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Abstract

Using photoemission, we have studied the interaction of palladium with thin layers of
stoichiometric ceria (Ce** character) and two mixed oxides, Ga—Ce—O and Sn—Ce—O, where

cerium in the Ce** oxidation state is present. Palladium was found to partially reduce the CeO,
layer by introducing oxygen vacancies most probably in the vicinity of the growing Pd particles.
In mixed oxide systems palladium very strongly interacts with both added metals—gallium and
tin—leading to a breaking of metal—ceria bonds and the establishment of Pd—Ga(Sn)

intermetallic compounds. As a consequence the ceria reoxidizes back to a Ce*+ oxidation state.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Cerium dioxide, or ceria, is an important material for many
industrial applications with a variety of excellent properties,
for example optical (high refractive index, high transmission,
violet and blue emission), mechanical (hardness, stability
towards abrasion, high adhesion), and thermal and chemical
stability [1]. Due to its catalytic properties it forms a necessary
part of three-way catalysts and solid oxide fuel cells.

For catalytic applications, a key feature of ceria is its
ability to release a part of its oxygen content and provide it to
the catalytic reaction. This property is reversible, so that ceria
acts as an oxygen buffer. The oxygen release is accompanied
by transformation of cerium from the Ce** oxidation state to
Ce’*. The activation energy for this stoichiometry alteration
is relatively low, and under oxidizing conditions the partially
reduced ceria can be reoxidized back to a CeO, stoichiometry.

The oxygen storage capacity of ceria can be improved by
additives, of which one important group is formed by other
oxides such as ZrO,, Al,O3 or SnO,, i.e. materials often used
as supports in catalysis. Their interaction with ceria can result
not only in a different surface morphology but the oxygen
storage capacity can be influenced chemically. Stronger mutual
interaction leads, for example, to formation of a mixed oxide
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that exhibits better catalytic properties than the individual
oxides, for example Sn—Ce—O versus SnO, and CeO, in [2].
In the case of additive metals very strongly interacting with
cerium such as tin or gallium, the mixed oxide can be easily
prepared by deposition of the metal onto CeO,. This approach
can be used in both real catalysts and well-defined model
systems studied to understand elementary processes on the
surfaces.

A second important group of additives to cerium oxide
systems are transition metals. In catalysis, these metals
are usually deposited on various oxide substrates, forming
particles of nanometre size, thus providing a large surface
area for the catalytic reaction while the total amount of the
metal is small, to decrease the cost of the catalyst. On
catalytically active substrates the transition metals provide
adsorption sites for some of the reactants, resulting in a
substantial improvement in the catalytic activity of the system.

One of the most used transition metals in catalysis
is palladium. A prototypical reaction is the oxidation of
carbon monoxide on a Pd/CeO, system where palladium
is a typical member of a group of transition metals on
whose surfaces CO molecules easily adsorb and ceria can
provide oxygen for the reaction [3, 4]. Other important
reactions catalyzed by palladium/ceria are methane steam
reforming [5] and combustion [6], hydrodechlorination of
chlorobenzene [7], methanol and ethanol decomposition [8, 9],
and NO, reduction [10]. An analysis of STM images by

© 2009 IOP Publishing Ltd  Printed in the UK
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Figure 1. Pd 3d XPS spectra measured after each deposition step of Pd onto the prepared CeO, layer (a) and the evolution of the binding
energy of the Pd 3ds,, peak after each deposition step onto CeO, (stars), Ga—Ce—-O (squares) and both Sn—Ce-O (circles and triangles)

layers (b). Photon energy: 1486.6 eV.

Sennanayake ef al confirmed that palladium deposited onto a
CeO; layer at 300 K forms flat islands of several nanometres in
diameter [4]. CO adsorbs only molecularly on palladium and
the adsorption becomes partially dissociative when Pd islands
are activated by partially reduced ceria. This stoichiometry
alteration can be induced by the presence of palladium itself
since its interaction with ceria may introduce oxygen vacancies
and improve slightly the oxygen storage capacity, as confirmed
both experimentally [11] and by theoretical calculations [12].

