
Vol.:(0123456789)

SN Applied Sciences (2020) 2:808 | https://doi.org/10.1007/s42452-020-2611-9

Research Article

Structural and magnetic properties of  MgFe2O4 nanopowder 
synthesized via co‑precipitation route

Farhana Naaz1 · Hemant Kumar Dubey1 · Chanda Kumari1 · Preeti Lahiri1 

Received: 16 January 2020 / Accepted: 26 March 2020 / Published online: 3 April 2020 
© Springer Nature Switzerland AG 2020

Abstract
Mg ferrite was successfully synthesized by adopting a simple co-precipitation route. A physical property of Mg ferrite 
has been investigated employing XRD, FTIR, SEM, EDS, AFM and Raman spectroscopic techniques. The XRD results indi-
cated the formation of single phase spinel ferrite with crystalline size of 36 nm. FTIR results confrmed ferrite tetrahedral 
(580 cm−1) and octahedral sites (430 cm−1) metal oxygen vibrations. The Raman result revealed the well defined Raman 
active modes of synthesized sample. Scanning electron microscopic (SEM) studies revealed nano crystalline nature of the 
sample. An elemental composition of the sample was studied by energy dispersive spectroscopy (EDS). Crystallite size, 
X-ray density, hopping length, and magnetic properties of the product are also reported. AFM provides surface roughness. 
The magnetic hysteresis curves clearly indicate the soft nature of the prepared nanoferrite. The Raman spectra shows 
five Raman active modes  (A1g + Eg + 3F2g) which are expected in the spinel structure and Raman spectra has a very good 
agreement with reported data. Various magnetic parameters such as saturation magnetization  (Ms), and remanence  (Mr) 
and coerciviy  (Hc) are obtained from the hysteresis loops.
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1 Introduction

Nanoparticles of spinel ferrite draw significant considera-
tion due to their lower density and higher specific surface 
area and distinct optical, catalytic and magnetic proper-
ties [1]. Study of spinel ferrite  MFe2O4 (where M = metal 
ion) nanoparticles has significant application in modern 
technologies such as contrast enhancement of mag-
netic resonance imaging, high density data storage, and 
magnetic carriers for site-specific drugs delivery [2]. Spi-
nel ferrites have the general molecular formula  MFe2O4 
where  M2+ and  Fe3+ are the divalent and trivalent cations 
occupying tetrahedral (A) and octahedral (B) interstitial 
positions of the FCC lattice formed by  O2− ions. Among 
the spinel ferrites,  MFe2O4 nanoparticles finds extensive 
applications in magnetic based diagnosis and treatment 

devices [3], potential magnetorheological fluids [4], gas 
sensors [5], catalysts [6], and lithium ion batteries [7]. Mag-
nesium ferrite is a soft magnetic n-type semiconducting 
material [8, 9]. Recent increasing attention to nanostruc-
tures of magnetic materials has been due to their unique 
material properties that are significantly different from 
those of their bulk counter parts [10, 11]. Physical, chemi-
cal and structural properties of oxide powders depend 
on preparation method and thermal treatment applied 
during preparation. A wide variety of methods are being 
used to synthesize spinel ferrite nanoparticles including 
citric acid combustion [12], sol–gel auto combustion [13], 
hydrothermal [14], co-precipitation methods [15, 16]. In 
addition, thermolysis [17], wet chemical co-precipitation 
technique [18], self-propagating and microemulsion [19, 
20], are also used. The experimental conditions used in the 
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preparation of these materials play an essential role in the 
properties and the particle size of the ferrite nanoparticles 
produced. Co-precipitation method is one of the promis-
ing techniques for preparing nano ferrites in bulk scale 
due to the production of homogeneous particles. Co-pre-
cipitation synthesis involves dissolution of compound salt 
precursor in aqueous media and subsequent precipitation 
from the solution by pH adjustment. It is a useful method 
for the preparation of ceramics and metal oxide powders.

