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Abstract

Single phase NiFe2O4 nanoparticles were prepared via the organic acid precursor method. XRD, FTIR, SEM, and magnetization techniques
were utilized to determine optimal conditions to prepare NiFe2O4 with desired properties. Calcination for 2 h at 600 1C 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.l. All rights reserved.
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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 (NiFe2O4) is a soft magnetic
ferrite with an inverse spinel structure. In this structure, Ni2+ ions
occupy octahedral sites, while Fe3+ 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]. NiFe2O4 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 NiFe2O4

are very dependent on the preparation method and experimental
conditions [4,7,8]. Many studies have reported the preparation of
NiFe2O4 nanoparticles using different routes, such as hydrothermal,
sol–gel, mechanical, coprecipitation, and others. For example,

20 nm irregular particles were produced by electrochemical synth-
esis of NiFe2O4 [6]. Nanospheres with close to the saturation
magnetization of the bulk NiFe2O4 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]. NiFe2O4

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. NiFe2O4 synthesis

All of the chemicals used in this study were used as received
without any further purification. Fe (NO3)3 � 9H2O (purity 99%)
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and Ni (NO3)2 � 6H2O (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 (Fe3+:Ni2+) ions
with molar ratios of 2:1 was added to a certain amount of oxalic
acid based on the stoichiometric ratios of Fe3+:Ni2+; (ii) the
solution was stirred and evaporated at 80 1C until a clear, viscous
resin was obtained; (iii) the viscous solution was dried at 110 1C
for 24 h; and (iv) the dried product was calcined at a rate of
10 1C/min in static air atmosphere at temperatures ranging from
400 to 1000 1C.

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 Kα radiation
(λ=1.540 Å). The average crystallite size of the powders
was automatically estimated from the corresponding XRD
data using the Scherrer equation:

d ¼ Bλ=β1=2 cos θ

where d is the average particle size of the material under
investigation, B is the Scherrer constant (0.89), λ is the
wavelength of the X-ray beam, β1⧸2 is the full width at half
maximum of the diffraction peak and θ 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 15 kV was used to observe the
morphology of calcined samples.

2.3. Optimization methodology

After synthesis, the NiFe2O4 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 1C at increments of 10 1C/min in static air
atmosphere temperatures. The best ferrite samples were
produced at 600 and 800 1C 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 NiFe2O4, the material was subjected

Table 1
Applied calcination temperatures and observed properties of NiFe2O4.

Phases formed

Symbol of samples Calcination temperature (1C) NiO Fe2O3 NiFe2O4 Average particle size (nm) Ms (emu/g) Mr (emu/g) Hc (Oe)

1Ni 400 √ √ √ 13.20 1.40 0.50 435.50
2Ni 600 √ – √ 46.40 39.20 18.50 856.80
3Ni 800 √ – √ 103.20 40.50 19.30 621.60
4Ni 1000 – – √ 120.40 48.70 26.10 578.70
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Fig. 1. XRD powder diffractograms for the calcined products.
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