
S

E
a

S
a

b

a

A
R
R
A
A

K
W
P
P
H

1

i
e
m
P
p
s
r
f
i
i
e
i
c
e
t

s
a
c
s

(

0
d

Journal of Power Sources 195 (2010) 1946–1949

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

hort communication

ffect of pore diameter of wormholelike mesoporous carbon supports on the
ctivity of Pt nanoparticles towards hydrogen electrooxidation

huqin Songa,∗∗, Shibin Yina, Zhenghui Lib, Pei Kang Shena, Ruowen Fub, Dingcai Wub,∗

State Key Laboratory of Optoelectronic Materials and Technologies, School of Physics and Engineering, Sun Yat-sen University, Xingang West Road 135, Guangzhou 510275, China
Materials Science Institute, PCFM Laboratory, School of Chemistry and Chemical Engineering, Sun Yat-sen University, Guangzhou 510275, China

r t i c l e i n f o

rticle history:
eceived 4 September 2009
eceived in revised form 5 October 2009

a b s t r a c t

Pt nanoparticles are successfully deposited on wormholelike mesoporous carbons (WMCs) using a pulse
microwave-assisted polyol method. WMCs with two different pore diameters are used. The particle size
of Pt on both supports is identical, about 3 nm. It has been found that Pt utilization efficiency is very low
ccepted 6 October 2009
vailable online 13 October 2009

eywords:
ormholelike mesoporous carbons

t nanoparticles

when the pore diameter of WMCs (Dp) is equal to the diameter of Pt nanoparticles (DPt). However, in
the case that Dp is more than twice DPt, the electrochemical surface area and Pt utilization efficiency are
dramatically enhanced, and in turn, hydrogen electrooxidation activity is greatly improved.

© 2009 Elsevier B.V. All rights reserved.
ore diameter
ydrogen electrooxidation

. Introduction

The high cost of Pt and its scarce resources are one of the key
ssues hindering the development and commercialization of proton
xchange membrane fuel cells (PEMFCs). To address this problem,
uch effort has been devoted to reduce Pt loading by increasing

t utilization [1,2]. The Pt utilization enhancement can be accom-
lished through using Pt nanoparticles which can increase the
urface-to-mass ratio and adopting conductive supporting mate-
ials with high specific surface area and desirable porous structure
or Pt accessibility [3–5]. However, it is known that in electrochem-
cal reactions, not all the geometric surface area can be involved
nto the electrocatalysis. Only a minority of Pt nanoparticles are
lectrochemically active while a majority of Pt nanoparticles are
naccessible to reactants [6]. For the support materials of electro-
atalysts, it is of crucial importance to provide high surface area,
xcellent electronic conductivity, and suitable pore structure for
he desirable mass transportation.

As known, carbon black Vulcan XC-72 is the commonly used

upport material. However, it is an essentially nonporous material
nd thus has a low surface area, leading to low utilization of Pt
atalysts [7,8]. Recently, some porous carbon materials with high
urface area, such as carbon cryogel with Brunner–Emmett–Teller
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(BET) surface area of 517 m2 g−1 [3] and PrOx decorated ordered
mesoporous carbon with BET surface area of 1330 m2 g−1 [9], have
been proven to be good support materials of Pt nanoparticles for
hydrogen electrooxidation. However, there are few studies that
specifically focus on the relationship between porous carbon sup-
ports’ pore diameter and Pt nanoparticles’ activity for hydrogen
electrooxidation.

Herein we report the pore size dependence of accessibility of
Pt nanoparticles supported on wormholelike mesoporous carbons
(WMCs) with two types of pore diameters (DP) as follows: (a)
3.1 nm, which is equal to the diameter of Pt nanoparticles (DPt),
and (b) 8.5 nm, which is more than twice DPt. We found that
the pore size effect is surprisingly decisive for the accessibility of
Pt nanoparticles and consequently their utilization efficiency and
electrocatalytic activity.

