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5.2.2. Dynamics of surface reactions

G. Ertl

5.2.2.1 Introduction

Catalysis concerns the rate of a chemical reaction which is usually expressed as a function of the concentra-
tions of the species involved in the reaction and a set of rate constants k; which depend on temperature T. Within the

framework of transition state theory (TST) [1], which forms the basis of chemical kinetics, the latter are given by

ki — klzT _eAS* /R_efE*/RT (1)

whereby E* is the activation energy (= the height of the energy barrier along the ‘reaction coordinate’, i.e. the path

kT
with minimum energy with respect to all other degrees of freedom for nuclear motion). The term —2— - ™R

(with kg = Boltzmann’s constant and h = Planck’s constant) denotes the ‘preexponential’ factor and is determined by

the entropy difference AS * between the transition state and the initial state.

The basic idea of TST consists in the assumption that at all stages along the reaction coordinate thermal equilibrium
is established, so that the temperature (T) is the only essential (macroscopic) parameter. This requires that energy
exchange between the various degrees of freedom of the particle interacting with the surface and the heat bath of the
solid occur much faster than the process of chemical transformation. This chapter will discuss effects, for which this

condition is not fulfilled and hence the observed phenomena are governed by dynamics rather than by kinetics.

5.2.2.2 Energy exchange between adsorbate and solid

An estimate of the typical energy relaxation time of a chemisorbed particle, t...x, can be obtained from ob-
servations with scanning tunneling microscopy (STM) [2,3]. Thermally activated dissociation of O, molecules che-
misorbed as peroxo-like species on a Pt(111) surface leads to the formation of pairs of chemisorbed O atoms. If the
temperature is low enough (< 180 K), these atoms are not mobile once they are at thermal equilibrium with the solid
and hence they do not change their positions over longer periods of time. Interestingly, it is found that the adatoms
resulting from dissociation of an individual O, molecule are not located on adjacent sites, but are rather separated by
5 — 8 A from each other. This effect is a consequence of the finite time needed for damping the adsorption energy

into the heat bath of the solid. As illustrated by the schematic potential diagram of Fig. 1, dissociative chemisorption
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along the reaction coordinate comprises mutual separation of the two atoms parallel to the surface plane. Obviously
this does not occur along the solid line representing the ground state, but along the dotted line involving ‘hot’ ada-

toms. From the distance <I> traversed until thermal equilibrium is reached and from the mean velocity (derived

from the chemisorption energy released), an average relaxation time on the order t . ~3x10 s is estimated. It

relax

can thus be concluded that for surface processes occurring on a time scale <107 s the concept of TST will not long-
er be valid. This will be the case for processes in which coupling of the particle to the heat bath of the solid is short-
er ,i.e. in cases of collision induced adsorption or reaction as well when product molecules are directly released into
the gas phase. On the other hand, the formation of ‘hot’ adparticles in the course of dissociative chemisorption as
just discussed is expected to be of quite general nature and will be further alluded below. A quite dramatic effect of
this kind (which is still not fully explained theoretically) has been observed with the dissociative adsorption of oxy-
gen on Al(111) where the ‘hot” adatoms travel by quite long distances across the surface before they come to rest
[4]. The role of such elementary processes in catalytic reactions has still to be explored and some further aspects will

be discussed below.

The full line in Fig. 1b describes the evolution of the reactant (free O, molecule) to the product (chemi-
sorbed O atoms) along the electronic ground state as determined by the Born-Oppenheimer potential energy surface
which is obviously not perfectly fulfilled. We may therefore ask for typical time constants for the exchange of ener-

gy between the degrees of freedom of the adsorbate and the solid substrate. Within the latter these are the lattice

p'(—

E, ;=13¢eV/Oatom

{I) =0.6nm
<rrclax> ~ 300 fs

Fig.1: Schematic potential diagram (a: two-dimensional, b: one-dimensional) for dissociative adsorption of a diatomic molecule
such as O% on Pt(111).
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Fig. 2: fs-laser induced associative desorption of hydrogen from Ru(0001) [5].
a: Variation of the electronic, phonon and adsorbate temperatures with time after absorption of two pulses separated by 1 ps
b: Illustration of the electronic processes following light absorption

vibrations (phonons) and the conduction electrons. Experimental access to this question could be obtained by rapid
absorption of an infrared pulse by the conduction electrons of a metal surface [5]. A Ru(0001) surface was covered
by dissociatively adsorbed H (D) atoms which could in turn be associatively desorbed by thermal desorption spec-
troscopy (TDS) with a mean kinetic (thermal) energy of around 350 K. If instead the surface was irradiated with 130
fs long IR pulses at 800 nm the desorbing molecules exhibit much higher kinetic energies around 2000 K, and the
yield of H, with a single shot is about 10 times that for D,. Further detailed experiments [6] and their analysis re-
vealed the following picture as illustrated by Fig. 2: Absorption of the photons by the conduction electrons creates
hot electrons above the Fermi level Er which rapidly (< 100 fs) equilibrate internally to an electron temperature Ty
and subsequently couple to the lattice characterized by its phonon temperature T, The occupation of electronic
states above Ef is governed by Fermi-Dirac statistics (Fig. 2b). As a consequence, an adsorbate derived affinity level
above Er may become transiently populated, whereby the system is transferred to an electronically excited state. The
gradient on this potential causes nuclear motion, eventually leading (by multiple excitation — relaxation steps be-
tween ground and excited state) to desorption via a nonadiabatic mechanism based on coupling between electronic
and nuclear degrees of freedom. Because of the mass difference between H and D the motion of the latter species on

the excited potential is slower and hence its desorption yield smaller. Fig. 2a depicts the variation of the different
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Fig 3: Time evolution of a Ru(0001) surface covered by coadsorbed O+CO after irradiation with an intense infrared laser pulse
of 130 fs duration. Variation of the electron and phonon temperatures, T, and Ty, respectively with time, leading to CO desorp-
tion and CO? evolution [7].

temperatures (Te, Tpn, Toa (H) and Toq (D)) with time for two subsequent pulses. It can be seen that these equilibrate
within about 1 ps to the common lattice temperature T, so that thermal equilibrium is reached. It can thus be con-
cluded that processes on a timescale >1 ps during which the adsorbate is closely coupled to the solid proceed on the
electronic ground state and can be safely described by TST. Manifestations of the breakdown of this concept to be

discussed below are usually characterized by shorter coupling times.

