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Vehicle emission control regulations necessitate the removal of carbon monoxide (CO) from engine exhausts via CO
oxidation. Although bismuth (Bi)-promoted platinum (Pt) catalysts show improvement in CO oxidation performance over
pure Pt, it is still not known whether Bi acts simply as a site blocker to reduce CO poisoning or whether it is an active
participant in the catalytic reactions. In this study, we report density functional theory-based CO oxidation energetics and
kinetics in the presence of different Bi dopant configurations. Adsorption energies for both CO and oxygen atoms are found
to be reduced by Bi doping. Bi dopant also creates surface areas in its vicinity where CO adsorption is prohibited, whereas
molecular oxygen dissociation is promoted. Significant reduction is shown for CO oxidation barriers on Bi-modified Pt(111)
surfaces leading to exothermic CO, formation. Our results elucidate that promoting Pt with Bi affects both the electronic
properties of the catalyst and alters the Pt ensemble size available for elementary reactions within CO oxidation mechanism.
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1. Introduction

Platinum (Pt) is one of the most active transition metal
catalysts widely used for converting carbon monoxide
(CO) pollutant within diesel engine exhaust stream to
carbon dioxide (CO,). It is commonly accepted that CO
oxidation proceeds via Langmuir—Hinshelwood (LH)
mechanism on Pt surface, which involves CO adsorption
and desorption, molecular oxygen (O,) dissociation and
surface reaction between CO and atomic oxygen (O).
Adsorbed CO molecules equilibrate to a saturation
coverage of 0.5 monolayer (ML) on Pt(111) under cold
start conditions, which was confirmed both theoretically
[1] and experimentally with scanning tunnelling
microscopy and electron energy loss spectroscopy [2—4].
CO desorption is hence considered to be the rate-limiting
step and a prerequisite for O, adsorption and dissociation.
Apparent O, dissociation barrier is also reported to
increase with local CO coverage due to the intermolecular
CO—O0, repulsions [5-7]. Thus, intrinsic CO oxidation
activity on Pt can be improved with dopants which
promote CO desorption and reduce O, dissociation barrier.

Platinum—bismuth (Bi) catalysts are known to
improve selectivity for partial oxidation of cinnamylalco-
hols to cinnamaldehydes [8], promote oxidative dehy-
drogenation of alcohols and polyols to carbonyls and
carboxylic acids [9] and enhance oxidation of hydroxyl
group in glycerols [10]. Although Bi dopant is inactive by
itself for oxidation reactions, it is proposed to have a
geometric blocking effect which decreases Pt ensemble
size for undesired reactant adsorption. Bi addition is

reported to suppress CO poisoning on Pt surface [11]
leading to significant improvement in direct alcohol fuel
cell efficiency [12] even for low Bi coverage [13]. CO
electrooxidation kinetics for irreversibly bound Bi atoms
on Pt electrodes are of negative order for CO partial
pressure [14], indicating that surface poisoning effect has
been suppressed but not eliminated. Furthermore,
experimental studies have verified that Bi-promoted Pt
catalyst is effective for CO oxidation under diesel exhaust
conditions [15,16]. The light-off temperature (temperature
at which conversion of 50% CO to CO, is achieved) is
reduced considerably (60—-70°C) on Bi-promoted Pt
surface as compared with that on pure Pt (237°C) and
this improvement depends on the Bi/Pt loading ratio [16].
Although previous reports have suggested that Bi simply
blocks CO binding sites, there is no clear evidence to rule
out simultaneous electronic effect on reaction energetics
and kinetics. To elucidate these possibilities, we focus on
resolving electronic and geometric effects of alloying Pt
surface with Bi dopant and their impact on CO oxidation
mechanism within this study.

