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Pd on SiC catalysts have been prepared using two different phys-
ical processes: atomic beam deposition (ABD) and plasma sputter-
ing deposition (PSD). Whatever the method, Pd deposition (ranging
between 0.3 and about 12 monolayer equivalent) yields thin metal
adlayers. However, the catalysts prepared by ABD exhibit a 2D-
like growth, with a strong metal support interaction which remains
even for the highest Pd contents investigated. At lower Pd content
the presence of adatoms and/or small nuclei in strong interaction
with the SiC support is evidenced for samples prepared by PSD;
but increasing the Pd content of PSD samples yields a rapid growth
of 3D Pd particles which have the typical properties of bulk palla-
dium. While the ABD catalysts exhibit good activity toward the 1,3-
butadiene hydrogenation reaction, whatever the Pd content, PSD
catalysts with low Pd content were quite inactive and/or strongly
deactivated. However, at higher Pd content the PSD technique pro-
duces rather good catalysts. c© 2000 Academic Press

Key Words: palladium; silicon carbide; catalysts; atomic beam
deposition; low-pressure plasma sputtering; 1,3-butadiene hydro-
genation.
INTRODUCTION

Silicon carbide (SiC) is a refractory material that has a
high thermal conductivity. As already mentioned (1), the
SiC thermal conductivity, 500 W/mK for the single crystal
state at room temperature, is close to that of metals such
as Ag or Cu (400–500 W/mK). Therefore, by favoring the
dissipation of the heat produced by very exothermic re-
actions, an improvement in the Pd reactivity (activity and
also selectivity) can be expected. On SiC, the low content
of anchoring sites (OH groups, etc.) makes metal deposi-
tion by chemical methods difficult. Therefore, two physical
processes for the metal deposition have been attempted:
1 To whom correspondence should be addressed. Fax: 33-4 72 44 53 99.
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atomic beam deposition (2) and plasma sputtering deposi-
tion (3). Since, in the plasma process, the substrate is sub-
mitted to low-energy ion bombardment during deposition,
it is expected that the film growth will be rather different.

In the following we present:

(i) the characterization of the Pd/SiC catalysts obtained
according to these two ways of elaboration, with the
use of Auger electron spectroscopy (AES), X-ray photo-
electron spectroscopy (XPS), transmission electron mi-
croscopy (TEM), tapping mode atomic force microscopy
(TMAFM), and grazing incidence small angle X-ray scat-
tering (GISAXS).

(ii) the catalytic properties of these samples with respect
to the 1,3-butadiene hydrogenation, a quite exothermic re-
action (1H 0

298=−56.51 kcal mol−1), working generally with
a very high turnover frequency (TOF).

The results are discussed in terms of both Pd deposit mor-
phology and properties in relation to the physical method
of preparation.

EXPERIMENTAL

(a) The Bulk SiC Support

The bulk SiC support (small plates of 1 cm× 1 cm×
0.1 cm) was purchased from Morton Advanced Materials
(USA). It is a polycrystalline silicon carbide, prepared by
CVD, which has a low temperature form (<1500◦ C) with
cubic β-SiC structure. It has very high purity (>99.9995%)
and high chemical resistance. Its thermal conductivity is
higher than 300 W/mK.

Before use, the SiC samples are polished with a diamond
paste particle size down to 0.1µm, ultrasonically cleaned in
ethanol, and wiped with a soft paper soaked with ethanol,
in order to eliminate particles formed during the polishing.
After this preparation only some grooves are present on
the surface as observed on AFM pictures (Fig. 1).
0021-9517/00 $35.00
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re polishing (a), after polishing and ultrasonically cleaning (b), and after
FIG. 1. Large-scale TMAFM images of the SiC support surface befo
polishing, ultrasonically cleaning, and ethanol-soaked tissue rubbing (c).

The Auger spectrum of the β-SiC support, after cleaning
by argon ion bombardment and further heating, is shown
in Fig. 2. The peaks at 92 and 272 eV are attributed to the
KLL and L2,3VV Auger transitions respectively of Si and
C atoms in SiC. The presence of some oxygen is evidenced
by the additional peak visible at 510 eV (O KLL Auger
transition).