The chemical state of cerium is often determined by
analysing the photoelectron spectra of the Ce 3d or 4d core
levels. The analysis of these core level spectra is not
straightforward since in both stable cerium oxides (cerium
dioxide and trioxide), several different 4f configurations in the
photoemission final states exist. Fitting procedures performed
on these spectra in order to determine quantitatively the
ratio of Ce’* and Ce*t species require the consideration
of a relatively large number of partially overlapping peaks.
Resonant photoemission using tunable synchrotron radiation
provides another approach for monitoring the effects of the
reversible Ce** <« Ce’* transition. This method utilizes
resonances of the 4f electron lines in the valence band spectra
acquired near the Ce 4d — 4f photoabsorption region [13].
The constant initial state curves acquired in our previous
experiments revealed that at photon energy 115 eV there are
no resonances (off-resonance), at 121.4 eV the Ce’* states
around the binding energy 1.5 eV resonate, and at 124.8 eV
the Ce** states around binding energy 4 eV also resonate [14].
The net resonance enhancement ratio D can be calculated by
dividing these two resonant maxima after subtraction of the
off-resonance spectrum. This approach is more sensitive to
even fine variations of the cerium chemical state and does not
suffer from problems with difficult and therefore sometimes
ambiguous fitting procedures performed on the core levels.

Previously we investigated the interaction of metallic
gallium [14] and tin [15, 16] layers with CeO,. These metals
caused strong reduction of the stoichiometric ceria surfaces. In
the present paper we describe the interaction of palladium with
these Ga—Ce—O and Sn—Ce—O mixed oxides. These results are
compared with those obtained on the Pd/CeQ; system without
any other metal.

2. Experimental details

The measurements were carried out in an ultra-high vacuum
chamber (base pressure below 1 x 1078 Pa) at the Materials
Science Beamline at the Elettra synchrotron light source in
Trieste. The sample was a copper disc (& 10 mm x 2 mm)
supplied by MaTecK with a polished surface oriented to within
0.1° of the (111) plane, and cleaned in situ by cycles of
Art ion sputtering (1000 eV, 15 wA cm~2) and annealing
by resistively heated tantalum wires to 723 K. No impurities
were detectable by XPS (x-ray photoelectron spectroscopy)
and LEED (low energy electron diffraction) showed a sharp
(1 x 1) pattern.

Cerium was evaporated from a molybdenum crucible
heated by electron bombardment in 5 x 107> Pa of oxygen to
deposit a 1.5 nm thick epitaxial layer onto the copper surface at
523 K. The stoichiometric CeO, (1 1 1) layer was characterized
as in our previous work [17]. Onto the prepared CeO, layer we
deposited the following metals: up to 0.32 nm of palladium in
four equidistant steps (using an electron-beam-heated Pd wire);
0.35 nm of gallium (from a resistively heated quartz crucible);
lower (0.07 nm) and higher (0.67 nm) amounts of tin (from a
pyrolytic graphite crucible heated by electron bombardment).
In all cases the temperature of the sample was 300 K.

The interaction of Pd with CeO,, Ga—Ce—O and Sn—Ce—
O layers was studied by XPS using an Al Ka laboratory x-
ray source (1486.6 eV) for Cu 2p3/2, Ce 3d, Pd 3d, Ga 2p3/2,
Sn 3d3s, O 1s and C 1s lines, and with monochromatized
synchrotron photons (115, 121.4 and 124.8 eV for resonances
in the valence band spectra and 115 eV for the Ga 3d and Sn 4d
lines). The synchrotron data were normalized to the incident
photon flux. The electron emission angle was 20° and 0°
with respect to the surface normal for Al Ko and synchrotron-
radiation-excited spectra and the total resolution (analyser +
photons) was 1 and 0.18 eV, respectively.

3. Results and discussion

3.1. Pd/CeO, system

XPS spectra of the palladium 3d line after each deposition
step are shown in figure 1(a). With increasing amounts of
palladium the doublet intensity does not grow linearly. The
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Table 1. Voigt fitting parameters of the Ce 3d levels on the Pd/CeO, sample. The spin—orbit splitting was set to 18.53 eV. The asymmetry of
the Ce** 3d u + v doublet was modelled by another Voigt doublet shifted by 1.30 eV towards higher binding energies, with Lorentzian width
0.48 eV, Gaussian width 3.20 eV and intensity ratio 0.50 with respect to the u + v one.

