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bstract

Carbon supported platinum metal alloy catalysts (Pt–M/C) are widely used in low temperature fuel cells. Pt alloyed with first-row transition
lements is used as improved cathode material for low temperature fuel cells. A major challenge for the application of Pt–transition metal alloys in
hosphoric acid (PAFC) and polymer electrolyte membrane (PEMFC) fuel cells is to improve the stability of these binary catalysts. Dissolution of
he non-precious metal in the acid environment can give rise to a decrease of the activity of the catalysts and to a worsening of cell performance.

he purpose of this paper is to provide a better insight into the stability of these Pt–M alloy catalysts in the PAFC and PEMFC environments and

he effect of the dissolution of the non-precious metal on the electrocatalytic activity of these materials, in the light of the latest advances on this
eld. Additionally, the durability of a PtCo/C cathode catalyst was evaluated by a short test in a single PEM fuel cell.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Low-temperature fuel cells, with either hydrogen (phospho-
ic acid fuel cell, PAFC, and polymer electrolyte membrane fuel
ell, PEMFC) or methanol (direct methanol fuel cell, DMFC)
s the fuel, represent an environmentally friendly technology
nd are attracting considerable interest as a means of produc-
ng electricity by direct electrochemical conversion of hydro-
en/methanol and oxygen into water/water and carbon dioxide
1,2]. The basic electrode reactions of the PAFC and PEMFC
re:

2 → 2(H+ + e−) (1)

1
2 O2 + 2(H+ + e−) → H2O (2)
n the case of the DMFC the electrode reactions are:

H3OH + H2O → CO2 + 6(H+ + e−) (3)

∗ Corresponding author. Tel.: +55 16 3373 9899; fax: +55 16 3373 9952.
E-mail address: ernesto@iqsc.usp.br (E.R. Gonzalez).
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3
2 O2 + 6(H+ + e−) → 3H2O (4)

here are, however, severe shortcomings of the present technolo-
ies, which need to be overcome to make low-temperature fuel
ells more economically attractive. One of the most important
roblems is related to the low rate of the cathodic reaction where
xygen is reduced. Platinum has the highest catalytic activity for
xygen reduction of any of the pure metals and when supported
n a conductive carbon serves as state of the art electrocatalyst
n PAFC, PEMFC and DMFC air cathodes [3]. However, due to
inetic limitations of the oxygen reduction reaction (ORR) the
athodic overpotential losses amount to 0.3–0.4 V under typ-
cal PEMFC operating conditions [3]. Recently Norskøv et al.
4], using density functional theory calculations, showed that the
verpotential of the reactions (2) and (4) can be linked directly to
he proton and electron transfer to adsorbed oxygen or hydrox-
de, which are strongly bonded to the surface at the electrode

otential where the overall cathode reaction is at equilibrium.
heir model predicts a volcano-shaped relationship between the

ate of the cathodic reaction and the oxygen adsorption energy.
he model explains why Pt is the best elemental cathode mate-

mailto:ernesto@iqsc.usp.br
dx.doi.org/10.1016/j.jpowsour.2006.03.006
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ial and why alloying can be used to improve its performance.
he development of a more active oxygen reduction electrocat-
lyst than Pt has been the subject of extensive research for a
umber of decades. The search for ORR catalysts more active,
ess expensive and with greater stability than Pt has resulted in
he development of Pt-alloys.

The improvement in the ORR electrocatalysis of Pt-alloys has
een ascribed to different structural changes caused by alloy-
ng, such as modifications in the geometrical (decrease of the
t–Pt bond distance) [5] or electronic (increase of Pt d-electron
acancy) [6] structure of platinum metal.

Regarding the DMFC, one of the major problems, which
ecreases the efficiency of conversion of the chemical energy of
he methanol fuel to electrical energy, is the methanol crossover
hrough the polymer electrolyte. The problem of methanol
rossover in DMFCs has been extensively studied [7–11]:
ethanol adsorbs on Pt sites in the cathode for the direct reac-

ion between methanol and oxygen. The mixed potential, which
esults from the oxygen reduction reaction and the methanol
xidation occurring simultaneously, reduces the cell voltage,
enerates additional water and increases the required oxygen
toichiometric ratio. This problem could be solved either by
sing electrolytes with lower methanol permeability or by devel-
ping new cathode electrocatalysts with both higher methanol
olerance and higher activity for the oxygen reduction reaction
han Pt. Higher methanol tolerance is reported in the literature
or non-noble metal electrocatalysts based on chalcogenides
12–15] and macrocycles of transition metals [16,17]. These
lectrocatalysts have shown nearly the same activity for the
RR in the absence as well as in the presence of methanol.
owever in methanol free electrolytes, these materials did not

each the catalytic activity of dispersed platinum. Developing
sufficiently selective and active electrocatalyst for the DMFC

athode remains one of the key tasks for further progress of this
echnology. The current direction is to test the activity for the
RR in the presence of methanol of some alloys of the first-row

ransition metals, which present a higher activity for ORR than
latinum in low temperature fuel cell operated on hydrogen.

Carbon supported Pt and Pt–M electrocatalysts are gener-
lly used in low temperature fuel cells to enhance the rates of
he hydrogen oxidation and oxygen reduction reactions. In such
atalysts, the high surface to volume ratio of the metal particles
aximizes the area of the surface available for reaction. If the
etal particles cannot maintain their structure over the lifetime

f the fuel cell, change in the morphology of the catalyst layer
rom the initial state will result in a loss of electrochemical activ-
ty. Indeed, one of the major problems of these catalysts is their
tability in the acid environment of PAFC and PEMFC. Pt and M
issolution and Pt sintering are present in PAFCs and, to a less
xtent, in PEMFCs. It is known that a large part of the non-noble
etals is present in the carbon supported Pt-based catalyst in an

nalloyed form [18] and that a remarkable dissolution of these
on-precious metals in the oxide form occurs in acid environ-

ent [19]. As Pt is only slightly soluble in acid environment,

he result is an enrichment of Pt on the catalyst surface.
The purpose of this paper is to provide a better insight into

he stability of Pt–M alloy catalysts in PAFC and PEMFC envi-
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onment and the effect of the dissolution of the non-precious
etal on the electrocatalytic activity of these materials, in the

ight of the latest advances on this field. An experimental test
n the stability of a carbon supported Pt–Co electrocatalyst, pre-
ared by alloying at high temperature, following 24 h of PEMFC
peration is also presented.

