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Abstract

Single phase NiFe,O,4 nanoparticles were prepared via the organic acid precursor method. XRD, FTIR, SEM, and magnetization techniques
were utilized to determine optimal conditions to prepare NiFe,O,4 with desired properties. Calcination for 2 h at 600 °C was optimal to produce
the cubic particles. The best Fe/Ni molar ratio was determined to be 2:1.1. Oxalic acid was selected as the precursor acid. Under these conditions,
cubic particles with average sizes of 46 nm were obtained. A saturation magnetization value of 61.8 amu/g and a coercivity of 221.5 Oe were

observed for the particles at room temperature under optimized conditions.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Keywords: A. Precursors: organic; C. Magnetic properties; D. Ferrites

1. Introduction

Ferrites have numerous industrial applications. Their importance
as semiconducting magnetic materials is clearly manifested in
electric and magnetic devices such as transformers, memory chips,
and spintronics [1-3]. Nickel ferrite (NiFe,O,) is a soft magnetic
ferrite with an inverse spinel structure. In this structure, Ni** jons
occupy octahedral sites, while Fe’* ions are equally distributed
between octahedral and tetrahedral sites [4]. Antiparallel spin-
coupling between octahedral and tetrahedral sites causes the
ferromagnetic behavior of this ferrite [5]. NiFe,O, is extensively
studied because of its favorable properties such as chemical
stability, high magneto-crystalline anisotropy, high electrical resis-
tivity, chemical stability, mechanical hardness and a promise of a
variety of new useful applications [6].

Morphological, dielectric, and magnetic properties for NiFe,O,4
are very dependent on the preparation method and experimental
conditions [4,7,8]. Many studies have reported the preparation of
NiFe,O,4 nanoparticles using different routes, such as hydrothermal,
sol-gel, mechanical, coprecipitation, and others. For example,
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20 nm irregular particles were produced by electrochemical synth-
esis of NiFe,O, [6]. Nanospheres with close to the saturation
magnetization of the bulk NiFe,O, were synthesized by a reverse
emulsion-assisted hydrothermal preparation [9]. Nanorods with
high coercivity were synthesized by polymer-assisted coprecipita-
tion [10]. The dependence of magnetic properties on the tempera-
ture of samples prepared by chemical coprecipitation using stable
Fe and Ni salts was studied by Maaz et al. [11]. NiFe,O,4
nanoparticles have also been synthesized by various methods and
then coated with certain compounds to enhance specific properties
of the resulting composite [12,13].

In this work, we report the preparation of highly regular
cube-shaped nickel ferrite particles with the organic acid
precursor method. Magnetic properties of the prepared parti-
cles were optimized based on the following factors: calcination
temperatures, duration of calcination, Ni/Fe molar ratio, and
the use of various organic acids in the preparation.

2. Experimental
2.1. NiFe,0, synthesis

All of the chemicals used in this study were used as received
without any further purification. Fe (NO3)3 - 9H,O (purity 99%)
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and Ni (NOj3),-6H,O (purity 98.3%) were used as iron and
nickel sources. The nickel ferrite powders were synthesized with
the following steps: (i) an aqueous solution of (Fe*™:Ni**) ions
with molar ratios of 2:1 was added to a certain amount of oxalic
acid based on the stoichiometric ratios of Fe*™:Ni*™; (i) the
solution was stirred and evaporated at 80 °C until a clear, viscous
resin was obtained; (iii) the viscous solution was dried at 110 °C
for 24 h; and (iv) the dried product was calcined at a rate of
10 °C/min in static air atmosphere at temperatures ranging from
400 to 1000 °C.

2.2. Characterization

All of the prepared samples were characterized through-
out the course of the analysis to deduce the optimal
conditions for obtaining the best required characteristics of
the produced ferrite samples. The characterization techni-
ques used are summarized in the following points:

A. Different phases of calcined catalysts were observed using
powder XRD (Bruker axis D8) employing Cu Ko radiation
(A=1.540 A). The average crystallite size of the powders
was automatically estimated from the corresponding XRD
data using the Scherrer equation:

d = B1/p, ), cos 0

where d is the average particle size of the material under
investigation, B is the Scherrer constant (0.89), 4 is the
wavelength of the X-ray beam, 3 ; is the full width at half
maximum of the diffraction peak and 6 is the diffraction
angle [14].

B. Fourier transform infrared spectroscopy (FTIR) was
conducted on a Thermo Electron Magna 760 using
potassium bromide (KBr) (99% purity FTIR grade,
Sigma-Aldrich), in which the prepared sample powders
were added to KBr in a mass ratio of 1:100 and mixed
into a homogeneous solution using a shaker for 20 s prior
to compressing into pellets for measurement.

C. The magnetic properties of the synthesized ferrite powders
were observed using a vibrating sample magnetometer
(VSM; 9600-1 LDJ, USA) at room temperature in a
maximum applied field of 15 kOe. Saturation magnetiza-
tion (Ms) and coercivity (Hc) were determined form the
observed hysteresis loops.

D. A scanning electron microscope (JEOL JSM-6400) with an
applied potential of 15kV was used to observe the
morphology of calcined samples.

