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Modifications in the structural and magnetic properties of co-precipitated cobalt ferrite nanoparticles can be
accomplished by varying the annealing time periods during the synthetic process. Experimental results show
that high-purity cobalt ferrite nanoparticles are obtained using a co-precipitation process. The dependence of
the crystallite sizes on the annealing time was successfully demonstrated using XRD and SEM. Finally,
vibrating sample magnetometer analyses show that the magnetic properties of the cobalt ferrite nanoparticles

depend on their relative particle sizes.
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1. Introduction

In the past decade, magnetic nanoparticles especially
cobalt-ferrite-based materials have drawn substantial atten-
tion due to their attractive magnetic properties. Cobalt
ferrite nanoparticles exhibit a large magnetocrystalline
anisotropy and/or surface anisotropy that is based on their
coercivity or reduced remanence [1]. Due to the excellent
mechanical and chemical stability of cobalt ferrite nano-
particles [2], these materials can also be integrated into
information technology applications (i.e. high density
recording media) [3] and medical applications as a con-
trast agent for magnetic resonance imaging [4] or as a
tool for early cancer diagnosis and targeted therapy
procedures [5].

Based on past experimental observations, it is obvious
that the particle sizes of the cobalt ferrite nanoparticles
influence their magnetic properties and super paramagnetic
blocking temperatures (7s). Both of these properties are
essential in recording devices and biomedical applications
[3, 6]. It is well known that different synthetic procedures
can result in varying nanoparticle sizes [7, 8]. A preferred
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method for the synthesis of cobalt ferrite magnetic
nanoparticles involves a co-precipitation process. Some
papers have also reported that an additional heating step
modifies the particle sizes [9-11]. This procedure could
also potentially reduce the required temperature levels for
the annealing process. However, little attention has been
placed on the influence of time during the annealing
process, which can subsequently influence the characteri-
stics of the resulting cobalt ferrite nanoparticles.

In this study, a co-precipitation procedure was used to
synthesize the cobalt ferrite nanoparticles. Modifications
of the annealing times can selectively produce nanoparticles
with varying sizes. The resulting cobalt ferrite nano-
particles were characterized using TG/DTA, FTIR, X-ray
diffraction, SEM and a vibrating sample magnetometer.

2. Experiment

The synthesis and evaluation of cobalt ferrite nano-
particles involves preparing the precursor, annealing the
resulting material and characterizing the final product. All
the experimental procedures were performed under atmo-
spheric conditions. 200 mL of 0.001 M Co(NOj3),'6H,O
and 0.002 M Fe(NO;);-9H,0 were first added dropwise to
100 ml of 4.8 M NaOH. During the titration process, the
NaOH solution was stirred at 1000 rpm for 1 h at a
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regulated temperature of 95°C. The solution was then
continually stirred for 2 h until the precursor gel was
formed. The product was cooled to room temperature and
repeatedly washed with distilled water and acetone until a
clean material was obtained. The sample was then dried
overnight in an oven at about 95°C. The second step
involves annealing the material at a temperature of 600°C
under atmospheric conditions for 2, 6 and 11 h. The
crystalline structures of the final samples were charac-
terized by X-ray diffraction with a Bruker D8 Advance
system. FTIR was used to confirm that the final materials
all contained hydrocarbon compounds. The sizes of the
magnetic nanoparticles were estimated based on SEM
images, and the magnetic properties were evaluated using
a vibrating sample magnetometer (VSM).

3. Experimental Results

Fig. 1 shows the TG/DTA profile of the co-pre-
cipitated cobalt ferrite nanoparticles. The three plateaus in
the TG are indicative of the changes in the sample mass.
A mass loss of —0.78% is observed in the first plateau
from 62.8°C to 135.4°C. This plateau is considered to be
hydrocarbon waste since it corresponds to an enthalpy
change of —429.24 J/g in the DTA curve. The second
plateau gives a relative mass loss of 0.36% and an
associated enthalpy change of —94.15 J/g from 616.3°C to
673.2°C. The mass loss for the second plateau is reduced
by 0.42% (=0.78-0.36) when it is compared with the
mass loss of the first plateau. This is most likely
attributed to a dislocation of the nanoparticles towards a
more stable configuration. A final plateau is observed
from 804.2°C to 834.2°C, where the samples experienced
a 0.44% mass loss that is relatively consistent with the
mass loss of the second plateau. In the case of crystal-
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Fig. 1. Typical TG/DTA results for cobalt ferrite nanoparti-
cles.
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Fig. 2. The modified FTIR curve of cobalt ferrite at different
annealing time periods i.e. 0, 2, 6 and 11 h.

lization, it is expected that an increase in the heating
temperature beyond 616.3°C can facilitate the growth of
cobalt ferrite crystals. When the high temperature keep
for a long time, it is also the decrease of both lattice strain
and defects in nano-particles cobalt ferrite. Moreover,
coalescence of crystallites following increasing the
average crystal size may accur [12].

