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Using in situ high pressure X-ray photoelectron spectroscopy (HPXPS), we have followed the
oxidation and the reduction of Pd model catalysts in oxygen and CO pressures in the mbar range.
The study includes a Pd(100) single crystal as well as SiOx supported Pd nanoparticles of 15 or 35
nm diameter respectively. We demonstrate that also nanoparticles form ultra-thin surface oxides
prior to the onset of the bulk PdO. The Pd nano particles are observed to bulk oxidize at sample
temperatures 40 degrees lower than the single crystal surface. In the Pd 3ds5,, and the O 1s spectrum
we identify a component corresponding to under-coordinated atoms at the surface of the PdO oxide.
The experimentally observed PdO CLS is supported by density functional theory calculations (DFT).
In a CO atmosphere, the Pd 3ds,, component corresponding to under-coordinated PdO atoms is
shifted by 4+0.55 eV with respect to PAO bulk, demonstrating that CO molecules preferably adsorbs
at these sites. CO coordinated to Pd atoms in the metallic and the oxidized phase can also be
distinguished in the C 1s spectrum. The initial reduction by CO is similar for the single crystal
and the nanoparticle samples, but after the complete removal of the oxide we detect a significant
deviation between the two systems, namely that the nanoparticles incorporate carbon to form a Pd
carbide. Our results indicates that CO can dissociate on the nanoparticle samples, whereas no such
behavior is observed for the Pd(100) single crystal. These results demonstrate the similarities, as
well as the important differences, between the single crystal used as model systems for catalysis and
nm sized particles on oxide supports.

PACS numbers: 68.47.Gh, 79.60.-i, 81.16.Pr

I. INTRODUCTION supported nanoparticles.

By studying the interaction between single crystals and
oxygen under higher Os exposures, a new family of ultra-
thin oxide structures — so-called surface oxides — has
been found to form prior to the onset of the bulk oxi-
dation [1]. For Pd(100) and Pd(111), the surface oxides
have been thoroughly characterized in previous studies
[2-5]. In the case of Pd(110), no surface oxide has been
found so far [6, 7]. In parallel, it has been reported that
oxidation of CO to COs over transition metal surfaces, is
often more efficient on surfaces with a thin oxide (such as
a surface oxide) than on the corresponding metallic sur-
face [8-22]. Furthermore, in a recent theoretical paper

Motivated mainly by the relevance for oxidation and
reduction catalysis, the interaction between oxygen and
single crystal surfaces of transition metals has been stud-
ied in great detail in recent years. These studies have
generally been performed under UHV compatible condi-
tions, where it is possible to have a very good control of
the abundance of molecules on the surface. Such studies
have led to a thorough understanding of the adsorption
and dissociation of Os on metals such as Rh, Pt and Pd
that are e.g. used as the active part in car exhaust cat-
alytic converters.

Recently, however, there has been a strong effort on
studying more relevant model systems for catalysis, and
several groups aim at doing surface science studies under
higher pressures and more complex surfaces such as oxide

[23], Rogal et al. suggest that the surface oxide is indeed
the most active phase for CO oxidation under conditions
representative of technological catalysis. Although these
results are still under debate [24, 25] it is clearly of major



relevance to study the oxidation of such surfaces under
catalytically relevant pressures.

Much less is known on the oxidation of Pd particles,
and the role of Pd oxides formed on Pd nanoparticles
during catalytic oxidation reactions under realistic con-
ditions. One step towards an increased understanding
is to study the oxygen interaction with Pd particles and
the oxide formation. Under UHV conditions, such stud-
ies have been performed previously. Shaikhutdinov et
al. [26] studied the interaction between oxygen and Pd
particles on a thin alumina film grown on a NiAl(110)
substrate, and found that oxygen dissociates on the Pd
particles, migrates through the Alumina film and reacts
with the metallic NiAl substrate underneath, and thereby
increasing the thickness of the Alumina film until a tem-
perature dependent self-limited thickness of the film is
reached, and atomic oxygen start to adsorb on the par-
ticles. Under these conditions, no Pd oxide was formed,
and adsorption-desorption properties were found to be
similar to those of Pd(111). Another set of studies have
been performed on Pd particles grown on an Fe3Oy4 film
on Pt(111) [27-29]. Molecular beam studies suggests that
the oxidation of these particles starts at the interface be-
tween the Pd particle and the Fe3O,4 film and that the
oxygen uptake into the Pd particles increases for Pd par-
ticles below 20 nm with a maximum at approximately 7
nm.

