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We have prepared a model catalytic system by depositing Pd onto a TiO2(110)

surface held at �720 K. Scanning tunneling microscopy (STM) reveals well-

defined Pd nanocrystals consisting of (111) top facets with {111} and {100} side

facets. The Pd nanocrystals go down to about 10 nm in width and 1.3 nm in

height. Top facets can be imaged with atomic resolution, indicating the absence

of TiOx encapsulation. The model catalyst was probed by exposure to CO and

O2. By varying the CO exposure, different CO overlayers were formed on the

(111) top facets, with coverages ranging from 0.33 to 0.75 of a monolayer. Near

edge X-ray absorption fine structure (NEXAFS) measurements at 300 K reveal

that at around 0.5 ML coverage, CO is oriented with the molecular axis more or

less normal to TiO2(110). Dosing small amounts of O2 separately on a Pd/

TiO2(110) surface led to an overlayer of p(2 � 2)-O formed on the (111) top facet

of the Pd nanocrystals at 190 K.
1 Introduction

The study of metal nanoparticles on oxide supports has received considerable atten-
tion, for reasons both practical and fundamental. On the practical side, the hetero-
geneous catalysts used in industrial applications usually consist of nanometer-sized
metal particles distributed on an oxide support. In order to improve their perfor-
mance, a better understanding of their properties is necessary. One method of
achieving this is to investigate appropriate model catalyst systems. On the funda-
mental side, nanometer-sized metal particles have been shown to exhibit properties
deviating from their corresponding single crystal surfaces. These differences have
been shown to relate to the unique phenomena occurring in those systems such as
kinetic interplay between facets,1 spillover and reverse spillover of adsorbates
between metal particles and their supports,2 and the strong metal–support interac-
tions (SMSI).3

Scanning probe methods such as STM and non-contact atomic force microscopy
(NC-AFM) have been employed extensively over the past decade to investigate
metal nanoparticles on metal oxide surfaces.1,4–8 Issues such as initial metal
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adsorption site, spillover, and thermal stability have been studied. Despite this
interest, only one of these studies has addressed the adsorption of gas molecules
on supported nanoparticles. Højrup Hansen et al.8 studied NO and O2 adsorption
on Pd nanoparticles on an ultrathin alumina film, itself supported on NiAl(110).
However, because their images were taken under a partial pressure of NO and O2,
their observations were limited to saturation coverages of these adsorbates.
Under-saturated overlayers are important as further reaction is much more likely.
Here, we address the issue of gas adsorption on supported metal nanoparticles by

studying the coverage-dependent adsorption of CO on Pd nanocrystals supported
on TiO2(110). Pd/TiO2 systems attract much attention in surface science due to their
use in a wide range of processes including nitrite reduction in drinking water,9 acet-
ylene hydrogenation10 and automobile catalysis where interaction with CO is an
important consideration.11 Preparing chemically active, well-defined Pd nanopar-
ticles on rutile TiO2(110) is a difficult task that is hindered by the propensity for
the Pd particles to become encapsulated with a TiOx layer (x < 2) after annealing.
The onset temperature for encapsulation is about 800 K.4 In addition to degrading
the chemical reactivity (such as CO uptake),4,5 encapsulation also drastically alters
the structure of the Pd islands.7 Similar encapsulation-induced structural changes
were also discovered for Pt/TiO2(110).

6

STM experiments reveal the presence of well-ordered CO overlayers on top of the
Pd nanoparticles. These overlayers have different structures depending on the CO
coverage. Similar overlayers formed on the Pd(111) surface have also been observed
using low energy electron diffraction (LEED),12 X-ray photoelectron spectroscopy
(XPS)/electron energy loss spectroscopy (EELS)13 and STM14 in the past, with their
stability studied by Loffreda et al.15 using DFT theory. Here, we analyse the stability
of the CO overlayers formed on the Pd nanoparticles using an exchange-correlation
functional that includes van der Waals (vdW) non-local correlations. The vdW func-
tional proposed by Dion et al.16,17 has been applied to the chemisorption of CO on
the (111) surfaces of late 4d and 5d transition metals.18 This functional reduces or
completely solves the well-known discrepancy between theory and experiment
regarding CO site preference and improves the value of the adsorption energies.
In our study, we have used the optimised vdW functional optB86b, recently intro-
duced by Klime�s et al.,19,20 that improves significantly the accuracy of the original
vdw-DF and reaches better than chemical accuracy for the S22 data set.20
2 Experimental and theoretical methods

