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Abstract

Hydride formation was studied on Pd particles supported on SiO;, and the results were evaluated with reference to a corresponding ZnO-
promoted Pd/SiO, catalyst reported recently. Pd particles (mean size, ~5 nm) were epitaxially grown on NaCl(001) cleavage faces and subse-
quently covered by a layer of amorphous SiO,, thereby maintaining their epitaxial orientation. The films were subjected to various hydrogen
and annealing treatments in the temperature regime of 373—-873 K, and their stability in an O, environment (373-573 K) was also tested. The
structural and morphological changes were followed by transmission electron microscopy and selected area electron diffraction. Reduction at
523 K increased the mean particle size considerably and converted the Pd particles into an amorphous hydride phase that decomposed at and
above 673 K either by reduction in hydrogen or by annealing in He environment, forming a crystalline Pd;Si phase. Oxidative treatments of the
Pd-H phase at temperatures above 523 K induce transformation into partially oriented Pd particles. The Pd;Si phase was stable under reductive
conditions up to 873 K and decomposed into disoriented Pd particles on oxidation at temperatures at and above 573 K. Although the Pd/SiO,
catalyst can be readily converted into an amorphous hydride phase, it loses its hydrogen storage capability on entering the silicide state at 673 K,
and hence no hydride formation was observed. These results are in contrast to previous observations on a corresponding Pd/ZnO/SiO; catalyst,
where the formation of a well-ordered PdZn alloy prevented the formation of the hydride phase and significantly enhanced the structural stability
of the catalyst and its resistance against sintering. In contrast, the Pd/SiO; system was converted into the amorphous hydride state under “real”
catalytic conditions, for example, during CO; hydrogenation at around 523 K.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Knowledge of the interaction of hydrogen with metals and
intermetallic compounds is not only of great interest due to
the excellent hydrogen storage capabilities of many of these
materials [1-9], but remains a key parameter especially in Pd-
catalyzed reactions involving hydrogen. It is well known that
Pd readily absorbs hydrogen in its crystal lattice even at low
pressure and room temperature [10]. At low hydrogen con-
centrations, the o-phase is formed, usually considered a solid
solution of hydrogen in the originally undistorted Pd lattice.
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Once saturation of the hydrogen concentration in the «-phase
is reached, a new hydride phase, termed B, starts to nucle-
ate, and both phases coexist until total transformation to the
B-phase occurs with higher hydrogen pressure. Although for
some metals the «- to S-phase transformation is connected to
a real structural transformation, Monte Carlo simulations indi-
cate that for Pd clusters, this transformation is associated only
with a widening of the Pd lattice [11,12]. It was shown that the
surface is first loaded before deeper regions of the clusters are
hydrided, with no sign of structural transformation. The Pd—H
phase diagram can be divided into two distinct concentration
and temperature regimes. At higher temperatures and hydrogen
concentrations <50%, the only stable phase is a solid solution
of hydrogen in Pd, the most stable stoichiometry being a H con-
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tent of ~25% at around 566 K. This PdHp»5 phase is most
likely formed under our experimental conditions, as we discuss
in detail below. Crystalline Pd-hydride bulk phases are formed
only at hydrogen concentrations >50% and temperatures below
80 K [13].

Pd-hydride formation has been the subject of many studies
[14-21] and also may occur during catalytic reactions [10,22].
Because Pd catalysts are used in many reactions involving hy-
drogen (e.g., hydrogenation of CO [23-27] and of CO; [28-31],
methanol synthesis [27,28,31]), the presence of Pd hydrides
may have a pronounced effect on catalyst performance [10,22].
Pd hydride formation has been reported to either suppress
catalytic activity or favor catalytic performance; examples in-
clude the enhancement of hydrogenation of alkynes [10] and
ethene [32] and the suppression of hydrogenation of cyclohex-
enes [10]. Altogether, detailed knowledge of the formation of
Pd hydrides and of their structural and thermal stability will
be of value in understanding the foregoing catalytic processes.
A correlation to systems in which hydride formation is excluded
under otherwise similar reaction conditions may be particu-
larly helpful. It is known that adding ZnO to a silica-supported
Pd catalyst suppresses hydride formation over a wide range of
temperatures [33]. This fact has been recently elucidated by
the present authors [34], who showed that a topotactic, well-
ordered PdZn alloy phase forms on regular Pd nanoparticles
under reductive conditions.

