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Abstract. CoosNigoFe,O4 nanoparticles were synthesized by coprecipitation method and
annealed at different temperatures (200, 400, 600, 800 and 1000 °C). The X-ray diffraction
(XRD) exhibited the formation of spinel cubic structure. The crystallite size of CogsNig2Fe204
nanoparticles at the annealing temperature of 200 °C was 7.0 nm and then increased with the
increase of annealing temperature. The reason for this is that the particles grow faster and larger
at a higher temperature. The transmission electron microscopy (TEM) images showed that the
size distribution of the particles was increased with the increase of annealing temperature. It was
also seen from the samples that most of the particles appeared nearly spherical in shape with
slight agglomeration, particularly at higher annealing temperature. The Fourier transform
infrared spectroscopy (FTIR) spectra of Cog gNip.Fe,O4 nanoparticles confirmed the presence of
vibration bands of metal ions at 370.30 — 401.9 cm™! and 586.36 — 601.79 cm™ which was in a
region of octahedral and tetrahedral sites, respectively. The values of the gap energy of
CoosNig2Fe,O4 nanoparticles observed ultraviolet-visible (UV-Vis) spectroscopy were in the
range of 4.25 — 4.94 ¢V. The gap energy was decreased with the increase of annealing
temperature and the increase of crystallite size.

1. Introduction

Spinel ferrite nanoparticles having the general chemical formula MFe;O4 (M is divalent metal cation)
are attractive materials because of their applications in such fields as drug delivery, spintronics, high-
density information storage, microwave devices, and optoelectronics [1-3]. They have excellent
chemical and physical properties which could not be found in the bulk size due to their large surface
area [4]. Among spinel ferrite nanoparticles, recently Co-Ni ferrite are most fascinating materials to be
investigated. Cobalt ferrite and nickel ferrite have inverse spinel structure with all of the Co?"/Ni** ions
occupied at octahedral (B) site and Fe** ions distributed between tetrahedral (A) and octahedral (B) sites
[5]. In addition, cobalt ferrite is hard magnetic materials with high chemical stability and mechanical
hardness while nickel ferrite is soft magnetic materials with high resistivity more than 10° Qcm [6, 7).
Therefore Co-Ni ferrite is suitable to be applied for high-frequency electronic devices e.g. isolators and
circulators due to their high electrical resistivity and good magnetic properties [8, 9].

To achieve these applications, it is necessary to consider the quality of crystal through their
properties. Their properties are mainly affected by particles size, shape, crystallinity and cation
distribution between tetrahedral (A) and octahedral (B) sites [10, 11]. One of the main factors that
determine the quality of crystal is the preparation method. It is important to consider obtaining well
ferrite performance and also preparing easily. Coprecipitation method is one of the methods chosen by
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many researchers because this method is simpler, low cost and used low synthesis temperature. Another
reason is that this method could control the production of ferrite particles [12]. However, this method
produces tiny particle size causing agglomeration. It mainly affects the weakening of their properties
such as structural, vibrational and optical properties. Therefore, the weakening of their properties could
be handled by giving annealing temperature after synthesis process [13]. Their properties of spinel ferrite
could be improved by the effect of annealing temperature to reach well crystallinity and reduce
agglomeration. The objective of this investigation is to explore structural, vibrational and optical
properties of CoosNig2Fe,O4 nanoparticles annealed at various annealing temperatures and synthesized
by coprecipitation method. Correlation between annealing temperature on structural, vibrational and
optical properties will be carried out in detail.

2. Experimental method

Coo.sNip2Fe>O4 nanoparticles were synthesized by coprecipitation method. Cobalt chloride hexahydrate
(CoCl,.6H»0), nickel chloride hexahydrate (NiCl,.6H,O) and iron chloride hexahydrate (FeClz.6H,0)
were used as precursors by dissolving them in distilled water with the concentration of 0.16 M, 0.04 M
and 0.4 M, respectively. The mixture was added to HCl as a catalyst. And then, the mixture solution was
added drop wise to the NaOH solution (12 M) heated at a synthesis temperature of 90 °C while
homogenized at constant stirring (1000 rpm) for 1 hour. The chemical reaction of CoosNip2Fe:O4
nanoparticles could be described as:

O.8COCI2(aq)+0.2NiCIZ(aq)"‘ 2FeCI3(aq) + 8NaOH(aq) + HZO(aq)
+ HCI(aq) (1)
Coo.s Nio2Fe204) + 8NaClag)+ 5H20q)