Pd thickness (nm) 0.00 0.08 0.16 0.24 0.32
Ce*t Binding energy 3ds» (eV)  882.25 88235 882.40 88245 882.45
u—+v Relative intensity 0.30 0.29 0.28 0.28 0.28
Lorentzian width (eV) 1.35 1.35 1.35 1.35 1.35
Gaussian width (eV) 1.03 1.03 1.03 1.03 1.03
Branching ratio 0.70 0.70 0.70 0.70 0.70
Ce*t Binding energy 3ds, (eV) 888.80 888.90 888.95 889.00 889.00
u” +v”  Relative intensity 0.38 0.36 0.35 0.34 0.33
Lorentzian width (eV) 4.01 4.01 4.01 4.01 4.01
Gaussian width (eV) 2.09 2.09 2.09 2.09 2.09
Branching ratio 0.61 0.61 0.61 0.61 0.61
Ce*t Binding energy 3ds, (eV) 898.25 898.35 89840 89840 898.45
u” +v”  Relative intensity 0.31 0.31 0.31 0.30 0.30
Lorentzian width (eV) 1.60 1.60 1.60 1.60 1.60
Gaussian width (eV) 1.26 1.26 1.26 1.26 1.26
Branching ratio 0.71 0.71 0.71 0.71 0.71
Ce*t Binding energy 3ds, (eV) — 880.55 880.65 880.65 880.65
Uy + vy Relative intensity 0.00 0.01 0.01 0.02 0.02
Lorentzian width (eV) — 0.93 0.93 0.93 0.93
Gaussian width (eV) — 1.73 1.73 1.73 1.73
Branching ratio — 0.56 0.56 0.56 0.56
Ce** Binding energy 3ds, (eV) 885.35 88545 885.55 88555 885.55
u' 4+ Relative intensity 0.01 0.03 0.05 0.06 0.07
Lorentzian width (eV) 4.47 4.47 4.47 4.47 4.47
Gaussian width (eV) 0.57 0.57 0.57 0.57 0.57
Branching ratio 0.56 0.56 0.56 0.56 0.56

binding energy of the Pd 3ds,, peak plotted with star symbols
in figure 1(b) slowly decreases after each deposition step,
from 335.35 eV at 0.08 nm to about 335.25 eV at 0.32 nm.
These values are always higher than the binding energy of
the Pd 3ds,, peak measured under the same conditions on
pure metals (335.1 eV on a clean Pd(1 1 1) single crystal and
335.15 eV on a polycrystalline foil). This behaviour is typical
for growth of small three-dimensional clusters and is similar to
the case of Pd on weakly interacting oxides like alumina [18].
The binding energy is higher for ultra-thin deposits due to
the reduction of screening effects and the final-state energy
variation. We note that this shift cannot be caused by band
bending or charging effects because it is quantitatively different
from the shifts of the Ce 3d levels that will be presented later.
The influence of palladium clusters on the ceria layer
was studied by measuring the Ce 3d core levels. The spectra
before the first and after the fourth deposition step are shown
in figure 2. The spectra were fitted using three doublets
(u + v asymmetric composed of two summed constrained
Voigt profiles and u” 4+ v”, u”” + v"”" Voigt ones) representing
the Ce** states and two doublets (ug + vo and u’ + v/, all
Voigt) for the Ce3* states. The details of the peak fitting used
in our data evaluation were described in [19] and the fitting
parameters are summarized in table 1. In figure 2(a) it can be
seen that the contribution of the Ce** states in the prepared
ceria layer was very low, below 1%, indicating good CeO,
stoichiometry. Upon deposition of palladium the ceria layer
was partially reduced, with the Ce* states” contribution to the
Ce 3d spectra reaching 9% after the last deposition step. The
complete evolution of the Ce®*/Ce** ratio is plotted with star

symbols in figure 3(a). The interaction of Pd with CeO, is
relatively weak at 300 K compared to other metals in this study,
as we will show later.

Figure 4 shows valence band spectra of the ceria layer with
0.32 nm of Pd measured using synchrotron radiation in the
proximity of the Ce 4d — 4f resonance. The evolution of the
D ratio, describing the extent of reduction with high sensitivity
and low information depth, after each deposition step is plotted
in figure 3(b). On the as-prepared CeO, layer its value was
below 0.03 and in the presence of palladium clusters it slowly
increases to 0.51.

