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Pd clusters (4—5 nm) epitaxially grown on clean surfaces of MgO
microcubes were annealed at 450°C in pure O, or H, at pressures
of 1077 and 107! Torr. The samples were investigated by high-
resolution transmission electron microscopy in order to image both
the profile view and the interface Pd/MgO. Particles annealed in
oxygen at 10~ Torr develop a slightly rounded shape. Their lattice
parameter is expanded by 2%, as in the case of the same clusters
annealed in vacuum. Annealing under a higher pressure of oxygen
induces a full rounded shape and produces PdO on the surface
and edges of the Pd particles. Particles annealed in H, retain the
shape of a half-octahedron truncated at the top by (100) faces and
their lattice parameter is dilated by 3—4%: © 1994 Academic Press, Inc.

INTRODUCTION

The catalytic activity of small metallic particles sup-
ported on a substrate is related to their size, shape, possi-
ble surface reconstruction, and interaction with the sub-
strate.

The equilibrium shape of polyhedral particles can be
calculated from the minimization of the Gibbs surface free
energy of the crystal according to the Wulff theorem (1).
However, for particles smaller than 2 nm, the contribution
of the edges to the surface free energy is not negligible,
and the Wulff theorem is not applicable (2, 3). The surface
tension of the different faces is always modified by the
adsorption of foreign molecules. Gases chemisorb more
strongly on faces with a low atomic density; it is believed
that chimisorption lowers the surface free energy and then
reduces the anisotropy in the crystal shape (4, 6). Thus
gas adsorption on the faces of a particle is able to modify
the particle shape and modify their catalytic activity.

Variations of the morphology of crystals due to gas
exposure have been experimentally and theoretically
studied, especially for Pt and Pd crystals and alloys. The
role of oxidation or reduction treatments by O,, H,S,
H,, CO, on the formation of (111) and (100) facets on Pt
particles has been extensively studied (5-12).
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Similar studies of the interaction of CO, O,, N,, and
H, were carried out on supported Pd particles (13-20).
Exposure to CO or N, does not significantly change the
morphology of Pd particles supported on MgO or mica
(14). However, in the case of O,, from the top view of
the TEM images of particles, it has been concluded that
most of the particles are flattened and have coalesced.
This flattening is explained by a variation of the surface
free energy of the Pd particles (p4) due to the gas adsorp-
tion (13). On the other hand, the surface free energy o,
and the interfacial energy opy/v,o does not vary. Larger
effects were found for Pd particles exposed to the air (14),
such as coalescence and rounding of the particles.

In the case of Pd on mica, the co-adsorption of CO and
0, was found to change the morphology and epitaxial
orientation of the particles on the substrate (16).

On MgO, the full oxidation of (001)-oriented Pd parti-
cles to PdO resulted in (110)-oriented PdO particles in
epitaxy on the MgO with [001]PdO 7 [001]MgO and
(110)Pd #Z (110)MgO (17).

This paper reports on the equilibrium shape and the
structure of Pd particles (<6 nm) supported on MgO after
in situ annealing under O, or H,.

EXPERIMENTAL

Pd particles have been epitaxially grown under UHV
by vapor condensation on clean MgO microcubes in order
to observe the particles both in top view and in profile
view, according to the technique described previously
(21, 22). Thereafter, the samples have been annealed in
situ in the vacuum chamber under an O, or H, atmosphere
at 107! and 1077 Torr.

Sample Preparation

MgO cubes were synthesized by burning Mg ribbon in
a mixture of pure gases (20% O, + 80% N,) at 1 atm in
the vacuum chamber. They were collected on a micro-
scope grid coated with a carbon layer (21) and mounted
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on an oven. For the present experiments, the chamber
was modified in order to improve the vacuum. The cham-
ber was evacuated to a pressure of 7 X 107'° Torr. The
sample was heated at 450°C and brought in front of a
Knudsen cell for the Pd condensation at a flux of 1 x 10"
atoms cm~? 57!, under a residual pressure lower than 5 x
10~° Torr. Then, pure O, or H, was introduced into the
chamber at different pressures (1077 or 107! Torr). The
samples were annealed at 450°C in the gases during 1 h.

