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Abstract In the present work, microwave-assisted copre-
cipitation route was used for synthesis of nanocrystalline zinc
ferrite and results were compared with conventionally pre-
pared zinc ferrite. Synthesis conditions were kept uniform in
both cases, except that the mode of heating was changed. The
effects of mode of heating on the material properties were
studied systematically. Microstructures of both samples were
studied by scanning electron microscopy and transmission
electron microscopy and the particle size was found to be in
the range of 3—4 nm. Particle size distribution in microwave-
processed MS-ZnFe,Q, is found to be highly uniform com-
pared to conventionally processed samples (CS-ZnFe,O,).
XRD data confirmed the presence of single-phase face-cen-
tered cubic structure for both the samples. The XRD data
fitted well with Reitveld refinement. The functional groups
were analyzed by FT-IR. Local distortions in the structures
were studied by FT-Raman spectra of zinc ferrites at room
temperature. This study concludes that the microwave-
assisted synthesis route reduced the time of reaction by
around 23 h and developed uniformly distributed fine-scaled
particles. This method has high potential to synthesize other
ferrite materials also.
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Introduction

Ferrites having spinel crystal structure are widely used in a
number of electronic devices because of their high per-
meability at high frequency, remarkably high electrical
resistivity, mechanical hardness, chemical stability, and
reasonable cost. Spinels of the type A>"B3"0y are inten-
sively focused due to their wide applications in several
technological fields (Bettinger et al. 2007), where A and B
refer to the tetrahedral and octahedral sites, respectively, in
the oxygen lattice. There are different technological
applications such as high-density magnetic recording,
biomedicine, targeted drug delivery, magnetic fluids, data
storage, spintronics, solar cells, sensors, and catalysis (Yin
and Alivisatos 2005; El-Sayed 2004; Geng et al. 2007; Lu
et al. 2007). ZnFe,O, is one of the most important spinel
ferrites which exhibits properties for application as soft
magnets and low loss materials at high frequencies (Son
et al. 2002). Zinc ferrite (ZnFe,0,) is of interest not only to
basic research in magnetism, but also has great potential in
technological applications, such as magnetic materials
(Ehrhardt et al. 2003; Bid and Pradhan 2003; Kundu et al.
2003; Tanaka et al. 1998; Grasset et al. 2002; Deng et al.
2005; Sousa et al. 2001), gas sensors (Niu et al. 2004),
catalysts (Toledo-Antonio et al. 2002), photocatalysts (Qiu
et al. 2004), and absorbent materials (Kobayashi et al.
2002, 2002; Pineda et al. 1997; Tkenaga et al. 2004; Tomas-
Alonso and Latasa 2004), and is described by the formula
(A)(B),04. Spinel ferrites possess a cubic structure, where
(A) and (B) indicate tetrahedral and octahedral cation sites
in a face-centered cubic anion (oxygen) sublattice,
respectively. Bulk ZnFe,O,4 has a normal spinel structure
with Zn>" ions in the A-site and Fe*" ions in the B-sites.
However, in contrast to the bulk compound, the
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nanocrystalline ZnFe,O, system always shows up as a
mixed spinel in which Zn*" and Fe*" ions are distributed
over the A- and B-sites. This cationic rearrangement leads
to the formation of two magnetic sublattices, which are
responsible for the enhanced magnetization when com-
pared with normal ZnFe,O, (Sepelak et al. 1997; Oliver
et al. 2000; Jeyadevan et al. 1994).

The physical properties of ferrites are dependent on
several factors such as the preparation method, sintering
process, and the type and amount of constituent elements
or additives (Yadoji et al. 2003). There are two main fac-
tors which cause nanomaterials to behave significantly
differently from bulk materials: (I) surface effects (causing
a smooth scaling of properties due to the fraction of atoms
on the surface) and (II) quantum effects (showing discon-
tinuous behavior due to quantum confinement effects in
materials with delocalized electrons) (Roduner 2006).
These factors affect the chemical reactivity of materials
and physical properties such as mechanical, optical, elec-
trical, and magnetic properties.

Cubic spinel ferrites system shows significant changes
in its magnetic properties by reducing the grain size at
nanoscale. Tang et al. have finely tuned particle size by
controlling the annealing temperature, and the effect of
particle size on magnetic behavior has been reported (Tung
et al. 2002). The blocking temperature has been found to
increase and the (effective) anisotropy constant Kyu
decreases with increasing particle size. The latter effect is
attributed to the smaller contribution of the surface
anisotropy when the particle size increases. Bulk zinc
ferrite has a completely normal spinel structure with Zn
ions in the tetrahedral or A sites and Fe ions in the octa-
hedral or B sites (Changwa et al. 2007). In contrast to the
bulk compound, the nanocrystalline ZnFe,O, system
always shows up as a mixed spinel, which may rearrange
Zn and Fe at A and B. It leads to change in the physical
behavior. The mode and conditions of synthesis play very
important role in particle size manipulation. Various syn-
thesis methods, such as dry and wet milling (Ozcan et al.
2005), sol-gel, coprecipitation (Atif et al. 2006; Kumar
1999), microemulsion (Wakiya et al. 2007), pulsed laser
deposition, electrode position (Li et al. 2006), thermal
solid-state reaction (Sivakumar et al. 2006), an ultrasonic
cavitation approach (Changwa et al. 2007), thermal
decomposition of metal-surfactant complexes (Huayun
et al. 2012), hydrothermal and solvothermal methods (Gul
et al. 2013), have been reported for the preparation of
nanometer ZnFe,O, particles.

