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bstract

Potential-scan tests were conducted to evaluate the stability of a PtRu/C electrocatalyst at anode potentials in a direct methanol fuel cell
DMFC). The results show that, under normal operating conditions, the anode potential in a DMFC is benign for the PtRu/C electrocatalyst.

ut in the case of deep discharge or short circuit, the anode potential value may exceed 0.6 V versus DHE, which is harmful to the PtRu/C
lectrocatalyst. The dissolution of catalyst components results in an enhanced ohmic resistance and a lowered catalytic activity for methanol
lectro-oxidation.

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

The direct methanol fuel cell (DMFC) is a promising portable
ower source due to its merits such as high energy efficiency,
mbient operating conditions and potentially good portability
1–4]. For commercial applications, a lifetime of thousands of
ours is necessary. In this regard, the stability of the electro-
atalysts is very important. Long-term operations of the fuel
ell often cause degradation of the electrocatalysts, including
he dissolution of catalyst components and the agglomeration
f catalyst particles. The anodic potential is considered to be
ne of the most important factors that influence the rate and
egree in the catalyst-degrading process. For low-temperature
uel cells, such as the polymer electrolyte membrane fuel cell

PEMFC) and the DMFC, the influence of the cathode potential
n the degradation of electrocatalysts has been widely studied
5–7]. But in the case of the anode, relevant work is scarce [8].
his is mainly because the anode potential value is much lower

∗ Corresponding author. Tel.: +86 411 84379071; fax: +86 411 84379071.
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han the cathode, so its influence is limited. But with respect
o long-term operation of a DMFC, this influence should not
e neglected. The typical anode electrocatalyst in a DMFC is
Pt-Ru binary metal electrocatalyst. Compared with platinum,

uthenium is much more unstable in the fuel cell environment.
aniguchi et al. [9] observed ruthenium loss under cell rever-
al conditions. Piela et al. [10] found ruthenium crossover from
he anode side to the cathode side through the membrane dur-
ng long-term operations. So an investigation of the stability of
he PtRu electrocatalyst under anode potential of DMFC is of
ignificance.

The anode potential in the DMFC for the methanol electro-
xidation reaction on the PtRu electrocatalyst, at open circuit, is
pproximately 0.2 V versus dynamic hydrogen electrode (DHE)
t 70–80 ◦C [11,12], and when the fuel cell operates under nor-
al conditions, the anode potential value is in the range of

.3–0.5 V [13]. But occasionally, the fuel cell may experience
eep discharging processes or even a short circuit, and the anode
otential value may reach 0.6 V or even as high as 0.7 V. To

nvestigate the influence of the anode potential on the stabil-
ty of the PtRu electrocatalyst, in this work, potential-scan tests
ere conducted in potential regions of 0.2–0.5 V, 0.2–0.6 V and
.2–0.7 V, respectively. Electrochemical and physical character-

mailto:xinqin@dicp.ac.cn
dx.doi.org/10.1016/j.jpowsour.2006.02.069
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zations were performed to study the electrocatalyst degradation
fter potential scans.

. Experimental

.1. Electrode preparation

The anode electrocatalyst studied in this work was a commer-
ial 30 wt.% Pt–15 wt.% Ru/C HiSPEC7000 catalyst (Johnson
atthey, UK). A commercial 40 wt.% Pt/C HiSPEC4000 cata-

yst (also Johnson Matthey, UK) was applied to the cathode, and
erved as a counter/reference electrode. The solid electrolyte
s a commercial Nafion®117 perfluorosulfonate ionomer mem-
rane (DuPont Corp.), which was firstly boiled in 0.5 mol L−1

odium hydroxide solution for 1 h, to convert the H+ form of sol-
bilized membrane into the Na+ form. The electrocatalyst and
wt.% Nafion® ionomer solution (EW = 1100, DuPont Corp.)
ere ultrasonically mixed in an ethanol solution to form a homo-
eneous catalyst suspension. A decal method [14] was adopted
o make the catalyst coated membrane (CCM). The anode and
athode catalyst layers were hot-pressed onto both sides of a
iece of Nafion® 117 membrane, respectively, at 190 ◦C for 90 s.
he catalyst metal loading was 2 mg cm−2 for the anode and
mg cm−2 for the cathode, and the Nafion® ionomer content in

he catalyst layers was 15 wt.% for the anode and 10 wt.% for the
athode. The CCM was boiled in a 0.5 mol L−1 H2SO4 solution
or 1 h to reconvert the membrane into the H+ form.

