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Angular distribution of reactive carbon dioxide 
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The angular distribution of reactive CO2 desorption was studied on Rh(110) by means of 
angle-resolvedthermal desorption. Four CO2 formationpeaks appearinthe range of 170-500 K. 
The distribution of the desorption collimated along the surface normal becomes sharp with 
increasing reactant coverages. No azimuth dependence is found in the distribution. 
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1. In t roduc t ion  

The identification of reaction sites is one of the most important pieces of infor- 
mation for understanding chemical reactions sensitive to the surface structure. The 
structural information of reaction sites cannot be obtained from spectroscopic 
analysis of non-reacting surface species. It can be provided only through the reac- 
tion dynamics. The angular distribution of the product desorption provides this 
structural information, when the molecules are repulsively desorbed. The reactive 
CO2 desorption is one of typical processes of this kind. The distribution depends on 
the density of reactants, and on the symmetry and orientation of the reaction site 
[1-4]. This symmetry is useful for the identification of the reaction site. Anisotropic 
vibrational motions are expected for the product molecules parallel to the surface 
plane immediately before the desorption, when the reaction site is in a highly asym- 
metric structure. Such motion yields anisotropic angular distribution, as fre- 
quently observed in electron stimulated desorption ion distribution (ESDIAD) [5]. 
In fact, the anisotropy is found in the reactive CO2 desorption on Pd(110) [2]. It is 
correlated with the symmetry of the reaction site in the surface trough. A similar 
anisotropy is expected in the reactive CO2 desorption on Rh(110), since this surface 
has troughs extended in the [510] direction and it has been proposed that oxygen 
be located in the trough [6,7]. This paper reports the angular distribution of reac- 
tive CO2 desorption on this surface. The distribution becomes sharp as the reactant 
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coverage increases. Restructuring of the surface is proposed, since no crystal azi- 
muth dependence is found in the distribution in contrast to the above prediction. 

2. Exper imenta l  

The experimental apparatus was reported previously [4]. It consists of a reaction 
chamber with LEED-AES, an analyzer chamber and a collimator. CO2 molecules 
desorbing from the surface and passing the slits of the collimator contribute to the 
signal of the mass spectrometer in the analyzer chamber, yielding angle-resolved 
spectra. The desorption is also recorded in the angle-integrated form with another 
mass spectrometer in the reaction chamber. A rhodium crystal (10 mm diame- 
ter • 1 mm thick) was mounted on a holder that allowed rotation of the crystal azi- 
muth, ~b, and also the desorption angle, 0 (the polar angle). It is cooled to 133 K 
and heated resistively. It was cleaned by prolonged cycles of oxygen treatment at 
800 K and argon ion bombardment at 1000 K. It was finally heated to 1350 K. The 
resultant surface showed a (1 • 1) LEED pattern. 

The coverages of CO and oxygen, Oco and Oo, were determined by thermal 
desorption (TDS) and normalized to the value reported in the literature. They 
are expressed in monolayer (ML) where 1 ML --- a CO molecule or an oxygen ada- 
tom per surface Pt atom. The saturation coverage is 1.0 for oxygen [7], and also 
for CO [8]. 

3. Results and discussion 

3.1. C O  2 FORMATION 

C02 formation spectra were recorded as follows. The clean surface was first 
exposed to 1802 up to a desired Oo value at 190 K. No molecular desorption is 
found at this temperature. The surface was further exposed to C 160 in various 
amounts at 150 K. The surface was heated at a rate of 22-24 K/s.  A series of typical 
CO2 formation spectra in both forms is shown in fig. 1, where the surface precov- 
ered by oxygen at Oo = 0.40 was exposed to CO in various amounts. A single peak 
of C 160 180 formation, P1-C02, appears around 450 K when both coverages are 
small. Oxygen is simply referred to as O, because only C 160 180 is produced. With 
increasing CO coverage, the CO2 formation is extended to lower temperatures, 
yielding three additional CO2 peaks, P2-CO2 around 400 K, P3-CO2 (~-, 320 K) and 
P4-CO2 (~ 200 K). When the oxygen precoverage is high, the P2-CO2 peak first 
appears even at small CO coverages, as shown in the figure. 

