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In this work, the reaction of 1,2-dichloroethane on the Ag(ll0) surface was examined using 
a LEED-Auger system. The interaction of dichloroethane with an oxygen covered silver surface 
and the effect of chlorine adsorbed on silver on the oxygen chemisorption were investigated. An 
isolation valve permitted the exposure of the sample at pressures up to 1 Torr. Adsorbed oxygen 
is removed by dichloroethane, while different coverages of adsorbed chlorine are not affected 
when exposed to oxygen. Oxygen adsorption is completely inhibited when the chlorine coverage 
reaches 4.2 X 1On atoms/cm2. The results show that chlorine and oxygen coexist on the surface 
mainly in separate domains, each with its own structure. The presence of chlorine, however, 
seems to affect appreciably the silver-oxygen bond. 

INTRODUCTION 

The mechanism of oxygen adsorption and 
desorption on the silver surface has been 
the object of many studies, because it is of 
fundamental importance for understanding 
the unique catalytic action of silver for 
oxidizing ethylene to ethylene oxide. It is 
well known that the selectivity of the silver 
catalyst for this reaction, with respect to 
the complete oxidation to carbon dioxide 
and water, is improved by the addition of 
small amounts of halogenated compounds 
in the gaseous phase. In most cases, di- 
chloroethane has been employed for this 
purpose. 

The interaction of dichloroethane with 
the silver surface and the effect of the 
adsorbed chlorine on the adsorption of 
oxygen on silver has been studied by Meisen- 
heimer and Wilson (1). These authors 
found that, at sufficiently high tempera- 
tures, dichloroethane decomposes on silver, 

1 Work supported by Consiglio Naeionale delle 
Ricerche. 

yielding gaseous ethylene and adsorbed 
halogen on the surface. The effect of 
preadsorbed chlorine on the oxygen ad- 
sorption was a strong decrease of the 
adsorption rate. 

Kilty el al. (2) found that preadsorption 
of chlorine reduces the amount of oxygen 
subsequently adsorbed on polycrystalline 
silver. In particular, chlorine, up to a 
coverage of about 3 X 1014 atoms/cm2, 
inhibits the dissociative adsorption of 
oxygen, thus permitting only the adsorp- 
tion of undissociated molecules, which are 
considered to be responsible for the oxida- 
tion of ethylene to ethylene oxide. They also 
found that a coverage of about 5.5 X 1014 
atoms/cm2 of chlorine completely inhibits 
any oxygen adsorption on silver. 

In previous studies (5-b), conducted in 
our laboratory, the structure and stability 
range of the adsorption layers formed by 
oxygen and chlorine on the low-index faces 
of silver single crystals were studied with 
low-energy electron diffraction (LEED), 
Auger electron spectroscopy (AES), thermal 
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desorption, and work-function measure- 
ments. 

The study of adsorption-desorption pro- 
cesses on single crystal faces, that is, on 
systems with a well-defined geometry, by 
means of experimental techniques that 
give specific information on an atomic 
scale may be an essential step in acquiring 
a better and more detailed knowledge of 
the basic mechanisms of simple catalytic 
processes. 

The goal of the present work was to 
obtain more information, on an atomic 
scale, about the interaction of dichloro- 
ethane and oxygen on a (110) silver 
surface, to study the effect of adsorbed 
chlorine on oxygen chemisorption, and to 
compare the results with those obtained by 
other authors for polycrystalline materials. 

The (110) face was selected for this 
study because both chlorine and oxygen 
form more than one ordered phase at 
different coverages. The different phases 
of the same atomic species are charac- 
terized by different thermal stabilities. Al- 
though the structures proposed for these 
two-dimensional phases (4, 5) must still be 
considered as tentative models, they never- 
theless indicate that different adsorption 
states exist, depending on the coverage, on 
the same surface geometry. 

In this paper, the results of our study 
on the interaction of 1,2-dichloroethane 
with the silver surface will be presented 
first, and the results of previous work 
concerning oxygen chemisorption will be 
briefly reviewed. Then the interaction of 
dichloroethane with preadsorbed oxygen 
and vice versa will be examined. 

EXPERIMENTAL 

The experimental apparatus and pro- 
cedures used have been described pre- 
viously (3,4). 

