Role of Energy Dissipation 1851

ROLE OF ENERGY DISSIPATION AND SURFACE MOBILITY
IN HETEROGENEOUS CATALYSIS BY METALS

Zlatko KNOR! and Jan BsEk?

J. Heyrovsky Institute of Physical Chemistry, Academy of Sciences of the Czech Republic,
182 23 Prague 8, Czech Republic; e-maknor@jh-inst.cas.cZ surfaces@jh-inst.cas.cz

Received May 15, 1998
Accepted July 20, 1998

The fundamental role of excess energy dissipation and of surface species mobility, both in the
ration of model metallic catalysts (bimetallic catalysts, bimetallic oxide-supported catalysts), ¢
the activation of reactant molecules on the catalyst surfaces (single crystals, bimetallic and bin
oxide-supported catalysts) are discussed. A generalized model of surface interactions is pt
which satisfactorily explains the trapping of particles from the gas phase at the atomic steps .
covery of the trapping sites due to migration of the trapped species towards flat terraces.

probability of encounter of these species with other reactants on flat terraces and easier desor
the reaction products from there in comparison with the bound state at the edges of atomic st
be expected. Results of FIM and FEM studies of Pt, Dy—-W, Pd-W and Pd—Mo systems are
illustrate selected features of the proposed general model.

Key words: Surface mobility; Energy dissipation; Trapping sites; Catalysis by metals; Rea
zone; Field emission microscopies; Heterogeneous catalysis.

Interaction of one particle (atom of a growing lattice or a reactant molecule) with ¢
tallic surface can be generally described by a potential energy hypersurface. Col
tion of such a multidimensional dependence of the interaction energy
the coordinates of all the species involved in this interaction represents an imi
task. Therefore, many authors limit themselves to one-dimensional (1D) approxim
i.e., a single particle approaching perpendicularly the solid surface. For molecule
additional restriction is usually adoptedz. a fixed orientation of the molecule witl
respect to the surface plan@his 1D approach can be represented by a potential
ergy PE) curve (the energy of interaction between the particle and the suBpas &
function of the particle—surface distaneg,For diatomic molecules, a more exact re
resentation can be used, namely, BtesurfaceE(d,z), whered is the intramolecular
bond length and again the perpendicular molecule—surface distance. However,
E(2) andE(d,2) are valid only for one particular point on the solid surface (the ta
site, the particle is aiming at). Understandably, different target sites are charact
by different PE curves PE surfaces). The same conclusion also holds for the s
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occupied and unoccupied by the previously trapped particles. All the preceding
ments are valid for the genemRRE hypersurfaces, too.

Figure 1 depicts particles ;Mapproaching different sites; &long the linex on a
surface (a) and a set of the correspond®iigcurves (b). For exampldlE curve in
the planeo, represents the head-on-head collision of the particlevith a surface
atom $SandPE curve in the plane, corresponds to the case when the particlasvi
aiming at the middle point within the gap between the two surface atpaml &,
(Fig. 1). Figure 1b also shows the section through the minima ofREsUrface”. The
deepest minima (adsorption sites) are separatdRElyarriersV,, (activation energies
for surface migration). The curvig(Z,x) connecting the minima of individu&E
curves (Fig. 1), corresponds to an ideal (homogeneous) surface, where the ads
sites and activation barriers between them are identical over the whole surface.
ever, even a densely populated (atomically flat) plane of a single crystal is far
being ideal. Many defects occur on it: atomic steps with kink sites and corners, v
cies,etc (Fig. 2). The “chemical unsaturation” of surface atoms at such defects re
in a stronger interaction with gas molecules. In analogy with the crystal growth
can expect that these sites act as trapping sites for gas molecules, too. The nut
particles striking a unit surface area per unit time is of course constant all ove
surface at the given conditions. However, the trapping (chemisorption) of a particl
be expected as more probable at the “unsaturated” atoms (at the edges of atomic
than at sites on flat terraces. This is understandable because the dissipation of
(excess kinetic energy, adsorption heat) by phonons, surface reconstruction or b
excitation of metal electrons is probably easier at atomic steps compared with ¢
cally flat terraces (Fig. 3). Moreover, the sites at the edges of atomic steps are c

