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Pd Interaction with Reduced Thin-Film Alumina: XPS and ISS Study
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X-ray photoelectron spectroscopy and ion-scattering spec-
troscopy (ISS) were used to investigate the interaction of palladium
with reduced thin-film alumina. The substrate was prepared by Ar™
ion bombardment thinning of the natural oxide layer on polycrys-
talline aluminum foil. It was found that the constitution of a surface
equilibrium is determined by the energy of sputtering ions. There-
fore, after the sputtering, the aluminum oxide surface is covered
by more or less Al’-rich overlayer. During the first stage of the Pd
deposition, the I,;/Ip ratio decreases because of Pd atom deposi-
tion onto the Al sites, keeping the anionic oxygen sites unaffected.
With increasing Pd, the PdAl intermetallic compound is formed.
The alloy forms three-dimensional clusters and a bare alumina sur-
face appears, giving the ISS intensity ratio I;/Io characteristic
for y-Al,O3. At a high amount of deposited Pd, the Pd bulk-like
phase is formed, gradually burying the PdAl alloy clusters. To in-
terpret catalytic behavior of Pd/Al,O3 systems, the presence of the
PdAl alloy caused by strong metal-substrate interaction should be
considered.  (© 2001 Elsevier Science

Key Words: X-ray photoelectron spectroscopy (XPS); ion-
scattering spectroscopy (ISS); PdAl alloy; alumina (Al,O3); metal-
substrate interaction (MSI); bimetallic interaction.

1. INTRODUCTION

The investigation of structure and properties of small
metal particles represents an important field of research
in heterogeneous catalysis. A catalytically active compo-
nent such as a transition metal is dispersed over a suitable
support such as alumina or silica. Due to the high metal
dispersion, the so-called particle-size effect, originating in
structural or electronic properties of metal clusters, as well
as the metal-substrate interaction (MSI) can influence the
catalytic properties significantly.

Because of its great importance, numerous studies have
been devoted to this field. The results of model studies
performed with well-defined particles deposited on well-
ordered bulk or film oxide surfaces showed how powerful
surface-sensitive techniques are for structure-dependent
size-effect investigations (see, e.g., the excellent reviews

(1-3)).
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Metal-substrate interaction is one of the catalyst behav-
iors for which knowledge is still very limited with regard to
the relationship between the catalytic activity of deposited
metal clusters and the supporting chemical composition
and structure. Most model studies have been carried out
on flat aluminum oxides, such as bulk crystals and thin
films. Single-crystal «-Al,O3; frequently has been used
as model support because of its mechanical and thermal
stability (4-6). A variety of thin oxide films supported
on metal substrates have been used because of their
compatibility with transmission electron and scanning tun-
neling microscopy and electron spectroscopic techniques
(1,7-11).

Properties of aluminum oxide film were investigated ex-
tensively in the past (12-14). It was pointed out that oxide
film structure and surface stoichiometry depend strongly on
the film preparation and cleaning procedure applied (3).
Often, the oxide surface preparation introduces noncon-
trolled surface perturbations (15), which may create strong
MSI states (i.e., cationic or anionic vacancies). These highly
active sites of the metal-oxide interface region may be re-
sponsible for particular MSI effects occurring at the particle
edge, i.e., at the metal-oxide boundary (16). In addition, the
catalyst metal can form intermetallic compounds with the
reduced support (e.g., Pd-Al (17, 18), Pd-Sn (19)) that ex-
hibiting strong bimetallic interaction through the hybridiza-
tion of the d and s states (20), leading to the formation of
alloys with special catalytic properties (21).

The number of palladium—alumina MSI studies is rela-
tively limited because aluminum oxide is generally consid-
ered to be an inert, nonreactive support. However, in the
case of palladium—alumina, some reports show the exis-
tence of metal-support charge transfer, indicating the MSI
effect (22-27). This behavior is given by the higher Pd-Al
electronegativity difference compared with that for Pd-O,
which induces a stronger metal-cation interaction. There-
fore, while metals like Cr, Ni, and Cu are bonded to the
oxygen sites, Pd forms bonds with the aluminum sites, caus-
ing stronger MSI in the case of the reduced alumina surface
(23).

