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Size-selected Pt, clusters on the Al,O3 surface form two-dimensional planar structures

at n < 18 and three-dimensional two-layer structures start to appear at n > 19. They are
composed of neutral and cationic Pt atoms.
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Morphology and chemical states of size-selected Pt, clusters

on an aluminium oxide film on NiAl(110)

Atsushi Beniya®, Noritake Isomura®, Hirohito Hirata® and Yoshihide Watanabe®*

Abstract

The adsorption states of size-selected Pt, clusters (7 < n < 20) soft-landed on an
ALO3/NiAl(110) substrate were investigated using scanning tunneling microscopy,
infrared reflection absorption spectroscopy, and temperature programmed desorption.
Pt, clusters lay flat on the surface with a planar structure (» < 18), and
three-dimensional two-layer clusters start to appear at n > 19. By considering the Pt-Pt
and Pt-oxide bonds in the cluster, the morphological transition could be reasonably
explained. Using CO probe molecules, the chemical states of the Pt atoms inside the
clusters were investigated. Two ontop CO species were observed inside the clusters, and
were assigned as adsorbed CO on neutral and slightly cationic Pt atoms. Despite of the
first layer Pt atoms, the Pt, clusters are composed of the two kinds of Pt atoms. The
observed size dependence of the Pt atoms inside the clusters may contribute to the

size-dependent chemical reactivity of Pt, clusters on the Al,Os surface.
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1. Introduction

Size-selected atomic clusters on surfaces are a subject of considerable interest because
of their distinctive size-dependent catalytic properties.'” Catalytic activity and
efficiency will depend on the size, composition, morphology, and electronic state of
both the metal clusters and the supports. Metal clusters supported on oxide substrates
serve as model systems for investigating these parameters on an atomic scale.*™!
Pioneering studies by Heiz et al. have shown that the CO oxidation reaction rate over
size-selected Pt, clusters supported on MgO(100) is strongly influenced by the cluster
size.” They also found that Au, clusters on MgO(100) catalyse the CO oxidation at low
temperature only in the presence of surface oxygen vacancies due to charging of the
clusters.*” Kaden et al. reported a study of CO oxidation over Pd,/TiO,(110), where
both CO adsorption and CO, production varied non-monotonically with size and the
activity was shown to correlate with Pd core level shifts.®’ Vadja et al. found that Pt, (n
= 8-10) clusters stabilized on high-surface-area supports are 40-100 times more active
for the oxidative dehydrogenation of propane than previously studied Pt and vanadia
catalysts, where quantum chemical calculations indicate that under-coordination of the
Pt atoms in the clusters is responsible for the surprisingly high reactivity compared with
extended surfaces.® Mao et al investigated Pd, (n = 4, 10, and 17) clusters on Al,O;
supports under oxidizing and reducing conditions, and found that the Pd atoms in direct
contact with Al,Os differ in oxidation state from the surface Pd atoms in a foil under
reaction conditions.” Watanabe et al. studied CO oxidation reactions over Pt,/TiO,(110)
in high pressure conditions and found that the activation energy is correlated strongly

with the cluster structure.'® Bonanni ez al. reported that the CO oxidation reaction over
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Pt7/TiO,(110) shows high catalytic activity when the TiO, support is slightly reduced;
however, a strongly reduced substrate quenches the reaction.'' These studies clearly
indicate that catalytic properties are largely influenced by the adsorption states of the
clusters: oxidation states, structure, and shape of the clusters. In this study, we
investigated the adsorption states of size-selected Pt, clusters on an Al,Os surface.