. Experimental

.1. Preparation of the electrocatalyst

Carbon-supported Pt–Co electrocatalysts were prepared
sing the following method. The required amount of E-TEK
0 wt.% Pt/Vulcan XC-72 (particle size 2.8 nm) was dispersed
n distilled water followed by ultrasonic blending for 15 min.
he pH of the solution was raised to 8 with dilute ammonium
ydroxide. Stirring was continued during and after the pH adjust-
ent. The required amount of a solution of cobalt chloride

CoCl2·6H2O, Aldrich) was added to this solution. This was
ollowed by the addition of dilute HCl to the solution until a pH
f 5.5 was attained. Stirring was continued for 1 h and then the
esultant mass was filtered and dried at 90 ◦C in an air oven for
h. Subsequently, the solid was well grinded and the powder
as heat-treated at 900 ◦C in a hydrogen/argon atmosphere for
h to form the respective binary alloy catalyst.

.2. Electrode preparation and test in single PEMFC

To test the electrochemical behavior in a single PEMFC
ed with hydrogen/oxygen, these catalysts were used to make
wo-layer gas diffusion electrodes. A diffusion layer was made
ith carbon powder (Vulcan XC-72) and 15% (w/w) PTFE

nd applied over a carbon cloth (PWB-3, Stackpole). A homo-
eneous water suspension of carbon powder and PTFE was
ltered under vacuum onto both faces of the carbon cloth

o form the gas diffusion layer of the electrode. On top of
his layer, the catalyst was applied in the form of a homoge-
eous dispersion of Pt–Co/C, or Pt/C, Nafion solution (5%,
ldrich) and 2-propanol (Merck) by a painting procedure. All

lectrodes were made to contain 0.4 mg Pt cm−2. The Pt load-
ng was determined by weight. The experimental error in the
atalyst loading was ±2 wt.%. It was noted that during the
ainting procedure the platinum loss was about 10 wt.%. To
ecrease Pt loss, an excess of Pt (10 wt.%) was used in the
atalytic ink. After drying, the electrodes were hot-pressed on
oth sides of a Nafion 115 membrane at 125 ◦C and 50 kg cm−2

or 2 min. Before use, the Nafion 115 membranes were treated
ith a 3% solution of H2O2, washed, and then treated with
0.5 mol L−1 solution of H2SO4. The geometric area of the

lectrodes was 4.62 cm2, and the anode material was 20%
t/C E-TEK. The cell temperature was 80 ◦C and the reagent
ases were humidified at 85 ◦C (oxygen) and 95 ◦C (hydrogen)
nd fed to the cell at atmospheric pressure. Before recording

he current–potential curves, the single PEMFC was stabilized
y operating it at 500 mA cm−2 for 2 h. The durability test
as performed by operating the PEMFC at 500 mA cm−2 for
4 h.
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.3. Energy dispersive X-ray analyses (EDX)

The atomic ratios and the elemental mapping of the Pt–Co/C
atalysts were determined by the EDX technique coupled to
scanning electron microscopy LEO Mod. 440 with a silicon

etector with Be window and applying 20 keV.

.4. X-ray diffraction (XRD)

X-ray diffractograms of the catalysts were obtained in a uni-
ersal diffractometer Carl Zeiss-Jena, URD-6, operating with Cu
� radiation (λ = 0.15406 nm) generated at 40 kV and 20 mA.
cans were done at 3◦ min−1 for 2θ values between 20 and 100◦.

. Stability of pure Pt in PAFC and PEMFC
nvironments

In this section we will briefly discuss the dissolution of pure Pt
n PAFC and PEMFC environments. At the cathode the problems
f Pt dissolution and Pt sintering are present in both PEMFCs
nd PAFCs. It has to be underlined, however, that the operating
nvironment of the polymer electrolyte fuel cells is not nearly
s severe as that of the PAFCs; then a better stability of these
lloy catalysts in the PEMFC environment would be expected.

.1. PAFC conditions

Platinum particle sintering takes place in Pt/C catalysts dur-
ng operation in PAFCs. Platinum growth rate is high for small
articles (<10 nm), likely by the higher solubility in phospho-
ic acid of edge and corner atoms with respect to 〈1 1 1〉 and
1 0 0〉 atoms, but above 10 nm the size tends to stabilize. Many
tudies have been devoted to evaluating the mechanism of
latinum particle agglomeration in PAFC conditions [20–24].
ssentially, two mechanisms have been proposed to explain

he surface area loss of carbon-supported platinum: (1) disso-
ution/reprecipitation [20–22] of platinum and (2) surface dif-
usion [23–25]. In the former case, the platinum dissolves in
ot phosphoric acid; then, following the saturation of electrolyte
ith platinum ions, Pt redeposition takes place. The effect of pH
f the liquid environment in Pt particle growth was observed by
eard and Ross [26]. They prepared carbon-supported Pt–Co
lloys by adding Pt/C catalyst at room temperature into two
obalt solutions, at pH 2 and 11, respectively. When the sup-
orted Pt was added into the solution at pH 11, the platinum
article size changed only slightly, while in the case of the solu-
ion at pH 2 a remarkable particle growth was observed, from
.5 to 3.4 nm. Thus, it seems that the acidic solution affects the
igh-surface-area Pt particle by a dissolution/deposition pro-
ess since, according to Pourbaix [19], Pt is slightly soluble in
cidic environment. As observed by Hyde et al. [27], following
500 h of cell operating, about 10 wt.% of the platinum was lost
rom the cathode and migrated across the phosphoric acid to the
node, supporting as a consequence the dissolution/redeposition

echanism. According to Honji et al. [20], Pt particle growth in

hosphoric acid is noticeably larger in the presence of air than
n the presence of nitrogen. In the latter case, the area loss of
upported platinum occurs by surface diffusion of crystallites
Sources 160 (2006) 957–968 959

23,24] or migration of platinum atoms on the carbon surface
25]. This hypothesis is based on the experimental results of Bett
t al. [25]: they found that the nature of the liquid environment
eems to have no effect on Pt sintering. Many studies [23,28–35]
howed that the resistance to sintering is related to the presence
f surface oxygen groups, which interact with the movement of
he Pt particles on the carbon surface.

