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Cobalt ferrite nanocrystals (CoFe,O4) were synthesized by
means of ultrasonic agitation and afterward subjected to dif-
ferent annealing temperatures. The structural and morpho-
logical properties of the nanocrystals were investigated by
means of X-ray diffraction and scanning electron microscopy.
The results showed that the samples were composed of
CoFe,0O, monophase nanocrystals. The particle size in-
creased with increasing annealing temperatures. Infrared

spectroscopy and magnetization showed that the samples ex-
hibited the usual features of CoFe,O, nanocrystals. Super-
paramagnetism was not observed at room temperature.
However, the results indicated that the samples could be
considered single-domain particles with blocking tempera-
tures greater than 300 K. Both infrared and magnetic results
indicated possible diffusion of cobalt ions from tetrahedral to
octahedral sites as a function of the annealing temperature.

Introduction

Magnetic nanoparticles (NPs) have unique magnetic
properties such as superparamagnetism, high coercivity,
and high magnetic susceptibility, which raises the possibility
of their use in a broad range of applications.['l These appli-
cations include magnetic fluids, data storage, and bioap-
plications.> In addition, when magnetic NPs are inserted
into glass systems, it permits the generation of magneto-
optical properties, which are promising in device applica-
tions that emphasize the use of the Faraday effect for mag-
neto-optical components.>%!  Furthermore, particularly
interesting are cubic ferrite nanocrystals (NCs) of the spinel
formula [xFe,Oy (e.g., X: Co?>")] in which O* ions are orga-
nized in the cubic structure and Fe?* or Co?* can occupy
the tetrahedral and octahedral sites. The magnetic proper-
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ties of these NCs can be controlled by the distribution of
cations among the octahedral and tetrahedral sites of the
spinel structure. In addition, cation distribution can depend
on the synthesis method and size of the NCs. Cobalt ferrite
NCs in particular exhibit high coercivity, moderate satura-
tion magnetization, large anisotropy, light-induced changes
in coercivity,[’l strong, site-specific binding of proteins in
albumin serum,®'!1 high stability up to 1000 °C, high du-
rability, and good electrical insulation properties.l'>'4 Con-
sequently, these NCs can be used in data storage,!'! ionic
fluids,!¢ sensors,l!7181 and drug-delivery systems for bio-
logical labeling.['>2%! Various methods are used to synthe-
size these NCs including hydrothermal,’?!! high-temperature
decomposition of organic precursors,?? sol-gel,[*3! copre-
cipitation,?* microemulsion, >’ aerosol vapor,? Langmuir—
Blodgett,!”! mechanical grinding,*”] micellar,!?®! and bacte-
rial synthesis.[*’] The coprecipitation method is based on
nanocrystal nucleation and subsequent growth. Nucleation
and growth control the final shape of the nanocrystals and
are strongly affected by various parameters such as agita-
tion speed, synthesis temperature, the nature of alkaline
solutions, addition rate, digestion time, and pH.B%3! There-
fore, coprecipitation is one of the most versatile techniques.
Our study is probably the first to use ultrasonic agitation in
aqueous solution throughout the entire process of synthe-
sizing cobalt ferrite NCs. Ultrasonic agitation favors the
formation of uniformly sized, highly magnetized cobalt fer-
rite nanocrystals. This fact deserves special attention be-
cause, according to the literature, cobalt ferrite nanocrystals
obtained by coprecipitation have lower magnetism than
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those obtained by our methodology.?#32:33 We confirmed
these results by means of X-ray diffraction, scanning elec-
tron microscopy, IR spectroscopy, and magnetization mea-
surements.

Results and Discussion

The XRD patterns of the AN300, AN600, and AN900
samples (annealed at 300, 600, and 900 °C, respectively) are
shown in Figure 1. The diffraction peaks for all samples
agree with the diffraction pattern of the cubic spinel struc-
ture of CoFe,O4 (JCPDS card no. 22-1086).34 The absence
of additional peaks indicates the high purity of the
CoFe,04 phase. The average particle sizes (D) were deter-
mined by using the Debye—Scherrer equation and the full
width at half-maximum (FWHM) of the most intense peak
(311), see Equation (1).13]

