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bstract

The anodes with different morphology for DMFC were prepared, and the influences of the microstructure of anode catalyst layer on their
lectrochemical performance were investigated by scanning electrochemical microscopy (SECM), scanning electron microscopy (SEM), proton
nduced X-ray emission (PIXE) and electrochemical methods, respectively. The surface morphology of catalyst layer was observed by SEM, and
he elements dispersion status and its distribution of activity intensity on electrode catalyst layer were mapped by PIXE and SECM, respectively.

lectrochemical impedance spectroscopy (EIS) and anode polarization experiment were employed to analyze the electrochemical properties of
node. The results reveal that the anode with a relative smooth surface of catalyst layer and less cracks shows good interfacial properties and the
ower resistance on the electrode reaction of methanol, and its maximum power of MEA as a single cell was about 178 mW cm−2 at 70 ◦C.

2006 Elsevier B.V. All rights reserved.

p
e
(
[
t
u
m
t
l
a
a
c
u
t
p

eywords: DMFC; Catalyst; SECM; EIS

. Introduction

In recent years, direct methanol fuel cell has attracted inten-
ive research interests because of its high power density and
fficiency, zero emission and reliability. Nevertheless, further
mprovements on the performance of the DMFC are required
efore it can be widely utilized in a practical application. As we
nown, there are two most serious technical obstacles restrict-
ng its development of DMFC. One is methanol crossover to
he cathode through proton conductive polymer membrane, and
nother is the catalyst’s poisoning caused by the intermediates
f methanol oxidation. Great efforts have been concentrated on
he researches about carbon monoxide tolerant catalysts [1–3]
nd low methanol permeability polymer electrolyte membranes
4,5]. It is a challenging problem to develop stable anode catalyst
ith high electro-catalytic activity in the approach of DMFC
ommercialization. So far, Pt–Ru alloys supported on carbon
ith high surface area are considered as the best catalysts for
ethanol oxidation reaction.

∗ Corresponding author. Tel.: +27 21 9593080; fax: +27 21 9593080.
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In terms of the characterization method of electrocatalysts,
article size, active surface area of catalysts, and kinetics param-
ters are usually measured by transmission electron microscopy
TEM), cyclic voltammetry, EIS and Tafel plot, respectively
6–8]. The information obtained from these parameters reflects
he properties of electro catalyst in nature. However, these nat-
ral properties of catalyst are only part of the factors that deter-
ine the performance of electrode in a single cell. The approach

o the preparation of electrode usually used is to form catalyst
ayer on gas diffusion layer by coating inks composed of cat-
lyst, ionomer and solvent onto the conductive substrate such
s carbon fiber cloth or carbon paper. The microstructure of
atalyst layer can affect the mass transfer of reactant and prod-
ct, and then influence the electrochemical reaction rate. So,
he microstructures of catalyst layer together with the natural
roperties of catalyst determine electrochemical performance
f electrode. The main requirement for a good catalyst layer is
he maximized triple-phase boundary, where the electrochem-
cal reaction takes place. Many works [9–12] have been done

o investigate the influences of microstructure, composition and
as diffusion layer on the discharge ability of electrode. Among
f them, it is a typical route to investigate the surface and cross-
ection morphology using scanning electron microscopy [13].
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hysical structure such as pore diameter and distribution in
atalyst layer can be observed through SEM images. But the
lectrochemical properties including electro-catalytic activity
ntensity and active sites distribution on the surface of electrode
an’t be described visually by SEM image. The influence of
urface morphology of electrode on the cell performance is still
nclear.

In order to investigate the relationship between morphology
f catalyst layer and electrochemical behaviors, three types of
node were prepared and investigated by SECM, PIXE and
iversified electrochemical methods in this paper. SECM is a
ersatile tool for the characterization of catalyst, which can be
tilized to mapping the catalysis activity of catalyst along the
urface of electrode [14–16]. SECM and PIXE were employed
o observe the topography and the distribution of active elements
n the anode catalyst layer, respectively. SECM images reflect
he electrochemical information related to the electro catalysis
ctivity intensity and active sites distribution of the catalyst layer.
u distribution status in catalyst layer was measured by particle

nduced X-ray emission. An equivalent circuit was proposed to
nalyze the EIS results of anode, and the experimental values
an be well fitted by this equivalent circuit.