Pt clusters on an Al,O3 surface are of special interest because Pt and Al,Os are
important materials in conventional automotive exhaust catalysts. On the stoichiometric
Al,03(0001) surface, the dominant adhesion mechanism of the Pt overlayer is

principally ascribed to polarization effects.'*"®

However, experimental studies of the
oxide surface are often hampered because it is difficult to use methods involving
charged particles with almost perfect insulators. Ultra-thin oxide films that are thin
enough to avoid charge accumulation represent an elegant solution to this problem. It
has been shown that atomically flat 0.54-nm-thick crystalline layers of aluminium oxide
can be obtained by the oxidation of a single-crystalline NiAl(110) surface.'*?® This
surface was confirmed to be distinct from the Al,Os bulk phases, as demonstrated by the
overall film stoichiometry of Al;(O3.%° Additionally, domain boundary (DB) networks
are formed to release misfit-induced lattice strain in the film.*'*

For ultra-thin films, the substrate metal—oxide interaction may interfere with
the intrinsic behavior of the oxide material.**>® This interplay usually causes the
emergence of new film-specific properties. Therefore, the use of thin oxide films grown
on metal substrates is not only advantageous for exploring oxide materials themselves,
but it also opens up the possibility of fabricating a new class of tunable compounds.”®*’

As demonstrated for the interaction of Au with Al,O3/NiAl(110), the attachment of a

single Au atom induces the cleavage of an Al-O bond in the film, leading to the
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formation of a new Al-Au bond.*'** Consequently, the Au atom becomes negatively
charged owing to electron transfer from the NiAl substrate.’’** On the other hand,
charge-induced adsorption mechanism is not active for Pd atoms and clusters on
ALO3/NiAl(110).**7° Pt deposits on ALO3/NiAl(110) have been studied using several

3649 Vapor deposited Pt atoms form single-layer islands randomly

techniques.
distributed on the surface,’® where low-energy electron-diffraction spots of the oxide are
strongly attenuated by the Pt deposits.37 At one-monolayer coverage, the Pt 4f level was
observed to be at a higher binding energy than that of bulk Pt.*® CO molecules adsorb at

d.*** Recently,

ontop site of Pt deposits and dissociative adsorption was also observe
we reported on a study of size-selected Pt; deposition on an Al,O3/NiAl(110) surface,
where Pt; clusters were thermally immobile at 300 K and transiently migrated in a
soft-landing process; these Pt clusters prefered to bind to DBs with planar structures.*’
In this work, we combine scanning tunneling microscopy (STM), infrared
reflection absorption spectroscopy (IRAS), and temperature-programmed desorption
(TPD) to investigate the adsorption states of size-selected Pt, clusters on
AlLO3/NiAl(110). STM is one of the most powerful tools because of its atomic-scale
resolution. It has been used in several studies to reveal the structures of deposited
clusters.”' 1 Additionally, CO can be used as a probe molecule because its
adsorption is known to be sensitive to structural and electronic peculiarities of the local
environment.***¢% Thus, chemical states of Pt atoms inside the size-selected clusters
were probed by CO adsorption using IRAS and TPD. The experimental results

presented here provide insight into the interrelation between the structure of

size-selected Pt, clusters and the chemical state of Pt atoms inside the clusters.
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2. Experimental

Experiments were performed in an ultrahigh vacuum chamber (<1 x 10~ Pa).”! The thin
aluminium oxide film grown on the NiAl(110) substrate was used for STM, IRAS and
TPD experiments. The NiAl(110) substrate was 10 mm in diameter and oriented to
within 0.1° (Surface Preparation Laboratory) for the STM experiments, and was 6 x 10
mm in size oriented to within 0.5° (Metal Crystals & Oxides Ltd.) for the IRAS and
TPD experiments. For IRAS and TPD experiments, the temperature was monitored by a
chromel-alumel (K-type) thermocouple that was spot-welded to the side of the substrate.
The clean NiAl(110) surface was prepared by several cycles of Ar ion sputtering,
followed by annealing at 1300 K. The thin aluminium oxide film was prepared by
dosing 1800 L (Langmuir: 1 x 10 Torr s) of oxygen at 600 K, followed by annealing at
1100 K for 5 min."” The process was repeated several times in order to close open metal
patches in the film.

