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bstract

This work presents a detailed comparison between multi-walled (MWNT) and single-walled carbon nanotubes (SWNT) in an effort to understand
hich can be the better candidate of a future supporting carbon material for electrocatalyst in direct methanol fuel cells (DMFC). Pt particles were
eposited via electrodeposition on MWNT/Nafion and SWNT/Nafion electrodes to investigate effects of the carbon materials on the physical and
lectrochemical properties of Pt catalyst. The crystalloid structure, texture (surface area, pore size distribution, and macroscopic morphology),
nd surface functional groups for MWNT and SWNT were studied using XRD, BET, SEM and XPS techniques. Cyclic voltammetry (CV) and
lectrochemical impedance spectroscopy (EIS) were employed to characterize the electrochemically accessible surface area and charge transfer
esistances of the MWNT/Nafion and SWNT/Nafion electrodes. CO stripping voltammograms showed that the onset and peak potentials on
t-SWNT/Nafion were significantly lower that those on the Pt-MWNT/Nafion catalyst, revealing a higher tolerance to CO poisoning of Pt in Pt-
WNT/Nafion. In methanol electrooxidation reaction, Pt-SWNT/Nafion catalyst was characterized by a significantly higher current density, lower
nset potentials and lower charge transfer resistances using CV and EIS analysis. Therefore, SWNT presents many advantages over MWNT and
ould emerge as an interesting supporting carbon material for fuel cell electrocatalysts. The enhanced electrocatalytic properties were discussed

ased on the higher utilization and activation of Pt metal on SWNT/Nafion electrode. The remarkable benefits from SWNT were further explained
y its higher electrochemically accessible area and easier charge transfer at the electrode/electrolyte interface due to SWNT’s sound graphitic
rystallinity, richness in oxygen-containing surface functional groups and highly mesoporous 3D structure.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Polymer electrolyte membrane fuel cells, such as hydro-
en fueled proton exchange membrane fuel cells (PEMFC) and
irect methanol fuel cells (DMFC) have been considered as
romising low-temperature green power sources for automo-

iles, residence, and portable electronic devices [1–3]. Among
any technical barriers to commercial applications of these

uel cells, the insufficient activity and durability of electrocat-
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lysts are significant problems. Nanosized Pt seems to be the
nly effective catalyst in promoting the adsorption/dissociation
f methanol in acid media. Many chemical approaches have
een attempted to tailor Pt-based electrode catalysts to improve
heir activity, durability and Pt utilization in DMFC tech-
ology, including alloying Pt with other transition metals or
romoting Pt with metal oxides, optimizing the composition,
tructure, size and shape of Pt-based nanoparticles. The elec-
rochemical properties of Pt-based electrode catalyst are also
ignificantly affected by the supporting carbon material, and
he nature of supporting carbon materials can be crucial in

etermining the electrochemical performance of the electrode
atalysts [4,5]. The key properties of being a suitable support-
ng material for electrocatalyst include electron conductivity,
urface area, microstructure, macromorphology, corrosion resis-
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ance and cost. Carbon black Vulcan XC-72 has been the
ost widely used supporting material because of its reason-

ble balance among electron conductivity, surface area, and cost
6,7]. Thus, improvement and optimization of an electrocata-
yst should include improvements both in the active metal (Pt)
omponent and in the supporting carbon materials.

Due to their unique structure, high surface area, low resistance
nd high stability in electrochemistry [8,9], carbon nanotubes
CNTs) have been a main focus of many recent research efforts
o seek alternative supporting carbon materials. The CNT mate-
ials are known in two types, i.e., single-walled (SWNTs) and
ulti-walled CNTs (MWNTs) that are consisting of a single

nd several graphite-layer in the wall of a tube, respectively
10–12]. The lengths of these CNTs are usually in the microm-
ter range with diameters vary from 0.4 to 3 nm for SWNT and
rom 1.4 to 100 nm for MWNTs. A number of earlier investiga-
ions have demonstrated that Pt-based electrocatalysts supported
y properly pretreated MWNTs would show enhanced electro-
atalytic activity for the reduction of oxygen at the cathode [13]
nd for the oxidation of CO [14] and methanol at the anode
15–17].

Attempts of using SWNTs as the supporting carbon materials
lso generated stimulating results [18–20]. In our earlier work
18], Pt nanoparticles deposited on SWNTs showed a remark-
bly enhanced activity for the electro-oxidation of methanol than
hose deposited on conventional Vulcan XC-72 carbon black.
amat and co-workers [19,20] showed that in comparison with

he assembly using Pt catalyst supported on commercial car-
on black (CFE/CB/Pt), membrane-electrode-assembly (MEA)
abricated using SWNT supported Pt catalyst (CFE/SWNT/Pt)
isplayed significantly improved fuel cell performances in both
ydrogen and methanol fuels. The maximum power density
btained using CFE/SWNT/Pt electrodes for anode as well as
athode was 20% higher than that obtained using CFE/CB/Pt
lectrodes in H2/O2 fuel cell. The methanol diffusion rate using
FE/SWNT/Pt electrodes was found threefold higher during
ethanol electrooxidation, which could be related to a ballis-

ic diffusion occurring inside SWNTs [19]. Morover, a doping
f small amount of SWNTs into traditional carbon or con-
uctive polymers as composite catalyst support also led to a
emarkable activity enhancement for the electrooxidation of
ethanol [21,22]. Quantitatively, a 10-fold increase in the cat-

lytic activity of Pt/C was achieved by doping the catalyst with
ess than 2 wt% SWNTs. It was explained that the SWNT dopant
unctioned to increase the catalyst utilization by improving the
nterconnectivity among carbon black particles [22]. The activ-
ty enhancement of Pt electrocatalyt by doping with new carbon

aterials would be a very favorable approach for highly efficient
nd cost-effective electrocatalysis.