Qualitatively, Pt—Bi/alumina catalysts can include
both reduced and oxidised Bi species. Although Bi exists
as Bi*" under ambient conditions as revealed by X-ray
absorption spectroscopy, it can be reversibly reduced to
Bi® if the dopant resides on Pt surface [9]. Therefore, Bi
dopant is likely to exist in both reduced and partially
oxidised form depending on catalyst preparation methods
and reaction conditions.
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Bismuth metal readily oxidises at low temperatures to
Bi,05, which has a complex crystallographic structure [12].
Electron diffraction and X-ray photoelectron spectroscopic
(XPS) studies [17] have also confirmed bismuth suboxide
(BiO) formation within thin bismuth oxide films. However, it
is not clear whether oxygen atoms bonded to Bi are
chemically reactive. Propene and butane oxidation on
bismuth oxide compounds [18,19] proceeds only in the
presence of molecular oxygen because strong Bi—O bonds
prevent oxygen removal from the cluster. On the other hand,
catalyst potential measurements on Pt—Bi bimetallic
catalysts demonstrate that the catalyst is in partially oxidised
state but is not inactive towards partial oxidation of alcohols
[8]. Despite the indication that Bi dopant can exist in oxide
form, there has been no explicit examination of these
suboxides and their effect on reaction mechanism.

In this work, we investigate the role of bismuth dopant
in promoting CO oxidation on Pt surfaces using density
functional theory (DFT). We examine Bi configurations
both as a surface dopant and as an adatom on Pt(111)
surface to deduce electronic and geometric effects on
adsorbate energetics. Comparisons are drawn between
Pt(111) and Bi doped Pt(111) to elucidate reaction kinetics
and validate preferential catalytic mechanisms.

2. Computational methodology

Ground-state energies for the adsorbed systems were
determined by using self-consistent, gradient-corrected
DFT as implemented in Vienna ab initio simulation
package [20]. A three-layered slab was used to model
p(2X2), p(4x4) and orthogonal (4 X 4) unit cells of
Pt(111) surface with the metal atoms in the bottom layer
fixed at the bulk positions. Bi promoter atoms were
modelled as adatoms on Pt(111) surface and also as a
surface dopant replacing a Pt atom in the top layer of the
metal slab. These calculations were run in cubic supercells
with at least 10A of vacuum between atoms in
neighbouring cells to ensure negligible periodic image
interaction. A 4 X 4 X 1 Monkhorst—Pack mesh was used
for sampling the Brillouin zone for p(2 X 2) unit cell,
whereas 2 X 2 X I mesh was used for p(4 X4) and
orthogonal (4 X 4) unit cell surfaces [21]. Plane waves
with 400eV as cut-off energy were used to describe the
electronic wave functions, and projector augmented wave
(PAW) pseudopotentials [22] were used to describe
electron—ion interactions. Revised Perdew—Burke—
Ernzerhof (RPBE) functional form of generalised gradient
approximation was used for calculating the exchange-
correlation energies. Binding energies (BEs) were
calculated using the following equation:

BE = Etotal - Esubstrate - Emoleculea (1)

where E, refers to the energy of total system, Egypsurate
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refers to the metal slab energy and Eoecule refers to
species in vacuum. Dimer method [23] was used to find the
transition state (TS) structures for reactions examined in
this study, and the initial direction along the dimer was
generated, based on the reaction products. Imaginary
frequencies were used to confirm these configurations and
the apparent activation barriers (E,) were determined from
the equation:

E, = Ers — Es, 2

where Erg corresponds to TS energy and Ejg refers to
reactant energy. Bader charge analysis [24] was performed
to examine charge redistribution and net charge transfer
due to Bi doping on Pt(111) surface. Net electron transfer
was determined from Equation (3)

An = niotal = Mptsurface — ngi, 3)

where An corresponds to net charge transfer, 7
corresponds to Bader charge for doped Pt surface, ngyface
corresponds to Bader charge for Pt(111) surface and
ng; corresponds to Bader charge for Bi atom.

3. Results and discussion

We have first examined the stable dopant configurations
for Bi, both as surface alloy and as an adatom on Pt(111).
Subsequently, we have determined the adsorption energies
for reactants (CO and O, molecules) and products (O) and
ascertained TS structures for CO oxidation routes on
doped Pt(111) surfaces.

