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The kinetics of the reaction of adsorbed CO with oxygen adatoms was studied on well-polished 
polycrystalline rhodium surfaces at low temperatures by means of angle-resolved thermal desorp- 
tion. The CO2 formation was observed as two peaks around 280 and 410 K. The angular distribution 
of the former varies as (cos 0))* and the other (cos 0)-5, where 0 is the desorption angle. This 
difference is rationalized with an activation barrier model. 

INTRODUCTION 

The angular distribution of the desorp- 
tion flux of product molecules gives micro- 
scopic insight into the dynamic behavior of 
surface reactions (I, 2). Recent work by 
Comsa’s group (3-6) has shown that a sim- 
ple one-dimensional model proposed by 
Willigen still can be used as a prototype 
model to explain the angular and velocity 
distribution of desorbing hydrogen mole- 
cules. This model, however, should be 
modified by considering several factors, 
i.e., the interaction between gas molecules 
and surfaces (7, 8), the vibrational modes 
of activated complexes (9), and potential 
energy profiles in the neighborhood of de- 
sorption sites (10). No theory has been suc- 
cessful in explaining in detail the velocity 
distribution. From the experimental point 
of view, it is important at present to investi- 
gate how the simple model fits (or does not 
fit) in with experimental results obtained in 
a wide range of experimental conditions. 

The experimental procedures used to 
date for the angular distributions are either 
molecular beam scattering (11) or perme- 
ation experiments (1, 12). Both methods 
can be applied only at relatively high tem- 
peratures. Recently we have successfully 
used angle-resolved thermal desorption for 
analysis of the angular distribution of CO* 

produced on Pt(ll1) (13, 14). This method 
is useful for study over a wide coverage 
range of the reactants and at low tempera- 
tures. In addition, surface reactions which 
are started from stable coadsorption layers 
of the reactants can be studied. 

The oxidation of carbon monoxide over 
catalysts from the platinum group metals 
has been investigated in numerous studies 
(15). Over Rh, CO2 is produced from the 
interaction between CO admolecules and 
oxygen adatoms, i.e., the so-called 
Langmuir-Hinshelwood process (16-19). 
No microscopic kinetic studies on this sys- 
tem have been reported. In the present pa- 
per we will report the angular distribution 
of the desorption of CO* produced over 
well-polished polycrystalline Rh surfaces at 
low temperatures. 

EXPERIMENTAL 

Figure 1 shows a schematic diagram of 
the experimental apparatus. It consists of 
three ultra-high vacuum chambers; a reac- 
tion chamber, a collimator (20), and an 
analyzer chamber. They are separately 
pumped by individual ion pumps. The first 
has optics for LEED-AES, an Ar+ gun, and 
a mass spectrometer. The collimator has 
two circular slits on both ends. The diame- 
ter of slit Sl is 2.7 mm and of S2, 4.0 mm. 
The former slit is 45 mm from the sample. 
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FIG. 1. Schematic diagram of the experimental apparatus. 

The distance between the slits is 55 mm. 
The polycrystalline Rh sample was a disk- 
shaped slice (diameter 10 mm x thickness 
0.8 mm). The purity was 99.99% from Furu- 
Uchi Chemicals (Japan). The crystal was 
polished with standard metallurgic tech- 
niques. It was set on a rotatable axis per- 
pendicular to the axis of the collimator. It 
could be cooled down to 100 K and heated 
resistively. The sample was cleaned by re- 
peated oxygen treatment and At-+ bombard- 
ment at 1000 K until a clean surface was 
obtained as judged by AES. The tempera- 
ture was monitored by a chromel-alumel 
thermocouple spot-welded on the side. The 
sample was annealed to 1350 K before each 
run of thermal desorption. 

Thermal desorption spectra were re- 
corded in an angle-resolved form and also 
angle-integrated form with a mass spec- 
trometer in the analyzer and reaction cham- 
ber, respectively. The signal monitored in 
the latter involves the contribution from the 
side of the sample crystal (ca. 14% of the 
total surface area) as well as from the well- 
polished surfaces. When the crystal is ro- 
tated away from normal an increasing area 
of the front face of the crystal falls inside 
the solid angle of acceptance of the aper- 
tures. A correction factor was computed 
for the experimental geometry and used 
when the relative value of the signal was 
determined as a function of the desorption 
angle. 