01

Fe. 1

A set of one-dimensiond®E curvesE(2)
(b), which represent the interaction of in
dividual molecules M approaching per-
pendicularly the solid surface, in the
form of a linear chain of surface atom
/ f?',,«:",'o:‘. E=0 Si (a). E is the potential energy of inter-
I o action between a single molecule and tl
i “:0:0:0,0,:0 ) i E surface (for a particular target site); fe
,,:,’:::3;.,';:,3:77 [ from the surfaceE - 0 and for the
Sl molecule trapped in the equilibrium dis

tance above the surface (at the pdg),

E = E;. E(2 might result from a quan-
tum mechanical calculation or a semien
pirical potential can be usec.§, the
Morse potential). Further details of thi:
figure are explained in the text
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terized (due to their “chemical unsaturation”) by deepErwells. According to the
Frenkel equatiotfor the mean sojourn time of a particle at the surface, this means
the particle resides on these sites for a long time period. Thus the probability
excess energy loss is further increased (Fig. 4).

Molecules trapped at the edges of atomic steps will be probably strongly pert
both due to the localized interaction with surface atoms and due to screening (F
The effective screening close to the atomic steps can be understood in terms
Smoluchowski smoothing effect of electrons at the edges of atomic layers ($ee
ref3). Such a perturbation might result even in a complete dissociatiangfdia-
tomic molecules.

Any chemical interaction is governed by the outermost electrons of chemically |
acting species, in our case of the reactant molecules and of the metal surfac
binding energy of outermost electrons corresponds for molecules to their ioniz
energy () and for the metal surfaces to their work functiph ( = 13—-15 eV for simple
diatomic molecules an¢l = 4—6 eV for transition metal surfaces. Consequently, wi
a molecule approaching a metal surface (Figs 3a—3c) is close to its “bonding” dis
= 0.1 nm (minimum of thé®E curve), then, due to the exchange and correlation re
sive forces, a hole is created in the electron charge density (Figs 3b and 3c). Th
cess might be considered as one of the channels for dissipation of the excess
energy of the impinging molecule. At this moment, the molecule starts to interact
the localized “atomic-like” states of the surface atb@igs 3d and 3e). This type o
states at the surface atoms of the transition metals has been evidenced by the f
microscopy~® (FIM) (similar conclusions resulted from the theory of the scanning 1
neling microscopg STM). These “atomic-like” states need not exist at the surf
atoms permanently. The “outermost” states of surface atoms are probably hybr
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along the surface plane (in analogy wiittype bonds in ordinary chemical con
pounds). A particle approaching the surface from the gas phase perturbs this hyb
tion and “atomic-like” states are created as precursors to a “chemical” bond.
model can be successfully applied to the metal-crystal growth from the gas ph:
well as to chemisorption of molecutes field ionization of inert gas atoms in FIM (f.
During the time spent by the molecule (selectively perturbed by the formatic
localized bonds with the surface atoms) in the trapped state its outermost ele
become a part of the electron system of the crystal and the charge density of
electrons relaxes to a new spatial distribution. The molecule becomes patrtially or
pletely immersed into the Fermi sea of metal electrons (Figs 3d and 3e). The
sojourn time of a molecule in a weakly chemisorbed state is betwegantD10? s,

perpendicular

Fic. 3
Model of the interaction of a diatomic molecule with an atomic step on a transition-metal Sur
Molecule (black sphere) approaches perpendicularly the step along theop(apeThe contours of
the electron charge density are schematically shown (grey region). Small circles represent ior
forming the crystal lattice. The front views (projection into thes plane) and side viewB, illus-
trating different stages of the interaction, are showrbind] and €, e) parts, respectively (for de-
tails see the text)
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and the life-time of the electron-hole excitatiori91!s. Due to the screening effect:
this “embedding” of a molecule into the charge density at the metal surface resl
weakening of both the intramolecular bonds (leading eventually to a total dissoci
and of the localized bonds of the molecule (or of its fragments) with the surface a
(Figs 3d and 3e). Relaxation of the electron charge density is thus responsibl
(i) dissociation of the reactant molecules trapped at atomic steps or other surfa
fects; (ii) weakening of bonds between the fragments (atoms) and metal atoms,
ling them to migrate away from edges of the atomic steps*. Due to this effect
original trapping sites are again ready for trapping further reactant molecules.

