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We present here a first principles density functional theory investigation of the reactivity of
Pt�111�-skin catalysts, which are varied from surface alloys with Ni to bulk PtxNi1−x

�x=0.25,0.50,0.75� alloys. Molecule �CO, O, and H� adsorption and oxidation of CO+O and H
+O reactions were studied and analyzed in detail. Independent of the adsorbates, the interaction
between adsorbates and substrates becomes weakened with increase in Ni, due to the downshift of
d-band center of surface Pt atoms. Moreover, activation barriers of CO and H oxidation toward
atomic oxygen gradually decrease. In term of CO preferential oxidation �PROX� in excess of
hydrogen, it turns out that the overall reactivity and selectivity rely on the optimum of various
elementary steps involved such as competitive molecular �dissociative� adsorption and oxidation
reaction. The present calculations show that Pt3Ni�111� with Pt overlayer is an optimum catalyst for
CO PROX in excess of hydrogen. © 2008 American Institute of Physics. �DOI: 10.1063/1.2920174�

I. INTRODUCTION

Fundamental understanding and ability of control of
molecules–transition metal �TM� interaction, as well as their
dependence on structures and components, are the keys of
catalysis, which play a crucial role in modern industries, en-
ergy, and environmental protections. A prominent example is
low-temperature polymer electrolyte membrane fuel cells
�PEMFCs�, which convert chemical energy from fuel �hydro-
gen� to electricity with environmental friendly water as the
only product. Among others, precious platinum are the most
efficient, stable, and commercialized catalysts used at both
anode and cathode to increase the reaction rates. Since hy-
drogen fuel normally comes from reforming process, the
presence of a few percentage of carbon monoxide �CO� is
inevitable and will eventually poison Pt catalysts. Improving
Pt catalytic activity with better CO tolerance and decreasing
amount of Pt, or even replacement of Pt, are the main chal-
lenges in the fields, which experimentally and theoretically
attract extensive efforts.1–22

It has been found that the presence of the second ele-
ments, such as Ru, Sn, or Mo, by either alloying or codepos-
iting with platinum was able to remarkably improve CO tol-
erance at anode.1–5 The reason has been attributed to the
variation of Pt electronic structures induced by alloying to
destabilize CO–Pt bonds. Destabilization of spectators and
intermediates �such as hydroxyl group� at cathode can also
be realized by alloying to free moving active sites for oxygen
reduction reaction �ORR�.6–9 Markovic and co-workers re-
ported that bimetallic Pt3M alloys �M=Cr,Mn,Co,Ni� cata-

lysts dramatically enhanced the ORR reactivity.10,11 Further
characterization revealed that formation of the Pt overlayer
�the so-called Pt skin� due to the segregation under operating
conditions and decrease in lattice constant by alloying were
the main driven forces behind not only for increasing number
of active sites but also the activity of adsorbates.

CO poison can, however, be partially relieved by remov-
ing CO from reforming process via methanation, water gas
shift reaction, and CO preferential oxidation �PROX�.16–22

Among them, CO PROX has merits of lower reaction tem-
perature and high selectivity �decrease CO concentration to a
few ppm� and received special attention. It has been found
that supported PtSn alloy showed high activity and selectiv-
ity toward CO PROX in excess of hydrogen, where the turn-
over frequency was about two orders of magnitude higher on
PtSn /C than that of the reference catalyst Pt /Al2O3 at the
fuel cell operating temperature of 80 °C.20,21 Recently, Ko
and co-workers reported that supported Pt–Ni and Pt–Co
catalysts have high CO conversion and CO2 selectivity,
where the presence of bimetallic Pt–Ni �Co� nanoparticles
was found to be essential.22

Despite extensive efforts on CO PROX reaction carried
out so far, microscopic understanding in terms of elementary
reaction activity and selectivity as well as their dependence
on the catalysts and stoichiometrics remained. To shed light
on these, we report here a systemical density functional
theory study of CO PROX on Ni-containing Pt-skin cata-
lysts. The molecule �CO, H, and O� adsorption on Pt–
Ni�111� alloys with different Ni concentrations has been
studied, and elementary reactions of CO and H oxidation
toward atomic oxygen have been calculated. It turns out that
the overall reactivity and selectivity rely on the optimum of
various elementary steps involved in competitive molecular
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�dissociative� adsorption and oxidation reaction. The present
calculations show that Pt3Ni�111� with Pt overlayer is an
optimum catalyst for CO PROX in excess of hydrogen.

