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bstract

This study demonstrated the feasibility of a high-performance membrane-electrode-assembly (MEA), with low electrocatalyst loading on carbon
anotubes (CNTs) grown directly on carbon cloth as an anode. The direct growth of CNTs was synthesized by microwave plasma-enhanced chemical
apor deposition using CH4/H2/N2 as precursors. The cyclic voltammetry and electrochemical impedance measurements with 1 mM Fe(CN)6

3−/4−

edox reaction reveal a fast electron transport and a low resistance of charge transfer on the direct growth of CNT. The electrocatalysts, platinum and
uthenium, were coated on CNTs by sputtering to form Pt-Ru/CNTs-CC with carbon cloth for CC. Pt-Ru electrocatalysts are uniformly dispersed
n the CNT, as indicated by high-resolution scanning electron microscopy (HRSEM) and transmission electron microscopy (TEM), because the
itrogen doped in the CNT acts as active sites for capturing electrocatalysts. The MEA, the sandwiched structure which comprises 0.4 mg cm−2
t-Ru/CNTs-CC as the anode, 3.0 mg cm−2 Pt black as the cathode and Nafion 117 membrane at the center, performs very well in a direct methanol
uel cell (DMFC) test. The micro-structural MEA analysis shows that the thin electrocatalyst layer is uniform, with good interfacial continuity
etween membrane and the gas diffusion layer.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The direct methanol fuel cell (DMFC) is an attractive and
romising power generator with a wide range of applications
rom small sensors and portable electronic devices up to automo-

iles [1–3]. The DMFC directly consumes liquid fuel (methanol)
nd air, without the need for humidification, a thermal manage-
ent system, a fuel vaporizer or reformer. The use of liquid
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ethanol as fuel provides high energy density and convenient
efueling. Indeed, methanol is regarded by some as critical to
ransport and compatibility with the current petroleum distribu-
ion network.

Membrane-electrode-assembly (MEA), a key component of
MFC, is a five-layer structure, which comprise gas diffusion

ayers (GDL, carbon cloth or carbon paper), electrocatalyst
ayers and a sandwiched Nafion® membrane [4]. The mem-
rane is at the center and separates the electrodes (anode and
athode) to prevent mixing of the reactant gas and electrical
horting. Each electrode includes a GDL with the platinum-
ased electrocatalyst layer between the membrane and the GDL.
n fabricating the optimal electrode, various parameters, includ-

ng the composition of the catalyst itself, electrocatalyst loading,
onomer content in the catalyst layer, porosity of the electrode
nd others, must be investigated [5]. The methanol oxida-
ion is regarded as a slow step in the overall redox reaction.
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herefore, nanosized high-efficiency electrocatalysts (Pt-Ru)
niformly dispersed on a conductive carbon support (activated
arbon) have been demonstrated to improve methanol oxidation
2,6–10].

In most of the published works, the Pt loading of anode is
ostly above 1.0 mg cm−2 to ensure high methanol reactiv-

ty and to prevent methanol crossover to the cathode [11,12].
owever, the associated cost is too high to allow the commer-

ialization of the DMFC. In the MEA, the anode performance
ppears to be related to many factors, such as electrocatalysts uti-
ization, the extent of the electrocatalysts/ionomer interface, the
hickness of the electrocatalyst layer and the porosity. Increas-
ng the weight percentage of Pt-Ru in the electrocatalyst layer
educes the thickness of the electrocatalyst layer, which can effi-
iently reduce mass transport resistance. However, the trade-off
ith metallic agglomeration also reduces the electrochemical

eaction area [13–15].
In the fabrication of an efficient electrode, carbon nanotubes