3.1 Bi dopant configurations on Pt(111) surface

Figure 1(a) and (c) shows the top and side views for
Pt;Bi/Pt(111) surface alloy structure examined in this
study such that Bi replaces a Pt atom in the top layer of the
metal slab ((2 X 2) unit cell). Since Bi atom has a larger
atomic radii (3.09 A) than Pt(111) lattice (2.78 A), this
dopant introduces strain in the Pt substrate and protrudes
ca. 0.7A above the surface plane. The bond distances
between Pt atoms within the top layer of this PtBi surface
alloy are determined to be 2.790 A and 2.851 A as
compared to Pt—Pt distance of 2.820 A within the Pt(111)
surface.

Four stable binding sites (atop, bridge, fcc and hcp)
were considered for Bi adatom adsorption on Pt(111)
surface. Bi adsorption on both fcc and hep sites on Pt(111)
corresponds to the lowest energy configuration with a BE of
—383 kJ/mol (0.25 ML Bi coverage). Figure 1(b) and (d)
shows the representative Bi adatom/Pt(111) structure with
dopant atoms bound on hcp sites. All three Pt—Bi bond
lengths are equivalent to 2.678 A in this configuration.
Bi binding on Pt(111) surface was found to further
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strengthen to — 396 kJ/mol with a decrease in Bi coverage
to 0.0625 ML due to reduced through-space and through-
surface Bi—Bi repulsions. Hydrogen chemisorption
[25,26] and surface characterisation studies for vapour-
deposited Bi on Pt(111) surfaces [27] report Bi adsorption
on threefold hollow sites and a desorption barrier of
340 kJ/mol under zero coverage limit. Hence, our results for
Bi adatom configuration/Pt(111) are in agreement with the
previous experimental literature.

Repulsive lateral interactions between Bi atoms for
sub-ML coverage were reported experimentally [27,28],
and as a result, Bi atoms disperse more uniformly on
Pt(111) as compared with other transition metals [29].
Bond dissociation energies of Pt—Pt, Pt—Bi and Bi—Bi
metal atom dimers were determined to be 329, 314 and
251 kJ/mol, respectively. The corresponding bond lengths
for these dimers are 2.350, 2.434 and 2.656 A. These
dissociation energy values also indicate strong binding
between Pt and Bi atoms as compared with Bi—Bi
formation. Thus, Bi atoms are more likely to form clusters
with Pt atoms or remain dispersed rather than form
inactive Bi islands on Pt surface.

Previous literature investigations suggest that both
adatom and bulk atom deposition are favoured thermo-
dynamically, but adatom formation is kinetically more
favourable when low Bi*" concentrations are used for
deposition [8]. Hence, dopant configurations are also
dependent on catalyst preparation methods. Furthermore,
experimental studies conclude that Bi adsorption on Pt
substrates is irreversible when Pt electrodes are modified
by dipping into solutions with suitable cations [8,14].
Thus, adatom configurations can be considered irrevers-
ible with no mobility on Pt(111) surface.

We have evaluated the relative stability and net charge
transfer for both Bi dopant configurations on an orthogonal
(4 X 4) unit cell of Pt(111) surface (which corresponds to

2,/3 X 4 supercell with 16 atoms/layer). In the adatom
configuration, Bi is adsorbed on the hcp site, and in the
surface dopant configuration we collated the energies of
Pt;5sBi/Pt(111) surface alloy and a bulk Pt metal atom. Bi
adsorption as an adatom is found to be energetically more
stable than the surface dopant composition by 52 kJ/mol.
Although Bi adatoms are favoured energetically, dopant
configurations can vary depending on preparation method
such that one or both configuration phases may be present
on the metal substrate. Charge transfer analysis for Bi
surface dopant and adatom configurations on Pt(111)
surfaces indicates fractional electron transfer from Bi atom
to Pt surface. Bi surface dopant and adatom contribute
0.84 and 0.64 e to Pt(111) surface, respectively. Hence, our
results confirm that Pt surface remains in reduced form
after Bi doping.

