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Studies carried out by transmission electron microscopy {TEM) and transmission electron dif-
fraction (IED) on small supported Pd particles have shown that particles heated in CO + O,
mixtures undergo changes both in morphology and in epitaxial orientation on the mica substrate.
Investigations performed in bright- and dark-field TEM, before and after treatments, indicated that
the changes occurring in the samples are dependent on the size of the as-deposited particles. The
stabilized Pd/mica samplcs have well-defined structures, exhibiting a high percentage of half-

cuboctahedral particles, and they can be used as good model catalysts.

INTRODUCTION

A large number of investigations have
been performed in an effort to understand
the behavior of supported catalysts (e.g.,
reactivity, selectivity, poisoning). In this
field single crystal surfaces have received
great attention because they exhibit well-
defined structures (I-7). However, it is not
easy to correlate the bulk and surface
knowledge with the catalytic behavior of a
real catalyst, especially when reactions de-
pend on the size of metallic particles. For
this reason some authors have recently
studied model catalysts consisting of small
metallic particles condensed onto a flat in-
sulator support (substrate). Experiments
are carried out under UHV conditions com-
bining surface analysis, chemical reaction
studies, and structure determinations (8-
12). Unfortunately, in most cases, because
of the difficulties of morphological and
structural investigation, the relation be-
tween the observed phenomena (in chemi-
sorption and in catalysis) and the actual ac-
tive sites often remains rather hypothetical.
The present work is a contribution to this
problem. We report on the structure and
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morphology of vapor-deposited Pd parti-
cles and the adsorption of CO. We empha-
size the dependence of morphological char-
acteristics on the adsorption properties.
Our approach can be compared to the study
of Doering et al. (11, 12) who have investi-
gated CO adsorption and oxidation on Ni
and Pd particles.

In this paper we first determine the
growth conditions and the morphology and
structure of Pd particles as a function of
their size. Second, we investigate their de-
velopment after heating in gas mixtures as
in adsorption or oxidation experiments.

EXPERIMENTAL

Model catalysts are prepared by vapor
deposition of palladium on a substrate of
mica, under UHV conditions. This tech-
nique is extensively used to form epitaxial
thin films, and the method is also useful to
produce small metallic particles with de-
sired size orientation and morphology. As
we have shown in previous work (/3-15)
different types of metallic particles can be
obtained depending on the deposition rates
and the substrate temperature. We chose
conditions giving tetrahedral particles in a
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large size range with a small size dispersion
(substrate temperature, 553-593 K; deposi-
tion rate, 1-2 X 10¥ at. cm~2s!). Evapora-
tions are performed in a vacuum of 2 x 1077
Pa. The mica substrate, cleaved in the at-
mosphere, is carefully degassed at 600 K
for 1 h. The cleanliness and the crystallo-
graphic structure of the mica surface are
checked by an Auger electron spectroscopy
(AES)-LEED retarding field analyzer be-
fore metal deposition. The palladium
source is a Knudsen cell monitored by a
quartz microbalance. The deposition times
are in the range 1-7 min, achieving average
particle sizes between 2 and 12 nm with an
average density of 1-5 x 10" ¢cm~2 (the ap-
paratus is described in Part 11 (/6)). The Pd
deposits are investigated by transmission
electron microscopy (TEM) and transmis-
sion electron diffraction (TED) using a high
voltage of 100 kV. The observations are
performed just after deposition or/and after
thermal treatment in various gas environ-
ments (typically heating at 573 K in an O, +
CO mixture with a partial pressure ratio
Py,/P¢o in the range 0.1-20). Usually speci-
mens were prepared for TEM and TED
analysis by the transfer replica method: a
carbon layer was deposited in situ on the

F1G. 1. Bright-field image of the Pd particles as de-
posited on mica (atomic flux = 1.5 X 10" atoms cm™2
s}, T = 560 K, time deposition = 5 min).
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Fi1G. 2. Pd particle size distribution corresponding to
the sample of Fig. 1.

sample and stripped off the mica substrate
by floating on pure water.

RESULTS

Structure, Epitaxial Orientation, and
Morphology of As-Deposited Particles

The bright-field micrograph in Fig. 1
shows the typical appearance of Pd parti-
cles as deposited on mica and their size dis-
tribution (Fig. 2). The substrate tempera-
ture during deposition was about 573 K.
Most of the grown particles exhibit triangu-
lar outlines corresponding to tetrahedral
particles. These particles have a (111) plane
parallel to the substrate. Sometimes they
are strongly truncated on the top and they
look like triangular plates.

