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Abstract

High energy ball milling, an industrially amenable technique, has been used to produce CO tolerant unsupported
Pt±Ru based catalysts for the oxidation of hydrogen in polymer electrolyte fuel cells. Nanocrystalline Pt0:5±Ru0:5
alloys are easily obtained by ball-milling but their performances as anode catalysts are poor because nanocrystals
composing the material aggregate during milling into larger particles. The result is a low speci®c area material.
Improved speci®c areas were obtained by milling together Pt, Ru and a metal leacheable after the milling step. The
best results were obtained by milling Pt, Ru, and Al in a 1:1:8 atomic ratio. After leaching Al, this catalyst (Pt0:5±
Ru0:5 (Al4)) displays a speci®c area of 38 m2 gÿ1. Pt0:5±Ru0:5 (Al4) is a composite catalyst. It consists of two
components: (i) small crystallites (�4 nm) of a Pt±Al solid solution (1±3 Al wt %) of low Ru content, and (ii) larger
Ru crystallites. It shows hydrogen oxidation performance and CO tolerance equivalent to those of Pt0:5±Ru0:5 Black
from Johnson Matthey, the commercial catalyst which was found to be the most CO tolerant one in this study.

1. Introduction

Polymer electrolyte fuel cells (PEFCs) are highly e�-
cient and low polluting electrical generators. Their use is
contemplated in transportation and also in stationary
applications [1±4]. PEFCs operate typically at 80±
100 �C on H2 mostly obtained by steam reforming
methanol or other light hydrocarbon fuels (thermal
decomposition, partial oxidation or autothermal re-
forming are also used [5]). PEFCs are not able to
tolerate a CO level of about 1% by volume obtained, for
instance, at the output of a methanol reformer. By using
a shift process and a subsequent catalytic oxidizer, the
CO level can be decreased to 1±100 ppm depending on
the operating conditions of the oxidizer [6].
CO concentration in the hundred ppm range have a

strong e�ect on the performances of PEFCs [7, 8].
Poisoning occurs because CO binds strongly to Pt sites
resulting in a high Pt surface coverage of CO at the
operating temperature of PEFCs. A ®rst solution to this
problem is to increase the temperature, but the operating

temperature is limited to a maximum of about 120 �C by
the need for e�ective humidi®cation of the membrane [4].
A second solution consists of injecting a small amount of
O2 (up to about 2%) to oxidize CO chemically [7, 9, 10].
However, the explosion threshold for H2/O2 mixtures is
5% O2 in H2. This limits to about 100 ppm the
maximum level of CO that can be treated e�ectively by
oxygen bleeding in PEFCs [4]. Furthermore, the chem-
ical oxidation of CO by O2 catalysed by Pt at the anode
reduces the amount of Pt available for producing a
current from the oxidation of hydrogen. A third solution
to the poisoning problem is to use Pt alloy catalysts that
are more tolerant towards CO poisoning than pure Pt.
Among all binary alloys that have been considered for

CO tolerance, Pt±Ru alloys are certainly those that have
been the most studied. The use of Pt±Ru as oxidation
catalyst for H2 containing CO at the anode leads to a
lowering of the CO oxidation potential (onset of CO
oxidation at �0:4 V vs RHE in 0.5 M H2SO4 [11])
compared with the oxidation potential of CO on pure Pt
(onset of CO oxidation at �0.7 V vs RHE in 0.5 M
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H2SO4 [11]). CO poisoning is therefore alleviated [12, 13].
The activity of Pt±Ru alloys towards CO oxidation is
related to their bifunctional properties [11, 14±16]: a
nucleation at low potentials of oxygen containing species
(OHads) on Ru atoms and the bimolecular reaction of
OHads with CO adsorbed on Pt. The optimum Pt±Ru
surface composition for CO oxidation is Pt0:5±Ru0:5.
Unsupported catalysts characterized by a Pt/Ru atomic
ratio of 1 are available commercially. They are PtRuOx

from E-TEK and Pt±Ru Black from Johnson Matthey.
They have been used as catalysts in H2/O2 fuel cells and
in direct methanol fuel cells [17, 18] for which CO
poisoning at the anode is also of importance [19].
The aim of this work is to demonstrate that high