3.2. Pd/Ga—Ce—O0 system

The Ga—Ce-O system was prepared by depositing 0.35 nm
of metallic gallium onto a stoichiometric 1.5 nm thick CeO,
layer at 300 K. As reported in [14], the interaction of Ga
with Ce leads to partial reduction of CeO, and oxidation of
Ga resulting in the formation of mixed gallium—cerium oxide.
Ce’*-related features appeared in the Ce 3d spectra and the
Ce’t/Ce*t area ratio was 0.61. The fitting parameters are
summarized in table 2. At the same time the ratio D of the
resonance enhancements of the Ce®" and Ce** states in the
valence band spectra reached the value 2.9. Ga 2p; , spectra
contained a single peak at binding energy 1118.35 eV and the
Ga 3d spectra a broad feature that we suggested to decompose
into two unresolved doublets assigned to oxides, see bottom
curves in figures 5(a) and (b), respectively. The parameters of
the peak fitting are in tables 3 and 4, respectively. For further
details see [14].
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Figure 2. Ce 3d XPS spectra measured on the prepared CeO, layer (a) and after the last deposition of Pd (b). The fits of the spectra with Ce**
and Ce** states are shown in the lower part of the figures. Photon energy: 1486.6 eV.
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Figure 3. Evolution of the Ce®*/Ce** 3d XPS intensity ratio (a) and resonance enhancement ratio D (b) upon the deposition of palladium

onto CeO, (stars), Ga—Ce—O (squares) and two different Sn—Ce—O (circles and triangles) layers.

Table 2. Voigt fitting parameters of the Ce 3d levels on the Pd/Ga—Ce—-O sample. The spin—orbit splitting, asymmetry modelling, widths and
branching ratios are the same as in table 1.

Pd thickness (nm) 0.00 0.08 0.16 0.24 0.32
Cett Binding energy 3ds, (eV) 882.55 882.55 88255 88250 882.50
u+v Relative intensity 0.26 0.29 0.30 0.30 0.30
Ce*t Binding energy 3ds, (eV) 889.35 889.35 889.35 889.30 889.20
u” +v”  Relative intensity 0.13 0.17 0.19 0.20 0.21
Ce*t Binding energy 3ds, (eV) 898.55 898.55 898.50 898.50  898.45
u” +v"”  Relative intensity 0.23 0.27 0.30 0.30 0.31
Ce’t Binding energy 3ds, (eV) 880.80 880.80 880.75 880.70  880.70
Uy + vy Relative intensity 0.12 0.08 0.06 0.06 0.05
Ce’t Binding energy 3ds, (eV) 885.75 88575 885.70 885.70  885.70
u +v Relative intensity 0.26 0.19 0.15 0.14 0.13

the pure ceria layer.

Both of these measures of the Ce’*

The evolution of the Ce3*/Ce*t ratio calculated from
the fitting of the Ce 3d core level spectra and of the ratio
D shows an interesting behaviour upon the deposition of
palladium onto the mixed oxide surface, opposite to that of

content decrease with increasing thickness of the Pd layer,
i.e. the cerium oxide stoichiometry changes back towards the
original CeO,. As expected from our previous study [20]



J. Phys.: Condens. Matter 21 (2009) 055005

T Skala et al

Table 3. Voigt fitting parameters of the Ga 2p; , line on the Ga-Ce~O sample.

Pd thickness (nm) 0.00 0.08 0.16 0.24 0.32
Oxide Binding energy (eV) 111835 1117.80 1117.80 1117.80 1117.80
component  Relative intensity 1.00 0.88 0.76 0.70 0.66
Lorentzian width (eV) 1.18 1.18 1.18 1.18 1.18
Gaussian width (eV) 1.37 1.37 1.37 1.37 1.37
Intermetallic Binding energy (eV) — 1116.55 1116.55 111655 1116.55
component Relative intensity 0.00 0.12 0.24 0.30 0.34
Lorentzian width (eV) 1.00 1.00 1.00 1.00
Gaussian width (eV) — 1.10 1.10 1.10 1.10

Table 4. Voigt fitting parameters of the Ga 3d doublet on the Ga—Ce—O sample. Spin—orbit splitting was set to 0.44 eV and the branching

ratio to 0.69.

