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Abstract: Nanosized zinc ferrite particles, prepared by spray pyrolysis method, were investigated by X-ray diffraction,
transmission electron microscopy, energy dispersive spectroscopy, Fe®’ Mossbauer spectroscopy, and vibrating sample
magnetometer. The cubic crystalline phases were identified in all samples. The lattice parameter (a = 8.446 A) and the
average particle size of all the samples were determined. The particle sizes increased as the annealing temperature
increased from 250 °C to 550 °C. The variation in structural parameters and particle size estimated from X-ray
diffraction patterns of heat-treated samples suggested that the synthesized sample was in a ‘metastable’ state or a
compositionally constrained state. The Mossbauer spectra of the annealed samples showed a single doublet, thereby
indicating the presence of superparamagnetism. Magnetic studies using vibrating sample magnetometer also confirm the

superparamagnetic nature of the material.
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1. Introduction

Magnetic nanomaterials are an important class of functional materials, possessing unique magnetic properties,
due to their small size. Researchers are synthesizing nanoforms of almost all kinds of magnetic materials by
various methods to understand their physical properties, and particularly their electrical and magnetic properties
[1]. Among them, spray pyrolysis is a promising method to produce particles with controlled morphology and
very small particle size [2]. The spray-drying method of polymer precursors with appropriate metal nitrates is
a simple and economic method that can be used to prepare numerous kinds of functional materials in nanoform
[3]. In this paper, we report the synthesis of ZnFe;O,4, a member of the magnetic spinel ferrites, using spray

drying of a polymer precursor containing metal nitrates and its characterization using various techniques [2].

2. Experimental

2.1. Synthesis

R-grade ferric nitrate Fe(NO3)3.6H2O, zinc nitrate Zn(NO3)2.6H2O, and polyvinyl alcohol (PVA ) with
molecular weight of 125,000 in deionized water were used for making the precursor for the spray drying. Aqueous

solutions of salts with different molar ratios of zinc nitrate and ferric nitrate were used. The presence of PVA

helps the homogeneous distribution of the metal ions in the polymeric network structure and inhibits their
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segregation from the solution. The resulting viscous mixture of PVA and metal nitrates was spray dried at
about 130 °C to obtain a black fluffy powder. A series of 5 such samples were prepared by spray technique
with varying molar ratios of zinc nitrate and iron nitrate for understanding the effect of iron concentration on
the formation of single-phase nano zinc ferrite nanoparticles. The synthesized nanoparticles of ZnFeo Q4 were
characterized using X-ray diffraction (XRD; Model: X'pert Pro) with Cu K, radiation (A = 1.5406 A). The
JCPDS PDF database was utilized for phase identification (Figure 1). Morphology and composition of the nearly
pure fraction (Z5) were studied using transmission electron microscopy (TEM), scanning electron microscopy
(SEM), and energy dispersive spectroscopy (EDS). Further, to confirm the composition, i.e. the stoichiometric
or nonstoichiometric nature of Z5, it was annealed at 250, 350, 450 and 550 °C for 20 min and studied using
XRD, Mossbauer, and vibrating sample magnetometer (VSM) techniques. Fe®” Mossbauer measurements were
carried out in transmission mode with a °7Co/Rh radioactive source in constant acceleration mode using a
standard PC-based Mossbauer spectrometer. All Mossbauer spectra were recorded at 300 K. Magnetization

measurements were conducted using a VSM at room temperature with a maximum magnetic field of 20 kG.
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Figure 1. XRD patterns of zinc ferrite nanoparticles synthesized by varying Zn:Fe molar ratios and annealed at 450 ° C.

2.2. XRD studies
The XRD patterns of the samples show well-resolved peaks, which confirm the polycrystalline and monophasic
nature of the prepared material (Figure 1).

