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active phase for CO oxidation under conditions representative
of technological catalysis. Although these results are still
under debaté}?> it is clearly of major relevance to study
the oxidation of such surfaces under catalytically relevant
pressures.

Much less is known about the oxidation of Pd particles
and the role of Pd oxides formed on Pd nanoparticles during
catalytic oxidation reactions under realistic conditions. One
step toward an increased understanding is to study the oxygen
interaction with Pd particles and the oxide formation. Under
UHV conditions, such studies have been performed previously.
Shaikhutdinowet al?® studied the interaction between oxygen
and Pd particles on a thin alumina Im grown on a NiAl(110)
substrate and found that oxygen dissociates on the Pd particles,
migrates through the alumina Im, and reacts with the metallic
NiAl substrate underneath, thereby increasing the thickness of

exposures, a new family of ultrathin the alumina Im until a temperature-dependent self-limited
oxide structures, the so-called surface oxides, has been foufickness of the Im is reached and atomic oxygen starts to
to form prior to the onset of the bulk oxidatidnFor  adsorb on the particles. Under these conditions, no Pd oxide
Pd(100) and Pd(111), the surface oxides have been thoroughiyas formed, and adsorption-desorption properties were found
characterized in previous studi&$ In the case of Pd(110), no to be similar to those of Pd(111). Another set of studies
surface oxide has been found so%ain parallel, it has been has been performed on Pd particles grown on agOfre
reported that oxidation of CO to GQbver transition metal  Im on Pt(111)2"2° Molecular beam studies suggest that the
surfaces is often more ef cient on surfaces with a thin oxideoxidation of these patrticles starts at the interface between the
(such as a surface oxide) than on the corresponding metallied particle and the E®, Im and that the oxygen uptake into
surface®?? Furthermore, in a recent theoretical papeRogal  the Pd particles increases for Pd particles below 20 nm with a
et al. suggest that the surface oxide is indeed the mosmaximum at approximately 7 nm.

1098-0121/2011/83(11)/115440(10) 115440-1 ©2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.83.115440

R. WESTERSTR®M et al. PHYSICAL REVIEW B 83, 115440 (2011)

Since the majority of traditional surface characterizationparticles with a carbide shell rather than pure Pd particles.
tools use electrons as a probe in order to enhance thEhe nanoparticle samples were transported to the different
surface sensitivity, most studies of high-pressure structuresxperimental locations in air.
have been donex situin UHV after quenching the structure The single-crystal Pd(100) surface was cleaned by cycles
by cooling. It is, however, dif cult to know if the structure of Ar* sputtering and subsequent anneals, and by keeping
is the same before and after this quenching process; fahe crystal in 167 mbar G while annealing between 100
catalytically active structures, formed in the presence of moréo 700 C, followed by a ash in vacuum in order to remove
than a single gas, this is often not the case. In order toesidual O. After the cleaning procedure, no contaminants such
follow processes as they occun situ measurements are as carbon could be detected.
required. Until recently, such studies have been limited to X-ray photoelectron spectroscopy measurements were per-
surface x-ray diffraction (which requires epitaxial structures)formed at the Molecular Science beamline 11.0.2 at the
scanning tunneling microscopy (STM) (which requires at Advanced Light Source (ALS) in Berkeley, California, using a
surfaces), and different kinds of infrared spectroscopy methodshoton energy of 525 eV and at the ISISS endstation at BESSY
(which are limited to characterizing the molecules found onin Berlin, Germany. The photon energy was kept constant
the surface). Recently, however, a few experimental systemiiroughout the experiment, and calibrated from the Fermilevel
have been developed that, by the use of differential pumpingf the nonoxidized single crystal and Pd nanopatrticles. Since
and strong focusing of the emitted electrons, allow for x-raythe particles in this study are relatively largel5 nm), we do
photoelectron spectroscopy to be used under pressures upt expect to observe a size-induced shift of, e.g., the Pd bulk
to 10 mbar, the so-called high pressure x-ray photoelectronomponent as compared to the single crystal. Furthermore, we
spectroscopy (HPXPS¥:3t do not observe a shift of the spectrums as the samples were