The goal of the present contribution is threefold: (i) to under-
stand the mechanism of hydride formation on SiO;-supported
Pd particles, (ii) to prove the structural and thermal stability of
the so-obtained hydride phase(s) in both reductive and oxidative
environments, and (iii) to test the stability of the Pd/SiO; cata-
lyst under “real” reaction conditions. Special emphasis is given
to a comparison with the results obtained on a ZnO-promoted
Pd/Si0O; catalyst described previously [34]. To achieve these
goals, we exploit the unique properties of well-defined Pd par-
ticles grown epitaxially on NaClI(001) supports. These thin-film
model systems are known for extended and intimate contact be-
tween metal and support and defined particle size and shape,
and are therefore especially well-suited for monitoring struc-
tural alterations occurring during catalyst activation treatments.

2. Experimental

A high-vacuum chamber (base pressure 10~* Pa) was used
to prepare the SiO,-supported Pd catalysts. Pd metal was de-
posited by electron-beam evaporation onto a freshly-cleaved
NaCl(001) plane at a base pressure of 10~% Pa and a substrate
temperature of 623 K. Under these experimental conditions, the
deposition of Pd films of about 0.5 nm nominal thickness results
in well-shaped Pd particles of about 5 nm in size. Subsequently,
the Pd particles were covered by a layer of amorphous SiO;
(nominal thickness, 25 nm), prepared by reactive deposition of
SiO in 1072 Pa O, at room temperature. NaCl was subsequently
removed by dissolution in distilled water, and after careful rins-
ing, the resulting thin films were dried and mounted on gold
grids for electron microscopy. Subsequently, the films thus pre-
pared were subjected to reductive (1 bar H, for 1 h), oxidative

(1 bar O for 1 h), and annealing treatments in parallel in a flow
system and a circulating batch reactor in temperature ranges of
373-873 K and 373-573 K, respectively. Structural and mor-
phological changes were followed by high-resolution transmis-
sion electron microscopy (HRTEM) and selected area electron
diffraction (SAED). The electron micrographs were obtained
with a Zeiss EM 10C microscope.

3. Results and discussion

3.1. Hydride formation and stability under reductive
conditions

An electron micrograph of the as-deposited Pd/SiO, cata-
lyst is shown in Fig. la. All structural and morphological al-
terations occurring during the subsequent reductive, oxidative,
or annealing treatments are referenced to this initial state. The
Pd particles are visible as dark and gray dots with a mean di-
ameter of ~5.6 nm (see Table 1). A particle density of about
5 x 107 cm™? was estimated by evaluating a number of TEM
images from different parts of the sample. Whereas the dark
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Fig. 1. TEM overview of the Pd-SiO, catalyst as-deposited (a), and after re-
duction in 1 bar Hp for 1 h at 473 K (b), and 523 K (c). The corresponding
SAED patterns are shown in (d—f).
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Table 1

Mean particle diameter of the Pd/SiO, and Pd/ZnO/SiO, [34] catalyst after various reductive treatments

Phase Pd/Zn0O/Si0; as grown Pd/Zn0O/SiO, 523 K Pd/Zn0O/SiO, 723 K Pd/Zn0O/SiO, 873 K
Mean diameter (nm) 5.0 5.3 5.5 5.8

Phase Pd/SiO; as grown Pd/Si0; 523 K Pd/Si0; 673 K Pd/Si0; 873 K
Mean diameter (nm) 5.6 6.7 7.4 8.0

particles were perfectly aligned along a Bragg orientation, the
gray ones were (slightly) tilted out of their respective Bragg
position. A few particles were square or rectangular shaped,
but most had more rounded outlines, indicating the presence
of higher-indexed facets. Weak-beam dark-field images of the
corresponding Al,Oz-based Pd thin-film model catalysts reveal
their cuboctahedral habit [35]. The SAED patterns (Fig. 1d)
show that most Pd particles are oriented along the [001] zone
axis. Hence, the most intense reflections are the Pd(200) and
Pd(220) spots, measured at d =~ 1.95 A and ~1.37 10\, respec-
tively [at dago(theor) = 1.945 A and dyo(theor) = 1.375 A].
However, Pd(111) spots are also visible [measured at d ~
2.25 A; dp11(theor) = 2.245 A], indicating the presence of a
[011] zone axis for some particles. HRTEM images of cuboc-
tahedral particles reveal mainly (200) lattice fringes of the Pd
fce structure [35]; hence, most particles exhibit a (100) plane
perpendicular to the electron beam. The SiO, support is amor-
phous in the as-grown state and thus contributes no significant
contrast to the electron micrographs.