Table 1
Applied calcination temperatures and observed properties of NiFe,O,.

2.3. Optimization methodology

After synthesis, the NiFe,O, samples were subjected to
various experimental conditions to determine those that
produced optimal morphological and magnetic properties.
The first of these conditions was the effect of calcination
temperature. In this step, oxalic acid with a molar ratio of 1
was used as a precursor acid. Using an Fe:Ni molar ratio of 2:1
and a calcination time of 2 h, samples were calcined at 400,
600, 800, and 1000 °C at increments of 10 °C/min in static air
atmosphere temperatures. The best ferrite samples were
produced at 600 and 800 °C and were therefore selected for
further examination of the effect of the Fe:Ni molar ratio on
the final product. The best molar ratio and calcination
temperature were then used to analyze the effects of calcina-
tion time. Lastly, after optimizing each of the above para-
meters, different organic acids were examined. Full
characterization of the produced ferrite was performed at each
step of the optimization process.

3. Results and discussion
3.1. Calcination temperatures

To study the effect of calcination temperature on the
properties of the prepared NiFe,O, the material was subjected
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Fig. 1. XRD powder diffractograms for the calcined products.

Phases formed

Symbol of samples Calcination temperature (°C) NiO Fe,03 NiFe,0, Average particle size (nm) Ms (emu/g) Mr (emu/g) Hc (Oe)
INi 400 V YV v 13.20 1.40 0.50 435.50
2Ni 600 v - v 46.40 39.20 18.50 856.80
3Ni 800 Vv - V 103.20 40.50 19.30 621.60
4Ni 1000 - - v 120.40 48.70 26.10 578.70
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to various calcination temperatures (Table 1). An increase in
the degree of crystallinity due to agglomeration of crystallites
was observed with increases in the applied calcination tem-
perature. For the most intense peak (d=2.50574) related to
NiFe,0, in the XRD patterns (Fig. 1), average crystallite sizes
were estimated using the Debye—Scherrer formula, which
showed that crystallite sizes increase with increases in calcina-
tion temperature. At 400 °C, the 1Ni calcined product produces
a diffraction pattern that reflects the coexistence of three
phases: NiO, Fe,O3 and NiFe,O,4 (Table 1). The intensity of
lines characterizing NiFe,O, increased with increasing calci-
nation temperature, indicating that NiFe,O, is dominant at
400, 600, and 800 °C and becomes the sole phase at 1000 °C.
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Fig. 2. FTIR spectra of the calcined products.

The chemistry of the thermal transformations of the various
calcined solid thermal decomposition products of the prepared
ferrite systems was studied using FTIR spectroscopy in the range
of 4004000 cm™" as shown in Fig. 2. Two dominant absorption
bands were observed at 575.6 cm™' (v;) and 380410 cm™" (v,)
due to tetrahedral Fe>*—0?~ and octahedral pure nickel ferrite,
respectively. The observed increase in sharpness of the respective
FTIR bands with increased calcination temperatures indicates the
increased crystallinity of existing phases. This observation was in
good agreement with XRD results.

Fig. 3 shows SEM micrographs of the nickel iron oxide
particles produced from their precursors calcined in the range
of 400-1000 °C. It can be seen from Fig. 3a that powders
produced at 400 °C showed irregular microstructures with
elongated cubic-like shapes, indicating that the composition
was insufficient for the complete formation of nickel hexafer-
rite structures. Increasing the calcination temperature to 600,
800 and 1000 °C (Fig. 3b—d) produced particles with more
regular agglomeration of cube-like structures. Most of the
particles were homogeneous and showed uniform structure
with a narrow size distribution.

The magnetization of the produced nickel ferrite powders was
performed at room temperature under an applied field of 15 kOe,
and the hysteresis loops of the ferrite powders were obtained
(Fig. 4). It is clear that saturation magnetization (Ms) increases
with increasing calcination temperature, reaching a value of
48.7 emu/g at a calcination temperature of 1000 °C, which is
smaller than the bulk value of about 55 emu/g. This result can be
attributed to the formation of nanosized nickel ferrite particles
with high surface areas, resulting in high surface energy and
surface tension. This changes cationic preferences and leads to an
increase in antisite defects, resulting in less magnetization.
Moreover, the variation of the saturation magnetization with

Fig. 3. SEM micrographs showing grain size and morphology of the

INi—4Ni systems at (A) 400 °C, (B) 600 °C, (C) 800° and (D) 1000 °C.
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temperature is possibly due to changes in the degree of inversion
octahedral and tetrahedral sites. Lastly, the obtained NiFe,O,4
nanocrystals exhibited smaller coercivity, which should be
attributed to their nanostructures.

Magnetization, emu/g

-6000

| L | L L | L | L
-4000 -2000 0 2000 4000
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Fig. 4. Effect of calcination temperature on the M—H hysteresis loop of the
systems under investigation.