3.2 Adsorbate energetics and CO oxidation kinetics on
PtBi surface alloy

Figure 1(a) shows the atop, bridge, fcc and hcp binding
sites examined on (2 X 2) unit cell of Pt3Bi (111) surface
alloy. BEs and structural details for optimised CO and O
geometries on this surface alloy and pure Pt(111) surface
are reported in Table 1. In general, CO and O binding is
determined to be weakened by doping Pt(111) surface with
Bi atoms.

CO adsorbs most strongly on threefold hollow F1 and
HI1 sites on Pt(111) surface. These sites are retained as the
lowest energy configurations for CO adsorption on
PtBi(111) surface alloy although the BEs are reduced
significantly. CO adsorption on bridge and hollow sites
composed of Pt and Bi atoms results in CO shifting to Pt
only atop and bridge sites, respectively. CO molecule is
strongly repelled by Bi dopant atom such that atop
adsorption on Bi (A2 site) results in CO desorption
from surface. Thus, Bi as a surface dopant creates a CO

Figure 1. Top and side views for Bi-doped Pt(111) surfaces: (a) and (c) Bi as a surface dopant and (b) and (d) Bi as an adatom. Atop
(A1, A2), bridge (B1, B2), fcc (F1, F2), hep (H1, H2) and hollow (L) adsorption sites are indicated in the figures.
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prohibited zone in its local vicinity (Appendix 1) and
effectively blocks CO from binding on nearby active Pt
sites (geometric effect).

Atomic oxygen preferentially adsorbs on fcc sites on
Pt(111) surface. Similar to CO adsorption, O binds most
strongly on pure Pt fcc site (F1) although Pt—O bonds are
weakened to a great extent in the presence of Bi surface
dopant. When atomic oxygen is adsorbed on bridge and
threefold hollow sites with both Pt and Bi atoms, BiO is
formed. Due to the lattice mismatch between Pt and Bi,
doping the Pt substrate induces strain in the structure.
Hence, Bi surface atom can be pulled out of the surface in
the presence of O* to form thermodynamically favourable
oxide-like structure.

This decrease in CO and O BEs on PtBi surface alloy
can be attributed to electronic structure changes in the
metal substrate caused by the dopant atom. The calculated
d-band centres for Pt(111) and Pt3Bi(111) surface alloy are
—2.14 and —2.27 eV below the Fermi level, respectively
(Appendix 2). Due to the lower d-band centre for the
surface alloy, overlap between metal d-band and adsorbate
states decreases, resulting in weaker binding. Other
theoretical studies have also invoked d-band centre
calculations to explain binding energy trends on metal
alloys [30,31]. This adsorbate-Pt bond weakening on PtBi
surface alloys is found to be a local effect which depends
on the Bi loading levels on Pt surface. CO binding energy
comparisons on Pt3Bi (2X 2 unit cell) and Pt;5Bi
(orthogonal 4 X 4 unit cell) surface alloys show that Bi
dopant is less prohibitive against CO poisoning for lower
Bi/Pt ratios in the top slab layer (Appendix 4). Similar
conclusions are drawn by comparing CO binding on bulk
PtBi and PtBi, alloys [11] and Pt;Sn surfaces which are
resistant to CO poisoning [32].

We have next examined the effect of Bi surface dopant
on the elementary reactions for LH-based CO oxidation
mechanism. We have considered both O, dissociation and
surface reaction between CO and O on Pt;5Bi (orthogonal
4 X 4 unit cell) surface alloy. The reactant, TS and product
structures for these elementary reactions are shown in
Figure 2. Pt—C and Pt—O bond distances in the TS
structure are reported in Table 2 along with the associated
activation barrier for the elementary reaction.