D = 0.9M/fcos (1

A is the radiation wavelength, ff is the FWHM, and 6 repre-
sents the diffraction of the peak. We obtained D = 13, 18,
and 40 nm for the AN300, AN600, and AN900 samples,
respectively. The observed increase in the NC size with in-
creasing annealing temperature is related to the interde-
pendence between the different rates of nucleation and
growth in ferrite formation.['® Thus, higher annealing tem-
peratures decrease structure defects, improve crystallinity,
and cause crystallite coalescence, which increases the size of
the CoFe,O4 NCs.[3%
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Figure 1. X-ray diffraction patterns of the AN300, AN600, and
AN900 samples.
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Field-emission gun scanning electron microscopy (FEG-
SEM) images of the CoFe,O; NCs from the AN300,
AN600, and AN900 samples are shown in Figure 2 (a—c),
respectively. The images show that the NCs are spherical,
uniform, monodisperse, and uniformly sized. The observed
sizes of the NCs in the expanded view of the SEM images
are in good agreement with those calculated from the XRD
data. The spherical shape of these particles is probably due
to the non-use of surfactant.*”7 The results displayed in
Figure 2 shows NC clustering, which is associated with van
der Waals forces between nanocrystals and strong magnetic
interactions.’® This effect is greater with increasing anneal-
ing temperature, since the increase in the annealing tem-
peratures also favors CoFe,O,4 NC clustering.

(a) CoFe,0,:AN300

1000 SR < ol

) CoFe,0,:AN600

Figure 2. FEG-SEM images of CoFe,O4 NCs from the AN300,
AN600, and AN900 samples.

The FTIR spectra of the samples are shown in Figure 3.
Two bands at 400—450 (v,) and 550—650 (v;) cm™! are typi-
cal of a spinel ferrite (see Figure 3).°°1 The higher-fre-
quency band (v;) is caused by intrinsic stretching vibrations
at tetrahedral sites (Fe—O or Co-O vibrations) in the metal.
The lower-frequency band (v,) corresponds to octahedral
metal stretching.?°! The positions of these bands confirm
the formation of cobalt ferrite NPs.[*! The increase in the
v, absorption band intensity with increasing annealing tem-
perature is attributed to greater local order and crystallinity,
which is in agreement with the XRD results.*'! The FTIR
spectra of the ferrite might also provide information on the
cation distribution over the tetrahedral (Td) and octahedral
(Oh) sites. Previous studies have shown that increasing an-
nealing temperatures causes v; and v, bands to shift to
lower frequencies.?>*!1 These shifts are attributed to
changes in cation distribution and variations in the length
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of cation—oxygen bonds at Td and Oh sites. The bands asso-
ciated with the v; and v, frequencies shift to lower fre-
quencies as the annealing temperature increases, thereby
confirming that Co*? ions are incorporated into the Oh
sites. This is justified because the increase in site radius re-
duces the fundamental frequency and thus the center of the
bands must shift to lower frequencies.*’! In addition, v,
band intensity increases with higher annealing tempera-
tures, which also confirms incorporation of the Co*? ion
into Oh sites. On the basis of these results, we concluded
that increasing the annealing temperature causes the dif-
fusion of Co*? ions from Td to Oh sites.
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Figure 3. FTIR spectra of the CoFe,O, NCs for the AN300,
AN600, and AN900 samples.

The magnetization (M) versus applied magnetic field (H)
curves obtained at 300 K for the three samples are shown
in Figure 4. The saturation magnetization (Msg) value was
determined by fitting the high-field segment of the M/H
virgin curve using Equation (2)[*? in which « and b are fit-
ting parameters.

MIMg =1 - alH - blH? @)

The obtained Mg values show that the magnetization at
65 kOe is near saturation for all three samples (Table 1).
The value of M measured at 65 kOe represents about 95%
of Mg for each sample. The obtained Mg values for the
three samples are lower than the bulk value Mg =
80.8 emug .3 This result is usually obtained for cobalt
ferrite nanocrystals. It is attributed to the contribution of
particle surface spins to the magnetic properties, which be-
comes relevant relative to the contribution of the spins in
the core for small particles. Different magnetic states for the
surface spins can lead to surface spin disorder or a canting
effect.[*+*3 The contribution of the surface spins (compared
to the core spins) increases with decreasing particle size,
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Figure 4. Magnetization versus applied magnetic field measured at
300 K for CoFe,O,4 NCs for the AN300, AN600, and AN900 sam-
ples, respectively. Both inset graphs show an enlarged view of the
MI/H loops at H = 0 for AN300 and AN600, respectively.

thus leading to a decrease in Mg as a function of the par-
ticle size. The M/H loops measured for a field up to 65 kOe
clearly show that the three samples are ferromagnetic at
300 K with remanence and coercivity (H¢) (see Table 1 for
the H¢ values). In addition, hysteresis narrows as the par-
ticle size increases.

