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Ultrathin metal films supported on transition-metal (TM) surfaces have been considered as promising catalyst
systems due to the possibility to tune their chemical activity by controlling substrate strain, composition, and ligand
effects, however, our atomistic understanding of the atomic structure of those systems is far from satisfactory. In this
work, we will report a density functional theory investigation of the the atomic structure of Pt overlayer, skin of PtAu
alloy, and Pt submonolayer on the Au(111) and Au(332) substrates, as well as the effects induced by CO adsorption.
For uncovered CO surfaces, we found the same trend for both Au surfaces, i.e., there is a strong Pt preference for
submonolayer sites, which is consistent with experimental findings and segregation energy calculations, however,
the adsorption of CO molecules on the surfaces favors the location of the Pt atoms on the topmost surface layer due to
the strong binding of CO molecules to the surface Pt atoms. For Pt/Au/Au(332), which is a high energy configuration,
we found that the Pt overlayer adopts a Pt(111)-like structure instead of the expected Pt(332) overlayer following
the Au(332) stacking, however, the steps are preserved once part of the Pt atoms are exchanged by Au atoms or CO
molecules are adsorbed on the Pt overlayer, i.e., CO/Pt/Au/Au(332). Therefore, our results indicate that the atomic
structure of Pt overlayer on flat and stepped Au surface under a CO atmosphere is complex due to the competing
effects that favors different location for the Pt atoms, i.e., segregation energy and temperature effects favors subsurface
sites, while strong CO−Pt binding energy favors the topmost surface layers.

1 Introduction

Ultrathin metal films composed of one or few layers
supported on flat or stepped transition-metal (TM) sur-
faces have been considered as promising catalyst systems
for several reactions due to the possibility to tune their
chemical activity by controlling substrate strain, com-
position, and ligand effects.1–3 TM layers supported on
TM surfaces, such as (111), (100), and (110), have been
widely studied, e.g., Fe, Co, Ni, and Pd on Au(111) and
Au(110),4–9 Co/Ag(111),7 Co and PtAu on Pt(111),10,11

Pt and Au on Ni(110),12–14 Pt/Ni(111),15 Pt and Au on
Ru(0001),16 Ag and Au on Cu(100),17 Au/Cu(110),18 Ag
and Au on Pd(100),17 and Au/Ir(111).19 Among those
systems, Pt layers supported on Au surfaces have at-
tracted great interest, in particular, for the designing of
high performance fuel cell electrocatalysts to improve
oxygen reduction reactions.20–23

Scanning tunneling microscopy (STM) and temper-
ature programmed desorption (TPD) studies have re-
ported the formation of skin of PtAu alloys on Au(111)
for Pt coverage of 3%, while Pt islands have been ob-
served for higher Pt coverages at room temperature.24

Electrochemistry experiments using cyclic voltamme-

try measurements have identified the formation of Pt
monolayers on Au(111),21,25 where the formation of the
(
√

3×
√

3)R30◦ and (1×1) Pt surface structures on Au(111)
have been revealed.21 Moreover, electrochemical exper-
iments of the deposition of Pt atoms on Au vicinal sur-
faces, n(111)×(110), has demonstrated that Pt layer does
not keep the structure of the Au(hkl) substrate.26 Other
experimental studies of the Pt/Au(111) system have re-
vealed that Pt atoms are preferentially located in sub-
monolayer sites.3,22 Thus, those results indicate that the
formation of well-defined Pt monolayer and skin PtAu
alloys on Au surfaces depends strongly on the exper-
imental conditions, in particular, on the Pt coverage,
temperature, surface orientation, electrochemistry po-
tentials, and etc.3,21,22,24,25,27

