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Kinetic studies on the CO oxidation on Pd(111) with low energy electron
diffraction (LEED) and angle-resolved thermal desorption

Tatsuo Matsushima and Hiromu Asada

Research Institute for Catalysis, Hokkaido University, Sapporo 060, Japan

(Received 4 February 1986; accepted 22 April 1986)

Three different coadsorption structures of CO and oxygen over Pd(111) were analyzed through
measurements of the intensity of LEED spots; separate domains of p(2xX2)-O and

(v3X3)R 30°-CO, closely contacted domains of (13 X+3)R 30°~O with the same structure of
CO, and also a mixed phase with (2 1) periodicity. The desorption of CO, produced in the
above adlayers was analyzed in an angle-resolved form. The angular distribution becomes
extremely sharp, when the reaction sites are closely surrounded by coadsorbates. The collimation
of the desorption along the surface normal is suggested to be due to the collision of desorbing CO,
with the surrounding adsorbates, as well as the repulsive interaction between nascent CO, and the

surface.

I. INTRODUCTION

The oxidation of carbon monoxide over platinum met-
als is a suitable model reaction for the analysis of the energy
distribution among the internal and translational degrees of
freedom in the product molecule.' The product CO, inter-
acts only weakly with the surface.”™ Once CO, is formed it
will immediately be released into the gas phase. In such a
case, the translational energy (or the angular distribution)
may be controlled by the interaction between the surface and
the whole product molecule at the instant of formation.>® It
frequently has an excess energy compared with the surface
temperature.>' The mutual interaction of the reactants,
CO(a)«—0(a), will affect the energy distribution in the
internal modes.'""!? This interaction contributes largely to
the activation energy for the CO, formation.

This consideration leads to the idea that the angular
distribution may be affected by the local configuration of
adsorbates around the reaction site. Our recent work on
Rh(111) supports this idea; the angular distribution be-
comes sharp when the CO, formation site is closely sur-
rounded.” The relation between the angular distribution and
the local configuration around reaction sites will be exam-
ined more suitably on Pd(111). Because the coadsorption of
CO and oxygen on this surface produces different structures
depending on the coverages'’; CO(a) and O(a) are random-
ly distributed for small coverages. The adspecies form sepa-
rate domains of p(2X2)-O and (3 X+/3)R 30°~CO when
the coverages increase. Further admission of CO causes a
compression of p(2 X 2)-QOinto (3 Xy3)R 30°. The latter is
further compressed locally to a structure with (2 1) peri-
odicity. These coadsorption structures may yield sites for the
formation of CO, which would show different angular distri-
butions.

In this paper the above prediction will be confirmed.
First, we report the quantitative analysis of the above ad-
sorption structures. It supports the previous work by Con-
rad et al.'® Second, the formation of CO, observed at differ-
ent temperatures during thermal desorption is assigned to
the reaction sites in the above coadlayers. Third, the angular
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distribution of the desorption of CO, will be analyzed by
angle-resolved thermal desorption. This method is useful in
the present low temperature experiments.® Finally several
factors which contribute to the angular distribution will be
discussed.

Il. EXPERIMENTAL

The experimental apparatus and procedures were essen-
tially the same as those reported previously.® The apparatus
consisted of a reaction chamber (with LEED-AES), an ana-
lyzer chamber, and a collimator placed between them.

The single crystal sample was a disk-shaped slice (10
mm diameter X 0.8 mm thickness, purity 99.995% from
Metal Crystal Ltd., U.K.). Both faces were polished with
standard metallographic techniques. The sample was set on
a rotatable axis perpendicular to the axis of the collimator. It
was cleaned by prolonged Ar* bombardment in the range
from room temperature to 800 K, and heating in oxygen of
11078 Torr at 800 K. After the crystal was flashed in
vacuo up to 1100 K, no impurity was detected with AES. The
LEED pattern displayed a sharp (1X 1) structure at this
stage. The crystal was annealed to 1100 K before each ex-
perimental run.

The spot intensity of LEED patterns was followed with
a spot photometer of a photomultiplier tube. The signal was
recorded when the heater current to control the surface tem-
perature was momentarily off. In thermal desorption experi-
ments the sample covered by oxygen and/or CO was resisti-
vely heated, while the amount of CO, passing through the
collimator was monitored with a mass spectrometer in the
analyzer chamber (angle-resolved spectra). Desorption
spectra were also recorded in an angle-integrated form with
another mass spectrometer in the reaction chamber. The lat-
ter was used to determine the coverage of CO and oxygen,
and also to analyze the general kinetic features of the CO,
formation. The signal in the angle-integrated form involves
the contribution from the side of the sample ( ~ 14% of the
total area).
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lii. RESULTS
A. Adsorption of CO and oxygen