II. COMPUTATIONAL METHODS

The spin-polarized density functional theory �DFT� cal-
culations were performed by using highly optimized DACAPO

package,23 where ultrasoft pseudopotentials were used to de-
scribe the ionic cores. The Kohn–Sham one-electron valence
states were expanded in a plane-wave basis set with well
converged kinetic cutoff at 340 eV. The exchange-
correlation energy and potential were described by the gen-
eralized gradient functional, GGA-PW91.24 During iterative
diagonalization of the Kohn–Sham Hamiltonian, Fermi
population of the Kohn–Sham states �kBT=0.1 eV� and Pu-
lay mixing of the resulting electronic density were used to
improve the convergence, such that the total energy can be
correspondingly extrapolated to absolute zero.

The Pt–Ni bimetallic surfaces were represented by four-
layer slab separated by seven equivalent layers of vacuum.
The top two layers of the slab and adsorbates were relaxed
up to residual forces of less than 0.02 eV /Å, while the atoms
in the bottom two layers were frozen in bulk-truncated posi-
tions. Supercells with �2�2� periodicity have been em-
ployed to simulate adsorption and reaction on the surfaces.
Adsorbates were placed on one side of the slab, where a
dipole correction has been applied to remove the artificial
interaction by the presence of nonequivalent surfaces.25 A
Monkhorst Pack mesh with �4�4�1� grid was used for k
points sampling in the surface Brillouin zone of the unit
cells.

The calculated equilibrium lattice constants for bulk Pt
�4.00 Å�, Pt3Ni �3.90 Å�, Pt2Ni2 �3.87 Å�, and PtNi3
�3.67 Å�, which are consistent with the previous experimen-
tal and DFT study,26–28 have been used throughout the
present work. Calculations for the isolated gas-phase mol-
ecules were carried out in a �12.0�12.1�12.2 Å3� unit cell
and the Brillouin zone was sampled by single k point. The
calculated gas-phase H2 and O2 bond energies are −4.56 and
−5.57 eV, which agree well with experimental values −4.48
and −5.12 eV, respectively.29

The average adsorption energy �Eads� was calculated as
Eads=Etotal−Eslab−Emolecule�g�, which is energy gain with re-
spect to the adsorbates in the gas phase and the metal slab at
infinite separation. Etotal, Eslab, and Emolecule�g� are the total
energies of the relaxed adsorbate-substrate system, clean sur-
face, and the molecules in the gas phase, respectively. Here,
a negative �positive� value represents exothermic �endother-
mic� adsorption. Energy barriers were calculated by con-
strained bond lengths between reactants at various values
separated by a step less than 0.1 Å with care being taken that
the pathways �potential energy surfaces� become continuous.

III. RESULTS

CO preferential oxidation in excess of hydrogen in-
volves various processes, such as molecular adsorption/
dissociation, CO and H oxidation, and desorption of prod-
ucts. High overall activity and selectivity sensitively depend

on balance and competition between these elementary pro-
cesses. To address and optimize the reactivity of Pt catalysts,
Pt�111� has been studied first. Pt�111� is an efficient oxida-
tion catalyst due to its ability of dissociating O2 at moderate
temperature without bonding dissociated oxygen atom too
strong. These can be justified from measured low dissocia-
tion temperature/barrier, �150 K /0.29 eV,30 and dissocia-
tion barriers of 0.37 eV �0.07 ML� and 0.52 eV �0.27 ML�
from density functional theory calculations.31 Calculated
�dissociative� adsorption energies at 0.25 ML from present
work are −1.04 eV /O �fcc�, −1.65 eV /CO �atop�, and
−0.49 eV /H �fcc�, which agree well with previous DFT and
experimental studies.32–35 For elementary oxidation of CO
and H with atomic oxygen, calculated barriers are 0.74 and
0.86 eV, respectively, which are in good agreement with
Refs. 36 and 37. From the preliminary data set, a strategy for
designing new catalysts with improved reactivity can be vi-
sualized as follows. First, large CO adsorption energy
�source of poison� indicates that there is a huge room avail-
able for destabilizing CO to increase the reactivity of CO
oxidation for better selectivity/activity for CO PROX or CO
tolerance at the anode. Since the destabilization will eventu-
ally equally applied on all reactants �for instance, H and O�
and possible intermediates, significant weak H–Pt bonding
will, however, set a severe limit for anode catalysts. For CO
PROX catalysts, a large drop of adsorption energy may effi-
ciently prevent O2 dissociation, which will lower the overall
reactivity. An optimum between these processes is, therefore,
required. Finally, we note that the barrier for CO oxidation is
lower than that of H oxidation, which indicates intrinsic pref-
erential selectivity of CO oxidation on Pt�111� than that of H.

