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The interaction of chlorine (Cl2) with (111)-textured silver films
has been studied using variable-temperature scanning tunneling
microscopy. Real-time images reveal that Cl2 adsorption produces
a restructured surface consisting of large terraces separated by
microfacets. This restructuring occurs at low chlorine exposures
(<5× 10−7 Torr · S), is observed with a variety of preparation con-
ditions, and is thermally stable up to approximately 830 K. The
observed restructuring may partially explain the role of chlorine on
the selectivity enhancement observed in the epoxidation of ethylene
catalyzed over silver catalysts. c© 1997 Academic Press

at steps show the importance steps play on the adsorption
It is well known that addition of trace amounts of im-
purities can greatly affect the selectivity and overall rates
of heterogeneous catalytic reactions (1). Because these im-
purities are typically present in relatively small concentra-
tions, identifying the mechanisms by which they affect sur-
face chemical reactivity has been difficult. It is believed that
these impurities affect reactivity and selectivity by modi-
fication of either the surface geometric and/or electronic
structure. Studies on stepped surfaces and different crystal
faces have, in some cases, shown that surface with high step
densities are more active catalytically than low step den-
sity surfaces (2, 3) and are, therefore, believed to be the
“active site.” Atoms at steps have lower coordination than
those in the bulk and, therefore, are likely to be more re-
active. Additionally, the electron distribution at step edges
is smoother than the distribution of positive charges; this
electron-smoothing leads to a buildup of positive charge
at the upper step edge and increased negative charge at
the lower step edge (4). Recent scanning tunneling mi-
croscopy (STM) experiments have confirmed the prefer-
ential adsorption and rotational alignment of molecules at
step edges of metal surfaces (5–9) as well as the prefer-
ential adsorption of xenon at step edges (10–13). While
chemical reactions have yet to be observed at steps, the
preferred adsorption and rotational alignment of molecules
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process.
Silver surfaces are widely used to catalyze the partial ox-

idation of organic compounds, particularly the epoxidation
of ethylene (C2H4) to ethylene oxide (C2H4O) (1, 14–18).
In the ethylene epoxidation reaction, chlorine added to the
feed decreases the overall reaction rate but enhances the
selectivity toward formation of the desired ethylene oxide
product (19, 20). This selectivity enhancement has also been
observed on studies performed over silver single crystals
(16, 21–25), suggesting that single-crystal studies can pro-
vide insight that is relevant to the supported catalysts used
in the industrial epoxidation reaction. In order to better
understand the role of chlorine in modifying the selectiv-
ity and overall rate of the ethylene epoxidation reaction,
we have used variable-temperature STM to investigate the
interaction of chlorine with silver surfaces.

EXPERIMENTAL

Sample preparation and characterization were per-
formed in a single ultrahigh vacuum system (base pressure
7× 10−11 Torr) equipped with silver evaporators, Auger
electron spectroscopy, low-energy electron diffraction
(LEED), and a variable-temperature STM capable of op-
erating between 110 and 450 K (26). Silver thin films were
prepared by evaporation of approximately 5000 Å of sil-
ver onto a clean Si(111)-(7× 7) surface heated to 850 K.
In situ Auger electron spectroscopy shows that the evapo-
rated films are pure silver free of impurities (<1%), while
LEED shows sharp diffraction spots characteristic of a
well-ordered (111) surface. STM images show that the sur-
faces prepared in this manner consist of flat atomic planes
of (111) orientation which are several hundred angstroms
wide, separated by monatomic steps. Fresh silver films were
deposited for each experiment.

Surfaces characterized by LEED, Auger, and STM were
exposed to Cl2 through a variable leak valve. This was
typically performed at a Cl2 pressure of 2× 10−9 Torr, al-
though similar results were obtained at higher pressures.
In some experiments, samples were exposed to Cl2 at
6
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300 K while being imaged simultaneously with the STM;
these experiments reveal the chlorine-induced structural
changes in real time and allow one to discriminate between
lateral variations in surface roughness, for example, and
true adsorbate-induced restructuring events. To identify
whether the chlorine-induced structural changes persisted
at higher temperatures, experiments were also performed
in which samples were exposed to Cl2 while being heated to
520 K; these samples were subsequently imaged with STM
after cooling to room temperature in vacuum.