Vulcan XC-72 carbon black (Cabot Corp.) was suspended
n ethanol and the slurry was spread onto Teflon-containing
30 wt.% for cathode, 10 wt.% for anode) carbon papers (SGL
orp.) to form diffusion layers. The loading of the carbon black
as 4 mg cm−2 for the anode and 3 mg cm−2 for the cathode.
The membrane electrode assembly (MEA) was formed by

ot-pressing the anode and cathode diffusion layers onto the
orresponding sides of the CCM at 135 ◦C, for 60 s.

.2. Potential-scan test

Potential-scan tests were carried out at 75 ◦C, using a single
esting cell that made of 316 L stainless steel, with an active
ross-sectional area of 4 cm2. The anode chamber was fed with
eionized water, with the flow rate of 1 mL min−1. The cath-
de served as both counter and reference electrodes, which was
ed with humidified hydrogen at 0.1 MPa pressure, and defined
s a dynamic hydrogen electrode (DHE). All potential values
resented in this work are referred to DHE.

Potential-scan tests were conducted in the potential regions
f 0.2–0.5 V, 0.2–0.6 V and 0.2–0.7 V, respectively, with the scan
ate of 20 mV s−1 and a cycle number of 2000 for each region.

.3. Electrochemical characterization

Cyclic voltammograms were obtained using a potentio-

tat/galvanostat (EG&G Model 273A). For the cyclic voltam-
etry (CV) measurement, the anode chamber was fed with

eionized water, and CV curves were recorded within the poten-
ial range of 0–0.7 V, with a scan rate of 20 mV s−1.

l
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i
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For the methanol-stripping test, the anode chamber was fed
ith 1 mol L−1 methanol solution for 10 min, with the anode
otential held at 0.1 V. Then the anode chamber was washed
ith deionized water with a flow rate of 4 mL min−1 to remove
n-adsorbed methanol molecules, while the anode potential was
eld at 0.1 V. After 20 min, CV curves were recorded within the
otential range of 0.1–0.7 V, with the scan rate of 20 mV s−1.
he first and third cycles were recorded.

For a CO-stripping test, the anode was fed with humidified
O/Ar (5 vol.%) gas at 150 mL min−1 flow rate and a 0.1 MPa
ressure for 30 min, with the potential held at 0.1 V. Then the
O/Ar (5 vol.%) gas was replaced with high-purity nitrogen,
hile the potential was still held at 0.1 V. After 10 min, CV

urves were recorded within the potential range of 0.1–0.7 V,
ith a scan rate of 20 mV s−1. The first and third cycles were

ecorded.
Electrochemical impedance spectra (EIS) were measured

sing a lock-in amplifier (EG&G model 5210) coupled to a
otentiostat/galvanostat (EG&G model 273A). Impedance spec-
ra were recorded at 10 points per decade by superimposing a
0 mV ac signal on the cell under potentiostatic mode over the
requency range from 5 kHz to 0.1 Hz.

.4. Physical characterization

After potential-scan test, the CCM was treated with liq-
id nitrogen and cut into small pieces for subsequent X-ray
iffraction (XRD), transmission electron microscopy (TEM)
nd energy dispersive X-ray spectroscopy (EDX) analyses.