It is a surprising that the interest in potentials of CNT mate-
ials in the development of advanced electrocatalyst for the
ow-temperature fuel cells has been focused on either type of
NTs, namely SWNTs or MWNTs. Little is known about their

ifference in promoting the electrocatalysis of Pt-based elec-
rodes. In this work, a side-by-side comparison between SWNTs
nd MWNTs has been made in terms of their physical and
lectrochemical properties. For the advancement of Pt electro-
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atalyst in DMFC technology, our motivation is to understand
hich of the two types of CNTs would be more functional as

he supporting carbon materials.

. Experimental

.1. Materials pretreatments and preparations

The MWNT material (i.d. 3–10 nm, o.d. 6–20 nm, ratio of
ength to diameter 100–1000) was obtained from the labora-
ory of Professors Wei and Luo of the Chemical Engineering
epartment (Tsinghua University), where the material was pre-
ared by catalytic vapor deposition (CVD) of propylene using
e/Al2O3 as a catalyst and propylene as a carbon source [23].
he SWNT sample with diameters of 1.25 ± 0.2 nm and lengths
etween 1 and 10 �m was synthesized by arcing method [24] in
rofessor Chen’s group of the School of Chemistry at Nankai
niversity. For the deposition of Pt nanoparticles on CNT mate-

ials, an effective pretreatment method we practiced on raw CNT
aterials is the oxidation in a mixture of 70% HNO3 + 98%
2SO4 solution (volume ratio 1:3) under refluxing at 80–90 ◦C

or 1 h, followed by extensive washing with deionized water
14,22]. The same pretreatment was done on both SWNT and

WNT samples prior to any measurements in the present
ork.
To prepare SWNT/Nafion and MWNT/Nafion composite

lm electrodes, the pretreated MWNT and SWNT samples
8 mg) were first dispersed, respectively, in an isopropanol solu-
ion containing 5% Nafion (1 ml) under ultrasonic agitation
1 h). The suspension pastes were then applied by micropipette
15 �l) onto a glassy carbon-rotating disc electrode (GC-RDE)
diameter 5 mm). Morphologic structure of the MWNT/Nafion
nd SWNT/Nafion composites was characterized with scan-
ing electron microscopy (SEM). And, the electrochemical
roperties of the MWNT/Nafion and SWNT/Nafion films
oated on GC-RDE were measured with cyclic voltammo-
rams (CV) and electrochemical impedance spectroscopy
EIS), details of which were described in the subsection of
haracterizations.

The Pt-loaded electrode samples were prepared by electrode-
osition in 0.5 M H2SO4 solution containing 3 mM H2PtCl6, the
orking electrode was the GC-RDE coated with MWNT/Nafion
r SWNT/Nafion films. The advantages of electrodeposition
nclude uniform deposition of charged particles and control
f film morphology by modulating the applied electric field
25,26]. Also, the loading of Pt in the electrodeposition can
e accurately controlled by adjusting the electric charges. The
teady state polarization curves were measured at first with a
weep rate of 2 mV s−1 in order to understand the cathodic
ehaviors of Pt electrodeposition onto the MWNT/Nafion and
WNT/Nafion electrodes. Then, Pt electrodeposition was con-
ucted at −0.05 V for varying periods to change the Pt loadings
n the range of 5–100 �g-Pt cm−2. Although the loadings of

t can be estimated by quantification of the total charges
current efficiency was assumed as 95% according to the
olarization curves) during the electrodeposition, the actual
t loadings were double checked later by atomic adsorption
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pectrometry (AAS, Perkin-Elmer AA100) measurements. The
t-loaded samples were denoted as Pt-MWNT/Nafion and Pt-
WNT/Nafion, respectively.

.2. Characterizations

Surface areas and pore size distribution of the pretreated
NT materials were measured by nitrogen adsorption at 77 K
n a Micromeritics ASAP 2010C instrument. The crystallinity
f the carbon materials and their Pt loaded samples were
haracterized by X-ray diffraction (XRD) on a Bruker d8 diffrac-
ometer system equipped with a Cu K� radiation and a graphite

onochromatic operation at 45 kV and 40 mA. The diffraction
atterns were obtained at a scan rate of 5◦ min−1 with a step of
.02◦.

The sample morphology and metal dispersion were charac-
erized by scanning electron microscopy (SEM) on a Hitachi
-5400 instrument and transmission electron microscopy (TEM)
n a JEM-100S microscope operating at 150 kV. The sam-
les were also analyzed by X-ray photoelectron spectroscopy
XPS) using an ESCA 210 and MICROLAB 310D spectrom-
ter. Deconvolution and curve-fitting of the spectra were done
sing a VGX900 program.

Cyclic voltammograms (CV) characterization of the
NT/Nafion and Pt-CNT/Nafion coated GC-RDE was car-

ied out between 0 and 1.2 V at a sweep rate of 20 mV s−1.
he electrochemical impedance spectroscopy (EIS) measure-
ents of the samples were performed under open circuit

otential with an excitation signal of 5 mV in the frequency
ange of 100 kHz and 0.1 Hz. The Zsimpwin fitting program
as used to analyze the impedance parameters. An EG&G
odel 273 potentiostat/galvanostat and a Solarton 1025 Fre-

uency Response Detector were used in the electrochemical
easurements using a conventional three-electrode cell at room

emperature (23 ± 2 ◦C). A SCE and a large-area Pt mesh elec-
rode were used as the reference and the counter electrodes,
espectively.

