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Fast reaction products from the oxidation of CO on Pt(111): Angular 
and velocity distributions of the CO2 product molecules 

K.-H. Allers, H. PfnOr,a) P. Feulner, and D. Menzel 
Physikdepartment E20, Technische Universitiit Miinchen, James Franck Strasse, 
85747 Garching, Germany 

(Received 6 August 1993; accepted 24 November 1993) 

Angular and velocity distributions of CO2 desorbing as reaction product of CO oxidation on 
Pt ( 111) were measured during heating of layers of initially molecular oxygen and CO adsorbed 
at a surface temperature of 100 K. In the velocity integrated desorption spectra of the reaction 
product CO2 four different peaks (a, /33' /32' /31) can be discriminated which, for linear heating 
rates of 5 K/s, appear at 145, 210, 250, and 330 K, respectively. They can be attributed to 
different reaction mechanisms which depend on the binding conditions of oxygen and the 
geometric arrangement and coverages of both species. Whereas a-C02 coincides with the O2 
desorption from and the dissociation of pure chemisorbed molecular oxygen, and thus indicates 
a reaction channel coupled with desorption and dissociation of O2 , {31-C02 corresponds to the 
reaction path investigated before by many researchers and is most likely due to the reaction at 
the boundaries of ordered CO and oxygen islands. The structural conditions for /33 and /32 are 
less clear, but we believe them to stem from reactions in mixed and/or partly mixed layers at 
high coverages of 0 and CO. The a-C02 species is most likely due to reaction of CO with 0 
atoms stemming from O2 dissociation which react before becoming accommodated. The velocity 
distributions of a, /32' and /33 are far from thermal equilibrium with the surface as indicated by 
average kinetic energies between 220 and 360 meV, corresponding to = 10 (for {33 and {32) and 
"",30 kTs (for a), normalized speed ratios between 0.6 and 0.8, and strongly peaked angular 
distributions (_cosn -a-, n = 8 for a, n> 10 for {33 and /32). For /31 both the angular and velocity 
distributions show bimodal behavior with one channel fully accommodated to the surface 
whereas the other contains again an appreciable amount of reaction energy as kinetic energy 
«E) "",330 meV) resulting in a strongly peaked angular distribution with n"",9. Some TOF 
results for steady state reaction at high temperatures (420-800 K) obtained in the same appa
ratus are given for comparison. The fraction of reaction energy channelled into the translational 
degree of freedom for the nonequilibrated part of reaction peak /31 is estimated to about 40%. A 
discussion of the various possible mechanisms is given. 

I. INTRODUCTION 

The oxidation of CO is one of the prototype reactions 
of surface chemistry and has been investigated extensively 
on the close packed (111) surfaces of the transition metals 
Rh, Pd, and Pt since Langmuir. I At medium to high tem
peratures (Le., above 300 K), the reaction is activated, and 
there is universal agreement that it takes place via a 
Langmuir-Hinshelwood mechanism2 on these close 
packed metal surfaces. The activation energy explicitly de
pends on the coverages of both CO and oxygen.2-6 Detailed 
overall reaction schemes were established which were able 
to explain all essential experimental findings (such as site 
blocking by high CO coverages, role of islanding and dif
fusion) and to clarify the reaction mechanisms from a 
chemical point of view. I 

The reaction dynamics, however, Le., the distribution 
of reaction energy among the various degrees of freedom 
and their dependence on coverage and on geometric con
figuration of the reactands, is much less clear, even though 
it has also been investigated in considerable detail. For the 

')Now at Institut fUr Festkiirperphysik, Universitiit Hannover, Appel
strasse 2, 30161 Hannover, Gennany. 

temperature regime above 300 K, where the reaction takes 
place between adsorbed CO and 0 adatoms, already the 
earliest molecular beam investigations on evaporated Pt 
films7 reported strongly peaked angular distributions of the 
CO2 product, and the earliest time-of-flight measurements 
on Pt(111)8 detected very fast CO2 molecules whose ki
netic energy depended on the polar angle; this was also 
found later on Rh (111).5 Later angular distribution mea
surements on PtC 111), with molecular beams2,9 as well as 
during reactive thermal desorption (RTPD) 10 yielded re
sults which showed bimodal behavior (superpositions of 
cos -a- and cosn -a- behavior) for certain conditions, which 
the earlier measurements had not resolved. The earlier 
work on velocity distributions, carried out at very low cov
erages,5,S did not resolve a bimodality in the kinetic energy 
distributions (which one would expect from the angular 
results). Very recent molecular beam measurements, how
ever, did report a bimodal velocity distribution for CO and 
o coverages less than 0.1. 11 Also, very recently, the first 
work apppeared on combined measurements of angular 
and velocity distributions in thermal desorption. 12 It deals 
with CO oxidation on Pd( 110) and pte 110) showing spe
cial effects due to the geometrical structure of these sur
faces. These very recent works ll ,12 paralleUed our investi-
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gations. As to the internal degrees of freedom, there are 
data on the vibrational and rotational distributions of the 
product molecules13

,14 which may in part contain colli
sional and contamination effects due to the moderate vac
uum conditions and the surfaces (Pt gauze and foil) used 
for these chemoluminescence measurements but can cer
tainly be taken as correct in the main conclusions; they 
show strong heating for both rotations and vibrations, the 
latter with some preference for particular modes. 

Starting with coadsorbate layers of CO and molecular 
O2, Matsushima 10 had discovered a second channel of CO2 
production which parallels the desorption and dissociation 
of O2, Rettner et al. 15 used this reaction to probe for mo
lecular vs atomic adsorption of oxygen and found l6 that 
atomic oxygen brought in from the gas phase reacted with 
CO, with the resulting CO2 again being very fast and 
strongly peaked in the surface normal. Mieher and Hol7 
showed that the reaction between coadsorbed O2 and CO 
can also be stimulated by photoexcitation. 

We have used our recently developed method for an
gularly resolved velocity distributions of thermally desorb
ing molecules l8 to investigate these properties for reac
tively desorbing CO2 liberated from layers of coadsorbed 
CO and O2 on Pt( Ill) during heating with a linear tem
perature ramp. Although this method only gives access to 
the translational degree of freedom and to its angular dis
tribution, it has the advantage over molecular beam meth
ods that also the high coverage regime can be investigated 
with ease. We find that due to the high density of the 
adsorbed layers additional reaction channels open up. 
These reactions proceed between 145 and 330 K. Some 
complementary results for steady state CO2 production at 
420 to 800 K are also reported. Apart from the thermal 
contribution in a bimodal peak, all separable states are 
strongly hyperthermal in translational energy; the flux of 
desorbed CO2 is strongly peaked around the surface nor
mal. These results extend the available information; where 
overlap with other work exists, the agreement is usually 
good. We use our interpretation of these results for a qual
itative and partly tentative discussion of the mechanisms 
involved which should stimulate further, in particular the
oretical work. 

II. EXPERIMENT 

The experimental setup and the procedures of data 
evaluation have been described in more detail in Refs. 18 
and 19. Therefore, we only give a short summary. The 
experimental equipment consists of a double chamber 
UHV system. One chamber (base pressure 2X 10- 11 

mbar) is equipped with the sample manipulator, a retard
ing field LEED/ Auger system, sputter gun, the gas doser, 
and a chopper motor. The second chamber contains the 
time of flight (TOF) tube (length 380 mm) with mass 
spectrometer detector and is separately pumped. The walls 
of the TOF tube are used as pumps by evaporating a Ti 
film onto them. The tube together with the entrance slits 
was IN2 cooled which led to an effective pumping speed of 
at least 4000 t'/s for CO. A 30 t'/s ion getter pump was 
added to this chamber as a holding pump. In a second 

version the Ti getter was replaced by a layer of activated 
carbon pasted onto the cryoshield.2o This increased the 
pumping speed by about 1 order of magnitude. 

The sample was cut from a 99.999% pure Pt single 
crystal rod, oriented to better than 0.2° and polished with 
diamond pastes down to 0.25 J.Lm grain size. For mounting 
Ta wires of 0.5 mm diameter were spot welded to the back 
side of the samples and were directly used for resistive 
heating. Sample temperatures were measured by chromel
alumel thermocouples also spot welded to the samples and 
controlled by a microcomputer. 21 Cleaning was accom
plished by heating cycles up to 900 K in 1 X 10-6 mbar of 
oxygen. Thick layers of carbon on the new sample were 
removed by sputtering and annealing to 1400 K. Tests for 
cleanliness were done routinely by Auger spectroscopy. 

