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ABSTRACT: We combine low-temperature scanning tunneling
microscopy and measurements of the catalytic activity to establish
a structure—reactivity correlation for the CO oxidation on Pt
nanoclusters on rutile TiO,(110)-(1 X 1). Annealing of the
clusters to 1100 K leads to their encapsulation by a reduced
titania layer. We present a method how this catalytically passive
strong metal —support interaction state can be transformed into a
very active one. We believe that our method is of general interest

well beyond the presented system.

KEYWORDS: strong metal—support interaction (SMSI), Pt
nanoclusters, TiO,, catalysis, CO oxidation, scanning tunneling

microscopy (STM)
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etal clusters supported on metal oxide surfaces are cur-
Mrently intensively studied as model catalysts to achieve an
atomic scale understanding of nanocatalysis."> Size, crystal
structure, chemical composition, and electronic properties of
the metal clusters can strongly influence their catalytic activity.>*
For instance, the surface of bulk Au is well-known to be
catalytically inactive, whereas dispersed Au nanoparticles on
oxides exhibit a high catalytic activity for various chemical
reactions, for example, for low-temperature CO oxidation.”™ '3
Electron charging of Au clusters bound to MgO(001) surface
defects str0n§ly influences CO adsorption'* and CO
oxidation.">™'® In contrast to Au, bulk Pt is known to be an
excellent catalyst for a number of reactions, including CO
oxidation,'”*® which justifies its wide use in current industrial
catalysts.

However, nanoparticles of Pt, as well as of other group 8—10
noble metals, on TiO, lose their H, and CO chemisorption
capacity when annealed above 700 K.*' This effect is attributed to
a “strong metal-support interaction”*' (SMSI); the passive state
is commonly referred to as the SMSI state.”>*° Since it severely
restricts the practical use of the catalyst, this state has been
studied intensively over the last three decades by means of
surface-sensitive techniques and for several metals (Pt, Pd, Rh,
etc.) on atomically well-defined oxide surfaces such as TiO,-
(110), Fe304(111), and CeO,(111), revealing in all cases that
the SMSI state is related to an encapsulation of the deposited
metal by a reduced thin oxide layer coming from the support
during annealing.**”>° This encapsulation is found to be the
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cause of the strong decrease in the metal's capacity to adsorb
CO24—32

Here, we report on a method to remove the SMSI state for Pt
nanoclusters on rutile TiO,(110)-(1 x 1). We use an ultrahigh
vacuum experimental setup®' combining low-temperature scan-
ning tunneling microscopy (STM)52 and catalytic measure-
ments. Suboxide-encapsulated Pt clusters are found to be
almost inactive in catalytic CO oxidation. As we will show, this
SMSI state can be transferred into a very active and thermally
stable one, thus overcoming the SMSI limitation.

Figure 1 shows STM images of 25% monolayer (ML) of Pt (1
ML Pt is defined as the Pt(111) atomic surface density = 1.5 X
10" atoms/cm”) deposited at room temperature on a clean
rutile TiO,(110)-(1 x 1) surface,*® followed by annealing at
1100 K for 3 h (see the Supporting Information). The overview
STM image shows regularly dispersed Pt clusters that appear as
bright spots. Images taken at many other locations are very
similar and thus reveal that the sample morphology is quite
homogeneous, such that spatially integrating catalytic reaction
measurements based on mass spectroscopy can safely be related
to the shown cluster morphology. The close-up STM image
(Figure 1b) shows that the Pt clusters have different apparent
sizes and have grown on the bare terraces as well as at the
monatomic steps of the TiO,(110) surface. The bright and dark
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Figure 1. (a) Overview and (b) close-up STM images of 25% ML Pt
deposited at room temperature on TiO,(110)-(1 x 1) followed by
annealing at 1100 K for 3 h (+1.5V, 0.1 nA, 80 K).

lines resolved on the bare terraces correspond to [001]-oriented
rows of S5-fold-coordinated Ti and bridging O atoms,
respectively.> In addition, we discern by their apparent heights
two types of bright point defects randomly distributed on the
oxygen rows. The majority are O vacancies (O,,.) appearing
with a height of 0.3 A, and the minority are hydroxyls (OH) with
an apparent height of 0.8 A (see also the Supporting In-
formation). The Oy, surface density in the cluster-free surface
areas is estimated to 12.5% ML (with respect to the density of
the TiO,(110)-(1 x 1) unit cells of 5.2 x 10"* cm™?), which
means that the surface of the TiO, crystal is strongly
reduced.> > The STM contrast on the TiO,(110) terraces is
related to the empty states and well-known to be dominated by
electronic effects.>

