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A vibrational spectroscopic investigation of the CO ¿O2 reaction
on Pt ˆ110‰

J. H. Miners, S. Cerasari, V. Efstathiou, M. Kim, and D. P. Woodruffa)

Fritz–Haber–Institut der Max–Plank–Gesellschaft, Faradayweg 4-6 D-14195 Berlin, Germany

~Received 24 January 2002; accepted 12 April 2002!

The CO coverage of a Pt$110% surface in both the high and low reaction rate branches of the bistable
CO oxidation reaction has been determined by Infrared Reflection-Absorption Spectroscopy
~IRAS!, first performing extensive calibration experiments on the various factors determining the
absorbance and frequency associated with the C–O vibrational stretching mode. The same two
states of the surface are shown to be present under steady-state low and high reaction rates and when
the surface is undergoing pattern formation and homogeneous reaction rate oscillations. Using the
CO coverages determined by IRAS, the intensities observed in a series of photoelectron emission
microscopy images have been used to elucidate the oxygen coverage in both coadsorption states.
The low reaction rate branch is found to be associated with a high CO coverage (0.560.1 ML) and
very low O coverage (0.0360.01 ML) consistent with the (131) unreconstructed phase. In the
high rate branch the surface has a low CO coverage (0.0560.03 ML) and O coverages in the range
0.3–0.7 ML @(132) reconstructed phase#. No evidence for bridged CO, oxide, or subsurface
oxygen, variously proposed to play a role in the reaction rate bistability, was found under the
conditions measured. These findings are consistent with the site blocking and reconstruction model.
Coadsorption experiments of CO and oxygen under nonreactive conditions, performed as part of the
IRAS calibration process, demonstrate that CO and O can occupy a mixed adlayer and identify two
different chemical environments for CO adsorption. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1483069#
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I. INTRODUCTION

The CO1O2 reaction on Pt$110% ~e.g., Refs. 1, 2, and 3!
is, after the Belousov–Zhabotinsky reaction, one of the m
investigated examples of a chemical system which exhi
kinetic oscillations~e.g., Refs. 4 and 5!. It is considered to be
an ideal system to study as the reaction is comparativ
simple and the reactants can only occupy well-defined p
tions in a two-dimensional array defined by the crystal s
face, thus lending itself to Monte Carlo modeling. Moreov
one has a very good control of the external parameters, b
able to maintain and vary accurately the partial pressure
the reactants and the pumping rate, and to sustain a ho
geneous temperature over the entire sample.

The essential mechanism of the CO oxidation react
on metal surfaces is one in which oxygen adsorbs disso
tively and the resulting chemisorbed atomic oxygen rea
with adsorbed CO to form CO2 which desorbs from the sur
face. In the case of Pt$110%, the clean surface reconstructs
a (132) missing row structure, but this reconstruction
lifted at sufficiently high coverage of CO, but not by atom
oxygen adsorption alone. It is this phase transformation,
associated differences in the activity of the two surfa
phases, which is believed to be a key factor in the oscillat
CO oxidation rate which can occur on this surface, involvi

a!Author to whom correspondence should be addressed. Also at: Depart
of Physics, University of Warwick, Coventry CV4 7AL, United Kingdom
Electronic mail: d.p.woodruff@warwick.ac.uk
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switching between two reaction branches with different re
tion rates.

A large range of nonspatially resolving real-time tec
niques have been applied to the study of the reaction on
surface including Kelvin probe work function
measurement,6,7 mass spectrometry,7 low energy electron dif-
fraction ~LEED!,7,8 and reflection high energy electron di
fraction ~RHEED!.9 More recent measurements with the sp
tially resolving techniques of photoelectron emissi
microscopy~PEEM!,10–12 low energy electron microscop
~LEEM!,13,14 and mirror electron microscopy~MEM! have
shown spatial variations characterized by two distinct sta
of the surface, believed to correspond to those giving rise
the low and high reaction rates; however, these stud
showed that pattern formation may occur even when ma
scopic oscillations in the reaction rate are observed in the
phase. An important consequence of this result is that
information previously gained from the nonspatially reso
ing techniques concerning oscillatory changes in the stat
the surface does not necessarily correspond to the two s
observed on a local scale.

While these spatially resolving techniques have grea
increased our understanding of the phenomenology of
spatiotemporal variations involved in this surface reacti
they do not provide any direct measure of the local surf
coverage of the reactants. In particular, the relationship
tween the intensities used to provide the image contrast
the state of the surface is complex. In the case of PEE
intensity changes are largely related to changes in the w

ent
© 2002 American Institute of Physics
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886 J. Chem. Phys., Vol. 117, No. 2, 8 July 2002 Miners et al.
function, but this depends in a complex fashion on the lo
CO and O coverage and the number of vacant sites
LEEM the image intensity relates to the intensity of a p
ticular LEED diffracted beam at a specific energy which
influenced not only by whether the surface shows (131) or
(132) periodicity, but also by the degree of local long-ran
order including the density of surface defects and by
presence of adsorbates. Nevertheless, by measuring L
intensity-energy spectra under different conditions of surf
phase and adsorbate coverage, Meißenet al.15,16were able to
identify those energies of the incident electron beam
which the LEEM intensity was sensitive primarily to on
one of these parameters, e.g., the presence of the (131)
phase. By recording LEEM images of pattern formation
these voltages, they could show that a chemical wave c
sisted of a reconstructed part of the surface, and a (131)
component which was CO covered.16 Under the conditions
used, they found no evidence of faceting. More recent ME
and LEEM measurements of global oscillations~in which the
whole surface transforms simultaneously and homo
neously! have indicated that the rate of CO2 production is
lowest when the surface transforms to the (131) phase.15

Despite these achievements, however, there is still only i
rect information concerning the nature and concentration
the chemical species on the surface during the oscillat
and their relation to the rate of reaction. Many models ha
been proposed to explain the behavior in this system, bu
the absence of this basic information all of these models
necessarily somewhat speculative.

