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Gold based model systems exhibiting the structural versatility of nanoparticle ensembles and being accessible for
surface spectroscopic investigations are expected to provide new information about the adsorption of carbonmonoxide,
a key process influencing the CO oxidation activity of this noble metal in nanoparticulate form. Accordingly, in the
present work the interaction of CO is studied with an ion bombardment modified Au(111) surface by means of a
combination of photoelectron spectroscopy (XPS andUPS), sum frequency generation vibrational spectroscopy (SFG),
and scanning tunneling microscopy (STM). While no adsorption was found on intact Au(111), data collected on the
ion bombarded surface at cryogenic temperatures indicated the presence of stable CO adsorbates below 190 K. A
quantitative evaluation of theC 1sXPS spectra and the surfacemorphology explored by STMrevealed that the step edge
sites created by ion bombardment are responsible for CO adsorption. The identification of the CO binding sites was
confirmed by density functional theory (DFT) calculations. Annealing experiments up to room temperature showed
that at temperatures above 190 K unstable adsorbates are formed on the surface under dynamic exposure conditions
that disappeared immediately when gaseous CO was removed from the system. Spectroscopic data as well as STM
records revealed that prolonged CO exposure at higher pressures of up to 1 mbar around room temperature facilitates
massive atomic movements on the roughened surface, leading to its strong reordering toward the structure of the intact
Au(111) surface, accompanied by the loss of the CO binding capacity.

Introduction

Since the discovery of the catalytic activity of oxide-supported
gold nanoparticles by Haruta et al.,1,2 a vast amount of informa-
tion was collected on the strikingly reactive behavior of this
noble metal when in nanosized form. Because gold is one of the
chemicallymost inert transitionmetals, it is still puzzlingwhygold
nanoparticles at a size of 2-4 nm supported on oxides with
variable oxidation states (TiO2, Fe2O3, and Co2O3) have very
high activity in CO oxidation.3 Although CO oxidation is
unquestionably the most widely investigated process catalyzed
by gold,2,4,5 supported gold catalysts turned out to be active in a
series of reactions important in the production of fine chemicals
such as alkene epoxidation2,6 or the oxidation of glucose7 and
alcohols.8 Apart fromoxidation processes, gold also seems to be a
useful catalyst in hydrogenation reactions,8 including those with
unsaturated hydrocarbons2 or even oxygen to form hydrogen

peroxide.9 Gold also catalyzes the alcohol reforming process.10

In a model study, even CO2 turned out to disproportionate over
potassium-promoted Au(111).11

In spite of the impressive range of catalytic investigations,
several fundamental aspects of gold catalysis are still not com-
pletely understood.12 For example, as far as the nature of the
active site in carbon monoxide oxidation over transition metal
oxide-supported gold catalysts is concerned, there are at least
three different theories proposed: all important reaction steps
may occur on the Au nanoparticle surface, and the oxide support
remains passive throughout the process;13,14 oxygen activation
may take place at oxygen vacancies in the support whereas O
spillover can oxidize the CO adsorbates bound to gold
nanoparticles,15 which could locate the active site at the nano-
particle-support perimeter;16,17 or the interaction of molecular
oxygen with CO may lead to the formation of gold carbonate,
which can transform to CO2 upon reaction with another CO
molecule.18

Investigations on well-defined model systems under carefully
controlled conditions are expected to give significant guidance in
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clarifying these controversial issues by providing new insights
into the processes occurring on the surfaces of gold catalysts.
The instrumentation and methodology of traditional ultrahigh
vacuum based surface science provides a solid starting point for
this approach. Nevertheless, there is still a rather limited number
of studies dealing with gas adsorption and/or simple reactions on
gold single crystals19 that can be regarded as the simplest form of
well-defined models of catalytically active gold.

Gold surfaces are in general rather inactive toward dissociation
or even the adsorption of small probe molecules such as oxygen,
hydrogen, and carbon monoxide.19 Oxygen adsorbates were ob-
served on single-crystalline Au surfaces only after treatment with
atomic oxygen.14,20 Interestingly, preadsorbed oxygen enhances
both oxygen dissociation14 and CO oxidation21 over Au(111),
suggesting that the presence of atomic oxygen on the surface
may be a crucial factor in oxidative processes catalyzed by
gold.22 Although carbon monoxide is generally believed not to
interact with Au(111), it adsorbs to some extent on more open
surfaces such as (110).23,24 Experiments performed under low
temperature/low pressure conditions on stepped Au single
crystal surfaces revealed their relatively stronger interaction
with CO,25-27 in excellent agreement with computational
predictions28 emphasizing the role of coordinatively unsaturated
gold sites.12

On comparison of these results with data concerning real gold
catalysts, one has to keep in mind that an ensemble of oxide-
supported Au nanoparticles has a much wider range of structural
elements (crystal faces, steps, terraces, edges, and kinks and their
location with respect to the support) than that one could prepare
on a single crystal face of any orientation. Obviously, this
issue can be dealt with by developingmodel systems of increasing
structural complexity, for example, by comparing data mea-
sured on single crystals, textured and nontextured thin films on
appropriate substrates,15 or different forms of supported Au
nanostructures.29 Another possibility is to modify an originally
smooth single crystal surface by low energy ion bombardment,
which is known to generate structural alterations ranging from
adatoms/vacancies30-32 to hills and valleys on the micrometer
scale,33,34 depending on the parameters of ion exposure. Indeed,
CO adsorption experiments reveal significantly different behavior
when intact and ion bombarded gold faces are compared. TPD
traces, along with infrared absorption spectra, STM images, and
computational studies suggest tentatively that similar to the

vicinal (111) surfaces,27 the step atoms are responsible for the
binding of CO35,36 on the ion-bombarded modified surface.

Apart from issues related to structural complexity, separate
efforts are required to reduce the difference in the working
conditions (e.g., pressure, temperature, and gas composition) of
practical catalysts and well-controlled model systems, which,
according to the prerequisites of the surface sciencemethodology,
are typically investigated at low pressure (often in ultrahigh
vacuum) and low temperature.As a result, recent trends in surface
science imply the emergence of in situ or even operando investiga-
tion techniques37 such as optical spectroscopic methods, which
seem to provide particularly useful information about the adsorp-
tion and transformation of gaseous species. Sum frequency gene-
ration vibrational spectroscopy (SFG), a spectroscopic tool based
on a second-order nonlinear optical effect, offers unique and
excellent opportunities for the molecular level investigation of
surface chemical processes under realistic conditions.As the result
of its inherent surface specificity and submonolayer sensitivity,
the method is capable of studying interfacial phenomena at
gas-solid, liquid-solid, and even liquid-liquid interfaces.38-41

In our laboratory, a novel experimental setupwasdeveloped by
connecting an SFG spectrometer to a multitechnique surface
analysis system via a dedicated chamber designed for experiments
at elevated pressures over a broad temperature range.42 This
complex instrument allows for sample preparation and charac-
terization according to the standards of traditional surface science
as well as the in situ determination of the gas adsorption and
transformation properties of the sample at ambient pressure. In
the setup, the sample is not exposed to air during preparation,
characterization, and SFGmeasurement, thus its surface compo-
sition and electronic structure can be unambiguously related to its
gas adsorption properties.