. Experimental

.1. Chemicals

Commercial Vulcan XC-72, hydrogen hexachloroplatinate
H2PtCl6·6H2O, Aldrich), ruthenium chloride (RuCl3, Aldrich),
ormaldehyde (Aldrich), isopropanol (99%, Aldrich), PTFE
mulsion (60%, Aldrich) and Nafion solution (5 wt.%, Ion Power
nc.) were used as-received. Nafion 117 membrane (1100 EW,
on power Inc.) was treated with 5% H2O2 and 1 mol L−1 H2SO4
s reference method [17] prior to use. Carbon cloth (type A, E-
EK) was used as conductive substrate for electrode. A mixture
f Vulcan XC 72 carbon black and 20% dry weight PTFE emul-
ion was coated on the carbon cloth using a doctor blade to
orm a microporous layer. The coated carbon cloth was dried
n an oven at 100 ◦C for 20 min and then at 330 ◦C for 30 min.
olutions were made with ultra-pure water (17 M, Millipore).

.2. Preparation of Pt–Ru/C catalyst and of electrode

Pt–Ru/C catalyst was prepared by liquid-phase reduction of
hloroplatinic acid and ruthenium chloride with formaldehyde.
n aqueous solution containing chloroplatinic acid and appro-
riate amount of ruthenium chloride (Pt:Ru = 2:1 in weight) were
ixed with carbon black and allowed for complete impregna-

ion. Then, formaldehyde was dropped into the suspension as
ast as possible. The resultant mixture was maintained at 80 ◦C
or 3 h to allow complete reduction of Pt and Ru. Subsequently,
he mixture was filtered and washed with de-ionized water to
emove chloride ions. The catalyst was dried in an oven at 80 ◦C

ntil to a constant weight.

Ink was made by mixing 80 wt.% Pt–Ru/C, 15 wt.% Nafion
olution, 5 wt.% PTFE and isopropanol with ultrasonic bath.
hen, electrodes were obtained by two methods including spray-

n
O
1

ources 160 (2006) 326–333 327

ng ink onto carbon cloth with airbrush gun and spreading ink
nto carbon cloth with brush. The electrodes made with brush
nd spray gun were denoted as BE and SE, respectively. RE
epresented the electrode obtained by treating SE with roller.
t–Ru loadings for all the three anodes were about 1.5 mg cm−2.
ommercial Pt/C catalyst (40 wt.% Pt, Alfa, Asear) was made

nto cathode using the same method as anode RE, and Pt load-
ng was 1.2 mg cm−2. Membrane electrode assembly (MEA)
as prepared by hot-pressing electrodes on pre-treated Nafion
embrane at 135 ◦C under a load of 10 MPa for 2 min.

.3. Measurements

The nanomorphology of the supported catalysts was observed
y transmission electron microscopy (TEM) using a LEO 910
icroscope. The sample for the TEM analysis was prepared by

ltrasonically treating the catalyst powders in the mixture of
ater and isopropanol. One drop of the suspension was applied
nto clean holey copper grids and dried under infrared lamp. The
-ray diffraction (XRD) pattern for the catalyst was obtained
sing a D8 Discover (Bruker AXS, German) X-ray diffractome-
er with the Cu K� radiation source.

Rotating disc electrode was used to characterize the elec-
rochemical properties of Pt–Ru/C catalyst. Five milligrams of
t–Ru/C catalyst was suspended in 1 mL of isopropanol and
0 �L of Nafion solution to prepare catalyst ink. Then 25 �L of
nk was coated onto the surface of a clean glassy carbon disk
lectrode with an area of 0.078 cm2. The electrode was dried
t 80 ◦C for 10 min to remove isopropanol. A mixture solution
ontaining 1 mol L−1 H2SO4 and 1 mol L−1 methanol was used
s electrolyte. Cyclic voltammetry experiments were carried out
n Autolab (PGSTATE30, ECO-CHEMIE) at ambient temper-
ture (25 ◦C). Saturated calomel electrode (SCE) was used as
eference electrode, and platinum wire as auxiliary electrode.
can rate for cyclic voltammetry was 25 mV s−1.

