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An analysis of X-ray absorption spectroscopy �XAS� data �X-ray absorption near-edge structure �XANES� and extended X-ray
absorption fine structure �EXAFS�� at the Pt L3 edge for Pt–M bimetallic materials �M = Co, Cr, Ni, Fe� and at the Co K edge
for Pt–Co is reported for Pt–M/C electrodes in HClO4 at different potentials. The XANES data are analyzed using the �� method,
which utilizes the spectrum at some potential V minus that at 0.54 V reversible hydrogen electrode �RHE� representing a reference
spectrum. These �� data provide direct spectroscopic evidence for the inhibition of OH chemisorption on the cluster surface in the
Pt–M. This OH chemisorption, decreasing in the direction Pt � Pt–Ni � Pt–Co � Pt–Fe � Pt–Cr, is directly correlated with the
previously reported fuel cell performance �electrocatalytic activities� of these bimetallics, confirming the role of OH poisoning of
Pt sites in fuel cells. EXAFS analysis shows that the prepared clusters studied have different morphologies, the Pt–Ni and Pt–Co
clusters were more homogeneous with M atoms at the surface, while the Pt–Fe and Pt–Cr clusters had a “Pt skin.” The cluster
morphology determines which previously proposed OH inhibition mechanism dominates, the electronic mechanism in the pres-
ence of the Pt skin, or lateral interactions when M-OH groups exist on the surface.
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Platinum-based bimetallics for use as cathodes in PEMFCs
�polymer electrolyte membrane fuel cells� have gained considerable
attention in recent years, in part because bimetallic catalysts offer a
cost effective alternative to pure platinum. The bimetallics consist-
ing of Pt and a metal M �denoted here as Pt–M, with M usually a
first-row transition metal such as Cr, Fe, Co, and Ni� exhibit 2 to 10
times the catalytic activity for the oxygen reduction reaction �ORR�
compared to pure Pt.1-4 However, the extent of enhancement has
varied widely among different investigators even for the same M,
and the explanation as to why the bimetallic electrocatalysts perform
better has also varied. Despite numerous studies, there is almost a
complete lack of agreement regarding the fundamental enhancement
processes occurring at the surface of these Pt–M bimetallic clusters.

Several studies on the kinetics or catalytic activity of Pt-based
bimetallic clusters have been performed over the past 25 years in
phosphoric acid fuel cells �PAFCs� and PEMFCs, and the results are
usually indicated as a net gain factor in current density relative to
pure Pt. An increase in mass activity �mA/mg at 0.90 V� by a factor
of 1.5 to 2.5 was seen with Pt–Cr catalysts and for Pt–Co–Cr in
PAFCs.1-4 However, similar studies done by both Beard and Ross5

and separately by Glass et al.6 did not find much increase in mass
activity with Pt–Co and Pt–Cr. Half-cell experiments by Min et al.7

showed enhancement factors of 2 to 5 with Pt–Cr, Pt–Ni, and Pt–Co
in PAFCs. Others, using a PEMFC and similar bimetallics, found
similar enhancement factors of 2-3.8,9 Toda et al.10 reported the larg-
est enhancement factors, as large as 10, for sputtered bimetallic
films containing Pt with Ni, Co, or Fe relative to similarly prepared
pure Pt films in 0.1 M HClO4. Studies using Pt–Ni and Pt–Co bulk
alloys in aqueous electrolyte found smaller enhancements on the
order of 1.5-2;11 however, similar experiments by Stamenkovic et
al.12 found a factor of 4 increase for Pt3Ni. It is apparent that there
is much variation in the enhancement factors obtained.

Comparing the above catalytic enhancement factors is difficult
and complicated, because the kinetic measurements were made un-
der different electrolytes �PAFCs, PEMFCs, and in HClO4�, with
different catalyst geometries �Pt–M particles on carbon, sputtered
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thin bimetallic films on silica, and bulk alloys�, and with different
preparation procedures �cosputtering vs high-temperature annealing
in inert gases�; these factors are expected to play a role and enhance
the catalysts in different ways. For example, the presence of directly
or contact adsorbed anions �determined by the electrolyte� almost
surely affects the enhancement factor because of their affect on OH
or O chemisorption.13 The relative stabilities of bulk alloys to M
atom leaching will be very different than that for very small clusters.
The method for preparing the bimetallics almost surely affects the
final composition and structure of the electrode surface, which will
also alter the enhancement. For example, the enhancement factor
differs widely for a bulk Pt3Ni electrode before �75% Pt surface
atoms� and after annealing �100% Pt surface atoms: a Pt skin�.12

In this context it is very important to draw a distinction between
the prior literature on phosphoric acid fuel cells �PAFCs� and more
recent reports on aqueous acid systems including the PEMFCs.
While in PAFCs the electrode is in a largely anhydrous system, in
the PEMFC the electrode is in a more fully hydrated environment.
This important difference will certainly alter the effect of water ac-
tivation and formation of Pt oxides and the extent of anion coverage
�phosphate anion�, both potentially serving as a poison of Pt surface
sites for oxygen reduction.

It has also been reported that the rate of the ORR is dependent on
the shape and size of the particles.14-19 For example, the specific
activity �mA/cm2 Pt� generally increases with particle size in most
fuel cells up to a particle size of �35 Å. However, such size effects
must be separated from alloying effects. The Pt–M catalysts are
generally prepared by the formation of carbon-supported Pt, fol-
lowed by the deposition of the second metal on Pt/C, and then
annealing or alloying at high temperatures in an inert atmosphere.
This alloying process generally results in larger Pt–M particles com-
pared to the original Pt particles. It is difficult, if not even meaning-
less, to compare relative kinetic reactivities without an in situ par-
ticle size measurement to correlate with the enhancement, because a
significant part of the enhancement might just come from the differ-
ent particle sizes. Although in many instances the particle size has
been determined from H adsorption measurement, allowing specific
activities to be determined, it is not clear that the extent of H ad-
sorption is unaffected by the alloying, so the indicated particle sizes
may not be correct.

It seems clear that alloying does enhance the activity of the elec-
trocatalyst; however, the degree of enhancement has shown incon-
sistent results and the mechanisms proposed to account for such
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enhancement are as varied as the results themselves. Early proposed
mechanisms for the enhancement emphasized the Pt–Pt bond
distance.9 Alloying with M changes the Pt–Pt bond distance in the
cluster, and the extent of this change depends on the atomic radius
and electronegativity of M as well as the M:Pt ratio. This mecha-
nism suggests that an optimum Pt–Pt bond distance exists for two-
site O2 absorption; therefore, “volcano” plots,9 similar to those
found in the heterogeneous gas-phase catalysis literature, have been
constructed and show a maximum in the activity vs the Pt–Pt bond
distance. However, other data show that the maximum activity falls
at different Pt–Pt distance depending on the alloying M, arguing at
least that some other mechanism may be playing a role.20 Other
proposed mechanisms include surface roughness effects or reduced
OH poisoning of Pt sites, the latter occurring either because of ad-
sorbate lateral interactions or electronic effects.5,9,11 Recent density
functional theory �DFT� results point strongly to an electronic effect,
the effect being the shifting of the d-band center increasingly away
from the Fermi level in the bimetallics with highest reactivity.21,22

However, it is not even clear whether alloying increases the rate of
the rate-determining step �rds� in the ORR, or just increases the
effective number of surface sites on which the ORR can occur. For
example, the strong electronic effects evident in the DFT results
mentioned above suggest strongly that the rds in the ORR would
increase, but recent measurement and comparison of the activation
energies for Pt3Ni and Pt showed very little difference.12 Reviews of
the effects of alloying on the ORR have been published by Adzic23

and Mukerjee.24

OH formation.— This work will examine the effect of alloying
on OH adsorption on the Pt-M surface. It is well known that the
kinetics of the ORR is dependent on the intermediate products pro-
duced, either OH− or O2H−, which may be adsorbed on the Pt
surface.8,25,26 It is believed that alloying may reduce the formation
of “poisons” or OH formation on the Pt surface sites, which frees up
the Pt sites to participate in O2 reduction.12,27 Cyclic voltammetry
results have been reported for Pt–M bimetallics, showing indirect
evidence for a reduced affinity for O�H�;9,12,28-30 however, no direct
spectroscopic evidence has been reported showing a reduced cover-
age by O�H� �O�H� here indicates OH or O� in the bimetallics.