An example for which separation of the time scales for electron and phonon excitation had direct conse-
quences on the catalytic yield was found with CO-oxidation on a Ru(0001) surface onto which O+CO were coad-
sorbed [7]. When the temperature of the sample was continuously increased by heating, only desorption of CO, but
no formation of CO, was observed. This situation changed if the just mentioned fs light pulses (800 nm, 130 fs)
were applied: now both CO and CO, came off the surface. Two-pulse correlation experiments with varying delay
times between subsequent pulses (such as with Fig. 2a) revealed that the relaxation time for the decay of the excita-
tion responsible for CO desorption was on the order of 20 ps, but was much shorter (~1 ps) for CO, formation. As
shown in Fig. 3, CO, formation takes primarily place during the first picosecond after absorption of the IR pulse by
the valence electrons when Ty reaches values up to 6000 K, whereas desorption starts only later with the increase of
Tpn. The latter process is associated with a (thermal) activation energy of 0.8 eV, while that for CO, formation is 1.8
eV. This explains why with normal heating CO desorption takes place before recombination O+CO occurs. The
formation of hot electrons about Er during the laser shot, however, causes substantial population of an O 2p-derived

level which is antibonding with respect to the adsorbate-substrate bond. Coupling to the nuclear motion then in-
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itiates CO, formation. For adsorbed CO, on the other hand, the lowest lying empty level (derived from the CO 2m*-
orbital) is located about 5 eV above Ep and is thus much too high in energy to become substantially populated by
electronic heating, and hence CO desorption takes place from the electronic ground state through coupling to pho-

non excitations.

The variation of the C-O stretching frequency of CO adsorbed on Ru(0001) with surface temperature during fs-laser
heating could in fact be directly followed by time-resolved sum-frequency spectroscopy [8]. Parallel to heating up
the surface by a fs-IR pulse as before, part of this radiation was mixed with a visible up-conversion pulse. A set of
resulting time-resolved spectra with varying pump-probe delays is reproduced in Fig. 4. The continuous broadening
and frequency shift can be attributed to the temperature dependence of the C-O stretch band, caused by anharmonic
coupling to a frustrated translational mode and other low lying modes of the adsorbate. Thermally induced increase
of the amplitude of this motion displaces the CO molecules from its on-top position towards a bridge position,
where it has a lower C-O stretch frequency. After longer (>100 ps) times the sample has cooled down and the band
is centered at its original position, however with lower intensity which reflects partial desorption. In this way it is
demonstrated how the internal degrees of freedom of an adsorbate are in thermal equilibrium with the phonon heat

bath even during reaction (desorption). Quite analogous conclusions were reached in a similar, more recent study

with the system CO/ Ru (1 OTO) [9].
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Fig. 4: Transient SFG spectra from the C-O stretch vibration of CO adsorbed on Ru(0001) after rapidly heating the surface from
300 to 800 K by an intense fs laser pulse and subsequent cooling [8].

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.thi-berlin.mpg.de/ac)



Dynamics of surface reactions, G. Ertl., Handbook of Heterogeneous Catalysis Vol.3 (2008) 1462-1479 6

5.2.2.3 Limitations of transition state theory

The conclusion that chemisorbed particles are in thermal equilibrium with the solid even on a ps time scale
while strongly coupled to the surface may, however, break down if the molecules are released into the gas phase and
we consider the energy contents of the various degrees of freedom after desorption. This was verified for the
CO/Ru(0001) system when the translational energy of the (thermally) desorbing molecules was evaluated from
time-of-flight (TOF) spectra [10]. The measured TOF data were converted into the mean translational energy
<Eyans> and translational temperature <E,,s>/2kg (kg = Boltzmann’s constant) of the desorbing molecules. As
shown in Fig. 5a, <E.,s>/2kg as a function of the laser fluence F is always considerably smaller than the actual tem-
perature in the adsorbed state <T,4>. The variation of T,y together with the electron and phonon temperatures, T,
and Ty, and the desorption rate R as a function of time during such a fs-laser pulse desorption experiment is shown

in fig. 5b.
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Fig. 5: Desorption of CO from Ru(0001) after irradiation with an intense fs laser pulse [10].

a: Time-of-flight (TOF) data for a typical laser fluence <F>. The inset shows the variation of the mean translational energy
<E{ns>/2k and of the adsorbate temperature Tads with laser fluence <F>

b: Typical transients for the temperatures of the electrons T, phonons T, and adsorbate T,4, respectively, together with the
resulting desorption rate R as a function of time.
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This effect of “cooling in desorption” is quite common [11] and extents also to other degrees of freedom.
For example, Fig. 6 demonstrates that the mean rotational temperature of NO molecules desorbing form a Pt(111)
surface is equal to the surface temperature only up to about 400 K and then levels off because of incomplete excita-

tion of the rotational motion during the desorption event [12].
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Fig. 6: Variation of the rotational temperature T,, of NO molecules desorbing from a Pt(111) surface as a function of surface
temperature Ty pee. The straight line represents Tyo = Tourace [12]