Synchrotron radiation spectroscopies at MAX-Lab

To investigate the bonding geometry of CO on the TiO2(110)-supported Pd nano-
particles, we performed near-edge X-ray absorption fine structure (NEXAFS)
measurements at Beamline I311 at MAX-lab. The beamline is described elsewhere.21

The analysis chamber is equipped with a SCIENTA-SES200 hemispherical analyzer
for photoemission (XPS) and NEXAFS in Auger yield mode. The angle between the
analyzer and the incident photon beam is 55�.
The TiO2(110) sample was cleaned by cycles of Ar+ sputtering and annealing to

�1000 K. The sample temperature was checked using a K-type thermocouple
spot-welded near the edge of the sample, which was mounted on a tantalum (Ta)
sample holder. The sample cleanliness and long-range order were verified with
XPS and LEED, respectively. Pd nanoparticles were formed by depositing Pd
onto TiO2(110) with the sample held at 800 K. Pd was evaporated from an Omicron
EFM3 electron-beam evaporator. Pd 3d and Ti 2p photoemission spectra (hn ¼ 620
eV) were recorded to confirm the presence and chemical nature of Pd nanoparticles
and to verify that no encapsulation had taken place on the Pd nanoparticles. All
XPS were taken at normal emission. Binding energies were measured with respect
to the Fermi edge (EF) determined from the Ta sample plate in direct electrical
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contact with the sample. Research-grade CO was dosed by backfilling the prepara-
tion chamber, with its purity verified with a quadrupole mass spectrometer.
Carbon K-edge NEXAFS (hn ¼ 280–320 eV) measurements were carried out to

examine the bonding geometry of CO on the Pd/TiO2(110) surface. The degree of
polarisation in the C K-edge region was estimated to be 0.94. NEXAFS data were
recorded with the angle of incidence ranging between 40 and 90 degrees by moni-
toring the carbon KLL Auger yield. All NEXAFS and XPS measurements were
carried out at 300 K.
STM experiments

The STM experiments were carried out with an Omicron GmbH low temperature
STM housed in a bath cryostat within an ultrahigh vacuum (UHV) chamber
(base pressure ¼ 2 � 10�11 mbar). The adjoining preparation chamber was equipped
with facilities for electron beam heating, ion sputtering, Pd deposition, XPS, LEED,
and quadrupole mass spectroscopy (QMS).
The TiO2(110)-(1 � 1) samples (Pi-Kem) were prepared through cycles of argon-

ion sputtering (1 kV, drain current �7 mA) and annealing to 950 K. Sample clean-
liness and long-range order were verified with XPS and LEED. Pd islands were
formed by physical vapor deposition (PVD) onto the as-prepared TiO2(110) surface
with the sample held at 700–800 K. The Pd source consisted of Pd wire (Advent,
99.95%) wrapped around a tungsten filament that was resistively heated. CO (Labor-
gase, 99.998%) was dosed mainly with a directional doser placed�50 mm away from
the STM stage or via backfilling with a leak valve in the preparation chamber. In one
case, CO was first dosed from the residual vacuum. The directional doser consisted
of a 0.25 inch stainless steel tube welded to a leak-valve. O2 (SIP Analytical Ltd.,
99.999%) was dosed using the directional doser. The purity of both CO and O2

were checked using QMS.
STM measurements were carried out with electrochemically etched tungsten tips

(Advent, purity ¼ 99.95 %, diameter ¼ 0.25 mm). The tips were conditioned by
vacuum annealing at 200 �C and voltage pulses during scanning. STM images
were acquired at 124–190 K.
Computational details

The DFT calculations for the CO overlayers on a Pd(111) surface have been per-
formed using the Vienna ab initio simulation package (VASP, version 5.2.12) with
the projector-augmented wave (PAW) method and a cutoff of 500 eV for the
plane-wave expansion of the wavefunctions.22,23 For the exchange-correlation func-
tional, we have used the optB86b vdW functional implemented in VASP by Klimes
et al.20 using the algorithm of Rom�an-P�erez and Soler.24 A spin-restricted approach
has been used since spin polarisation effects have been found to be negligible.
Geometry optimisations were performed on a supercell structure using periodic