In this study, our aim is to characterize the interaction of
carbon monoxide with ion bombardment modified gold surfaces
at low temperatures and pressures as well as at conditions more
closely resembling the working range of real CO oxidation
catalysts. Au(111) was chosen as the starting surface, mostly
driven by the fact that supported Au nanoparticles exhibit
predominantly (111) faces because of surface energy reasons,
along with a much smaller number of other low index faces.43

Considering the versatility of the morphological elements created
by sputtering, we believe that an ion bombardment roughened
(111) surface represents a better approximation to the structural
complexity of a nanoparticle ensemble than any intact single
crystal face.

First, we present our data on the CO adsorption properties
of ion bombarded Au(111) at low temperature. These results,
together with information available in the literature, validate our
methodology and establish the starting point for the interpreta-
tion of the adsorption behavior of CO at intermediate (just above
the CO desorption temperature in UHV) and higher tempera-
tures, for which, to our knowledge, a systematic surface spectro-
scopy study was not performed. Information about vibrational
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and electronic features of the CO/Au systems will be analyzed in
terms of structural data from scanning tunneling microscopy
measurements and density functional theory calculations.

Experimental Section

Materials. The Au(111) single crystal (orientation accuracy
within 1�) was purchased from MaTeck GmbH (Germany) and
was cleaned in the surface analysis system by repeated cycles of
2 to 3 keV Arþ sputtering and annealing to 900 K until no
contaminants were detected by XPS and the characteristic UPS
spectrum of Au(111)44 was obtained. Scanning tunneling micro-
scopy measurements carried out in a separate instrument con-
firmed the herringbone reconstruction of the surface after this
treatment.

Carbon monoxide (purity 4.7) was purchased from Linde
Hungary in an aluminum cylinder in order to reduce the con-
tamination from transition metal (mostly Ni) carbonyls. The gas
was used without further purification.

Surface Analysis System. The experimental work has been
carried out in a system based on a sum frequency spectrometer
made byEKSPLA (Vilnius, Lithuania). The visible beam (532 nm)
used for the SFG studies is generated by doubling the funda-
mental output of a Nd:YAG laser (1064 nm wavelength, 20 ps
pulse width, 20 Hz repetition rate) in a harmonics unit. The
tunable IR beam is obtained from an optical parametric genera-
tion/difference frequency generation system.Thebeamenergies at
the sample vary from 10 to 250 μJ with a spot size of 0.2 mm �
1 mm. Sum frequency light is collected in the reflected direction
through a holographic notch filter and monochromator and
detected by a photomultiplier. The spectral resolution is deter-
mined by the ∼6 cm-1 line width of the IR pulse. The spectro-
meter is completed with two sample stages: one exposed to
atmospheric conditions and one housed in the UHV-high pres-
sure cell of the surface analytical system.

The surface analytical system manufactured by OMICRON
Nanotechnology GmbH (Germany) consists of three chambers.
The analytical chamber is equipped with an electron beam
evaporation source and a fine focus ion gun for sample prepara-
tion, anEA125-type hemispherical energy analyzer, a dual-anode
X-ray source, and a differentially pumped gas discharge lamp for
X-ray and ultraviolet photoelectron spectroscopy. Two turbo-
molecular pumps, an ion pump, and a titaniumsublimation pump
provide a base pressure of around 1 � 10-10 to 2 � 10-10 mbar
with mostly hydrogen as the residual gas. The vital part of the
system is the dedicated SFGchamber inwhich experiments can be
performed fromultrahigh vacuum (better than 5� 10-9 mbar) to
atmospheric pressure. Fast evacuation of the SFG chamber is
ensured by a separate turbopump. Laser beams necessary for
SFG measurements are introduced into the chamber via large
CaF2windows. The chamber is equippedwith a gasmanifold and
a Pfeiffer (Germany)-made PRISMAmass spectrometer. Further
sample preparation tools can be attached to the preparation
chamber.Fast, precise sample handling is facilitatedbya loadlock
system and two manipulators.

Sample temperatures can be measured by K-type thermocou-
ples attached to the standardOmicron sample holder. The sample
temperature in the analysis chamber can be lowered to 120 K
by liquid nitrogen cooling and elevated to 1100 K by resistive
heating. Because of construction reasons, the temperature range
of the manipulator in the SFG chamber is somewhat narrower
and varies between 150 and 900 K.

Surface Spectroscopy Measurements. Ameasurment cycle
always started with a short cleaning of the Au(111) single crystal
and checking its status with aUPS and/orXPSmeasurement. Ion
bombardment modified samples were prepared by 10 min of
3 keV Arþ etching of the single crystal surface either at room
temperature or after cooling to 120 K. The angle of incidence of

the Arþ ions was 45�, and the ion gun delivered a current density
of 10 μA/cm2. For SFG measurements, the sample was trans-
ferred immediately after roughening to the previously cooled
manipulator of the SFG chamber. Gas adsorption experiments
in the SFG chamber were performed in a CO flow of up to 10-4

mbar; pressures up to 1 mbar were achieved by backfilling the
chamber with CO.

Because during a sum frequency experiment the sample is
exposed to intense laser beams, special care must be exercised to
avoid damage to or uncontrolled heating of the surface.We found
that limiting the visible and infrared excitation energies to below
20 μJ was necessary to prevent CO desorption, even if the sample
itself was able to withstand much higher beam energies without
noticeable damage.

In situ electron spectroscopymeasurements were carried out in
the analysis chamber under CO partial pressures ranging from
10-9 to 10-5 mbar under gas flow; He lines (He I, 21.2 eV; He II,
40.8 eV) and Al KR radiation were used for excitation. Photo-
electrons were analyzed in the fixed analyzer transmission mode
of the analyzer, with a 5 eV pass energy for UPS (resolution of
around 100 meV) and 30 eV for XPS, which resulted in an
acceptable trade-off between resolution (around 1 eV) and sensi-
tivity. Spectra were taken in low-magnification mode, which
ensured a solid angle of 1� for electron collection, providing good
angular resolution for the UPS experiments. Results of the XPS
measurements were processed using the CasaXPS software.45

Scanning Tunneling Microscopy. Structural characteriza-
tion of the samples was carried out using a room temperature
STM instrument (WA Technology, U.K.) installed in an UHV
systemequippedwith ionbombardment sample cleaning, heating,
gas dosing, andAuger electron spectroscopy facilities. The sample
was cleaned and roughened in the same way as in the Omicron
surface analysis system; Auger electron spectroscopy was used to
check its cleanliness.