.3. CO stripping and methanol electrooxidation

CO stripping measurements were conducted in 0.5 M H2SO4
olution [14]. The electrolyte solution was firstly purged with
igh purity nitrogen gas. Adsorption of CO on the electrode cat-
lyst was conducted by bubbling a CO gas (UHP grade) through
he electrolyte solution for 15 min, followed by purging with
itrogen for 20 min to remove any residual CO from the solution.
he CO stripping CV curve and blank CV curve can be obtained

rom two consecutive scan cycles in the potential between 0 and
.25 V at a sweep rate of 10 mV s−1.

The methanol electrooxidation study over the Pt-MWNT/
afion and Pt-SWNT/Nafion loaded with 100 �g-Pt cm−2

ere performed by CV and EIS measurements in 0.5 M
H3OH + 0.5 M H2SO4 solutions at room temperature. The CV

urves were recorded from 0 to 1.25 V at a sweep of 10 mV s−1.
he EIS measurement was conducted at a potential of 0.65 V

n the frequency range between 100 kHz and 0.01 Hz, using an
xcitation signal of 5 mV by a Solarton 1025 frequency response

n
p
S
t
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nalyzer. The impedance parameters were fitted and analyzed
sing the Zsimpwin program.

. Results and discussion

.1. Structural, surface and electrochemical properties of
WNT and MWNT materials

Fig. 1 shows comparisons of the XRD patterns, pore size
istribution and SEM morphologies of the SWNT/Nafion and
WNT/Nafion electrodes. The peak at the angle (2θ) of 26.0◦

n Fig. 1(a) is associated with the (0 0 2) diffraction of the
exagonal graphite structure in the carbon materials. The much
igher intensity of this peak for the SWNT sample than for the
WNT sample indicates a much higher graphitization degree

r graphitic crystallinity of SWNT. The higher graphitization
egree would be an important quality of supporting carbon
aterials to electrocatalyst since it induces higher electron con-

uctivity and stronger electronic interaction with the loaded
atalytic metal particles [27], which suggests that SWNT sam-
le could a better supporting carbon material than MWNTs for
lectron transfer during electrochemical reactions.

Table 1 compares the texture properties of the SWNT
nd MWNT samples. Although the BET surface area of the
WNT sample (129 m2 g−1) is lower than the MWNT sample
175 m2 g−1), the Smeso/SBET and Vmeso data were found similar
or both SWNT and MWNT samples. The pore size (diame-
er) distribution curves for both samples are plotted in Fig. 1(b).
he SWNT sample clearly showed a much higher percentage
f larger mesorpores with diameters of 10–100 nm. It has been
eported [28] that chemisorption sites in SWNT aggregates can
e categorized into two types, one is at the inner surfaces inside
he SWNTs (tubing pores) and the other is at the outer sur-
aces of the SWNT bundles and grooves formed at the contact
etween adjacent SWNTs. The chemisorption sites in the latter
ategory are unique in interaction with loaded catalytic metal
articles. Rolison and her co-workers [29,30] proposed that the
ransport of small molecules in larger mesopores (10–100 nm)
ould approach the diffusion rate in an open space. It is likely that
he much higher percentage of larger mesopores (10–100 nm)
n SWNT material would facilitate the diffusion of molecules,
eaction intermediates and/or reacting species that are involved
n the catalytic electrooxidation of methanol.

In terms of electrode property, Nafion in the MWNT/Nafion
nd SWNT/Nafion samples functions as a medium for proton
ransfer and also as a binder to the CNT materials. The addition
f Nafion to the carbon materials also help to simulate the work-
ng environment of the catalyst layer in a fuel cell. Therefore, the
omparison between MWNT/Nafion and SWNT/Nafion elec-
rode would be more informative than a comparison just between
WNTs and MWNTs themselves. Shown in Fig. 1(c) and (d)
re the SEM images of MWNT/Nafion and SWNT/Nafion elec-
rodes, respectively. In comparison with the dominant rope-like

etwork of the MWNT/Nafion sample, the SWNT/Nafion sam-
le is featured by a uniform porous morphology, in which the
WNT bundles are interlinked with Nafion in forming a porous

hree-dimensional (3D) structure that is rich in larger mesopores.
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ig. 1. X-ray diffraction (XRD) patterns (a) and pore size distribution curves (b) f
d) electrodes.

t is understood that a continuous, 3D mesoporous structure is
ssential for promoting the transport of ions, fuel and solvent
olecules in catalytic layer, which would benefit the deposition

nd accommodation of catalytic metal particles [30].
XPS measurements were made to characterize the surface

tates of the carbon materials. Fig. 2(a) and (b) shows the XPS
pectra of C1s for the MWNT and SWNT samples, respec-
ively. Three signals associate, respectively, with carbon atoms
n graphitic (284.6 eV), –C–O like (285.8 eV) and high valence
C O/–COO states (286.8 eV) were observed in the XPS spec-

ra. By measuring the relative peak areas according to the
urve-fitting, it was found that the percentage of carbon atoms in
he oxygen-containing surface functional groups (–C–O, >C O,
COO) was higher on the SWNT (18.8%) than on the MWNT
ample (14.7%). In terms of a catalyst support, the higher con-
entration of the oxygen-containing surface functional groups

t the SWNT surface would be a favorite for the subsequent
eposition of Pt and for the supply of OH groups for the oxi-
ation of CO and methanol [31]. We also recorded the O1s
PS spectra of the MWNT and SWNT samples, as shown in

i
i
s
o

able 1
haracteristics of both carbon nanotubes by N2 adsorption/desorption: SBET: BET

micro−: micropore volume, Vtotal: total volume; Vmeso−: mesopores volume; Sa elect