In the present study, we have prepared ZnFe,O, nano-
particles by the coprecipitation technique. The effects of
the mode of heating during synthesis on structure, size, and
morphology of the ZnFe,O4 nanoparticles were systemat-
ically investigated. XRD, SEM, and TEM techniques were
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used to study the structure and morphology of the samples.
Functional groups were analyzed by FT-IR. The effect of
the synthesis parameters on local distortion in structure
were studied by FT-Raman spectra of ZnFe,O, at room
temperature.

Experimental

For the synthesis of nanoparticles of Zinc ferrites, the
homogeneous coprecipitation route was used. All precursor
Zn(NOj3)3-6H,0 (AR) and Fe(NO3)3-9H,O were procured
from Sigma-Aldrich with 99.9 % purity. For preparation,
7Zn(NO3)5-6H,0 and Fe(NO3);-9H,0 were dissolved in de-
ionized water with stoichiometry of [Zn2+] = (0.10 mol/L
and [Fe3+] = (.20 mol/L in the mixed solution. A solution
of 6.0 mol/LL NaOH was added drop-wise under stirring
into a 50.0 mL mixed solution to adjust the pH of the
admixture to 12 (optimized value). The admixture was
transferred into a round bottom flask with reflux arrange-
ment and placed on a hot plate with continuous stirring.
The hot plate was kept at different temperatures starting
from 120 to 200 °C and processed at different time and
then allowed to cool to room temperature naturally. The
best results were obtained for samples processed at 140 °C
for 24 h. To process the reaction in a microwave, the
admixture was transferred into a round bottom flask and
sealed and heated in a microwave-refluxing system with a
magnetic stirrer at different power levels and different
processing times. The microwave-refluxing system used
for the processing is of 360 x 210 x 430 mm-dimension
chamber with a 2.45 GHz frequency multimode source.
The maximum deliverable power output was 700 W. We
prepared the samples at different conditions of microwave
power and irradiation time. The best results were obtained
for sample processed at 700 W for 45 min of processing
time. The corresponding temperature was measured as
120 °C. The solute was separated from the solvent by
centrifugation and washed with water and ethanol five
times, followed by drying at 70 °C overnight to obtain a
precursor. The as-synthesized sample was used for struc-
tural characterization.

At room temperature, powder XRD was carried out on
the as-synthesized and calcined CS-ZnFe,O, and MS-
ZnFe,O, samples for phase identification and for the
crystallite size estimation, using a Bruker D8 Advance
X-ray diffractometer with CuKo radiation at a scanning
rate of 1 min~'. The XRD patterns were collected in the
20 range of 10°-70° at room temperature with an angle
step size of 0.013° (20) and 8 s counting time to ensure
sufficient resolution for structural refinements by the
Rietveld method using Fullprof software. The morphol-
ogy of the samples was observed using a scanning
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electron microscope (SEM, JEOL-6360) and transmission
electron microscope (TEM, Technai 20G2) operated at an
accelerating voltage of 200 keV using carbon-coated
formvar grids. The sample was prepared by dispersing
the nanostructures in N,N-dimethylformamide (DMF)
using ultrasonication. The formation of metal-O bonds in
the CS and MS-ZnFe,O, powder sample was confirmed
by FT-IR System, Perkin Elmer Spectrum One, Instru-
ment. FT-RAMAN spectra of the powders were recorded
by BRUKER RFS 27: Stand-alone FT-Raman
Spectrometer.

Results and discussion

The powder X-ray diffraction patterns of CS and MS-zinc
ferrites powder calcined at different temperatures are
shown in Figs. 1 and 2, respectively. It can be clearly seen
from the XRD data that as-synthesized powder is in
amorphous form for both the samples. However, after
calcination at 400 °C, crystalline nature was observed to
develop in both the samples with crystal growth along the
direction (220), (311), (422), and (440). By raising the
temperature of calcination from 400 to 600 °C, the degree
of crystallinity is found to increase with the introduction of
a new plane (422). After 800 °C calcination, highly crys-
talline natures are exhibited by both XRD patterns (Figs. 1
and 2, respectively). Both XRD data are well matched with
single-crystalline cubic spinel form of zinc ferrite with
JCPDS Card No. 82-1049 having lattice constant
a = 8.44 A with space group Fd3 m (227). Absence of any
peak from ZnO, Fe,O5 or any other oxide phases confirmed
the formation of phase-pure zinc ferrite.