Briefly, the apparatus consists of a 
standard three-grid LEED-Auger system 
in which the atmosphere could be varied, 
in a well-controlled way, from 5 X 10F” 

Torr to about 1 Torr of a given gas, using 

a sample isolation valve for pressures higher 
than 10V3 Torr. The sample temperature 
was varied by indirect heating and mea- 
sured with a Pt-Pt/Rh thermocouple. The 
gas composition was monitored with a 
quadrupole mass spectrometer. The silver 
single crystal (G JV purity) was cut parallel 
to t’he (110) plane to within 1 O. 

RESULTS AND DISCUSSION 

Adsorption of dichloroethane. After a few 
minutes’ exposure of the sample to di- 
chloroethane vapors at pressures of the 
order of 1OF Torr and at tcmpcraturcs from 
100 to 250°C an ordered C(4 X 2))Cl 
superstructure [see ref. (6) for nomencla- 
ture] was formed. The Auger spectrum indi- 
cated that only chlorine was present on 
the silver surface, so carbon does not assist 
in forming this surface phase. This ordered 
layer corresponds to the maximum chlorine 
covcragc observed in our conditions on the 
silver (110) surface. It has been considered 
(4) as a “corrosion” layer and itjs structure 
has been tentatively intcrprctcd as a dis- 
torted hexagonal packing of both chlorine 
and silver at’oms, forming a two-dimensional 
chloride, with a structure similar to that of 
the (111) planes of bulk silver chloride. If 
this model is correct this surface phase 
corresponds to a coverage of 6.4 X lOI 
chlorine atoms/en?, which is almost the 
same maximum coverage found also on the 
(100) and (111) silver faces (4). 

At lower exposures to dichloroethane, or 
by removing, in part, the chlorine from 
the C(4 X 2) superstructure, a (2 X 1) 
superstructure was observed. The latter is 
probably a reconstructed layer with one 
chlorine atom for every two silver atoms, 
thus corresponding to a coverage of 4.2 
x 10’4 chlorine atoms/cm2. Ko other 
ordered structure, due to chlorine chemi- 
sorption, was obscrvcd on the silver (110) 
surface. Both of the observed structures 
seem to be stable at the temperatures of 
catalytic interest. The C(4 X 2) phase is 



142 ROVIDA, PRATESI AND FERRONI 

stable in the ultrahigh vacuum up to at 
least 250°C, while the (2 X 1) phase is 
stable up to much higher temperatures (4). 

After’exposure of the sample to dichloro- 
ethane at room temperature, AES indicates 
the presence of both chlorine and carbon 
on the surface. In Fig. 1, the Auger spectra 
of the clean surface and of the surface after 
exposure to dichloroethane are shown. The 
peak at about 180 eV is due to chlorine. 
The carbon Auger KLL peak is expected 
at about 270 eV, but it cannot be resolved 
from the M4,6N1N4,5 peak of silver at 
264 eV because the two peaks are very 
broad. Therefore, the presence of small 
amounts of carbon can only be inferred 
from variation in the line shape of the 
silver peak. The peak height ratio between 
the 264 and the 300 eV silver peaks (using 
a 5 V rms modulation at the second grid) 
is 0.48 for the clean surface and 0.55 for 
the sample after adsorption. About one- 
third of a monolayer of carbon, correspond- 
ing to the latter ratio, is indicated by an 
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approximate analysis. The chlorine cover- 
age, according to the evaluation made in 
the previous work (4), corresponds to a 
half-monolayer, that is, to 4 X 1014 atoms/ 
cm2. At this surface composition, a (2 X 1) 
superstructure was formed, which is also 
observed when only chlorine is present on 
the surface. 

The results, obtained for the interaction 
of dichloroethane with the silver (110) 
surface, are in general agreement with 
those of Meisenheimer and Wilson (1). 
That is, at temperatures above lOO”C, the 
dichloroethane rapidly decomposes on the 
silver surface leaving only chlorine ad- 
sorbed. We were not able, however, to 
confirm whether the organic part of the 
molecule desorbs as ethylene. Meisen- 
heimer and Wilson stated also that dichloro- 
ethane is completely adsorbed at room 
temperature. Our results, however, seem 
to indicate that the dichloroethane is 
dissociated, at least in part, into chlorine 
atoms, giving a surface two-dimensional 
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Fra. 1. Auger spectra of a (110) silver surface (a) before and (b) after exposure to lo-* Torr 
dichloroethane at room temperature for 5 min. The primary beam energy was 2.5’KeV with a 
current of 1 PA, at glancing incidence. Modulation, 5 V rms. 
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phase characteristic: of chlorine atoms 
alone, and a residual organic group, which 
remains adsorbed. It is possible that the 
decomposition may be caused by the 
electron beam used for LEED or AES. 
Some trials made with AES, however, 
indicated that no variation of the surface 
composition or of the LEED diagram 
occurs whenever primary currents of the 
order of 1 PA are employed. 

