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Effect of Mg doping on physical properties of Zn ferrite nanoparticles
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Abstract

Effect of Mg doping on ZnFe,0, samples was prepared by a sol-gel auto-combustion method. The obtained samples were
sintered at different temperatures. Then, the sintered samples were characterized by powder X-ray diffraction, scanning electron
microscopy, energy dispersive X-ray analysis, and electrical properties. XRD results confirm the formation of cubic spinel-type
structure with an average crystallite size decreased with Mg concentration from 37 to 17 nm. Lattice parameter decreases with
increasing Mg concentration, due to the small ionic radius of the Mg** jon. The SEM images show the morphology of the
samples as spherical shaped particles in agglomeration. The magnetization showed an increasing trend with increasing Mg
concentration due to the rearrangement of cations at tetrahedral and octahedral sites. The ionic conductivity is increased with

the increase of Mg concentration.
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Introduction

In recent years, researchers have been concentrating on improv-
ing the conductivity of nanocrystalline spinel ferrites by doping
divalent metal cations. These nanocrystalline spinel ferrites are
important materials due to having variety of properties like elec-
trical and magnetic properties which are most useful in various
applications such as microwave, gas sensors, and biomedical
[1-4]. The ZnFe,04 nanocrystalline spinel ferrites have been
extensively studied by researchers worldwide, because of phys-
ical and chemical properties depending on their unique as com-
pared to the bulk counterpart materials [5—7]. These ferrites are
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chemically and thermally stable and are suitable for a wide range
of applications like magnetic materials, MRI (magnetic reso-
nance imaging), drug delivery, and photocatalysts [8, 9].
Recently, Mg and Zn-based ferrites have attracted much attention
due to its high electrical resistivity with good magnetic properties
for transformers, ferrofluids, and magnetic cores. Mg-doped Zn
ferrites have also been reported to be highly suitable for memory
and switching circuits in digital computers and phase shifters
[10]. These ferrites have been synthesized for their utilization in
several microwave devices operating at L, S, and C bands [11].
Many researchers have been studied the potential applications of
Mg-doped Zn ferrites in multilayer chip inductors, microwave,
and hyperthermia [12—14].

In the present work, we have selected divalent Mg”* as dopant
because of its effective ionic radii. Furthermore, magnesium has
low cost and high stability. The magnesium zinc ferrite com-
pound is a soft ferrite [15]. Due to its useful properties in dielec-
tric and magnetic applications, it is used in several applications
like high-frequency range applications, as low hysteresis loss
material, and high-density media storage, as recoding and sensor
device [16, 17]. The divalent ions of magnesium and zinc are
diamagnetic in nature. The distribution of these ions in the lattice
sites may affect the properties of ferrites very much [18].

The synthesis of magnesium zinc ferrite has been reported
by various chemical and solid state reaction methods. In this
work, the dopant Mg in ZnFe,O, system is varied from 0.2 to
0.6 M% (Mg, Zn;_Fe,04(0.2, 0.4 and 0.6 M% of MgO)) and
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is prepared by auto-combustion method. The structural pa-
rameters such as crystallite size, lattice parameters, grain size,
and electrical properties were analyzed, and the influence of
Mg on the same was explained.

Experimental details

Commercially available metal nitrates of magnesium nitrate
(Mg(NOs),.6H,0), zinc nitrate (Zn(NOs), 6H,0) and ferric
nitrate (Fe(NO3),.9H,0) (all are AR grade Sigma Aldrich,
USA, 99.9% purity), citric acid were used as starting materials
and ammonia is used as fuel material for this reaction. All
these chemicals were mixed in an appropriate stoichiometric
proportion by using the formulae Mg,Zn,  Fe,0,4 (0.2, 0.4,
and 0.6 M% of MgO). Auto-combustion method was used
for the preparation of Mg-Zn ferrite. All the solutions were
stirred well to get the homogeneous solutions. After mixing,
the ratio of metal nitrates to citric acid was 1:3. These solu-
tions were stirred continuously on 90 °C for 1 h by adding
ammonia dropwise, so that the solution maintains pH value of
7. The resulting solution was evaporated by heating at about
150 °C on a hot plate with continuous stirring. The viscosity
rose as a result of cross-linking of carboxylato-metal com-
plexes into a three-dimensional structure and started to form
a viscous gel. When finally all water molecules were removed
from the mixture by increasing the temperature to 200 °C, the
gel began frothing. The gel gave a fast flameless auto-
combustion reaction with the evolution of large amounts of
gases. It started in the hottest zones of the beaker and propa-
gated from the bottom to the top like the eruption of a volcano.
The reaction was completed in a minute giving rise to dark
gray voluminous product with a structure similar to a branched
tree. Finally, the burnt powder was ground and calcined in air
at temperature of 500—1000 °C for 4 h to decompose of MgO
and reground to obtain the spinel phase. A 2 mol% of
polyvinylpyridine was added to the powder as binder and
mixed thoroughly. The powder sample was uniaxially pressed
by a pressure of 10 tons/in.? to get disc-shaped pellets, and
these pellets were sintered at 1400 °C for 2 h on air at slope of
2 C/min and cooled at room temperature of the same slope.
Different characterizations were conducted for the prepared
samples like XRD, SEM, EDAX, and electrical properties.