Among the processes considered to be responsible
the bistability and hysteresis of this reaction system are
lifting of the surface reconstruction,17 CO site blocking of
oxygen dissociation,18,19 changes of the CO bonding coord
nation site, defect formation and the faceting of the surfa8

subsurface oxygen formation,20,12oxide formation,21 and car-
bon formation.22 It should be noted that the latter two pro
cesses do not occur on single crystal surfaces at press
below 1024 mbar.22 The influence of reconstruction and si
blocking are currently thought to be the key mechanis
determining the behavior at low temperatures and pressu

A clear resolution of the mechanisms creating the no
properties of this reaction requires experimental determ
tion of quite a large number of variables. Specifically, o
needs to know the correlations between~i! the state of the
surface order, notably whether it is (131) or (132), but
also whether it is faceted or heavily defected;~ii ! the CO
coverage;~iii ! the CO site occupation;~iv! the oxygen cov-
erage, and~v! the rate of reaction.

In this paper we present the results of a real-time inf
red reflection–absorption spectroscopy~IRAS! investigation
which we show can be used to obtain the local CO cover
both under steady state reaction conditions and during
netic oscillations and pattern formation. Concurrent m
spectrometry measurements allow us to relate the CO co
age to the rate of CO2 production. The IRAS data are als
sensitive to the bonding configuration of the CO and
presence of surface oxygen. We have also reproduced t
experiments in a PEEM instrument, and armed with
knowledge of the CO coverage from the IRAS study, it
Downloaded 19 Aug 2013 to 128.118.88.48. This article is copyrighted as indicated in the abstract.
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possible to use the PEEM image intensity to deduce the o
gen coverage. By combining the results from these meas
ments and from a parallel LEEM/LEED investigation co
ducted in this laboratory,15,16and relating them via the rate o
CO2 production, we can obtain a full description of this sy
tem.

II. EXPERIMENTAL DETAILS AND METHODOLOGY

The instrument used in these experiments has been
scribed previously.23 Briefly, it consists of a commercia
FTIR spectrometer~Biorad FTS-60A/896! modified for op-
eration under low vacuum (;131023 mbar) interfaced to a
UHV chamber equipped with rear-view LEED optics, a mo
able quadrupole mass spectrometer and facilities for ar
ion sputtering. Spectra were recorded using a liquid nitrog
cooled narrow-band MCT detector. The same Pt$110% crystal
and preparation techniques were used as in the earlier LE
experiments.15,16 The sample was mounted on a liqu
nitrogen-cooled cold finger and could be resistively hea
such that temperatures between 85 K and 1500 K could
maintained to a stability of 0.05 K. The temperature w
measured using aK-type thermocouple spot-welded direct
to the top of the crystal and the signal from this therm
couple was fed back into the computer-controlled tempe
ture control unit. The sample gases used in the experim
are of the highest commercially available purity: 99.997
for CO, ~Linde!, 99.999% for O2 ~Messer–Griesheim!. The
partial pressures quoted in each experiment have been
rected for the different ion gauge sensitivities of the resp
tive gases, i.e.,SCO/SN2

51.0 andSO2
/SN2

50.8 were used
as correction factors. The UHV chamber routinely obtain
base pressure of 1310210 mbar. The crystal was cleane
prior to each experiment via oxygen treatment at 800 K f
lowed by repeated cycles of argon ion bombardment at
K and annealing at 1100 K.

The infrared absorption band of an adsorbed species
be described in terms of four parameters~i! the center fre-
quency,~ii ! the integrated absorbance,~iii ! the full width at
half maximum~FWHM!, and ~iv! the peak shape. Each o
these components can provide information on the cover
and local environment of the adsorbate under investiga
as follows:

~i! Changes in the center frequency of the vibration
mode of an adsorbed species can occur as a resu
four distinct effects; these are changes in the adso
tion site, variations in the chemical shift, the extent
the dynamic dipole–dipole coupling, and the degr
of dephasing.24 The chemical shift~a change in the
vibrational frequency due to a change in the electro
interaction of the molecule with its environment! may
vary as a result of changes in the local adsorbate
vironment ~including coverage and substrate orde!.
The extent of dynamic dipole–dipole coupling is d
termined by the local coverage of adsorbate molecu
with similar vibrational frequencies.25,26 These com-
ponents can be separated by performing appropr
calibration experiments. Specifically, the frequen
shift due to dipole–dipole coupling can be identifie
 Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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887J. Chem. Phys., Vol. 117, No. 2, 8 July 2002 CO1O2 reaction on Pt$110%
by performing isotopic dilution measurements, wh
the influence of the dephasing component can be
tablished through its temperature dependence.

~ii ! The integrated absorbance of an infrared band p
vides information on the coverage of the associa
species, but this may not increase linearly w
coverage24 and the absorption cross-section chang
with molecular orientation and adsorba
coordination.27 Proper interpretation of measuremen
of the absorbance is therefore also dependent on c
ful calibration experiments.

~iii ! The width of an infrared absorption peak can va
with temperature due to dephasing, and may also c
tain a component arising from inhomogeneity in t
adlayer; disorder results in a variety of frequencies
absorbers and hence a peak broadening.

~iv! The relative importance of these two contributions
the broadening, ‘‘lifetime’’ and inhomogeneity, ma
be determined by the peak shape; if lifetime broad
ing is dominant one expects a Lorenzian sha
whereas inhomogeneities lead to a Gaussian
shape.28

In order to exploit as much as possible of this mo
detailed information from the IRAS measurements of
C–O stretching vibrations from a Pt$110% surface under CO
oxidation reaction conditions, a series of calibration expe
ments involving CO and oxygen adsorption were first carr
out under static conditions. The results of these meas
ments are reported here in Sec. III.

While IRAS can provide us with considerable quanti
tive information on the local and average CO coverage
the surface during the reaction and provide clear evidence
the presence and absence of coadsorbed O in the two s
they do not allow us to quantify the oxygen coverag
PEEM, on the other hand, is much more sensitive to
surface concentration of oxygen and thus provides com
mentary information, so additional experiments were p
formed using this technique. The PEEM experimental se
used here has been described in detail elsewhere,29–33 and
the same sample cleaning procedures were applied to
crystal as in the IRAS experiments. The intensities seen
PEEM image are primarily determined by the variations
work function which in turn depend on the coverage of C
and oxygen; these relationships have been previo
calibrated.30–33 If the CO concentration is known indepen
dently from IRAS, its contribution to the PEEM intensity ca
be calculated and the measured PEEM intensity can the
used to determine the oxygen coverage.