The STM images were recorded in constant current mode with
an electrochemically etchedW tip. TheX-Y-Z calibration of the
STM head was performed by measuring the characteristic mor-
phological parameters of the TiO2(110)-(1 � 1) support (lateral
unit cell, 2.96 � 6.50 nm; height of [001] oriented step, 2.97 nm).
Special, careful tip conditioning was applied in the course of the
measurements in order to obtain good atomic resolution. This
contained not only course and fine bias-pulse treatments but also
extended in situ annealing of the tip end at 180 V and 100 nA in
feedback mode for 10-20 min. From the point of view of the
present work, it is important to remark that image-processing
software (SPIP) developed by Image Metrology (Denmark) was
applied for the automatic identification of step lines and in this
way to determine the surface concentration of the step atoms on
the different gold surfaces. STM imageswere collected at 1 Vwith
10 nA tunneling current.

Theoretical Calculations

Adsorption energies and electronic and vibrational properties
of CO adsorbates were calculated using the Vienna Ab Initio
Simulation Package (VASP),46 which is a density functional
theory (DFT) code with a plane wave basis set. Electron-ion
interactions were described using the projector-augmented wave
(PAW)47,48 method, which was expanded within a plane wave
basis set up to a cutoff energy of 400 eV. Electron exchange
and correlation effects were described by the Perdew-Burke-
Ernzerhof (PBE)49 GGA-type exchange-correlation functional
using the spin-restricted formalism. The total energy of Au had a
minimum at a 4.18 Å� lattice constant, which is close to the
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experimental value (4.08 Å�). This lattice constant was used for all
calculations.

Geometry optimizations were performed on a supercell struc-
ture using periodic boundary conditions. The (111) surface was
modeled by three layers of metal separated by a vacuum layer of
approximately 15 Å. We used a supercell with a (3 � 2

√
3) sur-

face cell to study the low coverage adsorption (surface coverage
is 1/12 ML and 1/3 ML) and to investigate the CO adsorption on
an adatom. The Au steps were modeled on the same unit cell with
a terrace one atom deep and built up from three atom arranged in
a triangle. We additionally calculated the adsorption energy of
CO if we put an additional Au atom into the triangle. The two
uppermost substrate layers and theCOmolecules were allowed to
relax, and the bottom layer of Au atoms was held fixed in their
bulk position. Further details of the calculation were the same as
described in our previous work.50

Results and Discussion

Adsorption of CO on Au(111)Modified by Ion Bombard-

ment at Low Temperature. Prior to analyzing the adsorption
behavior of carbon monoxide on ion bombarded Au(111), we
tested its interaction with the intact surface. In accordance with
the vast majority of the corresponding literature,19 our data
confirmed that carbonmonoxide does not adsorb in ameasurable
quantity even at elevated pressures of up to 1 mbar. Further
details about these investigations are presented as Supporting
Information.

Temperature programmed desorption experiments on Au(110)24

or vicinal (111)25-27 surfaces as well as ion bombardment modified
samples35,36 indicated that a saturated CO layer desorbs below
190K. In the present subsection, we will summarize our findings on
the interaction of CO with the ion bombarded Au(111) surface
below this temperature. Effects of annealing to higher temperatures
will be discussed separately.

Morphology of the Sputter Modified Au(111) Surface. In
Figure 1, scanning tunneling images of the intact and ion
bombardment modified Au(111) surface are shown. The intact
surface is characterized by large, atomically smooth terraces, with
monatomic steps between the terraces. The corrugation (height
difference between the highest and lowest points of the imaged
surface) was 1.1 nm. To facilitate comparison with results
obtained on the ion bombardment modified surfaces, a statistical
analysis of the density of Au atoms belonging to step edge sites

was performed by the SPIP software mentioned in the Experi-
mental Section. According to this analysis, the concentration of
step edge atoms on the intact Au(111) surface was around
6((0.9) � 1012 /cm2. For reference, the atomic density of the
nonreconstructed Au(111) surface calculated from bulk para-
meters is 1.4 � 1015 /cm2.

Ion bombardment removed the large, flat terraces; instead,
pitlike and moundlike structures were created, with holes as deep
as six to eight atomic layers and protrusions of nearly the same
height, which is reflected in the increased corrugation value
(7.0 nm). In fact, the protrusions can be regarded in some sense
as gold-supported gold nanoparticles. The STM images reveal
that ion bombardment increased the density of steps significantly
whereas the typical terrace width was considerably reduced,
especially at the side walls of the pits and mounds. Interestingly,
although ion bombardment transformed the surface into a 3D
structure, the dominant morphological elements are still (111)
terraces. According to the quantitative analysis of several images
taken on freshly sputtered surfaces, sputtering increased the
density of Au atoms located at step edge sites by almost 2 orders
of magnitude to 2.4((0.3) � 1014 step atoms/cm2. The morphol-
ogy is qualitatively similar to that observed in ref 35 or 51 under
tentatively similar preparation conditions. In fact, this morpho-
logy can be regarded as typical of room temperature sputtered fcc
metal surfaces; mechanisms leading to its formation are discussed
in the literature.31,32

CO Adsorption on Sputter Modified Au(111) below 190 K.
A combination of surface sensitive spectroscopic methods includ-
ing UPS, XPS, and SFG was applied to study the adsorption
behavior ofCOon ionbombardedAu(111). Before presenting the
results, it is worth analyzing the valence band UPS spectra of the
intact as well as the sputtered Au surfaces, to which data
measured after CO exposure will be related.

Normal emission spectra of the unsputtered Au(111) surface
excited by He I and He II radiation are shown in Figure 2a,b
(lowermost traces). The spectra are identical to those found in the
literature for Au(111) surfaces.44 The assignment of the various
spectral features is well-established. The narrow peak at around
0.45 eV binding energy is due to the Shockley surface state,44,52,53

which is localized in the first few atomic layers54 and, as demon-
strated in the Supporting Information, is structure-sensitive.53 In
addition, this state interacts with adsorbates; therefore, it can be
used as a sensitive probe for adsorption processes.55-57 The
features between 2 and 7 eV arise from the d band. The peaks
at 3.7, 4.7, and 6.0 eV binding energy are due to direct transitions
from bulk Au bands.58 The small peak at 4.3 eV and the shoulder
at 5.7 eV can be attributed to emission from localized surface
states.44

In spite of the significant morphological modifications, the
spectrumof the sputtered surface (Figure 2, second curve from the
bottom) is still dominated by the three relatively narrow peaks of
the bulk d bands. Nevertheless, the intensity ratios significantly
changed; in particular, the 6.0 eV binding energy peak, which was