No significant changes in particle structure or morphology
were seen on reduction at temperatures below 473 K (in 1
bar hydrogen for 1 h). The state of the catalyst after reduc-
tion at 473 K is shown in Fig. 1b. Most particles have adopted
more rounded outlines, due to increased formation of higher-
indexed facets. The corresponding SAED patterns (Fig. le) do
not differ significantly from those of the as-grown state or the
state observed after reduction at lower temperatures. Only a
broadening of the Pd spot reflections points to increased az-
imuthal disorder. However, massive alterations are introduced
if the reduction temperature is raised to 523 K (Fig. 1c). The
mean particle diameter is now increased considerably to about
6.7 nm, and SAED patterns (Fig. 1f) consist of only a single
diffuse halo, whereas all reflections due to the Pd fcc structure
have vanished, indicating that the Pd phase has become almost
amorphous. Although nanocrystalline materials are known to
be more resistant to hydrogen-induced morphological changes,
such as hydrogen-induced decrepitation or amorphization [15],
we conclude that this amorphization is due to the formation of
a Pd—H phase. As outlined in the Introduction, a solid solution
of H in Pd («-phase) exists at lower hydrogen loadings, and
the Pd—H B-phase is formed only at higher hydrogen concen-
trations and lower temperatures. Recent hydrogen adsorption
studies on nanocrystalline Pd samples revealed that the hy-
drogen uptake was significantly increased compared with bulk
material in the solid solution region of the isotherms (i.e., the
«-phase), but the maximum hydrogen concentration was con-
siderably lower compared with bulk material in the hydride (8)
region. This behavior was attributed to the increased concen-
tration and solubility of hydrogen at the grain boundaries, but
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Fig. 2. The Pd-SiO; catalyst after reduction in 1 bar H, for 1 h at 673 K (a)
with the corresponding SAED pattern (b).

without transformation of these into the hydride B-phase [15].
Hence, we propose that the observed behavior on Pd/SiO; can
be interpreted in terms of an accumulation of hydrogen at sur-
face and interface sites, forming an amorphous solid solution
(c-phase) on penetrating the Pd particles, and that the whole
particles are transformed exclusively into the «-phase, as con-
firmed by the absence of Pd reflections and signs of any other
crystalline phase in the SAED patterns.

Fig. 2a shows the state of the catalyst after a reduction at
673 K in 1 bar Hy for 1 h. Compared with the reduction at
523 K, the mean particle size again has increased consider-
ably, to ~7.5 nm, pointing to enhanced material uptake into
the Pd bulk at elevated temperature. Although no indications of
changes in the particle structure can be seen in the TEM mi-
crographs, the corresponding SAED pattern (Fig. 2b) indicates
at least partial recrystallization. Two rather blurred Debye—
Scherrer-type ring reflections are seen, corresponding to lattice
distances of ~2.31 A and ~2.10 A. These reflections were also
observed previously [35] in the Pd/ZnO/SiO; system after re-
duction at and above 873 K and can be attributed to the (111)
and (210) reflections of the hexagonal Pd;Si structure (space
group P-62m, a = b = 6.49 A, ¢ = 3.42 A) [dy;(theor) =
2.35 A and dbo(theor) = 2.12 A] [36].

A further increase of the reduction temperature to 873 K
did not significantly alter either the particle morphology or the
SAED patterns (not shown here). The mean particle size in-
creased to approximately 8 nm, and the electron diffraction
pattern exhibited only reflections of the above-mentioned Pd;Si
structure. No other species besides Pd,Si were present in de-
tectable concentrations. This implies that the hydride phase de-
composed at least partially on reduction at and above 673 K,
accompanied by silicide formation, whereas the Pd,Si phase
exhibited a broad stability range up to 873 K. These results are
further corroborated by recently published HRTEM images of
highly oriented single-crystalline Pd,Si particles [34].
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Fig. 3. State of the Pd/SiO; catalyst after reduction in 1 bar Hy at 523 K for
1 h, followed by annealing in He at 523 K for 16 h (a), at 573 K for 1 h (b), and
at 673 K for 1 h (c). The corresponding SAED patterns are shown in (d—f).