In this paper, we report am situ high-pressure x-ray oxidized, indicating that the sample remains conducting.
photoelectron spectroscopy study of the oxidation process as The Pd(100) spectrum recorded before the oxidation cycle
well as the reduction with CO of Pd(100) and size-selecteds decomposed using a single component, although a surface
aerosol-depositéd Pd nanoparticles on SjONanoparticles component would be expectédThe reason for the absence
with diameters of 15 and 35 nm were studied, but no signi cantof a surface component could be possible hydrogen contami-
difference in oxidation and reduction behavior between thenation, which would shift the surface component underneath
two particle sizes could be observed. The oxidation process ite bulk component.
also similar to that of the Pd(100) single-crystal surface, with
the formation of a thin surface oxide prior to the bulk oxi-
dation. The most pronounced difference is an approximately
40-degree lower bulk oxidation temperature of the particles The density functional theory (DFT) was employed using
as compared to the single crystal, when using 0.5 mbar ofnimplementation with plane waves and pseudopoteriftfs.

0, and increasing the temperature. Both for particles and thdhe spin-polarized Perdew-Burke-Ernzerhof (PBE) approx-
single crystal, we identify a surface core-level shift (SCLS)imation was used for the exchange and correlation (xc)
for the Pd bulk oxide (PdO) surface. The identi ed Pd surfacefunctionaP® and ultrasoft scalar-relativistic pseudopotentials
atoms in the PdO are shown to be affected when the PdO Wwere used to describe the interaction between the valence
exposed to 0.5 mbar of CO at 100—140), indicating that CO ~ electrons and the coré.The number of electrons treated
adsorbs on the PdO under these conditions. Simultaneouslyyariationally for each element were Pd(10), O(6), and C(4).
componentin the Cdregion can be identi ed as CO adsorbing A plane-wave kinetic energy cutoff of 28 Ry was used to
on the PdO. During the reduction with CO, more signi cant expand the Kohn-Sham orbitals.

differences between the single crystal and the particles can The lattice constant for Pd (cubic-fcc) is calculated to be
be observed. We can con rm recent results indicating the3.93 A. The corresponding values for PdO (tetragonal) are
formation of a Pd carbid® on the Pd nanoparticles, which 3.11and 5.4%\. The results are within 2% of the experimental
does not occur in the single-crystal case. lattice constants. The heat of formation for PdO with respect
to Pd and Qin the gas phase is calculated to be 0.95 eV, which
is close to the experimental value of 0.974€V.

The bare Pd(100) surface was represented by ve atomic

The preparation of the nanoparticle samples is describeléyersin g (2 x 2) surface cell. The bare Pd(100) surface was
in detail in Ref.34. In brief, areosol Pd particles were size represented by p(2 x 2) surface cell and ve atomic layers.
selected and deposited onto a Si wafer that has been clean&d model the Pd(100)-5R27 surface oxide (hereafter de-
by hydro uoric acid (HF etching) and brought out in air in noted 5), the oxide monolayer was supported on a ve-layer
order to grow a native SiQoxide. Two kinds of nanoparticle Pd(100) slab. Two oxide surfaces were considered, namely,
samples were used, with particle diameters of 15 and 35 nnRdO(100) and PdO(101). PdO(100), which is the most stable
respectively. As reported in Re84, the resulting samples surface oxide terminatiott, has all Pd atoms coordinated to
are highly carbon contaminated and the Pd nanoparticles afeur O atoms. PdO(101), which is included because tlae
covered by a shell of Pd carbide. This contamination can bstructure is based on this structure, has in each surface cell two
removed through oxidation. To remove the oxide, this wagwo-fold-coordinated and two four-fold-coordinated Pd atoms.
followed by a reduction cycle in CO, which resulted in the PdO(100) was modeled by six bilayers, whereas six trilayers
return of the carbide shell. Therefore, for the nanoparticlevere used for PdO(101). Repeated slabs are separated by at
samples, the oxidation process reported below starts froreast a 12A vacuum. Reciprocal space integration over the

Ill. COMPUTATIONAL METHOD

Il. EXPERIMENT
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FIG. 3. (Color online) The oxidation of 15- and 35-nm Pd

Note, however, that the peak afl.3 eV still remains in the  particles shows no detectable differences. The different components
spectrum together with the bulk PdO component &t6 eV.  are labeled according to the colors in the models in Eig.