The relative coverage of CO and oxygen was determined
with thermal desorption. The desorption of CO showed a
single peak around 500 K. The peak area increased linearly
up to 1.7 L (langmuir) with the increasing exposure. Below
the absolute coverage (the ratio of CO admolecules to sur-
face Pd atoms) of 8 oo = 1/2, the adsorption rate was inde-
pendent of the surface temperature in the range of 100-300

K. The LEED spot intensity of (43 Xy3)R 30°~CO in the
course of the exposure, which was measured at 190 K or
below, showed a maximum at 1.1 L. This dosage, Qcos
was concluded to be required for the completion of the struc-
ture, i.e., @ - = 1/3. Itindicates that the sticking coefficient
is close to unity.'* Below 150 K, the maximum spot intensity
was observed at the same exposure after the surface covered
by CO was annealed up to 300 K and cooled again to the
adsorption temperature. The intensity increased fairly lin-
early with the coverage below 8, = 1/3. It suggests that

CO forms domains of (3 X+3)R 30° from small coverages.

Oxygen dissociates easily above 220 K!* and forms a
p(2X2) lattice.” The LEED spot intensity increased mo-
notonously with the exposure. The thermal desorption
showed a single peak in the range of 750-850 K when the
adsorption temperature was above 220 K. The peak area
increased monotonously with the exposure. The relative
coverage of oxygen adatoms 8, /6 ..., is represented as the
peak area relative to the maximum area at large exposures
(>20 L). The maximum area corresponds to a quarter of
the monolayer. The initial sticking coefficient was estimated
to be 0.43, which agreed with the literature value.'® It re-
mained almost constant below 8, /6, ..., = 0.3. Above this
coverage it decreased fairly linearly with the increasing cov-
erage.

B. Coadsorption of oxygen and CO

Our LEED data confirm the structure analysis by Con-
rad et al.," i.e., admission of CO causes a compression of
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FIG. 1. Sketch of the structural transformations which take place when an
oxygen covered surface is exposed to CO. p(2 X 2)-O domains coexist with
(V3X3)R30'-CO domains. The former are compressed into
(3 Xy3)R 30"-O with the increasing CO exposure. Further CO admission
induces regions of a mixed (O + CO) structure with (2 1) periodicity.
Dashed lines indicate free spaces around reaction sites. Ellipses represent
the size of a CO, molecule estimated from van der Waals’ radii.

P(2X2)-Ointo (y3Xy3)R 30°. Further dosage of CO leads
to the formation of regions with (2 1) periodicity. The
structure proposed is schematically drawn in Fig. 1. They
have not quantitatively analyzed the structure through mea-
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FIG. 2. Variation of LEED spot intensity due to
] (2%2) and (y3Xy3)R 30° structures. The sur-
face covered by oxygen at 300 K was exposed to
COat 2.5X 10~° Torr at the 190 K. The insert-
] ed figure represents a LEED pattern; O: sub-
strate spot, @: (2X2), &: (3 Xy3)R 30°. Dot-
] ted circles around spots indicate the area

LEED Intensity (arb. units)

accepted by the spot photometer. The beam vol-
tage was 59 eV for (2X2) and 64 eV for
. (V3IX3)R 30"
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surements of the spot intensity in the course of the above
compression.

Wefollowed the spot intensity of p(2 X 2) and (V3x3)
R 30° at temperatures of 100400 K. The above compression
was well observed at 190 K, where the oxidation occurred
very slowly even at high reactant exposures. Typical varia-
tions of the spot intensity were reproduced in Fig. 2. The
surface was first exposed to O, at 300 K to the extent of
66/65 max = 0.53. After the surface temperature was main-
tained at 190 K, CO was introduced at 2.5 X 10~° Torr. The
acceptance angle of the spot photometer was fixed at 2°. The
meter accepted the photointensity from the area indicated by
dotted circles in the LEED pattern inserted in the figure. No
background intensity was subtracted.

The intensity of p(2X2)-O was increased by a small
CO exposure. With further admission of CO it showed a
maximum at 0.23 L and a minimum at 0.56 L. On the other

hand, the intensity due to (v3X/3)R 30° began to increase
rapidly around the maximum of p(2X2)-O. It showed a
maximum at the same exposure as the minimum of
P(2x%2)-0. Above this exposure the surface showed regions
with (2 X 1) periodicity beside CO domains with 8 o > 1/3.
The first increase of the (2X2)-O intensity indicates that
oxygen domains become larger. CO molecules which adsorb
near oxygen adatoms may repel the latter into their domains,
since the interaction between CO(a) and O(a) is repul-
sive.!® At the maximum intensity of p(2x 2)—O the surface
holds the maximum amount of CO which can be adsorbed
without causing the compression of the oxygen lattice. This
exposure is designated as Q o, . The other interesting expo-
sure Q oo, represents the CO exposure required for maxi-
mizing the intensity of (43 X+3)R 30° structure. It indicates
the exposure for completion of the transformation from
p(2Xx2)-0into (V3 X+3)R 30°.

