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S U M M A R Y

This work consists of three parts. The first part (chapter I) is
a general introduction where some principles of adsorption of gases on solid
surfaces are reviewed. Reasons are given why the solution of some fundamen-
^ 1  problems requires adsorption measurements on single crystal planes.
Several experimental techniques for studying adsorption of gases on metal
surfaces are outlined and the principles of those techniques are described
which are used in this study viz. field emission microscopy and photoelec—
tron emission. In particular the unique possibilities of the field emission
probe-hole technique are emphasized for studying separately all faces of a
metal single crystal under identical experimental conditions. The reasons
are explained for the choice of the adsorption systems described in this
thesis.

The second part (chapters II - IV) deals with the adsorption of
N£ on a number of transition metals.

The probe-hole tube designed by us is described in chapter II
where further the adsorption of N„ on different crystal faces of Pt is pre
sented as studied by field emission microscopy. In chapter III results are
given of a similar field emission study of Nj adsorption on Ir.
Chapter IV describes work on the change in the photoelectric work function

Ni, Rh and Pt films by N2 adsorption as a function of the temperature of
previous annealing of the films.

On all these metals N2 is only weakly adsorbed. The initial heat
of adsorption appears to be 9 kcal/mole on all the exposed crystal faces
of Pt, both on the smooth regions (111) and (100) and on rough regions
around (320) and (331). N2 adsorption on Ir is markedly crystal face speci
fic. Temperature programmed desorption reveals three binding states: y, on
the (100) face with a maximum heat of adsorption of 7-8 kcal/mole, y on the
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regions around (110) with a maximum heat of adsorption of 10 - 11 kcal/mole
and y 3 on the roughest tip regions (210), (320), (531) and (731) with an
initial heat of adsorption of 13 - 14 kcal/mole.

The change in work function by N2 adsorption is crystal face spe
cific for both metals. On Pt N2 adsorption results in a large decrease in
work function. This decrease is much larger on rough crystal faces than on
the smooth faces (111) and (100). On Ir, on the other hand, N2 adsorption
causes a large decrease in work function on the smooth (100) plane but only
a very small decrease on the rough tip areas (731) and (210). The emission
currents from these rough faces recorded at constant voltage decrease strong
ly during N2 adsorption in spite of the small decrease in work function. The
work function change on Pt films brought about by N2 adsorption decreases
with increasing temperature of previous annealing. On Ni and Rh films, con
trary to Pt films, the change in work function increases with annealing
temperature.

These results are discussed in relation with literature data of
N2 adsorption on Hi, Pd, Pt, Rh and Ir.
Our results confirm the hypothesis of Van Hardeveld et al. that N2 adsorp
tion is crystal face specific. However, the crystal face dependence is much
more complicated than suggested by these authors. Moreover, these metals
markedly differ in the nature of the nitrogen complexes. Arguments are given
that the adsorption cannot be described as physical adsorption but that the
interaction is of a chemical nature.

The third part of this thesis (chapters V - VIII) reports on in
vestigations of the adsorption of Xe on transition metals.

Chapter V deals with a study where the surface potential of Xe on
films of various metals was determined as a function of the temperature of
previous annealing of the films.

In chapters VI and VII results are presented of field emission
studies of Xe adsorption on different crystal faces of Ir and Pt, respec
tively. The initial heat of adsorption decreases both on Pt and on Ir m  the
order (321) > (111) < (100) > (210) > (110). The surface potential of Xe on
Ir is larger on the close-packed regions (111) and (100) than on the rough
regions around (210) and (110). The heat of adsorption decreases with cover
age, in particular on the smooth tip regions.

In chapter VIII determinations of the surface potential and the
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heat of adsorption of Xe on various transition metals are given. The results
show that the surface potential of Xe is directly related to the heat of ad
sorption, within the experimental accuracy both quantities being linearly
proportional.

Fundamental problems of the adsorption of inert gas atoms are dis
cussed on the basis of these results.
First the controversy in the literature is analyzed concerning the nature of
the adsorption sites and the way of packing of Xe adatoms on the metal sur
face at high coverage (chapters VI and VII). From the variation in the ini
tial heat of adsorption with the tip region it is concluded that at low
coverage Xe is adsorbed in specific surface sites which provide a maximum
coordination of the adatom with metal atoms. The extremely small decrease
in heat of adsorption with coverage proves that on the rough faces site ad
sorption remains preferred to the formation of a close-packed layer up to

-7the highest Xe pressure used in our experiments (■'< 10 Torr). On the smooth
regions (111) and (100), however, the heat of adsorption decreases strongly
with coverage. It is argued that on these faces a close-packed Xe layer is
formed at high coveragé. These results are of relevance for surface area
determinations by means of "physical" adsorption.

The nature of the bonding between Xe and transition metals is dis
cussed in chapter VIII. It is shown that the bonding can certainly not be
described in terms of mere dispersion forces.
A model frequently used for explaining the large surface potential of Xe,
assuming a classical polarization of Xe in a hypothetical surface field com
bined with dispersion force interaction is also rejected. In this respect
the following facts are relevant:
1) The model is unable to explain the high heats of adsorption on Group

VIII metals as measured in this work.
2) It fails to explain the observed interdependence of the heat of adsorp

tion and the surface potential.
3) It predicts the wrong sign for the adsorption dipole.
Our results
(a) the linear proportionality of surface potential and heat of adsorption,
(b) the relatively strong bonding of Xe on crystal faces with a high work

function and
(c) the measured values for the heats of adsorption of Xe on various transi
tion metals are in excellent agreement with a model which describes the
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bonding between Xe and the metal as a charge transfer-no bond interaction.
It appears thus that the adsorption of inert gases on a

transition metal surface is apparently a weak chemical adsorption according
to the definition given in the introduction since electron transfer takes
place.
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Chapter I

GENERAL INTRODUCTION

The work described in this thesis deals with the adsorption of nitrogen and
xenon on surfaces of metals of the Groups VIII and lb of the periodic system
of the elements. The main objective is to identify the nature of the adsorp
tion bond between gas atoms and the surfaces of transition metals. Since it
is clear that this interaction may depend on both electronic (chemical) and
geometrical effects, the present work is based on the strategy to separate
these two variables. This is achieved by (1) studying the adsorption of a
given gas on different crystal faces of a given metal single crystal, i.e.
to vary the geometry in a known manner and (2) comparing the adsorption of
the same gas on different metals, in particular on the corresponding crys
tal faces or on films of comparable face distribution in their surface.
The techniques used are field electron emission microscopy and photoelectron
emission. In this introductory chapter some principles of gas adsorption on

- -  « Ametals are given and the potentialities of field electron emission micros
copy for the investigation of adsorption on metals are discussed.

1. Adsorption of gases on metals

A chemical reaction between a solid and a gas is generally pre-
ceeded by adsorption of the gas on the surface of the solid. It is, there
fore, evident that adsorption studies will contribute to a better understan
ding of all the elementary processes taking place at the solid-gas interface.
This kind of studies is thus of fundamental importance for all. branches of
science and technology dealing with surfaces, such as surface science in
general, ultra-high vacuum technology, space research, electron emission by
metals, thin film technology, heterogeneous catalysis, corrosion phenomena
and problems in lubrication, purification of gases and air pollution.
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During the last 15 years an important progress was achieved in the
study of the adsorption of gases on metals. This is partly due to the im
provement in ultra-high vacuum technology. Nowadays the production of vacua

—  11with a residual gas pressure < 10 Torr has become a standard procedure.
This enables us to keep an originally clean metal surface free from conta
minants during a time period large enough for studying specific surface pro
perties of the bare surfaces and for investigating the adsorption of a
chosen gas on the surface without contamination from background gases.

Numerous techniques have been developed for the investigation of
gas adsorption by a metal surface. We mention here:
1) Methods based on monitoring the change in a physical property of the

metal brought about by the adsorption. Examples are measurements of the
work function, the magnetic moment and the electrical conductivity of
thin metal layers.

2) Methods based on the direct recording of the change in the number and
the nature of molecules in the gas phase or on the metal by adsorption
and/or desorption. This category comprises methods as the determination
of the heat of adsorption by calorimetry or indirectly by determination
of isosteres; thermal desorption spectroscopy; measurements of the stick
ing coefficients and isotope-exchange methods.

3) Other useful techniques for adsorption studies on metals are Auger elec
tron spectroscopy; infrared spectroscopy and low-energy electron diffrac
tion.

Each of these experimental techniques has its specific advantages
and limitations.

While due to the present ultra-high vacuum technique a clean metal
surface can be maintained in an uncontaminated state for a reasonable time,
the production of a clean metal surface is still encountered by severe dif
ficulties. The most commonly used cleaning methods are
1) heating to a temperature where the impurities are evaporated, or where

they diffuse from the surface into the bulk.
2) the deposition of films by sublimation from thoroughly degassed samples.
3) cleaning by chemical means, such as oxidation and subsequent reduction.
4) bombardment with chemical non-reactive ions or electrons with high kin

etic energy.
5) field desorption and field evaporation. With the former technique sur

face impurities are removed from the metal surface under the action of a
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high electric field. By means of field evaporation several surface layers
can Be "peeled off" in a controlled way so that a clean surface is ob
tained which is ideally ordered on an atomic scale. However, the field
strength required for this process is so high, in the order of 5 V/X,
that this method is m  practice limited to needle shaped specimens with
a tip radius of not more than about 1000 X.

The most commonly used technique for cleaning bulk metal samples,
such as filaments, ribbons and single crystal planes, is method (1). This
technique is, however, only satisfactory with a small number of metals, as
can be concluded from the results obtained with methods of surface analysis
such as Auger electron spectroscopy. Mostly a combination of different
cleaning methods is required for producing a truely uncontaminated surface,
e.g. a combination of 1) with 3), 4) or 5).

Numerous experimental results prove that a gas may be bonded in
widely different ways on a given metal surface, so that at a high coverage
several adsorption complexes can be distinguished. These are often discerned
by different heats of adsorption, infrared absorption bands, or work function
changes; sometimes even the sign of the dipole moment is reversed. One obvi
ous reason for the coexistence of several adsorption states on a given sur
face is the presence of various crystal planes on the surface. The environ
ment of the surface metal atoms differs considerably for different crystal
planes of a metal lattice. It may, therefore, be expected that adsorption
depends strongly on the crystal plane, as is manifested by a pronounced face
specificity in heat of adsorption, dipole moment, infrared absorption band
etc. Single crystal planes are, therefore, of essential importance for ad
sorption studies.

This holds also for studies on heterogeneous catalysis. Metal
catalysts are mostly prepared by deposition of the metal on a high—area car
rier. The influence of the carrier and the metal dispersion on the specific
activity of supported metals is a controversial subject in catalysis. The
catalyst preparation can influence the size of the active particles and con
sequently their surface structure as pointed out by Van Hardeveld et al.1.
In this way the catalytic activity per unit surface area and even the selec—
tivity for a reaction might be varied. Similar particle size effects were
also reported for adsorption of simple gases on supported metals. A funda
mental study of the adsorption of simple gases on well defined crystal planes
is, therefore, also of essential importance for the interpretation of part-
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tide size effects in catalysis.
Up to now most adsorption studies have been carried out on poly

crystalline samples exposing various crystal faces each with an unknown con
tribution. In the study described in this thesis a technique is used which
provides the unique opportunity to study separately all faces of a metal sin
gle crystal under identical experimental conditions: the field emission
probe-hole technique. For this reason it is an ideal technique for studying
the crystal face specificity of gas adsorption on metals.

Conventionally adsorption is divided into two different classes,
viz. physical adsorption, the bonding being due to the weak Van der Waals'
dispersion forces and chemisorption in which a chemical bond between the ad
sorbent and adsorbate is formed. Physical adsorption is similar in nature to
the condensation of an inert gas on the surface of its own crystal or liquid.
Ideally, the best criterion to distinguish these two types of adsorption is
that in chemisorption electron share or electron transfer takes place be
tween adsorbent and adsorbate while these effects are absent in physical ad
sorption. Experimentally it is sometimes difficult to decide which kind of
adsorption is operating. Criteria based on the heat of adsorption e.g. have
no general validity since heats of chemisorption are sometimes comparable in
magnitude to heats of physical adsorption. The adsorption systems described
in this thesis are characterized by a rather low heat of adsorption and are
thus examples of systems where the nature of adsorption cannot be identified
from the heat of adsorption only.

2. Field electron emission microscopy

Field electron emission is based on the quantum mechanical phenome
non of tunneling of electrons through a narrow potential barrier. A high ex
ternal electric field of 0.2 - 0.5 V/X with its negative pole at the metal is
applied in order to reduce the width of the potential barrier at the surface
to such an extent that electrons near the Fermi level of the metal can tun
nel through this barrier. The high electric field required for this type of
electron emission is easily attained with a relatively low voltage when the
emitting material has the form of a tip with small radius of curvature.
In the field emission microscope, invented in 1937 by E.W. Muller, a sharp
metal tip with a radius of curvature of the order of 1000 X is placed oppo
site to an electrically conductive fluorescent screen. A field emission
microscope used in this study for preliminary measurements is shown in Fig. 1.
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FIELD EMISSION TUBE

Fig. 1

A tip with such a small radius is nearly always part of a single crystal
since its dimensions are smaller than those of the crystallites usually con
stituting the metal wire. The surface of a cleaned tip approximates a hemi
spherical shape. This implies that the tip surface will exhibit various crys
tal faces, differing in surface structure and consequently in electron work
function. Stable, smooth faces characterized by a high electron work function
appear beside unstable, atomically rough faces with a lower work function.
The electrons leaving the tip under the action of the high negative poten
tial follow the lines of force which are orthogonal to the surface.
Consequently, the emitted electrons diverge radially outwards from the tip
to the anode, i.e. the screen. Upon striking the fluorescent screen the
electrons produce a highly magnified image of the emitting tip surface,
approximately according to a stereographic projection. A magnification
factor in the order of 106 and a resolution of about 20 X can be achieved
when using metal tips with radii in the order of 1000 X. The work function
of a tip area strongly influences the number of electrons emitted by that
area. The electron image on the screen shows, therefore, a symmetrical pat
tern of bright and dark areas corresponding to the crystal face distribution
on the tip surface. Figure 2 shows a field electron image of a clean tip of
Ir, having the face centered cubic (f.c.c.) lattice structure. The important
crystal faces can easily be identified to certain areas on the image from
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the symmetry of the pattern. All other areas can be indiced with the aid of
stereographic projection maps of cubic crystals.

Fig. 2

Field emission pattern of iridium

An important improvement of the technique was achieved by the de
velopment of the so-called probe—hole_technique, where the emission current
from a small segment of a selected crystal face on the surface is selective
ly diaphragmated out of the total electron beam and is measured. This method
was already proposed in 1943 by Miiller but was only applied to adsorption
studies in the last ten years. Basically a field emission probe-hole tube may
be considered as a conventional field emission microscope with two important
alterations:
1) The introduction of a minute hole in the centre of the fluorescent screen
behind which an electron collector is mounted.
2) The electron current from the desired tip region can be directed into the
hole either by means of deflection of the electron beam by an adjustable mag
netic or electric field or by mechanical shifting of the tip with the aid of
a manipulator as in the present work.
The tube- constructed by us for this study in shown schematically in Fig. 3.
An extensive description of the tube is given in chapter II. The main advan
tage of the probe-hole technique is that each individual tip region is acces
sible for studies by means of the electrons emitted by that tip area. It pro
vides us, therefore, with the unique opportunity to study separately all
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crystal faces of a metal under identical experimental conditions.

FIELD EMISSION PROBE-HOLE TUBE

Fig. 3

It is beyond the scope of this thesis to describe here all poten
tialities of field electron emission. Only those applications which are ba
sed on the changes in the electron emission properties of a metal brought
about by gas adsorption will be mentioned:
a. When the emission currents of the individual faces are measured at dif

ferent values of the field strength, both before and after gas adsorption,
the change_in_work_function (A4>) due to adsorption can be determined for
each crystal face with the aid of the Fowler-Nordheim equation, given in
chapter II. A$ provides direct information on the sign of the dipole mo
ment associated with the surface bond.

_b• Determination of the_heat_or_adsorption (Q) of a gas on each crystal
face of the metal. Two different kinds of measurements are possible.
(1) Determination of the activation energies for adsorption and desorp

tion from the temperature dependence of the rate of adsorption and
desorption of the gas.

(2) Determination of the heat of adsorption from a set of adsorption
isosteres.

£• adsorbed gases over metal surfaces. Initially one side of a
field emission tip, cooled to a very low temperature, is covered with
the adsorbate. By gradually warming the tip it is possible to measure
the temperature where migration of the adsorbate sets in. Diffusion rates
can be measured on different crystal faces and different temperatures
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thus allowing the determination of the activation energy for diffusion
on several tip regions. In this way it is also very easy to examine
whether an adsorbed gas is mobile or immobile at a given temperature.

d. When a gas is initially adsorbed at low temperature, subsequent heating
may result in a more favourable arrangement of the adsorbate over the
crystal face. Some-times even a rearrangement of the metal atoms takes
place. Both the rearrangement of the adsorbate and the surface recon
struction are directly measurable with field emission microscopy.

e. Determination of the energy distribution of electrons which have been
field emitted from,an individual tip region can yield further valuable
information about the interaction between gases and metals. Up to
recently most work in this field was devoted to clean surfaces, we men
tion the determination of absolute work functions using both the total
energy distribution and the Fowler-Nordheim plot; the information ob
tained about the electron band structure and about specific surface
states on solids. Recently an increasing interest is noticed in the ap
plication of this technique for adsorption studies. Especially the phe
nomenon of field emission resonance tunneling is interesting since it
can provide information about the atomic states of adsorbed molecules
and can therefore stimulate theoretical studies of the adsorbed state.

In conclusion it can be said that field emission microscopy is a
very powerful tool for adsorption studies. Especially the possibility of
studying adsorption on various well defined crystal faces under exactly
identical conditions allows in a very direct way the determination of the
crystal face specificity in adsorption processes. It is an advantage that
the cleanliness of the surface prior to an adsorption experiment can simply
be checked by visual observation of the emission image. By utilizing field
desorption and field evaporation as a cleaning method for the metal tip
well ordered crystal faces are prepared with the same perfection as in the
bulk. Field emission microscopy is also in this respect superior to other
methods. The surface perfection can, moreover, be checked by employing the2field emission tube as a field ion microscope . This is achieved by sur
rounding the specimen tip with an inert gas, usually helium, and reversing
the polarity of the high field between tip and screen. If this field is
high enough - roughly a factor 10 higher than in the usual field electron
emission tube - the inert gas atoms are ionized at the protruding surface
atoms. Ions thus formed are radially accelerated towards the fluorescent
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screen where they produce a very faint but highly enlarged image of the pro
truding surface atoms of the tip. A resolution of 2 A can easily be attained
with this technique by cooling the tip. The arrangement of the surface atoms
can thus directly be viewed; lattice defects, for instance, can be made
visible on an atomic scale. Despite its high resolution the utility of the
field ion microscope for adsorption studies is still limited since the very
high electric field necessary to ionize the image gas (for helium A V/X)
can strongly interfere with the adlayer.

During the course of this study it appeared desirable to obtain
information about the differences between various transition metals in their
adsorption of nitrogen and xenon. Although these data can be obtained by
field emission microscopy, the measurements would take a great deal of time.
Since for these measurements it was not considered essential to work with
single crystals, another experimental technique was chosen for these studies,
viz. photoelectron emission from thin metal films. This technique has been
extensively described in recent dissertations of our laboratory^’ , we,
therefore, refrain from repeating this here.

3. Outline of the present study

In this work a number of adsorption studies are described: adsorp
tion of xenon and nitrogen on several transition metals. The thesis consists
of a number of chapters, being reprints of publications or manuscripts of
publications submitted to scientific journals. The different subjects in
this thesis are, therefore, introduced and discussed separately in the
relevant chapters.

Chapters II, III and IV deal with the adsorption of nitrogen on
metals where this adsorption is non-dissociative, viz. platinum, iridium,
rhodium and nickel. This study was done in view of recent results by
Van Hardeveld c.s. ’ , who had studied the adsorption of nitrogen on sup
ported metals and concluded that this adsorption displays an extraordinary
crystal face specificity.
Chapter II reports on the adsorption of nitrogen on different crystal faces
of platinum as studied by field emission microscopy.
In chapter III results are given of a similar field emission study of nitro
gen adsorption on iridium.
Chapter IV describes work on the change in the photoelectric work function
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of nickel, rhodium and platinum films by nitrogen adsorption as a function
of the temperature of previous annealing of the films.

Chapters V - VIII report on investigations of the adsorption of
xenon on transition metals.
Chapter V deals with the change in work function of metal films upon xenon
adsorption as a function of the temperature of presintering.
In chapter VI results are presented of a field emission study of xenon ad
sorption on different crystal faces of iridium.
In chapter VII results are given of a similar field emission study of xenon
adsorption on platinum.
In chapter VIII a study is described in which the change in work function
and the heat of adsorption of xenon were determined on various transition
metals.
It has long been recognized ’ that the inert gas - metal bond cannot be
understood by assuming the adsorption as due entirely to dispersion forces.
A satisfactory description of the interaction not being available, this study
was undertaken in order to obtain data relevant to the problem. With this
objective in mind a systematic investigation has been carried out of xenon
adsorption on a number of metals and, in particular, on some well defined
crystal faces of these metals.

Chapter IX contains a general discussion on the nature of the ad
sorption of nitrogen and xenon on transition metals.
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Chapter I I

CRYSTAL FACE SPECIFICITY OF NITROGEN ADSORPTION

ON A PLATIUM FIELD EMISSION TIP
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Gorlaeus Laboratoria, Rijksuniversiteit, Leiden, The Netherlands
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The adsorption of nitrogen on platinum is studied with a field emission microscope
equipped with a probe-hole assembly to enable quantitative emission measurements on
individual crystal faces. The results are implemented by photoelectric measurements on
platinum films. Adsorption at 80 K is found to result in a large and face-specific decrease
in the work function. On crystal planes containing Bs and Be sites this decrease is larger
than on those exposing B3 and B4 sites only. No significant crystal face specificity is found,
however, for the rate of temperature programmed desorption of nitrogen. It follows
that the heat of nitrogen adsorption is essentially equal for faces with B3, B4, B5 and Be
sites. This result is at variance with certain postulates in the literature.

1. Introduction

Numerous results obtained with LEED1-2) and field electron and ion
microscopy3-4) established a distinct face-specificity for adsorption of gases
by metal single crystals. It is therefore not surprising that face-specificity
of adsorption has been invoked by many authors studying adsorption by
supported metals or evaporated metal films in order to rationalize observa
tions which are otherwise difficult to understand. The present paper examines
such a case: adsorption of nitrogen by platinum. For nitrogen adsorption
on nickel, palladium and platinum face-specificity had been postulated5-6),
although it had never been ascertained by direct measurements on well-
defined single crystals.

Several authors studied the adsorption of nitrogen on nickel. Before 1964
it was generally accepted that nitrogen is not adsorbed at room temperature
at pressures below 1CP2 Torr but adsorption has been observed at lower
temperatures7-21). The reported heat of adsorption is 10 kcal/mole decreas
ing to 3-5 kcal/mole at high coverages13-15).

New research was stimulated by results of Eischens and Jacknow22) in
1964. These authors found a strong infrared absorption band at 2202 cm-1
at room temperature and a nitrogen pressure of at least 10“ 2 Torr. This
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band was attributed to the N-N  stretching vibration of nitrogen chemisorbed
in the structure N i-N = N +. Van Hardeveld and Van Montfoort5) found
that the 2202 cm-1 band on supported nickel and similar infrared bands on
palladium and platinum are only observable if the diameter of the metal
crystallites is within the range of 15-70 A. According to these authors
particles with diameters in this range possess a considerable concentration
of special sites, “B5-sites” , in their surface which are negligible in larger
particles. The infrared active species was assigned to adsorption on these
sites. These B5-sites for which an adatom with the same diameter as the
metal atom is contacting five metal atoms are present on rough planes as
(110) and (113). Also for nitrogen on silica supported iridium an infrared
absorption band in the 2200 cm-1 range has been reported23).