Pt cluster ions were produced by a dc magnetron sputtering cluster source.”’
Size-selected Pt, cluster ions were deposited on Al,O3/NiAl(110) from the surface
normal at 300 K. The impact energy was tuned to <2 eV/atom (average impact energy
was <l eV/atom) by adjusting the bias voltage applied to the surface (soft-landing
condition). The total amount of Pt deposited, determined from the integrated Pt,
neutralization current on the sample, was 0.7-1.0 x 10" atoms for STM and 5 x 10"
atoms for the IRAS and TPD experiments (in a deposition area with a diameter of ~5
mm). Due to an intensity distribution of the cluster ion beam, number density of

deposited clusters depends on analysis position in STM experiments.
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STM measurements were performed at 78 K using a low-temperature STM
(LT-STM, Omicron GmbH) with a Nanonis (SPECS Zurich GmbH) or SCALA
(Omicron GmbH) controller and a tungsten tip. The STM images were taken at a
positive sample bias (¥;) of 3.5 V and a tunneling current (/;) of 0.1 nA.

IRAS measurements were performed using a Fourier-transform infrared
spectrometer (Bruker IFS66v/S) with a mercury—cadmium—telluride detector. The
incident beam was passed through a KRS-5 polarizer to remove the unwanted
s-polarized component. All the spectra were taken at 4 cm™ ' resolution over 200 scans.
IRAS spectra were recorded at a sample temperature of 88 K.

In the TPD measurements, desorbing molecules were detected by a quadrupole
mass spectrometer (QMS, Pfeiffer, PrismaPlus QMG220M1). The ionization region was
enclosed in a small glass envelope (Feulner cup),” and the crystal surface was placed in
front of a small opening (3 mm diameter) in this cup at a distance of 1 mm.

PCO (Cambridge Isotope Laboratories, isotopic purity 99%) gas was
introduced through a pulse gas dosing system onto the sample surface. Exposure was
estimated by comparing the CO coverage uptake on Ni(111) with that previously

reported.”

3. Results and Discussion

Figures 1(a—d) show STM topographic images of Pt, (n = 7, 13, 17, 19)
clusters deposited on Al,O3/NiAl(110). The Al,Os; surface is terminated by oxygen

atoms.'*?” The ALOj; film grows in two reflection domains (A, B) tilted by +24° with
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respect to the [1 iO] direction of NiAl(llO).19 In Fig. 1(a), the upper and lower terraces
of the film are domains A and B, respectively. The bright stripes are DBs, which appear
as line defects of the oxide film.*'* Reflection (between domains A and B) and
anti-phase DBs (between A-A and B-B) are the main structural defects in the film. The
topographic contrast of the DBs arose not from the height difference but from the
electronic effect: the structure is atomically flat across the DBs.*'? Observed
protrusions, located both inside the Al,O; domains and on the DBs, were assigned to
size-selected Pt, clusters. In this study, the area fraction of the DBs was estimated to be
10 = 2% of the Al,O; surface, where the width of the DBs was assumed to be 1.8 nm
based on STM line profiles. However, 26 £ 7% of the deposited Pt, clusters were
observed on the DBs, irrespective of the cluster size (n = 7-20). This result indicates the
transient migration of the clusters because Pt, clusters were thermally immobile at 300
K40

The morphology of the Pt, clusters was investigated by analyzing the apparent
height of the Pt, clusters. Figure 2 shows the apparent height of the Pt, clusters on
ALO3/NiAl(110) as a function of cluster size. Figures 2(a) and 2(b) are histograms of
Pt, clusters adsorbed inside the Al,O; domains and on the DBs, respectively. The
average apparent height is shown in Figs. 2(¢) (inside the Al,O3; domains) and 2(d) (on
the DBs). By comparing Figs. 2(a) and 2(b) [or 2(c) and 2(d)], it is apparent that the Pt,
clusters adsorbed inside the AlLO; domains and on the DBs show similar size
dependence of their apparent height. At n < 18, the average apparent height is ~0.40 nm
and almost size independent, but the apparent height abruptly increases to ~0.53 nm at n
= 19. Because Pt; clusters lay flat on the Al,O; surface with a planar structure,40 the

morphology of the Pt, clusters (n < 18) could be assigned to a two-dimensional (2D)

7
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planar structure and that of » > 19 to a three-dimensional (3D) two-layered structure.
Note that the distribution of apparent height is relatively broad, which would be due to
the intrinsic structural inhomogeneity of the oxide film.?° The surface of the AlLO; film
is relatively inhomogeneous,” so that a number of different Pt, adsorption
configurations are possible.