A chopper blade (125 mm diameter) with four slits 
(rectangular shape, 3.8 X 10 mm) mounted on a three 
phase chopper motor inside the main chamber was used to 
provide the time base for the TOF experiments. The rota
tion frequency was continuously adjustable between 30 and 
100 Hz. The angular resolution is estimated to be 2°-3°. 
Normal TPD spectra at certain polar angles were carried 
out with the slit open permanently. To measure transla
tional energies, the chopper was run during TPD, and 
TOF spectra were recorded continuously. Temperature in
tervals corresponding to certain TPD peaks could be se
lected from these data. 

TOF signals were recorded using a multichannel scaler 
(MCS) with up to 2048 channels. The measuring time per 
channel was adjustable with a resolution of 0.1 J.Ls. Up to 
65535 scans could be accumulated. Each scan was started 
by a new trigger pulse. 

As described in Ref. 18, the ideal TOF spectrum, f(t), 
is in general experimentally broadened by a convolution 
with the chopper opening function, by the finite length of 
the ionizer of the mass spectrometer and by the finite time 
interval per channel of the MCS, and further modified by 
the velocity dependence of the ionization probability, w. 
All these influences on the experimentally measured TOF 
spectra have been carefully measured individually. The 
mass spectrometer turned out to work as an ideal density 
detector (w~ l/v). The chopper opening function, P, is 
given by geometry and has trapezoidal form. 

The dominating uncertainty in the TOF spectra is due 
to the determination of the trigger delay, i.e., of the start
ing point in time of the TOF spectra. Therefore, calibra
tions were carried out either using a beam with Maxwellian 
distribution and known temperature, or detecting the light 
from the ion source emitted through the chopper slit with 
a photodiode. By systematic calibration it was possible to 
reduce the uncertainty to ± 1 channel. 

TOF distributions were determined by fits to the ex
perimental curves assuming a known distribution f(v) as 
fit function with the experimental parameters as deter
mined above. As a fit function for f(v) the form 

m(v-vo)2] 
2kT 

(1) 

was used. By variation of T and Vo the average kinetic 
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energy (E) and the width (expressed as speed ratio, SR, 
see Ref. 18) can be varied independently. For a Maxwell
ian beam in equilibrium with the surface vo=O and T=Ts 
(where Ts is the sample temperature); the given SR values 
are normalized to the Maxwellian value. 

For gas dosing a capillary array was used in order to 
avoid heavy gas loads in the chamber. All layers in these 
experiments were prepared at a surface temperature of 100 
K by first dosing the exposures of oxygen and then of CO. 
At this surface temperature no reaction occurs. The oxy
gen layers at this temperature are in a molecular chemi
sorbed state. 15,22,23 Upon heating they partly desorb and 
dissociate and, if CO is coadsorbed, react to form CO2, 

III. RESULTS 

A. Energy integrated reactive thermal desorption 

In order to characterize the oxidation reaction during 
thermal desorption starting from high oxygen and CO cov
erages and to compare with data published in the literature 
for smaller coverages3

,10 an overview of the reactive pro
grammed thermal desorption (R TPD) spectra of CO2 as 
function of increasing oxygen and CO exposures for nor
mal emission ({} = 0·) is shown in Fig. 1. The surfaces were 
heated using a linear heating rate of 5 K/s unless indicated 
otherwise, and the CO2 signal was recorded during reac
tion. Possible simultaneous desorption of O2 and CO was 
not investigated. However, relative amounts of oxygen re
maining on the surface after completion of the reaction and 
complete desorption of CO (Ref. 3) were measured by 
desorbing it at temperatures above 600 K. 

For calibration purposes, layers of atomic oxygen were 
produced first by dosing various amounts of oxygen gas at 
a surface temperature of 100 K and subsequent heating to 
200 K. Subsequently, a constant exposure of 2.7 X 1015/ 
cm2 of CO was dosed. The product spectra of CO2 show a 
peak at 330 K ({31) and a small shoulder ({32) at 250 K; the 
main reaction peak shifts slightly to higher temperatures 
with increasing coverages of atomic oxygen. Atomic oxy
gen layers produced as just described saturate at a coverage 
of 8 0 of 0.25, and produce a sharp p(2X2) LEED pat
tern.3,23 The reaction spectrum corresponding to this con
dition is shown in Fig. 1 as curve a which agrees very well 
with the data of Ref. 3. From the data of Ref. 3 one can 
conclude that only 1%-15% of the original coverage of 
atomic oxygen does not react with CO under the condi
tions used here. This spectrum was used for calibration, 
therefore, and the product yield (Le., CO2 molecules pro
duced per Pt surface atom) set to 0.22. 

The reaction gets considerably more complicated when 
we start with coadsorbed molecular oxygen and CO, 
formed at Ts= 100 K, as shown in spectra b to k of Fig. 1. 
The three columns of spectra correspond to three different 
exposures of CO. The oxygen exposure was varied, as in
dicated. In addition to the {31 and {32 peaks just mentioned, 
two more peaks at 145 K ( a) and around 200 K ({33) 
appear, depending on initial coverages mainly of oxygen. 
For runs b, c, and d no atomic oxygen was found to be left 
on the surface after reaction and desorption of CO. 

--' « z 
C> 
iii 

N 
o 
u 

d 

200 300 400 TI K I 
CO dose: 27x1015cm- 2 

02 dose (1015cm-2) 

b 0.45 
c 0.9 
d 1.8 
e 1.8 
f 2.7 
9 3.6 
h 5.4 
i 9.0 
j 9.0 
k 3.6 

100 200 300 400 TIKI 

200 300 400 
CO dose:2.7xl015cm- 2 

FIG. 1. Overview of thermal desorption spectra of CO2 after reaction of 
oxygen and CO. Four desorption peaks (a, P3' P2' and PI) can be dis
criminated. Layers of O2 and of CO were dosed in this order successively 
at 100 K (exception: curve a, which served as reference spectrum with 
9 0 =0.25, see the text). The three columns correspond to the three dif
ferent CO exposures indicated. The oxygen exposures (given in insert 
on the right) increase from bottom to top of the drawing. Heating 
rate: 5 K/s. 

Whereas the a-C02 peak stays at a constant desorption 
temperature, the {33 and {31 peaks shift towards higher de
sorption temperatures with increasing doses of oxygen. 

For the spectra in the center column of Fig. 1 the CO 
exposure was twice that for the left column. This has little 
effect on the reaction yield and the thermal desorption 
spectrum of CO2 at medium pre-exposures of oxygen 
(compare runs d and e in Fig. 1; no 0 was left after reac
tion for e and f), but a fourth peak is coming up around 
250 K ({32) with increasing oxygen exposure. This peak 
appears at the same desorption temperature as the shoul
der of curve a which was produced by reaction of CO with 
a saturated layer of atomic oxygen (see above). A com
parison of the other runs with this spectrum shows that the 
position of peak {31 is only affected slightly by varying the 
amounts of adsorbed CO and oxygen. Starting at spectrum 
g a reduction of CO exposure back to the value of the left 
column only affects peaks {32 and {33' the integral of which 
is cut half, but leaves the other peaks unchanged (spec
trum k). A fivefold increase of CO exposure at high oxygen 
coverages, on the other hand, has very little effect on the 
product yield (see Table I) and the distribution between 
desorption peaks (compare runs i and j) . 
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TABLE I. Absolute values of product efficiency for the different desorption spectra shown in Fig. 1. A 
product yield of one means the production of one CO2 molecule per Pt atom. Run a was used for calibration 
(see also Ref. 3. For details, see the text). 

