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Existence of a “Hot” Atom Mechanism for the Dissociation of O2 on Pt(111)
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Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany

(Received 23 February 1996)

The dissociation of O2 on a Pt(111) surface was studied by variable temperature scanning tunn
microscopy at 150–106 K. The two oxygen atoms created by the dissociation appear in pairs
average distances of two lattice constants. Since thermal random walk sets in only at around
with a diffusion barrier of 0.43 eV and a preexponential factor of1026.3 cm2 s21, the distribution of
distances at around 160 K evidences nonthermal processes during the dissociation. It is conclud
transient ballistic motion exists, where the short range traveled is in agreement with recent mol
dynamics studies. [S0031-9007(96)00549-2]

PACS numbers: 68.35.Fx, 61.16.Ch, 68.35.Ja, 82.65.My
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There is a controversial debate about the existe
of transient mobility of adsorbed particles on solid s
faces. It concerns the question whether the chemical
ergy which is released during adsorption is directly d
sipated to the heat bath of the solid, or may, at leas
part, be transformed into kinetic energy, causing nonth
mal motion of the adsorbed particle across the surface
even inducing chemical reactions [1]. Transient mobi
was claimed for metal epitaxy [2], where in certain ca
layer-by-layer growth was observed already at temp
tures below the onset of thermal diffusion; according
molecular dynamics (MD) simulations [3] energy dissip
tion should, however, be very efficient in these cases,
the metal atoms should not move by more than one
tice spacing away from the point of impact. Experime
by scanning tunneling microscopy (STM) on the dissoc
tive adsorption of oxygen molecules on an Al(111) s
face [4,5] pointed to a “hot atom” mechanism according
which the two oxygen atoms are propelled apart upon
sociation, by distances exceeding 80 Å in a ballistic ty
of motion before equilibrating with the substrate. Mole
ular dynamics simulations [6] concluded, however, th
with realistic assumptions about the initial kinetic ener
hyperthermal motion could lead only to separations
tween the O atoms of less than 16 Å.

We believe that these effects are important for our g
eral understanding of energy dissipation during adso
tion. In order to clarify the situation, we have undertak
an STM study on a system for which there was clear e
dence for the existence of transient particles from form
studies. For the oxidation of CO on Pt(111) a low te
perature reaction channel was found [7] in addition to
ordinary reaction between thermalized oxygen atoms
COad at around 300 K [8]. The interpretation was bas
on metastable chemisorbed oxygen molecules which
been known from spectroscopic investigations [9] and
be described as superspecies, or peroxolike species
Heating to between 100 and 150 K (depending on
coverage) [11] or UV light radiation [12] causes diss
ciation (competing with desorption), whereby two “ho
0031-9007y96y77(1)y123(4)$10.00
ce
-
n-
-
in
r-
or

s
a-
o
-
nd
t-
s
-
-
o
s-
e
-
t,
,
-

n-
p-
n
i-
r

-
e
nd
d
ad
n
0].
e
-

oxygen atoms are created, which react with COad, or can
stimulate desorption of other coadsorbed particles [1
Dissociation of the metastable O2 on the clean surface
should therefore lead to a characteristic distribution o
atoms containing information about the possible existe
of hyperthermal mobility. Since transient mobility is a
fected by the corrugation of the interaction potential, p
of which is reflected by the diffusion barrier, this quant
was determined, in addition.

The experiments were performed under ultrahigh v
uum conditions with a variable temperature STM that
lows us to cool the sample to about 60 K by a liquid h
lium cryostat connected to the sample holder by a c
per braid. Intermediate temperatures are achieved by
multaneous radiative heating from the back of the sa
ple. The Pt(111) surface was prepared by repeated
cles of Ar1 ion sputtering (1 keV,2.5 mA), annealing
at 1100 K, oxidation of residual carbon contaminatio
(6 3 1028 mbar of O2 at T  720 K), and flash des-
orption of excess surface oxygen. After transfer of
sample to the STM thermal equilibrium is reached with
about only 15 min, thereby minimizing readsorption
contaminations.

Figure 1(a) shows the surface after adsorption of o
gen at 163 K. Since at this temperature [11] molecu
oxygen on Pt(111) either dissociates or desorbs, the
dark spots are interpreted as two oxygen atoms resu
from the dissociation of an O2 molecule. The separatio
between the two atoms is two Pt lattice constants a
directly seen from the Pt lattice visible in Fig. 1(a). Th
interpretation as atoms is in agreement with the fact t
they are imaged dark by the STM, i.e., lower than t
surrounding platinum, which is caused by the electro
structure of Oad [14] and has been observed also on oth
metals [4,5]. Images recorded after adsorption at aro
60 K, where O2,ad exists, show completely different fea
tures which can be interpreted as clusters of molecu
Agglomeration indicates that O2,ad is mobile even at 60 K,
in contrast to the oxygen atoms, which do not show a
site exchanges at temperatures around 160 K.
© 1996 The American Physical Society 123
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FIG. 1. STM images of Pt(111), recorded after dissociat
adsorption of O2 at around 160 K; black dots are oxygen atom
(a) 2 L O2, 19 Å 3 19 Å, 163 K, 20.2 V , 28 nA. (b) 1.2 L
O2, 110 Å 3 92 Å, 154 K, 10.13 V , 0.8 nA; the distances
between the O atoms in the pairs are indicated.