The formation of adsorbed OH on Pt in water has been exten-
sively studied. It is widely accepted that the oxidation of Pt surfaces
in water occurs in distinct steps with the first step, the formation of
an adsorbed OH species above 0.80 V vs a reversible hydrogen
electrode �RHE�. The mechanism proposed nearly 40 years ago by
Bockris et al.31 proceeds according to the following steps

Pt + H2O → PtOH + H+ + e− OH formation 0.85–1.10 V

�1�

Pt − OH → PtO + H+ + e− Place exchange 1.10–1.40 V

�2�

PtO + H2O → PtO2 + 2H+ + 2e−

Pt oxide formation � 1.40 V �3�
It is unclear why the bimetallics reduce O�H� formation. Studies

have provided indirect evidence that Pt–OH formation in fuel cells
results from the interaction of water with Pt as described above and
not from the reaction of O2.30,32,33 Several theoretical calculations
have shown that OH coadsorbs with water, stabilizing the OH
through hydrogen bonding with the water.34-36 Experimental results
using low-energy electron diffraction �LEED� and reflection/
absorption infrared spectroscopy �RAIRS� confirmed that on a
Pt�111� surface, adsorbed O reacts with water to form an OH/H2O
mixture which is stabilized by H bonding.37 However, the exact role
of water in such adsorption in a fuel cell is unknown, because every
effort is made to keep the electrode hydrated but not flooded by
using highly concentrated acid electrolyte or even an exchange
membrane. Many have suggested that the inhibition of OH on bi-
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metallic surfaces arises from changes in the electronic structure of
the cluster as a result of alloying or even changes in the physical
structure of the cluster, such as the formation of a Pt skin.14 Others
have suggested that the M metal is indeed at the surface, and that the
repulsion between OH species on the M and on the Pt sites de-
creases the coverage of O�H� on the Pt.11 These widely different
mechanisms clearly indicate that the effect of the alloying on the OH
adsorption, the nature of the Pt–OH bonding, as well as the effect of
the distribution or composition of the bimetallic, is still not well
understood.

Surface segregation and leaching.— Knowledge of the surface
morphology and composition of Pt–M clusters is crucial to under-
standing the adsorbate interactions on the bimetallic surfaces. There
have been several studies reported over the years using a variety of
techniques to characterize the Pt–M surface. These include extended
X-ray absorption fine structure �EXAFS�, X-ray photoelectron spec-
troscopy �XPS�, Auger electron spectroscopy �AES�, IR spectros-
copy and various electrochemical techniques.38-41 Using cyclic vol-
tammetry, Schmidt et al.42 integrated base voltammograms and
made an estimate of the fraction of active Pt surface atoms. A 1:1
Pt–Ni catalyst showed 70% Pt atoms at the surface compared to
only 58% Pt atoms in a 1:1 Pt–Co bimetallic. This indicated that the
Pt–Ni particle surface was closer to that of pure Pt than in the Pt–Co
case. The more Pt-like behavior for the Pt–Ni catalyst suggested that
the Ni may have “leached” out from the surface. In another study,
XPS results on some Pt–Fe, Pt–Ni, and Pt–Co thin-film electrodes
showed an almost total absence of M atoms at the surface, which
was also attributed to a leaching-out process of the M atoms, occur-
ring either as a result of an acid wash used during the electrode
preparation or exposing the electrode to potentials greater than
1.10 V RHE.10 These results are consistent with studies by Mi-
zukami et al. on similar bimetallic clusters.43 Urian et al.44 recently
prepared two sets of Pt–M/C catalysts, acid washed in 1 M HClO4
for 48 h at room temperature, and unwashed. The acid wash appar-
ently removes the M metal from the surface, and XANES data sup-
ported this. After 9 h with the electrodes polarized at 0.90 V, the
two electrodes �washed and unwashed� showed similar XANES re-
sults, suggesting leaching of the reactive M also occurs under polar-
ization. However, both Stamenkovic et al.11 and Paulus et al.45

found that the Co in a Pt–Co sample did not leach out, and the
cluster remained homogeneous. Studies done by Obradovic46 and
Bardi47 on Pt–Co clusters showed similar results. This nonleaching
character in Pt–Co was attributed to an electronic stabilization of the
cobalt in the bimetallic. In still other work, low-energy electron
diffraction �LEED� studies showed that in Pt–Co and Pt–Ni with a
PtxMx−1 composition resulted in M-rich cluster surfaces.48 In con-
trast, Stamenkovic et al.12 found that, for Pt3Ni, the as prepared
sputtered surface contained 75% Pt atoms, and after annealing at
950 K contained 100% Pt �a Pt skin�. These electrodes showed dif-
ferent reactivities in rotating disk studies, suggesting that the Ni at
the surface did not leach out.

Unfortunately, the method of preparation and electrochemical
treatment is different in many of these cases, so one cannot yet
conclude anything fundamental about when M surface segregation
or leaching will occur. Although DFT calculations by Norskov’s
group49 do suggest a strong antisegregation effect in the case of
Pt–Co and Pt–Fe, where the Fe and Co atoms prefer to remain in the
interior of the cluster allowing for a Pt skin, the effects of leaching
in acid or at raised potentials in electrolytes are not entirely known.
Nevertheless, this summary should make it clear that knowledge of
the surface composition of the cluster is critical, and it must be
determined in situ in order to understand the catalytic activity dif-
ferences found.

Not only is a determination of the surface composition of a clus-
ter important, along with a determination of the true particle size,
the extent of initial alloy formation must also be determined. A
review by Antolini50 examined the Pt–Pt bond distance or lattice
constant for several Pt–M clusters determined previously using ei-
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ther X-ray diffraction �XRD� or EXAFS. The lattice constant is a
measure of alloy formation, because it is found that in true bulk
alloys the Pt–Pt distance decreases with the amount of M as well as
in direct relation to its electronegativity. Antolini’s analysis reveals
that the extent of alloy formation depends critically on the prepara-
tion procedure, such as the temperature or acid solution utilized in
the preparation, as well as the choice of the alloying element. Using
the lattice constant, the fraction of M alloyed could be determined,
and a plot of the logarithm of this fraction vs 1/T enabled the acti-
vation energy to be obtained for that particular alloy formation. Not
surprisingly, this energy of activation varied nearly linearly with the
atomic radius of M, suggesting that bigger M atoms have a more
difficult time diffusing into or mixing with the Pt. Further, the par-
ticle diameter was also determined, and from a similar plot of ln�di-
ameter� vs 1/T an activation energy for particle growth was ob-
tained. This activation energy depended strongly on the acidity of
the support, and was relatively independent of M. It is clear from
Antolini’s review that the bimetallics considered show a variety of
compositions �different from the starting mixture�, morphologies,
and particle sizes. Further, most were not “true alloys” in the sense
that they did not have a homogeneous composition even after initial
preparation. In summary, the preparation procedure for bimetallic
clusters strongly affects the particle composition, morphology, and
size, and this obviously affects the composition of the particle sur-
face. It is obvious these factors must be taken into consideration
when comparing the catalytic activity of certain bimetallic materials.
To date this has not always been the case.