Both quantities are functions of the initial coverage of
oxygen. Q o, increased linearly with the increasing area
unoccupied by oxygen (1 — 85/8 m.x ) as shown in Fig. 3.

or Pd(I11), 190K |
051 U -
|
00
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0.0 0.5 1.0
( = 90/90, max)

FIG. 3. Dependence of the CO exposure for maximizing the p(2x2)-0O
intensity on area unoccupied with oxygen. The solid line indicates an ideal
case (see the text).

The ordinate was normalized by O, 5 (= 1.1 L), the CO

exposure required for completion of (3 X+/3)R 30°-CO on
a clean surface. The solid line, having a slope of unity, shows
the relation which would be observed if the unoccupied area
were covered completely with CO domains of

(v3X+3)R 30° without compression of the oxygen lattice.
Experimental results show that the quantity of Qco 1 / Qo 5
falls far below the solid line. It attained almost halfway up to
the line. This means that there is a considerable free space
between p(2X2)-0O domains and CO domains. The latter

forms probably (/3 X V3)R 30° domains, since CO can form
this structure below 8 o = 1/3 and the repulsive interaction
with O(a) can accelerate the formation.

The compression of the oxygen lattice into the

(+3Xy3)R 30° structure is complete at QO co.2- At this stage
the (y3X+/3)R 30° spot intensity must be contributed from
both oxygen and CO domains. The minimum of (2X2)-O
always appeared at the same exposure as the maximum of

(v3X\/3)R 30°. This agreement suggests that both domains

have almost complete (3 X+/3)R 30° structure at Qo ;-
Above this exposure, both domains begin to be compressed
into structures more dense than the local coverage of 1/3.
Beyond the intensity minimum of the (2X2) spot, these
half-order spots should be due to the contribution of do-
mains with (2X 1) periodicity. In order to examine the den-
sity of the CO domains the amount of Q -, Was compared
with @, 5 (1 —36/405,max ) in Fig. 4. The latter indi-
cates the CO exposure required for completion of

(3 X43)R 30°-CO domains outside oxygen domains with
the same structure. In this consideration, the sticking coeffi-
cient is assumed to be invariant since oxygen adatoms do not
prevent CO from adsorbing.'* The solid line represents this
ideal case. Experimental data shown by squares fit this mod-
el. No free space is expected between both domains.

The dependence of @, and @ p . upon the surface
temperature and the CO pressure was studied, in order to
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FIG. 4. Variation of the CO exposure for completion of the transformation
from p(2X2) into (3 X3)R 30° structure with surface area unoccupied
by oxygen. The solid line represents an ideal case (see the text).
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FIG. 5. Values of @ o, and Q¢ , determined at various surface tempera-
tures. The surface was first covered by oxygen at 300 K. It was exposed to
CO (2.5X107° Torr) at desired temperatures.

examine whether the diffusion of the adspecies is rapid as
compared with CO adsorption. The results are summarized
in Figs. 5 and 6. The value of Qo was constant in the
temperature range of 130-300 K. Above 300 K, the maxi-
mum of the intensity due to p(2X2)—-O became unclear,
inasmuch as the reaction occurred. @  , showed a constant
value in the range of 130~-230 K. Above this range, no maxi-
mum of the intensity due to (y3X+/3)R 30° was observed.
Because a new reaction pathway (8,~CO, formation) is
opened, as shown below. At 240 K, the intensity increased
monotonously with the increasing CO exposure. The ellipse
in the figure indicates the CO exposure at which the intensity

Qco,| P11}, 8o /6b,max=0.53, 190K

Qco,2 Qco, 2
Qco,s3

05 E
D Qco, 1

0.0 1 11 1 i 1 1l 1 1 1 I\
4x107¢  1xi0~° 1xi0~® Ixio~7
Pco / Torr

FIG. 6. Valuesof Q - ; and Q ¢, determined at various CO pressures. The
surface covered by oxygen was exposed to CO at 190 K.

reached an almost constant value. Below 130 K, the two
intensity maxima became unclear, and further, the incre-
ments of the intensity were not significant. Probably the dif-
fusion of O(a) and also CO(a) is not fast.

The values of @, and Q o, determined at 190 K
were independent of the exposure pressure of CO in the
range of 5X 107'°-2x 1072 Torr. It can be concluded that
the diffusion of the adspecies is fast enough to construct
equilibrium coadsorption structures under the conditions
used here.

Now we find three different sites for the interaction of
CO with oxygen, i.e., between p(2X2)-O domains and

(V3Xy3)R 30°-CO domains, between CO and oxygen do-

mains of (13 X+3)R 30°, and also in high density domains
with (2% 1) periodicity. The structure of (2X 1) domains
has been proposed,'* where CO and oxygen adatoms have
close contact, as shown in Fig. 1. No new information was
added to this proposal in our experiments. In the next sec-
tion, spectra of CO, produced by heating the above coad-
sorption layers will be summarized. The peak temperature of
CO, is characteristic of the local configuration of the adsor-
bates around the reaction sites.