III. IRAS CALIBRATION STUDIES

A. CO adsorption on Pt ˆ110‰

The clean Pt$110% surface is reconstructed into th
(132) missing-row phase.34 CO adsorption at temperature
below 250 K occurs without lifting the reconstruction.35

At temperatures greater than 250 K, however, LEED a
STM studies have shown that, on reaching an average
erage of 0.2 ML, CO-induced homogeneous nucleation
Downloaded 19 Aug 2013 to 128.118.88.48. This article is copyrighted as indicated in the abstract.
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the (131) phase occurs and the reconstruction is lifted.36,37

The value of the C–O stretching frequency in vibration
spectroscopy indicates that CO adsorbs in an atop confi
ration, and a saturation coverage of 1 ML can be obtained
slowly cooling a clean Pt$110%,38,39 from 700 to 300 K, in an
ambient pressure of 131027 mbar CO.35,40

Hayden et al. have used IRAS and temperatur
programmed desorption~TPD! to measure the coverage d
pendence of the C–O stretching frequency on Pt$110% at a
surface temperature of 300 K.38 By diluting the 12CO in
13CO, they were able to show that all coverage-depend
changes in the frequency of the mode were due to dipo
dipole coupling, and that there is no coverage-depend
chemical shift on this surface. Furthermore, since the surf
changes phase from (132) to (131) during the absorption
sequence, there is evidently no chemical shift associated
this surface phase transition. These experiments also sho
that the absorption cross section of the IRAS band associ
with the C–O stretching frequency decreases after a co
age of 0.5 ML has been reached. They assigned this to
tilting of the CO molecule at higher coverages, a conclus
confirmed by angle-resolved ultraviolet photoelectron sp
troscopy ~ARUPS!,41 XPS and XPD,42 and reproduced by
extended Hu¨ckel molecular orbital calculations.43

Figure 1 shows the results of our first calibration expe
ment in which we measured the coverage dependence o
C–O internal stretching vibration at sample temperatures
200 and 300 K. These results are clearly consistent w

FIG. 1. Graph of the main quantitative features of the C–O stretching b
seen in IRAS as a function of CO coverage on Pt$110% at sample tempera-
tures of 200 K~light gray! and 300 K~black squares!.
 Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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888 J. Chem. Phys., Vol. 117, No. 2, 8 July 2002 Miners et al.
those of Haydenet al., albeit at higher spectral resolution
The coverages were determined by TPD, using the satura
1 ML CO phase formed as described above as our calibra
point. At 200 K the CO-induced unreconstruction of t
(132) phase is suppressed and the surface retains
(132) ordering, whereas at 300 K the (132)→(131)
transition occurs with increasing CO coverage, yet there
only small differences between the two plots, confirming
earlier finding of the experiments conducted only at 300
that the surface structural phase has little effect on the
sorption cross section of the IRAS band. Notice that the
tailed measurements at the lower temperature shown
only extend to 0.35 ML, but this is already much higher th
the coverage needed at room temperature to induce the s
tural phase transition~0.2 ML!. Additional measurements a
1 ML coverage at both temperatures confirmed the esse
equivalence of the IRAS spectra at the two temperatures
the full coverage range. As is shown below, the sligh
higher frequency and smaller FWHM observed at 200 K
attributable to less dephasing; at 200 K there is less t
mally induced occupation of low-frequency~frustrated trans-
lation! modes that are coupled to the C–O stretching mod26

One issue in the interpretation of these IRAS data is
role of CO island formation. At 200 K on the (132) surface
the observed linear dependence of the frequency on cove
is consistent with the effect of dynamic dipole–dipole co
pling in the absence of islanding.25,26,44,45At 300 K the sur-
face transforms to the (131) phase as the average CO co
erage increases above 0.2 ML. If this process were
proceed with a significantly higher CO coverage on
(131) islands than on the surrounding (132) surface one
would observe two distinct IRAS peaks at intermediate
erage coverages for a sample temperature of 300 K. Th
not observed, and indeed no significant difference is
served in the coverage dependence of the frequency betw
the measurements taken at sample temperatures of 200
300 K, for coverages between 0.2 and 0.5 ML. This is c
sistent with the observation by STM that at 300 K the ph
transition occurs by homogeneous, rather than heterogen
nucleation, and that increasing CO coverage leads to an
crease in the density, rather than the size, of the (131)
islands,37 but also shows that the local and average CO c
centrations all over the surface are essentially the same
this basis we will assume that the ordinate of Fig. 1 do
represent local coverage and, combined with measured
quency shift due to dipole–dipole coupling, we will therefo
use the C–O stretching frequency to determine the local c
erage under reaction conditions. Knowing the cross sec
for adsorption at this local coverage, one can also use
integrated absorbance to determine the total coverage.

The higher resolution of our measurements,27,38,46,47and
the use of absorbance@ log(I0 /I)# as opposed to transmissio
(I 0 /I ) in the presentation of the spectra, allows small var
tions in spectral line shape to be observed and interprete
a more meaningful fashion. The slight increase in
FWHM ~full width at half maximum! with increasing cover-
age at very low coverage is as expected from dipole–dip
coupling.26 Inspection of the original IRAS spectra als
shows that the absorption peak has a Lorenzian line sh
Downloaded 19 Aug 2013 to 128.118.88.48. This article is copyrighted as indicated in the abstract.
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indicating that the width is attributable to homogeneo
rather than inhomogeneous broadening.28 Finally, we should
note that our data show no evidence of any bridging CO t
would be expected to give rise to a significantly lower C–
stretching frequency in the 1800– 1900 cm21 range. This is
in agreement with recent XPS and XPD measurement
which bridging CO is only observed at the high coverage
uCO51.09 ML which can only be obtained by cooling dow
the crystal from 600 K toT,240 K in ambient CO.42

This initial calibration experiment provides characteriz
tion of the IRAS for CO on Pt$110% at sample temperature
of 200 K and 300 K, but we wish to study CO on this surfa
at the significantly higher temperatures at which CO oxid
tion reaction oscillations occur. At these higher temperatu
we must account for the changes in the spectra due
dephasing; i.e., the variations in the C–O stretching f
quency due to coupling to lower frequency frustrated tra
lational vibrational modes, which become occupied to a s
nificant degree at higher temperatures.48–51 Two approaches
to this problem are possible. The first is to measure the t
perature dependence of the IRAS data at constant cove
~and thus at constant dipole–dipole coupling!; in this experi-
ment one also obtains information on the temperature dep
dence of the FWHM. A limitation to this method is tha
thermal desorption of CO becomes significant at tempe
tures above 350 K. The alternative method is to elimin
dipole–dipole coupling by diluting the12CO in 13CO. Since
it is already established that there is no coverage-depen
chemical shift in this system, changes in coverage in
absence of dynamic dipole coupling will have no effect
the frequency, and all temperature-dependent variation
then be due to dephasing. This method can be applie
higher temperatures~and lower associated coverages!.