SECM was applied to investigate topography of electrode,
nd the measurement was carried out with SECM 270 (Unis-
an Instrument Ltd., UK). A 25 �m diameter Pt-UME (ultra
icroelectrode) was used as the SECM tip, while electrode con-

aining Pt–Ru/C as the substrate was sealed at the bottom of
eflon cell. Auxiliary and reference electrodes were Platinum
oil and Ag/AgCl, respectively, and 5 mmol L−1 mM sulphuric
cid served as electrolyte. The microscope was configured to
can an area of 1000 �m × 1000 �m at a tip-substrate distance
f 5 �m. The substrate was kept at a potential of 0 V, and a
otential of −1.2 V (mass transport limited region for proton
eduction) was applied to the tip to reduce H+.

Surface morphology of electrodes was observed by scanning
lectron microscopy (HITACHI X-650). Distribution of Ru in
lectrode catalyst layer was observed by PIXE. Sampling areas
ere selected as 1000 �m × 1000 �m (X:Y). Samples were irra-
iated with 3.0 MeV protons. K-shell X-ray excitation was used
or Ru content analysis.
Anode polarization curves were measured by galvanody-
amic polarization mode with a scan rate of 1 mA s−1 at 70 ◦C.
ne mole per litre methanol solution fed to the anode at
mL min−1 served as working electrode, and humidified hydro-
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en was fed to cathode chamber at 50 mL min−1 with zero back
ressure, which was acted as counter electrode and reference
lectrode (dynamic hydrogen electrode, DHE). The impedance
pectra were carried out at frequencies between 100 kHz and
0 mHz under the same conditions as anode polarization exper-
ments. The performance of MEA as a single cell was tested
n fuel cell testing station (Lynntech Inc.) with 2 mol L−1

ethanol solution at flow rate of 1 mL min−1 and 1 bar oxygen
as at the rate of 50 mL min−1. The experiment was carried out
t 70 ◦C.

. Results and discussion

.1. Characterization of catalyst

Fig. 1 shows the TEM image of the home-made Pt–Ru/C
atalyst. As can be seen the distribution of the particles of Pt–Ru

s homogenous on the XC-72 carbon support and the catalyst is
ell dispersed. The average particle size calculated from the
EM analysis is about 3.3 nm. Fig. 1(b) gives the XRD pattern
f the home-made Pt–Ru/C catalyst. The XRD pattern clearly

ig. 1. (a) TEM image of Pt–Ru/C catalyst. (b) XRD pattern for home-made
t–Ru/C catalyst.
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ig. 2. Voltammogram of Pt–Ru/C in 1 mol L−1 methanol and 1 mol L−1 H2SO4

ixture.

hows the four characteristic peaks, which are corresponding to
he (1 1 1), (2 0 0), (2 2 0) and (3 1 1) crystal faces of face centered
ubic (fcc) crystalline Pt, respectively. No obvious peak for Ru
s observed in Fig. 1(b), which means that the alloy catalyst
esembles the single-phase disordered structure (solid solution).

To investigate the catalytic activity of Pt–Ru/C, cyclic
oltammetry experiment was carried out. Fig. 2 shows the
oltammograms of home-made Pt–Ru/C (denoted as HC)
nd commercial Pt–Ru/C catalyst (Pt 10 wt.%, Ru 20 wt.%,
–M, purchased from Johnson Matthey company) in 1 mol L−1

ethanol and 1 mol L−1 H2SO4 mixture solution, which were
ycled from −0.25 to 1.0 V at the scan rate of 25 mV s−1. It can
e seen that two peaks, which are related to the oxidation reac-
ion of methanol and the corresponding intermediates produced
uring the methanol oxidation, appear at about 0.69 and 0.44 V
or both home-made catalyst and commercial catalyst, respec-
ively. The forward and the backward peak current density are
bout 23.9 and 22.1 mA cm−2, respectively, which are slightly
igher than those of J–M catalyst. Compared with J–M catalyst,
he forward peak for home-made Pt–Ru/C is more broad, which

eans that home-made catalyst can deliver higher reaction cur-
ent at same potential than that of J–M catalyst.