Figure 3a is the electron diffraction pat-
tern corresponding to Fig. 1. It clearly
shows that the particles have the (111)
plane parallel to the substrate and that they
are in two azimuthal orientations rotated by
30 degrees with respect to one other. Gen-
erally, the intensities of the diffraction
spots relative to these two orientations are
different: the more intense spots corre-
spond to the (111) orientation called (111)F,
and the other (111) orientation is called
(11Df. Figure 4 shows the electron diffrac-
tion pattern of the Pd deposit together with
its mica substrate. We can deduce the epi-
taxial relationships between the particles
and their substrate as shown in Fig. 4,
where Pd and mica patterns are indexed:
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Fi1G. 3. (a) Electron diffraction pattern corresponding to Fig. 1. (b.c) Dark-field images of Fig. 1
obtained by the use of the (220)F and (220)f reflections, respectively.

orientation (111)F: (111)Pd//(0001)mica
(101pg /1010l micq -
_orientation (11D)f:
110pg//M130mjca.

The Miller indices for mica are referred to a
pseudohexagonal lattice. The misfit is re-
spectively —8% for the (111)F orientation
and +6% for the (111)f orientation.

It is easy to locate on both bright-field
(Fig. 3a) and dark-field (Figs. 3b and ¢) mi-
crographs the crystallites belonging to each
of the two (111) orientations. For each (111)
orientation there are two equally probable

(111)Pd//(0001)mica

twin related positions with the twin (111)
plane paralle]l to the substrate. This ar-
rangement is called ‘‘double positioning.”

Some particles in Fig. 1 (marked as **Q)
have round shapes and are smaller than the
triangular ones. These particles result from
the morphological rebuilding discussed in
the next section.

Structure, Epitaxial Orientation, and
Morphology of Particles after Thermal
Treatment

On the basis of several previously pub-
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Fig. 4. Diffraction pattern from as-deposited Pd par-
ticles together with their mica substrate.

lished works on the growth and structural
properties of thin vapor-deposited films it
appears that the phenomena occurring after
the nucleation and the growth (as crystal-
lites migrate or coalesce) modify the
population of particles (/7-21, 33). For
these reasons, before one starts with a
study on a system of particles it is neces-
sary to know the changes they undergo dur-
ing an experimental run comprising thermal
treatment in O,, temperature-programmed
desorption (TPD), and catalysis experi-
ments. Thus, the as-deposited particles are
heated in situ at 573 K in an O, + CO mix-
ture for 1 h. After this treatment particles are
generally very different from the particles
‘‘as deposited.”” Figure 5a shows a typical
example of a sample after a heat treatment
in O, + CO atmosphere (T = 573 K Py, =
1.5 x 107# Pa, Po,/Pco = 15, time = 1 h).
Figure 5b illustrates the size distribution of
the Pd particles. Whatever their size, the
particles are quite similar in shape; they ex-
hibit hexagonal outlines and facets. Figure
Sc is the electron diffraction pattern corre-
sponding to the micrograph of Fig. 5a. This
pattern is characteristic of treated samples
with an average particle diameter less then
or equal to 5 nm. It exhibits diffraction
spots on the (220) ring corresponding to the
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(111DF and the (111)f epitaxial orientations.
The reflections on the (111) and (200) rings
show the existence of crystallites in two
(110) orientations, (110); and (110); (Fig.
5d). It can be seen that the (111) spots lo-
cated on the twofold axis of the pattern are
double spots. This explains their elongated
appearance. For crystallites larger than 6
nm this double reflection tends toward a
single one, indicating that the two (110) ori-
entations are twin related (75).

Thermal treatments in an O, + CO atmo-
sphere obviously modify the morphology
and the epitaxial orientation of the particles
from their as-deposited state. Using dark-
field techniques in TEM we are able to
specify the distribution and morphology of
the particles corresponding to their epitax-
ial orientation. For example, Figs. 6a to f
show the dark-field images corresponding
to the bright-field micrograph of Fig. Sa.
Table 1 gives the reflections which are used
for the various dark-field images and the
orientation of the imaged particles.