Contradictory results have been reported on the effect of elec-
rode potential on Pt particle growth. Stonehart and Zucks [36]
nvestigated the dependence of the sintering of unsupported plat-
num on potential. They found that the rate of agglomeration is
reatest at low and smallest at high potentials. For that regard-
ng carbon-supported platinum, Bett et al. [25] and Gruver et al.
24] found that the electrode potential has only a small effect on
he crystallite growth rate. Honji et al. [20], instead, observed
potential dependence of the Pt sintering. Unlike the results of
tonehart and Zucks regarding Pt black [36], the particle size

ncreases with increasing the potential, particularly at 0.90 V
ersus reversible hydrogen electrode (RHE).

Finally, the stability of the carbon support also affects the
oss of platinum surface area following both platinum particle
intering and platinum release from the carbon support [37–40].
he relation of carbon corrosion and platinum sintering was
bserved from TEM analysis by Gruver [37]. McBreen et al.
38] showed that Regal 660R carbon with a low volatile content
nd neutral pH stabilises platinum particles against sintering.
hermal treatment stabilises carbon against the corrosion in hot
hosphoric acid [37].

.2. PEMFC conditions

As previously reported, the acid environment in the PEMFCs
s different from that of the PAFCs. The anions of the perfluori-
ated sulfonic acid polymer are only weakly adsorbed on Pt, in
ontrast to the phosphoric anions, which are strongly adsorbed.
urthermore, the PEMFCs operates at <100 ◦C, as compared
ith the PAFCs, which operates at twice this temperature.
Over the past decade only limited effort has been put into

ddressing the issue of PEMFC stability and durability. A num-
er of mechanisms can contribute to performance degradation
ncluding: catalyst dissolution, catalyst sintering, membrane
egradation, and carbon corrosion. A mathematical model has
een developed at United Technologies Co. (UTC FC) for the
inetics of platinum dissolution relevant to PEMFCs [41]. Dar-
ing and Meyers [41] showed that Pt dissolution in polymer
lectrolyte fuel cells is negligible at low and high potentials, but
s large at intermediate potentials. In their kinetic model of Pt
issolution in PEMFCs, they explained the effect of potential in
he following way, by considering three possible reactions:

t → Pt2+ + 2e− (platinum dissolution) (5)

Pt + H2O → PtO + 2H+ + 2e−
(platinum oxide film formation) (6)

PtO + 2H+ → Pt2+ + H2O

(chemical dissolution of platinum oxide) (7)
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30%, with the Series A 1200 ◦C sample (higher degree of alloy-
ing than Series B 1200 ◦C) losing only 15%. Loss of cobalt in the
phosphoric acid environment was the lowest among alloyed cat-
alysts examined, particularly when the Pt3Co ordered phase was

Table 1
XRD lattice parameters of Pt–Co catalysts before and after a duration test in
PAFC and Co loss determined by X-ray fluorescence [26]

Sample Pt
(wt.%)

Lattice
parameter
before test
(nm)

Lattice
parameter
after test
(nm)

Co loss
(%)
60 E. Antolini et al. / Journal of P

eaction (7) is assumed to be slow, but it is necessary for the
odel to relax to equilibrium at high potentials when Pt2+ and
tO are in equilibrium. The model and experimental data indi-
ated that at lower potentials (i.e. under the conditions of normal
2/air fuel cell operation), the solubility of platinum in acid is
uite low. At higher potentials and on exposure to air to form PtO,
he oxide layer effectively insulates the platinum particles from
issolution. At intermediate potentials, however, the uncovered
urface is prone to high rates of platinum dissolution.

Recently, Ferreira et al. [42] found that equilibrium concen-
rations of dissolved platinum species from a Pt/C electrocatalyst
ample in 0.5 M H2SO4 at 80 ◦C increase when the applied
otential increases from 0.9 to 1.1 V versus RHE. In addition,
he platinum surface area loss for a short-stack of PEMFCs oper-
ted at open-circuit voltage (∼0.95 V) was shown to be higher
han another operated under load (∼0.75 V). Both findings sug-
est that the formation of soluble platinum species (such as Pt2+)
lays an important role in platinum surface loss in PEMFC elec-
rodes.

Mukerjee and Srinivasan [43] evaluated the lifetime in single
EMFC at a constant current density of 200 mA cm−2. Consid-
ring the excellent stability of the Dow membrane, the lifetime
f the PEMFC essentially depends on the catalyst stability. The
ell potential was monitored over a time period of 1200 h. A
ood stability of cell potential, and, as a consequence, of plat-
num particles up to 800 h, followed by a slow decrease in the
erformance of the cell, was observed.

On the other hand, it has been shown that Pt can be found in
he membrane after membrane electrode assembly (MEA) aging
n a fuel cell, indicating that Pt dissolution can affect the cell
erformance at regular operating temperatures of a PEMFC [44].

Electrochemical surface oxidation of Vulcan XC-72, a car-
on black commonly used in PEM fuel cells, was studied by
angasniemi et al. [45] following potentiostatic treatments up

o 120 h at potentials from 0.6 to 1.2 V at room temperature and
5 ◦C. They found clear signs of surface oxidation after only 16 h
t potentials ≥0.8 V, verifying that surface oxides can be gen-
rated under simulated PEM fuel cell conditions. These result
uggests that changes in component hydrophobicity, driven by
arbon surface oxidation, are an important factor in determining
ong-term PEMFC performance instability and decay. To over-
ome this problem, Wang et al. [46] found that multi walled
arbon nanotubes show lower loss of Pt surface area and oxy-
en reduction reaction activity than carbon black Vulcan XC-72,
hen used as PEM fuel cell catalyst support, as a result of high

orrosion resistance.

. Stability of Pt–M catalysts in PAFC and PEMFC
nvironment

.1. PAFC conditions

UTC developed carbon supported platinum with base tran-

ition metals as V and Cr [47]. By measurements carried out
n electrodes with gas diffusion geometry under PAFC condi-
ions the Pt–Cr resulted the more active catalyst. It was reported
hat in the case of the Pt–V alloy in 99% H3PO4, 194 ◦C and

S
S
S
S

Sources 160 (2006) 957–968

t a potential of 0.9 V reference hydrogen electrode, over 67%
f vanadium dissolved, whereas only 37% of the Cr dissolved.
ven this loss of the alloying constituent, the activity of the alloy
athodes was higher than pure Pt cathodes with the same amount
f Pt. In this patent limited attempts were made to understand
his enhancement in activity and in elucidating the state in which
he base-metal is present in the catalyst.

