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In this work the field ion microscopy technique was used in order to

examine hydrogen-induced changes in palladium surface structure in the

context of surface palladium hydrides formation. The goal of the study is

to determine the crystallographic planes on which the particles of interest

are formed with greatest intensity. Employing a method which consists in

finding the differences in the brightness of field ion microscopy images we

found that the structures of palladium surface hydrides, the size of which

varies from 1 to 30 nm, develop mainly on {110} planes of palladium.

PACS numbers: 68.37.–d, 68.37.Vj, 79.70.+q

1. Introduction

The hydrogen–palladium system, because of its technological importance
resulting from its unique adsorption, absorption and permeability properties, has
been for many years the object of both experimental and theoretical studies carried
out employing a wide variety of methods. The experimental works, performed
by using techniques directed strictly towards surface investigations, reveal the
occurrence of small well-ordered patches, separated by steps, dislocations, facets
and grain boundaries on the metal surface exposed to hydrogen [1]. On the other
hand, in the case of the system of interest, phenomena which lead to the changes of
substrate atom positions may appear. The process of surface reconstruction, which
in the case of the Pd/H system takes place on the (110) plane at coverage exceeding
1.0 ML [1–4], has been listed as one of the most spectacular effects leading to this
kind of changes. Also, if the hydrogen-promoted changes in substrate structure
are taken into account, the formation of surface chemical compounds including
metal surface hydrides cannot be omitted.
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According to the definition, d-transition-metal hydrides are considered as
solid compounds in which hydrogen atoms occupy interstitial positions inside bulk
metal [5]. It has to be noticed that hydrogen atoms are able to enter an inter-
stice if the following conditions are fulfilled. First, the space available to hydrogen
atoms must exceed 0.37 Å (Westlake’s criterion) [6]. Second, the distance between
hydrogen atoms occupying the neighboring voids must be greater than 2.1 Å (Swi-
tendick’s criterion) [7]. In the case of a metal of fcc structure the occupation of all
accessible tetrahedral and octahedral interstices corresponds to the formation of
MeH3 phase (here Me relates to the atom of the metal). Although the formation of
compounds of such stoichiometry is theoretically likely, in reality however, under
critical temperature and pressure conditions, the formation of PdHx with x not
exceeding unity was observed. On the other hand, in the presence of an external
electric field the formation of surface compounds of PdHx (x = 1, 2, 3, 4) was
reported [8, 9].

In our previous paper [10] the role played by the external electric field of
a magnitude of 10–40 V/nm in the hydrogen-induced alterations in palladium
surface structure, in particular, in the efficiency of palladium hydrides formation,
was examined. However, any effort has not been made in order to identify those
crystallographic planes on which the strongest changes of interest appear.

In the present investigation field ion microscopy (FIM) has been employed
in order to study changes in palladium surface structure exposed to hydrogen
under the pressure of 10−4 hPa. The useful benefit of this technique consists in
the possibility of observing changes that appear on different surface regions of the
specimen at any time. The main goal of this study is to find out the regions on
which the most pronounced alterations are induced. For this purpose a method of
processing the FIM image, whose details are described briefly in the next section,
is proposed.

2. Experimental

A conventional metal FIM apparatus equipped with a standard ultrahigh
vacuum system as well as low-pressure measurement facilities was used. The im-
ages were obtained, using krypton as the image gas, via an internal channel plate
intensifier and recorded with a CCD camera. During the course of imaging the
specimen was kept at liquid nitrogen temperature.

The field ion specimen was prepared from a 0.1 mm palladium wire of 99.99%
purity by means of ac (≈ 5 V) electropolishing in 38% solution of HCl in gly-
cerine [11]. Before experiment, the specimen surface was shaped to an atomically
smooth end-form by using both annealing at 1000 K and field evaporation. To
observe hydrogen-promoted changes in palladium surface structure on the atomic
scale the following procedure was applied. First, after evacuating the system to
the background pressure of 1 × 10−9 hPa, krypton image gas at a pressure of
10−3−5× 10−4 hPa was introduced into the chamber and a set of clean palladium
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surface patterns were recorded. Next, the system was pumped out again to the
background pressure and the palladium surface was exposed to hydrogen under
the pressure 4.5 × 10−6−2.5 × 10−4 hPa. As soon as the images of palladium
surface interacting with hydrogen were taken, the system was evacuated again
and eventually krypton at a pressure of 10−4 hPa was admitted to the system.
The images taken under experimental conditions as described above are expected
to show the topographic changes in surface structure caused by the interaction of
the surface with hydrogen in the presence of an external electric field.

In order to identify the regions of the specimen on which the most pronounced
changes have occurred, a procedure is proposed, which consists in finding the
absolute differences in brightness of FIM images taken before and after metal
surface exposure to hydrogen at the same imaging voltage. In particular, the
FIM image spots present on the pattern of the clean surface of palladium are
to be removed from the FIM pattern of the hydrogen-exposed palladium surface.
Then, the spots that remain on the resultant pattern are believed to correspond
to palladium atoms whose equilibrium positions were changed under the influence
of palladium–hydrogen interaction.

