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ABSTRACT

Size-controlled CoNi alloy nanoparticles with average diameters in the range of 15-48 nm attached on
the multi-walled carbon nanotubes (MWCNTSs) were prepared to form CoNi/MWCNT nanocomposites by
microwave-assisted method. The size of CoNi alloy nanoparticles can be controlled through adjusting the
atomic ratios of metals to carbon nanotubes in the mixed acetate solution. The as-prepared nanocom-
posites have been characterized by X-ray powder diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM),
selected area electron diffraction (SAED), energy-disperse X-ray spectroscopy (EDS) and vibrating sample
magnetometer (VSM). The results show that CoNi alloy nanoparticles are face-centered cubic structure,
quasi-spherical and disperse uniformly on the surface of MWCNTs. Magnetic measurement shows that
both the coercivity and the saturation magnetization of the samples increase with the increase of the
particle size from 15 to 37 nm, and decrease from 37 to 48 nm.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic nanoparticles have important applications as cat-
alysts, magnetic fluids, and high-density recording media. As
important transition metal alloys, CoNi alloys have been widely
used for decoration, corrosion resistance and magnetic recording
devices, and catalysts, etc. [1-5]. In such applications, composition
of CoNi alloy nanoparticles is considered the key characteris-
tic affecting their magnetic properties and has been investigated
by different methods [6-9]. In addition to the composition, the
shape and size of the magnetic nanoparticles are also key factors
in the applications mentioned above. Recently, shape- and size-
controlled synthesis of the magnetic nanoparticles has been an
active research area owning to their shape- and size-dependent
electrical, optical and magnetic properties [10-12]. For example,
magnetic recording density is remarkably enhanced as the size of
magnetic particles decreases. CoNi alloy nanoparticles with differ-
ent shapes and sizes have been prepared such as nanowires [13,14],
bracelet-like [15], chain-like [16], handkerchief-like [6], and film
[3,17], etc.

The multi-walled carbon nanotubes (MWCNTs) have been
widely applied as a promising support material in many areas of
science and technology due to their specific characteristics such as
large surface area to volume ratio, good adsorption, unique struc-
ture, and high thermal and chemical stability. As is well-known,
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there have been various approaches to deposit monometal mag-
netic nanoparticles such as Ni [18], Co [19], Fe [20], Fe;03 [21]
and Fe304 [22] on the surface of MWCNTSs by microwave irradi-
ation heating method, chemical precipitation and deoxidization
method, pyrolysis of ferrocene, chemical precipitation, and by
using ethylene glycol as reductant, respectively. In these meth-
ods, microwave-assisted synthesis has remarkable advantages of
short reaction time, small particle size, narrow particle size distri-
bution, high purity of the products and eco-friendly. In our previous
work [23,24], we found that microwave-assisted synthesis in the
deposition of nanoparticles onto MWCNTSs is a very useful and pow-
erful method to directly control the size, morphology, structure,
and loading of nanoparticles.

In this work, we attempted to extend this microwave-assisted
method to prepare size-controlled CoNi alloy nanoparticles
attached on the outer surface of the MWCNTs and to study the
effect of the change in the size of CoNi alloy nanoparticle on the
magnetic properties. Experimental results demonstrated that CoNi
alloy nanoparticles with quasi-spherical and face-centered cubic
structure have been attached on the MWCNTs. The size of CoNi
alloy nanoparticles with an average diameter of 15-48 nm can be
controlled through adjusting the atomic ratios of metals to car-
bon nanotubes (3, 7, 12, and 18 at%, respectively) in the mixed
acetate solution. Magnetic measurement confirmed that both the
coercivity (Hc) and the saturation magnetization (Ms) of the sam-
ples first increase with the increase of the size, then decrease
with the increase of the size of CoNi alloy nanoparticles on the
MW(CNTs. Moreover, a possible mechanism of formation was dis-
cussed.
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Fig. 1. The XRD patterns of different atomic ratios (a) 3 at%, (b) 7 at%, (c) 12 at%, (d)
18 at% of metals to carbon nanotubes