RESULTS 

In angle-resolved thermal desorption ex- 
periments, the catalyst surface is covered 
in advance by oxygen and CO, and then 
heated to produce COZ. The product COZ 
leaving the surface which passes through 
the collimator is monitored with the mass 
spectrometer in the analyzer chamber. In 
order to survey the conditions suitable for 
such transient CO;! production, several pre- 
liminary experiments were conducted. 

Dependence of CO2 Formation on CO 
and O2 Exposure 

The CO2 formation spectra depended 
strongly on the amount of CO and 02 expo- 
sure, adsorption temperature, and also ex- 
posure sequence. Throughout the present 
experiments oxygen was first dosed and 
then CO was introduced. CO2 also could be 
produced by heating the sample exposed in 
the reverse order. In the latter case the ob- 
served CO2 spectra were rather simple, and 
there was no separation of CO2 peaks desig- 
nated below as /3i and &. When 02 expo- 
sure was small, the resulting spectra had 
complicated structures. In the present work 
the surface was always preexposed to 1.2 - 
1.4 L (Langmuir) of OZ. In this case CO2 
desorption only was observed at tempera- 
tures below 600 K. When 02 pre-exposure 
was below 1 L, CO desorption could be ob- 
served in the temperature range 400-600 K. 
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Typical spectra (in the angle-integrated 
form) of the CO2 formation with various ex- 
posures of CO are shown in Fig. 2. The 
surface was cooled down to 125 K and ex- 
posed to 1.4 L igO2 (the coverage relative to 
the saturation value determined by AES 
was 0.90). It was further exposed to various 
amounts of C60 (frequently oxygen-16 is 
simply designated as 0) at the same tem- 
perature. Then it was heated with a con- 
stant current up to 1350 K. The tempera- 
ture increased nearly linearly with a rate of 
48 K/s below 800 K. The exposure pressure 
was always 2.4 x 10e8 Torr for igO2 and 1.0 
x 10e8 Torr for CO. Ci60i80 was produced 
over the wide temperature range 125-500 
K. Neither Ci602 nor Ci802 was observed 
throughout the experiments. The Ci60i80 
formation started already below 150 K. A 
single peak (pi) was observed around 330 K 
with small CO exposures. Above 0.5 L CO 
the spectrum became broad with an in- 
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FIG. 2. CO* formation spectra with 1.4 L 1802 (the 
relative coverage 0.90) followed by various amounts of 
PO exposure at 125 K. The heating rate was 48 K/s. 

crease in CO exposure and showed a new 
peak &. A small shoulder of Ci60i80 was 
also noticed around 150 K. It is indicated 
by an arrow in the figure. It appeared only 
when 02 was predosed in large amounts. It 
was absent when the surface temperature 
was kept above 200 K during O2 exposure. 
Therefore, this shoulder is likely to be due 
to a-COz, which is formed from the interac- 
tion between adsorbed CO and oxygen ad- 
molecules (13, 24). In fact oxygen can ad- 
sorb molecularly on Rh at 12.5 K (21). 
However, the amount of CO2 in this shoul- 
der was too small to be separated from the 
other, by using an isotope tracer technique 
W). 

The separation of & from pi became 
clearer when the surface temperature dur- 
ing 02 exposure was raised. Typical exam- 
ples are shown in Fig. 3. In this case the 
surface was exposed to 1.4 L i8O2 at 200 K, 
and then to various amounts of Cl60 at 130 
K. No changes in general features were ob- 
served. The small shoulder around 150 K 
disappeared. The better pi-p2 separation 
was quite reproducible. p-CO2 is formed 
through the interaction between adsorbed 
CO and oxygen adatoms, since CO is mo- 
lecularly adsorbed (22, 23) and oxygen is 
dissociatively adsorbed above 200 K (21, 
24). Partial pressures of CO and 02 were 
practically zero during CO2 formation. This 
surface reaction for CO2 formation may be 
first order in CO(a) and O(a). Second-order 
kinetics is expected. Therefore, the shift of 
the peak temperature of pi to higher values 
suggests nonuniform structures of coad- 
sorption layers. The new &-CO2 formation 
at low temperatures is reminiscent of a sim- 
ilar process on Pd(ll1) (25). 