To utilize the features of Pt�111� surfaces and improve
reactivity and selectivity further, developing catalysts with Pt
skin modified by second components underneath may be al-
ternative. Indeed, catalysts with Pt skin have been found to
have superior reactivity at various reactions, where acid and
reducing conditions were applied.10,38,39 Under these condi-
tions, the formation of Pt-skin catalysts via Pt segregation
from the subsurface to the surface was essential and well
characterized by various experimental techniques10 and the-
oretical calculations.40,41 The driven forces behind were the
lower surface energy and large atomic size of Pt than those
of alloyed 3d transition metals. The preference of Pt skin is,
however, true not only for bulk alloys but also for surface
alloys. To justify this, a seven-layer Pt�111� slab with �2
�2� periodicity has been constructed, where a quarter mono-
layer of Pt has been substituted at various places from top-
most Pt layer to middle Pt layer of the slab. It was found that
occupation of Ni at the subsurface region right below surface
Pt layer is energetically the most favorable, which are 0.42
and 0.04 eV lower than that of substitution at the surface Pt
layer and deeper in bulk, respectively. If placing one more Ni
atom �with overall coverage of 0.50 ML� in Pt lattice, the
calculations show that added Ni atom prefers to occupy the
same subsurface layer, instead of going into the bulk, whose
total energy is 0.12 eV higher.

Above discussion indicates that Pt-skin catalysts are en-
ergetically favorable for both surface and bulk alloys. Based
on this, various Ni-containing Pt-skin �111� surfaces with
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�2�2� periodicity with different concentrations of Ni for
surface alloy and lattice constants for bulk alloy have been
set up and shown schematically in Fig. 1. Compared to pure
Pt�111� �Fig. 1�a��, Figs. 1�b� and 1�c� represent surfaces
with one �noted as Pt3Ni� and three quarter �PtNi3� Pt atoms
in the second Pt layer substituted by Ni atoms. Since Pt3Ni
and PtNi3 surfaces have the exact same lateral lattice con-
stants of Pt�111�, the effect on the reactivity induced by Ni
will come from ligand effect. Increasing Ni concentration
further, three PtxNi1−x �x=0.25,0.50,0.75� bulk alloys with
Pt skin were considered, and the structures are schematically
plotted in Fig. 1�d� for Pt3Ni �L12�, Fig. 1�e� for Pt2Ni2
�L10�, and Fig. 1�f� for PtNi3 �L12�. Compared to the lattice
constant of Pt 4.00 Å, lattice constant of three alloys gradu-
ally decreases from 3.90, 3.87, to 3.67 Å, respectively. Con-
cerning Pt3Ni �b� and Pt3Ni �d� surfaces, we note that both
surfaces share the same local stoichiometrics within top two
layers, and the ligand effect is roughly the same for both
surfaces. The difference in lattice constants between two sur-
faces introduces additional strain effect in bulk alloys. The
same applies to PtNi3 �c� and PtNi3 �f� surfaces, in which the
ligand effect is enhanced further due to increase in the
amount of Ni, compared to Pt3Ni �b� and �d�,
respectively.

As discussed above, although above setup exposes the
same Pt-covered surfaces, they are different in terms of the
amount of Ni underneath and lateral lattice constants. Ex-
posed surface Pt layer may have distinct electronic proper-
ties, which will affect the reactivity, correspondingly. The
variation of the electronic properties of surface Pt layer
among these surfaces can be seen from projected d-band
density of states �DOS� of surface Pt atoms, which are plot-
ted in Fig. 2. It was found that with the increase in content of
Ni from surface alloys ��b� and �c�� to bulk alloys ��d�, �e�
and �f��, the overall DOS and d-band center �d continuously
shift downwards from Fermi level, and DOS at Fermi level
decreases, accordingly. It has been well established that these
variations have significant effect on the surface reactivity;
specifically, the downshift of d-band centers tends to weaken
the interaction between reactants and substrates.42 A conse-
quence of weakened interaction between reactants and sub-
strates may lead to dissociation thermodynamically less
driven and raise the barrier of the dissociation. On the other
hand, the destabilization may, however, promote recombina-

tion reactions on the surfaces and facilitate desorption from
the surfaces, as will be seen at the following discussion.