The peaks corresponding to the planes (220), (311), (222), (400), (422), (511), and (440) confirm the
formation of the spinel structure of the ferrite [4,5]. However, the pyrolytic decomposition process of ferrite
powders is a chemically complicated process in which many intermediate products can be formed. The phases
that may be present in the sample are ZnO, Fe; O3, Fe;_, O, and stoichiometric ZnFe;O4 [6]. The XRD
pattern of the fractions indeed shows traces of impurity phases with varying orders. Among them, the fifth
fraction (Z5) seems to be free from impure phases, and hence Z5 was chosen for further studies. The lattice
parameter a of Z5, determined as 0.8447 nm, matches well with the JCPDS (89-1012) file for ZnFe;O4 (Table
1). The grain size of the zinc nanoferrite as determined using Scherrer’s equation is about 20 nm. The full
width at half maximum (FWHM) value of the peak corresponding to the (311) plane was chosen for calculating

the particle size. It is known that the FWHM can be expressed as a linear combination of the contribution
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from the lattice strain and crystalline size. The effect of strain and particle size on FWHM is expressed by the

following equation:

Beos 1 Tsinf

5 St (1)

where f is the measured FWHM (in radians), 6 is the Bragg angle of the peak, Ais the XRD wave length, ¢

is the effective particle size, and 7 is the effective strain. The average particle size was determined from the

B cos 6 t Tsin 0
A 0

extrapolation of the agains graph on the basis of the intercept inverse (Figure 2). The average
particle size was found to be 20 nm. However, there is no regularity in the reported lattice parameter values.
This may be attributed to the nonstoichiometric character as well as the presence of impurity phases in the
samples [7]. As a bulk material, ZnFe, O, has a normal structure, with Zn2* ions occupying the tetrahedral
sites and Fe3T ions occupying the octahedral sites. Due to this kind of distribution, stoichiometric composition
is defined at Zn2* /Fe3" = 0.5. However, when prepared as nanoparticles, a significant part of the Zn ions
can enter the zinc ferrite structure at the octahedral sites, resulting in flexibility of the composition. The
lattice parameters of the series of nonstoichiometric fractions (Z5-Z4) of the samples prepared in the present
work change with the Zn/Fe ratio used for their synthesis. The increases in lattice parameters as well as the
cell volume with increase in Zn/Fe ratio are mainly due to the larger size of the Zn2t ions. However, the
highly nonstoichiometric fraction (Z1) does not follow this trend, suggesting that the spinel structure is highly
defective and crystallized in the mixed phase structure. The larger lattice parameter of the stoichiometric
ZnFey 04 suggests that it has a different crystal structure in terms of the distribution of the constituent cations

over 2 lattice sites of the spinel structure compared to the bulk material [8].

Table 1. Structural values of zinc ferrite nanoparticles synthesized using spray pyrolysis of polymer precursor.

Sample Particle size | Lattice constant (A) | Unit cell volume
(zinc:iron ratio) | (nm) from XRD (A3)

71 (1:1) 21.5911 8.4622 £+ 0.03 605.9617

72 (1:1.25) 21.5884 8.4882 + 0.06 611.5731

Z3 (1:1.5) 21.5904 8.4622 £ 0.03 605.9618

Z4 (1:1.75) 21.5924 8.4240 + 0.01 597.8074

75 (1:2) 20.5800 8.4475 £ 0.001 602.8158

2.3. TEM studies

The morphology and crystalline nature of the Z5 sample were investigated using TEM (Figure 3). The particles
formed are fairly uniform with an average size of 15 nm. High-resolution TEM was done to confirm the findings
arrived at through XRD studies.

2.4. EDS studies

The chemical composition of the ZnFe; O, was determined using EDS. Figure 4 shows the EDS spectrum of
Z5. The percentage of Zn and Fe in the sample obtained from the spectrum approximately confirms the molar
ratio of 1:2 (Table 2).
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Figure 2. Williamson-Hall plot of sample Z5. Figure 3. TEM micrograph of zinc nanoferrite particles
calcined at 450 °C.
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Figure 4. EDS pattern of ZnFe; O4 nanoparticles.

Table 2. The atomic abundance of elements of Z5.