Angular Distribution of CO2 Formation 

Typical CO2 formation spectra (in the an- 
gle-resolved form) with various CO expo- 
sures are shown in Fig. 4. These were re- 
corded at the desorption angle 8 = 0. e is 
the angle between the collimator axis and 
the surface normal. The surface was ex- 
posed to 1.4 L i8O2 at 200 K and further to 
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FIG. 3. CO2 formation spectra with 1.4 L I8O2 fol- 
lowed by various amounts of PO exposure. ‘*02 was 
adsorbed at 200 K and PO at 130 K. There is im- 
proved separation of PI-CO2 from p2-C02. The heating 
rate was 48 K/s. 

various amounts of PO at 130 K. The 
amount of p~-Ci60i80 increases with CO 
exposure more rapidly than that in the an- 
gle-integrated form. Above 0.8 L of PO 
the peak of /3&60180 is much higher than 
that of pi-POi80. This fact indicates that 
the desorption of p&OZ is distributed 
along the surface normal more sharply than 
that of pi-COZ. Figure 5 summarizes typical 
CO2 formation spectra observed at various 
desorption angles. The shape of the spec- 
trum depends on the desorption angle. The 
dashed curves were drawn by assuming a 
constant half-width of the pi-COz peak in- 
dependent of CO exposure. At large de- 
sorption angles the amount of &CO2 is 
comparable to that of pi-CO2. Pz-COZ be- 
comes predominant with small desorption 

angular distribution of &CO2 is sharper 
than that of pi-C02. When CO exposure 
was small, only a single PI peak was ob- 
served. The relative peak height (after the 
correction due to surface area variation) of 
the pi peak is plotted against the desorption 
angle in Fig. 6. The angular distribution is 
very sharp along the surface normal. It var- 
ies as (cos 0)6*1. The angular distribution 
with large CO exposures is shown in Fig. 7. 
In this case the surface was exposed to 1.4 
L 1802 at 200 K and then to 1.2 L Cl60 at 
125 K. Data above 8 = 40” are rather scat- 
tered. The peak height of /31-C02 varies as 
(cos e)jk2, while that of &-COZ as (cos 
0)8-c2. The relative value of p2-CO2 always 
falls below that of pi-C02. p2-C02 shows a 
sharper angular distribution than that of PI- 
coz. 

For comparison, the adsorption of gas- 
eous CO2 and the angular distribution of the 
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FIG. 4. CO;! formation spectra observed in the nor- 
mal direction. The surface was exposed to 1.4 L ‘802 at 
200 K and then to various amounts of PO at 130 K. 

angles. This figure shows clearly that the The heating rate was 48 K/s. 
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FIG. 5. CO2 formation spectra observed at various 
desorption angles. The surface was exposed to 1.4 L 
‘*02 at 200 K and then to 1.2 L PO at 125 K. The 
dashed curves were drawn with the assumption of a 
constant half-width. The heating rate was 42 K/s. 

desorption flux were studied. COz was 
dosed at 120 K. The desorption was com- 
plete below 150 K. The peak temperature of 
the desorption was 130 K. This is quite sim- 
ilar to that on Pt(ll1) (14). CO? could also 
be adsorbed on igO-covered surfaces. No 
oxygen exchange was observed between 
CO2 adsorbed and igO( The peak temper- 
ature was almost the same as that on a 
clean surface. If CO2 could be dissociated 
and produce CO(a) and O(a) on Rh (22, 26), 
the thermal desorption should produce a 
CO* signal around 300 K. No CO2 signal 
was observed in the temperature range of 
CO2 formation. It can be concluded that the 
interaction of COz with a Rh surface is very 
weak, similar to the physisorption of COz 
on Pt( 111). The angular distribution of the 

desorption is shown in Fig. 8. It shows a 
simple cosine distribution, as expected for 
the desorption from a physisorption state 
m. 

DISCUSSION 

In this section we will discuss the mecha- 
nism of the formation of pi- and p2-C02, 
and also their angular distributions. 

Conrad et al. have found surface pro- 
cesses for CO2 formation which behave 
quite similarly to pr- and &-COz in the 
present work. Those were observed on a 
Pd(ll1) surface highly covered by oxygen 
and then CO around 200 K (25). From 
LEED, UPS, and thermal desorption ex- 
periments, it was concluded that under cer- 
tain conditions the adsorbates of CO and 
oxygen adatoms form separate domains 
and a true coadsorbate phase (cooperative 
adsorption), depending on the amount of 

.6 - 
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FIG. 6. Angular distribution of CO* formation with 
small CO exposures. The surface was exposed to 1.2 L 
‘*O, at 200 K and then to 0.3 L PO at 125 K. The 
heating rate was 42 K/s. 
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FIG. 7. Angular distribution of CO2 formation with 
high CO exposures. The surface was exposed to 1.4 L 
rsOz at 200 K and then to 1.2 L Cl60 at 125 K. The 
heating rate was 42 K/s. 