The effect of alloys on the reactivity has been studied by
adsorption of CO, O, and H on different surfaces. In this
context, various adsorption sites were considered. For sim-
plicity, only the results for adsorption of CO at atop sites,
and O and H at fcc hollow sites, as indicated in Fig. 1, were
discussed in the present. Calculated adsorption energies are
shown in Fig. 3 and listed in Table I, where different surfaces
are represented by single parameter, averaged �d of surface
Pt atoms coordinated with the adsorbates. Independent of the
reactants, it is found that adsorption energy Eads decreases
with position of �d. Moreover, there is a linear relationship
between Eads and �d found. Since position of �d is propor-
tional to the amount of Ni �Fig. 2�, present results show that
the bonding between reactants and substrates becomes weak
with increase in amount of Ni. From the right to the left, the
first three points correspond to the molecular adsorption on
Pt �a�, Pt3Ni �b�, and PtNi3 �c� surfaces, where the ligand
effect from subsurface Ni for latter two surfaces are intro-
duced and sequentially increases. Correspondingly, adsorp-
tion energies decreases by 0.14 eV �CO�, 0.15 eV �O�, and
0.16 eV �H�. If one proceeds to the left further to Pt3Ni �d�,
Pt2Ni2 �e�, and PtNi3 �f� surfaces with smaller lattice con-
stants, additional strain effect �compared to Pt3Ni �b� and
PtNi3 �c� surfaces� are included. These result in a further

FIG. 1. �Color online� Schematic structures �top view� of Pt-skin �111�
surfaces with different amounts of Ni from pure Pt �a�, subsurface Pt3Ni �b�,
and PtNi3 �c�, to bulk Pt–Ni alloys Pt3Ni �d�, Pt2Ni2 �e�, and PtNi3 �f�. The
optimized lateral constants are given in brackets. The white and dark green
spheres represent Pt and Ni atoms, and favorable adsorption sites are indi-
cated by circles �for O and H� and triangle �CO�, respectively.

FIG. 2. Projected d-band DOS of surface Pt atoms coordinated with adsor-
bates of different Pt–Ni surfaces. The energy reference is the Fermi level.

FIG. 3. Calculated adsorption energies Eads for CO �triangle�, O �square�,
and H �circle� vs the center of d-band on different surfaces, as defined in
Fig. 1.
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decrease in adsorption energies on Pt3Ni �d� and PtNi3 �f�
surfaces by 0.34 eV for CO, 0.62 eV for O, and 0.26 eV for
H, respectively. From these analyses, it is clear that there is a
huge space available to adjust adsorbate-Pt bond strength
through alloying, which can be used to tailor the reactivity of
catalytic reactions.

Having studied the effect of alloying on adsorption, we
now turn to investigate its effects on the elementary reactions
of CO and H oxidation with atomic oxygen within �2�2�
supercells, where various coadsorption patterns have been
considered. In given �2�2� cells, it is found that energeti-
cally most favorable coadsorption structures share a common
pattern: oxygen adsorb at fcc hollow sites �circle indicated in
Fig. 1� and CO and H at the top sites �triangle in Fig. 1� on
different Pt–Ni surfaces except for PtNi3, where H prefers to
adsorb at fcc hollow sites. The coadsorption patterns identi-
fied were used as the initial states �ISs� for following studies
of the transition states �TSs�. Calculated barriers Eact for CO
and H oxidation versus O adsorption energy Eads are plotted
in Fig. 4 and given in Table II. It is found that for both
reactions, Eact decreases with Eads. Furthermore, there is a
linear correlation between Eact and Eads. The reason behind
and its implication will be discussed later. It is noted that
although the TSs were calculated in comparably small �2
�2� cell, where lateral interaction between reactants may
affect absolute value of activation energies, it may have a
little effect on the trend identified here. This is because the
same supercells have been used in these calculations, and the
lateral interaction if any would be largely cancelled out.

