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a b s t r a c t

Carbon nanotubes (CNTs) were firstly synthesized by the microwave-assisted polyol method and mag-
netic Ni nanoparticles were employed as a catalyst in the process. The structures, morphologies and
magnetic properties of the as-synthesized samples were investigated by using X-ray diffraction (XRD),
transmission electron microscopy (TEM) and vibrating sample magnetometer (VSM), respectively. Our
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vailable online 1 December 2010
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results indicated that CNTs can be synthesized after the observation of a small electric spark with Ni
particles used as a catalyst. TEM showed that the length of the hollow carbon nanotubes was of the order
of micron. VSM demonstrated that Ni/CNTs composite was ferromagnetic characteristic with hysteretic
behavior at room temperature.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Since the original report by Iijima in 1991 [1], a consider-
ble amount of work has been done on carbon nanotubes (CNTs).
he applications of CNTs and related materials have attracted
reat interest over the last decade [2–4]. Owing to their outstand-
ng and unique physical properties derived from a combination
f unique dimensional, structural and topological features [5–7],
uch as high flexibility, large aspect ratio, electronic conductive
r semi-conductive behavior, excellent mechanical strength and
igh thermal conductivity, CNTs have a wide range of applications
uch as hydrogen reservoirs [8], nanoelectrodes [9], mechanical
ctuators [10], catalysis [11], sensors [12], electromagnetic char-
cteristics [13], field emission displays [14] and human therapy
15].

CNTs can be produced by diverse techniques such as chemical
apor deposition [16–18], arc discharge [19] and laser evaporation
20]. Up to now, CNTs can be also synthesized by a wide variety of
ther routes such as heat treating the polymer [21], flame [22,23],
on-beam irradiation [24], electrolytic formation [25], in situ syn-
hesis [26], solar synthesis [27] and microwave irradiation heating
ethod [28]. It is well known that the methods of CNTs synthe-
is mostly require metallic particles as a catalyst, and magnetic Fe,
o, Ni nanoparticles are the best catalyst for CNTs growth. In the
resent work, the microwave-assisted polyol method was firstly

∗ Corresponding author. Tel.: +86 555 5107674; fax: +86 555 5107674.
E-mail address: xiansongliu@yahoo.com.cn (X.-s. Liu).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.11.131
utilized to prepare CNTs, and nano-sized nickel particles were used
as a catalyst in the process. Compared with other approaches,
this method is simple and economical of time. Furthermore, it
does not require any complex or expensive equipments. In this
paper, the effects of surfactant concentration and temperature
were discussed. The magnetism of the nickel nanoparticles was also
investigated. In the case of encapsulated ferromagnetic Ni nanopar-
ticles within carbon nanotubes or any other special components
and structures, it may provide possibilities to develop magnetic
composite materials and find many new applications.

2. Experimental

The materials used in this study were nickel (II) acetate tetrahydrate (99.99%)
and ethylene glycol (>99%). Following our previous work [29–31], before the reac-
tion, 50 ml of a solution of 0.125 M (or 0.250 M) Ni(Ac)2 in ethylene glycol was
prepared in a 100 ml glass flask. Considering that nickel nanoparticles agglomerate
easily while heating [32] and greatly decrease their catalytic efficiency, so-called sur-
factants or dispersants with polyvinylpyrrolidone (PVP, average molecular weight
40,000) had to be added to solve the dispersibility of nickel nanoparticles. During
our experiments, 2–4 g PVP was added. After the solution was ready, the flask was
placed in the center of a microwave oven (Spectra, 900 W), connected to a condenser,
purged by argon for about 20 min, and then the microwave oven was turned on at
the power level of 50% (or 60%, or 70%, or 80%) with a continued flow of the gas. The
argon flowing rate was 80 ml/min. After reacting for about 20 min, the black sus-
pension appeared. If the inner wall of the glass flask was plated with metal nickel,
a small electric spark was observed. One or two minutes later, the microwave oven

was turned off and the gas valve was closed. Then the flask was taken out and corked
up, cooled in ice water immediately. The resulting solid product was washed thor-
oughly with ethanol and centrifuged. All these processes were repeated five times.
The products were dried under vacuum and kept in a glove box.