Both O, dissociation and CO oxidation surface
reactions are highly exothermic on PtBi surface alloy.
Although O, dissociation involves an early TS structure
(i.e. TS structure is close to initial state (IS) structure), CO
oxidation has a late TS structure. O, dissociation on
Pt(111) surface proceeds via a weakly bound molecular
precursor state (—36kJ/mol) such that O—O bond lies
over an fcc site (Appendix 3(a)). In contrast, the most
stable site for O, molecular precursor on PtBi surface alloy
(Figure 2(a)) involves oxygen atoms on atop Pt sites
(nearby Bi dopant atom) such that O—O bond lies over a
bridge site with a BE of — 29 kJ/mol. TS structure involves
oxygen atoms on atop positions which relax to mixed
Pt—Pt—Bi hcp sites after complete dissociation (Figure
2(b) and (c)). CO oxidation was then examined for an atop
adsorbed CO molecule in the presence of these two
dissociated oxygen atoms (Figure 2(d)). TS for CO
oxidation surface reaction includes shifting of one of the
oxygen atoms to a bridge position so as to form C—O
bond, whereas the second oxygen atom continues to sit at
the Pt—Pt—Bi hcp site (Figure 2(e)). CO, thus formed
readily desorbs from the surface alloy leaving behind a
dissociated oxygen atom.

O, dissociation on Pt;sBi surface alloy corresponds to
a barrier of 24kJ/mol with respect to the molecular
precursor. Although this barrier is slightly lower than O,

Figure 2. IS, TS and final state (FS) structures for (a—c) O, dissociation and (d—f) CO oxidation on Bi doped Pt(111) surface alloy.
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—176
— 149
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—150
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—106

(kJ/mol)

(kJ/mol)
80
64
59
55

and top and bridge bonded adsorbates, respectively.
BiO* 4+ CO* — Bi* + CO,(g)

BiO§ — BiO* + O
Bi* + O,(g) — BiO* + O

04(g) — 20%
CO* 4 0% — COx(g)

Bi adatom/Pt(111)

Os(g) — 20%
CO* 4+ O* — COx(g)

Table 2. Kinetic barriers (E,), enthalpy (H) and TS bond distances for elementary reactions on Pt(111) and Bi-doped Pt(111) surfaces. T and B refer to the distance between Pt atoms

Bi surface dopant/Pt(111)

Pe(111)
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dissociation barrier on pure Pt(111) surface (38 kJ/mol),
dissociated oxygen atoms on Bi-doped surface lead to
considerably more exothermic reaction. CO oxidation
barrier has also reduced on PtBi surface alloy and this can
be attributed to weaker Pt—CO and Pt—O binding values.
Figure 3 compares the overall thermodynamics for CO
oxidation mechanism on PtBi surface alloy with pure Pt
surface. As is evident from the figure, dissociated oxygen
atoms are adsorbed more strongly on PtBi surface alloy
due to BiO* formation. The TS energy for the subsequent
CO oxidation step is much more stabilised on the surface
alloy than on the Pt surface. Thus, we can conclude that
CO oxidation on PtBi surface alloy will proceed more
readily than that on pure Pt surface.

3.3 Adsorbate energetics and CO oxidation kinetics on
Bi adatom/Pt(111)

Bi adatom preferentially adsorbs on hcp sites on Pt(111)
surface, and the nearby binding sites available for
adsorbate binding on a (2 X 2) unit cell are indicated in
Figure 1(b). BEs for CO and O geometries reported in
Table 1 for Bi adatom configuration correspond to a
further weakening of metal-adsorbate bonds as compared
with Pt3Bi (111) surface alloy on account of an increase in
interatomic repulsions.

The lowest energy configurations for CO binding on Bi
adatom/Pt(111) surface are threefold pure Pt hollow sites
(F1 and H1). This result is consistent with the conclusions
from Bi surface dopant configuration such that Bi reduces
CO adsorption on nearby Pt sites. CO adsorption on
hollow site L. composed of Pt and Bi atoms results in CO
shifting to an atop Pt position. Bi adatom, therefore,
continues to repel CO adsorbates and weakens CO
binding, but has a more confined CO prohibited zone. In
contrast, atomic oxygen readily forms BiO with the Bi
adatom/Pt(111) surface. The Bi—O bond length within
this suboxide equals 2.137 A such that Bi sits on a bridge
site (Pt—Bi: 2.699 A, 2.700 A) while O binds to an atop Pt
site (2.037 A).