For  MgFe2O4 nanoparticles, many researchers reported 
[21–24] on their nanostructures and properties. Sivakumar 
et al. [23], obtained nanocrystalline  MgFe2O4 with grain 
size of 19–72 nm using ceramic method. It was observed 
that the sample with a grain size of 72 nm got the highest 
saturation magnetization of 36 emu  g−1 at 293 K. Hankare 
et al. [24] synthesized polycrystalline magnesium ferrite 
by co-precipitation method and measured its gas-sen-
sation. The electrical properties and sensing properties 
towards carbon dioxide of  MgFe2O4 powder were studied 
by Sumangala et al. [25]. Nanoparticles of  MgFe2O4 have 
good photoelectrical properties [26]. Properties of ferrite 
materials are strongly influenced by the distribution of 
metallic ions among crystallographic lattice sites which 
in turn are sensitive to the synthetic method employed.

In the present investigation, we report the structural 
and physicochemical properties of magnesium ferrite 
 MgFe2O4 nanoparticles by using various different char-
acterization parameters like XRD, FT-IR, SEM, EDS and 
magnetic. Raman spectroscopic studies which is power-
ful probe to reveal the vibrational and structural proper-
ties of the materials was also employed. Moreover, AFM 
was included to understand the surface roughness of the 
nanoparticles as a little information is available for the sur-
face properties in the literature.

In the present investigation, we report the structural 
and physicochemical properties of magnesium ferrite nan-
oparticles prepared by using co-precipitation technique.

2  Experimental

2.1  Synthesis

In this study, sample with a formula  MgFe2O4 was syn-
thesized by wet chemical co-precipitation technique. An 
aqueous precursor solution was prepared by dissolving 
6.460 g Fe(NO3)3·9H2O, and 2.102 g Mg(NO3)2·4H2O into 
100 ml double distilled water. Sodium hydroxide (0.1 M) 
was dropped in the salt solution drop wise for 40 min at 
the constant temperature of 80 °C with vigorous stirring 
on magnetic stirrer. The pH of the solution was adjusted to 
be 10. Digestion was performed for 90 min. Particles were 
settled down at the bottom of the beaker. It was filtered 

and washed repeatedly with distilled water. The residue 
was dried at 100 °C for 4 h, and subsequently calcined at 
500 °C for 3 h to get dark brown ferrites as end product.

2.2  Characterization

Synthesized sample of magnesium ferrite nanoparicles 
was subjected to various techniques for structural inves-
tigations as described below. The crystal structure was 
studied by using X-ray diffraction (XRD) (Rigaku Miniflex 
600, Japan) technique with Cu-Kα radiation at 40  keV 
for phase determination of sample. FT-IR spectra were 
recorded by employing Perkin Elmer spectrophotometer 
in 400–4000 cm−1 range to confirm metal oxide bond-
ing present in materials. The surface morphology of the 
sample and elemental analysis were performed by using 
Scanning Electron Microscopy (SEM) (ZEISS, model EVO-
18 research, Germany) equipped with an Energy Disper-
sive X-ray Analyser (EDX, Oxford instrument USA). Surface 
roughness was determined by Atomic force Microscopy 
(AFM) (model NTEGRA PRIMA, NT-MDT, Russia). Raman 
spectra was performed using the model RENISHAW In-
VIA Raman microscope to identify frequency modes of 
tetrahedral and octahedral sites. The magnetic properties 
of the calcined powder (500 °C) have been investigated 
by vibrating sample magnetometer using SQUID based 
magnetometer (MPMS 3).

3  Results and discussion

3.1  X‑ray diffraction studies

X-ray diffraction study was performed to identify the 
phase formation of the prepared ferrite materials. Figure 1 
shows the indexed x-ray diffraction patterns of the synthe-
sized sample of  MgFe2O4 using chemical co-precipitation 
technique. The presence of planes (111), (220), ( 311), (400), 
( 422), (511), (440), (533), (622), (444) confirm the forma-
tion of cubic spinel structure. The data were collected at 
2θ range from 20 to 80 degree. The diffraction peaks are in 
agreement with the international standard diffraction data 
card JCPDS number 89–3084. Lattice parameter, cell vol-
ume, crystallite size (D) and XRD density were estimated 
for ferrite nano powder and included in the Table 1. The 
crystallite size (D) of  MgFe2O4 sample was calculated from 
X-ray diffraction line broadening of (311) peak using the 
Scherrer equation [27];

  