King24) investigated the nitrogen desorption spectra from nickel and
palladium films deposited in ultra high vacua. For nickel he observed three
states, Yi, y2 and y3 with binding energies <7kcal/mole, 6-10 kcal/mole
and 9-14 kcal/mole respectively. The yt state was ascribed to adsorption on
(111) planes, the y2 to the (100) plane and the y3 state to the (110) and higher
index planes. On palladium only the Yj and y2 states were characterized.

In two recent publications by Bradshaw et al.25>26) a study of the adsorp
tion of nitrogen on thin nickel films using the infrared transmission technique
is described. Only in the case of films deposited onto a cooled rocksalt
substrate in a nitrogen atmosphere a sharp band was obtained at about
2202 cm-1. This band was absent, however, for nitrogen adsorbed on films
deposited in ultra-high vacuum which showed a band at 2255 cm-1 with
shoulders at 2230 cm-1 and 2180cm-1. As these films were about 50 A thick
this experimental result appears contradictory to the concept of Van Hardeveld
and Van Montfoort. The question arises whether the simple correlation of
infrared bands of adsorbed nitrogen with the relative concentration of B5-sites
resulting from a certain particle size is correct. The conflicting experimental
evidence shows that a more direct study of the adsorption of nitrogen on
fee metals with well-defined surface structure is highly desirable.

A im of present work

Briefly speaking, we want to get an answer to the question: is there really
a structure sensitive nitrogen adsorption on nickel, palladium and platinum?
More in particular: is nitrogen adsorbed on B5-sites more strongly than on
sites present on the (111) and (100) planes?

For this purpose a field electron microscope provided with a probehole
was used to study the adsorption of nitrogen on different crystal faces of a
metal tip. For the present purpose it is not so important which of the metals
nickel, palladium and platinum is used as adsorbent as Van Hardeveld c.s.5)
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showed that adsorption of the infrared active species on these metals is very
similar. We selected platinum as the adsorbing metal because literature data
suggest that a platinum tip is less difficult to clean than a nickel tip.

Beside the main objective stated, this study comprises measurements of
the relative work function of some crystaL planea of platinum which to our
knowledge has never been measured before.

Some nitrogen experiments were carried out on unsintered and sintered
thin platinum films using the photoelectric method in order to get a more
complete picture of the nature of nitrogen adsorption on different platinum
samples.

2. Experimental

2.1. A pparatus

The tube used for measuring field emission from individual crystal faces
is schematically shown in fig. 1. A platinum tip is spot-welded on a platinum
heating loop of 0.2 mm in diameter. The tip assembly is mounted on tungsten

N N

Fig. 1. Field emission probe-hole tube: (A) adjusting screws, (B) bellows, (C) collector,
(D) shield, (E) lens electrode, (F) flange, (G) electric lead to screen, (H) electric lead to
shield, (I) Kovar rod connected with collector, (K) electric lead to lens electrode, (L)
connection with thermocouple wires, (M) extra electric lead, (N) lead to tip assembly.

(S) fluorescent conductive screen, (T) tip assembly.

rods which arc led through a dewar, normally filled with liquid nitrogen and
welded to gold wires. A pair of 1  ̂in.-2^ in. conflat flanges permits an easy
replacement of the emitter.

The glass screen is coated with stannous oxide and willemite rendering
it conducting and fluorescent. A hole in the centre of the screen (diameter
1.5 mm) serves as a diaphragm to the electrons emitted from the tip. The
emitter can be positioned in the desired direction by means of stainless
steel bellows and three adjusting screws, thus allowing the image of the
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selected crystal face to be centred on the probe-hole. The electrons emitted
by this area pass through the hole and arrive at a hemispherical collector,
connected with a Kovar rod which is in direct contact with the electrometer.
An auxiliary electrode, the “suppressor” prevents that scattered electrons and
secondary electrons released from the screen can reach the collector and that
secondary electrons which may originate inside the collector can escape.
A Faraday cage cylinder surrounding the collector is directly connected
with a Kovar tube around the Kovar rod and is in contact with the screen
of a rigid coaxial line to the electrometer preamplifier. In this way an almost
perfect shielding of the collector and other electrometer connections from
stray fields is obtained. Collector, suppressor and the shielding cylinder were

Fig. 2. Field emission tube: (A) lead to tip assembly, (B) extra electric lead, (C) connec
tion with thermocouple wires, (D) electric lead to screen, (S) fluorescent conductive

screen, (T) tip assembly.

made from stainless steel coated with a gold layer. The electrode assembly
of the tube is also suitable for electron energy distribution measurements.

The tip can be brought to any desired temperature above 78 K by heating
the loop electrically. The temperature of the loop, as a function of the
heating current was calibrated using chromel-alumel thermocouple wires
(not completely drawn in fig. 1). These are connected with fused tungsten
rods which can be cooled with melting ice to form a cold reference junction.
For our purpose this temperature measuring method appeared to be more
convenient than the usually applied calibration of the resistance of a small
section of the emitter supporting filament versus the temperature.

For some measurements a simpler field electron microscope without

A A

/ D
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probe-hole device was used (fig. 2). Most pictures shown below were made
with this tube.

The field electron microscope was connected to an ultra-high vacuum
system. After baking the whole system at a temperature of about 700 K
pressures below 10“ 10Torr are easily obtained with the aid of a Varian
50 1 sec-1 Vac-Ion pump.

Nitrogen with an impurity level below 10“ 5 is further purified before
entering the field emission tube by the use of freshly deposited nickel films
in the supply system.

Total emission and collector currents were measured with Cary 401
vibrating reed electrometers. A Hewlett-Packard digital voltmeter was used
for the output readout of the electrometer. High voltage for field desorption
and field evaporation was supplied by a Brandenburg 2-30 kV dc stabilized
power supply. An ultra-high stable 0-6 kV power supply (Power Designs
model 1556) was used in the electron emission experiments.

For the photoelectric measurements a narrow light beam monochromatized
by a Bausch and Lomb grating monochromator, equipped with a high
pressure mercury lamp was directed by a mirror system either onto the
phototube containing the platinum film or to a calibrated tantalum reference
tube. The phototube is identical to the tube previously described by Bouwman
and Sachtler27-28).

2.2. Sample preparation and cleaning

Platinum tips were prepared from spec pure platinum wire with a dia
meter of 0.10 mm by electrolytic etching in an aqueous calcium chloride
solution at 5 V ac using a 0.5 mm platinum wire as counter electrode.
After a sharp smooth tip was obtained, washing the tip wire in hydrochloric
acid, sometimes even electropolishing the whole assembly in hydrochloric
acid, was necessary to prevent spurious emission from solid etching products
stuck on the tip wire.

Data in the literature show that it is very difficult to obtain thermally
cleaned platinum tips29' 33). We, therefore, utilized field desorption and
field evaporation at room temperature to clean the tip after heating to
900 K. This method was very convenient because our adsorption experiments
do not require temperatures above room temperature where diffusion of
contaminants to the emitter surface might occur. Field evaporation at
liquid nitrogen temperature will produce more ideal ordered surfaces but for
our purpose field evaporation at room temperature was sufficient and pre
ferred because chances of tip rupture were found larger with low temperature
field evaporation.

The platinum films were evaporated from beads on specially shaped
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tungsten filaments. After pre-evaporation of some platinum and volatile
contaminants with the cathode being shielded by a magnetically movable
shutter, a platinum film was deposited on the cathode at 80K.

3. Results and discussion

3.1. Work functions of single crystal planes of platinum

Fig. 3 shows two field emission patterns of platinum tips cleaned by
field desorption and field evaporation at room temperature. The principal
crystal faces are indicated in the pictures. The patterns are different from
other field emission pictures in the literature, made from thermally cleaned

Fig. 3. Field emission from (a) {l i t} and (b) {100} oriented platinum tips formed by
field evaporation at 300 K.

platinum emitters. In our tips the (110) faces are hardly visible as dark
areas. Separate experiments showed that the (110) faces are better developed
when field evaporation is carried out at 80 K. A similar relationship between
temperature of field evaporation and development of certain faces was
observed by us for tungsten and molybdenum. This observation will not be
further discussed in the present paper.

Work functions were determined from the Fowler-Nordheim equation
written as:

In i/V 2 =  In A — B<P*/V, (1)

where i is the emission current at an applied voltage V between tip and screen,
In A is the pre-exponential term which is field independent, 0  is the work

. too
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function and B  is usually a constant containing besides some universal
constants the field voltage proportionality C:

F = C V ; (2)

C is inversely proportional to the radius of curvature r of the emitting area:

C =  11 Dr, (3)

where D depends on the tip shape and slightly on the polar angle. The slope
of the Fowler-Nordheim plot obtained by plotting Ini /V2 versufc l /V  may
be calculated for various tip faces and for the total emission. Fig. 4 shows an
example of F-N  plots for the total emission from a platinum tip, for the
(100) face of this tip and for the total emission and (100) face after adsorption
of nitrogen at 78 K.

The values of B must be known for the determination of the work
function of different tip areas. In first approximation B is constant for all

-1770
1790--'

-1780
1800-1410.

910 C.0
|S 6 5  A,B

Fig. 4. Fowler-Nordheim plots for the total surface (A, C) and (100) face (B, D) clean
and nitrogen covered.
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tip faces. B may then be determined from the slope of the F-N plot for a
plane with known work function or from the slope of the F-N plot for the
total tip and an average work function. No work functions for any of the
crystal faces of platinum being known, we followed Lewis and Gomer33) by
assuming an average work function of 5.32 eV for the total emitting area.

Table 1
Work functions of some crystal faces of a platinum field emitter and of platinum films

Substrate Work function Reference
(eV)

Total field emitter
field emitter (111) face
field emitter (100) face
field emitter (331) face
field emitter (320) face

Film freshly evaporated at 80 K.
Same film sintered at 300 K
Film sintered at 600 K

5.32 This work
5.93 This work
5.84 This work
5.12 This work
5.22 This work
5.45 27 and this work
5.63 27 and this work
5.72 27 and this work

In table 1 values of the work functions are compiled for some crystal
faces of a platinum emitter and for platinum films. The work function of
the (110) face could not be measured because its apparent area on the screen
was too small for probe-hole diaphragmation. The difference in work
function between the two most densely packed faces (111) and (100) is
relatively small, much smaller than between the most densely packed faces
of tungsten with the bcc structure34). This is in agreement with the small
difference in atom density between the (111) and (100) planes in the fee
lattice as opposed to the larger difference in the atom density of the (110) and
(100) or (112) faces of the bcc lattice.

The error in the work function values of the platinum faces determined
ip this way is shown to stem mainly from two sources:
(1) The rather arbitrary value of 5.32 eV assumed for the overall work
function of platinum.
(2) No corrections föf variations in B over the emitter were made, although
the local electric field at a given voltage decreases slightly with the angle
from the emitter apex.

This decrease in field and consequently in B is due primarily to an in
creased shielding of the tip by the emitter shank. Calculations were done for
various idealized geometries by Drechsler and Henkel35) and by Dyke and
Dolan36). It is possible to estimate the variation in B with apex angle as our
measurements were carried out with both (111) and (100) oriented platinum
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tips. So it appears that the differences in the uncorrected values of the work
functions obtained with different oriented tips are mostly within the measur
ing accuracy. The estimated error in the values of table 1 is 0.05 eV dis
regarding a possible error in the assumed value of 5.32 eV of the overall
work function.

In the immediate vicinity of the actual (111) and (100) faces lower values
for the work function were measured, for instance, 5.6 eV for the tip areas
near (111). It appears thus that the local radius of these densely packed planes
is relatively small in the field evaporated tips, much smaller than in thermally
cleaned tips. This is in agreement with field ion micrographs: thermally
annealed tips exhibit large low index planes and low temperature field
evaporated tips show small flat low index planes surrounded by terraces
with the same atom arrangement.

The probe-hole currents from the (111) and (100) planes are very stable
but high index planes exhibit a flicker noise in the probe current. This is
strongly increased by the presence of very small amounts of contaminants,
but is certainly not caused by contaminants only. Even at 80 K and a
pressure of 10-11 Torr the currents from these planes exhibit a certain
residual flicker noise, which does not disappear after further field evaporation.
This noise can be attributed to minor atom motions, e.g., oscillations of an
atom between two adjacent surface sites or short range oscillation around
the equilibrium positions as suggested by Holscher37). This flicker noise is
found slightly temperature dependent but also field dependent: it increases
at higher fields and consequently higher emission currents.

3.2. Adsorption of nitrogen on platinum

3.2.1. Changes in work function by adsorption

Fig. 5 shows the emission pattern of a clean {111} oriented platinum tip
and the pattern of the same tip covered with adsorbed nitrogen at 80 K.
Immediately after admitting nitrogen at a constant pressure of about
1 x 10“ 8 Torr the emission current of the total tip and of each crystal
face at constant voltage increases to a steady state current, as demonstrated
in fig. 6 for the total current and the current of the (100) plane. The pattern
changes gradually to the picture of fig. 5, all pictures being taken at equal
total emission current and exposure time.

Increasing the pressure to 1 x 10“ 6 Torr does not further influence the
pattern, the emission current nor the work function. To avoid electron
molecule collisions during these adsorption experiments, care was taken
that the total emission current never exceeded 5 x 10“ 9 A. This precaution
is important because nitrogen molecules will form N j ions which can
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5a. 5b.

Fig. 5. Field emission from platinum (a) before and (b) after nitrogen
adsorption at 80 K.

total
surface

(100) face

Admission

time (min)

Fig. 6. Change in field emission current, at constant voltage by
nitrogen adsorption at 80 K.

markedly influence the adsorption of nitrogen on metals as shown by
Winters38’39).

Many of our adsorption experiments were carried out in the absence of
an external electric field. Admission of nitrogen up to an equilibrium
pressure of 10-3 Torr followed by pumping to pressures in the low 10-9 Torr
range results in values for the surface potential identical to those obtained
at 10“ 8 Torr in the presence of the electric field necessary for a field emission
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current of about 5x10 9 A. Also the desorption characteristics did not
differ for tips previously exposed to a nitrogen pressure of 10~8 or 1CT3 Torr.

In table 2 some values are given for the change in work function caused
by nitrogen adsorption at 80 K obtained with the F-N  equation as described
in the previous section and corresponding changes in the pre-exponential
factor. Included are values for the changes in the work function of platinum
films caused by nitrogen adsorption at 80 K determined by photoelectron
emission and the corresponding changes in the emission constants.

Table 2
Changes in work functions, Fowler-Nordheim pre-exponential factors and Fowler

emission constants by nitrogen adsorption on platinum at 80 K

Substrate A<P(eV) A log A A log Af

Total field emitter -0 .6 5 - 1 .2
field emitter (111) face —0.34 —0.5
field emitter (100) face -0 .31 - 0 .6
field emitter (331) face -0 .7 6 - 1 .6
field emitter (320) face -0 .7 7 -1 .7

Film freshly evaporated at 80 K -0 .51 -0 .2 6
Same film sintered at 300 K -0 .3 0 +  0.09

These changes in work function are much larger than those reported for
nickel films14,16' 18) and nickel tips19). They depend on the surface structure
as nitrogen adsorption on (100) and (111) causes a smaller decrease in work
function than on the strongly emitting faces of the platinum tip. This is
in agreement with the change of the field emission pattern due to nitrogen
adsorption. The area of the brightly emitting faces increases and the areas
of the dark regions around (111) and (100) planes shrink slightly. The poorly
developed (110) faces hardly visible in the clean pattern are almost un
observable after nitrogen adsorption.

As shown in table 2 the decrease in work function by nitrogen adsorption
is smaller for films annealed at room temperature than for unsintered films.
During sintering closely packed stable crystal planes grow at the expense
of less stable planes. The work function of platinum films increases in this
equilibration process. The variation of the decrease in work function with
the sintering temperature is, thus, completely in line with the field emission
results.

Nitrogen admission at room temperature up to about 10“ 6 Torr in
field emission experiments and 10 3 Torr on films does not influence the
emission constant nor the work functions. The field emission pattern does
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not change either. Also nitrogen admission to 10“ 2 Torr in the field electron
microscope and subsequent pumping to about 5 x 10“ 7 Torr fails to cause
any changes in emission characteristics or patterns within experimental
accuracy. All these data demonstrate that no adsorption of nitrogen occurs
on platinum in these circumstances. Lowering the temperature to 80 K at
these pressures does not cause any changes in emission characteristics
and field emission pattern in addition to those described before. It appears,
hence, that there is no adsorption hysteresis, characteristic for activated
adsorption processes.

3.2.2. Desorption experiments
Thermal desorption of nitrogen adsorbed at 80 K from a field emitter

leads to the complete reappearance of the pattern and the emission character
istics of the clean-emitter. In order to get information about differences in
binding energies of nitrogen-on different crystal faces a temperature pro
grammed desorption method was used. A nitrogen covered platinum tip
was rapidly heated to a prefixed temperature and the change in emission
current at constant voltage was followed as a function of time. After readsorp
tion of nitrogen by decreasing the temperature to 80 K the above procedure
was repeated several times with different desorption temperature programs
and for different crystal faces. This principle had been used before by several
authors who followed the change in field emission image upon desorption
visually. In this way Rootsaert et al.40) and Ehrlich41) found distinct
differences in desorption rate of xenon from the (111) and the (411) faces of

to tal
surface

(111) face

tim e (sec)

Fig. 7. Change in field emission currents at constant voltage of a nitrogen covered
platinum tip after a rapid temperature rise from 80 K to 140 K.
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tungsten. Introduction of the probe-hole is decisive to apply this method also
for the investigation of the closely packed and, hence, low emitting crystal
faces from which desorption cannot be studied by visual observation.

It was found that with a given crystal face the desorption time depends
markedly on the heating current, as expected. When, however, different
crystal faces are compared with identical heating programs, the desorption
plots are equal. For illustration fig. 7 shows as an example two such desorp
tion plots of nitrogen, one of the total emission and one of the (111) face,
obtained after heating the tip to 140 K. Clearly, we must conclude that the
rates of depletion are virtually equal for different crystal faces.

Fig. 8. Enthalpy diagram illustrating the relative enthalpies of the adsorbed states on
two different crystal faces A and B, the transition states Ti and T2 and of the gaseous state.

For the evaluation of these results two alternative cases might be con
sidered. Either (a) the heats of adsorption are almost equal on the faces
considered or (b) there are large differences in heat of adsorption but as the
adsorbate on different faces is in diffusional equilibrium desorption to the
gas phase takes place from the faces of lowest heat of adsorption. The
following considerations show, however, that the second alternative fails
to explain the experimental results.

Case (a). The difference in heat of adsorption (Qads= - A H ais= f f gas-
f f ads) on two faces A and B is small, HA ~  H B (fig. 8a). In this case both
faces become denuded at essentially the same temperature, the measured
depletion plots will be essentially equal for A and B.

Case (b). The difference in heat of adsorption between two faces A and B
is large: —AHA> — AH B. As in first approximation the standard entropies
of adsorption may be assumed to be essentially non-face specific, this case
implies also a large difference in the Gibbs free energies of adsorption on
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the two faces considered, i.e. GA<GB (see fig. 8b). Accepting diffusional
equilibrium of the adsorbate on different crystal planes, the degrees of
coverage 0A and 0B are related by the general relation

It follows from eq. (4) that in this case the coverage at face A remains high
at the temperature where the coverage at face B is visibly reduced.

It is, perhaps, not superfluous to show with a simple numerical example
that even for a relatively small difference in adsorption energy case (b) is
strongly at variance with our experimental observation. Assuming e.g.
that GB — GA is only 2 kcal/mole and both faces were initially completely
covered at 80 K, a reduction in coverage at B to 0.01 at a temperature
rise to 120 K will cause a reduction in coverage at face A from 0.99 to
0.98. The experimentator will observe denuding of face B, whereas a higher
temperature is required to denude face A to the same low degree of coverage.

Clearly, case (b) must be ruled out whereas case (a) describes the experi
mental results of nitrogen on platinum satisfactorily. It follows that the
heat of adsorption is essentially equal for different crystal faces, e.g., (Il l) ,
(100), (331) and (320).

Numerical values for the activation energy of desorption can be estimated
from the measured desorption times and temperatures using the equation

k T  AS* -  £d„
rdes =  —  9 exp-----e x p -------- , (5)
d h R R T

where rdes is the rate of desorption, k  and h are Boltzmann’s and Planck’s
constants, respectively and 9 the degree of coverage. Making the usual
Frenkel assumption AS*=0, eq. (5) can be approximated by

Edes = / m n f ~ j T de!, (6)

where t des is the half-life value of the desorption process starting at full
coverage. As the activation energy for adsorption is approximately zero, the
calculated activation energy for desorption is nearly equal to the heat of
adsorption.

The highest heat of adsorption estimated by application of equation
(6) was 9 kcal/mole for all observed crystal faces: (111), (100), (331), (320)
and for the total emission area. Further our desorption experiments indicate
that the heat of adsorption at high coverages is not larger than 3 kcal/mole.
So it appears that the heat of adsorption decreases markedly with the degree
of coverage. The error in the value of 9 kcal/mole for the initial heat of
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adsorption is mainly caused by the uncertainty in the validity of eqs. (5)
and (6). In Frenkel’s original equation42)

— F
/  ^ d e s  ,_v

0 P ~RT~'  (7)

t0 was taken equal to 10“ 13 sec. De Boer43-44) and Kruyer45) pointed out
that the application of transition state theory can lead to values for t0 varying
from 10 12 to 10“ 16 sec. This would mean an error in the estimated value of
heat of adsorption of about 1-2 kcal/mole. Some authors reported values
for t0 higher than 10“ 12 sec46). Although we did not perform accurate
isochoric measurements it was possible by varying the pressure and the
temperature to make an estimation of the heat of adsorption independent of
eqs. (5) and (6). In this way we obtained values for the initial heat of adsorp
tion between 7 and 9 kcal/mole, in reasonable agreement with the value ob
tained by application of eq. (6).

3.3. G eneral discussion

The pertinent results of this work: (1) “ there are no significant differences
in heat of adsorption for nitrogen on different crystal planes” and (2) “there
are differences in changes of work function by nitrogen adsorption on
different crystal planes of platinum” will be discussed in relation with
literature data.

Only a few articles have been published on nitrogen adsorption on platinum
in comparison to the more extensively studied system nitrogen on nickel.
For platinum Trapnell12), Wiesendanger47) and Morgan and Somorjai48)
found that no adsorption of nitrogen occurs on platinum films, filament and
on a (100) plane, respectively, at 300 K and low pressures. These observations
are, clearly, in agreement with our results. Rendulic and Knor49) found a
considerable “nitrogen etch” on platinum at 80 K on a field ion micro
scope tip imaged with neon. Especially the (100) and (111) areas are attacked.
These results were interpreted by assuming chemisorption of nitrogen
atoms originating from molecules dissociated in the presence of the high
electric field. Van Oostrom50) and Lewis and Gomer51) showed that
adsorption of gases on tungsten can be strongly influenced by the high
electric field necessary for field ionization. These results do therefore
not apply to the observations at much lower field described in the present
paper. Coleman and Inkley52) found an appreciable adsorption of nitrogen
on silica and alumina supported platinum at 300 K. This adsorption depended
strongly on the nature of the platinum surface in agreement with the infrared
studies by Van Hardeveld and Van Montfoort5).