5.2.2.4 Sticking

Modeling of the kinetics of a catalytic reaction is frequently based on a ‘hit and stick’ model for adsorption
derived from the Langmuir adsorption isotherm. If a particle impinging from the gas phase hits an unoccupied ad-
sorption site, it sticks (= becomes adsorbed). The situation for dissociative adsorption of H, on Ni(110) and Ni(111)
at zero coverage (s,) is illustrated by Fig. 7 [13]. Fig. 7a shows that s, for H, molecules with constant kinetic energy
(64 meV) on Ni(111) is independent of surface temperature and rather small, but increases continuously with the
normal component of the translational energy (Fig. 7b). In view of the potential diagram of Fig. 1 these data suggest
that there exists an activation barrier of about 0.1 eV for dissociation that, however, cannot be overcome by coupling
to the heat bath of the solid since the interaction time during direct collision is too short, but instead requires high
enough translational energy of the impinging molecules. With Ni(110), obviously such a barrier is negligible, since
S, is close to unity, independent of kinetic energy and surface temperature. For this process TST obviously fails be-
cause the time of interaction and energy exchange between the impinging molecule and the solid surface is not long

enough.
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Fig. 7: The initial sticking coefficient so for dissociative adsorption of H, on Ni(110) and Ni(111) surfaces [13].
a: as a function of surface temperature
b: as a function of the incident kinetic energy

Dissociative adsorption of hydrogen molecules on copper surfaces served as benchmark systems for these
types of effects. Molecular beam experiments were performed with systematic variation of the translational energy
and combined with probing the populations of vibrational and rotational levels, the latter even with selection of the
polarization (‘cartwheel’ vs ‘helicopter’) [14-16]. The detailed experimental findings prompted the evaluation of
sophisticated potential energy surfaces and theoretical modeling of the dynamics of this prototype reaction [17].
Further details will be presented below in connection with effects associated with the reverse process, namely asso-

ciative desorption.

Dissociative adsorption of methane is another interesting example in which bond breaking occurs by colli-
sion of the impinging molecule with the surface [18]. Again, the dissociation probability increases with the transla-
tional energy normal to the surface, while the surface temperature is without noticeable effect. Additional
experiments demonstrated that excitation of the bending and umbrella vibrational modes had a similar effect as an
increase of the translational energy. This suggests that in fact deformation of the methane molecule during collision
is decisive for dissociation, and also explains why attempts to promote this process by preceding optical excitation
had little effect [19]. On the other hand, experiments with NO excited to higher vibrational states revealed a much

higher probability for dissociative adsorption on Cu(111) than in the vibrational ground state [20].

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.thi-berlin.mpg.de/ac)



Dynamics of surface reactions, G. Ertl., Handbook of Heterogeneous Catalysis Vol.3 (2008) 1462-1479 9

Another example relevant to an important technological process demonstrates the actual complexity: For
catalytic ammonia synthesis, dissociative nitrogen adsorption is the rate limiting step whereby the Fe(111) surface
exhibits the highest activity [21]. The sticking coefficient for this step is very low and increases with surface tem-
perature, from which a sequential mechanism through molecular precursor states was concluded [22]. Molecular
beam experiments, on the other hand, revealed a pronounced increase of the sticking coefficient with kinetic energy
of the incident N, molecules, suggesting the operation of a ‘direct’ collision-induced mechanism [23]. A detailed
theoretical analysis resolved this apparent contradiction [24]. There exist in fact two dissociation channels, one pre-
cursor-mediated with low energy barrier, but high entropy barrier (thus explaining the overall low sticking coeffi-
cient) which dominates under usual synthesis conditions so that also TST is applicable, and another, direct one with
high activation barrier which is favoured in the molecular beam experiments with high kinetic energies of the im-

pinging molecules.

Even non-dissociative (molecular) adsorption may be associated with an activation barrier, if e.g. the
process proceeds via a physisorbed into a chemisorbed state (trapping-mediated adsorption). In the system
O,/Pt(111), for example, the molecule may be either chemisorbed in a superoxo-like or peroxo-like state [25]. In
molecular beam experiments it was then found that at low kinetic energies both types of surface species are formed,
while at higher kinetic energies the more strongly held peroxo-like species is favoured, thus reflecting correlations

between incident translational energy and preferred trajectories for adsorption [26].

In general, even for nondissociative adsorption without an activation barrier in the entrance channel the (in-
itial) sticking coefficient will deviate (perhaps only very slightly) from unity and decreases both with increasing
kinetic energy and increasing surface temperature because of incomplete energy exchange, as was explored in more

detail in state-resolved experiments and classical trajectory calculations [27].

Under the high-pressure conditions of ‘real’ catalysis, both the catalyst and the gas phase will be at the
same temperature so that effects arising from restricted energy exchange will be masked. Nevertheless, these phe-
nomena enter the evaluation of the kinetic parameters so that their analysis is of relevance for better understanding

of catalytic activity.

