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Based on density functional calculations, we discuss the effect of
alloying Pt with other metals for use as anode catalyst materials in
low-temperature fuel cells. We discuss why a few parts per million
of CO in the H; fuel can poison Pt surfaces and how this problem
can be alleviated by alloying, and an extensive data base of the effect
of alloying on the reactivity that includes all binary combinations
of the transition metals to the right in the periodic table is given. We
also discuss the effect of surface segregation and give a calculated
data base of segregation energies of binary transition metal alloys.
Based on extensive Monte Carlo simulations we show that while
the adsorbate-free surface of a Rug sPto 5 alloy has no Ru in the first
layer, the presence of CO can move some Ru to the surface, but all
these Ru atoms are covered by CO.  © 2001 Academic Press
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soning; Pt Ru alloy; DFT; Monte Carlo.

1. INTRODUCTION

Fuel cells based on polymer proton conductors offer new
hope for a stable, low-temperature energy source for, e.g.,
vehicles. Fuel cells function as electro-chemical engines that
convert the chemical energy released in the reaction of H,
and O, into electrical energy. The so-called proton exchange
membrane fuel cells (PEMFCs) use a polymer membrane
as the electrolyte. At the anode hydrogen is oxidized to
protons and electrons,

Hy — 2H' +2e™.

The electronically insulating membrane allows the protons
to move through it to the cathode where the oxygen is re-
duced:

O, +4H" +4e™ — 2H,0.

The presence of liquid water is a necessity for the mem-
brane to function efficiently and this limits the temperature
range in which it can be operated to 60-100°C (1). The
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H, used as fuel for the fuel cell is usually produced from
natural gas or from methanol (MeOH) or other liquid fu-
els by stationary or on-board reformer systems. CO is a
byproduct of such processes and it is very hard to avoid 10—
100 ppm of CO in the feed gas. An alternative is the so-
called direct methanol fuel cell (DMFC), which has the
drawback of a less efficientand more complicated anode re-
action, in addition to problems with MeOH crossover (2, 3).

The low temperature of operation puts strong limits on
the purity of the fuel. As little as approximately 20 ppm of
COinthe H; severely poisons a pure Pt catalyst surface (1).
Various Pt-based alloys have been proposed to alleviate this
problem, the current standard solution being a PtRu alloy
catalyst, which is considerably more CO tolerant than the
pure Pt catalyst (4). Watanabe and co-workers (5) have in-
vestigated the electrocatalytic oxidation of H; in the pres-
ence of CO on different Pt alloys using a rotating disk elec-
trode setup and they found that in addition to PtRu the
PtFe, PtNi, PtCo, and PtMo alloys show good CO resis-
tance. The surfaces of these alloys were shown to consist
of a thin layer of Pt with an electronic structure different
from pure Pt. There are two possible ways in which alloying
could change the CO sensitivity of H, oxidation (1). One
is that, e.g., Ru promotes CO oxidation, thus removing CO
from the surface (4, 6). This is consistent with the recent
observation by Hayden and co-workers (7) that CO oxida-
tion on Pt(110) is promoted by Ru in the surface region.
The other possibility is that alloying decreases the CO sta-
bility more than the stability of H on the surface. This is
consistent with the experiments of Behm and co-workers
(8), who used thermal desorption to show that Pt overlay-
ers on a Ru(0001) surface bonds CO considerably weaker
than the clean Pt(111) surface.

In the present paper we focus on the question of the
competitive CO and H, adsorption. On the basis of exten-
sive “ab initio” density functional calculations we study the
origin of CO poisoning of Pt surfaces and the effects of al-
loying on the CO poisoning. We initiate the discussion by
introducing a simple model of the kinetics of proton forma-
tion at a metal surface in the presence of H, and CO in the
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gas phase. The main parameters controlling the effect of
CO on the kinetics are the CO and H, adsorption energies,
and we therefore continue by giving a short review of the
effects that control the adsorption strength of CO and H;
on transition metal surfaces. We show that a single surface
parameter controls both adsorption energies, and discuss
how to change the adsorption energies by alloying. In this
connection we give an extensive data base of the effect of
alloying on the reactivity by considering all binary combi-
nations of the transition metal to the right in the periodic
table.