The ORR activity of bulk Pt–Cr alloys was investigated
y Paffett et al. [48]. They ascribed the improvement of the
RR activity of Pt–Cr catalysts to the dissolution of the passive

lloying component, leading to surface roughening and hence
ncreased surface area. Their results show that potential excur-
ions, especially beyond 1.25 V with respect to the reference
ydrogen electrode, result in selective depletion of chromium
present as Cr(III) oxide or hydroxide on the surface) as Cr(IV)
pecies in solution. Binary alloys of Pt–Cr with Cr composition
50% have been shown to produce chromium depletion extend-

ng two to three monolayers from the surface. The bulk alloys
icher in chromium have been shown to suffer a much greater
epletion with a platinum enriched zone capable of extending
p to 100 nm from the surface.

Beard and Ross [26] investigated the ORR activity under
AFC conditions of carbon supported Pt–Co alloy catalysts in
he form of fuel cell electrodes. They prepared Pt–Co/C cata-
ysts starting from commercial Pt/C (10% Pt) by two methods.

method (Series A) consisted in the preparation of an acidic
pH 2 by addition of HCl) Co(OH)2 solution in water/methanol,
ollowed by Pt/C addition into this solution. In the other method
Series B) Pt/C was added into a basic (pH 11 by addition of
H4OH) Co(NO3)2 solution in water/methanol. In both cases

he Pt:Co atomic ratio was 3:1. Three thermal treatments at 700,
00 and 1200 ◦C under inert atmosphere were performed on each
atalyst. In both series in the absence of thermal treatment the
atalyst has a lattice parameter, obtained from XRD, indicative
f pure Pt. Following thermal treatments in Series A the lat-
ice parameter decreased with increasing heating temperature,
ndicative of alloy formation. As shown in Table 1, the results
f X-ray fluorescence indicated a significant effect of alloying
n Co dissolution during tests in PAFC. Both the as-prepared
not heat-treated) catalysts lost in excess of 80% of the cobalt
resent, whereas in Series B the catalyst treated at 1200 ◦C lost
eries A as-prepared 9.2 0.3295 0.3919 (0.3833) 82.2
eries A 1200 ◦C 8.8 0.3864 0.3866 (0.3833) 15.0
eries B as-prepared 9.2 0.3927 0.3907 (0.3828) 87.5
eries B 1200 ◦C 8.9 0.3910 0.3904 (0.3834) 28.4



ower Sources 160 (2006) 957–968 961

p
a
c
a
p
w
i
c
fi
T
c
t
f
t
p
a
o
b
l
d

a
t
t
t
o
t
t
t
l
p
w
l
d

a
a
T
m
d
f
o
f
o
s
s
t
o
C
s
t
f
w
h
e
i
[

F
a
[

e
h
p
P
b
r
s
s
p
s

4

4

t
a
o
a
p
w
P
s
P
h

s
a
P
i
F
a
c

E. Antolini et al. / Journal of P

resent. From the known solubilities of cobalt oxides in strong
cids [19], loss of unalloyed cobalt is not surprising, but some
obalt was lost from the alloy phase as well. The post test XRD
nalyses indicated that in each of the four tested catalysts one
hase had a lattice parameter close to that of Pt3Co (0.3831 nm),
ith the second phase being close to pure Pt. Indeed, the major-

ty of cobalt remaining in the catalyst was an alloy with Pt3Co
omposition, suggesting that this ordered alloy may have suf-
cient stability in PAFC conditions to be of practical interest.
hey ascribed the slight improvement of activity of the Pt–Co
atalysts with respect to pure Pt to some roughness effects, like
hose reported by Paffett et al. [48] for bulk Pt–Cr alloys, for sur-
aces dealloyed by corrosion of the base-metal or to the particle
ermination primarily in 〈1 0 0〉 vicinal planes (〈1 0 0〉 vicinal
lanes are more active than 〈1 1 1〉). Studies performed in par-
llel on Pt–Co bulk alloys [49] showed that, when heated in
xygen at fuel cell temperatures, the surface region is dealloyed
y oxidation to form a cobalt oxide overlayer. The oxide over-
ayer dissolves in hot concentrated phosphoric acid, leaving a
ealloyed pure Pt surface region on top of the bulk alloy.

Beard and Ross [50] subjected carbon supported Pt–Ti cat-
lysts, thermally treated at various temperatures, to stability
ests in phosphoric acid at standard fuel cell operating condi-
ions, 98% acid, 170 ◦C, potentials in the range of 0.6–0.9 V, in
he form of gas diffusion electrodes. The results indicated loss
f titanium in all the catalysts. The loss of Ti after the elec-
rochemical testing was much lower for the sample heated at
he highest temperature (1200 ◦C), indicating some stabiliza-
ion of Ti by alloying. They found that Pt3Ti alloy crystal-
ites are stable in H3PO4 at fuel cell air cathode conditions,
rovided the alloy crystallites are sufficiently large (>20 nm),
ith the surface, however, devoid of Ti. Smaller alloy crystal-

ites, instead, appeared unstable, with phase separation by Ti
issolution.

In a study on the ORR activity of carbon supported Pt–Co
lloys with Pt:Co atomic ratio 55:45 in PAFC conditions, Watan-
be et al. [51] observed higher activity on the alloys than on Pt.
hey found that the ordered Pt–Co structure presents 1.35 higher
ass activity compared to the disordered alloy. Moreover, they

emonstrated that both Pt and Co dissolve out preferentially
rom small-size alloy particles and Pt redeposits on the surface
f large-size ones in hot H3PO4. The observed decay in the per-
ormance of the alloy catalysts was explained by the leaching
f the alloyed non-precious metal to the electrolyte. Indeed, as
hown in Fig. 1, about 30% of the Co dissolved within a very
hort time, 1–2 h, at 0.8 V and 210 ◦C in hot H3PO4, and then
he dissolution slowed down. According to the authors, the loss
f Co at the initial stage may be attributed to the dissolution of
o atoms present on the surface of the alloy crystallites, and the

ubsequent slow loss may be due to that of the Co present in
he interior of the crystallite, since the inside atoms do not dif-
use out quickly. The alloy with a disordered crystallite structure,
hich is more corrosion-resistant than an ordered one, maintains

igher electrocatalytic activity for a longer time. Regarding the
ffect of atomic ordering on the stability of Pt–Co alloy catalysts
n PAFC conditions, it has to be pointed out that Beard and Ross
26], as previously reported, found an opposite result.

t
f
t

ig. 1. Changes of the remaining contents of Co in the ordered and disordered
lloys with corrosion time at 210 ◦C in 105% H3PO4. Reproduced from Ref.
51], Copyright (1994), by permission of The Electrochemical Society Inc.

