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" CPMs with varied pore sizes (1–400 nm) were replicated from various porous silicas by CVI method.
" MOR activities of Pt/CPM electrocatalysts increase with increasing pore size of CPM support.
" Microporous CPMs are favorable supports for Pt in terms of catalytic performance and CO-tolerance.
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a b s t r a c t

Carbon porous materials (CPMs) with extended ranges of pore size and morphology were replicated using
various porous silicas, such as zeolites, mesoporous silicas, and photonic crystals, as templates by means
of chemical vapor infiltration (CVI) method. The micro-, meso-, and macro-porous carbons so fabricated
were adopted as supports for the metal (Pt) catalyst for direct methanol fuel cells (DMFCs), and the sup-
ported Pt/CPM electrocatalysts were characterized by a variety of different spectroscopic/analytical tech-
niques, viz. transmission electron microscopy (TEM), Raman, X-ray photoelectron spectroscopy (XPS), gas
physisorption/chemisorption analyses, and cyclic voltammetry (CV). That these Pt/CPMs were found to
exhibit superior electrocatalytic activities compared to the commercial Pt/XC-72 with a comparable Pt
loading during methanol oxidation reaction (MOR) is attributed to the presence of Pt nanoparticles
(NPs; typically 1–3 nm in size) that are highly dispersed in the CPMs, facilitating an improved tolerance
for CO poisoning. While the MOR activity observed for various Pt/CPMs tend to increase with increasing
pore size of the carbon supports, Pt catalyst supported on carbon substrates possessing microporosities
was found to have superior stability in terms of tolerance for CO poisoning than those with greater pore
size or having meso- and macroporosities.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

In view of the increasing demands in environmental protection
issues, proton exchange membrane fuel cell (PEMFC) and direct
methanol fuel cells (DMFCs), which use hydrogen and methanol
as the fuel, respectively, have emerging as promising renewable
power devices [1–3]. Since the fabrication of electrocatalyst mate-
rials and membrane electrode assembly (MEA) are known to dic-
tate the efficiency, stability, and cost of a fuel cell stack and that
the electrocatalysts commonly used nowadays are mostly noble
metal (Pt or Pt-based) alloys supported on carbon substrates
ll rights reserved.
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[1,4–8]. As such, characteristics of the carbon support as well as
that of the metal catalyst are critical to the overall electrocatalytic
performance of the fuel cell electrodes [9,10]. Therefore, in addi-
tion to the metal catalysts, R&D of carbon materials, such as carbon
porous materials (CPMs) [10–13], carbon nanotubes (CNTs) [6],
and activated carbons [14], that possess high surface areas, electri-
cal conductivities, and electrochemical stabilities have drawn con-
siderable attentions.

Regarding to DMFC application and operation, catalytic activity
during methanol oxidation reaction (MOR) and resistance to CO
poisoning are the key issues engaged in R&D of Pt-based electro-
catalysts at anode [11,15,16]. It is anticipated that supported elect-
rocatalyst with a well-dispersed novel metal catalyst should has a
better catalytic activity. Whereas to prevail over the CO poisoning
problem, utilization of bifunctional metal catalysts such as Pt–Ru
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alloy supported on carbons have becoming the benchmark applica-
tions, particularly for DMFC at anode [11–13,17–18]. However,
supported Pt–Ru catalysts are also drawback by their cost ineffec-
tiveness, as a result, alternative CO tolerance bifunctional alloy cat-
alysts, such as Pt–Fe, Pt–Co, Pt–Ni, and Pt–Mo, have been
extensively studied [19,20]. Recently, it has been shown that by
embedding the monofunctional Pt catalyst in CPMs with well-de-
fined mesostructures, the supported Pt/CPM catalyst exhibits out-
standing CO tolerance even without the incorporation of a
secondary metal [11], while a detailed mechanism involved in
the above finding is yet to be further explored, related research
represent advanced development of DMFC electrocatalyst at
anode.

