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Abstract

Approximate molecular orbital calculations have been applied to explain the low CO poisoning effects observed at

PtBi2 and PtBi electrodes. The bonding patterns for chemisorption of CO on the surfaces of Pt–Bi bulk alloys and pure

Pt surfaces are quite similar. The major difference is not induced through much Pt–Bi bonding, but indirectly, by raising

the Fermi level of the system, so that the C–O p* levels become practically filled upon interaction. This results in much

lower adsorption energies than in the metallic Pt case, in accordance with experimental data. The calculations also

imply C–O bond dissociation on the surface, a phenomenon not supported by experiment. CO adsorption at Pt–Pt

bridge site (possible only on PtBi) is favored relative to atop chemisorption.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

There is no molecule whose adsorption on var-

ious metal surfaces, pure metals or alloys has been

studied more extensively, both theoretically [1–
5,16–32,40–43] and experimentally [6–15,33–

39,44–49], than CO. The references cited are but

a selection of the published work in this field.

Yet interest in CO chemisorption continues una-

bated, one reason today being its role in the devel-
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opment of better fuel cell catalysts. CO is

generated in the process of electro-catalytic oxida-

tion of small organic molecules (often via dissocia-

tive chemisorption) and it causes substantial

poisoning of the active sites on precious metal cat-
alysts, especially Pt [50–55]. Modification of the

metal surface by adatoms, adlayers, all the way

to surface and bulk alloys can lead to improved

catalytic properties and tolerance to CO [50,53–

55]. For many alloyed systems, the CO adsorption

energies also decrease considerably [40,41,44–

46,49]. Still, a significant shortcoming of these cat-

alysts is that their surface structure is not well
characterized and may change in time.
ed.
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Recently, Abruña and co-workers [56] have

studied the electro-oxidation of formic acid on

the surface of the ordered intermetallic compounds

PtBi2 and PtBi. In the case of PtBi, their experi-

ments show superior catalytic properties in the
oxidation of HCOOH, with respect to Pt (a more

negative onset potential and higher current den-

sity), as well as a high tolerance to CO. HCOOH

oxidation can take place through a dual pathway

mechanism [57,58], shown in Scheme 1. One path

goes through a reactive intermediate yielding

CO2 and H2O; the other one has CO as a stable

intermediate that can be oxidized in a subsequent
step. This latter path requires more energy (much

higher overpotential), which results in a consider-

able decrease of the efficiency of fuel cell catalysts.

The negligible poisoning observed for electro-

oxidation of formic acid on PtBi and PtBi2 can

be rationalized by the activation of the reactive

pathway at the PtBi electrode, and/or by the low

tendency of CO to bind to this surface. Abruña
and co-workers proposed that the latter effect is

probably largely due to geometrical constraints—

Pt atoms being too far apart to allow CO to ad-

sorb in a bridge or 3-fold site. Chemisorption of

CO at these sites is often associated with efficient

poisoning on Pt surfaces. Nevertheless, electronic

considerations should not be ignored as factors

in CO binding. Thus, the purpose of this study is
to analyze how the classical picture of bonding

of CO to transition metals is modified in the case

of an intermetallic compound with a p block

metal.

As mentioned earlier, the literature regarding

CO chemisorption is vast. In general, it points to-

wards a Blyholder—based [59] model of the CO

adsorption on transition metal surfaces. This con-
sists of two main interactions: the donation of elec-

trons from the 5r (and to a lesser extent from 4r)
HCOOH

-H2O
CO

reactive
intermediate

CO2

-nH

oxid.

oxid.

Scheme 1. Dual pathway mechanism for the electrooxidation

of formic acid.
filled levels of CO to the metal, and the back-dona-

tion from the metal into the CO 2p (p*) empty

orbitals. Although most of the studies agree with

this view, there is much debate as to whether the

r interaction is net repulsive, or indirect (by
metal–CO antibonding molecular orbitals being

pushed above the Fermi level) [7,24,30,33,60–68].

Also the extent of the 4r involvement is unclear.

The binding depends on the particular system un-

der study and is determined by factors such as the

occupancy and the position of the metal d band.