Several theoretical investigations have been per-
formed to identify the atomic structures and chemi-
cal activity of Pt overlayer and skin of PtAu alloys on
Au(111).24,28–30 For example, it was reported that the
formation of a skin of PtAu alloy is energetically more
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favourable than a Pt overlayer supported on Au(111),28

and hence, the chemical activity of the PtAu/Au(111) sub-
strate is different from Pt(111) and Au(111), which was
verified using the adsorption energy of CO molecules
as a screening parameter.30 It was found that CO binds
stronger on pseudomorphic Pt overlayer on Au(111) than
on Pt(111),29 which was explained by the tensile strain
present in the pseudomorphic Pt overlayer due to the
large equilibrium lattice constant of bulk Au compared
with bulk Pt.31 Thus, the adsorption of CO molecules
might play an important role on the formation of the
PtAu skin on Au(111), as well as on the stability of the
atomic structure of Pt overlayer on Au surfaces, in par-
ticular, due to the different magnitude of the CO adsorp-
tion energies on the Pt(111) and Au(111) surfaces, e.g.,
from −1.34 to −1.70 eV for CO/Pt(111) and from −0.12 to
−0.32 eV for CO/Au(111).32

Thus, several studies have been reported on the for-
mation of Pt overlayer and the skin of PtAu alloys on
flat Au surfaces and the effects induced by the adsorp-
tion of CO molecules on the flat surfaces, however, our
atomistic understanding of the structural effects induced
by CO adsorption on Pt overlayer and skin of PtAu al-
loy on stepped Au surfaces is far from satisfactory due
to the lack of studies, which compromise our under-
standing of model catalysts systems. To contribute to
the solution of this problem, in this work, we performed
a first-principles investigation of the structural effects in-
duced by the CO adsorption on the Pt/Au/Au(111) and
Pt/Au/Au(332) systems based on density functional the-
ory (DFT) using different CO coverages. Our results
indicate that the CO adsorption plays an important role
in the formation of the skin of PtAu alloy on Au surfaces,
as well as on the reconstruction of the stepped Au(332)
surface.

2 Theoretical Approach and Computational
Details

The description of CO adsorption on the Pt(111) sur-
face by density functional theory (DFT) within local or
semilocal exchange-correlation (xc) energy functionals
has been in debate for a long time,33–39 as plain DFT is un-
able to provide a correct description for the CO adsorp-
tion site preference on Pt(111), as well as on different TM
surfaces.32,38–41 For example, plain DFT yields hollow
sites for CO/Pt(111), while experimental studies found
the on-top sites for CO/Pt(111).42–44 Recent DFT calcu-
lations employing the random phase approximation38

obtained a correct description of the CO adsorption site
preference (on-top) and the magnitude of the adsorption

energy, e.g., −1.31 eV for CO/Pt(111) in the (
√

3×
√

3) sur-
face unit cell. However, those calculations are compu-
tationally demanding, in particular, for stepped surfaces
using large surface unit cells.

Although plain DFT does not describe well the CO ad-
sorption site preference, we would like to point out that
plain DFT yields a quite good description of the mag-
nitude of the CO adsorption energies on TM surfaces,
which can explain the success of the d-band model based
on a large number of plain DFT calculations for CO ad-
sorption on several TM surfaces.32,45 In this work, we
focus on the effects of CO adsorption on Pt monolayer
and a skin of PtAu alloys on flat and stepped Au surfaces,
in which the description of the adsorption site preference
does not play a crucial role due to the large magnitude of
the relative total energy among different configurations.

Our calculations are based on spin-polarized DFT
within the generalized gradient approximation46 (GGA)
employing the formulation proposed by Perdew, Burke,
and Erzenholf47 (PBE) for the xc energy functional.
The all-electron projected augmented wave (PAW)
method48,49 as implemented in the Vienna Ab Initio Sim-
ulation Package50,51 (VASP) was employed to solve the
Kohn-Sham equations. For the total energy calculations
a plane-wave cutoff energy of 400 eV was used for all cal-
culations. The CO/Pt/Au(111) and CO/Pt/Au(332) sys-
tems were modeled using the repeated slab geometry
separated by a vacuum region of 20 Å. For Au(111), we
employed a (3×3) unit cell and 5 layers in the slab (45
atoms), while for Au(332), which is a stepped surface
with 6 atoms in the (111) terraces, i.e., 6(111)×(111̄),52 we
employed a (2×1) surface unit cell with 27 layers in the
slab (54 atoms). A large number of layers is required for
Au(332) surface due to the small interlayer separation,
i.e., a0√