We interpret this as undercoordinated atoms at the surface of

the PO Im exhibiting a surface core-level shift &0.3  for Pd atoms coordinated to four O atoms. All surface oxides
relative to the bulk PdO, which will be further supported found in previous studies of closed packed and vicinal Pd
by theab initio calculations and CO adsorption data below. syrfaces have Pd atoms coordinated to four O atoms with a
The use of two components to decompose the PdO is dife| 5 of + 1.3 eV2448 As in the case of the single crystal, it
ferent from previous oxidation studies using Pd(111) to formig giso likely that the nanoparticles are covered with a surface
the PdQ_AfMG oxide under these conditions. The onset of the bulk oxide
Additional support for the use of a surface componenigrowth, however, is found to be approximately @lower for
when decomposing the Pdis3, and the O & levels from  the nanoparticles since the bulk signal of the Pd metal is not
PdO is presented in Fi@. In this gure, we have studied getectable already at a temperature of 210-£30t should
the energy dependence of the different components in thgiso be noted that, in the case of Pd particles, we have to use
O Isand the Pd G5 2 regions in order to probe the presence of o components to decompose the spectra from a thicker PdO
surface-related electron emission. Starting withthse€hbwn |y,
in Fig. 2(a) we nd two components, one at approximately | Fig. 3, we compare the oxidation rate between the 15-
approximately+ 1.3 eV. The energy-dependent measurementnat there is, within the error margins of the experiment, no
show that the high binding-energy component originates fromjitference in the oxidation behavior between nanoparticles of

component is from O at the surface of the PdO Im. Thus, thepressure from 0.5 to 1 mbar does not affect the oxidation rate
surface core-level shift in the Gs1s approximatel51.3 eV gjgnj cantly.

with respect to the 4 binding energy of bulk O in PdO. The

reason that the Pg3componentis dif cult to observe in the O . . .

1s625-eV spectrais that the cross section for thefPi Bnuch B. In situ reduction of Pd(100) and Pd particles

lower than the O 4 at this energy as compared to at higher The oxidized samples can now be reduced by CO exposure.

energies. The corresponding measurements fordge [@vel  In order to follow the reduction within the time scale to record

is shown in Fig.2(b). In this case, the energy dependencea spectra, we cool the sample to an appropriate reduction

clearly shows that the component shifted b%.3 eV from  temperature before pumping out the &nd introducing CO.

the bulk Pd is due to electron emission from Pd atoms at th&igure4 shows the Pd&,; , spectra from an oxidized Pd(100)

surface while the- 1.6 component is from Pd atoms in the bulk crystal, just before and right after the introduction of 0.5 mbar

of the PdO surface. Thus, we nd a surface core-level shift ofCO at 120 C. As the sample is exposed to CO, the PdO surface

S0.3 eV for the 8, level from PdO on Pd(100). component is clearly shifted toward higher binding energies,
Returning to Figl, the oxidation data from the nanoparticle which is understood by CO bonding to the under-coordinated

sample shown in Figl are essentially identical to the single PdO surface atoms. This observation strongly supports our

crystal, with two exceptions. As mentioned above, it wasdeconvolution using two components of the clean Pd),3

not possible to produce pure Pd particles, but the particlespectra as discussed above. The spectra also show that the

were always found in either an oxide or a carbide phasereduction process has already started at this low temperature,

Hence, the oxidation starts from a Pd carbide instead of cleabut not to the extent that the effect on the intensity of the

Pd. The second difference is the temperature needed to forpxide-related peaks is signi cant.

the PdO. The complete reduction process for a similarly oxidized
At a sample temperature of 150, the 35, level exhibits  Pd(100) sample can be followed in Fi§(a) The bottom

a component with a CLS of 1.3 eV, which is characteristic spectrum is recorded after evacuating thg @&@mosphere,
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Pd 3ds, the surface c;oordingted to CO adsprbed in bridge sites (in
PdO 525 6V agreement with previous studf@gare increasing. _
bulk In order to t the Pd 85, spectra recorded during the
PdO reduction process, we have to include an extra component at a
surface | binding energy of about 336 eV. We attribute this component to
0.55 eV 0.5 mbar CO partly reduced Pd atoms, which, depending on the coordination
e @120°C of each atom to O and CO, are expected to exhibit a range
of binding energies between the metallic surface atoms with
adsorbed CO found at 335.5 e¥ 0.6 eV) and the oxide
surface with CO at 336.75 eV. Hence, the decompositions of
the intermediate stages are not to be considered conclusive,
but rather approximative.