As for the development of CPMs over the past few decades,
the investigations were mostly focused on carbon mesoporous
materials (CMMs) with pore size ranging from 2 to 50 nm, while
overlooking the potential applications of microporous (pore size <
2 nm) and macroporous (pore size > 50 nm) carbons. To explore
the effect of pore size of the CPMs on the electrocatalytic perfor-
mance of the supported Pt/CPM catalyst for DMFC at anode, we
have developed a template-assisted chemical vapor infiltration
(CVI) process to facilitate easy fabrication of CPMs with unprece-
dented textural properties [21]. Accordingly, a series of CPMs with
varied pore sizes ranging from micro-, meso-, to macro-porous car-
bons, namely the ZRC, CMT-1, CMT-2, HCC, and PCC materials (vide
infra) were replicated by using zeolite Y, MCM-48, SBA-15, defec-
tive MCM-48, and photonic crystal as templates, respectively.
These unique CPMs were adopted as supports to prepare various
Pt/CPM anodic electrocatalysts for DMFC. The physicochemical
properties as well as the electrocatalytic performances of the resul-
tant Pt/CPMs during MOR were evaluated and compared with a
commercial Pt/XC-72 catalyst (Johnson–Matthey; 10 wt.% Pt on
Vulcan XC-72 activated carbon).
Table 1
Synthesis conditions and pore diameters of various CPMs prepared by template-
assisted CVI process.

Samplea Dt (min)b Templatec Gas flow ratio
(C2H2/H2/Ar)d

TS

(K)e
D
(nm)f

ZRC 40 Zeolite Y 50/50/50 1073 <1.3
CMT-1 40 MCM-48 50/50/50 1073 �2
CMT-2 60 SBA-15 50/50/0 1073 �3
HCC 40 Defected MCM-48 50/50/0 1093 20–150
PCC 120 Photonic crystal 50/50/0 1073 �400

a Prepared in the absence of a catalyst and without gas preheating; pressure =
3 kPa.

b Duration of processing time.
c Porous silica template used for producing CPMs.
d In unit of sccm:sccm:sccm.
e Substrate temperature during CVI process.
f Pore diameter of porous carbon.
2. Experimental section

2.1. Preparation of porous silica templates

Microporous Faujasite (Y)-type zeolite (Si/Al = 2.49) was ob-
tained from Strem Chemicals, Inc. Highly stable MCM-48 mesopor-
ous silica material was synthesized following the procedures
reported earlier [22]. In brief, surfactant mixture solution was first
prepared by dissolving both CTABr (7.6532 g; Acros) and Brij-30
(1.45 g; Aldrich) simultaneously in distilled water (60 mL). Then,
a sodium hydroxide solution (2.5 g in 5 mL water) was added to
the aforementioned mixture solution under stirring condition
(for 0.5 h) followed by adding the silica solution. The resultant
mixture was shaken vigorously for 0.5 h, then, gel-like substrate
was kept at 373 K for crystallization for 2 days. Subsequently, the
pH of the substrate was adjusted to 10 and kept at 373 K for addi-
tional 2 days. Finally, the resulting product was filtered and
washed, dried, and then calcined in air at 823 K for 6 h.

The SBA-15 mesoporous silica was also prepared following a
known recipe [23] Typically, tetraethyl orthosilicate (TEOS, Al-
drich), which was used as the silica source, was added to an aque-
ous solution containing HCl and triblock copolymer surfactant
(P123; Acros) at 313 K, with a starting weight ratio of: 2.3 g TEOS:
1.0 g P123: 8.0 g HCl: 30.0 g H2O. The mixture was stirred for about
2 h before it was aged at 373 K for 2 days. The final product was
then filtered, washed, dried, and finally calcined in air at 833 K
for 6 h to remove the surfactant template.