If we want to affect the surface chemical properties by
alloying, itisimportant to know the surface compositionasa
function of bulk composition. We therefore also present an
extensive calculated data base of segregation energies for
binary transition metal alloys and discuss how adsorption
can affect surface segregation. We present Monte Carlo
simulations for the Pt/Ru system in the presence of CO and
show that under all reasonable conditions, the only free
sites present on the surface are Pt atoms and all the effects
on the surface chemistry are related to modifications of the
Pt surface properties by subsurface Ru. Finally, we discuss
which would be the best binary alloys for anode materials
from the point of view of having the largest H/CO ratio on
the surface of the catalyst.

2. THE KINETICS OF PROTON FORMATION

We start by giving a simple description of the kinetics of
the production of protons at a metal surface. We do not
intend for this to be a detailed treatment of the Kinetics,
but rather to illustrate qualitatively the effect of CO. We
consider the three reactions

Hy + 2% = 2H % [1]
CO+%+=CO=x [2]
Hx — HT + e + %, [3]

where a x denotes a free site on the surface. We assume that
this is the rate limiting part of the kinetics. The rate of H*
production is given by the forward rate of the last step (we
assume that the backward rate is negligible),

r = ksfn [4]

where k3 is the forward rate constant of Eq. [3] and 6y
denotes the coverage of adsorbed H atoms on the surface.
We do not include H,O adsorption and dissociation or the
possibility of electrochemical CO oxidation in the present
treatment. Such effects could be included, but we choose
at present to concentrate on the effects that do not include
water.

We will assume that the first two steps are in quasi-
equilibrium. This means that we can express the coverages
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of adsorbed CO and H in terms of the equilibrium con-
stants Ky and Kco for the two steps and the pressures Py,
and Pco of Hy and CO as

ot = /ReiP6, 5]
Oco = KcoPcobk. [6]

Using 6co + 61 + 0, = 1 we can solve for 6, which in turn
gives the total rate of proton production through Eq. [4],

o VK P, (1-635) 7
1+ «/KHPHZ(l—Ggo)’

where

KcoPco
0 = —— =2 8
€0 ™ 1+ KeoPeo (8]

is the coverage of CO on the surface in the absence of any
other molecules in the gas phase.
The equilibrium constants are given by expressions like
Ki = exp(—(AE; — TAS)/kT), i =H,CO, [9]
where AE; and AS; are the changes in energy (enthalpy)
and entropy upon adsorption. Assuming the adsorbed
species to have only high-frequency vibrational modes (on
the scale of kgT) ASy = 136 Jmol™ Kt and ASo =

202 Jmol~* K71, In the limit & < 1 Eq. [7] can be reduced
to

O = /KnPa, (1 - 6%0)
/P,
~ L He exp(—(%AEH —AECO>/kBT>, [10]

Cco

showing that the performance is given mainly by the diff-
erence in the H and CO adsorption energy. This is a natural
resultsince it is the competition between H and CO adsorp-
tion that determines 6.

The starting point for our discussion of anode materials
is the close-packed Pt(111) surface. The values of AE, and
A Eco have been measured and calculated for this surface in
the gas phase. In an electrochemical cell the presence of the
electrolyte and the cell voltage will affect these values (9).
The present results are therefore most relevant for small
overpotentials, but we expect the qualitative aspects to also
be relevant to the electrochemical situation. Measurements
of AEy, vary between 0.42 and 1.34 eV (10) and calcula-
tions give values between 0.5 and 0.8 eV, depending on the
exchange correlation energy functional used (11). We will
be using the most recent value of AE,O42 =0.5eV in the fol-
lowing. Measured values of AEco vary between 1.39 (12)
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FIG. 1. Calculated variation in the hydrogen coverage 6 according
to Eqg. [7] as a function of the CO partial pressure. The H; partial pressure
is 1 atm.
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and 1.94 eV (13), depending on the method used. Calcu-
lated values vary between 1.39 (14) and 1.82 eV (15), de-
pending on the method used to treat exchange and correla-
tion effects. The most accurate number seems to be around
AE2, =1.4eV, and this is the value we will be using in the
following.