X-ray absorption spectroscopy.— The primary reason for the
lack of detailed information on OH inhibition or extent of OH cov-
erage on an electrode in an electrochemical cell, as well as some
information on particle size and composition, is the absence of a
general in situ spectroscopic technique that can provide such infor-
mation. Until recently, XAS analysis has been limited to providing
geometric information on systems with short-range order, i.e., the
normal EXAFS technique. However, recent advances in the inter-
pretation of XAS �in both EXAFS and X-ray absorption near-edge
structure �XANES�� now enable XANES to provide direct adsorbate
binding site information along with the usual particle size and com-
position from EXAFS.51 It has been reported recently that the elec-
tron scattering producing the Pt L3 XANES is very sensitive to the
adsorption of both O and H. Using a novel analysis technique that
allows isolation of this Pt-adsorbate scattering, combined with the-
oretical calculations, allows for the in situ determination of adsorp-
tion sites �i.e., atop, bridged, threefold� on platinum electrodes uti-
lizing Pt L2,3 XANES.52,53 These XANES data can be interpreted
with full multiple scattering theoretical results from the FEFF 8.0
code54 and local density functional �LDF� results using the Amster-
dam Density Functional �ADF� code.55 Comparison of theory with
experimental data allows unique spectral signatures to be deter-
mined for H, OH, and O in atop, bridged, and threefold face-
centered cubic �fcc� absorption sites respectively. Using this tech-
nique, Teliska et al.52,53 have previously determined the adsorption
sites and changes with coverage of atomic H, OH, and O on a Pt/C
electrode in an aqueous HClO4 or H2SO4 electrolyte.

In this paper we present Pt L3 XAS studies on Pt-based bimetal-
lic clusters to determine the cluster morphology, particle size, and
the effects of alloying on the extent of OH formation in situ in an
electrochemical cell at various potentials. This information then al-
lows the catalytic activity of the bimetallic clusters to be related to
the surface composition and OH coverage.

Experimental and Analysis Details

Since this investigation constitutes further work on the same se-
ries of samples considered previously,9,28 the details of the prepara-
tion procedure and structure characterization will be given only
briefly here. In these prior studies, structure property relationships
were determined using a combination of ex situ XRD �powder dif-
fractometer� and in situ XAS and correlated with their activity for
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oxygen reduction in a PEMFC environment. The following section
gives details of the XANES and EXAFS analysis procedures, which
were conducted following this previously published work on the
same electrocatalysts.

Previously reported9,28 XAS data from five carbon supported bi-
nary Pt bimetallic electrocatalysts �Pt–Cr, Pt–Mn, Pt–Fe, Pt–Co, and
Pt–Ni�, procured from E-TEK Inc. �a division of De Nora, North
America, Somerset, NJ� and supported on high surface area carbon
�Vulcan XC-72, Cabot Corp.� were considered. All electrocatalysts
had a metal loading on carbon �Vulcan XC-72, Cabot Corp.� of 20
wt %, similar to that used in previous investigations of
PEMFCs.56,57 A pure Pt/C sample with the same metal loading on
carbon was used as a control �also obtained from E-TEK Inc.�. The
preparation methodology used was the well-known colloidal “sol”
and carbothermic reduction methods.58-61 In these methods, an oxide
of the second alloying element is incorporated into the supported
Pt/C electrocatalyst. When this is subjected to carbothermic reduc-
tion under inert conditions at 900°C for 9 h, the crystallites undergo
reduction and alloying on the carbon support, thus providing for
supported bimetallic nanoparticles. The nominal atomic ratios in the
bimetallics were 3:1 �Pt:M�; these were verified using in situ
XANES measurements as described previously9 �see Table I�.

Previously reported9 XRD analysis of these electrocatalysts
showed a very high degree of crystallinity for these samples. Fits of
the XRD data to an indexing routine showed that all the patterns �Pt
and Pt bimetallics� corresponded to a fcc lattice. The lattice param-
eters obtained are summarized in Table I. In addition, the Pt–Pt
particle sizes �Table I� assuming a fcc lattice were calculated based
on X-ray line broadening analysis using the Scherrer equation. Bi-
metallics of Pt with the first-row transition elements �Cr to Ni� result
in a lowering of the lattice parameters; hence, the Pt–Pt bond dis-
tances confirm partial formation of an alloy. Further, there is a
smooth, inverse relationship between the measured lattice param-
eters and the electronegativity of the alloying element. From a com-
parison of the XRD pattern with a standard JCPDS database, the Pt
bimetallics were found to form an intermetallic crystalline structure
with a primary Pt3M–type superlattice phase having a fcc structure,
and potential for a secondary Pt–M type lattice with a tetragonal
structure. The extent of contribution from the secondary phase was
estimated by the intensity of the diffraction lines due to the Pt–M
phase �such as �001� and �220� diffraction lines in the Pt–M/C pow-
der pattern�. Contribution from these secondary phases was found to
be negligible. The particle size obtained using the Pt�111� diffraction
line broadening showed that the bimetallic catalysts have a particle
size somewhat larger than for Pt/C; however, there does not appear
to be any trend with M in the particle size.

The in situ XAS measurements, carried out at the National Syn-
chrotron Light Source �NSLS�, Brookhaven National Laboratory
�BNL� using beam line X-23 A-2, were conducted in transmission
mode using an electrochemical cell and data acquisition setup de-
scribed in detail elsewhere.62 To ensure a uniform electrochemical
environment for the catalyst, XAS measurements were done in 1 M
HClO with the electrodes in flooded mode. The XANES data were

Table I. Structural characteristics of the Pt and Pt bimetallic
electrocatalyst using powder XRD data at 1.54 Å and XANES
data.

Electrocatalyst
Lattice

parameter

Pt–Pt
bond

distance
�Å�

Average
particle

size
�Å�

Atomic ratio
�Pt:M�

�from in situ
XANES�

Pt/C 3.927 2.777 31
Pt–Mn/C 3.897 2.756 55 69/31
Pt–Cr/C 3.874 2.740 56 73/27
Pt–Fe/C 3.861 2.730 55 72/28
Pt–Co/C 3.852 2.724 59 74/26
Pt–Ni/C 3.822 2.703 56 71/29
4
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recorded at both the Pt L3 edge and at the alloying metal K edge for
Pt–M bimetallics, and all of the data are reported relative to the
RHE. The measurements were made at the open-circuit potential
and at potentials of 0.00, 0.24, 0.54, 0.84, and 1.14 V vs RHE.
Results of the detailed XANES analyses are reported here only for
potentials at 0.84 and 1.14 V vs RHE.