C. Sites for CO, formation

CO, formation spectra depended strongly on the
amounts of CO and oxygen exposure, adsorption tempera-
ture, and the exposure sequence. When the surface was first
exposed to O, and then to CO, two CO, peaks were observed.
The CO, spectra, however, showed a single peak when CO
was first dosed. Such behavior has already been reported.'?
The adsorption temperature used in the previous studies’>
was 240 K in most cases, where the oxidation occured con-
siderably during the preparation of coadlayers. We prepared
the coadsorption layers at temperatures of 100-400 K. No
essential difference was found in the CO, spectra, when the
surface covered by oxygen was exposed to CO below 200 K.
Above this temperature, CO, is significantly formed during
CO exposure (before thermal desorption procedures), espe-
cially at high CO exposures.

Typical CO, formation spectra were reproduced in Fig.
7. The procedures to prepare coadlayers were the same as
those used in Fig. 2. At a desired exposure of CO, the gas
supply was terminated and the surface was heated with a
constant voltage up to 1100 K. The temperature increased
linearly with a rate of 20 K/s below 500 K. The resultant
CO, spectra will be compared with the spot intensity varia-
tions shown in Fig. 2. Only a single peak of CO, was ob-
served around 450 K, when the surface was covered by sepa-
rate domains of (y3X+3)R 30°-CO and p(2X2)-0, i.e., at
CO exposures below Qo ;. This CO, is produced between
separate domains, where large free spaces exist. Such CO, is
called 8,-CO, over Rh(111).7 At exposures between Q o,
(=023L) and Q¢p, ( =0.56 L), the CO, peak became
broad and was shifted to 410 K with the increasing CO expo-
sure. This CO, involves 3,-CO, and also 55-CO,. The latter
is produced between domains of (43 X+/3)R 30° of oxygen
and CO. The peak of 3,-CO, was shifted to 350 K with the
increasing CO exposure. Around 0.7 L CO, a new peak (53,-

J. Chem. Phys., Vol. 85, No. 3, 1 August 1986
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FIG. 7. Variation of CO, spectra with CO exposures. The surface partially
covered by oxygen was exposed to CO at 190 K. The heating rate was ~ 20
K/s.

CO,) appeared. The onset of 8,-CO, formation was estimat-
ed to be 0.6 L CO from the variation of the peak height with
CO exposures. This position depended on the initial oxygen
coverage. They were plotted as vertical bars in Fig. 4. They
agreed well with the onset of the compression of
(v3X+3)R 30°. 8,-CO, can be concluded to be produced in
the highly compressed (2 1) structure. The above assign-
ment of the reaction sites for CO, agrees generally with the
previous studies.'?

During thermal desorption the coverage of CO and oxy-

T. Matsushima and H. Asada: CO oxidation on Pd(111)

gen decreases through the removal as CO,. Therefore, the
coadsorption structure will change during heating proce-
dures. LEED patterns were observed after the coadlayer
prepared at 190 K was annealed slowly (~2 K/s) to a de-
sired temperature, T, and cooled again to 190 K. Typical
results at 8,/05 ., = 0.53 are summarized in Table I. The

(v3X/3)R 30° lattice below 0.5 L CO was relaxed to the
(2X2) lattice during thermal desorption. In thermal de-
sorption procedures both £, and 5;-CO, may be produced.
Above 0.9 L CO, the (2x1) lattice was relaxed to the

(¥3X+3)R 30° lattice above T, =250 K. In this case the
thermal desorption is expected to show the formation of £,-
CO, at low temperatures and that of £,-CO, at high tem-
peratures, as actually observed.

However, when the initial oxygen coverage was relative-
ly small and the CO exposure was very high (see Fig. 8),
only 3,-CO, was observed. The CO coverage remained es-
sentially constant during CO, formation and the (2X1)
structure was kept compressed to the depletion of oxygen.

Figure 1 summarizes these reaction sites. There is a con-
siderable free space around the site for 3,-CO, formation.
The sites for 3,-CO, formation are fairly surrounded by the
fringes of CO and oxygen domains. Dashed lines indicate the
surrounding adspecies around the reaction sites. The sites
for B,-CQO, are closely surrounded by CO and oxygen ada-
toms.

D. Kinetic studies

The CO, formation showed no essential change in the
spectra even when the surface precovered by oxygen was
exposed to CO at 100 K. It is suggested that the diffusion of
adspecies becomes fast during heating procedures and the
equilibrium coadsorption structures are formed. As shown
below, CO, is produced slowly even below 190 K. Therefore
the kinetic studies described below are based on CO, spectra
generated from coadlayers prepared at 100 K, where the
reaction can be stopped completely.