2. Experimental

The MWCNTSs with a purity of about 95% were provided by Shenzhen Nanoport
Company, which were produced via catalytic decomposition of hydrocarbon. For the
better anchoring of the nanoparticles, the MWCNTs were refluxed in concentrated
nitric acid for 4 h, then purified by distilled water, and finally dried at 100°C for 24 h.
All chemicals were of analytical grade and used as received without further purifi-
cation. In a typical synthesis, 0.0300 g of the acid-treated MWCNTs was mixed with
0.0187 g of Co(Ac), -4H,0 and 0.0187 g of Ni(Ac), -4H,0 (Co:Ni=1:1 atomic ratio)
in ethylene glycol (25 mL). After stirring the mixture for 24 h, an appropriate NaOH
solution was added to the mixture to adjust the pH to 10. Simultaneously, several
drops of hydrazine hydrate were added as a reducing agent. Subsequently, the mix-
ture was added in a 100 mL round-bottom bottle, which was placed in a microwave
refluxing system (National N-S570MFS microwave oven, 2450 MHz, 900 W, Sanle
General Electric Corp. Nanjing, China) at 600 W for 2 min. The as-obtained samples
were washed with distilled water and absolute ethanol several times to remove pos-
sible residual impurities. The products were dried at 60 °C in a vacuum oven before
being further characterized. By varying the atomic ratios of the metals to carbon nan-
otubes, different atomic ratios (3, 7, 12 and 18 at%) of CoONi/MWCNT nanocomposites
were prepared according to the above methods.

The as-obtained samples were characterized by X-ray powder diffraction
(XRD) on an XRD-6000 (Japan) X-ray diffractometer with Cu-K« radiation
(A=0.154060 nm) at a scanning rate of 0.05°s~! in the 26 range from 20° to 80°.
The morphology and size of as-obtained products were observed by transmission
electron microscopy (TEM) carried out on a Hitachi H-800 transmission electron
microscope and scanning electron microscopy (SEM) operated on a Hitachi S-4800
scanning electron microscope. High-resolution transmission electron microscopy
(HRTEM) and selected area electron diffraction (SAED) were performed using JEM
2010F field emission microscope operated at optimum defocus with accelerating
voltages of 200 kV. Energy-dispersive X-ray spectrometry (EDS) was carried out with
spectroscope attached to HRTEM, which was used for elemental analysis. The mag-
netic hysteresis loop of sample was measured by vibrating sample magnetometer
(VSM, BHV-55, Japan) with an applied field + 10 kOe at room temperature.

3. Results and discussion
3.1. Characterization of the samples

Fig. 1 shows the XRD patterns of different atomic ratios of metals
to carbon nanotubes (3, 7, 12 and 18 at%) samples at room tem-
perature. The peak at 26 value of 26.13° arising from the carbon
nanotubes corresponds to its (002) crystal plane. The peaks at 26
values 0f 44.38°,51.48°, and 76.45° correspond to the crystal planes
of the (111), (200), and (2 20) of face-centered cubic (fcc) CoNi
nanoparticle, which are in good accordance with reported literature
value [6]. The cell parameters were calculated from the XRD pattern
and the results were displayed in Fig. 2. It can be seen that the cell
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Fig. 2. Lattice parameters of different atomic ratios calculated from the XRD pattern

parameter of CoNi nanoparticle is nearly a consent (0.35416 nm)
and larger than that of fcc Ni (0.35238 nm) and smaller than that
of fcc Co (0.35447 nm) [25], this confirms that CoNi nanoparticle is
fcc phase. And there were no observable peaks in the XRD spectra
corresponding to those of pure cobalt and nickel, so the homoge-
neous solid solution of CoNi should have been formed. These facts
confirm that Co and Ni formed an alloy, rather than separate grains
[16]. The average crystallite size for different atomic ratios (3,7, 12,
and 18 at%) of CoNi/MWCNTs, calculated using the Debye-Scherrer
formula based on the full width at half-maximum of the (111)
diffraction peak, was 12.1, 21.2, 36.9, and 42.5 nm, respectively.