.2. Microstructure of electrode

Fig. 3(a)–(c) show the SEM images of the anode catalyst layer
repared by three different methods. Fig. 3(a) shows the surface
orphology of anode BE. It can be seen that many cracks with

he size of 5–10 �m distribute on the surface of catalyst layer,
n contrast to the morphology of anode BE, the catalyst layer of
lectrode SE, as shown in Fig. 3(b), has few cracks. However, its
urface of catalyst layer is uneven because of catalyst agglomer-
tes. The difference of the surface morphology can be ascribed

o the volume shrinkage of catalyst layer. The solvent evapora-
ion velocity in brushing method is relatively slower than that
f spraying method. During spreading ink with a brush, the sol-
ent always soaks the catalyst layer formed on the carbon paper
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Fig. 3. SEM micrographs of: (a) surface of anod

y previous brushing process. The catalyst layer is very thick
ince a high catalyst loading is necessary for direct methanol
uel cell. Mud-cracking takes place on the catalyst layer due to
he apparent volume shrinkage of the catalyst slurry after the
olvent evaporation. As far as spraying method is concerned,
he ink can be sprayed on the surface of carbon paper uniformly,
nd most of the solvent can evaporates quickly before soaking
he dry catalyst layer existing on carbon paper. Therefore, the
olume change in catalyst layer of anode SE is smaller than that
f BE. In order to obtain a flat and smooth catalyst layer, the elec-
rode RE was prepared by rolling anode SE. As can be seen in
ig. 3(c), most of the cracks and big size particles on the surface
f RE disappear. This planar surface is supposed to form bet-
er interfacial contact between catalyst layer and polymer ionic
onductor (Nafion 117).

Fig. 4(a) and (b) show the high magnification surface image
nd cross-section image of anode RE, respectively. It can be seen
hat the catalyst layer has a rich porous structure, and the pore
ize mainly distributes in the range of 0.1–0.5 �m. The observed

ores in Fig. 4 are generally assigned to the secondary pores,
hich are relative large pores. According to the Refs. [12,18], the
icrostructure of catalyst layer composed of the primary pores

nd the secondary pores. The primary pores with a size range

f
c
t
a

(b) surface of anode SE, and (c) surface of RE.

ess than 0.1 �m form within the agglomerates, while the sec-
ndary pores are between the agglomerates. The inner surface of
he pores is the main catalyst/ionomer/reactant interface, where
he electrochemical reaction takes place. The reactant (methanol
olution) transports to the reaction interface only through the
rimary pores and the secondary pores. Therefore, the pore size
istribution of the primary pores and secondary pores influence
he reactant transfer process and active surface area, and then
ffect the electrochemical performance of electrode. In next sub-
ection, the relationship between surface morphology of anode
nd electrochemical properties will be discussed.

The distribution of catalytic activity sites on the surface of
atalyst layer can be observed from a SECM image, which was
btained by monitoring the local proton electrochemically gen-
rated at substrate (Pt–Ru/C on carbon paper). Fig. 5(a) and (b)
how the typical SECM image of anode SE and of anode RE. The
ECM images exhibit the current changes along the horizontal
oordinates. In the scanned region of 1000 �m × 1000 �m, the
esponding current through the probe changes from 0 to 10 nA

or both anode SE and anode RE. Compared to anode SE, the
urrent intensity distributes more uniform on anode RE. The
opography image of anode for DMFC mapped by SECM visu-
lizes the distribution of catalytic activity sites on the surface
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Pt–Ru/C particle in the catalyst layer because of cracks and cav-
ig. 4. SEM images of: (a) surface of anode RE, and (b) cross-section of anode
E.