O2 exposure Initial CO exposure Product yield 
Spectrum 1015/cm2 O2 coverage 1015/cm2 a f33 f32 f31 1: 

a p(2X2)0 
b 0.45 0.1 
c 0.9 0.3 
d 1.8 0.43 
e 1.8 0.43 
f 2.7 0.47 
g 3.6 0.48 
h 5.4 0.49 

9.0 0.50 
j 9.0 0.50 
k 3.6 0.48 

Although our data were partially taken under condi
tions different from those published in the literature3,IO,15 

and extend to higher coverages, an identification of the 
reaction of molecular and of dissociated oxygen with CO is 
possible by comparison. There is no question that peaks fJI 
and fJ2 are due to reaction of atomic oxygen with CO. As to 
the a peak, Matsushima 10 who saw this peak first, showed 
with isotopic marker experiments that it is due to reaction 
of CO with molecularly adsorbed oxygen; he further con
cluded that both oxygen atoms from a molecule are used 
for oxidation of two CO molecules. The fact that he only 
observed two peaks (our fJI and a peaks) could be due to 
his different pre-coverage conditions but also to his higher 
adsorption temperature of 125 K where the reaction al
ready starts. (The discrepancies between these and our 
results are not due to slow kinetics, as we obtained identi
cal results by varying the heating rate between 2 and 20 
K/s.) Desorption and dissociation of molecular oxygen in 
pure layers occurs around 150 K,24 Le., at the same tem
peratures where the a peak is found, and is completed 
below 160 K. Coadsorption of CO is not expected to sta
bilize the O2 bond so that no molecular oxygen should exist 
above 160 K in mixed layers either. We have carried out a 
direct comparison of the a CO2 peak with the desorption 
peak of molecular O2 from pure O2 layers on Pt(111), on 
the same surface and in the same apparatus,23 and found 
complete agreement of the two peaks. Results very similar 
to ours, but with no systematic variation of coverages, were 
obtained by Rettner et al. 15 From their experiments using 
partially dissociated oxygen beams and from our direct 
comparison it is clear that all three fJ peaks (which they 
found at the same temperatures as we did) are due to 
reaction of dissociated oxygen with CO. The origin of the 
three peaks will be discussed below. 

In order to get more quantitative insight into the reac
tion mechanisms we determined the peak areas of the dif
ferent reaction peaks of Fig. 1. These results are shown in 
Table 1. Calibration of the product yields was done using 
again spectrum a of Fig. 1. Uncertainties in separation of 
the different peaks and in reproducibility are estimated to 
be around 5%. The different angular and velocity distribu
tions of the various desorption peaks (see below) were not 

2.7 0 0 0.03 0.19 0.22 
2.7 0.08 0.03 0 0.09 0.20 
2.7 0.11 0.06 0 0.15 0.32 
2.7 0.19 0.12 0 0.16 0.47 
5.4 0.20 0.14 0 0.16 0.50 
5.4 0.15 0.17 0.07 0.13 0.52 
5.4 0.09 0.08 0.11 0.10 0.38 
5.4 0.08 0.09 0.12 0.07 0.36 
5.4 0.06 0.06 0.09 0.07 0.30 

27 0.10 0.11 0.09 0.08 0.38 
2.7 0.09 0.03 0.04 0.10 0.26 

corrected for, since the differences are small for the main 
peaks (see below). The amounts of oxygen preadsorbed 
were determined explicitly in our work on 02/Pt( 111 ) 
with the same apparatus23 using the completed p(2X2) 
structure of atomic oxygen as absolute reference. Unfortu
nately, because of technical reasons no structural informa
tion by LEED could be obtained under reaction condi
tions. 

The following characteristic properties of the reaction 
were found under the conditions mentioned above: For 
runs b through f no remaining oxygen existed on the sur
face after completion of the reaction. For the conditions of 
spectrum b this means that the complete oxygen layer must 
have reacted with CO, whereas for higher oxygen precov
erage the reaction probability decreases to a value around 
0.55 for spectra d, e, and f. This decrease must be due to 
the onset of desorption of molecular oxygen which com
petes with dissociation and with reaction in peak a, and is 
not mainly due to a lack of CO, as evident from the mar
ginal difference between curves d and e where the CO ex
posure was doubled, and from the complete consumption 
of dissociated oxygen. 

Blocking of adsorption sites for CO by preadsorbed 
molecular oxygen only comes into play near saturation of 
molecular oxygen, as can be seen comparing curves g to i 
where the reaction probability decreases further although 
the initial oxygen coverage still increases slightly. Explicit 
measurements after runs g and h found remaining cover
ages of atomic oxygen of 0.06 and 0.08, respectively. This 
blocking of CO adsorption has a much stronger depen
dence on coverage of molecular oxygen than would be ex
pected for steric reasons. Close to initial saturation with 
oxygen, coverage changes in the reaction kinetics are ob
served leading to the appearance of the fJ2 peak. It grows at 
the expense of all other peaks, including a. As an example, 
a comparison of curves e and h shows an increase of total 
initial oxygen by about 10% and roughly constant sum of 
CO2 from reaction with atomic 0 (sum of fJ peaks), but a 
30% share of fJ2 in the second case (compared to zero in 
the first) and a decrease of the other peaks by between 
40% and 60%, and of the total CO2 by one third. Thus the 
strong nonlinear blocking of CO adsorption by high O2 
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FIG. 2. Reactive temperature programmed desorption (RTPD) of CO2 

as a function of emission angle after predosing 1.5 X 1015 cm -2 molecules 
of O2 and 2.7 X 1015 em -2 molecules of CO successively at T,= 100 K. 
Heating rate 5 K/s. 

coverages has a complicated effect on the partitioning into 
the remaining channels. 

It is also seen that very dense adsorbed layers can be 
produced by sequential coadsorption of O2 and co. In 
runs e and f a total coverage of close to one can be reached 
which is considerably higher than the respective saturation 
coverages of the pure species. This remains even valid for 
dissociated oxygen. 0 coverages up to 0.35--0.38 can be 
reached in these mixed layers (as seen already from the 
sum over the /3 peaks which give a lower limit), compared 
to a saturation coverage of only 0.25 in the pure layer of 
dissociated oxygen. 

B. Angular and time of flight distributions 

1. Angular distributions 

The desorbing flux of CO2 after reaction was found to 
be strongly peaked along the surface normal for all desorp
tion peaks except for /31' which has both a strongly peaked 
and a cos it contribution. An example of angularly re
solved thermal desorption, obtained by integration over all 
kinetic energies, is shown in Fig. 2 for exposures of 1. 5 
X lOIS cm-2 of oxygen and 2.7X lOIS cm-2 of CO. The 
quantitative evaluation is given in Fig. 3. For this purpose 
the spectra of Fig. 2 were divided up into three tempera
ture intervals covering the CO2 peaks a, /33 plus /32, and /31' 
respectively. As it turns out that the average kinetic energy 
of the /32!3 peaks does not vary with polar angle and the 
variation for the a peak and the peaked part of the /31 peak 
is not strong (see below), no corrections of mass spectrom
eter sensitivity were necessary here. Peaks a and /33 can be 
rather well described by cosn it distributions with n be
tween 8 and 10. Even more interesting is the bimodality of 

--1 
1 « z 

~ 
If) 

I 
N 

0 
u 
0°·5 '<l 

w 
N 
--1 

~ 
a::: ° 0 0° Z 20° 40° 60° 

POLAR ANGLE 

FIG. 3. Results of a quantitative evaluation of the angular dependence of 
desorption fluxes from Fig. 2 for desorption peaks a (D), [32 and [33 (fl.), 
and [31 (*). In addition results from TOF distributions at different angles 
of emission are shown by different symbols: peak a (<I), [32 and [33 ('1), 
[3{ (+) and f3'l (X). 

the /31 peak. As shown in Fig. 3, its angular dependence 
can be quantitatively described by adding contributions 
from cos it and coss it functions where the ratio of the 
integrals of the two contributions (now taking the different 
spatial and velocity distributions into account) is about 1.5 
for the conditions shown. These strongly peaked angular 
distributions are indicative of inefficient accommodation of 
the desorbing CO2 molecules after reaction; only the cosine 
part of the /31 peak seems to be able to accommodate dur
ing desorption. 

2. Velocity distributions 

This becomes even more clear and quantitative from 
the results of velocity distributions, obtained from TOF 
experiments and shown in Figs. 4 and 5. For these sets of 
experiments the subdivision into three temperature ranges 
was maintained as peaks f32 and f33 could not be uniquely 
separated in the TOF experiments. Somewhat different 
precoverages (3.6x 1015 cm-2 of oxygen, 2.7X lOIS cm-2 

of CO, corresponding to curve k of Fig. 1), were used. The 
higher oxygen dose not only makes the /32 peak more vis
ible compared to the experiments described above. The 
reduction of the f33 peak is probably due to a smaller con
centration of CO as now excess oxygen is present on the 
surface and is also found after completion of the reaction. 
The residual 0 concentration for reaction in the f31 peak 
can be estimated to be between 0.28 and 0.18. These dif
ferences in oxygen coverage compared to the velocity inte
grated measurements described above have only some 
quantitative consequences; the qualitative behavior is un
changed. 