Figure 1. STM images (200� 200 nm2) recorded on (a) the intact
Au(111) surface and (b) the Arþ sputtering modified Au(111)
surface (10 min, 3 keV). Both sputtering and imaging were com-
pleted at room temperature. The z scale can be derived from the
corrugation (height differencebetween thehighest and lowest point
of the imaged surface corresponding to the brightest and darkest
spots), which was 1.1 nm in image (a) and 7.0 nm in image (b).
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almost as equally intense as the 3.7 eV peak in the unsputtered
case, became the weakest contribution after surface modification,
suggesting that this peak has a pronounced sensitivity to structur-
al order beyond the first few neighbors.44 In addition, the relative
intensity of the surface state peak at 4.3 eV became significantly
weaker. Finally, the Shockley surface state peak disappeared (see
inset), and instead a relatively weak, broad feature appeared much
closer to the Fermi level than the Shockley surface state. Follow-
ing literature results obtained on vicinal Au(111) surfaces59 or
graphite-supported Au nanoparticles,60 we tentatively assign this
feature to 2D electron gas on (111) faces/terraces confined spatially
by the morphological elements introduced by the sputter rough-
ening. The small peak at 1.8 eV binding energy is most probably
due to excitation by the He I satellite line at 23.1 eV.

UPS spectra of Figure 2 indicate that CO readily interacts
with the roughened Au(111) surface. In the He II excited
spectra (which are more surface specific than the He I excited
ones for electron mean free path reasons), two new bands
assignable to CO adsorbates appear at 10.0 and 12 to 13 eV
binding energies. The structure at 10.0 eV arises from the
nearly degenerate CO 5σ-1π states, and the feature at 12.5 eV
is due to the 4σ levels.23,24 In addition, significant modifica-
tions can be seen in both surface-related states in the He I
excited spectrum: the peak in the vicinity of the Fermi level
disappears and the spectral intensity significantly decreases
on the low binding energy side of the 4.3 eV peak of the
d band. These changes suggest an electronic interaction
between the CO adsorbates and certain electronic states of
the sputter modified Au(111) surface: either these electrons
directly participate in Au-CO bond formation or the local
environment of the morphological elements responsible for
these states changes during CO adsorption in such a way that

it leads to their disappearance; nevertheless, a detailed dis-
cussion of such processes is beyond the scope of this article.

An inspectionof the spectra inFigure 2, especially of thosewith
signals directly related to CO adsorbates, suggests that the
amount of adsorbed CO is rather low but does not change even
if the CO pressure is varied by 4 orders of magnitude. A more
direct estimation of the quantity of adsorbed CO can be derived
from X-ray photoelectron spectroscopy measurements. Because
of technical reasons, the deconvolution of the CO signals is not
straightforward; details of the processing and analysis of the XPS
data are given in the Supporting Information. The position
(288-289 eV) and the line shape of the measured C 1s envelope
obtained as a result of the deconvolution process correspond well
to datameasured on stepped Au(310) and (321) surfaces with CO
adsorbates.27 An order-of-magnitude-type estimation of the
amount of adsorbed CO based on the C 1s and Au 4f intensities
was also performed (details in Supporting Information); the
results are presented in Figure 3a as a function of the applied
CO partial pressure. The data show that the amount of adsorbed
CO saturates at around 1.5-1.7 � 1014 molecules/cm2 at CO
pressures above 10-8 mbar. Error bars were calculated from three
to four independent measurements at a given pressure (in all cases
on a freshly prepared surface).

As another indicator of CO adsorption, the work function of
the sample was determined from UPS data by calculating the
difference between the photon energy (21.2 eV) and the width of
the He I excited spectrum (from the low kinetic energy cutoff to
the Fermi level). The work function of the sputter-modified
surface turned out to be 5.2-5.3 eV, which is essentially the same
as that of intact Au(111).61,62 In Figure 3a, data concerning the
CO pressure dependent behavior of the work function on the
sputter modified surface are also presented. It is obvious that CO
exposure noticeably decreases the work function: it immediately

Figure 2. Valence bandUPS spectra of Au(111) modified by 10min of 3 keV Arþ ion bombardment measured during exposure to different
partial pressures of CO. All spectra were taken in normal emission at 120 K and are shifted vertically for clarity. For reference, the spectra
of the intact Au(111) surface are also included. (a) He I (21.2 eV) excitation. (Inset) Enlarged view in the vicinity of the Fermi level. (b) He II
(40.8 eV) excitation.

(59) Mugarza, A.; Mascaraque, A.; Repain, V.; Rousset, S.; Altmann, K. N.;
Himpsel, F. J.; Koroteev, Y. M.; Chulkov, E. V.; Garcı́a de Abajo, F. J.; Ortega,
J. E. Phys. Rev. B 2002, 66, 245419.
(60) H€ovel, H.; Barke, I. Prog. Surf. Sci. 2006, 81, 53–111.

(61) Michaelson, H. B. J. Appl. Phys. 1977, 48, 4729–4733.
(62) Mehmood, F.; Kara, A.; Rahman, T. S.; Henry, C. R. Phys. Rev. B 2009,

79, #075422.
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decreases by some 0.5 eV when the CO pressure rises in the
chamber to above 10-9 mbar. Similarly to the adsorbed amount
of CO, the work function change also saturates, indicating that
the CO adsorbing capacity of the surface is limited.

Because of technical reasons, both the vibrational spectro-
scopic measurements and the STM experiments were carried out
on samples roughened at room temperature, so it is worth
discussing the effect of sample temperature during ion bombard-
ment on theCO-related features of theUPS andXPS spectra. The
valence band UPS spectra of the room temperature roughened
samples (not shown here) exhibit very similar changes upon CO
exposure at 120 K to those ion bombarded at low temperature.
However, both the XPS analysis and the work function measure-
ment reveal that room temperature roughening reduces the CO
adsorbing capacity by approximately a factor of 2, most prob-
ably by annealing out a certain fraction of the CO binding sites
(Figure 3a, open symbols). Further discussion of the effect of
temperature on the CO adsorption process will be presented later
in this work. Still, the important point is that there are qualitative
similarities between CO adsorption on room temperature and
120 K roughened Au surfaces; therefore, the discussion of the
adsorption in terms of the STM image presented in Figure 1 is
feasible.