Figure 2a displays the CO, production on the surface shown in
Figure 1 as a function of sample temperature when CO and O,
reactants are pulsed alternatingly on the sample. To distinguish
the product from CO, in the residual gas, we dose isotopic
13¢clo (green) and 80, (blue in the right insert in Figure 2a)
and detect the yield of *C'°0'®0. The flux of the CO, product is
displayed in red when correlated with the CO pulse and in orange
when correlated with the O, pulse (right insert in Figure 2a).
This CO, production is very small. The CO, signal is composed
of a temperature-independent background coming from the
detector walls and a very small increase beyond this above
450 K. The CO, production is increased by more than an order
of magnitude when this sample is sputtered with argon ions at
room temperature and then annealed at 1100 K for 1 h
(Supporting Information). As can be seen from comparison of
the two STM images shown as insets in Figure 2, the morphology
of the catalytically active sample is very similar to the one of the
passive sample before the sputter—anneal treatment.

The CO, production as a function of temperature in Figure 2b
—in particular, its correlation to O, at low and CO at high
temperature—is reminiscent of Pt being the catalytically active
element."” Note that Pd(111)*" > and Pd nanoclusters on
MgO® display a similar behavior. The maximum of CO,
production is observed at ~470 K and estimated to 0.03 CO,
per cluster surface Pt atom. This is ~20 times higher than for the
nonsputter-annealed Pt/TiO, sample (Figure 2a), estimated
after subtraction of the CO, background measured at 300 K. It
is synchronized with CO reacting with dissociated oxygen
chemisorbed on the surfaces of the metal clusters. For tempera-
tures between 370 and 450 K, we observe the coexistence of CO,
production synchronized with the O, dosage. This is due to the
oxidation of CO molecules chemisorbed on the clusters. This

0,(36) CO(29) COo(47)

N N =t 470 480 490 500
a) I\'

0.0 A A AR A i b

CO5 production (molecules/(cmz.s))
o o @

-
o
1

13

0.5
o

x1

—

KN

300 350 400 450 500
Temperature (K)

b) l
0.0 wmmuuuunHlullll

Figure 2. (a) Vanishingly small CO, production (red-orange) obtained
on the SMSI sample displayed in the left inset upon dosing alternating
pulses of O, (blue) and CO (green) as shown in the right inset as a function
of the sample temperature and time (heating rate 1 K/s, pulse frequency
0.1 Hz). (b) High CO, production obtained on the sample displayed in
the left inset (same preparation as in panel a), followed by Ar ion
sputtering at room temperature and annealing at 1100 K for 1 h). Red
and orange colors refer to the CO, production synchronized with CO
and O, pulses, respectively.

CO, peak vanishes above 450 K, where CO desorbs and only
oxygen remains adsorbed on the cluster surfaces. The fact that
there is no CO, production beyond the background below 370 K
is caused by the Pt clusters being fully covered by CO, leaving no
surface sites for the dissociation of O, molecules, which is known
as CO poisoning of the catalyst.'”*” %

A detailed analysis of the cluster morphology of the two
differently prepared model catalysts (Figure 2) is presented in
the apparent height histograms in Figure 3b and d derived from
the STM images of Figure 3a and ¢, respectively. Both distribu-
tions show almost identical average apparent heights of 10.0 and
10.2 A, respectively. The distributions are similar for large
apparent heights; the small ones have a marked peak at 5.5 A
in Figure 3b that disappears in the activated sample (Figure 3d).
We estimate the cluster volume from a half-sphere model for the
clusters and from their surface densities of 2.7 x 10'* and 1.6 x
10" cm ™ to be 35% and 19% ML, respectively, which is once
above and once below the deposited amount of 25% ML Pt.
Although this estimation has to be taken with care, it is indicative
of the passive sample indeed presenting an encapsulation
layer,®" whereas this layer is absent—and probably some Pt
has been sputtered away—in the active one. A further indication
of the presence of a passivation layer in Figure 3a can be derived
when attributing the prevailing apparent height of 5.5 A to a
monolayer of Pt covered by Ti suboxide,®! which is much higher
than a clean metal monolayer on TiO, (3.5 A).>®* Figure 3
shows that both Pt/ TiO,(110) samples have comparable cluster
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Figure 3. (a) Overview STM image of 25% ML Pt deposited at room
temperature on TiO,(110)-(1 x 1) followed by annealing at 1100 K
over 3 h. (b) Apparent height distribution of the clusters observed in
panel a. (c) Overview STM image of a Pt/TiO,(110) sample prepared
as in panel a and followed by room temperature sputtering and
annealing at 1100 K over 1 h. (d) Corresponding apparent height
distribution.

sizes such that the large difference in the catalytic activity
between the two samples (Figure 2) cannot be attributed to
cluster size effects.