The above assignments are supported by considering the apparent height of the
AlLOs3 film. As described in the introduction, the Al,O; film on NiAl(110) is an
atomically flat 0.54-nm-thick layer."*° Hansen et al. reported that the apparent height
of the Al,Os film shows a clear bias-dependence in the V5 range between +1 and +4 V
due to the electronic band gap of the Al,O; film.>* In this experimental conditions of V
= 3.5 V and [; = 0.1 nA, the apparent film height was estimated to be 0.30 nm by
measuring the height difference between the bare and the oxide-covered areas (not
shown). Thus, the apparent film height differs 0.24 nm from the structure of the Al,O3
film (0.54 nm). Assuming that the tip height above the film and that above the cluster
are the same, cluster height may be estimated by subtracting 0.24 nm from the measured
apparent cluster height. Note that this estimation may be too simplified because
metal-induced unoccupied states were observed in the band gap of the Al,Os film by the
presence of Pt clusters.”” However, the average cluster height at n < 18 and n > 19 was
estimated to be 0.16 nm (= 0.40 — 0.24) and 0.29 nm (= 0.53 — 0.24), respectively,
which are reasonable for 2D planar and 3D two-layered structures.

The energy balance of Pt—oxide and Pt—Pt bonds controls the morphology of
Pt, clusters on the Al,O3/NiAl(110) surface.” The adsorption energy of Pt, clusters on
the oxide would be written as Expapy = NeoxEprox + Npepifpp, Where Expip) is the

adsorption energy of 2D planar (3D two-layer) Pt, clusters, Np.oxpe-py) 1S the number of
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Pt atom—oxide (Pt—Pt) bonds in a single cluster, and Ep.oxptpy) 1s the single bond energy
between a Pt atom and the oxide (Pt and Pt). Assuming that Np;ox is equal the number of
first layer Pt atoms in direct contact with the surface, and Ep.ox and Ep.p; equal the
adsorption energy of a single Pt atom on the Al,O3 surface [recent density functional
theory (DFT) studies calculated the adsorption energy to be ~2 eV for a Pt atom on the
bulk Al,O; surface'™'"'*] and the single bond energy in the bulk Pt (one-sixth of the
cohesive energy: 5.86/6 ~ 1 eV/bond), respectively, the size dependence of Np.ox and
Npepy controls the adsorption energies. In this simple model, E;p and Esp of Pty were
calculated using (Npiox, Npipt) = (4, 5) for the 2D cluster and (Npi.ox, Npe.pt) = (3, 6) for
the 3D cluster, respectively (model structures are shown in Fig. 3). Figure 3 shows the
energy difference between E»p and Esp as a function of cluster size, in which close
packing is considered. A negative value means that the 3D two-layer structure is
preferred to the 2D planar structure. Interestingly, the morphological preference changes
from 2D to 3D at approximately » = 15~20, which is in reasonable agreement with our
STM results. This model is simplistic because Epi.oxpipry Would have size dependence
and it also depends on the adsorption sites. However, it is interesting that the present
simple model agrees reasonably well with the STM result.

Based on DFT calculations of free Pt clusters, it has been reported that planar
clusters of up to nine atoms are more stable than their 3D isomers.”*>® In this study, it
was revealed that Pt, clusters at n < 18 adsorb as a 2D planar structures on the
AlLO3/NiAl(110) surface. Previously, preferential 2D growth of metal deposits on thin
oxide films was observed, i. e., charge-mediated adsorption mechanisms.****** Au
clusters interact with the Al,03/NiAl(110) substrate via charge transfer from the metal

substrate and Coulomb interactions in combination with polaronic distortions of the
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. 31,32
oxide substrate.””