Since the majority of traditional surface characteriza-
tion tools use electrons as a probe in order to enhance the
surface sensitivity, most studies of high pressure struc-
tures have been done ex situ in UHV after quenching the
structure by cooling. It is, however, difficult to know if
the structure is the same before and after this quenching
process, and especially for catalytically active structures,
formed in the presence of more than a single gas, this is
often not the case. In order to follow processes as they
occur, in situ measurements are required. Until recently,
such studies has been limited to surface X-ray diffrac-
tion, which requires epitaxial structures, STM, which re-
quires flat surfaces, and different kinds of infra-red spec-
troscopy methods that are limited to characterizing the
molecules found on the surface. Recently, however, a few
experimental systems have been developed that, by the
use of differential pumping and strong focusing of the
emitted electrons, allowing for X-ray photoelectron spec-
troscopy to be used under pressures up to 10 mbar, so-
called High Pressure X-ray Photoelectron Spectroscopy
(HPXPS) [30, 31].

In this paper we report an in situ high pressure X-ray
photoelectron spectroscopy study of the oxidation pro-
cess as well as the reduction with CO of Pd(100) and
size selected aerosol deposited [32] Pd nanoparticles on
SiOx. Nanoparticles with a diameter of 15 and 35 nm
were studied, but no significant difference in oxidation
and reduction behavior between the two particle sizes
could be observed. The oxidation process is also sim-
ilar to that of the Pd(100) single crystal surface, with
the formation of a thin surface oxide prior to the bulk

oxidation. The most pronounced difference is an approx-
imately 40 degree lower bulk oxidation temperature of
the particles as compared to the single crystal, when us-
ing 0.5 mbar of Os and increasing the temperature. Both
for particles and single crystal we identify a surface core
level shift (SCLS) for the Pd bulk oxide (PdO) surface.
The identified Pd surface atoms in the PdO are shown to
be affected when the PdO is exposed to 0.5 mbar of CO
at 100-120°C, indicating that CO adsorbs on the PdO
under these conditions. Simultaneously, a component in
the Cls region can be identified as CO adsorbing on the
PdO. During the reduction with CO, more significant dif-
ferences between the single crystal and the particles can
be observed. We can confirm recent results indicating the
formation of a Pd carbide [33] on the Pd nanoparticles
which does not occur in the single crystal case.

II. EXPERIMENTAL

The preparation of the nanoparticle samples are de-
scribed in detail in Ref. [34]. In brief, areosol Pd par-
ticles were size selected and deposited onto a Si wafer
that has been cleaned by HF etching and brought out
in air in order to grow a native SiOy oxide. Two kinds
of nanoparticle samples were used, with particle diame-
ters of 15 and 35 nm, respectively. As reported in Ref.
[34], the resulting samples are highly carbon contami-
nated and the Pd nanoparticles are covered by a shell of
Pd carbide. This contamination can be removed through
oxidation. To remove the oxide this was followed by a
reduction cycle in CO, which resulted in the return of
the carbide shell. Therefore, for the nanoparticle sam-
ples, the oxidation process reported below starts from
particles with a carbide shell rather than pure Pd parti-
cles. The nanoparticle samples were transported to the
different experimental locations in air.

The single crystal Pd(100) surface was cleaned by cy-
cles of Art sputtering and subsequent anneals, and by
keeping the crystal in 10~7 mbar O while annealing be-
tween 100 to 700°C, followed by a flash in vacuum in
order to remove residual O. After the cleaning procedure
no contaminants such as carbon could be detected.

X-Ray Photoelectron Spectroscopy measurements
were performed at the Molecular Science beamline 11.0.2
at the Advanced Light Source (ALS) in Berkeley, USA,
using a photon energy of 525 eV and at the ISISS endsta-
tion at BESSY in Berlin, Germany. The photon energy
was kept constant throughout the experiment, and cal-
ibrated from the fermi level of the non-oxidized single
crystal and Pd nanoparticles. Since the particles in this
study are relatively large (> 15 nm), we do not expect
to observe a size induced shift of i.e. the Pd bulk com-
ponent as compared to the single crystal. Furthermore,
we do not observe a shift of the spectrums as the sam-
ples where oxidized, indicating that the sample remains
conducting.

The Pd(100) spectrum recorded before the oxidation



cycle is decomposed using a single component, although
a surface component would be expected [35]. The reasons
for the absence of a surface component could be possible
hydrogen contamination, which would shift the surface
component underneath the bulk component.

IIT. COMPUTATIONAL METHOD

The density functional theory (DFT) was employed
using an implementation with plane-waves and pseudo-
potentials [36, 37]. The spin polarized Perdew-Burke-
Ernzerhof (PBE) approximation was used for the ex-
change and correlation (xc) functional [38] and ultrasoft
scalar-relativistic pseudo potentials were used to describe
the interaction between the valence electrons and the core
[39]. The number of electrons treated variationally for
each element were: Pd(10), O(6) and C(4). A plane-
wave kinetic energy cut-off of 28 Ry was used to expand
the Kohn-Sham orbitals.