energy ball milling (BM), a technique which is industri-
ally amenable, may be considered as an interesting
alternative technique to produce unsupported catalysts
for fuel cells. It is known that by using the BM
technique, it is possible to form a large number of
alloys by direct reaction in the solid state between
elemental components which are subject to intense
mechanical deformation [20]. BM produces nanocrys-
talline or even amorphous metal alloys having
properties quite di�erent from conventional bulk alloys
[21±24]. BM is obtained by the rapid movement of a
hermetically sealed crucible containing the metal pow-
ders to be alloyed and several balls with which they enter
into collision. The macroscopic temperature of the
container and its contents barely increases a few tens
of degrees during the process and it seems that the
microscopic or local temperature does not increase more
than 300 �C [25]. Alloys are then produced by the
di�usion of the elements in the solid state which is
favored by the appearance of defects in the crystalline
structure after mechanical deformation.
As a ®rst step towards demonstrating that BM is an

interesting alternative technique for the production of
fuel cell catalysts, it will be shown that CO tolerant Pt±Ru
catalysts are obtained by BM with performances at least
equivalent to commercial catalysts with an equivalent Pt/
Ru ratio. This paper will also establish that a critical
point in the use of the BM technique is to ®nd methods to
increase the speci®c area of the ball-milled nanocrystal-
line materials over the typical value of 1 m2 gÿ1 usually
obtained for powders prepared with this method.

2. Experimental details

2.1. Catalyst preparation and characterization

The various metal powders used in catalyst preparation
were: Pt, <74 lm ()200 mesh) in size, 99.8% (Alfa

AESAR); Ru, <44 lm ()325 mesh), 99.95% (Omega);
Al, 44±420 lm ()40� 325 mesh) (Johnson Matthey
Electronics); Mg, <44 lm ()325 mesh), 99.8% (Alfa
Aesar). The catalysts were prepared using a Spex 8000
mixer/mill. Metal powders and WC balls were loaded in
a 70 ml WC crucible. Unless otherwise speci®ed, six
grams of powder were used, and the ball-to-powder
weight ratio was always 4/1. All powder handling was
performed in an Ar-®lled glove box, and the crucible was
hermetically sealed with a Viton O-ring. Milling times of
40 h were routinely used. Between two metal millings,
crucible and balls were cleaned by three consecutive
1 min runs with water to remove the remaining powder
sticking on the crucible walls and on the balls.
The ball-milled materials were characterized by (i)

X-ray di�raction (XRD) using a Siemens D-500 di�rac-
tometer equipped with a CuKa radiation source; (ii)
surface area measurements by N2 adsorption (multi-
point BET) using a Quantachrome Autosorb automated
gas sorption system; (iii) neutron activation analysis to
obtain bulk concentrations of metals milled; and (iv)
XPS using a VG Escalab 220i-XL equipped with an
AlKa monochromatic source.

2.2. Electrochemical measurements

The electrocatalytic performances of the catalysts were
evaluated for pure H2 (UHP, Praxair) and
H2 +100 ppm CO (UHP, BOC Canada) in a GT60
GlobeTech fuel cell test station. The ink was prepared
by sonicating for 20 min 40 mg of metal powder, 150 ll
of a Na®onâ 5 w/o solution (Aldrich), 400 ll of
methanol (J. T. Baker, Cmos Electronic Grade), and
60 ll of glycerine (Fisher Scienti®c, ACS). A volume of
305 ll of the ink was pipetted onto a 5 cm2 uncatalysed
ELAT backing layer from E-TEK which was then dried
in a vacuum oven for 1 h at 75 �C. The resulting catalyst
loading was 4 mg cmÿ2 a catalyst/Na®onâ weight ratio
of 85/15. A Pt catalysed ELAT backing layer (E-TEK,
0.37 mg Pt cmÿ2) painted with a 5 w/o Na®onâ solution
was used as the cathode. After drying in a vacuum oven
at 75 �C, the Na®onâ deposited on the cathode amount-
ed to 0.6 mg cmÿ2.
Na®on 117â was used as the polymer electrolyte in the

membrane electrode assembly. The membranes were
cleaned by immersing them in boiling 3% H2O2(Fisher
Scienti®c, ACS) for 1 h. Then, they were rinsed with
deionized water and immersed for 1 h in boiling 0.5 M

H2SO4 (Fisher Scienti®c, ACS) followed by 1 h in
boiling deionized water. The membrane electrode as-
sembly was obtained by hot-pressing the Na®on 117â

membrane between the anode and the cathode at 140 �C
for 40 s under 2500 psi. Current stabilization at 0.5 V
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was reached before recording the polarization curves.
These were obtained under the following conditions:
cell temperature at 80 �C; temperature of water humid-
ifying the anode and cathode gases at 110 �C; H2