The larger scale image Fig. 1(b), recorded after ex
sure to 1.2 Lf1 L slangmuird  1026 torr sg of O2 at
154 K, shows that the Oad atoms appear in pairs, whic
was the exclusive feature observed in this tempera
range. After larger exposures small islands begin to
pear which consist exclusively of even numbers of ato
(That the pairs do not cluster already at low coverag
in contrast to the molecules at 60 K, indicates that
molecules which adsorb at around 150–160 K dissoc
with a probability greater than that of finding another p
ticle.) It is obvious that the two O atoms from the di
sociation of the molecules on Pt(111) remain on clos
neighbored sites. As is seen in Fig. 1(b) the distances
tween the atoms in the pairs vary; there are three p
with separations of two lattice constants, two with

p
7,

and one with
p

3 lattice constant separations.
The atomic model depicted in Fig. 2(a) shows t

separations found in the experiments; the relative ab
dances of the various distances are shown in the histog
Fig. 2(b). Because of symmetry only one 60± lattice seg-
ment is shown. The data show that the distances v
between one and three lattice constants, with a maxim
number of pairs separated by two lattice constants;
average distance is also about two lattice constants.
atoms sit on identical threefold sites; i.e., given these
fcc sites as was concluded in a former study [15], no h
sites are occupied. Although a twofold separation is a
the most probable one under conditions close to equ
rium (see below), the appreciable abundance of

p
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FIG. 2. (a) Model of the Pt(111) surface with two oxyge
atoms after dissociation of a molecule (platinum atoms gr
oxygen atoms smaller, dark spheres). (b) Histogram
frequencies of intrapair distances, based on 55 pairs. Aver
frequencies of 1,

p
3, 2,

p
7, 3 lattice constant separations we

7.3%, 21.8%, 56.4%, 12.7%, and 1.8%. Gray tops of the b
indicate variations between two data sets at 160 and 163 K.

tances and the, albeit small, number of onefold distan
clearly discriminates the histogram from an equilibriu
distribution.

For a quantitative comparison to thermal mobility me
surements were performed also at higher temperatu
Figure 3(a) shows the surface after adsorption of 10 L
O2 at 205 K. In contrast to temperatures between 150
160 K there are many single atoms, and the islands, wh
show as2 3 2d arrangement of atoms, contain even as w
as odd numbers of atoms. This is attributed to the onse
thermal mobility in this range of temperatures. The d
tribution of atoms in Fig. 3(a) is therefore considered
be close to equilibrium; as2 3 2d structure is the thermo-
dynamically stable structure of Oad on Pt(111) [16]. In
contrast to the low temperature results

p
3 separations are

observed only scarcely (see, e.g., the row of three ato
in the upper right corner of the first image of the serie
Onefold distances were not found at all.

Comparison of the four images which were record
successively on the same area shows that many of
atoms undergo site exchanges on the time scale of
image series. This is illustrated in the fourth image by
rows pointing to those atoms that have jumped from th
positions in the preceding image. Quantitative analy
of about 50 frames revealed the average hopping timt

from which the random walk diffusion constant was o
tained by means of the Einstein-Smoluchowski relati
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FIG. 3. (a) Series of successive STM images Pt(111) surf
after exposure to 10 L O2; black dots are oxygen atoms; th
Pt lattice is weakly resolved.93 Å 3 92 Å, 205 K, 10.5 V ,
2.3 nA, time for one image 12.5 s. (b) Arrhenius plot
diffusion constants between 191 and 205 K.

D  l2y4t [l is the lattice constant of Pts111d  2.77 Å].
Since the atoms in the islands are subject to interacti
with Oad neighbors only, those atoms were counted t
have no neighbors within two lattice constants. This an
ysis was performed for several temperatures between
and 205 K; the result is shown in the Arrhenius plot
Fig. 3(b). The data fall on a straight line, from the slo
of which the diffusion barrierEp

diff is 0.43 6 0.04 eV ;
the preexponential factorD0 equals1026.361.0 cm2 s21.
The value forEp

diff is in the expected range between 10
and 20% of the adsorption energy of 3.7 eV (with resp
to the energy of a free oxygen atom) [17]; the differen
to the much largerEp

diff values of 1.2–1.5 eV found by
field emission microscopy [18] is attributed to the know
incompatibility between random walk results and mac
scopic diffusion measurements.D0 is smaller than the
expected value of1023 cm2 s21 which may, however, be
due to the error caused by the relatively small temperat
range over which the atomic motion could be followe
With the experimental numbers forEp

diff andD0 the hop-
ping time is extrapolated to be between 4 and 32 h in
temperature range of 150–160 K, which is an order
e

s
t

l-
91

t

-

re
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e
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magnitude longer than the time scale on which the ato
distributions were analyzed. Consequently, the distan
larger than two lattice constants that are found at th
temperatures cannot be caused by thermal motion.
oxygen atom, jumping from a distance of two to a d
tance of

p
7 lattice constants, would even have to ove

come a larger barrier than an individual oxygen atom
cause of the attractive interactions ons2 3 2d sites. For
distances shorter than two lattice constants the jump r
may be larger, because repulsive interactions at these
arations increase the potential energy of the O atoms,
lowering the barrier. A portion of the pairs with onefo
or

p
3-fold separations may, therefore, have transform

into pairs with twofold separations. Nevertheless, the f
that distances of one lattice constant are detected at al
distances of

p
3 lattice constants to a much greater exte

than at around 200 K evidence nonthermal processe
150–160 K.