If we use these parameters and ask the question what the
hydrogen coverage (and thus the total rate from Eq. [4]) will
be as a function of CO partial pressure, we get the result
shown in Fig. 1. Itis clearly seen that at 80°C the H coverage
decreases strongly for CO concentrations above about 10
ppm. This is in accordance with the experimental observa-
tions of Pt-based fuel cell performances in the presence of
CO (1), lending further support to the kinetics and the pa-
rameters used here. Increasing the temperature will clearly
alleviate the problem considerably, so a proton conductor
working at high temperatures or other cell types, such as the
phosphoric acid fuel cells (PAFC) operating around 200°C
(1), does not have this problem.

In order to see what kind of changes in the CO adsorption
energy are needed to change the strong CO poisoning effect
at 80°C, we consider now the effect of variations in AEco.
We will see below that there is a tendency that AEy varies
along with AEco from one metal to the next, so we will
make variations in both parameters in the vicinity of AEY,
and AE2, so that

AEn=AEY +a(AEco — AEY,). [11]

In Fig. 2 we show the hydrogen coverage as a function
of the CO adsorption energy, AEco, for « = 1. Two conclu-
sions are immediately clear from the figure. First, it is clear
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FIG. 2. Calculated variation in the hydrogen coverage 6y according

to Eq. [7] as a function of the binding energy of CO. The hydrogen bind-
ing energy is assumed to follow the variation in the CO binding energy
according to Eq. [11] and « =1 has been used as the relative strength of
the variations in the H, and CO bond energies. The partial pressure of H,
is 1 atm and the CO concentration is 10 ppm.
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that there is a strong dependence of the hydrogen cover-
age and thereby of the rate on the CO partial pressure.
Secondly, the effect is strongly dependent on AEco. As
AEco is increased (the strength of the CO-surface bond
is decreased), the hydrogen coverage increases strongly.
If the bond strength gets too small, on the other hand,
the H coverage also becomes too small (for « # 0), sim-
ply because AEy and AEco follow each other according
to Eq. [11]. These results indicate that there is an optimal
window of CO (and H) bond strengths for the reaction to
proceed.

3. ELECTRONIC FACTORS AFFECTING CO BONDING
AND H; DISSOCIATION

The bonding of CO and H; to transition metal surfaces is
extremely well studied, and a detailed understanding of the
factors controlling the bond strength has been established.
We will follow the description of Hammer and Ngrskov
(16). Figure 3 summarizes calculated CO adsorption ener-
gies on different 4d and 5d transition metals. The general
trend is that the further to the left in the transition metal
series, the stronger the adsorption.

In Fig. 3 the CO adsorption energy, AEco, is plotted as
a function of a single parameter describing the electronic
properties of the metal surface without any adsorbates, the
d-band center 4. This parameter measures the energy of
the metal d states relative to the Fermi energy, and it can be
seen that the higher in energy the d states are, the stronger
the interaction. It has been shown in detail how to under-
stand this behavior in terms of the interaction between the
CO molecular states and the metal electronic states (16).
For the present purposes, we will simply accept the correla-
tion between adsorption strength and ¢4. Since the d states
move up in energy toward the left in the transition metal
series as the d shell becomes less and less occupied, the
interaction strength increases, but a similar effect can be
obtained for a given metal as its surroundings are changed.
Figure 3 includes results for CO on a Pt overlayer on Ru.
In the latter case the Pt d states have been shifted down in
energy and the CO-Pt interaction is reduced accordingly.
This result clearly illustrates the possibilities in bimetallic
systems for modifying the properties of a given metal.