The lattice constant for Pd (cubic - fcc) is calculated
to be 3.93 A. The corresponding values for PdO (tetrago-
nal) are 3.11 and 5.45 A. The results are within 2 percent
of the experimental lattice constants. The heat of forma-
tion for PAO with respect to Pd and O; in the gas phase
is calculated to be 0.95 eV, which is close to the experi-
mental value of 0.97 eV [40].

The bare Pd(100) surface was represented by five
atomic layers in a p(2 x 2) surface cell. The bare Pd(100)
surface was represented by a p(2 x 2) surface cell and five
atomic layers. To model the Pd(100)-v/5R27° surface
oxide (hereafter denoted v/5), the oxide monolayer was
supported on a five layer Pd(100) slab. Two oxide sur-
faces were considered, namely PdO(100) and PdO(101).
PdO(100) which is the most stable surface oxide termina-
tion [41] has all Pd atoms coordinated to four O atoms.
PdO(101), which is included because the v/5-structure
is based on this structure, has in each surface cell two
two-fold coordinated and two four-fold coordinated Pd
atoms. PdO(100) was modeled by six bi-layers, whereas
six tri-layers was used for PAO(101). Repeated slabs are
separated by at least 12 A vacuum. Reciprocal space in-
tegration over the Brillouin zone is approximated with a
finite sampling of 8 special k-points for Pd(100), v/5 and
PdO(101), whereas 10 k-points were used for PdO(100).
Structural optimization was performed without any con-
straints. For all systems, the bond lengths around a Pd
atom in the center of the slab are within 0.2 % of the
corresponding bulk values. The surface core level shifts
(SCLS) for C(1s), O(1s) and Pd(3d) were evaluated by
the use of pseudo-potentials that were generated with an
electron hole in respective shell. A Pd(3d) core hole in
the center of the slab was used to model the bulk refer-
ence. The approach assumes complete screening of the
core-hole and has been used successfully over the years
[42].

IV. EXPERIMENTAL RESULTS
A. In situ oxidation of Pd(100) and Pd particles

Fig. 1 shows in situ HPXPS results following the Pd
3ds /2 level during the oxidation process of Pd(100) and
15 nm Pd nanoparticles in 0.5 mbar of oxygen and step-
wise increasing sample temperature. Starting with the
Pd(100) data in Fig. la, we recognize the spectrum
found at 70°C as corresponding to a mixture between
the ¢(2 x 2) and (5 x 5) low oxygen coverage structures
[2]. The spectrum can be decomposed using three compo-
nents corresponding to the bulk of the crystal (grey), the
clean surface (brown) and one broad component corre-
sponding to Pd atoms coordinated to one or two O atoms
(black). Upon further heating this structure evolves into
the v/5 surface oxide structure [2], recognized mainly
from the two components shifted towards higher binding
energies and corresponding to Pd atoms within the sur-
face oxide that are coordinated to two and four O atoms
respectively, see model I and II in Fig. 1. At 150°C this
transition is complete, and the characteristic peaks are
found at chemical shifts of +0.38 and +1.3 eV relative
to the bulk peak, in good agreement with previously re-
ported data [2].

At temperatures above 200°C, a new component at
+1.6 eV relative to the bulk Pd appears in the spectra.
We attribute this peak to bulk PdO [43]. When we reach
a sample temperature of 270°C the oxidation process has
progressed to such an extent that the bulk Pd metal is
not detectable using XPS. Note, however, that the peak
at +1.3 eV still remains in the spectrum together with
the bulk PdO component at +1.6 eV. We interpret this
as under-coordinated atoms at the surface of the PdO
film exhibiting a surface core level shift of -0.3 relative to
the bulk PdO, which will be further supported by the ab
initio calculations and CO adsorption data below. The
use of two components to decompose the PdO is different
from previous oxidation studies using Pd(111) to form
the PdO [44-46].