RESULTS

Figure 1 shows three sequential STM images of a single
4000× 4000 Å region of a freshly evaporated silver film
as it is being exposed to Cl2 at 300 K. Figure 1A shows
the starting surface (before Cl2 exposure) which consists
of flat (111) terraces approximately 100 Å wide, separated
by monatomic steps. In this particular image the steps are
all oriented with outward normal along the 〈112̄〉 direction,
corresponding to a close-packed arrangement of atoms at
the step edges. The region at the top left is highest with the
surface stepping down to the right; this corresponds to an
average miscut of approximately 1◦ from the (111) plane.
Some step edges appear to be pinned locally, most likely by
trace amounts of some unidentified impurity.

After the image in Fig. 1A was acquired, the leak valve
was opened to begin introducing Cl2 at a pressure of
2× 10−9 Torr. Figure 1B shows the area identical to that
shown in Fig. 1A. Since STM is a rastered technique and
the surface was exposed to Cl2 continuously during im-
age acquisition, the Cl2 exposure ranges from 0 L (1 L=
10−6 Torr · sec) at the top of Fig. 1B to 1.1 L at the bot-
tom. The first thing to note is that at the top of Fig. 1B the
steps appear more ragged than in Fig. 1A. Approximately
half way through the acquisition of Fig. 1B, the STM im-
age shows a rapid and dramatic surface restructuring. While
the starting surface (Fig. 1A) consisted of relatively short
Ag(111) terraces separated by monatomic steps, the Cl2-
exposed surface in the bottom portion of Fig. 1B consists
of much larger terraces separated by large step arrays (mi-
crofacets). Figure 1C shows a third image of the same re-
gions with a total Cl2 exposure of approximately 3.0 L; here
the surface restructuring appears to be complete. Images
obtained after even higher exposures (not shown) show
no further change, indicating that the surface modification
is self-terminating after exposures of approximately 1 L.
While Fig. 1B shows only a single sequence of images, re-
peated experiments on other samples show that the dra-
matic Cl-induced surface restructuring shown in Fig. 1 is
a very reproducible phenomenon. Similar chlorine adsorp-
tion experiments performed at 110 K show the surface does

not facet, but the atomic steps do roughen indicating pref-
erential adsorption and reaction at step edges (27).
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FIG. 1. Real-time monitoring of Cl2 exposure on Ag(111) at room
temperature. Dose started after (A). Time between images is 6 min. Steps

are seen to initially roughen then bunch into two distinct periodicities.
Dosing pressure, 2× 10−9 Torr. Image size, 4000× 4000 Å.
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FIG. 2. Higher resolution image of the two step bunches. Steps running along the “A” direction have a separation of 6 lattice constants, while those
running along the “B” direction have a separation of 15 lattice constants. Image size, 1000× 1000 Å.
Because of the potential importance of steps in control-
ling the rate and selectivity of the ethylene epoxidation
reaction, we obtained high resolution images of the Cl-
induced microfacets. As shown in Fig. 2A, STM images
reveal that the step arrays are formed at 60◦ angles with
respect to one another. Closer inspection shows that there
are two different types of step arrays, separated by 60◦.
Along the direction denoted “A” the steps are separated by
17.3± 1.5 Å, while along the “B” direction the step separa-
tion is 43.3± 2.3 Å. We attribute the presence of two differ-
ent types of step arrays to the fact that although the topmost
layer of the Ag(111) surface has hexagonal symmetry, the
second layer reduces the overall rotational symmetry of the
(111) plane to C3. While these directions most likely cor-
respond to steps close-packed steps with outward normal
along the 〈112̄〉 directions, because atomic resolution was
not achieved it is not possible from the STM images alone to
assign these directions unambiguously. Unfortunately, the
possible errors in measurement of the horizontal distance
between steps prevents assignment of a definitive crystallo-

graphic direction for the microfacets. Attempts to observe
new diffraction spots from the microfacets using LEED
were unsuccessful, apparently because the microfacets still
constitute only a very small fraction of the total surface area
and are also small, resulting in spots too weak and broad to
observe.