Results and discussion

XRD analysis

Figure 1 shows XRD patterns of Mg”* (0.2, 0.4, and 0.6 M%)
doped ZnFe,0,4. These patterns confirm that compositions

show the formation of cubic spinel-type structure (JCPDS card
no. 22-1012) with an average crystallite size in the range of 15—
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Fig. 1 XRD patterns of (a) 0.2, (b) 0.4, and (c) 0.6 M % Mg-doped
ZnFe,04 pellets sintered at 1400 °C for 2 h

80

50 nm [19]. All the samples show the presence of (111), (220),
(311), (400), (422), (511), (440), and (533) diffraction peaks in
the scanning range 20° to 80°. No other phases are detected in
the Mg-doped ZnFe,0, samples, which indicate that all the
samples exhibit the single-phase cubic spinal structure. The
average crystallite size of the samples is calculated from the
diffraction peaks at (311), (440), and (511) planes in the XRD
profile, in accordance with Debye—Scherrer formula [20]:

0.94\

- (cosh (1)

where D is the average particle, A is the X-ray wavelength
(0.1542 nm), (3 is the full width at half maximum (FWHM),
and 6 is the Bragg’s angle of the planes. The structural param-
eters are calculated and tabulated in Table 1.

The variation of the lattice constant depending on the
composition is observed in the Fig. 2. Lattice parameter
“a” is decreased with increasing Mg content because of
the small ionic radius of Mg®* ion [21]. The small sized
Mg might occupy interstitial sites, which thereby pro-
duces strain within the ZnFe,O4 [7]. It is observed that
peaks shift to higher 20 value after the addition of Mg.
The lattice parameter decreases with increasing Mg con-
tent from 8.449 to 8.443 A, thus obeying Vegard’s law.
According to Shannon’s compilation, the size of the Mg**
(0.79 A) is smaller than that of the Zn>* ion (0.83 A) in
the unit cell [22]. This contracts the lattice, and hence

Table 1  The structural parameters of Mg-doped ZnFe,0, nanoparticles
Composition 26 Crystalline  Lattice Grain size Structure
(°) size (nm) constant (A) (um)

0.2 M% Mg 35.19 36.54 8.449 1.63 Cubic
0.4 M% Mg 3539 27.14 8.447 1.51 Cubic
0.6 M% Mg 35.79 17.78 8.444 1.45 Cubic




J Aust Ceram Soc (2018) 54:467-473

8.45

8.449

8.448

8.447

8.446

Lattice Constant (A)

8.445

8.444 -

8.443 ‘ ‘
0 0.2 0.4 0.6 0.8
Mol % Mg

Fig. 2 Variation of lattice constant with mol% of Mg

lattice parameter and volume of the unit cell decrease. The
linear decrease in the lattice spacing thus indicates that the
Mg ions are replacing the Zn ions in Zn ferrite matrix also
indicating that Mg has entered into Zn>* ion sites forming
the lattice of spinel ferrite in Mg, Zn;_,Fe,0,4. The diffrac-
tion peaks of each Mg-doped samples are sharper and
narrower with increasing Mg content indicating that Mg
promoted the crystalline growth [23]. Another reason for
the observed variation of the lattice parameter is the Jahn—
Teller distortion which takes place for Zn** ions. With
increasing Mg”* ion concentration, the Jahn—Teller distor-
tion decreases and the cubic symmetry is increased. Jahn—
Teller distortion in the sample may be a compression dis-
tortion in the octahedral B site, with increasing Mg>*, the
octahedral site returns to its symmetry in the cubic form
as confirmed from X-ray [24].