D = kλ∕β cos θ
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where k is constant and taken as 0.91, λ is the wave-
length (λ = 1.5406  A0) of X-ray beam used, β is the full 
width at half maximum (FWHM) of diffraction peak at an 
angle θ. The (311) peak has been chosen for calculation as 
the most intense peak. Theoretical density (ρx) was evalu-
ated by the following formula [28];

where M, a, N are molar mass, lattice parameter and 
Avogadro’s number respectively. Density of ferrite sample 
was found to be 4.5306 g/cm3. Lattice parameter (a) was 
calculated by the following relationship;

where d is diffracting plane spacing and h, k, l miller 
indices of the diffracting plane. Unit cell volume was evalu-
ated from the following relation;

and its value was obtained as 586.37  A0 and included in 
the Table 1. Lattice constant obtained using the XRD data 
is found to be 8.37 Α0 (Table 1) which is in good agreement 
with the reported value. The crystallite size of the sample 
was obtained 36.6 nm. The distance between.

�x = 8M∕Na3

a = d
(

h
2 + k

2 + l
2
)1∕2

V = a3, in A0 unit

magnetic ions hopping length in A sites (tetrahedral) 
and B sites (octahedral) were calculated by using relations 
[29];

The values of hopping lengths (Table 1) for two sites 
were found to be 3.624  A0 and 2.958  A0 respectively.

3.2  Fourier Transform Infrared analysis

FTIR spectrum of  MgFe2O4 ferrite prepared by co-precipita-
tion method was shown in Fig. 2. FTIR analysis confirms the 
formation of spinel structure of ferrites. FTIR spectroscopy 
reveals the cation and anions distribution on octahedral 
and tetrahedral lattice sites. We observed two ranges of 
absorption bands in spinel ferrite  MgFe2O4, the higher 
frequency band (ν1) lies in 580 cm−1 and low frequency 
band (ν2) lies in the 430 cm−1. In spinel ferrites, the high 
frequency bands around 600 cm−1 is due to stretching 
intrinsic vibration of unit cell of spinel in tetrahedral sites 
(A) and lower frequency band around 400 cm−1 is due to 
stretching vibration of metal oxygen in octahedral sites 
(B) [30]. This is due to shorter bond length of metal oxy-
gen of tetrahedral sites and longer bond length of metal 

dA = 0.25a

dB = 0.25a

Fig. 1  Indexed X-ray diffraction pattern of magnesium ferrite nano-
particles synthesized by wet chemical co-precipitation technique

Table 1.  Values of crystallite size, lattice parameter (a), unit cell volume, theoretical density and hopping length for A-Site  (dA) and B-Site  (dB) 
of Mg Nano ferrite

Lattice parameter
a  (A0)

Crystallite size
D (nm)

Theoretical density
ρx ( g/cm3)

Unit cell volume
V  (A0)

Force constant 
 Kt × 105

(dyne/cm)

Force constant 
 Ko × 105

(dyne/cm)

A site
dA  (A0)

B Site
dB  (A0)

8.3712 36.6 4.5306 586.60 2.446 1.344 3.6242 2.9587

Fig. 2  FTIR spectra of magnesium ferrite naoparticles synthesized 
using wet chemical co-precipitation technique
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oxygen in octahedral sites. The band which is present in 
1600 cm−1 to 3400 cm−1 represents stretching and bend-
ing vibrations of O–H which shows the free and absorbed 
water in sample.

3.3  Surface morphological studies

Scanning electron microscopy (SEM) was carried out to 
observe the morphology of the synthesized product. Fig-
ure 3 shows the 200 nm scale morphology of Mg-ferrite 
powder calcinated at 500 °C. The observed SEM images 
clearly revealed that the magnetic ferrite particles are 
formed with some agglomeration at nanoscale. Figure 3 
shows characteristic SEM image of  MgFe2O4. Microstruc-
ture analysis determines the average size and the type of 
grain growth of the sample, which influences the physi-
cal, electrical and magnetic properties of the materials. 
The particles have homogenous distribution. Agglomera-
tion was also observed as small particles aggregated in 
order to achieve lower free energy state. Figure 4 shows 
the energy dispersive spectrum (EDS) for  MgFe2O4 pow-
der and Table 2 gives quantitative estimation of elements 
obtained directly from spectrum through its atomic and 
weight percentages and corresponding theoretical val-
ues. The results confrmed the presence of the required 
elements in the prepared composition with almost all the 
peaks associated with elements such as those of Mg, Fe, O, 
thereby suggesting the formation of pure  MgFe2O4.