3
for Au(111) and a0√

88
for Au(332).52

For all calculations, we relaxed all layers except those
layers in the bottom of the slab, which were kept fixed
in their relaxed clean surface positions. For the Bril-
louin zone integration, we employed a 4×4×1 and 6×2×1
k-point meshes for the Au(111) and Au(332) surfaces,
respectively. For all optimizations of the atomic struc-
ture using the conjugated gradient as implemented in
VASP, the equilibrium geometries were obtained when
the atomic forces are smaller than 0.025 eV/Å on each
atom, and a total energy convergence of 10−4 eV.

The PBE equilibrium lattice constants of the Pt and
Au bulk in the face-centered cubic (fcc) structure are 3.98
and 4.16 Å, respectively, i.e., 1.53% and 1.96% larger than
the experimental results,31 which is expected as the PBE
functional commonly overestimated the equilibrium lat-
tice constants of bulk materials.53,54 Thus, the Au lattice
constant is 4.52% larger than for Pt, which might play
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an important role for the structure of Pt overlayer on Au
surfaces.

3 Results

3.1 Atomic structure of the Pt/Au/Au(111) and
Pt/Au/Au(332) surfaces

To understand the role of supported Pt monolay-
ers and submonolayer on the Au(111) and Au(332)
surfaces, we selected several model systems, e.g.,
Pt/Au/Au(111), PtAu/PtAu/Au(111), Au/Pt/Au(111),
Pt/Au/Au(332), PtAu/PtAu/Au(332), and Au/Pt/Au(332),
which take into account overlayer, intermixed, and
submonolayer configurations. For the intermixed
model, in which Pt and Au atoms form a skin of
PtAu alloy on Au surfaces, we considered the fol-
lowing configurations Pt0.5Au0.5/Pt0.5Au0.5/Au(332) and
Pt0.33Au0.67/Pt0.67Au0.33/Au(111). The relative total ener-
gies per surface area for the lowest energy configurations
are summarized in Table 1, and the lowest energy con-
figurations are shown in Figures 1 and 2.

We found the same trend for both Pt/Au/Au(111) and
Pt/Au/Au(332) systems, i.e., a strong preference of the
Pt atoms for subsurface lattice sites, which is consis-
tent with experimental findings.3,22 We would like to
point out that segregation energy calculations using DFT
suggest that the formation of a skin of PtAu alloy on
Au(111) is energetically preferable compared with Pt
overlayer on Au(111),28 which is consistent with our re-
sults. For example, the Pt/Au/Au(111) configuration is
36.20 meV/Å2 higher in energy than the lowest atomic
configuration, Au/Pt/Au(111), while it is 25.16 meV/Å2

for Pt/Au/Au(332). Thus, there is a stronger preference
of Pt atoms for subsurface sites in the flat surfaces than
on stepped surfaces.

For Pt/Au/Au(332), we found a strong reconstruction
of the stepped Au(332) surface, i.e., the Pt overlayer
adopts a Pt(111)-like structure instead of the expected
Pt(332) overlayer following the Au(332) stacking, which
gives an energy gain of 0.13 eV per Pt atom. However,
the steps are preserved for the case in which part of the
Pt atoms in the overlayer is exchanged by Au atoms,
and a skin of PtAu alloy is formed, which helps to lower
the total energy of the system. Therefore, at low tem-
perature experiments, in which the Pt atoms are unable
to diffuse to the subsurface sites, our results indicate
that chemical reactions might behave very similar on
both Pt/Au/Au(111) and Pt/Au/Au(332) substrates, i.e.,
no effects from the steps would be observed. In fact,
those results are confirmed by electrochemistry exper-
iments reported recently,26 which found that Pt atoms

supported on Au vicinal surfaces, n(111)×(110), do not
form a fully epitaxial layer.