5.2.2.5 Collisions-induced surface reactions

Apart from sticking also other surface reactions may be affected by direct impact of particles from the gas
phase. For example, dissociative adsorption of CHy may not only be promoted by high enough kinetic energy of the
impinging methane molecules, but an already adsorbed adlayer may also be brought to dissociation by impact of Ar
atoms (“chemistry with a hammer”) [36,37]. In contrast to dissociation by direct impact, in this case the reaction
probability does not simply scale with the normal component of the kinetic energy of the Ar atoms. Instead it was
concluded that first the collision energy is transferred to the adsorbed CH4 molecule where it is redistributed and
causes dissociation or desorption with even higher probability. Similar effects were also found in a careful study on
hydrocarbons adsorbed on Au(111) and subject to beams of Xe atoms with varying kinetic energies [88]. Collision-
induced reactions were also observed with chemisorbed systems [39-41]. For O, chemisorbed on Ag(110) or Pt(111)

impact of Xe atoms causes desorption and dissociation with a common threshold energy of 0.9 and 1.2 eV, respec-
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tively. These values are considerably higher than the respective thermal activation energies. Equal thresholds for
both desorption and dissociation are presumably the consequence of rapid energy exchange between the different
modes of nuclear motion (viz., the O-O vibration leading to dissociation and the M-O, vibration causing desorp-

tion).

If a layer of coadsorbed CO+0O, is bombarded by Xe atoms also the release of CO, is observed [40]. It is
likely that this is a secondary effect: Dissociation of adsorbed O, causes the transient formation of ‘hot’ O adatoms

exhibiting a high reaction probability with neighboring CO as will be discussed further in the next section.

5.2.2.6 Langmuir-Hinshelwood vs. Eley-Rideal mechanisms

The preceding two sections lead directly to a classical problem in heterogeneous catalysis for a reaction
A+B: In the Langmuir-Hinshelwood (LH) mechanism both species are in the adsorbed state and fully equilibrated
with the surface, while with the Eley-Rideal (ER) mechanism an adsorbed species A reacts with particles B directly

impinging from the gas phase.

Generally, most surface catalytic reactions are considered to proceed via the LH mechanism. Experimental
verification is obtained in experiments in which, after adsorption of the reactants A+B, the gas phase is removed and
the sample temperature continuously increased until the product molecules AB come off (temperature programmed
reaction spectroscopy = TPRS). Specifically, the LH mechanism is operating if the time delay for product formation
is long enough (>10 ps) for reaching thermal equilibrium at the surface. For the CO+O reaction on Pd(111) this de-
lay time was determined in molecular beam experiments down to about 10 s, and from these data the activation

energy for the LH reaction was derived [42].

Reactions involving hot adatoms as discussed before represent obviously an intermediate situation between
the two limiting cases LH and ER in so far, as the reactants are not in complete thermal equilibrium with the surface
(LH), but the reaction, on the other hand, does not take place by direct collision without (at least partial) previous

accommodation (ER).

Clear cases for the operation of the (pure) ER mechanism are still rather scarce and so far restricted to

reactions involving the impact of atoms (i.e. energetic species) onto the surface.

With CO oxidation on Pt(111), the first evidence for non-LH behavior was found for beams of O atoms
(impinging together with CO molecules) onto the surface [43]. (The reaction with O, molecules, on the other hand,
proceeds clearly via the LH mechanism). If the energy content of the product molecules was probed by infrared
chemiluminescence, CO, molecules formed by impact of O atoms exhibited a higher degree of internal excitation
than when O, molecules were used, suggesting some kind of “memory” of the initial state of the reactants [44]. The
suggested operation of an ER mechanism in this case [45] was supported by classical trajectory calculations [46].
There it was found that most reactive events occurred within the first few ps after impact. However, a substantial
fraction of product molecules is also formed after somewhat longer times and are hence better classified as hot ada-

toms events.
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The most detailed investigations on the operation of an ER mechanism were performed with reactions in-

volving the collision of an incident hydrogen atom onto an adsorbed species, such as H + D,; — HD . The ener-

gy balance for this process reads Ey =E, (HD)+E,, (H)—E, (D) which amounts to about 2.3 eV for
Cu(111). State-resolved experiments revealed in this case such an amount of energy carried away by the HD mole-
cules in their translational, vibrational, and rotational degrees of freedom [47,48]. Similarly, the reaction
D +D,; — D, on Ni(110) was reported to produce rotationally and vibrationally excited molecules [49], and the

conclusion of an ER mechanism was supported by theoretical results [50,51].

However, experiments with the H+D,4 reaction on Ni(110) revealed not only HD as product molecules but
also D, [52]. In addition, it was found that the rate of HD formation was not simply proportional to the surface cov-
erage with D as expected for a pure ER mechanism [53,54]. Therefore a more complex sequence of elementary steps
was proposed as sketched in Fig. 8 [53]: In addition to a pure ER mechanism (a), a fraction of the incident H atoms
may become adsorbed causing a modified ER mechanism (b). In addition, some of the impinging H atoms may be-
come trapped (but not completely accommodated) as hot adatoms and then either react with D,y (c) or transfer their
energy to adsorbed D atoms which become thus excited and may even react further to D, (d). Computer simulations
revealed that all experimental observations may be (qualitatively) rationalized by this concept [55] which later was
developed further [56]. The same group investigated in great detail also a series of other reactions of this type, in-
cluding the abstraction by H atoms of chemisorbed D atoms from graphite [57], Si(111) [58], Ag(100) and (111)
[59], but also of chemisorbed O from Cu [60-62] or Pt(111) [63]. The general conclusion is that the original ER me-
chanism as proposed long ago [64] only hardly operates in its pure form, even not in reactions involving atomic (i.e.

energetic) reactants, but that the actual situation is usually more complex.
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Fig. 8: Proposed reaction steps involved in the interaction of H atoms iminging onto a D covered surface [53].
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5.2.2.7 ‘Hot’ adparticles

Already Langmuir [28] had observed that the sticking coefficient in non-dissociative adsorption does not
necessarily decrease linearly with coverage as expected from the “hit and stick” model, and he attributed this effect
to the intermediate formation of mobile surface species. The ‘precursor’ model [29,30] assumes that an incident par-
ticle can also be weakly trapped on an already occupied site. There, it is thermally accommodated and exhibits high
mobility during a limited surface residence time during which it can reach a free chemisorption site with finite prob-
ability. This ‘precursor’ particle is considered to be in thermal equilibrium with the surface. There exist, however, a
number of observations where this is no longer the case: These ‘hot’ adparticles are trapped on the surface for a

short time before they reach thermal equilibrium, during which period they may give rise to novel dynamic effects.