We have next investigated the O, dissociation
mechanisms on Bi adatom/Pt(111) surface on a p(4 X 4)
unit cell. Since Bi favours Bi—O bond formation, we have
considered two competing routes to obtain dissociated
oxygen atoms. The first route involves BiO, formation
followed by O—O scission, whereas the second route
involves a concerted reaction between Bi adatom and O,
molecular precursor. The reactant, TS and product
structures for these elementary reactions are shown in
Figure 4(a)—(e) and the associated barriers are included in
Table 2.

BiO, formation on Pt(111) surface is exothermic with
a weak binding energy of — 12 kJ/mol such that one end of
the O, molecule forms Bi—O bond with Bi adatom
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Figure 3. Reaction energetics for LH CO oxidation mechanism on Pt(111), Bi-doped Pt(111) surface alloy and Bi adatom/Pt(111)

surface.

whereas the second oxygen terminal adsorbs on an
adjoining atop Pt site (Figure 4(a)). Although Pt—O bond
distance equals 2.018 10\, Bi—O and O—O bond distances
correspond to 2.371 and 1.361 A, respectively (Pt—Bi:

(h) FS: Bi* + Oz(g) |

2.703 A, 2.706 A, 2.864 A). TS for O—O scission within
BiO, molecule involves an increase in O—O bond
distance, whereas Bi adheres to bridge site and oxygen
atom is bridged on Pt atoms (Figure 4(b)). In the final

Figure 4. IS, TS and FS structures for BiO,* — BiO* + O%* (a)—(c), Bi* + O,* — BiO* + O%* (d), (e) and (c) and BiO* +

CO#* — Bi* 4+ COy(g) (g) and (h) on Bi adatom/Pt(111) surface.
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dissociated structure shown in Figure 4(c), both BiO and O
adsorb across fcc sites.

For the Bi* 4+ O, — BiO* 4 O#% reaction, the pre-
cursor O, adsorbs weakly with a binding energy of
—31kJ/mol and the O—O bond over a fcc site (Figure
4(d)). The TS structure (Figure 4(e)) is very similar to the
TS structure on Pt(111) surface such that on relaxation,
one of the oxygen atoms forms a Bi—O bond, whereas the
second one remains in an fcc position (Figure 4(c)).

We next considered the CO oxidation reaction wherein
CO molecule can extract the oxygen atom from BiO to
form CO, and reduced Bi adatom. TS for CO oxidation
surface reaction includes CO tilting towards the oxygen
end of BiO molecule, whereas Pt—C bond is elongated
(Figure 4(g)). CO, thus formed can readily desorb from the
surface whereas Bi returns to its reduced form.

On the basis of the reaction kinetics, BiO,*
dissociation involves a high barrier of 59 kJ/mol, whereas
Bi* 4 O,* has a low barrier of 24 kJ/mol, with respect to
the chemisorbed O, precursor. Hence, the CO oxidation
mechanism on Bi adatom/Pt(111) proceeds via Bi* +
0, — BiO* 4 O followed by BiO* + CO* — Bi* +
CO, (g). The overall reaction barrier for CO oxidation on
this dopant configuration results in a lower energy pathway
than PtBi surface alloy barrier as shown in Figure 3.
Hence, CO oxidation is established to be more favourable
on Bi-modified Pt surfaces irrespective of the Bi dopant
configuration.