The analysis of these data proceeded exactly similar to
the techniques we have published previously.52,53 To highlight
the effects of adsorption on the surface, the experimental
�� = ��ads/Pt–M�-��Pt–M� for the Pt L3 edge is obtained by sub-
tracting the L3 edges from one another, where the � obtained at
0.54 V RHE in HClO4 is used as the reference �i.e., ��Pt–M�� in
this work. At 0.54 V RHE, no H or O is expected on the surface, and
in HClO4 no directly absorbed ions are expected either �although
some O�H� is known to exist on the Co at this potential; see below�.
The Co K-edge data were treated similarly to the Pt L3-edge data by
subtracting the Co K edges from one another, where the � obtained
at 0.54 V RHE in HClO4 is also used as the reference.

As summarized previously, before taking the differences, ��, the
edges may have to be properly aligned in order to remove any
initial-state core-level shifts or final-state screening effects due to
the chemisorption of hydrogen or oxygen.52,53 However, the clusters
in this work are relatively large �3–6 nm� compared to those used in
our earlier work �2–3 nm�, and we have shown previously that such
shifts are negligibly small due to the metallic character of the larger
clusters.53 Therefore, in this work the L3 spectra for the Pt–M elec-
trodes were subtracted directly without any shift in energy, but only
after careful energy calibration. Energy calibration was performed
using the Pt L3 spectra for bulk Pt measured at the same time as that
for the sample. Although no other energy shifts were allowed in this
work, note that a very careful energy calibration of each spectrum
with the bulk Pt is essential to obtain reliable �� difference spectra.

The EXAFS analysis was performed using the WINXAS code.63

The pre-edge background was removed using a linear polynomial
and the many-body So

2 factor fixed at 0.934, the value obtained using
the FEFF8 code. The postedge background was removed using the
normal spline techniques and smoothing criteria that leaves the
atomic XAFS scattering in the � function as described
previously.64-67 Reference phase and amplitude functions for the
Pt–Pt scattering were obtained from FEFF8 calculations on the Pt6
cluster discussed below. Because of the large interdependency be-
tween N and the Debye-Waller factor, �2, the latter was fixed at the
values indicated in Table I. These values were determined from the
average of the �2 obtained when allowing this parameter to vary
among the four samples.

Theoretical calculations.— FEFF8 calculations were performed
to interpret the �� spectra using a series of Pt6Ox and Pt4M2O2
clusters with geometric configuration shown in Fig. 3. In all of the
calculations, unless otherwise noted, the theoretical �� is calculated
as �� = ��ads/Pt–M�-��Pt–M�, where the ��Pt–M� is obtained
from the clean cluster Pt4M2O2 with Pt–Pt bond distances of 2.67 Å
and Pt–M distances of 2.55 Å. Throughout this work the indicated
Pt6 cluster �i.e., not alloyed� is utilized, with the Pt–Pt distance at
2.77 Å.

These rather small cluster sizes �much smaller than the actual
size in typical electrochemical experiments� have been utilized
previously52,53 to model the H/Pt and O/Pt adsorption in an electro-
chemical cell, and have been shown to be adequate to model the ��
signatures. These small clusters are adequate of course because the
Pt–O scattering and change in Pt–Pt scattering is a very local phe-
nomenon. The only contribution that may not be adequately mod-
eled by these small clusters is the change in atomic XAFS contribu-
tions, but this term is quite small as discussed previously.52,53 At
potentials where the O moves below the Pt surface �i.e., formation
of Pt oxide�, the signature is known to change again,53 but this
Downloaded 14 Apr 2011 to 129.10.187.54. Redistribution subject to E
signature change is not seen in this work as we remain below 1.15 V
RHE, and as we will see below the formation of the oxide occurs
only at higher potentials for the Pt–M bimetallics.

The FEFF8 code performs ab initio self-consistent field, real-
space, full mutiple scattering calculations.54 It is known that in the
FEFF8 code, the results are quite dependent on the potentials used in
the code. Previously, it was found that the Dirac-Hara potential with
an imaginary part of 5 eV was optimal for describing the Pt–Pt and
Pt–O scattering;64,65 however, the emphasis in that optimization pro-
cedure was placed on the 25–150 eV region. Here, we are interested
in the region below 40 eV. Although a more complete analysis in
this energy region is required, the Hedin-Lundquist potential is pre-
ferred and used in this work to describe the Pt–O scattering follow-
ing the work of Ankudinov et al.54 and our previous work on Pt–H
�Ref. 51 and 52� and Pt–O �Ref. 53� scattering.

The ATOMS code, developed by Ravel,68 was used to generate a
Pt cluster of approximately 200 atoms with the Fm3m space group,
fcc, a = 3.92 of 8 shells. These clusters were used to model the
Pt–Pt and Pt–M coordination numbers with different homogeneities
for comparison with experiment. The average first-shell Pt–Pt and
Pt–M coordination numbers were calculated for a pure Pt cluster, a
true alloy with the metal atoms distributed evenly in a 3:1 Pt:M
ratio, and with a “Pt skin.” In the latter case the Pt skin consisted of
two outer shells of Pt and the inner core in a Pt:M 2:1 ratio.

Results

Figure 1a shows the L3 absorption spectra, �, for a Pt/C elec-
trode at several potentials. Similar data were obtained for the Pt–M
bimetallics �M = Fe, Cr, Co, and Ni�. Clear differences in �, well
above the noise level, are seen as a function of potential.

Figure 1b shows the experimental difference spectra, obtained
from the data in Fig. 1a. Data for both the hydrogen �0.00 and
0.24 V� and oxygen �0.84 and 1.14 V� adsorption regions are
shown. It is evident that the line shapes for hydrogen and oxygen are
different and can be easily distinguished and assigned with theoret-
ical references, and the amplitude reflects the relative amount of

Figure 1. �a� Experimental L3 absorption spectra, � for the Pt/C electrode at
the indicated potentials in 1 M HClO4. These data were normalized at 50 eV
using the smooth background function. �b� Experimental difference spectra
�� = ��V� − ��0.54 V� obtained from the data above, with typical O/Pt
and H/Pt signatures indicated.
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adsorbate in each case. Comparisons with theoretical FEFF8 calcu-
lations clearly verify that the signatures at 0.00 and 0.24 V primarily
arise from H in the threefold fcc sites, and the data at 0.84 and
1.14 V from O in the threefold fcc sites as reported previously.52,53

Figure 2 shows experimental EXAFS data and theoretical fits in
k- and R space for the Pt–Co metal cluster at 0.54 V. Also shown in
R space are the Pt–Pt and Pt–M contributions, which are sufficiently
different to allow for both coordination numbers and bond distances
to be determined. Similar fits were obtained with the other bimetal-
lics, and the results are given in Tables II-V.