3.2. Thermal stability of the hydride

The question arises as to whether the amorphous «-hydride
is destroyed only by reduction at increasing temperature, lead-
ing to silicide formation, or whether annealing treatments in
He or oxidation at elevated temperatures ultimately lead to the
same result. Fig. 3a shows the state of the catalyst after a 16-h
treatment in 1 bar He at 523 K. No change in particle morphol-
ogy can be seen, and the SAED pattern (Fig. 3d) still exhibits
the halos characteristic of an amorphous sample. Further rais-
ing the annealing temperature to 573 K (1 bar He for 1 h)
did not alter the amorphous state of the catalyst, as can be de-
duced from Fig. 3b (TEM overview image) and Fig. 3e (SAED
pattern). However, annealing the sample in 1 bar He at 673
K for 1 h caused an increase in mean particle size compared
with the state after reduction at 573 K, with partial recrys-
tallization indicated by the formation of sharp internal grain
boundaries for some particles (Fig. 3c). These observations are
augmented by SAED patterns (Fig. 3f) showing reflections of
a crystalline sample. An analysis of the reflections measured
at ~2.33 A and ~2.10 A reveals the hexagonal Pd,Si struc-

PdzSi(210)
PdzSi(111)

Fig. 4. (a) Overview electron micrograph of the Pd/SiO; catalyst after annealing
in 1 bar He at 673 K for 1 h, followed by reduction in 1 bar H, at 523 K for 1 h.
The corresponding SAED pattern is shown in (b).

ture already observed after reducing the hydride phase in hy-
drogen at 673 K and above. Alloy formation under reductive
conditions is thermodynamically feasible and has been shown
to occur on similar thin-film catalysts (Pt/SiO; [37], Pt/CeO,
[38], Rh/VO, [39]) on reduction at elevated temperatures. The
fact that Pd,Si forms at the same temperature after reduction
in hydrogen and after annealing in He indicates that its forma-
tion becomes kinetically feasible at 673 K if reoxidation of the
intermetallic compound is suppressed by the experimental con-
ditions.

Can the Pd;Si alloy reconvert to the «-hydride phase? The
Pd/SiO; catalyst was annealed at 673 K in 1 bar He for 1 h, and
the resulting Pd;Si alloy was subsequently reduced in hydrogen
at 523 K. Fig. 4a shows the catalyst after this hydrogen treat-
ment. Obviously, the catalyst morphology was not significantly
altered compared with that observed after the previous anneal-
ing treatment in He, and the SAED pattern (Fig. 4b) still shows
the Pd,Si (111) and (210) ring reflections (cf. Figs. 3¢ and f).
Hence, after entering the silicide state, Pd loses its hydrogen
storage capability, and the hydride state cannot be reestablished
by hydrogen treatments at even higher temperatures.

3.3. Hydride stability under oxidative conditions

The stability of the Pd-hydride phase in an oxidizing envi-
ronment was checked and compared with that of the silicide
phase treated under identical experimental conditions. The hy-
dride phase was again prepared by reducing the Pd/SiO; cata-
lyst at 523 K, and the silicide phase was obtained by annealing
in He at 673 K, as outlined above. Subsequently, both systems
were annealed simultaneously in 1 bar O, in 50-K steps in the
temperature range of 373—-623 K. On oxidation at below 473 K,
no changes were detected in either system. Figs. 5a and ¢ show
the Pd,Si phase and the Pd-H phase after oxidation at 473 K,
and Figs. 5b and d show the corresponding SAED patterns. The
silicide particles in Fig. 5a are slightly larger than the hydride
particles in Fig. 5c. Fig. 5b still exhibits the Debye—Scherrer-
type ring reflections of the Pd;Si alloy. Some particles in Fig. Sc
already exhibit an internal grain boundary pointing to the start
of recrystallization of the hydride phase, which is further con-
firmed by the weakly visible Pd(111) reflection detected in the
corresponding SAED pattern (Fig. 5d).