In our work on the Pt–Bi intermetallic surfaces,

all the calculations were carried out using the
tight-binding extended Hückel (eH) method.

Though this method does not allow geometrical

optimization, nor are its energetics reliable, it is

transparent, and capable of explaining electronic

effects. Thus, in our analysis we emphasize a qual-

itative understanding of the phenomena, as a first

step in an ongoing investigation of catalysis on

intermetallics.
2. PtBi and PtBi2 crystal structures

PtBi has been reported to have an inverse NiAs

type hexagonal structure, the lattice constants

being a = 4.340 and c = 5.493Å [69]. According

to Zhuravlev and Stepanova, Bi occupies the
(0,0,0) and (0,0,1/2) positions, while the Pt atoms

are located at (1/3,1/3,1/4) and (2/3,2/3, 3/4). This

defines an ideal trigonal prism geometry for Pt and

an octahedral environment for Bi, which in addi-

tion, has a very short Bi–Bi contact of 2.747Å. If

one counts the Bi–Bi pairs as 4�, Pt would be in

a 2+ oxidation state for which the most common

geometry is square planar, followed by the octahe-
dral one. Trigonal prismatic coordination is rare

for Pt.

Re-analysis of the X-ray powder diffraction

data for PtBi by DiSalvo and co-workers led to a

better refinement if the Pt and Bi positions were

interchanged [56]. Such a structure is more plausi-

ble, considering that Pt is then octahedrally coor-

dinated by Bi and that the Pt–Pt distance of
2.747Å would fall into the normal Pt–Pt bonding

range, while for a Bi–Bi bond it is too short. Ob-

served Bi� � �Bi single bond distances usually vary



Fig. 1. PtBi structure. Pt (black) forms chains parallel to the

c-axis.
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between 2.98 and 3.31Å [70–72]. The Bi–Bi dis-

tance in the revised structure is rather long

(3.718Å), but may indicate some weak Bi–Bi inter-

action. The revised NiAs type structure, suggested

by the new work (Fig. 1) was employed in the fol-
lowing calculations.

PtBi2 (Fig. 2a) adopts the pyrite structure, with

Pt at the origin and the centers of the cube faces.

There are eight Bi atoms per unit cell at (0.3710,

0.3710, 0.3710) and all symmetry equivalent posi-

tions [73]. Pt atoms are surrounded by six Bi atoms

in a nearly ideal octahedral geometry (best seen in

Fig. 2a). Each Bi is coordinated by three Pt atoms,
forming a trigonal pyramid, plus another Bi atom

at 2.995Å, thus completing a flat tetrahedron. All

octahedra and Bi–Bi bonds are tilted with respect

to the crystal axes, and their orientation flips along

the three different unit cell axes. The Pt–Bi–Pt an-

gle is 117.6�, which implies that the three Pt atoms

and the Bi are almost coplanar.

Another, simpler picture of the PtBi2 structure
proved to be very useful in the treatment of the

present surface problem. In this view (Fig. 2b),

we start with a dilated fcc Pt lattice (a =

6.7014Å), with Bi2 dumbbells inserted in a tilted

way in the interstitial spaces. This perspective en-

ables a direct comparison with the metallic Pt case

(also an fcc lattice, with a = 3.942Å) and allows
Fig. 2. Different views of the PtBi2 structure: (a) emphasiz
one to focus on the electronic effects due to Pt–

Bi interactions.
3. Methods

All computations were performed at the eH le-

vel. For extended 2D and 3D structures, the tight
es the Bi and Pt environments; (b) the Bi–Bi bonds.
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binding method as implemented in the YAEH-

MOP package [74] was employed, while molecular

calculations were carried out by the CACAO pro-

gram [75]. In both cases, the same (default) values

of the exponents and Hii parameters were used, as
specified in Table 5 in Appendix A.
4. Band structure of PtBi2

Many theoretical investigations—checked

against experiment—of the adsorption of small

molecules on alloyed transition metals indicate
that the major change in alloying consists in an en-

ergy shift of the d band position. This effect can be

monitored by and scaled with the change in the

average center of the d band with respect to the

adsorbate levels [29,46,48,76–80]. Unfortunately,

the extended Hückel model is not able to capture

all the factors that would cause a band shift (for

example the charge effects). However, similar rea-
soning can be applied to the eH calculated density

of states (DOS) for different compounds, in order

to predict or explain their surface behavior.