2. Experimental

WMCs with pore diameter of 3.1 and 8.5 nm (denoted as WMC-
F0 and WMC-F4, respectively) [10] were adopted as the porous
carbon support model. Their corresponding structure parameters
are given in Table 1. WMCs supported Pt catalysts were synthesized
by a modified pulse-microwave assisted polyol method [2]. The Pt

loading was 20 wt% and the obtained catalysts were denoted as
Pt/WMC-F0 and Pt/WMC-F4. In order to check whether the precur-
sor has been reduced, we measured the Pt ion concentration in the
mother solution and the result confirmed that the chloroplatinic
acid was completely reduced.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:stsssq@mail.sysu.edu.cn
mailto:wudc@mail.sysu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2009.10.009
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Table 1
Carbon supports’ pore structure parameters and Pt nanoparticles’ diameter and properties for Pt/WMC-F0 and Pt/WMC-F4.

Sample DP (nm) SBET
a (m2 g−1) DPt (nm) SCSA (m2 g−1) SESA (m2 g−1) �Pt (%)

.1

.1

N

t
e
c
c
t
g
p
0
t
d
t
H
s
W
h

F
c

Pt/WMC-F0 3.1 1372 3
Pt/WMC-F4 8.5 659 3

ote: DP and SBET are taken from [10] and DPt is obtained from XRD results.
a SBET: BET surface area.

The prepared catalysts were characterized by an X-ray diffrac-
ometer using Cu K� radiation (� = 0.15406 nm) and a transmission
lectron microscope (TEM). Electrochemical measurements were
onducted on an electrochemical workstation adopting a saturated
alomel electrode (SCE) and a Pt foil as the reference electrode and
he counter electrode, respectively. The working electrode was a
lass carbon (GC) disk electrode (Ø = 5.0 mm). The electrode was
repared by mixing 10.0 mg electrocatalyst, 1.8 mL ethanol and
.2 mL Nafion solution (5 wt%). The catalyst ink was then quan-
itatively transferred onto the surface of the GC electrode and
ried to obtain a catalyst thin film. The Pt loading was maintained

o be 25.5 �g Pt cm−2. The catalysts were tested in 0.1 mol L−1

ClO4, deaerated with N2 for electrochemical surface area mea-
urement or saturated with H2 for hydrogen electrooxidation.

ithout specification, the potential is referred to the reversible
ydrogen electrode (RHE).

ig. 1. Physico-chemical characterization of the as-prepared Pt supported on wormholel
orresponding detailed Pt (2 2 0) peaks scanned at 1◦ min−1 and (b) TEM images.
90.4 3.5 3.9
90.4 89.9 99.4

3. Results and discussion

Fig. 1(a) shows the X-ray diffraction (XRD) results of Pt/WMC-
F0 and Pt/WMC-F4. As clearly displayed, both samples exhibit
the typical characteristics of a crystalline Pt face centered cubic
(fcc) structure. The fitted (2 2 0) plane (the inset of Fig. 1(a))
was used to calculate the average Pt particle size according to
Scherrer formula, with the average particle size of 3.1 nm in both
cases. Such a particle size value is supported by their TEM images
(∼3 nm, Fig. 1(b)). This allows one to eliminate the effect of Pt
particle size and thus will be advantageous for the investigation

of their pore diameter effect on Pt’s electrochemical properties.
Moreover, it can be seen from Fig. 1(b) that the Pt nanoparti-
cles are uniformly dispersed on the pore surface of both WMCs.
This indicates that though these two WMCs have different pore
size, their high BET surface area as given in Table 1 provides

ike mesoporous carbon materials with various pore size. (a) XRD spectra and their
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hem with the desirable ability to disperse Pt nanoparticles very
ell.

Fig. 2 shows the cyclic voltammetric (CV) results of Pt/WMC-F0
nd Pt/WMC-F4 in 0.1 mol L−1 HClO4. The electrochemical surface
rea (SESA) can be obtained by using Eq. (1) from the integrated
harge in the hydrogen adsorption peak area in the CV curves
n Fig. 2(a) and Pt poly-crystallite hydrogen adsorption constant
210 �C cm−2 Pt). The chemical surface area (SCSA) and the Pt uti-
ization efficiency (�Pt) can be calculated using Eqs. (2) and (3),
espectively [11,12].

ESA [m2 Pt/mg Pt] = charge [�C/cm2]/210 [�C/cm2 Pt]

× Pt loading [mg/cm2] × 104 (1)

CSA = 6 × 104/(�DPt) (2)

Pt (%) = SESA/SCSA × 100 (3)

n Eq. (2), Dpt is the average Pt particle size in Å (from XRD result)
nd � is the density of Pt metal (21.4 g cm−3).