(or H2 +100 ppm CO) pressure at 30 psig; O2(UHP,
Praxair) pressure at 60 psig. H2 and O2 ¯ow rates at
0.2 slm. For experiments involving CO, H2 +100 ppm
CO was fed into the cell for 30 min under open circuit
potential conditions before measuring the polarization
curve.
Three commercial catalysts were used as references for

the fuel cell tests. They were: platinum black (fuel cell
grade, Alfa AESAR, Johnson Matthey) [Pt Black];
platinum ruthenium black (Pt 66%, Ru 34% (w/w), Alfa
AESAR, Johnson Mattey) [Pt0:5±Ru0:5 Black]; and
PtRuOx (Pt/Ru = 1/1 at, E-TEK) [PtRuOx].

3. Results and discussion

3.1. Pt0:5±Ru0:5 ball-milled catalysts

Pt and Ru powders in a 1:1 atomic ratio were milled
together to obtain Pt0:5±Ru0:5 nanocrystalline alloy.
Figure 1 demonstrates that the alloy is obtained after
20 h of milling. The only phase detected by XRD,
besides the WC contribution arising from crucible and
ball attrition, is the f.c.c Pt structure. This structure is
expected from the Pt+Ru phase diagram [26]. As the
milling time increases from 0 to 20 h, the peaks
associated with h.c.p Ru disappear while the Pt peaks
shift to higher di�raction angles. This shift indicates a
decrease in the dimensions of the unit cell caused by the
substitution of Pt atoms in the lattice by smaller Ru
atoms. All Pt0:5±Ru0:5 alloys used in fuel cell experi-
ments have been milled during 40 h. They are labelled
Pt0:5±Ru0:5 (BM).
Figure 2 presents the XRD diagrams of Pt Black

(curve (a)) and Pt0:5±Ru0:5 (BM) (curve (b)). The
di�ractograms display wide peaks indicating the nano-
crystallinity of both materials. The size of the nanocrys-
tallites has been evaluated from the width at half height
of the main di�raction peak (Pt(1 1 1)) corrected for the
peak broadening due to the instrument [27]. Averages of
14 nm and 6 nm have been found for Pt0:5±Ru0:5 (BM)
and Pt Black, respectively.
Figure 3 presents the H2/O2 polarization curve ob-

tained at 80 �C for Pt0:5±Ru0:5 (BM) (dark triangles).
This polarization curve is compared with polarization
curves obtained in the same conditions (pure H2) for the
three reference catalysts (open symbols). Even if Pt0:5±
Ru0:5 (BM) is a nanocrystalline material, its perfor-
mance as a catalyst is very poor compared to those of

commercial catalysts. BET measurements indicate that
the speci®c area of Pt0:5±Ru0:5 (BM) is only 0.45 m2 gÿ1

compared with 44.3, 145 and 63.2 m2 gÿ1 for Pt Black,
PtRuOx, and Pt0:5±Ru0:5 Black, respectively. The low
speci®c area is con®rmed by SEM observations; nano-
crystallite aggregates of micrometric dimensions are
indeed observed in Pt0:5±Ru0:5 (BM). The poor perfor-
mance of Pt0:5±Ru0:5 (BM) as an anode catalyst in fuel
cells are therefore the result of the low speci®c area of
that ball-milled material.

3.2. Pt0:5±Ru0:5 (BM)±Mg ball-milled catalysts

A dispersion technique was used to improve the speci®c
area of Pt0:5±Ru0:5 (BM). This is based on a second
milling of Pt0:5±Ru0:5 (BM) for 20 h with a dispersing
metal like Al or Mg. The latter metal, which is readily
oxidizable is leached in a subsequent step. A similar
procedure was also used to increase the speci®c area of
some nanocrystalline Mg obtained by ball-milling and
used for hydrogen storage. In that case, the leached
metal was Li [28].