In the C & spectra, we again nd several components
attributed to CO in different positions. The peak at 285.7 eV is
0.1 mbar O, recognized as corresponding to CO adsorbed in bridge sites on

@120°C the metallic surfacé? At around 287 eV, we nd a broad peak
that we attribute to CO adsorbed on the oxide. The broad
A appearance of this peak indicates a mixture of adsorption

338 337 336 335 334 sites, which will be con rmed by the DFT calculations below.
Binding energy (eV) Finally, a peak at around 290 eV is found corresponding to
CO in a gas phase. The gas phase binding energy changes

FIG. 4. (Color online) HPXPS spectra from thes3 region of  Slightly through the reduction process due to changes in the
PdO before and after introducing CO. The component at loweswork function. The oxidation-reduction cycle for the Pd(100)
binding energy corresponds to under-coordinated Pd atoms at tHfystal is summarized in Fig.
surface of the PdO oxide. As CO is introduced, the under-coordinated Figure5(b) shows Pd 8 spectra from a similar reduction
surface component shifts toward higher binding energy. We thereforseries using 120C and 0.1 mbar CO for a sample with 15-nm
attribute the shifted component at 336.75 eMO(55 eV) to under-  Pd nanoparticles on SjODuring the reduction, the differences
coordinated PdO surface atoms bonding with CO. between the behavior of the nanoparticles and the single crystal

are small. The CO-induced surface core-level shift on the

oxide is the same, and the Pd bulk grows slowly together
just before introducing 0.1 mbar CO at around 120 As  with the peak corresponding to Pd coordinated to adsorbed
the reduction process proceeds with time, the oxide-relate@O. Once the reduction is complete, however, the spectrum
peaks in the Pd@;, region decrease in intensity, while the continues to change, and the components corresponding to
components corresponding to metallic bulk Pd and Pd ametallic Pd in the bulk and coordinated to adsorbed CO

Pd bulk
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FIG. 5. (Color online) The CO-induced reduction using 0.1 mbar of CO and@20 fully oxidized (a) Pd(100) single crystal. (b) 15-nm
Pd particles. (a) Starting with the UHV spectra, the component at lowest binding energy corresponds to under-coordinated atoms located at the
surface of the PdO. As CO is introduced, this component shifts towards higher binding energy due to bonding to CO4k€eEhEiglack
component originates from Pd atoms on the reduced (100) surface coordinated to 1 CO atom, whereas the white component corresponds tc
partially reduced Pd atoms coordinated to CO. After CO exposure ttsa&yibn exhibits three peaks, CO in the gas phase, CO bonding with
PdO surface atoms, and CO adsorbed on the reduced metallic surface. (b) As in the case of the single crystal, introducing CO results in a shift
of the under-coordinated component towards higher binding energy. However, as the oxide is reduced, a new component appears with a CLS
of +0.45 eV, which is attributed to the Pd atoms participating in the formation of a Pd-carbide. (c) Particle models display the origin of the
different components in (b). To better illustrate the different types of Pd atoms, the particles have been made smaller than 15 nm.
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TABLE I. Pd (3d) SCLS (eV) for Pd(100) and 5 with one and
four monolayers. SO denotes a surface atom at the bare Pd(100)
surface. For the 5 systems, this value is calculated for the backside
ofthe slab. 2 1, 2f ,, 4f 1, and 4 , denote the four different Pd atoms
in the surface layers of the Pd-supported oxide Im (see 8)g.

S0 2 1 2f 2 4f 1 4f 2
0.5 bar CO 0.5 bar CO Pd(100) §0.36
120°¢ 120°C 5 1ML $0.35 0.34 0.45 1.17 121
B o 5 AML $0.36 0.53 0.53 1.14 1.14

FIG. 6. (Color online) Summary of the oxidation-reduction cycle

of Pd(100). Model I: As the crystal is heated in 1 mbar oftte 5 . o x .
surface oxide forms at a sample temperature of X50Model II: of Pd(100) experience a shift 6f0.36 eV with respect to the