Therefore, the lattice parameters contract when the Mg ion
substitutes the Zn ion in the lattice, and the contraction of
lattice parameters is a function of Mg content. This is in good
agreement with the reduction of the lattice volume. For this
reason, it can be concluded that the Mg,Zn,_Fe,O,4 can form
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Fig. 4 EDAX spectra ofa 0.2, b 0.4, and ¢ 0.6 M% Mg-doped ZnFe,O,
pellets sintered at 1400 °C for 2 h

in the whole range of Mg content used. The crystallite size
decreases with the increase of Mg content. This may be due to
the coarsening of the crystal and the growth occurred through
the Ostwald ripening mechanism [7, 25]. From the Fig. 3, it is
clearly observed that the crystalline size decreases linearly
from 36 to 17 nm with an increasing concentration of Mg
which indicates that Mg promoted the crystalline growth.
The EDAX spectrum shown in Fig. 4 presents the distribution
of elements in the composition, and it identifies the presence
of Zn, Fe, O, and Mg in all the compositions and placed in
Tables 2 and 3.

Table2 The EDAX analysis of Mg-doped Zn ferrites nanoparticles

Composition Zn Fe O Mg
0.2 M% Mg 11.67 29.84 55.11 3.38
0.4 M% Mg 8.10 31.07 55.83 4.99
0.6 M% Mg 6.08 29.58 57.13 7.21
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Table 3  Elemental analysis of the Mg-doped Zn ferrite sby EDAX

Composition/element X=02 X=04 X=0.6
Weight (%) Atomic (%) Weight (%) Atomic (%) Weight (%) Atomic (%)
0 K) 25.98 55.11 27.24 55.83 29.12 57.13
Mg (K) 242 3.38 3.70 4.99 5.59 721
Fe (L) 49.12 29.84 5291 31.07 52.64 29.58
Zn (L) 22.48 11.67 16.15 8.10 12.65 6.08
Total 100.00 100.00 100.00 100.00 100.00 100.00

Surface morphological studies

Figure 5a—c shows the surface morphologies of the sintered
pellets of Mg, Zn;  Fe,04 (x=0.2, 0.4, and 0.6); nanoparticles
were investigated by the scanning electron microscopy
(SEM). The SEM images of Mg,Zn, \Fe,O, samples (Fig.

Fig. 5 SEM images of a 0.2, b 0.4, and ¢ 0.6 M% Mg-doped ZnFe,O,4
pellets sintered at 1400 °C for 2 h
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Sa—c) reveal that the entire samples exhibit a compact arrange-
ment of homogeneous nanoparticles with spherical shape and
agglomerated with diameter ranging from 30 to 18 nm for
Mg-doped Zn ferrite samples. The total surface free energy
is reduced with the increase of Mg content. Nanoparticles are
agglomerated due to the presence of magnetic interactions
among the particles [26-28]. No significant change in mor-
phology is observed with the increase of Mg. Thus, sintering
has led to a reduction in grain boundary energy resulting in
dense structure.

The average grain size is measured by using linear intercept
method and tabulated in Table 1. The variation of grain size is
shown in Fig. 6. From that, we observed that the grain size
decreases with the increase of Mg content. This is due to the
presence of increased number of pores and also because of
smaller grain size, which leads to increased volume fraction of
grain boundary. Both the pores and grain boundaries inhibit
domain wall movement. However, the decrease in grain size
with the increase of Mg content indicates that Mg suppresses
the grain growth [29, 30]. Auto-combustion Mg-doped Zn
ferrite powders are uniform in both morphology and particle
size but are agglomerated to some extent due to interactions
between magnetic nanoparticles.
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Fig. 6 Variation of grain size with mol% of Mg
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Electrical properties

In general, the total conductivity (o;) of Mg-doped ZnFe,Oy4
nanoparticles is the sum of ionic conductivity (o;) and elec-
tronic conductivity (o). The contributions by grain, grain
boundary, and electrode to the overall ionic conductivity can
be estimated by recording ac impedance spectrum. The im-
pedance spectra of sintered samples are recorded at different
temperatures and are shown in Figs. 7, 8, and 9. From all these
complex plane plots, we observed that two well-separated arcs
and portions of a third arc were observed at the lower frequen-
cies for all samples. From this, it is clearly observed that re-
sistivity values decrease by increasing the temperature. The
semicircle corresponding to the bulk conductivity is lost from
the spectrum above 350 °C. This is caused by the effect of
inductances generated within the experimental apparatus on
the spectra.