Adsorption of oxygen. The surface phases 
formed from oxygen chemisorption on the 
(110) silver surface, their structure and 
stability, have been reported (5). The 
mechanism of the oxygen desorption from 
the (110) surface will be discussed else- 
where (7). In this section, the results 
obtained are briefly reviewed. 

The surface phase corresponding to a 
maximum coverage of oxygen on the (110) 
silver surface was obtained by exposing 
the sample for a few minutes to 1O-2-1O-1 
Torr of oxygen, from room temperature 
up to 250°C. A well-ordered (2 X 1) super- 
structure was formed, which is interpreted 
as a corrosion layer where both silver and 
oxygen atoms are disposed in a distorted 
hexagonal array. If this model is correct, 
the surface coverage is such that one oxygen 
atom is found for each silver atom of the 
clean surface. This two-dimensional oxide 
is stable up to the temperature where rapid 
desorption of oxygen is observed. Thermal 
desorption spectra of oxygen have a maxi- 
mum at about 280°C. 

A study of the kinetics of the desorption, 
made by using the variation of the LEED 
intensities and the desorption spectra (7), 
showed that oxygen desorbs directly from 
the immobile adsorption layer. The de- 
sorption kinetics can be approximately 
described as a second-order process. An 
activation energy of about 40 I<cal/mole 
was derived. Both the order of the process 
and the activation energy are in agree- 
ment with the results of Kollen and 
Czanderna (8). 

At lower coveragcs, obtained by partially 

dexorbiiig the oxygen from the (2 X 1)--O 
superstructure and allowing the surface 
layer to rearrange itself by annealing at 
temperatures just below the beginning of 
appreciable desorption (typically 15O”C), 
other ordered structures are observed of the 
type (n X 1) with n > 2, corresponding to 
a decreasing coverage with increasing n. 
When the surface is covered only in part by 
the (2 X 1)-O phase, the (3 X 1)-O phase 
is found to coexist with it. 

The (n X 1)-O structures correspond to 
a much lower oxygen content and have 
completely different characteristics from 
the (2 X 1)-O. They apparently result 
from adsorption of oxygen atoms in the 
troughs of the (110) surface with one 
oxygen for every n atoms of silver. At 
15O”C, oxygen is completely mobile and 
probably moves along the troughs. This 
mobile oxygen desorbs rapidly at slightly 
lower temperatures than those for oxygen 
desorption from the (2 X 1)-O super- 
structure. 

After exposure at temperatures above 
3OO”C, no oxygen-ordered phase is ob- 
served, but there is experimental evidence 
that oxygen penetrates below the silver 
surface. This oxygen is observed to desorb 
at temperatures higher than 450°C. The 
diffusion into the near-surface regions was 
also reported by Czanderna et al. (9). 

Other authors [see, for instance, Refs. 
(2, 8, IO)] reported two kinds of adsorbed 
oxygen : dissociated and undissociated. On 
the basis of the studies of Czanderna and 
co-workers (8, IO), we concluded that the 
oxygen studied in our conditions was 
atomic. The undissociated oxygen should, 
in fact, desorb from the silver surface below 
100°C (10). In our study we did observe a 
weak desorption at low temperatures on 
some samples. We were not able to demon- 
strate that this was due to the silver sample 
and not to the support. In any case, the 
amount drsorbed was about one order of 
magnitude lower than the amount of 
oxygen that dcsorbs in the 280°C peak. 
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This is not in ngrooment with the abovc- 
cited authors, who found comparable 
amounts of molecular and atomic adsorbed 
oxygen after adsorption at 10 Torr on 
silver powder. The difference may result 
from the oxygen pressure or the sample 
employed. 

Interaction of dichloroethane with pre- 
adsorbed oxygen. When the sample was 
exposed to oxygen, in order to form the 
(2 X 1)-O structure, and then to dichloro- 
ethane vapors, the same ultimate condi- 
tions of the surface were obtained as for 
the direct exposure of the clean surface to 
dichloroethane. That is, AES indicates that 
only chlorine is present on the surface (at 
least when exposures to dichloroethane were 
made at temperatures of 100°C or higher), 
and the LEED diagram indicates that the 
C(4 X 2)-Cl structure is formed. After 
such exposure to dichloroethane, no de- 
sorption of oxygen can be observed from 
the sample. 