As shown in Fig. 4, Pt2Ni2 �e� and PtNi3 �f� surfaces are

highly reactive with very low activation barriers for CO oxi-
dation, 0.35 and 0.24 eV, stark contrast to Pt�111� 0.74 eV.
Despite high reactivity of elementary oxidation, we note that
dissociative O adsorption energies on two surfaces, −0.44 eV
for Pt2Ni2 and −0.10 eV for PtNi3, are significantly weaker
than that of Pt�111� �−1.04 eV�. As mentioned earlier, oxy-
gen �dissociative� adsorption requires activation �barrier of
�0.71 eV in �2�2� cell�. According to Sabatier principle,43

decrease in �dissociative� adsorption energy of oxygen will
proportionally raise the dissociation barrier of oxygen mol-
ecules. Significant drop of adsorption energy on Pt2Ni2 and
PtNi3 surfaces indicates large increase in the dissociation
barrier. These will lower the overall activity for CO oxida-
tion. For H oxidation, there is additional concern with re-
spect to efficient H adsorption. As shown in Table I, calcu-
lated adsorption energies of hydrogen are −0.26 eV /H for
Pt2Ni2 and −0.11 eV /H for PtNi3 �no zero vibration in-
cluded�, respectively. Although the weak adsorption is pre-
ferred for CO PROX in the case of Langmuir–Hinshelwood
mechanism, it may not be good for electrochemical reaction
at the anode, where efficient H adsorption is crucial. These
analyses suggest that despite Pt2Ni2 and PtNi3 are highly
reactive in terms of elementary oxidation reactions and con-
tain much less amount of the Pt, which is cost competitive,
poor overall reactivity makes them less promising.

For Pt3Ni �d� surfaces, calculated barriers for CO and H
oxidation are 0.54 and 0.62 eV, in contrast to 0.74 and
0.86 eV on Pt�111�, respectively. Pronounced improvement
of reactivity of elementary reactions compared to Pt�111� can
be seen. Meanwhile, the variation of corresponding O–Pt
bond strength, −0.72 eV, compared to −1.04 eV on Pt�111�,
is modest, which indicates that O2 dissociation remained ef-
ficient on Pt3Ni. This was supported further by explicit cal-
culation of the TS with a barrier of 0.97 eV, which is just

TABLE I. Calculated adsorption energies �Eads in eV� and adsorption sites of the CO, O, and H at a coverage
of 1 /4 ML on different PtNi surfaces.

Surface

CO O H

Eads Site Eads Site Eads Site

PtNi3 −1.19 top −0.1 fcc −0.11 fcc
Pt2Ni2 −1.28 top −0.44 fcc −0.15 fcc
Pt3Ni −1.53 top −0.72 fcc −0.37 fcc
PtNi3 −1.51 top −0.89 fcc −0.33 fcc
Pt3Ni −1.68 top −1.00 fcc −0.44 fcc
Pt −1.65 top −1.04 fcc −0.49 fcc

FIG. 4. Calculated activation barriers Eact for CO �square� and H �circle�
oxidation vs oxygen adsorption energy on different surfaces, as defined in
Fig. 1.

TABLE II. Calculated activation energies �Eact in eV� for CO+O and H
+O oxidation on different PtNi surfaces with �2�2� unit cells.

Surface CO+O H+O

PtNi3 0.24 0.4
Pt2Ni2 0.35 0.51
Pt3Ni 0.54 0.62
PtNi3 0.64 0.75
Pt3Ni 0.73 0.78
Pt 0.74 0.86
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0.26 eV higher than that of Pt�111�. The calculated barrier of
O2 dissociation on Pt3Ni is higher than CO oxidation
�0.74 eV� on Pt�111�, which apparently makes Pt3Ni less ef-
ficient than Pt alone. We note that this comes from artificial
effect of limited �2�2� supercell used. As mentioned earlier,
O2 dissociation on Pt�111� is coverage dependent31 and de-
creases with coverage. It is expected that this applies on
Pt3Ni surfaces as well. This is particularly true in reality,
where relative lower oxygen partial pressures were applied
for CO PROX in excess of hydrogen. On the other hand, the
relative activity of CO oxidation among different Pt–Ni sur-
faces is less affected since the same supercells have been
applied on different surfaces. Hydrogen adsorption energy of
−0.37 eV is reasonably stronger than those of Pt2Ni2 and
PtNi3, which indicates that Pt3Ni may be a potential catalyst
used at anode. For CO PROX in excess of hydrogen, weak-
ened interaction between H and catalysts is preferential for
the selectivity of CO oxidation. We, therefore, conclude that
high overall reactivity was reached on Pt3Ni surfaces.