Photonic crystal (PC) macroporous silica was synthesized fol-
lowing the procedure reported by Holland et al. [24]. First,
1700 mL of DI water was heated to 343 K and then stirred with sty-
rene (200 mL, Aldrich) under nitrogen atmosphere. Then, potas-
sium persulfate solution (100 mL, 0.025 M, 343 K) was added into
the above styrene solution and kept under stirring condition for
28 h to allow for polymerization. Finally, the poly-styrene latex
spheres were gathered by filtering and drying in air, followed by
a silica replication process by which millimeter-thick layers of la-
tex spheres were deposited on a filter paper in a Buchner funnel
under vacuum while soaked with ethanol. Then, TEOS was added
drop-wise to cover the latex spheres completely during filtration.
After drying the composite product in a vacuum evaporator, the la-
tex spheres were collected and subjected to calcination treatment
in air at 848 K for 7 h to obtain the photonic crystals with an aver-
aged pore diameter of ca. 400 nm.

2.2. Preparation of carbon porous materials

Carbon mesoporous materials (CPMs) synthesized by replica-
tion method using various porous silicas templates were con-
ducted by a similar CVI procedure summarized below: first, the
templating substrate was placed into a quartz reactor, followed
by heating the reactor to the target temperature (typically 1073
or 1093 K) under vacuum. Then, a desirable amount of acetylene,
which served as the carbon source, was introduced into the reactor
in form of mixture gas together with H2 and/or Ar. Then, the CPMs
products may be respectively collected by filtering and drying after
removing the silica template by etching with 1 M HF solution of
50% ethonal–50% H2O. Detailed preparation conditions and aver-
age pore size observed for various CPMs are depicted in Table 1.

2.3. Preparation of Pt/CPM electrocatalysts

To explore their applications as catalyst supports in DMFC at
anode, a hydrogen reduction process was adopted to disperse no-
ble metal (Pt) catalyst on various CPMs. Typically, this is done by
first suspending ca. 0.2 g of the desirable CPM substrate in H2PtCl6

aqueous solution (10 mL H2PtCl6, 0.04 M) at room temperature
(295 K), followed by drying the substrate in a vacuum evaporator,
then, a reduction treatment at 523 K under H2 environment for
0.5 h. Following the sample names designated for various CPMs,
the resultant electrocatalysts are denoted as Pt/ZRC, Pt/CMT-1,
Pt/CMT-2, Pt/HCC, and Pt/PCC, respectively.

2.4. Characterization methods

The structural properties of various samples were examined by
TEM (JEOL, JEM-2100; at 200 keV) and XRD (PANalytical, X’Pert
PRO; using Cu Ka radiation; k = 0.1541 nm). Thermogravimetric
analyses (TGA; Netzsch TG-209) of various samples were per-
formed under dried air atmosphere, and their BET surface areas
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and pore size distributions (PSDs) were evaluated by nitrogen
adsorption/desorption measurements (using a Quantachrome
Autosorb-1 analyzer) conducted at 77 K after each sample was de-
gassed at 473 K under vacuum for at least 12 h.

The electrochemical properties of various supported Pt/CPMs
substrates (as anodic electrode materials for DMFC) were evalu-
ated by cyclic voltammetry (CV) measurements conducted on a
galvanostat/potentiostat (Autolab, PGSTAT30). The electrocatalytic
activity of various Pt/CPM samples with a typical Pt loading of ca.
10 wt.% were evaluated using a glassy carbon as the working elec-
trode, Pt wire as the counter electrode, and Ag/KCl (3 M) as a refer-
ence electrode at a scanning rate of 10 mV/s. The glossy carbon
thin-film electrode was prepared by the following steps: first, ca.
10 mg of PtRu-loaded carbon sample was added into 5 mL of
deionized water, followed by an ultrasonic treatment for 0.5 h.
Next, ca. 20 lL of the resultant suspension mixture was withdrawn
and injected onto the glassy carbon electrode (ca. 5 mm in diame-
ter), followed by drying in air at 333 K for 1 h. Finally, 20 lL of 1%
Nafion (DuPont) solution was added as a binder under N2 environ-
ment. Electrooxidation of MeOH was carried out with an electro-
lyte of 0.5 M H2SO4 and 1 M MeOH between �0.2 and 1.0 V at
room temperature. Prior to each CV measurement, the electrolytic
solution was purged with high-purity N2 (99.9%) for at least 0.5 h
to remove the dissolved oxygen; subsequently, the experiment
was conducted under purging N2 condition. For comparison, simi-
lar measurements were also performed on a commercial Pt/XC-72
catalyst (Johnson–Matthey; 10 wt.% Pt on Vulcan XC-72).