CNTs), with a high conductivity, high surface area and corro-
ion resistance, have been thought to be a good electrocatalytic
upports for electrochemical applications [16–21]. Electrocata-
ysts supported on multi-walled CNTs (MWNTs), single-walled
NTs (SWNT) or carbon nanofibers as electrodes in either
roton exchange membrane fuel cells (PEMFCs) or DMFCs
ave been examined extensively [22–30]. They showed that
lectrocatalysts were uniformly dispersed on CNT, and their per-
ormance was improved by improving the properties of CNT.
ecently, Tsai et al. showed that CNTs were directly grown
n carbon cloth using thermal chemical vapor deposition under
gas mixture of C2H4/NH3/Ar, and Pt-Ru were subsequently

lectrodeposited on CNTs in ethylene glycol containing H2SO4
queous solution [31]. Their results showed that the mass activity
f Pt-Ru on directly grown CNT is higher than that of Pt-Ru/CC
n methanol containing H2SO4 aqueous solution. Therefore,
hey concluded that this new arrangement would improve the
lectrical contact between the support and the diffusion layer
nd could avoid an undesirable decrease in active surface area
rom conventional catalyst pasting process. However, further
nformation of the impedance analysis and the DMFC tests were
bsent.

This work attempts to fabricate an efficient CNT-based
lectrode tailored for DMFC, which minimizes electrocatalyst
oading and maximizes electrocatalyst utilization. The nitrogen-
oped CNT is directly grown on the carbon cloth as a template
nd then Pt-Ru electrocatalysts are dispersed on it. Accordingly,
he DMFC performs well even with very low electrocatalyst
oading of the anode.

. Experimental

The CNTs directly grown on the carbon cloth (CNTs-carbon
loth composite electrode) were prepared by iron-assisted cat-
lytic growth in a microwave plasma-enhanced chemical vapor

eposition (MPECVD) reactor. The carbon cloth (Designation
, E-TEK) comprises carbon fibers with a diameter of 5–10 �m.
three dimensional network structure is formed from randomly

rranged and bonded carbon fibers. The thickness and surface
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esistivity of the carbon cloth are 0.35 mm and 0.30 ��−1,
espectively. The iron was sputtered on the carbon cloth as a
atalyst layer by ion beam sputtering deposition to grow CNTs
n the carbon cloth. The working pressure was maintained at
× 10−4 Torr in an atmosphere of argon during deposition and
Kaufman ion source was operated at a beam voltage of 1250 V
nd a current of 20 mA. The deposition time of the iron catalyst
ayer was 10 min. Following deposition, carbon cloth coated
ith an iron catalyst layer was then introduced to MPECVD.
he hydrogen plasma treatment was operated at 1 kW and a
hamber pressure of 28 Torr for 10 min. In this step, the iron cata-
yst layer was transformed into nanoparticles. Hydrogen plasma
reatment not only reduced the iron oxides on the surface of the
ron catalyst layer to the iron metal state but also generated more
ctive catalyst sites. The CNTs were grown in a gas mixture of
2/CH4/N2 (80:20:80) at a microwave power of 2 kW, a cham-
er pressure of 45 Torr and a substrate temperature of 900 ◦C for
0 min. In the preparation of electrocatalysts supported on the
NTs-carbon cloth composite electrode, physical vapor depo-

ition (PVD) was adopted to sputter platinum and ruthenium on
he template to form Pt-Ru/CNTs-CC electrode. For compari-
on, the electrocatalysts were also sputtered on a carbon cloth
ithout CNTs treatment, namely, Pt-Ru/CC. The platinum and

uthenium targets were placed inside the radio-frequency pla-
ar magnetron sputtering guns in a PVD system. The deposition
rocedure was conducted in an argon atmosphere at a working
ressure of 5 × 10−2 Torr. The holder rotates at a constant speed
20 rpm) during deposition to yield a highly uniform coating of
t-Ru nanoclusters on CNTs.

The atomic ratio and mass per unit area of the metals
ere determined by electron spectroscopy for chemical analysis

ESCA, Perkin-Elmer model PHI 1600) and inductively coupled
lasma-optical emission spectroscopy (ICP-OES, Perkin-Elmer
CP-OES Optima 3000), respectively. Transmission electron
icroscopy (TEM, JOEL-2000FX) and high-resolution scan-

ing electron microscopy (HRSEM, JEOL-6700) were adopted
o explore the surface morphologies and micro-structures of
he electrodes. The crystal structure of the electrocatalysts
as investigated using an X-ray diffraction (XRD, PANalyti-

al X’ Pert PRO diffractometer system with Cu K� radiation at
.54056 Å).