The prepared precipitate was then rinsed five times with distilled water until the rinsing was free
from the traces of sodium, chloride and other impurities. The precipitate was subsequently dried at 90
°C in a furnace for 4 hours to remove traces of water. Afterward, the resulting powder was annealed at
different temperatures (200, 400, 600, 800 and 1000 °C). The structural properties and morphologies of
Coo.3Nip,Fe,O4 nanoparticles at different annealing temperatures were studied by X-ray diffractometer
(XRD) using Cu-K, radiation with wavelength 1=1.5406 A and transmission electron microscope
(TEM) Jeol JEM-1400. The vibrational spectra were recorded by Fourier transform infrared
spectroscope (FTIR) Prestige Shimadzu-21 at room temperature. The optical properties of samples were
analyzed by UV-Vis spectrophotometer DR 1700 PharmaSpec.

3. Results and discussion

3.1. X-Ray diffraction analysis

Figure 1 shows the XRD patterns of CogsNig2Fe,O4 nanoparticles for as-prepared and annealed at 200,
400, 600, 800 and 1000 °C. There are reflection planes for all samples such as (220), (311), (400), (422),
(511) and (440) indicating the formation of cubic spinel structure with space group Fd3m (JCPDS card
no #22-1086) [14]. CoosNip2Fe;O4 nanoparticles have nearly single phase without any new phases
detected. The increase of annealing temperature results in an enhancement of crystallinity degree where
the peak intensity (311) increases while the full width at the half maximum (FWHM) decreases for
Co03NigoFe,04 nanoparticles. The structural parameters such as lattice parameter, crystallite size,
microstrain and X-ray density could be obtained from the XRD data. The lattice parameter a is
calculated according to the Bragg’s formula [7]. The crystallite size D is estimated according to the
Scherrer’s formula [15].
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Figure 1. XRD patterns of Coo3sNiop2Fe,O4 nanoparticles at
different annealing temperatures (a) as-prepared (AP), (b) 200
°C, (c) 400 °C, (d) 600 °C, (e) 800 °C and () 1000 °C.

The structural parameters from the XRD patterns of CoosNip.Fe>O4 nanoparticles for as-prepared
and annealed samples are shown in Table 1. The data obtained from XRD analysis reveals an increasing
pattern in crystallite size with the increase of annealing temperature as shown in Table 1. This is due to
the crystallite size at higher annealing temperature enhances the coalescence process of crystallites into
a larger average size of nanoparticles [4].

Table 1. Lattice parameter, crystallite size, X-ray density and strain of Cog sNig.Fe.O4 nanoparticles.

Anealling Lattice parameter  Crystallite size ~ X-ray density Microstrain
temperature (°C) (A) (nm) (g/cm?) (% 10?/line?)

AP 8.38 10.4 5.3 4.4

200 8.35 7.0 53 6.5

400 8.36 8.3 53 55

600 8.39 9.6 5.2 4.7

800 8.40 9.8 5.2 4.6

1000 8.39 10.5 52 4.3

The lattice parameter has an increasing trend with the increase of annealing temperature which is in the
range 8.35 A — 8.40 A. This is attributed to faster coarsening process when a higher annealing
temperature is applied to the samples. A faster coarsening process causes enhancement in unit cell
volume which results in increasing lattice parameter. The X-ray density decreases with the increase of
annealing temperature. This is caused by the increase of annealing temperature results in larger unit cell
volume of nanoparticles as shown in the following formula [16].

8M
P =10 )

where p,, is X-ray density, V' is unit cell volume, N is the Avogadro’s number and M is molecular weight
of CoogNig2Fe,O4 nanoparticles.
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3.2. Transmission electron microscopic (TEM) images

Figure 2 shows the morphology of CogsNig2Fe2O4 nanoparticles for as-prepared and annealed at 400,
600, 800 and 1000 °C. The particles are initially agglomerated in a spherical shape at an annealing
temperature of 400 °C. Subsequently, the particles are nearly in cubic shape with slight agglomeration
at annealing temperatures of 600 and 800 °C. And then, the particles are agglomerated at an annealing
temperature of 1000 °C. From TEM images, it is confirmed that the particles size increases with the
increase of annealing temperature. This result supports XRD analysis that has been studied previously.
This phenomenon is caused the particles grow faster and form larger at higher annealing temperature
[17]. The selected area electron diffraction (SAED) patterns of the CoosNig2Fe,O4 nanoparticles for as-
prepared, annealed at 400 °C and 600 °C display continuous polycrystalline rings while for samples
annealed at 800 and 1000 °C display discontinuous polycrystalline. All of the samples reveal
polycrystalline nature.