The powder X-ray diffraction (XRD) data were collected on a Bruker AXSD*
Advanced Powder X-ray diffractometer by using Cu-K� radiation (� = 0.15418 nm).

dx.doi.org/10.1016/j.jallcom.2010.11.131
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:xiansongliu@yahoo.com.cn
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report [4], single-walled nanotubes have diameters in the range
0.4–2 nm. Typical multi-walled nanotubes diameters grown by the
arc-discharge method are about 20 nm in diameter, while CVD
grown nanotubes can have much larger diameters of up to 100 nm.
2222θθθθ     (degree) (degree) (degree) (degree)

ig. 1. X-ray powder diffraction pattern of the samples generated using different
ower levels of the microwave oven: (a) 50%; (b) 60%; (c) 70%; (d) 80%.

he patterns were recorded in the 2-theta (2�) range from 20◦ to 80◦ . Transmission
lectron microscopy (TEM) investigations were carried out using a JEOL-JEM 100
X microscope operating at 100 kV. Samples for TEM observation were prepared by
onicating in absolute ethanol for 1–2 min, followed by placing a drop of the sam-
le suspension on a copper grid (400 meshes, Electron Microscopy Sciences) coated
ith carbon film. The magnetic measurements were carried out using a BHV-55

ype vibrating sample magnetometer (VSM) at room temperature with an applied
agnetic field up to 1 T to reach saturation values.

. Results and discussion

The XRD patterns of the catalyst after the black suspension
ppeared but before a small electric spark can be observed at vari-
us conditions are shown in Fig. 1. The positions of the diffraction
eaks are in good accordance with the reported JCPDS 04-0850
ata. As we can see, when the power level employed was 50%
f the microwave oven, besides the phase of Ni, a phase of NiO
JCPDS 78-0643) was found by XRD simultaneously (Fig. 1a). This
an be explained by the fact that the power level of 50% was not
nough to obtain nickel particles by reducing reaction. It was also
bserved that when the microwave oven was turned on at above
he power level of 50%, a single phase of Ni with face-centered cubic
fcc) structure was formed in the process of CNTs synthesis and no
ther impurity was detected in the XRD patterns (Fig. 1b–d). More-
ver, with increasing the power level, the relative intensity of the
iffraction peak was stronger and stronger. All the peaks at different
ngles correspond to fcc Ni (1 1 1), (2 0 0) and (2 2 0). The grain size
f nickel particle was calculated according to the Scherrer formula
33]:

= 0.9�

ˇ cos �

here D is the particle size, � is wavelength of X-ray, ˇ is full width
t half maximum measured in radians and � is the Bragg angle of
he (1 1 1) plane. The values obtained are 26.8, 30.6 and 38.2 nm,
espectively. This clearly indicates that Ni particles used as a cat-
lyst in this experiment are nano-sized with enough power level
f the microwave oven, these nanoparticles are very advantageous
or CNTs growth.

In order to reveal the morphology and structure of the catalyst
fter reduction, the TEM experiment was performed for the catalyst

ormed under a solution of 0.250 M Ni(Ac)2 in ethylene glycol. Dur-
ng the current experiments, some of PVP were added (3 g PVP) and
he microwave oven was turned on at a power level of 60–70%. Two
EM images of the catalyst after the black suspension appeared but
efore a small electric spark can be observed are shown in Fig. 2,
mpounds 509 (2011) 2829–2832

which demonstrates Ni particles with the particle sizes in the range
of 20–30 nm. It demonstrated that a suitable amount of PVP as sur-
factant was needed during the microwave-assisted reaction and
prevented the agglomeration. It can be thought that on the one
hand the nucleation of Ni was accelerated with microwave irradi-
ation [34], on the other hand, PVP as surfactant could absorb and
decrease the surface tension. Therefore the single particle was pre-
vented from growing, and several particles were prevented from
coming together with adding a suitable amount of PVP [31]. Thus it
indicates that this technique is an effective and convenient method
to obtain dispersed and active Ni nanoparticles.

