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a b s t r a c t

Compact CoFe2O4 submicron spheres were successfully prepared by a typical solvothermal synthesis
method using potassium acetate as protective agent. The as-prepared spheres exhibited the onset of
superparamagnetism. The saturation magnetization (Ms), remanent magnetization (Mr), coercivity (Hc)
and remanence ratio R (Mr/Ms) were 46.79 emu/g, 0.84 emu/g, 18.4 Oe and 0.018, respectively. Followed
by thermal treatment at 250–600 °C, the annealed spheres exhibited a sharp increment in coercivity
without significant growth in crystal size. The coercivity of the sample annealed at 250 °C was 597.5 Oe
and the sample annealed at 600 °C was increased to 1371.7 Oe. The probable mechanism of the incre-
ment in coercivity was suggested to be induced by the enhanced exchange interactions as the organics
degraded in thermal treatment.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, the research of spinel cobalt ferrite (CoFe2O4,
abbreviated as CFO) particles has aroused widespread interest
because of their excellent magnetic and electrical properties [1].
These particles can be used in many fields, such as magnetic re-
cording [2–4], magnetic targeting technology in biology and
medicine [5,6], magnetic fluid [7], radar absorbing stealth tech-
nology [8,9] and photocatalytic technology [10]. Many methods
have been used to prepare these ferrites, for instance, sono-
chemical preparation [11], sol–gel method [12], microwave
method [13], co-precipitation route [14,15], hydrothermal synth-
esis [16], solvothermal synthesis [8,9,17]. Among these methods,
solvothermal synthesis has been widely used since Deng and his
group had firstly prepared monodisperse ferrite microspheres in
2005 [17]. Researchers prepared various ferrites shaped in spheres
[17], rugbies [9], nanosheets [18], and nanobelts [19] with compact
[17], hollow [20] and porous structure [21]. These ferrite particles,
however, are actually nanocrystalline clusters, when there is no
restriction functional surfactant, these nanocrystals will grow up
and aggregate together, form polycrystalline particles in an iso-
tropic way. This growth model is called “oriented aggregation”
[22]. Consequently, owing to their nanocrystalline features, these
particles exhibit lower coercivity or even superparamagnetism, as
compared to bulk samples.
Coercivity (Hc) is an important parameter in particular appli-
cations, in order to reach the maximum energy product (BH)max,
many authors report tuning the Hc through capping [23], me-
chanical milling treatment [24] and thermal annealing [25,26] of
the grains. As thermal annealing treatment can easily modify grain
crystalline and ferrite particle size, the Hc values can be easily
tuned. The strong dependence on particle size of Hc of ferro- and
ferrimagnetic solids has been widely reported: Hc firstly dramati-
cally increases with the increasing particle size from a size (Dsp)
[27] defined by the super-paramagnetic effect [28] to a“single
domain” size (Dcrit) [29,30], and gently increases until the particle
size increases to an evolution of the monodomain structure to-
wards a multidomain one, it then decreases. Therefore, in this
paper, we attempt to utilize proper thermal treatment to promote
the crystallinity of particles made by solvothermal synthesis
method, in order to prepare monodisperse, size-controllable
spheres with tunable Hc values, to fit specific applications.
2. Experimental section

CFO spinel ferrite submicron spheres were synthesized by a
typical solvothermal [17] method. 0.01 mol FeCl3 �6H2O (2.703 g),
0.005 mol CoCl2 �6H2O (1.19 g) and 0.05 mol potassium acetate
(KAc, 4.907 g) were dissolved in ethylene glycol (150 mL) and
stirred vigorously for 4 h to form a homogeneous brown solution.
Then the solution was poured into a Teflon-lined stainless-steel
autoclave (180 mL capacity). The autoclave was heated to and
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maintained at 200 °C for 10 h, and naturally cooled to room tem-
perature. The black powders were washed with ethanol several
times and dried at 80 °C for 6 h. The as-prepared powders (S0)
were then annealed at different temperatures from 250 to 600 °C
(marked as S250–S600) with a heating rate of 250 °C/h and
maintained for 2 h.