The XPS Si 2p and C 1s levels show two maxima at 100.2
and 282.7 eV, characteristic respectively of the Si and C
of SiC (4). The two other peaks observed for C 1s can be
attributed to graphite-like carbon, which has been shown
to terminate SiC surfaces (5), and to contaminant carbon
(organic compounds) (6) (Fig. 3).

(b) Pd Catalysts Obtained by Plasma Sputtering
Deposition (PSD)

The reactor is shown in Fig. 4. A high-frequency
(100 MHz) plasma is initiated in argon gas (100 mTorr pres-
FIG. 2. Auger spectrum of the β-SiC support, after the support was
cleaned by argon ion bombardment and annealing.
sure) with an input power of several watts. The metal atom
source is a helical wire which is negatively biased (−100 V)
with respect to the plasma potential (≈80 V) so that Ar+

ions present in the plasma are attracted and gain sufficient
FIG. 3. Si 2p (a) and C 1s (b) XPS spectra for SiC support.
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FIG. 4. Plasma sputtering deposition reactor.
energy to induce sputtering (7). The deposition process on
the substrate takes place several centimeters away from the
wire. During deposition, the SiC surface is subject to the
action of energetic plasma species (electrons, metastable
atoms, ions) and to UV irradiation. The ions are expected
to play a major role in the metal growth mode. They are
able to create defects on the substrate surface which may
act as preferential anchoring sites for incoming metal atoms.
They may also break the growing clusters or increase the
mobility of metal adatoms (at the substrate surface or at the
aggregate circumference) and of small clusters (8). Under
the present experimental conditions, the ions have a quite
low mean energy (several tens of electronvolts), and the
ion flux could be estimated to 1014 at./cm2/s. The metal de-
position rate was about 2× 1013 at./cm2 s, and the energy of
the condensing atoms was not more than the thermal en-
ergy (0.03 eV). The deposited amount of metal (0.3–12 ML,
1 ML being defined as 1.5× 1015 at./cm2) was controlled by
the deposition time and measured by ex situ RBS analysis.
Three Pd deposits were investigated, PSD 1, PSD 2, and
PSD 3; their respective Pd amounts are reported in Table 1.

(c) Pd/SiC Prepared by Metal Atomic Beam
Deposition (ABD)

The SiC support was first sputtered clean and heated
to 870 K under UHV conditions (base pressure 5×

TABLE 1

Amounts of Deposited Pd for the Various Catalysts, Determined
by RBS (Accuracy: 10%)

Samples Pd amounts (at./cm2)

Pd/SiC PSD 1 PSD 2 PSD 3
(cold plasma) (5.2× 1014) (5.3× 1015) (1.9× 1016)
ABD 1 ABD 2 ABD 3
ion) (6.0× 1014) (3.5× 1015) (8.2× 1015)
10−10 mbar). It was then transferred under vacuum into
the preparation chamber (base pressure 2× 10−9 mbar)
equipped with Knudsen cells. The Pd evaporation occurred
with a deposition rate of about 2× 1013 at./cm2 s; the de-
posits were controlled by a quartz microbalance calibrated
from RBS measurements. The Pd deposition was made on
a limited area of the sample (0.64 cm2) with the help of an
8-mm circular aperture located in front of the SiC support as
described elsewhere (9). The amount of deposited Pd was
also checked a posteriori by RBS; values are reported in
Table 1 in which the samples are labeled as ABD 1, ABD 2,
and ABD 3.

(d) Characterization Techniques

The various Pd/SiC samples were characterized by many
complementary techniques: TEM, AFM, GISAXS, XPS,
AES.

TEM experiments were performed with a JEOL 2010
microscope working at 200 keV and equipped with a UHR
pole piece. Due to their thickness, the samples cannot be
observed directly. In order to perform TEM observations
the extractive replica method was used (10). A thin carbon
film (<100 nm thick) was deposited onto the SiC surface
where the Pd had been deposited. Then a solution concen-
trated in hydrofluoric acid (HF) was used to remove the
support (SiC) so that a carbon film containing the Pd parti-
cles could be obtained (extractive replica). Since silicon car-
bide is chemically inert, its reaction with HF is unlikely. We
think that the presence of a slight surface oxidation (due to
air exposure) allows the HF solution to dissolve the outer-
most layer so that the extractive replica can be obtained.
Furthermore, it has been shown recently that RBS experi-
ments induce a swelling of the SiC surface without chemical
modification (11). The swelling undoubtedly weakens re-
gions in the carbon film, allowing the HF solution to reach

the SiC outermost layer. In this way we succeeded in mak-
ing the extractive replica on the RBS analysis region for
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Pd/SiC samples obtained by PSD. But, it was not possible
to extract the Pd particles for catalysts prepared by ABD.
This will be discussed later.