Tully [11] had realized in trajectory calculations for the interaction of noble gas atoms with a Pt surface
that long after thermal equilibration of their normal component of kinetic energy, trapped molecules may slide
across the surface over rather long distances before also the tangential component is equilibrated, thus confirming
previous suggestions along the same line [31,32]. Qualitative rationalization is sketched in Fig. 9. An incident par-
ticle will first hit the repulsive part of the interaction potential and exchanges its adsorption energy only stepwise
(Fig. 9a). Since the variation of the potential parallel to the surface is generally weaker than perpendicular to it the
particle will travel some distance across the surface before it comes to rest (Fig. 9b). If along this path, however, it
hits an already accommodated other particle with the same mass (Fig. 9¢), energy transfer will be very efficient and
the two particles will remain preferably attached to each other, provided that the surface temperature is low enough

to prevent regular (i.e. thermally activated) diffusion.

J
Ex a
> 7
EA b
> X
Ep C
= X

Fig. 9: Mechanism of the hot precursor model for adsorption.
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[001]

Fig. 10: STM data from (non-dissociative) adsorption of O, molecules on an Ag(110) surface at 65 K, demonstrating the opera-
tion of the hot precursor model [33].

a: STM image 30x23 nm?” after adsorption of 2% of a monolayer

b: Model with adsorbed O, molecules (black) and Ag atoms from the first (white) and second (grey) layer.

Experimental verification of this effect is demonstrated by the STM image of Fig. 10a [33]: About 2% of a
monolayer (ML) O, molecules had been adsorbed on an Ag(110) surface at 65 K. At this low temperature no dissoc-
iation takes place and the thermal mobility is negligible. If the randomly impinging molecules would come to rest at
their respective point of impact, the vast majority of them would be discernible as isolated adparticles which is how-

ever not the case. The inset of Fig. 10a shows a section with atomic resolution in which both the rows of Ag atoms
along the [ITO]-orientation and the adparticles (black dots) are resolved. Almost no isolated single adparticles are
discernible, but rather agglomerates with typically 2 to 4 O, molecules with mutual separation of 2a along the
[lTO]—direction which is the energetically favourable configuration as sketched in Fig. 10b. This observation de-

monstrates directly the operation of the discussed ‘hot’ adparticle effect.

Such effects may not only result from transient incomplete accommodation of a particle trapped on the sur-
face from the gas phase, but may also result from a reaction occurring on the surface. The dissociative adsorption of

O, on Pt(111) [2,3] or Al(111) [4] as already discussed in sect. 5.2.2.2 belong into this category.
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Fig. 11: Temperature-programmed reaction spectroscopy (TPRS) from a Pt(111) surface covered by CO and O (lower trace) and
O, (upper trace), respectively [66].

These ‘hot’ adatoms are more energetic than they would be if accommodated with the surface and are
hence also expected to be more reactive. Experimental evidence for such effects involving adsorbed oxygen was
presented by Roberts et al. [34-36], and becomes even more pronounced in several studies on the oxidation of CO
on platinum [65-67]. If O atoms and CO are coadsorbed on a Pt(111) surface, temperature-programmed reaction
spectroscopy (TPRS) exhibits a peak of CO, formation () centered around 300 K as reproduced in Fig. 11 [66],
arising from the regular Langmuir-Hinshelwood reaction O,; + CO _; — CO, When, however, instead O, mole-
cules were coadsorbed with CO at low temperatures, subsequent heating caused the appearance of an additional CO,
peak at 150 K, just the temperature at which O, 4 dissociates and forms transient ‘hot’ adatoms with a lifetime of
about 300 fs as discussed in sect. 5.2.2.1 and manifested by 5 — 8 A separation of the formed O-adatoms. These hot
adatoms either react with neighboring CO (=aCO,) or are accommodated before they react from their thermalized
ground state with higher activation energy (=BCO,). This concept is further supported by the observations that the

relative proportions of a- and 3-CO, may be controlled by the O, and CO coverages.

5.2.2.8 Particles coming off the surface

The energy and momentum content of particles coming off the surface reflect the exchange of energy be-
tween the different degrees of freedom during interaction with the surface and thus the deviations from transition
state theory. Particles with full thermal accommodation would exhibit populations of their translational, rotational
and vibrational degrees of freedom given by Boltzmann distributions with the surface temperature Ts and a cosine
angular distribution. Since the sticking coefficient usually deviates from unity, the principle of microscopic reversi-
bility then requires that this condition is also not fulfilled. State-resolved molecular beam experiments together with

