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Abstract: Counterintuitive to expectations and all prior observations of adsorbate-induced surface
segregation of the more reactive alloy component (the one forming the stronger bond with the adsorbate),
we show that CO adsorption at elevated pressures and temperatures pulls the less reactive Cu to the
surface of a CuPt near-surface alloy. The Cu surface segregation is driven by the formation of a stable
self-organized CO/CuPt surface alloy structure and is rationalized in terms of the radically stronger Pt-CO
bond when Cu is present in the first surface layer of Pt. The results, which are expected to apply to a
range of coinage (Cu, Ag)/Pt-group bimetallic surface alloys, open up new possibilities in selective and
dynamical engineering of alloy surfaces for catalysis.

1. Introduction

Bimetallic alloys offer a way of tuning electronic structure
and catalytic properties of metal surfaces.1-6 Crucial to the
catalytic performance of an alloy surface is its composition and
structure. The bonding of adsorbates may induce changes in
local atomic composition and surface structure, changing the
activity and selectivity of the catalyst. Capitalizing on such
effects for catalyst preparation means greater flexibility in alloy
surface design for low-temperature applications. The expected
response to adsorbates is that the more reactive alloy component
(i.e., the one forming the strongest chemical bond with the
adsorbates) segregates to the surface.7-14 Counterintuitive to
this picture, we show that CO adsorption induces surface
segregation of the less reactive alloy component, Cu, switching

a CuPt near-surface alloy15 to a novel well-ordered CuPt surface
alloy. This provides a new tool for selective and dynamical CuPt
alloy surface engineering as, illustrated in Figure 1. The near-
surface and surface alloys are hereafter denoted NSA and SA,
respectively.

The CuPt NSA was recently suggested as a promising water-
gas shift (CO + H2Of H2 + CO2) catalyst because of reduced
Pt-CO bonding on a Pt catalyst surface with Cu present in the
second layer,15 alleviating possible CO-poisoning problems.16

Expanding our work on the Cu/Pt(111) system,17,18 we show
that the NSA is unstable at elevated CO pressures and sample
temperatures, forming instead a self-organized CO/CuPt SA
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Figure 1. Illustration of (left) the CuPt NSA and (right) CO-induced Cu
surface segregation and the novel SA resulting from it.
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structure. The earlier density functional theory (DFT) study15

indicated increased Pt-CO bonding when Cu is present in the
first layer, similar to what is observed for other coinage/Pt-
group metal systems.19-22 Here we prove Cu surface segregation
induced by a drastically stronger Pt-CO bond in the self-
organized CO/CuPt SA structure. The results are confirmed by
extended DFT calculations.

2. Methods

The ultrahigh vacuum (UHV)/high-pressure cell (HPC) system
combined with a polarization modulation infrared reflection absorp-
tion spectroscopy (PM-IRAS) setup has been described elsewhere.17

PM-IRAS is an FT-IR method utilizing s- and p-polarized radiation
to distinguish between adsorbed and gas-phase molecules. Cu was
deposited at a rate of ∼0.2 atomic layers/min on Pt(111) held at
425 K. No surface contaminants were observed by X-ray photo-
electron spectroscopy (XPS), He+ ion scattering spectroscopy (ISS),
low-energy electron diffraction (LEED), or IR before, during, or
after CO treatments. In particular, possible Ni impurities from
Ni(CO)4

14 were consistently measured to be e0.005 monolayer
(ML) as judged by XPS.