Table 1. Magnetic parameters of the samples annealed at 300 °C
(AN300), 600 °C (AN600), and 900 °C (AN900). T(5 kOe) is the
blocking temperature determined from the zero-field cooling ex-
periments performed at 5 kOe. My is the saturation magnetization
value determined from the M/H data, and Hc is the coercivity.
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Sample 300 K 1.7K Tg(5 kOe)
Ms Hc Ms Hc
[emug] [O¢] [emug]
AN300 72.4 555 84 14 kOe 260 K
ANG600 74.4 245 88 335 Oe 260 K
AN900 50.4 136 61 255 Oe 210 K

Superparamagnetic behavior in the samples was investi-
gated by measuring magnetization as a function of the zero-
field cooling (ZFC) and field cooling (FC) temperatures.
The data displayed in Figure 5 were obtained under a 5 kOe
magnetic field. Clear irreversibility between the ZFC and
FC curves was observed for all three samples. When the
temperature decreased from 300 to 2 K, the ZFC curve
reached a maximum and then decreased rapidly, whereas
the FC curve increased slightly. This maximum is observed
at a critical temperature called the blocking temperature
Tg(5 kOe) at H = 5kOe. The value of Ty(5kOe) is near
260 K for the AN300 and AN600 samples and close to
210 K for the AN900 sample. The blocking temperature
shifts to higher temperatures as the field decreases.*! Fig-
ure 5 also shows the ZFC and FC magnetization measure-
ments at H = 500 Oe for the AN900 sample. The ZFC curve
does not reach a maximum, and the ZFC and FC traces do
not overlap. Similar results were obtained for the AN300
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and AN600 samples. Overall, these results provide convinc-
ing evidence that the samples possess superparamagnetic
properties with blocking temperatures 7 (H— 0) that ex-
ceed 300 K.
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Figure 5. Field cooling (FC) and zero-field cooling (ZFC) tempera-
ture variation of magnetization measured at 5 kOe (solid symbols)
for the three samples. Data obtained at 500 Oe for the AN900 sam-
ple are also displayed. Only the high-temperature segment of the
FC curve is shown for a better overall view of the experimental
results.

The M/H loops measured for a magnetic field up to
65kOe at T = 1.7 K for the AN300, AN600, and AN900
samples are shown in Figure 6. The saturation magnetiza-
tion of the three samples increases as temperature decreases.
The obtained values for Mg are lower than the bulk Mg =
93.9emug! value The magnetization curve of the
AN300 sample consists of a large hysteresis loop (Hc =
14 kOe) and a rapid change in M near the zero applied
magnetic field. This kind of constricted hysteresis loop has
been observed in other studies on CoFe,O4 nanocrystals
and has been attributed to strong dipolar interparticle inter-
action.[*748] The observed shape of the M/H loop can be
also obtained for a mixture of soft and hard magnetic mate-
rials. On the basis of the present data, this possibility can-
not be ruled out. The constricted hysteresis loop is not ob-
served for the two other samples. In addition, the M/H
loops for samples AN600 and AN900 show lower coercive
force than sample AN300. This sample has a smaller size
and a higher surface-to-volume ratio. Assuming a single
magnetic phase for sample AN300, we expect that this sam-
ple has higher uncoupled spins on the surface than in the
core of the particle to result in a larger surface anisotropy
contribution and larger Hc.

The virgin M/H trace was obtained at 300 K and 1.7 K
ZFC for the AN900 sample. The S-shape of this trace was
also observed for the other two samples and has been re-
ported previously, as shown in Figure 7.4 S-shaped virgin
magnetization is usually observed in frustrated systems such
as spin glasses and might indicate, as in the present case,
the existence of competing interparticle interactions.

