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Formation of core/shell structured cobalt/carbon nanoparticles

by pulsed laser ablation in toluene
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Magnetic cobalt nanoparticles encapsulated in shells of layered structure have been produced by the
technique of pulsed laser ablation in toluene. The morphology, microstructure, and magnetic
properties of the prepared nanoparticles were characterized by electron microscopy, micro-Raman
spectroscopy, and superconducting quantum interference device magnetometry, respectively. The
results indicated that the cobalt nanoparticles fabricated are noncrystalline but coated with the
graphitic carbon layers. It is believed that the formation of these carbon layers well-protect the
cobalt nanoparticles to be oxidized thus maintaining the superparamagnetic property. This is an
important feature that makes the cobalt nanoparticles a useful material for medical and many other
magnetic based applications. © 2010 American Institute of Physics. [doi:10.1063/1.3457216]

I. INTRODUCTION

Nanosized materials have attracted much attention due
to their interesting properties and potential applications in
various areas, such as optical and magnetic devices as well
as the chemical sensors." Many techniques either physical or
chemical for preparing nanoparticles or nanostructured ma-
terials have been proposed, each of this method has its own
advantages and suitability for certain material systems.
Among these techniques pulsed laser ablation of bulk solid
target either in vacuum or in gas medium to produce nano-
sized particles has been found to be one of the most versatile
methods, because of the easy manipulation of laser beam as
well as the almost unlimited applicable material systems.z_4
Despite these advantages the broad size distribution of the
particles produced and the materials oxidation during the ab-
lation have limited the application of this technique to be-
come a commonly practical method. However, using high
power pulsed-laser with ablation process taking place in lig-
uid (PLAL) would be an alternative and promising method.
On the one hand, the produced particles can be well dis-
persed in liquid where the large particles will be settled and
separated from the smaller particles5 and on the other hand,
oxidation of the nanoparticles could be easily controlled if
the liquid selected in the operation is oxygen-free. PLAL
technique was first reported by Patil et al..® in which a meta-
stable phase of iron oxides was synthesized by ablating an
iron target in water. Subsequently, several groups demon-
strated that nanosized metal particles can be produced by
ablating metal targets in water or other 1iquids.7_11 Size con-
trol of the nanoparticles and formation of metal compounds
are also possible by changing the ablation parameters, such
as the selection of liquids or adding suitable organic
surfactants.'*™"

Laser ablation in toluene has been reported for preparing
carbon-coated gold nanoparticles.16 However, not many fur-
ther investigations of other materials in toluene have been
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reported, especially for the fabrication of magnetic nanopar-
ticles. Intriguing potential applications of carbon-coated
magnetic nanoparticle systems are emerging, such as the
magnetic memory devices, drug delivery, and tumor
therapy.”_19 In this paper, we report the results on the prepa-
ration of cobalt nanoparticles using PLAL technique at room
temperature, with the metal cobalt target immersed in tolu-
ene. Without the addition of surfactants, cobalt nanoparticles
with graphitic carbon coating were produced. The morphol-
ogy, structure, and magnetic properties of these nanoparticles
will be discussed in detail in the following sections.

Il. EXPERIMENTAL

Figure 1 is the schematic diagram of the PLAL setup
used in this study. The metal disk of cobalt target (2.5 cm in
diameter) was first polished with abrasive paper down to grit
1500, followed by ultrasonic cleaning in acetone and then
ethanol. It was then mounted inside the fused silica container
filled with toluene. The container was fixed on a vertically
mounted computer-controlled translation stage, moving in
the plane normal to the laser beam direction. Nd:YAG laser
(Spectra-Physics GCR 16) of second harmonic (A
=532 nm) with 10 ns pulse duration at a repetition rate of 10
Hz was employed in the ablation process. The laser beam
was focused onto the target surface to a spot diameter of
about 1.2 mm, such that the laser fluence was about
20 J/cm?. As the container moved, the focused laser beam

:>
Nd:YAG
Laser beam / Translati
(532 nm) direction
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window

FIG. 1. (Color online) Schematic diagram of the PLAL setup.
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FIG. 2. (a) TEM image of the collected samples prepared by PLAL in
toluene. Inset is the SAED of the image showing the noncrystalline structure
of the particles obtained. (b) The core/shell structure of the nanoparticles can
be seen clearly in this particularly large particle.

was rastering across the target surface to ensure a uniform
ablation of the metal. The laser ablation time was kept at
about 10 min for each collection of the colloidal solution.
The ablated particles were then collected by a magnet placed
adjacent to the container for 24 h. The samples obtained
were subsequently characterized by the transmission electron
microscope (JEOL JEM 2010) and micro-Raman spectro-
scope (Horiba HR800 with Olympus BX41, 488 nm laser).
The magnetic properties of the samples were measured using
the superconducting quantum interference device.