To determine the amount of chlorine on the sur-
face, Auger electron spectroscopy was performed on the
chlorine-dosed Ag(111) films. The ratio of the ClLMM

(181 eV) to AgMNN (351 eV) peak height for a film ex-
posed at room temperature reaches a maximum at 0.41 in
our experimental configuration. In Fig. 3 an Auger spec-
trum, acquired at the minimum Cl2 exposure necessary
to induce facetting, shows a Cl/Ag peak height ratio of
0.30. Although we are not able to determine the abso-
lute Cl coverage, a previous study by Bowker and Waugh
found that the saturation coverage of Cl on Ag was 0.52
monolayer (28); this would imply that in our experiments
ØCl≤ 0.38 monolayer for faceted surfaces such as those
shown in Figs. 1 and 2. Because the microfacets account
for only a small fraction of the total surface area, this
result implies that most of the Cl must be adsorbed on

the flat (111) terraces, with some possibly adsorbed at the
facets.
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FIG. 3. Auger spectrum of the room temperature dosed Ag(111) film.
Cl/Ag peak height ratio is 0.30. Total exposure 0.32 L. Saturation (ØCl=
0.52) Cl/Ag height ratio is 0.41; absolute ØCl= 0.38 for the facetted surface.

Attempts were made to identify where the Cl might be
located using STM. At room temperature STM does not
show any features that can be attributed to Cl atoms. How-
ever, similar experiments at low temperature (to be dis-
cussed elsewhere) (27) do show formation of an ordered
overlayer. These results suggest that at room temperature
the Cl atoms are simply too mobile to observe in STM.

Despite the fact that Cl atoms are mobile at 300 K, the
microfacets appear to be quite stable over long periods of
time. To determine the stability of the microfacetted surface
at elevated temperatures comparable to those used in the
ethylene epoxidation reactions, we performed two types of
additional experiments. In some experiments samples were
exposed to Cl2 at room temperature and then annealed; in
other experiments, Ag samples were exposed to Cl2 at ele-
vated temperatures. In both cases, STM experiments were
performed after cooling the same back to room tempera-
ture. Both sets of experiments showed restructuring sim-
ilar to that observed in Fig. 1B. In fact, the restructuring
appears to be facilitated at elevated temperatures. The Cl-
induced structural changes can be seen more quantitatively
in Fig. 4. Figure 4 shows representative height profiles of
a Ag(111) film immediately after dosing with Cl2 at 300 K
and the same surface after annealing to 520 K and then
cooling back to 300 K for imaging. This graph shows a large
change in the size of the microfacet (number of steps) and
the average distance between the microfacets on the sur-
face. While surfaces dosed at room temperature typically
have terrace widths of several hundred angstroms between
facets, chlorine exposed surfaces that have been annealed

typically have terrace widths of several thousand angstroms.
Thus, the Cl2-induced restructuring is facilitated at elevated
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temperatures. To determine whether the Cl coverage is af-
fected by annealing, we also measured Auger electron spec-
tra before and after annealing Cl2-exposed Ag films. Auger
electron spectroscopy indicates a slight increase in Cl cov-
erage. Typical samples yielded Cl/Ag Auger peak ratios of
0.41± 0.02 before annealing and 0.44± 0.02 after annealing
to 520 K due to diffusion of subsurface chlorine to the sur-
face (28). This is consistent with previous studies that have
shown little or no desorption of Cl from the surface at this
temperature (28, 29). More importantly, it demonstrates
that the both the chemical composition and restructuring
of the films persist at temperatures used in large-scale ethy-
lene oxidation reactions.