The trends in the variation of hydrogen chemisorption
energies are much the same as for CO (11). In Fig. 3 we
include results for H chemisorption energies on different
transition metals. Clearly, the constant « in Eq. [11] is close
to 1.

3.1. Trends in Reactivity for Bimetallic Surface Alloys

Having established that both the hydrogen and the CO
adsorption energies depend on the same surface parame-
ter, eq, the question arises how this parameter can be var-
ied. The question we ask is how the properties of a given
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metal can be changed by alloying it with another metal. For
simplicity we will only consider cases where one of the com-
ponents segregates to the surface so that there is no mixed
phase in the first surface layer. Most of our conclusions are
not affected by this choice, though, as we will show below.
There are two key parameters of interest here: (i) how does
the alloying or overlayer formation modify the electronic
structure, and in particular 4, and (ii) will the metal that
we are considering be present at the surface ? In the follow-
ing we first consider point (i). The question of the surface
concentration of the components in an alloy is the subject
of the subsequent section.

In Fig. 4 we show calculated changes in ¢4 for a number
of late transition metals at the surface of all the others. For
each metal considered we compare the ¢4 to the values for
the elemental metals, which are given in the diagonal of
the matrix. This means that if the change in ¢4 is negative
(blue color), asingle layer of the metal in question on top of
another metal will tend to be less reactive (bind CO and H
weaker according to the correlation described above) than
the metal itself and vice versa.

Two major trends can be clearly seen in Fig. 4: a quite
strong negative shift of the d-band center of 4d and 5d
late transition metals on the surfaces of 3d metals and, vice
versa, a substantial positive shift of the center of the d band
of 3d metals on the surfaces of 4d and 5d metals. As ex-
plained in Ref. (21) this is mainly a size effect that is a
consequence of the contraction or expansion of the lattice
spacing of the pseudomorphic overlayer compared to the
surface of pure metal. Another factor that governs the d-
band shift of the overlayer is the number of d electrons of
the underlying host metal: The smaller the number of the
valence d electrons it has, the deeper the shift of the ¢4 of
the overlayer element. In fact, the effect is so strong for Pt
and Pd on the surfaces of 111b-Vb transition metals (Sc, Y,
La, Ti, Zr, Hf, V, Nb, Ta) that the reactivity should be almost
suppressed. Why it does not work in practice, however, is
the metal-adsorbate interaction, which reverses the surface
segregation behavior making the catalytic elements, like Pt
and Pd, unaccessible at the surface.

4. SEGREGATION ENERGIES FOR TRANSITION
METAL ALLOYS

Before we consider the complete picture, which includes
interaction of the alloy components with an adsorbate, we
will first have a look at the prediction of the theory in the
case of clean surfaces of binary random alloys Ay B;_x. The
key parameter that can be used to estimate the surface com-
position at a given bulk composition and temperature is the
surface segregation energy. Although it in general depends
on the alloy composition, crystal structure, and surface ori-
entation, the overall trends can be observed and understood
on the basis of the segregation energies of impurities (i.e.,
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FIG. 3.

Calculated variations in the CO (only atop) and H, chemisorption energies on 4d (open symbols) and 5d (filled symbols) transition metals

shown as a function of the center of the d bands €4. The values of ¢4 is taken from LMTO calculations, Fig. 4. The CO and H, adsorption energies on
the pure 4d metals are taken from Ref. (17) except for CO on Ru (18) and CO on Rh (19) and are calculated using the RPBE functional. The results
for Pt and Pt/Ru are new calculations. The adsorption energy for H, on Pd/Re is estimated from Ref. (20), where the PW91 functional has been used to
calculate the difference between the pure Pd and a monolayer of Pd on Re. The adsorption energy of CO on Pd/Ru is estimated from Ref. (15), where
the PWO1 functional has been used to calculate the difference between the pure Pd and a monolayer of Pd on Ru. Details of the calculations can be

found in these references.

dilute limit of binary alloys) in the otherwise pure hosts. In
fact, in the case of the alloys of the late transition metals
the composition dependence of the segregation energies is
very small.