Pd thickness (nm) 0.00 0.08 0.16 0.24 0.32
First Binding energy 3ds,, (eV) 20.50 20.06 1990 19.88 19.86
oxide Relative intensity 0.61 0.62 0.61 0.61 0.60
component Lorentzian width (eV) 0.40 0.40 0.40 0.40 0.40
Gaussian width (eV) 0.95 0.95 0.95 0.95 0.95
Second Binding energy 3ds,, (eV) 19.78 19.00 1882 18.76 18.74
oxide Relative intensity 0.39 0.38 0.33 0.28 0.26
component Lorentzian width (eV) 0.86 0.20 0.20 0.20 0.20
Gaussian width (eV) 085 085 085 08 085
Binding energy 3ds,, (eV) — — 18.44 1836 18.32
Intermetallic  Relative intensity 0.00 0.00 0.06 0.11 0.14
component Lorentzian width (eV) — — 0.12 0.12 0.12
Gaussian width (eV) — — 0.31 0.31 0.31
D% D=D¥D" energy shift is in the same direction as that caused by reduced
600k 1 screening effects on very small particles, but in this case the
500k quantitative extent, i.e. the size of the shift, is much larger than
3 on the Pd/CeO, system described in section 3.1 (black stars
\3 400k~ in figure 1(b)). We believe that the shift of the binding energy
B 300k with increasing thickness of palladium is caused by a change
C 3+ Lo . .
o D of the stoichiometry of the Ga—Pd intermetallic alloy.
= 200k{Photon energy (eV) Ga 2p;,, and Ga 3d spectra after each deposition step
100k 11;448\ are plotted in figures 5(a) and (b), respectively. After the
11;5 0 deposition of 0.08 nm of Pd the Ga 2p;,, peak assigned to
01 . . . . . . oxidized gallium atoms in Ga—Ce-O shifted by about 0.5 eV

4 12 10 8 6 4 2 0
Binding energy (eV)

Figure 4. XPS valence band spectra measured on the prepared CeO,
layer after the deposition of 0.32 nm of Pd at photon energy 115 eV
(off-resonance), 121.4 eV (Ce** resonance around the binding
energy 1.5 eV) and 124.8 eV (Ce** resonance around the binding
energy 4 eV).

direct gallium—palladium bonds should play an important role
also in the Pd/Ga—Ce—O system. Most probably Pd does not
form small islands, like on less-interacting metal oxides, but
an intermetallic phase with gallium. To verify this hypothesis,
Pd and Ga core levels were analysed.

Pd 3d spectra (not shown) exhibited shapes similar to
the previous case (section 3.1) but the FWHMs were slightly
lower and the binding energies were higher, similar to their
behaviour in other Pd intermetallic systems, see [21] and
references therein. The evolution of the Pd 3ds,, binding
energy is plotted in figure 1(b) by red squares. The binding

towards lower binding energy and remained at this energy
with further deposition steps. A similar shift appeared in
the Ga 3d spectra, but in this case it was followed by a
change of the intensity ratio between both fitted components
and continued slightly (by 0.2 eV more) after the second
deposition (0.16 nm of Pd). A more important result is the
appearance of new narrower features in both Ga 2p;,, and 3d
spectra. They are assigned to metallic gallium or intermetallic
gallium—palladium states and their intensity increases after
each deposition of Pd. It seems that the Ga—Pd interaction
breaks the bond between gallium and cerium oxide and two
phases occur—the Ga—Ce—O mixed oxide with lower Ga
content and the Ga-Pd alloy. It explains why the relative
contribution of the Ce3* states with respect to the Ce** ones
mapped by the Ce 3d spectra and resonance enhancements in
the valence band decreases. The reason for the saturation-
like behaviour (i.e. that the dependence becomes less and less
steep) of both Ce?/Ce**+ and D ratios is most probably that a
stable Ga—Pd stoichiometry is reached.
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Figure 5. XPS spectra of Ga 2p;, (photon energy 1486.6 eV) (a) and Ga 3d (photon energy 115 eV) (b) measured on the prepared Ga-Ce-O
layer and after each deposition step of Pd. The fits of the spectra with oxide and intermetallic components is shown.

Table 5. Voigt fitting parameters of the Ce 3d levels on the Pd/Sn—Ce—O sample with 0.07 nm of Sn. The spin—orbit splitting, asymmetry

modelling, widths and branching ratios are the same as in table 1.