lll. RESULTS AND DISCUSSION

Figure 2(a) is the transmission electron microscope
(TEM) image of the collected sample, which shows that the
range of size of the particles is about 5 to 70 nm. From the
energy-dispersive X-ray spectroscopy (EDX) results pro-
vided by the TEM, the scattered particles are cobalt. In ad-
dition, the diffused ring pattern of the selected area electron
diffraction (SAED) of the nanoparticles as shown in the inset
of Fig. 2(a) reveals that the nanoparticles are of amorphous
structure. It is believed that in each shot of laser pulse of 10
ns duration, the plasma produced in the vicinity of the target

FIG. 3. (a) and (b) high resolution TEM images of the individual cobalt
nanoparticles showing the graphitic shell structure.

surface quenches rapidly after the ablation where crystalliza-
tion of the metal is almost suppressed, therefore, the as-
prepared particles formed in such a drastic condition are non-
crystalline. On the other hand, these nanosized cobalt
particles show no serious agglomeration but with one inter-
esting common feature, the larger particles exhibit an obvi-
ous core/shell structure. In order to show this feature more
clearly, a larger particle was selected as shown in Fig. 2(b) of
which the core/shell structure is evident and the thickness of
the shell is about one-tenth of the average diameter of the
particle. This feature has been found in almost all the par-
ticles collected. Since the liquid used in the PLAL is toluene,
which is an aromatic liquid, the graphitization of the hydro-
carbon in the high temperature plasma does happen, as a
result it forms a carbon shell enclosing the cobalt nanopar-
ticles.

In the high resolution TEM images of the nanoparticles
as illustrated in Figs. 3(a) and 3(b), the layer structure of the
shells are obvious. The measured layer separation is about
0.36 nm, which is close to the bulk graphite layer spacing.
The overall thickness of the shell is about one quarter of the
average diameter of the particles, which is larger in propor-
tion compared with the shell thickness of the large particles
as shown in Fig. 2(b). Another feature that should be noted is
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FIG. 4. Micro-Raman spectrum of the cobalt nanoparticles on glass
substrate.

the closeness of the shell about the cobalt particles. As
shown in Fig. 3(a), the graphitic layer almost encloses the
whole cobalt particle, but in comparison with the particles
shown in Fig. 3(b), the graphitization is incomplete with the
intervention of amorphous carbon to enclose the cobalt nano-
particle. As a matter of fact, some core/shell nanoparticle
systems, such as gold, silver, or iron oxide in graphitic shells
prepared by PLAL or other methods in liquid have been
reported in literatures.'®?*"*> Almost with no exception, these
systems were produced in aromatic liquid like toluene or
benzonitrile,'® while those nanoparticles prepared in hexane,
a linear hydrocarbon, by laser ablation did not show any
graphitic shell structure.”'" Tt can be deduced that the aro-
matic ring structure of the liquid is an essential condition to
form the graphitic shells.

The collected particles have been further studied by
micro-Raman spectroscopy. As shown in Fig. 4, two broad
peaks are found in the Raman spectrum that indicates the
existence of the graphitic carbon in the sample. The more
intense peak at around 1589 cm™! (G band) is attributed to
the stretching vibration in the basal-plane of the crystalline
graphite, while the other peak at 1357 cm™! (D band) is due
to the vibration of the defects in the hexagonal basal-planes
of the graphitic layers. In general, the half width of the G
band of the crystalline graphite is no larger than 50 cm™!,
but the half width of G band shown in Fig. 4 is more than
200 cm™!, it implies the graphitic layers structure of the
sample has a relatively larger interlayer spacing than the
g.graphite.m’24 Indeed, this imperfect graphitization is evi-
denced also by the D band to G band integrated intensity
ratio (In/Ig) which is about 1.8 for the collected samples,
i.e., the D band vibration intensity due to the presence of
disordered lattice structure®° is significantly larger. Never-
theless, the result from the micro-Raman spectrum further
verifies the graphitic nature of the layered shell structure,
which coexists with the disordered carbon matrix where the
nanoparticles are encapsulated.

The formation of the carbon/nanoparticles of core/shell
structures as obtained from the PLAL process can be ex-
plained by the nucleation and growth mechanisms.”” Imme-
diately after the laser energy is absorbed by the cobalt target,
a high temperature and pressure plasma plume of cobalt ions
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FIG. 5. ZFC and FC magnetization curves as a function of temperature in 50
Oe applied magnetic field from 5 to 300 K.

is created at the solid—liquid interface. When the temperature
and pressure of the plasma plume decrease, the metal ions
condense rapidly and form cobalt particles. Toluene break-
down in the vicinity of the plasma will occur simultaneously
which produces the highly active carbon chains, carbon rings
fragments as well as the carbon atorns,28 the carbon chains
and rings then further polymerize to form the graphitic car-
bon layers. The newly formed cobalt clusters once sur-
rounded by these graphitic carbon layers, further growth of
the cobalt nanoparticles is prohibited. They may continue to
absorb the laser energy producing a localized heating effect.
Pyrolysis of toluene can be effective and so the high tem-
perature and carbon species favor the growth of the thin gra-
phitic carbon layer into a thicker one surrounding the amor-
phous cobalt nanoparticle core. Moreover, certain amounts of
carbon atoms can be “trapped” inside the cobalt core during
the rapid condensation process. However, the solubility of
carbon in cobalt is low”’ and the cobalt carbide is thermody-
namically unstable, thus it is unlikely to form the metastable
cobalt carbide in the PLAL process.