It was found in PAFC durability evaluations that the base
lement of the Pt-alloy gradually leached out over thousands of
ours of normal fuel cell operation. The initial Pt-alloys were
repared using carbothermal reduction (mixing a pre-formed
t/C catalyst with the oxide of a chosen base-metal followed
y heat treatment to 800–1000 ◦C in an inert atmosphere), that
esulted in a solid solution and in which rapid quenching of the
maller crystallites impeded them from forming true equilibrium
tructures [52]. To rectify the problem, new catalysts were pre-
ared by subjecting them to a slow annealing to produce ordered
tructures that were found to be stable for 9000 h at 205 ◦C [53].

.2. PEMFC conditions

.2.1. Literature survey
As well analysed by Gasteiger et al. [54], there are at least

hree possible causes for the leaching of base-metal from a Pt-
lloy/C catalyst in PEMFCs: (i) excess base-metal deposited
nto the carbon support during preparation, (ii) incomplete
lloying of the base element to Pt due to a low alloying tem-
erature applied during formation of the alloy, (iii) even a
ell-alloyed base-metal may leach out of the surface under
EMFC operating conditions and leave a Pt-enriched surface or
kin since thermodynamically base-metals are unstable under
EMFC potentials in acidic electrolytes (even Pt-alloys do not
ave high enough heats of mixing to confer stability).

Mukerjee and Srinivasan [43] investigated durability and
tability of carbon supported Pt3Cr, Pt3Co and Pt3Ni alloy cat-
lysts in PEMFCs. The lifetime studies on these catalysts under
EMFC operational conditions showed only negligible losses

n performance over periods of 400–1200 h, as can be seen in
ig. 2. In this time range a high stability of the ratio between the
mount of the alloying component and the amount of Pt in the
atalyst was observed.
By XPS measurements, Toda et al. [6] found that most of
he Ni, Co or Fe easily disappeared from all the Pt-alloy sur-
ace layers, probably by dissolution, by submitting the surface
o an anodic potential of 1.1 V, even in diluted acid solution, at
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Fig. 2. Lifetime evaluation of carbon supported Pt and Pt-alloy electrocatalysts
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cobalt dissolution by diffusion into the membrane.

On the other hand, Park et al. [60] observed no dissolu-
tion of Ni in the bulk Pt–Ni (1:1) alloy nanoparticle catalyst
or oxygen reduction in PEMFCs. Current density 200 mA cm−2, cell tempera-
ure 50 ◦C, ambient pressure. (�) Pt; (©) PtCr; (	) PtNi; (�) PtCo. Reprinted
rom Ref. [43], Copyright (1993), with permission from Elsevier.

oom temperature. However, the alloy compositions determined
ith EDX analysis did not show apparent differences before

nd after the electrochemical experiments. Also, negligible dif-
erences were observed in the XRD patterns before and after
lectrochemical tests. These results indicate that the loss of the
ase-metal only occurs within few monolayers of the alloy sur-
ace. The modification of the electronic structure of this Pt layer
ith respect to that of the bulk alloys gives rise to an enhance-
ent of the ORR. The ORR activity of these catalysts decreased
hen the temperature was raised above 60 ◦C and settled to

lmost the same values as the Pt electrode [55]. This behaviour
as probably due to the thickening of the Pt skin-layer by con-

iderable dissolution of the non-precious metal components (Fe,
o, Ni) from the alloys.

Colon-Mercado et al. [56] evaluated the catalytic, corrosion
nd sintering properties of commercial Pt/C and Pt3Ni/C cat-
lysts using an accelerated durability test (ADT). The ADT
ell consists of a three-electrode system, which includes a
eference electrode, a platinum mesh counter electrode and
he catalyst-coated gas diffusion layer (GDL) as a working
lectrode. For the ADT, the electrodes were immersed in a
.3 M H2SO4 solution, which mimics the environment of the
lectrode–membrane interface on the cathode side. Unlike the
ase of an electrode–membrane assembly (MEA) interface, in
hich only the catalyst in contact with the membrane is active, in

he case of the ADT the entire active surface area of the catalyst is
xposed to protons, since the electrode is completely immersed
n the electrolyte. Under this specific condition, the deterioration
f the catalysts is accelerated. The degree of alloying of the Pt3Ni
atalyst was not indicated. They found that the total amount of Ni
issolved depends on the applied potential, and increases from
.3 to 12% when the potential increases from 0.4 to 0.9 V versus
he standard hydrogen electrode. A strong correlation between
he amount of Ni dissolved and the oxygen reduction activity of

he catalyst was observed. The increase of both the Ni loss and
he ORR activity loss with increasing the potential is shown in
ig. 3. Moreover, the carbon supported Pt3Ni alloy showed better
esistance to sintering than a pure platinum catalyst. According

F
P
P
p

ig. 3. Bar plot comparing the loss in activity with loss in alloying material
nder steady state conditions. Reprinted from Ref. [56], Copyright (2004) with
ermission from Elsevier.

o the authors, the mobility of platinum on a carbon surface is
indered when Ni is present; thus, the sintering effect of plat-
num atoms is suppressed. Similar results have been observed
y Wei et al. [57] for Pt–Fe alloy on a carbon substrate and by
algado et al. [58] for carbon supported Pt–Co alloys. The same
uthors [59] investigated the stability of different Pt–M (M = Fe,
o and Ni) alloy catalysts both using ADT and in PEM fuel cell

ests. Also in this work a strong correlation between the amount
f the alloying component dissolved and the ORR activity of the
inary alloy catalysts was observed. Fig. 4 shows the dissolu-
ion rate estimated for different Pt-alloy catalysts at 0.8 V versus
HE. The highest metal loss was estimated for the samples with
Pt to non-noble metal ratio of 1:1. As expected, the metal loss

n the samples with a Pt to non-noble metal ratio of 3:1 is lower
han that estimated for a Pt:M ratio of 1:1. In case of a Pt:M
atio of 1:1, the Pt–Ni alloy shows the lowest metal dissolution.
ross-sectional studies by electron microprobe analysis of the
embrane electrode assembly after fuel cell testing revealed
ig. 4. Non-noble metal dissolution data as a function of time for the different
t-alloy catalysts at a potential of 0.8 V vs. NHE. (�) Pt3Ni; (©) Pt3Co; (	)
tNi; (�) PtFe; (♦) PtCo. Reprinted from Ref. [59], Copyright (2005) with
ermission from Elsevier.