Figure 2 summarizes the results of both of these exp
ments. In one experiment we prepared a 1 ML coverage of
CO and varied the temperature in an ambient pressure
31027 mbar CO. The temperature was raised from 150 K
500 K, in steps of 25 K, and spectra comprising 256 scan
a resolution of 2 cm21 were recorded. The maximum tem
perature at which thesaturated1 ML CO coverage could
be maintained under this pressure of CO was 350 K. T
was deduced by subsequently raising the CO pressure
31025 mbar and noting that there was a change in the IR
spectra for T.350 K. The results of these experimen
showed no change in integrated absorbance with increa
temperature. Increasing the temperature from 150 to 35
led to a decrease in the center frequency of the C–O stre
ing band by 762 cm21. The form of the observed change
in both the peak width and center frequency are as expe
due to dephasing and the peak shift is of a similar magnit
to that seen on Pt$111%.24,51,52Since there is very little chang
in the FWHM of around 5 cm21 when the CO coverage
Qco, increases beyond a value of 0.2 ML~see Fig. 1 and
Refs. 37, 46, 47, and 27!, we should note that for a surfac
exposed to 231025 mbar CO at 500 K the IRAS pea
showed a Lorenzian form with a FWHM of 7.8 cm21.

It is interesting to note the 4 cm21 difference shown in
Fig. 2 between the center frequency values obtained from
isotopic dilution experiments~full line! and the extrapolated
 Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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889J. Chem. Phys., Vol. 117, No. 2, 8 July 2002 CO1O2 reaction on Pt$110%
zero-coverage~singleton! values at 200 and 300 K, shown a
the two crosses. This arises because, for a total coverage
ML and a 1:10 isotopic ratio12CO:13CO, the local coverage
of 12CO is 0.1 ML, sufficient to give rise to a small bu
significant dipole–dipole coupling shift. As may be seen
Fig. 1, this coverage does lead to a shift due to dipole–dip
coupling of precisely this value of 4 cm21. Notice also, in
Fig. 2, that the pronounced fall in the center frequency
higher temperatures (.350 K) seen in the results from th
isotopic dilution experiment is also largely attributable to th
same effect, the total CO coverage~and thus also the12CO
coverage! falling at high temperatures.

Using the results of this experiment, we are able to
count for the temperature induced change in the single
frequency, and thus relate spectra of CO on Pt$110% recorded
at any temperature between 150 and 525 K to the calibra
measurement at 300 K, with an accuracy of62 cm21. From
the dipole–dipole coupling shift one can then determine
local CO coverage.

B. CO coadsorption with oxygen under nonreactive
conditions

While the calibration experiments on pure CO adso
tion show no chemical shifts associated with the subst

FIG. 2. The temperature dependence of IRAS of 1 ML CO coverage
Pt$111%. The two spectra at the top and the bold lines all relate to pure12CO
layers. The light line corresponds to data collected with a mixture 1
12CO:13CO. The singleton~extrapolated zero coverage! frequencies at 200
and 300 K~crosses! are also depicted.
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phase changes, or electronic CO–CO interactions, our ob
tive is to apply IRAS to a study of the CO/O interactio
under reaction conditions, so we must also characterize
possible chemical shift in the C–O vibrational frequency d
to the presence of coadsorbed oxygen. Indeed, it is kno
from other systems that oxygen has a strong, repulsive in
action with CO, resulting in island formation and a chemic
shift of the C–O stretching frequency.52–55

Oxygen adsorption on Pt$110% is dissociative at tempera
tures above 175 K.56 It requires, therefore, two vacant ad
sorption sites to adsorb. In contrast to CO, oxygen adsorp
does not result in the lifting of the (132) reconstruction.40

Furthermore, although CO has a sticking coefficient of
on both surface phases,35 the sticking coefficient of O is
estimated to be 0.4 and 0.6 on the (132) and the (131)
phase, respectively.57 There are no conventional quantitativ
structure determinations for the local adsorption geometry
either CO or O on Pt~110!, and most of the models in th
literature are largely speculative. In the case of oxygen
sorption on Pt$110%(132) such speculation favors the thre
fold coordinated hollow sites on the~111!-type walls of the
troughs, although at low coverage occupation of the fo
fold coordinated hollow sites located at the bottom of t
^110& troughs has been proposed.56–58A recent investigation
using a combination of STM and density functional theo
~DFT! calculations, on the other hand, strongly favors t
~111! nanofacet threefold coordinated hollow sites over th
trough sites.59 In the case of CO adsorption an early sugg
tion was that these trough hollow sites were occupied by
at low coverage, but that bridge sites on the top of the ro
may be occupied at saturation coverage.35 However, the fact
that the C–O stretching frequency is always abo
2000 cm21 has been generally taken as a more reliable in
cation that local atop sites are always occupied by this s
cies; the fact that the saturation coverage of 1 ML is the sa
on the (132) and (131) surfaces~at low and higher tem-
peratures, respectively! is also thought to imply that on the
(132) phase CO must occupy local atop sites in the trou
as well as on the ridges.27

In the absence of adsorbed oxygen, the adsorption of
on a clean Pt$110%(132) surface at low coverage is homog
enous as discussed above. In the presence of oxygen,
ever, not only could interaction of the coadsorbed spec
lead to a change in the local site occupied by the CO, but
may now have island formation with significant implication
for the macroscopic reaction of the two species.60 A separa-
tion of CO and O into distinct islands could also strong
influence the ability of the two species to react, and perh
explain the origin of poisoning effects observed under re
tion conditions.19 In order to interpret the IRAS measure
ments under reaction conditions it is therefore important
first study the effects of coadsorption of oxygen and C
under nonreaction conditions.