3.2 CO adsorption effects on the Pt/Au/Au(111) and
Pt/Au/Au(332) surfaces

To obtain an atomistic understanding of the role
of CO adsorption on the atomic structure of the
Pt/Au/Au(111) and Pt/Au/Au(332) systems, we per-
formed total energy calculations for CO/Pt/Au/Au(111)
and CO/Pt/Au/Au(332), employing CO coverages
of ΘCO = 0.33, and 0.56 monolayers (ML) for
Pt/Au/Au/(111) and ΘCO = 0.50 and 0.67 ML for
Pt/Au/Au(332). For those calculations, CO molecules
were adsorbed initially at the on-top, bridge, hol-
low sites, and on the combination of those sites, e.g.,
top+bridge+hollow. Along of the geometry optimiza-
tion, we found that the CO molecules change their ad-
sorption sites in a large number of configurations due to
the different binding for CO on Pt and Au atoms, adsorp-
tion site preference, and the strong repulsion among the
CO molecules for high CO coverages. The lowest energy
configurations are shown in Figures 1 and 2, and their
relative total energies per surface area, adsorption ener-
gies, and average C−TM bond lengths are summarized
in Table 1.

Except for CO/Pt/Au/Au(332), for which the adsorp-
tion of CO molecules reverse the step reconstruction
of the clean Pt/Au/Au(332) surface, the adsorption of
CO molecules do not affect the substrate structure
beyond the well-known adsorbate induced interlayer
relaxation effect, e.g., contractions of about −1.43%
(∆d12) for Au/Pt/Au(111) changes to expansion of about
+1.51% for CO/Au/Pt/Au(111). As mentioned, for
CO/Pt/Au/Au(332), the Pt(332) overlayer is stabilized
upon CO adsorption instead of the Pt(111)-like surface
obtained for the clean Pt/Au/Au(332) surface. We found
that the CO/Pt(332)/Au/Au(332) configuration is 254 meV
lower in energy than the CO/Pt(111)/Au/Au(332) for
ΘCO = 0.50 ML.

For ΘCO = 0.33 and 0.50 ML, the lowest energy con-
figurations are the intermixed PtAu/PtAu layers on the
Au(111) and Au(332) surfaces, respectively, i.e., a skin
of PtAu alloy is exposed to the vacuum region. As ex-
pected, for the intermixed PtAu layer, CO binds prefer-
entially on the Pt atoms instead of the Au atoms, which
can be explained as follows. The average adsorption
energy on Pt(111) and Au(111) for ΘCO = 0.33 ML are
−1.78 and −0.29 eV, respectively, which is in agreement
with previous DFT results.32 The C−TM distances are
about 1.84 and 2.01 Å for CO adsorbed on on-top sites
on Pt(111) and Au(111) surfaces, respectively, which is
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Table 1 Relative total energy (Erel) per surface area, adsorption energy per CO molecule and the averaged C−TM bond lengths.
Here Erel corresponds to the negative (positive) values for lower (higher) energy structures, and surface area is 67.869 Å2 and
81.685 Å2 for Au(111) and Au(332) surfaces, respectively, calculated as given in Ref. 52. The adsorption sites for the lowest
energy configurations are indicated in Figures 1 and 2.

Erel Ead dC−TM Erel Ead dC−TM
(meV/Å2) (eV) (Å) (meV/Å2) (eV) (Å)

Pt/Au/Au(111) 0.00 Pt/Au/Au(332) 0.00
PtAu/PtAu/Au(111) −17.61 PtAu/PtAu/Au(332) −4.36

Au/Pt/Au(111) −36.20 Au/Pt/Au(332) −25.16
3CO/Pt/Au/Au(111) 0.00 −1.96 2.05 6CO/Pt/Au/Au(332) 0.00 −1.57 2.06

3CO/PtAu/PtAu/Au(111) −15.35 −1.91 1.85 6CO/PtAu/PtAu/Au(332) −6.62 −1.60 1.89
3CO/Au/Pt/Au(111) 31.72 −0.43 2.14 6CO/Au/Pt/Au(332) 57.94 −0.44 2.00
5CO/Pt/Au/Au(111) 0.00 −1.72 2.08 8CO/Pt/Au/Au(332) 0.00 −1.43 2.06

5CO/PtAu/PtAu/Au(111) 19.55 −1.22 2.02 8CO/PtAu/PtAu/Au(332) 20.89 −1.17 2.08
5CO/Au/Pt/Au(111) 64.11 −0.36 1.99 8CO/Au/Pt/Au(332) 91.29 −0.24 2.07

consistent with a stronger CO binding to the Pt atoms.
At higher CO coverages, i.e.,ΘCO = 0.56 and 0.67 ML, the
lowest energy configurations are CO/Pt/Au/Au(111) and
CO/Pt/Au/Au(332), respectively, which can be explained
by the large number of CO molecules that preferentially
bind to the Pt atoms.