Pd thickness (nm) 0.00 0.08 0.16 0.24 0.32
Ce*+ Binding energy 3ds, (eV) 88245 88240 88240 88240 882.40
u—+v Relative intensity 0.27 0.29 0.29 0.29 0.28
Ce*t Binding energy 3ds, (eV) 889.00 888.95 888.95 88895 888.95
u” +v”  Relative intensity 0.32 0.35 0.35 0.35 0.34
Ce*t Binding energy 3ds» (eV) 898.45 89840 898.40 898.40 898.40
u” +v"”  Relative intensity 0.29 0.31 0.31 0.31 0.31
Ce’t Binding energy 3ds, (eV)  880.70  880.65 880.65 880.65 880.65
Uy + vy Relative intensity 0.02 0.01 0.01 0.01 0.01
Ce’t Binding energy 3ds, (eV) 885.30 885.25 88525 88525 885.25
u +v Relative intensity 0.10 0.04 0.04 0.04 0.06

3.3. Pd/Sn—Ce-0O system

The interaction of tin with CeO, layers at 520 K was studied
in the past [15, 16], and recently we compared those results
with similar experiments performed at 120 and 300 K [19].
At 300 K two different tin thicknesses were studied—0.07
and 0.67 nm. Similar to the gallium case, tin—cerium mixed
oxides of different stoichiometry were established. Ce3* states
appeared in the Ce 3d spectra and the Ce’*/Ce** ratio was
0.14 and 0.52, respectively, see the fitting details in tables 5
and 6. The values of the D ratio obtained by the evaluation
of the resonance enhancements of the valence band states
were 0.9 and 2.3, respectively. In the present paper we
describe the deposition of palladium at 300 K onto the Sn—
Ce—O layers prepared in the same way. The choice of these
two coverages of tin in the Sn—Ce-O layer was that, after the
deposition of an 0.07 nm thick layer of Sn onto the CeO,
surface, all tin atoms were oxidized and no features belonging
to metallic tin appeared in the spectra (see the bottom curves
in figures 6(a) and (b)). At higher tin coverage (0.67 nm), the
spectra exhibited two different oxidation states, see figures 6(c)
and (d)—broader features at higher binding energies attributed
to oxidized tin atoms in the Sn—Ce—O layer and narrower peaks

at lower binding energies representing excessive metallic tin
on the sample surface that did not diffuse inside the ceria layer
and oxidize. The parameters of the fitting are in tables 7, 8, 9
and 10.

For the analysis of the Sn 3d spectra we used the 3d3,,
peak instead of the usual 3ds,, one to avoid the influence of
the x-ray satellites of the 3d3,, line overlapping the 3ds/,, one
on the evaluation. For comparison with the literature dealing
with the 3ds/, line the reader should subtract the value of the
spin—orbit splitting (8.41 eV [22]) from the binding energy of
the 3d3,, line presented here.

Similar to the gallium case, the oxide contribution to the
Sn spectra slightly shifted after the first deposition step of
palladium (0.08 nm) towards lower binding energy and kept
this position after the following steps. On the sample with
0.07 nm of tin (figures 6(a) and (b)) the presence of palladium
causes the appearance of an (inter)metallic feature at lower
binding energy that was not present before. This feature can
be attributed either to metallic tin or to Pd—Sn intermetallic
alloy since the binding energies of Sn in both systems are
very similar [21, 23] and do not depend strongly on the alloy
stoichiometry. However, the formation of the Pd—Sn alloy is
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Figure 6. XPS spectra of Sn 3d3/, (photon energy 1486.6 V) ((a), (c)) and Sn 4d (photon energy 115 eV) ((b), (d)) measured on the
Sn—Ce-O layers prepared by the deposition on 0.07 nm ((a), (b)) and 0.67 nm ((c), (d)) of Sn onto the CeO, layer. Fits of the spectra after
each deposition step of Pd with oxide and (inter)metallic components is shown.

Table 6. Voigt fitting parameters of the Ce 3d levels on the Pd/Sn—Ce—O sample with 0.67 nm of Sn. The spin—orbit splitting, asymmetry

modelling, widths and branching ratios are the same as in table 1.