The mean particle diameter was calculated from the
XRD pattern according to the line width of the (3 1 1)

plane refraction peak using the following Debye—Scherrer

K
BCOST*

width at angle 0, where A is the X-ray wavelength
(1.5418 1&), B is the width of the XRD peak at half-height,
and K is the shape factor, about 0.9 for spherical-shaped
particles. The average crystallite size calculated from the
peak width is about 4-5 nm in both the samples. Structural
refinement of microwave and conventional ZFO was car-
ried out by the Rietveld method using Fullprof program,
assuming Fd3 m cubic space group. Structural Rietveld
refinements yielded satisfactory fits. Generally, it is
implemented to refine all structural parameters (lattice cell
constants, atomic positions, and occupancies). The back-
ground was modeled with a polynomial and the profile was
fitted with a pseudo-Voigt analytical function. For both the
Kajand Ko, profiles, the line-broadening function B(26)
and the symmetric part of instrumental function S(26) are
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Fig. 1 XRD pattern of CS-ZnFe,O, powder calcined at different
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Fig. 2 XRD pattern of MS-ZnFe,0, powder calcined at different
temperatures

represented by the pseudo-Voigt function. The pseudo-
Voigt function is given by;

pV(x) = Zlu[n C(x) + (1 —n)G(x)]

where C(x) = (1 + x*) — 1 is the Cauchyian component
and C(x) = exp[—(ln2)x2] is the Gaussian component.
Considering the integrated intensity of the peaks as a
function of structural parameters only, the Marquardt least-
squares procedures were adopted for minimization of the
difference between the observed and calculated powder
diffraction patterns. The minimization was carried out
using the reliability index parameter such as the residuals
for the weighted pattern (R,,), the pattern (R,), Braggs
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Fig. 3 Rietveld refinement fitting of CS-ZnFe,O,

factor (Rprage), structure factor (Rg), and goodness of fit
(%). All these parameters are used as numerical criteria of
the quality of fit of calculated to experimental diffraction
data and represented by following relations (Kumar and
Varshney 2012; Wang et al. 2002):

213
Ryp = lZi—l,n Wi (yl(ObS) yz(;al)) 1 100
Zi:l,n Wi (yi(obs))
Zi:l,n|yi(0bs) - Yi(cal)|
X
Zi:m Yi(obs)
_ Z|I(0bs) - I(cal)’

Rirage = 222 — el 100
T o]

1/2
n—p
ReXp — [ 2‘|
> im1n Wi(Viobs))

2

_ Wi (Yi(obs) - yi(cal))
Ryp=> p—— x 100,

R, = 100

i=1,n

where yjobs) 1S the experimental intensities, yjcary 1S the
calculated intensities, w; = (1/y;obs) 1s the weight
experimental observations, n is the number of
experimental observations, p is the number of fitting
parameters and / is the integrated intensity. The goodness
of fit (GOF) is established by comparing R, with the
expected error, Ry,

R
72 (GOF) = -2
Rexp

Refinement is carried out until fit converged and GOF

factor becomes close to 1. ZFO was found to be a well-
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Fig. 4 Rietveld refinement fitting of MS-ZnFe,O,

crystallized single phase, presenting a cubic spinel
structure (space group Fd3 m). Figures 3 and 4 show the
Rietveld refinement of the ZFO, with the experimental
curve, Rietveld calculated lines (Bragg’s position), and the
difference curves. From the absence of additional
reflections, it is clear that the samples are in single phase.
Structural data obtained from XRD and Rietveld fitting are
compared with JCPDS and summarized in Table 1.

The SEM images of CS and MS-ZnFe,O, samples are
shown in Figs. 5 and 6, respectively. Both images reveal
very fine size of particles below 100 nm. Figure 5 exhibits
highly agglomerated and non-uniform roughly spherical
particles of CS-ZnFe,O, The microstructure of MS-
ZnFe,0, (Fig. 6) reveals less agglomerated, uniformly
distributed particles. Agglomeration makes determining the
exact size and shape of the particles difficult. Hence, TEM
was employed to visualize the size and shape and to con-
firm the nanocrystalline nature of the as-synthesized zinc
ferrite. Figures 7 and 8 show the typical bright field TEM
image of the as-synthesized CS and MS-ZnFe,O, nano-
particles, respectively. The TEM image is clear evidence
for dense assembly of uniformly sized ferrite nanoparticles
for MS-ZnFe,O,4, but heavy agglomeration and non-uni-
formity for CS-ZnFe,O,. The whole surface of the grid was
covered with ferrite nanoparticles as shown in this image.
It can be seen from the TEM image that the distribution of
zinc ferrite nanoparticles are polydispersed and are essen-
tially spherical. Average particle size determined from
TEM image is in the range of 4-5 nm approximately for
both the samples, which is also in accordance with the
result calculated by the Scherrer formula. Comparative
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Table 1 Comparative lattice parameters from XRD, JCPDS, and Rietveld, and particle size by the Scherrer formula and TEM