Up to this point we have discussed the elementary steps of a catalytic proce
a single-component surface. In the case of a multicompoagntbimetallic, surface,
an additional condition for its successful operation has to be fulfiled,that the
individual components have to “cooperate” in some way. If the individual elemer
steps proceed separately on individual components of the surface, the simplest |
“cooperation” between them would be migration of perturbed reactant molecule
their fragments) from one component to the other, where further reaction coulc
place (Fig. 5).

FG. 4
PE curveE(z) for a molecule Mapproaching a trapping site at an atomic step. The loss of its e»
kinetic energyvia dissipation channel Qwhich might correspond to Figs 3b and 3c) causes its ti
ping in the M state. There it vibrates ¢Y for a certain time period, without chance to leave tl
potential well. Its life time in this state can be long enough so that further excess energy co
dissipated and the molecule would end up in the chemisorbed sjate M

* Theoretical arguments in favour of the above formulated elementary stages of a catalytic p
occurring on transition metal surfaces, particularly the effect of immersing the diatomic molecul
a non-zero charge density, can be found in Berlin’s formulation of the Hellmann—Feyi
theoreni®,
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In the preceding paragraphs, the fundamental role of excess energy dissipation
surface species mobility (trapped and perturbed reactant molecules or their fragt
in catalysis by transition metals has been demonstrated. In what follows, an expe
tal evidence is presented for various types of mobility and their manifestation i
phenomena observed on transition metal surfaces. The following topics will be
cussed: (i) mobility of metal atoms along the surface plane and perpendicularly
(possible formation of a surface alloy) which are important for preparation of
defined model catalysts; (ii) mobility of reactant molecules and/or of their fragm
(atoms) on single crystals and on the oxide-supported bimetallic model catalysts.

EXPERIMENTAL

Experiments have been performed sequentially in two equipment: (i) in a home-made ultra-hi
cuum (UHV) all-glass apparatus with glass cells for a field emission microscope (FEM) and &
ion microscop® (FIM), (i) in FEM and FIM built into a commercial stainless-steel apparatus US
(U.S.S.R. provenance) (r&%). The latter apparatus was further equipped with a turbomolecular p
and a quadrupole mass spectrometer (Balzers, Liechtenstein). The vacuum chamber was cc
via a sapphire leak-valve (Varian, U.S.A.) to a home-made all-glass gas-handling'8ystéher
details of the above-mentioned equipments, as well as the used experimental procedures v
scribed earlief1L

RESULTS AND DISCUSSION

Role of Surface Mobility of the Metal Atoms in Preparation of Bimetallic Mode
Catalysts

The first bimetallic systems investigated in our FEM were prepared by evapor
of palladium in UHV onto a clean tungsten tip. Figure 6 shows the results of su
experiment. Palladium layer was deposited at78 K from the left-hand side perper
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dicularly to the tip axis. Since the average work-function valué< drg, = 5.6 eV for

a polycrystalline palladium film anfl,, = 4.5 eV for a tungsten tip, respectively, the |
layer slightly darkens the FEM image. Under such conditions, one would expec
the image of clean tungsten (Fig. 6¢) would change so that a sharp boundary