Element | keV | Mass % | Atom % | K

OK 0.525 | 14.56 38.62 0.4247
FeK 6.398 | 53.30 40.51 1

ZnK 8.630 | 32.140 20.87 1.8766
Total 100 100
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3. Effect of annealing on particle size

3.1. XRD studies

It has been reported in the literature that annealing of ferrite nanoparticles at various temperatures and for
various time periods indeed is helpful to confirm the stoichiometric character of sample. The ZnFes O4 samples
with Zn/Fe = 0.5 annealed at different temperatures are shown in Figures 5a and 5b. All the peaks in the pattern
could arise from the cubic spinel structure of the sample. The average particle size and lattice parameters of
the sample were estimated from the most intense peak (Table 3) [4,5]. The lattice parameters of the prepared
samples are in good agreement with values reported earlier [5,6,9] and are found to be in the range of 8.4313—
8.4519 A as the annealing temperature increases from 250 to 550 °C. The data indicate that there is a gradual
increase in particle size from 10.9908 to 35.5877 nm as the annealing temperature increases from 250 to 550 ° C.
When the nanoparticles were heated in air, their size increased, indicating that their structure was rearranged
to the equilibrium bulk state. According to Makovec and Drofenik [7], Makovec et al. [8], and Nejati and Zabihi
[10], the structural rearrangement at low annealing temperatures is attributed to ZnO precipitation, whereas,
at high temperatures, structural rearrangement is via distribution of 2 cations between 2 spinel lattices. This
process is manifested by growth of the particles. The rearrangement of cations is highly plausible because the
said fraction is a highly inverted one with inversion parameter § = 0.74 determined by a low-temperature,
high-field Mossbauer experiment done on the sample [11]. The presence of the ZnO phase and the growth in
particle sizes with increasing annealing temperature (Figure 5; Table 3) suggest that the synthesized sample
is in a ‘metastable’ state or a compositionally constrained state. In-depth analysis using TEM, EDS, X-ray
absorption fine structure, and XRD and a series of magnetic measurements are required for confirming the
status of our sample, which is not within the scope of the present work. The results further show that the
pyrolysis method could be used to produce nearly pure nanosized ZnFe; O, particles and that annealing at

different temperatures provides a good means to control the particle size.
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Figure 5. XRD pattern of Z5 annealed at (a) 450 and (b) 250, 350, and 550 °C.

3.2. Room-temperature Mossbauer studies

The room-temperature Fe” Mossbauer spectra of all the samples shown in Figures 6a-6d are quite similar.

This type of Mossbauer spectrum is common in most nanosized zinc ferrite systems, which can be attributed to

232



KURIAN et al./Turk J Phys

Table 3. The lattice constant and particle size of Z5 sample at different annealing temperatures.

Sample code | a (A) [ Particle size (nm) | Temperature (°C)
75-250 8.4462 | 13.1309 250
7.5-350 8.4313 | 10.9908 350
75-450 8.4485 | 20.7246 450
75-550 8.4519 | 35.5877 550

the superparamagnetic character [12-15]. The spectra obtained were least-square fitted and the refined values of
hyperfine parameters are plotted in Figure 7 and tabulated in Table 4. Though the Mossbauer spectra of all the
samples show only a doublet, there are changes in the Mossbauer parameters. In all the samples, isomer shift
ranges are characteristic of Fe3*. The line width of doublets in all samples is quite large. The larger widths and
fluctuations in quadrupole splitting (QS) values indicate the presence of different kinds of environment around
the Mossbauer probe nuclei. This may be due to the cationic exchange among ferrite sublattices of inverted

spinel fraction Z5 [11]. Further, the degree of inversion, as reported by various studies, is a function of the
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Figure 6. The Mossbauer spectra of Z5 sample at room temperature with annealing at (a) 250, (b) 350, (c) 450, and
(d) 550 °C.
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methods adopted in the synthesis as well as heat treatment and ball milling. For a given method, inversion
decreases with heating of samples [7,8]. The fluctuations observed in the QS values also may be attributed to
this factor. It has been reported that as particle sizes decrease, the Mossbauer absorption also decreases, since,
in smaller particles, a larger fraction of Fe®” atoms will be at the surface where the crystal bonding is weak.
However, this trend was not observed in our samples; instead, we observed fluctuations in recoil-free fraction
values. Fluctuations in recoil-free fraction may be attributed to cation migration among lattice sites since the
recoil-free fraction of Fe®” is different for tetrahedral and octahedral sites [9]. This fact strongly suggests that
our sample is compositionally constrained and that, upon heating, cation rearrangement takes place between

tetrahedral and octahedral sites.
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Figure 7. Mossbauer parameters [isomer shift (IS), quadrupole shift (QS), and line width (WID)] for Z5 at annealing
temperatures of 250, 350, 450, and 550 ° C.