Fig. 3 displays the total density of states, DOS

and the projection of the d orbitals of bulk Pt,

the Pt sublattice of PtBi2 by itself, and the same

sublattice in PtBi2. Comparing the right and left

DOS one can observe that the center of the d band
stays approximately at the same energy.
Fig. 3. Total DOS (solid line) and the contribution to the DOS of Pt

and PtBi2 (right).
A seeming anomaly in the DOS of PtBi2 is the

very small dispersion of the d band (�2eV). Tak-

ing into account that part of the spreading comes

from the Gaussian functions used to fit the DOS,

the remaining d band width is �1eV. A good esti-
mate of the Gaussian widening is given by the pic-

ture in the middle panel, where one can clearly see

the nearly non-interacting d, s, and p orbitals of Pt

atoms, the closest Pt–Pt distance being 4.739Å.

The small Pt 5d bandwidth in PtBi2 is no doubt

due to the large Pt–Pt separations. The projected

Pt d orbitals in PtBi2 also show relatively little

mixing with the Bi s and p orbitals. Formal elec-
tron counting for PtBi2 gives 4+ as the oxidation

number for Pt, and 2� for each Bi in the Bi4�2
pairs. The Pt d6 configuration is consistent with

its octahedral coordination, since the crystal field

splitting of the d levels for this geometry is usually

three (t2g) below two (eg). Even if Bi is not known

as a good ligand, one would expect to see some

memory of the t2g–eg splitting in an octahedral
geometry and a larger degree of Bi–Pt d interac-

tion than revealed by its bandwidth. Such crystal

field splitting is not apparent in PtBi2.

To clarify the issue, molecular extended Hückel

calculations were performed on a ideal octahedral

PtBi6 molecule (the charge is unimportant in eH;

the electron occupation shown in Fig. 4 is for

Pt4+ + 6Bi3�), keeping the same Pt–Bi distance as
in PtBi2: 2.771Å. The Pt + 6Bi interaction diagram
d levels in Pt metal (left), isolated Pt sublattice of PtBi2 (middle)
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and the PtBi6 molecular orbitals (MOs) are drawn

in Figs. 4 and 5. Among the PtBi6 electronic levels

there are two t2g and three eg sets, so it is not that

easy to identify those involved in the classical li-

gand field argument. The 1t2g MOs are mainly
non-bonding with 68% Pt contribution, while the

2t2g set is the p antibonding combination with only

32% Pt contribution. Let us tentatively identify

1t2g as the ‘‘metal’’ t2g set. Two of the eg sets are

formed from the Bi s and p orbitals; the Pt eg set

lies energetically in-between the Bi ones. The 2eg
MO�s (70% Pt contribution) are engaged in a

three-orbital interaction with Bi s and p eg orbitals.
The final crystal field splitting, eg–t2g, focusing on

2eg and 1t2g, is just 0.33eV. Since Bi has filled orbi-

tals at lower and also at higher energy than the Pt

d levels, one can view PtBi6 as an intermediate
-19
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Fig. 4. Interaction diagram for PtBi6 octahedron from Pt4+ and 6Bi3�

3a1g do not appear in this energy window.
case, on the way to an ‘‘inverse’’ crystal field split-

ting. Whether t2g is below eg (the usual case) or

above it (an ‘‘inverse’’ crystal field) depends on

the energies of the interacting ligand levels relative

to the d block of Pt.
We also looked at another model, in which the

Bi neighbors of Pt were modeled by BiH3 ligands,

i.e. we calculated PtðBiH3Þ4þ6 . If one looks for the

orbitals most heavily weighted on Pt, one finds

the relevant t2g around �12.6eV, and the eg at

�13.4eV. Thus in this model there is a small in-

verse crystal field splitting of 0.8eV.