In order to provide a direct evidence for carbon nanotubes
formation and to investigate the morphology, the as-synthesized
samples were examined by transmission electron microscopy
(TEM). As a typical example, two magnified TEM images of CNTs
synthesized are shown in Fig. 3. Carbon nanotubes synthesized in
our experiment have a tubular structure with smooth and uniform
walls. We can see that the length of hollow carbon nanotubes is
of the order of micron. The diameters of most of the CNTs are
about 20 nm. Especially, in our experiment a very large carbon
nanotube with a diameter of 40 nm can be also clearly observed.
Carbon nanotubes can be distinguished from their solid fibre coun-
terparts by their wall characteristics. The former typically have
smooth and uniform walls, whereas the latter tends to have bumpy
sides and rarely grows straight [35]. By comparison with earlier
Fig. 2. TEM images of Ni catalyst nanoparticles after the black suspension appeared
but before the small electric spark observed: (a) at the power level of 60% of the
microwave oven; (b) at the power level of 70% of the microwave oven.
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he combined results of the thickness of the walls and the relatively
arge diameters of the nanotubes demonstrate that these nanotubes
re possibly multi-walled. The possible carbon source may be the
thylene glycol, or acetate ions, or PVP. We are inclined to think
hat carbon nanotubes are made from the ethylene glycol. This is
n agreement with previous results using a similar carbon source

ith alcohol [36]. During our experiments for synthesizing carbon
anotubes, it was very key factor that an electric spark was excited
nder the microwave owing to the inner wall of the glass flask
lated with metal nickel.

For deep insight into the nature of the as-synthesized samples,
he magnetic properties of the samples have been measured by
SM at room temperature. The static hysteresis loops of the sam-
les are shown in Fig. 4. During the experiment, the amount of
ickel was normalized. The magnetic hysteresis loop of Ni nanopar-
icles obtained after the black suspension appeared but before the
mall electric spark, was given with the coercivity HC = 89.9 Oe and
aturation magnetization �s = 38.1 A m2/kg (Fig. 4a). For Ni/CNTs
omposites obtained by reacting for 1 min after the small electric
park was measured. The values obtained are with HC = 119.9 Oe
nd �s = 32.4 A m2/kg (Fig. 4b). The result corresponding to Ni/CNTs
ample reacting for 2 min after the electric spark is shown in Fig. 4c,
hich has a larger hysteresis loop with coercivity (HC = 162.4 Oe)

nd saturation magnetization (�s = 23.4 A m2/kg). The hysteresis

oop of all the samples shows ferromagnetic characteristic. The sat-
ration magnetization value for Ni/CNTs composites is lower than
hose of Ni nanoparticles without the small electric spark under the
ame measurement conditions. The coercivity is larger for Ni/CNTs
omposites regarding Ni nanoparticles and bulk Ni (HC = 0.7 Oe)

ig. 3. Magnified TEM images of CNTs synthesized at the power level of 80% of the
icrowave oven.
Fig. 4. The magnetic hysteresis loops of (a) Ni nanoparticles obtained after the black
suspension appeared but before the small electric spark observed; (b) Ni/CNTs com-
posites obtained by reacting for 1 min after the small electric spark observed; (c)
Ni/CNTs composites obtained by reacting for 2 min after the electric spark.

[37], which is similar to those found in the literature [38]. It can
be thought that CNTs may have a great impact on the magnetic
properties of Ni particles. The reason of this phenomenon is not
fully clear now and the further work is underway.