Thus, our finding indicates that the atomic structure of
the Pt/Au/Au(111) and Pt/Au/Au(332) substrate depend
strongly on the CO coverage, and hence, the CO gas-
pressure plays a crucial role. Furthermore, we would
like to point that the relative total energy among the dif-
ferent CO adsorption sites are much smaller than the
relative total energy among the different surface config-
urations, e.g., Erel = 0.00, −15.35, and 31.72 meV/Å2 for
CO molecules on Pt/Au/Au(111), PtAu/PtAu/Au(111),
and Au/Pt/Au(111), respectively, with ΘCO = 0.33 ML,
while Erel = 0.00, 0.27, and 1.35 meV/Å2 for the lowest,
first and second energy isomers for Pt/Au/Au(111), re-
spectively, with the same CO coverage. Therefore, the
adsorption effects induced by CO on Pt/Au/Au(111) and
Pt/Au/Au(332) do not depend on the adsorption site pref-
erence.

In the lowest energy structure, we found that CO
molecules bind preferentially on a mixture of hollow
and bridge sites on the Pt/Au/Au(111) and Pt/Au/Au(332)
surfaces, which is similar to the results obtained for CO
on the Pt(111) and Pt(332) surfaces for the same CO cov-
erage. For PtAu/AuPt/Au(111) and PtAu/AuPt/Au(332),
we found that CO molecules preferentially bind to the
on-top Pt sites, which is expected as the CO binding en-
ergy is larger for CO/Pt(111) than for CO/Au(111), and
on-top sites were also observed for CO/Au/Pt/Au(111)
and CO/Au/Pt/Au(332) for ΘCO = 0.33 and 0.50 ML.
However, at higher CO coverages, ΘCO = 0.56 and

0.67 ML, the lowest energy configurations are composed
by the combination of top+bridge+hollow sites, which is
due to the the large lateral repulsion interactions among
the CO molecules. Our results are in good agreement
with previous results.29,30

It can be seen in Table 1 that the average
CO adsorption energies for 3CO/Pt/Au/Au(111) and
3CO/PtAu/AuPt/Au(111) have similar magnitude, i.e.,
−1.96 eV and −1.91 eV, respectively, which can be ex-
plained as follows. At low CO coverages,ΘCO = 0.33 ML,
all the CO molecules bind to the Pt atoms, and hence,
there is no substantial difference between the Pt over-
layer and a skin of PtAu alloy on Au(111). How-
ever, the same does not hold for ΘCO = 0.56 ML due
to the binding of CO molecules in adsorption sites
with the sharing of Pt and Au atoms, which lowers
the adsorption energy for CO on PtAu/AuPt/Au(111),
e.g., −1.72 eV for 5CO/Pt/Au/Au(111) and −1.22 eV for
5CO/PtAu/AuPt/Au(111). The same trends can be seen
for CO adsorption on the (332) substrates. We would
like to point out that the reduction of the magnitude of
the CO adsorption energy with increased CO coverages
is due to the increased repulsive interactions among the
CO molecules intermediate by the substrate.55

3.3 Density of states

To obtain a better understanding of the electronic struc-
ture properties, we calculated the total and local density
of states (LDOS), which are shown in Figure 3. The
LDOS were averaged for the atoms with the same chem-
ical specie and different layers. The C and O peaks de-
rived from C and O s-states are located in the regions of
24−25 eV and 10 eV below the Fermi level, while the C