We attribute the very low catalytic activity in Figure 2a to the
fact that the Pt clusters are encapsulated by a reduced titania
layer that forms during the high-temperature treatment, as
previously demonstrated and widely accepted in the SMSI
literature.”* > The ence;psulated clusters are characterized by
a high thermal stability.”* The encapsulating layer blocks the
active sites of the Pt clusters and therefore passivates them
toward the catalytic CO oxidation. The small CO, production
observed in Figure 2a above 450 K may be caused by a few
remaining active Pt sites because it is not observed on clean
Ti0,(110) surfaces and its behavior as a function of temperature
is characteristic of Pt.

The mechanisms of metal encapsulation on oxides occurring
in the SMSI state are complicated and not yet fully understood.
One model has been proposed by Fu et al., who argued that the
encapsulation is a multistep process and occurs only for metals
with larger work function and surface energy as compared with
those of the oxide support.48’49 According to this model, metal
encapsulation on TiO, requires (i) electron transfer from the
oxide to the metal, (ii) the thermally activated outward diffusion
of bulk Ti*" interstitials, and finally, (iii) mass transport and
migration of a thin oxide layer onto the surface of the metal, driven
by a minimization of the surface energy of the system. The case of
Pt on reduced TiO,(110) obeys all these criteria. Indeed, (i) the
work function of Pt(111) is higher (by ~0.7 eV) than the one of
Ti0,(110),*® and electron transfer from Ti’" states of TiO,-
(110) to Pt atoms has been experimentally demonstrated.*>%° In
addition, (i) the Ti** depletion from the bulk to the surface of
TiO,(110) occurs for the same reasons as the widely studied

oxygen-induced surface reconstruction.*****”~7° Finally, (iii) the
surface energy of Pt(111)***° is about $ times higher than that of
Ti0,(110).”"7* These arguments, together with our reactivity
measurements, strongly suggest that high-temperature annealing
of Pt on reduced TiO, results in the encapsulation of Pt by a
reduced titania layer.*>” **

The high catalytic activity observed in Figure 2b results from
sputter removal of the encapsulating suboxide layer from the
SMSI Pt/TiO, sample. The surprising finding is that the
encapsulating layer does not form again when the sputtered
Pt/TiO,(110) sample is annealed to 1100 K. In addition to
removin(g the encapsulation from the thermally stable Pt
clusters,®* ion sputtering also increases the reduction state of
the cluster-free surface regions by preferentially depleting them
of oxygen.>® Annealing of oxygen-depleted TiO, surfaces above
700 K under ultrahigh vacuum restores the stoichiometry by the
diffusion of Ti cations from the surface to the bulk of the crystal.”®
This is the case on Pt-free surface regions that appear in STM as
clean TiO,(110)-(1 x 1) with close to bulk stoichiometry (see
Supporting Information). During the annealing of the sputtered
sample to 1100 K, the diffusion direction of the Ti cations in the
Pt-free surface regions is thus opposite to the one of the
encapsulation process. In addition, the sputter-induced surface
Ti cations diffuse into the bulk of the TiO, crystal rather than
onto the Pt clusters.