The morphology of the Pd particles was also determined
tentatively using AFM experiments performed in air with a
Nanoscope III Multimode (Digital Instruments Inc., Santa
Barbara, CA). In these experiments, we used AFM in the
tapping mode (TMAFM) where the tip oscillates at high
frequency (≈300 kHz) and comes into contact with the sur-
face at each oscillation. When the tip is scanned over the sur-
face (or vice versa, as is actually the case for the Nanoscope
III), modifications of oscillation amplitude are induced by
surface height variations. A feedback loop is used to ad-
just the amplitude variation and to keep the set-point sta-
ble, thus yielding a topographic image (12). Moreover, as
the tip is not in contact with the surface continuously, fric-
tional forces and sample damage are reduced to a negligible
level, and particles physisorbed on surfaces can be visual-
ized without being displaced. Si tips with a typical 10-nm
curvature radius were used.

Small-angle X-ray scattering was also carried out on
the deposits. Details of this experiment, performed at the
LURE laboratory with a synchrotron X-ray source, can be
found in Ref. (13). This analysis allows us to detect the pres-
ence of aggregates on the surface and to determine their
mean diameter (d), height (h), and correlation length (lc,
the distance between the centers of two scattering clusters).
This statistical information is obtained over about 1010 ag-
gregates.

The photoemission XPS experiments were carried out in
an ESCALAB 200R machine from Fisons Instruments us-
ing the Mg Kα line (1253.6 eV). For the catalysts obtained by
atomic beam deposition in the UHV chamber, the samples
were checked before and after metal deposition by AES
using a cylindrical mirror analyzer (CMA) from Riber SA.
The AES spectra were recorded with a primary energy of
1500 eV and a modulation amplitude of 4 Vpp.

The 1,3-butadiene hydrogenation was used as a test re-
action for the chemical reactivity of the various samples.
The reaction was carried out at room temperature with
a butadiene/hydrogen ratio of 5 under a total pressure of
about 20 Torr (36.66 mbar). The catalytic measurements
were performed in a low (265 cm3)-volume reactor in the
static mode. The Pd/SiC samples were introduced in the
reactor which was evacuated up to the complete degassing
of the catalysts (pressure less than 10−8 mbar). In some ex-
periments (with Pd/SiC samples prepared by atomic beam
deposition), the catalysts were transferred into the reactor
under UHV conditions in order to check that the results
are not changed when the transfer occurs under air atmo-
sphere. The course of the runs was followed by analysis with
a mass spectrometer, located in the UHV chamber, the re-

action mixture being introduced in the chamber through
a leak valve. With this type of analysis, it is not possible to
ET AL.

separate the three isomers of butene. Therefore, to this aim,
the reaction gases were introduced through a valve into a
small volume (<3 cm3) equipped with a septum. They were
sampled with a syringe (1 ml) through the septum and an-
alyzed separately by gas chromatography (stainless steel
column, 7 in.× 1/8 in., 0.19% picric acid on Graphpac GC,
80/100). The number of chromatographic analyses (<10)
was limited so that the reaction rate was not disturbed by
the pressure change in the reactor.

RESULTS

Before the catalytic performances of the catalysts pre-
pared either by PSD or by ABD are compared, the main
characteristics of the Pd deposits (morphology, electronic
properties, etc.) are presented.

The XPS spectra (Pd 3d5/2 level) recorded for the cata-
lysts prepared by both techniques are reported in Figs. 5a
and b. For samples PSD 2 and PSD 3, with the two largest
amounts of Pd, the binding energy (BE) of the Pd 3d5/2 level,
≈335.4 eV, corresponds to the value generally accepted for
pure bulk palladium (14). For sample PSD 1, containing the
lowest amount of Pd, the Pd 3d binding energy is shifted to-
ward higher values; the corresponding XPS spectrum can be
decomposed into two peaks centered at 336.3 and 338.2 eV
(mean position at≈337 eV given in Fig. 5a), which indicates
that the very first Pd adatoms interact rather strongly with
the SiC support or that their morphology is quite peculiar
(15), which will be discussed in the following. This behavior
has been confirmed for a lower content (1.5× 1014 at./cm2)
Pd sample (PSD 0). The binding energy of the Pd 3d5/2 level
is also high (336.6 eV) for the low-content ABD Pd sam-
ples. It remains quite high (336.3 eV) even for 2 and 6 ML.
This can be due to some support effect or to a specific low
dimensionality of Pd particles (small size of metal particles
or very thin layers of Pd laid on SiC) (15).