The dispersions of Pt on various Pt/CPM samples were mea-
sured by hydrogen chemisorption. For each run, ca. 0.02 g of Pt/
CPM sample was pretreated by outgassing at 623 K for 1 h, then,
the first H2 adsorption isotherm was measured after the sample
was cooled to 305 K, followed by outgassing the substrate for 1 h
to obtain a second H2 adsorption isotherm under the same condi-
tion. On the other hand, CO tolerance tests were done by compet-
itive adsorption with H2 on an automated chemisorption apparatus
(Micromeritics, AutoChem II 2920). First, ca. 500 ppm of CO was
pre-adsorbed onto the sample at 328 K for 0.5 h, then H2 (10%)
was pluse-injected using Ar as the carrier gas till a saturated cov-
erage of H2 was achieved.
Fig. 1. (a) TEM and (b) HRTEM image of the zeolite Y template.
3. Results and discussion

3.1. Structural properties of CPMs

Figs. 1 and 2 display the TEM images of zeolite Y and its corre-
sponding carbon replica, namely the zeolite replicated carbon
(ZRC). The high resolution image of Fig. 1b clearly indicates the or-
dered framework structure of zeolite Y with a pore aperture of ca.
0.7 nm, which is typical for 12-membered ring zeolites [25]. That
the ZRC material (Fig. 2a) possesses a similar morphology with
zeolite Y (Fig. 1a) suggests that the CVI process so utilized readily
prevail even for replication of microporous systems. As a conse-
quence, ZRC is found to possess tubular carbon with an average
diameter as small as 0.7 nm, as shown in Fig. 2b. Such template-as-
sisted CVI process therefore represents a facile and speedy synthe-
sis route for CPMs. As can be seen from Table 1, the time required
for fabrication of CMPs is typically within two hours. It is notewor-
thy that, unlike its zeolitic template, which possesses a well-or-
dered structure (Fig. 1b), the structure of ZRC appears to lack
long-range ordering (Fig. 2b), as also revealed by the XRD results
in Fig. 3.

The N2 adsorption/desorption curves obtained from the ZRC
material in Fig. 4a showed a typical type-I isotherm, in which the
abrupt rise of the isotherm at low relative pressure (i.e., Henry’s
Law region) reveals the existence of micropores in the sample; in
line with the TEM (Fig. 2b) and PSD (Fig. 5a) results. A rough
estimation of the latter by the BJH method (which may be unjusti-
fiable for micropore analysis) led to an average pore size of ca.
1.3 nm for the tubular ZRC, which coincides with the size of the
sodalite building unit of Faujasite-type zeolites (ca. 1.2 nm) [25].

Previously, we reported the syntheses of CMT-1 [5] and HCC
[21] by the similar CVI process. While both CMT-1 and HCC may
both be replicated using mesoporous MCM-48 silica as the tem-
plate, they were fabricated at different carbonization tempera-
tures, namely 1073 and 1093 K, respectively (Table 1). Similar to
that reported for mesoporous CMK-1 carbon [26–29], the N2

adsorption/desorption isotherms obtained from CMT-1 shown in
Fig. 4b exhibited the typical type-IV isotherm with a broad hyster-
esis loop, which is a typical signature for capillary condensation in
mesoporous channels [30–32]. As can be seen from the PSD profile
in Fig. 5b, the CMT-1 possesses pore sizes around 2–3 nm. How-
ever, the mesostructure of the MCM-48 silica tends to partially
collapse upon further increasing the carbonization temperature
to 1093 K, leading to mesoporous carbon (denoted as HCC) with
a defective structure that exhibits a broad PSD centered at ca.
20 nm (Fig. 6a). Such a broad distribution of pore sizes was derived
from the N2 adsorption/desorption data in Fig. 4d, which showed a
typical type-IV isotherm with type-H3 hysteresis loop. As such, the
HCC material is most likely consists of plate-like aggregates of par-
ticles giving rise to slit-shaped pores [5,33]. Similar to CMT-1, the



Fig. 2. (a) TEM and (b) HRTEM image of the synthesized ZRC material.