Recalling the analysis of the STM images, it turns out that
the estimated density of step edge sites (2.4 � 1014 /cm2)
correlates very well with the amount of adsorbed CO (1 �
1014 to 2 � 1014 /cm2). However, no other structural elements
(kinks at step edge intersections, protrusions, etc.) exist at
comparable density, showing that the step edge sites should
be responsible for the adsorption of CO on the roughened
surface. In fact, this conclusion gives a confirmation based
on a quantitative argument of the adsorption mechanism
proposed for similarly prepared samples in ref 35. Moreover,
it is in very good agreement with the results of the qualitative
evaluation of synchrotron-based high resolution photoemis-
sion data obtained on Au(310) and (312) surfaces.27

Temperature programmed desorption measurements on Au
surfaceswith (111) steps revealed a broad feature at around 130K
and a high temperature peak at around 170-180 K.26,27 It was
argued that although CO adsorbs on the step edge sites, the
structure of the TPD curve may be due to substrate mediated
long-range interactions between adsorbates.27 Very similar TPD
traces were recorded on ion bombardment modified surfaces.35

These findings suggest that if the sample temperature is increased
to above 130 K (i.e., the temperature of the first desorption
maximum) then deviations from low temperature behavior (as
discussed in connection with Figure 3a) can be anticipated.
Indeed, as the data measured at 150 K (Figure 3b) show, the
CO coverage becomes pressure dependent and does not reach
saturation at up to 10-5mbar. This information needs to be taken
into consideration when discussing the sum frequency spectro-
scopy data, which were collected at 150 K.

In Figure 4a, the sum frequency spectra measured on sputter
roughened Au(111) surfaces can be seen. One has to keep inmind
during the interpretation of the results that the SFG spectrum of
Au has an intense background (due to an electronic resonance
according to the excitation of electrons from the d band to empty
states above the Fermi level by the visible beam (2.33 eV)) and the
SFG spectrum itself can be regarded as the interference pattern
between the background and the vibrationally resonant features. In
other words, the spectrum can bemodeled by the following function

Sðω2Þ ¼
�����ANRe

ijNR þ
X

m

Ame
ijm

ω2 -ωm þ iΓm

�����

2

ð1Þ

where S(ω2) is the spectrum measured as the function of the
frequency ω2 of the infrared excitation, ANR is the amplitude of
the (vibrationally nonresonant) background, and Am and Γm

are the amplitude and width of the mth resonant mode.63

Figure 3. Variation of the amount of adsorbed CO and the work function of the sputter modified Au(111) surface as a function of the CO
partial pressure. (a)Datameasuredat 120K. (9) Sample roughened at 120Kand (Δ) sample roughened at 300Kand rapidly cooled to 120K.
(b) Data measured at 150 K (sample roughened at 120 K).

(63) P�aszti, Z.; Wang, J.; Clarke, M. L.; Chen, Z. J. Phys. Chem. B 2004, 108,
7779–7787.
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The interference, due to the phase relationbetween the vibrational
peak and the background, can cause significant alterations in the
appearance of the spectrum if the phase is varied, even if the
parameters of the resonant peak are kept constant.

Upon observation of the SFG spectra of CO on roughened
Au(111) and their fitting according to the above equation
(Figure 4), a strong feature can be seen at slightly above 2100
cm-1 at all studied pressures. This peak position was observed
in numerous studies dealing with the infrared spectroscopic
analysis of CO adsorption on gold surfaces25,26,29,35,64,65 and
can be assigned to CO molecules on top of gold atoms.

Amoredetailed inspection combinedwith spectral fitting reveals
that all spectra can be quite well described by a single, narrow
vibrational resonance (width parameter of around 4 cm-1). In
addition, the peakpositions shift toward lowerwavenumbers as the
CO pressure is increased. Finally, the height of the vibrational
features apparently increases with elevated gas pressure.

The fitting of our SFG spectra indicated that the decrease in the
signal to below 10-5 mbar can indeed be traced to the decrease in
the resonant fitting amplitude (Figure 4b), which correlates well
with the observedpressure dependence of the amount of adsorbed
CO at 150K (Figure 3b). A simultaneous analysis of SFG spectra
taken in the ppp polarization combination presented in Figure 4a
and those measured in the ssp polarization combination (not
shown) confirms that there is no major orientation change in
the pressure range studied here, thus the fitting amplitude can
be regarded as a direct measure of the amount of adsorbed CO.
The SFG data therefore suggest that at this temperature the
coverage saturates in slightly more than 10-5 mbar CO.

The shift of the CO vibrational frequency toward lower values
as the CO coverage of the surface is increased is generally

observed in UHV studies of CO interaction with Au single
crystals of different orientations,25,26,29 where CO exposures up
to several Langmuirs are reported. Similar data were obtained by
an infrared spectroscopic investigation of the adsorption of CO
on sputter roughened Au(111),35 also in the exposure range of a
few Langmuirs. High-pressure experiments, usually carried out
on supported gold catalysts at room temperature, also resulted in
similar trends: an increase in CO pressure up to the 100 mbar
range led to a decrease in the CO stretching frequency.64,65

Although commonly observed, the interpretation of the fre-
quency shift is not straightforward. In certain cases, it was possible
to deconvolute themeasured spectra into contributions assigned to
different adsorption sites,25,64,66,67 while in other studies, in line
with our own data, the CO vibrations were very sharp and shifted
very smoothly, contradicting claims based on inhomogeneous
broadening due to different adsorption sites.26,35,65 As a result,
an alternative explanation was offered for the negative shift of the
CO vibrational frequency in terms of coverage-dependent changes
in the extent of the CO-metal interaction (i.e., electron donation
from 5σ orbitals to the metal), which competes with the dipole-
dipole coupling among the CO adsorbates.65

To gain further insight into the bonding properties of CO on
roughened Au(111), density functional calculations were carried
out on surfacemodels containing low-coordinatedAu atoms. The
following model geometries were studied: a smooth Au(111)
surface with several fractional CO coverages (1/12 and

1/3 mono-
layers), an Au adatom with CO (denoted as Au þ CO), two Au
adatoms with CO on each (2Au þ 2CO), CO on a step edge
modeled by an Au adatom triangle lying on the smooth surface
(3Auþ CO), the same structure with two CO adsorbates (3Auþ
2CO), and CO interacting with a tetrahedron formed by a fourth
Au atom added to the triangle (4Au þ CO).

Figure 4. (a) Sum frequency spectra of the sputtermodifiedAu(111) surface exposed to different COpartial pressures. Sputtering took place
at room temperature, andCOadsorption experiments were carried out at 150K.All spectra were taken in the ppp polarization combination.
(b) Frequencyof theCOvibration and amplitude of the resonant peak derived from fitting the spectra in panel (a), plotted as a function of the
CO pressure.

(64) Boccuzzi, F.; Tsubota, S.; Haruta,M. J. Electron Spectrosc. Relat. Phenom.
1993, 64-65, 241–250.
(65) France, J.; Hollins, P. J. Electron Spectrosc. Relat. Phenom. 1993, 64-65,

251–258.

(66) Brown, M. A.; Carrasco, E.; Sterrer, M.; Freund, H.-J. J. Am. Chem. Soc.
2010, 132, 4064–4064.

(67) Rask�o, J.; Kiss, J. Catal. Lett. 2006, 111, 87–95.
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The free CO molecule is characterized by the calculated
stretching frequency of 2120 cm-1 at an equilibrated bond length
of 1.146 Å. The corresponding experimental values are 2145 cm-1

and 1.128 Å.68 Calculated adsorption energies and CO frequen-
cies for the top site are presented in Table 1.

