method was used to prepare
the superparamagnetic nanoparticles without
annealing / sintering. FESEM images of all the
samples demonstrate that they are spherical in
shape, have a nano size, are agglomerated and have
an appropriate stoichiometry. Crystallite size,
lattice constant, and density were determined by
analysing the X-ray patterns of MnFe;O4
nanoparticles. Samples generated with high
molarities of NaOH have saturation magnetization
values of 33.1 and 25.6 emu/g. The nanoparticles
tested were found to be superparamagnetic, with
coercivity values of 20.5 and 13.6 Oe and
retentivity values of 1.69 and 0.08 emu/g. The ratio
t/d is related to saturation magnetization. Further,
multi-domain structure along with uniaxial
anisotropy and an incomplete coupling is suggested
by the values of squareness S (less than 0.5) in the
samples.
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