The results of the first of these coadsorption calibrat
experiments are shown in Fig. 3; in the lower part of t
figure IRAS data are shown from a surface predosed with
L CO at 300 K, and then exposed to increasing doses
molecular oxygen. The presence of the coadsorbed O foll
ing a 2 L dose leads to an upward frequency shift and

n
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splitting of the band into components at 2069 and 2088 cm21

from its previous value of 2061 cm21. No CO2 was pro-
duced. Further oxygen exposure results in a small increas
the frequency of both bands. In the upper part of Fig. 3
shown the results of a similar experiment in which the or
of gas dosing was reversed, a predose of 4 L O2 being fol-
lowed by successive dosing with CO. Again two distin
C–O vibrational bands appear at similar energies to th
described above, while increasing CO exposure result
increasing amplitudes of the bands at constant frequen
Heating the surface to 350 K results in the partial reaction
CO with O. Note that the chemisorbed oxygen can only
removed by total reaction with CO at temperatures in exc
of 400 K, or by sputtering; heating an oxygen covered s
face to 1000 K followed by dosing with CO yielded a simil
two-peak C–O vibrational spectrum characteristic of O/C
coadsorption. No C–O stretching frequency in t
1800– 1900 cm21 range, characteristic of a bridging CO sp
cies, was observed in either experiment.

There are two possible ways in which the coadsorbe
could give rise to the upward shift of the C–O vibration
frequency. One of these is that O–CO repulsion could lea
isolated CO island formation; the shift would then arise fro
dipole–dipole coupling in the islands which would have
higher local coverage than in the absence of this O–CO
pulsion. The alternative explanation is that the increase
vibrational energy is due to an O-induced chemical shift.
course, it is also possible thatbothof these effects may con
tribute to the observed phenomena. In order to distingu
these processes, experiments similar to those leading to
results of Fig. 3 were repeated using isotopic mixtures
CO, and the results are shown in Fig. 4. Notice that
spectra are complicated slightly by the presence of a fea

FIG. 3. Two sets of IRAS spectra obtained from Pt$110% following the
coadsorption of CO and oxygen at 300 K. The lower group of spectra w
obtained by first adsorbing CO and then oxygen; this exposure sequenc
reversed to obtain the upper group of spectra.
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around 1960 cm21 associated with a component of12C18O in
the gas mixture, which was nominally only of12C16O and
13C16O; however, this is well removed from the spectral r
gion of interest and the behavior of this species actually
inforces the primary results described below. We have
ready noted that, using a 1:10 isotopic ratio of12CO:13CO,
the frequency shift due to dipole–dipole coupling in the pe
associated with the12CO species can be no more that 4 cm21

~its maximum value at saturation coverage!. As may be seen
in Fig. 4, however, the lowest oxygen exposure to a surf
predosed with this mixture of CO isotopes immediately lea
to an upward shift and a splitting of not only th
13CO-related peak, but also of that associated with12CO
from the singleton value of 2058 cm21 to 2066.7 and
2084 cm21. Identical frequencies are observed on revers
the dosing sequence, and it is clear that the magnitude o
shifts is the same for the majority and minority CO speci
We therefore conclude that the entire change in freque
due to O coadsorption observed in Fig. 3 is due to
O-induced chemical shift, and not to dipole–dipole couplin
This means that we can exclude the possibility of CO isla
formation induced by the coadsorbed O.

While these experiments clearly identify the mechani
of the upward frequency shift induced by the coadsorbed
a question remains as to the origin of the splitting into tw
bands. Notice that the low CO coverages (,0.2 ML) used in
these experiments are insufficient to initiate nucleation of
(131) phase, so the two bands cannot be associated
CO adsorbed on the two different surface phases of Pt$110%.
Similarly, while there have been suggestions in the literat
of subsurface oxygen species or local oxide formation dur
CO/O2 reaction conditions over Pt$110%, we can exclude the
local interaction of some of the CO with one of these spec
as the origin of a second band; conversion of O to subsur

re
as

FIG. 4. Two sets of IRAS spectra obtained from Pt$110% following the
coadsorption of CO and oxygen at 300 K using an isotopic mixture of 1
12CO:13CO. Otherwise similar to Fig. 3.
 Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



40
n
es
d
o

e
n
y

wo

c-
bl
o
e
o
m
th
s
g
th

es
a
o
t.
e
n
f

or

th

o
ie
n
re
to
m
s
ge
is-
a
b

n

e
e
r
d
le

hi
at
b

O is

r
-
av-
i-
d.

ture

ail-
ace

opy
m-
f

The

O

e
em-
ate

ith
d at
f

fe-

re
at

891J. Chem. Phys., Vol. 117, No. 2, 8 July 2002 CO1O2 reaction on Pt$110%
oxygen can only be achieved by prolonged exposure at
K.12 There is also rather clear evidence that true oxide can
be formed on Pt at the low pressures relevant to th
experiments,61,62 but as CO adsorption upon the oxidize
surface is known to have a characteristic frequency
2120 cm21 ~Refs. 63 and 64! which is not observed here, w
can clearly discount this possibility. We must therefore co
clude that CO and O can form a mixed chemisorbed adla
on the (132) reconstructed surface in which there are t
CO species which differ in some way.

Bearing in mind that chemical shifts in vibrational spe
troscopy arise from a local electronic effect, one possi
explanation for two bands would be that the upper band c
responds to CO molecules adsorbed in sites with O n
neighbors, while the lower energy band arises from CO m
ecules which are relatively isolated from adsorbed O ato
If this were the case, however, the relative intensities of
two bands would be dependent on the relative coverage
adsorbed O and CO. For example, for a low CO covera
increasing the O coverage should transfer intensity from
lower ~isolated CO! band to the higher energy~O neighbor-
ing! band. Apart from the spectrum recorded at the low
CO exposure after oxygen predosing, Figs. 3 and 4 indic
there is essentially no variation in the relative intensities
the two bands, implying that this hypothesis is not correc

The alternative explanation for the two bands is that th
correspond to two different local adsorption configuratio
of CO which have different O-induced chemical shifts, e
fectively implying that there are two inequivalent sites f
CO adsorption relative to the position of the coadsorbed
atoms. In the absence of any hard information concerning
adsorption geometries of either coadsorbate, expanding
this idea is necessarily somewhat speculative. We note, h
ever, that the values of the C–O stretching frequenc
clearly favor all CO molecules being in local atop sites, a
that on the (132) reconstructed phase we have already
marked that, at least at high coverages, this must imply a
adsorption on both ridge and hollow Pt atoms. If the O ato
do occupy~hollow! sites on the~111! trough walls as seem
to be favored by the only real attempt to establish the oxy
adsorption site,59 one might then imagine that these two d
tinct CO sites would suffer different O-induced chemic
shifts, and could account for the two vibrational bands o
served.