Several such peaks are frequently observed in the thermal CO2 formation spec- 
tra on platinum metals. The coadsorption of CO and oxygen on these metal sur- 
faces is characteristic of the separate domains of each species [1,2,9-11]. The 
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Fig. 1. CO2 formation spectra generated at various CO coverages and a high oxygen coverage in (a) 
angle-integrated and (b) angle-resolved form observed at the surface normal. The vertical bars indi- 

cate typical noise levels. The heating rate is 22 K / s. 

domains are compressed into lattices with higher densities, when the coverages 
exceed threshold values. The activation energy for the COa formation is reduced on 
the perimeters of the compressed lattices, since the heat of adsorption of the reac- 
tants is decreased. This causes additional CO2 formation peaks at lower tempera- 
tures in TDS spectra. In the present experiments, the threshold coverages for the 
P4-CO2 formation were determined by monitoring the appearance of this signal in 
the angle-resolved form in the normal direction, since the angular distribution colli- 
mated along the surface normal becomes sharp with increasing coverage, as shown 
below. The appearance of the CO2 peak at higher coverages is sensitively found in 
the normal direction. It has been confirmed that the P4-CO2 peak appears as the 
coverages exceed the relation of Oco/0.75 + Oo/0.8 ~ 1. Here, each coefficient 
involves about 10% experimental errors. This relation indicates that P4-CO2 
appears when the local coverage of CO is above 0.75 or that of oxygen above 0.80. 
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Oxygen forms six super-lattices; p(2 x 3)(00 = 0.3), np(2 x 2)(0.5), 
np(2 x 3)(0.65), c(2 x 6)(0.8), c(2 x 8)(0.85) and c(2 x 10)(0.9) [7]. On the other 
hand, CO yields two lattices, c(2 x 2)(Oco = 0.5) and (4 x 2)(0.75). Here, several 
coadsorption structures consisting of separate domains may be produced. The oxy- 
gen lattices are easily compressed into the lattices with higher density. Such com- 
pression proceeds sequentially with increasing CO coverage [9-11]. P4-CO2 is likely 
to be formed in the coadlayer of c(2 x 6)-0 and (4 x 2)-CO domains. Below the 
coverage in the above relation, the coadsorption may produce different structures 
yielding four CO2 formation peaks. In fact, three of them are observed experimen- 
tally. No successful analysis is obtained for the threshold coverages of the peaks, 
because they are severely overlapped. 

3.2. ANGULAR DISTRIBUTION 

A comparison of CO2 spectra in both angle-integrated and angle-resolved forms 
in fig. 1 indicates that the desorption of CO2 is collimated along the surface normal 
more sharply as the CO coverage increases. The ratio of the signal in the angle- 
resolved form to that in the angle-integrated form increases with an increase in the 
CO coverage. Typical angle-resolved spectra observed at various desorption 
angles are summarized in fig. 2b, as well as an angle-integrated spectrum observed 
simultaneously. The CO2 signal in the angle-integrated form is small compared 
with that of CO, since the pumping rate of CO2 is very high in the reaction chamber. 
The P4-CO2 peak is relatively small in the angle-integrated form. On the other 
hand, it is enhanced in the angle-resolved form in the normal direction and 
decreased rapidly with increasing desorption angle. This means a sharp angular dis- 
tribution ofP4-CO2. 