It is interesting to note that results on clean surfaces -  films and FEM-
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tips -  show a pronounced difference between nitrogen adsorption on nickel,
palladium and platinum. Ehrlich19) reports for nitrogen adsorption on a
nickel tip a small decrease in work function, less than 0.1 eV whereas the
present work reveals a decrease in work function by 0.65 eV for nitrogen on
platinum. King24) showed that nitrogen adsorption on films is different
for nickel and palladium. On the other hand, Van Hardeveld and Van
Montfoort5) concluded that the presence of the earlier mentioned infrared
active nitrogen on the metals nickel, palladium and platinum dispersed on a
support, depends more on the crystallite size than on the chemical nature of
the metal. A comparison of the infrared data with the present work is
therefore of interest.

The observations by Van Hardeveld and Van Montfoort5):
(a) The infrared band on nickel, palladium and platinum is only observable
on metal crystallites within the range ~  15 < z/< 70 A.
(b) Only a limited number of the adsorbed nitrogen molecules is infrared
active.
(c) The heat of adsorption on supported nickel with a mean particle size
of 19 A is 12 kcal/mole falling to 2 kcal/mole at high coverage whereas the
initial heat of adsorption on nickel with a mean particle size of 110 A is
5 kcal/mole were rationalized by these authors by assuming that nitrogen
is adsorbed more strongly on B5-sites than on smooth faces such as (111)
and (100) containing B3- and B4-sites.

The present results are, clearly, at variance with this postulate. The heat
of adsorption is found roughly equal on all faces. Some of them, viz.
(100) and (111), are bare of B5-sites, all other faces imaged in the field
emission pattern do possess Bs-sites or even B6-sites (see fig. 9).

Fig. 9. Marble ball model of the (320) face with Bs- and Bo-sites.
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First, the question arises whether the infrared active species observed by
Eischens c.s.22) and Van Hardeveld c.s.5) at high pressures and room tempera
ture can be the same as those studied on single crystal tips at much lower
pressures and temperatures. All observers consistently agree that adsorption
is non-activated and reversible. In equilibrium the same degree of coverage
of a given adsorption complex is present at two sets of contitions, pu Tl
and p2, T2 respectively, which are defined in fair approximation by the
intergrated isochore equation:

Upon inserting for —AHais our value of 9 kcal/mole which appears also
to be in reasonable agreement with literature data on nickel (Van Hardeveld
c.s. report: “below 12 kcal/mole”), eq. (8) shows that the same coverage
would be expected for p1 = 25Torr, Tx = 293 K and p2 = 1CT7 Torr,
7’2 =  130 K. We therefore conclude that the complexes studied at room
temperature by their infrared bands on supported metals are directly
comparable to those observed by FEM at 80 K but much lower pressures.

It seems to us that confrontation of the infrared data with the present
results opens, in principle, three possibilities:
(1) The heat of adsorption of nitrogen on Bs-sites is, indeed, equal for
supported and unsupported platinum, but the heat of nitrogen adsorption
on the smooth faces (111) and (100) is lower for the supported than for
the unsupported ones. The question then arises: which physical phenomenon
can explain the lowering of the adsorption energy on these crystal faces by
supporting the metal? Possible causes to be discussed include metal/support
interaction and contaminant effects.
(2) The heat of nitrogen adsorption (at low coverage) is fairly equal on all
crystal faces for both supported and for unsupported samples, but only on
certain crystal faces is the adcomplex able to absorb infrared light in the
2200-2300 cm-1 range.
If this hypothesis is correct the pertinent question arises which phenomena
can explain this striking difference in optical properties of complexes of
comparable stability.
(3) The differences observed by infrared for different Ni/SiOz or Pt/Si02
should not be discussed at all in terms of particle size effects or, more in
particular, different concentrations of certain sites in the adsorbing surface
as derived from marble models.

Hypotheses (1) and (3) assume or suggest that for the supported samples
a metal/support interaction or contaminant effects are important. Upon
further pursuing these ideas the possibility could be discussed that the

T2 Ty ( 8)
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observed differences are to be ascribed to nickel or platinum ions incorporated
in the support matrix. One could further speculate about oxide patches
present on the supported metals since results of Eley et al.53) suggested
that most supported catalysts used in infrared studies contain oxide patches
and Müller54) reported that nitrogen is more strongly adsorbed on a
nickel surface partially covered with oxygen than on clean nickel. While
we see no reason to exclude a priori hypotheses (1) and (3) their thorough
discussion would only be possible after studying the supported systems in a
more elaborated way which is evidently beyond the scope of the present
paper. We shall, therefore, only make a few remarks with respect to pos
sibility (2).

The observed relative large differences in the changes in work function
A<P by nitrogen adsorption on different crystal faces are striking. In terms of
hypothesis (2) this face specificity would be connected with differences in
optical properties of adsorbed nitrogen. The differences in A<P indicate that
the dipole moment n2 between an adsorbed nitrogen molecule and the metal
is different on different crystal faces, /i, being larger on rough planes than on
the smooth planes (111) and(lOO).

The intensity of the infrared absorption band, on the other hand, depends
besides on the concentration on the term (dn2/dx)2, i.e. on the change with
elongation of the dipole moment n2 between the two N atoms of an adsorbed
nitrogen molecule. While there is no doubt that /q and n2 must be interrelated
the hypothesis (2) thus leads to the explicit postulate that (d/i2/dx)2 should
be largest on those rough faces where n2 is largest. This interesting con
sequence appears physically sound.

In conclusion we repeat that Van Hardeveld’s suggestive model stimulated
our measurements on well defined surfaces. This goal now being achieved, the
relevant information most urgently needed in the present state of the problem
might be provided by an infrared study on well defined surfaces cleaned in
ultra-high vacuum in order to decide between the possibilities described
above.
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ADSORPTION OF NITROGEN ON SINGLE CRYSTAL FACES

OF IRIDIUM, STUDIED BY FIELD EMISSION MICROSCOPY
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The adsorption of nitrogen on iridium was studied with a field emission microscope
equipped with a probe-hole assembly to enable emission experiments on individual emitter
regions. The adsorption of nitrogen is markedly face-specific. Temperature programmed
desorption reveals three binding states: yi on the (100) face with a maximum heat of
adsorption of 7-8 kcal/mole, 72 on the regions around (110) with a maximum heat of
adsorption of 10-11 kcal/mole and 73 on the roughest tip regions (210), (320), (531) and
(731) with a maximum heat of adsorption of 13-14 kcal/mole. Nitrogen adsorbed in the 71
and 73 states causes a decrease, but in the 72 state a small increase, in the work function.
These results are discussed in relation with data on nickel, palladium, platinum and rhodium.
While nitrogen is only weakly adsorbed on all these metals there is a marked difference in
the nature of the pertinent adsorption complex.

1. Introduction
Nitrogen is only weakly adsorbed on the transition metals nickel, palladium,

platinum, iridium and rhodium1-2). Crystal face-specificity for these adsorp
tion systems has been assumed by Van Hardeveld et al.3-4) who studied
nitrogen adsorption on supported metals. Also results obtained from studies
on nickel samples cleaned in ultra-high vacuum seem to indicate crystal face-
specific adsorption7-7). Oh platinum, our FEM results showed a face-specific
change in work function due to adsorbed nitrogen, but the heat of adsorption
was found to be almost equal for different crystallographic regions7).

A systematic study of the adsorption of nitrogen on these metals is de
sirable in order to understand the nature of the nitrogen adsorption bond and
the differences in behaviour of nitrogen on these metals.

The present work describes the system nitrogen on iridium as studied with
field emission microscopy, a technique which provides information about the
adsorption of gases on well defined single crystals.

2. Experimental

The apparatus used has been described previously7). It consists of a probe-
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hole field emission tube, with a shielded hemispherical electron collector and
a movable emitter. Tip temperatures were measured with thermocouples.
Any desired tip temperature in the range 80-300 K was obtained within a
few seconds. The iridium wire with 0.10 mm diameter was obtained from
Johnson, Matthey and Co., London, and was stated to be 99.98% pure.
The emitters were prepared by electrolytic etching in an aqueous 30 wt%
C r0 3 solution at an alternating current varying between 1.5 and 0.5 A.
Emitter cleaning was performed by field desorption and evaporation at room
temperature, alternated with prolonged heating periods to 1000 K. In this
way also the environment of the emitting surface was cleaned so that no
diffusion of contaminants from the shank to the tip can occur in the tempera
ture range 80-300 K where the experiments have been carried out.

3. Determination of the work functions

Work functions from individual tip regions were obtained by means of
the Fowler-Nordheim equation written as

In ( i\V2) =  In A -  B<f>*/kV (1)

where i is the emission current from the probed region at an applied voltage
V, In A is the field independent pre-exponential term and B a term containing
the field-voltage proportionality constant C :

B =  6.8 x 107/C. 1 (2)

B is considered to be constant for the different tip regions and is generally
determined by measuring the slope B&* of ln(/'/K2) versus l / V plots for a tip
area with known work function or for the total tip if an average work
function is known.

Unfortunately, no reliable value of the work function of a single iridium
crystal plane is available, as the only published value, 5.79 eV for a (111)
plane8), obtained by the thermionic emission method, is open to doubt
because the annealing conditions used did not warrant the absence of surface
contaminations.

The work function values obtained by thermionic emission of poly
crystalline samples scatter between 4.57 and 5.4 eV9-12) and are, thus, not
useful for an appropriate field emission average value. Arthur and Hansen13)
obtained an average field emission value of 4.65 eV, using the Bradley and
d’Asaro method of evaluating the dependence of emission current on applied
voltage14). This value is, however, suspiciously low when compared to recent
values of iridium films obtained in our institute with photo-electron emis
sion 15).
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A value of 5.0 eV is used throughout this work for the average value of
the work function of the total tip emission. This value emerged from a sys
tematic comparison of photo-electric work function values of iridium films
sintered at different temperatures15) with work function values of other
metals for which appropriate average field emission values are known. It
should be noted that the uncertainty in <P has only a small influence on the
values for A<P, the change in work function by gas adsorption. Even if the
uncertainty in <P would be as large as 0.3 eV, all values for A<P caused by
nitrogen adsorption as collected in table 1 remain unchanged. For the same
reason any actual deviation of B for an individual crystal plane from the
assumed constant value would be of negligible influence on the A# values for
individual crystal faces.

Fig. 1. Field emission pattern of a clean field evaporated iridium tip and the disposition
of some crystal faces on it.

Table 1
Work functions (<P) of different tip areas, changes in work function (A<P) and Fowler-
Nordheim pre-exponentials (A log A) by nitrogen adsorption at a temperature of 80 K

at full coverage and maximum heats of adsorption (Q ads)

Tip region 0
(eV)

A$
(eV)

A log A Qads
(kcal/mole)

Total emission 5.00 -0 .08* - 1 .0
O il)  , 5.79* - 0 .2 -1 .1
(100) 5.67* -0 .7 - 1 .3 7-8
Around (110) 5.0 +  0.1 - 1 .3 10-11
(311M211) 5.4
(510H310) 5.4
(210) 5.0 -0 .3 - 1 .0 13-14
(731) 4.9 -0 .1 -1 .1 13-14

* The experimental error is 0.05 eV.
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(C)

Fig. 2. Changes in field emission pat
tern during adsorption of nitrogen fcn

iridium at 80 K.
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4. Results

Fig. 1 shows the field emission pattern of a clean field evaporated iridium
tip and the disposition of the principal crystal faces on it.

The values for the work function of some tip areas, calculated from eq. (1),
are listed in table 1. The accuracy of these values is limited, besides by the
experimental errors, by the choice of 5.00 eV for the average work function
and by our neglecting any variation of B with the tip region. The value for
the (111) tip region is very close to that found by Zandberg and Tondegode8).
It should be noted that a tip region (hkl) does not necessarily correspond to
the smooth crystal face (hkl) as the region may include terraces around the
(hkl) face. The (110) face on a field evaporated tip, e.g., never shows up as
a well defined dark area. The work function of an ideal (110) plane is presum
ably much closer to that of the (100) region than the measured value of the
(110) region.

The changes in field emission pattern observed when exposing the tip to
a low-pressure stream of nitrogen (10~8 Torr) at 80 K are illustrated by
fig. 2. Adsorption of nitrogen lowers the total electron emission. The pictures
were taken at a constant current of 1 x 10 8 A, thus the voltage between
screen and tip had to be raised during the adsorption process.

The relevant results of the visual observations are: First the emission
contrast between the regions around (311)-(211) and (210)-(320) becomes
less prominent. The regions around the (110) poles become more distinguish
able than in the clean pattern. The emission from the central (100) face and
surroundings becomes more intense with respect to the high index faces. For
high coverage with nitrogen the pattern shows a much more uniform emission
than the clean tip. Only the (111) faces and the (110) poles are clearly
observable.

Qualitative information on the crystallographic specificity of the heat of
adsorption is obtained by recording the emission pattern with increasing tip
temperatures as is shown in fig. 3. Again, a constant emission current was
maintained by adjusting the voltage. All images in this figure are reversible
upon changes in tip temperature. When, for instance, the temperature of
the tip partly covered with nitrogen at 185 K (fig. 3e) is lowered to 165 K, the
image changes again to that of fig. 3d. This proves that a surface equilibrium
distribution of the adsorbate is established at all temperatures used in these
experiments. All changes occurring by temperature increase have therefore
to be attributed to a denuding of some tip regions. At 125 K the (100) area is
darkened with respect to the (210H731) regions. At 155 K the overall con
trast has been increased. The (110) faces are still better observable than in the
clean pattern. Increasing the tip temperature to 165 K increases the emission

adsorption of Na on Ir 129
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Fig. 3a-3f
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Fig. 3g
Fig. 3. Changes in field emission pattern during thermal desorption of nitrogen from

iridium. Tip temperature at: (a) 90K, (b) 125K, (c) 155K,
(d) 165K, (e) 185K, (f) 195K, (g) 210K.

around the (110) faces visibly. It appears therefore, that these regions are
denuded at this temperature while the (210) and (731) faces remain covered
with nitrogen. At 185 K the emission is mainly due to the regions around (110).
At 195 K the emission contrast between (110) and (210)-(731) areas decreases
while at 210 K the original clean pattern is restored.

The above-mentioned results show that the adsorption of nitrogen on
iridium is strongly face-specific: both the heat of adsorption and the change
in work function depend on the substrate structure. More quantitative in
formation is obtained by measuring the probed electron current of several
tip regions.

Fig. 4 shows the effect of nitrogen admission on the emission currents of
some crystal faces at constant voltage. In table 1 the changes in work function
and Fowler-Nordheim pre-exponentials are given for nitrogen exposure at
80 K. The total current and the probed currents at constant voltage from
the bright regions such as (210), (531), (320) or (731) as well as from the
darker (110) region initially decrease strongly by nitrogen adsorption (see
fig. 4). This decrease is strongest for the (110) regions. For the total current
a very shallow minimum occurs at high coverage. This is, clearly, due to the
emission from the (100) face where the emission markedly increases after
an initial small decrease. The effect of nitrogen on the (111) face, the most
densily packed face of the fee lattice, is comparatively small.

Surprisingly, the Fowler-Nordheim plots reveal that the work function
for all tip regions except (110) is decreased by nitrogen adsorption, in spite
of the decrease in emission. On most areas, the change in work function is
small: -0 .1  eV for the (731) and -0 .3  eV for the (210) region, with an
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( arbitrary
units
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100
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f210
< 3 2 0
1731
total

510
110

Fig. 4. Changes in field emission currents from individual tip regions at constant field
strength during adsorption of nitrogen at 80 K.

experimental error of 0.1 eV. The work function of the (100) faces is reduced
much more, viz. 0.7 ±  0.1 eV in accordance with the increase in emission from
this face. Only for the (110) regions the decrease in emission is accompanied
by a small increase in work function. The average work function of the total
tip is reduced by 0.08+0.05 eV. But the physical meaning of this average
change in work function is debatable as the relative contribution of the indi
vidual regions is different from the clean and covered tip surface.

The occurrence of different binding states of nitrogen on iridium is clearly
confirmed in heating experiments, shown in fig. 5a for different tip regions
and in fig. 5b at an enlarged scale for the (100) face. These figures were
obtained by heating a nitrogen covered tip by a few degrees to a temperature
T\ after 60 sec the voltage required to maintain the original electron current
of the probed tip region was determined. The temperature was then again
increased by a few degrees and the voltage adjusted, etc. These experiments
were continued up to temperatures where an additional temperature increase
does not influence the emission currents while the voltages required for the
fixed emission current of the probed regions are identical to that of the original
clean tip region.
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Fig. 5. (a) Variation in voltages required for constant emission currents from individual
tip regions during thermal desorption o f nitrogen, (b) Variation in voltage required for

constant emission current of the (100) face during thermal desorption of nitrogen.

The results confirm the striking differences between various tip regions.
Desorption of nitrogen causes a marked decrease in emissivity of the (100)
face but the emissivity increases on the areas (110), (210), (531), (320), (731)
and (510). The temperature of the largest changes in emissivity and, hence,
the activation energy of desorption increases in the sequence (100), (110) and
the rough faces (210), (531), (320) and (731).

Values for the activation energy of desorption from rate data can be
obtained by measuring the time required to attain a given current-voltage
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relationship at various temperature increases. The Arrhenius plots construct
ed from these data are distinctly non-linear. A dependence of heats of ad
sorption on coverage might account for this result. Therefore, numerical
values for the free activation energies of desorption AFdes in an adsorption
state were estimated from the measured desorption time at one temperature,
using the equation7)

where k  and h are Boltzmann’s and Planck’s constants, respectively. rdes is
defined by the absolute rate theory as the time where the degree of coverage
0 changes from 0 = 1 to 9 = \, under conditions where readsorption can be
neglected. Experimentally Tdes is approximated by the time (in seconds)
during which the emission current i changes by \\ie= i —/e=0l at constant T
and V. If the assumption is made that the activation entropy of desorption
is zero, AFdes becomes equal to £ des, the activation energy of desorption.
As the activation energy for adsorption £ ads is approximately zero, the ac
tivation energy of desorption is nearly equal to the heat of adsorption.

The heats of adsorption estimated by application of eq. (3) are collected in
table 1.

5. Identification of adsorption states of nitrogen on iridium and their
face-specificity

It has become common usage for the nitrogen-metal system to classify
the adsorbed nitrogen in three main types, the a-, P-, and y-states, based on
the stability of the adsorbate. For nitrogen on tungsten the heats of adsorp
tion for the three states are roughly 20, 75 and 10 kcal/mole, respectively.
On iridium the heats of adsorption reveal that nitrogen is only bound in the
y-state. The presence of three distinct binding states, each associated with a
different range of heats of adsorption is clearly demonstrated in the previous
section by fig. 5 and table 1. We shall refer to these states as the y t-, y2- and
y3-state in ascending order of their heats of adsorption in analogy with
literature’s nomenclature for nitrogen on nickel5).

5.1. T ip region of the (210), (531), (320) and (731) faces

This region, the roughest of the whole tip, is characterized by the presence
of many B6-sites7). B5-sites are also present on the faces (731) and (320).
Nitrogen is bound on this region with a maximum heat of adsorption of

R T  In Tdes In 2 (3)

A F d e s  ~  E d e s  A / / a d s  ö a d s  • (4)
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13-14 kcal/mole and desorbs between 195 and 220 K. This adsorption state,
y3, leads to a large decrease in emission and a small decrease in work func
tion (0.1-0.3 eV). The desorption spectra show, beside the y3 state, a very
weakly bound species, desorbing at temperatures just above 100 K. This
ad-state has only a small effect on the electron emission and in the same sign
as the y3 state, i.e. the emission is lowered but the work function is decreased.

5.2. (110) Region

This region consisting of (110), (551) and (331) faces is characterized by
Bj-sites of the type found on (110) planes3). Nitrogen is adsorbed on this tip
region in the y2 state with a maximum heat of adsorption of 10-11 kcal/mole
and desorbs between 145 and 180 K. Nitrogen bound in the y2 state causes
a small increase in work function.

5.3. (100) Area

Nitrogen is desorbed from this face between 110 K and 130 K with a
maximum heat of adsorption of 7-8 kcal/mole. This y x state causes a decrease
in work function of the (100) face of 0.7 eV. The desorption spectra show
beside the y 1 state a small contribution of a second state characterized by
an activation energy of desorption of 11 kcal/mole and further a trace of the
y3 state. The contribution of the y3 state is so small that it can be safely
attributed to nitrogen bound on imperfections of the (100) face or to stray
electrons from rough tip regions. The second peak at about 180 K was in
variably found on the (100) faces of different iridium tips. The immediate
surroundings of the central (100) face do not show a larger peak at about
180 K. So this peak cannot be attributed to electrons from edges of the
smooth (100) face.

5.4. Region around (510)-(310)

In this tip region B6-sites are present on the edges of (100) terraces.
Nitrogen bound on this region desorbs mainly in the temperature range
corresponding to the y3-state. Also nitrogen present in the y t-state is found.
The total change in emission by nitrogen adsorption or desorption is, how
ever, very small.

5.5. R egion anound (711)-(511)

This region is characterized by B5-sites of the type found on (311) planes3)
and by terraces of the (100) face. On this tip region the y ,-state is found.
Also the state corresponding with an activation energy of desorption of
11 kcal/mole, previously described at the (100) face and the y3-state can be
observed. The total change in emission by adsorption or desorption is small.
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5.6. ( I l l )  Region

The effect of nitrogen on the emission of this most densily packed face
of the fee lattice is small. The desorption plot does not show clear maxima or
minima. A small effect observed at higher temperatures (corresponding to
the y 3-state) is attributed to electrons originating from rough faces, as the
efficiency of electron collection from (111) is limited by the large angle
between the [111] direction and the central [100] direction. (All our iridium
tips exhibit four-fold symmetry.)

The effect on the electron work function and the Fowler-Nordheim pre
exponential is, however, appreciable: — 0.2 eV and 1.1. These changes
indicate that nitrogen is certainly adsorbed on a smooth (111) face. It appears
that the effect of the decrease in work function on the emission is completely
compensated by the large decrease in pre-exponential. At 160 K and a pres
sure of 2 x  10” 9 Torr the work function is only —0.1 eV below the clean
value. So it appears that nitrogen adsorbed on the (111) face has a heat of
adsorption below that of the y3-state.

6. General discussion

Strong chemisorption of nitrogen on iridium is absent16). In this respect
iridium resembles platinum and other metals of the platinum group. Adsorp
tion of nitrogen on iridium is more markedly face-specific than on platinum;
both the activation energy of desorption and the change in work function
depend on the crystal region. The emission changes caused by temperature
programmed desorption reveal three distinct states: Yi on the (100) faces,
desorbing between 110 and 130 K with a maximum heat of adsorption of
7-8 kcal/mole, y 2 on the regions around (110) desorbing between 145 and
180 K and with a maximum heat of adsorption of 10-11 kcal/mole and y 3 on
the rough tip regions desorbing between 195 and 220 K with a maximum heat
of adsorption of 13-14 kcal/mole.

Two publications are known where adsorption of nitrogen on silica-sup-
ported iridium is studied. Ravi et al.17) found an infra-red absorption
band at 2185 cm-1 . The same absorption band was observed by Van
Hardeveld4) on a catalyst with a mean particle size between 15 and 70 A
in agreement with his previous results on nickel, palladium and platinum3).
In both articles the infra-red band was assigned to nitrogen adsorbed on
B5-sites present on (110) and other rough planes.

The present results show, however, significant differences in heat of adsorp
tion as well as in the change of work function between regions containing
B5-sites, e.g. between the (110) tip regions and (511) or (320). To the extent that
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a comparison of the field emission results with the infra-red results is valid,
it would appear that the simple hypothesis that all nitrogen molecules
adsorbed on B5-sites on iridium are equally bound, needs further refinement.