Pd thickness (nm) 0.00 0.08 0.16 0.24 0.32
Ce*t Binding energy 3ds, (V) 882.55 88255 88250 882.50 882.50
u+v Relative intensity 0.22 0.22 0.23 0.23 0.23
Ce*+ Binding energy 3ds, (eV) 889.10 889.10 889.05 889.05 889.05
u” +v"  Relative intensity 0.21 0.21 0.22 0.23 0.23
Ce*+ Binding energy 3ds,; (¢V)  898.50 898.50 898.50 898.50 898.50
u” +v”  Relative intensity 0.23 0.23 0.24 0.24 0.25
Ce’t Binding energy 3ds, (eV) 880.75 880.75 880.75 880.75 880.75
Uy + vy Relative intensity 0.07 0.07 0.06 0.06 0.06
Ce’t Binding energy 3ds/, (V) 885.35 88535 88535 88535 88535
u' +v Relative intensity 0.27 0.27 0.25 0.24 0.23

much more probable. Firstly, it is not likely that palladium
would reduce tin without forming any intermetallic compound
because, in such a case, to break tin—ceria bonds would require
a strong interaction between palladium and ceria. It was

shown in section 3.1 that this interaction is much weaker than

that between tin and ceria. A second reason why we favour
the formation of the intermetallic compound is the binding
energy of the Pd 3ds,, peak, figure 1(b). Its value decreases
slowly from 335.7 to 335.45 eV with increasing amount of
palladium, i.e. it remains again higher than that of clean
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Table 7. Voigt fitting parameters of the Sn 3ds, li

ne on the Sn—Ce—O sample with 0.07 nm of Sn.

Pd thickness (nm) 0.00 0.08 0.16 0.24 0.32
Oxide Binding energy (eV) 49495 49440 49435 49435 494.40
component  Relative intensity 1.00 0.92 0.86 0.69 0.57
Lorentzian width (eV)  0.95 0.95 0.95 0.95 0.95
Gaussian width (eV) 1.05 1.05 1.05 1.05 1.05
Intermetallic Binding energy (eV) — 493.45 49345 49345 49345
component  Relative intensity 0.00 0.08 0.14 0.31 0.43
Lorentzian width (e V) 0.43 0.43 0.43 0.43
Gaussian width (eV) — 0.90 0.90 0.90 0.90

Table 8. Voigt fitting parameters of the Sn 3ds, li

ne on the Sn—Ce—O sample with 0.67 nm of Sn.

Pd thickness (nm) 0.00 0.08 0.16 0.24 0.32
Oxide Binding energy (eV) 49470 49455 49445 49440 494.35
component Relative intensity 0.69 0.71 0.72 0.71 0.70
Lorentzian width (eV)  1.20 1.20 1.20 1.20 1.20
Gaussian width (eV) 1.05 1.05 1.05 1.05 1.05
(Inter)metallic Binding energy (eV) 49345 49345 49345 49345 49345
component  Relative intensity 0.31 0.29 0.28 0.29 0.30
Lorentzian width (eV)  0.43 0.43 0.43 0.43 0.43
Gaussian width (eV) 0.90 0.90 0.90 0.90 0.90

Table 9. Fitting parameters of the Sn 4d doublet on the Sn—Ce—O samp

le with 0.07 nm of Sn. The oxide component was fitted by a Voigt

doublet with the spin-orbit splitting set to 1.04 eV and the branching ratio to 0.99. The intermetallic component was fitted by a convolution of
the Doniach-Sunji¢ doublet with a Gaussian, the spin—orbit splitting was set to 1.04 eV, the asymmetry parameter to 0.09 and the branching

ratio to 0.75.

Pd thickness (nm) 0.00 0.08 0.16 0.24 0.32
Oxide Binding energy 4ds, (eV)  25.68 2522 2512 2520 2520
component  Relative intensity 1.00 0.88 0.81 0.66 0.57
Lorentzian width (eV) 0.50 0.50 0.50 0.50 0.50
Gaussian width (eV) 0.73 0.73 0.73 0.73 0.73
Intermetallic Binding energy 4ds,, (eV) — 2424 2418 24.14 24.12
component  Relative intensity 0.00 0.12 0.19 0.34 0.43
Lorentzian width (eV) — 0.04 0.04 0.04 0.04
Gaussian width (eV) — 0.53 0.53 0.53 0.53

Table 10. Fitting parameters of the Sn 4d doublet on the Sn—Ce—O sam
both components are the same as in table 9.