f electrode and can reflects its current distribution in MEA.
o some extent, SECM image also provides the information on
hysical status of catalyst layer. Generally, only a homogeneous
atalyst layer of electrode with a smooth and flat surface can form
he map of electro-catalytic activity with well-distributed sites,
hich is beneficial for improving the performance and durabil-

ty of MEA. The electro-catalytic activity of substrate and the
istance between the tip and the substrate are two important
actors determining the current response on the tip. The resolu-
ion of SECM in this experiment was set at 1 �m × 1 �m. Since
he particle size of the catalyst Pt–Ru/C is only about 30 nm,
he number of the Pt–Ru/C particles is so great in the area unit
f 1 �m × 1 �m that the electro catalysis of Pt–Ru/C catalyst

an be assumed to be uniform. From this point, the former fac-
or is negligible for the current change through the tip. In this
xperiment, the tip was kept at a constant height relative to the

i
d
t

Fig. 5. Topographical images of: (a) anode RE, and (b) anode SE.

ubstrate. Therefore, the fluctuation of current detected by the
ip can be ascribed to the change of real distance between the
ip and electrode surface, which is caused by the uneven catalyst
ayer surface. The SECM image is consistent with SEM result

entioned above. According to Fig. 4(a), the surface of cata-
yst layer comprises cavities and agglomerates formed by the

ixture of catalyst and ionomer. The surface of catalyst layer is
neven in micron scale. These cavities, which are reflected in the
ow active metal content region of PIXE image, are supposed to
e the low electro-catalytic activity region in SECM image. The
IXE images for the dispersions of Ru in the anode SE and RE
re given as Fig. 6(a) and (b), respectively. PIXE results depict
hat the content of Ru is about 4%, and a large weight contri-
ution from carbon, accounting for up to about 88% of the total
eight. This is a mixed consequence of carbon contributions

rom the carbon as support material of the Pt/C catalyst and the
arbon of the carbon cloth. Moreover, the PIXE results indicate
hat the dispersion of active elements is inhomogeneous in the

agnitude of micron and the rich Ru (Ru and Pt alloy) regions
orm islands. That is caused by inhomogeneous distribution of
ties. Since the electro catalysis activity of electrode strongly
epends on the dispersion of active metal of the catalyst layer,
hese islands deliver good electrochemical activity than other
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Fig. 8(a) shows an equivalent circuit for the anode AC
impedance analysis. R1 is the cell resistance. R2 and C2 represent
the diffusion resistance of the methanol and the capacitance of
ig. 6. PIXE images of Ru dispersions: (a) on anode SE, and (b) on anode RE.

egions. So the islands in PIXE image are corresponding to the
igh current intensity region in SECM image.

.3. Electrochemical performance of anode with different
urface morphology

Fig. 7 displays the anode polarization curves of MEAs with
ifferent anodes. The difference of electrochemical performance
an be ascribed to the factor of anode since the polarization
f DHE is negligible. The polarization potential decreases in
he following order: BE > SE > RE. The MEA with anode RE
elivers the best performance, and the current density at the
node potential versus DHE of 0.5 V is about 460 mA cm−2.
he polarization potential of MEA with anode BE shifts in pos-

tive direction dramatically with the current density increase.
he performance difference of MEAs can be analyzed basing on

he electrochemical reaction process. According to the electro-

xidation mechanism of methanol, electro-oxidation reaction of
ethanol takes place and produces proton, electron and carbon

ioxide when methanol transfers to the interface of catalyst and
onomer through pores in the catalyst layer. Proton and electron

F
f

Fig. 7. Polarization curves of anodes with different surface morphology.

onduct through ionomer network and catalyst, respectively, and
arbon dioxide escapes to outside through micro porous struc-
ure. In terms of the reaction rate, the electron transfer process or
he mass transfer process including methanol and carbon dioxide

ay become the rate-determined step for anode electrochemical
eaction. Generally, the reaction rate is controlled by the electron
ransfer process at low current region and by the mass transfer
ig. 8. (a) Equivalent circuit for the anode impedance analysis. (b) EIS of dif-
erent anodes.
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Table 1
Impedance parameters of MEA with various anode electrodes