The most strongly bound nitrogen on iridium, the y3-state, is mainly found
on the most strongly emitting areas of a clean tip: (531), (210), (320) and (.731)
faces. These tip regions are the roughest of the whole tip surface with a high
concentration of B6-sites7). This fact may indicate that for a tight bond with
nitrogen molecules either surface iridium atoms with many available free
orbitals are required or atoms with good electron donating properties (low
work function) or sites where nitrogen molecules can contact many iridium
atoms (B6-sites).

y3-Nitrogen causes a small decrease in work function but the large decrease
in the Fowler-Nordheim pre-exponential term log A overcompensates this
so that the emission is lowered. A similar effect has been observed for nitrogen
on tungsten6-18), rhenium19-20) and nickel6). While on tungsten this decrease
in log A has been attributed to corrosive chemisorption18), this explanation
is not applicable on iridium, platinum or nickel because of the much lower
heat of adsorption. When considering other general explanations which have
been advanced in the literature21-22) for the change in log A by adsorption,
it appears that the model by Menzel and Gomer21) has the advantage that
qualitative predictions are possible which can be faced with the experimental
data. These authors ascribe the changes in log A to a polarization of the
adsorbate by the applied electric field. This induced dipole moment of the
adsorbed layer results in a work function increment:

A<PF = AnNuFje (5)

In this equation a stands for the polarizability of the adsorbate, N  is the
number of adsorbed nitrogen molecules per square centimeter and e an
effective dielectric constant of the adlayer. The work function after adsorp
tion in the presence of the electric field is then

= <*V=o + 47tNaF/es. (6)

If the second term in eq. (6) is small compared to $ F=0 the approximation

$ |  =  (<Pf=0 +  ^nNccFje)* ~  <Z>f=0 (1 +  6kN o.FIe&f=0) (7)

can be used, which, after insertion in the Fowler-Nordheim equation (1)
results in an apparent change in log A,

— 0.55 x 10~15aN<P*A log A = --------------------------- (g)
e
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(a in A3 and <Z> in volts). In this approximation the slope of the Fowler-
Nordheim plot remains constant and gives the value A<J> at zero field. In
view of the relatively small polarizability of nitrogen, e in the denominator
of eq. (8) is ~  1. Assuming N = 1 x 1015 molecules/cm2 and putting a = 1.9 A3,
$= 4 .9  V, the value of the (731) region, we get A log A = —2.3 which differs
from the experimental value by a factor of two roughly. In view of the un
certainty in N  and the approximation e ~ l ,  we conclude that the large
decrease in log A can be satisfactorily understood on the basis of the polari
zation model of Menzel and Gomer.

A remarkable finding is that the local changes in work function differ not
only in magnitude but even in sign. A similar behaviour has been found for
nitrogen on tungsten18’23_25); but to our knowledge such a pronounced
crystallographic face specificity has never been observed for such a weak
adsorption as nitrogen on iridium. No explanation is offered at present for
this observation which we found reproducible and not caused by experi
mental errors. It might be mentioned, however, that recent photo-electric
measurements26) in this laboratory seem to indicate that nitrogen can be
adsorbed on unsintered rhodium and nickel films in both an electropositive
and an electronegative form.

The nature of the adsorption of nitrogen on the metals of group VHIb and
VIIIc of the periodic system is subject to some disagreement in the literature.
It was described as weak chemisorption by Eischens 27), King 5) and Ehrlich 28)
and as physical adsorption by Van Hardeveld3). In Van Hardeveld s model
the relatively high heat of adsorption g ads was attributed to the sum of the
London contribution QL and a Debije contribution QP resulting from an
interaction of strong surface electric fields at rough crystal faces and the
induced dipoles in the nitrogen molecules:

Ö.d, = ÖL + Öp- <9>
QP and the change in work function &.<P are then related by

Qp =  ^ A$2/(4jcN)2oc. (10)

According to eq. (10) a relation between the heat of adsorption and the
change in work function is predicted. The present results are, however, at
variance with such a relation. It would, therefore, appear that the polariza
tion of nitrogen molecules by surface electric fields does not form a large
contribution to the nitrogen-iridium bond.

Indeed, all data available now seem to indicate that the nature of the
nitrogen adsorption on group VIII metals depends in a very specific way of
subtle differences of their chemical properties. FEM results now available
for nitrogen on nickel6), platinum7), rhodium28) and iridium show that
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nitrogen adsorption differs on these metals with respect to the following
phenomena:
(a) Changes due to adsorption in the visual FEM patterns are different.
(b) Average work function changes: A#Pt_N2 = — 0.65 V, A<PIr_N = -0 .0 8 V
A^Ni-N2< — 0.1 V.
(c) Maximum heat of adsorption 0 Ir_N2 = 13 kcal/mole, 0 Rh_N2 = ll kcal/
mole, but Ö p . - n 2 = 9 kcal/mole.
(d) Face specificity of 0 ads: no detectable specificity for Pt, but large specifi
city on iridium.
(e) Anisotropy in the change in work function on different tip regions: on
platinum the largest decrease in work function occurs on the rough tip regions
but on iridium on the smooth (100) face.

The differences in adsorption of nitrogen show that the interaction is a
chemical one, comparable perhaps to the adsorption of CO although the
total energy gain is much smaller. In this view the nitrogen adsorption would
be caused by a donation of electrons into vacant d-orbitals of the metal and
stabilization of the metal-nitrogen bond by back donation of electrons from
filled d-orbitals on the metals into vacant antibonding n orbitals on the nitro
gen molecule.

In summarizing, the results show that the nitrogen molecule is a sensitive
probe for detecting subtle differences in the chemical behaviour of these
metals which are geometrically very similar and, moreover, are part of the
same sub groups of the periodic table. When seen in this light, it might be
hoped that further investigation of nitrogen adsorption by these metals will
also help to understand the marked differences in catalytic selectivity of the
same metals in hydrocarbon reactions.
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Chapter IV

Short Communication

Photoelectric determination of the changes in work function of nickel, rhodium
and platinum films by nitrogen adsorption

B. E. NIEUWENHUYS, O. G. VAN AARDENNE AND W. M. H. SACHTLER
Gorlaeus Laboratories, State University o f Leiden, Leiden (The Netherlands)
(Received April 10, 1973; accepted April 19, 1973)

While nitrogen adsorption on nickel has been studied by several authors
(for references see Ref. 1). much less attention has been paid to nitrogen adsorp
tion on the other metals of Group VIII b and c of the Periodic System: rhodium,
iridium, palladium and platinum. On all these metals nitrogen is only weakly
adsorbed2, 3. Results obtained with field emission microscopy show that the
interaction is of a chemical nature, as is concluded from the heat of adsorption
and from the crystal face specificity of nitrogen adsorption, two properties for
which the metals in this group were found to differ markedly4. In particular,
measurements on different emitter regions of platinum and iridium, performed
with the field emission probe hole technique, show that the change in work
function by nitrogen adsorption is specific for the crystal face and the metal
studied4.

In the present note, we report on studies of nitrogen adsorption on films of
nickel, platinum and rhodium, carried out with the photoelectric technique. While
field emission provides information on well-defined crystal faces, the present
data on sintered and unsintered films provide information on the influence of
surface imperfections on adsorption. In the literature, only work function changes
on nickel films are reported; data on platinum and rhodium films are lacking.

Experimental
The films were prepared by evaporation on a glass substrate in a vacuum of

10"10 torr and they were subsequently heated to various temperatures in a photo
tube, identical to the one described by Bouwman and Sachtler5. The nickel and
platinum wires, obtained from Johnson Matthey & Co., London, were stated to
be spec, pure; the rhodium wire has a stated purity of 99.98 %. Nitrogen with an
impurity level lower than 0.001 % was further purified before entering the photo
tube by the use of freshly deposited nickel films in the supply system.

Results and discussion
The effect of nitrogen admission on the photocurrent, at constant wave

length, of nickel, rhodium and platinum films is shown in Figs. 1, 2 and 3. The
films were annealed at different temperatures and were subsequently cooled to
78 K at which temperature the adsorption experiments had been carried out.
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With unsintered nickel films the following phenomena are observed (Fig. 1):
(1) After admission of nitrogen, the photocurrent increases from the clean

film value A to a maximum value B. When nitrogen admission is stopped at this
stage no further change in the photocurrent occurs.

(2) When admission of nitrogen is continued the photocurrent decreases to
a minimum value C which is obtained at a pressure of about 10 4 Torr.

(3) Upon pumping to 10“ 7-10“ 6 Torr, a small increase in emission current
occurs (D). This effect is reversible, subsequent nitrogen readmission to 10“ 4 Torr
causing the photocurrent to decrease to a value E equal to C.

Nickel films sintered at room temperature show a much less pronounced
maximum B than is observed with unsintered films (Fig. 1(b)). No maximum in
the photocurrent during nitrogen admission can be observed on nickel films
annealed at 373 K (Fig. 1(c)).

The changes in the photocurrents of rhodium films, annealed at different
temperatures, brought about by nitrogen adsorption are almost identical to those
of nickel films (Fig. 2). On platinum, however, no decrease in photocurrent during
nitrogen adsorption can be observed, either for unsintered or for annealed films.
The maximum B in the photocurrent versus exposure time curve is completely
absent (Fig. 3).

Some values for the photoelectric work function of nickel, rhodium and
platinum films, sintered at different temperatures, and the changes in work
function brought about by nitrogen adsorption at 78 K. have been compiled in
Table I. The values for platinum films have been published earlier1.

The photoelectric work function values of nickel films are in fair agreement
with values of Suhrmann and Wedler6 and those of platinum films with data of
Suhrmann and Wedler6 and Bouwman et a l1. Work function values of rhodium
film s have not been published yet in the literature. Bouwman and Sachtler pre
dicted a value of 5.1-5.2 eV for a film annealed at 373 K from a systematic com
parison of the work function values of Group VIII metals5. The present value of
5.11 eV confirms their prediction.

The change in work function of platinum films caused by nitrogen adsorption
decreases with increasing annealing temperature. During annealing, closely
packed stable crystal faces grow at the expense of high index faces. So it appears
that the change in work function is larger on high index faces than on low index
faces. This result agrees completely with our previous results obtained with field
emission microscopy1.

On nickel and rhodium, contrary to platinum, the change in work function
increases with annealing temperature. Obviously, the decrease in work function
is larger on closely packed than on less densely packed crystal faces.

Using a contact potential difference method, Gundry, Haber and Tompkins
found for nitrogen on nickel a change in work function of — 0.22 eV, in agreement
with Mignolet’s value9 of -  0.21 eV and the photoelectric value of Suhrmann and
Wedler 10 of -0.20 eV. These values are in reasonable agreement with the value
of -0.18 eV which we found for films sintered at 373 K, so that we may conclude
that the films used by the authors had a state of annealing comparable to our
films sintered at 373 K.
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n m  e

time

I admission of nitrogen,
II nitrogen pressure is 10“4-10“ 3 Torr,
III pumping off the nitrogen to 10"6 Torr,
IV readmission of nitrogen to 10"4 Torr,
A phqfocurrent of the clean film,
B maximum in the photocurrent during nitrogen

adsorption,
C photocurrent of the film fully covered with

nitrogen,
D photocurrent at a pressure of 1 0 '6 Torr,
E photocurrent after readmission of nitrogen

to 1 0 '4 Torr.

Fig. 1. Change in photocurrent f of nickel, at
constant wavelength, during adsorption of nitro
gen at 78 K. i in arbitrary units, (a) Unsintered film,
X  =  256 nm; (b) film annealed at 293 K, /. =  238
nm; (c) film annealed at 373 K, X =  226 nm.

time
I n

i i / ^ \  *
/  C

A a

time time

Fig. 2. Change in photocurrent i  of rhodium, at
constant wavelength, during adsorption of nitro
gen at 78 K. (a) Unsintered film, X  =  260 nm;
(b) film annealed at 293 K, X =  246 nm; (c) film
annealed at 373 K, 2 =  246 nm.
For the meaning of I, A, B and C, see legend to
Fig. 1.

Fig. 3. Change in photocurrent i  of platinum, at
constant wavelength, during adsorption of nitro
gen at 78 K. (a) Unsintered film, X =  200 nm;
(b) film annealed at 293 K, X  —  204 nm.
For the meaning of I, A and C, see legend to Fig. 1.

63



S10 SHORT COMMUNICATIONS

In discussing the causes of the work function decrease which is responsible
for the rise in photocurrent in Fig. 1(a) (see Table I), it should be noted that the
heat of adsorption of nitrogen on nickel and rhodium is low: heating a nitrogen-
covered nickel film, previously sintered at room temperature, from 78 K to room
temperature results in a complete desorption of the nitrogen layer while the work
function returns to the original value. Therefore, a reconstruction of the metal
surface during nitrogen adsorption can be excluded as a cause of the work function
minimum.

TABLE I
THE PHOTOELECTRIC WORK FUNCTION <j> OF NICKEL, RHODIUM AND PLATINUM FILMS, SINTERED AT
DIFFERENT TEMPERATURES Ts, AND THE CHANGES IN WORK FUNCTION A </> DUE TO NITROGEN ADSORPTION
AT 78 K

Metal r,(K ) <MeV) A<t> (eV) Remarks

Ni 78 4.56 -0 .07
-0 .03

A0 at point B of Fig. 1(a)
A<t> at point C of Fig. 1(a) (fully covered)

293 4.95 -0 .17 Fully covered
373 5.10 -0 .18 Fully covered
573 5.17 -0 .19 Fully covered

Rh 78 4.87 -0 .02 Fully covered
293 5.06 -0 .15 Fully covered
373 5.11 -0 .17 Fully covered

Pt 78 5.45 -0.51 Fully covered
293 5.63 -0 .30 Fully covered

It is also easy to show that diffusion from the front surface responsible for
the photoelectric emission to the inner surface cannot explain the minimum in the
work function because the decrease in photocurrent from B to C (Fig. 1(a))
depends on coverage and not on time.

We, therefore, feel that the experimental results support the view that
nitrogen can be adsorbed on unsintered nickel and rhodium films in an electro
negative state besides the generally accepted electropositive state.

The absence of the minimum in work function on sintered nickel and rhodium
films suggests that the presence of the two states on unsintered films is a con
sequence of an a priori heterogeneity of the surface and not of an induced hetero
geneity, just as previously found on iridium1 2 3 4.

Summarizing, the present study shows the complexity of nitrogen adsorption
on Group VIII b and c metals; the difference, stated earlier, in the adsorption
complex of nitrogen on platinum and on nickel and rhodium4 has been confirmed
and it has been argued that nitrogen can be adsorbed on nickel and rhodium in an
electronegative adsorbed state besides the generally accepted electropositive state.

1 B. E. Nieuwenhuys and W. M. H. Sachtler, Surface Sci., 34 (1973) 317.
2 B. M. W. Trapnell, Proc. Roy. Soc. A, 218 (1953) 566.
3 G. C. Bond, Catalysis by Metals, Academic Press, New York, 1962.
4 B. E. Nieuwenhuys, D. Th. Meyer and W. M. H. Sachtler, submitted to Surface Sci.
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5 R. Bouwman and W. M. H. Sachtler, Surface Sci., 24 (1971) 140.
6 R. Suhrmann and G. Wedler, Z. angew. Phys., 14 (1962) 70.
7 R. Bouwman, H. P. van Keulen and W. M. H. Sachtler, Ber. Bunsenges. physik. Chem., 74

(1970) 198.
8 P. M. Gundry, J. Haber and F. C. Tompkins, J. Catalysis, 1 (1962) 363.
9 J. C. P. Mignolet, Disc. Faraday Soc., 8 (1950) 105.

10 R. Suhrmann and G. Wedler, Z. Elektrochem., 63 (1959) 748.
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Chapter V

THE CHANGES IN WORK FUNCTION OF GROUP lb AND VIII METALS BY XENON
ADSORPTION, DETERMINED BY FIELD ELECTRON AND PHOTOELECTRON EMISSION* **

by

B.E. Nieuwenhuys, R. Bouwman*and W.M.H. Sachtler
Gorlaeus Laboratoria, Rijksuniversiteit, Leiden, Netherlands

A b s t r a c t

The surface potentials of xenon on Ni, Pd, Pt, Rh, Ir, Ru, Fe, Cu, Ag
and Au films were determined by photoelectron emission as a function of the
temperature of previous annealing. On Pd, Ir, Rh, Ru and Ag films, vapour
quenched at 78 K, the surface potential does not change significantly up to
an annealing temperature of 400 K, but on Au and Ni it decreases with
annealing. The xenon surface potential is face-specific, as appears from
measurements with a field emission microscope equipped with a probe-hole
assembly. On Ir the largest surface potentials are found on the (111) and
(100) tip regions. The variation in the surface potential on a polycrystal
line film with the annealing temperature may be attributed to the change
in the contribution of the various crystal faces on the film surface.

* Thin Solid Films 2I_ (1974) 55
** present address: Koninklijke/Shell-Laboratorium, Amsterdam, Netherlands
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]. Introduction
Since Mignolet's discovery* in 1950 that Xe is adsorbed on a nickel

film with a large positive surface potential (s.p.), i-e. a decrease in work
function, a large number of s.p. values of Xe on various metals have been^
published. Most studies were carried out on polycrystalline metal films
while information of Xe on single crystal planes is United to the Pd (100)
plane11 and to some crystal planes of Cu12, Ag12 and W * . It appears
that the s.p. at monolayer coverage depends besides on the metal also on
the evaporation and/or subsequent annealing conditions of the film.
A decrease in the s.p. of Xe with higher temperatures of annealing the films
prior to admitting Xe at low temperatures has been reported for films of
Ni4,5, Cu6’8, Fe8 and Ag9*12. It has, therefore, been proposed that^the Xe
s.p. is larger on rough crystal planes than on close-packed planes
A different interpretation, brought forward by Klemperer and Snaith ,
suggests that the s.p. arises mainly from polarization of Xe atoms adsorbed
at asperities where the surface electric field would be particularly large.
Annealing of the films would result in a reduction of the number of effect
ive asperities and, thus, to a lowering of the s.p.. However, on Ru films
the s.p. remains constant up to an annealing temperature of 537 K and
s.p. data on individual faces of W measured with the field electron probe-
hole technique show that the s.p. on the closest-packed (110) face is much
larger than on the (210), (100), (111) and (211) faces * . In view of
this rather confusing situation we decided to measure the s.p. of Xe on
a) several metal films - Ni, Pd, Pt, Rh, Ir, Ru, Fe, Cu, Ag and Au - as a

function of the annealing temperature, in order to investigate the pos
sible significance of surface asperities on the s.p.;

b) individual crystal faces of Ir and Pt.
The techniques used were photoelectron emission for films and field electron
microscopy for single crystal faces. A comparison of the results obtained
with these two techniques should enable us to understand the cause of the
variation of the s.p. on films with the temperature of previous annealing.

2. Experimental
Spec.pure wires of Ni, Pt, Fe, Cu, Ag and Au, wires of Ir, Rh and Pd

with a stated purity of 99.98% and spec.pure Ru sponge were supplied by
Johnson, Matthey & Co., Ltd. London. The Ru sponge was molten in an argon
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arc to pellets with a diameter of 0.1 - 0.2 mm. Pt, Ru, Cu, Ag and Au films
were evaporated from beads of these metals which had been premelted in
vacuum onto multi-hair-pin filaments of W wires. Ni, Pd, Rh, Ir and Fe films
were evaporated.from coils of these metal wires. All these metals were evap
orated pn a glass substrate cooled at 78 K. The gas pressure during evapor
ation was kept below 3 x 10 Torr.

Ir and Pt field emitters were obtained by electrolytic etching of
wires with 0.10 mm diameter in an aqueous solution of CrO, and CaCl_, res
pectively. Emitter cleaning was performed by alternate heating to 1000 K and
field evaporation in a vacuum below 1.10 Torr.
Xe with a stated purity of 99.997% was supplied by Air Liquide. Before en
tering the measuring tubes it was further purified with the aid of freshly
evaporated Ni getter films in the supply system. The maximum Xe pressures

-7 _3
used were 10 Torr for the field emission and 10 Torr for the photo
electron emission experiments. All adsorption measurements were carried out
at 78 K.

For the photoelectric measurements a narrow light beam monochromatized
by a grating monochromator, equipped with a high pressure mercury lamp was
directed by a mirror system either onto the phototube containing the metal
film or to a calibrated Ta reference tube. The phototube used was described

,. 16earlier .
The field emission apparatus has also been described previously^ . It

consists of a probe—hole field emission tube with as most essential parts
a movable emitter which can be cooled to 78 K, an electrically conducting
and fluorescent screen with in its centre a hole of 1.0 mm diameter and a
shielded hemispherical electron collector behind the hole.

The s.p. values were determined with the aid of the Fowler-Nordheim
equation in field emission and of the Fowler equation in photoemission ..
All details have been given earlier^

3. Results

ïllë-§iEi_2f_Xe_on_yarious_metal_f ilms_as_3_functiou_of_tbs_tempera£uE£
of_preyious_annealingi
Table I summarizes some results for films of group VIII and Table II

of group lb metals. The variations of the s.p. with the temperature at
which the films were annealed prior to admission of Xe at 78 K are shown in
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Table I
The work function ($) of a film annealed at a temperature
T , the surface potential (s.p.) of Xe and the change in

emission constant (Am) by Xe adsorption

metal Ts(K) $(eV) s.p.(V)

78
293

78
293

373
473

573

78

293

373
458

78

293
373
473

4.06

4.36

4.50

4.71
4.76
4.82

4.89

4.88

4.98

5.11
5.18

5.17

5.33
5.36
5.38

0.50
0.46

0.95

0.98
0.98
1.00

0.98

1.09

1.08
1.07
1.01

1.05

1.03
1.01

0.94

Alog m

-  0.11
-  0.12

-  0.16

-  0.26
-  0.28
-  0.36
-  0.38

-  0.09
-  0.09

-  0.13

-  0.11

-  0.14

-  0.13
-  0.16
-  0.16

-  0.18
-  0.15

0.050.73
-  0.11

-  0.164.90
-  0.15
-  0.14

-  0.14

-  0.030.90
0.050.85

-  0.21



Table II
The work function (0) of a film annealed at a temperature
Tg, the surface potential (s.p.) of Xe and the change in

emission constant (Am) by Xe adsorption
metal T (K)s $(eV) s.p.(V) Alog m

Cu 78 4.19 0.55 - Oil
293 4.52 0.63 - 0.1

Ag 78 4.18 0.75 - 0.25
293 4.33 0.71 - 0.21
378 4.35 0.74 - 0.20
485 4.37 0.73 - 0.21

Au 78 5.06 0.59 - 0.21
293 5.28 0.52 + 0.06
373 5.31 0.51 + 0.05
498 5.32 0.51 + 0.05
573 5.34 0.51 + 0.05

i 1 and 2. The s.p. values in these figures were obtained from
ements on at least two different films of each metal except for Ir and Pd
for each of which one film was used.

Ru f—

The influence of previous annealing on the surface potential
of Xe on Pd, Ir, Ru, Ag and Au films
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o 200 400
Fig. 2

TIK)
600

The influence of previous annealing on the surface potential
of Xe on Rh, Ft and Ni films

The relevant results are:
1) The work function of all films increases significantly by annealing, in

19agreement with results of Bouwman and Sachtler .
2) The s.p. of Xe on Au and Ni films decreases when the vapour-quenched

films, deposited at 78 K, are annealed. This decrease is strongly de
pendent on the annealing temperature but not on the annealing time.

3) The s.p. of Xe on Pd, Ir and Rh films does not change significantly by
annealing up to a temperature of about 400 K and decreases only slight
ly at higher annealing temperatures.

4) The s.p. of Xe on Ru and Ag films remains constant up to an annealing
temperature of 573 and 485 K, respectively.

B. ïhe_sJEJ._of_Xe_on_indiyidual_regions_of_an_lr_and_a_Pt_f ield_emitter^
The results on individual tip regions of an Ir field emitter are

given in Table lit. The highest values of the,s.p. are found on the closest-
packed tip regions (111) and (100). The s.p. on the (110) region is only
one-half of the values on the (111) and (100) regions. At the rough (210)
area the s.p. has a value between those on the (110) and (111) and (100)
regions. The field emission patterns of a clean Ir tip and a tip saturated
with Xe at 78 K are shown in Fig. 3. The decrease in emissivity of the
(110) region in respect to e.g. the (210) region is clearly visible. The
emission of the tip saturated with Xe is mainly originated from the regions
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Fig. 3

Field emission from Ir before and after Xe adsorption at 78 K

Fig. 4

Field emission from Pt before and after Xe adsorption at 78 K
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around (210)•
The pattern of a clean Pt tip and of the same tip covered with Xe are

shown in fig 4. It can be seen that also on Pt the s.p. on the (110) region
is smaller than on the surrounding atomically rougher regions as around
(210). The s.p. on the (100) region is about the same as the average s.p.
over the tip and is lower" than on the (210) region (See Table III).