The TMAFM and TEM images of the catalysts obtained
by PSD are shown in Figs. 6 and 7, respectively, and the
TEM, TMAFM, and GISAXS results for these samples are
given in Table 2.

Since in AFM (and TMAFM), from the geometric point
of view, the image is formed by a tip contribution and a sur-
face contribution, the lateral resolution will be limited by
the tip geometry. Consequently, we have taken into account
the geometric contribution of the tip (as defined earlier)
and made the necessary correction (16) for the determi-
nation of the diameter of the particles. However, as long
as the tip is able to reach the substrate surface between
adjacent particles, the height can be measured directly by
these techniques with good accuracy. The sample PSD 1 im-
age (Fig. 6b) shows clearly the presence of large “particles”
with sizes around 6.5 nm but only 1.5 nm height (Table 2).

Images of samples PSD 2 (Fig. 6c) and PSD 3 (Fig. 6d) only
show the presence of a rough layer all over the surface. This
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FIG. 5. Pd 3d XPS spectra for the PSD samples (a) and for the ABD
samples (b).

rough layer appears to follow the surface topography since
the grooves detected on the SiC surface prior to deposition
(Fig. 6a) are still clearly visible.

TEM results obtained from the analysis of the three im-
ages shown in Fig. 7 are reported in Table 2. The measure
of the fraction of surface covered by palladium allows an

estimation of the mean height of the Pd particles to be made
by taking into account the quantity of Pd deposited as ob-
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tained from RBS. In sample PSD 1 (Fig. 7a) small individ-
ual particles are observed. They do not appear to be ran-
domly distributed on the support since regions completely
free of particles are evidenced. A large-scale observation
of the particles shows that they seem to have nucleated and
grown near morphologic defects (grooves, etc.). The parti-
cles appear to be spherical with a diameter of 1.8 nm. The
height deduced from TEM (2.0 nm) is close to that mea-
sured by TMAFM (1.5 nm). The diameter measured by
TEM (1.8 nm) and that obtained by TMAFM (6.5 nm), after
the correction for tip contribution, do not agree. This is not
surprising since we can see that, in the regions where parti-
cles are observed, the distances between particles are much
less than 10 nm (Fig. 7a), which prevents the tip (curvature
radius ≈10 nm) from reaching the substrate surface be-
tween the particles. So the measurement given by TMAFM
is related to groups of particles and not to individual ones.
In sample PSD 2 (Fig. 7b) the particles are randomly dis-
tributed on the surface, and some coalescence is observed.
In sample PSD 3 (Fig. 7c) the particles have grown to
form meandering islands which are interconnected. In both
cases the distances between particles are much smaller than
10 nm. This explains why the TMAFM images show a rough
layer superimposed on the SiC topography.

Further characterization by GISAXS was carried out on
PSD 1, PSD 2, PSD 3, and ABD 2 samples, giving some com-
plementary information for sample PSD 2. On the first sam-
ple no signal was detected, maybe because the deposited
metal quantity is too low. For sample PSD 2 the value of the
height agrees well with that deduced from TEM. The dis-
tance between particles di, obtained in TEM (3.0 nm), which
corresponds to the value (lc− d), deduced from GISAXS
(2.7 nm), is reliable. The largest value obtained for d may be
explained by the fact that GISAXS spectra analysis tends to
yield larger than real particle diameters when the size dis-
tribution is not isotropic (13), as observed in Fig. 7b. Noth-
ing was observed on ABD 2, although it contains the same
amount of metal as PSD 2. This will be commented on in
the following discussion. Scattering was observed on sam-
ple PSD 3, but the interpretation of the spectrum was not
so easy. It seems, however, that large aggregates (gyration
radius of about 5.3 nm) are present on the surface, but they
do not seem to be correlated. Regarding the morphology
evidenced by TEM on this sample, the obtention of a dif-
fuse scattering spectrum is not surprising. Indeed, one of the
GISAXS limitations is that it requires compact shape ag-
gregates with a narrow size distribution to be effective (17).