Before transfer to the microscope, the samples were
covered in situ by a carbon layer, at room temperature
to avoid contamination in the ambient atmosphere.

High-Resolution Transmission Electron Microscopy

The samples were observed with a Philips CM 30 micro-
scope, operating at 300 kV and equipped with super twin
polar pieces. Figure | is an overview of the Pd particles
on the MgO cubes.

The particles are (100) oriented on MgO (21). Therefore,
in the high-resolution transmission electron microscopy
(HRTEM) images,the (200) and (020) lattice fringes of Pd
and MgO are visible. All the images were recorded at a
magnification of 600,000. The areas containing a particle
seen in profile view on the MgO were digitized with 256
grey levels and 768 x 512 pixels, corresponding to a sam-
pling of 1 pixel for 0.013 nm at the level of the sample.
Then, the lattice distances between the (200) planes nor-
mal to the interface were measured in different parts of
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the particles (at the interface, in the volume, and near the
top), according to the method previously described (22).
For all measurements of the Pd lattice, the MgO lattice
was taken as an internal calibration.

RESULTS

Annealing Under Oxygen

Figure 2 shows a high-resolution image of several Pd
particles annealed in O, at 1077 Torr in profile view. All
the particles are slightly rounded. The interface is flat,
and the top of the particles is somewhat distorted.

The intensity profiles were recorded along the [100]
directions parallel to the interface in each Pd layer, from
the interface towards the top. However, as the top of the
particles is not as well defined as in the case of particles
annealed in the vacuum, the measurements are only made
until the 8th layer, in particles containing about 12 layers.

Figure 3 shows the average variations of the lattice
parameter of 4- to 5-nm Pd particles annealed in 10~ Torr
of O,, with a precision of +0.""4 nm. The first layer
is accommodated to the MgO substrate, then the lattice
parameter reaches a value corresponding to the bulk Pd
lattice expanded by 2%. This is the same dilatation as
was measured in Pd particles of the same size (4 nm)
annealed under UHV (21).

Figure 4 shows a Pd particle obtained by annealing in
107! Torr of oxygen. The position of the Pd/MgO interface

FIG. 1.

General view of MgO microcubes covered with Pd particles.
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FIG. 2. High-resolution image of a particle annealed in O, at 10~7 Torr.

is not obvious. Indeed, the particle seems to be buried in
the substrate. Particles were selected to measure the lat-
tice parameter from the interface to the top. The average
measurements are shown in Fig. 5. As the interface is not
well defined, the last layer with a distance of 0.21 nm
from the substrate towards the particle is tentatively taken
as the first Pd layer at the interface. Further, the lattice
parameter decreases again to 1.02 times the bulk value
of the Pd. Then, the lattice parameter increases up to a
larger value: it is 0.215 nm near the top of the particle.
It was previously shown from simulations with the
multislice method that the observed dilatation near the
top was an HRTEM artifact (22). However, the measured
dilatation is larger than that corresponding to the artifact.
In fact, this large dilatation could be due to the first stage
of the formation of the PdO around the particle.
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FIG. 3. Average distance between the (200) lattice planes of Pd

annealed in O, at 1077 Torr, normal to the interface, in the successive
layers from the interface with MgO (layer 1) until the eighth layer.

Figure 6a illustrates Pd particles with the PdO lattice
clearly visible on the surface and on the edges. In Fig.
6b, the smallest particle (<2 nm) at the center of the image
has been completely oxidized to PdO. Here, the PdO is
seen with its (001)PdO face parallel to the (001)MgO and
the [100]PdO direction parallel to [100]MgO, in order that
the two sets of lattice fringes (101) are visible in the profile
view. The lattice distance d,q,, of PdO is 0.264 nm, which
is larger than the distance d,y, of Pd by 35% and larger
than the distance d,);,, of Pd by 18%. Hence the presence
of PdO cannot be confused with Pd in another orientation.