Atomic force microscopy is one of the important spec-
troscopic techniques for surface analysis because of high 
resolution and powerful analysis software. The visualiza-
tion of AFM is three dimensions and it widely visualizes 
individual particles and group of particles. Figure  5a, 

b show the two and three dimensional AFM images of 
 MgFe2O4 respectively and their corresponding histogram 
and size distribution are displayed in Fig. 5c, d. The rough-
ness of thin film is characterized by the root mean square 
(RMS) and average roughness  (Rq) and corresponding 
experimental values of RMS and  Rq obtained as 4.824 nm 
and 3.640 nm respectively. The structure consists of small 
round granules. The maximum height  (Rp) is 37.93 nm and 
a maximum depth  (Rv) is 17.04 nm respectively.

3.4  Raman studies

Raman spectra were recorded at room temperature for 
 MgFe2O4 nano powder.  MgFe2O4 spinel has a cubic struc-
ture belonging to the space group Fd3m. Although the full 
unit cell contains 56 atoms (Z = 8), the smallest Bravais cell 
only contains 14 atoms (Z = 2). As a result, the factor group 
analysis predicts the following modes in  MgFe2O4 spinel:

There are five Raman active modes  (A1g + Eg + 3F2g), 
composed of the motion of O ions and both the A-site and 

A1g(R) + Eg(R) + F1g + 3F2g(R) + 2A2u + 2Eu + 4F1u(IR) + 2F2u

Fig. 3  SEM micrograph of  MgFe2O4 powder

Fig. 4  EDS spectra of  MgFe2O4 powder

Table 2.  Experimental values obtained from the spectrum of 
energy dispersive X-ray analysis for various constituent elements 
present in magnesium ferrite

Element Experimental values Theoretical value

Weight % Atomic % Weight % Atomic %

O 28.17 52.58 31.98 57.15
Mg 12.99 15.96 12.15 14.26
Fe 58.84 31.46 55.84 28.57
Total 100.0
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B-site ions [31, 32]. Generally, in ferrites, the modes above 
600 cm−1 belong to the motion of the oxygen atoms in 
tetrahedral  AO4 group and modes below 600 cm−1 belong 
to the motion of the oxygen atoms in octahedral  BO6 [33]. 
Figure 6 shows the room-temperature Raman spectra of 
the  MgFe2O4. The spectra consist of all five Raman modes 
at 217, 329, 480, 548 and 704 cm−1 (given in the Table 3) 
which are in good agreement with the literature report 
[34].

The  A1g mode is due to symmetric stretching of oxygen 
atoms along metal–oxygen bonds in the tetrahedral coor-
dination.  Eg is due to symmetric bending of oxygen with 
respect to the metal ion in  AO4 unit and  F2g (3) is caused 
by asymmetric bending of oxygen.  F2g (2) is due to asym-
metric stretching of metal and oxygen.  F2g (2) and  F2g (3) 
correspond to the vibrations of octahedral group.  F2g (1) is 
due to translational movement of the tetrahedron (metal 
ion at tetrahedral site together with four oxygen atoms). 
In the present study, five observed Raman modes (Table 3) 

Fig. 5  AFM images of  MgFe2O4 nanoparticles at room temperature. a Two dimensional, b three dimentional images, c grain size analysis 
and d histogram

Fig. 6  Room temperature Raman scattering spectra of  MgFe2O4 
sample
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are in good agreement with the literature report of pure 
magnesium ferrite.

3.5  Magnetic properties

The hysteresis or loop is used to determine the behavior 
of ferromagnetic materials when placed in the magnetic 
field. Figure 7 displays the room temperature hysteresis 
loop for  MgFe2O4 prepared by co-precipitation method, 
which indicates the soft magnetic nature of the synthe-
sized particles. The values of the saturation magnetization 
 (Ms), coercivity  (Hc), retaintivity  (Mr) and remanant ratio (R) 
were obtained from this curve as 24.520 emu  g−1, 2.9829 
emu  g−1, 93.78 Oe and 0.121 respectively. The sample dis-
played normal (S-shaped) narrow hysteresis loop. Narrow 
loops indicated low coercivity value which indicates that 
the prepared sample can be easily demagnetized. Mag-
netic parameters like  Ms,  Mr and  Hc of the samples depend 
upon a number of factors such as anisotropy density, grain 
growth and A–B exchange interactions. Smit and Wijn [35] 
have reported saturation magnetization value for bulk par-
ticles of  MgFe2O4 as 27 emu  g−1, whereas, in the present 
case, the value comes out to be 24.52 emu  g−1. The dif-
ference in the value of saturation magnetization can be 

explained on the basis of cation distribution. Any change 
in the concentration and nature of ions in A-and B-site 
causes resultant magnetization to be different from the 
reported one [23].

