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Metal clusters supported on metal oxide surfaces are cur-
rently intensively studied as model catalysts to achieve an

atomic scale understanding of nanocatalysis.1,2 Size, crystal
structure, chemical composition, and electronic properties of
the metal clusters can strongly influence their catalytic activity.3,4

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.5-13

Electron charging of Au clusters bound to MgO(001) surface
defects strongly influences CO adsorption14 and CO
oxidation.15-18 In contrast to Au, bulk Pt is known to be an
excellent catalyst for a number of reactions, including CO
oxidation,19,20 which justifies its wide use in current industrial
catalysts.

However, nanoparticles of Pt, as well as of other group 8-10
noble metals, on TiO2 lose their H2 and CO chemisorption
capacity when annealed above 700 K.21 This effect is attributed to
a “strong metal-support interaction”21 (SMSI); the passive state
is commonly referred to as the SMSI state.22-50 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 TiO2-
(110), Fe3O4(111), and CeO2(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.24-50 This encapsulation is found to be the

cause of the strong decrease in the metal's capacity to adsorb
CO.24-32

Here, we report on a method to remove the SMSI state for Pt
nanoclusters on rutile TiO2(110)-(1 � 1). We use an ultrahigh
vacuum experimental setup51 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 �
1015 atoms/cm2) deposited at room temperature on a clean
rutile TiO2(110)-(1 � 1) surface,53 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 TiO2(110) surface. The bright and dark
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lines resolved on the bare terraces correspond to [001]-oriented
rows of 5-fold-coordinated Ti and bridging O atoms,
respectively.53 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 (Ovac) appearing
with a height of 0.3 Å, and the minority are hydroxyls (OH) with
an apparent height of 0.8 Å (see also the Supporting In-
formation). The Ovac surface density in the cluster-free surface
areas is estimated to 12.5% ML (with respect to the density of
the TiO2(110)-(1 � 1) unit cells of 5.2 � 1014 cm-2), which
means that the surface of the TiO2 crystal is strongly
reduced.53-56 The STM contrast on the TiO2(110) terraces is
related to the empty states and well-known to be dominated by
electronic effects.53

Figure 2a displays the CO2 production on the surface shown in
Figure 1 as a function of sample temperature when CO and O2

reactants are pulsed alternatingly on the sample. To distinguish
the product from CO2 in the residual gas, we dose isotopic
13C16O (green) and 18O2 (blue in the right insert in Figure 2a)
and detect the yield of 13C16O18O. The flux of the CO2 product is
displayed in red when correlated with the CO pulse and in orange
when correlated with the O2 pulse (right insert in Figure 2a).
This CO2 production is very small. The CO2 signal is composed
of a temperature-independent background coming from the
detector walls and a very small increase beyond this above
450 K. The CO2 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, themorphology
of the catalytically active sample is very similar to the one of the
passive sample before the sputter-anneal treatment.

The CO2 production as a function of temperature in Figure 2b
—in particular, its correlation to O2 at low and CO at high
temperature—is reminiscent of Pt being the catalytically active
element.19 Note that Pd(111)57-59 and Pd nanoclusters on
MgO60 display a similar behavior. The maximum of CO2

production is observed at ∼470 K and estimated to 0.03 CO2

per cluster surface Pt atom. This is∼20 times higher than for the
nonsputter-annealed Pt/TiO2 sample (Figure 2a), estimated
after subtraction of the CO2 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 CO2

production synchronized with the O2 dosage. This is due to the
oxidation of CO molecules chemisorbed on the clusters. This

CO2 peak vanishes above 450 K, where CO desorbs and only
oxygen remains adsorbed on the cluster surfaces. The fact that
there is no CO2 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 O2 molecules, which is known
as CO poisoning of the catalyst.19,57-60

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 c, respectively. Both distribu-
tions show almost identical average apparent heights of 10.0 and
10.2 Å, respectively. The distributions are similar for large
apparent heights; the small ones have a marked peak at 5.5 Å
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� 1012 and 1.6�
1012 cm-2 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,61 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 Å to a
monolayer of Pt covered by Ti suboxide,61 which is much higher
than a clean metal monolayer on TiO2 (3.5 Å).62,63 Figure 3
shows that both Pt/TiO2(110) samples have comparable cluster

Figure 1. (a) Overview and (b) close-up STM images of 25% ML Pt
deposited at room temperature on TiO2(110)-(1 � 1) followed by
annealing at 1100 K for 3 h (þ1.5 V, 0.1 nA, 80 K).

Figure 2. (a) Vanishingly small CO2 production (red-orange) obtained
on the SMSI sample displayed in the left inset upon dosing alternating
pulses ofO2 (blue) andCO(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 CO2 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 CO2 production synchronized with CO
and O2 pulses, respectively.
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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.22-50 The encapsulated clusters are characterized by
a high thermal stability.64 The encapsulating layer blocks the
active sites of the Pt clusters and therefore passivates them
toward the catalytic CO oxidation. The small CO2 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
TiO2(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 TiO2 requires (i) electron transfer from the
oxide to the metal, (ii) the thermally activated outward diffusion
of bulk Ti3þ interstitials, and finally, (iii) mass transport and
migration of a thin oxide layer onto the surface of themetal, driven
by a minimization of the surface energy of the system. The case of
Pt on reduced TiO2(110) obeys all these criteria. Indeed, (i) the
work function of Pt(111) is higher (by∼0.7 eV) than the one of
TiO2(110),

48 and electron transfer from Ti3þ states of TiO2-
(110) to Pt atoms has been experimentally demonstrated.65,66 In
addition, (ii) the Ti3þ depletion from the bulk to the surface of
TiO2(110) occurs for the same reasons as the widely studied

oxygen-induced surface reconstruction.53,56,67-70 Finally, (iii) the
surface energy of Pt(111)48,50 is about 5 times higher than that of
TiO2(110).

71,72 These arguments, together with our reactivity
measurements, strongly suggest that high-temperature annealing
of Pt on reduced TiO2 results in the encapsulation of Pt by a
reduced titania layer.33-42

The high catalytic activity observed in Figure 2b results from
sputter removal of the encapsulating suboxide layer from the
SMSI Pt/TiO2 sample. The surprising finding is that the
encapsulating layer does not form again when the sputtered
Pt/TiO2(110) sample is annealed to 1100 K. In addition to
removing the encapsulation from the thermally stable Pt
clusters,64 ion sputtering also increases the reduction state of
the cluster-free surface regions by preferentially depleting them
of oxygen.53 Annealing of oxygen-depleted TiO2 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.73

This is the case on Pt-free surface regions that appear in STM as
clean TiO2(110)-(1 � 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 TiO2 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 TiO2(110) surfaces
that are then annealed to high temperatures.32,48 This indicates
that the absence of encapsulation in the case of our sputter-
annealed Pt/TiO2(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.24-50 The self-limitation of the encapsulation is sup-
ported in our catalytic measurements by the small CO2 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 TiO2 also quenches the
encapsulation of Pt during annealing.50 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 TiO2(110)-(1 � 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/TiO2

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.

Figure 3. (a) Overview STM image of 25% ML Pt deposited at room
temperature on TiO2(110)-(1 � 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/TiO2(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.
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