f g

Fic. 6

FEM images of a bare and Pd-covered tungsten tip. Comparison of the results of the high-te
ture, high-field treatment of: (i) a clean tungsten tip and (ii) a tungsten tip covered by a Pdla
thermally cleaned tungsten surface (repeated flashes Tip=t@ 600 K), imaging voltage 4.7 k\ij
after 2 min aff = 1 800 K in the presence of the field of the order of n; ¢ thermally cleaned
tungsten surface (imaging voltage 11 k'd)Pd layer deposited at 78 K onto the tip from the le
hand side (imaging voltage 11 kV, &; e after 1 min aff = 1 400 K in the presence of the fiel
of the order of 1®V/m; f andg are schematic side views of the tip relevant tande
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divide the image into two parts, the left-hand part (corresponding to the deposit
layer) becoming dark and the right-hand part (corresponding to the free tungste
face) remaining bright. In reality, however, the whole surface becomesi@ark, is
covered by palladium, though on the right-hand side obviously by a monolayer
(the original pattern of tungsten is still visible there) (Fig. 6d). Going to the left
brightness is continuously decreasing, probably because of the increasing thickr
the palladium layerdf. Figs 6¢ and 6d with the scheme 6f). This change of the F
image was definitely not caused by adsorption of residual gases (which might e
from the palladium source), as proved by the negative result of a blank experimel
glass shutter of the evaporator was closed, while the Pd source was running
viously, the high kinetic energy of some Pd atoms (the temperature of the Pd ¢
wasT = 1 500 K) was not efficiently dissipated into the cooled tip and individual
atoms could thus reach the “shadow” side of the tip apex. This can be understood
assumes that the Pd atoms are trapped at a larger digtg@nom the surface (Fig. 1b)
(because of their high kinetic energy). At this distancePtheninima are less deep an
the activation barriers are lower than at the equilibrium distap@eig. 1b). Palladium
atoms can thus move more or less freely along the surface.

Figure 6d shows the early stage of the Pd deposition. If the deposition cont
(Fig. 7a), a thick layer of palladium finally results which exhibits a stepped bount
with radii of curvature smaller than that of the apex itself. Then, due to high inte
of the electric field at this region (see the following Note), it is imaged in the forr

Fe. 7
FEM image of a thick layer of palladium deposited at 78 K onto the tungsten tip from the left
side (imaging voltage 6.5 kV, ré}) and heated for several secondsTte 300 K @), and a ball
model of the tungsten-tip apEXb). The full arrow shows the route, characterized by high activa
barriers (across the ridges and troughs), whereas the dashed line arrow shows the route v
activation barriers (along the flat terraces)
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bright strips at the left-hand side of the FEM image (Fig. 7a) thdggh ¢,,. In con-
trast to the preceding case, surface migration of a thick layer at a higher tempe
proceeds from the equilibrium statég,., the Pd atoms follow the route starting fro
the deepest minima (see Fig. 1b). Consequently, the edge of the thick Pd layer s
move along the way which exhibits smallest activation barrigrs,along the terraces
(see the dashed arrow in Figs 7a and 7b, the latter showing the ball model of th
of the W tip). The route (indicated by a full arrow) which would cross perpendicul
the ridges and troughs of the (112) plane of tungsten covered by a Pd monole
avoided because it would require to overcome the high potential barriers.
Migration of surface species is strongly influenced not only by the topograpl
features of the solid surface, but also by its chemical nature. If, for example, the €
of the mutual interactionH,,) of the deposited metal atoms is smaller than their in
action energy with atoms of the supporting substiatg)( the low-temperature deposi
tion of such a metal results in an amorphous layer which does not recrystallize
after heating to a higher temperature. As an example can serve FIM image showi
random structure of a dysprosium layer deposited onto the tungstéfintihe “head-
on-head” direction) (Fig. 8b). By contrast,Bf, > E,g (Pd layer deposited onto thi
tungsten tip) and the deposited layer is thermally aged, formation of a polycryst
layer can be observed in FIM (r&). (Fig. 8c). This interpretation is supported by tl
values of the vaporization enthalrﬂiésAHDy = 2.9 eV andAHp4= 3.88 eV and by the

Fc. 8

FIM images of:a tungsten tip (imaging gas was HE,= 78 K, imaging voltage was 10.6 kVb;
dysprosium layer deposited “head-on-head” onto the apex of the W tip (imaging gas Was 78,K,
imaging voltage was 7.7 kV) polycrystalline palladium layer deposited “head-on-head” onto
apex of the W tip (the grain boundaries were visualised by white lines) (imaging gas vias K& K,
imaging voltage was 9.7 kv, ré)
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Fic. 9

FIM images of:a dysprosium layer, partially field-evaporated from the tip apex (see the schel
side view of the tipe, during this process) so that the structure of the underlying tungsten is vi
(imaging gas was Ar with admixture of H&,= 78 K, field-evaporation voltage was 13.8 kV, in
aging voltage was 11.8 kVls the same surface as @ imaging voltage being 5.3 kV (Ar image o
the bare part of tungsten);a palladium layer, partially field-evaporated from the tip apex so that
structure of the underlying tungsten is again visible (imaging gas was Ne, field-evaporation v
was 12.7 kV, imaging voltage was 12.4 k'd)the same surface as énimaging voltage being 9.3 kV
(for obtaining a sharp image of the “bare” surface which was din) nefd)
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voltages, needed for the field-evaporation of dysprosium and palladium layers fro
tungsten tip (Fig. 9)*.