On the basis of this ab initio study, we have determined
that Bi plays a dual role in CO oxidation mechanism on
Pt(111) surface. On the one hand, it acts as an inert site
blocker for CO molecules due to the electronic and
geometric effect of Bi doping on Pt substrate. On the other
hand, Bi actively participates in O, dissociation and CO
oxidation elementary reactions via BiO suboxide for-
mation. Bi dopants, therefore, effectively reduce the active
Pt ensemble size available for CO adsorption such that
lower CO coverage results in doped Pt(111) surfaces. This
coverage reduction has been confirmed experimentally via
low intensity and high temperature desorption peaks in CO
temperature programmed desorption studies and low C—0O
stretching frequencies in high-resolution electron energy
loss spectroscopic experiments on Bi/Pt(111) [29]. O,
dissociation barriers on both PtBi surface alloy and in the
presence of Bi adatom are slightly lower than kinetics on
Pt surface. However, Bi-doped Pt surfaces enhance O,
dissociation indirectly by making available larger active
site areas for O, adsorption and dissociation as compared
with pure Pt. This site area on Bi-doped Pt(111) includes
the CO-prohibited zone and the sites from which CO
molecules desorb at lower temperatures due to weaker
BEs. XPS and HREELS studies support this hypothesis by
reporting significant O, dissociation enhancement and
minimal reduction in O, adsorption energies with an
increase in Bi coverage on Pt(111) surface [29].
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Furthermore, work function increase observed experimen-
tally with oxygen adsorption on these doped surfaces
indicates that oxygen atoms are in fact adsorbed on the
surface instead of subsurface sites and can, therefore,
participate in surface CO oxidation reaction. Hence,
catalytic properties for Bi-modified Pt surfaces are
controlled by simultaneous weakening of CO adsorption
and preferential oxygen adsorption near dopant atoms.

4. Conclusions

First-principles-based simulations were used to investigate
the electronic and geometric effects of Bi-promoted
Pt(111) surface on CO oxidation mechanism. Bi adatom
preferentially adsorbs on threefold hollow sites on Pt(111)
and is thermodynamically more favourable than Bi as a
surface dopant. However, for both dopant configurations,
Bi atom repels CO molecule and alters the electronic
structure of adjacent Pt sites to create a local CO-free zone
whose area varies with doping levels. O, molecule can
adsorb within this CO-prohibited area in the vicinity of Bi
dopant and undergo O—O dissociation. Atomic oxygen
atoms thus obtained form BiO suboxide with nearby Bi
adatoms. A concerted reaction between BiO and CO
results in reduced Bi and CO, with low barrier
requirements as compared with Pt(111) surface. Adsorbate
energies (CO, O) are significantly reduced on these
promoted surfaces due to lower d-band centre energy for
PtBi surface. Thus, Bi promoter leads to improved CO
oxidation performance on account of its favourable impact
on CO oxidation energetics and kinetics while suppressing
CO poisoning effect.
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Appendix 1. Highlighted area represents the CO-prohibited zone for Pt;Bi(111) surface alloy. CO binding energies (kJ/mol) on the
different Pt and Bi-based adsorption sites are indicated on the surface alloy structure.
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Appendix 4. CO and O binding energies on Pt;Bi(111) and Pt;sBi(111) surface alloys.

CO binding energy (kJ/mol)

Adsorption site Site details Pt(111) Pt;Bi Pt,sBi
Al Atop Pt —132 —81 —118
A2 Atop Bi -2 Desorbs
B1 Bridge Pt—Bi Atop Pt —113
B2 Bridge Pt—Pt —137 —89 —133
F1 fcc Pt—Pt—Pt —133 —-92 — 140
H1 hep Pt—Pt—Pt —134 -93 —133
F2 fcc Pt—Pt—Bi Bridge Pt—Pt —119
H2 hep Pt—Pt—Bi Bridge Pt—Pt —115

O binding energy (kJ/mol)
Adsorption site Site details Pt(111) Pt;Bi Pt;sBi
Al Atop Pt 26 71 —17
A2 Atop Bi 51 Desorbs
B1 Bridge Pt—Bi BiO* —12
B2 Bridge Pt—Pt fcc Pt—Pt—Pt BiO#* fcc Pt—Pt—Pt
F1 fcc Pt—Pt—Pt — 106 —54 —90
H1 hep Pt—Pt—Pt —49 —-20 —51
F2 fcc Pt—Pt—Bi BiO* BiO*
H2 hep Pt—Pt—Bi BiO* BiO*