E. Antolini et al. / Journal of Power

F
0
[

i
r
c
a
i
N
l

c
e
p
I
T
l
w
c
c
c
T
m
t
1
a
f
l

t
o
b
i
m
i
l
t
6
d
d
a

o
l
P

N
i
s
d
i
t
s
f
f

m
b
b
c
t
r
c
8

b
a
P
a
t
P
i
w
m
t

o
P
i

P
o
l
f
o
a
c
P
t

o
l
m
t
P

ig. 5. Cobalt dissolution as a function of cycle number of PtCo electrode in
.1 M HClO4. The cycling test was conducted at 25 ◦C. Reprinted from Ref.
61], Copyright (2005) with permission from Elsevier.

n 2.0 mol L−1 CH3OH + 0.5 mol L−1 H2SO4 in the potential
ange of 0–1.6 V versus NHE. Although some dissolution of Ni
ould take place, the amount dissolved from the Pt lattice was
pparently very small. According to the authors, this indeed
mplies that the metallic state of nickel is either passivated by
i hydroxides or exists as a stable phase within the platinum

attice.
Yu et al. [61] evaluated the durability of a Pt–Co cathode

atalyst in the Pt:Co atomic ratio 2.5:1 in a dynamic fuel cell
nvironment with continuous water fluxing on the cathode. Fig. 5
resents the Co2+ concentration as a function of cycling number.
t is noted that 13.9 mol% cobalt dissolved in the first 400 cycles.
he amount of cobalt dissolution was reduced subsequently and

eveled off to approximately 6% after 800 cycles. This result
as coincidental with a high performance loss in the first 400

ycles and a reduced loss in subsequent cycles. The results indi-
ated that cobalt dissolution neither detrimentally reduces the
ell voltage nor dramatically affects the membrane conductance.
he overall performance loss over 2400 cycles of the PtCo/C
embrane electrode assemblies (MEAs) was less than that of

he Pt/C MEA. The performance losses of the Pt/C MEA over
200 cycles mainly resulted from the cathode electrochemical
rea (ECA) loss due to platinum recrystallization, while the per-
ormance losses of the PtCo/C MEA resulted from the activity
oss due to cobalt dissolution as well as the ECA loss.

Gasteiger et al. [54] proposed a pre-leaching of the alloy
o minimize the contamination of the MEA during operation
wing to Co dissolution. They investigated the durability of the
aseline on Pt/C and multiply leached Pt–Co/C MEAs tested
n a short stack. They observed that the enhancement or perfor-

ance offset of 15–25 mV between the Pt/C and the PtxCo1−x/C
s maintained throughout the 1000 h of stack operation within
imits of error. They also observed that the degradation rate of
he Pt/C and Pt-alloy/C MEAs are comparable at about 50 and

−1
0 mV h . The MEAs stayed essentially stable throughout the
uration of testing indicating no degradation of the membrane
ue to contamination. The surface area loss for the PtCo/C cat-
lyst was lower than that for Pt/C measured over the 1000 h of

e
1
p
p
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peration. These results indicated that the Pt-alloy catalyst starts
ife with a larger particle size and does not sinter as rapidly as
t/C.

Bonakdarpour et al. [62] studied the dissolution of Fe and
i from Pt1−xMx (M = Fe, Ni) catalyst under simulated operat-

ng conditions of PEMFCs. Electron microprobe measurements
howed that transition metals are removed from all compositions
uring acid treatment, but that the amount of metal removed
ncreases with x, acid strength and temperature. For low M con-
ent (x < 0.6) the dissolved transition metals originated from the
urface, while for x > 0.6 the transition metals dissolved also
rom the bulk. XPS results indicated complete removal of sur-
ace Ni(Fe) after acid treatment at 80 ◦C for all compositions.

Protsailo and Haug [63] investigated the performance and,
ost importantly, durability improvement of PEMFCs, that can

e achieved using Pt–Co/C and PtIrCo/C, synthesized by the car-
othermal technique. The alloys showed not only better activity
ompared to pure Pt, but also remarkable durability in the condi-
ions at which Pt alone is prone to dissolution. The losses of the
eal surface area of Pt/C, PtCo/C and PtIrCo/C following 1800
ycles at 120 ◦C were about 45% for Pt/C, 18% for PtCo/C and
% for PtIrCo/C, respectively.

Considerable work has been carried out by Johnson Matthey
etween 1995 and 1997 [64,65] on carbon supported binary
lloys such as PtFe, PtMn, PtNi, PtCr, and PtTi alloys with a
t:M atomic ratio of 50:50 and heat-treated to various temper-
tures. Electron probe microanalysis (EPMA) was employed
o evaluate the stability of the alloys during operation in small
EMFCs. The Cr and Ti alloys did not show any apparent leach-

ng from the catalyst to the membrane or anode catalyst layer
hile the PtFe, PtMn, and PtNi all showed leaching of the base-
etal into the MEA, but no performance loss was observed over

he 200 h of testing.
Xiong and Manthiram [66] investigated the ORR activity

f carbon supported Pt–M alloys (M = Fe, Co, Ni and Cu) in
EMFC. They did not observe any significant performance loss

n the polarization studies carried out for two consecutive days.
Yang et al. investigated the ORR activity of carbon supported

tNi [67] alloy catalysts prepared by a Pt–carbonyl route. They
bserved that the real surface area of Pt in the Pt–Ni alloy cata-
ysts before and after the electrochemical polarization at 0.80 V
or 1 h in oxygen-saturated perchloric acid solution increases
nly by ca. 3.5%, indicating that the stability of the alloy cat-
lyst is good and that no Pt surface enrichment on the alloy
atalysts occurs during the ORR. Thus, it is believed that the
t/Ni surface composition keeps almost a constant value during

he electrochemical measurements.
Paulus et al. [68] investigated the oxygen reduction kinetics

n commercial carbon supported Pt–Ni and Pt–Co alloy cata-
ysts using the thin film rotating ring disk electrode (RRDE)

ethod in 0.1 M HClO4 in the temperature range between room
emperature and 60 ◦C. Pt–Co in the atomic ratio 3:1 and 1:1 and
t–Ni in the ratio 3:1 were stable during the experiments. How-

ver, unlike the other catalysts, the base voltammogram of Pt:Ni
:1 changed substantially over the whole time of the experiment,
articularly after the measurements carried out above room tem-
erature. These changes showed that the base voltammogram
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row transition metals) catalysts goes trough a maximum that
depends on the Pt–Pt bond distance and the Pt d-band vacancy
[76]. In the case of Pt–Co the optimal values of these parameters
are obtained with a Pt:Co composition of about 75:25.