Upon further heating the bulk oxide forms, andTat- 250 C, the tgulk reference, which is close to the experimental value of
PdO Im has grown thick enough to prevent detection of the metallicS 0-40 eV. The Pd atoms in the5 surface oxide are oxidized
bulk in the Pd 8, level. Model 11I: The reduction of the oxide takes and have positive shifts with respect to the bulk component.
place at under-coordinated sites on the oxide where CO can adsofhe 31 binding energy of the Pd atoms that are two-fold
(here Pd atoms coordinated to two oxygen atoms at the surface ofepordinated to oxygen are shifted By0.34 and+ 0.45 eV,
PdO(101) Im). Model IV: After the oxide is reduced, the Pd(100) whereas the four-fold-coordinated atoms are shifteé byl 7
surface is covered with CO adsorbed in bridge sites. and+ 1.21 eV, respectively. The results are in good agreement
with the experiments as well as with previous calculatibns.
are replaced by a single component in-between. We attributds a model for a further oxidized Pd(100) surface, we have
this component to the formation of Pd carbide. Of course(following Ref. 47) considered the 5 structure with four
some of the intensity of this component could also be fromPd(101) monolayers. With respect to the monolayer, the
CO adsorbed on the Pd carbide. The experimental bindingomponents for the two-fold atoms are slightly increased,
energy agrees well with calculated Pd Binding energies whereas the components of the four-fold atoms have a minor
for a P¢C phase? The reason for not showing the C shift to lower binding energies.
1s region in the case of the Pd particles is that no €€ 1  For the clean PdO(101) surface, we calculate a shift for
intensities can be observed. The reason is the very low carbd?d (3) of S0.55 eV andS0.02 with respect to Pd in the
coverage € 1.5 % for full P¢C formation in the particles) bulk of PdO. The large shift is experienced by the two-fold-
and the three-times-lower cross section for@Han Pd 8 at ~ coordinated atoms. For PdO(100), the Pd surface atoms have
these energies. Figuiesummarizes the oxidation-reduction shifts in the & component of only$0.10 eV. The result for
cycle of the Pd nanopatrticles. the PdO(101) surface can be compared to the 4 ML surface
oxide. The Pd atoms in the interior of the Im (which all are
four-fold coordinated) have an average shift with respect to
_ bulk Pd of+1.08 eV. Thus, the two-fold-coordinated atoms at
The Pd (&) SCLS for the bare Pd(100) surface and the  the surface are shifted §/0.55 eV with respect to this value,
structure are reported in Tablerhe atoms in the surface layers in perfect agreement with the PdO(101) bulk calculation. The