boundary conditions. The (111) surface is modeled by a four layer slab, with a
CO adlayer on one side of the slab and a vacuum space equivalent to six ideal
bulk metallic layers. We use the lattice constant of 3.946 �A calculated theoretically
for Pd, that is close to the experimental value (3.82 �A). We have considered three
different surface unit cells to simulate the different coverages: (O3 � O3)R30�-
1CO (0.33 ML), c(4 � 2)-2CO (0.5 ML), and (2 � 2)-3CO (0.75 ML). The two
uppermost substrate layers and the CO molecules are allowed to relax, while the
bottom two layers of Pd atoms were held fixed in their bulk positions. All atomic
coordinates of the adsorbed species and the metal atoms in the relaxed metal layers
were optimised to a force of less than 0.01 eV �A�1 on each atom. Brillouin zone inte-
gration was performed using Monkhorst–Pack grids of 12 � 12 � 1, 8 � 8 � 1 and 4
� 4 � 1, for the (O3 � O3), (2 � 2), and c(4 � 2) unit cells, respectively, and a Meth-
fessel–Paxton smearing of 0.2 eV.
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3 Results and discussion

NEXAFS measurements of CO on Pd/TiO2(110)

A Pd/TiO2(110) surface was prepared by depositing Pd onto the TiO2(110) surface
with the sample held at 800 K. This resulted in well-ordered Pd nanoparticles distrib-
uted on the TiO2(110) surface, with their (111) top facets oriented parallel to the
TiO2(110) surface, as evidenced by the emergence of Pd(111)-(1 � 1) spots in
LEED.25 Ti 2p XPS peaks taken before and after the Pd dose showed no significant
increase in the amount of Ti3+ and Ti2+ species, indicating that no encapsulation
takes place on the Pd nanoparticles. Using the change in integrated intensity of Ti
2p3/2 peaks, the effective thickness of Pd present on the TiO2(110) surface was calcu-
lated to be 10.4 � 3.7 �A. Note that this value will depend on the morphology as well
as the size distribution of the nanoparticles and is therefore only a nominal value.
After growing Pd nanoparticles on the TiO2(110) surface, NEXAFS spectra of

TiO2(110)/Pd/CO were recorded in the photon energy range 280–320 eV at different
angles of incidence from the Pd/TiO2(110) surface before and after exposure of 2000
L CO (1 L ¼ 1 langmuir ¼ 1.33 � 10�6 mbar s) at 300 K. The kinetic energy window
of the analyzer was centred at 265 eV with a width of 4.4 eV. To remove unwanted
signals from the substrate, we normalised the NEXAFS spectra by subtracting the
spectra before CO exposure from those recorded on the CO-covered surface. The re-
sulting difference spectra are displayed in Fig. 1a.
Each spectrum in Fig. 1a consists of a peak at �287.2 eV convoluted with a step-

like feature. The peak corresponds to the p* resonance, in which the 1s electrons in
carbon atoms are photo-excited to the unoccupied p* orbitals of CO. STM data (not
shown) indicate that nearly 90% of the TiO2(110) substrate is covered with Pd
islands. Moreover, no CO adsorption on the TiO2(110) surface was observed at
300 K. On this basis, we conclude that only CO bonded to the Pd islands contributes
to the X-ray absorption signal. To determine the orientation of CO molecules on the
Pd islands, taking threefold symmetry of the Pd islands into account, we numerically
fitted the area of the p* resonance peak as a function of incident angle using the
appropriate equations in ref. 26. The best fit to the data in Fig. 1b corresponds to
Fig. 1 (a) Normalised carbon KLL NEXAFS as a function of photon energy measured at
different incident angles on CO-covered Pd nanoparticles grown on TiO2(110), recorded at
room temperature. Only the region of the p* resonant peak is shown. Blue dots are experi-
mental data and red solid lines are numerical fits. (b) Normalised area of the CO p* resonant
peak as a function of incident angle. Dots are experimental data, and the solid line is a numer-
ical fit to the experimental data using the appropriate equations in St€ohr and Outka’s paper ref.
26. The best-fit values shown are the arbitrary constant B, degree of polarisation P (¼ 0.94),
and the angle between the C–O axis and the surface normal g.
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a bond angle, g, of 14.2 � 22.1�. Hence, CO bonds more or less vertically on the top
facet of the Pd islands.