Electrochemical measurements and AC impedance analysis
ere conducted in a three-electrode test cell at room temperature
sing a Solartron electrochemical test system (SI 1280Z). The
ample was put into a specific holder as a working electrode,
hich was connected to the test system with a golden wire. A
M KCl Ag/AgCl electrode was the reference electrode and
platinum foil served as the counter electrode. The potentials

eported in this three-electrode test cell were with respect to
M KCl Ag/AgCl (0.207 V versus SHE). All solutions were
egassed using high purity nitrogen and the cyclic voltammetry
CV) data were recorded until the CV scans remained constant.

The membrane-electrode-assembly was prepared by hot-

ressing two electrodes on both sides of a Nafion® 117 (H+,
uPont) at 135 ◦C and 130 kg cm−2 for 2 min. In the preparation
f specific anodes, the Pt-Ru/CNTs-CC and the Pt-Ru/CC was
mmersed in 5 wt.% commercial Nafion® solution for 10 min.
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n the preparation of conventional anodes, the catalyst ink,
t-Ru supported by Vulcan XC-72 carbons (40 wt.% Pt and
0 wt.% Ru, Johnson Matthey) mixing with Nafion® solution
nd ethylene glycol, was applied to carbon cloth by screen-
rinting to form Pt-Ru/XC/CC electrode. The metal loadings
n Pt-Ru/CNTs-CC, Pt-Ru/CC and Pt-Ru/XC/CC electrodes are
.4, 0.4 and 3.0 mg cm−2, respectively. The atomic ratio of Pt:
u is 1:1 for all anodes. Commercial gas diffusion electrodes

3.0 mg cm−2 Pt black, E-TEK) were adopted as cathodes in
EAs. The polarization experiments were conducted with 1 M
ethanol pumped through the anode at a rate of 40 ml min−1

nd pure O2 flowed into the cathode at a rate of 400 standard
ubic centimeters per minute (SCCM). The cell performance
as measured using a DMFC test station (Asia Pacific Fuel Cell
echnologies Ltd.) by recording the cell voltage and current after

hey had reached a steady value.

. Results and discussion

Fig. 1 presents the HRSEM image of the overall configura-
ion of the non-directional CNTs on conductive carbon fibers.
he diameter of the CNTs is approximately 20 nm, as shown

n the inset of Fig. 1. The length of CNTs varies markedly
etween 5 and 10 �m. The iron catalysts promote the growth
f CNTs, and the figure clearly shows that CNTs nucleate and
row well on the carbon cloth. Most iron catalysts are trapped
n the outer carbon fibers of the carbon cloth, where in the
NTs grow. The morphology of CNTs grown on the carbon
loth depends much on the processing details. Fig. 2(a) displays
cross-sectional TEM image of iron coated on a carbon cloth

n the early stage of growth, subject to treatment with hydro-
en plasma. Notably, the amorphous carbon film encapsulates
ron nanoparticles. When no external carbon source is intro-
uced in this early stage, high-energy ions and free radicals in
he hydrogen plasma bombard carbon fibers and generated some

ydrocarbon ions or radicals. These hydrocarbon ions or radi-
als may be deposited as the amorphous carbon film and then
he iron catalyst is encapsulated. The iron catalyst is assumed
o induce the formation of amorphous carbon film on itself, and

Fig. 1. HRSEM showing the CNTs directly grown on carbon cloth.
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arbon film at early stage of growth, (b) the cross-sectional view of CNTs directly
onjoin with carbon cloth and (c) the micro-structural CNT.