4. Conclusions

In this study, CNTs of diameter about 20 nm were success-
fully synthesized by the microwave-assisted polyol method and
magnetic Ni nanoparticles were employed as a catalyst. As the
microwave eddy current effect excited an electric spark on the inner
wall of a glass flask which was plated metal nickel in the glass flask,

metal Ni nanoparticles can induce CNTs’ formation in the further
reaction. CNTs can be observed after the observation of the small
electric spark, and the length of hollow carbon nanotubes is of the
order of micron. The further experimental results indicated that
the as-synthesized samples were ferromagnetic. Ni/CNTs compos-



2 nd Co

i
w

A

N
5

R

[

[

[

[

[

[

[

[
[

[
[

[

[
[
[

[

[

[
[
[

[

[

[
[

[
[

1393–1403.
[36] A. Grüneis, M.H. Rümmeli, C. Kramberger, A. Barreiro, T. Pichler, R. Pfeiffer, H.
832 X.-s. Liu et al. / Journal of Alloys a

tes exhibited some different ferromagnetic behaviors compared
ith Ni nanoparticles and bulk Ni.

cknowledgements

We would like to acknowledge the financial support from the
ational Natural Science Foundation of China under grant nos.
0672001, 51072002 and the 211 Project of Anhui University.

eferences

[1] S. Iijima, Nature 354 (1991) 56–58.
[2] D.M. Guldi, G.M.A. Rahman, F. Zerbetto, M. Prato, Acc. Chem. Res. 38 (2005)

871–878.
[3] C. Jo, J.I. Lee, J. Magn. Magn. Mater. 320 (2008) 3256–3260.
[4] P.R. Bandaru, J. Nanosci. Nanotechnol. 7 (2007) 1239–1267.
[5] P.M. Ajayan, Chem. Rev. 99 (1999) 1787–1799.
[6] M.S. Dresselhaus, G. Dresselhaus, P.C. Eklund, Science of Fullerenes and Carbon

Nanotubes, Academic Press, New York, 1996.
[7] M. Terrones, W.K. Hsu, H.W. Kroto, D.R.M. Walton, Topics in Current Chemistry,

vol. 199, Springer, Heidelberg, 1999.
[8] A.C. Dillon, K.M. Jones, T.A. Bekkedahl, C.H. Kiang, D.S. Bethune, M.J. Heben,

Nature 386 (1997) 377–379.
[9] P.J. Britto, K.S.V. Santhanam, P.M. Ajayan, Bioelectrochem. Bioenerg. 41 (1996)

121–125.
10] B.J. Landi, R.P. Raffaelle, M.J. Heben, J.L. Alleman, W. VanDerveer, T. Gennett,

Nano Lett. 11 (2002) 1329–1332.
11] W.Z. Li, C.H. Liang, J.S. Qiu, W.J. Zhou, H.M. Han, Z.B. Wei, G.Q. Sun, Q. Xin, Carbon

40 (2002) 791–794.
12] J.R. Wood, Q. Zhao, M.D. Frogley, E.R. Meurs, A.D. Prins, T. Peijs, D.J. Dunstan,

H.D. Wagner, Phys. Rev. B 62 (2000) 7571–7575.

13] G.X. Tong, W.H. Wu, Q. Hua, Y.Q. Miao, J.G. Guan, H.S. Qian, J. Alloys Compd.

509 (2011) 451–456.
14] W.B. Choi, Y.W. Jin, H.Y. Kim, S.J. Lee, M.J. Yun, J.H. Kang, Y.S. Choi, N.S. Park,

N.S. Lee, J.M. Kim, Appl. Phys. Lett. 78 (2001) 1547–1549.
15] G. Korneva, H.H. Ye, Y. Gogotsi, D. Halverson, G. Friedman, J.C. Bradley, K.G.

Kornev, Nano Lett. 5 (2005) 879–884.

[
[

mpounds 509 (2011) 2829–2832

16] S. Zanganeh, M. Torabi, A. Kajbafvala, N. Zanganeh, M.R. Bayati, R. Molaei, H.R.
Zargar, S.K. Sadrnezhaad, J. Alloys Compd. 507 (2010) 494–497.