Cobalt nanoprticles are well known of their attractive
magnetic properties due to the nanosize effect. They could be
superparamagnetic at room temperature, but become ferro-
magnetic at low temperature. The effect of the graphitic shell
on the magnetic behavior of the cobalt nanoparticles will be
of great concern, as it will be beneficial in certain medical
applications. Figure 5 shows the results of magnetizations of
the sample under zero field cooling (ZFC) and field cooling
(FC), respectively, as a function of temperature from 300 K
to 5 K. For the ZFC curve (open circles), the samples were
cooled down to 5 K in the absence of magnetic field and then
the magnetization was measured at a field of 50 Oe as the
sample was heated up to 300 K. The FC curve (solid circles)
was measured by cooling the samples to 5 K in the presence
of 50 Oe and then taking the magnetization measurement
while heating up the samples to 300 K. Though the nanopar-
ticles are with the core/shell structure, their magnetic prop-
erties can still be clearly observed. In the FC process, the
magnetic moment of the sample is about 5.2 X 107 emu at 5
K and decreases gradually when the temperature is in-
creased, whereas in the ZFC process, the magnetic moment
of the sample is about 1.0X 107 emu at 5 K, and it in-
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FIG. 6. Magnetization curves of the samples (a) measured at 300 K (b)
measured at 5 K after cooling down the sample in the presence of 20 kOe
magnetic field.

creases rapidly with temperature and reaches a maximum of
2.3X 107> emu at about 130 K, then decreases slightly up to
room temperature. As a matter of fact, these are common
features for many ferromagnetic nanoparticle systems. The
“peak” in the ZFC curve is associated with the blocking
temperature of the nanoparticles at which the average relax-
ation time is comparable to the time scale of magnetization
measurement. The large bifurcation between the ZFC and FC
curves originates from the large particle-size distribution of
the samples. Both curves do not merge together even at 300
K which implies that some of the particles are still in ferro-
magnetic state at that temperature. Indeed, particles with di-
ameters larger than 20 nm could be found in the collected
samples, which are larger than the critical diameter to be
superparamagnetic.30’3] These larger particles with remanent
magnetization at room temperature lead to the observed
higher magnetic moments in the FC curve. The magnetic
hysteresis curve measured at 300 K is given in Fig. 6(a). The
sample exhibits a very small hysteresis effect (as shown in
the inset) with a coercive field just about 24 Oe, which re-
flects the superparamagnetic property of the sample. Figure
6(b) shows the magnetization curve of the sample measured
at 5 K after cooling down in the presence of a 20 kOe mag-
netic field. This strong biased magnetic field is intended to
apply for observing any exchange bias effect, which would
occur if there is any ferromagnetic/antiferromagnetic inter-
face. The exchange coupling or exchange bias at the inter-
face would lead to a shift in the coercive field in the hyster-
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esis loop after the sample being cooled down in the presence
of a large magnetic field.*® The results show that the coercive
field (as shown in the inset) is about 162 Oe, which is sig-
nificantly large compared to the room temperature coercive
field. It implies that the sample is ferromagnetic at 5 K. In
addition, the symmetric hysteresis loop reveals that no ex-
change bias effect has been occurred, i.e., no ferromagnetic/
antiferromagnetic interface has been formed in the cobalt
nanoparticles. As if cobalt is oxidized of which the cobalt
oxide is antiferromagnetic, there will be a cobalt/cobalt oxide
interface having the ferromagnetic/antiferromagnetic interac-
tion. It is believed that the graphitic shells on the cobalt
nanoparticles surface serve a good protection to avoid the
cobalt nanoparticle from forming an oxide layer.

IV. CONCLUSION

Fabrication of core/shell structured carbon-coated cobalt
nanoparticles was successfully demonstrated by the PLAL
technique in toluene. TEM and the micro-Raman spectros-
copy confirm the formation of graphitic carbon layer. The
magnetic measurement, on the one hand reveals the super-
paramagnetic and ferromagnetic properties of the nanopar-
ticles, on the other hand implies the nanoparticles are well
protected from oxidation by the graphitic shell. This study
shows that the PLAL technique is applicable in fabrication of
magnetic nanoparticles protected with the graphitic shell.
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