We conclude that the dissociation of the chemisorb
molecules causes a nonthermal, transient motion of
two oxygen atoms. Without such an effect the two ato
would always be found on neighbored lattice sites,
contrast to the data. We confirm therefore the clai
about hot atoms that originated from observations
nonthermal processes on Pt(111) [7,12,13], but th
reactions must take place on a rather short range, of a
two lattice constants.

The possibility of transient motion after dissociation
O2 has been treated theoretically in an MD investig
tion by Engdahl and Wahnström [6]. Trajectories we
calculated for hot oxygen atoms, with a parallel kine
energy of 3.5 eV, on a surface with a diffusion barr
of 0.3–0.4 eV. The resulting mean displacement of 8
per atom was shown to be limited not primarily by e
ergy transfer to the substrate (via phonon excitatio
but by scattering of the O atoms at the corrugated
tential, causing equipartition of the parallel kinetic e
ergy between the different translational degrees of fr
dom within only 0.2 ps. Although the totalEkin is trans-
ferred to the substrate at a slower rate (after 0.2 ps
still 1 eV, i.e., larger thanEp

diff), it does not result in
further net displacement. Since we know the energe
for O2yPt(111) and the geometry of the initial state qu
well, a comparison to the present case can be perform
The distance between the oxygen atoms in the flat ly
[19] supermolecule or peroxolike molecule is 1.3–1.4
[10,19]. Upon stretching of the O-O bond over a ce
tain limit the two oxygen atoms feel a mutual repulsi
(the chemisorbed molecule is only metastable), which
celerates them in opposite directions, mostly paralle
the surface. The maximum kinetic energy thus gain
is given by the energy for dissociative adsorption of2
(2.2 eV [17]) plus the barrier of 0.07 eV [17] separatin
the atomic and molecular potentials, both values with
spect to the free molecule. Since for the nonthermal
action with COad both O atoms were found to react [7
125
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we assume that the energy is shared equally betwee
two atoms, resulting in 1.1 eV per atom. The O-O d
tance at which the maximum kinetic energy is reache
probably at around one Pt lattice constant since the e
librium measurements show that the interaction chan
from strongly repulsive at one to weakly repulsive at

p
3

lattice constants. A value of about 1 eV is consistent w
the fact that the COad oxidation with thermalized oxyge
requires an activation energy of 1.0 eV [20], which m
be brought up also by the hyperthermal atoms, and w
experiments in which the hot oxygen atoms were fou
to transfer 0.7 eV to coadsorbed noble gas atoms [
We have therefore a considerably smaller energy than
used in the MD calculation but about the same diffus
barrier and therefore potential corrugation. It is theref
expected that scattering should stop the motion of the
atoms practically at the first Pt atoms encountered.
distance traveled by a 1.1 eV O atom on a 0.1 ps s
is only about one lattice constant. The small separat
observed for Pt(111) are therefore in agreement with s
a mechanism, which is confirmed in a recent theoret
study [21].

The result for Pt(111) is in striking contrast to the lar
separations between oxygen atoms that were observe
Al(111) [4,5]. Part of the difference may be explained
the much larger binding energy, and therebyEkinst  0d,
of O on Al(111), for which a recent calculation [22
found 5.0 eV per atom with respect to free O2. However,
even with a similarly large energy (3.5 eV) the quot
MD calculation did not reproduce the experimenta
observed distribution of oxygen atoms on Al(111). T
discrepancy is in fact even larger since a diffusion bar
of 0.3–0.4 eV had been used, whereas the actual val
close to about 1 eV [5,22]. The mechanism for Al(11
is still an open question. It has been suggested
the hot oxygen atoms do not fly parallel to the surfa
but describe a “canon ball” trajectory [21,22], or th
one of the two atoms is completely ejected. This
a known effect for F2 on Si(100) [23] and would
thermodynamically, be allowed also for O2yAl(111).

In conclusion, we find that dissociation of O2 on
Pt(111) actually creates hot atoms, confirming form
claims. This leads, however, to only a very limited tra
sient motion, by distances of about two Pt lattice consta
between the two Oad atoms, which is in good agreeme
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with a mechanism derived from recent MD simulation
Nevertheless, this effect may give rise to transient
hanced reactivity, in agreement with previous speculati
[1], which might be of quite general relevance for heter
geneous catalysis.

Discussions with G. Wahnström are gratefully a
knowledged.
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