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Abstract

Nigg xCUgoZnFe,0, (x = 0.0 < 0.6 with steps of 0.2) ferrite nanophase was achieved by sol-gel auto-combustion
technique. The as-prepared samples were thermally characterized by thermogravimetry/differential thermal analysis
to obtain firing temperature of the materials. The X-ray diffraction pattern indicates the formation of a single-phase
cubic spinel structure and shows strong influence of the incorporation of Zn®" metal ions on the spinel structure.
The annealing treatment does not alter the crystal structure but increases the crystallinity of the samples. The
morphological investigations and nanometric sizes of the samples were studied by scanning electron microscopy

PACS: 75.50.Gg, 74.25..d, 43.35Cq

and transmission electron microscopy. The crystallographic texture due to annealing and Zn** ion doping was
systematically investigated by Fourier transform infrared spectroscopy.
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Background

The development of civilization has been intimately linked
with the ability of human beings to work with advanced
magnetic nanomaterials. Nanocrystalline magnetic parti-
cles with specific properties can be synthesized by differ-
ent chemical techniques [1-4]. These properties are
strongly dependent on their shape, size, crystallinity, and
distribution of the cations among the tetrahedral (A) and
octahedral (B) sites of the spinel structure. The use of
nanopatrticles for desired applications has attracted consid-
erable attention in recent years because nanoparticles pro-
vide high surface area-to-volume ratios [5,6]. Magnetic
particles are gaining attraction due to a variety of techno-
logical applications such as high-density information
storage nanodevices, ferrofluids, magnetic refrigeration,
residential cooling, and biomedical applications like mag-
netic separations, biosensors, resonance imaging, hyper-
thermia, and targeted and controlled drug delivery. In this
regard, spinel ferrites are particularly important because of
their excellent magnetic properties that can be tuned to
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suit the requirement using chemical manipulations [7-11].
However, the development of novel techniques for im-
provements of the magnetic and the structural properties
of soft magnetic spinel ferrites has been the objective of
numerous studies in past decades.

Recently, Ni-Cu-Zn spinel ferrites with nanometric
dimensions were extensively studied in order to develop
multilayer chip inductors [12-15]. Many methods such
as sol-gel auto-combustion technique [16], chemical
coprecipitation [17], citrate precursor method [18], oxalate
precursor technique [19], and ceramic method [20] are
used to prepare Ni-Cu-Zn spinel ferrite. Among them, the
sol—gel auto-combustion method has unique advantages
such as excellent composition control, low temperature
process, low production cost, and better results.

In the present investigation, we report the sol-gel auto-
combustion synthesis of Ni-Cu-Zn ferrite. The Ni-Cu
spinel ferrite material allows the introduction of Zn** cat-
ion in the spinel matrix, which causes the change in
the structure and surface morphology considerably.
Optimization of Zn>* concentration with respect to Ni**
will be investigated. Correlation between compositions of
Ni-Cu-Zn spinel ferrites and sintering temperatures on
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Figure 1 Chemical reaction of Nigg_,Zn,Cug ;Fe;0,.
J

structural, infrared, and morphological behaviors has been
carried out.

Methods

A spinel ferrite compositions of Nigg_,Zn,Cug,Fe,O, (with
x = 0.0, 0.2, 04, and 0.6) nanoparticles were prepared using
the sol-gel auto-combustion technique from the high-
purity analytical grade solutions of Fe(NOj3);9H,O, Cu
(NO3),:3H,0, Zn(NO3),6H,0, and Ni(NO3),-6H,O. Citric
acid was used as fuel. The weighed amounts of these salts

were completely dissolved in distilled water, and the solu-
tion was stirred for half an hour. This solution was then
added to citric acid in such a way that in the final sample,
the molar ratio of these nitrates and citric acid becomes
1:3. A small amount of ammonia was simultaneously added
drop-wise to maintain the pH of 7 with continuous stirring
of the solution. The as-prepared spinel ferrite materials
were annealed at 400°C and 700°C for 2 h after confirm-
ation by thermogravimetry (TG)-differential thermal ana-
lyses (DTA). The schematic of the chemical reaction
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Figure 2 TG/DTA plot for typical sample at x = 0.4.
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Figure 3 X-ray diffraction patterns of Nijg_,Zn,Cug ;Fe,04(x = 0.0, 0.2, 0.4, and 0.6).