In the  MgFe2O4 system, the magnetic properties are 
sensitive to the distribution of  Fe3+ ion in A- and B-sites. It 
is reported [31] that the metal ion distribution in  MgFe2O4 
is given by

Its structure was originally reported to be inverted, 
that is, having the same number of magnetic atoms on 
A-sites as on B-sites [36]. On the basis of the Neel cou-
pling model, Mg-ferrite would then be expected to have 
zero saturation moment. However, this was not observed 
experimentally and the saturation moment was found to 
vary within the limits of 1–2.4 Bohr magnetons depend-
ing on the conditions of preparation [37].This discrepancy 
has been explained on the assumption that Mg-ferrite is 
incompletely inverted; the number of iron atoms on B-sites 
thus exceeds the number on A-sites. Smit and Wijn [35] 
reported the magnetic moment per molecule  MgFe2O4 at 
0 K as 1.1 Bohr magnetons. Hc of the magnetic material 
is a measure of its magneto-crystalline anisotropy. The 
value of Hc has no direct relationship with the prepara-
tion temperature and crystalline size. The lower values of 
magnetic parameters as compared to bulk counterparts 
are attributed to the smaller particle size of the ferrite NPs 
and existence of spin canting, which has been reported in 
several nanometer-sized ferrites and is dependent upon 
surface structural disorder [35]. It should be emphasized 
that surface effects can lead to a decrease or an increase 
in the magnetization of nanoparticles. It was reported 
that the magnetization of oxide nanoparticles decreases 
for some oxide nanoparticles [38]. On the other hand, the 
magnetization of some metallic nanoparticles (cobalt) was 
reported to increase [39]. The reduction of magnetization 
of oxide nanoparticles was attributed to the existence of a 
magnetically dead layer on the particle’s surface, the exist-
ence of canted spins, or the existence of a spin-glass-like 
behavior of the surface spins [38].

Because of the small size of nanoparticles, large frac-
tions of all the atoms in a nanoparticle are surface atoms 
[40]. Since the ratio of surface atoms to the bulk atoms 
is large, surface contribution to magnetization becomes 
significant. These surface defects result in uncompensated 
disordered spins at the surface of the nanoparticle lead-
ing to surface magnetization (ferromagnetism or antifer-
romagnetism). The surface magnetization is contributed 
by the surface uncompensated spins, which depend on 
the size of the particle and on the degree of surface dis-
order [41].

(Mg0.1Fe0.9)A
[

Mg0.9Fe1.1
]

B

Table 3.  Assignments for 
Raman modes in the spinel 
 MgFe2O4 observed at room 
temperature

Raman modes 
 (cm−1)

Assignment

217 F2g (1)
329 Eg
480 F2g (2)
548 F2g (3)
704 A1g

Fig. 7  Hysteresis loop of  MgFe2O4 nanoparticles at room tempera-
ture
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4  Conclusions

In this work, we report the synthesis of magnesium fer-
rite nanoparticle via simple and less toxic co-precipita-
tion technique. The X-ray analysis confirmed the forma-
tion of a single-phase cubic spinel structure. FTIR result 
confirmed the ferrite phase formation. SEM images illus-
trated that the magnetic ferrite particles are formed with 
some agglomeration at nanoscale. The EDS results con-
firm the presence of the required elements in the pre-
pared composition. The Raman result of the synthesized 
sample revealed the well defined Raman active modes 
 (A1g + Eg + 3F2g) which are expected in the spinel struc-
ture and Raman spectra has a very good agreement with 
reported data. Furthermore, hysteresis curves obtained 
from magnetic measurement indicated the soft nature 
of the prepared nanoferrites.
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