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a b s t r a c t

The dissolution of Ru from the PtRu electrocatalyst has been identified as one of the most critical factors
in degrading the performance of polymer electrolyte membrane fuel cells (PEMFC). In this work, we
prepared an Au-modified PtRu catalyst (Au/PtRu) and found that the incorporation of Au could significantly
stabilize the PtRu electrocatalyst against the dissolution of Ru. The X-ray photoelectron spectroscopy (XPS)
characterization of the Au/PtRu catalysts revealed that the incorporation of Au increased the oxidation
potential of Ru, which is the mechanism that leads to a reduction in the dissolution of Ru from the alloyed
eywords:
irect methanol fuel cell (DMFC)
ethanol oxidation reaction

olymer electrolyte membrane fuel cell
PEMFC)
uthenium crossover
uthenium dissolution

catalyst. The XPS characterization of the cathode catalyst also showed that with the PtRu as the anode
catalyst Ru appeared at the cathode, but the crossover of Ru could be reduced when the anode catalyst
was changed to Au/PtRu.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Over the past decade, the polymer electrolyte membrane fuel
ell (PEMFC) has been studied extensively as it shows a promise in
tationary and mobile applications [1]. Although this type of fuel
ell offers some important advantages, such as high power density
nd high energy-conversion efficiency, there are a number of chal-
enging technical problems to be resolved before its widespread
ommercialization, in which the durability has been recognized as
ne of the most critical issues [2–7]. An irreversible loss of per-
ormance is generally encountered after a PEMFC operates for a
ertain time [2]. Although the mechanism leading to the perfor-
ance loss has not been completely understood yet, the dissolution

f platinum is believed to play a major role in degrading fuel cell
erformance [2,3,8,9]. Bindra et al. [8] studied the dissolution of
t in phosphoric acid and found that the solubility increased with
he potential up to 1.1 V. They further showed that the dissolution
as a two-electron transfer reaction (Pt = Pt2+ + 2e−). This conclu-
ion, however, is inconsistent with another recent work [10], in
hich Xu et al. studied the dissolution behavior of platinum in

he acid media and found a ten-fold increase in the dissolved plat-
num concentration for every 92 mV increase in potential, which
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s much less than the value of 29.5 mV per decade predicted for
two-electron dissolution reaction (Pt = Pt2+ + 2e−). Therefore, the
issolution of Pt may proceed in other mechanisms involving a
eries of one-electron-transfer reactions (Pt-OH = Pt-OH+ + e−, Pt-
H + H+ = Pt2+ + H2O + e−) [2]. The dissolution can be explained by

he calculation results with the density functional theory (DFT),
hich indicates that the one-electron-transfer reaction involving

he electrochemical oxidation of oxyhydroxides is thermodynam-
cally allowed [11]. Although the details of the mechanism are
till controversial, it is widely accepted that the dissolution pro-
ess is closely related to the electro-oxidation reaction and thereby
ffected by the electro-oxidation potential of platinum. With this
nderstanding, increasing the electro-oxidation potential of plat-

num can be a way to reduce the dissolution of Pt. Most recently,
hang et al. [12] found that the platinum nanoparticles could be
tabilized against dissolution by depositing gold on the surface; the
mproved stability was achieved by the higher platinum oxidation
otential resulted from the gold clusters.

Relatively, the studies of the stability problems of the anode cat-
lyst are scarce. The PtRu alloy catalyst has been widely employed as
he anode catalyst in PEMFC or direct methanol fuel cell (DMFC) due

o its superior CO-tolerant ability [1,13]. Unfortunately, Ru is suscep-
ible to leach out from the PtRu catalyst, which can also degrade fuel
ell performance [14–17]. He et al. [14] found that the dissolution
f Ru led to a continuous decrease in the anode activity of the PtRu
atalyst to the methanol oxidation reaction (MOR) in phosphoric

http://www.sciencedirect.com/science/journal/03787753
mailto:metzhao@ust.hk
dx.doi.org/10.1016/j.jpowsour.2008.06.009
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mote the kinetics of the MOR. The improvement was also reported
elsewhere, and was generally attributed to the synergistic effect
between Au and Pt or PtRu [31–40]. Au is a highly active catalyst
to catalyze CO oxidation reaction at low temperatures [41]. And
Z.X. Liang et al. / Journal of P

cid. Moreover, recent studies showed that the dissolution of Ru
as also detrimental to the cathode performance of DMFCs [15–18].
aldez et al. reported that Ru dissolved from the anode side would
ermeate through the polymer electrolyte membrane (PEM) and
edeposit on the Pt nanoparticles at the cathode side, known as “Ru
rossover” [15]. The deposition of Ru on the Pt sites could not only
ower the activity to the oxygen reduction reaction (ORR) but also
ecrease its ability to handle “methanol crossover” [16]. The study
y Piela et al. suggested that the overall effect of “Ru crossover” on
he cell performance was from 40 mV up to 200 mV, depending on
he degree of the cathode contamination [16].