4 | 1–9

Page 4 of 9RSC Advances

R
S

C
 A

d
va

n
ce

s 
A

cc
ep

te
d

 M
an

u
sc

ri
p

t



0.00 meV/Å2

−1.96 eV

20.00 meV/Å −36.20 meV/Å 2

31.72 meV/Å2

−0.43 eV
−15.35 meV/Å 2

−1.91 eV

0.00 meV/Å2

−1.72 eV
19.55 meV/Å2

−1.22 eV

PtAu/PtAu/Au(111) Au/Pt/Au(111)Pt/Au/Au(111)

3CO/Pt/Au/Au(111) 3CO/PtAu/PtAu/Au(111) 3CO/Au/Pt/Au(111)

S
id

e 
vi

ew
T

op
 v

ie
w

T
op

 v
ie

w
S

id
e 

vi
ew

−17.61 meV/Å 2

5CO/Pt/Au/Au(111) 5CO/PtAu/PtAu/Au(111)

T
op

 v
ie

w
S

id
e 

vi
ew

5CO/Au/Pt/Au(111)

−0.36 eV
64.11 meV/Å2

Fig. 1 Lowest energy configurations (top and side view) of the following systems, Pt/Au/Au(111), PtAu/PtAu/Au(111),
Au/Pt/Au(111), CO/Pt/Au/Au(111), CO/PtAu/PtAu/Au(111), and CO/Au/Pt/Au(111), for ΘCO = 0.33 and 0.56 ML, along with their
relative total energies per surface unit area and average adsorption energies.

and O states derived from the px- and py-states spread in
the region 6−8 eV below the Fermi level. The C and O pz-

states are located in the middle of the d-band, and a tail
of the pz-state extends above of the Fermi level denoting
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Fig. 2 Lowest energy configurations (top and side view) of the following systems, Pt/Au/Au(332), PtAu/PtAu/Au(332),
Au/Pt/Au(332), CO/Pt/Au/Au(332), CO/PtAu/PtAu/Au(332), and CO/Au/Pt/Au(332), for ΘCO = 0.50 and 0.67 ML, along with their
relative total energies per surface unit area and average adsorption energies.

a depopulation of the C and O pz-states. There is a small
broadening of the C and O px- and py-states and larger
broadening of the pz-states, particularly for the C atoms,
which indicates an overlap of the C pz-orbitals with the

Pt d-states. Moreover, there is a larger broadening of
electronic states for CO adsorption on the (332) substrate
compared with CO on (111), which can be explained by
the higher CO coverage for CO on the (332) substrates.
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Fig. 3 Local density of states of the C, O, H, Pt and Au atoms for the lowest energy configurations of clean and CO adsorbed
Pt/Au/Au(111), PtAu/PtAu/Au(111), Au/Pt/Au(111) and Pt/Au/Au(332), PtAu/PtAu/Au(332), Au/Pt/Au(332) with ΘCO = 0.33 ML
for (111) and 0.50 ML for (332) systems. The Pt1, Pt2, Au1, and Au2 indicates TM atoms of the first (1) and second (2) monolayers.

We calculated also the d-band center of the occu-
pied d-states for the lowest energy configurations, which
helps to understand the effect of Pt overlayer and the
changes in the CO adsorption energies. As expected,

our analysis of the LDOS show that the d-band cen-
ter (occupied states) of the Pt atoms in the top most
layer of the PtAu/PtAu/Au(111), PtAu/PtAu/Au(332),
Pt/Au/Au(111), and Pt/Au/Au(332) systems is closer to
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the Fermi level than for the Au(111) and Au(332) sur-
faces, and hence, based on the d-band model, we expect
stronger CO adsorption energies, which is in fact ob-
served in our calculations. We found that the adsorption
of CO molecules on the substrates shifts the d-band cen-
ter far from the Fermi level for the TM atoms binded di-
rectly to the CO molecule, which can be explained by the
electron density transfer between the CO and substrate,
i.e., the d-states are affected by the interaction. The shift
is larger for CO binded on Pt atoms, which is expected
due to the magnitude of the adsorption energies. For
example, it is −1.79 eV for CO PtAu/PtAu/Au(111) at
ΘCO = 0.33 ML, however, the shift is smaller for different
systems, i.e., −0.66 eV for 3CO/Pt/Au/Au(111).