The results of the three temperature regimes are illus
trated in Fig. 4 together with fits according to Eq. (1) 
which are seen to describe the data perfectly. The contri
bution of two velocity distributions to peak f31 is as obvious 
as was the bimodality in the angular distributions. Because 
of their different dependence on polar angle they can be 
more clearly separated at larger polar angles, as demon
strated in Fig. 5. Quantitative evaluations of these fits show 
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FIG. 4. TOF distributions for CO2 during RTPD for emission normal to 
the surface, for the three temperature ranges corresponding to a (I), 
{32+{33 (II), and {31 (III). Predose: O2: 3.6X 1015 cm-2, CO: 2.7X 1015 

cm-2 at T,= 100 K, heating rate: 10 K/s. Lines mark fits to the data 
according to Eq. (I). The bimodal distribution in {31 can clearly be seen. 

that only the slow contribution to peak [31 (named f3! here
after; the fast component is called [3{) can be described by 
a Maxwell distribution at the surface temperature, with an 
average kinetic energy of 2kTs [see Fig. 6(a)], where Ts is 
the mean surface temperature during reaction. Corre
spondingly, the speed ratio, SR, which is normalized to a 
Maxwell distribution,19 is found to be one within error 
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FIG. 5. Same as Fig. 4 for {31 (region I) only, but at various angles of 
emission. 
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FIG. 6. (a) Average kinetic energy of desorbed CO2 from CO oxidation 
in meV as a function of polar angle of emission. The different symbols 
mark the different desorption peaks a (0), {32 and {33 (~), (31' fully 
accommodated part (X), (31' fast part (+). Lines are only meant to 
guide the eye. (b) Normalized speed ratios for the TOF distributions 
evaluated in (a) as a function of polar angle of emission. Symbols used are 
the same as in (a). 

limits [Fig. 6(b)]. All other distributions deviate strongly 
from Maxwellians: Expressed in units of surface tempera
ture, values around 10 are found for the nonaccommo
dated [3 peaks, and of about 30 for the a peak. Because of 
this clear hyperthermal behavior, the surface temperature 
is not a sensible unit, and Fig. 6(a) plots instead the ab
solute mean energies as a function of polar angle. These 
values do not depend on polar angle of desorption for [32/3' 

while for peaks a and [3{, this is the case. This is clearest 
for the data of a, where there is a decrease of one third 
from normal emission of 30°. For [3{, the data are not as 
clear, but within the error bars they agree with those for 
a-which is surprising in view of the very different mech
anisms expected for these peaks. Also, the speed ratios [see 
Fig. 6(b)] are considerably smaller than 1, ranging from 
0.6 ~or the [32 and [33 peaks to 0.8 for a and [3{; the latter 
agreement makes it less likely that the similarity found for 
the mean energies is a coincidence. Numerical values of 
kinetic energies (also in units of surface temperature for 
demonstration) are given in Table II. 

Consistency checks were carried out constructing 
velocity-integrated angular distributions from the TOF 
spectra taken at difficult angles. These data are included in 
Fig. 3; good agreement is found in most respects. Angular 
variations of kinetic energy were taken into account only 
for peak a, but this has only a small effect on the angular 
dependence of this peak. Again, the [31 peak can be quan
titatively resolved into the two contributions mentioned. 
The exponent n of the cosn it distribution for the [3{ peak 
was found to be 9 ± 2, in good agreement with the other 
data of Fig. 3, and the ratio of the integrals over the cosine 
and the peaked distributions was close to one (the slight 
difference to the value derived from the mere angle distri
butions, if outside the reproducibility, is probably caused 
by the higher oxygen coverage). The only large deviation 
of the angular dependence compared to the velocity inte
grated measurements was found for the combined peak [32 
and [33' which is even more strongly peaked in the TOF 
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TABLE II. Values of average translational energies of CO2 for the different reaction channels (see the text). 

Reaction peak Product energy 
Energy a( {}=30") {32 and {33 {3{ 9 0 ,9co ""0 9>0.1 

(meV) 
(kTs) 

355 
28.2 

250 
19.9 

experiments. This must be an effect of the different weight
ing of the {32 and {33 contributions in the two experiments. 
Since {32 is weighted more strongly in the TOF data, this 
species must be even more strongly peaked than {33; an 
estimate yields n > 20 for (32' 

TOF experiments have also been carried out at various 
desorption angles under continuous flow conditions of both 
oxygen and CO at elevated surface temperatures between 
420 and 800 K. Various fluxes of CO and oxygen in the 
range between 1 X 1014/(cm2 s) and 1 X lOIS /(cm2 s) were 
tested. With these fluxes only reactions corresponding to 
the {31 peak (or rather its extension to lower coverages) can 
take place at these surface temperatures. Bimodality of 
both angular and velocity distributions was also found 
here. As a function of temperature the relative amount of 
the accommodated channel decreased at constant flow con
ditions from 16% at the maximum product yield, which 
appears at surface temperatures around 540 K, to the limit 
of detectabili ty (i.e., below 5 %) at Ts = 800 K. For the fast 
reaction channel the average translational energy increased 
with surface temperature from 440 meV per molecule at 
Ts=420 K to 600 meV at Ts=8oo K, whereas the speed 
ratio SR remained at a value around 0.75, in agreement 
with the RTPD measurements for {3{. Angular distribu
tions were also in good agreement with those obtained dur
ing RTPO. 

IV. INTERPRETATION AND DISCUSSION 

A. Assignment of reaction states 

The oxidation of CO on Pt (111), and on other metal 
surfaces of the platinum group, is generally accepted to be 
a reaction of the Langmuir-Hinshelwood (LH) type, I at 
least under conditions of supply of molecular CO and O2 
from the gas phase. This means that all elementary steps of 
this reaction take place on the surface after full accommo
dation of the real reactants-CO and atomic oxygen-on 
the surface. In our case of supply from a preadsorbed 
mixed layer of molecular O2 and CO (which evolves into 
these reactants by heating), it might appear that there is no 
other possibility. However, the properties known for a CO 
from earlierlO,ls and the present work will lead us to the 
conclusion that this peak cannot be due to a LH reaction in 
the strict sense, since it appears to be due to reaction of not 
fully accommodated 0 atoms with adsorbed CO. We will 
elaborate on this below. 

The {3 peaks are unquestionably due to reaction of ad
sorbed 0 atoms with adsorbed CO, i.e., to LH pathways. 
However, the temperatures necessary for measurable reac
tion rates are much lower for our coadsorbate layers than 
for supply from the gas phase. This must be due to their 

227 
12.3 

329 
11.6 

57 
2.0 

1448 900 

(partly much) higher adsorbate densities and their more 
favorable relative distribution; this range is not accessible 
to the continuous reaction conditions investigated with 
molecular beamsl,8 or generally gas phase supply as in our 
steady state reactions. We expect, therefore that effects of 
local ensembles (density and arrangement), order, re
stricted mobility and diffusional effects, part of which have 
been seen in the cited earlier work, are of considerable 
importance and contribute to the splitting into the three (3 
peaks seen. The main difference between RTPO reactions 
and reaction under gas phase supply is then that for the 
former, initial conditions of very high densities and inti
mate mixing of reactants can be prepared, with consequent 
high reaction rates at comparatively low temperatures, 
while under supply from the gas phase the deviation from 
twodimensional equilibrium should be small, since mobil
ity is appreciable and segregation into islands as well as 
order/disorder phenomena occur readily. For RTPO, tem
perature and coverages are then not sufficient as parame
ters to define the reaction rate, but the reaction probability 
will depend explicitly on the prehistory of the layer which 
will determine the local configuration on the surface, in 
particular at high coverages. R TPD is thus not just a 
slightly different method, but gives access to conditions not 
accessible to experiments under gas phase supply. The de
tailed characterization of these pathways is a specific piece 
of new information obtained in our experiments. 