The data indicate little variation in the CO frequency and a
very weak correlation between adsorption energy and frequency.
The vibrational frequency correlates somewhat better with the
coordination number of the adsorption site. Only a few com-
putational studies on model gold surfaces have been performed.
UsingDFT calculations, several authors28,62,69,70 showed that the
stepped surface (Au(221), Au(331), and Au(8,7,4)) binds CO
more strongly (0.6-1.0 eV) than the flat Au(111) surface
(0.17-0.3 eV), similar to our findings.

The calculated data strongly suggest that the coverage
dependent shift of the CO stretching frequency is due to the
gradual population of the adsorption sites starting with those
formed at very low coordinatedAu atoms and proceeding toward
those with higher coordination numbers.25,64 Still, the lack of the
appearance of different frequencies from inequivalent adsorption
sites in the majority of the published infrared data is an issue
requiring further analysis.

Our SFG results revealed exactly the same trends as observed
for small exposures, although the spectra were measured under
dynamic CO exposure conditions (i.e., the presence of gaseous
CO allowed for establishing equilibrium between the gas and the
adsorbate phases) and typically corresponded to CO doses of
several hundreds or thousands of Langmuirs. This fact points to
the importance of the adsorbed amount in determining the actual
CO stretching frequency rather than to the role of other para-
meters such as temperature and pressure or the dose of CO
exposure.

At the same time, our UPS measurements confirmed the
presence of an electronic interaction between not only the gold
d states but also the sp-originated confined surface state electrons
and carbon monoxide adsorbates, indicating that electronic
effects indeed may play a role in the change in the CO vibrational
frequency. One may speculate that although it is still conceivable
that the shift is due to the gradual filling of differently coordinated
adsorption sites, strong coupling between the CO oscillators due
to dipole-dipole interaction and/or effects mediated by the
delocalized sp electrons of the substrate may smear out the small
frequency differences between the adsorbates at structurally
inequivalent sites, thus resulting in a single vibrational mode for
the whole ensemble of adsorbed CO molecules.
Temperature Dependent Variations in the Adsorption of

CO on Sputter Modified Au(111). In TPD experiments car-
ried out on different Au surfaces, including those structured by

ion bombardment, CO adsorbates completely desorbed at tem-
peratures of around 190-200 K, which can therefore be regarded
as the desorption temperature for traditional UHV surface
science studies. Because to our knowledge no systematic investi-
gation of the adsorption behavior ofCOonAu single crystals was
performed above this range, in the following paragraphs we will
discuss our electron spectroscopic and vibrational data obtained
during annealing the sample up to room temperature.

The temperature dependence of the CO adsorption properties
was followed by photoelectron spectroscopy at pressures of 10-8

and 10-5 mbar. Figure 5 gives a summary of the temperature
dependent changes in the adsorbed amount as determined from
XPS measurements and in the work function derived from UPS
spectra.

According to Figure 5a, there is no striking difference between
the temperature dependence of the amount of adsorbed CO
measured in a flow of gas with a pressure of 10-8 mbar and after
a single CO dose at the same pressure. The amount of adsorbed
CO continuously decreases with increasing temperature, and the
work function increases to the value characteristic of the CO-free
surface. From the work function data, one can deduce that the
final desorption temperature is around 190 K, in very good
agreement with the TPD results obtained on sputter roughened
Au(111).35 Although the trends are similar in 10-5 mbar CO
(Figure 5b), the adsorbed amount data suggest and the work
function values prove that whereas CO again desorbs at around
190 K in vacuum this pressure is high enough to maintain a small
CO coverage up to at least 230-240 K.

A similar set of experiments concentrating on the temperature
dependence of the vibrational features of the CO adsorbates was
performed using SFG. Temperature dependent spectra taken in
10-8, 10-5, and 10-1 mbar CO are presented in Figure 6.

The SFG spectra taken in 10-8 and 10-5 mbar CO are in very
good agreement with the electron spectroscopy data. In both
cases, the signal gradually decreases, indicating the loss of CO
adsorbates, and the desorption is complete by 200K in the former
case and by 230K in the latter case, as already seen in theXPS and
work function results (Figure 5). Spectra measured in 10-1 mbar
CO give information from a pressure range not accessible to
electron spectroscopy measurements. Again, a gradual decrease
in theCO signal can be seen, although the desorption temperature
increased to almost room temperature.

The frequency of the CO stretch changes only very slightly
in 10-8 mbar CO during the temperature dependent experiment
(from 2120 cm-1 at 150 K to 2122 cm-1 at 185 K), whereas in
10-5 mbar CO the shift is somewhat larger (from 2117 cm-1 at
150 K to 2121 cm-1 at 215 K). In 10-1 mbar CO, the CO
frequency varies over an even broader range (from 2112 cm-1 at
150 K to 2119 cm-1 at 270 K). These tendencies confirm the
relationship between the CO frequency and the adsorbed amount
as suggested during the analysis of the pressure dependence of the
CO adsorption at 150 K (Figure 4).

If CO is removed from the chamber after an exposure of several
hundred Langmuirs at 150 K and the temperature dependence of
the CO stretch is measured in vacuum, sum frequency spectra
indicate a CO desorption temperature of around 180-190 K,
independent of the pressure of the initial CO exposure. The
desorption temperature derived from the SFG measurements
for these low temperature CO adsorbates agrees nicely with that
obtained from electron spectroscopy experiments.

The results presented in Figures 5 and 6 demonstrate that at
temperatures lower than 190 K CO forms stable adsorbates on
sputter roughened Au(111), as already pointed out by TPD
measurements in ref 35. At higher temperatures, another CO

Table 1. DFT Results for On-Top CO Adsorption on Different Sites

of Au(111)-Based Surfaces

ΔE(eV) dAu-CO Å dCO Å νCO cm-1

Au(111) þ CO (1/12 ML) 0.26 2.04 1.148 2059
Au(111) þ 4CO (1/3 ML) 0.18 2.05 1.150 2060
Au(111) þ Au þ CO 1.08 1.94 1.153 2066
Au(111) þ 2Au þ 2CO 1.1 1.96 1.154 2073
Au(111) þ 3Au þ CO 0.88 2.03 1.150 2059
Au(111) þ 3Au þ 2CO 0.86 2.04 1.151 2060
Au(111) þ 4Au þ CO 0.94 1.99 1.153 2072

(68) Mantz, A. W.; Watson, J. K. G.; Rao, K. N.; Albritton, D. L.; Schmeltekope,
A. L.; Zare, R. N. J. Mol. Spectrosc. 1971, 39, 180.
(69) Piccolo, L.; Loffreda, D.; Aires, F.; Deranlot, C.; Jugnet, Y.; Sautet, P.;

Bertolini, J. C. Surf. Sci. 2004, 566-568, 995–1000.
(70) Liu, Z.-P.; Hu, P.; Alavi, A. J. Am. Chem. Soc. 2002, 49, 124.
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adsorption regime exists inwhich adsorption can be detected only
in the presence of gaseous CO, indicating the unstable nature of
the adsorbates. In addition, the temperature of complete desorp-
tion depends on the CO pressure in this regime, approaching
room temperature at 0.1 mbar. This observation correlates well
with the appearance of CO adsorbates on Au(110) above

0.1 mbar at room temperature71 or the detection of CO on
supported Au nanoparticles upon exposure to several millibars
ofCOat room temperature.64,65 In fact, we believe that because of
the relationship between the CO pressure and the temperature
of the complete desorption, the low pressure adsorbates found
slightly above 200 K correspond in their nature to those appear-
ing at room temperature in the millibar range, thus facilitating
the modeling of the reactivity of Au in CO oxidation in systems
accessible to traditional surface science tools.