Gaining confidence from the molecular analysis
that the narrow d band in PtBi2 represents only an

accidentally small crystal field splitting, and is not

evidence of a lack of orbital interaction, we can

move on to the actual surface problem.
Oh) Pt4+

electronically stable fragments. Two higher-lying MOs, 4t1u and



Fig. 5. Molecular orbitals of the PtBi6 octahedron: 1eg, 1t2g, 2eg, 2t2g, 3eg (from bottom to top, in order of increasing energy).
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5. PtBi2 and PtBi surfaces

The PtBi2 and PtBi electrodes used in experi-

ments by Abruña and co-workers [56] are

polycrystalline. Thus CO adsorption has to be
studied for a range of surfaces of both PtBi2 and

PtBi. Little appears to be known about the sur-

faces of Pt–Bi intermetallic compounds or their

reconstruction(s), if any. That is why we looked

for guidance at two compounds with the same lat-

tice type as PtBi2 and PtBi: FeS2 and NiAs, respec-

tively. We then considered for adsorption on PtBi2
and PtBi the surfaces with the same indexes as the
most stable surfaces of the corresponding isostruc-

tural compounds. These are: (100), (110), (111),

(210) for PtBi2 and (001), (100), (110) for PtBi.

Only the Pt-rich surfaces of a given index were ta-

ken into account. It seemed to us that the lone
pairs on Bi would preclude CO chemisorption at

Bi ions. Further calculations confirmed this

supposition.

In a first step, only the adsorption of CO di-

rectly atop a Pt atom on the surface was consid-

ered, since tilted CO adsorption is reported just

for high coverages [9,81–85]. Calculations were

also done for CO in a bridge site on PtBi, the only
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multicenter adsorption case possible geometri-

cally. In order to minimize CO–CO intermolecular

interaction on the surface and not to deal (initially)

with coverage effects, we approached only one

CO per surface unit cell. The large resultant
lattice constants assure minimal lateral interac-

tions. The Pt–C and C–O distances were chosen

as 1.85 and 1.15Å (from LEED data [86,87]),

other experimental and theoretical studies on

adsorption of CO on Pt and Pt alloys giving

bond distances around the same values [1,2,5,46,

62].

Building on the connection between the metal
Pt (fcc) and the PtBi2 structures, emphasized in

Fig. 2b, calculations for the adsorption of CO on

the (001), (110) and (111) surfaces of bulk Pt

were carried out too. This provided a reference

point for the PtBi2 + CO system and made possi-

ble the comparison, within the same framework,

of the adsorption phenomena on the two different

types of surfaces. Furthermore, in order to distin-
guish the effect of increasing the distance between

Pt atoms in the lattice from that due to the Pt

bonding to Bi atoms, the same calculations were

repeated for the Pt sublattice of PtBi2. The number

of Pt atoms in the Pt slabs (both, bulk metal and

sublattice), the surface unit cells and the adsorp-

tion sites were kept the same as in the correspond-

ing PtBi2 cases.
6. CO chemisorption on PtBi2

6.1. Bonding analysis

Fig. 6 depicts the PtBi2 surfaces used for calcula-

tions and the all the non-equivalent adsorption sites
for each surface. The conclusionswere similar for all

the cases studied; the following discussion will focus

on the (001) surface as a representative example.

On the right-hand side of Fig. 7, the contribu-

tion of the CO fragment MOs to the total DOS

of the (001) PtBi2 + CO system is shown. From

a comparison with the energies and bandwidths

of the same MOs in an isolated CO layer (left,
bandwidths are not real, but due to Gaussian

‘‘broadening’’ in DOS calculation), one can trace

the adsorbate–Pt interactions.
The 4r MO interacts weakly (very small down-

shift in energy), the main r-type interaction being

due to the 5r level. There are two Pt orbitals that

can interact with CO 5r, d2
z and pz. The result is a

three orbital-type interaction: d2
z mixes into the 5r

band (and a little into 4r), while pz levels are

pushed up, forming mainly the antibonding com-

binations. The pz band peak around �6.5eV in a

PtBi2 slab is found after adsorption at 30eV (not

shown in Fig. 7).

The CO p band does not show any obvious

changes, while the p* levels interact to a large ex-

tent. The p* band spreads out significantly to higher
energies and one can observe its mixing into the Pt

d band.