Determination of OH coverage.— The theoretical �� finger-
prints for O/Pt6 from FEFF8 calculations are shown in Fig. 3 for a
onefold atop and n-fold, bridged-O adsorption site; comparison with
the experimental �� at 0.84 V is also included for comparison.
These theoretical signatures have been verified by comparison with
experimental data as reported previously.53 The signature for atop

Table III. Summary of EXAFS first shell results for Pt–Co. See Tab

V
�RHE�

Pt–Pt

N
��N = 0.3�

R �Å�
��R = 0.02�

0.00 7.51 2.71
0.24 7.42 2.71
0.54 7.16 2.71
0.84 7.01 2.70
1.14 7.26 2.71
Ave. 7.27 2.71

Figure 2. The experimental � �top� and Fourier transform �FT���� of
��k2,�k = 1.5 Å−1 � k � 17 Å−1� �bottom� taken at 0.54 V �RHE� for the
Pt–Co alloy. The fit ��R = 1.34–3 Å� for a two shell analysis �Pt–Pt and
Pt–Co� is shown both in k �top� and R �bottom� space, along with the indi-
vidual Pt–Pt + Pt–Co components �as indicated in the bottom� using theo-
retical references obtained from FEFF8 calculations on a Pt4Co2 cluster.
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adsorption is the most different from the rest, with that for the n-fold
�n � 1� being indistinguishable from each other. Thus, it is possible
to distinguish only atop from n-fold O�H� adsorption. As the coor-
dination of O increases, the maximum in �� for atop O�H� around
2–3 eV moves to higher energy �to about 8 eV� with a negative-
going feature appearing around 1 eV at the onset of subsurface O.53

This change in �� with bonding site has been studied previously,
and is attributed to a combination of changes in the Pt–Pt bond
strength and charge transfer depending on the binding site.53 In this
work, the experimental �� will be used primarily to distinguish
onefold atop adsorption from other n-fold O�H� adsorption, as sug-
gested in Fig. 3.

Previously reported69 local density functional calculations show
that the O atom prefers to be at least doubly coordinated in n-fold
coordinated positions, i.e., bridge or fcc sites, which completes the
octet in the outer valence shell, consistent with simple chemical
VSEPR �valence shell electron-pair repulsion� theory.70 Similar cal-
culations for the OH species on a Pt cluster show that the OH pre-
fers to be onefold coordinated. We will therefore assume in this
work that the atop species are OH and the n-fold species are O
atoms.

Figure 4 shows experimental �� spectra for the Pt–M/C samples
and the Pt/C at 0.84 V. The regions where the �� maxima in the
theoretical signatures fall for onefold OH and n-fold O are indicated.
At the onset of adsorption of oxygenated species, as water dissoci-
ates to form OH on the Pt surface around 0.80 V, a onefold coordi-
nated OH species is indicated. Thus, we attribute the entire magni-
tude of �� over the range indicated to primarily OH adsorption. The
decrease in magnitude of the spectral line shapes on these bimetallic
materials confirms that alloying reduces atop OH adsorption when
compared with pure Pt/C. The spectral magnitudes also indicate that
there is a clear trend in the amount of OH adsorption at 0.84 V,
decreasing as the alloying material is changed from Ni to Cr.

aption and footnote for details.

Pt–Co

�
N

��N = 0.3�
R �Å�

��R = 0.02� Eo �eV�

1.88 2.67 2.49
1.96 2.65 −1.42
1.90 2.66 2.06
2.28 2.67 2.44
1.84 2.67 2.24
1.97 2.67

Table II. Summary of EXAFS first shell results for Pt/C. So
2 fixed

at 0.934 as calculated by FEFF8 for all data in Tables II-VI. �2 is
fixed at 0.006 for Pt–Pt and 0.007 for Pt–M; these values obtained
from the average for all of the Pt–M samples.

V
�RHE�

N
��N = 0.3a�

R �Å�
��R = 0.02a� Eo �eV�

0.00 9.97 2.74 1.64
0.24 9.19 2.73 1.46
0.54 9.04 2.73 1.58
0.84 8.58 2.74 0.817
1.14 6.65 2.73 0.769
Ave. 8.78 2.73

a Although the absolute values of �N and �R are certainly larger than
that indicated, the variation in the values of N and R with potential
are believed to be meaningful down to the values indicated in Tables
II-VI.
le II c

Eo �eV

0.772
2.08
1.10
0.362
0.431
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Determination of cluster morphology.— In order to gain infor-
mation regarding the cluster morphology and metal distribution,
EXAFS analyses on the data were performed. The Pt–Pt and Pt–M
coordination numbers and bond distances obtained from a two-shell
EXAFS fit �one in the case of pure Pt� are presented in Tables II-VI.
These results reveal that the particles have a total coordination num-
ber �Pt–Pt + Pt–M� around 9.0–10.5, and therefore have an average
particle size of around 3.5–5 nm �containing about 200–800 atoms�
based on model cluster calculations assuming spherical clusters.71

Previous XRD analysis on these same ETEK catalysts �Table I�
suggests particle sizes even larger, roughly 5–6 nm.9,16,27 Further,
these particles show a Pt–Pt bond distance generally smaller
�2.71 Å� compared to that in bulk Pt �2.77 Å�, consistent with Table
I and that found previously even for pure small Pt clusters.72-77 The
coordination numbers for both Pt–Pt and Pt–M show no systematic
variation with potential �except for pure Pt�, indicating that signifi-
cant Pt oxide formation has not set in up to 1.14 V, because after
oxide formation the Pt–Pt coordination number is known to decrease
rather sharply.53 Perhaps the most interesting aspect of these results
is a comparison of the Pt–M/Pt–Pt coordination number ratio, which
varies from 0.27 to 0.47. This ratio is plotted in Fig. 5 vs the number
of M 3d electrons, and strongly suggests that the homogeneity of
these clusters is varying significantly depending on the metal M.

In order to gain an understanding of how the Pt–M/Pt–Pt ratio
can vary depending on the particle homogeneity, spherical model
clusters containing around 200 atoms were built up using the
ATOMS code. The average coordination numbers were then calcu-
lated for a pure Pt cluster �with a Pt–Pt N of 9.9�, a homogeneous
cluster with a Pt:M ratio of 3:1, and for a cluster with a Pt skin about
two layers thick and an inner core with a Pt:M ratio of roughly 2:1.
For a homogeneous model cluster the Pt–M/Pt–Pt ratio is found to
be around 0.25, which is expected with a 3:1 Pt–M ratio. The only
way to increase this ratio is to move more M atoms to higher coor-
dination, that is, into the interior of the cluster. The model cluster
with two outer layers of Pt mimicking a Pt skin gives a Pt–M/Pt–Pt
ratio of around 0.5. Figure 5 shows the experimental results and the
theoretical results for the model clusters. It seems clear that there are
primarily two different cluster morphologies among the four
samples prepared in this work, the Pt–Fe and Pt–Cr clusters with a
Pt skin of at least two Pt outer layers, and the Pt–Co and Pt–Ni
clusters having a more homogeneous or true alloy composition with
metal atoms at the surface.

Table IV. Summary of EXAFS first-shell results for Pt–Ni. See Table

V
�RHE�

Pt–Pt

N
��N = 0.3�

R �Å�
��R = 0.02�

0.24 7.60 2.71
0.54 7.63 2.71
0.84 7.58 2.71
Ave. 7.67 2.71

Table V. Summary of EXAFS first-shell results for Pt–Cr. See Table

V
�RHE�

Pt–Pt

N
��N = 0.3�

R �Å�
��R = 0.02�

0.00 7.97 2.71
0.24 7.83 2.71
0.54 7.47 2.71
0.84 7.54 2.71
Ave. 7.70 2.71
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Oxygen chemisorption.— Based on the in situ electrochemical
and XAS data above, it is understood that OH binds in the atop
position around 0.80–0.85 V. As the potential is increased and the
O�H� coverage increases, O adsorbed in bridged and threefold fcc
sites dominates.53 Figure 6 shows experimental �� data for the
Pt–Co and Pt–Cr samples at 1.14 V RHE. The Pt–Co data now
clearly show two components, with the feature at low energy attrib-
uted to atop OH and the higher energy feature to n-fold bridged/fcc
coordinated O. Thus, at higher potentials �adsorbate coverage�, both
chemisorbed OH and O can be seen spectroscopically in the same
spectrum. The Pt–Cr shows primarily one peak at higher energy
attributed to bridged/fcc bonded O. The intensity of the chemisorbed
O is significantly lower for Pt–Co compared with Pt–Cr. We con-
clude that, although OH adsorption is strongly inhibited on the
Pt–Cr cluster as indicated by Fig. 4 and has a Pt skin as indicated by
Fig. 5, O adsorption is more strongly inhibited on the more homo-
geneous Pt–Co cluster.