Fig. 3. XRD patterns of (a) zeolite Y and (b) ZRC materials.

Fig. 4. N2 adsorption/desorption isotherms (77 K) of (a) ZRC, (b) CMT-1, (c) CMT-2,
(d) HCC, (e) PCC, and (f) XC-72. The vertical scales for (a)–(e) were shifted by 1000,
800, 600, 400, and 200 cm3 STP/g, respectively.

Fig. 5. BJH pore size distributions of (a) ZRC, (b) CMT-1, and (c) CMT-2. The vertical
scale for (a) and (b) were shifted by 4 and 2 cm3/g, respectively.

Fig. 6. BJH pore size distributions of (a) HCC, (b) PCC, and (c) XC-72. The vertical
scale for (a) and (b) were shifted by 0.5 and 0.25 cm3/g, respectively.
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CMT-2 carbon replicated from mesoporous SBA-15 silica also
exhibited a type-IV isotherm (Fig. 4c) and a uniform pore size of
ca. 3 nm (Fig. 5c). The TEM image (Fig. 7b) and the XRD profile
(Fig. 8b) further indicate the existence of long-range structure
ordering with 2-D hexagonal symmetry similar to that of tubular
CMK-5 mesoporous carbon [34].

To fabricate macroporous carbon, photonic crystal (PC) with
pore diameter of ca. 400 nm (Fig. 9a) [24] was utilized as the silica
template. The resultant carbon so synthesized, denoted as PCC, also



Fig. 7. TEM images of (a) SBA-15 and (b) CMT-2 materials.

Fig. 8. XRD patterns of (a) SBA-15 and (b) CMT-2 materials.

Table 2
Comparison of specific surface areas for various CPM samples.

Sample Specific surface area (m2/g)a

Micropores Mesopores Macropores

ZRC 1235 647b N/A
CMT-1  1229c? N/A
CMT-2 N/A 1194 N/A
HCC N/A  783d?
PCC N/A N/A 337
XC-72 N/A N/A 218

a N/A: surface area in these ranged are either negligible or unaccountable by the
BJH method.

b Value estimated by subtracting the microporous surface area (determined by t-
plot analysis) from the total BET surface area.

c CMT-1 possesses two types of pore systems, which span over the micro- and
mesoporous ranges.

d Since its BET surface area may not be derived in this pore range, total surface
area of the substrate was adopted.
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reveal a similar pore diameter of ca. 400 nm (Fig. 9b). Resembling
the XC-72 activated carbon (Fig. 4f), the N2 adsorption/desorption
isotherms obtained from the PCC sample (Fig. 4e) also exhibit a
type-III isotherm, typical for macroporous materials [33]. Never-
theless, unlike the HCC material, the PSDs of both PCC (Fig. 6b)
and XC-72 (Fig. 6c) failed to represent the truth surface condition
shown in Fig. 9. This is ascribed due to the extensive pore size
and inter-particle surfaces present in these porous carbon samples.
For comparison, the specific surface area and pore distribution for
various CPMs and XC-72 are depicted in Table 2. Since its BET sur-
face area may not be readily derived from the N2 isotherm data for
macropores, total surface areas of PCC and XC-72 were depicted in
Fig. 9. TEM images of (a) PC
Table 2. In this context, the external surface area should be analo-
gous to the internal surface area for the PCC material.
3.2. Effect of pore size of the carbon support on electrocatalytic
performance of Pt/CPM

Upon incorporating the Pt catalyst (typically ca. 9–13 wt.%) onto
various CPM supports, each Pt/CPM sample was subjected to a
reduction treatments under H2 at 523 K. The physicochemical
properties of various supported Pt/CPM catalysts are depicted in
Table 3 along with that of a commercial Pt/XC-72 catalyst. On
and (b) PCC materials.