Our literature review indicates that in addition to the dissolution
f Pt at the cathode, the dissolution of Ru at the anode is also a
ritical issue, which can lead to fuel cell performance degradation.
he objective of this work was to reduce the dissolution of Ru from
he PtRu electrocatalyst by depositing the Au clusters onto the PtRu
anoparticles.

. Experimental

Au was deposited onto the surface of the PtRu black catalyst (E-
EK Company) by a well-developed method [12,19–24]. The first
tep of this method is to form Cu monolayers onto the surface of
he PtRu nanoparticles by the under-potential deposition (UPD)

ethod. The prepared samples are then immersed into the AuCl3
olution so that the spontaneous deposition of Au will take place
y the galvanic displacement of Cu monolayers. More specially,
n this work, Cu was first deposited onto the PtRu catalyst with
.10 mol dm−3 CuSO4 solution (plus 0.50 mol dm−3 H2SO4). The
tRu catalyst covered with Cu monolayers was rinsed to remove
esidual CuSO4, and placed into 1.0 mmol dm−3 AuCl3 solution in
n N2 atmosphere. After the immersion for ten minutes, Cu was
ompletely displaced by Au; the electrode was then immersed
n 0.50 mol dm−3 H2SO4 solution to exchange the metal ions for
nother ten minutes. Finally, the electrode was rinsed in D.I. water
o remove the absorbed sulfuric acid.

The electrochemical characterizations of the prepared catalyst
amples were conducted in a fuel cell setup [4], in which the PtRu
atalyst or the Au/PtRu catalyst was used at the anode, while the
t catalyst was employed at the cathode. A Nafion® 115 mem-
rane, pretreated according to the standard procedures detailed
lsewhere [25–27], was used as the electrolyte. The experiments
ere carried out by connecting, respectively, the anode of the cell to

he working electrode and the cathode to the reference and counter
lectrodes of a potentiostat.

The dissolution of Ru from the PtRu and the Au/PtRu catalysts
as studied using the potential cycling technique [2,16–18]. During

he course of the experiments, the anode was fed with D.I. water
deaerated by ultrahigh purity nitrogen for 30 min) at the flow rate
f 1.0 ml min−1, while the cathode was fed with the hydrogen gas at
0.0 ml min−1 (serving as the dynamic hydrogen electrode, DHE).
he potential of the anode was swept from 0.20 V to 0.80 V (vs.
HE) at the scanning rate of 0.20 V s−1. The degradation behavior
f the electrocatalysts after various cycles of potential cycling was
haracterized by the anode polarization curve and the methanol
tripping curve [17,18].

The anode polarization curve was measured by feeding
ydrogen to the cathode at 20 ml min−1 and methanol solution
1.0 mol dm−3) to the anode at 1.0 ml min−1. The anode polariza-

ion curve was recorded by applying the potential between 0 V and
.40 V with a scanning rate of 3 mV s−1. Methanol stripping method
as used to measure the active surface area of the PtRu catalyst

28]. Methanol was first adsorbed onto the PtRu catalyst by flow-
ng 1.0 mol dm−3 methanol solution through the anode for 20 min,

F
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hile holding the PtRu catalyst electrode potential at 0.10 V (vs.
HE). The anode was then washed by flowing D.I. water through

he electrode for 10 min, while the potential was still held at 0.10 V,
o remove methanol from the anode chamber. The methanol strip-
ing curve was recorded in the potential range between 0.10 V and
.70 V at 20 mV s−1.