In Fig. 5 we show the results of ab initio calculations of
the surface segregation energies of transition metal impu-
rities at the most closed-packed surfaces of other transition
metals as a color-coded matrix (22-24). Here, red colors
correspond to negative segregation energies and, hence, to
segregation of the impurity (solute) toward the surface of
the host, and blue colors correspond to positive segregation
energies and, hence, to the situation where the impurity
prefers to remain in the interior of the host.

From Fig. 5 one can immediately see several trends in the
surface segregation phenomena. First, every subblock of
the matrix for different periods of the Periodic Table looks
very similar. This is a consequence of the fact that, in gen-
eral, the surface segregation energy is proportional to the
difference of the surface energies of the alloy components,
which in turn are proportional to the cohesive energies. The
latter have a well-known parabolic behavior as a function of
the number of valence d electrons in the metal. The metals

at the beginning and at the end of each d-band series have
the lowest cohesive and consequently the smallest surface
energies, and this determines their segregation properties:
they segregate toward the surfaces of the central transition
metals, which are usually confined to the bulk region of the
alloy.

There are, of course, some additional features in the sur-
face segregation behavior, connected, for example, to struc-
tural and magnetic effects (for details see (22)). Several al-
loys of Pt with, e.g., Ni and Cu form ordered alloys, and this
also means that mixed phases can be important at the sur-
face. Nevertheless, the main conclusion that can be drawn
from the results presented in the figure is that the late tran-
sition metals such as Pt and Pd have promising catalytical
properties since they readily segregate toward the surface
of other transition metals.

4.1. The Effect of Adsorption

The presence of an adsorbate can change the surface
composition of an alloy significantly compared to the case
where there is no gas present. In this case, and if there are no
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The details of the calculations and the underlying database is to be found in Ref. (22).
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kinetic limitations, the condition for element A to be at the
surface can be formulated in terms of the surface segrega-
tion energy Esﬁgr(B) of element A in the A,B;_ alloy, and
the binding energies of the adsorbate (adsorption energies)
to the A and B atoms at the surface,E2, (B):

'+ —ads

EA +EA. —EB

segr ads ads

<0. [12]

The CO adsorption energies on the surface of pure ele-
ments grow fast and approximately linearly with decreasing
number of d electrons, from late to earlier transition met-
als, cf. Fig. 3. This means that in the presence of CO there
could be segregation reversal in the binary Pt or Pd alloys
with earlier transition metals, caused by strong interaction
of CO with atoms of the earlier transition metal, which pulls
them out to the surface. Although, for a rough estimate, one
can use the adsorption energies of gases on the surfaces of
pure metals, it is worth remembering that the real values
of EaAC}SB) in the alloy can be strongly modified due to inter-
action between the alloy components as described in the
previous section; i.e., the late transition metal becomes less
reactive with adsorbate in the presence of the earlier transi-
tion metal and vice versa. In the following we will discuss the
problem of adsorbate-induced segregation in more detail.

4.1.1. Simulation technique. In order to study the phe-
nomenon of adsorbate-induced segregation we have devel-
oped a Monte Carlo method, which treats both the segre-
gation and the adsorption/desorption at the surface.

In our simulations we include adsorption and desorption
from/to a gas phase, surface diffusion of the adsorbate, and
diffusion from the bulk to the surface and back in the alloy.
The alloy is treated as a host material with some impurity
atoms present, the adsorbate layer consists of adsorbate
atoms/molecules and free sites, and the gas phase is de-
scribed by the pressure of the adsorbing atom or molecule.
A typical size of our unit cell is 100 x 100 atoms with 9 alloy
layers, and we impose periodic boundary conditions in the
two directions parallel to the surface.