In analyzing the chemisorption of CO on a

PtBi2 or PtBi surface, it is useful to have as a ref-

erence point what happens to CO on a pure Pt

surface. This has been studied in depth before

[1,5,24,62], so we abbreviate the discussion to

some points of interest here. Crystal Orbital Over-
lap Population (COOP) [88] curves in Figs. 8 and 9

provide information about the C–O and Pt–C

bond changes, respectively, upon adsorption. The

C–O COOP for a CO single layer is given for com-

parison (Fig. 8, 3rd panel). This is calculated for

essentially isolated CO molecules, kept for conve-

nience in the same geometry as on (001) PtBi2.

However, any other arrangement with large inter-
molecular distances would give the same results.

Let�s look first at CO on a (001) surface of pure

Pt (Fig. 8, left). Besides the shift in energy and dis-

persion of the levels due to the orbital interactions

discussed above, the relative bonding character

has changed a little: the 5r band (shifted down

in energy) has somewhat greater C–O bonding

character, 4r—smaller. The broader, filled C–O
antibonding band centered around �12.5eV corre-

sponds to CO p* levels that mix into the Pt d band.

The COOP for the Pt–C bond is in some aspects

the inverse of the C–O one. The 4r, 5r and p
bands also have Pt–C bonding character, but the

relative contribution to bonding is reversed (rela-

tive to C–O), proportional to the Pt interaction

in those bands with CO. The band centered at
�12.5eV is Pt–C bonding; this is the metal–CO

p* interaction. The first Pt–C levels that are anti-

bonding are located above �9eV and they are



Fig. 6. Actual slabs (one xy unit cell) and different atop adsorption sites (quarter split atoms) chosen for the atop adsorption of CO on

PtBi2 surfaces (gray plane): (a) (001), (b) (110), (c) (111)—o, m and c are the notations for the three non-equivalent sites.

CO layer (001) PtBi2 + CO 

5σ
5σ

4  
4σ 

π

π∗π∗

π

Fig. 7. DOS of the isolated CO layer (left), of (001) PtBi2 + CO system (right, solid line) and contributions to the DOS of the adsorbed

CO levels (right, dashed line and dark area).
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combinations of the highest levels involved in the
r type interaction, Pt pz.
The next step in the analysis is to ‘‘take apart’’
the Pt atoms and look at the hypothetical case of



Fig. 8. COOP for the C–O bonds in (001) Pt metal + CO (left), (001) Pt sublattice (of PtBi2) + CO (2nd panel), CO isolated layer with

the same geometry as on PtBi2 (3rd panel) and (001) PtBi2 + CO systems (right, integration curve also included).

(001) Pt metal  
+ CO 

(001) Pt sublattice  
 + CO  

(001) PtBi2 
+ CO 

5σ 5σ 

4σ 4σ  

π π

Fig. 9. COOP for the Pt–C bonds in (001) Pt metal + CO (left), (001) Pt sublattice + CO (middle) and (001) PtBi2 + CO systems

(right).
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CO adsorption on the widely spaced (001) surface

of the Pt sublattice in PtBi2 (Fig. 8, 2nd panel).

Since the Pt atoms are so far from each other in this

sublattice, the CO–lattice interaction is actually re-
duced to the interaction just with the Pt atom di-

rectly underneath. As a result, the C–O and Pt–C

COOP features are the same, only they involve

more or less discrete levels instead of bands.

Finally, going to the real (001) PtBi2 + CO sys-

tem (Fig. 8, right), it can be seen that the shape of

the analogous COOPs does not change much: the

p* levels spread out more, while those that mix
with the Pt d in a bonding way form a narrower

(relative to the bulk Pt case) peaked band, more

similar to the case of CO adsorption on the Pt sub-
lattice. This is not unexpected, since the Bi atoms

separate the Pt�s, but do not participate in the di-

rect Pt–CO interaction, their influence being seen

just in the charge transfer.
The characteristic that essentially differentiates

the three systems is the Fermi level and the elec-

tron filling of the bands. For the CO + Pt metal

and Pt sublattice systems, all the C–O bonding lev-

els are occupied, plus a small part of the CO p*
levels, those which have mixed into the Pt d band.

The latter is responsible for the slight to moderate

weakening of the chemisorbed C–O bond with re-
spect to the free CO molecule.