classical trajectory calculations shed much light on these processes of energy exchange [68].
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As an example for these kinds of investigation, Fig. 12a shows time-of-flight (TOF) distributions from NO
molecules in various rotational states (J”’) coming off an oxidized Ge surface after scattering of a rotationally cold
molecular beam with a narrow translational energy distribution centered at 730 meV [61]. The TOF data (lower
panel of a) exhibit two maxima with short and long mean flight times (i.e. high and low mean kinetic energies) aris-
ing from molecules which underwent either direct inelastic scattering or were intermediately adsorbed and then de-
sorbed again, respectively. The latter possess a mean translational energy of 45 meV, independent of their rotational
state (curve (b) in Fig. 12b), equal to 2 kTs. The population of the rotational levels of this part follows a Boltzmann
distribution with T, = 190 K which is again identical to the surface temperature Ts. This is obviously the fraction of
molecules undergoing adsorption/desorption. The fast molecules, on the other hand, do not exhibit a Boltzmann
distribution of their rotational population, but exhibit a ‘rotational rainbow’ with overpopulation of the higher J”.
Their kinetic energy decreases linearly with rotational energy (curve (a)), but to a lesser extent than if the rotational
energy would only originate from the primary translational energy (this would give rise to curve (c)). An adequate

theoretical description was presented by Mulhausen et al. [70].
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Fig. 12: Scattering of NO molecular beams from an oxidized Ge surface [69].

a: Time-of-flight (TOF) distributions of the incident and scattered molecules in various rotational states J”

b: Correlation between mean translational energy and rotational energy for the part of molecules undergoing direct-inelastic scat-
tering (a) and for those from trapping/desorption (b).
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Apart from the reductions of the populations of the various degrees of freedom from thermal equilibrium
with the surface of particles coming off the surface as already discussed in sect. 5.2.2.3 (‘cooling in desorption’),

reaction products resulting from exothermic surface processes may, on the other hand, also carry off excess energy.

If, for example, NO, decomposes at a Ge surface, the rotational distribution of the NO molecules formed is
non-Boltzmann and independent of surface temperature. This is a clear indication that NO is released directly into

the gas phase without intermediate thermal equilibrium with the surface, which effect is attributed to the large exo-

thermicity of the reaction NO, , - O, + NO [71].

More direct evidence for formation of hyperthermal product molecules is obtained by recording their angu-
lar (and velocity) distributions as summarized recently by Matsushima et al. [72]. The schematic (one-dimensional)
potential diagram for CO oxidation on Pt(111) (proceeding in the thermal ground state through the Langmuir-
Hinshelwood mechanism) is depicted in Fig. 13 [73]. The product molecule CO, is only very weakly bound to the
surface and hence experiences a repulsive potential after passing the transition state and is presumably not fully ac-
commodated before released into the gas phase. As a result the angular distribution follows a cos’® relation, rather
than cos® for thermal equilibrium, and the mean translational energy can increase to 330 meV, about tenfold the
thermal value [74]. It is suggested that the transition state is bent while the final molecule is linear, and hence also
noticeable excitation of internal degrees of freedom is to be expected, and this has indeed been observed by infrared
chemiluminescence [75-80]. As an example, Fig. 14 shows the average vibrational temperature and rotational tem-
perature (a), as well as of the antisymmetric stretch vibrational and bending vibrational temperature (b) for CO,
formed on a Pd(110) surface at a surface temperature Ts = 600 K as a function of the CO/O, ratio [80]. These data
clearly indicate that the asymmetric stretch vibration is much more highly excited than the other vibrational modes
which effect may, in addition, be affected by the composition of the adlayer through interactions between the ad-

sorbed particles [81].

Transition
state

259 + AH

283

002 ad *

Fig. 13: Schematic potential diagram for CO oxidation on a Pt(111) surface at low coverages [73].
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Fig. 14: Chemiluminescence in the CO oxidation on a Pd(110) surface [80].
a: Average vibrational temperature and rotational temperature as a function of the CO/O, ratio at Ts = 600 K
b: Temperatures of the antisymmetric and the bending vibrations, respectively, as a function of the CO/O, ratio
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Fig. 15: Polar angle distributions for CO2 formed by CO oxidation on Pt(110) along the [110] and [001] directions, respectively

[81].

Fig. 15 shows polar angle distributions of CO, formed on Pt(110) along the [110] and [001] directions, re-

spectively [82]. This surface is reconstructed into a 1x2 missing row structure as depicted in the inset of Fig. 15a.

The angular distribution along the trough, i.e. the [110]-direction, (Fig. 15a) is peaked along the surface normal,

whereas along the [001]-direction (Fig. 15b) it exhibits two maxima at £35°. This suggests that CO, formation

takes place preferentially on the inclined facets of the reconstructed Pt(110) surface, whereby, however, site switch-

ing may take place upon variation of the CO coverage [88].
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5.2.2.9 Electronic excitations caused by surface reactions

Langmuir and Kingdon [84] observed that heating up a Cs covered W surface causes desorption of Cs' ions
which effect is easily explained by the fact that it costs less energy to ionize a Cs atom (3.9 eV) than one gains by
transferring this electron to the Fermi level of tungsten (~5 eV) . Less obvious, however, is the interpretation of oth-
er earlier reports, whereafter interaction of alkali metals with oxygen (and other electronegative species) may cause
the emission of electrons [85]. This effect of ‘exoelectron’ emission has to be attributed to the energy gain asso-
ciated with the chemical transformation of the surface, and sometimes even the ejection of negative ions is observed
[86]. These effects can be rationalized in the framework of a model proposed by Kasemo et al. [87] as illustrated by
Fig. 16. The lowest lying empty electronic level (=affinity level) E5 (0.4 eV below the vacuum level Ey for O,) of a
particle is continuously lowered upon approaching the surface. When it crosses the Fermi level Ep, there is a high
probability for occupation by an electron tunneling from Ep (‘harpooning’), and then the negative ion is further ac-
celerated towards the surface where bond formation takes place. There exists, however, a small probability that the
particle will be stopped before it ionizes. The empty level will then be at 4 which may be occupied by an electron
from the metal, and the energy released excites another electron via the Auger effect. Obviously, this exoelectron
attains its maximum kinetic energy if both electrons originate from Er (and Eyinmax = -€4), and its minimum kinetic
energy will be given by the work function, Eynmin = ¢. This concept is nicely verified by the experimental data re-
produced in Fig. 17: Panel a shows the yield of electrons and panel b the variation of ¢ as a function of O, exposure
for a Li surface reacting with O, [88]. The energy distributions of the emitted electrons at the three stages marked in
(b) are plotted in panel c. These data demonstrate that the low-energy cutoff is determined by the work function,
while the distributions exhibit a common high-energy leading edge given by g4. The yield rises with O, exposure

due to the continuous decrease of ¢ until a maximum is reached near saturation.