Additional support for the use of a surface component
when decomposing the Pd 3ds /2 and the Ols levels from
PdO is presented in Fig. 2. In this figure we have studied
the energy dependence of the different components in the
O 1s and the Pd 3ds /5 regions, in order to probe the pres-
ence of surface related electron emission. Starting with
the O 1s shown in Fig. 2 (a), we find two components,
one at approximately 528.5 eV and one at 529.8 eV corre-
sponding to a shift of approximately +1.3 eV. The energy
dependent measurements show that the high binding en-
ergy component originates from O atoms deeper in the
sample while the low binding energy component is from
O at the surface of the PdO film. Thus, the surface core
level shift in the O 1s is approximately -1.3 eV with re-
spect to the 1s binding energy of bulk O in PdO. The
reason that the Pd 3p component is difficult to observe
in the O 1s 625 eV spectra is that the cross section for
the Pd 3p is much lower than the O 1s at this energy
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FIG. 1: The oxidation of Pd at 1 mbar Oz with increasing temperature as probed by the Pd 3ds,, level for a Pd(100) single
crystal and 15 nm Pd nanoparticles deposited on SiOx. The models (I)-(III) and (IV)-(VI) illustrates the origin of the different
components in the Pd 3ds,, spectrum from the Pd(100) single crystal and the 15 nm Pd nanoparticles respectively. (I)-(II)
side and top-view of the v/5 surface oxide. (IIT) The PdO bulk oxide, which is here orientated so that the PAO[101] direction is
parallel to the surface normal of the Pd(100) surface [47]. The component at +1.3 eV is here attributed to 2-folded Pd atoms
at the surface (yellow), see section V. (IV)-(VI) Models the nanoparticles displaying a cross section parallel to the (110) plane.
These models are only meant as an illustration of the different components in the Pd 3ds,, spectrum. For clarity, the models
are therefore depicting particles with low index facets and a size smaller than 15 nm. Further, no expected shape changes due
to surface compound formation are included. (IV) Pd nanoparticles where the outmost atomic layers consists of a Pd-carbide.
(V) A Pd nanoparticle which is covered with different surface oxides. It is here assumed that the {100}- facets forms the
V5 surface oxide, while the {111}-facets are covered with a surface oxide similar to the (v6 x v/6) oxide film [4]. (VI) Pd
nanoparticle with a PdO shell. Since the orientation of the PdO can not be determined by XPS, each facet is here assumed to
have a PdO(101) orientation.

as compared to at higher energies. The corresponding
measurements for the 3ds /5 level is shown in Fig. 2 b. In
this case, the energy dependence clearly shows that the
component shifted by +1.3 eV from the bulk Pd is due
to electron emission from Pd atoms at the surface while
the +1.6 component is from Pd atoms in the bulk of the
PdO surface. Thus, we find a surface core level shift of
-0.3 eV for the 3ds,; level from PdO on Pd(100).
Returning to Fig. 1, the oxidation data from the
nanoparticle sample shown in Fig. 1 are essentially iden-
tical to the single crystal, with two exceptions. As men-
tioned above, it was not possible to produce pure Pd
particles, but the particles were always found in either

an oxide or a carbide phase. Hence the oxidation starts
from a Pd carbide instead of clean Pd. The second dif-
ference is the temperature needed to form the PdO.

At a sample temperature of 150°C, the 3ds/; level ex-
hibits a component with a CLS of +1.3 eV, which is char-
acteristic for Pd atoms coordinated to 4 O-atoms. All
surface oxides found in previous studies of closed packed
and vicinal Pd surfaces have Pd atoms coordinated to 4
O-atoms with a CLS of +1.3 eV [2, 4, 48]. As in the case
of the single crystal, it is likely that also the nanoparticles
are covered with a surface oxide under these conditions.
The onset of the bulk oxide growth, however, is found to
be approximately 40°C lower for the nanoparticles, since
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FIG. 2: The energy dependence from PdO formed at Pd(100)
for (a) the O 1s level (b) the Pd 3ds5.

the bulk signal of the Pd metal is not detectable already
at a temperature of 210-230°C. It should be noted that
also in the case of Pd particles, we have to use two com-
ponents to decompose the spectra from a thicker PdO
film.

In Fig. 3 we compare the oxidation rate between the
15 and 35 nm Pd particles at 1 mbar of Os. The fig-
ure shows that there is, within the error margins of the
experiment, no difference in the oxidation behavior be-
tween nanoparticles of 15 and 35 nm diameter. It also
shows that changing the Oy pressure from 0.5 mbar to 1
mbar does not affect the oxidation rate significantly.

B. In situ reduction of Pd(100) and Pd particles

The oxidized samples can now be reduced by CO expo-
sure. In order to follow the reduction within the timescale
to record a spectra, we cool the sample to an appropri-
ate reduction temperature before pumping out the Os
and introducing CO. Fig. 4 shows the Pd 3ds/, spec-
tra from an oxidized Pd(100) crystal, just before and
right after the introduction of 0.5 mbar CO at 120°C.
As the sample is exposed to CO, the PdO surface com-
ponent is clearly shifted towards higher binding energies,
which is understood by CO bonding to the 2-fold coor-
dinated PdO surface atoms. This observation strongly
support our deconvolution using two components of the
clean PdO 3ds, spectra as discussed above. The spectra
also show that the reduction process has started already
at this low temperature, but not to the extent that the
effect on the intensity of the oxide related peaks is sig-
nificant.

The complete reduction process for a similarly oxidized
Pd(100) sample can be followed in Fig. 5(a). The bottom
spectrum is recorded after evacuating the O, atmosphere,
just before introducing 0.1 mbar CO at around 120°C.
As the reduction process proceeds with time, the oxide
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FIG. 3: The oxidation of 15 and 35 nm Pd particles shows no
detectable differences. The different components are labeled
according to the colors in the models in Fig. 1

related peaks in the Pd 3d5,; region decrease in intensity
while the components corresponding to metallic bulk Pd
and Pd at the surface coordinated to CO adsorbed in
bridge sites in agreement with previous studies [49] are
increasing.