CO overlayers at different coverages in STM

Pd was deposited on the rutile TiO2(110) substrate with the sample held at a temper-
ature of �720 K. This led to the formation of Pd nanoparticles distributed on the
TiO2(110) surface, as shown in Fig. 2a. The shape of the particles is indicative of
well-ordered nanocrystals comprised of a (111) top facet with {111} and {100}
side facets. Their average heights and diameters are 2.38 � 0.44 nm and 22.0 �
5.2 nm, respectively. Occasionally, the top facet can be imaged with atomic resolu-
tion, as shown in Fig. 2b. The nearest-neighbour separation of bright protrusions is
about 270 � 10 pm, consistent with the Pd lattice constant, 275 pm, thus validating
the suggestion that the top facet is a Pd(111)-(1 � 1) face. It also demonstrates that
the Pd nanocrystals formed in this way are not encapsulated.7 Note that due to the
spatial limit of STM, we could not detect any lattice contraction of the (111) top
facet as suggested in the micro-calorimetric measurements of CO on Fe3O4(111)
film-supported Pd nanoparticles by Fischer–Wolfarth et al.27
Fig. 2 (a) STM image (390 � 390 nm2, 1.6 V, 10 pA) of Pd islands distributed on the
TiO2(110) surface. The islands are pseudo-hexagonal and have mean measured heights and
diameters of 2.38 � 0.44 nm and 22.0 � 5.2 nm, respectively. (b) Atomically-resolved STM
image acquired on a Pd nanocrystal (5.5 � 5.5 nm2, �0.3 V, 0.2 nA) with a coverage of
< 0.3 ML of CO. Due to an adventitious tip change, in contrast to most images, the underlying
Pd(111)-(1 � 1) top facet was resolved. (c) Molecularly resolved STM image (9 � 9 nm2, 1.1 V,
10 pA) recorded on top of one of the Pd islands following a saturation dose of CO at 124 K.
This leads to the formation of a (2 � 2)-3CO ordered phase giving a CO coverage of 0.75 ML.
This image was taken from the island indicated with the green square in (a) and inset in (c). (d)
The proposed model for (2 � 2)-3CO, with CO occupying atop, as well as fcc- and hcp- hollow
sites. All STM data were recorded at 124 K. The TiO2(110) azimuths are indicated.
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To dose CO onto the surface via the directional doser, the STM is paused and the
tip retracted by 20 nm. Fig. 2c shows a STM image of the surface following CO
dosing with nominal pressure and duration of 1 � 10�7 mbar and 3 s, respectively,
at a temperature of 124 K. This dose is equivalent to a nominal 0.23 L exposure.
This procedure led to saturation of CO on the {111} top facet of the Pd islands.
As the doser was directed towards the surface only 50 mm away, the local pressure
around the sample was estimated to be 100 times higher than that measured by the
ion gauge. The estimation was made based on the exposure required to form a satu-
rated CO overlayer without directional dosing.
Zooming into the island indicated with a green square in Fig. 2a reveals the pres-

ence of an ordered CO layer as shown in Fig. 2c. The ordered structure consists of
hexagonally packed bright dots with a nearest neighbour distance of 550 � 16 pm.
The principal axes of this overlayer run parallel to those of the Pd(111) top facet so
that the structure has a (2 � 2) arrangement. According to Rose et al.’s STM work
on the native Pd(111) single crystal surface,28 the (2� 2) configuration is found when
the CO coverage is 0.75 ML, where a monolayer (ML) corresponds to 1.527 � 1015

molecules cm�2. Each primitive unit cell contains three CO molecules, so the over-
layer is described as (2 � 2)-3CO. In their model, one CO molecule occupies the
atop site while the other two CO molecules occupy the fcc and hcp hollow sites
(Fig. 2d). The overlayer in Fig. 2c is strikingly similar to that reported by Rose
et al.28 and we therefore made the same assignment.
In order to characterise under-saturated CO overlayers, we investigated the evolu-

tion of CO structures as a function of coverage by dosing small quantities of CO in a
stepwise manner. Because the Pd nanocrystals can be easily contaminated by
residual CO, every time after we saturated the sample with CO, we warmed the
STM from the imaging temperature of 124 K up to 200 K in order to desorb phys-
isorbed CO from the STM stage and the cryostat. After this, a freshly-prepared
Pd/TiO2(110) sample was inserted into the microscope and held at 124 K.
Following a nominal 0.01 L CO exposure, an ordered structure was formed. As

shown in Fig. 3a, it consists of hexagonally-packed unit cells with a measured unit
cell parameter of 470 pm. The unit cell is rotated by 30� with respect to the
Pd(111)-(1 � 1) unit cell, as judged from the step-edges of the Pd island (inset of
Fig. 3a). This corresponds to a (O3 � O3)R30� configuration, a structure previously
reported for the single crystal surface that has a coverage of 1/3 ML.28 The model for
this overlayer has CO occupying fcc-hollow sites and is shown in Fig. 3b.
With our experimental setup it was difficult to prepare a Pd/TiO2(110) surface