Fig. 3 shows the morphology and microstructure of the differ-
ent atomic ratios of CoNi/MWCNTs examined by SEM and TEM.
It can be seen that the quasi-spherical CoNi alloy nanoparticles
are attached uniformly on the surface of carbon nanotubes. As a
whole, the loading of the CoNi alloy nanoparticles attached on the
carbon nanotubes increases with increasing the atomic ratios of
metals to carbon nanotubes. The average size of the alloy nanopar-
ticles from the TEM images were 15, 25, 37, and 48 nm, which
corresponds to 3, 7, 12, and 18 at%, respectively, which is consis-
tent with the trend of the change in the crystallite size calculated
from the Debye-Scherrer formula. The size of CoNi alloy nanoparti-
cles increases with increasing the atomic ratios of metals to carbon
nanotubes (listed in Table 1), and the loading of CoNi alloy nanopar-
ticlesincreased, even with adenser layer of CoNi nanospheres when
the atomic ratio was 18 at% as shown in Fig. 3(g) and (h).

HRTEM is employed to investigate the inner structure of
CoNi/MWCNT nanocomposites (Fig. 4(a)), showing well-defined
lattice fringes of CoNi nanoparticles. The measured spacing of
the crystallographic planes is 0.204nm and 0.342nm from the
HRTEM images, corresponding to the (11 1) and (002) plane sep-
arations of CoNi and MWCNTs, respectively. The SAED (Fig. 4(b))
can reveal details of the local CoNi structure, which can be indexed

Table 1
Magnetization data for different atomic ratios of CoNi/MWCNT nanocomposites
measured at room temperature.

Metal (CoNi) to carbon Crystallite Hc (Oe) Ms (emu/g)
nanotubes atomic size (nm)
ratios (at%)
3 15 260.5 14.1
7 25 405.6 33.0
12 37 421.8 46.1
18 48 384.1 25.8
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Fig. 3. SEM and TEM images of the as-prepared nanocomposites (a and b) 3 at%, (c and d) 7 at%, (e and f) 12 at%, and (g and h) 18 at%

to polycrystalline CoNi. The concentric rings could be assigned as
diffractions from the (111), (200), and (22 0) planes of fcc CoNi,
and the centermost ring is assigned as diffractions from the (002)
plane of MWCNTSs, which is consistent with the XRD results. The
EDS spectrum (Fig. 4(c)) shows the presence of Co, Ni, Si and C,
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Fig. 4. (a) HRTEM image, (b) SAED pattern and (c) EDS spectrum of the obtained
CoNi/MWCNT nanocomposites

which confirms the existence of CoNi on MWCNTSs. It is obvious
that the silicon peak is caused by the silicon chip used to clamp the
nanoparticles. The carbon comes from the carbon nanotubes. The
oxygen peak in the spectrum probably originates from the unavoid-
able surface-adsorption of oxygen onto the samples from exposure
to air during sample processing. The atomic ratio of Co to Ni for the
majority of CoNi alloy nanoparticle is 0.47:0.53 according to EDS
quantitative microanalysis, which is close to the stoichiometry of
CoN:i.

3.2. Possible formation mechanism

In our experiments, the morphology and size of the samples
were found to be strongly depended on the experimental con-
ditions such as the microwave power, the reaction time and the
atomic ratios of CoNi/MWCNTs. By adjusting these experimental
parameters suitably, the size of CoNi alloy nanoparticles will be
controlled. It has been found that when the reaction time is less
than 2 min, the MWCNTs are coated with fewer CoNi nanoparticles
unevenly. When the reaction time is longer than 2 min, the severely
aggregated CoNi nanoparticles on the MWCNTs are obtained. The
size of CoNi alloy nanoparticles increased with increasing the
microwave power. Therefore, we chose the proper condition that
the microwave power was 600 W and the reaction time was 2 min,
CoNi alloy nanoparticles were dispersed uniformly on the surface
of MWCNTs under this condition. Except for the factors above,
the atomic ratio of CoNi/MWCNTs was a crucial factor for the
size of CoNi alloy nanoparticles, we found that the size of CoNi
alloy nanoparticles increased with increasing the atomic ratios of
CoNi/MWCNTs.