Table 3
Assorted physicochemical properties of various Pt/CPMs and Pt/XC-72 electrocatalysts.

Catalyst Pt (wt.%)a C (S/cm)b IG/ID
c If (mA) Ir (mA) If/Ir

d DPt (%)e Dp (nm)f SM (m2/g Pt)g CO-t (%)h

Pt/ZRC 12.5 1.61 0.85 122 25 4.88 45.4 2.49 112.1 48.83
Pt/CMT-1 12.8 1.14 0.68 136 60 2.26 22.4 5.05 55.4 27.93
Pt/CMT-2 11.6 1.10 0.77 140 97 1.44 19.8 5.71 48.9 18.14
Pt/HCC 9.3 2.07 0.74 282 194 1.45 20.5 5.51 50.7 10.60
Pt/PCC 9.5 2.38 0.73 655 628 1.04 56.8 1.99 140.4 7.78
Pt/XC72 12.5 1.79 0.70 353 349 1.01 32.6 3.47 80.6 1.74

a Pt loading determined by TGA analysis.
b Electrical conductivity.
c Relative peak intensities obtained from the G- and D-bands of the Raman spectrum.
d Ratio of maximum current densities obtained from the forward (If) and reverse (Ir) scans of the CV curves.
e Pt dispersion measured by H2 chemisorption (at 305 K).
f Pt particle size derived from H2 chemisorption results.
g Metallic surface area of the Pt nanoparticles derived from H2 chemisorption.
h CO-tolerance estimated by competitive adsorption of H2 after pre-adsorbing ca. 500 ppm of CO.

Fig. 10. TEM images of (a) Pt/ZRC, (b) Pt/CMT-1, (c) Pt/CMT-2, (d) Pt/HCC, (e) Pt/PCC, and (f) Pt/XC-72 electrocatalysts.
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the basis of the similarities in electrical conductivity (C) and IG/ID

(i.e., the peak intensity ratio obtained from the G- and D-bands

of the Raman spectrum, which corresponds to the relative
concentration of sp2 and sp3 structures of the carbon substrate)



Fig. 11. Pt particle size distributions of various Pt/CPM electrocatalysts, (a) the
overall profile and (b) histogram for particle size < 1 nm only.

Fig. 12. Room temperature cyclic voltammograms of various Pt/CPMs and Pt/XC-72
electrocatalysts in solution of 0.5 M H2SO4 and 1 M MeOH.

Fig. 13. (a) Forward and (b) reverse CV scans of various Pt/CPMs and Pt/XC-72
electrocatalysts.
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values, it is indicative that all supported electrocatalysts have
roughly the same degree of graphitization and hence similar elec-
tronic properties.

The TEM images of various Pt/CPM supported catalysts are de-
picted in Fig. 10. Among them, the Pt/ZRC and Pt/PCC samples ap-
pear to have the highest Pt dispersion (DPt; see Table 3). A closer
examination on the Pt particle size distribution (Fig. 11a) revealed
that, unlike Pt/PCC in which a rather uniform Pt particle size distri-
bution centered at ca. 1.5 nm, majority of the Pt nanoparticles in
Pt/ZRC were found less than 1 nm. This may be attributed to the
fact that the ZRC support possesses only microporosities. As such,
it is hypothesized that the porosity of the carbon support may play
an important role while incorporating the Pt metal catalyst. By
comparison, the percentage of the small (size < 1 nm; Fig. 11b) Pt
nanoparticle presented in various carbon supports appear to follow
the trend: Pt/ZRC (38%) > Pt/CMT-2 (30%) � Pt/CMT-1 (27%) > Pt/
HCC (15%) > Pt/PCC (8%) � Pt/XC-72 (6%). Consequently, the former
shows a high metallic surface area and superior electrocatalytic
performances (see Table 3) in terms of If/Ir ratio and resistance to
CO poisoning, i.e. CO-t value (vide infra).