3. Results and discussion

By means of the imaging procedure described in the foregoing section, three
series of FIM images of the palladium surface were obtained. A sequence of the
micrographs taken at the same imaging voltage is shown in Fig. 1. By compar-
ing the micrographs with the stereographic projection of the (001)-oriented fcc
lattice, the major crystallographic planes can be indicated [12]. On the clean pal-
ladium surface (Fig. 1a) a significant thermal disorder is noticed, which is due to
pre-annealing the specimen as well as to field evaporation. However, the fourfold
symmetry features, typical of this lattice structure, are clearly seen. Besides, the
developed edges of several planes give evidence for surface rearrangement. The im-
ages taken after palladium exposure to hydrogen are characterized by the absence
of developed edges (Fig. 1b). In addition, a great deal of bright spots’ islands is
noticeable. These regions are the ones where the processes of field ionization and
field adsorption take place with a great efficiency. This is in particular the case
of {110} surfaces which are known to have quite a rough structure. As it was
mentioned in the foregoing section, we believe that upon analyzing patterns taken
after palladium exposure to hydrogen (Fig. 1c) the adsorbate-induced alterations
in substrate surface structure may be identified. Our belief is based on the dif-
ference in ionization potential between hydrogen and krypton. Owing to the fact
that the value of the ionization potential of krypton is lower than that of hydrogen
[11] we can expect that the surface complexes formed in the course of palladium
exposure to hydrogen do not undergo desorption during krypton-FIM imaging.

The picture resulting from applying the procedure of searching differences
in contrast between FIM images is shown in Fig. 1d. It is clearly seen from this
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Fig. 1. A sequence of palladium FIM images of the palladium surface. The imaging

voltage was 27.1 kV. (a) Image of the clean surface, obtained with krypton image gas.

(b) Image of the clean surface, obtained with hydrogen image gas. (c) An image taken

after surface exposure to hydrogen obtained with krypton image gas. (d) A picture of

differences in brightness of patterns (c) and (a).

that the changes in palladium surface structure that accompany the interaction of
hydrogen with the highly diversified surface of the field-emitter tip of palladium
in the presence of an external electric field occur mostly on the {110} plane. The
size of spots that correspond to these changes was estimated to vary from 1 to
30 nm.

For several reasons, the appearance of the most pronounced hydrogen-
-induced structural alterations just on the Pd {110} is not surprising. First, the
planes of this type affected by the presence of hydrogen species undergo the process
of surface reconstruction accompanied by the lattice changes by about ±0.1a [13].
Second, the rough structure of such planes is the reason why the magnitude of the
local electric field existing there is higher than on other regions of the emitter tip.
Hence, the processes of field adsorption of hydrogen followed by adsorbate diffu-
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sion into the subsurface voids and consequently the formation of surface palladium
hydrides take place there most intensively.

In paper [10] we showed that the formation of surface palladium hydrides is
the most prominent reason that accounts for increase in interatomic distances on
the palladium surface of the emitter tip influenced by the presence of hydrogen
adsorption species. The changes in Pd–Pd distance were investigated as a function
of electric field magnitude.

Indeed, at the temperature close to that in our experiment, under zero-
-field conditions, a strong adsorption of hydrogen on Pd has been observed
[14–16] without hydrogen desorption during evacuation of the cell. The equilibrium
pressure for PdH formation at the temperature 85 K is of the order of 10−5 hPa.
Hence, if the kinetic barrier did not hinder the hydride formation, the hypothesis
of PdH formation under our experimental conditions (p = 2.5× 10−4 hPa) seems
to be reasonable.

Furthermore, thermal desorption results from the Pd (110) surface exposed
to hydrogen [3] are a strong evidence for formation of surface hydrides at low
temperature.

We found previously that in the field of strength exceeding 23 V/nm palla-
dium hydrides are formed with the greatest efficiency. Currently, on the basis of
considerations presented here we are able to complement that conclusion by the
indication of the {110} crystallographic planes as the ones on which the formation
of surface hydrides is most pronounced.

Summarizing, it has been shown in this paper that the formation of hydride
structures of nanometer size on the palladium surface is possible by using the
FIM technique. In our opinion, some investigations of the magnetic properties of
surface palladium hydrides should be undertaken as the next step towards better
understanding the specificity of palladium–hydrogen interaction in the presence of
the high external electric field.

4. Conclusions

We have used the FIM approach to study the structural changes that ap-
pear on a palladium surface exposed to hydrogen. It is determined by employing
the used technique of image processing, which consists in finding the differences
in brightness of patterns of the surface influenced and that one not affected by
hydrogen adsorption species, that the most pronounced changes of interest appear
on the planes of {110} type. The process of surface hydride formation is believed
to be mostly responsible for the appearance of the observed changes.

The possibility of formation of nanometer-size objects on a metal surface
seems to open a promising opportunity for applying this kind of compounds in
nanotechnology. However, further effort directed towards the investigation of mag-
netic properties of this adsorption system is necessary.
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