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H I G H L I G H T S

� Co-nanoparticles synthesized by a high flux plasma process.
� The morphology of the nanoparticles depends on the plasma current.
� The local structure of Co-nanoparticles studied by X-ray absorption spectroscopy.
� Production of CoO nanoparticles and Co-metal nanoparticles at low and high plasma currents.
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a b s t r a c t

We have used high heat flux plasma synthesis process to grow Co those for the morphology, stoichio-
metry and the local structure as a function of plasma current. We find that the nanoparticles produced by
the thermal plasma method have different shapes and size distribution with the plasma current being a
key parameter in controlling the formation of composition, morphology and crystalline structure. X-ray
absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) mea-
surements at Co K-edge have revealed formation of metal and metal oxide nanoparticles with the
composition mainly depending on the arc current. While low plasma current appears to produce na-
noparticles solely of CoO with a small amount of Co metal, the high plasma current tends to produce
nanoparticles of CoO and Co3O4 oxides with increased amount of Co metal. The results are consistent
with the morphological and structural analysis, showing nanoparticles of different shapes and size de-
pending on the arc current.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Magnetic nanoparticles have vast application potential in the
fields of biology and medicine, e.g., magnetic drug targeting,
magnetic resonance imaging, hypothermia, separation/purification
of nucleic acids, proteins and cells (Gupta and Gupta, 2005; Gu
et al., 2006). Apart from these, other applications include high
density magnetic recording devices (Gangopadhyay et al., 1992),
magnetic detectors and magneto-optical devices (Cahn, 1992).

Study of these materials is also of scientific interest as it gives an
insight into the mechanism that determines their magnetic
properties (Balasubramanian et al., 2014).

Among others, iron oxide nanoparticles have been in the lime
light for their biomedical applications (Laurent et al., 2008),
however, metal nanoparticles like cobalt, studied to a lesser ex-
tent, can be highly useful for the purpose. Metallic nanoparticles,
e.g., Co, Fe, FeCo can be of large significance due to the fact that
they can be produced with smaller size and a narrow size dis-
tribution unlike the oxide nanoparticles for which direct synthesis
often results in rather broad particles’ size distributions (Lu et al.,
2007). In addition, metal nanoparticles exhibit a high saturation
magnetization (e.g., the saturation magnetization (Ms) of bulk
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cobalt is ∼162 Am2/kg) in comparison with oxide nanoparticles
(Matoussevitch et al., 2007). Indeed, higher magnetization and
hence higher specific power loss make cobalt a potential candidate
for applications in hyperthermia (Zeisberger et al., 2007). On the
other hand, metal nanoparticles have a tendency to get oxidized
easily when exposed to ambient atmosphere, altering its magnetic
properties. It is also known that cobalt nanoparticles are soft
materials with very high saturation magnetization, low coercivity,
high permeability and high Curie temperature and can be used in
turbine engine components, magnetic bearings etc. However,
owing to their high surface area they also have higher suscept-
ibility to oxidation, affecting its magnetization. Indeed, cobalt ea-
sily oxidizes in air producing CoO (heat of formation ∼237.9 kJ/
mol) and Co3O4 (heat of formation ∼891.0 kJ/mol). In many cases a
thin oxide layer (of few nm) forms on the metal nanoparticles that
acts as a passivating layer preventing it from further oxidation
(Smardz et al., 1992).

Like for other magnetic nanoparticles, there have been several
methods adopted for the synthesis of Co nanoparticles. Chemical
process like co-precipitation is a commonly used method (Lee and
Nakatani, 1999; Wagener et al., 1999). On the other hand, physical

methods (Wagener and Gunther, 1999), based on vaporization and
sputtering or thermal decomposition of carbides and halogens, fol-
lowed by vapor condensation, have also been practiced. Incidentally, in
the physical methods, nanoparticles’ production rate has been reported
to be much higher (∼10 times) than usually used in chemical methods.

In this work, we have reported the use of thermal plasma for
the synthesis of Co nanoparticles. The process involves vaporiza-
tion followed by condensation of metal in a chamber containing
high temperature of the arc zone coupled with sharp thermal
gradients outside of the arc column. This process yields nano-
particles which are not only highly crystalline in nature but also
can be controlled in different shapes and sizes. We have studied
the effect of plasma current on the product morphology and the
stoichiometry, and investigated the local structure of these nano-
particles with the aim to optimize conditions for their bulk pro-
duction. Alongwith the morphological characterization by trans-
mission electron microscopy (TEM), we have exploited capabilities
of atomic site-selective experimental probe, X-ray absorption
spectroscopy (Prins and Koningsberger, 1988), to study the local
structure and valence electronic states of thermal plasma route
synthesized cobalt nanoparticles.

Fig. 1. TEM images of cobalt nanoparticles synthesized using high temperature plasma process with the arc current of 80 A. The white scale bars are of μ0.05 m, 2 nm, 50 nm
and 10 nm respectively in the (a), (b), (c) and (d) panels.
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