Fig. 12 shows the cyclic voltammograms of various Pt/CPMs and
Pt/XC-72 electrocatalysts under in solution of 0.5 M H2SO4 and 1 M
MeOH. Since the mass activity of the anodic peak occurred at ca.
0.6 V during the forward scan (If) is associated with the catalytic
activity during methanol oxidation reaction (MOR), whereas that
of the reversed peak (Ir; at ca. 0.4–0.5 V) is mainly related to the ex-
tent of deactivation due to deposition of carbonaceous residues on
the surfaces of the catalyst [12,35]. For purpose of comparison, the
CV curves observed from various catalyst samples in selected
operating potential region of 0.1–0.65 V and 0.7–0.45 V are dis-
played for forward (Fig. 13a) and reverse (Fig. 13b) scans, respec-
tively. Assorted physicochemical properties, such as electrical
conductivity (C), IG/ID ratio, current densities (If and Ir), and disper-
sion (DPt), particle size (Dp), and metallic surface areas (SM) of the
Pt nanoparticles, are depicted in Table 3 together with the index
CO-t representing the stability of the electrocatalyst in terms of
tolerance for CO poisoning.

By careful examination of the experimental results listed in
Table 3, it is found that, while the Pt/ZRC exhibited a superior elec-
trocatalytic performance compared to the other Pt/CPMs anodic
catalysts due to the more abundant Pt nanoparticles with si-
ze < 1 nm (vide supra), notably lower forward (If) and reverse (Ir)
peak current densities were observed even though a somewhat
higher IG/ID ratio was evident. In this context, the degree of graph-
itization and the electrical conductivity (C) of the CPM appear irrel-
evant to the values of If and Ir, rather, the latter tends to increase
with increasing pore size of the carbon support (cf. Table 1). This
may be ascribed due to the possibility that some of the Pt nanopar-
ticles in CPMs may not be accessed by the methanol reactant



Fig. 14. Pulsed H2 chemisorption profiles of (a) Pt/ZRC, (b) Pt/CMT-1, (c) Pt/CMT-2, (d) Pt/HCC, (e) Pt/PCC, and (f) Pt/XC-72 electrocatalysts without (square symbol) and with
(circular symbol) pre-adsorption treatment by CO (500 ppm). The interval between H2 pulse cycles was 5 min.

A.-Y. Lo et al. / Applied Energy 100 (2012) 66–74 73
during the CV measurement. In other words, diffusion of methanol
may be partially hindered in the pore channels of the CPMs. None-
theless, notably higher If and Ir values were observed for CPMs
supports possessing macroporosities, e.g., Pt/HCC, Pt/PCC, and Pt/
XC-72 (Tables 2 and 3). Thus, it is indicative that the internal sur-
face areas within the CPM supports containing micro- and/or mes-
oporosities have negligible effect on the overall electrocatalytic
performance of the Pt/CPM electrocatalyst. Indeed, the Pt/ZRC, Pt/
CMT-1 and Pt/CMT-2 showed relatively lower If and Ir values com-
pared to Pt/HCC, Pt/PCC, and Pt/XC-72, whose surface areas arise
predominantly from the external surfaces of the carbon supports.
In short, it may be concluded that the MOR activity observed for
various Pt/CPMs examined herein tend to increase with increasing
pore size of the carbon supports. These observations therefore dis-
close a crucial parameter to improve the electrocatalytic perfor-
mance of the Pt/CPM catalysts for application in DMFC at anode.