Similar charge-mediated adsorption mechanisms should be
considered in order to understand the adsorption mechanism of Pt clusters on
ALO3/NiAl(110) because the electronegativity of Pt (2.28) is comparable with that of
Au (2.54).

In order to shed light on the adsorption mechanism, we investigated CO
adsorption on Pt,/Al,03/NiAl(110) using IRAS. Adsorption of CO probe molecules and
the measurement of their vibrational properties are often employed to identify the
oxidation state of metal atoms or nanoparticles grown on oxide surfaces.****** Figure
4(a)—(c) shows IRAS spectra of BCO adsorbed on Pt,/ALOy/NiAl(110) (n =7, 15, 20)
as a function of CO exposure. CO adsorption and IRAS measurements were performed
at 88 K. Because CO molecules could not adsorb on the Al;O3/NiAl(110) surface at 88
K.,* the observed IRAS peaks were assigned to CO molecules bound to the Pt, clusters.
At the initial stage of CO adsorption on the Pt; cluster, Fig. 4(a), a broad peak is
observed at ~2010 cm™. With increasing exposure, the high-frequency peak at 2040
cm’! grows in intensity, and the intensity saturates with a low-frequency shoulder at
0.30 L. On Pt;5/Al,053/NiAl(110), Fig. 4(b), an IRAS peak is observed at 2000 cm™ at
0.05 L. With increasing exposure, the peak shifts to 2020 cm™; a shoulder peak at ~2040
cm’! is also observed. On Pty0/Al,O3/NiAl(110), two peaks at 2045 and 2005 cm’! are
clearly observed at 0.05 L. With increasing exposure, the peak at 2005 cm’ grows in
intensity, accompanied by a blue shift to 2020 cm™, which then dominates the IRAS
intensity at saturation coverage. The observed peak shifts (2000-2020 cm™) would be
due to intermolecular interactions such as dipole—dipole coupling.**®® It should be
mentioned that it needs very small CO exposure for saturated adsorption on Pt, clusters,

indicating that a reverse spillover mechanism dominates CO attachment to Pt,

10
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clusters."®" For equal nominal coverage of the Pt atoms, the capture zone is sensitively
dependent on the cluster size."® However, saturated adsorption was reached at about
the same exposure of ~0.3 L (Fig. 4). In this experimental condition, lateral distance
between the Pt, clusters would be several nm. Because adsorption energy of CO on the
AlLO3/NiAl(110) surface is 0.14~0.17 eV, CO molecules would be trapped for >1ps
before desorption at 88 K. Using the translational velocity of two-dimensional >CO gas
at 88 K (~200 m/s), incoming CO molecules travel >1pum on the surface which largely
exceeds the lateral distance between the Pt, clusters. Therefore, saturated adsorption
was reached at about the same exposure irrespective of the cluster size.

Previous studies have reported that the vibrational frequency of adsorbed CO
on single-crystalline Pt surfaces is 2060-2010 cm” at an ontop site and 1840—1810 cm’
at a bridge site.**® On the Pt oxide (Pt"*"), CO molecules were observed at >2080
cm™.* Recently, the vibrational frequencies of a single ontop CO molecule adsorbed on
gas-phase cationic/neutral/anionic Pt,"”"" clusters were reported: 2070-2020 cm™ on
Pt,", 2010—1960 cm’! on Pt,,o, and 1955-1820 cm™ on Pt,’, respectively (isotopically
shifted from reported values).”” As described above, because of the high
electronegativity of Pt, negative charging of Pt, clusters would be expected on the
ALO3/NiAl(110) surface, as reported for Au clusters.’!**? However, the observed peak
positions indicate that CO molecules were adsorbed at ontop site of neutral and/or
slightly cationic Pt atoms. It should be mentioned that if CO molecules were adsorbed
on anionic Pt atoms with their molecular axis parallel to the surface, they could not be
detected by IRAS because of the surface selection rule. However, because only a single
desorption peak was observed in TPD (discussed below), we exclude anionic Pt atoms

in the Pt, clusters adsorbed on the Al,O3/NiAl(110) surface.