IV. CO¿OXYGEN COADSORPTION UNDER
REACTION CONDITIONS

A. IRAS

Two distinct regions of kinetic behavior have been ide
tified in the reaction of CO1O2 on Pt$110%. Bonzel and
Ku18,19 observed that, for a given temperature and oxyg
pressure, the rate of CO2 production initially increased as th
partial pressure of CO increased up to a critical value, whe
upon the rate rapidly decreased. They were able to mo
this behavior by considering that adsorbed CO molecu
block sites for oxygen absorption, but not vice versa. T
model was supported by their observation that an oxygen
surface can react immediately when it is exposed to CO,
Downloaded 19 Aug 2013 to 128.118.88.48. This article is copyrighted as indicated in the abstract.
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when the dosing sequence is reversed and a coverage C
prepared, an induction period is required~presumably during
which CO desorption is occurring! before reaction can occu
(475 K,T,595 K).18 However, as stated in the introduc
tion, a variety of other models can also describe this beh
ior. The bifurcation in the reaction rate exhibited by CO ox
dation over Pt$110% has subsequently been well documente
The high rate branch is associated with a higher tempera
and a greater O2 :CO partial pressure ratio.1,6,7,19,65 It is
known that the surface is in the (132) state during the high
rate branch and in the (131) state in the low rate
branch.16,65 There are, however, no experimental data av
able which identify the nature and coverage of the surf
species during either rate branch.

Figure 5 displays IRAS spectra and mass spectrosc
~MS! measurements recorded concurrently while the te
perature of a Pt$110% crystal, exposed to a constant flow o
oxygen and CO, was successively lowered and raised.
rate of CO2 production in this figure is expressed in ML s21,
calibrated by preparing a surface with 1 ML of adsorbed C
at 300 K and then warming the crystal in 3.7531025 mbar
O2 while recording the CO2 and CO partial pressures. Th
measurements of Fig. 5 show a small hysteresis in the t
perature at which the transition between the two r
branches occurs on cooling~500 K!, and heating~504 K!.
Two vibrational bands are observed, one associated w
each of the two reaction rate states. A high intensity ban
;2085 cm21 is seen in the low rate branch with a FWHM o
7.7 cm21 and a Lorentzian line shape associated with li

FIG. 5. The IRAS spectra~left! and the rate of CO2 production ~right!
recorded continuously while a Pt$110% surface, exposed to a partial pressu
of 3.831025 mbar O2 and a 1.331025 mbar CO, was heated and cooled
a rate of 0.31 K s21. Each spectrum was recorded at a resolution of 2 cm21

and required 45 s to acquire.
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892 J. Chem. Phys., Vol. 117, No. 2, 8 July 2002 Miners et al.
time broadening.28 The high rate branch is characterized
an absorption band at lower frequency (;2062 cm21) with a
FWHM of 12 cm21 and Voigt line shape~of which 8 cm21

is Lorentztan!. The difference in frequency of the two band
arises from a combination of dynamic-dipole coupling w
increasing CO coverage and the effect of O coadsorp
producing a chemical shift. These can be separated by u
isotopic mixtures as described below. No IRAS band ass
ated with the presence of either CO adsorbed in the bri
configuration~around 1800 cm21! or CO adsorbed on an ox
ide surface (2120 cm21) was observed.

The local CO coverage in these two states can be
duced from the shift due to dipole–dipole coupling, and
local chemical environment from the chemical shift. The
sults of experiments to separate these components are s
in Fig. 6. In order to keep any spectral shift due to dephas
constant during this experiment, the system was kept at c
stant temperature and the system varied from high
branch to low rate branch by varying the oxygen partial pr
sure while maintaining the CO partial pressure constant
the lower half of the figure are the spectra for the high a
low rate branch using 100%12CO ~cf. Fig. 5!, while the
upper half of the figure shows the results of repeating
experiment using an isotopic mixture of13CO and 10%
12CO. In the uppermost spectrum, recorded in the absenc
oxygen, the isotopically diluted12CO band is centered at
frequency of 2051 cm21. This value corresponds to the fre
quency of a band with no chemical shift and a maximum
4 cm21 dipole–dipole shift.

The IRAS band associated with the high rate branch
observed at a frequency of 2062 cm21, with an integrated

FIG. 6. The IRAS spectra from Pt$110% recorded under reaction condition
at constant temperature and a CO partial pressure of 831026 mbar, but
with varying partial pressure of O. The associated rates of CO2 production
are also noted. In the upper set of spectra, a mixture 1:1012CO:13CO was
used.
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absorbance of 0.025 A cm21. When using isotopic dilution it
has a frequency of 2056 cm21. We can therefore conclud
that the frequency of 2062 cm21 includes a shift due to
dipole–dipole coupling of 663 cm21, while accounting for
the temperature dependence of the C–O stretching frequ
shown in Fig. 2 indicates that there is also a chemical shif
562 cm21 indicative of coadsorption with oxygen. Figure
also allows us to equate the dipole–dipole coupling shift t
local CO coverage of 0.0560.04 ML. The large Gaussian
component in the broadening of this band implies inhom
geneous broadening and is indicative of a large numbe
adsorbate environments for the CO, as would be expecte
a steady state CO coverage, in a mixed O–CO adlayer.
intermixing is confirmed by a determination of theaverage
CO coverage from the measured integrated absorption~using
the cross section of CO at this CO local coverage!; the value
obtained is 0.025 ML. Despite the limited precision of t
local coverage determination, it is clear that these two val
of the local and average coverage are most obviously rec
ciled by a fully intermixed rather than islanded CO laye
The rather accurate determination of the average CO co
age as a low value of 0.025 ML clearly implies, from earli
LEED studies, that the surface in this high rate branch of
reaction is in the (132) reconstructed phase.65

The IRAS band associated with the low rate branch
observed at a frequency of 2083 cm21, with an integrated
absorbance of 0.211 A cm21. When using isotopic dilution it
has a frequency of 2051 cm21. Indeed the IRAS band asso
ciated with the low rate branch is identical to that obtained
the absence of any O2 in the gas phase. The shift of 3
63 cm21 due to dynamic dipole coupling yields a value f
the local CO coverage of 0.560.1 ML while comparison
with the average coverage obtained from the integrated
sorbance shows that this average coverage is present o
610 % of the surface; i.e., there is no islanding. This cov
age means that there can be no pairs of adjacent vacant
upon which O2 can dissociatively adsorb, thus providin
the first direct evidence that the low rate branch correspo
to a CO-poisoned surface. Prior LEED studies indicate t
at this CO coverage the surface is in the unreconstruc
(131) phase.65

It is expected that the two states observed in the bif
cation of the reaction rate are the same two states wh
coexist on the surface during pattern formation. Nevert
less, we may ask whether our IRAS experiments corresp
to the situation of homogeneous switching of the surfa
between these two states or pattern formation. Figure 5 c
tains two spectra in which the C–O stretching bands cha
teristic of both of the two states are observed, but this d
not prove that the two states are present on the surface a
same time as would be the case in pattern formation;
alternative explanation is that the entire surface switch
from one state to the other during the time taken to accum
late these spectra.