his film promotes the subsequent growth of CNT [32]. Fig. 2(b)
resents a cross-sectional TEM image of the CNT that is grown
irectly on carbon cloth. The image reveals that the graphene
heets of CNT not only adhere to the carbon cloth but also
irectly conjoined with the carbon cloth. Fig. 2(c) shows that
he sample is a multi-walled carbon nanotube with a bamboo-
ike structure. The nitrogen in CNTs is approximately 8%, as
evealed by EDX. Adding N2 to the process gas is believed to
romote the formation of a bamboo-like structure with a surface
ith high curvature [32–35]. The bonding of nitrogen atoms in
solid-state network is inherently non-planar in the presence

f a lone pair of electrons, whereas sp2 bonding of the carbon
tom is typically planar. Furthermore, the incorporation of nitro-
en atoms into graphene sheets with a bamboo-like structure
avor the formation of pentagons and heptagons, and increase
he reactivity of the neighboring carbon atoms, yielding dec-
rated nanotubes. These substituted nitrogen sites may be the
nitial nucleation sites of the deposition of Pt-Ru nanoparticles.
ajesh et al. demonstrated that 3–8% nitrogen incorporated in
NT increases methanol oxidation activity, and they conjectured

hat nitrogen-doped CNTs could improve the dispersion of the
atalytic nanoparticles [36].

The redox reaction of Fe(CN)6
3−/4− was used as an electro-

hemical benchmark to examine various electrodes. Fig. 3(a)
lots the CV measurements of a CNTs-carbon cloth composite

lectrode and a carbon cloth in 1 mM potassium ferricyanide and
M sulfuric acid solution obtained at a scan rate of 50 mV s−1.
learly, the anodic and cathodic peak current densities (Ip,a
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ig. 3. (a) CV measurements for the CNTs-carbon cloth composite electrode an
b) the relation of anodic peak current densities vs. square root of scan rate for

nd Ip,c) of the CNTs-carbon cloth composite electrode con-
iderably exceed those of the carbon cloth. Furthermore, the
eparation between anodic and cathodic peak potentials (Ep,a and
p,c) is 60 mV, indicating that nearly reversible redox reaction
ccurs on the CNTs-carbon cloth composite electrode. Fig. 3(b)
lots Ip,a versus the square root of scan rate (v) for the CNTs-
arbon cloth composite electrode, and the linear relationship
emonstrates that the redox reaction is diffusion-controlled on
he CNTs-carbon cloth composite electrode. A larger reaction
rea and faster electron transfer on the CNTs-carbon cloth com-
osite electrode may be responsible for the higher performance
f redox reactions [37–39]. Electrochemical impedance spec-
roscopy (EIS), which is the ac impedance as a function of the
requency of ac sources, is measured to study the conductivity
nd charge transport behaviors of electrodes. Impedance spec-
ra at the steady-state potential were obtained with an amplitude
f 10 mV from 20 kHz to 1 Hz. Fig. 4(a and b) shows Nyquist
lots of the CNTs-carbon cloth composite electrode and the

arbon cloth at 0.6 V. The impedance spectrum of the CNTs-
arbon cloth composite electrode clearly differs from that of
he carbon cloth. The Nyquist plot of the CNTs-carbon cloth
omposite electrode has a depressed semi-circle in the high-

Z

w
t

ig. 4. Nyquist plots (dots) and the fitting lines (solid lines) of (a) the CNTs-carbon

2SO4; the equivalent-circuit models of (c and d) for fitting (a and b), respectively.
carbon cloth in 1 mM K3Fe(CN)6/1 M H2SO4 at a scan rate of 50 mV s−1 and
Ts-carbon cloth composite electrode.

requency region and a straight line in the low frequency region.
he depressed semi-circle at high-frequency is attributed to the
aradaic process of charge exchange at the electrode/electrolyte

nterfaces, and the straight line at low frequency can be under-
tood using a finite-length Warburg element. The Nyquist plot
f the carbon cloth shows very high impedances, and it is a
epressed semi-circle in the all-frequency region, which is con-
istent with the well-known Randles circuit model in which the
arburg impedance is unimportant [40].
Fig. 4(c and d) presents the equivalent-circuit models for

he CNTs-carbon cloth composite electrode and carbon cloth,
espectively. The figures can be explained by the impedance
ehaviors. In these models, Rs and Rct are the solution resistance
nd the charge-transfer resistance, respectively. The double-
ayer capacitance is substituted by the constant phase element
CPE) in the circuit, which is