For simplicity we only allow for on-top adsorption. This is
a good starting point for CO adsorption, because CO tends
to adsorb on top of the late transition metals (13, 25-27),
which we have chosen to study. We represent the energy of
the system as a sum over the nearest-neighbor pair poten-
tials, Vij,

1
E=2) Vi,

R,R

[13]

where i and j stand for impurity, host, adsorbate, or free site,
depending on the type of atoms in the nearest-neighbor R
and R’ sites.

The interaction between two adsorbates is set to be re-
pulsive (Vags ags = 0.5 V), such that the maximum coverage
will be 6 =0.33. This is done for simplicity and should not
change the conclusions. The adsorption energies discussed
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above are used for the interaction between metal and adsor-
bate (Vhost/imp.ads). The interaction between a free site and
another site is set to 0; that is, Viost.free = Vimp, free = Vads,free
= Viree.free = 0. This way the driving force for the segrega-
tion will be the lack of interaction at the surface.

The interaction between the metal atoms is derived from
the segregation and mixing energies in the following way.
The segregation energy can be defined as the energy gain
by interchanging an impurity atom in the bulk with a host
atom in the surface in the dilute limit. This leads to

Esegr =(Z - Zs)(vhost,host - Vhost,imp)s [14]
where Z is the coordination number for a bulk atom, and
Z is the coordination number for a surface atom.

The mixing energy is a measure of the tendency of the
impurity to form a random surface alloy instead of islands
on the surface and is defined as

32 Esurf(xs, Xb)
Enix=—"—"7—"757+7-—"", 15
mix 3X52 [ ]

where Egurf(Xs, Xp) is the surface energy and x; and xp, are
the impurity concentrations in the surface and the bulk,
respectively. Assuming a random alloy and letting x, — 0
(28) we get

Emix = Z12((Vimp,imp - Vhost,imp) + (Vhost,host - Vhost,imp)),
[16]

where Z; isthe number of bonds in the surface plane. These
two Egs. [14] and [16] are sufficient to determine the three
remaining parameters (Viosthost, Vimp,imp, 8Nd Vhost,imp) be-
cause it is the energy differences (Vhost.nost — Vhost.imp) and
(Vimp,imp — Vhost.imp) that govern the segregation. This has
been thoroughly tested. So in general we set Viost host =0
and then determine Vimp imp and Vhost,imp from Egs. [14] and
[16].

5. THE PtRu SYSTEM

In order to test the effect of CO adsorption on surface
segregation, we have investigated a PtsoRusg alloy under
different conditions. This also allows us to investigate in
detail if Ru at the surface of a PtRu alloy is important for the
improved properties of the alloy as anode catalyst from the
point of view of the H/CO coverage. We use the calculated
values of Esyr =0.59 eV and Enmix=0.11 eV obtained by
the methods discussed above (24).

Our conditions were T=353 K and Pco =10-100 ppm
of 1 bar. In order to estimate the CO adsorption energy
on Ru on a PtsgRusy alloy we have calculated the d-band
shift of a surface Ru impurity in Pt/PtsoRuso(111) using the
Green’s function method described in Ref. (24). The cal-
culated d-band shift is 0.09 eV. The CO adsorption energy
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FIG. 6. The total mole fraction of Ru in the surface, the mole fraction
of free Ru in the surface, and the amount of free surface sites as a function
of CO content in the gas at 80°C.

varies approximately as —0.5 times the d band shift (cf.
Fig. 3), and the adsorption energy should therefore be ap-
proximately 0.04 eV larger (stronger) on Ru on the alloy
than on clean Ru(0001). This leads to an estimate of the
CO adsorption energy of 1.69 eV. For CO on Pt atoms on
the alloy surface we have calculated the adsorption energy
for CO on Pt/Ru(0001) to be 1.10 eV using the method of
.