Based on our experimental results, a possible formation and
growing mechanism of CoNi/MWCNT nanocomposites can be pro-
posed as follows: the positive metal ions Co?* and Ni?* can be
adsorbed effectively onto the surface of the acid-treated MWCNTSs
via electrostatic attraction, then positive metal ions Co%* and Ni%*
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Fig. 5. TEM images of CoNi/MWCNT nanocomposites obtained with the different atomic ratios (a) 7 at%, (b) 12 at%, (c) 18 at%

were reduced by hydrazine hydrate due to the microwave irradi-
ation, metallic cobalt and nickel formed CoNi alloy nanoparticles.
The reactions can be expressed as Egs. (1), (2), and (3).

2Ni2*+ + NyHy +40H™— 2Ni + Nyt +4H,0 1)
2C0%+ + NyHy +40H™ - 2Co + Nyt +4H,0 2)
Co + Ni — CoNi (3)

The microwave heating can improve the nucleation rate to form
CoNi alloy nuclei around the sites, CoNi alloy nuclei formed on
the shell of MWCNTs grows through the continuous surface to
form CoNi alloy nanoparticles. With the increasing atomic ratios
of CoNi/MWCNTs, CoNi alloy nuclei formed on the shell of MWC-
NTs increases, a large amount of CoNi alloy nanoparticle aggregates
are formed, which leads to the quasi-spherical CoNi alloy nanopar-
ticle over the entire external MWCNT surface, as shown in parts (b)
and (c) of Fig. 5.

3.3. Magnetic measurement

Magnetic properties of the samples were investigated
at room temperature using a VSM with an applied field
—-10kOe <H<10kOe. Fig. 6 shows the hysteresis loops for
samples with 3, 7, 12 and 18 at%. The values of the coercivity (Hc)
and the saturation magnetization (Ms) of field for all samples were
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Fig. 6. The hysteresis loops of different atomic ratios of CoONi/MWCNTs

listed in Table 1. It can be seen that the Hc increases with increase
of the particle size from 15nm to 37nm, and decreases with
increase of the particle size from 37 nm to 48 nm. According to the
theory of the magnetic domain [26], there is a critical size ds of
single domain particles. When the particle size (D) is smaller than
ds, the magnetic particles are single domain particles. When D is
larger than ds, the magnetic particles are multi-domain particles.
The Hc of single domain particles increases with the increase
of D, while the Hc of the multi-domain particles decreases with
the increase of D. The critical size ds of CoNi alloy nanopaticle is
about 40 nm reported in literature [27]. So when the particle size
of CoNi alloy nanoparticle increased from 15nm to 48 nm, the
single domain turned to multi-domain, the coercivity increased
and reached to maximum at the size of 37 nm, and then decreased.
The Ms of CoNi/MWCNT nanocomposites shown in Table 1 also
increases with the increase of the particle size from 15nm to
37 nm, this is mainly related to the increase of the content of CoNi
alloy nanoparticle in the composites, and the surface disorder
contribution is lower with the largest particles duo to their lower
surface/volume ratio, then their magnetiazation is higher. While
the Ms decreases when the particle size increases to 48 nm, which
maybe results from domain wall displacement in the multi-domain
structure, magnetic anisotropy of crystals, the surface-to-volume
ratio and the surface defect of the nanocrystals [28,29].

4. Conclusions

CoNi alloy nanoparticles with average diameters in the range
of 15-48 nm attached on the carbon nanotubes were synthesized
by microwave-assisted method. CoNi alloy nanoparticles were fcc
structure, quasi-spherical and dispersed uniformly on the surface
of MWCNTs. The size of the nanoparticles can be controlled through
adjusting the atomic ratio of metal to carbon in the mixed acetate
solution. Magnetic measurement shows that the coercivity and the
saturation magnetization vary with the change of the particle size.
Both the Hc and the Ms of the samples increased with the increase
of the particle size from 15 nm to 37 nm, and decreased from 37 nm
to 48 nm. These results demonstrate that the microwave-assisted
method is promising for preparation of size-controlled magnetic
alloy nanoparticles attached on MWCNTSs for magnetic storage and
the ultra high-density magnetic recording applications.
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