The situation is quite different for CO on the

PtBi2 surface: the p* antibonding levels are almost
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completely filled, few of them being pushed above

EF by interaction with the Pt dxz and dyz orbitals.

The net CO overlap population (OP) decreases

dramatically (the integration actually becomes

negative) and consequently CO is expected to dis-
sociate upon adsorption. At the same time, the Pt–

C COOP shows strong bonding interaction (net

positive OP) in all three cases, though there is

some occupation of Pt–C antibonding levels for

CO on PtBi2. The C–O and Pt–C bonds in the case

of CO chemisorption on the Pt sublattice and Pt

metal surfaces are very similar. Thus, from a bond-

ing perspective, the important changes for CO
adsorption on PtBi2 relative to pure Pt are the elec-

tronic consequences of the ‘‘insertion’’ of Bi atoms

into the Pt sublattice and not the ‘‘dilation’’ of the

Pt metal structure (separation of Pt atoms).

These effects can be traced in further detail

through an analysis of the occupation of CO frag-

ment MOs (FMOs, Table 1). The electron flow

from the 4r and 5r MOs is similar for all three
cases: Pt metal, Pt sublattice (values not included)

and PtBi2 lattices, and proportional to their extent

of interaction: around 0.2 and 0.3–0.4 electrons,
Table 1

Electron occupation of CO FMOs upon adsorption on (001)

PtBi2 surface

MO of CO CO layer PtBi2 + CO Pt metal + CO

py* 0 1.64 0.23

px* 0 1.71 0.23

5r 2 1.70 1.62

py 2 2.00 2.00

px 2 2.00 2.00

4r 2 1.82 1.81

Table 2

Total (Etot) and adjusted (Eads) adsorption energies (eV) of atop CO

PtBi2 surface (001) (110)

Adsorption site

Etot �7.47 �6.08

Eads �0.64 1.03

Pt metal surface (001) (110)

Etot �3.22 �3.53

Eads �3.22 �3.53

a o, m and c are distinct sites on the (111) PtBi2 surface, as define
respectively. The p* occupation, however, rises

dramatically to 1.6–1.7 in CO on PtBi2, compared

to 0.2 in the Pt + CO systems.

On the other hand, the OP between each of the

CO orbitals and Pt (summed over all occupied
bands) does not change significantly on going from

Pt metal to PtBi2 (actual values given in the Sup-

porting information), so that the overall strength

of the Pt–C bond is similar for these two surfaces.

The levels at the bottom of the p* band (the region

from �11eV to �9eV in Fig. 9) have stronger

bonding character in the PtBi2 + CO case. How-

ever, due to the much higher Fermi level of the
PtBi2 slab with respect to Pt metal, electrons are

dumped from the crystal into the lower lying

empty MOs of CO in such a way that at the Fermi

level the filling of some antibonding CO p*-Pt d
orbitals approximately cancels out this difference.

It appears that the major effect of the Bi atoms is

to raise the Fermi level (EF), and not a band shift

triggered by Pt–Bi orbital interactions.

6.2. Energetics of chemisorption

The total energy of adsorption was computed as

the difference between the energy of the chemi-

sorbed system and the sum of the energies of its

separate components, the respective slab and the

single CO layer:

Etot ¼ EslabþCOðads:Þ � ðEslab þ ECO layerÞ

Thus a negative value of Etot implies bonding.

The resulting adsorption energies for PtBi2 (Etot

in Table 2) are highly and unrealistically negative

(around �7eV). This is caused by an ‘‘ionic’’ type
on different PtBi2 and Pt metal surfaces

(111)

oa ma ca

�7.567 �7.651 �7.302

�0.839 �0.923 �0.574

(111)

�3.43

�3.43

d in Fig. 6.