vacuum level

OEXO
A

0 distance from surface

Fig. 16: Electronic energy diagram for an electronegative particle approaching a metal surface giving rise to exoelectron emis-
sion [87].
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Fig. 17: Exoelectron emission in the reaction of O2 with a Li surface [88].

a: Yield of emitted electrons as a function of O2 exposure

b: Change of the work function as a function of O2 exposure

c: Kinetic energy distributions of the emitted electrons as the 3 stages marked in b.

Such a nonadiabatic pathway will presumably exhibit only a small probability, since the quenching of elec-
tronic excitations at metal surfaces occurs much faster than nuclear motion, and with the O,/Li system the probabili-
ty for exoelectron emission is only of the order <10°. The competition between nuclear and electronic motion is
nicely reflected by the exponential increase of the yield of electron emission with the velocity of the impinging mo-
lecules as depicted in Fig. 18 for the system O, + Cs [89]. Note that a velocity of 2x10* m/s corresponds to a path of

2 A within 100 fs, just of the order of the time scale for full relaxation as discussed at the beginning of this chapter

The mechanism illustrated by Fig. 16 suggests that apart from Auger decay deexcitation may also occur via
light emission. Fluorescene was indeed observed in the interaction of Cl, with K surfaces, but with considerably
lower yield than exoelectron emission [90], in agreement with general experience about competition between fluo-

rescence and Auger deexcitation at metal surfaces.
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Fig. 18: Variation of the initial intensities of exoelectron emission in the system O,+Cs with the normal velocity of the impinging

0, molecules [89].
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Fig. 19: Mechanism of detecting an electric current as a consequence of electronic excitation by catalytic reaction at the outside

of a metal-semiconductor system forming a Schottky barrier [92].
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Emission of exoelectrons as a consequence of electronic excitations in the course of a surface reaction will

be restricted to the interaction of electronegative molecules with low-work-function metal surfaces, since according
to Fig. 16 ¢ < ‘8 " ‘ will be a necessary condition. But even then the majority of excitations will arise from combina-

tions of lower-lying electronic states so that the energies of the excited electrons are below the vacuum level and
these cannot escape. The creation of such hot electrons could, however, be demonstrated by the use of thin metal
films deposited onto a semiconductor surface thus forming a Schottky barrier. This was first shown for Ag and Cu
films on a Si(111) substrate forming a Schottky barrier of 0.6 eV height and interacting with H and D atoms [91]. As
sketched by Fig. 19, hot electrons formed by reaction at the outer surface can travel through the metal film, cross the
Schottky barrier (which replaces the work function in the case of exoelectron emission into vacuum), and can then

be recorded as “chemicurrent”.

Similar effects have in the meantime been observed with a variety of other systems [92-95]. Recently even
continuous electron flow associated with steady-state catalytic oxidation of CO on Pt films forming Schottky diodes
on top of TiO, [96] and GaN [97] substrates was observed. The reported high current efficiency (3 electrons for pro-
duction of 4 CO, molecules) seems, however, doubtful and requires further confirmation. In general it has, neverthe-
less, to be concluded that nonadiabatic energy dissipation through transient creation of electron-hole pairs might

indeed play a significant role in all surface reactions.

5.2.2.10 Surface reactions initiated by electronic excitations

The example of associative desorption of hydrogen from a Ru(0001) surface initiated by absorption of in-
tense fs-IR laser pulses as discussed in sect. 5.2.2.2 is a clear case for a surface reaction triggered by electronic exci-
tation. Irradiation with higher energy photons (typically with energies up to 6.4 eV) opens up the field of surface
photochemistry. The lifetimes of electronic excitations at metal surfaces rapidly decrease with energy above Er to
values of only few fs [98] and are therefore much shorter than the time scales for nuclear motion (~ps). Photochemi-
cal reactions seem hence to be rather improbable. This is, however, compensated by the much larger cross section
for absorption of the incident light. The latter process occurs predominantly in an about 10 nm thick layer below the
surface. The created hot electrons may be transiently attached to an empty adsorbate-derived level and thus cause an
electronic excitation of the adsorbate bond eventually leading to chemical transformation. This principle is illu-
strated by Fig. 20 and underlies the general mechanism of desorption induced by an electronic transition (DIET)

[99-101] as described by the so-called MGR model [102,103].

Photodesorption has been studied with a number of systems [99,101,104-106] from which only some re-
sults for ammonia desorbing from Cu(111) upon irradiation with 6.4 eV photons will be shortly outlined [107]. Up
to a laser fluence of 8 J/cm?, the desorption yield increases linearly with fluence, indicating that this process is in-
itiated by single photon absorption rather than by heating up the electron gas. Ammonia molecules coming off the
surface are strongly peaked along the surface normal and exhibit a mean translational energy of about 0.1 eV which

is far in excess of the thermal energy corresponding to the surface temperature of 100 K. A pronounced isotope ef
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Fig. 20: Energy diagram for an adsorbate-covered metal surface under the influence of light absorption.

fect in the yields of NH; vs. ND; desorption suggests that the energy required to break the molecule-surface bond is
acquired in an intramolecular (i.e. N-H) coordinate during the short-lived electronic excitation, and detailed analysis

reveals that this comprises the N-H umbrella mode of vibration [99,105-110].