Table 4. Mossbauer parameters (IS, QS, line width, area, and chi) for Z5 at sintering temperatures of 250, 350, 450,
and 550 °C.

Samples at Particle

different size IS (mm/s) | QS (mm/s) | Width | Area | Chi
temperature | (nm)

75-250 13.1309 | 0.3522 0.5706 0.6883 | 0.1164 | 1.0609
0.3555 35.5877 | 0.3555 0.4269 0.5619 | 0.0719 | 1.0625
25-350 10.9908 | 0.3454 0.5472 0.5941 | 0.1302 | 0.9021
75-450 20.7246 | 0.3352 0.4864 0.6097 | 0.0572 | 0.9296

3.3. Magnetic studies

The room temperature (300 K) magnetic properties of the zinc nanoferrites annealed at different temperatures
were investigated by VSM technique in the range of —20 kOe to +20 kOe approximately. Figures 8a—8d show
M-H curves for the samples. These samples show a typical S-shape in the M-H curves with varying Ms values.
The variation of nanoparticles’” magnetization upon annealing can be related to changes in the nanoparticles’

composition due to precipitation of ZnO (reflected in the XRD patterns) and structural rearrangement between
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cation sites (enhanced particle sizes) [16-18]. A careful analysis of the magnetic parameters along with particle

size and structural parameters (Table 5) obtained for the fraction supports the metastable or compositionally

constrained nature of the zinc ferrite nanoparticles synthesized by spray pyrolysis. Furthermore, the almost

zero values of coercivity and retentivity at room temperature of these nanoparticles indicate the presence of

superparamagnetism.
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Figure 8. M-H hystersis loop of the produced Z5 at annealing temperature of (a) 250, (b) 350, (c) 450, and (d) 550 °C.

Table 5. The coercivity, retentivity, saturation magnetization per unit mass, and magnetic moment for Z5 at annealing
temperatures of 250, 350, 450, and 550 ° C.

Particle | Saturation Magnetic
He (Oe) | Retentivity | size magnetization | moment
(emu) (mm) | M, (emu/g) | pess (un)
75-250 | 32.5267 | 4.2245E-3 13.1309 | 9.2598 0.4000
75-350 | 27.2810 | 3.6011E-3 10.9908 | 9.1706 0.3962
75-450 | 54.0150 7.6415E-3 20.7246 | 7.2564 0.3135
75-550 | 92.6360 | 30.2740E-3 | 35.5877 | 8.0788 0.3490
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4. Conclusion

Zinc ferrite spinel nanoparticles were synthesized using spray pyrolysis of polymer precursors of metal nitrates.
The Zn/Fe ratio in the particles varied from 0.5 to 1. XRD patterns confirmed the formation of cubic
nanocrystalline particles with particle sizes of around 20 nm, but indicated traces of ZnO and ~y-Fes O3 phases
in all fractions. The nearly pure fraction (Zn/Fe = 0.5) was further characterized using EDS and TEM. TEM
images confirmed the crystalline nature of the particles as well as the sizes of the particles, whereas EDS analysis
supported the nonstoichiometric nature of the sample since the Zn/Fe ratio was found to be greater than 0.5.
For confirming this nature, a temperature-dependent study was performed on the said fraction. The variations
in structural parameters and particle size estimated from XRD patterns of heat-treated samples suggest that the
synthesized sample is in a metastable or compositionally constrained state. The results of VSM measurements
also support the said nature of the sample. Isomer shift values derived from room-temperature Mossbauer
spectra of heat-treated samples were the same for all samples, which confirmed the 3+ oxidation state of iron
in the sample. The presence of a doublet in all Mossbauer spectra and the negligible values of coercivity and
retentivity obtained from VSM measurements for all the samples at room temperature confirmed the presence
of superparamagnetism in the prepared samples.
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