Figure 5. Changes in the amount of adsorbed CO (based on XPS data) and work function (from UPS) measured on ion bombardment
modified Au(111) as a function of sample temperature. Sputtering and initial gas dosing were performed at 120 K in (a) 10-8 and (b) 10-5

mbar CO. (b) Data collected in CO and (O) data measured in vacuum after an initial CO exposure at the indicated pressure.

Figure 6. SFG spectra ofCOadsorbates on ion bombardmentmodifiedAu(111) as a function of temperature. Spectrawere taken in the ppp
polarization combination. TheAu(111) single crystal was roughened at room temperature and immediately placed on the cold sample holder
of the SFG chamber. In (a) 10-8, (b) 10-5, and (c) 10-1 mbar CO.

(71) Jugnet, Y.; Cadete Santos Aires, F. J.; Deranlot, C.; Piccolo, L.; Bertolini,
J. C. Surf. Sci. 2002, 521, L639–L644.
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CO-Assisted Rearrangement of the Roughened Au(111)
Surface. A comparison of the UPS spectra of the sputter
modified Au(111) surfaces taken before and after CO adsorption
experiments, especially if annealing to room temperature at
higher CO pressures was studied, revealed a striking change in
the spectral features toward those of the unsputtered surface.
Therefore, a separate set of experiments was designed to study the
time dependent behavior of the surface and the CO adsorbates
under various adsorption conditions. The results of these inves-
tigations are presented in the last subsection of our work.

In Figure 7a, as an example of the electronic structure changes
found during annealing or aging the sample in CO, a set of He I
excited valence band spectra are presented as a function of the
time of CO exposure at room temperature. For comparison, the
spectrum of the intact Au(111) surface is also shown.

Just after sputtering (0min ofCOexposure), the typical valence
band spectrum of the roughened Au(111) appears. (See also
Figure 4a.) As expected for this pressure-temperature combina-
tion, no obvious signs of CO adsorption can be noticed when the
gas is admitted into the chamber. Instead, the surface state
related structure starts to increase and shift toward higher binding
energies, and the height ratio of the 4.7/6.0 eV binding energy d
peaks begins to decrease, resulting in a valence band slowly
approaching the shape of that of the intact surface as the expo-
sure time proceeds. Because both mentioned spectral features
are clearly structure sensitive asmentioned at the beginning of the
Results and Discussion section, the observed electronic structure
changes point to alterations in the short range atomic order
toward that of the original Au(111) surface.

According to our experience, the difference between the height
ratio of the 4.7/6.0 eV peaks measured on the sputter modified
and intact Au(111) surfaces can serve as a sensitive probe of this
reordering process. In Figure 7b, the time dependence of this
quantity is presented for several gas pressures and compositions
during room temperature experiments. Our experiments revealed
that the reordering takes place also in the absence of carbon

monoxide, although it is considerably slower than in 10-5 mbar
CO. Argon exposure at 10-5 mbar has no effect on the process as
the reordering kinetics are the same as in vacuum. In 10-2 mbar
CO the structural change is particularly fast, while in 10-2 mbar
Ar, the process is similar to what was seen in 10-5 mbar CO.
Low temperature data, which were omitted from Figure 7b to

Figure 7. (a) Variation of the He I excited UPS spectrum of the sputter modified Au(111) surface during aging in 10-5 mbar CO at room
temperature. For reference, the uppermost trace shows the room temperature spectrum of the intact Au(111) surface. (b) Variation of the
difference in the height ratio of the 4.7/6.0 eV binding energy peaks of the He I excited UPS spectrummeasured on the sputter modified and
intactAu(111) surfaces as a functionof aging time at room temperature in (9) vacuum, (b) 10-5mbarCO, (2) 10-2mbarCO, (O) 10-5mbar
Ar and, (Δ) 10-2 mbar Ar.

Figure 8. Exposition time dependence of the SFG fitting ampli-
tude of the CO stretch measured on the sputtered Au(111) surface
aged in 10-5 mbar CO (upper panel) and 10-2 mbar CO (lower
panel). (b) Data measured at 210 K and (O) data measured after
cooling the sample to 150K in 10-5 mbar CO. Timewasmeasured
from the moment of CO admittance.
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avoid overcrowding of the graph, show that at 120 K there are
negligible time dependent changes in the UPS spectra either in the
presence or in the absence of CO. At around 200K, just above the
desorption temperature of the stable CO adsorbates, the effect
of CO on the reordering is still rather weak. These results sug-
gest that the reordering is thermally activated, indicating that
temperature dependent processes such as material transport by
diffusion provide the kinetics leading to surface relaxation.

Because the ordered Au(111) surface does not adsorb a con-
siderable amount of CO, one may guess that the CO binding
capacity of the sputter modified surface decreases during reorder-
ing. In Figure 8, the time dependence of the SFG signal from CO
adsorbates measured during aging at 10-5 and 10-2 mbar at
around 210 K is compared. Because no signs of orientation

change were observed (see above), the decrease in the fitting
amplitude is due to the decrease in the amount of adsorbed CO.
To separate the temperature dependence of the CO signal (as
discussed previously) and the consequences of the decrease of
the CO binding capacity due to reordering, fitting amplitudes
derived from measurements at 210 K as well as data obtained
after rapidly cooling the sample to 150 K are simultaneously
presented. During quenching the sample was kept in 10-5 mbar
CO, regardless of the pressure at which the 210 K data were
measured.