Fig. 1. X-ray di�ractograms of a Pt : Ru mixture as a function of the

milling time. The Pt0:5±Ru0:5 alloy phase is observed after 20 h of

milling time.
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Experimentally, 2 g of Pt0:5±Ru0:5 (BM) and 3 g of Al or
Mg powder were introduced into a WC crucible with
three WC balls. The dispersion attempt with Al was
unsuccessful because the entire powder content stuck as
a layer on the crucible walls and balls; it was impossible
to remove this layer mechanically without damaging the
crucible and the balls. On the other hand, the dispersion
attempt with Mg was successful. The end product was
then set in suspension by magnetic stirring for 8 h in a
1 M HCl solution. Mg was leached to yield a ®nal
powder which was ®ltered with deionized water and
dried in a vacuum oven at 80 �C for 5 h before being
used as anode catalyst.
By comparing in Figure 2 the di�raction spectrum of

Pt0:5±Ru0:5 (BM) (curve (b)) with that of Pt0:5±Ru0:5
(BM)+Mg (curve (c)), which is the end product after a
second milling, a superposition of sharp Mg peaks is
seen on the di�ractogram of Pt0:5±Ru0:5 (BM). There-
fore, it may be concluded that Mg acts only as a
dispersing agent, since there is no sign of Pt±Mg
compounds in the X-ray spectrum. The dispersing
character of Mg is also con®rmed by the di�raction
spectrum of Pt0:5±Ru0:5 (BM)±Mg (curve (d)) which is
the ®nal product obtained after leaching Mg from
Pt0:5±Ru0:5 (BM)+Mg. Curve (d) has the same shape as
curve (b). It shows that all Mg present as a dispersing
agent has been removed from Pt0:5±Ru0:5 (BM)+Mg.
Figure 3 presents the H2/O2 polarization curve ob-

tained at 80 �C for Pt0:5±Ru0:5 (BM)±Mg (dark squares).
It shows that the dispersion technique had some success.
Indeed, BET measurements indicate that the speci®c
area of Pt0:5±Ru0:5 (BM)±Mg is 5.3 m2 gÿ1 (for com-
parison, the speci®c area of all ball-milled and reference
catalysts are summarized in Table 1). Because of the
very high speci®c rate per catalytic site for H2 oxidation
[29], even a modest improvement in the speci®c area
(and therefore of the number of available catalytic sites)
of Pt0:5±Ru0:5 (BM)±Mg compared with Pt0:5±Ru0:5
(BM) is enough to drastically improve the performance
of Pt0:5±Ru0:5 (BM)±Mg in pure H2.

Fig. 3. H2/O2 polarization curves at 80 �C for a single membrane

electrode assembly using (.) Pt0:5±Ru0:5 (BM) and (j) Pt0:5±Ru0:5
(BM)±Mg at the anode. Polarization curves with (h) Pt Black, (s)

Pt0:5±Ru0:5 Black and (n) PtRuOx at the anode are given for

comparison.

Fig. 2. X-ray di�ractograms of: (a) Pt-Black, (b) Pt0:5±Ru0:5 (BM), (c)

Pt0:5±Ru0:5 (BM)+Mg, (d) Pt0:5±Ru0:5 (BM)±Mg. Vertical line

indicates the di�raction position of unalloyed Pt(1 1 1).

Table 1. Speci®c area of ball-milled and reference catalysts

Catalyst Speci®c area/m2 g)1

Pt0:5±Ru0:5 (BM) 0.45

Pt0:5±Ru0:5 (BM)±Mg 5.3

Pt0:5±Ru0:5 (Mg4) 23

Pt0:5±Ru0:5 (Al4) 38

Pt(Al4) 21

Pt Black 44.3

PtRuOx 145

Pt0:5±Ru0:5 Black 63.2
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However, when H2 is substituted with H2 +100 ppm
CO (Figure 4), the polarization curve of Pt0:5±Ru0:5
(BM)±Mg (dark squares) is the same as the polarization
curve of Pt Black. The features of the polarization curve
in the presence of CO has been interpreted by Springer
et al. [29] on the basis of a simple kinetic model. These
features include a low current density domain (here up
to about 50 mA cmÿ2) of good CO tolerance limited
essentially by the maximum rate of hydrogen dissocia-
tive chemisorption on the small fraction of the catalyst
surface area free of CO. Signi®cantly higher voltage
losses are incurred when attempting to exceed this
typical limiting current density which is determined by
the partial pressure of CO and the cell temperature. The
availability of such uncovered sites for H2 oxidation is
related to the equilibrium coverage of the catalyst by CO
at the relevant temperature and to any marginal
catalytic activity of CO electrooxidation at low anode
potential. It is stressed in the kinetic model that even
very low CO electrooxidation currents may have a
signi®cant bene®cial e�ect.