Instead of being ejected into the gas phase, photogenerated particles may also travel along the surface as
‘hot’ adparticles, and the formation of CO, upon irradiation of a CO+O, adlayer on Pt(111) provided the first evi-
dence for such a mechanism [111]. More detailed studies with this system [112] revealed that CO, formed this way
at 25 K substrate temperature exhibited a maximum kinetic energy of 1.35 eV, close to the exit channel’s exoergici-

ty (1.45 eV). Photochemical dissociation of adsorbed O, is believed to result from transient capture of an excited

metal electron into the 3GZ state, and the transient ion is then attracted to the surface while its bond is elongated

[113-115]. For the fastest ‘hot” O adatoms a kinetic energy of about 0.7 eV was estimated [116].

The photochemical DIET processes at low light intensities are characterized by a linear relation between
yield and laser fluence, indicating a mechanism governed by single-photon excitation: Before the next photogene-
rated electron arrives, the excited adsorbate complex has already relaxed back into its ground state unless reaction
has occurred. With higher light intensities (such as with the fs laser experiments) the adsorbate complex may be
excited again before it is quenched [119]. By a sequence of multiple excitation-quenching cycles, the system may
climb up the ladder of vibrational levels and eventually undergo desorption, a process first identified with
CO/Cu(111) [118] and denoted as ‘desorption induced by multiple electronic transitions’ (DIMET) [119]. In addi-
tion, a conceptually alternative, nonadiabatic mechanism was proposed [120] whereafter the electronic system is
coupled to the adsorbate vibrations via electronic friction. Since with high laser fluences the high density of hot
electrons equilibrates internally very rapidly (<100 fs), the electron gas can be represented by an electronic tempera-
ture T, which differs from the lattice temperature T,, and the adsorbate temperature T,q. This concept was already

used in the discussion of sect. 5.2.2.2.

The MGR model underlying the mechanism of DIEF was originally developed for interpreting surface

reactions caused by direct impact of low energy electrons (electron stimulated desorption). This effect provides the
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most direct evidence for the initiation of chemical transformations at metal surfaces by electronic excitation and has

been widely investigated [121].

If instead of an electron gun the tip of a scanning tunneling microscope (STTM) is used as a source for
electronic excitations exciting new possibilities arise for probing adsorbate dynamics on atomic scale. After first
applications in which atomic motion was manipulated [122-124] also the dynamics of energy exchanges between
different degrees of freedom was explored. For the system O,/Pt(111) tip-induced dissociation [125] as well as rota-
tion [126] was studied. The energy barrier for the latter process was estimated to be about 0.15 eV, while that for
dissociation is about 0.4 eV. These results demonstrate the complexity of the overall potential surface and their reac-

tion pathways.

Coupling between different modes was demonstrated with acetylene adsorbed on Cu(100) [127]. Excitation
of the C-H stretch mode at 358 meV by tunneling electrons led to a tenfold increase in rotation rate. Detailed analy-
sis revealed, however, that the efficiencies of the process are very low, presumably because of the much more effi-
cient damping of nuclear motions by electronic excitations of the substrate. Similar experiments showing the
induction of nuclear motion or dissociation were performed with other weakly held adsorbates at very low tempera-

tures [128,129].

Analogous experiments with more tightly held adsorbates require higher bias voltages and have also been
extensively investigated [130-134]. Recently, chlorobenzene adsorbed on a Si(111) surface was in this way subject
to selective dissociation of C-ClI bonds, and it was concluded that in this case a two-electron mechanism is operating
that couples vibrational excitation and dissociative electron attachment steps [135]. This is demonstrated by Fig. 21,
which shows that the yield of desorption increases linearly with the electron current (= single electron process),

while a second power relation is found for dissociation.
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Fig. 21: The rates for desorption and C-Cl bond dissociation, respectively, for chlorobenzene adsorbed on Si(111) as a function
of the current between the STM tip and the surface [135].
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The reason for the low efficiencies of such processes can be rationalized from the results with the system
CO/Cu(111) for which atomic resolution with the STM was combined with the data from ultrafast laser techniques
[136]. As sketched by Fig. 22, electrons tunneling from the STM tip to an adsorbed CO molecule can cause their
hopping from the surface to the tip if the bias voltage exceeds a threshold value of 2.4 eV. There is again a linear
correlation between desorption probability and tunneling current, indicating a single-electron mechanism. Probing
the electronic density of states above the Fermi level by two-photon photoelectron spectroscopy revealed that this
process involves the transient population of the CO-2n* derived level centered at 3.5 eV above Eg. Thereby transi-
tion to a repulsive potential takes place from which desorption according to the DIET mechanism may take place.
The desorption probability from this state is extremely small, only about 5x107, suggesting that also its lifetime is
very short. Time-resolved two-photon experiments, together with the spectral width of the 2x*-derived level, indi-
cate that this lifetime is indeed less than 5 fs. This result is in accordance with the findings concerning the lifetimes
of hot electrons in this energy range in metals [98] and presumably represents the lower bound of the time scale in-

volved in chemical reactions.

@ co

800

Surface Surface

Energy

STM-TIP
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Fig. 22: The mechanism of desorption of a CO molecule adsorbed on Cu(111) by electrons from an opposite STM tip transiently
occupying the CO 2n*-derived level [136].
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