TEM investigation was carried out using a JEOL JEM-
000EX microscope operating at 120 kV. The size distribution
nd the mean particle size of the electrocatalyst were obtained
y measuring more than 300 particles from TEM images. XRD
easurements were performed on a Rigaku X-3000 X-ray

iffractometer using Cu K� radiation with a Ni filter. The tube
oltage was maintained at 40 kV, and tube current at 100 mA.
he 2θ angular region between 20◦ and 85◦ was explored at
scan rate of 5◦ min−1, with the resolution of 0.02◦. The Pt

2 2 0) peak (64–72◦) was scanned at 1◦ min−1 to obtain the
atalyst particle sizes. Energy dispersive X-ray (EDX) analysis
as carried out by an EDX detector combined with a scanning

lectron microscopy (Philips Model XL-30).

. Results and discussion

CV curves obtained before and after potential scans are shown
n Fig. 1. Two noticeable changes have been observed after
otential scans. Firstly, from the inset of Fig. 1, it is seen that,
fter potential scan in 0.2–0.6 V and 0.2–0.7 V regions, espe-
ially for the latter, the hydrogen-desorption peak moved to the
ight to some extent. For a Ru-rich PtRu surface, the hydrogen-
esorption peak appears in a low-potential region [15–21]. So
he right-shift of the hydrogen-desorption peak may be due to the

oss of ruthenium from the electrocatalyst surface under electro-
hemical stress. Secondly, the double-layer capacitance (shown
n the potential range of 0.4–0.6 V) tends to decrease with the
xtending scan region. This tendency also became prominent
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ig. 1. CV curves of the electrocatalyst before and after potential scans. Scan
ate: 20 mV s−1; temperature: 60 ◦C.

fter a potential scan in the 0.2–0.6 V and 0.2–0.7 V regions,
specially for the latter, which may be explained by the disso-
ution of hydrous ruthenium oxide from the catalyst layer, as
iscussed in the following contexts.

The methanol-stripping curves (Fig. 2) show the right-shift of
he methanol adsorbate-oxidation peak with the extending scan
egion. Similar to Fig. 1, the right-shift also occurred after poten-
ial scans in 0.2–0.6 V and 0.2–0.7 V regions, and for the latter,
he degree is much higher. For a Pt-rich PtRu electrocatalyst,
he peak potential for methanol electro-oxidation shows a high
alue [22,23]. So the right-shift of the peak might also imply that
art of the ruthenium dissolved from the electrocatalyst surface.

The anode impedance was determined in a three-electrode
onfiguration with the PtRu/C anode, the working electrode and
he hydrogen electrode the counter/reference electrode. The bias
otential was held at 0.4 V. The anode chamber was fed with

mol L−1 methanol solution at a flow rate of 1 mL min−1, while

he cathode was fed with humidified hydrogen and served as a
HE, as described in the experimental section. The Nyquist

ig. 2. Methanol-stripping curves before and after potential scans. Scan rate:
0 mV s−1; temperature: 60 ◦C.

t
l
f
o

F
0

ig. 3. Nyquist diagram of anode EIS at 0.4 V vs. DHE before and after potential
cans. Anode feed: 1 mol L−1 methanol solution. Cathode feed: hydrogen at
.1 MPa; temperature: 75 ◦C.

iagram (Fig. 3) consists of two arcs. The arc which appears
n the higher frequency range is independent of the potential
hange, and can be ascribed to the ionic resistance of the mem-
rane in parallel with a capacitance relating to both the double
ayer capacitances and the geometric capacitance of the elec-
rode [24,25]. The impedance of hydrogen evolution reaction
n the counter electrode might also manifest itself in this arc.
ure ohmic resistance, including resistances of the electroni-
ally conducting cell components as well as contact resistances,
an be derived from the intersection of the arc on real axis at
he high-frequency end. The intersection of the high-frequency
rc on the real axis at the low-frequency end is relevant to the
onic resistance of the membrane and the resistance of the hydro-
en evolution reaction in the counter electrode. The arc which
ppears in the lower frequency range is dependent on the poten-

ial. It relates to the electro-oxidation of methanol, and at the
ow-frequency end, this arc extended into the fourth quadrant and
ormed an induction loop that represents the electro-oxidation
f (CO)ads [25–28].

ig. 4. CV curves of the electrocatalyst before and after potential scan in
.2–0.7 V region. Scan rate: 20 mV s−1; temperature: 60 ◦C.
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ig. 5. Methanol-stripping curves before and after potential scan in 0.2–0.7 V
egion. Scan rate: 20 mV s−1; temperature: 60 ◦C.