Information on the vertical diffusion (incorporation) of deposited atoms into the
strate lattice is presented for the investigated systems (Dy/W and Pd/W) in Fig.
the case of a partially field-evaporated Dy layer (as shown schematically in Fig.
well developed structure of the free tungsten surface with a sharp boundary can t
in the left-hand part of the FIM imatfgFigs 9a and 9b). On the other hand, when
Pd layer is partially field-evaporated, the structure of the “free” tungsten surface
9c and 9d) exhibits some irregularities together with a “diffuse” bouttidduring the
thermal aging of the Pd/W system which is needed for obtaining well developed
ture of the Pd crystallites, a part of Pd atoms has been obviously incorporated ir
surface layer of tungsten (surface alloy formation) and thus the obtained image dc
correspond to the structure of a clean tungsten suffa€ermation of Pd—W surface
alloy and exclusion of such phenomenon in the Dy/W system correlates well with
(covalent radiiR) of these atomdR,, = 0.16 nm (ref), Rog= 0.13 nm (ret’) andR,, =
0.14 nm (refd).

The mentioned effect of the chemical nature of the interface between two me
even more pronounced in the case of metal-oxide—metal (MOM) systems. Thes
tems were introduced for FEM and FIM studies in this laboratory** as models of ¢
mercial oxide-supported single-metallic and bimetallic catal§$ts

The first MOM systems were obtained by a heavy oxidation of tungsten tips w
were subsequently partially covered by a Pd &yeleposited from the right-hand sid
(in the same FEM as in Fig. 6d, where, however, Pd was deposited onto the
tungsten tip from the left-hand side). In contrast to Fig. 6d, a sharp boundary of t
layer was obtained in this case (Fig. 10c), obviously because of the increased s

* From the general point of view, the quantity that should be in this case compared is intensity
field at the apex. This intensity is proportional to the ratio U/R (U being the applied evapol
voltage and R being the apex raditsfFrom simple geometric considerations, one can conclude
the apex radius for a BCC metal is equal to 2 d (d being the distance between the centers of tl
and (110) planes). As can be seen from Figs 9b and 9d, the radius of the Dy-covered apex is
than the radius of the Pd-covered apex. Consequently, the intensity of the field which is nee
evaporation of Dy is higher than the intensity for evaporation of Pd indeed.

** During the experiments with such MOM systems, an unusually high electron emission has
observed which was comparable or even higher than that of the original clean tungsten tip. Thi
has been attributed to the resonance-enhanced turfifetthef the external metallic layer is prepare
by the vapour deposition of a chemically inert metab( gold), a high stability of the electror
emission can be achiev&d Such a MOM system appears thus to be a promising candidat
construction of a stable point source of electrons (exhibiting additionally an extremely narrow e
distribution) suitable for high-resolution transmission electron microscopes and spectromete
electron energy-loss measurements.
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probability of Pd atoms on the We@urface. Another factor which might play some role
the formation of the metal-oxide boundary is the mutual wettability: a good wettabili
the metal-on-metal systems and poor in the metal-on-oxide systems can be &xpecte

The observation of a sharp boundary after low-temperature deposition of a late
sition metal (Pd) onto the WQurface does not seem to be chemically specific:
same sharp boundary was observed with the low-temperature deposition of ar
transition metal Mo (Fig. 10d). The two groups of metals, however, differed cons
ably when the deposited layers were heated to higher tempef@timethe case of Mo,
chemical reaction with a surface oxide layer took place, succeeded bydiésGlution
in the WQ,layer or its sublimation in vacuum (see identical FEM images, Figs 11b
11d). On the other hand, Pd exhibited an ordinary sintering effect (Figs 11f and
typical of dispersed metals.