Electrode R1 (� cm−2) R2 (� cm−2) R3 (� cm−2) R4 (� cm−2)

BE 0.168 3.05 0.769 2.08
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E 0.127 2.21 0.530 0.839
E 0.125 0.40 0.313 0.253

he adsorption. R3 and CPE3 are the charge-transfer resistance
t the interface of the catalyst active sites and the capacitance of
he double layer, respectively. R4 and L1 stand for the interme-
iate adsorbate resistance [19]. According to the kinetic theory
erived by Harrington and Conway [20] for reactions involv-
ng intermediate adsorbate, the Faradaic current in the electrode
rocess of methanol electro-oxidation depends on the electrode
otential and one other state variable θCO, which varies with
lectrode potential. The inductance L1 is characteristic of this
quivalent circuit and thus deserves an explanation with respect
o its mechanistic significance. Inductive behavior means that the
urrent signal follows a voltage perturbation with a phase delay
ϕ = 90 ◦C for a pure inductor). In the DMFC anode, an increase
n potential is obviously followed by an increase in current with a
hase delay. This inductive behavior can be rationalized by pos-
ulating slowness of CO coverage relaxation. Fig. 8(b) gives the

easured EIS values and fitted curves. The dotted-symbols rep-
esent the measured values. It can be seen that the impedance
esults can be well fitted by the equivalent circuit showed in
ig. 8(a). All the fitted resistance parameters of different elec-

rodes are listed in Table 1. MEA with RE exhibits the lowest
esistance, while MEA with BE deliver the highest resistance.
he smallest resistance of the RE can be ascribed to the good

nterface property between the catalyst layer and Nafion mem-
rane and the thin catalyst layer. The good interfacial contact
etween electrode and electrolyte membrane can be obtained
ue to the relative smooth surface and less cracks of the catalyst

ayer. Moreover, the contact between the catalyst particles and
lso between the catalyst particles and the carbon cloth substrate
s strengthened when the SE anode is converted to the RE anode.

ig. 9. Current density-cell potential plot of DMFC with different anodes.
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t is also feasible to improve the performance of the BE elec-
rode by the treatment with the same process as the SE. Thus, the
nterfacial resistance of the MEA with RE including diffusion
esistance (R2) charge-transfer resistance (R3) and the interme-
iate adsorbate resistance (R4) is lowest among the three types
f MEA.

Fig. 9 shows the polarization curves of MEAs with different
nodes as a single direct methanol fuel cell. It can be obviously
bserved that the single DMFC with the RE delivers the best
erformance. When the current density is 400 mA cm−2, the
ell voltage for the RE, SE and BE are 0.38, 0.32 and 0.21 V,
espectively. The peak power for the single cell with anode RE
s about 178 mW cm−2, while it is 130 mW cm−2 for the SE and
7 mW cm−2 for the BE, respectively.

. Conclusion

Three kinds of anode were made by different process, and
heir microstructure of catalyst layer was observed by SEM
mages. The RE had a relative smooth surface and the less cracks
han that of SE and the BE. PIXE images revealed that platinum
nd ruthenium were not dispersed uniformly on the catalyst layer
f electrode in the magnitude of micron, and agglomerate cata-
yst particles formed island-shape rich platinum and ruthenium
egion. SECM result showed a visual image for catalytic activity
istribution of anode, which was consistent with that of PIXE.
IS exhibited that the resistance of the MEA with the RE was

he smallest due to the good interfacial contact and the compact
atalyst layer. The current density–voltage curves of the sin-
le DMFC with different anodes displayed that the MEA with
he RE delivered the best discharge performance, and its peak
ower was 178 mW cm−2 when the single cell was operating
ith 2 mol L−1 methanol solution and 1 bar oxygen gas as oxi-
ant at 70 ◦C.
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