Table 2
EDX composition of the carbon supported Pt–Co electrocatalyst before and after
the 24 h duration test in a PEMFC

Status Sample Pt:Co (at.%) Pt:Co:C (wt.%)

Pt Co Pt Co C

Before PEMFC test 1 73.58 26.42 20.86 2.74 76.41
2 73.42 26.58 22.18 2.78 75.04
64 E. Antolini et al. / Journal of P

ecomes more “Pt-like”, which is probably indicative of leach-
ng of Ni from the surface.

Xie et al. [69] investigated the long-term durability of
ydrogen–air polymer electrolyte fuel cells. They found that
hromium in a Pt3Cr binary alloy catalyst migrates from cath-
de to anode during the course of life testing when operating
ithin the oversaturated, or high-humidity, gas feed regime. The

ame research group [70] monitored the morphological changes
ccurring in membrane electrode assemblies (MEAs) during the
ourse of the life testing of H2/air PEFCs. They found that the
t anode catalyst was less stable than the Pt3Cr cathode catalyst
nder high current density and high humidity conditions, which
as confirmed by the higher extent of migration observed for the
ure Pt than for the Pt3Cr material. Some Pt particles (from both
lectrodes) were found to migrate into the membrane during the
esting period.

Li et al. [71] prepared a carbon supported Pt–Fe catalyst by a
odified polyol synthesis method in an ethylene glycol solution,

ollowed by heat-treatment under H2/Ar (10 vol.%) at moderate
emperature (300 ◦C, Pt–Fe/C300). This catalyst was tested as
athode in a direct methanol fuel cell. EDX analysis indicated a
t:Fe atomic ratio of 93:7. The lattice parameter of Pt–Fe/C300
as 0.3912 nm, while the lattice parameters of pure platinum

nd the Pt3Fe alloy were 0.3924 and 0.3865 nm, respectively.
t the treatment temperature of 300 ◦C, Fe cannot alloy com-
letely with Pt and is more prone to corrode during the DMFC
perations at 90 ◦C. Pt–Fe/C300 exhibited higher ORR activ-
ty and better performance than other Pt–Fe/C or Pt/C catalysts
hen employed as cathode material in direct methanol single cell

ests. The authors confirmed the presupposition that the Fe3+ ion
an promote the ORR activity by rotating disk electrode (RDE)
easurements adding some Fe3+ ion in the HClO4 solution. The
ass activity for the Pt/C catalyst in 1.0 M HClO4 + 100 ppm
e3+ electrolyte was 13.4 mA mg−1 Pt at 660 mV (SCE), which

s higher than that of Pt/C in 1.0 M HClO4 (9.3 mA mg−1 Pt).
t was also found that the limiting currents for the Pt/C catalyst
ncreased considerably when 100 ppm Fe3+ were added in the
ClO4 electrolyte. Sun and Tseung account the Fe3+ promotion

ffect on ORR activity for Pt/C to the higher H2O2 decompo-
ition activity when Fe3+ and Pt/C are co-present [72]. EDX
nalysis showed that the Pt:Fe ratio increases from 93:7 to 95:5
fter a 40 h DMFC test, which means near 30 at.% of Fe content
oss during the test. Also according to the authors, the improve-

ent in the performance of Pt–Fe/C for oxygen reduction may
e partly due to the higher peroxide decomposition activity of
t in presence of dissolved Fe.

Shukla et al. [73] prepared carbon supported Pt–Fe by alloy-
ng at 750 ◦C for 1 h under flowing hydrogen followed by
nnealing for 12–15 h in the same environment. EDX analysis
ndicated a Pt:Fe atomic ratio of 54:46. While the XRD pattern
or the Pt/C catalyst indicates a face centered cubic phase [74],
he XRD pattern for the Pt–Fe/C catalyst resembles an ordered
ace centered tetragonal phase [75]. It has been documented that

nnealing of Pt–Fe catalysts results in conversion from a disor-
ered face centered cubic phase to a chemically ordered face
entered tetragonal phase [75]. There was little difference in the
RD patterns of the Pt–Fe/C alloy sample prior to and after

A

oaking it in 0.5 M aqueous H2SO4 for 16 h at 85 ◦C as observed by atomic
bsorption spectroscopy. Reprinted from Ref. [73], Copyright (2004) with per-
ission from Elsevier.

xposing it to 0.5 M aqueous H2SO4. As observed from atomic
bsorption spectroscopic data shown in Fig. 6, only 0.6 ppm of
e leached from the alloy sample during the first 4 h, and there
as no leaching subsequently, suggesting that the as-prepared
t–Fe alloy sample has some free iron present in it. In this case,

he authors ascribed the enhanced performance in DMFC using
he Pt–Fe/C catalyst to the higher proportion of active platinum
ites in relation to Pt/C, and a completely different nearest neigh-
our environment in the Pt–Fe/C catalyst where, unlike the Pt/C
atalyst, the nearest neighbour sites are occupied by Fe, which
elps to scavenge impurities from the neighbouring active plat-
num sites.

The results of the different tests on the stability of Pt–M alloy
atalysts in PAFC and PEMFC conditions and the consequences
n the electrocatalytic activity and cell performance are summa-
ized in Scheme 1.

.2.2. Short duration tests of Pt–Co/C electrocatalysts in
EMFC

The choice of a Pt:Co composition of 75:25 was based on its
igh activity for the ORR. The ORR activity of Pt–M (M = first
3 75.07 24.93 23.23 2.73 74.04

fter PEMFC test 1 84.82 15.42 16.38 1.19 82.44
2 81.14 18.86 20.00 1.67 78.33
3 79.70 20.30 19.21 1.96 78.83
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Scheme 1. Reference based scheme of the stabilit

The Pt–Co actual compositions were characterized by EDX
easurements on several different regions of each sample of the

arbon supported Pt–Co particles before and after the 24 h test
n a single PEMFC. Table 2 gives the EDX results of carbon
upported Pt–Co particles on three different regions. Following
EMFC test, the average Pt:Co composition went from 74:26

o 82:18. Then, loss of cobalt occurred during the test. A loss of
latinum, to a less extent than cobalt, was also detected.
The results of the analysis of elemental mapping, before
nd after the duration test in the PEMFC, are shown in
igs. 7a–d and 8a–d, respectively. It can be seen that the metals
re uniformly distributed on the carbon surface. By comparing

t
t
T
n

ig. 7. Elemental mapping on Pt75Co25/C catalyst before a test in single PEMFC: (a)
t–M alloy catalysts in acid fuel cell environment.

ig. 7d (before the test) and Fig. 8d (after the test) it can be
bserved that the amount of cobalt is lower following the test in
he single cell.

