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The traditional arc discharge process for producing metallic nanoparticles was modified to be applicable for
the direct preparation of oxide nanoparticles by using both conductive and insulative precursors. The cobalt
oxide nanoparticles were synthesized by feeding Co and Co,0; into the air plasma. The as-prepared nanopar-
ticles are spherical in shape with size in the range of 10 to 40 nm. The phases of CoO and Co3;0, were detected
in the samples prepared from the precursors of Co and Co,0;, respectively. Weak ferromagnetism and an
exchange bias up to 17.1 mT were observed in these antiferromagnetic nanoparticles, owing to the presence of a
large fraction of the uncompensated surface spins and possibly the local disordered regions.
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1. Introduction

The cobalt oxide nanoparticles are widely used in fields
such as catalysts, microelectronics, and batteries for their
unique physical and chemical properties [1-3]. Usually,
the cobalt oxide nanoparticles are prepared by using
chemical or physical processes, including sol-gel method,
chemical vapor deposition, and pulsed laser deposition,
etc. [4-6]. In this work, we prepared the cobalt oxide
nanoparticles by using the physical process of arc dis-
charge, which was previously employed for the synthesis
of metallic nanoparticles [7]. In the traditional arc dis-
charge process, both the anode and the cathode are
required to be highly electrically conductive. As a result,
the arc discharge process is most suitable for the synthesis
of metallic nanoparticles instead of the insulative oxide
nanoparticles. However, the metallic nanoparticles gene-
rated by the arc discharge process may also transform into
oxide nanoparticles with subsequent annealing in air [8].
In this work, we simplified the traditional arc discharge
process and made it applicable for the direct one-step
preparation of the oxide nanoparticles by using both
conductive and insulative precursors.

The structure and magnetic properties of the cobalt
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oxide nanoparticles prepared by a variety of methods
have been investigated extensively. Room-temperature
ferromagnetism due to strained lattice configurations at
the CoO/Co;0, interface has been observed in anti-
ferromagnetic cobalt oxide nanooctahedra prepared by
thermal decomposition [9]. Weak ferromagnetism due to
uncompensated surface magnetic moments has been
reported in cobalt oxide nanoparticles prepared by wet
chemical processing [10, 11]. In this work, the ferromag-
netic behavior of the antiferromagnetic cobalt oxide nano-
particles prepared by a modified air plasma evaporation
was studied. The exchange bias phenomenon was dis-
covered by Meiklejohn and Bean in oxide-coated cobalt
particles in 1956 [12]. Usually, the exchange bias phen-
omenon presents in interfaces between two kinds of
substances with different magnetic orders, ferro/antiferro-
magnetic interface for instance. In this work, the exchange
bias of the antiferromagnetic cobalt oxide nanoparticles
with weak-ferromagnetic uncompensated surface spins
was investigated.

2. Experimental

The commercial micro-powders of Co and Co,05 were
pressed into two thin cylinders, which were then fed to
the high temperature region of the air plasma generated
between a water-cooling copper anode and a tungsten
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cathode. The electrical current was maintained at 90 A for
a period of time. The as-prepared nanoparticles were
collected and analyzed by using a powder X-ray diffi-
action (XRD) with Cu K« radiation. The morphology of
the samples was characterized with a Tecnai G2 F30 S-
Twin transmission electron microscopy (TEM). The
magnetic properties of the samples were measured by
using a Quantum-Design magnetic properties measure-
ment system in fields up to 7 T. The zero-field cooling
(ZFC) and field (0.005 T) cooling (FC) M-T curves of the
samples were measured by first cooling the samples from
400 to 14 K and then recording the magnetization of the
samples under 0.005 T with increasing temperature.

3. Results and Discussion

The cobalt oxide nanoparticles prepared from Co and
C0,0; in air plasma are named as sample A and sample
B, respectively. The XRD patterns for both Sample A and
Sample B could be indexed with CoO and Co;04, as
shown in Fig. 1. For sample A, the relative intensity of
CoO is stronger than that of Co;0,, indicating a larger
fraction of CoO. However, the fraction of CoO is lower
than that of Co;0, for Sample B. The coexistence of CoO
and Co;04 in both samples was ascribed to the reactions
as described by the following equilibrium: 2Co0;0,=
6Co0O + O,. It is known that CoO converts to Co;0, if
heated to around 600-700 °C in air. Above 900 °C, CoO
is stable. The results indicate that Co,0O; is not stable at
high temperatures. The broadening of the XRD peaks
were ascribed to the small crystalline size of the CoO and
the Co;0,4 phases. By using the Scherrer equation, the
average crystalline size of CoO and Co;0, in the samples
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Fig. 1. (Color online) X-ray diffraction patterns of both Sam-

ple A and Sample B could be indexed with CoO and Co;0,.
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Fig. 2. (Color online) The TEM images of the nanoparticles
prepared by air plasma evaporation of Co (a, b) and Co,0; (c,
d), respectively. The inter-planer spacing d,= 0.2150 nm, d, =
0.2469 nm, and d; = 0.2429 nm.