In order to fit the Pd 3ds/, spectra recorded during the
reduction process, we have to include an extra component
at a binding energy of about 336 eV. We attribute this
component to partly reduced Pd atoms, which depend-
ing on the coordination 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 eV (40.6 eV) and the oxide surface with CO at
336.75 eV. Hence the decompositions of the intermedi-
ate stages are not to be considered conclusive, but rather
approximative.

In the C 1s spectra we again find several components
attributed to CO in different positions. The peak at
285.7 eV is recognized as corresponding to CO adsorbed
in bridge sites on the metallic surface [49]. At around
287 ¢V we find a broad peak which we attribute to CO
adsorbed on the oxide. The broad appearance of this
peak indicate a mixture of adsorption sites, which will
be confirmed by DFT calculations below. Finally, a peak
at around 290 eV is found corresponding to CO in gas
phase. The gas phase binding energy changes slightly
through the reduction process, due to changes in the work
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FIG. 4: HPXPS spectra from the 3ds /> region of PAO before
and after introducing CO. The yellow component corresponds
to 2-fold coordinated Pd atoms at the surface of the PdO ox-
ide. As CO is introduced, the PdO-surface component shifts
toward higher binding energy. We therefore attribute the the
shifted component at 336.75 eV (green) to 2-fold coordinated
PdO surface atoms bonding with CO.

function. The oxidation-reduction cycle for the Pd(100)
crystal is summarized in Fig. 6.

Fig. 5b shows Pd 3d spectra from a similar reduction
series using 120°C and 0.1 mbar CO for a sample with
15 nm Pd nanoparticles on SiOy. During the reduction,
the differences between the behavior of the nanoparticles
and the single crystal are small. The CO induced sur-
face core level shift on the oxide is the same, and the Pd
bulk grows slowly together with the peak corresponding
to Pd coordinated to adsorbed CO. Once the reduction
is complete, however, the spectrum continues to change,
and the components corresponding to metallic Pd in the
bulk and coordinated to adsorbed CO are replaced by a
single component in-between. We attribute this compo-
nent to the formation of Pd carbide. Of course, some of
the intensity of this component could also be from CO
adsorbed on the Pd carbide. The experimental binding
energy agrees well with calculated Pd 3d binding ener-
gies for a PdgC phase [50]. The reason for not showing
the C 1s region in the case of the Pd particles is that no
C 1s intensities can be observed. The reason is the very
low carbon coverage (<1.5 % for full PdgC formation in
the particles)and the three times lower cross section for
C 1s than Pd 3d at these energies. Fig. 7 summarizes
the oxidation-reduction cycle of the Pd nanoparticles.

V. CALCULATED CORE LEVEL SHIFTS

The Pd(3d) SCLS for the bare Pd(100) surface and the
/5 structure are reported in Table 1. The atoms in the
surface layers of Pd(100) experience a shift of -0.36 eV
with respect to the bulk reference which is close to the
experimental value of -0.40 eV. The Pd atoms in the V5
surface oxide are oxidized and have positive shifts with
respect to the bulk component. The 3d binding energy
of the Pd atoms that are two-fold coordinated to oxygen
are shifted by +0.34 and +0.45 eV, whereas the four-
fold coordinated atoms are shifted by +1.17 and +1.21
eV, respectively. The results are in good agreement with
the experiments as well as previous calculations [3]. As
a model for a further oxidized Pd(100) surface we have
(following Ref. [47]) considered the /5 structure with
four Pd(101) monolayers. With respect to the mono-
layer, the components for the two-fold atoms are slightly
increased, whereas the components of the four-fold atoms
have a minor shift to lower binding energies.

TABLE I: Pd(3d) SCLS (eV) for Pd(100) and v/5 with one
and four monolayers. SO denotes a surface atom at the bare
Pd(100) surface. For the /5 systems, this value is calcu-
lated for the backside of the slab. 2f;, 2fy, 4f; and 4f> denote
the four different Pd atoms in the surface layers of the Pd-
supported oxide film, see Fig. 8

SO 2f; 2f, 4f 4f
Pd(100) -0.36

V5 1ML -0.35 0.34 0.45 1.17 1.21
v/5 4ML -0.36 0.53 0.53 1.14 1.14

For the clean PdO(101) surface we calculate a shift for
Pd(3d) of -0.55 eV and -0.02 with respect to Pd in the
bulk of PdO. The large shift is experienced by the two-
fold coordinated atoms. For PdO(100), the Pd surface
atoms have shifts in the 3d component of only -0.10 eV.
The result for the PAO(101) surface can be compared to
the 4 ML surface oxide. The Pd atoms in the interior
of the film (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 surface are shifted
by -0.55 eV with respect to this value, in perfect agree-
ment with the PdO(101) bulk calculation. The calcula-
tions suggest that a bulk character of the film has evolved
already for 4 ML PdO(101) supported on Pd(100).