3.3. Pt0:5±Ru0:5 (Mg4) ball-milled catalysts

It is possible to improve the availability of uncovered
sites of the ball-milled catalysts by modifying the milling
procedure. Instead of dispersing an already ball-milled
Pt0:5±Ru0:5 (BM) by a second milling in Mg as described
in the previous section, it is also possible to mill Pt, Ru,
and Mg together and leach the resulting material in HCl
after the milling step. This procedure is inspired from

the Raney procedure used to improve the speci®c area of
metals. It has already been used with mechanically
alloyed metals [30]. In the present case, the Pt to Ru to
Mg atomic ratio was chosen to be 1:1:8. The catalyst
obtained after leaching Mg from the ball milled material
is labelled Pt0:5±Ru0:5 (Mg4).
The di�ractogram of Pt0:5±Ru0:5 (Mg4) is presented in

Figure 5 (curve (a)). It consists of broad Pt peaks and
sharper Ru peaks. There are no Mg peaks in the
di�ractogram after leaching the ball-milled material.
The main Pt peak in Pt0:5±Ru0:5 (Mg4) appears at the
position expected for pure Pt (indicated by the vertical
line). It implies that an eventual substitution of Pt by Ru
or Mg in the Pt lattice is minimal. The fact that a Pt0:5±
Ru0:5 alloy is not obtained when Pt is milled with Ru in
the presence of Mg is probably due to the diluting e�ect
of Mg whose atomic ratio far exceeds that of either Pt or
Ru. On the other hand, the solubility of Mg in Pt has not
been determined, while that of Pt in Mg is negligible [31].
From XRD data, it may be concluded that Pt0:5±Ru0:5

(Mg4) is a composite material characterized by large Ru

Fig. 4. H2 +100 ppm CO/O2 polarization curves at 80 �C for a single

membrane electrode assembly using (n) Pt0:5±Ru0:5 (BM)±Mg and (m)

Pt0:5±Ru0:5 (Mg4) at the anode. Polarization curves with (h) Pt Black,

(s) Pt0:5±Ru0:5 Black and (n) PtRuOx at the anode are given for

comparison.

Fig. 5. X-ray di�ractograms of: (a) Pt0:5±Ru0:5 (Mg4), (b) Pt0:5±Ru0:5
(Al4), (c) Pt (Al4). Vertical line indicates the di�raction position of

unalloyed Pt(1 1 1).
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crystallites and smaller Pt crystallites that may contain
some Ru but not enough to be able to have a de®nite
in¯uence on the lattice parameter of the Pt-Ru solid
solution. The surface composition of Pt0:5±Ru0:5 (Mg4)
has been evaluated by XPS. The atomic ratio of Pt/Ru is
4.23 (equivalent to Pt0:81±Ru0:19). Considering the fact
that 5.7 a/o Ru is soluble in liquid Mg at 800 �C [31], the
solubility of Ru in Mg has to be considered. Thus the
high Pt/Ru ratio found above may be explained by a loss
of Ru into Mg that is subsequently leached, or by the
fact that most of the Ru is too far from the surface of the
larger Ru crystallites to participate in photoelectron
generation. The Pt/O atomic ratio of the catalyst is 1.74.
The polarization curve obtained with Pt0:5±Ru0:5

(Mg4) in pure H2 at the anode is the same as that of
Pt0:5±Ru0:5 (BM)±Mg already presented in Figure 3
(dark squares). The increase in active site density with
the larger speci®c area (23 m2 gÿ1; Table 1) of Pt0:5±
Ru0:5 (Mg4) therefore has no in¯uence on the rate
of hydrogen oxidation. This rate was already at its
maximum for the smaller number of available sites of
Pt0:5±Ru0:5 (BM)±Mg, a lower speci®c area material
(5.3 m2 gÿ1). On the other hand, the improvement in
the speci®c area of Pt0:5±Ru0:5 (Mg4) has a bene®cial
e�ect on the polarization curve obtained for that
catalyst in H2 +100 ppm CO. This curve is shown in
Figure 4 (®lled triangles). The latter ®gure indicates that
Pt0:5±Ru0:5 (Mg4) and PtRuOx have comparable CO
tolerance.