If the exposure to oxygen is made at 
temperatures over 3OO”C, the oxygen in 
or on the silver is not removed by dichloro- 
ethane, but the chlorine overlayer is 
always formed. AES indicates a weaker 
oxygen peak and desorption of oxygen at 
temperatures over 450°C can be observed. 

The results show that oxygen adsorbed on 
the silver (110) surface is completely re- 
moved by interaction with dichloroethane. 
It is not possible, however, to state whether 
the adsorbed oxygen is displaced by the 
chlorine or is removed by reaction with 
the organic part of the molecule. The 
oxygen that remains on silver after reaction 
at high temperatures is not removed by 
interaction with dichloroethane. This agrees 
with the hypothesis that this oxygen is 
present below the silver surface, so that it 
does not interfere with the adsorption of 
chlorine on the surface. 

Adsorption of oxygen on the surface 
partially covered by chlorine. Partial cover- 
ages of chlorine atoms were obtained by 
controlled exposure of a clean surface to 

dichloroothanc at 15O”C, thus avoiding any 
carbon adsorption. The chlorine coverage 
was estimated by measuring the ratio be- 
tween its Auger peak and the main silver 
peak (M4,6N4,5N4,5 transition) and taking 
6.4 X 1Or4 chlorine atoms/cm2 as the maxi- 
mum coverage. The primary energy, modu- 
lation amplitude, and glancing incidence 
angle were kept the same for these 
measurements. 

The sample, with partial coverages of 
chlorine, was then exposed to 10-l Torr 
of oxygen at 150°C for 5 min. At this 
exposure, full oxygen coverage is obtained 
on the clean surface. In Fig. 2, a series of 
oxygen desorption spectra from surfaces 
with different amounts of chlorine is 
shown. With increasing chlorine coverage, 
the amount of desorbed oxygen decreases. 
With a chlorine coverage of 4.2 X 1Or4 
atoms/cm2, or higher, oxygen desorption 
can no longer be observed. This is shown 
better in Fig. 3, in which the amount of 
oxygen desorbed (measured as the area 
under the desorption peak) is plotted as a 
function of the chlorine coverage. The 
Auger spectra are in agreement with these 
results. However, there was a large un- 
certainty in the determination of the oxygen 
peak heights because very low primary 

FIG 2. Desorption spectra of oxygen adsorbed on 
a (110) silver surfare with different coverages of 
chlorine. 
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FIG. 3. Amount of oxygen (qo,, arb. un.) desorbed 
from the sample as a function of the coverage of 
preadsorbed chlorine (upper scale) or of the chlorine- 
to-silver Auger peak ratio (lower scale). 

currents had to be employed in recording 
the Auger spectra to limit the electron 
beam effect on the surface composition. 

If a surface completely covered by the 
(2 X l)-Cl superstructure is exposed to 
10-l Torr of oxygen at temperatures above 
3OO”C, a considerable amount of oxygen 
is indicated by AES, and desorption of 
oxygen over 450°C is observed. Thus 

absorption of oxygen into the silver through 
the (2 X l)-Cl overlayer is still possible 
in these conditions. 

The surface phases found by LEED at 
various Cl/Ag peak ratios are listed in 
Table 1. The (2 X 1)-O structure, when 
present with the (2 X l)-Cl structure, is 
indicated by sharper (h & $, k) spots, 
which are usually diffuse for the (2 X I)-Cl 
structure. Moreover, intensity maxima of 
the two (2 X 1) structures are observed 
at different energies. The latter considera- 
tion also permits the (2 X 1)-O to be 
recognized when it and the (4 X 1)-O are 
both present. 

The results reported in Table 1 are in 
agreement with those found by thermal 
dcsorption and AES; that is, no oxygen 
remains chemisorbed in our experimental 
conditions when the surface is completely 
covered by the (2 X 1)-Cl or the 
C(4 X %)-Cl structures (i.e., at a coverage 
of 4.2 X 1014 chlorine atoms/cm2 or higher). 
At lower coverages, the LEED results 
indicate that oxygen chemisorbs in domains 
with long-range order. These domains have 
the same structures as those found with 
only oxygen on the surface. The chlorine 
atoms are also adsorbed in domains, but of 