Synthesis Calcination Lattice parameter Lattice parameter Lattice parameter Particle size Partial size
method/mode temperature JCPDS A calculated A from Rietveld from Scherrer from TFM
of heating (deg celsius) refinement A formula (nm) (nm)
Microwave 400 8.440 8.4394 4
Conventions 400 8.4351 6 4

_— 100nm CRNTS
10.0kV SEI SEM

8/7/2012
WD 5.2mm 7:14:55

Fig. 5 SEM image of CS-ZnFe,0,4

- 100nm CRNTS
5.0kV SEI SEM

8/7/2012
WD 6.0mm 7:48:03

Fig. 6 SEM image of MS-ZnFe,0,4

particle sizes obtained from XRD (Debye—Scherrer for-
mula) and TEM are tabulated in Table 1.

The functional groups identification of CS and MS-
ZnFe>0, are investigated by FT-IR spectra of powder, at
room temperature, as shown in Fig. 9a, b. The FTIR
spectra of both the samples exhibit peak at 675.40 and
527.27 cm™" that can be assigned to stretching vibration
modes associated with the Fe-O and Zn—O absorption
bands, respectively, in the crystalline lattice of ZnFe,O,.

Fig. 7 TEM image of CS-ZnFe,0,

Fig. 8 TEM image of MS-ZnFe,O,

They are characteristically pronounced for all spinel
structures and for ferrite particularly. This occurs because
the stretching vibration bands related to metal in the
octahedral and the tetrahedral sites are in this region. FTIR
spectra also show an absorption band at 2,363.18, 1,741.31,
1,368.33, and 1,214.54 cm~! in both the samples, which
are found to be associated with the stretching vibrations of
C-H, C=0, C-0, and H-C-H, respectively.

Raman spectra of the 800 °C-calcined CS and MS-
ZnFe,0,4 nanoparticles are shown in Fig. 10. The 800 °C-
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Fig. 9 Comparative FTIR spectra of CS and MS-ZnFe,0O4
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Fig. 10 Comparative Raman spectra of CS and MS-ZnFe,O,

calcined sample exhibits the spinel phase. The average
crystallite sizes are 4-5 nm for both samples. The space
group of the cubic spinel zinc ferrite is Of(Fds,,) with eight
formula units per unit cell. According to group theory, zinc
has the following sets of optical phonon modes at the I'-
point of the Brillouin zone:

T = Ajg(R) + Eg(R) + Fyy + 3F5(R) + 2A,
+ ZEU + 4T14(IR) + 2F2u

There are five first-order Raman active modes
(A1g + Eg + 3F,,) and all these modes were observed at
ambient conditions. In the present work, the visual
inspection of the spectrum shows that both the samples
have three Raman bands 217, 326, and 630 cm™ ! in the
range 200-1,100 cm ™. The observed modes were assigned
according to Wang et al. in which the author had studied
the high-pressure behavior of zinc ferrites [40]. The
identified phonon modes of the sample are marked on the
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Raman spectrum; the bands at 217 cm~! to Fo(1), the
band at 326 cm ™! to F¢(2), and the band at 630 cm ™! to
A, modes of both the samples at room temperature. The
crystallite size leads to broadening of the Raman modes.
Comparative structural study of CS and MS-ZnFe,O,
clearly shows that the microwave heating route develops
the same quality of Zinc ferrites as conventional ones; in
addition, that particles size distribution is more uniform in
MS-ZnFe,0O,4 compared to CS.

Conclusion

Nanoparticles of Zinc ferrites are prepared by the copre-
cipitation route and the role of mode of heating on structure
and microstructure are systematically studied. The struc-
ture of the formation was confirmed by XRD. XRD data
ensured the presence of single-phase face-centered cubic
structure for both the samples. The XRD data are well
fitted with Reitveld refinement. The microstructure of the
samples were studied by SEM and TEM images and found
to be in the range of 4-5 nm. Microwave-processed MS-
ZnFe,0, was found to have highly uniform particle size
distribution with less agglomeration as compared to con-
ventionally processed sample (CS-ZnFe,O,). The func-
tional groups were analyzed by FT-IR. Local distortion due
to very small crystallite distribution in the structures was
studied by FT-Raman spectra of zinc ferrites at room
temperature. The microwave-assisted route was found to be
faster route of synthesis and highly controlled method for
nanostructured ferrites-based materials.
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