Table III

Work functions ($) of some tip regions of Ir and Pt, surface
potentials (s.p.) of Xe and the changes in the Fowler-Nordheim

pre-exponentials (Alog A) by Xe adsorption

metal tip region $(eV) s.p.(V) Alog A

Ir average 5.00 1.18±0.03 -0.42+0.05
(no 5.79 1.8 -1.9
(100) 5.67 1.6 -1.8

around (110) 5.0 0.8 -0.0
(210) 5.0 1.3 -0.5
(331) 5.4 1.1 -0.4
(321) 5.4 1.0 -0.0

Pt average 5.32 0.95±0.02 -0.64±0.04
(100) 5.8 0.96
(210) 5.2 1.1
(321) 5.4 0.9
(311) 5.5 0.9

In summarizing, the pertinent field emission results are:
5) The s.p.'s of Xe on Ir and Pt are highly crystal face specific.
6) There is no direct relation between the values of the Xe s.p. and the

atomic roughness, i.e. the work function of the tip regions. Large
s.p.'s are found on closest-packed tip regions as Ir (111), Ir (100)
and Pt (100) but also on some more open high-index faces as the (210)
region. On the rather close-packed (110) regions low s.p. values are
found.

7) The s.p.'s of Xe on Ir are larger than on Pt.

74



4. Discussion

Comparison of our s.p. values of Xe on polycrystalline films with lite
rature data indicates that there exists no unique picture of these values
on polycrystalline films. On Ag, for instance, Knapp and Stiddard9 report
maximum values of. 0.6 V on unannealed films and 0.45 to 0.49 V on films
deposited at room temperature and subsequently annealed up to 453 K whereas
we found maximum'values of 0.7 - 0.8 V on unannealed as well as on films
annealed up to 485 K. Possible causes of this diversity in s.p. values are
differences in the abundances of crystal faces in the outer surface of the
film as a result of different evaporation and/or subsequent annealing cir
cumstances, and other contamination levels.

For some metal films annealing prior to admitting Xe at 78 K causes
the s^p. of Xe to decrease. This has also been observed by other authors:
on Ni * , Fe , Cu *8 and Ag9*12 films. Possible causes for this decrease
are:

I) Contamination of the film during the annealing process. Although this
possibility cannot be entirely excluded, it appears rather improbable
to us, as the annealing time has no large influence on the s.p.
(result 2).

II) Reduction of the number of surface asperities by annealing, as pro
posed by Klemperer and Snaith8. The correlation between the s.p. of

~  Xe and 2q6 latent heat of sublimation (or melting point) as suggested
by Hall and Miiller would be in agreement with this proposal.
Results (3) and (4) can, however, not be reconciled with this view.
For instance, the number of surface asperities must be considerably
smaller for an Ag film annealed at 485 K than for the very rough film
freshly evaporated at 78 K, still the s.p. is not changed by the an
nealing process. It is also significant that our s.p. values do not
confirm the suggested correlation20,15 between the Xe s.p. and the
melting point: Au with a melting point of 1336 K displays a lower s.p.
than Ag with a melting point of 1234 K.

Ill) Change in the relative contribution of various crystal faces on the
film surface by annealing. Result (5) shows that this view can be a
valid explanation for the variation of the s.p. on some metal films
with the annealing conditions.
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The surface structure of a film is changed during annealing. The re
sulting abundance of crystal faces on the surface depends on many variables
as rate and temperature of evaporation, film thickness, the substrate, rate. , . _ 21of temperature increase, and, of course, on the annealing temperature •
The contribution of (111) and (100) faces will certainly be higher on thick
well-annealed films than on rough films. The simplest explanation for the
lowering of the s.p. upon previous annealing in terms of model III is,
therefore, the suggestion* that the s.p. on rough crystal faces should be
larger than on close—packed faces. However, if this were correct, annealing
should always cause an increase in work function and a decrease in s.p..
Results (3) and (4) show that such a general relation of changes in work
function and s.p. upon annealing does not exist. The increase in work
function (result 1) is, undoubtedly, a result of a larger contribution of
close-packed crystal faces. We, therefore, conclude that a relative in
crease in the contribution of smooth crystal faces does not unequivocally
cause a decrease in s.p.. This is further confirmed by the field emission
result (6). A high s.p. was also found on a macroscopic Pd (100) plane by
Palmherg**.On Ir the s.p. decreases in the order (111), (100), (210) and
(110) faces. It is, therefore, clear that the dependence of the s.p. on the
atomic roughness of a face is not straightforward. It remains valid, how
ever, that the s.p. of Xe on a metal film and its change upon annealing are
determined by
(a) the crystal face distribution on the surface;
(b) the s.p.'s on the individual crystal faces of the metal.

In conclusion we can state that the dependence of the surface potential
of Xe on the state of previous film annealing can be rationalized in terms
of the relative contribution of crystal faces to the total surface. The
individual surface potentials on each crystal face are, however, not suf
ficiently determined by their atomic packing. Upon annealing the surface
potential therefore changes in a more complicated way than the work func
tion of the pure metal does.
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Chapter VI

CRYSTAL FACE SPECIFICITY OF XENON ADSORPTION ON IRIDIUM FIELD EMITTERS*

by
B.E. Nieuwenhuys and W.M.H. Sachtler

Gorlaeus Laboratoria, Rijksuniversiteit, Leiden, Netherlands

A b s t r a c t

Fundamental problems of the adsorption of noble gas atoms on metal
surfaces are discussed on the basis of new data of xenon adsorption on well-
defined crystal faces of iridium. These data include surface potentials
(= changes in work function), heats of adsorption and their decrease with
increasing coverage; they have been obtained by using a field emitter probe-
hole assembly. It is found that the heat of adsorption Qjjĵ  is not simply
additive in the number of Ir atoms contacting a Xe atom on a given site; in
particular for the close-packed faces, Q jjj and Qjqq are relatively too
high. Apparently, strong bonding is favoured by high work function of the
adsorbing crystal face. This proves a significant contribution of a charge-
transfer no-bond interaction to the adsorption bond.
A model of Xe polarization by an electric surface field is rejected, as it
predicts the wrong sign for the adsorption dipole.

While at low coverage adsorption is confined to sites determined by the
atomic topography of the adsorbing surface, several possibilities exist for
high coverages. Either a two-dimensional close-packed layer is formed with
little or no epitaxial relation to surface topography, or adsorption re
mains confined to certain sites. The present data favour the former possi
bility for atomically smooth faces in agreement with recent LEED results.
For atomically rough faces however, the smallness of the decrease of Q,. .
with coverage seems to favour site adsorptioi. even at high coverage.
The latter result is of relevance for surface area determinations by means
of 'physical" adsorption.
* submitted to Surface Science



1. Introduction

Adsorption of inert gases has been used over many years in order
to determine the surface areas of polycrystalline metal samples. It was as
sumed in early work that the inert gas atoms do not encounter an influence
of the geometry of the surface. The packing in the adsorbed layer would re
semble the closest—packed layer as is formed in the condensed phase of the
particular gas. Field emission experiments revealed, however, that adsorption
of Xe, Kr and Ar on W displays a large crystal specificity1- .̂ The heat of
adsorption of Xe appeared to be much higher on (411) — (611) regions where
the adatoms fit perfectly into the substrate structure, than on (111) faces
where Xe is less coordinated^’ . Comparable results were obtained by field
emission microscopy for Xe adsorption on Mo , just as W a metal with the
b*c«c« structure and also on Re with the h*c*p* structure* All these re~
suits support strongly the view that the adsorption of inert gases on metals
is a true site adsorption* Relevant in this context is also the observation
of Ponec and Knor that the number of adsorbed Xe atoms in a monolayer on a
Ni film is in no way smaller than the number of adsorbed Kr atoms on the
film, while Xe has a much larger atomic radius than Kr. Brennan and Graham8
found that the ratio of the monolayer capacities for these two gases on
films of several metals is close to unity* Also these results support the
view of site adsorption. More recently Engel and Gomer9 have used the field
emission probe-hole technique to examine the adsorption of Ar, Kr and Xe
on those individual planes of W which are not accessible with the conven
tional field emission technique. The binding energy appeared to be much
larger on the closest-packed face, the (110) face, than on the (210), (100),
(211) and (111) faces although the adatoms can be here only in contact with
a small number of metal atoms, much smaller than on the other faces.
Unfortunately, the region near (411) where the earlier field emission studies
had demonstrated a high heat of adsorption, was not examined. Recent LEED
observations of Ar on Nb (100)10, a b.c.c. lattice and of Xe on the f.c.c.
crystal faces Pd (100)11, Cu (111), (100) and (110),2*13 and Ag (111),
(110) and (211) indicate that at high coverage the adatoms are close-
packed on these surfaces. The surface areas per Xe adatom in a complete
monolayer is about 17 X on each of these surfaces, resembling the area
in bulk Xe. It appears, therefore, from the LEED results that the packing
of Xe on these surfaces is, at least at monolayer coverage, more governed
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by the adatom size than by lattice-packing.
The aim of the present study is to investigate the influence of

the metal surface structure on the adsorption of Xe. For this purpose the
field emission probe-hole technique was chosen because a field emitter is a
nearly ideal adsorbent for this study since it is a small almost perfect
single crystal simultaneously exposing several crystal faces. The probe-
hole device enables us to investigate the adsorption of Xe on all the ex
posed crystal faces at exactly identical circumstances. Since most of the
above mentioned LEED results were obtained on f.c.c. metal surfaces we de
cided to use Ir, a metal which has thef .c.c.structure and where no special
difficulties are encountered in emitter cleaning.

For the probe-hole measurements were selected a number of emitter
regions exposing strongly different sites viz. the smooth regions (111) and
(100); the region around (110), the rough region around (210), the regions
around (531), consisting of (210) areas alternated by small (111) terraces,
the (321) region which is basically a (531) plane with larger (111) ter
races and the (511) region, possessing large (100) terraces.

The results are also of interest for a better understanding of
the nature of the bond between inert gases and metal surfaces. The classic
al picture which regards inert gas adsorption as due entirely to the dis
persion interaction, appeared to be unable to explain the observed large

14surface potentials of adsorbed noble gases and the relative ordening of
9

the binding energies on the crystal planes of W .

2. Experimental

Iridium field emitters were prepared from 0.10 mm wires, spot-
welded to 0.25 mm diameter loops of Ir. The Ir wires had a stated purity of
99.98%. The tips were sharpened by electrolytic etching in an aqueous sol
ution of CrO,. Emitters were cleaned by field desorption and field evapor-3 _ | Q  #
ation at room temperature in a vacuum below 1.10 Torr, alternated with
prolonged heating periods to 1000 K. In this way also the tip shanks were
cleaned sufficiently so that no diffusion of contaminants to the tip took
place in the temperature range 78 to 296 K where the experiments have been
carried out.

Xenon with a stated purity of 99.997% was further purified with
the aid of freshly evaporated Ni getter films in the supply system. In the
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. . . . , -7field emission tube the equilibrium pressure of Xe was < 1.10 Torr.
The field emission apparatus has been described previously' . It con

sists of a field emission probe-hole tube connected to a bakeable ultra-
high vacuum system, equipped with a gas-dosing ultra-high vacuum line to
the Xe ampulla. The most essential parts of the tube are a movable emitter
which can be cooled to 78 K and heated to any desired temperature, an elec
trical conducting and fluorescent screen with in its centre the probe-hole
of 1.0 mm diameter and a shielded hemispherical electron collector behind
the probe-hole.

Tip temperatures were determined by measuring the heating current
through the loop. The temperature-current relation was preliminary cali
brated with the aid of chromel-alumel thermocouple wires. Any desired tempe
rature in the range 78 - 300 K could be obtained within a few seconds.

Measurements were made by positioning the tip such that the emission
beam from the desired region was directed to the probe-hole. After the
necessary calibration measurements were carried out, the tip was cleaned
and the Fowler-Nordheim work function of the tip area was measured.
Hereafter Xe was admitted in the tube while the temperature of the tip was
78 K. When the emission current remains stable the change in work function
was measured. After this the tip temperature was gradually increased, and
the behaviour of the adlayer was followed at continually higher tempera
tures by measuring the emission voltage necessary to maintain a constant
emission current of the probed region. When depletion of the tip area con
sidered was complete, data for a Fowler-Nordheim plot were collected at
this temperature in order to check the cleanliness of the tip area. Here
after the tip was repositioned in order to repeat the measurements on other
tip regions.

3. Determination of the surface potential of Xe on the different tip regions.

The electron currents L. . from a probed region (hkl) at applied voir
tages V were plotted as In versus 1/V which produces a straight line
according to the Fowler-Nordheim equation:

ln“ir“ ln A k i  ■-■O* < »>

In this equation 4j. , stands for the work function of the tip region (hkl),
In for the field independent pre-exponential term and B for a term
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containing the field (F)-voltage proportionality constant C
6.8 x 10'/C

and (3)

(2)

The change in C and thus in B by adsorption is usually so small that it may
be neglected.Comparison of the slopes m,. ̂  the Fowler-Nordheim plots for
a clean and a Xe covered tip region yields therefore

* . . “ (Xe)
-A4> _ clean Xe _ clean r. /_^i--- \2/3i

s,p,hkl = e e e " V ( ^ a n ) ; (4)

Insertion of the value S’ , , (clean) , which determination has been described
16 \ h k lpreviously , inequation (4) yields the surface potential s.p.hkl on the

tip region (hkl).\

4. Determination of the heat of adsorption.

Values for the free activation energies of desorption AF. g can
be estimated by following the desorption at a temperature T, using the
equation |_T

AF^ = RT ln(4r t . e In 2} '\ (5)des h des
where k and h are Boltzmann's and Planck's constants, respectively.
t is defined by the absolute rate theory as the time where the degree ofdes
coverage 0 changes from 0 = 1 to 0 = J under conditions where readsorption
can be neglected. Experimentally t. is approximated by the time (in
seconds) during which the electron current changes by ilIg.1-Ie-ol at con”
stant T and V. If the assumption is made that the activation entropy of
desorption is zeró, AF becomes equal to the activation energy of desorp
tion E . As will appear in the next section the activation energy fordes
adsorption is zero, hence, the estimated activation energy of desorption
is equal to the heat of adsorption:

AF* *v E, ■ -AH . = Q . (6)des des ads ads
The desorption behaviour of Xe on Ir on each region (hkl) cannot

be described by using one single value of Qa(js* Therefore, three isotherm
al heats of adsorption were considered, viz. QnuLn, the heat of adsorption
at high coverage; t*ie heat of adsorption calculated at a temperature
where the temperature programmed desorption plot exhibits a maximum rate
of desorption (see next section); and Qmax , the maximum heat of adsorption.

hkl ; , .The experimental error in the QTs is mainly determined by the
accuracy in the loop current — tip temperature calibration. The experimental
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error in T is about 4° corresponding with an experimental error in Q of
only 0.3 kcal/grat. The actual error is, of course, determined by limitat
ion of the procedure followed. For our purpose it is sufficient to know
exactly the relative heats of adsorption on the various tip regions. The
estimated error in the differences between the comparable ' s on the
different tip regions is less than 0.2 kcal/grat.

5. Results.

The changes in field emission pattern when an Ir tip at 78 K is
exposed to Xe at a pressure of 10 Torr are shown in Fig. 1. The adsorption
causes a large increase in emission. All the pictures were taken at a con
stant total current of 1.10 A. The applied voltage between fluorescent
screen and tip had to be diminished steadily during the adsorption process
to maintain a constant current. Xe adsorption affects the field emission
image in a very characteristic way. In the early stage of adsorption the
areas around (321), which are dark in the clean pattern, are strongly
brightened (Fig. lb - c). After longer exposure times these bright areas
grow into the direction of the (320) - (210) poles (Fig. Id - e). In a later
stage the bright areas shrink to the direction of (320) - (210)(Fig. If - g).
At saturation most of the emission is, as in the clean pattern, mainly ori
ginated from regions around (320) - (210)(Fig. Ih). The emissivity of the
region around (110) is appreciably decreased in respect to the (320) - (210)
regions. /

The local changes in work function by Xe adsorption at monolayer
coverage, which can be found in Table I, reveal that Xe adsorption has also
a surprisingly large effect on the emission from the dark densely-packed
regions (111) and (100). The largest changes in work function are found
just there.

The nature of the changes in field emission image during adsorp
tion is clarified by observing the course of the emission patterns with in
creasing tip temperature, as shown in Fig, 2. The Xe pressure during the
experiments was 3.10 ® Torr. Again a constant emission current was main
tained by adjusting the voltage. The first changes can be observed to occur
near 102 K (Fig. 2b). At 114 K the image resembles the clean image except
around the (321) poles, where the emissivity is still much higher than on
the bare tip (Fig. 2f). At 116 K the emission intensity of the (321)
regions is also visibly reduced (Fig. 2g) while at 123 K the original clean
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Fig. 1

Change in field emission pattern by Xe adsorption at 78 K.
a : clean Ir tip
b-h: increasing coverage
h : monolayer coverage
i : orientation diagram
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TABLE I
Work function (0) , the maximum surface potential of Xe (s.p.), the change in Fowler-Nordheim
pre-exponential (AlogA) by Xe adsorption and the heats of adsorption (Q) calculated from the

desorption times at temperatures T, on different tip regions

Tip
region $ (eV) s.p.

(V) AlogA T .min Tn Tmax Qmin
(kcal/mole)

On
(kcal/mole)

^max
(kcal/mole)

total
emission

5.00 1.18
+0.03

-0.42
±0.05

(111) 5.79
+0.05

1.8 -1.9 103 111 118 6.5 7.0 7.5

(100) 5.67
±0.05

1.6 -1.8 103 109 118 6.5 6.9 7.5

around
(110) 5.0 0.8 -0.0 99 103 110 6.3 6.5 7.0
(210) 5.0 1.3 -0.5 105 110 115 6.7 7.0 7.2
(321) 5.4 1.0 -0.0 110 119 124 7.0 7.6 7.8
(511) 103 107 115 6.5 6.8 7.2

(531) — (731 ) 4.9 106 110 115 6.7 7.0 7.2



pattern is restored (Fig. 2h).
Obviously the sequence of emission patterns observed during grad

ually increasing the tip temperature (Fig. 2) is completely the reversal of
the series of pictures observed during increasing the Xe coverage at 78 K
(Fig. 1). Further, it appeared that all images in Fig. 2 are reversible
upon changes in tip temperature. When, for instance, the temperature of the
tip partly covered with Xe at 114 K (Fig. 2f) is lowered to 112 K, the
image changes again to that of Fig. 2e. These two results prove that
(a) a surface equilibrium distribution of the adsorbed Xe can be establish

ed at all the temperatures used in our experiments.
(b) the activation energy of adsorption is approximately zero.
All changes occurring by temperature increase have, therefore, to be attri
buted to a denuding of certain tip regions. Even at 78 K the diffusion rate
of Xe over the tip surface appears to be large enough for the establishment
of a diffusional equilibrium distribution of Xe over the whole tip surface.
So we conclude that the increase in electron emission around (321) in the
early stage of adsorption corresponds to an enhancement of the Xe concen
tration on this area at the expense of areas as (210), (311) and (511).
In other words, both the sequence of pictures during adsorption at 78 K
(Fig. 1) and the changes in pattern by increasing the tip temperature
(Fig. 2) point to a higher binding energy of Xe on the (321) regions with
respect to their surroundings.

The above-mentioned results show that the adsorption of Xe on Ir
is crystal face specific: both the heat of adsorption and the surface poten
tial depend on the surface structure. Figures 1 and 2, however, do not give
information of the heat of adsorption on the two most densely—packed regions
where the surface potentials are the largest. Therefore, the change in
emission of varioiis tip regions covered with Xe were recorded during tempe
rature programmed desorption: the temperature of a tip completely covered
with Xe, was increased by a few degrees to temperature T. After 60 seconds
the voltage required to maintain the original electron current of the
probed region was determined. The temperature was then again increased by a
few degrees. The voltage was adjusted after 60 seconds, etc.. The Xe
pressure during these experiments was 3.10 8 Torr. The results of this pro
cedure carried out on various tip regions are shown in Fig. 3. In Fig. 4
the first derivatives of the desorption plots of Fig. 3 are given. It ap
peared that on the flat parts of the desorption plots, thus in the begin-
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Fig. 2

Thermal desorption of Xe from Ir. p 3.10”8 Torr.

a) T = 90 K. Voltage required for a total current of 1.10~8A: 1422 V
b) T - 102 K. " ......... . •• <• it it . ,500 v
c) T - 105 K. ■" " " " " '• II II . 1654 v
d) T - 110 K. " " " " •' I' H ii . 1749 v
e) T - 112 K. " " " " '• « ii ii . ,g5g v
f) T = 114 K. " " " » I' ii ii n . lg94 v
g) T = 116 K.“ " " " •' 'I 'I ii ii . 19)6 v
h) T = 123 K. " " " " '• '• ii n . ,985 v
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Fig. 3

Variation in voltages required for constant emission currents
from individual tip regions during thermal desorption of xenon.
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Fig. 4

The first derivatives of the desorption plots of Fig. 3.



ning and in the end of the plots the time interval of 60 sec. was large
enough for the attainment of a constant emission. A decrease in temperature
again causes an enhancement of the emission. So a new adsorption equilibrium
situation was again established within 60 sec. In the steep part of the de
sorption plots, however, the time intervals between the successive tempe
rature rises were too short to attain an equilibrium situation. We conclude
from these observations that the adsorbed Xe' at monolayer coverage on a tip
region cannot be represented by one single value for the heat of adsorption
but that the heat of adsorption decreases with increasing coverage.

The function of the heat of adsorption versus coverage is
characterized by three numerical values for the heats of adsorption on each
of a number of tip regions. They were determined by measuring the desorption
times at three temperatures, starting at monolayer coverage and at a low
residual Xe pressure (9- 10 Torr), so that the contribution pf readsorption
is small. The three characteristic temperatures are:
I A temperature T^ at which the largest effect on the emission occurs,

hence the temperature at which the plots of Fig. 4 exhibit a maximum.
II A temperature T[i|aT just high enough to desorb all the adsorbed Xe.
III A temperature Tmin high enough to desorb the most loosely bound Xe and

to bring about a new adsorption equilibrium situation while the more
firmly bound Xe cannot be desorbed.

From equations (5) and (6) the corresponding heats of adsorption were esti
mated. The results are inserted in Table I. corresponds approximately to
the heat of adsorption with which most of the adsorbed Xe is bound on the
surface. is the maximum heat of adsorption, hence the heat of adsorp
tion at low coverage. corresponds roughly to the minimum heat of ad-
sorption, hence to the heat of adsorption at high coverage.
The initial heat of adsorption decreases in the sequence (321); (111) and
(100); (531)-(731) and (210); and (110).This order was found to be reprodu
cible on each of the. three tips used for the Xe adsorption experiments.

Summarizing, the relevant results are
(1) the mobility of adsorbed Xe is high enough, even at 78 K, for the

attainment of an adsorption equilibrium between the different tip
regions.

(2) Xe adsorption is crystal face specific. Both the heat of adsorption
and the surface potential vary with the tip region.

(3) There is no direct relation between the heat of adsorption and the
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surface potential of Xe at monolayer coverage on the different tip
regions.

(4) the maximum heat of adsorption decreases in the sequence (321); (111)
and (100); (531) - (731) and (210); and (110).