TABLE 1 

SKJHFACE STRUCTURES AFTER ADSORPTION OF OXYGEN ON THE (110) SILVER 
SURFME WITH DIFFERENT COVER~GES OF CHLORINE 

Cl/&z Cl 
peak atoms/cm2 
ratio x 10-14 

Structures observed with LEED 

Chlorine phases Oxygen phases 

Before After 
oxygen oxygen 

exposure exposure 

1.37 0.4 
0.87 4.2 
0.72 3.4 

0.40 1.8 

0.30 1.4 

C(4 x 2)-Cl C(4 x 2)-Cl 
(2 x l)-Cl (2 x l)-Cl 
(2 x 1)-Cl (2 x I)-Cl 

Very diffllse spots 
- - 

- - 

- 
- 

(2 X 1)-O weak + 
(4 X 1)-O strong 
(2 X 1)-O strong + 
(Fi X 1)-O weak 
(2 x 1)-O 
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smaller dimensions or with shorter range ascribed to different adsorbed states of 
order, which are not affected by the oxygen oxygen at different coverages, correspond- 
adsorption. ing to the structures observed with LEED 

The (2 X 1)-O structure is almost always (7). In the presence of chlorine, however, 
observed and is stable up to the tempera- the desorption occurs about 5-10°C lower 
ture of oxygen desorption. The (3 X 1)-O than with oxygen alone. Therefore, an 
structure has not been observed in the indirect effect of chlorine on the silver- 
presence of chlorine, and only (n X 1) oxygen bond must be considered, although 
structures with n > 3 have been found to the two atomic species appear to be 
coexist with the (2 X 1) structure. These adsorbed in separate domains. This may 
(n X 1)-O superstructures, in the presence also account for the fact that, in the 
of chlorine, are observed to disappear on domains free of chlorine, the formation of 
heating at temperatures of llO-120°C and the (n X 1)-O structures with n > 3 is 
reappear on cooling. As reported before, favored with respect to the (2 X 1)-O and 
this phenomenon was also observed for the (3 X 1)-O as the chlorine coverage 
oxygen alone, but at higher temperatures, increases. 
that is, at about 15O”C, and was attributed Although no chemisorbed oxygen could 
to a complete disordering of the structure, be detected on the surface covered by the 
corresponding to a high mobility of oxygen (2 X 1)-Cl structure, oxygen atoms may 
atoms on the silver surface. penetrate below the silver surface, as ob- 

Our observations strongly indicate that, served after exposure at high temperatures. 
below the coverage corresponding to the This indicates that oxygen can still interact 
(2 X l)-Cl structure, chlorine and oxygen with the chlorine covered surface for a 
are present on the surface mainly in sufficient amount of time to dissociate and 
separate domains, each with its own struc- diffuse into the near surface bulk regions. 
ture. This may be attributed to a sufficient It is doubtful whether the general 
mobility of the surface atoms at the mechanism proposed by Kilty et al. (29, 
temperatures considered, so that separate that dissociative chemisorption of oxygen 
domains are likely to exist even at the on silver requires four adjacent silver atoms 
temperatures of catalytic interest. The so that one-fourth of a chlorine monolayer 
presence of chlorine, however, affects is sufficient to prevent dissociative adsorp- 
significantly the oxygen-silver interaction, tion, can be applied to interpreting our 
since the (n X 1) structures with n > 2 results on the (110) face. At complete 
disappear reversibly at temperatures lower coverage of the (110) surface with oxygen, 
than those observed for oxygen alone. Thus, only one surface phase is observed. Forma- 
a partial coverage of chlorine seems to tion of this phase appears to be inhibited 
lower significantly the temperature at which by chlorine adsorption, but it is still 
oxygen adsorbed in the (n X 1) structures detectable up to a chlorine coverage of a 
(with n > 2) becomes mobile. This may half-monolayer. Other (n X 1)-O struc- 
be correlated with the observed decrease tures are found to be favored when coverage 
in the temperature of desorption. Figure 2 of the surface by the chlorine domains 
indicates that the oxygen desorption tem- increases, but formation of these structures 
perature is slightly decreased with increas- is also completely inhibited at half-coverage 
ing chlorine coverage. This decrease is, of chlorine. 
however, difficult to ascribe only to the If the difference in our results and those 
presence of chlorine, since a similar decrease of Kilty et al. (2) is not due to an effect of 
has been observed even without chlorine impurities, it should indicate a significant 
at low oxygen coverages and has been difference in the adsorption properties, and 
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probably the catalytic properties, of differ- 
ent crystal faces. Thus, it may be important 
to work on the single crystal surface, in 
order to acquire more specific information 
on particular catalytic mechanisms, as 
recently emphasized by Kahn, Petersen, 
and Somorjai (II). 
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