3.4. Pt0:5±Ru0:5 (Al4) and Pt (Al4) ball-milled catalysts

When the dispersion procedure used in the previous
section is repeated with Al instead of Mg, another
catalyst, Pt0:5±Ru0:5 (Al4) is obtained after milling
together Pt, Ru and Al in a 1:1:8 atomic ratio,
respectively. In this case, Al is leached with 1 M NaOH.
The polarization curve of Pt0:5±Ru0:5 (Al4) in pure H2

conditions at the anode is the same as that of Pt0:5±Ru0:5
(BM)±Mg presented in Figure 3 (dark squares), while
Figure 6 shows the CO tolerance of the catalyst in
H2 +100 ppm CO (dark circles). The latter ®gure
indicates that Pt0:5±Ru0:5 (Al4) and Pt0:5±Ru0:5 Black
have comparable CO tolerance.
To determine the e�ect of Ru in Pt0:5±Ru0:5 (Al4), a

catalyst consisting of Pt (Al4) was fabricated by ball-
milling Pt and Al together in a 1 to 4 Pt/Al atomic ratio.
In this case, Al was also leached in 1 M NaOH. The
polarization curve of Pt(Al4) in pure H2 at the anode is
similar to that of Pt0:5±Ru0:5 (BM)±Mg presented in
Figure 3 (®lled squares), while Figure 6 shows the CO
tolerance of the catalyst in H2 +100 ppm CO (®lled
diamonds). The latter ®gure indicates that even if Ru is

absent from the composition of Pt(Al4), the catalyst
nevertheless shows a better CO tolerance than that
displayed by Pt Black (open squares in Figure 6).
However, this CO tolerance slowly decreases under
potentiostatic control at 0.5 V, as shown in Figure 7.
These stability tests were run for 100 h except for Pt0:5±
Ru0:5 (Al4) for which the stability test was extended to
300 h. They also indicate that Pt0:5±Ru0:5 (Al4) tested in
the same conditions (H2 +100 ppm) than Pt0:5±Ru0:5
Black stabilizes at an even higher current density than
the latter catalyst.
Pt0:5±Ru0:5 (Al4) and Pt(Al4) were characterized in

greater detail than the other catalysts. Their XRD

Fig. 6. H2 +100 ppm CO/O2 polarization curves at 80 �C for a single

membrane electrode assembly using (r) Pt(Al4) and (d) Pt0:5±Ru0:5
(Al4) at the anode. The polarization curves with (h) Pt Black, (s) Pt0:5±

Ru0:5 Black and (n) PtRuOx at the anode are given for comparison.

Fig. 7. Evolution at 0.5 V and 80 �C of the current density obtained

for single membrane electrode assemblies using Pt0:5±Ru0:5 (Al4),

Pt(Al4), Pt Black, Pt0:5±Ru0:5 Black and PtRuOx as catalysts at the

anode with 100 ppm CO in the H2 feed.
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di�ractograms are given in Figure 5, curves (b) and (c),
respectively. Except for the sharp Ru di�raction peaks
in Pt0:5±Ru0:5 (Al4), both di�ractograms are similar.
They both show broad Pt peaks shifted towards larger
di�raction angles, indicating some dissolution of Al in
the Pt lattice. The presence of an Al content in both
Pt0:5±Ru0:5 (Al4) and in Pt (Al4) unleacheable in 1 M

NaOH during the preparation of the catalyst is con-
®rmed by neutron activation analysis revealing 1±
3 wt % Al in the bulk of the materials. This con®rms
the existence of a Pt±Al solid solution which is expected
for low Al content on the basis of the phase diagram for
binary Pt±Al alloys [32]. On the other hand, based on: (i)
the XRD diffractogram obtained for Pt0:5±Ru0:5 (Mg4)
(Figure 5(a)) where no shift of the Pt peaks was
detected; and (ii) on the XRD diffractograms obtained
for Pt0:5±Ru0:5 (Al4) and Pt0:5 (Al4) (Figures 5(b) and (c)
which show the same shift for Pt peaks, we believe that
the Ru content of the Pt±Al solid solution is also low for
Pt0:5±Ru0:5 (Al4). Higher Ru contents might, however,
be reacheable for longer milling times.
An average nanocrystallite size of 3.8 nm has been

evaluated from the width at half height of the main
di�raction peak (Pt(1 1 1)) of Pt(Al4) in Fig. 5(c). Since
the same peak shows a similar broadness for Pt0:5±Ru0:5
(Al4), a similar nanocrystallite size is also expected for
that catalyst. The speci®c area measured for Pt0:5(Al4) is
21 m2 gÿ1 and it is 38 m2 gÿ1 for Pt0:5±Ru0:5 (Al4).
These relatively large speci®c areas for ball-milled
materials explain why these catalysts perform well in
the oxidation of pure H2. It remains to explain why they
are also CO tolerant.
The surface species of Pt0:5±Ru0:5 (Al4) have been