(5) the heat of adsorption decreases with increasing coverage. This de
crease is much smaller on the (210) and (531) regions than on (111)
and (100).

6. Discussion.

First it has to be examined whether the electric field necessary
to obtain electron emission might have influenced the obtained results.
It may be argued that this field effect is negligible since
a. no deviation from linearity of the Fowler-Nordheim plots could be ob

served.
b. the values for the surface potential and the heat of adsorption do not

differ significantly from values obtained by means of photo-electron
. . 17,18emission .

c. the results are also in line with the surface potential of 0.94 V and
the isosteric heat of adsorption decreasing from 7.6 to 6.4 kcal/mole
on a macroscopic Pd (100) plane, as measured by Palmberg .

2 .d. the decrease of the heat of adsorption — JaF — due to depolarization
at the fields applied - ^0.2 V/a  - should amount to ^0.2 kcal/mole which
is within the error or our experiments and, therefore, may be neglected.

6a. Adsorption at low coverage.
—  7 ~ 14 19 20 2,9It has been realized by a number of authors ’ ’ ’ that Van
der Waals' forces alone are insufficient to understand the Xe-metal bond.
Especially the large surface potential of Xe and the high heat of adsorption
on a W(110)plane9 are incompatible with the general view of interaction by
dispersion forces. Yet it cannot be excluded a priori that these forces may
have a significant, perhaps even a predominant part in the bonding of Xe to
the metal. Strong interaction by these dispersion forces can be expected
when the adsorbate atoms are in close contact to a large number of atoms of
the adsorbent , at interatomic distances such that the orbitals do not over
lap. This interaction would favour an adsorption in definite sites on the
surface. The high heat of adsorption on (411) regions of a W tip could be
understood with this model. For a rationalization of the observed differfen-

92



TABLE I I
The c o o rd in a tio n  o f Xe atoms adsorbed  on s i t e s  above th e  c e n tr e s  B a t

a c r y s t a l  p la n e  (h k l)
a = number o f  d i r e c t  c o n ta c tin g  m e ta l atoms
b “ t o t a l  number o f neighbour atoms a t  a d is ta n c e  < 0 .4  8  from  th e

adatom
c ** number o f ne ighbour atoms a t  a d is ta n c e  betw een 0 .4  and 0 .9  A

from th e  adatom

c r y s t a l  fa c e s i t e a b C

111 B3 3(C9) 3(C9) 3(C9)
100 B4 4(C8 ) 4(C8) -
110 B5 4(Cy) 4(C7)

1 ( C 11>
210 B6 3(C6) 5(3C6+2C9) K c n )

B3 3(2c 6+,c 8 ) 4(3C6+1C8) -
321 B6 3(2C6+1C9) A(2V 2C8+1C9+ ,C 1o ) 2 (lC 6+lCn )

B4 3(1C6+1C8+1C9) 4(2C6+lCg+lC9) i <C10>
B^type'*’!

3 (>C6+IC8+1C9) 4(1C6+1C8+1C9+1C10) 3(2Cfi+lCfi)
B jtype  2 3 (lC fi+lCR+lCq) 4(2C6+1C8+1C9 ) 2 ( 1 V , C , 0 )
B ,ty p e  2 3 (lC fi+lCs +lCp) 3(1C6+1C8+1C9) 2 <1C8 + 1 C 10>

311 B5 3(Cy) 3(C7) 4(2C7+2C10)

V 3(C7) 4(3C7+1C,0) 2(C? )
211 B5 3(2Cy+lC9) 5(2C7+1C9+2C10) 2(C9)

B ,ty p e  1 3(1C7+2C9) 4(1C7+2C9+1C,0 ) 3(Cy)
B^type 2 3 (lC 7+2Cg) 3(1C7+2C9) 3(2C7+ lC ,n )
B3type 3 3(2C7+1C9) 3(2C7+1C9) 2(C9)

531 3<2V 1C8) 6(3C6+2C8+1C10) KCll)

A *
3(2C6+1c 8) 4 ( 2 C6 + 1 V 1C i 0 ) -

b3**
3 (2C6+1C8) A<2V ,C8+,C10> 2 <1C6+ 1C 8>

331 B5 4(2C7+2C9) 5(3C7+2C9)
B jtype  1 3(1C7+2C9) 3(1C7+2C9) 5(4C7+ lC n )
B3ty p e  2 3(2C7+1C9) 3(2C7+1C9) 2(Cg)

310 B6 3(2C6+1C8) 5(2C6+lCg+2Cg) 1 ( C 11>

B4 4 (lC fi+2C„+lCq) 5 (2C6+2cg + lc 9) -

B3 3(2C6+lCg) 3(2C6+1C8) -
320 B6 3(1C6+2C7 ) 5 (lC 6+2C7+2Cg) , ( C 11>

B5 4(2C6+2C7) 4(2C6+2C7 )
, ( C 11>

B3 3(2C6+1C9) 4(2C6+1C7+1C9)

* These s i t e s  a re  n e a r ly  i d e n t i c a l  f o r  Xe.
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ces in the maximum heats of adsorption on the tip regions studied, it is,
therefore, interesting to examine the packing of a Xe adatom in the avail
able sites on the different tip regions.

In Table XI is given the coordination of Xe atoms adsorbed above
sites B for the important crystal faces (hkl). The symbol B emanated from

22 nVan Hardeveld and Van Montfoort is used to distinguish the different
sites present on one crystal face. The index n denotes the number of lat
tice atoms with which an adatom with the same diameter as the metal atom
is in direct contact. For a Xe atom which diameter is 1.6 times larger than
an Ir atom, the number of direct contacting metal atoms (a) is in many
cases much smaller than n. In the third column of Table II a is given.
The individual metal atoms on the surface are distinguished by the symbol
Cm in order to examine the influence of coordinative unsaturation on the
heat of adsorption; m stands for the number of first neighbour metal atoms.
The number of missing first neighbours is, therefore, expressed by 12 - m
An inspection shows that the observed order in the maximum heats of adsorp
tion cannot be explained by the difference in £  on the tip regions studied.

It is relevant to refine the model by including further neigh
bour atoms. Adding up all lattice atoms intersecting a circle with radius 2.6 £
around the centre of the hard sphere, representing a Xe atom (radius 2.2ft),
yields the number of neighbours b given in the fourth column. Because of the
uncertainty of the hard sphere model all atoms in this column should be
considered, in first approximation, as being equivalent. The number of
neighbours (c) at a distance between 0.4 and 0.9 X from the hard sphere
representing the Xe adatom can be found in the fifth column. Their contri-

• . . —6button to the bonding is, according to Lennard-Jones r attractive poten
tial, much smaller than that of the £  close neighbours, but cannot be ne
glected.

It appears from the fourth and fifth columns that if close
packing with the metal lattice would be the only condition for strong inter
action, the heat of adsorption would decrease in the order (321); (531);
(331) 'V' (210) “u (320) 'v (310); (110); (100); (111). The experimentally de
termined sequence is, thus, correctly predicted except for the position of
the (111) and (100) regions. It is also clear from the Table that the prin
ciple of maximum coordination is more important than the coordinative un
saturation of the metal atoms, just as previously found on W .
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The rather high heat of adsorption on the close-packed tip
regions (111) and (100) implies that other forces than mere dispersion for
ces have a part in the interaction between Xe and the metal. We assume that
the additional interaction term is due to the same causes which are respons
ible for the large surface potential of Xe on the metal surface. This as
sumption is supported by the high value of the surface potential on the
(111) and (100) regions. As to the origin of the large surface potentials

/■ 1A 1 9 20two explanations have been proposed * and are still under discussion *
23,24.

(a) polarization of the adsorbate by an electric surface field which is
caused by the Helmholtz double layer at the metal surface, and

(b) charge-transfer no-bond interaction stabilizing an electron transfer
from Xe to the metal.

It is clear that the electron transfer to the metal, as required in C.T.N.B.
bonding, is favoured by a high work function of the adsorbing surface. The
large Ö^at of adsorption of Xe on the (111) and (100) regions can thus
easily be rationalized in the charge-transfer no-bond model. This cannot be
said for the polarization model as it is generally assumed that certainly
on smooth faces as (111) and (100), the electric double layer, conventional
ly ascribed to a "spill-over" of electrons has its negative sign at' the
outside. The SmoluchowSky smoothening which is important for atomically
rough faces, where" it decreases the double layer potential, is unlikely to,
be important for the smooth faces (111) and (100), Once it is accepted that
on close—packed faces the electric double layer has its negative polecat the
outside, it would be incompatible with the basic principles of electro
statics to postulate that this double layer polarizes a big adsorbed mole
cule such as Xe in such a way that a positive surface potential results for
the adsorbate. We therefore would prefer the C.T.N.B. model. While refrain
ing from further discussion of the physical nature of the adsorption bond,
we can conclude from the results of the present work that strong bonding of
Xe is favoured by
1) large coordination of Xe atoms with metal atoms,
2) high work function of the crystal plane.

6b. Adsorption at high coverage.
The high heat of adsorption on the (321) regions where Xe adatoms

above Bg sites have better coordination than on other examined regions,
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illustrates the existence of site adsorption at low coverage. The adsorbed
atoms will jump rapidly from site to site, even at 78 K, until they have
found the most favourable sites where their time averaged residence is much
larger than on other sites. At higher coverage one may imagine two proces
ses :
I The adsorption is finished when all favourable sites have been occu

pied. The observed decrease in heat of adsorption with increasing
coverage may then only be attributed to repulsion between the adatoms.
The Xe layer will in most cases be appreciably less densely packed than
in bulk Xe.

II The formation of a two-dimensional close-packed Xe layer. When all
favourable sites have been occupied, Xe adsorption proceeds via less
favourable sites. Usually the formation of a close-packed layer will
require a rearrangement of the already adsorbed Xe atoms so that a part
of the Xe atoms must leave their low-energy sites. The experimentally
found decrease in heat of adsorpton with increasing coverage may be
caused by repulsive interaction between Xe adatoms, occupation of less
favourable sites and by "saturation" of the metal atoms already inter
acting with other Xe atoms as in chemisorption. These causes can be clas
sified as a priori heterogeneity on one crystal plane or induced
heterogeneity.

LEED results indicate the formation of a close-packed Xe layer on
a number of smooth crystal planes^ ^  , We have, therefore, examined
whether our results can better be rationalized in terms of a close-packed
Xe layer or a site adsorption model even at high coverage. Relevant for
this examination is the observed order in the difference AQ = 0 - Q .
on the different tip regions.

Desorption from the (210) regions is characterized by a very small AQ.
A close-packed layer might be formed by occupation of all sites above B,.
The resulting area per adatom would be 14.8 X compared with 17 A2 for bulk
Xe, so that a considerable Xe-Xe repulsion must be expected which is in
compatible with the observed extreme small AQ-.-. Hence we expect that only
a part of the sites are occupied, resulting in a very large area per ad
atom. The decrease in Q indicates that the interaction between Xe is re
pulsive.

A somewhat different situation exists on a (531) plane. When all
sites above Bg have been occupied, a rather close-packed layer will result
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with a large adatom area of 21 A2 entailing a small Xe-Xe repulsion. The ob
served small AQi-jj supports this model.

On (321) planes a close-packed Xe layer can only be formed when
other sites than and are occupied, sites where the packing with the
metal is worse. These sites are by no way unique for this face, identical
sites are found on other faces. It appears, however, that not only but
also and 0 . are higher than on other regions. We therefore conclude
that no low-energy sites are occupied on these planes, i.e., the formation
of a close-packed Xe layer is unlikely. The most probable packing of Xe is
the occupation of B, sites, the packing in one dimension is then reason
ably close, causing a larger Xe-Xe repulsion than on (210).

As shown in the previous section a localization of the adatoms at
single sites is less favourable on the smooth regions (111), (100) and (110)
than on rougher regions, so that process II is more likely on the smooth
planes. Here AQ is larger than on rougher regions. On a (111) face a nearly
close-packed layer can be formed by occupation of B^ sites. The area per
adatom would be then 19 X 2 . The field emission technique cannot indicate
whether this arrangement exists or that a closer-packed layer is formed as

13
on Ag (111) .On the (100) and (110) faces a close-packed layer can only
be formed if a part of the adatoms leave the sites above B, and B, centres
• - ^ 1 1 ^which were preferred at low coverage. LEED results on Pd (100) , Cu (100)

13 ” 13and (11Q) and on Ag (110) strongly support that a close-packed layer
will also be formed on Ir (110) and (100). This would explain the large
decrease of the heat of adsorption with coverage.

In conclusion we can state that the field emission probe-hole
technique remains a powerful method for the examination of the influence
of the surface structure on adsorption processes. The possibility of
measuring the desorption behaviour of a gas on the different regions of the
tip at exactly the same conditions, enables us to measure the relative
binding energies of an adsorbate on these surfaces. These data yield in
directly information of adsorbate-adsorbate interaction, the influence of
packing conditions with the lattice and the importance of coordinative
unsaturation of metal atoms. In the case considered, the adsorption of Xe
on Ir, the combined results of the present study and those of LEED by
, . 1 3  11Chesters et al. and Palmberg show that
(1) at low coverage site adsorption is preferred at least on faces exhibit

ing sites where good coordination with the metal atoms is possible.

97



(2) at high coverage there is a tendency to the formation of a closer-
packed Xe layer. On low index faces this can result in a closest-
packed Xe layer eventually without true site adsorption but often in
registry with the substrate. But on faces where favourable sites are
available, large coordination of the Xe atoms with metal atoms is pre
ferred to the formation of a close-packed Xe layer.
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Chapter VII

ADSORPTION OF XENON ON PLATINUM, STUDIED BY FIELD EMISSION MICROSCOPY

by

B.E. Nieuwenhuys, D.Th. Meijer and W.M.H. Sachtler
Gorlaeus Laboratoria, P.0. Box 75, Leiden, The Netherlands

S u m m a r y
The adsorption of Xe on Pt was investigated with a field emission micros
cope, equipped with a probe-hole assembly. The initial heat of adsorption
decreases in the order (321) > (111) ^ (100) > (210) > (110). At low cover
age Xe is adsorbed in surface sites providing a maximum coordination of the
adatom with metal atoms. The heat of adsorption decreases with coverage, in
particular on the smooth regions (111) and (100), where a close-packed Xe
layer is apparently formed at high coverage. On the rough areas (321) and
(210), however, site adsorption is preferred to the formation of a close-
packed Xe layer; by consequence the heat of adsorption decreases only little
with coverage. The crystal face dependence of Xe adsorption on Pt is vir
tually identical to that found for Ir. When data reported for Xe on W are
also included the general conclusion is drawn that strong bonding of Xe on
transition metals is favoured by (1) a large coordination of adatoms with
metal atoms and (2) a high work function of the adsorbing crystal plane.
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Z ü s a m m e n f a s s u n g

Die Adsorption von Xe auf Pt wurde mit Hilfe eines Feldelektronenmikroskopes

mit Lochblende untersucht. Die initiale Adsorptionswarme auf den verschie-

denen Kristallflachen nimmt ab in der Reihenfolge (321) > (111) a. (100) >

f2t0) > (110). Bei geringer Bedeckung wird Xe auf Oberflachenplatzen mit

maximaler Umringung des Adatoms durch Metallatome adsorbiert. Die Adsorp

tionswarme sinkt mit steigender Bedeckung insbesondere auf den glatten Ge-

bieten (111) und (100), wo bei hoher Bedeckung anscheinend eine dichtgepack-

te Xe-Schicht ausgebildet wird. Auf den rauhen Gebieten (321) und (210) da-

gegen bleibt die Adsorption auf bestimmten Gitterplatzen auch bei hohem Be-

deckungsgrad gunstiger als die Bildung einer dichtgepackten Schicht.

Infolgedessen nimmt die Adsorptionswarme hier nur wenig ab mit zunehmender

Bedeckung. Die Abhangigkeit der Xe-Adsorption von der Kristallflache ist fiir

Pt praktisch identisch mit der für Ir gefundenen. Werden auch die für W pu-

blizierte Werte mitberiicksichtigt, so folgt, dass allgemein eine starke

Bindung zwischen Xe mit einem übergangsmetall begiinstigt wird durch:

1) hohe Umringung des Adatoms mit Metallatomen;

2) hohe Austrittsarbeit der adsorbierenden Kristallflache.
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1. Introduction

Recently we described the adsorption of Xe on various tip regions of
an Ir field emitter . By performing probe-hole measurements on the tip
regions under exactly identical conditions the variation of the heat of ad
sorption with the tip region was determined. It appeared that strong bon
ding of Xe on Ir is favoured by:
(1) large coordination of Xe atoms with lattice atoms;
(2) high work function of the adsorbing crystal plane.
Adsorption measurements on evaporated films of different metals indicate
that the heat of adsorption and the surface potential of Xe depend strongly

2,3on specific properties of the metals ’ . On Au films, for instance, the
heat of adsorption and the surface potential are much lower than on Pt films
while the work function and the lattice parameters differ only slightly.
All these data suggest a significant contribution of a charge-transfer no
bond interaction to the adsorption bond in addition to dispersion forces.
This contribution is particularly important on crystal faces with high work
function. A model of Xe polarization by a hypothetical electric surface
field^ was rejected as it appears to predict the wrong sign for the adsorp
tion dipole.

In order to ascertain these conclusions it is important to investi
gate the crystal face dependence of Xe adsorption on several metals. The
purpose of the present paper is to check whether conclusions (1) and (2) are
of general validity. This question is not a trivial one since Ehrlich had
reported that for the b.c.c. metals W and Ta, although differing in lattice
parameters only by 6%, the distribution of the heat of adsorption was sig
nificantly different. These measurements have, however, been carried out
with a field emission microscope without a probe-hole assembly, they there
fore provided merely qualitative results. For f.c.c. metals no systematic
study of the adsorption of inert gases has been published to our knowledge.
In the present paper we report a study of the adsorption of Xe on Pt. The
noble metals Pt and Ir are neighbours in the periodic system of elements.
Yet, there are some specific differences in adsorption behaviour on these
metals. Nitrogen which just like Xe is only weakly adsorbed on Ir and Pt
reveals distinct differences between these two metals^. A comparative study
of the adsorption of Xe on these metals is, therefore, of particular inte
rest. Pt and Ir have both the f.c.c. structure, their lattice constants
differ only by 2%. If a difference in variation of the heat of adsorption
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with tip region is observed it would, therefore, be impossible to ascribe
it to differences in the relative contribution of disperison forces*

2. Experimental

The measurements were performed with a field emission probe-hole tube
described previously , which yields information about all exposed crystal
faces. The Pt tips fabricated from spec.pure Pt wires of 0.1 mm diameter were
cleaned by field desorption and field evaporation in a vacuum below l.io""*®
Torr, alternated by prolonged heating periods to 1000 K, in order to avoid
diffusion of contaminants from the shank to the tip surface during the
measurements. Xe with an impurity level lower than 0.003% was further puri
fied by use of freshly deposited Ni getter films. All details concerning
the determination of the relative heats of adsorption and the surface poten
tials of Xe have been given earlier^.

3. Results and Discussion

The change in field emission pattern occurring during the exposure of
a Pt tip to a low pressure of Xe (1 x 10 Torr) at a tip temperature of
78 K is shown in fig. 1. The pictures were taken at a constant emission cur
rent of 1 x 10 A. Xe adsorption causes a continuous increase in emission;
therefore the voltage had to be diminished steadily during the adsorption
process. First, the emission from the region around (321) is much enhanced
(fig. 1 b). After longer exposure times the regions around (110) become
blurred as compared to their surroundings, while the (210) - (310) regions
brighten up (fig. 1 d-e). At a later stage of adsorption the most emitting
areas grow towards (110) (fig. 1 f-g). Once the tip has been saturated with
Xe the regions around (320) - (210) are again the brightest regions in the
emission pattern (fig. I g). The area around (110) is darker than for the
clean tip.

A gradual increase of the temperature of the tip saturated with Xe
gives rise to the sequence of images shown m  fig. 2. These images are
equal to the pictures of fig. 1 but they appear in reversed order. This re
versibility proves that the changes in the emission pattern by Xe adsorption
are due to differences in heat of adsorption. With respect to surface dif
fusion equilibrium over the whole tip is evidently established at each tem
perature used. It seems safe to conclude that the heat of adsorption of Xe
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Fig. la - lg

Change in field emission pattern by Xe adsorption at 78 K
a : clean tip
b-g: increasing coverage
g : monolayer coverage

Fig. lh

Orientation diagram

*5'
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(a) T 90 K (b) T 105 K

(c) T 110 K (d) T 115 K

120 K 130 K
Fig. 2 Thermal desorption of Xe from Pt. p 'C 3.10 Torr
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on the different tip regions decreases in the order (321), (210) and around
(110) . The behaviour of Xe on other tip regions is clarified by measuring
the changes in emission from the individual regions during a stepwise in—
crease of the tip terfiperature. In fig. 3 are shown the desorption plots of
Xe from the smooth regions (111) and (100); the region around (110); the
atomical rough region (210); and the region (321) which consists of edges of
the (210) configuration alternated by (111) terraces. The plots were obtain
ed by recording the voltage required to maintain a constant electron cur
rent from the probed region while the temperature was increased in steps.
Sixty seconds after increasing the temperature to a new value the voltage
was adjusted and measured, then the temperature was raised again. The Xe
pressure during these experiments was 3 x 10~8 Torr. Fig. 3 shows that the
maximum heat of adsorption increases in the sequence (110); (210); (100) and
(111) ; and (321). Experiments were performed on three different tips and
this order was found to be reproducible. In fig. 4 the first derivatives of
the desorption plots are shown.

Numerical values for the heat of adsorption and the surface potential
of Xe on some tip regions are compiled in Tables I and II. Q is the heat ofn
adsorption estimated from the desorption time at the temperature T , where
the corresponding plot in fig. 4 exhibits a maximum. 0 and 0 . approxi-max hnin
mate the maximum and the minimum heat of adsorption, respectively. The pro
cedures followed for the estimation of these values have been described in
detail elsewhere . The estimated error in the differences between the com
parable Qhkl's on the different tip regions is less than 0.2 kcal/mole. As
appears from Table II, the difference AQ between ^nd Q^. is very small
on (210), it is larger on the regions (321) and (110) and much larger on the
smooth areas (111) and (100).

If dispersion forces would form the main contribution to the bonding
on the metal, the coordination of Xe adatoms in the possible adsorption

sites would be decisive for the differences in the heat of adsorption on the
tip regions studied.-The heat of adsorption should then decrease in the se
quence (321), (210), <110), (100) and (111)^, This order agrees with the
results except for the position of the (111) and (100) regions. Evidently,
other forces than dispersion forces also contribute to the bonding. This
additional interaction term is, presumably, responsible for the large sur
face potential of Xe on metals which has been attributed to induced polari
zation in the electric double layer at the surface and alternatively to

8 9charge-transfer no-bond interaction * . Apparently, a high work function
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Variation in voltages required for constant emission currents
frommindividual tip regions during thermal desorption of Xe.
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The first derivatives of the desorption plots of fig. 3.



Table I
Adsorption of Xe on Pt at 78 K

Tip
region $(eV) s.p.(V) Alog A

average^ 5.32 0.95±0.02 -0.64±0.04
o n ) 5.9
,(100) 5.8 1.0
(210), 5.2 1.1
(321) 5.4 0.9
(311) 5.5 0.9

Q : clean work function of the tip region (hkl)
s.p.: surface potential of Xe at full coverage

Alog A : change in Fowler-Nordheim pre-exponential
factor by Xe adsorption.