Results given in Table 2 show rather good agreement
between the values obtained by the three physical charac-
terization techniques, with only very slight discrepancies
that have been discussed. Further information concerning
the morphology of metal particles, on either the PSD or the

ABD samples, can be deduced from the IPd3d/ISi2p ratios
of the related XPS peak areas. Assuming layer-by-layer
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FIG. 6. TMAFM images (500 nm× 500 nm) of the SiC surface (a) and samples PSD 1 (b), (L denotes a region without particles), PSD 2 (c), and

PSD 3 (d). Z range is 10 nm (black to white) for all images.

growth the number of deposited monolayers on each sam-
ple can be calculated and compared to the Pd amounts
known from RBS measurements. The results are given in
Table 3.

One can see that the layer-by-layer model fits rather well
for the Pd adlayers prepared by ABD but fails as soon as

the Pd content is above a few fractions of a monolayer for Typical curves of C4H6 and reaction products’ pres-

the samples obtained by PSD.

TABLE 2

Main Characteristics of Metal Particles Produced by Plasma Sputtering Deposition Deduced from TMAFM, TEM, and GISAXS
Measurement, i.e., Mean Diameter, d, and Height, h, Fraction of Surface Covered by Pd, θ , Correlation Length, lc, and Distance, di,
between Particle Sides

TMAFM results TEM results GISAXS results

Sample d (nm) h (nm) θ (%) d (nm) h (nm) di (nm) d (nm) h (nm) lc (nm)

PSD 1 6.5a 1.5± 0.3 3.7 1.8± 0.2 2.0 — — — —
PSD 2 — — 33 2.3± 0.2 2.4 3.0± 0.2 3.4± 0.4 2.4± 0.4 6.1± 0.4
PSD 3 — — 82 4–5b 3.5 1.2± 0.2 — — —

sures versus the reaction time are given in Fig. 8a. The
a See the text for comments on this value.
b This value corresponds to the width of the meandering islands forming
Whatever the sample, the hydrogenation gives only
butenes up to the complete disappearance of 1,3-butadiene
according to the reaction pathway:

1,3-butadiene+H2 ⇔ butenes+H2 ⇔ butane
the quasi-continuous film.
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TABLE 3

Comparison between the Number of Monolayers of Deposited Metal Deduced from the RBS
(in Equivalent Monolayers) and XPS Measurements (1 ML≈ 1.5× 1015 at./cm2)

Sample RBS (at./cm2) RBS (no. of ML) XPS (IPd3d/ISi2p) XPS (no. of ML)

PSD 0 1.5× 1014 0.1 0.2 0.09
PSD 1 5.2× 1014 0.37 0.5 0.22
PSD 2 5.3× 1015 3.5 3.8 1.62
PSD 3 1.9× 1016 12.7 very high value large uncertainty
ABD 1 6.0× 1014 0.4 1.0 0.45
ABD 2 3.5× 1015 2.3 4.1 1.73
ABD 3 8.2× 1015 5.4 high value poor accuracy
FIG. 7. TEM images of the extractive replicas obtained for samples PSD 1 (a), PSD 2 (b), and PSD 3 (c). Scale bars are 10 nm.
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FIG. 8. Reactivity results: (a) Typical curves of butadiene and reaction products’ (butenes, butane) pressure versus the reaction time. (b) Evolution

e
of the reaction products (butene isomeres and butane) during the 1,3-butadi

of butadiene conversion.

catalytic results are gathered in Table 4. The turnover fre-
quencies are calculated on the various samples assuming
zero order with respect to C4H6, one order with respect to
H2 (18), and the number of surface Pd atoms (exposed to
the reacting gases) deduced from the morphology of the Pd
deposit. This was performed by either considering a layer-
by-layer growth for ABD films or using the particle sizes
determined by TEM for the samples prepared by PSD.