For Pt3Ni �b� and PtNi3 �c�, where one and three quar-
ters of subsurface Pt atoms were substituted by Ni atoms,
calculated barriers are 0.73 and 0.64 eV for CO oxidation
and 0.78 and 0.75 eV for H oxidation, correspondingly. Al-
though these two surfaces may not suffer the difficulty of O2

dissociation, the modest improvement of overall reactivity
compared to Pt�111� makes them, however, less efficient than
Pt3Ni.

IV. DISCUSSIONS

Above calculations indicate that Ni-containing Pt-skin
catalysts are thermodynamically stable structures, particu-
larly for the reaction under reducing conditions. Surface re-
activity can be dramatically changed by alloying, and ad-
sorption energies and reaction barriers can vary as large as
�1.00 and �0.5 eV, respectively. When Ni concentration is
low, Ni atoms prefer to occupy at the subsurface region right
below surface layer and form surface alloys �Pt3Ni and
PtNi3 in present case�. The modification on the reactivity
from ligand effect is modest. With increase in Ni concentra-
tion further, Ni atoms start to incorporate into the bulk, and
bulk alloys with shrinking of lattice constants �Pt3Ni, Pt2Ni2,
and PtNi3� are developed. Besides the ligand effect induced
by subsurface Ni, shrinking of lattice constants of bulk alloy
introduces additional strain, which results in a significant
variation of reactivity. The different surfaces can be charac-
terized by a single parameter, which is center of d-band of
surface Pt atom and gradually downshifts from Fermi level
with increase in amount of Ni atoms. A linear relationship
between d-band centers and adsorption energies of various
molecules as well as reaction barriers shows intrinsic corre-
lation between structure and reactivity, which will be dis-
cussed below.

The finding of linear relationship between d-band cen-
ters and adsorption energies has been well understood42 and
will not be addressed further. Instead, linear correlation be-
tween oxidation �CO and H� barriers and oxygen adsorption
energies identified was discussed. To do so, we studied the
geometries of TSs on different surfaces. Common features at

TSs were found: O is activated from hollow sites to bridge
sites and CO /H is off the top site. As representative ex-
amples, the TSs on Pt3Ni and PtNi3 surfaces are schemati-
cally shown in Fig. 5. The similarity at TSs indicates that the
difference between reaction barriers is mainly determined by
the difference between adsorption energies of reactants at
ISs, as found from Fig. 3. The weaker adsorption energies
are, the smaller activations required are. Further insights can
be found from dependence of bond lengths between reactants
at TSs on different surfaces, as plotted in Fig. 6. For both CO
and H oxidations, the activation barriers decrease with in-
crease in bond length between reactants �OC–O and O–H� at
TSs, and the reason behind is evident. For recombination
reactions on surfaces, reactant-metal bond breaking and
reactant-reactant bond forming are involved, and the balance
between them met at TSs determines the magnitude of reac-
tion barriers. If the interaction between reactants and metal
substrates is strong, the process of bond breaking is demand-
ing. Reactants have to come closer to compensate the cost
for bond breaking, and the reaction barrier is higher, corre-
spondingly. We note here that the similar relationship be-
tween reaction barriers and chemisorption energies of reac-
tants has been previously reported by Liu and Hu.44

Present calculations �cf. Fig. 4� showed that the barrier
of CO oxidation is lower than that of H oxidation on Pt�111�.
This comes from the fact that smooth potential energy sur-

FIG. 5. �Color online� Calculated structures �top views� at TSs for CO
oxidation on Pt3Ni�111� �a� and PtNi3�111� �b�, and H oxidation on
Pt3Ni�111� �c� and PtNi3�111� �d�. The large white and dark green spheres
represent for Pt and Ni atoms, while small white, middle purple, and gray
spheres represent for H, C, and O, respectively.