Table 2

3.2. Fe:Ni molar ratio

It is evident from Section 2 that calcination at 600 and
800 °C produces the best properties of NiFe,O,4. Taking this
result into consideration, the effects of changing the molar
ratio of Fe and Ni in the preparation process were studied.
Tables 2 and 3 summarize the effects of the Fe:Ni molar ratio
on the properties of prepared ferrites at 600 and 800 °C. From
XRD spectra, one can observe that both NiO and Fe,O5 phases
begin to disappear, thereby leaving NiFe,O, as the sole phase
in the prepared ferrite at higher Fe:Ni molar ratios. The 6Ni
system appears to be the best system with regards to
magnetization, particle size and morphological properties. This
is evident from the high saturation magnetization value of
61.8 emu/g, the presence of only NiFe,O4, and the perfect
cubic particles, as shown in Figs. 5 and 6. Therefore, a molar
Fe:Ni ratio of 2:1.1 was adopted as the optimal ratio for the
preparation of nickel ferrite particles with the desired magnetic
and morphological properties.

3.3. Effect of calcination time

Calcination times of 0.5, 1.0, and 2 h were examined under
optimal experimental conditions deduced from Sections 3.1
and 3.2. A summary of observed properties is presented in
Table 4. There is a significant increase in magnetization with
increase in calcination time. Two hours of calcination also
allows for the formation of unified cubic particles, while
calcination for lesser times yields irregular shapes with large
agglomerations, as can be seen from SEM micrographs.

3.4. Effect of precursor acid type

Tartaric, citric, and oxalic acids were used as precursor acids
for the preparation of NiFe,O,4 under the optimal experimental
conditions determined in the analyses described in previous
sections. Based on XRD patterns, it was clear that citric acid

Observed properties of prepared ferrites using various Fe:Ni molar ratios at 600 °C.

Phases formed

Symbol of samples Fe:Ni molar ratio NiO Fe,03 NiFe,O,4 Ms (emu/g) Mr (emu/g) Hc (Oe)
2Ni 2:1 - v v 39.2 18.5 856.8
5Ni 2:1.05 - V Vv 432 255 726.7
6Ni 2:1.1 - - \/ 61.8 415 221.5
7Ni 2:1.15 - - \/ 50.9 29.9 590.2
Table 3
Observed properties of prepared ferrites using various Fe:Ni molar ratios at 800 °C.

Phases formed
Symbol of samples Fe:Ni molar ratio NiO Fe, 03 NiFe,0, Ms (emu/g) Mr (emu/g) Hc (Oe)
3Ni 2:1 - V/ Vv 40.5 19.3 621.6
8Ni 2:1.05 - - \/ 54.0 324 446.9
9Ni 2:1.1 - - \/ 50.2 29.3 541.0
10Ni 2:1.15 - - Sole 574 34.4 403.8
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Fig. 6. SEM micrographs showing grain size and morphology of 3Ni (A), 8Ni (B), 9Ni (C) and 10Ni (D).

and tartaric acid produced NiFe,O, that coexisted with species of
rhombohedral iron oxide Fe,O; and NiO phases. The examina-
tion of M—H hysteresis loops revealed that magnetization with
either citric acid or tartaric acid was significantly smaller
(34 and 25 amu/g) than oxalic acid (62 amu/g). The particles
that were prepared using citric acid and tartaric acid were
spherical, with some irregularly shaped particles. Nikoli¢ et al.
reported spherical particles with average sizes of 18 nm using

citric acid as a precursor. These authors found little effect on the
product when tartaric acid and malonic acid were used [16].

3.5. Comparison to other methods of synthesis
It is evident from the application of various experimental

conditions that properties of synthesized particles are extre-
mely dependent on the preparation process. If fact, a survey of
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Table 4
Observed properties of prepared ferrites calcined for various times at 600 °C.
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Phases formed

Symbol of samples Calcination time (h) NiO Fe, 03 NiFe,O, Ms (emu/g) Mr (emu/g) Hc (Oe)
11Ni 0.5 - Vv Vv 19.00 1.20 1721.00
12Ni 1.00 - v v 37.00 7.50 948.70
6Ni 2.00 - - v 62.00 41.50 222.00

literature shows that a change in preparation methodology and
conditions can produce particles that completely differ in
character. Experimentally, one can take advantage of various
preparation techniques to produce particles that possess certain
characteristics designed for a specific application. Supporting
materials S; summarizes certain properties of particles synthe-
sized by various methods [15,6,10,9] and this work. Wide
differences in morphologies, magnetic properties, and particle
sizes are apparent for these particles.

4. Conclusions

Nickel ferrite nanoparticles have been successfully synthe-
sized using an oxalic acid precursor method. Crystalline cubic
structures were formed that consisted of only a single phase of
NiFe,04. Optimal experimental conditions were determined
through extensive characterization using XRD, FTIR, SEM,
and magnetization. Optimal experimental conditions are as
follows: calcination temperature of 600 °C, calcination time of
2 h, Fe/Ni molar ratio of 2:1.1, and the use of oxalic acid as a
precursor acid. Under these conditions, good saturation mag-
netization (62.00 emu/g) was achieved.

Appendix A. Supporting information

Supplementary data associated with this article can be found
in the online version at http://dx.doi.org/10.1016/j.ceramint.
2013.05.128.
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