B. Jenewein et al. / Journal of Catalysis 241 (2006) 155-161 159

Q&um

Pd:Si(111)
b

Fig. 5. (a) TEM overview of the Pd/SiO; catalyst after annealing in 1 bar He at
673 K for 1 h, followed by oxidation in 1 bar O, at 473 K. (b) Corresponding
SAED pattern. (c) Overview of the Pd/SiO, catalyst after reduction at 523 K in
1 bar Hj for 1 h, followed by oxidation in 1 bar O; at 473 K. (d) Corresponding
SAED pattern.
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Fig. 6. (a) TEM overview of the Pd/SiO; catalyst after annealing in 1 bar He
at 673 K for 1 h followed by oxidation in 1 bar O, at 523 K. (b) Correspond-
ing SAED pattern. (c) TEM overview of the Pd/SiO; catalyst after reduction in
1 bar Hy at 523 K followed by oxidation in 1 bar O, at 523 K. (d) Correspond-
ing SAED pattern.

On raising the oxidation temperature to 523 K, the Pd,Si al-
loy persists, and no structural alterations are evident (Figs. 6a
and b). However, as shown in Fig. 6¢c, some of the former hy-
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Fig. 7. (a) TEM overview of the Pd/SiO; catalyst after annealing in 1 bar He at
673 K for 1 h, followed by oxidation in 1 bar O, at 573 K. (b) Corresponding
SAED pattern. (c) Overview of the Pd/SiO; catalyst after reduction at 523 K in
1 bar Hj for 1 h, followed by oxidation in 1 bar O; at 573 K. (d) Corresponding
SAED pattern.
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dride particles have adopted straight edges, further corroborat-
ing the partial recrystallization already observed at a tempera-
ture 50 K lower. The corresponding SAED pattern in Fig. 6d
indicates the presence of a partially ordered structure. Three
strong reflections appear at ~2.24, 1.95, and 1.37 A, in agree-
ment with the fcc lattice spacings of Pd(111), Pd(200), and
Pd(220). The Pd(200) and Pd(220) reflections appear as broad
spots superimposed on the respective Debye—Scherrer rings.
This implies that the hydride has decomposed and that the Pd
particles have at least partially returned to their previous ori-
ented alignment. This behavior allows some conclusions con-
cerning hydride formation. The fact that the previous epitaxial
Pd structure is partly reestablished after hydride decomposition
indicates that the hydride phase into which the Pd particles were
converted must have some structural relationship to the former
Pd lattice. Otherwise, the Pd particles would have lost their
alignment with respect to the supporting silica film and would
not have been able to readopt this epitaxial orientation once
the new phase was once again destroyed. Hence it is reason-
able to assume that hydrogen is bound primarily at surface and
interface sites and finally spreads within the Pd lattice, form-
ing a solid solution of a-phase type. This process of spreading
and dilution will not lead to complete recrystallization of the
Pd lattice, and hence the particles can regain their initial crys-
tallographic orientation on decomposition without the need for
long-range mass transport. This picture is corroborated by the
results obtained after further raising the oxidation temperature
to 573 K. Fig. 7a shows that after this treatment, the Pd-Si al-
loy particles appear smaller and partly recrystallized, with some
exhibiting pronounced edges in various directions. The SAED
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Fig. 8. (a) TEM overview of the Pd/SiO, catalyst after exposition to a reaction
mixture of 200 mbar CO; and 800 mbar H, at 523 K for 1 h. (b) Corresponding
SAED pattern.

pattern (Fig. 7b) reveals that at this temperature the Pd,Si phase
also has decomposed, but now only Pd(111), (200), and (220)
ring reflections with no particular orientation are obtained, in
distinct contrast to the decomposition of the hydride phase (cf.
Fig. 6d). Because the Pd,Si phase does not exhibit a crystallo-
graphic relationship relative to the original Pd lattice, topotactic
silicide formation is basically excluded; the particle structure is
altered and leads to a random change in orientation, which can-
not be reestablished after decomposition of the silicide phase
(because the particles have “lost their memory”). In contrast,
the state of the former hydride phase after oxidation at 573 K is
characterized by rather small particles (Fig. 7c), and the SAED
pattern (Fig. 7d) shows improved ordering of the Pd particles
compared with the state after 523 K (Fig. 6d), with more in-
tense but still broadened Pd(200) and Pd(220) spot reflections
superimposed on the Debye—Scherrer rings. It is also notewor-
thy that oxidative decomposition of the hydride and the Pd,Si
phase differs by about 50 K, further underscoring the different
properties of the two phases.