To provide further information on this aspect, kinet
rate oscillations were established and monitored simu
neously by time-resolved IRAS and mass spectrometry
representative set of IRAS spectra and the associated2
production rate derived from the mass spectrometry are
 Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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played in Fig. 7, while the amplitudes of the main IRAS a
mass spectrometer peaks are shown as a function of tim
Fig. 8. The oscillations in the mass spectrometer sign
clearly show that a macroscopic kinetic oscillation in t
reaction rate is occurring. In addition, however, the IRA
data show the presence on the surface of the same two s
which are observed on either side of the reaction rate bi
cation. The fact that both IRAS bands are present at appr
mately constant frequency throughout the oscillations,
change their relative intensities, indicates that the two as
ciated species are spatially separated; they coexist on d
ent parts of the surface but with the relative areas of

FIG. 7. A set of IRAS spectra recorded from Pt$110% under conditions
giving rise to an oscillating reaction rate with a period of 63 seconds.
spectra were recorded with 7.2 s temporal and 2 cm21 spectral resolution.
Also shown is the CO2 production rate obtained from monitoring the ma
44 partial pressure on the mass spectrometer.

FIG. 8. Summary of the main results of the experiment shown in raw d
form in Fig. 7, notably the temporal variation of the partial pressures of O2 ,
CO, and CO2 , the integrated absorbance of the two IRAS bands and
exact frequency of the IRAS peak around the 2081 cm21 band.
Downloaded 19 Aug 2013 to 128.118.88.48. This article is copyrighted as indicated in the abstract.
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surface in each state oscillating with time, thus indicati
that microscopic local pattern formation is occurring. T
macroscopic reaction is presumably coupled either via
gas phase or faceting.15,65,66Similar measurements of osci
lations were recorded under a wide range of conditio
(450 K,T,530 K, 131025 mbar,ptotal,131024 mbar)
with periods from seconds to minutes, and all of these
hibited the behavior shown in these two figures. Notice
that Fig. 8 shows particularly clearly the in-phase behav
of the CO2 partial pressure and the 2066 cm21 vibrational
band, and the fact that the 2081 cm21 band has an intensity
which is in antiphase to this monitor of the reaction ra
providing a particularly clear correlation of these monitors
the surface state with the rate of reaction.

Note that in these experiments the pumping speed
high, ensuring that that the measured partial pressures in
gas phase relate directly relate to the rate of reaction or
duction. Furthermore, the oscillations in the pressure of
product CO2 are exactly out of phase with those of the rea
tants, CO and O2. The highest rate of production of CO2

thus occurs when the rate of adsorption of the reactant
highest, which indicates that the high rate branch in the
cillation reaction is occurring by adsorption andimmediate
reaction on the surface, rather than by slow accumulation
adsorbed CO followed by a ‘‘surface explosion’’ of the rea
tion. This conclusion is in contrast to the results of the low
pressure measurement by Meißenet al.15 Throughout the os-
cillations the frequency of the IRAS band characteristic
high rate branch remains approximately constant at a va
of 2066 cm21, but there is a small variation in the frequenc
of the band associated with the low rate branch arou
2081 cm21. This variation can be assigned the effects
dynamic dipole coupling either through the growth in t
size of the CO poisoned (131) domains~and thus the de-
creasing proportion of island-edge molecules!, or a slight
increase in the local coverage.

B. PEEM

The results of repeating the conditions of our IRAS e
periments using PEEM are presented in Fig. 9. To relate
setup to the previous PEEM calibration measurements30 and
account for day-to-day fluctuations in the measured PE
intensity, the intensities obtained from a clean surface, a
face of known CO coverage,32 and the O-saturated surfac
were measured.31,32 The numerical values of these avera
intensities~shown in arbitrary units! are expressed as th
darkness, so the value is zero for the clean surface wh
shows a bright image and is large for the darkest image~cor-
responding to the largest work function!. The value of the
saturated oxygen coverage is taken as being 0.7 ML. Foll
ing these initial calibration experiments, a partial pressure
CO was introduced and the oxygen partial pressure varie
obtain the reaction conditions corresponding to low r
branch, the high rate branch and pattern formation. The w
function increase associated with O adsorption is mu
larger than that due to CO adsorption~0.8 and 0.15 eV, re-
spectively!, so the PEEM intensity is far more sensitive
the presence of oxygen, especially at low coverages.
shown in Fig. 9, the measured PEEM intensity when
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surface is entirely reacting under the conditions of the l
rate branch@Fig. 9~D!# is almost the same as when the su
face is only exposed to CO@Fig. 9~B!#. Furthermore the
same intensity is observed in the light patches of the PE
images during the conditions of pattern formation@Fig.
9~F!#. These results are consistent with the conclusions
our IRAS study that under these conditions the surface
essentially free of adsorbed oxygen. Based on the IRAS
we concluded that in the low reaction rate branch the surf
has QCO50.560.1 ML and the PEEM intensity then indi
cates thatQO50.0360.01 ML.

When the surface is reacting in the high rate branch,
IRAS data indicate a CO coverage of only 0.0560.03 ML,
and the small effect which this is expected to have on
numerical value of the PEEM intensity~1.661.0 arbitrary
units! is clearly an almost negligible contribution to the me
sured total value of 140 arbitrary units. The dominant inte
sity change must therefore be ascribed to a high oxygen
erage. The high rate branch is identified as being
oxygenated surface in the (132) phase; strictly the result
of panels~C! and~E! of Fig. 9 imply an oxygen coverage o
QO50.7 ML, but the coverage range quoted in Fig. 9
flects the average of many measurements under diffe
conditions as described below.