NTs SBET (m2 g−1) Smicro− (m2 g−1) Smeso− (m2 g−1) Vtotal (cm3 g−

WNT 175 26 149 0.38
WNT 129 36 93 0.36
NT and SWNT samples; SEM images of MWNT/Nafion (c) and SWNT/Nafion

ig. 2(c) and (d), respectively. These spectra can be deconvo-
uted into two major components. The component that shows
he binding energy peak at around 532 eV is associated with
urface C O like species, and the other component with the
inding energy peak at 533.5–535.5 eV can be assigned to other
xygen-containing surface functional groups. According to the
urve-fitting, the percentage of the latter component on the
WNT sample (45.8%) was higher than that on the MWNT
38.7%) sample. Also, it is should be noted that the O1s binding
nergies in the SWNT sample were always higher than their
ounterparts in the MWNT sample, which indicates that the
lectrons of the oxygen atoms are bound more strongly with
he surface carbons in the SWNT sample [32].

CV and EIS measurements were done to characterize the elec-
rochemical properties of the MWNT/Nafion and SWNT/Nafion
lectrodes (Fig. 3). The voltammograms between 0.3 and 0.8 V

n Fig. 3(a) can be regarded as an indicator of the electrode capac-
tive current that is dependent of the electrochemically accessible
urface area of the electrode, Sa (m2 g−1); i.e., the surface area
f a porous electrode that can be accessed or reached by the

surface area, Smicro−: micropore surface area, Smeso− mesopore surface area;
rochemically accessible surface area

1) Vmicro− (cm3 g−1) Vmeso− (cm3 g−1) Smeso−/SBET Sa (m2 g−1)

0.011 0.37 0.85 52.5
0.017 0.35 0.72 105.1



152 G. Wu, B.-Q. Xu / Journal of Power Sources 174 (2007) 148–158

(b), a

e
e
c
(
a
l
c
m
a
t
(
(
t
b
o
u
S
c
t
l
e
s

c
f
c

N
m
t
e
i
i
t
n
i
r
s
(
f
b
d
e
d
C
s
p
r
t

Fig. 2. C 1s core level XPS spectra of MWNT (a) and SWNT

lectrolyte. The value of Sa can be obtained according to the
quation: Sa = C/CGC, where C is the gravimetric double layer
apacitance (F g−1) and CGC is the double layer capacitance
F m−2) of the glassy carbon electrode surface, for which a well
ccepted number is CGC = 0.2 F m−2. The gravimetric double
ayer capacitance C (F g−1) at a given sweep rate ν can be cal-
ulated according to measured current I and the electrode mass

using the equation: C = I/νm [33]. The calculated Sa values
re reported in the last column of Table 1, which shows that
he electrochemically accessible surface area of SWNT/Nafion
105.1 m2 g−1) is twice that of the MWNT/Nafion electrode
52.5 m2 g−1). The Sa of SWNTs in the SWNT/Nafion elec-
rode corresponded to 81.4% of their BET surface area (SBET)
ut the Sa of MWNTs in the MWNT/Nafion electrode accounted
nly 29.9% of the surface of the incorporated MWNTs. The
niform and spacious larger mesoporous 3D structure of the
WNT/Nafion electrode and the presence of abundant oxygen-
ontaining surface functional groups would be responsible for
he much higher Sa in the SWNT/Nafion electrode [30,33]. The
oss of surface area in the MWNTs for solvated ions in the
lectrolyte could indicate significant blocking by Nafion of the
maller pores in the MWNT/Nafion electrode.
Besides the electrochemical accessible surface area (Sa),
harge (electron and proton) transfer is of great importance
or methanol electrooxidation over Pt-based catalyst electrode
ontaining a carbon support as the electron conductor and a

e
c
t
l

nd O 1s core level XPS spectra of MWNT (c) and SWNT (d).

afion binder as the proton conductor [34]. We carried out EIS
easurement to understand the electrode structure and charge

ransfer properties in the MWNT/Nafion and SWNT/Nafion
lectrodes. The Nyquist plots at open circuit potential are shown
n Fig. 3(b). Both electrodes display similar electrochemical
mpedance characteristics, namely, a depressed semi-circle in
he high frequency region and a straight line at a slope of
early 45◦ in the low frequency region, which are typical
n the EIS of porous film coated on metals in an asymmet-
ic metal/film/electrolyte configuration [35,36]. The depressed
emi-circle in the high frequencies is ascribed to the charge
electron and proton) exchange at the carbon/electrolyte inter-
ace. The straight line at low frequencies can be expressed
y adopting a Warburg diffusion element for the semi-infinite
iffusion of ions at the carbon/electrolyte interface [35]. An
quivalent circuit, shown as an inset in Fig. 3(b), is proposed to
escribe approximately the impedance behaviors of the present
NT/Nafion electrodes. In this equivalent circuit, Rel represents

olution resistance; Rct, charge transfer resistance; Qdl, constant
hase element (CPE); W, Warburg diffusion element; Rf, carbon
esistance; Cf, carbon capacitance. Due to the porous nature of
he supporting CNT materials, the double layer capacitance was

xpressed as constant phase element (CPE) Qdl in the equivalent-
ircuit model. The CPE is defined as ZCPE = A(jω)−n, where A is
he frequency-independent constant in capacitance and ω angu-
ar frequency; n is a correction factor between 0 and 1. The values
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Fig. 3. Cyclic voltammograms (a) and Nyquist plots of EIS (b) for
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WNT/Nafion and SWNT/Nafion electrode recorded in 0.5 M H2SO4. The
nset of (b) is the equivalent circuit used for fitting the experimental data points;
he solid lines show the fitted curves.