The DFT calculations were performed using the DACAPO
code.23 Electron-ion interactions were described by ultrasoft
pseudopotentials24 within a plane-wave basis with a cutoff energy
of 350 eV. Electron exchange and correlation effects were described
by the RPBE23 generalized gradient approximation functional. The
electron density of the valence states was obtained by a self-
consistent iterative diagonalization of the Kohn-Sham Hamiltonian
with Pulay mixing of the densities.25 The occupation of the one-
electron states was calculated using an electronic temperature of
kBT ) 0.1 eV (0.01 eV for CO in vacuum); all of the energies
were extrapolated to T ) 0 K. The surface [(�3 × �3)R30° unit
cell] was modeled by a periodic array of four layers separated by
more than 10 Å of vacuum. Adsorption energies were converged
to within ∼0.05 eV with respect to slab thickness; energy
differences are expected to be even more accurate. The energetics
of Cu in the second layer relative to the bulk was evaluated using
(2�3 × �3)R30° periodically repeated four-layer slabs with and
without vacuum separation. For the surface calculations, the top
two layers including CO were allowed to fully relax during
geometry optimizations, and for the bulk calculations, all of the
atoms were relaxed. Monkhorst-Pack grids with dimensions 3 ×
3 × 1, 2 × 3 × 1, and 3 × 8 × 4 were used for sampling the
Brillouin zones of the surface (�3 × �3)R30°, surface (2�3 ×
�3)R30°, and bulk (2�3 × �3)R30° structures, respectively. The
experimentally determined Pt lattice parameter of 3.92 Å was used
throughout.

3. Results and Discussion

Initially, a CuPt NSA was prepared by depositing one atomic
layer of Cu (θCu ) 1 ML) on Pt(111) and annealing to 800 K.
XPS, ISS, and LEED analyses supported prior findings15 that
Cu is preferentially located in the second layer. The NSA’s
stability against CO adsorption was tested by a CO treatment
in an HPC. The sample was exposed to CO at a pressure of 2
mbar for 10 min at various sample temperatures and then cooled

to room temperature (RT) over 10 min in the CO, after which
the CO was evacuated.

We show in Figure 2 the CO temperature-programmed
desorption (TPD) spectra obtained under UHV before and after
the HPC CO treatments. First, for adsorption of CO under UHV
conditions, we compare the CO desorption from the CuPt NSA
(Figure 2a, bottom trace) to that from pure Pt(111) (Figure 2a,
top trace). Evidently, less CO is adsorbed at RT and binds
significantly more weakly (i.e., desorbs at a much lower
temperature) on the CuPt NSA. This agrees well with prior
findings.15

Exposing the CuPt NSA surface to 2 mbar CO at 300 K
results only in very small changes, (see Figure 2a). However,
after treatment at temperatures in the range 473-723 K in the
2 mbar CO, the CO desorption peaks are located at temperatures
as high as 580 K. For Ttreatment g 623 K, the CO coverages are
large and saturated at 0.3-0.33 ML. The results demonstrate
drastically increased CO binding energy, even compared with
that on pure Pt(111), and we conclude that the CuPt NSA surface
is not stable but undergoes changes when in the CO environment
at elevated temperatures. The changes are reversible upon
desorption of the CO under UHV by annealing to 673-800 K,
which regenerates the NSA and its CO adsorption characteristics
(Figure 2a, bottom).

On the basis of the TPD spectra measured after HPC CO
treatments at 673 K for samples with varying θCu in the range
0-3 ML (Figure 2b), three different regions were established:
(1) θCu < 0.62 ML, (2) θCu ) 0.62-1.7 ML, and (3) θCu > 1.7
ML. The starting surfaces were as-deposited Cu on Pt(111).
The treatment temperature, 673 K, was chosen on the basis of
the findings in Figure 2a and is well above the onset for Cu
diffusion into Pt.17 The high-temperature CO desorption feature
at 570-580 K is fully developed at 0.62 ML (no traces of lower
temperature states) and remains for a Cu content of up to 1.7
ML (region 2) before systematically shifting to lower temper-
ature in region 3. An observed deviation at 0.72-1.2 ML of
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Figure 2. CO TPD spectra (2 K/s) recorded under UHV after various
sample treatments. (a) Reference and post-treatment TPDs for a 1 ML Cu/
Pt(111) NSA exposed to CO at 2 mbar for 10 min at the temperatures shown
in the figure. Bottom and top traces (reference TPDs): NSA UHV (no high-
pressure exposure) and 0.5 ML of CO on clean Pt(111), respectively. (b)
TPDs after 2 mbar CO treatment at 673 K for varying amounts of Cu as
displayed in the figure. Also marked in the figure are three distinctive regions
(1, 2, and 3) and observations of a (�3 × �3)R30° LEED pattern, as
discussed in the text.
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Cu using the described sample-preparation procedure, with a
∼550 K CO TPD peak, is discussed later in connection with
our XPS results. In region 2, the saturation coverage of CO in
the 570-580 K peak is very close to 1/3 ML (0.36 ( 0.02 ML),
as for the 1 ML CuPt NSA in Figure 2a.