The aim of this work was to show that the Pd interaction
with nonstoichiometric (metal-rich) alumina may be the
origin of MSI effects such as the anomalous lowering of
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CO desorption temperature with decreasing Pd particle size
(11), which is characteristic for CO desorption from Pd-Al
intermetallic compounds (18).

In this report we present the results of X-ray photoelec-
tron spectroscopy (XPS) and ion-scattering spectroscopy
(ISS) studies of Pd interaction with ultrathin nonstoichio-
metric films of alumina prepared by Ar™ ion sputtering of
native oxide layer formed on aluminum polycrystalline sub-
strate. The significant effect of oxygen preferential sput-
tering leads to the preparation of an aluminum-rich oxide
surface. The subsequent Pd deposition under ultrahigh vac-
cum (UHYV) conditions is conducive to the formation of a
Pd-Al bimetallic interfacial layer, which is followed by the
formation of a metal-like Pd phase.

2. EXPERIMENTAL

The XPS and low-energy ISS measurements were carried
out in the ion-pumped UHV chamber with a base pressure
of 1077 Pa. The system was equipped with a dual Al/Mg
X-ray source, differentially pumped ion gun for sputter-
ing and ion scattering, and multichannel hemispherical an-
alyzer Omicron EA 125.

In this work the MgKw line (1253.6 eV) was used for XPS
measurements. The photoelectron analyzer was operated in
the retarding-field mode with the pass energy of 20 eV. The
sample surface was characterized by photoelectron peaks of
Al2p,Pd3d, O 1s; Auger peaks of Al (KLL) and Pd (MNN);
and the valence band (VB) spectrum. The accuracy of the
measured binding energies was better than +0.1 eV.

Ultrathin Al,Oy film was prepared by Ar* ion bom-
bardment (0.5 (1.0) keV, 0.7 (1.9) uA cm~2) of a natural
oxide film on chemically cleaned polycrystalline Al foil
(purity 99.999%). The cleanliness of the surface as well as
the possible effect of preferential sputtering of oxide sur-
face components, which may cause the changes in surface
stoichiometry, was monitored by means of XPS and ISS
analysis during the bombardment. ISS was carried out us-
ing He ions at primary energy of 2 keV. The thickness of
the alumina layer (2.2 nm) was estimated by XPS from the
Aly/Alp, ratio of the 2p peak intensity. Because the oxide
film was very thin, the charging effect was absent during the
spectroscopic studies.

The palladium was deposited on the thin aluminum oxide
in situ at room temperature using the microelectron beam
evaporation source (MEBES) (28), which allowed control
of the evaporation rate by monitoring the Pd* ion current.
We used a constant deposition rate of 1.5 x 10> atoms s™!,
the value of which was determined from the XPS data.
The XPS and ISS spectra were collected between particular
depositions. The deposited layer morphology was investi-
gated by analysis of the peak shape and background using
QUASES software by Tougaard ApS. The principles of the
method are explained in Ref. (29).
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3. RESULTS AND DISCUSSION

3.1. Thin, Reduced Al,O, Oxide Film
on Polycrystalline Al Foil

We started by preparing the metal-rich surface of thin
alumina oxide layer by several doses of Art ion sputter-
ing of the native oxide on the polycrystalline aluminum
foil. We made a series of bombardments at different ener-
gies of incident ions: 0.5 and 1 keV. The native oxide layer
thickness was estimated to be 5.6 nm from the ratio of the
Al2p XPS peak intensity corresponding to oxide and metal
states. The ISS and XPS spectra were collected after each
ion bombardment cycle, which allowed us to investigate the
structure and surface stoichiometry of the oxide.