4 Conclusion and Discussion

In this work, we report a first-principles density func-
tional theory investigation of the atomic structure of Pt
overlayer, skin of PtAu alloy, and Pt submonolayer on
the Au(111) and Au(332) substrates, as well as the effects
induced by CO adsorption on those systems using dif-
ferent CO coverages. We found the same trend for both
substrates, i.e., there is a strong Pt preference for sub-
monolayer sites, which is consistent with experimental
findings3,22 and segregation energy calculations.28 Our
results indicate a stronger Pt preference for submono-
layer sites in flat surfaces than on stepped surfaces, which
can be explained by differences in the release of strain en-
ergy. For Pt/Au/Au(332), which is not the lowest energy
configuration but with great importance due to the initial
steps for the formation of skin overlayer on Au surfaces,
we found a strong reconstruction of the Pt overlayer, i.e.,
the Pt overlayer adopts a Pt(111)-like structure instead
of the expected Pt(332) overlayer following the Au(332)
stacking. However, the steps are preserved for the case
in which part of the Pt atoms in the Pt overlayer are ex-
changed by Au atoms and a skin of PtAu alloy is formed
on the Au(332) surface, and the lowest energy configu-
ration is obtained once all the Pt atoms are exchanged by
Au atoms.

Although our results indicate a strong preference of
Pt atoms for subsurface sites in the flat and stepped Au
surfaces, we would like to point out that those calcula-
tions are end-point configurations, i.e., highest energy
Pt/Au/Au(332) and lowest energy Au/Pt/Au(332) config-
uration. Those configurations are separated by an energy
barrier, i.e., the optimization of an initial configuration
with Pt atoms on the surface, such as Pt/Au/Au(111) or
Pt/Au/Au(332), does not lead to a new configuration with
subsurface Pt atoms, as Au/Pt/Au(111) or Au/Pt/Au(332).

Thus, temperature effects are expected to play a crucial
role in the location of the Pt atoms on Au substrates.
For example, at room temperature, scanning tunneling
microscopy and temperature programmed desorption
have obtained that the deposition of a 2.5 ML of Pt on
Au(111) leads to the formation of a skin of PtAu alloy on
Au(111),24 i.e., not every Pt atom is located in subsurface
sites. Thus, the segregation energy and temperature ef-
fects favors subsurface sites for Pt atoms on Au surfaces.

We found that the adsorption of CO molecules on those
substrates play a crucial role in their atomic structure.
For lower CO coverages, i.e., ΘCO = 0.33 for Au(111)
and 0.50 ML for Au(332), the lowest energy surface con-
figurations is terminated by a skin of PtAu alloy on
both Au(111) and Au(332) surfaces, and an increasing
in the CO coverage decreases the number of subsurface
Pt atoms, and for very high CO coverages, all the Pt
atoms are located on the surfaces. For example, for
ΘCO = 0.56 ML for Au(111) and 0.67 ML for Au(332),
the lowest energy configurations are CO/Pt/Au/Au(111)
and CO/Pt/Au/Au(332). The presence of Pt atoms on
the topmost surface layers can be explained as follows.
The adsorption energy of CO molecules on Pt(111) is
about six times larger than on the Au(111), e.g., the
average adsorption energy on Pt(111) and Au(111) for
ΘCO = 0.33 ML are −1.78 and −0.29 eV, respectively.
Thus, the CO adsorption on Pt overlayer favors the loca-
tion of the Pt atoms on the topmost surface layer due to
the strong binding energy of CO with Pt atoms.

Therefore, our results indicate clearly that the atomic
structure of Pt overlayer on flat and stepped Au surface
under a CO atmosphere is complex due to the competing
effects that favors different location for the Pt atoms, i.e.,
segregation energy and temperature effects favors sub-
surface sites, while strong CO−Pt binding energy favors
the topmost surface layers. Thus, our results and anal-
ysis indicate that experimental conditions play a crucial
role in the atomic structure of Pt overlayer on flat and
stepped Au surfaces.
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