Fig. 9 shows the XRD patterns of the binary catalyst before
Fig. 9a) and after (Fig. 9b) the duration test in the PEMFC.
o change in the XRD pattern of Pt–Co/C catalyst follow-

ng cell operation was observed. The Pt:Co alloy composition,
alculated by the lattice parameter (0.3841 nm) through the rela-

ionship reported in Ref. [58] was 80:20 before and after the
est, in good agreement with the value of the EDX composition.
hen, From EDX and XRD analysis it can be inferred that all
on-alloyed Co was lost. The loss of non-alloyed Co was fast:

general morphology; (b) carbon; (c) platinum and (d) cobalt. Resolution 9 k×.
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Fig. 8. Elemental mapping on Pt75Co25/C catalyst after a 24 h test in single PEMFC:
k×.

Fig. 9. XRD pattern of the Pt–Co/C catalyst before (a) and after (b) the 24 h test
in PEMFC.

Fig. 10. Dependence of the potential at 500 mA cm−2 of a single PEMFC with
Pt/C and Pt–Co/C as cathode material on operational time.
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(a) general morphology; (b) carbon; (c) platinum and (d) cobalt. Resolution 9

fter 24 of test in PEMFC almost all of non-alloyed cobalt disap-
eared. The alloyed cobalt, instead, was retained in the Pt crystal
tructure.

Fig. 10 shows the dependence of the potential at
00 mA cm−2 of the single fuel cell with Pt/C and Pt–Co/C as
athode material on operational time. The cell with Pt–Co/C as
athode catalyst presented a more stable performance than Pt. As
an be seen in Fig. 10, the degradation rate of Pt/C (0.98 mV h−1)
as more than twice than that of Pt–Co/C (0.44 mV h−1). These

esults agree with the higher stability of Pt–Co/C electrocata-
ysts in PEMFC duration tests found by Gasteiger et al. [54] and
rotsailo and Haug [63].

. Conclusions

Both high and low stability of platinum based binary cata-
ysts in acid medium have been reported in the literature. Some
uthors reported high stability of the catalysts after more than
000 h of duration tests in PEM fuel cells [43,54]. On the other
and, a poor stability of the materials was found following short
uration (few hours) measurements in half cells [55,68].

Certainly, the type of the test influences the different stability
f these catalysts: half cell tests can lead to different results than
uel cell tests. Also, parameters such as temperature, pressure,
H, type of acid and duration of the test affect the behaviour of
he binary catalysts.

According to some authors [47,64,65,68], the stability of non-
oble metals in acid environment depends on the type of metal:

t–Cr and Pt–Co are usually considered more stable than Pt–V,
t–Ni and Pt–Fe. We think, instead, that the stability of these
atalysts depends on the degree of alloying and, to a less extent,
n the metal particle size, and not on the kind of M. Generally,
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r and Co present a higher degree of alloying with Pt than V, Ni
nd Fe: this could explain the higher stability in acid medium
f Pt–Cr and Pt–Co than Pt–V, Pt–Ni and Pt–Fe. The results of
ifferent works indicate that the most part of M dissolved came
rom non-alloyed M.

The metal particle size of the binary alloys also influences the
issolution of the base-metal in acid environment. Higher stabil-
ty of Pt–M alloys with large particle sizes than that of catalysts
ith small particle sizes was observed [50,51]. Therefore, bulk

lloys present higher stability against dissolution than supported
igh surface area alloys.

Conflicting results on the effect of the ordered structure of
he alloy on its stability in acid environment have been reported
50,51], so this matter has to be more deeply investigated.

A better resistance of alloy particles to sintering than that of
ure platinum particle was observed [54,56–58]. The presence of
he non-precious metal seems to hinder the mobility of platinum
n the carbon.

The base-metal dissolution can affect the characteristics of
he catalyst in two opposite ways. The non-precious metal loss
rom the catalyst can increase the ORR activity of the cath-
de material by surface roughening (large amount of metal
issolution) [48], and hence increased Pt surface area, or by
odification of the electronic structure of the Pt skin layer orig-

nating from the base-metal loss (very small amount of metal
issolution) [6]. On the other hand, the loss of alloyed non-noble
etal leads to a decrease of the ORR activity and the methanol

esistance of the catalyst due to loss of the beneficial structural
odifications of Pt metal by alloying.
In the case of PEM fuel cells, the contamination of the

embrane by cationic impurities has detrimental effects on
embrane properties with regard to conductivity, water man-

gement and durability. Metal cations from the dissolution of
he catalyst can easily exchange with a proton of the mem-
rane/ionomer because of a stronger affinity of metal cations
han protons with the sulfonic group. Exchange of metal cations
ith the sulfonic group might affect the performance of the fuel

ell giving rise to a decrease in the ionomer/membrane conduc-
ivity [77], a dehydration of the membrane [78], and a lowering
f the oxygen reduction kinetics by a decrease of oxygen con-
entration or oxygen diffusion coefficient in the ionomer film
79].

Tests in half cells are important to evaluate the electrochem-
cal characteristics of a catalyst, but it has to pointed out that,
rom the practical point of view, the test in fuel cell is the ultimate
valuation criterion for novel materials. The working condi-
ions such as temperature, pressure and fuel flows are crucial
o determine the real performance of a system. In this regard,
uration tests in PEMFCs indicated a positive effect of the pres-
nce of the non-precious metal on the stability of the catalyst
43,54,63–65].

On this basis, the use of alloyed Pt–M catalysts as cath-
de materials in low temperature fuel cells is recommended. In

ddition to a higher activity for oxygen reduction and a higher
ethanol tolerance, these catalysts present a higher stability

gainst dissolution than the state-of-the-art pure platinum cath-
des.
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