ple with 0.67 nm of Sn. The peak shapes and common parameters for

Pd thickness (nm) 0.00 0.08 0.16 0.24 0.32
Oxide Binding energy 4ds,, (eV)  25.62 2550 2544 2540 2538
component Relative intensity 0.69 0.64 0.61 0.57 0.55
Lorentzian width (eV) 0.59 0.59 0.59 0.59 0.59
Gaussian width (eV) 0.51 0.51 0.51 0.51 0.51
(Inter)metallic Binding energy 4ds, (eV) 24.11 24.12 24,12 2410 24.06
component  Relative intensity 0.31 0.36 0.39 0.43 0.45
Lorentzian width (eV) 0.21 0.21 0.21 0.21 0.21
Gaussian width (eV) 0.39 0.39 0.39 0.39 0.39

palladium. Most probably the stoichiometry of the Pd—Sn
alloy is changing. On the Sn—Ce-O layer with 0.67 nm of tin,
the components at lower binding energies in the Sn 3d3,, and
Sn 4d spectra (red curves in figures 6(c) and (d)) represent both
metallic tin and Pd—Sn alloy features that are overlapping each
other. In the more sensitive Sn 4d spectra one can clearly see
that with increasing coverage of palladium the (inter)metallic

component becomes stronger with respect to the Sn—Ce-O-
related one.

In figure 3 the evolution of the Ce**/Ce** and of the
D ratio is plotted. Upon palladium deposition onto the Sn—
Ce—O surface with 0.67 nm of tin, there is a slow decrease
with increasing Pd thickness, i.e. the same trend as observed
in the Ga—Ce—O case described in section 3.2. This decrease
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is less steep, which is most probably caused by an excess
of tin in this surface layer (contrary to the gallium case, the
amount of tin is so high that there is not only the oxidized
but also the metallic, phase present). Also the binding energy
of the Pd 3ds/, peak (figure 1(b)) lying above 336 eV for all
deposition steps of palladium in comparison to the data in [21]
suggest an excess of Sn in the Pd—Sn alloy. On the sample
of Pd deposited onto a Sn—Ce-O layer with a lower amount
of tin (0.07 nm) we expected to see better the effects of the
Pd—Sn interaction and the results are very surprising. Upon
the deposition of palladium, both the Ce’*/Ce** and the D
ratios (green circles) at first slowly decreased, i.e. the trend
was in the same direction as in the Ga—Ce-O and 0.67 nm
Sn—Ce-O cases, then reached a local minimum around the
palladium thickness 0.2 nm and it started to increase very
slowly again. We believe that in our experiments the shape of
the Ce3*/Ce** and of the D ratios’ evolution are combining
two opposite trends: (i) palladium strongly interacts with Ga
and Sn and causes breaking of the bonds between these two
metals and ceria that can reoxidize back to the original Ce*+
state and (ii) Pd itself interacts with the ceria layer and induces
its partial reduction and a creation of oxygen vacancies in
the Ce** structure (section 3.1). At the minimum point of
the discussed dependences plotted by green circles in figure 3
the binding energy of the Pd 3ds,, peak is 335.5 eV which,
according to [21], corresponds to a stoichiometry of Pd;Sn,
i.e. the most stable Pd—Sn alloy stoichiometry according to the
phase diagram [24].

4. Conclusions

The interaction of palladium with CeO, and two mixed
oxides—Ga—Ce-0 and Sn—Ce-O—was studied by photoelec-
tron spectroscopy of the core levels and the valence band res-
onances in the Ce 4d — 4f photoabsorption region. It was
confirmed that, on the stoichiometric ceria, Pd grows in the
form of islands and interacts relatively weakly with the ox-
ide support. Nevertheless, some Ce>* states appear on the ce-
ria surface. In contrast to this, on both mixed oxides which
have a high Ce3* content, Pd interacts strongly with both
added metals leading to formation of Pd—Ga(Sn) intermetal-
lic bonds at the cost of the Ga(Sn)-Ce—-O ones. In this case
the contribution of Ce?* states decreases and ceria reoxidizes
back to the original Ce** oxidation state. This study is im-
portant for the design of catalysts for low-temperature CO
oxidation where palladium provides adsorption sites for the
molecules of CO while ceria, due to its oxygen storage ca-
pacity, acts as the source of oxygen atoms for the reaction.
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