Fig. 2 shows a typical FTIR curve for the cobalt ferrite
nanoparticles, which were produced using the co-
precipitation method and varying annealing time periods
of 0, 2, 6 and 11 h at a temperature of 600°C. In a co-
precipitated sample that has not been annealed (0 h), a
broader absorption peak that is associated with the O—H
bond appears at a wavenumber of 3400 cm™'. In contrast,
the metal-oxide bonds of cobalt ferrite appear as an
absorption peak around 590 cm™' in the FTIR spectrum.
The experimental peak obtained at 575 cm™', which was
calculated using the Waldron method to give a normal
spinel structure, is substantially smaller than the theore-
tical value. It can also be observed from Fig. 2 that the
magnitude of the O-H peak decreases as the annealing
time increases. In contrast, the cobalt ferrite peak clearly
increases with the annealing time, which translates into an
increasing ionic strength that gives strongly dipolar
crystals [13].

The X-ray diffraction patterns for the cobalt ferrite
nanoparticles are depicted in Fig. 3. The samples were
annealed at a temperature of 600°C under atmospheric
conditions for 2, 6 and 11 h. It can be clearly observed
that the strongest peak occurs at an angle of 26 = 35.73°
and that this peak increases with the annealing time.
These results agree reasonably with the experimental
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Fig. 3. X-ray diffraction patterns for cobalt ferrite nanoparti-
cles at three annealing times of 2, 6 and 11 h at 600°C.

results reported by Maaz et al. There is an absence of
other characteristic peaks within the XRD spectrum that
indicate the presence of oxides or other impurities in the
sample. Therefore, it is safe to conclude that high-purity
cobalt ferrite nanoparticles were successfully produced
using a co-precipitation and a low-temperature annealing
process. It can also be observed that a longer annealing
time decreases the background intensity in the XRD
spectra. After an annealing time of 11 h, the background
intensity seems to flatten from angle 26 = 15° to 80°. In
the other two cases, the background intensity is slightly
lower at a smaller angle rather than a larger angle. Using
the strongest XRD peak and the Scherer formula,
crystallite sizes of 21.4, 21.6 and 21.7 nm were obtained
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for the cobalt ferrite nanoparticles, which correspond to
annealing times of 2, 6 and 11 h, respectively.

Fig. 4 shows the SEM image of the cobalt ferrite
nanoparticles with a 150,000% magnification at annealing
time periods of 2 and 11 h. The particle distribution is
indicated by a small circle, which is the typical obser-
vational expectation for cobalt ferrite nanoparticles. With
an annealing time of 11 h, it seems that the small particles
diffuse relative to the other particles to create bigger
particles. These results are consistent with our expecta-
tions in the analysis of TG/DTA. At the beginning of the
annealing process, the nano particle moving closer to one
another so that interact to form a grain boundary. With
increasing time, the grain boundary grew and eventually
two or more nano particles merge into one larger particle
size.

In contrast, an annealing time of 2 h, affords a particle
distribution that shows a distinct separation between the
smaller and larger sizes. To confirm this observation,
several particles that range from the smaller to the larger
sizes were randomly measured for the entire area. After-
wards, the collected data was plotted on the basis of the
particle size and the probability of occurrence for the
varying particle sizes in Fig. 5 to afford a Gaussian-like
curve. The crystallite size, which was calculated using the
Scherer formula, was within the range of the Gaussian
curve. The range for the cobalt ferrite particle size was
12.5 to 75.0 nm in the SEM image, which means that the
range substantially broadens with a shorter annealing time
of 2 h. In contrast, an annealing time of 11 h affords a
narrower particle size distribution range of only 25.0 to
65 nm. Therefore, it can be concluded that the annealing
time affects the particle size distribution of the cobalt
ferrite nanoparticles.
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Fig. 4. Typical SEM images for cobalt ferrite after annealing at 600°C with two different time durations of (a) 2 h and (b) 11 h.
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Fig. 5. Cobalt ferrite particle size distributions after two dif-
ferent annealing time periods of 2 and 11 h at 600°C.
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Fig. 6. A typical hysteresis curve for cobalt ferrite nanoparti-
cles at two different annealing time periods of 2 and 11 h.

VSM was employed to evaluate the dependence of the
cobalt ferrite nanoparticle sizes on their observed mag-
netic properties. Fig. 6 shows the hysteresis curve for
cobalt ferrite nanoparticle samples at two different an-
nealing time periods of 2 and 11 h. There is no difference
between the squareness factors of both samples. The
sample with a shorter time annealing of 2 h had a
saturation magnetization (Ms) value of 121.3 emu/cm’. In
contrast, a sample with a longer annealing time of 11 h
had an Mg value of 138.3 emu/cm?. Coercive fields of 311
and 378 Oe were applied to the samples with varying
annealing times of 2 and 11 h, respectively. The experi-
mental results confirmed that the magnetic property of the
cobalt ferrite nanoparticles is dependent on the modified
crystallite sizes.
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4. Conclusion

The dependence of the particle sizes on the annealing
time in co-precipitated magnetic cobalt ferrite nano-
particles was investigated. Experimental results show that
high-purity cobalt ferrite nanoparticles can be obtained
following a co-precipitation procedure. The dependence
of the crystallite sizes on the annealing time was success-
fully proven using XRD and SEM. VSM analyses also
show that the magnetic properties of the cobalt ferrite
nanoparticles depend on their relative particle sizes.
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