There are two types of O atoms at the PAO(101) sur-
face: three-fold coordinated and four-fold-coordinated,
see Fig. 8. The shifts for the O(1s) binding energy with
respect to O in the bulk of PdO are calculated to be -0.31
and -0.95 eV respectively.

CO adsorption was explored on Pd(100), PdO(101)
and 1ML and 4 ML surface oxide films. The energetics
of CO adsorption have been investigated previously for
the surface oxide films [47, 51, 52]. The present results
are in full agreement with the literature. At a coverage
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FIG. 5: The CO induced reduction using 0.1 mbar of CO and

120 °C of fully oxidized (a) Pd(100) single crystal. (b) 15 nm

Pd particles. (a) The blue, yellow, and green component in the 3ds,; spectrum, corresponds to PO bulk, 2-fold coordinated

PdO surface atoms, and 2-fold coordinated PdO surface atoms

bonding with CO, see Fig. 4. The black component originates

from Pd atoms on the reduced (100) surface coordinated to 1 CO atom, whereas the white component corresponds to partially
reduced Pd atoms coordinated to CO. As CO is introduced the C 1s region exhibits three peaks, CO in the gas phase, CO
bonding with PdO surface atoms, and CO adsorbed on the reduced metallic surface. (b) The 3ds,, region from a 15 nm particle
sample under the same conditions as in (a). The blue, yellow, and green components are identified with the same type of Pd
atoms as in (a), whereas the purple component is attributed to the Pd atoms participating in the formation of a Pd-carbide.
(c) Particle models displaying 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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FIG. 6: Summary of the oxidation-reduction cycle of Pd(100).
(I) As the crystal is heated in 1 mbar of O2 the v/5 surface
oxide forms at a sample temperature of 150°C. (II) Upon
further heating the bulk oxide forms, and at T> 250°C, the
PdO film has grown thick enough to prevent detection of the
metallic bulk in the Pd 3ds,, level. (III) The reduction of
the oxide takes place at sites on the oxide where CO can bind
to Pd atoms coordinated to 2 O-atoms (green atoms). (IV)
After the oxide is reduced, the Pd(100) surface is covered with
CO adsorbed in bridge sites.

of 0.5 ML on Pd(100), CO is preferably adsorbed in a
bridge configuration with an adsorption energy of 2.04
eV. On /5, the adsorption energy is 0.76 €V at 0.5 cov-
erage (which corresponds to full coverage of the two-fold
coordinated Pd atoms). The preferred configuration is
in this case also bridge. On the 4 ML PdO(101) film,

CO adsorbs atop with a binding energy of 1.32 eV. The
bridge site is in this case 0.1 eV higher in energy. This
result is consistent with our calculation for adsorption
on the bulk PAO(101) surface. CO is on this surface ad-
sorbed by 1.35 eV when adopting an atop configuration
and 1.24 eV in bridge. It should be noted that the site
preference is coverage dependent. At 0.25 coverage, the
two sites have the similar adsorption energies (~1.4 eV)
on both PAO(101) and the 4ML system.

The results for the Pd(3d) SCLS in the presence of CO
are collected in Table 2. The results are obtained with
CO at 0.5 coverage (as defined above).

The Pd(3d) is shifted to higher binding energies in
the presence of CO. For Pd(100) the shift is +0.46 eV
when CO is adsorbed in bridge position. This is in good
agreement with experimental results at the same cover-
age [49]. The Pd(3d) shift is even larger when CO is
adsorbed atop. CO induces substantial shifts also for
the v/5 films. For the monolayer, the binding energy
is shifted +1.6 eV with respect to Pd(3d) in the bulk
when CO is adsorbed in bridge position. Adsorption atop
yields a smaller shift. The reversed situation is predicted
for the 4 ML case, where atop adsorption yields a larger
shift than does bridge adsorption. The four-fold coordi-
nated Pd atoms in the oxide films are only marginally
affected by the CO adsorption.