3.4. Implications of hydride formation for catalysis

The final question addresses possible implications of hydride
formation for catalysis. In close correlation with the studies
on the corresponding Pd/ZnO/Si0; catalyst [34], which is an
excellent catalyst for methanol synthesis and methanol steam
reforming and involves the presence of a PdZn alloy phase,
we focused on the state of the Pd/silica catalyst under typ-
ical reaction conditions of CO; hydrogenation. The catalyst
was treated in a reaction mixture of 200 mbar CO;, and 800
mbar Hy at 523 K for 1 h, and the resulting structure was ex-
amined. The results are shown in Figs. 8a and b. The close
relationship to Figs. 1c and f is immediately apparent. The
particles have considerably increased in size, and the SAED
pattern shows only an amorphous state of Pd. Hence, even un-
der typical CO, hydrogenation conditions, a Pd hydride phase
is formed.

3.5. Correlation with results obtained on a Pd/ZnO/SiO;
catalyst

At this stage, it is useful to compare this state of the Pd/SiO,
catalyst with the observations on a ZnO-promoted Pd/SiO; cat-

alyst treated under similar experimental conditions [34]. In this
case, after reduction at 523 K, the formation of a well-defined
PdZn alloy phase was observed instead of the amorphous state
of the Pd particles. Furthermore, this alloy formation occurred
with only a minor increase in the mean particle diameter, to
~5.3 nm. This means that adding ZnO to the Pd/SiO; catalyst
structurally stabilized the Pd particles by alloy formation and
prevented their amorphization.

It is also noteworthy that in this system, a Pd,Si phase was
also formed on reduction, but only at much higher temper-
ature (=873 K), and that even at this high temperature, the
predominant PdZn alloy was only partially destroyed. In con-
trast, on the Pd/SiO; catalyst, the Pd,Si phase was the dominant
species already on reduction at 673 K and above. Moreover,
the ZnO-promoted catalyst (in the PdZn alloy state) did not
undergo hydride formation under realistic hydrogenation con-
ditions.

4. Conclusion

The main conclusions from this work can be summarized as
follows. Under the given conditions (1 bar Hy), hydride forma-
tion on Pd particles supported on SiO; occurs at rather low tem-
peratures (523 K), resulting in an amorphous structure ascribed
to a solid solution of H in the Pd lattice («-phase). The maxi-
mum stability of this phase is at T = 566 K and at xy, = 22.5%,
as deduced from the Pd—H diagram [13]. This hydride appears
to be very stable on both reductive treatment and annealing
in He atmosphere and decomposes after either of these treat-
ments at 673 K through formation of a crystalline Pd,Si phase.
Pd particles in their “previous” orientational alignment are ob-
tained after oxidative decomposition of the hydride phase at
and above 523 K. A treatment under typical reaction conditions
for CO; hydrogenation results in the same amorphous hydride
phase, strongly suggesting that hydride formation should be
considered whenever mechanisms for reactions involving hy-
drogen (e.g., CO and CO; hydrogenation, methanol synthesis)
over supported Pd catalysts are discussed. The Pd particles sup-
ported on SiO; lose their hydrogen storage capability once
the Pd,Si phase is formed. An overview of the different re-
action pathways of Pd particles supported on SiO; is given in
Scheme 1.

Finally, our results stand in striking contrast to previous find-
ings on a related ZnO-promoted Pd/SiO; catalyst [34]. In the
latter case, in the same temperature range the formation of a
topotactic PdZn alloy prevented hydride formation and struc-
turally stabilized the Pd particles against sintering at tempera-
tures up to 900 K. In contrast, in our work the pure Pd/SiO;
catalyst is structurally less stable and prone to sintering and
silicide formation at temperatures at and above 523 K, even-
tually resulting in Pd;Si alloy formation at temperatures 200
degrees lower than for the ZnO-promoted catalyst (PdZn alloy
state). Therefore, our results on the behavior of SiO;-supported
Pd particles and the differences from the Pd/ZnO/SiO, system
provide important information concerning the functional per-
formance of the latter catalyst in methanol synthesis and steam
reforming.
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Scheme 1. Reaction scheme of different treatments of the Pd/SiO; catalyst.
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