We note that Rh and Pd particle encapsulation does occur if
the metal is vapor-deposited on presputtered TiO,(110) surfaces
that are then annealed to high temperatures.’>*® This indicates
that the absence of encapsulation in the case of our sputter-
annealed Pt/TiO,(110) sample is due to the fact that the ion-
sputtering treatment is performed after, not before, the clusters
are formed and encapsulated. Due to the mechanisms outlined
above occurring during the encapsulation, the interface between
the metal clusters and the oxide support is expected to be
modified by the encapsulation. This encapsulation-induced inter-
face modification is a possible reason why the encapsulation
process is self-limited to suboxide thicknesses of only one or two
ML, as reported in the case of different metals on various oxide
surfaces.”* *° The self-limitation of the encapsulation is sup-
ported in our catalytic measurements by the small CO, produc-
tion (Figure 2a) on the encapsulated Pt clusters, which likely still
expose some active Pt sites at their surfaces, even after 3 h of
heating at 1100 K. Therefore, one can understand that, if the
suboxide layer encapsulating the metal clusters is removed, its re-
formation by subsequent high-temperature annealing is quenc-
hed. This gives rise to the highly active and thermally stable Pt
clusters characterized in Figure 2b. In line with the metal-oxide-
interface-based interpretation proposed here, we note that Nb
doping of the near-surface region of TiO, also quenches the
encapsulation of Pt during annealing.*® To better understand the
reasons for the metal encapsulation quenching, further investiga-
tions are necessary.

In conclusion, we have reported a sputter—anneal procedure
that transfers Pt nanoclusters on TiO,(110)-(1 X 1) from their
almost inert SMSI state to a catalytically active and thermally
stable one for CO oxidation. The procedure prevents the
encapsulation of the Pt clusters by a thin, reduced titania layer,
which usually forms by high-temperature treatment of Pt/TiO,
and is known to be responsible for the catalytic passivity of the
metal clusters. This procedure can in principle be applied to
other (ultra)high-vacuum-prepared SMSI systems and to other
catalytic reactions.
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1) Experiment

Experiments have been carried out in an ultra-high vacuum system containing two main
chambers connected to each other by a transfer chamber. One is for the preparation of sample
surfaces by ion sputtering and annealing, for the deposition of mass-selected metal clusters'® and
for catalytic reaction measurements. These are taken out with a home-built detector (sniffer)lb
minimizing the influence of reactions taking place elsewhere than on the sample and enabling to
dose gas pulses and to study the reaction kinetics with ms temporal resolution. The other chamber
houses a home-built low-temperature scanning tunneling microscope (STM) operated in the
present study at 80 K. The base pressures in the preparation-catalysis and STM chambers are
typically in the low 10" and 10" mbar ranges, respectively. The STM images presented in this
paper have been measured in the constant-current mode (tunneling voltage = +1.5 V, tunneling
current = 0.1 nA), the stated voltage refers to the electric potential of the sample with respect to
the tip. The STM tips have been electrochemically etched from a tungsten wire. The STM images
have been processed with the WSxM software.”

The rutile TiO,(110) single-crystal substrate (6.0 mm x 4.2 mm, thickness ~ 3 mm) used in
this work has been purchased from MTI Corporation. It was mounted in a transferable
molybdenum sample holder, where the back side of the sample was supported on a tantalum plate.
The clean TiO,(110)-(1x1) surface has been prepared by repeated cycles of Ar-ion sputtering (150
nA, 1 kV, 13 hours) at room temperature (RT) followed by annealing (through electron-beam
bombardment of the supporting tantalum plate) at 1100 K for one hour. The temperature was
controlled by a chromel-alumel thermocouple touching the back side of the crystal.
Sputtering-annealing cycles reduce the TiO,(110) crystal by producing point defects such as bulk
Ti* interstitials, as well as bulk and surface O vacancies. These defects introduce electronic states
in the TiO, band gap, which makes STM measurements possible.® The reduction of the TiO,(110)
crystal is accompanied by a color change from transparent to dark blue, which fingerprints the
presence of a number of color centers associated with bulk defects.” The as-reduced TiO, crystal has
been used as substrate for the Pt clusters.

Pt,"ions were deposited with a kinetic energy of 7 eV by means of the mass-selected cluster
source on the clean TiO,(110)-(1x1) surface kept at RT. In order to obtain the coverage of 25%
monolayer (ML), the sample has been exposed to a Pt;" current of 4 nA for 65 min. After
controlling the surface morphology with the STM, the sample was annealed at 1100 K during three
hours. Subsequently, the STM investigations and catalytic CO oxidation measurements presented
in the paper have been carried out. The second and catalytically active Pt/TiO,(110) sample has
been prepared exactly as the first, but in addition the sample has been sputtered (30 nA, 1 kV, 13
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hours) at RT and subsequently annealed at 1100 K for one hour.

In order to determine the real temperature of the sample surface during the catalytic CO
oxidation measurements carried out with a heating rate of 1 K/s, the temperature measured by the
thermocouple has been calibrated by thermal desorption spectroscopy measurements of water (first,
second, and multilayers) and oxygen on the TiO,(110)-(1x1) surface. The measured water and
oxygen desorption temperatures have been compared with values available in literature™ to
determine a calibration function which has been used to deduce the real temperature of the sample
as indicated in the paper.