covered with exactly 0.5 ML. When deviating from this coverage, the CO becomes
too mobile to image in STM. To circumvent this, we adopted the following
approach: first we saturated the Pd/TiO2(110) surface with CO at l50 K, then
warmed it to >200 K before bringing it back to 150 K. This led to a surface with
the (111) top facet of every Pd nanocrystal covered with a c(4 � 2)-2CO overlayer.
On one of the Pd nanocrystals (Fig. 3c), CO molecules arrange themselves to form a
zigzag pattern. Therefore, we propose that in the c(4 � 2)-2CO structure in Fig. 3c,
CO molecules occupy both fcc- and hcp- hollow sites, leading to a hollow-hollow
(hh-) c(4� 2)-2CO (Fig. 3d). This structure is reminiscent of similar images observed
by Rose et al.28 for CO adsorbed on the native Pd(111) surface.
Fig. 3c also shows a facet edge on the right-hand side. Note that the structure devi-

ates from that of the (111) top facet: the protrusions along the facet edge appear with
varying brightness in STM. In the hh-c(4 � 2)-2CO structure proposed for the (111)
top facet, CO at both fcc- and hcp- hollow sites appear with equal brightness. As
such, we believe that those protrusions arise from the CO adsorbing at the sites
on the {111} side facet, or less likely, along the edge of the top facet (which
comprises only atop sites and bridge sites). Judging from their positions and relative
brightness, we attribute those protrusions to CO that occupy different adsorption
sites on the {111} side facet. The brighter protrusions correspond to CO that occupy
hcp-hollow sites, and the dimmer protrusions to CO that occupy fcc-hollow sites
196 | Faraday Discuss., 2013, 162, 191–200 This journal is ª The Royal Society of Chemistry 2013



Fig. 3 (a) Molecularly resolved STM image (9 � 9 nm2, 0.9 V, 0.05 nA) recorded on a Pd
nanocrystal (width ¼ 22.3 nm, height ¼ 3.0 nm) at 124 K. The (111) top-facet of the Pd nano-
crystal was covered with 0.33 ML of CO. (b) A ball model showing how CO bonds to the (111)
top facet of a nanocrystal in the proposed (O3 � O3)R30�-1CO structure. (c) Molecularly
resolved STM image (7.6 � 7.6 nm2, 0.5 V, 0.1 nA) recorded on a Pd nanocrystal (width ¼
29.1 nm, height ¼ 2.7 nm) at 150 K. Its (111) top facet was covered with 0.5 ML of CO,
prepared with non-directional dosing method (see text). (d) A ball model of hh-c(4 � 2)-2CO
ordered structure. CO occupying the fcc- and hcp- hollow sites on the {111} side facet are indi-
cated with open circles. The TiO2(110) azimuths are shown in Fig. 2.
(marked with open circles in Fig. 3). This assignment is based on the higher vertical
positions of the hcp-hollow sites on the {111} side facets compared with the fcc-
hollow sites. This bonding of CO on the {111} side facet is also illustrated in Fig. 3d.
We can compare the overlayers observed in STM with their adsorption energies

computed using the VASP code. The latter are shown in Table 1 where it can be
seen that the lowest energy adsorption sites are in line with those calculated in the
earlier work.15 In other words, at 0.33 ML, fcc hollow sites are occupied, while at
0.5 ML both fcc and hcp hollow sites are occupied. At 0.75 ML atop sites along
with fcc and hcp hollow sites are filled. The inclusion of vdW contributions increases
the adsorption energies (up to 0.3 eV molecule�1 for the 0.75 ML coverage) but does
not modify the relative stability of the different sites for a given coverage.
O2 adsorption on Pd nanocrystals

We also investigated O2 adsorption on the Pd nanocrystals with STM. Following a
nominal O2 exposure of 0.005 L on the Pd/TiO2(110) surface by directional dosing at
190 K, an oxygen-induced ordered structure was formed on the (111) top facet of the
Pd nanocrystals, as shown in Fig. 4a. The ordered structure consists of hexagonally
This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 162, 191–200 | 197



Table 1 PBE + vdW calculated adsorption energies Eads (eV) and adsorption energies per

molecule Eads mol�1 (eV) for the chemisorption of CO on Pd(111), at coverages 0.33 ML