FIG. 6. Dependence of the calculated activation energies �in eV� for CO
�square� and H �circle� oxidation on the bond length between reactants at
TSs �in Å�.
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face of CO on Pt�111�, and CO activation is less demanding.
Furthermore, the preference of CO oxidation over H oxida-
tion has been found for all Pt-skin catalysts considered,
which indicates that all of the Pt-skin catalysts considered
are potential catalysts for CO PROX reaction. The reason for
this may come from the similar coadsorption pattern of re-
actants and TS on different Pt-skin catalysts, as shown
above. Although absolute activity may vary on different al-
loys, it has a little effect on their relative difference. From
Fig. 4, it is clear that Pt2Ni2 and PtNi3 have very low oxida-
tion barrier, which is good in terms of elementary reactivity.
On the other hand, poor oxygen dissociation and adsorption
may, however, limit the overall reactivity and is, therefore,
undesired. What is more important is that the barriers for
both CO and H oxidations on two surfaces are so low that
both reactions are highly reactive, which will result in low
CO2 selectivity. For Pt3Ni and PtNi3 �surface alloy�, we note
that the improvement of reactivity is modest. Based on these,
we concluded that Pt3Ni with Pt skin is an optimum catalyst
for CO PROX reaction in excess hydrogen.

Above analyses are in line with recent experimental re-
sults of CO PROX on Pt–Ni catalysts supported on �-Al2O3,
which are reported by Ko et al.,22 where superior reactivity
and selectivity of bimetallic Pt–Ni particles compared to that
of Pt were found. Compared to Pt alone, amount of CO
chemisorption on bimetallic Pt–Ni catalysts was found to
decrease, which can be understood from weakened CO–Pt
interaction from the present calculations. Transmission elec-
tron microscopy and energy dispersive x-ray spectroscopy
measurements showed that atomic ratio of Ni /Pt in bimetal-
lic phase was larger than 0.5, which suggests formation of
Pt–Ni bulk alloys. To reduce the samples at high temperature
�773 K�, bimetallic Pt–Ni phase was Ni enriched further, and
CO selectivity decreased. These experimental findings nicely
agree with the scenario from above theoretical calculations,
which suggest that Pt3Ni could be the active phase for CO
PROX in excess of hydrogen in experiment.

Pt–M catalysts with Pt overlayer may have wide impli-
cations on different catalytic reactions under reducing condi-
tions. Indeed, its application has already been illustrated in
the cathode ORR of PEMFC,10 where Pt3M type of alloys
with Pt skin are found to be highly active than that of pure Pt
catalysts. Moreover, Pt�111� surfaces with the second TMs at
the subsurface region have been recently demonstrated to
improve the reactivity of water gas shift reaction38 and the
selective hydrogenation of CvO bond in acrolein.39 We ex-
pect that there are even more remained to be explored.

V. CONCLUSIONS

By systematic DFT calculations, we show that the cata-
lytic activity and selectivity of Pt–M�111� alloys �Ni in the
present case� with Pt overlayer can be efficiently modulated
by doping various amount of TMs. Depending on the amount
of added TMs, different surface alloys and bulk alloys with
distinct electronic properties and reactivity formed, and in-
herent relationship between structure and activity was estab-
lished. It was found that variation of electronic properties
�downshift of d-band center of surface Pt atoms� was domi-

nated by the ligand effect for surface alloys, while dominated
by both ligand and strain effects for bulk alloys. Concerning
molecule �CO, H, and O� adsorptions, linear relationship be-
tween d-band centers, adsorption energies, and elementary
reaction barriers �CO and H oxidation� has been found. In
terms of CO PROX in excess of hydrogen, it turns out that
the overall reactivity and selectivity rely on the optimum of
various elementary steps involved in competitive molecular
�dissociative� adsorption and oxidation reaction. Present cal-
culations show that Pt3Ni�111� with Pt overlayer is not only
high efficient for ORR reaction at the cathode of PEMFCs
but also highly active and selective for CO PROX in excess
hydrogen. For Pt2Ni2 and PtNi3 surfaces, although the el-
ementary oxidation reactions are very active, dramatic weak
bonding between adsorbates and substrates and lower oxida-
tion barriers for both oxidation reactions lead to poor overall
reactivity and selectivity.
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