involved in the present investigated ferrite system is
depicted in Figure 1. The general nitrate-citrate combustion
reaction may be written as follows:

(0.8-x)Ni(NO3), -6H,0 + 0.2Cu(NOs),-3H,0
+ xZn(NO3), -6H,0
+ 2Fe(N03)3 9H20 + 3C6H807 —

(Ni0<8,xCu0,ZanFe2 O4)+4‘N2 T + 18 C02 T +36H20T

The thermal behavior analysis of the as-prepared sample
was carried out on a PerkinElmer system (model Diamond
TG/DTA, PerkinElmer, Waltham, MA, USA) under air at-
mosphere in the temperature range from ambient to
1,000°C. The phase identification and structure analysis of
the thermally treated powders were carried out by X-ray
diffraction (XRD) analysis using a Philips X-ray diffract-
ometer (model PW 3710, Philips, Amsterdam, The
Netherlands). The morphological studies were carried

Table 1 Variation of lattice constant and crystallite size of
Nig g_xZn,Cug >Fe,0, annealed at 400°C and 700°C

Zn**content Lattice constant (A) Crystallite site (nm)
400°C 700°C 400°C 700°C
0.0 8.334 8.351 100.854 124627
0.2 8.360 8.374 131.258 159.579
04 8386 8394 163.687 177400
0.6 8407 8426 181.642 219498

out by field-emission gun scanning electron microscopy
using JSM-7600F with an accelerating voltage of 0.1 to
30 kV and transmission electron microscopy (TEM)
using Philips (model CM200) operating at 20 to 200 kV
with a resolution of 2.4 A. The Fourier transform infra-
red (FTIR) spectroscopy (model MAGNA 550, Nicolet
Instruments Corporation, Madison, WI, USA)was taken

in the range of 400 to 4,000 cm ™.

Results and discussion

In order to investigate the thermal growth process of
Nig g_,Zn,Cug,Fe,O4 nanoparticles, TG-DTA of the as-
prepared powder samples were carried out from 30°C to
1,000°C. The typical TG-DTA curve for the sample x =
0.4 is shown in Figure 2. From TGA, a total weight loss
of approximately 35% was observed when the sample
was heated between ambient to 1,000°C in air. A weight
loss of approximately 10% occurred between 30°C to
300°C that could be assigned to the elimination of sur-
face water and solvents that remained in the material
even after drying. The major weight loss at 300°C to
400°C attributed to the loss of structural water and the
decomposition of organic compounds and nitrates. As
expected, the decomposition reaction is strongly exo-
thermic. In the DTA curve, we can observe that an exo-
thermic peakat 370°C associated withthe decomposition
of organic compounds in the structure due to the
crystallization of the spinel ferrite material is relatively
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Figure 4 Scanning electron microscopy images of Nig g ,Zn,Cu,,Fe,0, (annealed at 400°C).

Figure 5 Scanning electron microscopy images of Nig g xZn,Cug,Fe;0,4 (annealed at 700°C).
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Figure 6 Transmission electron microscopy images of Nig¢Zno ,Cug>Fe,0, (as burnt).

Figure 7 Transmission electron microscopy images of Nigg_,Zn,Cu, ,Fe,0, (at 400°C).
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Figure 8 Transmission electron microscopy images of Nigs_,Zn,Cu, >Fe,0, (at 700°C).
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sharp and intense. The weight loss that is about 3% at
400°C to 600°C is due to the dehydroxylation of the fer-
rite material, which occurs up to high temperatures,
followed by the collapse of the pores and the densifica-
tion of the nanoparticles.

Figure 3 represents the typical room-temperature pow-
der X-ray diffraction patterns for the annealed samples
(at 400°C and 700°C) which confirm the formation of a
single-phase cubic spinel ferrite. The annealing treat-
ment does not alter the crystal structure but increases
the crystallinity of the samples. The lower peak intensity
and broadening in XRD patterns show the nanocrystal-
line nature of the materials. The sintered samples show
a sharp XRD peak indicating the increase in the crystal-
line nature of the samples. The average crystalline size
of each composition is estimated from the XRD line
width of the (311) diffraction peak using the Scherrer
formulae (D = 0.91/Bcosf, where D is the crystallite
diameter, A is the radiation wavelength, and 8 is the inci-
dence angle) [21], and values are presented in Table 1. It
is evident from Table 1 that an average homogeneous
crystalline spinel phase enhances as the doping of Zn**
ions and sintering temperature increases. The variation
of the lattice constant with the composition (x) calcu-
lated using inter planner spacing (d) and Miller indices
(hkl) is presented in Table 1.