The desorption of CO, produced in the reaction sites
described above shows different angular distributions. We
will compare first the peak height ratio of 5,-CO, to 3;-CO,
or 3,-CO, in the angle-integrated form with a similar ratio
observed at the normal direction in the angle-resolved form.

TABLE L. LEED patterns observed when the surface covered by oxygen and CO was heated. The surface was
first covered by oxygen (65/60 mex = 0.53) at 300 K and further exposed to CO at 190 K. It was heated
sequentially up to 450 K. LEED patterns were observed at 190 K. The maximum intensity of the spots was

compared in the range of 59-65 eV of the beam energy.

CO(L) Annealing temperature 7, (K)
190 250 310 350 400 450
0.20 s(2) $(2) S(2)>(3)  s(D)>(3) f(V3)
0.50 D<K D<) @>GH  @)>(3)
0.90 >3 (D<H3) s(43) (V3 b(3)
1.4 $(2) > (V3) sp(v3) sp(v3) 3 b(y3)
1.8 s(2) sp(+3) sp(¥3) 3 b(y3)

*LEED pattern; (2) = p(2X2) or (2X1), (3) = (y3X3)R 30°. Diffraction spot; <:more intense,

«: much more intense, s: sharp, f: faint, b: broad and sp: split.

J. Chem. Phys., Vol. 85, No. 3, 1 August 1986
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FIG. 8. Variation of CO, spectra generated at a small oxygen coverage in
angle-integrated (a) the angle-resolved (b) forms with various CO expo-
sures. The surface covered with oxygen was exposed to CO in various
amounts at 100 K. The heating rate was ~ 20 K/s.

Typical CO, spectra generated at different initial oxygen
coverages observed in both forms were reproduced in Figs. 8
and 9. The surface was first exposed '®0, at 300 K. It was
further exposed to C'®O at 1.0X107® Torr in various
amounts at 100 K and heated, while the amount of C'*0'20
was simultaneously monitored with both mass spectro-
meters. The desorption angle was set at § = 0° (fis the angle
between the surface normal and the collimator axis).
Neither C'®0, nor C'®0, was observed. The usage of '*O,
improved the ratio of the signal to noise of the mass spec-
trometer in the analyzer chamber. Oxygen 18 is frequently
designated simply as O in the following. The sensitivity of
the mass spectrometer was fixed during a series of experi-
ments. No comparison is possible with the absolute intensity
in different figures.

The ratio of 8,-CO, to 5,-CO, in the angle-integrated
form is less than that in the angle-resolved form as seen in
Fig. 8. It means that the desorption of 5,-CO, is directed
more sharply towards the surface normal. This comparison
became clear when the initial oxygen coverage was in-
creased. When the coverage 6, /6, .., = 0.85 (Fig. 9), the
peak height ratio of 8,-CO, to 8,-CO, in the angle-integrat-
ed form was about 2 at 1.5 L CO. On the other hand a similar
ratio became 5 at the normal direction in the angle-resolved
form. The angular distribution of 3,-CO, is sharper than
that of 3,-CO.,.

No new features were found in the desorption of CO and

T T 1 I 7/_|' T T T T
Pd(l | l). 90 /Go'qu = 085
>
4s
(a) Angle-Integrated (b) Angle-
Resolved

§=0°

CO(L) /100K

C'%0 0 Signal {arb. units)

T/10% K

FIG. 9. CO, spectra generated at a high oxygen coverage and various CO
exposures. The spectra were simultaneously recorded in both angle-inte-
grated (a) and angle-resolved (b) forms.

oxygen from coadsorption layers. Both desorptions of un-
reacted species occurred at temperatures higher than the
CO, formation. When the CO exposure was 0.3 L in Fig. 9,
no desorption of CO was found. Most of CO(a) was re-
moved as CO,. The desorption of O, decreased with an in-
crease in the CO exposure. Above 0.6 L CO, the desorption
of O, was hardly detected. The total amount of CO, forma-
tion became almost constant above 1 L CO.

The higher temperature CO, peak appeared at 410 K or
below even with small CO exposures, when 64/60 nax
= 0.85. This CO, involves mostly 3;-CO,, since 0.15 L CO
is already more than Q o ; . On the other hand CO, at0.30L
CO or below and at 05/64 . = 0.13 contains 5,-CO.,.
Here the difficulty is found in the determination of the indi-
vidual angular distribution of 8;- and 3,-CO, at small CO
exposures. The kinetic behavior of 3,-CO, was analyzed
when the surface covered largely with oxygen was exposed
to CO in large amounts. Kinetic information of #,-CO, was
obtained, when CO was first dosed and then O, was intro-
duced. In this adsorption sequence, O, can adsorb outside

the CO domains. The superposition of (¥3X+3)R 30° and

P(2X2)-0 was observed. A series of 3,-CO, formation

spectra is reproduced in Fig. 10. At small 8 o, CO, peaked
at 430 K. The peak was shifted to a somewhat higher tem-
perature (445 K) with the increasing CO exposure. Above
0o = 0.1, the peak shifted again to lower temperatures
(350K). Such behavior of CO, formation in this adsorption