The selectivities for the different butenes formed are
gathered in Table 5 for the most active catalysts. The re-
sults are given at half-conversion of butadiene and at nearly
complete disappearance of butadiene. No significant dif-
ferences are monitored whatever the preparation method,
2-cis-butene is always the minor product, and the amount

of 1-butene formed is slightly higher than the quantity of
2-trans-butene (see Fig. 8c).
ne hydrogenation. (c) Selectivity toward the different butenes as a function

TABLE 4

Activity of the Samples for 1,3-Butadiene Hydrogenation

Sample Activity (molecules cm−2) Dispersiona ns
b TOF (s−1)

PSD 1 3.6× 1012 0.63 3.3× 1014 0.011
PSD 2 9.5× 1013 0.49 2.6× 1015 0.036
PSD 3 1.5× 1015 0.23 4.4× 1015 0.34
ABD 1 1.4× 1014 5.8× 1014 0.24
ABD 2 4.8× 1014 1.5× 1015 0.32
ABD 3 2.1× 1015 1.5× 1015 1.4

Note. The TOF are calculated for 10 Torr (13.33 mbar) of hydrogen
pressure.

a For plasma samples, the dispersion is calculated from TEM results.
b ns is the number of outer Pd atoms calculated on the basis of the
number of deposited Pd atoms measured by RBS and either the dispersion
(for PSD) or assuming a layer-by-layer growth (for ABD).
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DISCUSSION AND CONCLUSION

A relatively good description of the morphology of the
samples obtained by both methods has been derived from
the comparison, and rather good agreement, of the re-
sults obtained with different characterization techniques
(TMAFM, TEM, GISAXS) together with XPS measure-
ments. All techniques show that the plasma-deposited Pd
is composed of more or less 3D Pd particles even for the
under-monolayer deposits. A nucleation and cluster growth
step is observed, followed by a coalescence phenomenon
leading to meandering islands. These islands, clearly visible
on sample PSD 3, are composed of elementary “clusters” of
about 4–5 nm. This kind of morphology has been evidenced
already in the case of Pd deposited on SiO2 native ox-
ide or amorphous carbon by the plasma sputtering method
(19, 20). It has also been reported for metal thin film growth
on amorphous or ionic substrates by vacuum deposition at
room temperature (21, 22). It is seen from the results in
Table 2 that the cluster diameter and, thus the metal cover-
age, increases with the metal content, as expected.

For ABD samples all results tend to show that layer-by-

. This is further confirmed by the im- thicker layers in both cases, i.e., the very low signal charac-

at the Pd tends to
ing GISAXS results for ABD 2, which

TABLE 5

Selectivities for the Different Butenes for Samples PSD 3 and ABD 3

1-butene/butenes 2-trans-butene/2-cis-butene

Sample half-conversion ≈90% conversion half-conversion ≈90% conversion

PSD 3 0.51 0.50 4.2 4.3

teristic of the SiC substrate, indicates th
ABD 3 0.67 0.69
ontinued

indicates that the morphology is particular, i.e., different
from well-dispersed 3D islands.

These conclusions agree with the comparison established
in Table 3 between the number of monolayers of deposited
Pd measured from RBS (in equivalent monolayers) and
the XPS determinations. Indeed, the attenuation of the
IPd3d/ISi2p ratio with the Pd content can be related to the
thickness of the deposit depending upon the growth mode:
layer-by-layer or adaggregates. At very low coverage, the
layer-by-layer model used to estimate the number of Pd
monolayers from the XPS ratio is valid whatever the prepa-
ration method, because no difference depending on the
regime can be evidenced at the very beginning of the
growth. For higher Pd contents, layer-by-layer growth for
ABD is still valid, whereas a clear departure from this law
is observed for PSD deposits, which can be attributed to 3D
aggregate growth. This is clearly supported by the measure
of the IPd3d/ISi2p ratio (Table 3) for the (5.2–6)× 1014 at./cm2

samples. This ratio for the PSD sample is half that for the
ABD sample, showing a stronger attenuation of the sub-
strate signal when the morphology is 2D island compared
with 3D growth. The very high intensity ratio obtained for
4.4 4.6
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spread all over the surface of the support when its thickness
increases, even in the case of 3D aggregate PSD deposits.
These observations qualitatively drawn from XPS analyses
are in good agreement with TEM, TMAFM, and GISAXS
results.

