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A facile synthesis procedure based on chemical vapor deposition (CVD) process has been developed to
fabricate carbon nanotubes (CNTs) with controlled diameters and high yields utilizing Fe-containing ordered
hexagonal mesoporous silicas (HMSs) such asMCM-41 and SBA-15 having varied pore sizes as the catalysts as
well as the templates. It is found that unlike Fe/HMS catalysts prepared by co-precipitation method, samples
prepared by the impregnation method gave rise to multi-wall CNTs with uniform diameters, which were
largely dictated by the pore size of the Fe/HMS catalysts. Among these uniformMWCNTs, sample with a larger
diameter (≥8 nm) was found to be more favorable as support for Pt catalyst, leading to a homogeneous
dispersion of metal nanoparticles. Consequently, the Pt/CNT electrocatalysts so prepared gave rise to superior
methanol oxidation activities as well as tolerances for CO poisoning compared to Pt supported on commercial
single-wall CNT (Pt/SWCNT) and XC-72 activated carbon (Pt/XC-72) having a similar metal loading.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Recent developments in fabrication of porous carbon supports with
high surface areas and controllable morphologies have received
considerable attention in R&D of supported electrocatalysts for direct
methanol fuel cells (DMFCs) and proton-exchange membrane fuel cells
(PEMFCs), which have been considered as the most prominent
candidates for next-generation portable power sources [1–4]. Highly
dispersed noble metal (Pt, Ru) nanoparticles (NPs) supported on
conductive materials with high surface areas, such as carbon blacks
[5,6], ordered mesoporous carbons (OMCs) [7–13], and carbon
nanotubes (CNTs) [14–18], are pertinent anodic/cathodic electrocata-
lysts for DMFCs and PEMFCs. Among them, CNTs have received

considerable attention due to their unique one-dimensional nanostruc-
ture and superior electrical conductivity. Aside from the most common
electrocatalysts for DMFCs, such as Pt/Ru supported on commercial
Vulcan XC-72 carbon black, many attempts have been made utilizing
CNTs as catalyst supports [14–23]. However, while majority of past
research efforts have been devoted in optimizing the metal dispersion
on single-wall (SW) andmulti-wall (MW)CNTs aiming topromote their
electrocatalytic performances and durability, practically no report had
been focused on the diameter size of the CNT supports.

In general, the methodologies invoked in controlling the diameter
of CNTs during chemical vapor deposition (CVD) process may be
classified into two main categories, namely by controlling the
processing parameters and by employing an auxiliary template. For
the former, it has been reported that parameters such as the carrier
gas/carbon source flow rate, plasma intensity, morphology of the
catalyst, precursor compositions, and duration of treatment etc. have
considerable effects on the diameter of the final CNT products [24–
28]. In contrast to such sophisticated adjustment of processing
parameters, the use of an auxiliary template appears to be more
advantageous in fabricating CNTs with tailorable diameters. For
examples, zeolites [29] and anodic metal oxides [30–36] have been
utilized as hard templates during the CVD process to fabricate CNTs
with uniform diameters. In this case, the diameters of the CNTs so
synthesized are largely dictated by the pore size of template used.
However, since it is rather difficult to prepare anodic metal oxides
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with uniform pore sizes less than 25 nm, majority of the CNTs so
fabricated possess diameters exceeding 25 nm [36]. On the other
hand, CNTs fabricated by using microporous zeolites as templates
mostly have diameters less than 1 nm. In view of the fact that the
diameter of CNT is one of the key parameters affecting their physical
properties, it is highly desirable to develop a facile synthesis route to
fabricate CNTs with tunable diameters within the range of 1–25 nm.