At the beginning we observed both metallic Al° and ox-
ide AI’* aluminum peaks at binding energies Eg of 72.9
and 75.9 eV, respectively (not shown). The energy differ-
ence between these two peaks was 3 eV and stayed constant
during sputtering. The most distinct changes in XPS spec-
tra were the decrease of the oxide and the increase of the
metal component of the Al 2p peak. The APP*-to-Al° peak
ratio decreased during the sputtering from 7.5 to 1.1, the
final value before the deposition of palladium. The Auger
parameter of aluminum, 1461.5 eV in oxide and 1466.2 eV
in metal states, was found to be unchanged. That means
that sputtering did not influence the stoichiometry of the
inner part of the oxide layer. (The Auger parameter is a
very sensitive probe of the physical and chemical environ-
ment of the analyzed atoms). The Auger parameter values
were very close to values reported for y-alumina (1461.6)
and Al metal (1466.1) in (12), which confirmed that native
oxide was composed of y-alumina microcrystallites rather
a being of amorphous phase (3). Valence-band changes re-
sulted in the appearance of a plateau near the Fermi level
that corresponded to the delocalized s,p states of free Al on
the surface (Fig. 1).

Ion-scattering spectroscopy is a surface analytical tech-
nique that is sensitive to the very first atomic layer of
the surface. The measured spectrum gives the intensity
distribution of the scattered He ions versus their kinetic en-
ergy, whichis directly related to the mass of the target atoms.
Figure 2 shows the typical ISS spectra of the Al,Oy/Al sur-
face after bombardment. The integral intensity of ISS peaks
was calculated after subtraction of the linear background.
Since the neutralization terms for Al and O in alumina are
unknown, it is impossible to determine exactly the stoi-
chiometry of this layer without using a standard. However,
the aluminum/oxygen scattering ion intensity ratio | 51/l o is
directly proportional to the real surface stoichiometry. The
values of the |41/ 1o ISS intensity ratio during sputtering cy-
cles are shown in Fig. 3. It can be seen that the 15)/1¢ ratio
increases during sputtering and its value depends consider-
ably on the energy of sputtering ions. It remains constant,
close to 2, for ion energy of 0.5 keV, increases up to 8.8 for
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FIG. 1. Valence-band XPS spectra of bombarded alumina thin film

on the polycrystalline aluminum before and after 30-min Pd deposition.

1keV,and reaches 6.2 after heating (10 min, 570 K) and final
sputtering (0.5 keV,20 min). This behavior can be explained
by a preferential sputtering of oxygen from the surface that
leads to the constitution of a new surface equilibrium deter-
mined by the energy of the incident ions. The left ordinate
axis of Fig. 3 represents the composition of the surface, i.e.,
the ISS peak intensity for particular elements (Al or O) rel-
ative to the sum of the intensities of both components in per-
cent. The 1 ;/lo intensities can be fitted with the function
KOa1/(1 —6a1), where 041 stands for the Al coverage,
(1 —04)) for the oxygen coverage, and K for a fitting param-
eter dependent on the neutralization of He* ions scattered
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FIG. 2. 1ISS spectra of the AlyOy/Al surface before and after final Pd
deposition.
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FIG. 3. The changes of the ISS peak intensities (Al and O) and the
values of the l41/1o intensity ratio during sputtering cycles.

by different surface atoms. Using the value of the ISS 151/ 10
intensity ratio of 0.5, determined for the (0001)x-Al, O3 sur-
face with known relative Al/O atomic coverage of 0.33 (30),
we obtain the fitting parameter K = 1.3. Then the initial and
final surface compositions of the oxide layer correspond to
the aluminum/oxygen relative coverage 65 = 0.63 and 0.82,
respectively.

The results presented clearly show that the oxide surface
is very sensitive to the energy of sputtering ions. Therefore,
the surface with different stoichiometry can be prepared
by changing the ion energy. Comparing the XPS and ISS
results, we determined that the thin alumina layer of thick-
ness ~2.2 nm covered by an Al-rich overlayer was prepared
after using the bombardment procedure.