2) STM measurements of the clean TiO,(110)-(1x1) surface
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Figure S1. (a) Overview STM image of the clean TiO»(110)-(1%x1) surface showing monatomic
steps. (b) Height profile along the cyan line indicated in (a) showing that the TiO; steps have an
apparent height of 3.2 A. (c) Close-up STM image revealing the [001]-oriented titanium (bright)
and oxygen (dark) rows of the TiO»(110)-(1x1) terraces, as well as point defects which are mostly
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Oyue (one of them is highlighted by a square) with few OH (circle). Each terrace has been

color-coded individually in order to enhance the contrast.

Figure S1 shows STM images of the clean TiO,(110)-(1x1) surface prepared as outlined
above. Figure Sla shows large terraces with widths exceeding 30 nm, separated by steps with a
height of 3.2 A, which agrees well with the value of 3.24 A expected for monatomic steps from the
rutile crystal structure. A high resolution STM image is shown in Figure Slc. On the bare terraces
it reveals bright and dark lines corresponding to the [001]-oriented rows of fivefold coordinated Ti
and bridging O atoms, respectively.” A number of point defects are also seen, which are mostly O
vacancies (Oyq, represented with a square and appearing 0.3 A higher than the O rows) and some
hydroxyls (OH, represented with a circle and having an apparent height of 0.8 A), the latter
resulting from the dissociation of residual gas water molecules at Oy, sites.® The Oyye density
estimated from Figure S1c amounts to 9.0% ML (here, two OH are counted as a single Oy, (see
reference 6)), with the ML definition as in the manuscript. We find that the O,,. concentration is
rather inhomogeneous over the crystal, and on the same sample there are terraces with 5.4% ML.
We derive a mean value of (7 £ 1) % ML. This value is smaller than the one after Pt deposition and
cluster formation, as outlined in the manuscript and below; however, it is indicative of a strongly
reduced TiO, crystal,*** in agreement with its dark blue color.

Supporting Information S. Bonanni et al. S2



3) Catalytic CO oxidation on Pt/TiO,(110)-(1x1) after deposition at RT
25

CO3 production (molecules/(cmz.s))

300 350 400 450 500
Temperature (K)

Figure S2. CO; production obtained on 25% ML Pt/TiO>(110)-(1%1) after RT deposition. The
surface morphology of the sample is shown in the inset STM image.

Figure 2S shows that the Pt/TiO,(110)-(1x1) sample after deposition at RT (see the inset
STM image for the surface morphology) is much more active for the catalytic CO oxidation than
after annealing it at 1100 K, which demonstrates that Pt encapsulation takes place only after the

high-temperature treatment.

4) STM measurements of Pt nanoclusters on TiO,(110)-(1x1)

Figure S3. (a) High resolution STM image of 25% ML Pt deposited at RT on TiO(110)-(1x1)
followed by annealing at 1100 K during three hours. (b) STM image of a Pt/TiO,(110) sample
prepared as in (a) and followed by RT sputtering and annealing at 1100 K during one hour.
Squares and circles refer to O,,. and OH, respectively. In both STM images, the heights of the
TiO,(110) steps have been subtracted in order to enhance the contrast related to the atomic features

on the bare terraces.

Figure S3a shows an STM image of the same sample as the one in Figures 1 and 2a inset of the
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manuscript. The clusters are localized on the bare terraces as well as at the steps of the TiO,(110)
surface. The terraces cover 85% of the image and their defect structure is clearly resolved enabling
to estimate the reduction state after cluster growth. We find an O,,, concentration of 12.5% ML,
which is almost twice as much as on the clean TiO,(110)-(1x1) surfaces. The higher Oy,
concentration is expected due to the longer annealing. This further reduces the surface due to
additional O desorption, and in addition O can diffuse onto the Pt nanoparticles and participate in
their titania encapsulation.

Figure S3b shows for comparison the surface where the SMSI state has been removed in the
way described in the paper. The surface covered by Pt clusters is slightly smaller such that the
terraces cover 92% of the image. Again, the point defects on the terraces are resolved. The OH
species are much more abundant; however the O,,. concentration is with 7.2% ML identical to the
one of the clean surface. Therefore the terraces are significantly more reduced on the SMSI sample
while the catalytically active one shows the same reduction state as the clean TiO, surface.