Figure 10 shows comparison of spectra recorded at 450 °C.
The spectra show arc at high frequency corresponding to grain
interior resistance (R,). Semicircle at intermediate frequency
represents grain boundary resistance (Ry,), and tail at low
frequency represents electrode contributions and grain resis-
tance. Grain boundary resistance and electrode resistance (R.)
can be estimated from their intercepts on real axis. It has been
observed that both R, and Ry, decrease with Mg addition up
to 400 °C. Above 400 °C, no drastic change in R, is observed
while Ry, still decreases with Mg addition. If Mg is present as

Z'(Ohm)

the secondary phase within grain, R, would increase since
MgO is insulating. This ultimately indicates formation of
Mg-doped ZnFe,0, solid solution.

When Mg content increases with a temperature rise, time
constants of both grain and grain boundary processes reduce
and corresponding resistances decrease. Hence, the conduc-
tivity rises with the temperature. The conductivity is then cal-
culated from resistance, thickness /, and cross-section area A,
by using the formula [31], 0 =//RA. The variation of the con-
ductivity at different concentrations of Mg is shown in the
Fig. 11. It is observed that conductivity increases with the
increase of MgO content. This may be due to the hopping of
charge carriers which leads to the increase in the carrier mo-
bility [32]. This trend can be explained with the following
Kroger notation equations [30]:

Mg** + Zn* " —Mg(Zn*") (2)
2Mg*t + Fe’t —>2Mg(Fe’™) + C.V (3)
Mgt + Fe'" Mg, + Fe* +1/20; (4)
Mg*" 4 2Zn** Mg, + 22Zn* (5)

Mg(Zn**) and Mg(Fe’*) are the divalent ions located in the
positions of host zinc and iron oxides in ZnO and Fe,Os3,

Fig. 8 Impedance spectra of
0.4 M % Mg-doped ZnFe,0,
nanoparticles at temperatures a
300400 °C and b 450-550 °C
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Fig. 9 Impedance spectra of 300°C
0.6 M % Mg-doped ZnFe,O, 100000+ 350°C
nanoparticles at temperatures a 400°C
300400 °C and b 450-550 °C 80000
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respectively [28]; Mga is magnesium ions located in the in-
terstitial positions of zinc and ferric oxide lattices; created
cationic (oxygen) vacancies (C.V.). The dissolution of dopant
ions in the lattices of reacting oxides according to reaction (2)
which led to creation of cationic (oxygen) vacancies might
increase the mobility of cations of reacting oxides thus
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Fig. 10 Nyquist plots of (a) 0.2, (b) 0.4, and (c) 0.6 M % Mg-doped
ZnFe,0, nanoparticles recorded at 450 °C
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enhancing the ferrite formation. Incorporation of magnesium
ions in Fe,05 and ZnO lattices according to reactions (3) and
(4) decreased the number of reacting cations (Zn** and Fe**)
involved in the ferrite formation. So, reaction (2) might be
expected to stimulate zinc ferrite formation, while reactions
(3) and (4) might exert an opposite effect.

The fact is that MgO doping of Zn/Fe oxides system en-
hanced zinc ferrite formation suggesting the domination of
reaction (2). With the addition of MgO into Zn/Fe oxides
system would lead to the formation of oxygen vacancy due
to the charge compensation. Mainly electrolyte materials, the
vacancy will attract the doping ions to be produced due to
complex forces. At lower dopant content, most of these cat-
ionic (oxygen) vacancies are probably mobile, which could
explain gradual increase of conductivity.

Conclusions

The Mg-doped Zn ferrite nanoparticles are successfully syn-
thesized by auto-combustion method. The XRD study con-
firms the Mg-doped Zn ferrite nanoparticle has cubic spinel
structure. The lattice parameter as well as the crystallite size
(from 35.54 to 17.78 nm) decreases with increasing Mg con-
tent. No significant change is observed with Mg addition in
the morphology of the samples; the grain size decreases from
1.63 to 1.45 um with the addition of Mg concentration from
0.2 to 0.6 mol%. The ionic conductivity of the Mg-doped Zn
ferrite nanoparticles increased with the increase of Mg con-
centration from 0.012 to 0.0165 s/cm.
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