Fig. 3 further confirmed the influence of the potential scan
n the potential regions of 0.2–0.6 V and 0.2–0.7 V on the
tRu/C electrocatalyst. After potential scan in the 0.2–0.6 V
nd 0.2–0.7 V regions, especially the latter, both the pure ohmic
esistance (intersection of high-frequency arc on the real axis)
nd the methanol electro-oxidation impedance (low-frequency
rc) increased to some extent. The increase of the methanol
lectro-oxidation impedance may be caused by the variation of
atalyst composition due to ruthenium loss. On the other hand,
he increase of pure ohmic resistance can be ascribed to the
nhanced contact resistance between the diffusion layer and the
atalyst layer or between the catalyst layer and the membrane
lso due to ruthenium loss from the catalyst layer.

From the results listed above, it is suggested that, the potential
can in the 0.2–0.5 V region, which simulates the anode poten-
ial under normal operating conditions, does not influence the

tRu/C electrocatalyst, but when the upper limit of the poten-

ial region is elevated to 0.6 V or even higher, electrocatalyst
egradation will take place.

ig. 6. CO-stripping curves before and after potential scan in 0.2–0.7 V region.

s
s
e

F

ig. 7. Nyquist diagram of anode EIS at 0.4 V vs. DHE before and after potential
can in 0.2–0.7 V region. Anode feed: 1 mol L−1 methanol solution. Cathode
eed: hydrogen at 0.1 MPa. Temperature: 75 ◦C.

In order to study the remarkable degradation of the PtRu/C
lectrocatalyst which occurred during the potential scan in the
.2–0.7 V region in detail, results obtained after cycle numbers
f 0, 500, 1000 and 2000 in this potential region are compared.

The hydrogen-desorption peaks in the CV curves are shown in
ig. 4. It is clearly seen that the hydrogen-desorption peak moved

o the right with increase of cycle number. But interestingly, the
eak area increased at the beginning, and reached a maximum
alue at the cycle number 1000, then began to decline. Methanol-
tripping peaks (Fig. 5) also show a similar trend: with the cycle
umber increased, the methanol-stripping peak moved to the
ight, but the peak area reached its maximum value at the cycle
umber of 1000, then began to decline. The most probable reason
or this phenomenon is that: at the beginning of the potential
can, the sudden dissolution of ruthenium left many small voids
n the surface of the electrocatalyst, which made the catalyst

urface coarse, with a high surface-area value. With the potential
can continuing, the small voids gradually vanished under the
lectrochemical stress.

ig. 8. XRD patterns of the electrocatalyst before and after potential scans.
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Table 1
Particle size of the PtRu/C electrocatalyst before and after potential scans

Electrocatalyst XRD particle
size (nm)

TEM particle
size (nm)

Before potential scan 3.0 3.1
After scan in 0.2–0.5 V 3.0 3.2
A
A

P
o
p
T

F
a
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The variation in catalyst composition manifests itself more
emarkably in the CO-stripping curves (Fig. 6). After a potential
can in 0.2–0.7 V region, the CO electro-oxidation peak became
ore Pt-like [29–32]: in the first scan-cycle, when CO molecules
ere adsorbed onto the electrocatalyst, the hydrogen-desorption
eak was almost completely suppressed; and the CO electro-
xidation peak became narrower with a significant right-shift
n peak position. This result strongly supports the assumption
hat ruthenium dissolved dramatically from the electrocatalyst
uring the potential scan in the 0.2–0.7 V region.