Table II
The heat of adsorption of Xe on Pt and Ir (in kcal/mole)

Tip region ^min

platinum

On ^max Qmin

iridium

On ^max

ill 0 6.3 7.0 7.6 6.5 7.0 7.5
(100) 6.4 7.0 7.5 6.5 6.9 7.5
around
(110)

6.4 6.8 7.1 6.3 6.5 7.0

(210) 6.8 7.0 7.2 6.7 7.0 7.2
(321) 6.9 7.4 7.8 7.0 7.6 7.8

0 . and 0 approximate the maximum and minimum heat ofTain hnax
adsorption. 0 is the heat of adsorption calculated from
the desorption time at a temperature T^ where the desorp
tion plot in fig. 4 exhibits a maximum.
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favours this interaction.
The high heat of adsorption on the (321) region shows that Xe ad

sorption at low coverage prefers sites with a very favourable atomic topo
graphy. Only on the high work function faces (111) and (100) adsorption
needs not to be confined to special sites. For high coverages two possibili
ties are conceivable:
a) The formation of a two-dimensional close-packed Xe layer with little or

no epitaxial relation to surface topography, as observed on Pd (100)'^
and on some low-index faces by Cu and Ag'* by LEED studies. /

b) Adsorption remains confined to certain favourable sites.
In order to decide between these two models the information obtained from
the observed decrease in heat of adsorption AQ which is significantly diffe
rent on the different tip regions appears relevant. In this analysis we shall
label each adsorption site with the symbol B , where n denotes the number
of metal atoms with which an adatom with the same diameter as the metal atom
is in direct contact (see ref. 12).

It is unlikely that on (321) planes other sites than the centers
above are occupied since not only but also and Q .  are higher
than on other tip regions. When all these sites are filled the Xe-Xe distan
ce approaches that of a close-packed layer in one dimension only. The ob
served decrease of Q with coverage indicates that the interaction between
Xe adatoms in one Xe row is repulsive.

AQ is very small on the (210) region. This indicates a very small
repulsion between the Xe adatoms of the highest coverages of our experiments
i.e. the Xe layer is not densely packed on this region. This suggests that
only part of the sites above the B^ centers become occupied. A complete fil
ling of all these sites would cause a considerable repulsion, as the Xe-Xe
distance would then be smaller than in crystalline Xe.

A close-packed Xe layer is presumably formed on the regions (111)
and (100) as here AQ is large. We cannot exclude, however, some site adsorp
tion on the (111) planes because the spacing of the sites above B^ is such
that it would be consistent with a rather large AQ. Still, a close-packed
layer on both (111) and (100) appears more probable in view of the almost
equal AQ values for these two planes. If adsorption were confined to B^
sites on (111) the AQ value should be considerably smaller for (111) than
for (100). A closer-packed layer without true site adsorption has also been
reported for Xe on Ag (111)** where the geometrical situation is virtually
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identical to Pt (111).
Summarizing, the present results indicate that:

(1) site adsorption is preferred at low coverage, certainly on faces ex
hibiting sites where Xe atoms fit well with the metal lattice. The
initial heat of adsorption on these areas is relatively large.

(2) an interaction by forces other than dispersion contributes to the Xe-
metal bonding and is important on high work function faces. This ad
ditional interaction'can be described as a CTNB bonding.

(3) at high coverage a close-packed Xe layer is formed on the smooth faces.
On the faces possessing suitable sites for Xe, site adsorption is, how

ever , preferred to the formation of a close-packed layer even at the highest
coverages observed under the conditions of our experiments.

In Table,XX the heats of adsorption of Xe on several tip regions of
Pt are faced with those on the same regions of Ir. This confrontation clear
ly shows that the distribution of the heat of adsorption and its dependence
on coverage over the different tip regions of Ir and Pt is identical. It is
further interesting to compare adsorption of Xe on the f.c.c. metals Pt and
Ir with Xe adsorption on the b.c.c. metal W, the only system from which suf
ficient data on_the crystal face dependence are available in the literature.
Early studies with a field emission microscope without probe-hole device
revealed a high heat of adsorption on regions around (411) where Xe adatoms
fit-perfectly into the kinked lattice edges* * * . A later study by Engel and
Gomer by the field emission probe-hole technique showed, however, that
the heat of adsorption is still higher on the closest-packed (110) face
(which upon mere visual observation seemed to remain empty) than on the
lower work function faces (100), (111) and (210). Also in this case, the
highest work function face displays an astonishingly high heat of adsorp
tion. This result is, hence, in line with the present findings. Hence, we
may conclude that all these field emission studies on Pt, Ir and W consis
tently show: strong binding of Xe is favoured by
A) large coordination of Xe adatoms with metal atoms;
B) high work function of the adsorbing crystal plane.
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Chapter VIII

ADSORPTION OF XENON ON GROUP VIII AND IB METALS,
STUDIED BY PHOTOELECTRON EMISSION

by
B.E. Nieuwenhuys, O.G. van Aardenne and W.M.H. Sachtler

Gorlaeus Laboratoria, P.O. Box 75, Leiden, Netherlands

S u m m a r y
The heat of adsorption of Xe and the change in work function by Xe adsorp
tion have been investigated on Cu, Au, Ni, Pt and Rh films using the photo-
eleptron emission technique. The surface potential of Xe appears to be di
rectly related to the heat of adsorption: a large heat of adsorption is ac
companied by a large surface potential. These results are discussed on the
basis of various models for physical adsorption of inert gases on metals.
The heats of adsorption found experimentally can satisfactorily be correla
ted with the measured surface potentials upon considering the interaction
between Xe and the transition metal as charge transfer-no bond interaction.
An alternative explanation for the large decrease in work function by Xe
adsorption, the classical polarization model, can be rejected since it is
unable to explain the high heats of adsorption on group VIII metals and it
fails to describe the observed interdependence of the heat of adsorption
and the surface potential. These conclusions are in agreement with earlier
results obtained by studying the adsorption of Xe on several well defined
crystal faces of Pt and Ir by field emission microscopy.
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1. Introduction

Mignolet's discovery in 1950 that inert gas adsorption produces a
large decrease in the work function of transition metals , showed the inade
quacy of the classical picture which assumed the bonding between the inert
gas atoms and the metal to be entirely due to dispersion forces. The addit
ional interaction responsible for the high surface potential (i.e. decrease
in work function) was ascribed either to the polarization of the adatoms in
a hypothetical electrostatic surface field , or alternatively to a charge
transfer-no bond interaction stabilizing an otherwise endothermic electron

otransfer from the adsorbate to the metal .
Some typical examples of surface potential (s.p.)values of Xe are:

0.21 V on Zn , 0.52 V on Au , 0.85 V on Ni and 1.1 V on Rh films^, all
these films being annealed at room temperature. These results illustrate
that the s.p. is characteristic for the adsorbing metal. It may therefore be
expected that the heat of adsorption depends also on the metal. In principle
two limiting cases may be considered:
1) Dispersion forces have the largest contribution in the binding of Xe to

the transition metal. The variation in heat of adsorption should then be
marginal and within the limits for cast by the theories of dispersion
forces .

2) The total heat of adsorption is largely determined by the additional in
teraction term. In this case the variation in heat of adsorption should be
entirely different from that predicted by the dispersion forces theories.

An example to be further elaborated on in the Discussion of this
paper shows that the heats of adsorption of Xe should be nearly equal on Au
and on Rh if the dispersion forces prevail. If, however, the additional in
teraction predominates, these heats should be markedly different, as the
s.p. s of Xe on these two metals differ by a factor of two .

Another challenging question is which of the two different models
for explaining the large s.p. is correct. It appears that either of them
predicts a different relationship between the heat of adsorption and the
s.p., as will be shown in the Discussion chapter of this paper.
It may therefore be concluded that a systematic comparison of the heats of
adsorption and the s.p.'s of an adsorbed rare gas on a number of clean
metals is likely to provide important information on the fundamental nature
of the adsorption bond of noble gases on metals. This is the purpose of the
present paper.



The heats of adsorption of Xe were determined on films of transition metals
from the adsorption isosteres. Upon assuming that a constant s.p. corres
ponds to a constant coverage, the In p versus 1/T plots at constant cover
ages were constructed and the heats of adsorption calculated from their
slopes (p corresponds to the equilibrium pressure of Xe and T to the tempe
rature of the adsorbing metal)* The transition metals examined in this way
are the group VIII metals Ni, Rh and Pt and the IB metals Cu and Au.

2. Experimental

Spec.pure wires of Ni, Pt, Cu and Au, and wires of Rh with a
stated purity of 99*98% were supplied by Johnson, Matthey & Co., London.
Pt, Cu and Au were evaporated from beads of these metals - which had been
premelted in a hydrogen atmosphere - onto multi-hair-pin filaments of W
wires. Ni and Rh films were deposited on a glass substrate cooled at 78 K.
The gas pressure during evaporation was kept below 3 x 10 ® Torr.

Xe with an impurity level below 0.003% was supplied by Air
Liquide. Before entering the phototube it was further purified with the aid
of freshly evaporated Ni getter films. In order to avoid contamination
which might arise from pumping off inert gases by means of ion—getter pumps
the Xe pressure in the photube was reduced with the aid of gettering by
metal films cooled to 78 K. In this way very reproducible values for the Xe
s.p. were found.

3. Measuring procedure

Work functions were measured using the photoelectric emission
technique in a phototube identical to the one designed by Bouwman et al. .
A narrow light beam monochromatized by a grating monochromator, equipped
with a high pressure mercury lamp was directed by a mirror system either
onto the phototube containing the metal film or to a calibrated Ta reference
tube. The photoelectron yield J of a metal film was calculated for each of
the used frequencies of the incident light from the measured photocurrents
I and Iref and the known photoelectron yield JTa of the calibrated reference
tube, according to

J “ v —  JT (electrons/photon) (1)
TCa ia

The work function $ of_the film was then determined with the aid of the
equation of Fowler which can be written, in a good approximation, as
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(2)j - m <E - *)2
J M ̂ k 2

In this equation E stands for the energy of the incident light, k for the
Boltzmann constant and M for the emission constant. A straight line is ob-

l
tained by plotting J2 versus E. $ can be calculated from the intercept of
this plot on the abscissa. By performing this procedure both for the film
without and for the film covered with Xe to a degree of coverage 0, the
s.p. of Xe was obtained from , ....

«clean " *<0)s.p. (6) - - A*(6) “ ----- (3)

First the s.p. was determined on a film completely covered with
Xe at 78 K. Then the temperature was increased to a constant temperature T.
At this temperature a number of s.p.'s was determined at stepwise increas
ing Xe pressures, until the film was either saturated with Xe or the pres-

-2sure exceeded the value of 10 Torr, which is the upper limit tolerable
before ion formation due to collisions in the gas phase sets in. This pro
cedure was then repeated at different T. In all cases the s.p. was found to
be reversible and a unique function of T and P^e« The curves obtained by
plotting s.p. versus p at constant T are essentially adsorption isothermsXe
since the s.p. is a unique function of 6.

From each set of adsorption isotherms In p versus l/T plots were
constructed for several constant values of the s.p. and, hence, of 0.
These plots yield straight lines according to the Clausius-Clapeyron equa
tion: In p - Qq/RT - ASg/R (A)
where R and Q. are respectively the gas constant and the isosteric heat of0
adsorption. Q was evaluated from the slope of the isosteres using the0
least-square method,
entropy:

ASq corresponds to the change in differential molar

— os - ss g (5)
where sg is the differential entropy of the adsorbed phase and s the stan
dard molar entropy of the gas. AS. referred to the standard gas phase at 1
atm. was obtained from the intercept of the isosteres (p in atm.). Between
the succesive determinations of the adsorption isotherms on one metal film
$ of the bare metal film at room temperature and also the maximum s.p. at
78 K were determined in order to check the cleanliness of the metal film.
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4. Results

It is convenient to define

**9> = ••P -<0) /« -P .1M3c “  A *(0 )/A *lBax (6)
where s.p>max is the Xe s.p. at monolayer coverage and s.p.(6) the Xe s.p.
measured at a temperature T and an equilibrium Xe pressure p. Monolayer
coverage is expected to exist at 78 K and p = 10-3 Torr. It will be clear
that ill is directly related to 0.

I I I I 1111

p(Torr)

Fig. 1

Isotherms for Xe on a Cu film annealed at 300 K

Figures I - 5 display the t/i versus In p characteristics ("iso
therms X for various values of T, as measured for Xe on Cu, Au, Ni, Pt and
Rh films, respectively. All these films had been deposited at pyrex cooled
at 78 K and were subsequently annealed at room temperature.
Figure 6 shows the sets of "isotherms" for Xe on a Ni film which had been
annealed at 570 K during 30 minutes.

The log p versus */T|const^  plots, constructed from Figures 1 - 5
f°r ^ 0,50 (for Ni ^ = 0.30) are shown in Figure 7. In Table I the maxi
mum s.p., the heat of adsorption Qt and the change in entropy AS, both at
i|< “ 0.50 (for the Ni film annealed at room temperature i|> = 0.30 and for the
Ni film annealed at 570 K * = 0.35) are given for the metal studied. The
variation of Qt with in the limited range accessible in Figures 1 - 6 is
smaller than 0.4 kcal/mole and is, thus, of the same order as the experimen-
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p (T o rr)

Tig. 2

Isotherms for Xe on a Au film annealed at 300 K

p (T o rr)

Fig. 3

Isotherms for Xe on a Ni film annealed at 300 K
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143 K

173 K

198K

p(Torr)

Fig. 4

Isotherms for Xe on a Pt film annealed at 300 K

I I I Ilf

p(Torr)

Fig. 5

Isotherms for Xe on a Rh film annealed at 300 K
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tal error. The values for Q. have been plotted versus s.p. in Figure 8.t r max
The point corresponding to the s.p. and Q at tl> = 0.50 for a Pd (100) plane
as determined by Palmberg has been included in Figure 8. Clearly, the s.p.
is related to Q^. A large Q is accompanied by a large s.p.

p(Torr)

Fig. 6

Isotherms for Xe on a Hi film annealed at 570 K

Table I

Work function ($), heat of adsorption of Xe (Q ), changes in work
function (A$) and in differential molar entropy (AS) by Xe adsorption

metal $(eV) -A$ (V)max %
(kcal/mole)

ASdiff
(cal.deg 'mole ')

Au 5.28 0.52±0.02 4.610.2 - 1411
Cu 4.52 0.63±0.02 5.210.3 - 2311
Ni 4.90 0.82±0.02 6.410.2 - 2011
Pt 5.62 0.95±0.02 7.610.2 - 2011
Rh 4.98 1.08±0.02 8.710.3 - 3011

Ni(570 K)
Pd(100)

5.12 0.65±0.02
0.94

5.510.3
7.2

- 2211
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p(Torr)

x103(K

Fig. 7

Adsorption isosteres for Xe on Cu, Au, Ni,
films annealed at 300 K for * - 0.50 (for Ni
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A plot of the measured heats of adsorption Qt versus
the surface potential -A0 on different metals

5. Discussion
A. petals

In order to explain the large s.p. of Xe on transition metals
two different models for the interaction between inert gases and metals have
been proposed in the literature.

X. The_£olarization_model. It is assumed that an interaction is
taking place, in addition to dispersion forces, as a result of a h y p o 
t h e t i c a l  surface field — F — at the metal surface. According to
this model the adatom is strongly polarized at the surface resulting in a
dipole moment y

y = -A f/4 irN  = aF (7)
where a stands for the polarizability of the adatom and N for the number of
adsorbed atoms per unit area. The heat of adsorption Q arising from the in
teraction, additional to dispersion force interaction

Qt “ Qdisp + Qa <8)
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is then

Qa " %ol " i“F2 (9)
This classical model, first used by Mignolet1, is still frequently used to .
explain the large s.p. of adsorbed inert gases2 From eq. (7) and (9) it
follows that

Qpol = 32V^a ("A$)2 (10)
Hence,

lt>8 Qpol “ 21°8<-A*i ~ 21og N + c (1 1 )
where c is a constant characteristic for the inert gas. Recent LEED studies
of Xe on several crystal planes of Cu and Ag11 and on Pd(100) 6 show that
the adatoms are close-packed on these surfaces with an equal area per adatom
of 17±1 A2. On rough crystal faces, however, site adsorption takes place12'13
resulting in a lower Xe density than 17 X 2 . It may be expected that the films
sintered at room temperature do not exhibit large structural differences,
log N may, therefore, be considered, in first approximation, as being the
same for all metals. Hence, the polarization model predicts that a log Q
versus log (-A0) plot will yield a straight line with a slope % 2.

11• Ihe_charge_transfer-no bond (CTNB) model• This explanation
of a quantum mechanical nature is based on Mulliken's theory of charge
transfer complexes . The model assumes electron transfer from Xe to the
metal surface stabilized by resonance between the ion core Xe+ and the metal.
It was Mignolet who seems first to have seen the importance of this type of
bonding in the Xe metal interaction2. The theory was later elaborated by
Gundry and Tompkins . They were, however, unable to decide which of the two
models I and II is preferable.

Charge transfer states are formed by an electron transfer from
Xe to a state k in the metal above the Fermi level k_. We assume that theF
contribution of charge transfer from a metal state k below k_ to anT
excited state of Xe may be neglected. In our opinion this is supported by
the large positive surface potentials found for Xe on metals.

An approximatè wave function V for the adsorbed system is obtain
ed by linearly superimposing the unperturbed wave function i|/ (Xe, metal)

II NB
for the no-bond' state and the unperturbed wave functions ^ (Xe+, metal)
for the charge transfer states:

* ’ b*nb + k > V V k  02)F
This form of the wave function was used by Grimley16 for the calculation of
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the heat of adsorption of CO on Ni with the aid of Mulliken's charge transfer14theory . Following the procedure of Grimley in deriving an appropriate ex
pression for the energy of the system, we arrive at the following equation
for the heat of adsorption: 2

Q - E -- ---  (13)XTNB k 1^ - Hq k J

where 0̂  corresponds to the energy of interaction between the unperturbed,
no-bond state and the charge-transfer state; Hq is the energy of the unper
turbed no-bond state and the energy of a charge-transfer state (Xe+,
metal ).

The difference in energy between a charge-transfer and the no
bond state, - H , can be substituted by the expression:

H . - H  - I - 4 - e2/4R + e = AE + e (14)Tc o g
This equation follows from the energy balance of a process where an electron
is extracted from Xe (which requires an energy equal to the ionization ener
gy I of the adsorbate), transferred to the metal (energy gain $) and put
there on an unoccupied level with energy e above the Fermi level.
The image energy term e2/4R represents the electrostatic attraction between
the metal and the positive charge at a distance 2R between the centre of
charge and its image.

Following a suggestion of Van Santen'7 we simplify the summation
in (13) by converting it to the following integration:

^CTNB 6 o! dE AE + e
where g(e) is the density of electron states with energy e above the Fermi
level and e is the distance of the top of the metal band involved in themax
interaction with Xe from the Fermi level. The factor 6 in equation (15) is
present because of the threefold degeneracy of the 5p level of Xe.

The same procedure yields an expression for the dipole moment u
of the adsorption band:

“ ’ eR[6 0f de TaT BV 7 P  g(e)] (16)
Equations (15) and (16) may significantly simplified when << AE. Then,
the integrals may be approximated by the values of the integrand for e = 0
multiplied by e .We arrive then at the following relation between Q„„_

r max CTNB
and p:

«CTNB ’ W e R *AE (17)
It follows from equations (17), (7) and (14) that A$ is related to by
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I - $ - e2/4R
^CTNB “ 4irNeR ^ 08)

This equation can also be derived from the approximate equations used by
Gundry and Tompkins^ .

The validity of equation (18) depends on the width of the unoc
cupied band involved in the interaction with Xe. For the metals Ni, Pt and
Rh the assumption «  4E is justified when only the d-band is involved
in the interaction. Equation (18) may directly be faced with our experimen
tal results. In order to evaluate our results on the basis of the CTNB mo
del we shall use equation (18) but we must keep in mind that a deviation
from equation (18) may be expected, especially for Cu and Au. The limitat
ions and the validity of our approach are now, thus, well-defined.

Equation (18) is written as:
i°8 ĉïïJB " 4*̂  + 4 (19)

with „ .I - * - e2/4R
A “ 108 "§ 4vNeR----- (20)

Numerical values for A can be found in Table II. It appears that the varia-

Table II

metal 0(eV) -A0(V) (kcal/mole) R(£) Urn (eV) 9m
(kcal/mole)

Qp.s.
(kcal/mole) A*

Au 5.28 0,52 4.6 3.62 24.3 2.9 4.0 13.65
Cu 4.52 0.63 " 5.2 3.46 19.1 2.8 5.8 13.69
Ni 4.90 0.82 6.4 3.43 19.5 2.9 6.3 13.68
Pt 5.62 0.95 7.6 3.56 23.2 3.4 4.6 13.63
Rh 4.98 1.08 8.7 3.52 24.6 3.2 5.0 13.67

A*
I - 0 - N.e2/4R

log -§________4-----g 4xNeR

tion of A for the metals studied is much lower than that of log AO. Hence,
it is expected that a log versus log (- AO) plot should approximate a
straight line withr a slope near to 1 and an intercept on the Q axis of
about 13.7 (c.g.s. units).

In principle other mechanisms could be imagined. So it could be
interesting to apply the theory of the inhomogeneous electron gas by Hohen-

L8” 2 1berg, Kohn and tang to the adsorption of inert gases on group lb metals.
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This model yields values for the dipole moment of adsorbed alkali atoms which
• • . 22are in quite satisfactory agreement with experimental data . In this paper

only models I and II are discussed on the basis of the present results.

B. Dispersion forces

First, it will be examined which contribution may be expected of
dispersion forces to the bonding between Xe and the transition metal. Theo
ries which deal specifically with the dispersion force interaction of a gas
. . 23with a metal surface were published by Lennard-Jones , Margenau and

24 25 26 27Pollard , Bardeen , Prosen and Sachs and Mavroyannis . The most recent
theory developed by Mavroyannis derives the following approximate expression
for the heat of adsorption:

N.fie 4 4A a2n2T "M3-
•fiai / / 2_P___

0 * 7m + * “- / / 2
(2 1)

where n is the number of electrons in the adsorbate atom, the Avogadro
constant, ti the Planck constant divided by 2tt, m the electron mass and up
the plasma frequency of the metal. Taking for R the sum of the metallic
radius and the Van der Waals' radius of the adsorbate (see Table II), values

4 27for Q have been calculated from eq. (21) for He, Ne, Ar and Kr on Pt ’ .
4They are in reasonable agreement with those found by experiment . For Xe on

Au, Cu, Ni, Pt and Rh we have calculated from eq. (21). The numerical
values are given in column 7 of Table II. For hw the experimental values
for the characteristic energy losses in the metals have been used, taken

28 29from Lynch and Swan and from Klemperer and Shepherd . The values for

Misp obtained from the older theories by Margenau and Pollard and by
Bardeen are somewhat smaller than .those obtained from Mavroyannis' theory.
On the other hand, much higher values are obtained by using the equation by

26Prosen and Sachs (P.S.) : ae2k 2 ln(2k r)
. A m  m
P.S. 8tt ̂ Rz

with
k = (3n2p)m

1/3

(22)

(23)

P being the electron density in the metal.
It appears from Table II that for Xe Q

metals considered and that it is much lower than Q
Q for Xe on Cu, Ni and Au while it is on Pt and Rh 3 kcal/mole lower than
Qfc. Upon remembering that the large decrease in $ caused by Xe adsorption on

is fairly constant on the
Qp is about equal to
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all these metals unequivocally shows that a pronounced interaction must be
present between Xe and the metal surface in addition to the dispersion for
ces, we conclude that the values calculated by eq. (22) are definitely to
high. As the values calculated by Mavroyannis' formula are not inconsistent
with the experimental values, we shall use eq. (21) for our further discus
sion.