Ordered hexagonal mesoporous silicas (HMSs), especially those
possessing straight mesoporous channels with uniform pore sizes in
the range of 2–50 nm, such as MCM-41 [37] and SBA-15 [38,39] seem
to represent the ideal templates to meet the aforementioned demand
[40]. It is worth mentioning that although various ordered mesopor-
ous silicas have been invoked for the preparation of CNTs, they were
mostly employed as supports to disperse or to limit the size and
structure of the catalytic metal nanoparticles [41–48], overlooking the
templating function of the porous substrates. We report herein a facile
synthesis route to synthesize CNTs with tunable diameters and high
yields by using Fe-containing HMSs as catalyst templates. The
resultant CNTs with varied diameters were used as supports to
prepare various Pt/CNT anodic electrocatalysts for DMFC applications
and their catalytic performances during methanol oxidation reaction
(MOR) were evaluated and compared with a Pt/XC-72 catalyst
(12.5 wt.% Pt on Vulcan XC-72).

2. Experimental

2.1. Preparation of Fe-containing HMSs

Three types of ordered HMSs, namely MCM-41, SBA-15, and pore
expanded SBA-15 (denoted as PE-SBA-15) were synthesized by
known recipes reported previously [37–39,49]. Iron catalyst was
loaded onto the HMSs via either co-precipitation or impregnation
methods. For the former, typically ca. 0.4 g of Fe(NO3)3 was stirring
with 1.0 g of the target HMS material for 0.5 h in deionized water
(20 mL), followed by filtering and drying at 373 K, then subjected to
reduction treatment under H2 at 773 K for 3 h. The Fe-containing
HMSs so obtained from the siliceousMCM-41 and SBA-15 are denoted
as Fe(co)/MCM-41 and Fe(co)/SBA-15, respectively. In the case of
loading Fe catalyst by the impregnation method, proper amount of Fe

(NO3)3 (ca. one-half pore volume of the corresponding support) was
dissolved in 20 mL deionized water, followed by adding 1.0 g of the
target HMS. After being stirred for 0.5 h, the suspension was dried
under vacuum. The obtained product was further stirred in presence
of dichloromethane (CH2Cl2) to facilitate migration of Fe precursors
into the hydrophilic channels of the HMSs [50], followed by removal
of the CH2Cl2 solvent by evacuation. The above procedure was
repeated once and the final product was subjected to reduction
treatment carried out by first slowly ramping (2 K/min) the
temperature to 373 K under dried Ar, kept at the same temperature
for 3 h, followed by reduction under H2 environment before a mixture
of acetylene (C2H2) and hydrogen (H2) was injected for CNTs growth.
The Fe-containing HMSs so derived from the siliceous MCM-41, SBA-
15, and PE-SBA-15 are denoted as Fe(im)/MCM-41, Fe(im)/SBA-15,
and Fe(im)/PE-SBA-15, respectively.

2.2. Fabrication of CNTs with uniform diameters

CNTswith varied diameters were prepared by a CVDmethod similar
to that reported earlier for the nano-sized tubular carbons (i.e., CMTs)
[51]. In brief, the syntheses were carried out in a home-made quartz
reactor using various Fe-containing HMSs as templates. Typically, after
loading ca. 0.5 g of the fresh Fe-containing HMS in the reactor, the
system was first gradually heated (1 K/min) to 873 K under vacuum,
followed by injecting a stream of C2H2/H2 gas mixture at a flow rate of
50/50 sccm/sccm for 40 min under a pressure of ca. 2 kPa. The resultant
productwas stirredwith excess aqueousHF solution (1 M, 50%ethonal–
50%H2O) for 24 h to remove the silica template and Fe species, followed
by filtering and drying under vacuum to obtain the final multi-wall
carbon nanotube (MWCNT) materials.

2.3. Preparation of Pt/CNT electrocatalysts

To explore the effect of tube diameter on the performances of
various CNTs as catalyst supports for DMFC at anode, typically ca. 0.2 g
of the selected home-made CNT was individually suspended in 10 mL
of H2PtCl6 aqueous solution (0.04 M) at room temperature. After
removing water under reduced pressure, the obtained solid was
treated at 523 K for 0.5 h under H2 atmosphere to provoke reduction

Fig. 1. Small-angle XRD patterns of siliceous and Fe-containing HMSs; (a) MCM-41 and (b) SBA-15.
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