The structures observed above are not strongly affected
by sample temperature. At temperatures above approxi-
mately 670 K, however, previous studies have shown des-
orption of AgCl from Cl-exposed surfaces (28). After an-
nealing to such high temperatures, our STM images show
that the surface is characterized by roughened step edges
and the appearance of “islands” on the large terraces; this
can be seen in Fig. 5, which shows a Cl2-exposed Ag(111)
surface that was annealed to 830 K for 30 sec. Control ex-
periments performed on perfectly clean Ag(111) films show
a nearly identical behavior, suggesting that the formation of
islands is not a result of Cl exposure but is due to a thermal
roughening (30) of the Ag surface as the melting point is
approached. Auger spectroscopy on this sample still shows
the presence of some chlorine (Cl/Ag Auger peak ratio=
0.20), but in an amount significantly less than the original
surface.

While the above experiments involved sequential dos-
ing and annealing steps, we also conducted experiments in
which Ag(111) films were exposed to chlorine gas while
the sample was heated to 520 K, in order to more closely

FIG. 4. Height profiles scans across an room temperature Cl exposed

Ag(111) film and the same film annealed to 220◦C. The height of and the
spacing between the microfacets increases with annealing.
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FIG. 5. STM image of a room temperature Cl dosed Ag(111) film annealed to 530◦C. The reconstruction induced by Cl adsorption is lifted and

the surface resembles a clean annealed Ag(111) film. Image size, 800× 800

approximate conditions in industrial epoxidation reactions.
The overall surface morphology was nearly identical to that
of samples exposed to Cl2 at room temperature and subse-
quently annealed, and Auger spectroscopy shows a similar
Cl/Ag peak height ratio of 0.41± 0.04. More importantly,
these preparation conditions are closest to the actual cata-
lytic conditions where a feed gas containing chlorine or
ethylene chloride is passed over a heated catalyst.

DISCUSSION

The above experimental results demonstrate that chlo-
rine induces a microscopic scale restructuring of silver thin
films in which short terraces and monatomic steps are re-
placed by much larger terraces and microfacets. Further-
more, this restructuring persists at temperatures that are
widely used in the epoxidation of ethylene. This suggests
the observed microfacets may play a role in the selectivity
enhancement of chlorine in the catalytic epoxidation.

Despite a large number of studies devoted to understand-

ing ethylene epoxidation, the mechanism of this reaction is
still not completely understood. Chemisorbed atomic oxy-
Å.

gen, chemisorbed molecular oxygen, and subsurface atomic
oxygen are all observed on Ag surfaces (14). While studies
have demonstrated that subsurface oxygen is necessary for
the selective epoxidation (31), the role of the other forms
of oxygen remain controversial. Studies performed by Kilty
(32) on silver powders and kinetic studies performed on
single crystals by Campbell et al. (16, 22, 23, 29, 33–35)
have generally concluded that chemisorbed O2 is respon-
sible for epoxidation, while atomic oxygen is responsible
for total oxidation to CO2 and H2O (16, 22, 34). How-
ever, isotopic labeling experiments suggest atomic oxy-
gen is responsible for both epoxidation and combustion.
A silver surface precoated with atomic 16O and exposed
to an 18O2/C2H4 feed shows initial formation of C2H4

16O
as well as C16O2 and H2

16O (36). Likewise, silver surfaces
exposed to an C2H4/N2O feed, using N2O as the oxygen
source which decomposes on silver to N2 and atomic oxy-
gen, show both epoxidation and combustion of ethylene
(37). Quantum chemistry calculations have suggested that
reaction of oxygen with ethylene might take place via inser-

tion of an electron-deficient (electrophilic) atomic oxygen
into the C–H bond of ethylene (38–40) or via reaction of an
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electron-rich atomic oxygen radical with the carbon–carbon
π bond of ethylene.

Mechanistic models have suggested several possible roles
for chlorine in enhancing ethylene epoxidation. Campbell
and Koel (23, 29) and Carter and Goddard (41, 42) proposed
that chlorine blocks specific surface sites at which total ox-
idation takes place; Campbell and Koel proposed speci-
fically that total oxidation takes place at positivity-charge
Agδ+ surface sites. Others have proposed that enhanced
selectivity can be attributed to high subsurface oxygen con-
centrations and that the role of chlorine is to roughen the
surface, leading to enhanced subsurface oxygen and thereby
to increased selectivity (43, 44). Electronic effects have also
been proposed in which surface chlorine affects the ethy-
lene oxide–surface bond in a way that inhibits isomeriza-
tion to acetaldehyde (45) or substitutes subsurface oxygen
and decreasing the electron density around chemisorbed
atomic oxygen, thereby modifying its reactivity by creating
an electron-deficient atomic oxygen species (38, 39).

