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Mesoporous carbon materials have attracted consider-
able attention because of their ordered pore structure, high
surface areas, large pore volumes, and chemical inertness
[1,2]. One-dimensional nanomaterials are always the focus
of nanoscience studies because of their potential use as
building blocks for nanodevices. One-dimensional meso-
porous carbon materials have specialities of one-dimen-
sional nanomaterials as well as properties of mesoporous
carbon materials. Recently, a number of research groups
have reported the synthesis of these materials. Mesoporous
carbon nano-filaments were fabricated by replicating of sil-
ica-based mesoporous nano-filaments prepared in the
channel of anodic alumina membranes (AAM) [3,4]. Be-
sides, nanoporous carbon nanotubes were synthesized
using AAM as template [5,6]. Core-shell mesoporous car-
bon nanofibers have not been reported yet by now. In this
communication, we report the synthesis of new core-shell
mesoporous carbon nanofibers within the pores of AAM
through an easy one-step template method.

Pluronic F127 (EO;¢sPO70EO¢)/resol mixture ethanol
solution was used as the precursor solution [2], which
was placed into an evaporating dish. An AAM template
was then added into the solution. As the ethanol evapo-
rated at room temperature, the solution dried. The sample

" Corresponding author. Fax: +86 25 84895289.
E-mail address: jmcao@nuaa.edu.cn (J. Cao).

0008-6223/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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was then taken out and heated at 100 °C for 24 h to
thermopolymerize phenolic resins, followed by 700 °C in
nitrogen for 5 h to carbonize. The AAM template was then
etched away using 10% aqueous HF.

Fig. la—c are scanning electron microscope (SEM)
images of mesoporous carbon nanofibers (MCN-80) syn-
thesized using the 80 nm (average size) AAM template.
This SEM sample was not gold-coated. The diameter of
nanofibers is comparable to the channel diameter of
AAM template. Fig. 1b shows a side view of the nanofi-
bers. Parallel mesopores, which were produced by remov-
ing pluronic F127 during calcination, are directly
observed on the surface of the shell of nanofibers (inset im-
age of Fig. 1b). Fig. lc is a top view of nanofibers. A thin-
ner porous nanowire in the center of the nanofiber can be
seen. Fig. 1d is a transmission electron microscope
(TEM) image of nanofibers. This image also reveals the
core-shell structure of nanofibers. The shell of the nanofi-
ber is composed of parallel mesopores, which accorded
with the result of SEM. The mesopore size and wall thick-
ness of the shell of MCN-80 is about 12 and 3 nm, respec-
tively. Energy-dispersion X-ray spectra analysis indicated
the absence of Al (see Fig. S1).

Fig. 2a,b show the SEM images of the mesoporous car-
bon nanofibers (MCN-300) synthesized using 300 nm
(average size) AAM template. The typical diameter of the
MCN-300 is estimated to be 250-400 nm (due to the broad
channel diameter distribution of the commercial template)
and the length of nanofibers exceeded tens of micrometers.
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Fig. 1. SEM images (a)-(c) and TEM image (d) of MCN-80.

The TEM image (Fig. 2c) indicates sample’s core-shell
structure. The shell is also composed of ordered mesopores
with 12 nm diameter. Fig. 2d,e are SEM images of the sam-
ple with the shell destroyed by ultrasonic. As shown in
Fig. 2d, the shell was destroyed and the mesopore channels
of the core aligned circularly around the nanofiber axis.
Parallel mesopores can be seen in the side view SEM image
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(Fig. 2e). The core is therefore proved to have a circular
pore architecture [7], which is also demonstrated by a
TEM image as shown in Fig. 2f. The average mesopore size
of the core is about 11 nm. The mesostructure of the core
is different from the 2D hexagonal mesostructure of the
non-template sample (no use of the AAM template dur-
ing the experiment) (see Fig. S3). The confinement effect
can be thought to be crucial to the concentric mesostruc-
ture [8].

The samples were also characterized by X-ray diffrac-
tion. There is no peak in the low-angle region for MCN-
80. But there is an obvious diffraction peak at round
0.61° in 20 for MCN-300, which results from the circular
pore architecture of the core (see Fig. S4). The wide-angle
XRD patterns (see Fig. S5) and the Raman spectra results
(see Fig. S6) for the samples indicated that the obtained
carbons were mainly as an amorphous structure.

Fig. 3 shows the nitrogen gas adsorption-desorption iso-
therms for all the samples, which have different isotherms,
though these samples were synthesized using the same pre-
cursor solution. This is possibly due to the transformation
of the mesostructure. The pore size distributions from the
adsorption branches are shown in the inset of Fig. 3, which
were consistent with the results of TEM. It is noticeable
that MCN-80 has a broad distribution in the range of
10-50 nm. The pores of MCM-80 are mainly from two
sources: the mesopore within the shell and the core along
with the mesopore between the shell and the core (see
Fig. 1d). The Brunauer—-Emmett-Teller surface areas for
the non-template sample, MCN-80 and MCN-300 are esti-
mated to be 637.8 m? g ', 677.3 m?> g~', and 551.0 m> g

100 nm
RS

Fig. 2. SEM images (a), (b) and TEM image (c) of MCN-300; SEM images (d), (¢) and TEM image (f) of the core of MCN-300.
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Fig. 3. Nitrogen adsorption-desorption isotherms and BJH pore size
distribution plots (inset) of the samples: (a) non-template sample; (b)
MCN-80; (c) MCN-300.

respectively. The pore volumes for the non-template
sample, MCN-80 and MCN-300 are estimated to be
041 cm®g™", 1.30cm* g ', and 1.97 cm® g7, respectively.

The formation mechanism of these new structures
was studied. The pores of AAM templates were fully filled
with pluronic F127/resol mixture after the ethanol evapo-
rated (see Fig. S7). There was an interaction between the
resol and the surface of AAM because they both have a
large number of hydroxyl groups [9]. During the carboniza-
tion process, the resin polymer shrank continuously. The
strong interaction between the polymer and the alumina
prevented the polymer from separating from the surface
of AAM. Finally, the polymer ruptured, leaving a layer
attached to the surface of AAM and forming a core in
the middle of the pore of template. After the AAM tem-
plate was etched away, the carbon layer that originally con-
nected to the surface of AAM became the shell of the
nanofiber.

1113

In summary, we present the first synthesis of new core-
shell mesoporous carbon nanofibers using the AAM with
different diameter size as the templates. It is anticipated
that these new materials could have many potential appli-
cations in electrode materials, catalysis, hydrogen-storage,
adsorption and other fields.
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