. Results and discussion

Fig. 1 shows the cyclic voltammogram of the PtRu catalyst in
.10 mol dm−3 CuSO4 plus 0.50 mol dm−3 H2SO4 aqueous solution.
or comparison, the voltammogram in the base electrolyte is also
hown in the same figure. In the case of the forward scan, the hydro-
en desorption region (−0.2–0 V vs. saturated calomel electrode,
CE) is masked in the presence of copper, and two more peaks
centered at 0.1 V and 0.5 V) corresponding to the Cu stripping are
resent. As to the backward scan, the oxide reduction peak is dis-
orted by the onset of Cu UPD, of which the peak is around 0.1 V. This
esult is consistent with that reported previously [29,30]. Kucernak
nd Green [29,30] attributed the peak at lower potential to the cop-
er deposition on ruthenium sites, while the other peak at higher
otential to the deposition on platinum sites in the bimetallic PtRu
atalyst. They further demonstrated that Cu monolayers could be
niformly deposited onto both Pt and Ru sites below the UPD poten-
ial of 0.3 V. When the potential exceeded 0.3 V, ruthenium would
e oxidized gradually; as a result, the deposition of Cu on Ru sites
ould be hindered and only occur on Pt sites. For this reason, the
eposition potential in this work was selected to be 0.30 V (vs. stan-
ard hydrogen electrode, SHE) for the uniform deposition of Cu
onolayers, which ensured further uniform deposition of Au onto

he PtRu catalyst.
It is well understood that pure Au is inactive to the methanol

xidation reaction in acid electrolyte at low temperatures. The
eposited Au can occupy the active sites of the PtRu catalyst, which
ight reduce its electrocatalytic activity to the MOR. Therefore, we

eed to study the effect of the Au deposition on the electrocatalytic
ctivity of the catalyst. Fig. 2 shows the anode polarization curves of
he PtRu catalyst and the Au/PtRu catalyst. The anode polarization
urve of the Au/PtRu catalyst is found to be slightly better than that
f the PtRu catalyst, indicating that the deposition of Au can pro-
ig. 1. Cyclic voltammograms of the PtRu catalyst in 0.50 mol dm−3 H2SO4 and
.10 mol dm−3 CuSO4 plus 0.50 mol dm−3 H2SO4.
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ig. 2. Anode polarization curves of the PtRu catalyst and the Au/PtRu catalyst.

he incorporation of Au to Pt based catalyst can effectively reduce
he overpotential of the CO oxidation reaction [31–34]. Based on
his information, the CO-like species formed on Pt sites during the

OR may ‘jump’ to the neighboring Au sites and then be electro-
xidized by the oxygen-containing species on Ru sites [34,35]. The
atter reaction can be carried out without activation energy, which

ay be the mechanism that lowers the overpotential of the MOR
n the Au/PtRu catalyst. The synergistic effect can be described as:

t− (CO)ads + Au
diffusion←→ Pt+ Au− (CO)ads (1)

u–(CO)ads+Ru–OH → Au + Ru + CO2+H+ + e− (2)

e now need to consider the possibility of the CO diffusion, Eq. (1),
o rationalize the above analysis. Firstly, the CO diffusion on the Pt
atalyst has been reported to be an important process that consid-
rably affects the CO oxidation reaction [42,43]. A rough estimation
hows that a single adsorbed CO molecule can make over 105 jumps
etween nearest adsorption sites during the time interval of 100 s.
herefore, the CO diffusion at the interface between Au and Pt is
ossible. Secondly, the adsorption energy of CO on Pt(1 1 1) and
u(1 0 0) was reported to be 85 kJ mol−1 and 58 kJ mol−1, respec-
ively [44,45]. The energy change for the CO diffusion between
he Pt sites and the Au sites can thus be estimated to be around
0 kJ mol−1, which is not a large value. Accordingly, it is reasonable
o suppose that the CO diffusion, Eq. (1), occurs quasi-reversibly at
he Au/Pt interface and facilitates the successive (CO)ads removal
eaction, Eq. (2). In summary, the synergetic effect between Au and
tRu can enhance the electrocatalytic activity toward the MOR with
he Au/PtRu catalyst.

Fig. 3 shows the change of the anode polarization curves of the
tRu catalyst and the Au/PtRu catalyst during the course of the
otential cycling. From Fig. 3a, it can be seen that the anode overpo-
ential of the PtRu catalyst increased by 20 mV after 10,000 cycles
f potential cycling. In contrast, however, the anode polarization
urve of the Au/PtRu catalyst exhibit negligible changes during the
otential cycling test, as seen from Fig. 3b. Hence, it can be con-
luded that the electrochemical stability of the Au/PtRu catalyst
s higher than the original PtRu catalyst. The higher electrochemi-
al stability of the Au/PtRu catalyst can also be observed from the
ethanol stripping results shown in Fig. 4. As can be seen from
ig. 4a, for the PtRu catalyst, the peak potential of the methanol
tripping curve shifted to higher potentials after potential cycling.
or the Au/PtRu catalyst, however, Fig. 4b indicates that the peak
otential did not change. The positive shift in the peak potentials
as been regarded as the indication of the dissolution of Ru from

s

a
c
c

ig. 3. The change of the anode polarization curves of the PtRu catalyst and the
u/PtRu catalyst during the course of potential cycling: (a) the PtRu catalyst and (b)
he Au/PtRu catalyst.