FIG. 9. PEEM images from Pt$110% recorded at 483 K:~A! clean surface;
~B! CO-covered surface~exposed topCO51.531025 mbar!, 0.85 ML CO
~Ref. 64!; ~C! oxygen-covered surface~exposed topO2

54.531025 mbar!;
~D! surface undergoing reaction in the high rate branch~pO2

54.5
31025 mbar, pCO51.531025 mbar!; ~E! surface undergoing reaction i
the low rate branch~pO2

54.031025 mbar, pCO51.531025 mbar!. Note
that the oxygen coverage quoted in this panel of the figure relates to
results of a range of different experiments and not only the specific im
shown here;~F! surface undergoing reaction under conditions of patt
formation ~pO2

54.231025 mbar, pCO51.531025 mbar!.
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The measurements were repeated at different temp
tures and pressures (440 K,T,530 K, 131025 mbar
,ptotal,531024 mbar), both with PEEM and IRAS. Al-
though in IRAS, the same two coverages of CO were
served, and the PEEM intensity of the low rate branch
mained constant, the intensity of the high rate branch sho
considerable variation under different reaction conditio
and the full range of results of obtained indicate that the h
rate branch can correspond to oxygen coverages in the w
range from 0.3–0.7 ML. The large range also reflects
only a real variation in the oxygen coverage but also a
duced precision for the coverage determination when
work function becomes very large and the PEEM intensity
far less sensitive to its exact value. One clear example of
real variation in oxygen coverage in those parts of the s
face reacting under the high rate branch conditions can
seen in the PEEM image obtained under the conditions
pattern formation in Fig. 9~F!. While the bright regions cor-
responding to the low rate branch have a brightness v
similar to those of panels~B! and~D! as remarked earlier, the
dark regions of these images clearly are less dark tha
panels~C! and~E!, indicating a subsaturation oxygen cove
age. This effect has previously been reported in the w
function measurements of Eiswirth and Ertl.6,7

We should remark that the variability of the oxygen co
erage in the high reaction rate condition and the more c
stant high CO coverage of the surface in the low rate con
tion are consistent with expectations based on the
blocking and reconstruction model of the reaction.2,18,19,60,67

In this model the low reaction rate condition is attributed
the fact that two neighboring vacant sites are required
molecular oxygen dissociation subsequent atomic oxygen
action, but a local CO coverage of 0.5 ML blocks adjace
sites and thus inhibits oxygen dissociation and poisons
reaction. In the high rate condition, however, the oxyg
steady state coverage simply needs to be sufficient to pre
the coverage of CO rising above the level required to ca
statistical nucleation of (131) unreconstructed-surfac
islands.68–70

V. CONCLUSIONS

Our primary objective in this investigation has been
use IRAS, together with some additional PEEM experimen
to obtain quantitative information on the CO and oxyg
coverage of a Pt$110% surface as it undergoes an oscillato
CO oxidation reaction, and in particular to provide this ch
acterization of the surface when in the low and high react
rate branches of this process. Using IRAS to provide t
information has required the results of extensive initial ca
bration experiments to determine how the C–O stretch
frequency and integrated absorbance vary as a functio
CO coverage, oxygen coadsorption and temperature, an
separate out the roles of dynamic dipole–dipole coupli
chemical shifts and dephasing. In the process of collec
this information, a number of important further results ha
been obtained. In particular, our results show clearly that
is distributed rather evenly over the surface at all covera
with and without coadsorbed atomic oxygen, and does
form extended islands. Coadsorption experiments at 30

he
e
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also indicated that there are two different sites for CO
sorption in presence of oxygen. We propose that these
be assigned to CO molecules which adsorb atop hollow
ridge Pt atoms on the (132) surface; molecules occupyin
these two sites may then be rendered inequivalent in term
oxygen-induced chemical shifts by the specific adsorpt
sites of the O atoms, probably on the$111%-like trough sides
of this missing-row reconstructed surface. We should p
haps note here, however, that under reaction conditions t
was no evidence of co-occupation of these two states.
reason for this is not known, but may be related to the s
nificantly higher temperature under reaction conditio
which may cause one of these sites to be more strongly
vored.

Using the results of these calibration experiments, ho
ever, we have also been able to interpret the results of sim
studies of the surface under reaction conditions, IRAS p
viding primary information on the CO coverage and the lo
coordination site, while PEEM has provided information
the oxygen coverages. Changes on the surface have
related directly to the CO2 production rate under both stead
state and oscillatory reaction conditions. These meas
ments allow us to clearly exclude some processes wh
have previously been considered in trying to understand
system. For example, we find no evidence for an oxide ph
or subsurface oxygen, nor for any local CO coordination s
other than atop~such a bridge!.

The CO and oxygen coverages on the Pt$110% surface
when undergoing the CO oxidation reaction in both low a
high reaction rate branches have been determined. In the
rate branch the surface has a high CO coverage and
oxygen coverage (QCO50.560.1 ML, QO50.0360.01)
which must therefore be in the (131) unreconstructed
phase. By contrast, under high reaction rate branch co
tions, the surface has a high oxygen coverage and low
coverage (QCO50.0560.03 ML, QO50.3– 0.7 ML) which
must therefore be in the reconstructed (132) phase. The
states observed to make up the high and low reac
branches are responsible for the two main phases obse
during pattern formation. These findings are entirely con
tent with the site blocking and reconstruction model of t
reaction.2,18,19,60,67

Based on this new information and the prior models
the system which are consistent with it, we can relate the
states observed in the hysteresis and in the spatiotemp
pattern formation exhibited by this system as observed
PEEM, IRAS, and LEEM. The high rate phase observed
the ~spatio-!temporal pattern formation is an oxygenat
(132) surface; the low rate corresponds to regions
(131) surface with a high~0.5 ML! coverage of CO. The
key processes are the role of high CO coverages in bloc
sites for O2 dissociation and the influence of the surfa
reconstruction and unreconstruction.2,15,18,19,60,67It appears
that oxygen dissociation and adsorption is inhibited wh
QCO(local).0.3 ML and that the reaction is poisoned wh
QCO(local)50.5 ML; moreover, homogeneous nucleation
the unreconstructed (131) phase occurs atQCO(local)
50.2 ML and locally these small islands are thought to ha
a coverage of CO of 0.5 ML. Notice, however, that our IRA
Downloaded 19 Aug 2013 to 128.118.88.48. This article is copyrighted as indicated in the abstract.
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data are inconsistent with the heterogeneous nucleation
growth of islands of this coverage.
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70O. Kortlüke, V. N. Kuzovkov, and W. von Neissen, J. Chem. Phys.110,

11523~1999!.
 Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions


