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Zinc ferrite nano-particles are synthesised by advanced combustion route. The nano-sized Zn ferrite
characterized by X-ray diffraction (XRD), Scanning electron micrographs (SEM) and Energy
dispersive X-ray (EDX) techniques. The magnetic properties were determined by using vibrating
sample magnetometer (VSM). The preparation method investigated brought about formation of
moderate crystalline ZnFe,O, as a single phase with irregular shape. Both the saturation magnetization
(60 emu/g) and the remnant magnetization (20 emu/g) were found to be highly depending upon the
size and crystallinity of the investigated ferrite. Our results indicate that this method might provide a
promising option for synthesizing high-quality nano-sized ZnFe;0..
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1. INTRODUCTION

Ferrite material has been widely used in various technical applications including in magnetic
refrigeration, detoxification of biological fluids, magnetically controlled transport of anti-cancer drugs,
magnetic resonance imaging contrast enhancement, magnetic cell separation, magnetic devices,
switching devices, recording tapes, permanent magnets, hard disc recording media, flexible recording
media, read-write heads, active components of ferrofluids, color imaging, gas-sensitive materials and
catalytic materials [1-7]. Ferrite based nano-materials show novel properties that are often significantly
different from the bulk due to fundamental changes in structural and concomitant electronic
rearrangements (induced by the reduced dimensionality) and to significant dominance of the surface
atoms. [8-10]. Among the ferrite materials, zinc ferrite that has been many applications in various
fields of industry including magnetic materials, gas sensor and absorbent material for hot-gas
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desulphurization [11-14]. Recently, it was found that Zn ferrite is a promising semiconductor photo-
catalyst for various processes due to its ability to absorb visible light, high efficiency, low cost and
excellent photochemical stability. In addition, zinc ferrite shows potentially wide applications in photo
induced electron transfer, photo-electrochemical cells and photo-chemical hydrogen production [15-
22]. Zinc ferrite is fabricated by numerous methods, such as ceramic method, sol-gel, co-precipitation,
ball-milling technique, hydrothermal synthesis and thermal decomposition [23-27].

The traditional bulk ZnFe,O, is a normal spinel with Zn?* jons only on the tetrahedral (A) sites
and Fe** jons only on the octahedral (B) sites. It has antiferromagnetic properties below the Néel
temperature of about 10 K and behaves paramagnetic at room temperature [28]. Recent investigations
of nano-crystalline ZnFe,O, have suggested that the cation distribution in this material is partly
inverted and exhibits anomaly in its magnetization [28, 29]. Néel suggested that small
antiferromagnetic particles can exhibit super-paramagnetism and weak ferromagnetism due to
uncompensated spins in the two sublattices [30]. One of the most challenging open questions in the
study of spinel ferrite nanoparticles is the cation distribution between the two interstitial sites of the
structure and its influence on the different properties of the ferrite materials. Indeed, the cation
distribution over the tetrahedral and octahedral sites in the spinel-type lattice is strongly dependent on
the ionic radii, concentration of the substituted divalent metal ions and the synthesis pathway [31-34].
Large cation redistributions/inversion parameters can be obtained only by placing ZnFe,O, into a non-
equilibrium state [35].

In recent years, combustion synthesis of zinc ferrite has attracted the interest of many
researchers as an energy and time-saving process [31-34, 36, 37]. In addition, this method resulted in
ceramic products have high purity, chemical homogeneity on an atomic scale, small uniform particle
sizes and controlled particle shapes. In previous our investigations, the combustion route with different
fuels have been used to synthesize undoped and Li, Mg and Al doped zinc ferrites [31-34]. These
studies showed that the molar ratio of fuel and doping affect the cation distribution between the two
interstitial sites of the spinel structure with subsequent modification in different properties of the as
prepared ferrites.

The present work aims to investigate the structural, morphologically and magnetic properties of
Zn ferrite sample which prepared by using the advanced combustion method. Detailed analyses of the
structural, morphologically and magnetic properties of as prepared ferrite are discussed. The
techniques employed were XRD, SEM, EDX and VSM.

2. EXPERIMENTAL

2.1. Materials

Zn/Fe mixed oxide sample was prepared by mixing calculated proportions of zinc and iron
nitrates with a mixture of glycine and ammonium nitrate. The mixed precursors were concentrated in a
porcelain crucible on a hot plate at 350 °C for 10 minutes. The crystal water was gradually vaporized
during heating and when a crucible temperature was reached, a great deal of foams produced and spark
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appeared at one corner which spread through the mass, yielding a brown voluminous and fluffy
product in the container. In our experiment, the ratio of the H4NNOsz;: H,NCH,COOH:
Zn(NO3),.6H,0 : Fe(NO3)3.9H,0 were 1: 4 : 1 : 2, respectively. The chemicals employed in the
present work were of analytical grade supplied by Prolabo Company.

2.2. Techniques

An X-ray measurement of various mixed solids was carried out using a BRUKER D8 advance
diffractometer (Germany). The patterns were run with Cu K, radiation at 40 kV and 40 mA with
scanning speed in 20 of 2 ° min™.

The crystallite size of Zn-ferrite present in the investigated solids was based on X-ray

diffraction line broadening and calculated by using Scherrer equation [38].

_ BA
~ Bcosd
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where d is the average crystallite size of the phase under investigation, B is the Scherrer
constant (0.89), A is the wave length of X-ray beam used, f is the full-with half maximum (FWHM) of
diffraction and 6 is the Bragg's angle.

Scanning electron micrographs (SEM) were recorded on SEM-JEOL JAX-840A electron
microanalyzer (Japan). The samples were dispersed in ethanol and then treated ultrasonically in order
disperse individual particles over a gold grids.

Energy dispersive X-ray (EDX) analysis was carried out on Hitachi S-800 electron microscope
with an attached kevex Delta system. The parameters were as follows: accelerating voltage 10, 15 and
20 kV, accumulation time 100s, window width 8 um. The surface molar composition was determined
by the Asa method, Zaf-correction, Gaussian approximation.

The magnetic properties of the investigated solids were measured at room temperature using a
vibrating sample magnetometer (VSM; 9600-1 LDJ, USA) in a maximum applied field of 15 kOe.
From the obtained hysteresis loops, the saturation magnetization (M), remanence magnetization (M)
and coercivity (H¢) were determined.

3. RESULTS

3.1. XRD investigation

The XRD pattern of the as synthesized solid is shown in Fig.1. This figure showed that the as
prepared sample consisted entirely of nano-crystalline ZnFe,O,4 particles. Indeed, the XRD pattern
contains ten sharp lines coincide with the standard data of the cubic spinel Zn ferrite (Franklinite)
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phase with the Fd3m space group (JCPDS card No. 74-2397). The peaks of the as prepared solid
indexed to the crystal plane of spinel Zn ferrite (220), (311), (222), (400), (422), (511), (440), (620),
(533) and (622), respectively. The crystallite size of this ferrite was estimated to be about 52 nm from
the X-ray peak broadening of the (311) peak using Scherrer’s equation. The X-ray pattern of the as
prepared ferrite displays sharp and well-resolved diffraction peaks with the good crystallinity of the as
prepared specimen. No additional peak of the second phase was observed in the XRD pattern, showing
that the as prepared ferrite consisted of single spinel ZnFe,O, phase.
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Figure 1. XRD pattern for cubic spinel ZnFe,O, nano-particles.

An X-ray data enable us to calculate the different structural parameters such as the lattice
constant (a), unit cell volume (V), X-ray density (Dy), the distance between the magnetic ions (La and
Lg), ionic radii (ra, rs) and bond lengths (A—O and B-O) on tetrahedral (A) sites and octahedral (B)
sites of cubic spinel structure for the produced zinc ferrite crystallites. The calculated values of a, La,
Lg, ra, r's, A—O and B—O of Mn ferrite are 0.8444, 0.3656, 0.2985, 0.0552, 0.0719, 0.1902 and 0.2069
nm, respectively. Whereas, the value of V is 0.602 nm® while the value of Dy is 5.3207 g/cm?®.

3.2. SEM measurement

SEM micrographs of as-prepared powders with different magnifications are shown in Fig. 2a-d.
This figure displays the formation of spongy and fragile zinc ferrite powders. The fracture surfaces of
the aggregated powders are formed by using a mixture of glycine with ammonium nitrate. In addition,
the as synthesized sample consisted of multigrain agglomerations with small discrete crystallites. One
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can see voids and pores in the samples. This observation could be attributed to the release of large
amount gases during combustion process due decomposition of both glycine and ammonium nitrate.
By comparing with my previous work, it is found that the zinc ferrite prepared by using a mixture of
glycine and ammonium nitrate displays week agglomeration.
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Figure 2. SEM images for ZnFe,0, nano-particles with different magnifications.

3.3. EDX analysis
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Figure 3. EDX pattern of ZnFe,O, nano-particles with different voltages.
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Figure 4. EDX pattern of ZnFe,O, nano-particles with different areas.

Energy dispersive X-ray (EDX) analysis of the as prepared specimen was carried out at
different voltages and various areas on the surface of solid. Figs. 3 and 4 display EDX analysis with
different voltages and various areas, respectively. This finding shows almost homogeneous and
uniform distribution of Zn and Fe particles in the powder sample.

The effective atomic concentration of Zn, Fe and oxygen species on top surface layers of the
solid investigated are determined by EDX technique. The relative atomic abundance of Zn, Fe and O
species present in the uppermost surface and bulk layers of Zn ferrite are given in Tables 1 and 2.
Inspection of Table 1 revealed that the surface concentrations of Zn and Fe species at 10, 15 and 20
keV are very close to those in the bulk of the as synthesized solid. This observation may be reported to
the increase in the mobility of Zn and Fe species with subsequent an increase in the formation of Zn
ferrite. In addition, Table 2 showed that the surface concentrations of Zn, Fe and oxygen species at 20
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keV on different areas over the surface of specimen studied are much closed to each other. This
indicates the homogeneous distribution of Zn, Fe and O species in the investigated sample.

Table 1. The atomic abundance (surface and bulk) of elements measured at different voltages over the
same area for the as prepared solids.

Elements Atomic abundance (%)
Calculated Found (Surface)

(Bulk) 10 15 20
keV keV keV
26.55 22.37 22.50 22.50
46.33 77.73 54.90 54.89
27.12 00.00 23.60 23.61

Table 2. The atomic abundance (surface) of elements measured at 20 keV and different areas over the
as prepared solids.

Elements

0 22.36 22.36 22.36 22.36
Fe 25.75 24.81 25.34 25.05
Zn 22.67 22.67 24.10 23.10

3.4. Magnetic properties

The saturation magnetization (Ms), remanent magnetization (M;) and the coercivity of the as-
prepared powders were determined by measuring the magnetic hysteresis loop (not given) at room
temperature. The Mg value was found to be 60 emu/g and the value M, was 20 emu/g for the ZnFe,O,
sample. The corresponding squareness ratio (M,/Ms) was found to be 0.333. In addition, the coercivity
of the investigated sample was found to 50 Oe. . It was found that the as-prepared Zn ferrite particles
in this work exhibited a saturation magnetization greater than that of ZnFe,O,, prepared by glycine as
fuel [32].

4. DISCUSSION

Spinel zinc ferrite, ZnFe,04, based materials can be prepared via solid state reaction between
ZnO and Fe,03 [28]. The enhancement of this reaction is controlled by thermal diffusion of Zn and Fe
cations through the zinc ferrite film which covers the surfaces of grains of reacting oxides (ZnO and
Fe,O3) and acts as energy barrier. The precursor compounds, preparation method and preparation
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conditions have different effects on solid state reaction between ferric and zinc oxides to produce Zn
ferrite. In this study, the promoted combustion route was used for preparation of zinc ferrite. Indeed,
the nature of fuel used in the combustion method affect the different properties of the as prepared
ferrite such as structural, morphologically, surface, catalytic, optical and magnetic properties. In fact,
the combustion process achieved by ammonium nitrate which produces from combination of nitrate
and ammonium ions liberated from decomposition of the reactants [39]. So, the activation of the
combustion route can be occurred by using a mixture of fuel and ammonium nitrate. This treatment
resulted in reduction of local partial sintering among the primary particles via dissipation the heat of
combustion reaction through the whole mass investigated [40, 41].