C. Evaluation of_the results

I. The_relation_between_2_and_the_sigi It follows from section
5.A. that a log Q versus log (—A$) plot may possibly serve as a criterion
to discriminate between the polarization and the CTNB models: the classical
polarization model predicts a slope of 2.0 while according to the CTNB
theory a slope roughly equal to 1 may be expected. The predicted intercepts
on the Q axis are respectively 15.2 and 13.7 (Q and 4$ in c.g.s. units),
when taking N = 5.8 x 10*^ atoms per cm2, the value obtained from the LEED
results and a = 4.0 A^, the polarizability of an isolated Xe atom while
for R the values mentioned in Table II were taken. The problem is that the
Q values required for constructing such a graph have to be calculated from
the measured Q values by applying an appropriate correction. If the polar
ization model is valid, has to be subtracted from Qfc. If, however,
the bonding is of the CTNB type the contribution of dispersion forces cannot
be predicted easily because thè CTNB interaction may be considered as a
chemical interaction which already involves a great part of interaction cal
led dispersion forces interaction. The relative contribution by dispersion
forces would, consequently, become smaller than predicted by eq. (21).
After this discussion of the theoretical possibilities it is interesting to
face them with the experimental results.

The existence of a correlation between the Xe s.p. and the heat
of adsorption is clearly demonstrated by Fig. 8. This relation may be con
sidered, within the experimental accuracy, as linear; the straight line is
cutting the Q axis at about 0.8 kcal/mole. This could imply that the disper
sion forces are responsible for a very small contribution to the bonding of
Xe, say of the order of 1 kcal/mole.

Table III lists the slopes and intercepts of the log Q versus
log (—A$) plots obtained by subtracting from Q two quite arbitrary values
°f ^disp °* 1 and 2 kcal/mole for all metals. The plots are shown in Fig. 9.
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Table III

The slopes m and intercepts I
log (-A0) plots with Q =

for log Q

' Qdisp + Qa

versus

Qdisp(kcal/mole) ^a m I(c.g.s. units)

0 0.87±0.01 13.7210.06
1 1.04±0.01 14.0910.06
2 1.31±0.01 14.6710.06

Mavroyannis 1.54±0.02 15.1710.07
polarization model 2.0 15.2

CTNB model 1.0 13.7

It appears that both the slope and the Intercept are in excellent agreement
with the CTNB model. Taking for Q,j£gp the values obtained from eq. (21) a
log Q versus log (-A0) plot yields a line (see Fig. 9) with a slope of
1.5410.02 and an intercept on the Q axis equal to 15.17±0.07 (Q and A$ in
c.g.s. units). In conclusion we can state that the observed relation be
tween Q and A$ can best be understood indeed by considering the interaction
as a CTNB bond with a small contribution by dispersion forces which we es
timate to be in the order of 1 kcal/mole.

II. Calculation of Q from the_measured_s^pi A different approach
is the calculation of absolute values for and Q , from A$ using eq.CTNB T>ol °
(10) and (18), respectively. In this calculation a = 4.0 A3 and

14 2N - 5.8 x 10 atoms per cm were used while for R and AO the values ment
ioned in Table II and the experimentally determined values were taken, res
pectively. The results are given in Table IV. (0pO  ̂+ and (Qp0  ̂+ Q? g )
are both too small to account for the observed values of Q , especially for
Pt and Rh. However, (Q_„..„ + Q_) is in satifactory agreement with the QCTNB in t
values. This would confirm our conclusion that the CTNB model is realistic.

Up to this point the lateral interactions between adsorbed Xe
6 13atoms have been neglected. It has been observed that Q on Pd , Pt and

12 . XeIr decreases with coverage; it may be expected from these data that Q
(at ij> = J) has to be corrected upward by about 0.5 kcal/mole in order to
get at 0 ^ 0. Presumably, the correction will be somewhat larger for Ni,
Pt and Rh than for Cu and Au. More important is the variation in $ with 6 as
a result of depolarization of an adsorbed atom by the neighbouring adatoms.
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Cu Nl Pt Rh

-OA -0.3 -0.2 -0.1
logl-A0)

Fig. 9

The correlation between Qa “ Qt ~ Qd£8 and the
surface potential -AO

a “ Qd . ” 0 kcal/mole
b - Qd .sp = 1 kcal/mole

c “ Q<jisp “ 2 kcal/m°le

d ^disp " ̂ m

U0 , the dipóle moment normal to the surface in the limit of zero coverage
may be estimated from Topping's formula30 for an array of point dipoles31:

AO
-4ttu N
l+9ctN3/2

(24)

The second term in the denominator accounts for the depolarization of the
adatoms by the field from an array of point dipoles. Eq. (24) may be re
written as

AO
AO

l+9oN3^2
(25)

where A0q = -4iryoN is the change in work function resulting if each Xe adatom
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Table IV

metal -A$(V) % - Qm
(kcal/mole)

Qt - Vs .
(kcal/mole)

QXCTNB
(kcal/mole)

Qpol
(kcal/mole)

Au 0.52 1.7 0.6 1.8 0.1
Cu 0.63 2.4 - 0.6 2.6 0.1
Ni 0.82 3.5 0.1 3.2 0.2
Pt 0.95 4.2 3.0 3.2 0.3
Rh 1.08 5.5 3.7 4.1 0.4

would possess a dipole moment 1ft Table V the values are given for ,
calculated from eq. (25), using again a = 4.0 X3. The values for Q andC1NB
Qpol calculated thus for 0 = 0  are shown in Table V. Clearly the numbers
for Qpol are far too small to explain the large differences between and
Qdisp (Qjn or even Qp.s.^' The ca]-culated values for QCTNB + are in
agreement with the measured Q .

Table V

metal (kcal/mole)
-A$*0
(V)

Q*XCTNB
(kcal/mole) <Dl

(kcal/mole)

+-A*o
(V)

Q+XCTNB
(kcal/mole)

Qpol
(kcal/mole)

Au 4.6 0.78 2.7 0.2 1.04 3.6 0.2
Cu 5.2 0.95 3.9 0.3 1.26 5.2 0.3
Ni 6.4 1.23 4.8 0.6 1.64 6.4 0.5
Pt 7.6 1.43 4.8 0.8 1.90 6.4 0.7
Rh 8.7 1.62 6.1 1.0 2.16 8.2 0.9

* for a = 4.0 A3
+ for a = 8.0 X3

The assumption that the polarizability of adsorbed Xe is equal to
that of an isolated Xe atom (4 X3) appears debatable. The only numerical
value available for the polarizability of a Xe adatom in close contact with
a metal lattice is that for Xe adsorbed on Pd (100) for which Palmberg had
estimated a = 8 X3, thus twice that of an isolated Xe atom. If we accept
this value of a = 8 X3, the results shown in Table V are obtained for A$ ,’ o
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Qcxnb an̂  Qpor Still the 0 q1 values are much too low to explain the differs
ence Qt(0=O) - C^. The combination of and Qp g cannot explain the much
higher heats of adsorption of Xe on Rh and Pt in comparison with Xe on Au
and Cu. Q is on all metals about 2 kcal/mole larger than the difference
between Q (0-0) and 0 which looks reasonable when we take into account all
approximations and simplifications made. However, the difference between Qt
and Q is so low that the conclusion remains valid that best agreement
between experiment and theory is obtained by assuming the interaction be
tween Xe and the metal as predominantly a CTNB interaction with only a small
contribution of dispersion forces*^ of the order of 1 kcah/mole and, thus,
even much smaller than expected from eq. (21).

6. Conclusions

The confrontation of the different approaches with our experimental
data on AO and Qt warrants some conclusions. The interaction between Xe and
transition metals is satisfactorily described as being largely a CTNB inter
action to which a small contribution due to dispersion forces is added. The
latter term appears to be much smaller than predicted by the equation of
Prosen and Sachs and is even smaller than the values obtained by Mavro-
yannis' equation. The alternative explanation for the large s.p. of adsorb
ed Xe, viz. the classical polarization model can be rejected for two reasons:
a) it is unable to account for the high heats of adsorption on Group VIII

metals, and
b) it fails to describe the observed interdependence of Q and s.p. which

is properly given by the CTNB model.
The present work confirms our earlier conclusions based on F.E.M.

i • 13results of Xe adsorption on several wel defined crystal faces of Pt and
12Ir . In that study it had been found that both the initial heat of ad

sorption and the s.p. of Xe are larger on the close—packed crystal faces
(111) and (100) of Ir than on the rougher faces (110) and (210). On Pt,
likewise, the initial heat of adsorption had been found to be higher on
(111) and (100) than on (110) and (210). We had reasoned that these results
were in agreement with the CTNB model while they were in conflict with the
classical polarization model as this model predicts the wrong sign for the
adsorption dipole.
*)With a contribution by dispersion forces is meant here each interaction
which does not cause a change in work function.

131



References

1)
2)

3)

4)

5)

6)
7)

8)
9)

10)
11)
12)
13)

14)
15)
16)

17)
18)
19)
20)
21)
22)
23)
24)
25)
26)
27)
28)

J.C.F. Mignolet, Disc. Faraday Soc. 8̂ (1950) 105.
J.C.P. Mignolet, in Chemisorption (W.E. Garner ed.) p. 118, Butterworths,
London, 1957,
B.E. Nieuwenhuys, R. Bouwman and W.M.H. Sachtler, Thin Solid Films 21
(1974) 55.
H. Chon, R.A. Fisher, R.D. McCanmon and J.G. Aston, J. Chem. Phys. 36
(1962) 1378.
R. Bouwman, H.P. van Keulen and W.M.H. Sachtler, Ber. Bunsenges. physik.
Chem. 74 (1970) 198.
P.W. Palmberg, Surface Sci. 25 (1971) 598.
J.H. de Boer and J.H. Kaspersma, Proc. Kon. Ned. Acad. Wetensch. B72
(1969) 289.
P.G. Hall, Chem. Commun. 1966, 877.
J. Muller, Chem Commun. 1970, 1173.
D. F. Klemperer and J.C. Snaith, Surface Sci. 213 (1971) 209.
M. A. Chesters, M. Hussain and J. Pritchard, Surface Sci. 35_ (1973) 161.
B.E. Nieuwenhuys and W.M.H. Sachtler, submitted to Surface Sci.
B. E. Nieuwenhuys, D.Th. Meijer and W.M.H. Sachtler, submitted to
Phys. Stat. Sol.
J. Mulliken, J. Am. Chem. Soc. J74 (1952) 811.
P.M. Gundry and F.C. Tompkins, Trans. Faraday Soc. 56_ (1960) 846.
T.B. Grimley, in "Molecular Processes on Solid Surfaces" (E. Drauglis,
R.D. Gretz and R.J. Jaffee, eds.) p. 299, McGraw-Hill, New York, 1969.
R.A. van Santen, private communication.
P. Hohenberg and W. Kohn, Phys. Rev. 136 (1964) B 864.
W. Kohn and L.J. Sham, Phys. Rev. 140 (1965) A 1133.
N. D. Lang and W. Kohn, Phys. Rev. B _1̂ (1970) 4555.
N.D. Lang and W. Kohn, Phys. Rev. B 3̂ (1971) 1215.
N.D. Lang, Phys. Rev. B 4̂ (1971) 4234.
J.E. Lennard-Jones, Trans. Faraday Soc. 2j3 (1932) 334.
H. Margenau and W.G. Pollard, Phys. Rev. 6£ (1941) 128.
J. Bardeen, Phys. Rev. 58 (1940) 727.
E. J.R. Prosen and R.G. Sachs, Phys. Rev. 6Ĵ  (1942) 65.
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Chapter IX

SOME GENERAL REMARKS ON THE BOND OF ADSORBED NITROGEN AND XENON

The main objective of this study is to identify the nature of the
bond between weakly adsorbed gases and surfaces of transition metals. The
adsorption systems studied are N, and Xe on a number of metals belonging to
Groups VIII b, c and I b of the periodic system.

N„ is strongly adsorbed on many transition metals. On a W(100)
plane, for instance, the adsorption is dissociative with a reported heat of
adsorption of 73 kcal/mole . On the other hand, the interaction between N,2and metals of Group VIII b and c is weak . Adsorption on these metals can
only be detected at a relatively low temperature, the adsorption being non-
dissociative. Some authors, therefore, explain the bonding of N„ on these

• • 3metals in terms of physical adsorption .
The present study has revealed a marked difference in adsorption

behaviour of N_ on the different metals of Group VIII b and c. On Pt and Ir
this difference is not only manifested in the initial heat of adsorption,
which amounts to 13 - 14 kcal/mole on Ir and 9 kcal/mole on Pt, but also in
a completely different crystal face specificity of both heat of adsorption
and change in work function. From our results we have argued that the
interaction between N^ and Group VIII b and c metals is of chemical nature.
Of relevance in this respect is, in our opinion, also the similarity of

3“ 10 . • hnitrogen adsorption complexes to transition metal complexes with di-
11-13nitrogen as a ligand , as manifested for instance in the infrared ab

sorption frequencies. Extrapolating this parallelism to the bonding, it ap
pears plausible to describe the bonding of N„ on Group' VIII b and c metal
surfaces as a donation of electrons from the 3o orbitals of the N„ molec-

. 8 2ules to the metal stabilized by back donation of electrons from the metal
d-band into the vacant degenerate lir antibonding orbitals of nitrogen.
If this view is correct the metal-N-N complex is linear or nearly so. The
available experimental results do not rule out yet the possible presence of
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® different type of adsorption, in addition to the form bonded perpendicular
to the surface. For instance, the existence of adsorbed N„ bonded with the
N-N bond parallel to the surface cannot be excluded.

The second system described in this work is Xe adsorbed on trans
ition metals.

It has long been realized by a number of authors*^ that the adsorp
tion of inert gases on metals cannot be understood by assuming an interaction
merely due to dispersion forces. Especially the large surface potential of
inert gases adsorbed on transition metals, first observed by Mignolet in
1950 , is incompatible with the general view of interaction by dispersion
forces.
Tet, up tó now, the different theories dealing with the dispersion force
interaction of a gas with a metal were tested with the experimentally found
heats of adsorption of inert gases on transition metals
The present study demonstrates in a convincing way the inaccuracy of this
procedure; the following results are incompatible with an interaction en
tirely due to dispersion forces:
J_* The crystal face dependence of the initial heat of adsorption of Xe on

Pt and on Ir^ The initial heat of adsorption on the (111) and (100)
regions is larger than on (110) tip regions.

2. The large surface potential of adsorbed Xe.
_3- The experimentally found relatively large heats of adsorption, especial

ly on Group VIII metals.
A model frequently used for explaining the large surface potential

13 18of inert gases * assumes a dispersion force interaction to which an inter
action term is added which is due to a classical polarization of the adsor
bate in a hypothetical surface field. Also this model is rejected since it
fails to èxplain the following results:
ji. The sign of the adsorption dipole.
b. The observed relationship between the heat of adsorption and the surface

potential of Xe.
c. The absolute values of the experimentally found heats of adsorption on

Group VIII metals.
Our results appear completely consistent with a charge-transfer

no—bond interaction between adsorbate and metal ^* The agreement between
experiment and this model appears from the sign of the adsorption dipole,
the observed linear proportionality between the surface potential and the
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heat of adsorption on different metals, the relatively strong binding of Xe
on crystal faces with a high work function and the magnitudes of the heats
of adsorption on various transition metals. Hence, it appears that the inter
action between Xe and transition metals may be considered as a weak chemi
sorption since electron transfer between adsorbate and metal takes place.

The final conclusions emerging from this work are largely due to
the strategy followed in this study: the separation of the chemical and
geometric effects in adsorption by working with different crystal faces of
a given metal single crystal and by measuring the adsorption of the same
gas on different metals, in particular the corresponding crystal faces or
on films of comparable face distribution in their surface.
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APPENDIX

Surfaces modeled in the f.c.c. structure.
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S A M E N V A T T I N G

In dit proefschrift wordt een studie beschreven over de adsorptie
van N„ en Xe op diverse metalen. De gebruikte technieken zijn veldelektro-
nenmikroskopie en foto-elektronenemissie. De dissertatie bestaat uit drie
delen.

In het eerste deel (hoofdstuk I) worden enige algemene opmerkin
gen over adsorptie van gassen op metalen gemaakt. Het belang van adsorptie-
studies voor heterogene katalyse en andere takken van wetenschap wordt be
sproken. Aangetoond wordt dat het gebruik van afzonderlijke kristalvlakken
voor adsorptiestudies vaak van essentieel belang is. Een aantal experimen
tele technieken voor adsorptiestudies op metalen wordt vermeld en de wer
king van de in dit proefschrift gebruikte technieken wordt beschreven.
Veldelektronenmikroskopie is een nagenoeg ideale techniek om de afhankelijk
heid bij gasadsorptie van de rangschikking der metaalatomen in het opper
vlak te bestuderen. Dit geldt vooral voor de door ons gebruikte moderne
variant van de veldelektronenmikroskoop: de probe-hole techniek. Deze ver
schaft ons de unieke mogelijkheid om de diverse vlakken van een éénkristal
te onderzoeken bij geheel identieke experimentele omstandigheden. De moge
lijkheden en beperkingen van deze techniek worden besproken. Tenslotte
wordt in dit hoofdstuk de doelstelling van het onderzoek kort aangegeven.

Het tweede deel(hoofdstukken II t/m IV)behandelt de adsorptie van
N2 op enige overgangsmetalen.

Hoofdstukken II en III gaan over N2 adsorptie op diverse kristal
vlakken van respectievelijk Pt en Ir. In hoofdstuk II wordt ook de gebruik
te apparatuur beschreven. Hoofdstuk IV geeft aan hoe de elektronenuittree-
arbeidverandering van Ni, Rh en Pt films door N„ adsorptie afhangt van de
temperatuur bij welke de films voor het toelaten van N„ verhit werden.
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Deze temperatuur is karakteristiek voor de mate van evenwichtsinstelling
van de betrokken film.

Op al de genoemde metalen wordt N„ slechts zwak gebonden. Op Pt
bedraagt de initiële adsorptiewarmte 9 kcal/mole op alle onderzochte kris-
talvlakken dus zowel op de dichtgestapelde als op de atomair ruwere vlakken.
Op Ir daarentegen, wordt N2 sterk vlakkenspecifiek gebonden. Drie duidelijk
onderscheidbare toestanden zijn aangetoond; een Yj toestand met een adsorp
tiewarmte van maximaal 7 - 8  kcal/mole, deze toestand komt voor op (100)
vlakken; een y2 toestand met een adsorptiewarmte van maximaal 10-11 kcal/
mole op de vlakken rond (110) en een sterker gebonden Yo toestand die voor
komt op de atomair ruwe vlakken (210), (320) en (531) _(731). De initiële
adsorptiewarmte van N2 in de laatstgenoemde toestand bedraagt 1 3 - 1 4  kcal/
mole.

De verandering in de uittree-arbeid is bij beide metalen duidelijk
vlakkenspecifiek. Zo blijkt dat op Pt de uittree-arbeid sterk verlaagd wordt
op de ruwe vlakken terwijl de verlaging op de gladde vlakken veel geringer
is. Heel anders is het gedrag van N2 op Ir. Daar wordt juist een grote ver
laging van de uittree-arbeid gevonden op het dichtgestapelde (100.) vlak.
Op de ruwe vlakken rond (731) en (210) wordt de uittree-arbeid slechts wei
nig verlaagd. Ondanks deze kleine afname in de uittree-arbeid op de ruwe
vlakken neemt de emissiestroom van deze vlakken bij constante veldsterkte
gedurende N2 adsorptie sterk af.
Bij Pt films wordt de verlaging van de uittree-arbeid door N2 adsorptie
kleiner als de films door verwarming tot evenwicht gebracht worden. Bij Rh
en Ni films neemt daarentegen de uittree-arbeidverlaging door dit proces
toe.

Al deze resultaten worden besproken aan de hand van literatuur
gegevens. Onze resultaten bevestigen de hypothese van Van Hardeveld c.s.
dat N2 adsorptie afhangt van de oppervlaktestructuur van het metaal. Deze
kristalvlak—afhankelijkheid is echter veel ingewikkelder dan door deze
auteurs voorgesteld was. Bovendien is er een opvallend groot verschil in
adsorptiegedrag van N2 op de besproken metalen. De binding tussen N2 en
deze metalen kan niet als fysische adsorptie beschouwd worden, maar blijkt
een echte chemische oorsprong te hebben.

Het derde deel van dit proefschrift (hoodstukken V t/m VIII) be
handelt de adsorptie van Xe op overgangsmetalen.
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In hoofdstuk V zien we hoe de oppervlaktepotentiaal van Xe veran
dert als de films tot evenwicht worden gebracht. Enige tegenstrijdige menin
gen in de literatuur» hierover worden besproken aan de hand van deze resulta
ten.

Hoofdstukken VI en VII hebben betrekking op Xe adsorptie op di
verse kristalvlakken van Ir en Pt. De initiële adsorptiewarmte neemt op
beide metalen af in de reeks (321) > (111) 'x. (100) > (210) > (110).
De oppervlaktepotentiaal van Xe op Ir is groter op de dichtgestapelde vlak
ken (111) en (100) dan op de ruwe vlakken. Op alle vlakken neemt de adsorp
tiewarmte af bij toenemende bedekkingsgraad. Deze afname is op de gladde
vlakken veel groter dan op de ruwe vlakken.

In hoofdstuk VIII zien we dat de oppervlaktepotentiaal en de ad
sorptiewarmte van Xe nauw met elkaar verbonden zijn. Er blijkt tussen deze
grootheden een relatie te bestaan die binnen de meetfout als lineair
beschouwd mag worden.

Aan de hand van de door ons verkregen resultaten kon over een
aantal fundamentele kwesties over adsorptie van edelgassen op metalen een
uitspraak worden gedaan. Eerst wordt de onenigheid in de literatuur over de
aard van de adsorptieplaatsen en over de pakking van de geadsorbeerde Xe
atomen op het oppervlak behandeld (hoofdstukken VI en VII). Uit onze resul
taten mag geconcludeerd worden dat Xe bij lage overall-bedekking op de tip
geadsorbeerd wordt in die adsorptieplaatsen waar de geadsorbeerde Xe atomen
maximaal door de metaalatomen omringd worden. Bij hoge bedekkingsgraad
blijft op de ruwe vlakken dit "site karakter" van de adsorptie gehandhaafd.
Op de dichtgestapelde vlakken daarentegen wordt bij hoge bedekkingsgraad
een dichtgestapelde Xe laag gevormd waarbij niet noodzakelijk een directe
relatie met de atomaire oppervlaktestructuur van het kristalvlak aanwezig
behoeft te zijn. Deze resultaten zijn uiteraard van belang voor de bepaling
van de grootte van metaaloppervlakken d.m.v. "fysische" adsorptie.

In hoofdstuk VIII wordt de aard van de wisselwerking tussen Xe en
het metaal behandeld. Het blijkt dat de binding niet uitsluitend door dis-
persiekrachten beschreven kan worden. Een veelvuldig gebruikte verklaring
voor de grote oppervlaktepotentiaal en de hoge adsorptiewarmte van Xe op
overgangsmetalen is een model waarbij de interactie beschouwd wordt als een
combinatie van dispersiekrachten en een interactie door een klassieke pola
risatie van Xe atomen in een hypothetisch oppervlakteveld.
Dit model wordt verworpen op grond van de volgende feiten:
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(1) De door ons gevonden hoge adsorptiewarmte van Xe op groep VIII metalen
kan volgens dit model niet verklaard worden.

(2) De gevonden lineaire relatie tussen de adsorptiewarmte en de opper-
vlaktepotentiaal is strijdig met dit model.

(3) Het model voorspelt het verkeerde teken voor de adsorptiedipool.
Daarentegen zijn de experimentele resultaten in goede overeenstemming met
een model dat de binding tussen Xe en het metaal beschrijft als een
"charge-transfer no-bond" interactie.

Het blijkt dus dat de adsorptie van edelgassen op metalen, een ad-
sorptiesysteem dat herhaaldelijk gebruikt wordt om de juistheid van be
paalde theorieen over interactie tussen metalen en gassen door dispersie-
krachten te testen, volgens de in de inleiding gegeven definitie feitelijk
geen fysische adsorptie is, maar een chemisch karakter heeft aangezien er
tussen Xe en het metaal een elektronenoverdracht optreedt.
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