X-ray powder diffraction (XRD) of the powders was carried out
on a Bruker D8-advance X-ray diffract meter with graphite-
monochromatized Cu Kα radiation (λ¼1.54056 Å). Thermogravi-
metric (TG) and Differential Scanning Calorimetry (DSC) analysis
of the as-prepared powders were carried out on a Netzsch
STA449F3 simultaneous thermal analyzer in air with a heating rate
of 10 °C/min. The morphology and the inner formation of the
particles were determined at Philips CM12/STEM transmission
electron microscope (TEM). The size of the submicron spheres was
tested using Horiba dynamic light scattering particle size analyzer
(DLS) LB-550. And the magnetic studies were carried out by using
Lakeshore 7404 vibrating sample magnetometer (VSM) at room
temperature.
3. Results and discussion

3.1. Structural analysis

Fig. 1 shows the XRD patterns of the samples of S0 and the
annealed samples S250–S600. The diffraction peaks and relative
intensities of all samples match well with a cubic spinel structure
(JCPDS 01-1121, space group: Fd�3m). However, the considerable
broadening of all diffraction peaks of the samples suggests that the
sizes of cobalt ferrite crystals are expected to be at a nano level. As
the anneal temperature below 500 °C, the peak intensity slightly
increases with the raise of anneal temperature, which indicates a
tiny improvement in crystallinity. While the anneal temperature
rose to 600 °C, there is a definite increase of the major peaks, in-
dicating a larger grain size of cobalt ferrite crystals. The nano-
crystals' approximate diameter which calculated by Scherrer for-
mula are inserted in Fig. 1 too. Besides S500 and S600, the crystal
size of the other samples are about 10–11 nm, near the super-
paramagnetic effect critical size (Dsp) [27] below which a sponta-
neous flip in magnetization occurs due to thermal effects. The
blocking temperature, which is defined as the temperature at
which the relaxation time is equal to the experimental measuring
Fig. 1. X-ray diffractograms of the as-prepared powders S0 and the powders an-
nealed at 250–600 °C.
time, and often believed as the ferri- or ferromagnetic (FM) to
superparamagnetic (SPM) transition temperature of the nano-
particles, depends on the particle size. The blocking temperature
of CFO with 11 nm is reported to be 245 K [31], so that the as-
prepared powders is expect to exhibit superparamagnetic features
at room temperature.

3.2. Morphological characteristics and formation mechanism
discussion

Fig. 2(a) shows the TEM image of as-prepared Co ferrite sub-
micron spheres S0, the diameters of the spheres are in the range of
150–400 nm. Fig. 2(b) shows the higher magnification TEM image
of a CFO sphere. The inset of Fig. 2(b) shows the boxed region of
the edge. It shows that the spheres are constructed with tiny na-
nocrystallites with an average diameter of about 10 nm, which is
close to the value calculated by Scherrer formula. It can be also
clearly indicated that there existed many interspaces between the
nanocrystallites. However, the spheres, unlike the hollow spheres
prepared by other protective agents such as NaAc and PEG, are of
compact structure on a macro level. Fig. 2(c) shows the TEM image
of a sphere annealed at 600 °C, the inset shows the boxed region of
the edge, too. There is an obvious increment in crystal size, and it
worth mentioned that the crystals are overlapped without evident
gaps between each other, indicating tight cohesion among those
nanocrystals. Fig. 2(d) is the corresponding selected area electron
diffraction (SAED) pattern of S600, suggesting that the CFO
spheres are polycrystalline. The diffraction rings are corresponding
to the (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1) and (4 4 0) planes of
CFO [32], which match the results of the XRD analysis.

Fig. 3(a) and (b) shows the particle size distribution of S0 which
were obtained from TEM Fig. 2(a) and measured by the DLS par-
ticle size analyzer, respectively. From the DLS results, the particle
size is in Gaussian distribution with the central of 258 nm, which
is slightly lower than the results of statistical data from TEM
images. The differences could be originated from the sedimenta-
tion of the big particles during DLS measurement, as well as the
statistical error because of the small amount of spheres in the TEM
image.