Distinct surface changes accompanied the high-temperature
desorption features in Figure 2. At 0.35 ML of Cu, the high-
temperature desorption feature appeared (Figure 2b), ac-
companied by a weak, broad, diffuse (�3 × �3)R30° LEED
pattern that was very sharp and intense at ∼0.7 ML of Cu and
further observed at up to 2 ML of Cu. The (�3 × �3)R30°
LEED pattern was also clearly observed for the 1 ML NSA
sample in Figure 2a for CO treatments at T g 623 K.
Furthermore, whereas atop-adsorbed CO (∼2100-2050 cm-1)
always was observed in IR spectra, bridge-bonded CO (∼1855
cm-1) was observed neither during nor after HPC CO treatment
for any CuPt alloy surface with θCu g 0.35 ML.

When PM-IRAS was used to compare IR peak characteristics
for atop-site-adsorbed CO (see Figure 3) the correlation between
our in situ (2 mbar CO, 673 K) and ex situ (UHV, RT) data
was found to be very high. The nearly constant shifts in IR
peak position and fwhm broadening for the in situ data with
respect to the ex situ data are most likely due to the temperature
difference. The three regions 1, 2, and 3 already identified in
the TPD data are strongly reflected in the IR data. From
observations of a peak in fwhm in the range 0.72-1.2 ML of
Cu, it is also apparent that the ∼550 K CO TPD peak is reflected
in the IR data. The in situ and ex situ IR peak positions and
fwhm’s for CO treatments of the sample with 1 ML of Cu at T
g 623 K (Figure 2a) were identical (within 4 cm-1) to those in
region 2 of Figure 3. All of the results obtained under UHV at
300 K after HPC CO treatment strongly reflect the in situ surface
characteristics during treatment.

Cu surface segregation was found to be associated with the
CO-induced surface structural changes for the samples in Figure
2 by using ISS (1.2 keV He+, θ ) 125°) and XPS to characterize
the elemental composition in the topmost surface layer and near-
surface region, respectively. In Figure 4a, the ISS spectrum after
treatment of a sample with 2/3 ML of Cu for 10 min at 673 K
in 2 mbar CO is compared with the spectrum obtained from
the corresponding NSA (∼1 s anneal at 673 K under UHV).
For the NSA, the Cu content in the top surface layer is very
small (0.03 ML) and the Pt signal is dominant. Contrary to the
expected diffusion of Cu into Pt at 673 K, Cu surface
segregation due to the HPC CO treatment leads to a large ISS
intensity for Cu (0.13 ML), and surface Pt is barely observed,
being blocked by adsorbed CO. The maximum amount of Cu

in the top surface layer observed for the samples in Figure 2
according to ISS was 0.14 ML. However, the actual coverage
should be much higher, since experiments for 0.5 ML of CO
on Pt(111) showed that adsorbed CO also blocks remaining
surface sites from He+ ion impingement.

