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The AAO membrane was modified by immersion within
Zn(NO3)2 solution. Zinc-containing film would be formed
over the inner surfaces of membrane. Using this as template,
ZnO film-coated carbon nanotube arrays were fabricated in
plasma-enhanced CVD.

Zeolite, porous silica, anodic aluminum oxide, and other po-
rous material have been extensively used in templated prepara-
tion of carbon nanotubes.1–4 In order to extend their applications
in fields of catalysis, optics, sensors, microelectronics, field
emission, and others, it is necessary to decorate the nanotubes
with nanoparticles or thin films. For preparation of nanoparti-
cle-doped carbon nanotubes, several methods have been pro-
posed. As the inert graphite surface is oxidized by strong acid,
some active organic groups can be generated to provide a point
to joint foreign nanoparticles. But it is difficult to prepare
film-coated nanotubes using this method.

Up to now, reports were seldom released on the preparation
of film-coated nanotubes. In Nagatsu’s work, a large-area sur-
face-wave plasma device was used both for growth of multiwal-
led carbon nanotubes on Ni-evaporated Si substrate and then
for deposition of thin �-C layer over carbon nanotubes.5 Yi
and co-worker prepared vertically aligned multiwalled carbon
nanotubes by hot filament plasma-enhanced chemical vapor
deposition. The nanotubes were then coated with either a SiO2

or MgO film by a magnetic sputtering method.6 In Shi’s experi-
ments, ultrathin pyrrole films were deposited on disordered
carbon nanotubes using plasma polymerization treatment.7

Unfortunately, the above methods were not suitable for tem-
plate-preparation of nanotubes owing to the short distance
between nanotubes.

In our previous work, several nanoparticle-doped carbon
nanotube arrays have been fabricated by modifying the inside
structure of AAO membrane, i.e., preloading nanoparticles with-
in membrane.8–10 It is obvious that the modified membrane
can determine the morphology of nanotubes. If thin solid film
is made over the inner surfaces of AAO membrane, film-coated
nanotube arrays would be conveniently fabricated. In this paper,
ZnO film-coated carbon nanotube arrays are fabricated by this
novel method.

Nanoporous anodic alumina membrane (Anodisc 47, 200
nm) was commercially obtained and used as received. The
preparation process is summarized in Figure 1. Membrane was
immersed into aqueous Zn(NO3)2 solution (1M) for 12 h. It
was dried at 50 �C for 8 h and then calcined at 550 �C for 3 h
in air (step A). During this process, ZnO film was formed over
the inner surfaces of membrane.

Corona-discharge-enhanced CVD technique was used to
prepare carbon nanotubes (step B). The experimental setup

and preparation conditions have been introduced in a previous
report.10 After plasma reaction, the as-prepared carbon nano-
tubes were released from membrane in 1M aqueous NaOH solu-
tion (step C). The microscopic features of the sample were ob-
served with a TECNAI-F20 transmission electron microscope
(TEM, 200 kV) and a Philips XL 30 scanning electron micro-
scope (SEM).

Figure 2 shows the SEM image of as-prepared carbon nano-
tubes. Their diameter is ca. 200 nm, similar to the membrane
nanopores. The outer walls of these carbon nanotubes are obvi-
ously not smooth, which is much different from previously made
carbon nanotube at the same scale. Carbon nanotubes seem to be
coated with a thin film on the outer surface.

The TEM images of nanotubes are shown in Figure 3, from
which two kinds of nanotubes are clearly found. They both have
similar diameter, which is due to the uniform size of AAO nano-
pores. But they are much different in brightness, i.e., the wall
thickness of nanotubes. They are enlarged in Figures 3b and
3c, in which the wall thickness of the dark nanotube (B) is ca.
70 nm, and the wall thickness of the bright nanotubes (A) is
ca. 30 nm. After detailed analysis, nanotube (A) is not integrated,
and this nanotube is indeed composed of many small flat parti-
cles. The gaps among particles are clearly seen. In Figure 3c,
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Figure 1. Schematic diagram of templated preparation of ZnO
film-coated carbon nanotubes.

Figure 2. SEM image of ZnO film-coated carbon nanotube
arrays.
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the wall of nanotube (B) can be divided into two parts. It can be
concluded that the inner nanotube is covered with the outer thin
film, which is accordant with the SEM analysis. Therefore, nano-
tube (A) and nanotube (B) are not the same.