J. Chem. Phys., Vol. 85, No. 3, 1 August 1986
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FIG. 10. Variation of 8,-CO, spectra with CO coverage. The surface was
first exposed to CO and further to oxygen at 100 K.

sequence has previously been reported on Pd(111)"* and
also on Rh(111).7

The activation energy of CO, formation was estimated
by using an isostere method.'® A representative set of reac-

T. Matsushima and H. Asada: CO oxidation on Pd(111)

tion isosteres is shown in Fig. 11. The logarithm of the peak
maximum R,, was plotted against the reciprocal of the peak
temperature 7, . The slope yielded 40 + 10 kcal/mol as the
activation energy for 3,-CO, formation. The activation en-
ergies for ;- and 8,-CO, formation were also determined in
the same way to be 30 + 10and 23 + 7 kcal/mol, respective-
ly. This method produced large errors, since the peak tem-
perature was not shifted considerably by using heating rates
in the range of 3-30 K/s. However this method alone is ap-
plicable in the present experiments, because the reaction or-
ders with respect to CO and oxygen are not considered to be
constant over a range of the coverage studied.

E. Angular distribution

Typical CO, formation spectra observed at various de-
sorption angles are shown in Figs. 12 and 13. The angle-
integrated spectra recorded simultaneously are also repro-
duced for comparison. The surface was first exposed to '*0,
at 100K, and annealed up to 250 K to remove oxygen admo-
lecules and to produce a surface covered by p(2x2)-0. At
this stage the coverage of oxygen adatoms was 6, /6 ..
= 0.80. The surface was further exposed to C'°0O at 100 K
and heated resistively. The amount of 3,-CO, was less than
that of B;-CO, when the CO exposure was 0.8 L, as seen in
the angle-integrated form in Fig. 12. In the normal direction,
the peak height of 8,-CO, was higher than that of £,-CO,.
On the other hand, the former was less than the latter at large
desorption angles. In other words, the peak of 8,-CO, de-
creased more rapidly than 3;-CO, with the increasing de-
sorption angle. The peak temperature of the angle-resolved
spectra remained invariant. The formation of £8,-CO, be-
came predominant when the CO exposure was large (Fig.
13). The peak of 3,-CO, at the normal direction was much

(b)

o

o
(8]

log Rm {(a.u.)

(]
40210 keal /mol

103/ Tm

CO, Signal (Angle - Integrated)

(a)

Pd (111),

9(;0 =0.05/~140K

+2.1L 02/130K
FIG. 11. A typical 5,-CO, spectrum (a)
and the reaction isosteres (b). The surface
covered with CO was exposed to oxygen at
130 K. The heating rate was varied from 3 to
30K/s.
=13
2xI0 "A
ﬁl -CO2
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I T | T

PA(111), 65/6p, mex=0-80, 0.8L CO/I00K

(a) Angle-Integrated

(b) Angle-Resolved

8 (degree)

C*0'% Signal

-

FIG. 12. (a) CO, formation spectrum in the angle-integrated form at a
medium CO exposure. (b) Angle-resolved CO, spectra observed at various
desorption angles.

higher than that of 5,-CO,. It decreased rapidly with the
increasing desorption angle. It became comparable with that
of 3,-CO, at large desorption angles.

The relative peak height was plotted against the desorp-
tion angle in Figs. 14 and 15. The peak height was corrected
by considering that an increasing area of the front face of the
crystal falls inside the solid angle of acceptance of the aper-
tures of the collimator, when the crystal is rotated away from
the surface normal. Experimental data for 8,-CO, were scat-
tered. The angular distribution was summarized in the usage
of power series of cos 8. The peak signal varied as (cos 8)¢
with d = 15-25 except for the case of 0.4 L CO. The latter
showed d = ~ 12, This CO, contained 3,-CO,, which shows
a broader distribution.

B4-CO, showed the sharpest angular distribution as
shown in Fig. 15. It yields d = 3040 below 8 = 15°. Data
above @ = 15° indicate a broader distribution, i.e.,d = ~ 20.
The angular distribution did not depend on the coverage of
CO. The CO exposure changed the amount of 8,-CO,. This
means that the exposure changed the extension of regions
with (23X 1) periodicity. The angular distribution is affected
by the local structure around the reaction site.

The angular distribution of 8,-CO, is shown in Fig. 16.
In this case the surface was first exposed to CO in small
amounts at 100 K and further to '%0, in large amounts. The
angular distribution showed d = 4-8. This is quite similar to
the angular distribution of 8,-CO, produced on Rh(111).’