The angular distribution of P1-CO2 was determined at small coverages of both 
reactants. On the other hand, the distribution of P2-CO2 was determined at small 
CO coverages where only this CO2 is observed as shown in fig. 1. The results are 
shown in fig. 3. The background level observed at 0 = 90 ~ was first subtracted from 
the signal. The resultant signal was corrected by considering an increasing area fall- 
ing into the aperture angle when the angle was shifted from the bulk surface nor- 
mal. The distribution shows a (cos 0) 3• dependence for P2-CO2. It is somewhat 
broader for P1-CO2 as (cos 0) 2~~ and sharper for P3-CO2 as (cos 0) 5• . The latter 
was determined at high CO coverages. The angular distribution of P4-CO2 is very 
sharp as (cos 0) 12• as shown in fig. 4. The distribution is sharpened as the coverage 
increases. This sharpening is a common phenomenon in the reactive CO2 desorp- 
tion [2,3]. The desorption is accelerated along the normal direction of the reaction 
site as the coverage increases, since the repulsive interaction between the adsor- 
bates increases [2]. 
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Fig. 2. (a) A C02 formation spectrum generated at a high CO coverage in angle-integrated form. (b) 
Angle-resolved spectra observed at various desorption angles. The azimuth is defined in fig. 3. 

3.3. REACTION SITE 

The product CO2 is formed from the reaction of CO(a) with O(a). The binding 
energy of O(a) is high, about 95 kcal/mol [6,7]. This adatom is relatively immobile 
[7]. On the other hand, the activation energy for surface diffusion of CO(a) has 
been reported to be only 4.4 kcal/mol on Pt(111) terraces [12]. The reaction is likely 
to proceed on each oxygen adsorption site. It has been proposed that oxygen be 
located in the trough [6,7]. 

The anisotropy in the angular distribution of desorbing surface species has fre- 
quently been observed in ESDIAD experiments [5]. It is originated from the aniso- 
tropic shape of the potential well for the hindered translational or rotational 
motions of admolecules immediately before the desorption. It is, therefore, corre- 
lated with the symmetry of the adsorption site. A similar model was used for the 
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Fig. 3. Angular distribution of the P2-CO2 flux in two crystal azimuths. The crystal azimuth is defined 
in the inserted figure. 

anisotropic angular distribution of reactive CO2 desorption on Pd(110) [2], where 
the reaction site is located in the surface trough. The motion of CO2 being produced 
is severely restricted by closely surrounding palladium atoms, yielding a sharper 
angular distribution in the [001] direction. This principle should work on the pres- 
ent surface, if the reaction site is in the surface trough. 

However, no crystal azimuth dependence is found in the angular distribution 
on the present surface. The results for P4-CO2 and P2-CO2 are shown in figs. 4 and 
5. The adsorption site for oxygen may be changed from the trough into the site 
with a higher symmetry. This is reminiscent of the adsorption structure of oxygen 
on Cu(110) [13,14] and Ag(110) [15] surfaces, which have been observed by scan- 
ning tunneling microscopy (STM). The structure analysis by low energy electron 
diffraction (LEED) first suggested that oxygen was located in the trough. How- 
ever, STM shows clearly that oxygen is not in the trough. It is located in the top- 
most atomic row extended in the [110] direction. The site in the trough, which has 
been considered to be occupied by oxygen, is covered by metal atoms. Surface 
restructuring occurs during oxygen adsorption. A metal-oxygen compound is 
rather stable on these surfaces and has a tendency to form one-dimensional chains 
extended in the [001] direction. A similar situation may be expected on Rh(110), 
since LEED patterns after oxygen adsorption are quite close to those on Ag, 
Cu(110) surfaces. No crystal azimuth dependence may be expected in the angular 
distribution, when CO2 is produced on the top of atom row. No STM data have 
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Fig. 4. Angular distribution of the P4-CO2 flux in three crystal azimuths, 

been reported for oxygen-covered Rh(110). Restructuring of Rh(110) surfaces has 
recently been observed by LEED [6,16]. However, no structure analysis for oxygen 
adsorption sites has been given yet. 
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Fig. 5. Crystal azimuth dependence of the P2-CO2 flux at a fixed desorption angle of 27 ~ The experi- 
mental conditions are given in fig. I. 
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