Microstructural and chemical changes occurring in the
system during heat treatment and Zn>* substitutions are
visible in Figures 4, 5, 6, 7, 8. The scanning electron

microscope images of the samples obtained after heat
treatment at 400°C and 700°C and presented in Figures 4
and 5 show the nanocrystalline nature, and crystallinity
increases as the annealing temperature increases. This
may be attributed to the fact that the growth of the crys-
tal takes place in different orientations. The crystallo-
graphic images clearly indicate that the particles are
stacked on top of each other because of their mutual
magnetic interactions.

The TEM images together with the SAED
pattern (x = 0.2) for representative compound results of
Nigpg_»Zn,Cug,Fe;Oy4 (x = 0.2, 04, and 0.6) nanoparticles
are predicted in Figures 6, 7, 8. It has been observed that
particles are aggregated during annealing and metal ion
incorporation. The parallel lattice fringe is observed as uni-
formly extended over the primary building blocks, grain
boundaries, and pores in the samples at x = 0.6 for all com-
positions, as shown in the insets of the said figures. Thus,
it can be concluded that the nanoparticles are organized
into an iso-oriented attached structure by sharing identical
lattice planes.

The Fourier transform infrared spectra of the
powder (as pellets in KBr) samples in the range 4,000 to
400 cm™ were represented in Figure 9. The FTIR spec-
troscopy is a very useful technique to deduce not only the
structural investigation and redistribution of cations be-
tween octahedral and tetrahedral sites of spinel ferrite
nanoparticles, but also the lattice vibrational modes [22].
The FTIR spectra of all the samples exhibit two main
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Figure 9 Fourier transform infrared spectra of Nigg_,Zn,Cug,Fe,0,,

absorption bands at wave numbers 600 and 400 cm ™" cor-
responding to intrinsic lattice vibrations of the ferrite skel-
eton for tetrahedral (A) and octahedral (B) sites,
respectively [23]. The impurity peak is observed around
1,380 cm ™ in all the samples. The observed peak is attrib-
uted to the carboxyl group of C-O bonding. This may be
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due to the unreacted citric acid compound, which is used
as fuel. The band around 1,600 cm™ corresponds to the
bending mode of H,O molecules [24], and one more is
observed at 3,100 to 3,450 cm™' corresponding to
hydrogen-bonded O-H groups [1]. During the combustion
process, high temperature was generated. All carboxyl
and hydroxyl groups appear with less intensity and
disappear as the annealing temperature increases,
confirming the single-phase nature of the sample as evi-
dent from the XRD results. The increase in the band-
width and area of 564 cm ™! is attributed to the increase
in crystallinity after the heat treatment; reverse observa-
tions are observed in SHI-irradiated nickel ferrite thin
films by Dixit et al. [25]. The careful observation of
FTIR data shows that the peak intensity at the octahe-
dral site decreases as annealing temperature and Zn**
contents increase showing that cations migrate from the
octahedral (B) site to tetrahedral (A) site. This observa-
tion is also supporting the cation distribution obtained
from the XRD results and exothermic peak observed at
370°C in DTA analysis.

Conclusions

The influence of Zn>* doping in nanocrystalline Ni-Cu
spinel ferrite was successfully studied by synthesizing
the materials by the sol-gel auto-combustion technique
and characterizing them using different tools. Thermal
behavior of the as-prepared samples was confirmed by
TG-DTA. The X-ray diffraction pattern reveals the for-
mation of single-phase cubic spinel structure for all the
compositions and temperatures. The crystallite size of
the product was found in nanometric dimensions using
a line profile fitting of the XRD pattern. The novel TEM
morphological results with variations in the compos-
ition and sintering conditions are promising candidates
for MLC technological applications. The chemical ana-
lysis and infrared spectral analysis of the prepared ma-
terial confirm the formation of the spinel ferrite phase
and the effect of preparation aids.
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