Although not mentioned above, Fig. 4 shows one major feature
in the range −4 to 6 eV for the Pt, Pt–Fe, and Pt–Cr samples, but
two features for the Pt–Co and Pt–Ni cases. The first set of three
samples contains only Pt on the surface, while the latter set of two
has both Pt and M atoms on the surface. This suggests that the two
peaks may come from two different environments surrounding the
OH/Pt, namely near a M atom and away from a M atom on the
surface. Perhaps the M atom near the Pt–OH transfers charge,
changing the L3 core level energy or even the valence energies. Two
OH peaks are also visible in the �� spectra for Pt–Ru and Pt–Mo,
when Ru or Mo islands �perhaps oxide islands� are known to exist
on the Pt surface.13 Thus, the double peaks in the �� OH spectra for
Pt–Ni and Pt–Co, and their absence in Pt–Cr and Pt–Fe, provide
further evidence for the different morphologies of these Pt bimetal-
lics.

Co K-edge XAS.— Co K-edge XAS data were analyzed to deter-
mine the range of potentials where the Co is oxidized at the surface
of the Pt–Co clusters. It is assumed, based on EXAFS analysis to be
discussed below, that the Co atoms at the surface are oxidized above
0.54 V �covered with O�H��. Intuition would suggest this, because
Co is much more reactive than Pt toward oxidation, and therefore
the onset of Co oxidation should be much lower than the onset for
OH/Pt around 0.80 V. Finally, theoretical results reported by Ander-
son et al.78 suggest that the Co has OH on it all the way down to

ption and footnote.

Pt–Ni

�
N

��N = 0.3�
R �Å�

��R = 0.02� Eo �eV�

1.89 2.67 1.94
1.89 2.67 2.40
1.84 2.67 2.45
1.89 2.67 2.40

ption and footnote.

Pt–Cr

�
N

��N = 0.3�
R �Å�

��R = 0.02� Eo �eV�

2.82 2.68 −0.432
2.91 2.70 2.23
2.93 2.67 −0.452
2.72 2.67 −0.948
2.84 2.68
II ca

Eo �eV

0.147
0.639
0.675
II ca

Eo �eV

1.87
0.329
2.10
1.17
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0.00 V. Therefore, we performed XANES analysis at 0.54, 0.24, and
0.00 V to determine if in fact Co is covered with O�H� throughout
this potential range, or where the onset of O�H� occurs.

The experimental �� = ��V� − ��0.54 V� as obtained from Co
K-edge XANES data at 0.24 and 0.00 V are plotted in Fig. 7. The
overall intensities are quite small; therefore, the noise level is sig-
nificant, particularly for the data at 0.24 V, but the data suggest that
the �� signatures are somewhat similar at 0.00 and 0.24 V, and that
this signature is much larger at 0.00 V. This strongly suggests that
the O�H� coverage begins to decrease already at 0.24 V and de-
creases more sharply toward 0.00 V.

We attempt to confirm this decreasing OH coverage using FEFF8
calculations. To calculate the appropriate �� signature with FEFF8,
O atoms are placed on Co atoms in the atop position at 2.0 Å above
each Co atom, as shown in Fig. 7. This represents our model for the
reference at 0.54 V. We replace the OH with H atoms at 2.0 Å
above the Co, and also place H2O molecules at 2.0 Å above the H
atoms to represent water in the double layer. This represents our
model of the Pt–Co electrode at 0.00 V. As can be seen in Fig. 7, the
theoretical �� spectrum reasonably reproduces the two low-energy
features in the experimental data, and also reproduces the higher
energy oscillations. The theoretical �� was scaled to fit the experi-

Figure 4. Experimental �� for Pt–M/C alloys and Pt/C at 0.84 V in 0.1 M
HClO4. The energy range where the theoretical onefold and n-fold ��
maxima fall are indicated. The amount of atop OH on the alloys increases as
the alloying metal is changed from Cr to Ni.

Figure 3. Experimental �� lineshape at 0.84 V RHE obtained from a Pt/C
electrode. Also shown are theoretical signatures obtained from the FEFF8
code for a onefold atop adsorbed oxygen species, and in a bridged site, as
shown by the Pt4M2On model clusters with the positions of the Pt and M
atoms �M = Cr, Fe, Co, or Ni� indicated.
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mental data and shifted by 5 eV �FEFF8 always requires some shift
for best alignment with experiment�. This reasonable agreement be-
tween the theoretical and experimental �� confirms that H replaces
the OH on the Co, this process beginning �albeit it small� perhaps
around 0.24 V.

Co K-edge data �i.e., Fourier transform �FT� of �� also taken at
0.00, 0.24, and 0.54 V are shown in Fig. 8. Note the remarkable
similarity between the data at 0.24 and 0.54 V, and the significant
change in the Fourier transform occurring at 0.00 V. Thus, even
without any EXAFS analysis, the data indicate something significant
has changed with respect to the Co upon going from 0.24 to 0.00 V.
A complete EXAFS analysis requires fitting five different shells to
this data �Pt–Pt, Pt–Co, Pt–H, Pt–Oshort, and Pt–Olong� over the
range 1 Å � R � 2.5 Å. This leads to significant linear dependen-
cies and statistical inaccuracies; nevertheless, such an analysis is in
progress and is not the focus of this work. Preliminary results sug-
gest that dominant contributions to the various peaks are as those
indicated in Fig. 8.

The FT at 0.00 V shows a loss of the Co–O�H� peak at 1.5 Å and
a new intensity at 1.2 Å and at 1.8–2.0 Å which is not seen in the
0.24 and 0.54 V spectra. The 1.2 Å peak is attributed to the adsorp-
tion of H, and the additional intensity at 1.9 Å to water in the
double-layer H bonded to the H atoms on the surface, as illustrated
by the cluster in Fig. 7. This scattering from water in the double
layer, which falls right at the principal Pt–Pt peak, is consistent with
previous EXAFS data taken in an electrochemical cell.79 Thus, these
EXAFS results, although qualitative, are consistent with our inter-
pretation of the XANES data and prior theoretical results78 showing
that the Co has chemisorbed O�H� on it all the way down to 0.24 V
and beyond, but clearly at 0.00 V this O�H� is partially or totally
replaced by H. Further, it confirms that the PtCo sample indeed does
have Co on the surface rather than possessing a pure Pt skin.

Discussion

As mentioned in the beginning of this article, the importance of
OH poisoning and its effects on a Pt electrode in a fuel cell has been
controversial. Our XAS data clearly show OH species adsorbed in
an atop site on Pt at 0.84 V vs RHE. It is clear from our results that
alloying does significantly decreases the amount of OH adsorption
in all cases. However, there is also a strong dependence on the metal
M; the amount of OH on Pt–Ni and Pt–Co is much higher compared
to that for Pt–Fe and Pt–Cr at 0.80 V. At 1.10 V, however, more O
is adsorbed in the bridge/fcc sites on the Pt–Cr compared to the
Pt–Co. These results are summarized in Fig. 9.