The formation mechanism of CFO nanoparticles and compact
spheres may be as follows. At the beginning, the reactant mixtures
of FeCl3 �6H2O, CoCl2 �6H2O, and KAc existed with their molecular
form in the reacting system. As the reaction temperature rose up,
the crystalline water of FeCl3 �6H2O and CoCl2 �6H2O was released
and formed to numerous microreactors. KAc, owing to its hydro-
philic group, would aggregate around these microreactors and
exchanged their cations with ferric chloride and cobalt chloride to
form ferrous acetate and cobalt acetate. Then, a dynamic compe-
tition between the breakage of Fe3þ–COO– bonds and the for-
mation of Fe3þ–OH– bonds was established under the alkaline
environment [33]. While a portion of Fe3þ were reduced to Fe2þ

in the ethylene glycol, Fe(OH)3 transformed to Fe3O4 precipitates,
finally Co2þ substituted a portion of Fe2þ and formed to CoFe2O4

nanocrystals. While in the random aggregation procedure, it was
different from the mechanism of hollow spheres synthesized in
Ref. [20], the absence of PEG or oleic acid resulted none oil drops
in water microreactors, resulted the formation of compact spheres.
It is verified that these compact spheres were more stable than the
hollow ones in our preparation of core–shell structured multi-
ferroic composites.

Both the literature [17] and our work indicate that KAc plays an
important role in ferrite formation. In this procedure, relative
amount of KAc is needed. The minimum mole ratio of Fe3þ and
Ac– is 1:4. In our preparation, the solution of 0.01 mol FeCl3 and
0.005 mol CoCl2 need at least 0.04 mol KAc, below which the
products cannot be synthesized. In fact, our attempt of adding less



Fig. 2. (a) TEM image of submicron spheres S0, (b) TEM image of a sphere of S0, the inset is the boxed region of the edge, (c) TEM image of a sphere of S600, the inset is the
boxed region of the edge and (d) SAED image of the S600 nanocrystals.

L. Zhou et al. / Journal of Magnetism and Magnetic Materials 392 (2015) 22–2624
KAc (0.025 mol) was failed. In contrast, if more KAc is added, more
and smaller microreactors would generate, thus lead to the de-
crease in sphere diameters. Similar results have been reported in
Wang's work [34]. Furthermore, the alkaline environment
Fig. 3. The particle size distribution of S0, (a) obtain
provided by KAc is also the kay element in the formation of cobalt
ferrite. It is suggested that the role of NaAc and NH4Ac [34] is si-
milar, except the different PH values caused by different cations.
ed from TEM figure, and (b) obtained from DLS.



Fig. 4. TG–DTA curve of as-prepared powders S0.

Table 1
The measured parameters of S0 and annealed samples S250–S600.

Sample Anneal temperature (°C) Hc (Oe) Ms (emu/g) Mr (emu/g) R

S0 Unannealed 18.4 46.79 0.84 0.018
S250 250 597.5 38.34 9.47 0.25
S300 300 860.0 42.39 14.74 0.35
S350 350 1009.3 43.51 15.93 0.37
S400 400 1046.1 45.92 17.50 0.38
S500 500 1106.2 52.25 20.26 0.39
S600 600 1371.7 55.75 23.21 0.42
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3.3. Thermal analysis

The result of TG–DSC of S0 is shown in Fig. 4. The endothermic
peak around 100 °C in the DTA curve corresponded to the eva-
poration of volatiles (H2O, ethanol, etc.), and the exothermic peak
at 254.5 °C corresponded to the decomposition of inorganic salts
and the degradation of organics. The sharp decline of TG curve
below 300 °C also indicated the degradation of inorganic and or-
ganic materials, which is corresponded to the DSC curve. Both the
TG and DSC curves indicates that though the spheres are washed
with ethanol several times, the organics containing of ethylene
glycol and acetate salt still exist between the nanocrystals in the
interior of spheres. The exothermic procedure maintained until the
temperature increased to about 650 oC, indicating there is no
significant grain growth or any phase transition, as was shown in
XRD spectrum.