From the dark-field images we can de-
duce some important conclusions:

—Most of the particles smaller than 5 nm
are monocrystalline, whatever the epitaxial
orientation.

—The particles are clearly three dimen-
sional and their shape can be approximated
to a half-sphere; however, they exhibit
facets.

—In many cases the (111) and (110)
planes of the particles, respectively, (111)

TABLE 1

Transmission Electron Microscopy (Dark Field) of
Palladium Particles on Mica

Reflection Reference to Particle Dark-
Fig. 5d orientation field image
220 A (1iDg 6a
200 + 111 B (110); and (110)yy 6b
111 C (110 6C
220 D (111)¢ 6d
200 + 111 E (110); and (310)y 6e
111 F (110)y; of
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F1G. 5. (a) Bright-field image of the particles of Fig. | (¢ < 5 nm) after thermal treatment in an O, +
CO atmosphere (T = 573 K, Py,/Pco = 15, time = | h). (b) Corresponding Pd particle size distribution.
(c) Electron diffraction pattern from Fig. 5 (a). (d) Interpretation of (c) showing the two (110) orienta-

tions.

and (110) oriented particles, are not exactly
parallel to the substrate plane.

Thus, particles belonging to the same
family (particles with a given orientation)
exhibit differences in their contrasts. Tak-
ing this effect into account we have to use
at least two dark-field images to count the
total number of particles of the same fam-
ily. By this means we have determined the
particle density relative to the different
families: for the sample corresponding to
Figs. 5 and 6, in a population of 1250 parti-
cles, 470 are in (111)F orientation, 240 in
(111)f orientation, and 480 in (110) orienta-

tions. Some particles (about 50) exhibit a
complex structure and the smallest of them
are icosahedral. The epitaxial orientation
and the shape changes observed during the
thermal treatments depend not only on the
temperature and the nature of the gas mix-
ture but also on the particle size. This is
demonstrated by the following two exam-
ples.

The first example is illustrated by Figs.
7a and b. The micrography and the diffrac-
tion pattern are characteristic of large par-
ticles (¢ > S nm) after a heat treatment.
The particles exhibit rounded or irregular
shapes and their epitaxial orientations are



FiG. 6. Dark-field images using the reflections labeled in Fig. 5d: (a) A, (b) B, (¢) C, (d) D, (e) E,
(f) F.
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Fi1G. 7. (a) Bright-field micrograph of large Pd parti-
cles (¢ > 5 nm) after a heat treatment in CO + O,
atmosphere (T = 573 K). (b) Diffraction pattern corre-
sponding to (a).

the same as for the just-deposited ones. We
have seen on the contrary that small parti-
cles (¢ < 5 nm) exhibit changes after a simi-
lar treatment (Fig. 5).

The second example concerns a deposit
exhibiting a great dispersion in particle size
before treatment. Figure 8a shows such a
sample after a treatment (7 = 593 K ina CO
atmosphere for 5 min) and illustrates the
influence of a treatment versus the particle
size.

The dark-field images (Figs. 9a—c) per-
formed with reflections A, B, and C, re-
spectively (Fig. 8b), allow us to determine
the crystallite families: Triangular particles

433

T, (diameter > 6 nm) and hexagonal parti-
cles H (diameter > 6 nm) belong to the
(IID)F family. Triangular particles T5 (4 nm
< diameter < 6 nm) belong to the (111)f
family and particles O (4 nm < diameter <
6 nm) belong to the (110) family. Obviously,
during a treatment, when the growth is
stopped, the smallest (111) particles in the
as-deposited state are rebuilt in the (110)
orientation. All of the rebuilt (110) particies
are round but not yet faceted; this last pro-
cess probably requires a longer treatment in
an O, + CO atmosphere.

In addition, Figs. 8 and 9 illustrate two
other important characteristics:

Fi1G. 8. (a) Bright-field micrograph of Pd particles
after a heat treatment at 593 K in CO residual atmo-
sphere. (b) Diffraction pattern from (a).
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F1G. 9. Dark-field images using the reflections labeled on the pattern in Fig. 8b: (a) A, (b) B, (c) C.

(1) The dark-field images performed with
(111) spots exhibit for some particles the
so-called ‘‘butterfly wings’’ in contrast to
the icosahedral structure (22-30). After
treatment only a few icosahedral particles
are visible in our samples (about 5%) (Fig.
9¢).