Table 3

Total (Etot) and adjusted (Eads) adsorption energies (eV) of CO

on different PtBi surfaces

(001) (100) (110)

PtBi surface—atop position

Etot �6.89 �5.44 �4.58

Eads �1.16 �1.28 �0.39

PtBi surface—bridge position

Etot – �6.96 �5.63

Eads – �2.80 �1.44
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of interaction particular to the eH methodology—

since the energy levels do not adjust to the charge

on the subsystem, electrons simply flow from PtBi2
to CO, even at large separation. For this reason,

the calculations were repeated for each slab with
CO at 5Å above the surface, where effectively

there is no covalent interaction. By subtracting this

‘‘ionic component’’ from the energy of the real

chemisorbed system (Pt–C distance: 1.85Å) the re-

sult gives the effective ‘‘covalent’’ energy of inter-

action upon adsorption, which we call Eads:
Fig. 10. Actual slabs and different adsorption sites (atop: quarter split; bridge: half split atoms) chosen for the adsorption of CO on

PtBi surfaces (gray plane): (a) (001), (b) (100), (c) (110).
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Eads ¼ EslabþCOðads:Þ � E
slabþCOðnot ads:; at 5

˚
AÞ

For Pt metal (Table 2) and the Pt sublattice
(values not shown), the two energies (Etot and

Eads) are identical. For PtBi2 an analogous factor-

ing out of the electron flow leads to substantial

changes. The energy of interaction goes down by

�90% and even becomes unfavorable in the case

of the (110) surface.
7. CO chemisorption on PtBi

The general features of the DOS of PtBi are

very similar to PtBi2. The Pt d band is centered

around the same energy (�12.5eV), with a disper-

sion of 1.5eV—slightly less than in the previous

compound. As expected, the adsorption energies

in the atop position on different PtBi surfaces
(Table 3)—depicted in Fig. 10 by quarter split

atoms—are comparable with those for the

PtBi2 + CO system. There are differences in orbital

interactions and bond strengths, but these are not

worth a more detailed description.

The interesting changes come only from the

possibility of CO adsorption in a bridge position

on certain PtBi surfaces. The ones considered in
our calculations are the (100) and (110) surfaces

(non-equivalent bridge adsorption sites are pre-
Fig. 11. Top view of the (100) PtBi surface covered with chemisorbed

and O appear as overlapping circles) in the (a) bridge and (b) atop p

surface: first two are Bi layers and the last one—a Pt layer (formed b

CO).
sented in white in Fig. 10) and the results for these

two are again similar to each other. Therefore, the

following discussion will emphasize only the differ-

ences between the adsorption of CO on the (100)

PtBi surface in the atop and bridge positions (sur-
face top views in Fig. 11).

A comparison of the DOS and the CO FMOs

contributions to the total DOS (not illustrated

here) for atop and bridged chemisorption of CO

on (100) PtBi shows small differences—in the

bridged mode 4r is shifted down a bit more and

the p* band dispersion is somewhat greater. There

is also a little less occupation of the CO p*. These
trends are confirmed by FMO occupation analy-

sis—there is a little more electron transfer out of

4r (and 5r) in the bridge site.

A point to be considered is why is there less

occupation of CO p* in the bridging case? Actually

Pt–CO interactions are larger (in part due to the

fact that more Pt d levels at different k-points have

the right symmetry to interact—see Fig. 12d and
e). There is even some p-type mixing into the

high-lying Pt pz, due to combinations such as those

shown in Fig. 12f.

Fig. 13 compares the COOP of the C–O bonds

in the CO layer (left), PtBi + CO atop (middle) and

PtBi + CO bridged (right) systems. The net C–O

OP in the latter is somewhat larger than in the

atop chemisorption case because the increased
CO (C: small gray; O: white atoms; shown in projection, so C

osition. The figures also show the three layers underneath the

y the Pt atoms in the horizontal rows that do not contain any



Fig. 12. Possible Pt–CO orbital interactions for the adsorption of CO between two Pt atoms: (a)–(c) r type and (d)–(f) p type overlaps.

CO 4r has the same orbital topology as 5r, but with O mixed in an out-of-phase fashion.

CO layer (100) PtBi+ 
CO bridged  

(100) PtBi  
+ CO atop  

5σ 
5σ 

4σ 4σ 

 

  

  

  

layer

ππ

π∗

Fig. 13. COOP for the C–O bonds in (100) PtBi + CO atop (left), CO isolated layer (middle) and (100) PtBi + CO bridged (right).