In terms of stability of the Pt/CPM electrocatalyst over the toler-
ance for CO poisoning (i.e., CO-t value), the ratio of maximum for-
ward vs. reserve current densities, namely the If/Ir ratio, may be
served as an index for assessment [15,36,37]. It is intriguing that
the If/Ir value observed for various Pt/CPMs electrocatalysts tends
to obey the trend (cf. Table 3): Pt/ZRC(4.88) >> Pt/CMT-1(2.26) >>
Pt/CMT-2(1.44) � Pt/HCC(1.45) > Pt/PCC(1.04) � Pt/XC-72(1.01).
In other words, the observed If/Ir value appears to decrease notably
with increasing pore size of the porous carbon support. Moreover,
it is indicative that Pt catalyst supported on carbon substrates
possessing microporosities (e.g., ZRC and CMT-1; see Table 2) show
much higher electrocatalytic stabilities than those having meso-
and macroporosities. Note that the aforementioned trend also
coincides with the amount of small Pt nanoparticles (<1 nm) dis-
persed within the porous carbon supports (vide supra).

To further justify the above findings, additional pulsed H2

chemisorption measurements were conducted with and without
the presence of pre-adsorbed CO (ca. 500 ppm). The results ob-
tained from such competitive chemisorption of CO with H2 for
various Pt/CPMs and Pt/XC-72 electrocatalysts as shown in
Fig. 14. Accordingly, the corresponding DPt, Dp, and SM of the Pt
nanoparticles, as well as the CO-t values are depicted in Table 3.
For examples, a SM value of ca. 112 m2/g Pt was obtained for the
Pt/ZRC sample, among them, ca. 47% of the metal surfaces remain
active even after the catalyst was intentionally poisoned by pre-
adsorbing 500 ppm of CO. Whereas in the case of Pt/XC-72, nearly
all Pt surfaces were inactivated by the pre-adsorbed CO. Conse-
quently, a similar trend mentioned earlier for the If/Ir values ob-
served for various Pt/CPMs and Pt/XC-72 electrocatalysts may
also be inferred for the observed CO-t (Table 3). In other words,
Pt catalyst supported on carbon substrates possessing microporos-
ities appears to have superior stability in terms of tolerance for CO
poisoning over those with greater pore size or having meso- and
macroporosities. Thus, it is the pore size of the carbon supports
and the amount of accessible small (<1 nm) Pt nanoparticles that
are crucial in dictating the electrocatalytic activity and the stability
of anodic Pt/CPM catalysts for applications in DMFC during MOR. In
this context, the overall dispersion (DPt), average particle size (Dp),
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and total metallic surface areas (SM) of the metal catalyst itself,
play only relatively minor role, particularly in electrocatalytic per-
formance (i.e., If/Ir ratio) and stability of the Pt/CPM electrocatalyst
in terms of CO-tolerance.

4. Conclusions

Various carbon porous materials (CPMs), namely ZRC, CMT-1,
CMT-2, HCC, and PCC, were successfully synthesized by tem-
plate-assisted CVI process using porous silica templates with var-
ied pore size from ca. 0.7 to 400 nm. It was found that carbon
supports with smaller pore dimensions are more favorable for dis-
persing Pt nanoparticles with sub-nanometer sizes. However,
microporosity presence in the CPM support may also hinder diffu-
sion of reactant and product during MOR, which in turn diminishes
the overall catalytic performance of the Pt/CPM catalyst. On the
other hand, macroporous CPMs, which normally possess a large
external surface area, exhibit superior catalytic performance dur-
ing MOR. However, in terms of electrocatalytic stability of the ano-
dic catalyst, Pt catalyst supported on CPM substrates possessing
microporosities are found to exhibit superior tolerance for CO poi-
soning than those with greater pore size or having meso- and
macroporosities. Thus, the pore size of the carbon supports and
the amount of accessible small (<1 nm) Pt nanoparticles, rather
than the overall dispersion (DPt), average particle size (Dp), or total
metallic surface areas (SM) of the Pt catalyst, play the crucial role in
dictating the electrocatalytic activity as well as the stability of ano-
dic Pt/CPM catalysts for applications in DMFC during MOR. These
results also reveal an alternative and practical approach to over-
come the critical CO poisoning problem during operation of DMFC
without incorporating a secondary metal (such as Ru or transition
metals) in the supported catalyst. Moreover, the results report
herein also implies that Pt-based electrocatalyst supported on
microporous carbons may have perspective applications in PEMFC
and DMFC at anode.
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