The effect of restricted surface mobility is already ob
vious from pure p(2X2) ordered layers of atomic oxygen 
on Pte 111) which tum out to be practically immobile up 
to a surface temperature of 500 K.2S Unfortunately LEEO 
observations under identical conditions are not available, 
so that the conclusions we can draw about structural con
ditions during reaction rely on analogy with CO oxidation 
experiments carried out on the Pd( 111) surface,26 which 
behaves very similarly regarding the parameters relevant 
here (even though the dynamics of reaction must proceed 
quite differently, as shown by the fact that only accommo
dated product molecules evolve on that surface) : The bind
ing energies for atomic oxygen on these surfaces are virtu
ally identical27,28 as well as those for CO.29,30 Also the 
tendency of atomic oxygen for island formation already at 
low coverages is found on both surfaces.3,31 For coadsorbed 
layers of CO and 0 on Pd(111) a mixture of three adsor
bate structures has been suggested: islands of p (2 X 2) and, 
as a compression structure, (v'3 X v'3) R30· ordered islands 
of atomic oxygen in coexistence with (v'3xv'3)R30· or
dered CO, respectively. Reaction of CO and 0 ordered in 
these types of islands leads to practically identical reaction 
peaks.26 As a third structure a (2 Xl) ordered mixed phase 
of 0 and CO has been proposed. This phase has been 
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shown to be extremely reactive, leading to a product peak 
during TPD already at 250 K.26 We note that it is likely 
that the important parameter is not the order itself, but 
rather the local density and (de)mixing which is connected 
with the formation of such structures. 

For the pte 111) surface the origin of reaction peak f31 
is easiest to identify as we also found it for the well ordered 
p(2X2) layer ofpreadsorbed atomic oxygen, in agreement 
with Gland and Kollin.3 These authors suggested it to orig
inate from the reaction of mobile CO at the perimeter of 
ordered 0 islands which they found to occur under all of 
their coverage conditions. As oxygen has a tendency to 
cluster even at small oxygen coverages3 this type of reac
tion can be maintained over a fairly wide range of cover
ages down to a very small fraction of an oxygen monolayer 
where islands become unstable and a lattice gas of oxygen 
has to be formed. The similarity of the f31 peak in all our 
spectra suggests that the origin is always the same which 
would mean that segregation and ordering of the remain
ing 0 layer occurs at least by 300 K, since our original 
layers are certainly mixed. Furthermore, there seems to be 
agreement in the literature that the f31 R TPD peak corre
sponds to a reaction path which is locally similar to that 
occurring at higher temperatures/lower coverages under 
supply from the gas phase. The remaining differences in 
detail, in particular concerning the observed activation en
ergies and product translational energies, have been ex
plained by coverage influences; this can also be done in our 
case (see below). We therefore also assume that f31 is due 
to LH reaction between coadsorbed CO and 0 at the 
boundaries of segregated 0 and CO islands for dense and 
dilute layers, and of isolated CO and 0 species at high 
temperatures and low coverages (gas phase supply). This 
implies that the local 0 concentration for f31 is equal or 
below that corresponding to the (2 X 2) structure. The 
shoulder seen in spectrum a of Fig. 1 can be interpreted in 
analogy with the findings on the Pd ( 111) surface for the 
mixed high density layers recalling the fact that up to 0.5 
ML of CO can still be adsorbed on a surface saturated with 
atomic oxygen3 (a saturated CO layer, however, com
pletely blocks dissociation of 0 2

1
). Mixed layers of 0 and 

CO must be formed by exposing thep(2X2)0 precovered 
surface to a high dose of CO at low T. As a consequence, 
part of the CO must react with its neighboring oxygen 
atoms before segregation can occur. If the analogy with the 
reaction on the Pd ( 111) surface is correct, these mixed 
layers are more reactive and product formation occurs at 
lower temperatures than for the segregated phases. 

This suggested mechanism is consistent with the oc
currence of the reaction peaks f32 and f33 at desorption 
temperatures considerably lower than for the f31 peak, as 
the concentration of atomic oxygen on the surface after 
dissociation of oxygen molecules within a mixed layer of 
CO and O2 is considerably higher than after exposure to 
pure oxygen gas at 300 K. As mentioned above, the cov
erage of atomic oxygen can be as high as 0.38 in a coad
sorbed layer of 0 and CO under our measuring conditions. 
Furthermore, the formed 0 layer is likely to be disordered, 
and intimately mixed with CO. The f33 peak occurs under 

conditions where O2 desorption and dissociation has just 
been completed and the 0 coverage is at a maximum; the 
coadsorbate layer is very dense and intimately mixed (ex
cluding the need for transport steps). This, possibly to
gether with a decrease of activation energy due to the high 
coverage (see below), then leads to the high reactivity seen 
in f33. 

The intermediate f32 peak occurs at the temperature of 
the shoulder for the p(2X2)-O layer, but for very high 
initial O2 and even higher remaining 0 coverages. It is only 
found for initial total (O+CO) coverages above 0.5, and 
grows at the expense of all other peaks. The diminution of 
the a and f33 peaks under conditions of high f32 is likely to 
be due to the lower CO coverage that can be postadsorbed 
at these high O2 coverages: the unaccommodated 0 atoms 
produced during O2 desorption (see below) do not find as 
many CO partners, and the number of CO molecules in the 
spatial arrangement required for the f33 peak is also lower. 
The increase of the f32 peak that follows may indicate that 
a transport step is necessary for it. This could possibly 
mean that f32 does require some initial islanding as well; 
but the transport could also simply involve the CO. The f32 
shoulder found for the fullp(2X2)-O structure could pos
sibly be due to reactions in regions of increased 0 density, 
e.g., at domain boundaries of the p(2X2)-O structure. 
Similar compressed situations could form at a larger scale 
during incipient mobility of the still dense (0 + CO) layer 
induced by the heating, together with provision of space by 
f33 desorption. Structural information in this range would 
be highly desirable; but as noted order is certainly not a 
prerequisite. 

From these considerations the following scenario of 
successive reaction and desorption seems to be most likely 
after adsorption at a surface temperature of 100 K of 
mixed layers of CO and molecular O2 • During heating of 
these coadsorbed layers three parallel reaction channels 
become effective between 130 and 170 K, for high O2 cov
erages: desorption of O2 , making possible dissociation of 
O2 , which leads to direct reaction into a CO2 , leaving 
atomic oxygen and CO on the surface. For low O2 cover
ages, dissociation can proceed without desorption. It seems 
to be most likely, and consistent with the argument just 
given, that the layer produced by these processes is essen
tially randomly mixed, because this reaction takes place in 
presence of large amounts of CO and at quite low temper
atures so that any diffusion process should be slow and 
strongly hindered. 

This dense, mixed and disordered 0 + CO layer starts 
to react to CO2 at surface temperatures around 200 K 
giving rise to the reaction peak f33. At very high O/CO 
ratios, however, this channel is weakened because its spe
cific spatial requirements cannot be met for as many CO 
molecules without transport. The onset of transport, which 
will eventually lead to ordering and demixing, then pro
duces reaction peak f32. The f32 peak could then correspond 
to reaction in dense mixed ordered island, similar (in cov
erage, not necessarily in order) to the (2 Xl) islands on 
Pd ( 111 ). Indeed, the residual total 0 + CO coverage be
fore the f32 peak is still above 0.45 where that peak exists. 
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On the other hand, the minimum amount of oxygen for the 
appearance of this peak was found to be between 0.3 and 
0.35, which could be connected with the formation of (yj 
xv3)R30· structures of 0 and CO, as on Pd(111).26 If 
this critical oxygen coverage is not reached, p (2 X 2) or
dered oxygen islands are formed, and the transport-limited 
reaction at their boundaries gives rise to the {31 reaction 
peak which continuously goes over into reaction in a 20 
gas in its tail for low remaining coverages. Under molecu
lar supply from the gas phase, only the conditions for {31 
and its tail are possible. 

Partly similar findings as for this system were observed 
during CO oxidation on Rh ( 111 ) 4 for layers prepared in a 
similar way as ours. Two reaction peaks could be observed 
and characterized as being due to reactions of mixed dis
ordered layers and, at higher temperatures, reactions out of 
ordered islands of CO and O. No compression of the p(2 
X 2) ordered oxygen layer by adsorbed CO was found for 
this system, possibly because oxygen is more strongly 
bound on this surface. The close resemblance of the general 
behavior of this reaction on the (111) surfaces of Pd and 
Rh' although with some system specific differences in de
tail, seem to corroborate our assumption that the behavior 
on pte 111) is very similar. 