Table 4

Overlap populations between CO orbitals and Pt

OP PtBi + CO atop PtBi + CO bridged

py*-Pt 0.15 0.17

px*-Pt 0.12 0.26

5r-Pt 0.39 0.19

4r-Pt 0.20 0.10
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spreading of the p* band pushes a significant part

of the levels above EF. Instead, the Pt–C OP is

smaller than for the atop adsorption site, presum-

ably due to the loss in r type overlap. On the other
hand, the Pt–Pt surface bond is significantly weak-

ened upon chemisorption (slightly negative OP:

�0.03, compared to 0.28 in the surface without

CO), while in the PtBi + CO atop case the bond

is just weakened somewhat (OP: 0.19). The Pt–Pt

bond weakening is due to occupation of combina-

tions such as in Fig. 12d–f. The Pt–C bond forms

also at the expense of the surface Pt to Bi interac-
tions. Most affected are the bonds between the

adsorption site Pt and the Bi atoms in the first
two layers below the surface, while all other bonds

remain virtually unaffected.
The r type overlap between CO and Pt is

not very good (the OP decreases to half the value

for the atop chemisorption; see Table 4 and

Fig. 12a–c), while the p type overlap increases
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considerably (from 0.12 and 0.15 to 0.26 and 0.17,

respectively). These numbers include the p-type
interaction of the CO r MOs at some k-points

(Fig. 12e and f). The analysis of the occupation

of Pt levels only confirmed the more extensive
spreading of the Pt px,y,z towards higher energies,

due to the mixing with the CO p* band.

The smaller extent of back donation into the

CO p*, and the stronger Pt–CO orbital interac-

tions result in significantly more favorable adsorp-

tion energies for the bridge position (Table 3).
8. Conclusions

The approximate MOs calculations show that,

generally, the propensity for CO adsorption is

drastically reduced on all PtBi2 and PtBi surfaces

with respect to bulk Pt, reflecting the experimental

findings of Abruña and co-workers [56]. The

chemisorption energies for CO on PtBi2 are be-
tween 18% and 27% of the values for the corre-

sponding metallic Pt surfaces, calculated with the

same method, while on PtBi the CO chemisorption

is somewhat more favorable in the atop position

and to a larger extent in a bridge geometry. This

can explain the very low CO poisoning of the PtBi

electrode observed by Abruña and co-workers in

their experiments [56].
Regarding the way CO binds to the surface, the

orbital interactions involved are similar in both

pure Pt and Pt–Bi compounds. The main changes

are caused indirectly by the Bi atoms, which by

raising the Fermi level of the system, determine

the occupation of higher-lying antibonding orbi-

tals, especially C–O. What the experimental stud-

ies do not support is the theoretically predicted
dissociation of CO upon adsorption; there is no

evidence of such a process at the Pt–Bi electrodes.
Table 5

Extended Hückel method parameters used in the calculations: exponen

the STOs used in the expansion of d-type orbitals (Coef)

Atom Exp-s Hii-s Exp-p Hii-p Exp

Pt 2.554 �9.080 2.554 �5.470 6.01

Bi 2.653 �15.750 2.092 �10.520

C 1.625 �21.400 1.625 �11.400

O 2.275 �32.300 2.275 �14.800
Perhaps the extended Hückel method overesti-

mates the degree of electron transfer to CO p*.
Since the CO poisoning experiments performed

in the Abruña group show that the phenomenon

is not completely inhibited by the presence of the
Bi atoms [56], it cannot be the case that the

adsorption energies are actually unfavorable for

all surfaces. It may be that the mechanism of oxi-

dation of formic acid through the reactive interme-

diate is selectively promoted by the intermetallic

electrode, and CO does not form to such an extent

as to allow the observation of dissociation

products.
Further, higher level (DFT) calculations are

necessary in order to verify this qualitative picture

of bonding and to provide accurate data about the

energetics and preferred position for CO adsorp-

tion on Pt–Bi bulk alloy surfaces.
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Appendix A

See Table 5.
ts of the STOs (Exp), Coulomb integrals (Hii) and coefficients of

1-d Exp2-d Hii-d Coef1-d Coef2-d

3 2.696 �12.590 0.6334 0.5513
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