[(O3 � O3)R30�-1CO], 0.5 ML [c(4 � 2)-2CO] and 0.75 ML [(2 � 2)-3CO]

Structure (O3 � O3)R30�-1CO c(4 � 2)-2CO (2 � 2)-3CO

Coverage q ¼ 0.33 ML q ¼ 0.50 ML q ¼ 0.75 ML

Sites atop bridge

hollow

fcc

hollow

hcp

bridge-

bridge

fcc +

hcp

atop +

bridge-

bridge

atop +

fcc + hcp

Eads (eV) �1.5860 �2.0023 �2.1958 �2.1594 �4.1834 �4.2923 �3.7242 �5.3351

Eads

mol�1

(eV)

�1.5860 �2.0023 �2.1958 �2.1594 �2.0917 �2.1462 �1.2414 �1.7784

Fig. 4 (a) Atomically resolved STM image (8.0 � 9.3 nm2, 0.45 V, 0.15 nA) recorded on a Pd
nanocrystal (diameter ¼ 15.0 nm, height ¼ 1.9 nm) at 190 K. Its (111) top facet was partially
covered with < 0.25 ML of atomic oxygen, leading to the formation of a p(2 � 2)-O structure.
Edge structures are also observed on the top- and bottom-right of the image. (b) The corre-
sponding current map of (a) illustrates that the unresolved areas (highlighted in blue) in (a)
are the (111) top-facet regions not covered with atomic O, as the (111)-(1 � 1) unit cells are
resolved. (c) Ball model of the p(2 � 2)-O ordered phase, in which atomic O is proposed to
adsorb at the fcc-hollow sites.
packed bright dots with a nearest neighbour distance of 550 � 20 pm. The principal
axes of this overlayer run parallel to those of the Pd(111) top facet so that the struc-
ture has a (2 � 2) arrangement. As O2 thermally dissociates to form atomic-O pairs
on Pd(111) at 160 K,29 we believe that the (2 � 2) ordered structure on the {111} top
facet consists of atomic oxygen, leading to p(2 � 2)-O. In the ball model in Fig. 4c,
we propose that in the p(2 � 2)-O structure, oxygen atoms adsorb at the fcc-hollow
sites. These sites have been shown to be most favoured on the (111) surface of Pd
single crystals.29,30 Note that some areas (highlighted in blue) in the STM topog-
raphy image are not well resolved (Fig. 4a). However, those areas are resolved in
the current map recorded simultaneously (Fig. 4b). In the current map, the areas
which are unresolved in Fig. 4a can be seen to consist of hexagonally packed bright
dots with a nearest neighbour distance of 271 � 20 pm, consistent with the Pd lattice
constant of 2.75 �A. From this, we conclude that those areas are parts of the top facet
not covered with atomic oxygen. Apart from the top-facet region, we also observed
some edge structures on the oxygen-covered Pd nanocrystals, as shown in the top-
and bottom-right of the images in Fig. 4a and 4b. Those edge structures look very
similar to one of those reported in Højrup-Hansen et al.’s work.8 As yet we do
not have a model for this observed edge structure.
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4 Summary

We have prepared a model catalytic system by forming Pd nanocrystals on rutile
TiO2(110). Those nanocrystals, with average diameter of �22 nm and height of
�2 nm, consist of (111) top facets with {111} and {100} side facets. The top facets
can be imaged with atomic resolution, confirming the Pd(111)-(1 � 1) long range
order expected and also demonstrating that the nanocrystals are not encapsulated.
By varying the CO exposure, a rich variety of CO overlayers were formed on the
(111) top facets with coverages ranging from 1/3 ML to the saturated 3/4 ML
(2 � 2)-3CO overlayer. Importantly, some of these overlayers were under-saturated
and are therefore likely to be more reactive than the saturated (2 � 2)-3CO layer.
DFT calculations of adsorption energies indicate that for all the structures observed,
fcc-hollow sites are occupied. Above 0.33ML, first hcp hollow sites are occupied and
then additionally the atop site at 0.75 ML. By dosing a small amount of O2 on
Pd/TiO2(110) at 190 K, we observed the formation of the p(2 � 2)-O ordered struc-
ture as well as oxygen-induced edge structures on the island edges. Island edges and
island–oxide interface regions have long been posited as active sites for catalysis and
our model system offers the opportunity to study any such effect directly with STM.
This work shows that adsorbate overlayers can be the same on nanoparticles as
those observed on metal single crystal surfaces, even below saturation coverage.
However, in a future publication we will present data that evidences significant
differences in behaviour.
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