B. Reaction dynamics, energetiCS, and angie-velocity 
correlations of the various reaction paths 

In all the cases of hyperthermal angularly peaked dis
tributions described above, the reaction probability and the 
distribution of the reaction energy over the various degrees 
of freedom of this exothermic reaction are governed by a 
multidimensional potential energy surface. The latter will 
contain the internal degrees of freedom of the reactants as 
well as their frustrated rotations and translations, and the 
same for the product molecule. The activation barrier be
tween reactants and products roughly divides this energy 
surface into two parts. From our measurements of the 
translational energies and their angular behavior for the 
product molecule alone a full exploration of this potential 
energy surface is not possible, of course. However, the high 
fraction of total reaction energy appearing in the product 
translation (see below) and the fact that it does not vary 
much with surface temperature (except for the very high 
T /low coverage range) show clearly that for these reac
tion paths equilibration of the product with the heat bath 
provided by the surface does not occur (except for the 
Maxwellian part of (31)' This suggests that the shape of the 
potential energy surface is such that the main acceleration 
of the product occurs late in the exit channel ("late down
hill"). Strongly hyperthermal energy distributions have 
been found also for the vibrational and rotational degrees 
of freedom13•14 as for the translation;8 the vibrational en
ergy was found to increase with 0 coverage. 14 It would be 
expected that the distribution of energy over the coordi
nates depends strongly on the configuration of the transi
tion state. Indeed, calculations of Kwong et al., 32 using a 
generalized Langevin formalism and a classical trajectory 
approach have demonstrated this. We might expect then, 
that the distributions for the different paths observed here 

could be quite different. However, an interesting feature of 
our results is that the translational energy distributions of 
the fJI and the a peaks (mean energies and speed ratios, 
and their angular dependences; see Fig. 6) are the same 
within our errors, even though the conditions under which 
they arise are very different in terms of temperature, cov
erages, and even (overall) reactants. Of course, there could 
still be very different internal energy contents in the two 
species, but it is quite improbable that this similarity in the 
parameters accessible to us is a mere coincidence. A pos
sible explanation would be that, however different the re
action path to the transition complex is, the exit channel is 
essentially the same. We shall discuss below in context how 
this could be possible. The equilibrated part of the fJI peak, 
on the other hand, might come from an entirely different 
reaction path going via another transition complex and 
leading to equilibration directly; or it might arise from an 
initially similar product, which, due to special circum
stances, becomes equilibrated in a secondary interaction. 

We will discuss the various species separately as far as 
possible in view of the still limited information, drawing on 
other work where possible, and addressing particularly in
teresting aspects in each case. 

1. The fast focused speCies 
a. The fJ{ state. As discussed in Sec. IV A, the species 

corresponding to this R TPT peak very likely stems from 
the reaction between 0 and CO at the boundaries of 0 
islands. In our dense layers such reactions occur already 
between 300 and 350 K. This interpretation requires the 
formation of segregated, ordered 0 islands from dense 
mixed layers by about 300 K, despite the limited mobility 
in pure 0 layers mentioned above. However, this might not 
be very critical for the actual reaction dynamics. As dis
cussed, connection can be made to the work at lower cov
erages and higher temperatures. As the stability of 0 is
lands extends to very low coverages, as argued above, we 
expect that basically the same type of reaction was inves
tigated by molecular beam and (our and other) continuous 
flow experiments carried out at surface temperatures above 
550 K. Eventually there will be a dilute 20 gas, and the 
similarity of results (with only smoothly varying mean en
ergies and activation energies) suggests that the essential 
local dynamics are the same throughout this range. These 
measurements of the low coverage regime can be compared 
with ours, and will be discussed together, therefore. We 
first review the reaction mechanism for this reaction chan
nel in the limit of small coverages, i.e., for isolated species. 
The influence of finite CO and 0 coverages for this reaction 
path-our RTPO experiments were carried out at remain
ing 0 coverages between 0.18 and 0.28-will be considered 
in a second step. 

The strong focusing of the products along the surface 
normal shows that the transition state possesses a config
uration in which a strong force in the surface normal is 
exerted onto the forming CO2 species. Intuitively, this 
might appear easiest for a reaction path in which the CO 
,molecule "climbs" on top of an Oad' finally leading to an 
essentially upright O-CO complex, as appears to happen 
for the N+NO-+N20 (Ref. 33) and N+CO-+NCO (Ref. 
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34) surface reactions. Such a model has been proposed by 
Matsushima in connection with his observation that the 
maximum in the angular distribution of CO2 reactively 
desorbed from Pt(llO), Pd(llO), and Ir( 110) surfaces is 
tilted away from the surface normal.35 Certainly, the elec
tronic rearrangement from a strong O-surface bond to a 
strong O-CO bond would provide the acceleration of the 
resulting upright OCO molecule which interacts with the 
surface very weakly, even much more weakly than the nor
mal CO2 or CO2 species which lie down on the surface; 
rotational excitation would be induced by the statistical 
deviations from the straight upright configuration of the 
transition state, and deviations of the interatomic distances 
in the latter from those of the final CO2 molecule would 
lead to vibrational excitation. Indeed, the mentioned tra
jectory calculations32 lead to the conclusion that such a 
transition complex agrees best with the available informa
tion. On the other hand, the transition complex assumed 
by most of the earlier work (see, e.g., Ref. 2), which con
sists of a bent O-CO species making contact with the sur
face via the C and the (incoming) 0 would correspond 
best to the intuitive picture of how an 0 atom would ap
proach an adsorbed CO molecule for reaction, and would 
lead to a similar picture no matter whether the reacting 0 
atom stems from thermal activation of an 0 adatom or 
from (thermal or photoinduced) dissociation of O2, In the 
LH case, the activation energy would then mainly be 
needed to weaken the O-surface bond; the transition com
plex would possess a C-surface distance roughly like the 
initial CO admolecule, so that a strong repulsive force per
pendicular to the surface would result when the bonding 
switches from O-surface to O-CO. Again, vibrational and 
rotational excitations are easily envisaged. A clear decision 
would obviously require the simultaneous knowledge of all 
degress of freedom for each well-defined reaction channel 
which is not available presently. 

Our data can be used, however, to estimate the reac
tion energetics with a simple model with one-dimensional 
reaction coordinate, as has been used by many authors 
(see, e.g., Ref. 2). An estimate of the total energy available 
for the product can be made using the diagram of Fig. 7. 
We start with the general COad+Oad channel. Whereas the 
adsorption energies of the pure reactants CO (Eeo) and 
oxygen (Eo, referred to gas phase O2 ) are well known,27,36 
the activation energy Et.H can only be determined by ex
plicitly assuming that the reaction COad +Oad --C02 is rate 
limiting. With this assumption 2Et.H= 101 kJ/mol was ob
tained in the zero coverage limit, decreasing to 50 kJ/mol 
at coverages 8 0 >0.1.2 The product energy can then be 
calculated from E p= IliI + Et.H - Eeo - Eo, where IliI 
=283 kJ/mol is the energy of formation of free CO2 from 
the free molecules CO and O2, Assuming that the heats of 
adsorption of CO and 0 are essentially the same in the 
coadsorbed layers as in the pure layers the product energy 
in the low coverage limit can be calculated to be 132 kJ/ 
mol or 1450 meV per molecule. In the coverage ranges 
considered here the heats of adsorption do not seem to 
depend strongly on coverage both for CO and oxygen.27,36 
Extending the assumption just made to higher coverages, 

1 

t 
Ep 

C02,ad 

FIG. 7. One-dimensional energy diagram for the CO oxidation on 
Pt ( Ill) by reaction of adsorbed 0 and CO (after Ref. 2) and by reaction 
of adsorbed CO with nascent 0 produced by dissociation of adsorbed O2 • 

!J.H is the total enthalpy of reaction; Eoo(CO), Eoo (02)' Eoo(CO), and 
Eoo(C02 ) are the heats of adsorption for atomic and molecular oxygen, 
CO and CO2, respectively, whereas EtH represents the activation energy 
for CO2 formation, and Ep is the resulting total energy available after 
reaction on and desorption from the surface. The dotted lines indicate the 
coverage dependence of the various quantities and, for the adsorption 
energy of CO2 , the weaker bonding of a possible different configuration. 

and neglecting any coverage dependent change in the heats 
of adsorption of both reactants, the decrease in Et.H as a 
function of coverage also decreases E p by the same 
amount, so that Ep =900 meV is obtained for 8 0 >0.1. 
These values are included in Table II. Of course, if the 
decrease of activation energy is in part due to a decrease of 
adsorption energies, then the decrease of product energy is 
smaller. Our values for the translational energy at low and 
intermediate coverages obtained in the steady-state exper
iments, 600 and 440 meV, then correspond to between 
40% and 50% of the available energy. At higher cover
ages, the translational energies decrease further, as seen in 
Table II, which would suggest a stabilization of the tran
sition complex or a smaller share of translation. 

