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Abstract

Magnetically separable spinel Mn-MgFe2O4 NPs was synthesized by a facile
microwave-assisted combustion method. The formation of single-phase cubic spinel
structure was confirmed by XRD, FT-IR and EDX analyses. The energy band gap of
the samples was confirmed by UV-Vis DRS study and the band gap of pure MgFe204
sample is 2.17 eV and it is increased with increasing the amount of Mn?* dopant, due
to the decrease of particle size. VSM showed ferromagnetic behavior for all
compositions.

Keywords: Mn-MgFe>O4 NPs; combustion method; ferromagnetic behavior.

1. Introduction

As one of the families of transition metal oxides, spinel-type magnetic
materials with the general formula M?*(Fe**),04: where M?* = Mn?*, Co?*, Mg,
Zn?*, etc. have become an important area in nano-science and nanotechnology, due to
their huge applications in various field such as biomedicine, magnetic materials,

electronic materials, and photo-catalysts [1,2].
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Among various spinel ferrites, magnesium ferrite (MgFe204) nanostructures
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have been widely used in different fields such as, catalytic, and gas sensors [3-5].
Several methods has been used to prepare MgFe>Os nanomaterials such as polymer
calcinations laser deposition, co-precipitation and solvothermal [6-10] methods.
However, the above methods reveal that requirement of complicated equipment, high-
energy consuming, high temperature, long time consuming and complex procedures
are required for synthesis of such functional materials. Hence, the growth of simple
and environmentally benign synthesis methods is strictly essential and preferred with
low energy cost [11-25].

In the present study, we have reported a facile microwave-assisted combustion
method for the synthesis of spinel MgFe.Os nanostructures. This method is
fundamentally different from other conventional methods, due to the homogeneous
distribution of microwave energy through the materials interior and converted into the

final product within few minutes of time [26-30].

2. Experimental
2.1. Materials and methods

All the chemicals used in this study were of analytical grade obtained from
Merck, India and were used as received without further purification. Magnesium
nitrate (Mg(NOs)2-6H.0, 98%), manganese nitrate (Mn(NOs)2-4H20, 98%), ferric
nitrate (Fe(NOs)3-9H20, 98%) and urea (CO(NH.).) as the fuel are used for this
combustion method. The samples were prepared with the addition of Mn?* of different
molar ratios (Mn-MgFe20.) to MnFe20s. In case of MnFe2O4, the precursor mixture in
urea was placed in a domestic microwave oven and exposed to the microwave energy
in a 2.45 GHz multimode cavity at 850W for 10 minutes. Initially, the precursor
mixture boiled and underwent evaporation followed by the decomposition with the
evolution of gases. When the solution reached the point of spontaneous combustion, it

vaporized and instantly became a solid and then used for further characterizations.
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2.2. Characterizations

The structural characterization of Mn-MgFe2O4 NPs were performed using a
Philips PANanalytical X’ pert PRO diffractometer equipped with a Cu tube for
generating a Cu Ka radiation (wavelength 1.5406 A) at 40 kV, 25 mA. Structural
refinements using the Rietveld method was carried out by PDXL program; both
refined lattice parameters and crystallite size of the obtained ferrites were reported.
The surface functional groups were analyzed by Thermo Nickolet FT-IR spectrometer.
The samples were incorporated in KBr pellets for the measurements. Morphological
studies and energy dispersive X-ray analysis of Mn-MgFe>O, have been performed
with a Jeol JSM6360 high resolution scanning electron microscopy. The transmission
electron micrographs were carried out by Philips-TEM (CM20). The surface area was
derived from the N2 adsorption-desorption isotherms using liquid nitrogen at 77 K
using an automatic adsorption instrument (Quantachrome Corp. Nova-1000 gas
sorption analyzer). The UV-Visible diffuse reflectance spectrum was recorded using
Varian Cary 5E UV/VIS-NIR UV-Visible spectrophotometer to estimate their band
gap energy (Eg). The photoluminescence properties were recorded at room temperature
using Perkin Elmer LS 55 Fluorescence Spectrophotometer. Magnetic measurements
were carried out at room temperature using a PMC MicroMag 3900 model vibrating

sample magnetometer (VSM) equipped with 1 Tesla magnet.