Overall, these magnetic results provide strong evidence
that the samples consist of single-domain nanocrystals with
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Figure 6. M/H loops measured for fields up to 65 kOe at T=1.7K
for the CoFe,O,4 nanocrystals in the AN300, AN600, and AN900

samples, respectively.
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Figure 7. Virgin magnetization curves at 7= 300K and 7= 1.7K
for the AN900 sample. The low-temperature trace was obtained
after zero-field cooling of the sample.

a blocking temperature greater than room temperature. We
obtained lower Mg values for these samples than for the
bulk. This result is generally observed for ferrite NPs and
usually ascribed to surface spin disorders or spin-canting
effects.[*”! Size-dependent saturation magnetization is ex-
pected. The value of Mg decreases with decreasing particle
size. The Mg values for samples AN300 and AN600 follow
this pattern; however, the Mg value of sample AN900, with
the largest size, is clearly lower than that for the two other
samples. The observed result for sample AN900 might be
explained by a change in the cation distribution of Co and
Fe as discussed in the following. In the spinel structure of
cobalt ferrite, Co and Fe can occupy Oh and Td sites. The
cation distribution can be described by the formula
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(Coy_Fe)r4[Co.Fes JonOy4, in which x is the degree of in-
version. In normal spinels (x = 0), Co?* ions occupy Td
sites and Fe3* occupy Oh sites. In inverse spinels (x = 1),
Co?" ions are located at Oh sites, and Fe** ions are located
at Td and Oh sites. The net magnetization is the difference
between the sum of the magnetic moments of cations at Oh
sites and the sum of the magnetic moments of cations at
Td sites. A decrease in saturation magnetization is therefore
expected as x increases.

Thus, the large reduction in Mg for the AN900 sample is
ascribed to greater changes in cation distribution (increas-
ing x) relative to the other samples. Annealing at 900 °C
causes a transfer of Co ions from Td sites to Oh sites and
transfer of Fe ions from Oh to Td sites. This result is in
agreement with those obtained from the FTIR experiments
(Figure 3). The overall features of the magnetic properties
of the samples agree with previous studies.[44-47-48-30]

Conclusion

We successfully used the ultrasonic agitation technique
to produce pure cubic spinel CoFe,O4 nanocrystals with a
narrow size distribution. A clear correlation between the
size and crystallinity of the particles and the annealing tem-
perature was observed. Increasing the annealing tempera-
ture decreases structure defects, improves crystallinity, and
increases the size of the particles without changing their
shape. Our samples can be considered single-domain par-
ticles with blocking temperatures greater than room tem-
perature. For two samples, the obtained saturation magne-
tization values, Mg, are similar to those found in other stud-
ies on similarly sized particles. In the sample with the
largest particles, Mg increases with increasing particle size.
This behavior is unexpected and indicates that annealing
might control particle size and the distribution of Co*? over
Td and Oh sites, which is corroborated by FTIR spec-
troscopy measurements. We believe that these results pro-
vide a significant advance in the search for possible techno-
logical applications.

Experimental Section

Materials: CoFe,0O4 nanocrystals were prepared using cobalt(II)
chloride (CoCly; =98.0%), iron(Ill) chloride hexahydrate
(FeCl3:6H,0; 97%), and sodium hydroxide (NaOH; =98.0%). All
chemicals were purchased from Sigma-Aldrich.

Synthesis of CoFe,O, Nanocrystals: Cobalt ferrite nanocrystals
were synthesized by ultrasonic agitation during the entire process.
A solution was prepared with 0.5 M cobalt(Il) chloride and 1M
iron(III) chloride in aqueous solution. An 8 M NaOH solution was
then added drop by drop to increase the pH of the mixed solution
up to 11. This solution was heated at 90 °C for 4 h. The obtained
precipitate was then purified several times using ultrapure water
until reaching pH value 7. All the growth parameters, pH, Co>*/
Fe** molar ratio, reaction temperature, and NaOH concentration
were controlled to improve the formation of pure-phase CoFe,0y,.
Finally, the precipitate was annealed under an ambient atmosphere
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at 300, 600, and 900 °C for 1 h. The obtained samples were labeled
AN300, AN600, and AN900, respectively.

Sample Characterization: The structural phase of the samples was
investigated using X-ray diffraction (XRD) patterns obtained at
room temperature with an XRD-6000 Shimadzu diffractometer
with monochromatic Cu-K,; radiation (4 = 1.54056 A). The mor-
phology of the samples was studied by FEG-SEM with a Zeiss
microscope at 10 kV. IR spectra of the samples were recorded at
room temperature using the transmission mode of a Shimadzu
Fourier transform IR (FTIR) spectrophotometer (model IR Pres-
tige-21) in the 450 to 4600 cm ' spectral range). Magnetization
measurements were performed with a Cryogenics S600 supercon-
ducting quantum interference device (SQUID) magnetometer in
the temperature range from 1.7 to 300 K and magnetic field up to
65 kOe.
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