f Qdl and n are related to the available porosity of the supporting
NT materials. The experimental results are shown as the data
oints and the fitted curves according to the equivalent circuit
re plotted as solid lines in Fig. 3(b). Summarized in Table 2
re the impedance parameters that were used to produce the
imulated fitting curves. In comparison with the MWNT/Nafion
lectrode, the SWNT/Nafion electrode was featured by higher
PE and a slight lower n values. In agreement with the pre-
eding texture data, these features further demonstrate that the
ighly porous structure of the SWNT/Nafion electrode presents
higher percentage of surface area for electrochemical reac-
ions. The SWNT/Nafion electrode showed also a significantly
igher W and significantly lower Rct (Table 2), which reveal
faster diffusion rate of solvated ions in its porous struc-

ure and a easier charge (electron and proton) transfer process

s
s
P
t

able 2
IS fitted parameters for MWNT/Nafion and SWNT/Nafion electrode in 0.5 M H2SO

lectrodes CPE × 105 (�−1 sn cm−2) n Rct (�cm2)

WNT/Nafion 146 0.81 1343
WNT/Nafion 260 0.79 1074
ig. 4. Cathodic polarization curves for electrodeposition of Pt from 3 mM

2PtCl6 + 0.5 M H2SO4 solution on MWNT/Nafion and SWNT/Nafion elec-
rodes at a sweep rate of 2 mV s−1 and rotating speed of 2000 rpm.

t the electrode/electrolyte interface during the EIS measure-
ent. Moreover, the carbon paste resistance Rf was also lower

n the SWNT/Nafion (0.48 �cm2) than in the MWNT/Nafion
0.66 �cm2) electrode, suggesting an enhanced electron con-
uctivity in SWNT/Nafion electrode.

In summary, the above comparisons between our pretreated
WNT (MWNT/Nafion) and SWNT (SWNT/Nafion) samples

n terms of structural, surface and electrochemical properties
how that SWNT materials has a sound high degree of graphiti-
ation, a highly mesoporous 3D texture and possesses a higher
oncentration of oxygen-containing functional groups at its sur-
ace. In relation with these characteristics, the SWNT-containing
lectrode exhibits a higher electrochemically accessible surface
rea and faster charge transfer rate at the electrode/electrolyte
nterface.

.2. Preparation and properties of Pt-loaded CNT
lectrodes

.2.1. Electrodeposition of Pt on MWNT/Nafion and
WNT/Nafion electrodes

Electrochemical reduction of [PtCl6]2− ions was conducted
o further explore the influence of CNT materials on the proper-
ies of Pt electrocatalysts. Fig. 4 shows the cathodic polarization
urves of Pt electrodeposition in 3 mM H2PtCl6 + 0.5 M H2SO4

olution on both SWNT and MWNT electrodes. These curves
eem to indicate two consecutive reduction reactions in which
t4+ and H+ are reduced to Pt and H2, respectively. The reduc-

ion of H+ should occur more quickly than the reduction of

4 solution at open circuit potential

W × 103 (�−1 cm−2 s0.5) Cf × 106 (F cm−2) Rf (�cm2)

2.3 13 0.66
3.1 37 0.48
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(2 2 0) peak was selected to calculate the average Pt crys-
tallite sizes according to the Debye–Scherrer formula [38],
because it stands clear from the other diffraction peaks. The
results indicated that Pt crystallites supported by MWNT/Nafion
Fig. 5. TEM images of Pt-MWN

t when the reduction potential is lower than −0.15 V. The
ydrogen evolution in these lower potentials would then signif-
cantly decrease the current efficiency, detrimentally affecting
he electrodeposition of Pt. Hence, a potential of −0.05 V
as chosen to electrodeposit Pt on both SWNT and MWNT

lectrodes, where the current efficiency can be as high as 95
ercent. It should be noted that the electrodeposition of Pt
n SWNT/Nafion yields always higher current than that on
WNT/Nafion at a given reduction potential, which can be

ttributed to the higher accessible surface area available in
WNT/Nafion for the deposition of Pt. In addition, the relatively
ositive onset potential for Pt reduction on SWNT/Nafion elec-
rode indicates that the generation of Pt seeds on SWNT/Nafion
s easier than on MWNT/Nafion, which may have relation
ith the unique mesoporous structure of SWNT/Nafion and the
igher concentration of surface functional groups on SWNT
25]. By proper control of reaction time for Pt electrodeposi-
ion at −0.05 V, the loading of Pt was controlled in the range of
–100 �g-Pt cm−2.

.2.2. Properties of Pt-loaded MWNT/Nafion and
WNT/Nafion electrodes

TEM micrographs for Pt-MWNT/Nafion and Pt-SWNT/
afion having an identical loading of 100 �g-Pt cm−2 were pre-

ented in Fig. 5(a) and (b), respectively. As compared with
t-MWNT/Nafion, Pt particles in Pt-SWNT/Nafion seemed

o have closer contact with the network of entangled and
ranched bundles of SWNTs, and assumed shapes that are
ore close to highly exposed spheres. It is noteworthy that

he Pt particles were anchored mainly at the boundaries of the
WNT bundles and Nafion binders, which would be highly
avorable in the transport of electrons and protons during

lectrocatalysis. The beneficial morphology of Pt particles
emonstrates again that the electrodeposition technique gives
o higher utilization and more uniform dispersion of Pt particles
26].