V. CALCULATED CORE-LEVEL SHIFTS

UHV

0.5 bar CO
120°C
t>t,

0.5 bar CO
120°C
t=t,

FIG. 7. (Color online) Summary of the oxidation-reduction cycle of Pd nanoparticles (1§ redius< 35 nm). Model I Starting with
particles in a carbide phase. When the sample is heated in 1 mbay thiearbide is reduced, and as the sample temperature reach€; 150
our HPXPS data suggest that the particles are covered with a surface oxide (model I). Model llI: Increasing the sample temperature by 50
results in particles surrounded with a shell of PdO. Model IV: When that®osphere is replaced with 0.1 mbar of CO at 120the oxide
starts to decompose into metallic Pd and,CThe reaction takes place at sites where CO can bind to under-coordinated Pd atoms at the surface
of the oxide layer. When the oxide is reduced, we are again left in a carbide phase (model ).
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For the initial oxidation of Pd(100), there is a good agree-particle is decreasing; on the other hand, the bulk diffusion
ment between the experiments and the present calculationsarriers are expected to decrease, facilitating oxidation.
The surface oxide has experimentally been formed at €50
This phase is characterized by two shifts in the Rd) (8ith
respect to Pd in the bulk, namely, 0.38 and 1.3 eV. The average . . .
theoretical shifts are 0.40 and 1.19 eV, respectively. Upon During reduction, the presence of CO induces a marked
further oxidation, the experimental intensity can be tted to Shiftofthe Pd (8) surface componenton the oxidized systems.
a good accuracy with two peaks centered at 1.3 and 1.6 e\[he calculated values for PdO(101) and the 4-M& Im are
For the 4-ML 5, we calculate shifts of 0.53 and+ 1.14 eV,  0.35 (0.80) eV for CQO in bridge (atop) con guration. Again,
The calculations (which are in full agreement with previousthe agreement between the experiments and theory is only
reporté”) yield similar Pd (&) shifts for all Pd atoms that are qualitative. Experimentally, we nd a shift of 0.55 eV in-
four-fold Coordinated, thus’ four-fold Pd atoms at the Surfac@etween the calculated values. It iS, therefore, I|ke|y that the
are masked by the bulk contribution. CO-induced component instead consists of two peaks that can
Although the experimental data and the calculations agreB0t be resolved experimentally. We note that the match is much
on two components for the oxidized Pd(100) surface, thdetter for the partly reduced situation (the 1-ML5) and CO
absolute shifts are in variance. One reason for the fairly larg@dsorbed on Pd(100).
deviation could be that the oxidized surface is more com- The results for the C & binding energies are clearer than
plicated than simply continued PdO(101) growth. Howeverfor the Pd (8l). For CO adsorbed on the oxide, the G)(is
it is clear that the presence of (at least) one distinct surfaceeasured to be shifted byl eV on the oxide with respect
component implies Pd atoms at the surface with reducetP CO on Pd(100). The feature in the initial stage of the
coordination. Another reason for the discrepancy could béeduction is, however, broad and the possibility of two peaks
the approximation to the exchange-correlation functionaWith one at zero shift can not be ruled out. The calculations
in the calculations. It is known that generalized gradientgive a shift of+1.1 eV for CO adsorbed atop on the oxide,
approximations (GGAs) (such as PBE) fail to describe thewhereas a zero shift is computed for CO at the bridge site.
experimentally observed band gap for PdO in the Balk. The presence of CO in the atop site conforms to the computed
Turning to a comparison of the oxidation rates of theadsorption energies; CO is preferably adsorbed atop on the
Pd(100) single crystal and the Pd nanoparticles, our studiesxide and the 4-ML 5 Im.
show that the particles form bulk PdO at lower temperatures The observation of CO adsorbing on the PdO surface
than the single crystal. One reason for this behavior couldndicates that under real conditions, CO could indeed adsorb
be that the particles contain a larger number of defects suchn and react with oxygen in the PdO surface into,G®a
as steps, kinks, and corners, which are sites considered Mars—van Klevelen mechanist.
bene cial for oxidation®® Indeed, lately it has been observed  The observation of atomic carbon and the formation of
that one-dimensional oxides may easily form at steps aPdC by CO on oxide-supported Pd particles have been
UHV conditions containing undercoordinated atoms on vicinalobserved previously, although the exact mechanism of the
surface<%6! |n fact, it has been shown that the exact structureCO dissociation is still under debat&>%8 Our study con-
of the one-dimensional oxide on the steps determines the ratems that a PgC is exclusively formed on supported Pd
of the continued growth of a two-dimensional surface offle. particle§>%” and is at variance with carbide formation on
A second reason could be the expected higher exibilitya Pd single crysta¥ This paper does not reveal how the CO is
of a small nanoparticle as compared to a single crystal talissociating, only that a R@ is formed in the presence of CO.
accommodate oxygen atoms forming an oxide. Nevertheless, itis clear that a full theoretical understanding of
Recently, ann situ SXRD study of a sample containing Pd the CO oxidation over oxide-supported Pd nanoparticles must
particles with gradually increasing size from 4 to 24 nm oninclude P¢C formation in a CO-rich environment.
MgO was performed>%* In that study, it was observed that,
when exposing 5-nm particles to 0.3 mbar of oxygen at 80
bulk PdO was formed, although the bulk of the particles
was still metallic. At 56 mbar and at the same temperature, To conclude, we have followed the oxidation by, O
the 5-nm particles had oxidized completely, as evidenced bgnd reduction by CO of a Pd(100) single crystal as well
the complete disappearance of the Pd(111) re ection. Similans Pd nanoparticles supported on Si€ubstrates, using
observations were done for the larger particles, apart from thelPXPS. The oxidation and reduction behavior is similar
fact that, in the case of the larger particles, the Pd(111) re ecfor the nanoparticles and the single crystals with a surface
tion could always be observed, indicating that the bulk of theoxide forming prior to the onset of the bulk oxidation.
particles were not oxidized. These observations are consistefihe temperature needed to start the formation of the bulk
with the HPXPS observations reported in this paper. We do nabxide is, however, lower on the particles as compared to the
expect to probe deeper then a few PdO layers, and we obsersigle crystal. We observe a core-level shift for the undercoor-
very similar oxidation properties between the 15- and 35-nndinated Pd atoms at the surface of the PdO oxide. This result is
sized particles. Obviously, it would be interesting to study theclearly illustrated by a change in the shift induced by adsorbed
oxidation of Pd nanoparticles with a very small size8(nm).  CO during the rst stage of the reduction process. After the
The reason is that it is not clear if the oxidation becomes easigeduction, the single crystal was found in a metallic phase with
or more dif cult for very small particles since, on one hand, the CO adsorbed on the surface. In contrast, our results indicate
thermodynamic stability will decrease as the size of an oxidehat CO can dissociate on the nanoparticle model samples and

B. Reduction

VII. CONCLUSIONS
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