1

CPE =

C(jω)a
(1)

here C is the admittance constant, a an adjustment parame-
er and ω is the frequency [41]. Zw is a finite-length Warburg

cloth composite electrode and (b) the carbon cloth in 1 mM K3Fe(CN)6/1 M
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Table 1
Fitted parameters for CNTs-carbon cloth electrode and carbon cloth in 1 mM K3Fe(CN)6/1 M H2SO4

Rs (� cm2) C × 105 (�−1 sa cm−2) a Rct (� cm2) W (� cm2) T (s)

CNTs-CC 2.252 751.6 0.79 0.46 16.55 0.0285
Carbon cloth 2.240 13.2 0.84 3121 – –
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(1 0 1) reflection is obscured by the fcc (1 1 1) reflection. The
diffraction peak of alloy particles is typically affected by various
parameters, including homogeneity, crystallinity and crystallite
Fig. 5. Pt-Ru electrocatalysts on the CNTs-carbon cloth composite elect

mpedance at a reflective boundary, which is given by,

w = W × coth (j × T × ω)0.5

(j × T × ω)0.5 (2)

here W is the admittance constant and T is the square of the
ffective diffusion thickness divided by the effective diffusion
oefficient. This finite-length Warburg impedance corresponds
o diffusion into a layer of electrolyte or active material with
imited thickness [41]. The corresponding solid lines in Fig. 4(a
nd b) plot the fitting results based on the equivalent-circuit
odels in Fig. 4(c and d), respectively, and the fitted parameters

re listed in Table 1. The fitted parameters in Table 1 indicate that
he double-layer capacitance of CNTs-carbon cloth composite
lectrode is substantially higher than that of carbon cloth, and
he charge-transfer resistance (Rct) and the following Warburg
mpedance (Zw) of CNTs-carbon cloth composite electrode are
ignificantly lower than those of carbon cloth. In support of CV
nd EIS analyses, the CNTs-carbon cloth composite electrode
s established to support faster electron transport and a lower
harge-transfer resistance.

High surface area and nanoscale of Pt-Ru electrocatalysts
emonstrate the best performance to date as methanol oxidation
lectrocatalysts in the DMFC [42]. The enhanced activity of
t-Ru electrocatalysts has been attributed to both bi-functional
echanism [43] and ligand effect [44]. Fig. 5(a) shows the
RSEM image of Pt-Ru electrocatalysts deposited on a CNTs-

arbon cloth composite electrode by sputtering. A TEM image
Fig. 5(b)) presents homogeneously dispersed Pt-Ru nanoclus-
ers on the surface of CNT. Since the incorporation of nitrogen

n CNT promotes the dispersion of nanoparticles on the surface
45,46], it is also associated with highly uniform Pt-Ru nanoclus-
ers dispersed on CNT in this case, as presented in Fig. 5(b). The
ings in the corresponding selected area diffraction (SAD) pat-

F
o
(

(a) HRSEM image and (b) TEM image with a SAD pattern in the inset.

ern, displayed in the inset in Fig. 5(b), demonstrate that the
t-Ru nanoclusters are polycrystalline and randomly oriented.

Fig. 6 shows the X-ray diffraction patterns measured on the
t-Ru/CNTs-CC, the Pt-Ru/CC and the Pt-Ru/XC/CC, as well
s the background pattern of the carbon cloth. Three samples
xhibit only the characteristic diffraction peaks of the fcc struc-
ure of platinum at 2θ = 40, 47, 67 and 83◦, corresponding to
eflections (1 1 1), (2 0 0), (2 2 0) and (3 1 1), respectively. The
eflections from the Ru or RuOx hcp structure are less intense
han those from the Pt-type fcc structure, so the strongest hcp
ig. 6. XRD patterns of Pt-Ru on various electrodes and the background pattern
f the carbon cloth; the inset showing Pt-Ru diffraction patterns around fcc
2 2 0).
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ize. Since fcc (2 2 0) is isolated from graphite diffraction peaks
rom the carbon support, the diffraction peaks of fcc (2 2 0) of
hese Pt-Ru electrocatalysts at around 60–74◦ are presented in
he inset of Fig. 6. The fcc (2 2 0) diffraction peak of the Pt–Ru
lloy appears between that of Pt fcc (220) (ca. 67.5◦) and that
f Ru hcp (1 1 0) (ca. 69.4◦), and the diffraction angle and full-
idth at half-maximum (FWHM) of the Pt-Ru fcc (2 2 0) peak