! ¥ T 1 T T

Pdtiin, 8o/ Bo,max =0.80, 1.9L CO/I00K

(a) Angle-Integrated

C'%0 '%0 Signal (arb. units)

T/10% K

FIG. 13. (a) CO, formation spectrum in the angle-integrated form at a high
CO exposure. (b) Angle-resolved CO, spectra observed at various desorp-
tion angles.

T T T T

Pd(”'). 90/90,m0x=0.80, CO/100K

Peak Height

Relative CO;

0.0

0 10

8 {degree)

FIG. 14. Angular distribution of the desorption of 8;-CO,. The surface cov-
ered with oxygen was exposed to CO at 100 K. The heating rate was ~22
K/s.
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Pdii), 8o/ 8o,max =0.80, CO/IOOK

Relative C'%0'®0 Peak Height

8 (degree)

FIG. 15. Angular distribution of the desorption of 8,-CO,. The surface cov-
ered by oxygen was exposed to CO at 100 K and heated at a rate of 22 K/s.
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FIG. 16. Angular distribution of £,-CO,. The surface was first exposed to
CO and further to O, at 100 K. The heating rate was 20 K/s.

Engel and Ertl reported a cosine distribution of the desorp-
tion of CO, produced on Pd(111) at a steady state at 570 K
and under low reactant pressure.'” Their results refer to very
low coverage, but the reason for this disagreement is not
clear at present.

IV. DISCUSSION

In this section we will discuss several factors which con-
tribute to the angular distribution.

The desorption of CO, from the physisorption state
shows a simple cosine distribution.>* In this case, no excess
translational energy is expected as compared with the sur-
face temperature.’® On the other hand, the sharp angular
distribution of the reaction product indicates that the mole-
cules leave the surface with an excess translational energy.
The origin of such an excess translational energy of desorb-
ing molecules has typically been explained by a simple one-
dimensional model proposed by Comsa'® and Willigen.?® In
this model the angular distribution is related to the activa-
tion barrier perpendicular to the surface for the adsorption.
Recent work by Comsa’s group'® recognizes the importance
of this model in the case of H, desorption.

A potential energy diagram illustrating the CO, forma-
tion is shown in Fig. 17. The initial state of the reaction
consists of CO(a) and O(a). The initial adsorption energy of
CO and oxygen is 34*' and about 55 kcal/mol, respective-
ly. The heat of the reaction, CO(g) + 1/2 0,(g)—CO,(g),
is — 67.5kcal/mol.” The potential energy of the initial state
was estimated to be 9 kcal/mol above the gaseous CO,. The
activation energy of 5,-CQO, formation is 40 + 10 kcal/mol.
Hence the activated state is about 50 kcal/mol above the

_ 80|
- colg)+5021g)
E PR —_—
- ™ ol
$ 40f- T z
w 2_‘_040 trans. 675
© vib.
E l rot.
&
o COz(g)
1

\é’/f% distance
[

FIG. 17. Potential energy diagram for CO, formation.
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gaseous level. The translational energy of 3,-CO, desorbed
at the normal direction was estimated to be only about 4
kcal/mol, by using Doyen’s equation.?* A similar value was
obtained with Willigen’s equation.'® The activation energy
of the reaction is not transferred effectively into the transla-
tional mode. The initial state for the formation of 3,- and S3,-
CO, may be raised, since the heat of adsorption of the reac-
tants must be decreased by the increasing repulsive
interaction in the dense coadlayers. The activated state,
however, may not be raised significantly, because the activa-
tion energy is also decreased considerably. The translational
energy at the normal direction of ;- and 3,-CO, was esti-
mated in the same way as described above to be 9.2 and 7.3
kcal/mol, respectively. Only a small portion of the activa-
tion energy is transferred into the translational mode.

The activation energy for the reaction involves several
contributions, i.e., the breakaway of the adsorption bonds of
the reactants, the approach of the reactants, the relaxation of
the surface atom arrangements, the evacuation of a space for
the product molecule, and so on. There is a small possibility
that the first three factors contribute to the velocity or the
angular distribution. For example, the reactants must ap-
proach each other to yield CO,, although the interaction
between CO(a) and O(a) is repulsive.'? They are compelled
to overwhelm the repulsive force. This interaction energy
may be stored in the internal mode, however it is not expect-
ed to be transferred into the translational mode. Because the
angular distribution is controlled by the interaction between
the whole nascent CO, molecule and the surface. The fourth
factor plays a major role in determining the angular distribu-
tion. This factor will be discussed in the following two para-
graphs.