Figure 2. TEM images of of Coo3Nio.Fe,O4 nanoparticles at different annealing temperatures
(a) as-prepared (AP), (b) 400 °C, (c) 600 °C, (d) 800 °C and (e) 1000 °C.
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3.3. Fourier transform infrared spectroscopy (FTIR) studies

The vibrational spectra of CoosNip2Fe2O4 nanoparticles for as-prepared and annealed were observed by
FTIR spectroscope at room temperature as shown in Figure 4. According to the Figure 3, there are two
metal oxygen (M — O) bands which are in wave number 370.3 cm™ — 401.19 cm™ and 586.36 cm™! —
601.79 cm™!. They are respectively at octahedral and tetrahedral sites indicating the formation of spinel

ferrite structure.
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Figure 3. Vibrational spectra of CoosNig2Fe,O4 nanoparticles
at different annealing temperatures (a) as-prepared, (b) 400 °C,
() 600 °C, (d) 800 °C and (e) 1000 °C.

The detailed wave number of M — O at octahedral and tetrahedral sites are shown in Table 2. From
Table 2, the wave number of M — O stretching vibration at the octahedral site is lower than the tetrahedral
site. This could be attributed to shorter or longer bond length of the octahedral or tetrahedral site. In
addition, the wave number of octahedral sites is shifted toward higher wave number with the increase
of annealing temperature. This is related to their atomic weight of ions. The absorption band at 3410 —
3448.72 cm’! is attributed to the hydroxyl (O — H) group of stretching vibration. This is also observed
that the intensity of this absorption band has a decreasing trend with the increase of annealing
temperature. This may be attributed to the loss the residual water in the nanoparticles [18]. The appeared
absorption band at 1581 — 1651.7 cm! for all samples correspond to the existence of H,O molecules [7,

10].

Table 2. The wave number of metal-oxygen vibration at octahedral and
tetrahedral sites of as-prepared and annealed CoosNip2Fe,O4 nanoparticles.

Anealling temperature Wave number
(°C) (em™)
Octahedral site Tetrahedral site

AP 370.3 594.08
400 385.76 594.08
600 401.19 594.08
800 401.19 601.79
1000 401.19 586.36
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3.4. UV-Vis analysis
The optical gap energy of CoosNio2Fe>O4 nanoparticles for as-prepared and annealed was carried out by
using UV-visible spectroscope. Figure 4 shows the dependence of the optical gap energy on annealing

temperature. According to the Figure 4, the optical gap energy decreases with the increase of annealing
temperature.
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Figure 4. The dependence of the optical gap energy
on annealing temperature.

The decrease of gap energy may be attributed to the Burstein-Moss Effect. Also, the reduction of gap
energy shows that the photon absorption is shifted toward higher wave length (red shift). This shift could
be caused by the strong interaction (s-d and p-d) result into a positive and negative correction to the
valence and conduction band edges [19]. In addition, there is a correlation between crystallite size and
optical gap energy as shown in Table 3.The optical band energy decrease with the increase of crystallite
size. This is related to an enhancement of crystallinity when the higher annealing temperature is applied

[4].

Table 3. Gap energy of as-prepared and annealed CogsNig2Fe,O4 nanoparticles.

Anealling Crystallite size Gap energy

temperature (nm) (eV)
°O)
AP 10.4 4.94
200 7.0 4.85
400 8.3 4.69
600 9.6 4.72
800 9.8 4.25
1000 10.5 4.62

4. Conclusion

We have synthesized CoosNig2Fe,O4 nanoparticles using coprecipitation method and then annealed
them at various temperatures. The XRD analysis reveals that CoosNig2Fe,O4 nanoparticles for as-
prepared and annealed have the formation of the cubic spinel structure. The crystallite size and lattice
parameter display an increasing trend while the X-ray density and microstrain shows a decreasing trend
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with the increase of annealing temperature. TEM images and FTIR spectra confirm the formation of the
cubic spinel structure. The annealing temperature decreases the value of the optical gap energy.
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