11
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The observed IRAS peaks are broad as compared with those found in single

crystalline studies,**

which would be due to the structural inhomogeneity of Pt,
clusters as deduced from the apparent height distribution. However, adsorbed CO seems
to be composed of two ontop species: high- (HEco: 2045-2040 cm™) and low- (LFco:
2020-2000 cm™) frequency peaks. The frequency difference between HF o and LFcg is
~40 cm™ at low coverage. Two peaks are clearly visible by comparing the IRAS spectra
at saturation CO coverage, as shown in Fig. 4(d) (see gray dashed curves). With
increasing cluster size, the intensity of the HFco decreases, whereas that of the LFco
increases. As described above, the fraction of Pt, clusters bound to the DBs is
independent of cluster size. Thus, the observed size dependence of the IRAS spectra
should be explained not by the adsorption sites of Pt, clusters on Al,Os/NiAl(110)
(inside the domains or on the DBs) but on the chemical environment of Pt atoms in
individual clusters. The size dependence of the IRAS peak intensities indicates that the
HFco and LFco are associated with the first-layer and second-layer Pt atoms,
respectively.

The LFco (2020-2000 cm'l) is compatible in frequency with ontop CO
adsorbed at step sites of the bulk Pt surfaces (2030-2015 cm™),">**®® indicating that
this ontop species adsorbs on coordinatively unsaturated Pt atoms in the clusters. The
IRAS peak intensity of Pty is dominated by LFco. Based on the STM result that Pty is
a two-layer 3D structure, it would be reasonable to assign LFco to Pt atoms that are
bound mainly by Pt—Pt bond in the cluster. HF ¢ is blue shifted by ~40 cm” from LFco
at low coverage. On the bulk Pt surface, the vibrational frequency of the CO stretch

62,66-68

mode is ~20 cm™ higher on terrace sites than on step sites, and so the coordination

number of Pt atoms would be insufficient to explain the observed blue shift. It is well

12



Physical Chemistry Chemical Physics

known that a stretching vibrational frequency of adsorbed CO shifts to a higher
frequency when it is co-adsorbed with an electronegative species such as oxygen.””!
Theoretical studies have shown that electronegative atoms have a strong influence on
the nearest-neighbour metal surface atoms but a weaker influence on other metal

21toms.72’73

In the case of metal clusters on an oxide surface, metal atoms would interact
with the oxygen atoms of the oxide surface. Thus, the observed HF o (2045-2040 cm'l)
may be ascribed to Pt atoms interacting with the oxygen atoms of the Al,O3 surface.
This assignment was corroborated with a co-adsorption experiment of O, and CO on the
Pt, clusters. In Fig. 4(d), the black curves show co-adsorbed *CO with '*0, where the
Pt,/Al,03/NiAl(110) surface was exposed to 500 L 1802 at 300 K (in order to dissociate
O, molecules), followed by CO adsorption at 88 K. Interestingly, only HFco was
observed, irrespective of cluster sizes. This result supports the above assignment that
HF o is related to Pt atoms interacting with substrate oxygen atoms.

With increasing cluster size, as shown in Fig. 4(b) (gray dashed curve), HFco
decreases in intensity and LF¢q increases. Therefore, the fraction between the two kinds
of Pt atoms in the cluster depends on the cluster size. Based on the results, it may be
said that the number of adsorption and/or reaction sites depends on the cluster size,
which may contribute to the size-dependent chemical reactivity of Pt, clusters on the
Al O3 surface.