F
P

on(a) and Pt-SWNT/Nafion (b).

For comparison, XRD patterns of Pt-MWNT/Nafion, Pt-
WNT/Nafion and E-TEK Pt/C catalysts are shows in Fig. 6.
he diffraction peak at around 26.0◦ is associated with the C

0 0 2) planes in carbon supports. The peaks at 39.7, 46.2, 67.5
nd 81.4◦ are characteristic diffraction peaks of face-centered
ubic crystalline Pt (1 1 1), (2 0 0), (2 2 0) and (3 1 1) planes,
espectively. In comparison with other Pt catalysts, Pt supported
y SWNT/Nafion exhibited a relatively intense (1 1 1) plane. It
as well understood that Pt-CO bonding at Pt (1 1 1) surface is
eaker and CO electrooxidation potential at exposed Pt (1 1 1)

acets is lower than those at Pt (1 0 0) facets [14,37]. Hence the
referential exposure of Pt (1 1 1) facets in Pt-SWNT/Nafion
atalyst would help to enhance CO electrooxidation. The Pt
ig. 6. XRD patterns of Pt-MWNT/Nafion, Pt-SWNT/Nafion and E-TEK
t/XC-72.
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ig. 7. The Pt 4f core level XPS spectra of Pt catalysts supported on
WNT/Nafion and SWNT/Nafion.

nd SWNT/Nafion have similar average sizes, being 10.2 and
.1 nm, respectively.

The Pt 4f signals in the XPS spectra of Pt-MWNT/Nafion
nd Pt-SWNT/Nafion consisted of three pairs of doublets, as
hown in Fig. 7(a) and (b), respectively. According to the stan-
ard Pt 4f spectra [39], the most intense doublet peaks (near
1.1 and 74.4 eV) correspond to Pt in metallic state. Positive
hifts in the metallic Pt(0) peaks toward higher binding ener-
ies (71.8 and 75.3 eV) were detected in the Pt-SWNT/Nafion
atalyst when compared to Pt-MWNT/Nafion, probably due to
tronger Pt-support interactions [32]. The second doublet (72.4
nd 75.7 eV), which was observed at BEs 1.4 eV higher than
hat of Pt(0), could be assigned to the Pt(II) states in PtO or
t(OH)2. The third doublet of Pt was the weakest in inten-
ity and showed even higher BEs (74.2, 77.7 eV), which is
ikely an indication for the presence of a very small amount
f surface Pt (IV) species. It is worth noting that the per-
entage of oxidized Pt in Pt-SWNT/Nafion (45%) sample
s higher than that in Pt-MWNT/Nafion (34%). According
o the bifunctional mechanism of methanol electrooxidation,

he higher percentage of oxidized Pt in Pt-SWNT/Nafion

ay enhance its electrocatalytic activity for methanol oxida-
ion, by supplying OH groups at relatively lower potentials
36].

t
w
n
b

ig. 8. CO stripping voltammograms over Pt-MWNT/Nafion, Pt-SWNT/Nafion
nd E-TEK Pt/XC-72 catalysts.

.3. CO stripping study of Pt-MWNT/Nafion and
t-SWNT/Nafion electrodes

Fig. 8 shows CO-stripping and background voltammograms
f Pt-MWNT/Nafion and Pt-SWNT/Nafion catalysts in 0.5 M
2SO4 solution at a sweep rate of 10 mV s−1. The voltam-
ogram of an E-TEK Pt/C was also included for comparison.
hese data demonstrate that the onset potential of CO electroox-

dation on Pt-SWNT/Nafion catalyst (0.53 V) is significantly
ower than that of Pt-MWNT/Nafion (0.66 V), and both are
ower than the onset potential of the E-TEK Pt/C catalyst
0.70 V). We have reported earlier [12] that small Pt nanoparti-
les loaded on MWNTs of different pretreatments by a modified
olloidal method showed CO oxidation onset potentials that
ere 40–140 mV lower than that over a Pt/Carbon (Pt supported
n Vulcan XC-72) synthesized using the same preparation,
hich resembles the commercial E-TEK Pt/C catalyst [40].

n principle, electrooxidation of CO occurs only when OHad
orms on the surface of the Pt catalyst. The theoretical potential
or the formation of OHad on Pt in acidic aqueous electrolyte
olution is approximately 0.62 V at 25 ◦C [41]. Since the onset
otential of CO electrooxidation is lower than 0.62 V on the
resent Pt-SWNT/Nafion catalyst, some active OHad groups or
heir equivalent might have been provided by the supporting
WNT, thereby partially explaining the decrease in onset poten-

ials of CO oxidation on Pt-SWNT/Nafion when compared to
t-MWNT/Nafion and conventional Pt/C catalysts.