re strongly affected by the degree of alloying and the grain size.
he diffraction angles of the Pt-Ru/CNTs-CC, the Pt-Ru/CC and

he Pt-Ru/XC/CC are 68.80, 68.82 and 68.55◦, respectively. Lat-
ice parameters can be evaluated from the angular position of the
2 2 0) peak maxima (θmax), using Vegard’s law:

=
√

2λk�1

sin θmax
(3)

hereλk�1 = 1.54056 Å. The Ru atomic fraction in the alloy, xRu,
as determined from XRD data using the formula proposed by
ntolini et al. [47]:

= a0 − 0.124xRu (4)

here a0 is the lattice parameter of Pt. The degrees of alloy-
ng of the Pt-Ru/CNT-CC and the Pt-Ru/CC, xRu, are 47.74 and
8.54%, respectively. Therefore, these Pt-Ru electrocatalysts,
hich are prepared by sputtering, appear to form homogeneous

lloy nanoclusters. The diffraction angle of the Pt-Ru/XC/CC
ca. 68.55◦) is lower than that of the other two samples, suggest-
ng that Pt-Ru/XC/CC exhibits slightly weak alloying (37.80%).
he width of the (2 2 0) peak is also selected to estimate the grain
ize of the Pt-Ru nanoclusters using the Scherrer equation,

= 0.9λk�1

B(2θ) cos θmax
(5)

here B(2θ) is the FWHM. The calculated grain sizes in the
t-Ru/CNTs-CC, the Pt-Ru/CC and the Pt-Ru/XC/CC are 3.90,

.97 and 3.87 nm, respectively.

Fig. 7 presents CV measurements for the Pt-Ru/CNTs-CC
nd the Pt-Ru/CC in 1 M methanol solution and 1 M sulfu-
ic acid at a scan rate of 10 mV s−1. The CV feature shows

ig. 7. CV measurements for Pt-Ru on CNTs-carbon cloth electrode and carbon
loth in 1 M methanol/1 M sulfuric acid solution at a scan rate of 10 mV s−1.
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wo anodic peaks during scans. An anodic peak during the for-
ard sweep at about 0.55 V is corresponding to the methanol
xidation activity and another anodic peak during the reverse
weep at about 0.45 V is due to the removal of incompletely
xidized carbonaceous species formed in the forward sweep
48]. At a given metal loading of 0.4 mg cm−2, the onset poten-
ial of the methanol oxidation of the Pt-Ru/CNTs-CC is lower
han that of the Pt-Ru/CC in the anodic sweep, which indicates
hat the Pt-Ru/CNTs-CC reduces the activation overpotential.
he oxidation peaks in anodic sweep are observed at 0.56 and
.68 V for the Pt-Ru/CNTs-CC and the Pt-Ru/CC, respectively.
he oxidation peak of the Pt-Ru/CNTs-CC is more negative,
hich indicates that the methanol oxidation becomes energet-

cally more favorable. Furthermore, the Pt-Ru/CNTs-CC has a
uch higher current density after the onset potential, revealing

hat the current density of the Pt-Ru/CNTs-CC is seven times
hat of the Pt-Ru/CC at 0.4 V. Guo and Li found that platinum
upported on SWNT has a lower onset potential and a higher
ethanol oxidation current density, which is attributable to the

igh dispersion of platinum electrocatalysts and various oxide
unctional groups on the SWNT surface, which serve as “active
xygen” for the formation of CO2 [26]. In our case, the high
erformance of the Pt-Ru/CNTs-CC followed not only from the
ast electron transport on CNT but also the drop in the interfacial
esistance between the CNT and carbon cloth.