The results we obtain for CO adsorption on bulk
PdO(101) follows what we observed for the 4 ML sur-
face oxide film on Pd(100). The Pd(3d) is shifted by
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FIG. 7: Summary of the oxidation-reduction cycle of Pd nanoparticles (15nm < radius < 35 nm). (I) Starting with particles
in a carbide phase. When the sample is heated in 1 mbar of Oz the carbide is reduced, and as the sample temperature reaches
150°, our HPXPS data suggests that the particles are covered with a surface oxide (II). (III) Increasing the sample temperature
50° results in particles surrounded with a shell of PdO. (IV) When the O2 atmosphere is replaced with 0.1 mbar of CO at
120° the oxide starts to decompose into metallic Pd and CO2. The reaction takes place at sites where CO can bind to 2-fold
coordinated Pd atoms at the surface of the oxide (green atoms). When the oxide is reduced, we are again left in a carbide

phase (I).
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FIG. 8: Structural models considered in the calculations: (a)
The /5 structure and (b) the PAO(101) surface. Four-fold
and two-fold Pd atoms in the v/5 structure are colored in green
and orange, respectively. The first Pd(100) layer is colored in
brown. For PdO(101), the two-fold and four-fold coordinated
Pd atoms are colored in yellow and blue, whereas the three-
and four-fold O-atoms are colored in pink and purple.
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+0.80 eV (+0.35 V) eV with respect to the a Pd atom
in the bulk oxide when CO is adsorbed atop (bridge).

The /5 system with 4 ML of PdO(101) offers a way
to evaluate the relative core level shifts of C(1s). For
CO adsorbed in bridge at the PdO(101) film, the shift
with respect to CO in bridge on Pd(100) is close to zero.
Instead, when CO is adsorbed atop, the C(1s) binding
energy is +1.14 eV.

TABLE II: Pd(3d) SCLS (eV) for CO adsorbed on Pd(100)
and /5 with one and four monolayers. See Table 1 and Fig.
8 for description of the different Pd atoms.
S0 2f; 2f; 4f;, 4fy
bridge

Pd(100) 0.46
v/5 1ML
v5 4ML

1.61 1.60 1.41 1.36

1.48 1.48 1.20 1.17
atop

Pd(100) 0.93

V5 1ML

V5 4ML

1.36 1.34 1.35 1.40
1.95 1.95 1.20 1.20

VI. DISCUSSION
A. Oxidation

First, it is important to note that all experimental
oxidation studies of single crystal Pd samples at oxy-
gen pressures above 1 mbar and temperatures at 300°C
report growth of rough and disordered bulk PdO [53-
57]. Previous experimental studies [53] using ex situ XPS
combined with Low Energy Electron Diffraction [LEED]
have shown that PdO grow on Pd(100) on the /5 in
a Stranski-Krastanov growth mode at conditions similar
to those used in the present investigations. The major
difference from that study to ours is that we do not ob-
serve any metallic Pd for our PdO films. This shows that
no v/5 patches are present on the surface, demonstrating



the formation of a thicker PdO film. At higher temper-
atures and pressures, a thick and poorly ordered bulk
PdO has also been observed [10, 54, 55]. In experiments
the preferred surface orientation from bulk PdO has been
found to be PAO(001)[56-58]. Although PdO(100) is pre-
dicted to be the most stable surface [41], thinner PdO
films grown on the Pd(100) surface are stabilized in the
PdO(101)direction [47]. This indicates the complexity of
PdO growth on Pd(100).

In the present study we find surface components in
the Pd 3d and O 1s core levels. The broad appearance
of the components suggests that the PdO surface is in-
deed rough giving rise to a large number of peaks shifted
with respect to each other by a small amount. This is
consistent with the observation that also the oxidized Pd
nanoparticles exhibit a very similar broadened bulk and
surface emission. Obviously, the already random depo-
sition of the particles will result in small PdO clusters
randomly oriented on the SiOy substrate.

For the initial oxidation of Pd(100) there is a good
agreement between the experiments and the present cal-
culations. The surface oxide has experimentally been
formed at 150°C. This phase is characterized by two
shifts in the Pd(3d) with 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 further ox-
idation, the experimental intensity can be fitted to a
good accuracy with two peaks centered at 1.3 and 1.6
eV. For the 4 ML /5 we calculate shifts of +0.53 and
+1.14 eV. The calculations (which are in full agreement
with previous reports [47]) yield similar Pd(3d) shifts for
all Pd atoms that are four-fold coordinated, thus four-
fold Pd atoms at the surface are masked by the bulk-
contribution.

Although the experimental data and the calculations
agree on two components for the oxidized Pd(100) surface
the absolute shifts are in variance. One reason for the
fairly large deviation could be that the oxidized surface
is more complicated than simply continued PdO(101)
growth. However, it is clear that the presence of (at
least) one distinct surface component implies Pd atoms
at the surface with reduced coordination. Another rea-
son for the discrepancy could be the approximation to the
exchange-correlation functional in the calculations. It is
known that GGAs (such as PBE) fails to describe the
experimentally observed band gap for PdO in the bulk
[47].