The high-resolution transmission electron microscopy
(HRTEM) image of the outer thin film of nanotube (B) is shown
in Figure 3d. The surface structure of the film is clearly resolved,
and the lattice fringes can be clearly seen. Among the possible
carbon-containing or zinc-containing compounds, the 0.28-nm
lattice fringes of it are indexed to ZnO(100) lattice planes. In ad-
dition, the EDX spectrum of the nanotubes (B) is shown in
Figure 4, which indicates the existence of C and Zn elements.
Therefore, it can be concluded that nanotube (B) is ZnO film-
coated carbon nanotubes. The carbon nanotubes are composed
of disordered graphene layers, and the layers are not parallel
to the tube axis. These template-prepared carbon nanotubes have
been extensively researched in previous work.4,9

The HRTEM and EDX characterization of nanotubes (A)
also indicate the existence of ZnO and C elements. But this
nanotube is different from ZnO film-coated carbon nanotubes
in morphology. The authors think nanotube (A) should be ZnO
nanotube. The C element in EDX spectrum might be resulting
from oil vapor in the sample chamber.

In template preparation, modification of the template can
determine the morphology of nanotubes. The modified mem-
brane is the secondary template for preparation of nanotube.
The ordinary and simple method to modify AAO membrane is
incipient wetness impregnation, which can load nanoparticle
or film onto the inner surface. The morphology of metal or metal
oxide in membrane is heavily depended on the metal precursor
and their interaction with alumina. As to the nitrate salts of Ni,
Pt, and La,8–10 they are thermally decomposed into metal or
metal oxide particles in AAO membrane during calcinations.
As to the nitrate salts of Ag and Ce,11,12 they are decomposed in-
to thin film. It is thought that strong interaction of AgNO3 and
Ce(NO3)3 make them homogeneously adsorbed over the inner
surface of AAO membrane.

ZnO/Al2O3-based catalysts have been extensively studied
for their application to carbon monoxide partial oxidation. The
interaction of ZnO with Al2O3 support has been extensively in-
vestigated. Maezawa and co-workers found zinc ions are highly
dispersed in ZnO/Al2O3 catalysts, owing to the strong interac-
tion with alumina.13 In Zou’s work, ZnO is also well dispersed
on the surface of 10% ZnO/Al2O3 sample.14 ZnO/Al2O3 sample
with higher Zn loadings shows the phase of ZnO. In this paper,
when AAO membrane is immersed into aqueous Zn(NO3)2
solution, zinc ions soon adsorbed over the inner surfaces of
membrane, forming thin Zn(NO3)2 film. When calcined in air,
Zn(NO3)2 is thermally decomposed into ZnO, so ZnO nanotube
arrays are formed within AAO membrane. During corona-dis-
charge-enhanced CAD process, carbon species are deposited
within ZnO nanotube/AAO composite. After removing AAO
membrane by alkaline treatment, ZnO film-coated carbon nano-
tubes are formed. If the entrances of ZnO nanotube/AAO
composite are blocked, carbon deposition does not occur in the
nanopores, ZnO nanotube will be retained, just as shown in
Figure 3.

This work was partly supported by Natural Science
Foundation of Shandong Province (No. Y2005B06).

References
1 Z. Wen, Q. Wang, J. Li, Adv. Funct. Mater. 2008, 18, 959.
2 M. Hulman, H. Kuzmany, O. Dubay, G. Kresse, L. Li, Z. K.

Tang, P. Knoll, R. Kaindl, Carbon 2004, 42, 1071.
3 R. Wang, H. Xu, L. Guo, J. Liang, Appl. Surf. Sci. 2006,

252, 7347.
4 T. Kyotani, L. Tsai, A. Tomita, Chem. Mater. 1995, 7, 1427.
5 M. Nagatsu, T. Yoshida, S. Kurita, K. Murakami, Appl. Surf.

Sci. 2005, 244, 111.
6 W. Yi, T. Jeong, S. Yu, J. Heo, C. Lee, J. Lee, W. Kim, J.-B.

Yoo, J. Kim, Adv. Mater. 2002, 14, 1464.
7 D. Shi, J. Lian, P. He, L. M. Wang, W. J. van Ooij, M.

Schulz, Y. Liu, D. B. Mast, Appl. Phys. Lett. 2002, 81, 5216.
8 K. Yu, G. Ruan, Y. Ben, J. Zou, Chem. Lett. 2006, 35, 894.
9 K. Yu, G. Ruan, Y. Ben, J. Zou, Mater. Lett. 2007, 61, 97.
10 K. Yu, J. Zou, Y. Ben, Y. Zhang, C. Liu, Diamond Relat.

Mater. 2006, 15, 1217.
11 K. Yu, G. Ruan, Y. Ben, J. Zou, Mater. Sci. Eng., B 2007,

139, 197.
12 L. Qu, G. Shi, X. Wu, B. Fan, Adv. Mater. 2004, 16, 1200.
13 A. Maezawa, Y. Okamoto, T. Imanaka, J. Chem. Soc.,

Faraday Trans. 1 1987, 83, 665.
14 H. Zou, J. Shen, Thermochim. Acta 2000, 351, 165.

a b

c d

ZnO film

Wall of nanotube
0.28 nm

A 

B 

gaps

Figure 3. TEM images of ZnO film-coated carbon nanotube.

Figure 4. EDX spectrum of ZnO film-coated carbon nanotube.
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