Fig. 8 plots the polarization curves of Pt-Ru/CNTs-CC, Pt-
u/CC and Pt-Ru/XC/CC with metal loadings of 0.4, 0.4 and
.0 mg cm−2, respectively, as anodes in the DMFC test. The
olarization curves of the cells were obtained at 60 ◦C. At the
igh cell potential range, the polarization curve is dominated
y the activation overpotential, which is directly related to the
lectrochemical kinetics. A higher metal loading is required
o reduce the activation overpotential at the anode; conse-
uently, a higher open-circuit voltage (OCV) is demonstrated
ith Pt-Ru/XC/CC using a high metal loading. In the mid-
le cell voltage range, the Ohmic overpotential controls the

lectrochemical reaction. The maximum power densities of the
t-Ru/CNTs-CC, the Pt-Ru/CC and the Pt-Ru/XC/CC are 73.6,
1.3 and 50.6 mW cm−2, respectively, indicating the improve-
ent in performance associated with the use of a CNTs-carbon

ig. 8. Polarization curves of DMFCs using various anodes operated at 60 ◦C
ith 1 M methanol and oxygen feeding to anode and cathode, respectively.
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Fig. 9. Cross-sectional HRSEM images of micro-structural ME

loth composite anode in DMFC. At the low cell voltage range,
here the mass transport overpotential dominates the reaction,

his behavior is not evident herein.
Fig. 9 presents cross-sectional HRSEM images of the micro-

tructures of MEA. The interfaces between the membrane and
he electrodes are marked with dashed lines. The thickness of
he electrocatalyst layer depends on numerous factors, such as
he total amount of electrocatalyst, the weight percentage of the

etal in the electrocatalyst layer, the Nafion ionomer content
n the electrocatalyst layer and the method of preparation. The
lectrocatalyst layer of the anode is typically 50–100 �m thick.
ig. 9(a) presents the micro-structure of MEA, in which the
t-Ru/XC/CC is used as the anode. However, identifying the
oundary between the anodic electrocatalyst layer and the car-
on cloth is difficult, because some electrocatalysts were pressed
nto carbon cloth during hot-pressing. Fig. 9(b) shows that when
t-Ru/CNTs-CC is used as the anode, the electrocatalyst layer is

hinner than 10 �m, and the Pt-Ru nanoclusters were homoge-
ously coated on CNT following hot-pressing, as displayed in
he inset in Fig. 9(b). When the conventional screen-printing
s adopted, the energy losses are caused by the internal resis-
ances of the activated carbons and interfacial resistances of the
ontacts between the activated carbons and the carbon cloth.

hen CNTs-carbon cloth composite is used as the electrode,
he electrons from the electrocatalysts are delivered to highly
onductive CNT and then directly to the carbon cloth; therefore,
nergy losses are reduced. Meanwhile, the Pt-Ru/CNTs-CC has
thinner electrocatalyst layer, which results in much efficient

lectron and proton transport. Both the direct electronic path
nd thinner electrocatalyst layer contribute to the reduced Ohmic
osses in the MEA, which is confirmed in Fig. 8 showing a lower
hmic overpotential with Pt-Ru/CNTs-CC. The mass transport

osses occur in the diffusion of reactants and products through
he electrode. A thicker electrocatalyst layer is believed to be
ssociated with greater mass transport losses. A Pt-Ru/CNTs-
C with a thinner electrocatalyst layer is associated with less
ass transport loss, which is never observed in Fig. 8.
. Conclusion

The dispersion and electrochemical characteristics of Pt-Ru
anoclusters on directly grown CNTs have been investigated.

[
[
[

[

d using (a) Pt-Ru/XC/CC and (b) Pt-Ru/CNTs-CC as anodes.

he Pt-Ru/CNTs-carbon electrode using a low metal loading
f 0.4 mg cm−2 exhibits excellent electrochemical activity of
ethanol oxidation according to CV measurement. It also per-

orms as a superior anode, according to cell measurements. The
igh performance of the Pt-Ru/CNTs-CC anode is attributable to
he smallness of the Pt-Ru particles, the good dispersion of elec-
rocatalysts, the thin electrocatalyst layer, the highly conductive
upports, and the low internal and interfacial resistances. There-
ore, CNTs directly grown on carbon cloth provides a promising
lectrocatalytic support for further DMFC.
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