In order to estimate the partitioning among the other 
degrees of freedom of the product energy we draw on the 
measurements carried out with chemoluminescence at sur
face temperatures between 730 and 900 K, i.e., at low cov
erages. 13

,14 In particular, the last work was carried out 
under essentially collision-free conditions, for 8 0 =0.1 and 
very low 8 eo at 810 K; in qualitative agreement with the 
other results, effective rotational temperatures of 1000 K 
and vibrational temperatures between 1500 and 2500 K 
(depending on the vibrational mode) were found. This cor
responds to about 380 meV per CO2 molecule of internal 
energy, i.e., an amount comparable to the translational en
ergy, if we assume that the value appropriate for these 
conditions lies between our lower steady-state value and 
the PI value. For an expected total product energy of 900 
meV, only about 20% of the total product energy is trans
ferred into the substrate. This estimate also relies on the 
assumption that no internal excitations are contained in 
the activated complex of COr and the rovibronic excita-
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tions measured are fully due to this partitioning of the 
product energy. 

The assumption that the same underlying mechanism 
is effective for surface temperatures between 330 and 800 
K, is made plausible by the comparison of our steady state 
measurements with molecular beam results. Differences 
observed in the experimental results can be best ascribed to 
simple differences in coverage, in particular that of oxygen. 
At 800 K we obtained an average translational energy of 
600 meV per molecule in the continuous flow experiment, 
in quantitative agreement with older molecular beam data8 

obtained under similar conditions. Our TPD data yielded 
330 meV at Ts=350 K. The values obtained in our con
tinuous flow experiments at lower temperatures lie in be
tween, in qualitative agreement with the very recent mo
lecular beam data of Hoinkes et al. 11 who obtained 400 
me V at Ts= 550 K. Because of the essential decoupling of 
the product from the heat bath of the surface, these differ
ences cannot be caused directly by the surface temperature. 
Rather they are best explained as a simple coverage effect. 
For the extreme low coverage limit corresponding to the 
measurements at 800 K we estimated the product energy to 
1450 meV per molecule while for an oxygen coverage >0.1 
we arrived at 900 meV. It is seen that the increase in trans
lational energy when going from 330 to 800 K corresponds 
very well to the increase of product energy, i.e., the same 
percentage of about 40% of the product energy is found as 
translational energy in both cases. Since it is likely that the 
fraction dumped into the solid is roughly constant, too, we 
assume that also the rovibrational fraction is roughly the 
same. No contradiction against the assumption of an es
sentially identical reaction path throughout this coverage 
and temperature range is thus found. 

b. The {32 and {33 peaks. There is no obvious reason 
why the atomistic path of reaction should be very different 
for the reaction at high concentrations of both reactants 
which constitute TPD peaks {32 and {33' except that there 
could be some spatial restriction on the transition complex. 
For instance, if a variety of pathways corresponding to the 
various angular arrangements of the transition state should 
exist, the crowding on the surface could select that with the 
smallest lateral extent. This would be the roughly linear, 
upright species. In terms of the previous considerations for 
the {31 species, coverage dependent energetic as well as ki
netic modifications of both the transition state and of the 
activation barrier between adsorbed species and transition 
state are expected, again. Indeed, the translational energy 
found for these desorption peaks is lower than for f3{. Be
cause of the mode of formation of these high density layers, 
we have argued that the reaction proceeds in dense mixed 
O+CO layers or boundaries, respectively. While this will 
increase the density of transition states and thus the overall 
reaction rate, it should not strongly influence the atomis
tics of reaction, unless the transition state itself is influ
enced. The fact that the translational energies are clearly 
lower here could be taken as an indication for such a 
change; another possibility would be that because of the 
high density of adsorbates, energy is transferred from the 
outgoing molecule to neighbors. 

A second interesting point is the finding that here the 
lowest average translational energies (among the fast spe
cies) are correlated with the narrowest angular distribu
tions. It contradicts a general rule saying that the more 
(normal) energy is channelled into the products the nar
rower is the angular distribution. Again this could be due 
to the high adsorbate density for these reaction conditions 
which can be active in two ways. First, it can induce fo
cusing of the leaving product molecules by repulsive inter
actions with neighbors, restricting their paths through 
scattering; the scattering processes can be partly inelastic 
thereby reducing the translational energy of the leaving 
CO2 molecule, as just suggested. Second, the high density 
will strongly restrict lateral mobility, and even frustrated 
translations and rotations of the reactant molecules. Less 
lateral momentum will then be contained in the transition 
state. This sharpens the angular distributions. If this sec
ond process is important, one would expect decreased ro
tational excitations of the product whereas vibrations 
should not be influenced much. The possible restriction to 
a "standing-up" transition complex could in fact be con
sidered as an extreme of this influence. The difference be
tween {32 and f33' with their different angular focussing, 
probably consists of different local environments which 
cannot be discussed further on the basis of the available 
data; again structural data would be very valuable. 

c. The a peak A completely different path could be 
expected in principle for the a peak. Direct reaction be
tween O2 and CO leading to Oad + CO2 appears extremely 
unlikely. Rather, as discussed all previous and present in
formation about it suggests that it is due to reaction of CO 
with 0 atoms from the dissociation of O2 which can pro
ceed because in the temperature range concerned oxygen 
molecules desorb, making space for dissociation if neces
sary. The ease with which the reaction occurs shows that 
no activation of 0 is necessary for a, i.e., that the oxygen 
atoms formed by O2 dissociation must react before they 
become settled into the surface. This is corroborated by 
inspection of the energetics. As shown in Fig. 7, the energy 
level of a forming 0 plus an adsorbed CO is just about the 
same as that estimated for the (O+CO)-derived transition 
complex. It is not clear from our data whether this means 
that the 0 atom reacts as it is formed ("nascent"O; see also 
Ref. 16), or whether it is merely not yet translationally 
fully accommodated ("hot"O). The very high total adsor
bate density, which should lead to very fast accommoda
tion by multiple collisions, would argue against the second 
possibility; therefore we prefer the picture of a nascent 
reacting O. In any case, if we define a LH reaction as one 
due to reaction between fully accommodated surface spe
cies with activation by thermal fluctuations, then either of 
these would be non-LH reactions. 

Furthermore, it is difficult to conceive that the very 
similar translational energy distributions and angular vari
ation of f3{ and a are a mere coincidence. As mentioned 
above, this finding could mean that the transition complex 
and its outgoing channel are essentially the same for these 
two species, and that they only differ in the way how it is 
reached. This is again consistent with the energetics shown 

J. Chern. Phys., Vol. 100, No.5, 1 March 1994 



3996 Allers et al.: The oxidation of CO on Pt(111) 

in Fig. 7, if for a about the same percentage of the total 
product energy appears as translation of the CO2 product 
as for {3{. As to a possible chemical picture of how this 
could come about, this is most easily conceived for a tran
sition complex making surface contact via the C end of CO 
and the approaching O. To enter this state, an adsorbed 0 
atom has to be essentially lifted out of its surface bond, 
explaining the necessary activation energy; the same state 
could be accessible directly by a nascent or hot 0 atom, in 
agreement with our energetic picture. Of course we cannot 
exclude that all these agreements are coincidental and a 
different product energy is canceled by strongly differing 
branching into the internal modes; but such a fortuitous 
canceling would appear quite improbable. A measurement 
of the internal mode distribution for this species would be 
highly desirable. The fact that focusing is much smaller for 
a than for {32 and (33 although the adsorbate density is the 
highest on average might be due to the empty space pro
duced locally by the dissociation of the (lying-down) ox
ygen molecule which is likely preceded by the desorption 
of another O2 molecule. 