3.4. Magnetic properties

The RT magnetic hysteresis loops of S0 and annealed samples
S250–S600 are shown in Fig. 5, the measured parameters obtained
from those hysteresis loops are shown in Table 1. For S0, the Ms

and Mr are 46.79 and 0.84 emu/g, and the Hc and remanence ratio
R (Mr/Ms) are only 18.4 Oe and 0.018, respectively. However, the Hc

values increases sharply even at a relative low anneal temperature
Fig. 5. M–H loops of (a) the as-prepared powders S0, S250 and S600 (b) S300 and
S350 (c) S400 and S500.
range from 250 oC (597.5 Oe) to 350 oC (1009.3 Oe). For clearer
presentation of the parameters’ variation with anneal tempera-
ture, Fig. 6 shows the Hc and R of all samples as functions of anneal
temperature, and the inset shows the measured Ms and Mr as
functions of anneal temperature. As the anneal temperature rise
up, the Hc and R first increase significantly at the range of
250–300 oC and remain stable at the range of 300–500 oC. While
the temperature rise up to 600 oC, there is another increase of
these two values. The Hc and R are 1371.7 Oe and 0.42 respectively,
which are greatly higher than those of unannealed sample S0.
There is a continues growth in Mr, however, the growth is slow
down as the anneal temperature changes from 300 oC to 600 oC.
The variation of Ms is different from the other parameters; it is
decreased from 46.79 emu/g to the minimum 38.34 emu/g at
250 oC, and then increases and reaches 55.75 emu/g at 600 oC.

It is reported that the magnetic behavior of assembly spheres
varies with the particle size and shape of the nanoparticles, and is
also strongly affected by inter-particle interactions [35–37]. In our
work, the size of nanocrystals is slightly changed as the anneal
temperature increases from 250 oC to 500 oC, so it is suggest that
the main reason for the great differences in their properties lies in
the different extent of inter-particle interactions. For the un-
annealed sample S0, the covered organics, as mentioned above,
have hampered the nanocrystal aggregation, led to the pre-
dominance of dipole–dipole interactions and the formation of
ideal non-interacting system. Together with the nano crystal size,
S0 exhibited room temperature superparamagnetic property. As
the organics removed in thermal treatment, strong exchange in-
teractions among particles tended to compensate the dipolar in-
teractions, caused an increase in the anisotropy barriers, thus
hampered the superparamagnetic relaxation, and resulted in the
SPM–FM transition with sharply enhancements in coercivity and
remanent magnetization. Similar phenomena were reported in
many magnetic fluid and inter-particle interactions literatures, in
which the magnetic nanoparticles were coated with surfactants
Fig. 6. The Hc and R as functions of annealed temperature, the inset shows the Ms

and Mr as functions of annealed temperature.
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[38,39] or embedded in a crystalline [40], polymers [41] or
amorphous matrix [35,36]. When the anneal temperature in-
creases from 350 oC to 500 oC, no additional organics were re-
moved but tiny increase in nanocrystal diameter was promoted,
which led to the gradual improvement in the magnetic properties.
While the anneal temperature increased to 600 oC, there was an
obvious growth in nanocrystal diameter, however, the diameter
was still lower than the critical size of 40 nm [29,30] for single-
domain to multidomain transition behavior of cobalt ferrite, be-
yond which the Hc will decrease, as reported in many literatures
[25–27].

The changes of the saturation magnetization for the annealed
samples could be attributed to the variation of surface effects
during the thermal treatment. Haneda and Morrish [42,43] have
reported the particles that made of nanocrystals were consist of a
core with the usual spin arrangement and a boundary surface layer
with atomic moments inclined to the direction of the net mag-
netization. The surface effects exist in these particles is the origin
of a noncollinear structure that led to the reduction of the sa-
turation magnetization. For our work, as the organics were re-
moved at 250 oC, the increase in effective surfaces would lead to
more noncollinear structure and result in the reduction of Ms.
However, as the anneal temperature raised, the agglomeration of
the nano crystals would reduce the effective surfaces and thus give
rise to the subsequent improvement in Ms.
4. Conclusions

In conclusion, we have prepared CoFe2O4 submicron spheres by
a typical solvothermal synthesis method using potassium acetate
as protective agent. The spheres were more compact than those of
using sodium acetate and PEG as protective agent. In addition, the
probable mechanism of the formation of compact spheres was
discussed. The as-prepared spheres exhibited proximately super-
paramagnetic properties with theMs,Mr, Hc and remanence ratio R
were 46.79 emu/g, 0.84 emu/g, 18.36 Oe and 0.018, respectively.
Followed by thermal treatment at 250–600 oC, the annealed
spheres exhibited a significant increment in coercivity without
obvious growth in crystal size. The increment in coercivity was
suggested to be induced by the stronger exchange interactions as
the degradation of organics in thermal treatment.
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