3.2. Pd Deposition

The Pd layers were deposited at room temperature step-
wise on the thin oxide layer described above. The Pd flux
was kept constant during the deposition.

Figure 2 shows the ISS spectra obtained after 30 min of
Pd deposition, corresponding to the equivalent thickness of
3 monolayers (ML). The ISS O and Al peaks are still clearly
visible, indicating that the oxide surface is not completely
covered by Pd (island growth mode).

The variations in Pd, Al, and O peak intensity during
the deposition are shown in Fig. 4. As low-energy ISS is an
extremely surface-sensitive technique, the component sig-
nals are indicative of the oxide surface composition changes
given by Pd deposition. We have plotted the relative ISS
signal intensities 158 o, o =100 Ipa ai0/(Ia1 + lpa + lo) as
a function of deposition time in Fig. 4. It can be seen that
while the relative Pd signal is continuously growing and
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FIG. 4. The ISS intensity variations of Pd, Al, and O peaks during the
Pd deposition.

Al signal falling, the oxygen relative intensity varies from
an initial value of 13.8% to the final value of 14.4% via
maximum of 18% after 15 min of deposition. This rather
surprising behavior represents one of the key results of this
study. This means that the relative surface concentration of
oxygen sites not only remains unaffected by the Pd deposi-
tion but is increasing in certain limits. After the deposition,
the ISS intensity ratio |4;/1o reaches the value of 2.4 very
close to that of the nonsputtered alumina layer surface (see
Fig. 3). Because the UHV conditions prevent surface reox-
idation, this behavior can be explained by the appearance
of a bare alumina surface. We conclude that Pd atoms form,
with surface aluminum atoms, a buried layer of a PdAl in-
termetallic compound of three-dimensional (3-D) clusters.
The hypothesis of 3-D clusters seems more probable be-
cause of the continuous increase in Pd ISS signal during
the deposition. This also is supported by the fact that PdAl
alloy is characterized by a high cohesion energy and melts
at 100 K higher than does pure Pd (31). The high surface
free energy of the formed alloy leads consequently to the
formation of 3-D clusters. It should be noted that the same
behavior has been observed in the case of Pd deposition on
nonstoichiometric tin oxide (19).

Further information about Pd island formation on the
bombarded surface of Al,Os/Al substrate was obtained
from the XPS investigation. The binding-energy difference
Eg(Alyx 2p) — Eg(Aly, 2p) obtained from XPS core level
peaks is shown in Fig. 5. From the inset it can be seen that
the oxide aluminum peak is shifted toward lower binding
energy during deposition. The explanation for this behavior
can be found by considering the following phenomena de-
termining the electronic structure of thin nonstoichiometric
oxide films: The relative concentration of aluminum on the
sputtered layer of aluminum, determined from the ISS mea-
surements, is approximately 0.8, showing the aluminum-
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rich surface with Al4O surface stoichiometry. (It should be
noted that for polycrystalline y-Al,O3 prepared by ther-
mal heating, as well as for the nonbombarded natural ox-
ide layer, we obtained approximately Al;O, stoichiometry.)
The high concentration of anionic vacancies in the surface
region leads to the reduction of the oxide gap width and
to the appearance of gap states, with density correspond-
ing to the degree of oxide reduction (32). In addition, the
formation of a metal-oxide interface creates new, so-called
metal-induced gap states (33). The creation of these high-
lying states populates lower lying surface states, which is
followed by charge transfer to unoccupied metallic states
of Pd until thermodynamic equilibrium is achieved. The es-
tablished electric field between metal and oxide-depleted
layer may be responsible for the band bending and con-
sequently for the decrease of the Al 2p binding energy of
electrons emitted from the positively charged layer of ox-
ide. On the other hand, some modification of the screening
potential due to the Pd deposition on the alumina surface,
l.e., a variation of the extra-atomic relaxation energy, can-
not be excluded.