Annealing Under Hydrogen

The same type of measurement was made with particles
annealed in H,. The shape is not modified compared to

FIG. 4. HRTEM image of a Pd particle annealed in O, at 107! Torr.
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FIG. 5. Average distance between the (200) lattice planes of Pd

annealed in O, at 107! Torr, normal to the interface, in the successive
layers.

the particles annealed in vacuum. Figure 7 is the high-
resolution image of a particle annealed at 1077 Torr of
hydrogen showing that the interface is flat. The variations
of the lattice parameter in the successive palladium layers
from the interface are represented in Fig. 8. From the
third layer, the average lattice distance is dilated by 3-4%
relative to the bulk Pd. With such a dilatation, the lattice
parameter is close to that of PdH of fce structure with
diz00, = 0.201 nm.

Particles annealed in H, at “*high™" pressure (107" Torr)
give approximately the same results; the Pd lattice is ex-
panded as in the case of annealing in H, at 1077 Torr.
However, the phase diagram of the Pd-hydrogen system
(23) indicates that bulk palladium hydride is not stable
under our conditions (temperature and pressure) during
annealing of the particles.

DISCUSSION

As described above, Pd particles (4-5 nm in size), epi-
taxially grown on MgO (001) microcubes in UHV, were
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annealed in O, or H, at pressures of 10~" and 1077 Torr.
Particles annealed in UHV have a half-octahedron shape
limited by 4 (111) planes and truncated at the top by
a (100) plane, and their lattice is dilated by ~1.8% (21).
Annealing in H, and O, influences the lattice parameter of
the Pd particles. However, their shape is only transformed
significantly after annealing in O,. The stronger adsorp-
tion of oxygen, resulting in a larger decrease of the surface
tension, can explain this difference. The decrease of the
surface tension of an (hkl) face is Ao (hkl) = E,y % n.is the
density of adsorbed molecules and £, is the adsorption
energy of the gas molecules (or atoms in the case of dissoc-
iative adsorption), as given in the literature (24, 25). For
H, adsorption, the values of E ; are 88-99, 91-102, and
96-102 kJ/mol for the (111), (100), and (110) surfaces,
respectively. The number of adsorbed hydrogen atoms,
calculated from the coverage at equilibrium and taking a
sticking coefficient of 0.12, is given in Table 1.

In the case of annealing in H,, even at the pressure
107" Torr, the coverage is smaller than 10°* on all the
considered faces; therefore the variation of the surface
tension is negligible (see Table 2) and does not modify
the morphology of the particles.

For oxygen, the adsorption energies are much larger:
230, 250, and 334 kI/mol for the (111), (100), and (110)
faces, respectively. Taking a sticking coefficient of 0.25
for the (111) faces and 0.4 for the (100) face (27), the
oxygen coverage is calculated (sece Table 1). In the case
of annealing at 450°C, in 10! Torr of O,, the saturation
coverage is always obtained, and at the lower pressure
of 1077 Torr the oxygen coverage is about 0.5 monolayer.
In the last case, the calculated variation of surface tension
Ao is —1.2 J/m? on the (111) faces. It is of the same order
as the surface tension o, on bulk Pd (1.7 J/m?*). For more
open surfaces the adsorption energy is higher and the
resulting coverage is also larger. Annealing in O, must
decrease the anisotropy of the surface energy, so even at

FIG. 6.

(a) Pd particles with PdO growing around: (b) PdO particle seen normally to the (010) face.
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FIG. 7. HRTEM image of a Pd particle annealed in H, at 1077 Torr.

1077 Torr it favors the formation of high order crystallo-
graphic faces. This can explain why particles annealed at
10! Torr are completely rounded.

In both cases of annealing, either at 1077 or 10~ Torr,
the particles become rounded but they are not flattened
as previously reported in Refs. (13, 14).

Both annealings in H, and O, induce variations of the
lattice parameter of the Pd particles. In the case of anneal-
ing in H,, the lattice parameter of 4 to 5-nm-sized particles
is expanded by 3-4%. With such an expansion, the lattice
is close to that of Pd B-hydride, although it might not be
stable under these conditions of H, pressure. However,
for annealing of such particles in UHV, we observed dila-
tations of 2.7% (22). Therefore, after H, annealing, a
slightly larger expansion is observed, but the difference
is too small to prove the formation of Pd hydride. No
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FIG. 8 Average distance between the (200) lattice planes of Pd an-
nealed in H, at 107! Torr, normal to the interface, in the successive
layers.

additional information is obtained by HRTEM because
both structures are identical.