17] M. Escobar, G. Rubiolo, R. Candal, S. Goyanes, Physica B 404 (2009) 2795–2798.
18] M.H. Xu, W. Zhong, X.S. Qi, C.T. Au, Y. Deng, Y.W. Du, J. Alloys Compd. 495 (2010)

200–204.
19] Y.H. Wang, S.C. Chiu, K.M. Lin, Y.Y. Li, Carbon 42 (2004) 2535–2541.
20] A. Thess, R. Lee, P. Nikolaev, H.J. Dai, P. Petit, J. Robert, C.H. Xu, Y.H. Lee, S.G. Kim,

A.G. Rinzler, D.T. Colbert, G.E. Scuseria, D. Tománek, J.E. Fischer, R.E. Smalley,
Science 273 (1996) 483–487.

21] W.S. Cho, E. Hamada, Y. Kondo, K. Takayanagi, Appl. Phys. Lett. 69 (1996)
278–279.

22] M.J. Height, J.B. Howard, J.W. Tester, J.B.V. Sande, Carbon 42 (2004) 2295–2307.
23] K.D. Chowdhury, J.B. Howard, J.B.V. Sande, J. Mater. Res. 11 (1996) 341–347.
24] K. Yamamoto, Y. Koga, S. Fujiwara, M. Kubota, Appl. Phys. Lett. 69 (1996)

4174–4175.
25] W.K. Hsu, M. Terrones, J.P. Hare, H. Terrones, H.W. Kroto, D.R.M. Walton, Chem.

Phys. Lett. 262 (1996) 161–166.
26] L.A. Chernozatonskii, V.P. Val’Chuk, N.A. Kiselev, O.I. Lebedev, A.B. Ormont, D.N.

Zakharov, Carbon 35 (1997) 749–753.
27] D. Luxembourg, G. Flamant, D. Laplaze, Carbon 43 (2005) 2302–2310.
28] X.J. Zhang, W. Jiang, D. Song, J.X. Liu, F.S. Li, Mater. Lett. 62 (2008) 2343–2346.
29] X.S. Liu, U. Meridor, P. Zhao, G.B. Song, A. Frydman, A. Gedanken, J. Magn. Magn.

Mater. 301 (2006) 13–21.
30] X.S. Liu, K. Huang, S.Q. Zhou, P. Zhao, U. Meridor, A. Frydman, A. Gedanken, J.

Magn. Magn. Mater. 305 (2006) 504–508.
31] X.S. Liu, H.M. Gao, S.X. Qiu, L.G. Chen, Y.X. Dend, D. Zhou, X.B. Xu, Phys. Status

Solidi A 207 (2010) 360–363.
32] K.S. Suslick, M.M. Fang, T. Hyeon, J. Am. Chem. Soc. 118 (1996) 11960–11961.
33] A.C.F.M. Costa, E. Tortella, M.R. Morelli, R.H.G.A. Kiminami, J. Magn. Magn.

Mater. 256 (2003) 174–182.
34] H.T. Zhu, C.Y. Zhang, Y.J. Yan, J. Cryst. Growth 270 (2004) 722.
35] S.N. Bondi, W.J. Lackey, R.W. Johnson, X. Wang, Z.L. Wang, Carbon 44 (2006)
Kuzmany, T. Gemming, B. Büchner, Carbon 44 (2006) 3177–3182.
37] S. Chikazumi, Physics of Magnetism, John Wiley & Sons, New York, 1964.
38] D. Gozzi, A. Latini, G. Capannelli, F. Canepa, M. Napoletano, M.R. Cimberle, M.

Tropeano, J. Alloys Compd. 419 (2006) 32–39.


	One-step synthesis of carbon nanotubes with Ni nanoparticles as a catalyst by the microwave-assisted polyol method
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References