Thus, the role of chlorine in enhancing epoxidation se-
lectivity is complex and not yet resolved; indeed, more
than one mechanism might be operative. Our observation
of chlorine induced facetting of Ag(111) suggests possible
routes for the effect of chlorine on the reactivity and se-
lectivity of the catalytic epoxidation of ethylene. The cre-
ation of microfacets on the Ag(111) surface, with different
step/terrace distribution, creates heterogeneous surface re-
gions having distinct geometric and electronic structure and
chemical reactivity. These local effects may play a role in the
overall observed selectivity enhancement and are discussed
below in the context of previously proposed models for the
selectivity enhancement of chlorine on silver catalysts.

The most obvious way restructuring could affect reactiv-
ity is via a structural mechanism. If surface species are first
adsorbed onto the surface and then diffuse to reactive sites,
the probability of a diffusing surface species finding a step
in a finite lifetime is greater on an unrestructured surface
than on a restructured surface. This is shown in Fig. 6 which
plots the probability a surface site is a given distance from
an atomic step. On the undosed surface the average distance
from a step is 97 Å; on the room temperature dosed surface
the average distance to a step is 215 Å, and some molecules
must diffuse more than 800 Å before encountering a step.
Assuming that steps are sites favoring total oxidation be-
cause of the lower coordination number of step atoms and
the perturbed electron distribution, one would then pre-
dict that the probability of an adsorbed ethylene molecule
diffusing to an active site favoring and undergoing total oxi-
dation would be less on a chlorine restructured surface than
on an unrestructured surface. The overall effect would be
a decrease in the total oxidation rate and an increase in
selectivity toward epoxidation.
Although it is not known whether steps are the active sites
for ethylene epoxidation, we note that at any step edge, the
UCTURING OF Ag(111) FILMS 411

FIG. 6. Step distance probability distribution function for clean- and
Cl-exposed Ag(111). The function represents the probability that a re-
active molecule will diffuse a given distance before encountering a step.
While the absolute number of steps remains constant, the spatial distribu-
tion of steps along the surface changes dramatically all surface sites being
within 350 Å of a step edge in the undosed sample, while a significant
number of surface sites are greater than 350 Å from steps on the chlorine
dosed film.

spatial distribution of electrons is smoother than the distri-
bution of nuclei. As a result, at a step edge the electrons
spill over from the upper selvedge to the lower selvedge.
This leaves the Ag atoms at the upper step edge positively
charged and those at the lower edge negatively charged.
Thus, silver atoms present at step edges might well be the
partially charged Agδ+ atoms proposed by Campbell and
Koel as the site for total oxidation (23, 29). We note that
under the conditions we have investigated, chlorine does
not change the total number of steps or the number of step
edge atoms; rather, by concentrating the steps into a smaller
region, it increases the average distance that an impinging
reactive molecule must diffuse in order to encounter a step
edge. That is, the effect does not rely on the number of steps
as much as on the spatial distribution of steps.

Because neither the residence time nor the diffusion co-
efficient of ethylene or oxygen on Ag(111) is known, it is
not possible to determine the longest possible length which
ethylene and/or oxygen could diffuse before reaching a re-
active site or desorbing from the surface. However, our data
can be analyzed to determine the probability distribution
function for randomly impinging species finding a step edge
after diffusing a given distance. Figure 6 shows such a nor-
malized probability distribution; it shows that the average
distance which an incident molecule must diffuse on the
surface before encountering a step is 97 Å on the undosed

surface and 215 Å on the Cl-exposed surface, an increase
by a factor of 2.2. Although the overall reaction sequence
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is still most likely complex, we note that if total oxidation
takes place only at steps and partial oxidation takes place on
the terraces, then one would expect that Cl would enhance
the selectivity toward ethylene oxide by approximately a
factor of 2.2. This is in qualitative agreement with previ-
ous studies that have shown that at an absolute coverage of
ØCl= 0.4 (a coverage at which we observe restructuring),
the selectivity toward ethylene epoxidation on Ag(111) is
increased by a factor of approximately 1.5 compared with
that of a chlorine-free surface (29).