Also, two well-separated CO oxidation peaks on Pt-
WNT/Nafion catalyst appear at 0.65 V and 0.75 V, both
otentials are much lower than that of the single primary peak
otential at 0.78 V on Pt-MWNT/Nafion catalyst, indicating
hat Pt-SWNT/Nafion is more tolerant to CO poisoning. These
wo CO oxidation peaks on Pt-SWNT/Nafion catalyst should
e associated with two types of surface sites for CO adsorp-

ion. The presence of two types of Pt sites for CO adsorption
as demonstrated by Becdelievre et al. [42], who discrimi-
ated the adsorbed CO species at the two types of Pt sites
y reversing the potential sweep just before the appearance of
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Fig. 9. Effect of Pt loading on the electrochemically active area of Pt in Pt-
MWNT/Nafion and Pt-SWNT/Nafion electrodes.
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he second CO electrooxidation peak. The hydrogen adsorp-
ion/desorption signals on the subsequent potential sweep curve
evealed that those adsorbed CO molecules associated with the
econd CO electrooxidation peak were blocking the Pt sites
n which hydrogen atoms remained strongly adsorbed [42]. In
ther words, adsorbed CO molecules associated with the first
O electrooxidation peak (i.e., the one on the low potential

ide) would block the surface sites that adsorb hydrogen with
elatively weak bonding. According to Beden and Lamy [37],
he strength of hydrogen chemisorption on Pt sites depends on
he structure of Pt surface. They also found that CO oxida-
ion on single crystal Pt (1 1 1) surfaces occurs at a potential
0 mV lower than that on Pt (1 0 0) surfaces. Thus, the peak
ith the lower oxidation potential on the CO-stripping curve of

he Pt-SWNT/Nafion catalyst could be associated with the elec-
rooxidation of adsorbed CO molecules on the exposed (1 1 1)
urfaces, whereas the peak with higher potential may be related
ith the oxidation of CO adsorbed on exposed (1 0 0) surfaces.
his explanation is consistent with a preferential exposure of
t (1 1 1) facets in Pt-SWNT/Nafion, as indicated in the XRD
nalysis.

Based on the electrochemically active area (ECA) and the
pecific activity (mA cm−2) of the Pt catalysts, turnover fre-
uency (TOF) of CO oxidation on surface Pt atoms at 0.65 V
as calculated. The Pt-SWNT/Nafion catalyst appeared to show

he highest TOF (0.023 s−1) followed by the Pt-MWNT/Nafion
0.011 s−1) and E-TEK Pt/C (0.003 s−1). Quantitatively, the
OF rate on the Pt-SWNT/Nafion catalyst was twice that of
t-MWNT/Nafion and eight times that of E-TEK Pt/C catalyst.
he sound graphitic crystallinity and high density of surface

unctional groups on the SWNT support would be responsi-
le for the high activity and higher tolerance to CO poisoning
f the Pt-SWNT/Nafion catalyst since they could strengthen
he metal-support interactions [43]. The concept that stronger

etal-support interactions would benefit the electron transfer
etween the metal and support during the electrochemical reac-
ions once was proven by an electron spin resonance (ESR) study
44].

The electrochemically active areas of Pt (ECA, m2 g−1-
t) as a function of Pt loadings for both Pt-SWNT/Nafion
nd Pt-MWNT/Nafion catalysts are compared in Fig. 9. It is
lear that the ECAs of Pt-SWNT/Nafion catalysts are always
igher than those of Pt-MWNT/Nafion at the Pt loading levels
5–100 �g cm−2), indicating a higher utilization of Pt [45] on
WNT/Nafion support. The enhanced utilization of Pt can be
artially accounted for by considering the unique morphology
f Pt-SWNT/Nafion catalyst, in which highly exposed Pt parti-
les are anchored mainly at the boundaries of the SWNT bundles
nd Nafion binders to benefit charge transfer.

.4. Methanol electrooxidation on Pt-MWNT/Nafion and
t-SWNT/Nafion electrodes
The typical CV curves for methanol electrooxidation over
t-MWNT/Nafion and Pt-SWNT/Nafion catalysts with a load-

ng of 100 �g-Pt cm−2 are shown as Fig. 10(a). The enhanced
ctivity of Pt catalyst supported by SWNT/Nafion electrode is

Fig. 10. Cyclic voltammograms (a) and Nyquist plots of EIS (b) for methanol
oxidation over Pt-MWNT/Nafion and Pt-SWNT/Nafion catalysts (Pt loading:
100 �g cm−1) in 0.5 M CH3OH + 0.5 M H2SO4 solutions. The CV was recorded
at a sweep rate of 10 mV s−1 and EIS was performed at 0.65 V.



ower

e
h
w
p
t
t
C
s
P
o
I
w
s
w
a
d
f
s
t

c
M
p
f
b
t
g
t
H
t
o
M
t
f
m
P
a
(
e
p
C
s
T
[
t
s
S
f
P

4

S
S
l
c

f
i
t
a
p
m
m

a
A
o
d
a
a
f
m
c

g
C
O
s
e
s
l
m
e

A

f
a
W
o
M
h

R

G. Wu, B.-Q. Xu / Journal of P

videnced by a slightly lower onset potential and significantly
igher current density. The onset potential for Pt-SWNT/Nafion
as 0.45 V while that for Pt-MWNT/Nafion was 0.50 V. In
rinciple, with respect to the mechanism of methanol adsorp-
ion and dissociation on Pt sites, the onset potential is related
o the breaking of C–H bonds and subsequent removal of
Oad intermediates by oxidation with OHad supplied by Pt–OH

ites or other sources. In our CO stripping measurements, the
t-SWNT/Nafion electrode exhibited an enhanced activity in
xidizing adsorbed CO in comparison with Pt-MWNT/Nafion.
n the similar way, the oxidative removal of C1 intermediates
ould easily occur on Pt-SWNT/Nafion catalyst. Furthermore,

tronger Pt-support interactions in the Pt-SWNT/Nafion catalyst
ould contribute more or less to the promotion of C–H breaking

nd COad tolerance. Also, the significantly higher methanol oxi-
ation currents in both forward and subsequently reversed scans
or Pt-SWNT/Nafion catalyst clearly demonstrate a higher mass
pecific activity of Pt metal in Pt-SWNT/Nafion catalyst, due to
he higher utilization of Pt (Fig. 9).