3. Results and discussion
3.1. Structural analysis

The structural phase, crystalline nature and purity of the prepared MnxMg:-
xFe204 NPs were confirmed by analyzing the X-ray powder diffraction (XRD)
patterns. Fig. 1 shows the XRD patterns of Mn-MgFe>Os NPs prepared with various
Mn substitutions. The main diffraction peaks (26) are attributed to the (220), (311),
(222), (400), and (533) planes, respectively show the characteristics of a single-phase
cubic spinel structure with Fd3m space group (JCPDS No. 73-1722) [23] and all
diffraction peaks can be indexed to a typical spinel structured MgFe2O4. The observed
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combustion. The average crystallite size of MnyMg1.xFe204 samples was calculated by
using Debye Scherrer formula,

L= 0.891
pcose 1)

where ‘L’ is the average crystallite size, ‘1’, the X-ray wavelength (1.5406 A), ‘8, full
width at half maximum (FWHM) and ‘9’, the Bragg angle of the (311) plane It has
been observed that the crystallite size is decreased from 25.25-15.55 nm with increase
in Mn content [24, 25].
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Figure 1. XRD patterns of Mn-MgFe2O4 (x = 0.0, 0.3 and 0.5) NPs.

In order to further analyze the structural change, the measured XRD patterns of
the NPs were simulated based on the Rietveld refinement method for all compositions.
Fig. 2 shows the Rietveld XRD data of MgFe;Os and MnosMgosFe20s NPs
respectively. Rietveld XRD was designed to refine simultaneously both lattice
constant and crystallite size. The lattice parameter of pure MgFe;Os is 8.385 A [26]
and it is increased with increasing Mn content from 8.395 to 8.435 A, thus obeying

Vegard’s law. However, the increase of lattice parameter is mainly due to the higher
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ionic radius of Mn?* jon (0.91 A) than smaller ionic radius of Mg?* ion (0.65 A), and
thus causes an effective increase in the lattice constant. A linear increase in the lattice
constant indicates that Mn ions are replacing Mg ions in MgFe>O4 matrix [27, 28].
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Figure 2. Rietveld refinement XRD method of Mn-MgFe2O4 (x = 0.5) NPs.

3.2. Fourier transform infrared (FT-IR) spectroscopy

FT-IR spectra of Mn-MgFe-O4 NPs are shown in Fig. 3. From the FT-IR
spectra, it is found that two strong absorption peaks observed at lower frequency can
be assigned to the M-O (Mg, Mn and Fe) bonds at tetrahedral (A) and octahedral (B)
sites [29]. This can be attributed to the high degree of crystalline Mn-MgFe>O4 NPs.
The obtained results were good agreement with Rietveld refinement XRD analysis.

The aforementioned two peaks also confirmed the formation of tetrahedral and

octahedral structures [24].
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Figure 3. FT-IR analysis of Mn-MgFe204 (X = 0.3, 0.4 and 0.5) NPs.
3.3. Scanning electron microscopy (SEM) studies
The morphologies of Mn-MgFe;Os NPs were investigated by the high
resolution scanning electron microscopy (HR-SEM) and the obtained results are
shown in Fig. 4.. HR-SEM images indicated that the as-prepared samples consist of
spherical shaped particle-like nanocrystals, which are agglomerated together, due to

the presence of magnetic interactions among the particles [25].

Figure 4. HR-SEM images of MngsMgosFe204 NPs.
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To provide a further evidence for the formation of sphere-like nanoparticle
morphology of Mn-MgFe>O4 NPs, HR-TEM analysis was carried out and is shown in
Fig. 5. HR-TEM image of Mn-MgFe2O4 NPs sphere-like nanoparticles with diameter
ranging from 25-30 nm. It is obvious that the sphere-like nanoparticles are uniform in
size, which is consistent with the average crystallite size obtained from the peak
broadening in XRD and Rietveld analysis. Fig. 6 inset shows the SAED of spinel Mn-
MgFe>0s NPs, which implies that the as-prepared samples are single crystalline in
nature. SAED results show spotty ring characteristic of small crystallites of spinel
ferrite nanostructure without any additional diffraction spots and rings of secondary

phases corresponding to the magnesium, manganese and iron oxides were observed.