The variation of the Pd 3d photoelectron peaks versus
deposition time is shown in Fig. 6. We can see that at the
beginning the Pd layer growth is characterized by a Pd 3d3»
peak at constant Eg = 337.4 eV, labeled 8. Longer deposi-
tion times result in the appearance of another well-resolved
Pd 3ds,, peak at lower binding energy o, which shifts contin-
uously to lower Eg with increasing coverage, as can be seen
in Fig. 7. The position, shape, and width of the component
B coincide with the corresponding ones of the alloyed Pd
and are in good agreement with previously published XPS
characteristics spectra for PdAl alloy (34, 35). On the other
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FIG.5. The binding energy difference Eg(Aly2p) — Eg(Aln2p)
obtained from XPS core-level peaks in dependence on increasing amount
of deposited Pd. The inset presents the Al 2p peaks corresponding to the
clear substrate and to that one after final deposition.
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FIG. 6. The evolution of the Pd 3d doublet versus deposition time.

hand, an Ep decrease of the peak o toward Pd bulk value is
typical for Pd cluster formation on the oxide surface (27).
Thus, the measured Pd 3d intensity results from the mixture
of two peaks, one of PdAl alloy at constant Eg (337.4 eV)
and the other at size-dependent Ep for Pd particles.

The valence-band spectrum after final deposition is pre-
sented in Fig. 1, in which a combination of two other effects
mentioned earlier also can be seen. The first is the creation
of a PdAl alloy with the Pd 4d-centroid at 4.8 eV due to the
strong hybridization of the Pd-d and Al-s states; the sec-
ond is the formation of the Pd bulk-like d-band close to the
zero Ep, which overlaps the alumina-valence band. Nev-
ertheless, the opposite tendency in the intensity of these
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FIG.7. The binding-energy variations of two components of the Pd
3ds/, peak (shown in Fig. 6) during the deposition of Pd.
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two components can be seen: the peak 8 near 5 eV remains
higher than «. This behavior can be explained by the deeper
information depthin the valence-band photoelectrons com-
pared with the core level ones. The PdAl alloy clusters that
are formed at the early stage of growth are gradually cov-
ered by the Pd overlayer, which attenuates the signal issued
from the inner cluster in the case of surface-sensitive analy-
sis. This explanation fits well with the ISS results. The 141/ 10
ISS intensity ratio after final deposition corresponds to the
nonbombarded alumina, indicating that the weakly bonded
aluminum atoms move to buried PdAl clusters and do not
contribute to the Al ISS signal.

XPS Pd background analysis shows a mode of growth
similar to that of y-alumina (27) which is characterized
by the formation of flat islands with an average height of
1.2 nm.

4. CONCLUSION

The increase in ISS intensity ratio l1a)/lo during argon
sputtering shows that oxygen is preferentially removed
from the surface by argon bombardment. The surface equi-
librium stoichiometry depends on the energy of the incident
ions. Therefore, after the sputtering the aluminum oxide
surface is covered by an Al’-rich overlayer.

During the first stage of Pd deposition, the 141/1o ratio
decreases because of Pd atom deposition onto the Al sites,
which keeps the anionic oxygen sites unaffected. With in-
creasing Pd, the PdAl intermetallic compound is formed.
The alloy forms 3-D clusters, and a bare alumina surface
appears, giving the ISS intensity ratio 1 5;/1o characteristic
for bare y-Al,O3. At a higher amount of deposited Pd, the
Pd bulk-like phase is formed, gradually burying the PdAl
alloy clusters.

The observed formation of PdAl alloy can explain the ap-
pearance of a low-temperature desorption peak at 350 K in
CO thermodesorption spectra from y-Al,O3 and reduced
a-Al,Os—supported small Pd particles (11, 6, 19), which
corresponds to the CO-desorption temperature from bulk
PdALl alloy (21). We propose that Pd-Al alloying on non-
stoichiometric aluminum oxide surfaces should be taken
into account in studies of reactivity of Pd on technological
alumina powders.
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