When these parameters are used in the Monte Carlo sim-
ulations we get some segregation of Ru to the surface, but
all the Ru sites at the surface are covered by CO, cf. Fig. 6.
The Pt sites on the other hand are quite free from CO.

We conclude from these simulations that the superior
performance of PtRu compared to pure Pt as an anode
catalyst can, at least in part, be attributed to a modification
of the CO/Pt adsorption energy due to the presence of Ru
in the bulk.

We note in this context that according to our DFT cal-
culations Ru modifies the adsorption of CO on Pt in the
surface for Pt impurities in Ru (cf. Fig. 4), when Pt is in
the surface of a PtsyRusg alloy (cf. the discussion above),
and when CO is adsorbed on Pt at the surface of a Pt(111)
crystal with Ru, which has segregated to the second layer.

6. CHOOSING GOOD CANDIDATES
FOR ANODE MATERIALS

We are now in a position to discuss in some detail why
some alloys may be more suited than others as anode ma-
terial. As discussed above a good material must bind CO
weaker than pure Pt, but not too weakly, since that implies
that also H is bound too weakly, cf. Fig. 3. In this connection
it must also be remembered that if the surface becomes too
unreactive, H, dissociation may become highly activated,
and this may in itself limit the rate (11). In addition, the
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metal in question must segregate to the surface under reac-
tion conditions. Finally, none of the metals involved must
form stable oxides, since alloys involving these metals will
tend to segregate an oxide phase during exposure to oxygen
or water.

Exchanging Pt foracompletely different metal is difficult.
Pd is the most obvious possibility, but even Pd binds CO
stronger than Pt (cf. Fig. 3). All the transition metals to the
left of Pd or Pt bind CO stronger, not weaker, than Pt and
Pd. Agand Au, on the other hand, do not bind H, at all (11),
and on Cu H; adsorption is activated and thermo-neutral
(11). The possibility is therefore to make Pt (or Pd) slightly
less reactive, or to make some of the other metals much
less reactive. We will concentrate on the former possibility
in the following.

Of the combinations of metals considered in Fig. 4, Pt
should become less reactive at the surface of all the metals
considered here except Ag and Au, and these are also the
only metals where Pt should not segregate to the surface.
Alloys with Ir, Rh, Ru, Cu, Ni, Co, and Fe should therefore
produce less reactive Pt and thus a better anode catalyst.
Most of these systems have been identified experimentally
to work in this way (1, 5). In particular, our findings are in
excellent agreement with results from Watanabe and co-
workers (5), who found that the surfaces of Pt alloys con-
sisted of a thin layer of Pt with an electronic structure differ-
ent to that of pure Pt and they concluded that this different
electronic structure of Pt was responsible for the lowering
of the equilibrium concentration of CO on the surface. Pt
forms ordered alloys with the 3d metals Cu, Ni, Co, and Fe,
and at the surface of these metals there may therefore be
appreciable amounts of other metals compared to that of
Pt (29-31). This can dilute the positive effect of alloying,
but should not change it completely (32).

7. SUMMARY

We have presented a comprehensive picture of the fac-
tors determining the reactivity of alloy surfaces, and have
shown that these considerations can be used to understand
why some binary alloys of Pt are better anode materials
than pure Pt. We have concentrated on effects not including
water. The CO oxidation by dissociated water is important
at high overpotentials and must be included in a complete
treatment, but we have chosen to single out the effect of
the competition of CO and H; for surface sites. The main
conclusions are that adding another metal to Pt changes
the position of the d-band center for Pt, and the position
of the d-band center is a measure of the adsorption energy
of an adsorbate. It is, however, important to take adsorbate
induced segregation into account as in certain cases it can
make the Pt unaccessible at the surface. The increased CO
tolerance of the PtRu alloy compared to that of pure Pt can
be explained by this electronic effect, which lowers the CO
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adsorption energy on Pt and thereby gives more free Pt in
the surface. We note that a weaker CO-Pt bond also makes
the CO more reactive in connection with CO oxidation at
higher overpotentials.
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