2. The accommodated species 

The findings on the fully accommodated f31 peak, 
which is so obvious in our TPD results, are a bit contro
versial in the literature. Older measurements carried out 
with molecular beams at Ts= 800 K,8 i.e., for very small 
concentrations of both 0 and CO, were not able to detect 
the corresponding bimodality in the product flux. Indeed, 
our continuous flow experiments using essentially the same 
conditions of temperature and partial pressures also found 
that the fully accommodated component continuously de
creases as a function of increasing surface temperature and 
reaches the limit of detectability at Ts=800 K. On the 
other hand, the very recent molecular beam work of 
Hoinkes et al. 11 detected it at Ts=550 K. They do not give 
the oxygen coverage, which might be important, but men
tioned that they searched for optimal conditions, in partic
ular with respect to the angle of incidence of the O2 beam. 
Segner et al. 9 who investigated earlier the bimodal parti
tioning in detail by measurements of the angular distribu
tions only found that the cosine fraction decreased with 
increasing coverages of CO and 0, and with increasing 
surface temperature. These authors also showed that it in
creased with increasing step density on the surface. 

Before we discuss its probable origin, we consider the 
question whether the data really have to be explained by 
two contributions only. This question has been raised by 
Brown and Sibener5 who for Rh( 111) found a broad dis
tribution which could not be fit bimodally, and who 
stressed the point that there is no reason to expect - cosn {t 

distributions. However, both our angle and (angle
dependent) energy distribution data are fit excellently with 
two contributions, of which in both cases one is a Max
wellian and the other possesses a distribution with constant 
n value similar to those seen in the other cases where no 
Maxwellian contribution exists. Therefore we believe that 
in this case there are two separable contributions. This at 
the same time argues against a continuous variation of 

interaction, whereby the outgoing {31 species would statis
tically lose some energy to become fully accommodated in 
the extreme. In such a case a continuous distribution 
would indeed be expected. 

While the existence of this separate component is now 
clear, the mechanism of its formation is not. A dominating 
influence of steps for it was postulated by Segner et al. 9 on 
the basis of their mentioned finding. This could be under
stood if the outgoing molecules suffer multiple inelastic 
scattering at steps before they escape from the surface. 
From the efficiency of this process derived from known 
step densities in Ref. 9 we can safely exclude this explana
tion as the main source for f31 formation as our defect 
density was less than 1 %, but up to two thirds of the total 
desorption flux was contained in peak f31. Another conceiv
able explanation would be that thermally generated defects 
(Pt adatoms and vacancies) are responsible for f31 instead 
of static defects. This possibility can also be ruled out, not 
only because a huge cross section for inelastic scattering 
must be assumed at the low defect concentrations that can 
be thermally generated at surface temperatures of 350 K, 
but in particular because the fraction of f31 should then 
increase with increasing surface temperature contrary to 
our findings. We therefore conclude that the f31 species 
observed here must be due to an intrinsic property of the 
flat surface. Also the above discussion of the question of 
clear separability suggests that indeed the accommodated 
species comes about by a different reaction channel, and 
not simply by some secondary scattering, since then one 
should expect continuous variations. 

We therefore conclude that the f31 channel comes 
about by a reaction path intrinsically different from that of 
{3{. While the available data are not sufficient to give an 
unequivocal explanation, we venture a speculative expla
nation to induce further work. Neither of the transition 
state configurations discussed above corresponds to the op
timally bound CO2 adspecies. Calculations for CO2 on Ni 
(Ref. 37) indicate that there are two stable orientations of 
CO2 on transition metals which are both essentially lying 
down on the surface, a species bound via C and one 0 and 
another one bound via both 0 ends, the latter being more 
strongly bound and closer to CO2 , If this is qualitatively 
correct also for the Pt surface, one could indeed envisage 
two types of transition states. One would be closer to the 
first species, but with a too short C-metal bond length; its 
stretched upright extreme could be induced by the spatial 
restrictions in the {32 case. The other one would be closer to 
the ionic species and more strongly bound. Because of the 
lack of a C-metal bond, the main energy liberated in CO2 

formation in the latter case could be directed parallel to the 
surface and would therefore be easily transferred to coad
sorbates and ultimately to the surface. Steps and other 
defects would help this transfer, explaining the findings of 
Ref. 9. For sufficient trapping times, internal energy could 
also be transferred to the surface before desorption. The 
temperature dependence of the trapping time for this spe
cies would explain the observed decrease of this channel 
with temperature, since at sufficiently high temperature 
this channel would be wiped out thermally. Binding ener-
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gies of the order of 15 kJ/mol would suffice to explain the 
observations. The observed influence of oxygen coverage 
could be a coadsorbate destabilization effect or an effect of 
spatial requirements. These speculative considerations 
might induce further, in particular theoretical work. 

v. SUMMARY 

Reactive thermal desorption (RTPD) of CO2 product 
molecules from the oxidation reaction CO + 0 -+ CO2 has 
been studied starting with mixed layers of CO and molec
ular oxygen, up to very high initial coverages. Four reac
tively produced CO2 peaks are observed. For the {31 peak 
these results have been compared with continuous flow 
reactions at surface temperatures between 420 and 800 K. 
These results are comparable to those of R TPD in its high 
temperature, medium to low coverage range, if the corre
sponding coverages of atomic oxygen are taken into ac
count. 

The four reaction peaks observed during RTPD all 
show strongly non thermal energy distributions, i.e., the av
erage translational energy exceeds by far a value of 2 kTs' 

and the measured velocity distributions are narrower than 
Maxwell-Boltzmann distributions (which shows up in 
normalized speed ratios < 1). Only the peak {31 contains a 
contribution which is thermally fully accommodated to the 
surface. Whereas this part of the desorption flux shows a 
cos {} angular distribution, all others are much more 
strongly peaked. The latter, which contain most of the 
total desorption flux (between 75% and 95%), are obvi
ously not accommodated to the surface, and carry away a 
considerable fraction of the product energy as translational 
energy. For the {31 peak we estimate this fraction to be 
approximately 40%. 

We interpret the occurrence of mainly non
accommodated product species as due to formation of a 
transition complex with strong repulsion from the surface 
for all nonaccommodated reaction peaks on the surface, 
and the formation of the transition state as rate limiting. 
Therefore once formed, the CO2 molecule is accelerated 
away from the surface. It seems likely that the main par
titioning of the product energy occurs during this last step. 

The rate of formation of COr is found to be strongly 
influenced by the density as well as by the structural con
figuration of the reactants on the surface. Changes in av
erage interadsorbate distance might be the main reason for 
changes of the activation energy for the transition state and 
of the binding energy of the reactants because of lateral 
interactions which cause corresponding changes of the 
product energy Ep. Both modify strongly the reaction rates 
because the reaction probability is strongly influenced by 
mobility for a large part of our experimental conditions: 
On the one hand, frozen-in mixing of the reactants and 
favorable relative configurations enhance the reactivity and 
lead to high rates at quite low temperatures; on the other, 
demixing due to the tendency of both reactants to form 
separated islands slows down the reactivity when mobility 
sets in. 

Our results are consistent with the assumption that 
basically the same type of reaction, but ml)dified by differ-

ent local configurations, is effective in the formation of 
product peaks {3{, {32' and {33; for peak a it appears likely 
that the reaction of unaccommodated (nascent or hot) 0 
atoms from O2 dissociation leads to essentially the same 
transition state as for {3{ as far as the exit channel is con
cerned. The smaller translational energy and the narrower 
angular distributions of peaks {32 and {33 may be due to 
scattering of the product molecules at their neighbors in 
dense mixed layers of CO and 0, but a restriction on the 
orientation of the transition complex by the close neigh
bors appears also possible. 

The accommodated peak {3{, on the other hand, which 
appears only at low surface concentrations of CO, but not 
of 0, and vanishes at high temperatures, might be due to a 
basically different type of transition state. A more ionic 
species with essentially flat lying configuration and stron
ger surface bond would greatly enhance the probability of 
collision with other adatoms and with defects, and might 
have the necessary trapping times to explain the observed 
equilibration; it seems plausible, therefore, but should be 
further scrutinized. 

Summing up, we have investigated the oxidation of CO 
on Pt( 111) in coadsorbed layers of high density. Under 
these strongly non-equilibrium conditions of the initial lay
ers, the reaction rates seem to be strongly influenced by the 
local configurations of CO and 0 on the surface. The dy
namics of the reaction, on the other hand, can be 
similar-as concerns the exit channel-for very different 
reaction conditions ({3{ and a) but also very different for 
identical reaction conditions ({3{ and {3{). 
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