EIS measurements were carried out at 0.65 V to evaluate
harge transfer property of methanol oxidation over Pt-
WNT/Nafion and Pt-SWNT/Nafion electrodes. The Nyquist

lots are shown as Fig. 10(b). In our previous analysis of EIS
or methanol oxidation over PtRu/C catalyst [46], the impedance
ehavior relating to the rate-determining step is dependent on
he reaction potentials. At low potentials, methanol dehydro-
enation was rate-determining step, whereas at high potentials,
he oxidative removal of COad became rate-determining step.
ere, an intermediate potential (0.65 V), involved at the transi-

ion of rate-determining step from methanol dehydrogenation to
xidation of COad, was chosen to compare the reactivity of Pt-
WNT/Nafion and Pt-SWNT/Nafion catalysts. As expected,

he Nyquist plots were featured by an inductive loop in low
requency range for both Pt catalysts. The inductive loop in
ethanol electrooxidation indicates that the COad coverage on
t metal decreases with increasing the reaction potential (b < 0),
nd the decrease in COad leads to an increase of Faradaic current
m < 0) [46]. A reasonable explanation for this observation is that
nough OHad groups on Pt sites can be formed with increasing
otential. The as-formed OHad groups are then used to oxidize
Oad to decrease CO poisoning, generating more refreshed Pt

ites for methanol adsorption to enhance the Faradaic current.
hus, an equivalent circuit representing the impedance behavior

46] is employed and shown as an inset in Fig. 10(b). The charge
ransfer resistances obtained from simulation of the impedance
pectra were 58 and 36 �cm2 for Pt-MWNT/Nafion and Pt-
WNT/Nafion catalysts, respectively, therefore proving much
aster charge transfer rates during methanol electrooxidation on
t-SWNT/Nafion catalyst.

. Conclusions

This work provides a detailed comparison of MWNT and

WNT materials and elucidates the enhanced performance of
WNT as a novel supporting carbon material for electrocata-

ysts in DMFC. The SWNT is featured by a sound graphitic
rystallinity and abundant oxygen-containing functional sur-

[
[
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ace groups. The SWNT/Nafion composite electrode presents an
nterlinked highly mesoporous 3D structure with a higher elec-
rochemically accessible surface area and easier charge transfer
t the electrode/electrolyte interface. The unique structure was
roven suitable for subsequent accommodation of catalytic
etal (like Pt) particles and facilitates mass transfer (proton and
ethanol) during methanol oxidation.
Well-dispersed Pt particles were deposited on MWNT/Nafion

nd SWNT/Nafion electrodes by electrodeposition technique.
lthough the Pt particles exhibited similar average sizes
n MWNT/Nafion and SWNT/Nafion electrodes, Pt particles
eposited on the latter electrode assume sphere-like shapes and
re anchored mainly at the boundaries of the SWNT bundles
nd Nafion binders, which are highly favorable for charge trans-
er (electrons and protons) during electrocatalysis. The unique
orphology of Pt particles in the Pt-SWNT/Nafion catalyst also

ontributes to an improved utilization of Pt.
Lower onset and peak potentials in CO stripping voltammo-

rams on Pt-SWNT/Nafion catalyst reveal a higher tolerance to
O poisoning on Pt, probably due to a better supply of reactive
H groups from the SWNT surface and a preferential expo-

ure of Pt (1 1 1) facets in the catalyst structure. In methanol
lectrooxidation reaction, Pt-SWNT/Nafion catalyst exhibited a
ignificantly higher current density, lower onset potentials and
ower charge transfer resistances. Therefore, SWNT presents

any advantages over MWNT and would emerge as an inter-
sting supporting carbon material for fuel cell electrocatalysts.
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42] A.M. de Becdelièvre, J. de Becdelievra, J. Electroanal. Chem. 294 (1990)

97.
43] Y. Nagai, T. Hirabayashi, K. Dohmae, N. Takagi, T. Minami, H. Shinjoh,
S. Matsumoto, J. Catal. 242 (2006) 103.
44] J.J. Baschuk, X. Li, Int. J. Energy Res. 25 (2001) 695.
45] D. Zhao, B.Q. Xu, Angew. Chem. Int. Ed. 45 (2006) 4955;

D. Zhao, B.Q. Xu, Phys. Chem. Chem. Phys. 8 (2006) 5106.
46] G. Wu, L. Li, B.Q. Xu, Electrochim. Acta 50 (2004) 1.


	Carbon nanotube supported Pt electrodes for methanol oxidation: A comparison between multi- and single-walled carbon nanotubes
	Introduction
	Experimental
	Materials pretreatments and preparations
	Characterizations
	CO stripping and methanol electrooxidation

	Results and discussion
	Structural, surface and electrochemical properties of SWNT and MWNT materials
	Preparation and properties of Pt-loaded CNT electrodes
	Electrodeposition of Pt on MWNT/Nafion and SWNT/Nafion electrodes
	Properties of Pt-loaded MWNT/Nafion and SWNT/Nafion electrodes

	CO stripping study of Pt-MWNT/Nafion and Pt-SWNT/Nafion electrodes
	Methanol electrooxidation on Pt-MWNT/Nafion and Pt-SWNT/Nafion electrodes

	Conclusions
	Acknowledgements
	References