A recent paper (26) reports an expansion of 2.5% for
Pd particles (<4 nm) deposited on amorphous carbon,
Si0,, or alkali halides, in vacua of 10~ Torr or 1078 Torr,
or exposed to H,0 at 107° Torr. This dilatation vanishes
in the case of a continuous layer of Pd. The authors explain
this dilatation as a partial formation of the Pd hydride in
the particles, due to the decomposition of H,O or residual
hydrogen (23).

If the hypothesis of hydride formation even in UHV
was true, we should observe a maximum dilatation of
about 3% compared to 8-PdH. To explain the 8% dilata-
tion of 2-nm Pd clusters which we observed (21), it is
necessary to advance another mechanism, namely pseu-
domorphism.

EXAFS measurements have provided evidence for the
formation of PdH with 1- to 4-nm-sized Pd clusters (28).
However, this hydride formation was reversible and only
appeared at high pressure (= 500 Torr). It seems reason-
able to think that under our conditions (Py, < 107! Torr)
Pd hydride is not formed, but we cannot rule out the

TABLE 1

Calculated Number of Adsorbed Atoms per cm? (n,) on the Different Crystallographic Faces of Pd, as a
Function of H; and O, Pressures

No. of adsorbed atoms per cm’

Hydrogen Oxygen
Crystal 107 Torr 107! Torr 1077 Torr 107! Torr
face pressure pressure pressure pressure
Pd(111) 1.22 x 10° 1.22 x 10M 0.32 x 10" 0.32 x 10* >n(max)
Pd(100) 47 x 10° 4.7 x 10! 0.78 x 10" 0.78 x 10* >pn(max)
Pd(110) 47 x 10° 4.7 x 10" 0.78 x 10 0.78 x 102 >n (max)

Note. n(max) corresponds to the saturation coverage.
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TABLE 2

Calculated Variations of the Surface Energy Ao (J/m?) for Different
Crystallographic Faces of Pd, Due to the Adsorption of H, and O,

Surface energy (J/m?)

In Hydrogen In Oxygen
Crystal 10~" Torr 107! Torr 1077 Torr 107" Torr
face pressure pressure pressure pressure
Pd(itL) 1.95 x 10710 1.9 x 1074 1.2 38
Pd(100) 8.8 x 1071 8.8 x 107* 3.2 4.16
Pd(110) 8.8 x 10710 8.8 x 1074 4.36 5.56

possibility of diffusion of hydrogen atoms inside the Pd
lattice which could result in an additional dilatation.

Annealing in O, at 1077 Torr weakly modifies the lattice
parameter by 2%. This expansion is very close to the
dilatation of the 4- to S-nm particles annealed in UHV
(21), which is mainly due to pseudomorphism. At 107!
Torr, the lattice expansion is larger on the top of the 9.
particles, and it certainly corresponds to the beginning of 10
formation of the oxide PdO. The first stage of formation |’
of PdO can only be observed on the surface on the high- ;.
resolution images. It does not diffuse to the center of the
clusters except for one small isolated particle of ~1.5nm 13
which was completely transformed into PdO.

Our results are different from those obtained for Pd
particles on TiO, heated in air at 500°C (29). The authors s,
in that case have measured an increase of the Pd lattice
by 15%, but stoichiometric PdO was only observed ina 16
few cases. They suggest that the deformations and expan-
sions of the Pd lattice annealed in air is due to the interac-
tion between the Pd and the TiO, substrate. 19.

The oxidation at 800°C of Pd particles deposited on
MgO and exposed to a residual pressure of 1077 Torr has 2.
been studied (17). The particles were first surrounded by
a 1-nm-thick PdO layer, then, after complete oxidation,
PAO was found in epitaxial (110) orientation on MgO(100).
No intermediate microstructural phase was found before 7,
the complete oxidation. PAO was also produced by very
strong irradiation of Pd films in an electron microscope  23.
(30). Under our conditions of observation, the oxidation
cannot be due to the effect of the electron beam. Our ”
experiments show that even at 450°C, at 107! Torr, the 5.

[= SV I R V%)

[= B ]

21.

oxidation starts near the surface of the particles. 2.
27.
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