The Nyquist diagram of anode EIS after potential scan in
he 0.2–0.7 V region (Fig. 7) shows that both the ohmic resis-
ance and the methanol electro-oxidation impedance increased

onotonously with the scan cycle number. This result confirmed

hat a pronounced electrocatalyst degradation took place during
he potential scan in the 0.2–0.7 V region.

The powder X-ray diffraction patterns of the anode catalyst
ayer before and after potential scans are shown in Fig. 8. The

f

L

ig. 9. TEM images of the electrocatalyst: (a) before potential scan, (b) after potenti
fter potential scan in 0.2–0.7 V region.
fter scan in 0.2–0.6 V 2.9 3.2
fter scan in 0.2–0.7 V 3.0 3.5

t (2 2 0) peak was selected to calculate the mean particle size
f the electrocatalyst because it is isolated from the diffraction
eaks of the carbon support and the Nafion® polymer electrolyte.
he mean particle sizes were calculated according to Scherrer’s

ormula [33]:
= 0.9λkα1

B(2θ) cos θmax
(1)

al scan in 0.2–0.5 V region, (c) after potential scan in 0.2–0.6 V region and (d)
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Table 2
EDX analysis of the anode catalyst layer before and after potential scans

Catalyst layer C (wt.%) O (wt.%) Ru (wt.%) Pt (wt.%) Pt:Ru wt. ratio

Before potential scan 66 4 9 21 2.3
After scan in 0.2–0.5 V 68 4 9 19 2.2
After scan in 0.2–0.6 V 69 4 8 19 2.4
After scan in 0.2–0.7 V 74 3 6 17 2.8
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here λkα1 is the wavelength of X-ray (1.5418 Å), θmax the angle
t the peak maximum, and B2θ is the width (in radians) of the
eak at half height.

The XRD results show that, the variation in particle size of
he electrocatalyst during potential scans is negligible (Table 1).
his fact may be explained as follows: ruthenium exists partly

n the form of amorphous hydrous oxide, RuOxHy, which does
ot manifest itself in the XRD patterns. Compared with the
etallic ruthenium incorporated into the face-centered cubic

fcc) lattice of platinum, amorphous ruthenium oxides have a
tronger tendency to dissolve from the catalyst surface [10].
o the partial dissolution of ruthenium from the electrocata-

yst could not be observed in the XRD patterns. The hydrous
uthenium oxide, RuOxHy, is a mixed electron/proton conductor
34–36]. Its loss leads to both an enhanced pure ohmic resistance
nd an increased charge-transfer impedance for methanol oxida-
ion, as revealed by the Nyquist diagrams of anode EIS shown in
igs. 3 and 7.

From the TEM images (Fig. 9), it seems that after a poten-
ial scan in 0.2–0.7 V region, the catalyst particles grew to some
xtent. The apparent mean particle size increased from 3.1 nm
o 3.5 nm (Table 1). But according to the XRD results, the
real” particle size did not change. So this phenomenon may
e explained by the migration of catalyst crystallites under elec-
rochemical stress.

The results of the EDX analysis obtained from the cata-
yst layer (Table 2) revealed two changes after a potential scan
n 0.2–0.7 V region: the enhanced Pt/Ru weight ratio, and the
ncreased carbon content. The former confirmed the dissolu-
ion of ruthenium from the electrocatalyst, and the latter likely
uggests that part of catalyst crystallites migrated within the
atalyst layer under electrochemical stress [7,37]. This expla-
ation is also in consistent with the TEM images shown in
ig. 9.

. Conclusions

For the direct methanol fuel cell, the anode potential is one of
he most important factors that influences the stability of elec-
rocatalysts. Compared with the cathode potential, the anode
otential normally has a relatively weak influence on electro-

atalysts. But in the case of deep discharge or short circuit, the
node potential value may exceed 0.6 V versus DHE, which is
armful to the anode electrocatalyst. The dissolution of anode
atalyst components results in an enhanced ohmic resistance and
lowered catalytic activity for methanol electro-oxidation.
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