Another possible structural effect of chlorine would be
to facilitate incorporation of subsurface oxygen. Subsur-
face oxygen arises from surface atomic oxygen diffusing
into the bulk (31), and previous studies show that silver
surfaces with adsorbed chlorine (25, 43) or roughened by
ion bombardment (43, 44) have greater subsurface oxygen
concentrations. The roughened surface provides necessary
defect sites into which atomic oxygen can diffuse from the
surface to the bulk (25, 31). Our studies show formation
of microfacets which might allow more facile incorporation
of oxygen into subsurface sites. Unfortunately, there exists
no determination of incorporation of subsurface oxygen on
different crystal faces of silver, in particular, comparison of
rates of incorporation of low and high index crystal faces.

The microfacets present regions of distinct electronic
structure as well as geometric structure. In general, highly
stepped surfaces have lower work functions (46), resulting
in more facile transfer of electrons out of the bulk. Previ-
ous studies on a number of surfaces have shown that oxygen
adsorption proceeds through an O−2 anion, and as a result
the sticking coefficient of O2 is much higher on stepped
surfaces than on planar surfaces (47–49). Ethylene oxida-
tion, however, requires dissociation of the adsorbed oxygen
molecules to form atomic oxygen, and previous studies have
shown that chlorine decreases the overall probability of dis-
sociative adsorption (23, 25, 29, 32, 45). This at first appears
to be in contradiction to our results. However, we note that
these studies all measured the total oxygen concentration
over the entire surface. Our results suggest that one might
find strong local variations in the oxygen concentration.

Finally, the different electronic structure of the micro-
facets can also change the electronic structure of adsorbates
bonded in the region. Quantum chemical calculations sug-
gest that subsurface oxygen or chlorine affects the elec-
tronic character of surface oxygen (38–40). As mentioned
previously, the smooth variations in electron density at step
edges results in regions at upper step ledges with partial
positive charge thus creating regions with an outer positive
layer normal to the facet (4). Calculations suggest that an
atomic oxygen stabilized by Agδ+ surface sites creates an
electrophilic oxygen species that inserts into the C–H bond
of ethylene in the initial step (38, 39). While these previous

authors proposed that the necessary Agδ+ sites were formed
by charge transfer to subsurface oxygen or subsurface chlo-
HAMERS

rine, our results suggest that Agδ+ atoms formed by electron
smoothing at step edges and microfacets might also play an
important role in the ethylene oxidation process.

Our results show that restructuring occurs only above
a threshold of surface chlorine coverage (absolute ØCl≤
0.38). This in turn suggests that if restructuring is the domi-
nant factor controlling the chlorine-induced selectivity en-
hancement, one would also expect very little improvement
in selectivity at coverages below this value. While previ-
ous studies have shown the selectivity enhancement is ap-
proximately linear for absolute chlorine coverages up to
approximately 0.26 on Ag(111) (22), it is likely that the
overall kinetics are complicated and that our studies might
not have investigated sufficiently large areas of the surface
to determine accurately the dependence on ØCl.

In conclusion, chlorine gas (Cl2) adsorption on Ag(111) is
shown to result in a dramatically restructured surface with
very large terraces separated by microfacets. The restruc-
tured surface is stable up to 830 K and can be prepared
under a variety of different conditions. Although there are
several possible mechanisms by which chlorine might mod-
ify the reactivity, our direct observation of chlorines alter-
ation of the surface sturcture on the atomic scale suggests
that restructuring may be responsible in part for the ob-
served selectivity enhancement of the ethylene epoxidation
reaction.
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