Based on the experimental results and above equations, the cor-
esponding SESA, SCSA and �Pt for both samples are obtained and

ummarized in Table 1. Clearly, Pt/WMC-F4 has an electrochemical
urface area of 89.9 m2 g−1, about 26 times as big as that of Pt/WMC-
0. Due to the same average Pt particle size, the Pt utilization
fficiency gives the same tendency as the electrochemical surface
rea, with �Pt = 99.4% for Pt/WMC-F4 and �Pt = 3.9% for Pt/WMC-F0.

ig. 2. (a) CV curves in deaerated 0.1 mol L−1 HClO4 at a scan rate of 20 mV s−1, and
b) hydrogen electrooxidation polarization curves in H2 saturated 0.1 mol L−1 HClO4

ver Pt/WMC-F0 and Pt/WMC-F4 at a scan rate of 5 mV s−1.
Fig. 3. Plots of the anodic peak current density against the square-root of the scan
rate for the hydrogen electrooxidation on Pt/WMC-F0 and Pt/WMC-F4 in 0.1 mol L−1

HClO4.

This suggests that the pore diameter of WMCs has a decisive effect
on the electrochemical surface area and Pt utilization.

Fig. 2(b) gives the hydrogen electrooxidation polarization
curves for Pt/WMC-F0 and Pt/WMC-F4, obtained in H2 saturated
0.1 mol L−1 HClO4 at a scan rate of 10 mV s−1 with the rotation speed
of 1600 rpm. Along with the potential increment, the correspond-
ing current increases significantly and reaches a limiting value. By
comparing these two curves, it can be clearly seen that Pt/WMC-F4
displays higher current density than Pt/WMC-F0.

For the investigation of the pore diameter effect of WMCs on
the mass transportation, the relationship between the peak cur-
rent density (Ip) and the square-root of the scan rate (mV s−1)1/2

for hydrogen electrooxidation over Pt/WMC-F0 and Pt/WMC-F4 is
plotted and displayed in Fig. 3. One can distinguish that, in both
cases, there is an approximately linear Ip ∝ v1/2 relationship, typical

of an electrochemical reaction under diffusion control. The obvious
bigger peak current density at various scan rates features the higher
activity of hydrogen electrooxidation over Pt/WMC-F4 with respect
to Pt/WMC-F0.

Fig. 4. A scheme of the effect of pore diameter of WMCs support materials on the
accessibility of Pt nanoparticles.
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These above results can be explained as follows (see Fig. 4): In
he case of Pt/WMC-F0, the diameter of Pt nanoparticles is just equal
o carbon support WMC-F0’s pore size, as a result of which, the two
t nanoparticles at both top and bottom of every pore will block
he pore and thus the inner Pt nanoparticles in this pore will be
naccessible to both electrolyte and reactant (H2). Without doubt,
t nanoparticles in such a carbon support will have very low elec-
rochemical surface area as well as Pt utilization, thus leading to
nferior hydrogen electrooxidation activity. In the other case of
t/WMC-F4, the pore diameter is more than twice Pt nanoparti-
les. As a result, the Pt nanoparticles supported on each side of
ores are unable to contact each other, and in this way the afore-
entioned pore blockage will not occur in this case of DP > 2DPt,

esulting in the excellent accessibility of Pt nanoparticles. This con-
equently gives much larger electrochemical surface area and much
igher Pt utilization efficiency, thus leading to superior hydrogen
lectrooxidation activity.

. Conclusions

Based on the above results, it can be concluded that the dif-
erent pore diameter of WMCs displays a significant effect on the
ccessibility of Pt nanoparticles. In the case of DP = DPt, Pt nanoparti-
les have poor accessibility, resulting in very small electrochemical
urface area, very low Pt utilization efficiency, and inferior hydro-

en electrooxidation activity. Comparatively speaking, in the case
f Dp > 2DPt, the accessibility of Pt nanoparticles can be greatly
ncreased, and thus, both the electrochemical active surface area
nd Pt utilization are significantly enhanced. This consequently
mproves the hydrogen electrooxidation activity. Considering that

[
[
[

rces 195 (2010) 1946–1949 1949

supported catalysts have been widely used in modern chemi-
cal engineering and scientific research, we hope that the concept
introduced in this paper can be further extended to other porous
support materials for loading various metal nanoparticles other
than Pt.
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