CO exposure. The former was produced by 
exposing an O(a)-saturated Pd surface to 
CO. The product CO2 gave a thermal de- 

Rh (polyl 
1.7L Con, l20K 

o.ol 
0 30 60 90 

0 (degree) 

FIG. 8. Angular distribution of the flux of desorption 
of CO2 adsorbed on clean Rh at 120 K. The surface 
was exposed to 1.7 L CO2 at 120 K and heated at a rate 
of 17 K/s. 

sorption peak in the temperature range 
350-500 K. Further admission of CO at 200 
K leads to the formation of regions consist- 
ing of a mixed phase of CO(a) and O(a). 
This cooperative adsorption layer is highly 
compressed and can produce COz even at 
this temperature. The product CO2 gave an 
additional thermal desorption peak below 
300 K. This is quite similar to &-CO2 in the 
present work. /3,-COz can probably be as- 
signed to the former. 

&-CO2 is produced in a dense coad- 
sorbed layer. The potential energy of the 
initial state for pz-COz formation is likely to 
be raised above that for /3r-C02. The activa- 
tion energy for the formation of p2-CO2 is 
lowered. A qualitative energy diagram for 
the COz formation is shown in Fig. 9. CO1 is 
adsorbed in the physisorption state. The 
potential energy of the initial state for CO2 
formation is the sum of the adsorption en- 
ergy of CO(a) and O(a). Therefore, it is 
much lower than that of COz. When the sur- 
face is highly exposed to CO, the oxygen 
structure (probably (2 x 2) structure (24)) is 
compressed to the cooperative adsorption 
layer (25). The adsorption energy of CO 
and oxygen must be reduced significantly. 
The potential energy curve is shifted up- 
ward as shown with the dashed curve in 
Fig. 9. The activation energy for the CO* 

distance 

FIG. 9. Potential energy diagram for CO2 formation. 
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formation is reduced from A, to AZ, so that 
CO* can be produced at lower tempera- 
tures. A zero point energy is drawn only for 
the initial states. Ai (or AZ) is the difference 
between the zero point energy and the en- 
ergy of the cross-point of the potential 
curve of the initial state and CO2 physi- 
sorbed. This upward shift of the potential 
energy curve yields an increase in the en- 
ergy of the activated complex at the cross- 
point relative to the vacuum level, from El 
to Ez. This increment can produce a 
sharper angular distribution of CO* forma- 
tion. 

The desorption flux of CO2 produced 
through the surface reaction shows an ex- 
tremely sharp distribution along the surface 
normal. This fact indicates that the CO2 
molecule leaves the surface with an excess 
translational energy perpendicular to the 
surface. The molecule leaves the surface 
immediately after formation, without being 
trapped in the physisorption state. The ori- 
gin of such an excess translational energy 
of desorbing molecules has typically been 
explained by a simple one-dimensional 
model proposed by Willingen (I). In this 
model the angular distribution is related to 
the activation barrier perpendicular to the 
surface for the adsorption or the energy of 
the activated complex relative to the vac- 
uum level. This model should be modified 
by considering several factors as described 
in the Introduction. However, it is still use- 
ful to explain the general features of the 
angular distribution (3-6). The desorption 
rate at each angle is a function of the ratio, 
E, of the activation energy relative to the 
vacuum level, E, to the thermal energy at 
the surface temperature, RT, as follows (I), 

& -I- COG 8 
z(e) = I@=O) (E + 1) cos 0 e -etan*o 

9 

E 3 EIRT, 

where I(@ and I(0 = 0) are the desorption 
flux at 8 = 0 and 8 = 0, respectively. From 
the angular distribution shown in Fig. 6, E 
was estimated to be 3.0 for the curve of (cos 

8)6. The peak temperature of CO2 with 0.3 
L CO was 330 K. E is roughly 2.0 kcal/ 
mole. The value of E is 2.3 kcal/mole for p2- 
CO*, and 2.0 kcal/mole for PI-CO2 with 
large CO exposures. The value for p2-CO2 
is definitively larger than that for PI-CO*. 
This is consistent with the prediction 
shown in Fig. 9. Although the discussion is 
limited in a qualitative sense, it can be 
shown that the angular distribution gives 
microscopic insight into the mechanism of 
the elementary steps involved in the sur- 
face reactions. Detailed discussion on the 
kinetics of the CO2 formation will be pub- 
lished elsewhere, since more precise deter- 
mination of the angular distribution and 
also analysis of the adsorption structures 
are in progress over single crystal surfaces. 
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