Fic. 10 ¢ d
FEM images ofa clean tungsten (imaging voltage was 3 Rv& 78 K); b heavily oxidized surfaée
(imaging voltage was 4.1 kVI; = 78 K); ¢ palladium deposited from the right-hand sidel'at 78 K
(imaging voltage was 4.1 kVT = 78 K); d molybdenum deposited at = 78 K onto the surface
underc from the left-hand side (imaging voltage was 4.1 K& 78 K, ref®)
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Fe. 11
FEM images ofa clean tungsten surface (imaging voltage was 3.47k¥,78 K); b oxidized tung-
sten surfac® (imaging voltage was 5.4 kV[ = 78 K); ¢ molybdenum deposited at= 78 K onto
the tip apex from the left-hand side (imaging voltage was 3.6Tk¥,78 K); d the tip heated for
about 3 s tdT = 1 200 K, ref%; e clean tungsten surface (imaging voltage was 6 k¥, 78 K); f
palladium layer deposited from the right-hand side onto an oxidized tungsten surface (imaging

was 7.5 kV);g the tip heated for about 1 s To= 1 200 K (imaging voltage was 7.5 kV,= 78 K,
ref.19)
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The MOM systems still exhibited an interesting feature, namely that thelayéey
was able to prevent the Pd atoms from vertical diffusion into the underlying tun
lattice, in contrast to the case, when the Pd layer was in direct contact with the
tungsten surfacé.

The non-stoichiometric tungsten oxide in the above described experiments was pro
semiconductor. It was therefore interesting to investigate also a typical insulator as ar
interlayer in the MOM system. With D (which is also a typical carrier in the catalysis |
supported metals) similar results to those of the, in@rlayer were obtainéd

Surface Mobility of Perturbed Reactant Molecules and/or of Their Fragments

Single component surfaceshe extraordinary shape of the sample in FEMs ¢
FIMs, viz. a single crystal etched into an extremely sharp tip (with the end curv
radius of 18to 10°nm) makes it possible to investigate the ability of perturbed reac
molecules or of their fragments to migrate from the trapping sites at the edg
atomic steps towards the “reaction region” on terraces where they can more c
freely move around. The probability of their collision with other reactants is thu:
creased in comparison with the state bound at the step (see Fig. 2)*. Moreover,
tive interaction might become operative on flat terraces and also desorption of pi
molecules from there might be easier than their desorption from edges of the &
steps. The above mentioned mechanism of a surface reaction can be successft
died in FEM, provided the trapping sites exist only in a specific region of the sa
surface. The location of such a region can be then identified from the initial sha
the reaction zone, if two conditions are fulfilled: (i) the rate of the reaction shoul
low to make the initial shape of the reaction zone observable, (ii) the surface mc
of the reactants should be limited, in order not to smear out the original anisotrc
the trapping sites distribution. These two conditions can be fulfilled if the investig
reaction is performed at an appropriately low temperature. The region around f
(111) plane is an example of such a surface with well defined trapping regférié
which form three sectors around the (111) plane, separated from each other by ¢
three “inert” sectors.

Figure 12 demonstrates that, in this favourable case, the distribution of the tra
sites on the above specified Pt surface can be judged from the anisotropy of the ri
zone indeed.

Multicomponent surfacesvligration of trapped reactant species in multicompon
systems is called a spillover effect. The first experimental evidence of this effec

* The latter statement is correct for surface reactions of the Langmuir—Hinshelwood type only.
the Rideal-Eley type of reactions is very rare, it is, however, almost generally applicable.
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presented at the 3rd International Congress on Catalysis in Amsterdam 1964 f
drogen and platinufi and for hydrogen and nicK&l(the latter evidence was not pe
ceived by most of the later auth##8, though it has been performed under bet
defined conditions).