Several DFT calculations have been reported for Pt deposits on bulk Al,Os
surfaces. On an o-Al,O3 surface, it was reported that Pt atoms transfer electrons to the
surface oxygen atoms and form an ionic bond,"'® which is consistent with the results

seen with AlLOs films on Al(lll).14 In contrast, other studies have reported that the

bonding mechanism involves charge rearrangement on Pt and covalent Pt—-O

13
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15,17

bonding. With increasing coverage, the adsorption mechanism of the Pt monolayer
to the Al,Os surface is dominated by the polarization effect.”>!* On the other hand, on
v-Al, O3, it was reported that the Al,O; surface transfers ~0.2—0.3 electrons to the Pt
atom.'® In this study, two kinds of Pt atoms are identified inside the cluster by means of
IRAS, LFco and HFco, which are assigned as coordinatively unsaturated neutral Pt
atoms and slightly cationic Pt atoms interacting with substrate oxygen, respectively.
Rigorous charge of Pt, clusters would be determined by comparing the IRAS peak
positions and DFT calculations as previously performed for Au/MgO(100). 3%
Finally, it is informative to investigate the adsorption strength of CO to Pt,
clusters. Figure 5 shows BCo TPD spectra adsorbed on Pt,/Al,O3/NiAl(110), where the
Pt, clusters were saturated by CO at 88 K followed by TPD measurement. The amount
of Pt deposits was 5 x 10" atoms and the heating rate was 3.5 K/s. Note that, in this
experiment, QMS sensitivity was not calibrated, and so the intensity of each spectrum
was normalized to allow for a simple line shape comparison. The bottom spectrum was
measured after the Al,O3/NiAl(110) was exposed to 0.5 L CO at 88 K. As reported
previously, CO does not adsorb on the surface at 88 K.*> When the Pt; clusters were
deposited, only single CO desorption was observed at 495 K. The asymmetric peak
shape indicates first-order desorption. On Pt;s and Ptp, similar desorption peaks were
observed at ~500 K. Note that other desorption peaks were not observed up to 1000 K
(not shown). After the first TPD experiments up to 1000 K, adsorbed CO was not
observed using IRAS by exposing the surface to CO at 88 K (not shown). This result
indicates that the amount of Pt decreased by the 1000 K heating, which is consistent

with the previous report that the Pt atoms diffuse into the oxide at >560 K.*® Using the

redhead analysis with first-order desorption and a pre-exponential factor of 10" s™, the

14
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desorption activation energy of CO from Pt, (n =7, 15, 20) was estimated to be ~1.3 eV,
which is nearly the same value as that the step sites on the Pt surfaces.®® In the IRAS
experiments, two ontop CO species were observed; however, only a single TPD peak
was observed, which may be due to a small adsorption energy difference between HF o
and LFco. Note that CO, and O, desorption were not observed (not shown), and thus
adsorbed CO molecules did not react with the oxide substrate.

When sub-monolayer Pt was vapor deposited at 100 K on Al,03/NiAl(110), a
CO desorption peak was also observed at ~500 K.*® On the other hand, when the Pt was
deposited at 300 K, two desorption peaks were observed at ~150 and ~500 K with
comparable intensities and CO dissociation took place.”® Thus, Pt deposits on which CO
dissociation takes place would be characterized by the 150 K desorption peak. In our
case, only the 500 K peak was observed, therefore CO molecules molecularly adsorb
and desorb on the Pt,/Al,O3/NiAl(110) surface. Note that vapor-deposited Pt particles
(diameter ~1.7 nm) on the bulk a-Al,O; surface also show a single CO desorption peak
at ~500 K.™

By taking our results into account, we gain insight about the interrelation
between the structure of size-selected Pt, clusters and the chemical state of Pt atoms
inside the clusters as follows. Pt, clusters were adsorbed as 2D planar structures at n <
18 on the Al,Os surface. By using CO probe molecules, it was determined that the Pt;
cluster is predominantly composed of slightly cationic Pt atoms due to the interaction
between Pt atoms and substrate oxygen atoms. With increasing cluster size, the number
of neutral Pt atoms, bound in the cluster by lateral Pt—Pt bonds increases. Above n = 19,
Pt, clusters are adsorbed as 3D two-layer clusters, and the adsorption sites of CO are

dominated by the neutral Pt atoms. This size dependence of the Pt atoms inside the
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cluster, that is, the size dependence of the numbe of adsorption/reaction sites, may

contribute to the size-dependent chemical reactivity of Pt, clusters on the Al,O3 surface.