Figure 5. HR-TEM images of MnosMgo.sFe204 NPs.

3.5. EDX analysis

The elemental composition and purity of the samples were recorded by EDX
analysis. Fig. 6 shows the EDX results of Mn-MgFe>O4 NPs, and there is no other
peaks, which is confirmed the as-prepared samples are pure and there is no other

impurity.
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Figure 6. EDX spectra of MgFe>O4 NPs.

3.6. UV-Vis DRS study

To study the effect of crystallite size on optical property of spinel Mn-
MgFe204 NPs, the UV-Visible diffuse reflectance spectroscopy (DRS) analysis was
carried out at room temperature for all compositions. The band gap energy Eg, can be
approximately calculated from the optical diffuse reflectance data by the Kubelka-
Munk function,

F(R) = (1-R)>/2R - 2

where ‘R’ is the diffuse reflectance. A graph is plotted between [F(R)hv]? and hv, and
the intercept obtained is the band gap energy, indicating that the MgFe2O4 NPs may
have visible-light photoactivity. The shift in Eq of the Mn-MgFe.O4 NPs with the
decreasing crystallite size is the result of quantum confinement effects arising from the
small size regime [26-30].
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Figure 7. UV-Vis DRS band gap of Mn-MgFe>O4 NPs.

3.7. Photoluminescence (PL) studies

Photoluminescence (PL) spectroscopy is an effective method to study the
electronic, optical and photochemical properties of the metal oxides. PL spectra was
recorded at room temperature to detect the optical properties of Mn-MgFe2O4 NPs and
are shown in Fig. 9 is attributed to the recombination of electrons deeply trapped in
oxygen vacancies with photo-generated holes [26-31]. The increase of the
concentration of Mn?* dopant into MgFe2Os, overall intensities of the PL peak for all
compositions decreases, which can be attributed to the appearance of new electronic
levels between conduction and valence band and might be due to the increase in

intrinsic defects.
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Figure 8. PL spectra of Mn-MgFe20O4 (x = 0.3, 0.4 and 0.5) NPs.

3.8 Magnetic measurements

The magnetic hysteresis (M-H) curves of the spinel Mn-MgFe;Os NPs
obtained from room temperature VSM measurement with the applied field ranging
from -10000 to +10000 O is shown in Fig. 9, which clearly indicated that the prepared
Mn-MgFe204 NPs based photocatalyst can be separated from water by the application
of external magnetic field [32-36]. These curves are typical for a soft magnetic
material and indicate hysteresis ferromagnetism in the field ranges of £10 KOe for all
compositions. MgFe>O4 is a soft magnetic material and the non-magnetic Mn-
MgFe,0s NPs is substituted by magnetic Mn?* ions, there is a drastic change in
magnetic properties such as Ms, My and Hc. Outside these ranges the value of Ms

increases with increasing the concentration of Mn?*,
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Figure 9. Magnetic hysteresis (M-H) loops of Mn-MgFe204 NPs.
4. Conclusions
Spinel Mn-MgFe>O4 NPs have been successfully synthesized by a facile, low-

cost, microwave-assisted flash combustion route. It was found that the structural,
morphological and opto-magnetic properties are sensitively dependent on the
incorporation of Mn?* ions in the Mg?* lattice of MgFe,O4. On doping Mn?* ions in
MgFe2O4 lattice, the ferromagnetic behavior. The magnetization at the maximum field
monotonically increases with increasing Mg content x = 0.5, which is attributed to the
change in the cationic distribution at tetrahedral and octahedral sites. Smaller values of
the coercivity showed the soft magnetic nature of these Mn-MgFe>O4 NPs.
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