If mobility of reactants or of their fragments on Pd-W surfaces in FEM shouls
investigated, a visible sharp boundary between the palladium and tungsten re
would be required. This goal can be achieved by high-temperature treatment in
electric field®, chosen so that the shape of the tungsten tip only slightly changes
a hemispherical (high-temperature equilibrium) shape into a polyR&dvath in-
creased size of low index planes (100), (211) and (110) (Figs 6a and 6b). On the
hand, in the bimetallic system Pd-W, even under milder conditions, small Pd n
crystals grow (due to the higher polarizability of Pd atoms and lower cohesion
metal compared to W) (Fig. 6e). Details of the preparation of such a sharp F
boundary are described in rF&f. Because of small end curvature radius of these
microcrystals (and, consequently, a higher electric field in their apex vicinity)
appear as bright spots on the FEM image (Figs 6e and 6g) (a similar effect as
case of stepped boundary of thick Pd layers, Fig. 7a).

The Pd-W system described in the preceding paragraph (Figs 6e and 6g) whe
tacted with nitrogen gas is suitable for direct investigation of the spillover of rea
fragments on bimetallic surfaces (because Pd is not able to trap and dissocic
nitrogen molecules at room temperature in contrast to tundt&myure 13 presents
results of this study. Under the above described experimental conditions the tul
surface is fully covered by chemisorbed layer of nitrogen atoms and the palle
surface is completely free. Since the binding energy of nitrogen atoms to the W st
(calculated from the initial heat of nitrogen adsorption on W, Fig. 14) is about
while on Pd it is 4 eV only, one can ask what the driving force for the migratio
nitrogen atoms from the tungsten to the palladium surface is. Figure 14 demon:
that the adsorption heat of nitrogen on tungsten falls down with increasing covera

g

Fic. 12
FEM image of the initial shape of the reaction
zone (bright region) around the (111) plane of
platinum for the reaction of Hwvith preadsorbed
oxygen atT = 115 K (ref?’)
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that at full coverage it corresponds to the binding energy of nitrogen atoms lowel
4 eV. We can thus conclude that the driving force for nitrogen migration from W
wards Pd at room temperature is the concentration gradient only.

Fe. 13

300 K 600 K 790 K 840K

5x10°Pa 5x107°Pa 5x10° Pa 5x107% Pa

10s 10s 10s

The average work function valuels) for Pd microtips exposed to nitrogen gas (pressurd@® Pa), after
pumping nitrogen away and after thermal desorption. The inserted FEM images of Pd microtips
spond to the initial, intermediate and final states of the Pd surface, respectively (L = langnigjr,

4.0

, eV
O,

3.5

\

3.0

Fc. 14
Heat of nitrogen chemisorptioQy, as a
function of coverage® (ref2%). Binding
energy of nitrogen atoms with the sul
face Ey_ye has been calculated accordin
to the approximate equatitinEy_ye =
(QN2+ Dnon)/2 Dn_n = 9 eV is the dis-
sociation energy of a nitrogen molecule
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Role of Energy Dissipation 1867

Similarly, the spillover of nitrogen atoms on the analogous oxide-supported
Mo/WO, system (described above, see Fig. 10d) was well docunm&ntedadditional
factor could be investigated in this MOM system, namely the size of the gap (th
tance) between the Pd and Mo islands (clusters). Understandably, nitrogen atoms
to migrate along the shortest way across the oxide surface between metallic i
(approximately 1 nm). Migration across the gaps broader than about 2 nm we
observed®. This study of oxide supported Pd—Mo systems was extended tc
Pd-Mo/ALO, system, and nitrogen spillover was observed ddain

CONCLUSIONS

FEM and FIM results have shown that energy dissipation and surface mobilit
decisive factors influencing catalysis by metals in general and processes of mode
lysts preparation in particular. Most of the hitherto observed surface phenome
transition metals can be understood in terms of the above described model (Fig. 3
model was previously named the localized-delocalized electron interplay (LDEI)
(proposet® on the basis of FEM and FIM results). The following surface phenorr
explainable by this model, were mentioned in this paper to demonstrate its g«
applicability: preferential trapping of particles from the gas phase at the atomic
surface reconstruction due to adsorption and/or surface reaction, recovery of tr
sites by surface migration of reactants or of their fragments along the atomicall
terraces, mapping of the trapping sites distribution in favourable cases from the
shape and the time development of the reaction zone, and finally a weak bond ¢
duct molecules on flat terraces, enabling their easy desorption.
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