The higher binding energies of the Pd 3d XPS peak mea-
sured on ABD 1, ABD2, ABD3, and PSD 1 samples, com-
pared to the values generally accepted for pure Pd (14), are
consistent with a palladium adlayer made up of very small
metal particles or flat islands. On PSD samples, it can be
assumed that the binding energy upward shift is explained
mainly by the small size of Pd particles for low Pd amount;
the effect disappears completely when the Pd content in-
creases, i.e., when the particle size increases as evidenced
by TEM. The Pd atoms exhibit then the same electronic
properties as the bulk metal. For ABD samples the low di-
mensionality along the normal of the SiC support surface,
which is retained up to at least 6 ML Pd deposit, can ex-
plain the higher Pd 3d binding energy. In other words a
rather strong support interaction exists. The fact that it has
not been possible to unstick the metal particles on these
samples to make extractive replicas for TEM observations
is in good agreement with the presence of a more strongly
interacting adlayer.

A schematic representation of the proposed morphol-
ogy of the adlayer depending upon the Pd content and the
method of preparation is presented in Fig. 9.

With respect to their catalytic reactivities, all the samples
studied show the same selectivity, leading to butenes. The
butenes distribution depends slightly on the nature of the
Pd coating, PSD or ABD method, but in all cases 1-butene
and 2-trans-butene dominate (Table 5).
The samples with the lowest metal content prepared by the Pd–support interaction is probably lower for thicker

the PSD method are the less active materials; the PSD 1 layers.
FIG. 9. Schematic representation of the growth process proposed for
atomic beam deposition (ABD).
ET AL.

catalyst is more than 1 order of magnitude less active
than Pd(111) which exhibits, in such conditions, a TOF of
≈0.28 s−1 (23). The rather low activity is most certainly
explained by the specific morphology of these samples to-
gether with the important binding energy shift recorded
for the Pd 3d XPS peak. The more probable explanation
is that a rapid deactivation process occurs, as observed on
very small Pd particles deposited on graphite, as long as
they show an upward shift of their electronic core levels’
binding energies (24).

It is clear that the activity increases with the Pd content,
and the PSD 3 sample is at least as active as Pd(111). This
result shows that the plasma method is efficient in preparing
active catalysts.

The activity of the ABD samples ranges between that of
the Pd(111) (TOF of about 0.28 s−1) and that of the Pd(110)
(TOF of about 2 s−1) (23). A noticeable activity is mea-
sured even for the lowest Pd deposit (sample ABD 1). But
again the activity increases with Pd coverage, and a value of
1.4 s−1 is calculated for the sample ABD 3. However, such
a value could be an overestimate since there is some doubt
about the estimation of the number of outer Pd atoms. It
is a priori difficult to draw a safe relationship between the
structure, the support interaction, the BE shift, and the re-
activity. Nevertheless, one can again remark that the TOF
increases as soon as the Pd 3d BE decreases, i.e., when the
Pd coverage is increased. An epitaxial strain effect, as pos-
tulated for Pd deposits on SiC (0001) (9) prepared in the
same way as the ABD samples (UHV treatment, Ar+ ion
bombardment, and Pd atomic beam deposition), could ex-
plain the decrease of the BE chemical shift with metal cov-
erage through some relaxation of strains. In other words,
the two methods of preparation: plasma sputtering deposition (PSD) and
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In conclusion, active catalysts composed of very thin
metal adlayers on flat supports can be prepared by atomic
beam deposition but also by low-pressure plasma sputtering
deposition. The morphology of the metal adlayer depends
upon the physical deposition method used.

Palladium deposits obtained by ABD interact strongly
with the SiC support and grow in a rather uniform layer-
by-layer mode. The morphology of palladium adlayers pre-
pared by PSD is different. First, very small aggregates are
formed, and embedded metal atoms and/or atomically dis-
persed Pd could be present at the surface. Larger parti-
cles grow to finally coalesce and form meandering islands.
The physical effect of Ar+ ion bombardment, which occurs
during the metal deposition, can generate many kinds of
defects on the substrate and/or influence the condensing
metal atom mobility. By modifying the plasma parameters,
the deposition conditions (incoming ion flux and energy,
condensing metal atoms flux and energy) can be moni-
tored, and consequently the number of created anchoring
sites and/or the cluster growth evolution can be varied. The
present study shows that the plasma sputtering deposition
technique is a promising method for obtaining finely con-
trolled metal deposits that can be used as catalysts.
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