Formation of zinc ferrite nano-particles with moderate crystallization and low agglomeration
can be achieved via the combustion route by using a mixture of glycine and ammonium nitrate
depending upon the released heat and gases during the combustion process. So, the use of ammonium
nitrate is promising route for formation of moderate crystalline zinc ferrite nano- particles due to
distribution of the energy inside the whole reacting particles reducing the aggregation process as
shown in SEM micrographs. Also, XRD measurement showed that Zn ferrite prepared by a mixture of
glycine and ammonium nitrate has crystallinity less than that prepared by glycine only [32]

The counter-diffusion of Zn®* and Fe** through a relatively rigid oxide lattice led to the
formation of ZnFe,O, particles [32]. Alper reported that the diffusing ions might be Fe®* including
Fe** on the basis of detecting Fe?* in the interface [42]. In addition, following reactions indicate that
Fe,O3 decomposes to 2Fe" and oxygen gas at Fe,Os—interface [43]. Moreover, oxygen moves through
the reacted area to be added to the ZnO interface and form spinel by reacting with Fe?* and ZnO:

At Fe,0s interface:

3Fe,03 +2Zn**  — 2ZnFe,0, +2Fe** +0.50,  (2)
At ZnO interface:

2Fe?* +3Zn0 + 0.50, — ZnFe,0, +2Zn** (3)

The presence of any Fe** ions in ZnO by diffusion would contribute to the chemically created
vacancies depending upon the ionic radii of ferric and zinc speices are 0.064 and 0.074 nm,
respectively [32]. Indeed, 3Zn®* could be replaced by 2Fe** and a vacancy because of electro-neutrality
restrictions. However, ZnO—Fe,O3 system shows limited solid solution of Fe,O3 in ZnO solid. Ferric
cations which appear in tetrahedral sites with the introduction of trivalent cations into ZnO can be
considered as an embryonic element or nucleus for formation of inverse spinel in order to satisfy
energy stabilization in the structure [44] .On the other hand, Fe** cations have a tendency to be located
in tetrahedral sites with making a strong bond with O®™ ions in terms of electro-negativity differences
and reach the lowest state of energy.

In this work, the observed super-paramagnetic behavior of Zn ferrite nano-particles could be
attributed to spin canting and surface spin disorder that occurred in these nano-particles [45, 46].
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Indeed, the zinc ferrite prepared by a mixture of glycine and ammonium nitrate has saturation
magnetization (60 emu/g) greater than that for Zn ferrite synthesized by glycine only (52 emu/g) due to
the redistribution of the reacting cations on A and B sites involved in the spinel Zn ferrite [32]. In other
words, the higher saturation magnetization of Zn ferrite prepared in this investigation could be
attributed migration of some Fe** ions from B site to A site via conversion of some Fe®* ions to Fe®*
ions with subsequent increase in the Fea**—Feg®" super-exchange interactions [47]. This conversion
brought about an increase in the saturation magnetization and a decrease in the crystallinity of zinc
ferrite prepared by using a mixture of glycine and ammonium nitrate comparing with that prepared by
using glycine only. This decrease in the crystallinity could be attributed to the contraction in the lattice.
This contraction may be due to the difference in the ionic radii of both ferric (0.076 nm) and ferrous
ions (0.064) [32]. The saturation magnetization of the as prepared ZnFe,O, nano-particles is clearly
higher compared with the reported value of ~5 emu/g for the bulk ZnFe,0,4 [23].

The large value of magnetization observed in the present study shows that the cation
distribution changed from normal to mixed spinel type. Hence, the percentage of Fe®* ions occupies
the tetrahedral sites which switches on the A-B super-exchange interaction and gives rise in the
magnetization. EXAFS studies conducted by Jeyadevan et al. support the presence of Zn®* ion on the
B-sites [48]. Liganza found that 4% of the A-sites was occupied by Fe®" ions [49]. The neutron
diffraction study of nanocrystalline ZnFe,O, reports that the occupancy of Fe** ions at the A sites is
0.018 and 0.142 for the fine particles of diameters 96 and 29 nm, respectively [50]. However, it has
been reported that the spin disorder may occur on the surface of the nano-particles and the cores of the
nano-particles could be attributed to the vacant sub-lattice disorder sites (Fea®") and poor crystal
structure [51].

5. CONCLUSIONS

Using a mixture of glycine and ammonium nitrate as fuel resulted in formation of Zn ferrite
with moderate crystalline cubic spinel structure, homogeneously distributed nano- particles and nano-
scale size. Higher saturation magnetization (60 emu/g) and coercivity values (50 Oe) of Zn ferrite are
obtained by using a mixture of glycine and ammonium nitrate as fuel. These values are greater than
those for nano-magnetic Zn ferrite materials prepared by using glycine only.
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