Turning to a comparison of the oxidation rates of the
Pd(100) single crystal and the Pd nanoparticles, our
studies show that the particles form bulk PdO at lower
temperatures than the single crystal. One reason for this
behavior could be that the particles contains a larger
number of defects such as steps, kinks and corners which
are sites considered as beneficial for oxidation [59]. In-
deed, lately it has been observed that one dimensional ox-
ides may easily form at steps at UHV conditions contain-
ing under coordinated atoms on vicinal surfaces [60, 61].
In fact, it has been shown that the exact structure of the

1D oxide on the steps determines the rate of the contin-
ued growth of a 2D surface oxide [62]. A second reason
could be the expected higher flexibility of a small nano
particle as compared to a single crystal to accommodate
oxygen atoms forming an oxide.

Recently, an in situ SXRD study of a sample contain-
ing Pd particles with gradually increasing size from 4 to
24 nm on MgO was performed [63, 64]. In that study,
it was observed that when exposing 5 nm particles to
0.3 mbar of oxygen at 300°C bulk PdO was formed, al-
though the bulk of the particles was still metallic. At
56 mbar and the same temperature, the 5 nm particles
had oxidized completely, as evidenced by the complete
disappearance of the Pd(111) reflection. Similar obser-
vations were done for the larger particles, apart from the
fact that in the case of the larger particles, the Pd(111)
reflection could always be observed, indicating that the
bulk of the particles where not oxidized. These obser-
vations are consistent with the HPXPS observations re-
ported here. We do not expect to probe deeper then a
few PdO layers, and we observe very similar oxidation
properties between the 15 and the 35 nm sized particles.
Obviously, it would be interesting to study the oxidation
of Pd nanoparticles with a very small size (< 3 nm). The
reason is that it is not clear if the oxidation becomes eas-
ier or more difficult for very small particles, since on one
hand the thermodynamic stability will decrease as the
size of an oxide particle is decreasing, but on the other
hand the bulk diffusion barriers is expected to decrease
facilitating oxidation.

B. Reduction

During reduction, the presence of CO induces a marked
shift of the Pd(3d) surface component on the oxidized
systems. The calculated values for PAO(101) and the 4
ML +/5 film are 0.35 (0.80) eV for CO in bridge (atop)
configuration. Again, the agreement between the experi-
ments and theory is only qualitative. Experimentally we
find a shift of 0.55 eV in-between the calculated values.
It is therefore likely that the CO induced component in-
stead consists of two peaks which can not be resolved
experimentally. We note that the match is much better
for the partly reduced situation (the 1ML v/5) and CO
adsorbed on Pd(100).

The results for the C(1s) binding energies are clearer
than for the Pd(3d). For CO adsorbed on the oxide,
the C(1s) is measured to be shifted by ~1 eV on the
oxide with respect to CO on Pd(100). The feature in the
initial stage of the reduction is, however, broad and the
possibility of two peaks with one at zero shift can not be
ruled out. The calculations give a shifts of +1.1 eV for
CO adsorbed atop on the oxide, whereas a zero shift is
computed for CO at the bridge site. The presence of CO
in the atop site conforms to the computed adsorption
energies; CO is preferably adsorbed atop on the oxide
and 4 ML /5 film.



The observation of CO adsorbing on the PdO surface
indicate that under real conditions, CO could indeed ad-
sorb on and react with oxygen in the PdO surface into
COg in a Mars-van Klevelen mechanism [10].

The observation of atomic carbon and the formation
of Pd4xC by CO on oxide supported Pd particles have
been observed previously, although the exact mechanism
of the CO dissociation is still under debate [33, 67-70].
Our study confirms that a PdyC is exclusively formed
on supported Pd particles [67-69] and is at variance with
carbide formation on a Pd single crystal [71]. The present
study does not reveal how the CO is dissociating, only
that a Pd4C is formed in the presence of CO. Neverthe-
less, it is clear that a full theoretical understanding of
the CO oxidation over oxide supported Pd nanoparticles
must include Pd,C formation in a CO rich environment.

VII. CONCLUSIONS

To conclude, we have followed the oxidation by Os
and reduction by CO of a Pd(100) single crystal as well
as Pd nanoparticles supported on SiOy substrates, using
HPXPS. The oxidation and reduction behavior is simi-
lar for the nanoparticles and the single crystals with a
surface oxide forming prior to the onset of the bulk oxi-
dation. The temperature needed to start the formation
of the bulk oxide is however lower on the particles as
compared to the single crystal. We observe a core level
shift for the under-coordinated Pd atoms at the surface
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of the PdO oxide. This result is clearly illustrated by a
change in the shift induced by adsorbed CO during the
first stage of the reduction process. After the reduction,
the single crystal was found in a metallic phase with CO
adsorbed on the surface. In contrast, our results indi-
cate that CO can dissociate on the nanoparticle model
samples and form a Pd carbide. This is clearly different
to the general belief that the active catalyst switches be-
tween an oxygen rich phase and a metallic phase where
the catalyst is deactivated by adsorbed CO.
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