The Cu surface segregation induced by the CO adsorption
was also confirmed by XPS (see Figure 4b). Although there is
a degree of scatter in the data, in every case the Cu content in
the near-surface region after 10 min at 2 mbar CO and 673 K
is significantly larger than for the corresponding NSA (∼1 s
anneal at 673 or 800 K under UHV). Very similar results were
obtained for Ttreatment g 523 K in Figure 2a. For the 0.35 ML e
θCu e 0.62 ML HPC CO-treated samples, the Cu signal is a
nearly constant fraction (0.84-0.9) of the initial amount of Cu
deposited, and this signal drops significantly for larger θCu. Upon
correlation of the XPS data with the ISS results showing large
Cu amounts in the first layer, the findings indicate that essentially
all of the Cu remains in the first layer up to ∼2/3 ML, after
which the superfluous Cu starts to distribute itself in deeper
layers (hence the drop in relative intensity). The IR and TPD
results suggest heterogeneity in the CO adsorption site, with
some Cu in the second layer in the range 0.72-1.2 ML of Cu.
The heterogeneity may be due to a small transition period after
the onset of the Cu bulk migration at θCu > 2/3 ML suggested
by XPS, where some superfluous Cu still remains in the second
layer, leading to the somewhat lowered (∼25 K) CO desorption
temperature in this region. At θCu > 1.7 ML, the origin of the
lowered CO adsorption energy is likely a large second-layer
Cu population even after the HPC CO treatment.

Although Cu diffusion to the first layer is endothermic,15 the
observed drastic increase in CO binding energy more than
compensates for the endothermicity. This was established using
DFT calculations. A (�3 × �3)R30° unit cell was used, and
Cu was restricted to the first and second layers for total Cu
amounts of 1/3, 2/3, 1, 4/3, and 5/3 ML with and without 1/3 ML
of CO adsorbed on atop Pt sites. Stabilities were calculated
relative to Cu in the bulk and CO adsorption on clean Pt(111),
as shown in Table 1.

For the clean surfaces (no CO adsorbed), 2/3 ML of Cu in
the second layer is the most stable, and Cu diffusion from the
second to the first layer is generally endothermic by 0.3-0.4
eV. With 1/3 ML of CO adsorbed atop surface Pt, the situation
is very different: Cu surface migration to generate 2/3 ML of
Cu in the first layer is now most favorable. Clearly, there is a
driving force toward having 2/3 ML of Cu in the first layer when
CO is adsorbed atop the remaining surface Pt sites. As Table 1
shows, the origin of the exothermicity is the vastly increased

Figure 3. Correlation between atop-CO IR peak positions and (inset)
fwhm’s for the samples in Figure 2b during the 2 mbar CO/673 K treatment
(O) and under UHV at 300 K after the treatment (b). Lines serving as
guides to the eye are shown in the inset.

Figure 4. ISS and XPS spectra showing Cu surface segregation induced
by CO adsorption. (a) ISS after 2 mbar CO/673 K treatment of a 0.67 ML
Cu/Pt(111) sample (gray) and the corresponding NSA (black). (b) XPS Cu
2p/Pt 4d ratio (relative to the case of as-deposited Cu) for the 2 mbar CO/
673 K treated samples in Figure 2b before TPD (b) and the corresponding
NSAs after TPD (O). In (b), the line at ∼0.62 ML of Cu marks an apparent
Cu saturation in the first layer of the surface alloy (b).
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Pt-CO bond strength when 2/3 ML of Cu is present in the first
layer. The calculations also show weakening of the Pt-CO bond
with increasing Cu content in the second layer. Both results
strongly support our experimental findings, and the 0.6-0.85
eV increase in CO binding energy in going from the NSA to
the SA with 2/3 ML of Cu agrees very well with the value of
0.7 eV derived from our TPD data (peak positions, 350 vs 580
K; heating rate, 2 K/s; assumed first-order desorption and pre-
exponential factor, υ ≈ 1014 s-1).27

For the very important case of 2/3 ML of Cu and 1/3 ML of
adsorbed CO, the calculated higher stability of the CuPt SA
compared with Cu in the bulk with CO adsorption on clean
Pt(111) is nearly equal to the free-energy difference (∆G). This
is true because ∆G in this case can be taken as the enthalpy
difference ∆H, since the estimated CO equilibrium coverages
at 2 mbar CO and 673 K are very similar (close to 1/3 ML) on
Pt(111) (∼0.4 ML, from ref 26) and the CuPt SA (0.36 ( 0.02
ML).

We note that the results with adsorbed CO in Table 1 can
explain the θCu > ∼2/3 ML onset of bulk migration of Cu
indicated by our XPS data. In comparison with the θCu ) 2/3

ML case, situations with higher Cu content in the top two layers
are significantly less stable, leading to a significant Cu bulk
migration driving force.