Gaseous CO, molecules can be adsorbed in the physi-
sorption state. The desorption from this state is complete
below 130 K.2° The adsorption energy is close to the heat of
sublimation of solid carbon dioxide, 6.0 kcal/mol.?? The lat-
ter is a typical molecular crystal, in which the interaction
between neighboring molecules is due to dispersion forces.
These forces may play a major role in the physisorption
bond. The equilibrium position was estimated to be about 3.3
A from the surface plane (the center of surface Pd atoms)
from van der Waals’ radius.?® The position of CO, formation
must be closer to the surface than this physisorption site. The
reactants CO(a) and O(a) are chemisorbed and their equi-
librium positions are much closer to the surface plane. CO is
chemisorbed in a bridged site on Pd(111).?° The position of

[110] «—

(b)

—3> [112]

FIG. 18. Sketches of sections of the reaction site for 8,-CO,. (a) [110]
direction; (b) [112] direction. Dotted curves are drawn by using van der
Waals’ radii. Double dagger indicates a position of the activated state (see
the text).

carbon is about 1.4 A from the surface.” Oxygen adatoms
may be located at almost the same distance. The size of an
oxygen adatom and also of a Pd atom is drawn by referring to
Pauling’s covalent radii.?® The position of carbon of CO(a)
is about 1.9 A closer to the surface than that of CO, physi-
sorbed. Even if the position of carbon in the activated state is
located at the center of both carbon atoms, it is still about 1 A
closer to the surface than that of CO, physisorbed. This con-
sideration suggests strongly that CO, molecules produced
receive a significant repulsive force from the surface the very
instant that they are produced, or during the formation. This
repulsive force can increase the velocity of the product CO,
along the surface normal.

In order to discuss the angular distribution of desorbing
molecules, we should consider the motion parallel to the
surface plane, as well as to the surface normal. In Willingen’s
model no restriction is introduced in the motion along the

TABLE II. Angular distribution of CO, produced on different surface planes. It is represented as (cos 8)°.

CO, Reaction site Pd(111) Rh(111) Pt(111)
B, Between (2<2)-0 and d=6+2 d=4+1 d=9+2
(V3X+3)R 30°~CO domain
B In (2 X2)-0 domain 1543
B; Between (y3X43)R 30~0 2045
and (3X3)R 30°-CO
domain

B In (2X1)-(CO-0) domain 30410

Reference Present work 7 3
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surface. The motion of desorbing CO, may be restricted par-
allel to the surface plane, by collision with the surrounding
CO and oxygen adatoms, when the reaction site is closely
surrounded by unreacted adspecies. This may result in the
collimation of the desorbing CO, along the surface normal.
This interaction may be discussed by considering that their
size is described by van der Waals’ radii, because no chemi-
cal bond between CO, and CO(a) or O(a) can be consid-
ered. Figure 1 shows the size of a CO, molecule estimated
from van der Waals’ radii. The lateral extension of CO(a)
and O(a) is roughly described by the radius of oxygen, i.e.,
1.40 A.® Now we can draw sections of the adsorption struc-
tures. The upper panel in Fig. 18 shows a section of the reac-
tion site for 8,-CO, along with the [110] direction. The
activated complex is assumed to be at the center of both
carbon atoms in CO(a) and CO,(a). CO, is in close contact
with CO(a) and O(a). In the [112] direction, the electron
clouds of producing CO, are already overlapped with those
of surrounding CO and oxygen adatoms. It means that CO,
molecules will receive a strong repulsive force from the coad-
sorbates parallel to the surface. Such restriction in the mo-
tion by adsorbates is not expected in the case of 3,-CO,,

since there is a significant free space around sites for the CO,
formation. This collimation effect may play a role in deter-
mining the angular distribution of 3,-CO,.

In Table II are listed the power of cosine & in the expres-
sion of the angular distribution of the CO, desorption report-
ed so far. Two different reaction sites were observed on Rh
(111).7 Oneis between separate domains of CO and (2 X 2)-
O domains. This CO, peaks around 450 K. The other is
inside (2X2) oxygen domains. The oxygen lattice is not
compressed over Rh(111). CO can adsorb in this lattice.
The interaction of CO with oxygen inside the domains pro-
duces 3,-CO,. It peaks around 400 K. The angular distribu-
tion of the former indicates d =4 + 1, and the latter
d =15+ 3. Over Pt(111) only a single CO, peak was ob-
served around 300 K, irrespective of the coverages of CO
and oxygen adatoms. Separate domains of oxygen and CO
were observed.? This CO is assigned to 5,-CO,.

Now we find that the more closely the reaction site is
surrounded, the sharper the angular distribution is. These
results strongly suggest that the motion of desorbing CO, is
restricted in parallel to the surface plane. The collimation
effect is not expected to increase the velocity of desorbing
CO,, although it may sharpen the angular distribution. It

will be further tested when the detail of the energy distribu-
tion among the various degrees of freedom can be analyzed
as a function of the desorption angle. The above considera-
tion predicts that the angular distributions of 3,-CO, would
depend on the crystal azimuth.
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