Conclusions

The morphology and CO adsorption properties of size-selected Pt, clusters (7 <
n < 20) on Al,O3/NiAl(110) were investigated by STM, IRAS, and TPD. Pt, clusters
adsorbed flat on the surface with a planar structure at n < 18; 3D two-layer structures
started to appear at n = 19. This morphological transition could be reasonably explained
by a simple model in which the number of Pt—oxide and Pt—Pt bonds in the cluster is
considered. CO molecules adsorbed at ontop site of the Pt, clusters with an adsorption
energy of ~1.3 eV. Two kinds of ontop CO species were observed by IRAS: HFco
(2045-2040 ¢cm™) and LFco (2020—2000 cm™). HFco and LFco were assigned as
adsorbed CO on slightly cationic Pt atoms interacting with substrate oxygen atoms and
on neutral Pt atoms bound by Pt—Pt bond inside the clusters, respectively. Based on the
assignments, the chemical states of the Pt atoms inside the clusters were discussed. Pt;
clusters were predominantly composed of slightly cationic Pt atoms, but the number of
neutral Pt atoms increased with increasing cluster size. For 3D clusters, the adsorption
sites of CO were dominated by the neutral Pt atoms. This size dependence of the Pt
atoms inside the cluster may contribute to the size-dependent chemical reactivity of Pt,

clusters on the Al,O5 surface.
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Figure captions

Fig. 1. STM topographic images of Pt,/Al,O3/NiAl(110) (Vs =3.5V, I, = 0.1 nA, 50 x
50 nm): (a) n =7, (b) n =13, (¢) n =17, and (d) n = 19. Pt, clusters were deposited at

300 K, followed by STM measurements at 78 K.

Fig. 2. Size dependence of apparent height of Pt, clusters on Al,O3;/NiAl(110).
Histgrams of the apparent height of Pt, clusters adsorbed (a) inside the Al,O3 domains
and (b) on the DBs, respectively. Average apparent height of Pt, clusters adsorbed (c)
inside the Al,O3 domains, and (d) on DBs, respectively, where error bars represent the
standard deviation. STM measurements were performed with V;=3.5 V and /; = 0.1 nA

at 78 K.

Fig. 3. Calculated energy difference of Pt, clusters between 2D planar (£,p) and 3D
two-layer (E3p) structures as a function of cluster size (see text). Schematics represent
structural models of 2D and 3D clusters, where first- and second-layer Pt atoms are

colored by gray and dark gray, respectively.

Fig. 4. IRAS spectra of BCO adsorbed on Pt,/Al,0O3/NiAl(110) as a function of CO
exposure: (a) n = 7, (b) n = 15, and (c) n = 20. Pt, clusters (5 x 10" atoms) were
deposited at 300 K, followed by CO adsorption and IRAS measurements at 88 K. (d)
IRAS spectra of adsorbed *CO at saturation coverage as a function of cluster size (gray
dashed curve) for the same spectra shown in (a)—(c). The black solid curve represents

the IRAS spectra of >CO co-adsorbed with O on Pt,/ALLO3/NiAl(110). Pt, clusters (5 x
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10" atoms) were deposited at 300 K, followed by '*0, exposure (500 L) at 300 K. *CO

adsorption and IRAS measurements were performed at 88 K.

Fig. 5. TPD spectra of *CO adsorbed on Pt,/Al,O3/NiAl(110) at saturation *CO
coverage as a function of cluster size (n = 7, 15, 20). Pt, clusters (5 x 10" atoms) were
deposited at 300 K, followed by CO adsorption at 88 K. The bottom spectrum was
measured after the Al,O3/NiAl(110) surface was exposed to 0.5 L BCO at 88 K. The
heating rate was set to 3.5 K/s. QMS sensitivity was not calibrated, and so the intensity

of each spectrum was normalized to allow for a simple line shape comparison.
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Figures

Fig. 1. Beniya et al.
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