he PtRu catalyst [16–18]. In summary, both the anode polarization
nd methanol stripping results shown in Figs. 3 and 4 indicate that
u is inclined to leach out from the PtRu catalyst, but the incor-
oration of Au into the catalyst can significantly stabilize the PtRu
atalyst against the dissolution of Ru.

To study the mechanism why the incorporation of Au into the
tRu catalyst can stabilize the PtRu catalyst, we characterized the
hange in the elemental electronic structure of Ru before and after
he incorporation of Au using X-ray photoelectron spectroscopy
XPS). The XPS spectra of Ru 3p3/2 of the PtRu catalyst and the
u/PtRu catalyst are compared in Fig. 5. A positive shift of 0.4 eV

s seen in the binding energy of Ru 3p3/2 after the incorporation of
u, indicating that the electronic structure of Ru was altered and
charge transfer flew from Ru to Au. This result is consistent with

hat by Kuhn et al. [46], who investigated the electronic properties
f the Au/Ru(0 0 1) surfaces and found a net charge transfer from Ru
oward Au based on the ab initio self-consistent-field calculations.
s the electron loss in Ru increases the oxidation state of Ru, the
xidation of Ru (Ru = Ru3+ + 3e−) in the Au/PtRu catalyst requires
uch higher potentials than in the unmodified one. As a result,

he dissolution of Ru can be reduced and the PtRu catalyst can be
tabilized by the incorporation of Au [12].
Fig. 6 shows the XPS spectra of Ru3p and Pt4f of the cathode cat-
lyst with the PtRu catalyst and the Au/PtRu catalyst as the anode
atalysts after potential cycling for 20,000 cycles. From Fig. 6a, it
an be observed that the peak of Ru3p was very clear for the cath-
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ig. 4. The change of the methanol stripping curves of the PtRu catalyst and the
u/PtRu catalyst during the course of potential cycling: (a) the PtRu catalyst and (b)
he Au/PtRu catalyst.

de catalyst with the PtRu catalyst as the anode catalyst; however,
he signal of Ru3p was rather weak for the cathode catalyst with
he Au/PtRu catalyst as the anode catalyst, as shown in Fig. 6b.
his indicates that considerable amount of Ru was present in the

athode catalyst with the PtRu as the anode catalyst, whereas only
races of Ru existed in the cathode catalyst with the Au/PtRu as the
node catalyst. The presence of element Ru in the cathode catalyst
tems from the crossover of Ru from the anode to the cathode, as

Fig. 5. XPS spectra of Ru 3p3/2 of the PtRu catalyst and the Au/PtRu catalyst.
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ig. 6. XPS spectra of Ru 3p and Pt 4f of the cathode catalyst with the PtRu and the
u/PtRu as the anode catalyst after potential cycling for 20,000 cycles: (a) the PtRu
atalyst and (b) the Au/PtRu catalyst.

eported previously [15,16]. With the PtRu as the anode catalyst, Ru,
hich leached out during the potential cycling test, could permeate

hrough the polymer electrolyte membrane and redeposit onto the
urface of the Pt catalyst in the cathode, resulting in a considerable
mount of Ru in the cathode catalyst. In contrast, the dissolution of
u was significantly suppressed for the Au/PtRu catalyst; as a result,
he crossover of Ru was reduced to a great extent. This explains why
nly trace amount of Ru was found in the cathode catalyst with the
u/PtRu as the anode catalyst.

. Conclusions

In this work, we demonstrated that the stability of the PtRu cat-
lyst was significantly improved against the dissolution of Ru as a
esult of the incorporation of Au. The XPS characterization of the
u/PtRu catalysts revealed that the incorporation of Au increased
he oxidation potential of Ru, which is the mechanism that leads
o a reduction in the dissolution of Ru from the alloyed catalyst.
urthermore, we found that the crossover of Ru could be reduced
hen the Au/PtRu catalyst was employed as the anode catalyst.
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