(2) During the initial heating period, co-
alescence takes place. The morphology of
some particles provides evidence for this
process (for example, particles C in Fig.
8a).

CONCLUSIONS

Most of the as-deposited Pd particles
grown in UHV on a mica substrate at 573 K
are triangular plates or truncated tetrahe-
dra. If these particles are annealed at 573 =
30 K in an O, + CO atmosphere, they ac-
quire different morphologies which depend
on their size. It is not possible to specify the
precise size at which a particle acquires a
specific shape. However, we can give a size
range for which particles with a given mor-
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TABLE 2

Relation between Particle Size and Morphology

Particle size” Morphology Orientation

40%
60%
25%
35%
40%

{(IIO)
(1
{(1]0)
(n
(an

¢ =< 4nm Half-cuboctahedra

4nm < ¢ < 6nm Half-cuboctahedra

Triangular or
hexagonal plates

Plates, truncated
tetrahedra,
half-spheres

¢ > 6nm (11

¢ ¢ = average diameter.

phology have a large probability of being
found (Table 2).

The following conclusions can be drawn:

Size larger than 6 nm. Generally the par-
ticles have the (111) epitaxial orientation.
The absence of thickness fringes seems to
indicate that the particles are rather flat.
The expected shape is represented in Fig.
10. They are truncated triangular or hexag-
onal plates, often with curved edges and
corners. These particles exhibit mainly
(111) free faces and small (100) facets.

Size smaller than 4 nm. The particles are
three dimensional. They are faceted and are
(111) and (110) epitaxially oriented. Al-
though particles in these two orientations
look very similar, they can be distinguished
by dark-field images. The expected shape is
a half-cuboctahedron with (111) equilateral
triangular faces and the contact plane with
the substrate is either (111) or (110) (Figs.
11a-b). In these two cases particles are lim-
ited by four (111) planes and three (100)
planes. These two configurations differ
only by their number of edges. In the (111)

Ol

F1G. 10. Model of palladium particles larger than 6
nm.
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a (111

(111)

(100)
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F1G. 11. Models of palladium particles smaller than 4
nm. Particles are half-cuboctahedral, (a) with a (111)
plane on the mica substrate, (b) with a (110) plane on
the mica substrate.

-2

orientation, the particle exhibits 9 free
edges while in the (110) the particle exhibits
12 free edges.

Size between 4 and 6 nm. Such samples
contain the two types of particles previ-
ously found (truncated triangular or hexag-
onal plates and half-cuboctahedra) in vari-
able proportions. For example, particles of
S-nm average size exhibit 60% of half-cu-
boctahedra).

The particle rebuilding mechanism dur-
ing annealing in an O, + CO atmosphere is
not completely elucidated and will be dis-
cussed further elsewhere. The as-deposited
triangular particles are unstable. This insta-
bility appears when the incident atomic flux
is stopped. This is of great importance for
the smallest particles which undergo a real
rebuilding. For larger particles, the shape
change is not so important and is limited to
truncations and shape rounding.

In any case, the observation of the (110)
orientation is indicative of morphology
changes by particle rebuilding. The number
of particles in the (110) orientation is about
30-40% of the total number of half-octahe-
dral particles. It is possible, as was pointed
out by Pérez et al. (31), that the half-cuboc-
tahedra faces should not be complete, and
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thus thpv inhibit additional edges

........ inhibit additional edges.
our experxmental conditions, rebuilding of
small particles leads to half-cuboctahedra.
This process is well established for parti-
cles larger than 3 nm. Due to the observa-
tion difficulties, it is not ‘pOSSiuw to apculy
the exact shape of the smallest particles.
However, we think that particles smaller
than 3 nm acquire a more spherical shape,
e.g., complete cuboctahedra. This hypothe-
sis is in agreement with the observation of
icosahedra which are quasi-spherical parti-

cleg
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We think that such particle samples ob-
tained by epitaxial growth of Pd on mica
and stabilized by annealing in an O, + CO
atmosphere are good model catalysts suit-

kD
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studies. They can be produced with high
density and with a narrow size distribution.
Most of them are monocrystalline with a
normal fcc structure and they exhibit a sim-
ple well-defined morphology. Such collec-
tions of particles have been used for a study

of CO adcecarntion and the raculte are oiven
VL s uuﬂ\lll}tlvll QI LW 1 wOouUulIltg il v bl'\dll

in Parts II and III (16, 32).
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