The EXAFS results show that the morphology of the Pt–Ni and
Pt–Co clusters as prepared in this work are very different than the
Pt–Fe and Pt–Cr clusters, the former homogeneous, the latter with a
Pt skin. This difference provides some information as to the domi-
nant mechanism for OH inhibition with the bimetallics. Two mecha-
nisms, proposed previously, are considered below: Electronic effects

Figure 5. Results obtained �solid line� from EXAFS analysis of the Pt–M
alloys and �horizontal dashed lines� from theoretical model clusters as de-
scribed in the text.
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induced by the M metal in the bimetallic, and lateral interactions
between OH on the M and on the Pt as illustrated in Fig. 10.

Electronic effects.— One of the previously proposed mecha-
nisms for OH inhibition is an altered electronic change in the Pt as
a result of alloying.9,16 These electronic changes include changes in
the d band orbital vacancies, or changes in the physical structure
�bond distance and coordination numbers� relative to pure Pt as a
result of alloying. It has been suggested previously that the alloying
metal M may lie below the surface with a Pt skin.27 If the surface of
the catalyst is mainly Pt, this rules out the lateral interaction mecha-
nism to be described below, but may result in a decreased affinity for
the formation of Pt–OH via an electronic effect.78 Such an electronic
effect would be expected to shift the onset for adsorption of OH, and
hence provide the most dramatic effect at low potential, e.g., 0.84 V,
but not be as significant at higher potentials because the entire par-
ticle surface is still Pt. This is exactly what the XANES data show as
summarized in Fig. 9, a dramatic decrease in OH coverage com-
pared to pure Pt at 0.84 V on the Pt–Fe and Pt–Cr clusters, but a
smaller decrease in O coverage at 1.14 V, at least compared to the
decrease with Pt–Co and Pt–Ni.

Lateral interactions.— Another possible mechanism for OH in-
hibition, suggested by Paulus et al.,11,45 is adsorbate-adsorbate lat-
eral interactions which arise when surface segregation has not taken
place and the cluster is more homogeneous with metal M atoms
present at the surface. Since the more reactive M atoms at the sur-
face exists as M–OH above 0.24 V �at least for Pt–Co as shown
above�, these OH groups can repel other O�H� groups that want to
come down on the surface Pt atoms at or above 0.84 V. Figure 10
shows a pictorial view of the electronic and lateral interactions.

The EXAFS results indicate that the Co and Ni bimetallics as
prepared in this work are more homogeneous alloys with M atoms at
the surface. The effectiveness of the lateral interactions should in-
crease with coverage, since the first atoms to adsorb on the Pt can

Figure 6. Oxygen adsorption at higher coverage �1.14 V� for the Pt–Co and
Pr–Cr alloys. The energy regions where the FEFF8 theoretical �� maxima
for onefold atop and n-fold O occur are indicated.

Table VI. Summary of EXAFS first-shell results for Pt–Fe. See Tabl

V
�RHE�

Pt–Pt

N
��N = 0.3�

R �Å�
��R = 0.02�

0.24 5.54 2.74
0.54 6.28 2.71
0.84 5.31 2.74
Ave. 5.71 2.73
Downloaded 14 Apr 2011 to 129.10.187.54. Redistribution subject to E
“steer clear” of the M atoms, but at higher coverage these preferred
sites become occupied, leaving only the sites near the M atoms
where the lateral interactions are the largest. Thus, the O�H� inhibi-
tion on Pt–Co and Pt–Ni should be the most effective at higher
coverage, as verified by the XANES data in Fig. 6 taken at 1.14 V.
At 1.14 V the O coverage is much lower on Pt–Co compared to
Pt–Cr.

Correlation of XANES results with fuel cell data and CV
plots.— We suggest above that the electronic mechanism is more
effective at inhibiting OH adsorption around 0.70–0.90 V, while the
lateral interaction mechanism is more effective at inhibiting O�H� at
higher coverage and hence higher potential �0.90–1.20 V�. Figure
10 shows the current, I900, at 900 mV vs RHE reported previously
by Mukerjee et al.9,27 on these same samples vs the �� amplitude
reflecting the OH coverage at 0.80 V. The relative OH coverage at
0.80 V is indicated by area��, determined by integrating the ��
curves in Fig. 4 from −5 to 10 eV �i.e., obtaining the area under the
curve�. Mukerjee et al.9 normalized the I900 currents relative to the
electroactive surface area as determined by integrating the faradaic
H current from 0.10 to 0.30 V to account for particle size and for
surface Pt composition �i.e., possible M atoms at the surface�. Thus,
the reported currents, I900 �mA/cm2 Pt�, and area�� plotted in Fig.
10 have taken into account all of the effects of particle size and
surface composition.

A clear linear correlation is found in Fig. 10 showing the direct
effect of the OH poisoning, and this alone can account for the ac-
tivity enhancement seen in Pt-based bimetallic catalysts in a fuel
cell. Thus, no significant change in the initial rds involving the O2
adsorption is needed to explain the enhancement. The plot suggests
that “full” OH coverage is obtained when area�� equals 5.5 at I900

Figure 7. Co K-edge XANES difference spectrum, �� = ��V�−
��0.54 V�, at 0.00 and 0.24 V vs RHE. A FEFF8 theoretical calculation
utilizing the clusters illustrated models H replacing OH on the Co atoms at
0.00 V as discussed in the text.

aption and footnote.

Pt–Fe

�
N

��N = 0.3�
R �Å�

��R = 0.02� Eo �eV�

4.48 2.70 4.40
4.01 2.72 4.76
4.46 2.69 3.84
4.32 2.70
e II c

Eo �eV

3.29
−3.13
−3.40
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equal to zero. It must be recognized, however, that the area�� values
here were obtained in an electrochemical cell containing 1 M
HClO4, not in an actual fuel cell, and thus the magnitudes of area��

do not necessarily reflect the OH coverage in the fuel cells. Never-
theless, the estimated value of area�� = 5.5 at full coverage is per-
fectly reasonable, because the theoretical atop signature in Fig. 3
was obtained from FEFF8 assuming a Pt–OH coordination of 1, and
its area�� in Fig. 3 is just slightly larger than that for Pt/C at 0.84 V.
Thus, the OH coverage found at 0.84 V in the electrochemical cell
appears to nicely model that in the PEM fuel cell at 0.90 V. Figure
10 also suggests that I900 could be as high as 3.3 times that for pure
Pt �1.3 at zero OH coverage/0.36 for pure Pt� assuming zero OH
poisoning. Finally, Fig. 10 shows that the primary difference be-
tween these four bimetallic samples appears to be the morphology,
because PtCr and PtFe cluster together when the electronic effects
dominate; PtCo and PtNi come together when the lateral interactions
dominate. The electronic mechanism appears to be more effective
for decreasing OH as expected in the fuel cell.

Figure 11 compares the positive-going scan of the cyclic volta-
mmograms for Pt, and two of the bimetallics; namely for PtCo �ho-
mogeneous when lateral interaction dominate�, and PtCr �Pt skin
when the electronic effect dominates� in 1 M TFMSA. These cyclic
voltammogram �CV� curves show an upward shift in potential for a
given current in the order Pt � Pt–Co � Pt–Cr, in approximately

Figure 9. Summary of �� amplitudes at 0.84 V �representing atop OH� and
the “O peak” in the �� spectrum taken at 1.14 V �right axis�. Also indicated
are the N :N ratios from Fig. 7 using the left axis.