In 10-5mbarCO, theCO stretching amplitudesmeasuredboth
at 210K or after quenching to 150K slowly decrease. Because the
valence band UPS spectra recorded around 200 K showed few
changes even during extended aging in CO, the first step in the

Figure 9. STM images (200� 200 nm2) of the sputtermodifiedAu(111) surface (a) immediately after Arþ ion bombardment (10min, 3 keV,
10 μA/cm2 current density), (b) after 60 min of CO exposure at 10-4 mbar, and (c) after 60min of CO exposure at 1 mbar. The z scale can be
derived from the corrugation, which was (a) 8.6, (b) 6.8, and (c) 5.8 nm.Graphs on the right show the height distribution (measured from the
lowest point) of the pixels of the images. All treatments and STM measurements were carried out at room temperature.
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reordering must be the loss of the CO adsorption sites, which is a
relatively slow process at 200-210 K. The SFG data correlate
very well with those obtained by electron spectroscopy measure-
ments in 10-5 mbar CO (Supporting Information). In 10-2 mbar
CO, both amplitudes decrease much faster than those observed
during aging in 10-5mbarCO.This finding shows that reordering
leading to the loss of CO binding sites becomes faster with
increasing CO pressures even at this low temperature, by analogy
to the results of the room temperature UPS experiments in
Figure 7b.

Because spectroscopic investigations, whatever their sensitivity
to local structural changes, provide only indirect evidence of
surface reordering, STM measurements were also performed
to clarify further the nature of the CO-induced relaxation of
the sputter modified Au(111) surface. In Figure 9, the room
temperature STM micrographs of the sample just after ion
bombardment and after aging in CO are shown. To facilitate
the comparison of the micrographs and visualize the evolution of
the surface, histograms showing the height distribution of the
images determined by the SPIP image processing software are
also presented.

While the morphological elements of the sputtered surface
(Figure 9a) are familiar from Figure 1b, CO exposure results in
considerable smoothening, indicated by the narrowing of the
height distribution curve aswell as the decrease in the corrugation
value from 8.6 to 6.8 nm after the 10-4 mbar CO exposure and
5.8 nmafter the 1mbarCO exposure. The density of the islandlike
elements remained more or less constant, but the long, narrow
terracelike structures connecting the islands started to disappear
even in 10-4 mbar CO (Figure 9b), which continued until
dispersed islands on a more or less structureless smooth surface
were detected after the 1 mbar exposure (Figure 9c). Moreover,
the pits so characteistic of the sputtered surface were also missing
after the 1mbarCO treatment. The analysis of the step edge atom
density also showed a significant decrease from 2.4((0.3) �
1014/cm2 (for the just sputtered surface) to 1((0.2)� 1014/cm2

during the 1 mbar CO exposure. Meanwhile, a control experi-
ment performed in vacuum indicated much smaller surface
reordering even after 15 h of room temperature aging (image
not shown).

Therefore, according to the presented data collected by sur-
face spectroscopy as well as direct imaging techniques, the ion
bombardment modified Au(111) surface is prone to spontaneous
relaxation toward its originally smooth morphology even at
temperatures near or somewhat below room temperature. This
process is very significantly accelerated in the presence of carbon
monoxide, especially if the CO pressure is relatively high.
Remarkably, this reordering capability of CO remains pro-
nounced even at temperatures where no CO adsorbates can be
detected by surface spectroscopic tools. While the driving
force of the relaxation can be traced to the highly none-
quilibrium atomic distribution created by ion bombard-
ment,72,73 one may speculate that short-lived adsorbed CO
species can in some way decrease the activation energy for
surface diffusion involving material transport through step
edges, leading to the massive reordering.

The CO facilitated reordering of the sputter modified
Au(111) surface was found to eliminate the CO adsorption
sites gradually. As a result, the temperature dependence of the
CO adsorption as discussed previously is due to not only

thermal desorption but also irreversible annealing out of
certain CO binding sites.

In fact, CO-induced massive atomic movements were ob-
served not only in a metastable system such as the sputter
roughened Au(111) surface studied in this work. In ref 71, a
structural and spectroscopic investigation of CO interaction
with Au(110) at room temperature is presented. According to
the results, at low CO pressure (from ultrahigh vacuum to
10-5 mbar) the surface exhibits (1� 2) reconstruction, whereas
in the millibar range this reconstruction becomes completely
disrupted. Instead, the formation of monatomic-high islands
can be seen, which assumes similar long range atomic move-
ments as found in our study. In addition, surface X-ray diffrac-
tion experiments performed on Au(111) gave evidence for
lifting of the (22�√

3) reconstruction of the intact surface at
CO pressures higher than 1 mbar,74 although the nature and
the extent of the structural changes are difficult to assess by the
applied experimental technique. A spectroscopic investigation
of CO adsorption and oxidation on Au nanoparticles sup-
ported by TiO2 also pointed to the possibility of adsorbate-
induced structural rearrangement of the particles.67

Because CO-facilitated reordering of Au surfaces seems not to
be specific to a particular structure but occurs rather generally, we
may speculate that supported nanoparticulate gold catalysts also
undergo similar processes. In nanoparticles, the 3D particle
geometrymay hinder the development of a stable structure during
CO exposure because low coordinated structures are continu-
ously generated during reordering. Perhaps a mechanism like this
CO-induced reordering can carry CO adsorbates from the nano-
particle itself to the particle-substrate boundary, where oxida-
tion to CO2 can proceed.

Conclusions

To obtain better insight into the interaction of carbonmonoxide
with gold catalysts, the CO adsorption properties of a model
system based on anAu(111) single crystal surfacemodified by ion
bombardment were investigated by photoelectron spectroscopy,
sum frequency generation vibrational spectroscopy, and scanning
tunneling microscopy at pressures ranging from ultrahigh vacuum
to 1 mbar.

Spectroscopic data confirmed the formation of stable adsor-
bates on the roughened surface at low temperatures, which
completely desorbed at around 190 K. An estimation of the
amount of adsorbed CO from XPS data and statistics of the
morphological elements created by sputtering derived from STM
images revealed a very strong correlation between the surface
density of the CO adsorbates and the number of Au atoms
belonging to step edges, indicating that step edge sites are
responsible for the CO binding capacity of the bombarded
Au(111) surface. No CO adsorption was detected on the intact
surface. Computational studies by density functional theory
confirmed the role of the low coordinated Au atoms in CO
adsorption and suggested a correlation between the coordi-
nation number of the binding site and the CO stretching
frequency.

At sample temperatures above 200 K, unstable CO adsorbates
were detected under dynamic CO exposure conditions, which
disappeared immediately if gaseous CO was removed from the
experimental chamber. A clear correlationwas found between the
CO pressure and the maximal temperature at which CO adsor-
bates can be found on the surface.
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The ion bombardment roughened Au(111) surface was
found to relax spontaneously toward the atomic order of
the smooth surface even below room temperature. Our spec-
troscopic investigations provided evidence for the significant
acceleration of this reordering in the presence of CO, which
leads to the gradual elimination of the CO binding sites.
A positive correlation was established between the reordering
kinetics and the applied CO pressure. The STM investiga-
tions confirmed the occurrence of massive atomic movements
facilitated by CO exposure.
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