5) Determination of the gas amounts dosed onto, and coming off, the sample

For a quantitative analysis of the ion current measured by the sniffer in terms of number of gas
molecules dosed onto, and coming off, the sample per unit time and surface area, two calibrations
have been performed. (i) The calibration of the dose requires to establish a relation between the
partial pressure in the sniffer and the measured ion current. This has been achieved by having no
sample in front of the sniffer and not pumping it, while backfilling the main (preparation-catalysis)
chamber with stepwise increasing Ar pressures. Under these conditions the Ar pressure inside the
sniffer equals the one in the main chamber read out by a calibrated gauge. (ii) For the calibration of
the flux of desorbing species, we have performed thermal desorption spectroscopy of CO and H,O
on TiOy(110)-(1 x1) with the usual operation mode where the sample is close to the sniffer entrance
in order to minimize gas exchange with the main chamber, and the sniffer has been pumped
differentially. The calibration has been derived by comparing the integrals of the desorption peaks

of both molecules with those found in the literature.”’

6) Simulation of the CO oxidation on a Pt(111) surface

In the simulation, as in experiment, the reactants are pulsed with a delay and associated with
CO and O coverages on a Pt(111) surface. These coverages vary with time and hence with
temperature as given by the following coupled differential equations:

do ~EcoOco)
TCO =—Veobco-€ RS Foo(0)-(1=0cp) = 46006, M
do —Eo (%)

dto =Vo .902 et 4 Po (t)'(l - 90 - ‘9c0)2 - AﬂCOﬂO &

The first terms on the right side of equations 1 and 2 describe the desorption, where 8; (i = CO or
0) are the coverages, v; the attempt frequencies, and E(#;) the possibly coverage-dependent
adsorption energies of CO and O. The second terms describe the adsorption, which is proportional
to P(f), which itself is proportional to the product of the pulse intensity and the sticking factor. This
term is proportional to the number of free adsorption sites for CO, and proportional to the square of
this number for O, since its adsorption is dissociative. Since adsorbed oxygen does not hinder the
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reaction while adsorbed CO does, we consider an oxygen-occupied site to be a free one for CO
adsorption, but a CO-occupied site is an occupied one for oxygen adsorption. The last terms in the
two equations account for the adsorbed CO and O consumption due to the CO, production. They are
given by the product of the coverages and a reaction speed 4 which is assumed to be constant. The
CO, molecules are supposed to desorb immediately after they are produced, i.e., there is no
CO,-occupied site on the surface. 7, 7, and kg (1.38x10 J/K) are temperature, time, and the
Boltzmann constant, respectively. The values used in the simulation are: v = vp = 10" s'l,
Eco(Oco) = (1.22 — 0.25 X G¢p) eV, and Ep(6p) = 2.17 eV, both adsorption energies being in

agreement with literature data."
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Figure S4. (a) Simulated CO and O coverages on a Pt(111) surface as a function of temperature.
(b) Simulated CO; production calculated as the product of the CO and O coverages shown in (a).
The CO, production peaks synchronized with oxygen peaks are shown in orange and those
synchronized with CO peaks are shown in red. (c) Experimental CO; production obtained on the
sputter-annealed Pt/TiO,(110)-(1 x1) model catalyst whose an STM image is shown in Figure S3b.

The coupled differential equations 1 and 2 have been solved numerically and the resulting CO

and O coverages are shown as a function of temperature and time in Figure S4a in green and blue,

respectively. The CO, production is calculated within the mean-field approximation'' assuming a
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random distribution of the reactants on the surface, and therefore it is proportional to the product of
the simulated CO and O coverages. The CO, production synchronized with CO pulses is
represented in red in Figure S4b and the one synchronized with oxygen pulses in orange.

Figures S4a and b clearly reveal the transition from CO poisoning,12 where oxygen can not
dissociate due to a monolayer of chemisorbed CO molecules, to an oxygen-rich regime where the
reaction rate is limited by CO. Between 350 and 450 K both regimes overlap and CO, is produced at
pulses of each of the two reactants. Comparison between Figures S4b and c shows that the
simulations agree quantitatively with experiment; only the O,-related CO, production spans a wider
temperature interval in the simulations. The fact that the binding energies that produced this
agreement are typical values for Pt(111) reveals that the Pt clusters on TiO,(110)-(1x1) are

representative of clean Pt surfaces.
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