evaluated by XPS. Figure 8 presents the XPS spectra at
the Pt 4f core level of Pt0:5±Ru0:5 (Al4) (curve (c)) and of
the three references: Pt Black (curve (a)), Pt0:5±Ru0:5
Black (curve (b)) and PtRuOx (curve (d)). The XPS
spectrum at the Pt 4f core level of Pt0:5 (Al4) has already
been presented [33]. It is the same as that of Pt Black. The
vertical lines at 71.0, 72.4 and 73.8 eV are the binding
energies reported for the 4f7=2 peak of Pt [34], Pt(OH)2
[34] and PtO [35], respectively. From Figure 8, it may be
deduced that PtRuOx (curve (d)) contains a large amount
of oxidized Pt. A small amount of oxidized Pt is also
detected on Pt0:5±Ru0:5 Black (curve (b)), while both Pt
Black (curve (a)) and Pt0:5±Ru0:5 (Al4) show similar XPS
spectra characteristic of metallic Pt.
Figure 9 presents XPS spectra at the Ru 3d core level

of Pt0:5±Ru0:5 (Al4) (curve (b)) and the two references
containing Ru: Pt0:5±Ru0:5 Black (curve (a)) and PtRuOx

(curve (c)). The vertical lines at 280.0 and 280.7 eV are
the binding energies reported for the 3d5=2peaks of Ru
and RuO2, respectively [36]. From Figure 9, it may be

deduced that PtRuOx contains oxidized ruthenium
exclusively, while Pt0:5±Ru0:5 Black and Pt0:5±Ru0:5
(Al4) contain both metallic and oxidized Ru.
To obtain the oxidation state for Al on the surface, it

was necessary to measure the Al 2s XPS spectrum. Al
2p, which is the principal peak of Al, was not accessible
since its binding energy coincides with that of Pt
(72.65 eV for metallic Al [37]). Furthermore, its sensi-
tivity factor is only 0.537 against 15.46 for Pt. It was
therefore not possible to determine the presence of Al at
the surface of the catalyst from the Al 2p peak. The Al
2s core level of Pt0:5±Ru0:5 (Al4) (curve (a)) is given in
Figure 10 Curves (b) and (c) are the Al 2s core level
spectra of an Al sheet before and after etching to remove
the upper oxidized layer. The vertical lines in Figure 10
indicate the binding energy of metallic Al (117.8 eV),
Al2O3(119.6 eV), and oxidized metallic Al (120.5 eV).
Curve (a) indicates that metallic Al and oxidized Al are
therefore present at the probed surface of Pt0:5±Ru0:5
(Al4).
The surface compositions of Pt0:5±Ru0:5 (Al4) and Pt

(Al4) have been estimated by XPS. For Pt0:5±Ru0:5 (Al4),
the atomic ratio Pt/Ru is 1.23 (equivalent to Pt0:55±
Ru0:45) while the atomic ratio of Pt/O is 0.29. For
Pt(Al4), the atomic ratio of Pt/O is 0.53. The character-
ization of Pt0:5±Ru0:5 (Al4) indicates that this catalyst is

Fig. 8. XPS spectra at the Pt 4f core levels of (a) Pt Black; (b) Pt0:5±

Ru0:5 Black; (c) Pt0:5±Ru0:5 (Al4); and (d) PtRuOx. The vertical lines at

71.0, 72.4 and 73.8 eV are the binding energies reported for the 4f7=2
peaks of Pt, Pt(OH)2 and PtO, respectively.
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Fig. 9. XPS spectra at the Ru 3d core levels of (a) Pt0:5±Ru0:5 Black;

(b) Pt0:5±Ru0:5 (Al4); and (c) PtRuOx. The vertical lines at 280.0 and

280.7 eV are the binding energies reported for the 3d5=2 peak of Ru

and RuO2, respectively.

Fig. 10. XPS spectra at the Al 2s core level of (a) Pt0:5±Ru0:5 (Al4); (b)

an Al ®lm with its native oxidation layer and (c) an Al ®lm after

etching the oxidation layer. The vertical lines at 117.8, 119.6 and

120.5 eV are the binding energies for the Al 2s of Al, Al2O3, and

oxidized metallic Al, respectively.
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a composite of low Ru content small Pt±Al alloy
crystallites in contact with larger Ru nanocrystals. In
the Pt-Al (+Ru) alloy crystallites, Pt is exclusively
metallic while Al is partially oxidized. However, larger
Ru crystallites are also partially oxidized. This catalyst is
as CO tolerant as Pt0:5±Ru0:5 Black. Its composite
structure ressembles that of Pt/WO3 and Pt±Ru/WO3,
two CO tolerant catalysts of composite structure, which
have also been tested as catalysts for the direct oxidation
of methanol [38, 39].
Since the Al content of Pt0:5±Ru0:5 (Al4) is 1 to 3

wt %, it is possible that this Al may leach into the
membrane in fuel cell conditions. The stable current
output measured over 300 h (Figure 7) already indicates
that if there is Al leaching, it should be minimal.
Quantitative results were obtained by neutron activation
analysis (accuracy on the measurements: �5%). After
completion of the test, electrodes were peeled o� the
membrane±electrode assembly and the Al content in the
membrane was measured. An amount of 241 ppm Al
was detected in that membrane while the Al content of a
virgin membrane was 2.1 ppm. On the other hand,
6022 ppm of Al were measured in a membrane left for
40 h at 25 �C in a saturated aqueous solution of
AlNH4(SO4)2. In that case, NH�4 and Al3� replaced
the protons in the membrane. A value of 6080 ppm Al in
the membrane is calculated on the basis of 0.91
H�equivalent per kg of Na®on 117â [40] for the
membrane in contact with AlNH4(SO4)2; this theoretical
Al content agrees well with the Al content found
experimentally. The saturation level of Al in a Na®onâ

membrane is then calculated to be 8140 ppm. Therefore,
an Al content of 241 ppm measured after a 300 h test in
fuel cell represents only 3% of the Al saturation level in
the membrane. This is very little taking into account the
fact that the Al content of Pt0:5±Ru0:5 (Al4) is 1±3 wt %.
Indeed, if all the Al in the catalyst was leaching into the
membrane, it would represent between 1.3 to 4 times its
saturation level (8140 ppm).

4. Conclusions

It has been shown that it is possible to obtain, by high
energy ball milling, an unsupported catalyst composed
of Pt, Ru and Al displaying a CO tolerance similar to
that of the best commercial unsupported Pt±Ru cata-
lysts characterized by the same Pt/Ru atomic ratio of 1.
This catalyst shows stable behaviour under
H2 +100 ppm CO (at least for 300 h).
It has also been shown that a simple milling of Pt

and Ru to form an alloy of the type Pt0:5±Ru0:5 (BM) is
not enough to obtain a performing catalyst, even if

nanocrystals of the alloy are obtained by ball milling.
Nanocrystals have a tendency to aggregate during the
milling step, drastically reducing the speci®c area of the
materials. In order to obtain catalytic performances for
the oxidation of H2 equivalent to those of commercial
catalysts, it is necessary to increase the speci®c area of
the ball-milled materials to at least 5 m2 gÿ1. However,
this is not enough for the oxidation of H2 in the presence
of 100 ppm CO. The best dispersion of the ball-milled
nanocrystals is obtained by a Raney type process using a
leacheable metal like Al or Mg, which is ball-milled with
Pt and Ru. The most performing catalyst is obtained
when the leacheable metal is Al. This catalyst has been
labelled Pt0:5±Ru0:5 (Al4). This catalyst has a speci®c
area of 38 m2 gÿ1, which is the highest area measured
among all ball-milled catalysts studied in this work. It is,
however, still lower than the speci®c area of all the
unsupported catalysts used as references in this study.
Pt0:5±Ru0:5 (Al4) is a composite catalyst containing
nanometric crystallites (�4 nm) of a Pt±Al alloy with a
low Ru content and larger Ru crystallites which are
partially oxidized. The Al content in the catalyst is of the
order of 1±3 wt %. XPS results show that metallic and
oxidized aluminum are present at the surface of the
catalyst. Stability experiments of membrane electrode
assemblies and the dosimetry of Al in the membrane
demonstrate however that very little Al is found in the
membrane after 300 h of fuel cell operation.
Now that the use of BM in CO tolerant Pt-based

catalysts has been established, the production by the
same industrially amenable technique of Pt-based cat-
alysts other than Pt0:5±Ru0:5 (Al4) may be contemplated.
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