Figure 8. Co K-edge EXAFS data taken at the indicated potentials. The
primary contributions to each feature in the Fourier transform are also indi-
cated.
Pt–M Pt–Pt
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the same order as the increase in fuel cell reactivity as indicated in
Fig. 10. The current well above 0.90 V does not appear to reflect the
effects of the lateral interactions in the Pt–Co, which should reduce
the O coverage in this range as found from the XANES data. We
suspect that the dominant components of the currents in Fig. 11 are
reflecting OH adsorption, not O adsorption. This is a major benefit
of the XANES analysis; it can distinguish between OH and O on the
surface.

The H region from 0.00–0.30 V in Fig. 11 appears to reflect the
morphology as found from the EXAFS data in this work as well as
the effects of cluster size. These CV curves are similar in the H
region to those reported by Mukerjee and Srinivasan27 on the same
samples in PEM fuel cells. The Pt–Co bimetallic shows a sharp peak
around 0.10 V, right where the oxidation of the surface Co from
CoH to CoOH occurs as discussed above. The oxidation of the H on
the Pt at the surface of Pt–Co is also seen. In contrast, Pt–Cr, which
EXAFS analysis indicates has a Pt skin, shows only the oxidation of
the adsorbed H, although its intensity is reduced compared to the
Pt/C because of the significantly larger cluster size for Pt–Cr.

The cyclic voltammograms, interpreted in the new light of the

Figure 10. Plot of area�� amplitude reflecting OH adsorption vs the normal-
ized fuel cell current I900 �mA/cm2 Pt� at 0.90 V �Ref. 46� obtained as de-
scribed in the text. Insets illustrate the lateral interactions and the electronic
effects, and the two samples in each case where these dominate.

Figure 11. Cyclic voltammograms �scan rate of 50 mV/s� for Pt/C and two
Pt–M alloys �homogeneous PtCo and PtCr with a Pt skin� in 1 M TFMSA,
where the Pt–M CV curves have been normalized to have the same nonfara-
daic or capacitance currents as that for the Pt/C electrode. The horizontal
arrow shows the shift to higher potentials to reach a given current.
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detailed information gained from the EXAFS and XANES analysis
in this work, appear to be generally consistent with the findings in
this work.

Pt enrichment at the surface.— We can only conjecture here on
how or why Pt enrichment at the surface might occur to form a Pt
skin. Previous studies by Toda et al.10 directly observed a Pt skin
using XPS; others have suggested that a Pt skin exists
�Mukerjee;9,16,27 early papers in Paulus et al.45� based on EXAFS or
H chemisorption. In general, these authors conclude that the Pt skin
forms by leaching of the more reactive M metals. However, it is
unclear whether this forms as a result of the preparation, which
sometimes includes an acid wash step �as performed on these
samples� when the M atoms may leach out, or if it occurs after
electrochemical processing. The latter has been directly confirmed
by the XPS results of Toda et al.,10 which showed M atoms at the
surface in the as-prepared condition, and the absence of M atoms in
at least the first two to three atom layers below the surface after the
electrochemical experiments. However, these latter samples were
prepared by cosputtering, so the bimetallics as deposited were per-
haps not in the most stable state. Our bimetallic clusters, prepared
by high-temperature anneal, might behave very differently and have
the Pt surface enrichment already in the as-prepared state.

M-atom leaching might be thought of as consistent with our find-
ing above, because the Pt–Cr and Pt–Fe clusters had Pt skins �i.e.,
the reactive Cr and Fe atoms possibly leached out�, while the Pt–Co
and Pt–Ni clusters �Co and Ni less reactive� were more homoge-
neous. However, the Pt–M/Pt–Pt coordination ratios found from the
EXAFS for Pt–Cr and Pt–Fe suggest otherwise. A totally homoge-
neous cluster should give a Pt–M/Pt–Pt coordination ratio of 0.33 in
a Pt3M alloy, as found for Pt–Co and Pt–Ni. The higher Pt–M/Pt–Pt
ratio of 0.4–0.5, found in Pt–Cr and Pt–Fe, cannot arise from M
leaching out, but only from M atoms moving into the interior of the
cluster during the alloying anneal process.

The details of metal segregation in alloys are not completely
understood.80 Most early studies were performed on the Pt–Ni and
Pt–Co bimetallics, and most agree that the segregation depends on
the surface energy and the size of the alloying metal.81 Some theo-
retical estimates and experimental measurements82-84 of the surface
energies suggest that surface segregation should not occur in Pt–Ni
�75:25�, consistent with our EXAFS results for Pt–Ni. However,
recent results by Stamenkovic et al.12 on Pt3Ni clusters show 75%
surface Pt atoms in the as-prepared state, and 100% surface Pt atoms
after annealing at high temperature, revealing a high T segregation.
LEED results, along with calculated surface concentration profiles
done on Pt–Co �75:25�, also show that the surface is slightly en-
riched in Pt on the �111� faces.85 Recent DFT calculations of Nor-
skov’s group49 indicate a positive segregation energy of 0.37 and
0.46 eV for Fe and Co, respectively, for isolated M atoms in a Pt
host, and suggest that both Fe and Co atoms indeed prefer to remain
in the interior of the particle at thermodynamic equilibrium. Thus, in
general a Pt skin is expected and found after a high-temperature
anneal for all the M atoms utilized in this work.

The question then arises, why do the PtCo and PtNi samples in
this work show a more homogeneous distribution? Equilibrium dis-
tributions should be reached faster with the Ni and Co, because of
the smaller M-atom size, so we rule out a nonequilibrium distribu-
tion for Co and Ni. Perhaps the smaller Co and Ni atoms do not
allow M rich �i.e., PtnM with n smaller than 3� alloys to form be-
cause of the greater lattice strain compared with Fe and Cr. If a
significant Pt skin is to form in these clusters according to our model
calculations, the interior must be richer in M. Further, the segrega-
tion energy has been found to depend on many factors, including
particle size, the M-atom radius, and even the acidity of the
support,50 as summarized in the beginning. It is clear that much
more work must be carried out on the formation or lack of a Pt skin
and the effects of annealing before one can generally predict when a
Pt skin will or will not occur.
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Conclusions

X-ray absorption studies of Pt/C and Pt–M/C bimetallics com-
bined with theoretical calculations provide direct spectroscopic evi-
dence for OH inhibition on the electro-catalyst surface in the Pt-M
clusters. This OH inhibition, going in the direction Pt � Pt–Ni
� Pt–Co � Pt–Fe � Pt–Cr, is directly correlated with the previ-
ously reported kinetic reactivities for a fuel cell with these bimetallic
compositions. The EXAFS analysis shows that the bimetallics as
prepared in this work have different morphologies; the Pt–Ni and
Pt–Co clusters are more homogeneous with M atoms on the surface,
while the Pt–Fe and Pt–Cr have a Pt skin. The alloy composition in
these samples determines which inhibition mechanism dominates.
The electronic mechanism apparently dominates in the presence of
the Pt skin, which is the most effective at inhibiting OH at low
coverage, while the lateral interaction plays a more significant role
on the O�H� species coming down when the Pt must reside at sites
close to the M–OH groups existing at the surface. The mechanism
for the Pt skin formation and the regularity for its existence are not
clear.
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