was estimated to be ~25 nm and 35 nm, respectively.
Figure 2 shows the TEM images of the as-prepared
nanoparticles. Most nanoparticles are spherical in shape
with a relative narrow size distribution. The size of the
nanoparticles in sample A is 10-30 nm, as shown in Fig.
2(a). The particle size observed by TEM agrees well with
that estimated by XRD Scherrer equation as mentioned
above. A high-resolution analysis on the surface layer of
the as-prepared nano-powders is shown in Fig. 2(b),
which shows an inter-planer spacing of d; =0.2150 nm
and d> =0.2496 nm, corresponding to the (200) lattice
spacing the (111) lattice spacing of CoO, respectively.
However, a large number of defects and amorphous
region could also be observed in Fig. 2(b). We ascribe the
formation of the amorphous region to the rapid solidi-
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fication of the atoms when leaving the high temperature
region of the air plasma. Most nanoparticles in sample B
are approximately 10-40 nm in size, as shown in Fig.
2(c). A high-resolution analysis on the surface layer of the
as-prepared nano-powders is shown in Fig. 2(d), which
shows an inter-planer spacing of 5 = 0.2429 nm, corre-
sponding to the (311) lattice spacing of Cos;0,. The lattice
spacings observed by TEM agrees well with the XRD
results.
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Fig. 3. (Color online) The M-H curves and the temperature
dependence of coercivity and exchange bias in the as-pre-
pared nanopowders: (a, b) for sample A, and (c) for sample
B.
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Figure 3 shows the magnetic properties of the as-pre-
pared nano-powders at 10 K, 100 K, 200 K, and 250 K,
respectively. Both sample A and sample B show obvious
magnetic hysteresis and loop shifts, indicating the pre-
sence of ferromagnetic and antiferromagnetic regions in
the samples. For sample A, the saturation magnetization
M, =1.66 Am*/kg at 10 K and M, = 1.53 Am?/kg at 250
K. The magnetization of sample B reaches 4.64 Am?/kg
at 10 K under 7 T, and 3.43 Am?%kg at 250 K under 7 T.
It should be noted that both CoO and Co;0, are anti-
ferromagnetic materials with a Néel temperature of 293
and 33 K, respectively. We ascribe the weak ferromagnetic
behavior of the samples to the uncompensated surface
spins and the disordered regions in the samples. The
ferromagnetic mechanism originating from the uncom-
pensated spins in the antiferromagnetic substances has
been studied intensively. Ye et al, have reported greatly
enhanced magnetization arising from the uncompensated
surface spins in Co;04 hollow nanospheres [11]. Zhang et
al have reported antiferromagnetic Cr and Cr,O; nano-
particles show weak ferromagnetic behaviors, owing to
the uncompensated surface spins [13]. Lin ef al. obtained
the monodisperse MnO nanoparticles, which show a weak
ferromagnetic behavior due to uncompensated surface
spins at low temperatures [14].

An exchange bias due to the interfacial coupling between
ferromagnetic uncompensated spins and the antiferromag-
netic core was observed. The temperature dependences of
the coercivity and the exchange bias of the samples are
shown in Fig. 3(b, c¢). The coercivity of both sample A
and sample B decreases with increasing temperature. An
exchange bias up to 17.1 mT was observed in sample B.

The temperature dependence of magnetization of the
cobalt oxide nanoparticles is shown in the Fig. 4. The
magnetizations in the FC curves of both sample A and
sample B decrease with increasing temperature, and this
tendency has been observed in most ferromagnetic or
antiferromagnetic nanoparticles [7, 13, 14]. It is interest-
ing that the magnetization in the ZFC curves of both
sample A and sample B increase with increasing temper-
ature up to 350 K, and this tendency is very rare for most
ferromagnetic or antiferromagnetic nanoparticles [7, 15].
The blocking temperatures of most antiferromagnetic or
AFM/FM nanoparticles is lower than 350 K [14, 16].
However, the presence of ferro/antiferromagnetic exchange
biased interface would beat the superparamagnetic limit
of the ferromagnetic nanoparticles and result in an increase
of the magnetization in ZFC curves [17], even though
such behaviors in some samples are not so prominent
[18]. The monotonic increase of magnetization in the
ZFC curves at temperatures up to 350 K indicates a
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Fig. 4. (Color online) The ZFC and FC temperature depen-
dence of magnetization of the as-prepared cobalt oxide
nanoparticles of sample A and sample B, respectively.

higher blocking temperature. We ascribe the higher
blocking temperature to the exchange bias effect, which
provides an additional field to overcome thermal agitation
of the magnetization reversal. Since the ferromagnetic
region is in close contact with the AFM phase in our
nanoparticles, it is possible for the ferromagnetic region
being stabilized with exchange bias. It is known that a
kind of ferrimagnetic behavior may be displayed in the
antiferromagnetic phase when in an external magnetic
field. The thermal contribution will cause disruption to
the antiferromagnetic alignment of the AFM core and
also result in an increase of magnetization with increasing
temperature.

4. Conclusions

The cobalt oxide nano-particles were prepared by using
a modified arc discharge process in air with conductive
Co and insulative Co,0; precursors, respectively. The
cobalt oxides are spherical in shape with size ranging
from 10 to 40 nm. Weak ferromagnetism and exchange
bias in the cobalt oxide nanoparticles were studied. The
uncompensated surface spins over the anti-ferromagnetic
nanoparticles are the origin of the weak ferromagnetic
behaviors.
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