Finally, although we have no atomistic picture of the actual
mechanism for Cu migration in and out, the kinetic barriers are
apparent in our data. The interdiffusion of Cu and Pt becomes
significant at ∼460 K,17 and this is also approximately where
both the formation and breakup of the stable CO-induced surface
alloy start to occur (see Figure 2). In forming the SA from the
NSA, the interdiffusion mobility allows for Cu migration events
to the first layer, and this Cu can then be trapped in the new
low-energy SA configuration with CO adsorbed.

4. Summary and Conclusions

It is clear that CO adsorption at elevated pressures and
temperatures on a CuPt near-surface alloy induces a large Cu
surface segregation, generating a novel CuPt surface alloy to
which CO binds very strongly, even compared with pure
Pt(111). The Cu content needed for saturation of the SA is ∼2/3

ML of Cu, leading to a CO saturation coverage of ∼1/3 ML.
The sharp CO TPD spectrum compared with that of pure
Pt(111), the observed (�3 × �3)R30° LEED pattern, and the
IR-peak red shift and narrow fwhm strongly suggest a signifi-
cantly reduced lateral (repulsive) interaction between CO
molecules adsorbed atop Pt sites and hence a well-ordered
surface with well-defined, well-dispersed, and isolated Pt sites.
DFT calculations reproduce the experimental observations and
confirm that the vastly increased Pt-CO binding energy with
2/3 ML of Cu in the first layer of Pt rationalizes the observed
Cu surface segregation.

An important consequence of our results is that they add to
the promise of using molecular adsorbate-induced surface
changes as a tool for selective and dynamical engineering of
alloy surfaces.13,14 In view of the earlier indications of increased
Pt-group metal bonding to CO when Cu or Ag is present in the
first layer with a Pt-group metal,19-22 our results for the CuPt
system at elevated temperatures and CO pressures, where a
novel stable CO-induced surface alloy forms, likely extend to
a wide variety of coinage (Cu, Ag)/Pt-group bimetallic surface
alloys.
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Table 1. DFT Results for Cu Segregation Energies (∆Esegr,Cu) with
and without 1/3 ML of CO Adsorbed atop Pt and Differential
(∆Eads,CO) and Absolute (Eads,CO) CO Adsorption Energiesa

Cu content
(ML)

distribution in
1st and 2nd

layers (1st:2nd)

clean surface
∆Esegr,Cu

(eV)
∆Eads,CO

(Eads,CO) (eV)

with CO adsorbed
∆Esegr,Cu

(eV)

0 Pt3Cu0:Pt3Cu0 - 0 (-1.38) -
1/3 Pt3Cu0:Pt2Cu1 -0.17 +0.08 (-1.30) -0.09

Pt2Cu1:Pt3Cu0 +0.13 -0.22 (-1.60) -0.09
2/3 Pt3Cu0:Pt1Cu2 -0.36 +0.21 (-1.17) -0.15

Pt2Cu1:Pt2Cu1 0.00 -0.04 (-1.42) -0.04
Pt1Cu2:Pt3Cu0 +0.32 -0.64 (-2.03) -0.32

1 Pt3Cu0:Pt0Cu3 -0.11 +0.23 (-1.16) +0.12
Pt2Cu1:Pt1Cu2 -0.09 +0.19 (-1.20) +0.09
Pt1Cu2:Pt2Cu1 +0.36 -0.37 (-1.75) -0.01

4/3 Pt2Cu1:Pt0Cu3 +0.14 +0.37 (-1.02) +0.51
Pt1Cu2:Pt1Cu2 +0.50 -0.19 (-1.58) +0.31

5/3 Pt1Cu2:Pt0Cu3 +0.85 +0.07 (-1.31) +0.92

a Cu in the bulk and CO adsorption on clean Pt(111) were used as
reference states. The most stable configurations are highlighted in bold
print.

J. AM. CHEM. SOC. 9 VOL. 131, NO. 6, 2009 2407

CO-Induced Alloy Surface Self-Organization A R T I C L E S




