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The kinetics of selective ethylene oxidation catalyzed by a clean Ag(111) surface have been
measured at medium pressures. Using an apparatus that allows rapid transfer of the catalyst from
the reactor into ultrahigh vacuum, the surface condition immediately (<17 s) after steady-state
reaction has been analyzed by AES, LEED, XPS, and TDS. These results are compared with those
on Ag(110) and supported Ag catalysts. The effects of temperature and reactant pressures upon the
reaction rates are the same for these. The activity of Ag(111) in epoxidation is about half that of
Ag(110) (per cm?), but ~50 times higher than reported results for high-surface-area Ag catalysts.
The steady-state coverage of atomically adsorbed oxygen is a factor of about 18 lower on Ag(111)
than on Ag(110). These results are consistent with a mechanism whereby molecularly adsorbed O,
and ethylene combine to form an intermediate in the rate-determining step. This intermediate then

rapidly branches into ethylene epoxide or CO, pathways.

I. INTRODUCTION

The selective oxidation of ethylene to
ethylene epoxide
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is a large industrial process, typically per-
formed over a silver catalyst supported on
a-ALO; of ~1 m? - g ! specific surface
area. We have recently completed exten-
sive studies of the kinetics and mechanism
of this reaction over a clean Ag(110) single-
crystal surface (I, 2). We found that the
variation in the reaction rates and selectiv-
ity with reactant pressures (Po,,Pg) and
temperature were virtually identical on
Ag(110) and high-surface-area, supported
Ag catalysts (I, 2). However, the absolute
reaction rates (per surface Ag atom) were
some two orders-of-magnitude larger on
Ag(110) than for those that have been re-
ported for high-surface-area catalysts (2).
This suggested that perhaps the activity of
real catalysts was due to a small fraction of
(110)-like sites. The (111) plane is thought
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to predominate on the surface of real cata-
lysts, due to its thermodynamic stability.
The present study was initiated to verify
the low activity of this (111) plane. Instead,
we found that its activity is only a factor of
2 below the (110) plane. This indicates that
the reported rates for high-surface-area Ag
catalysts may be in error, perhaps due to
inaccuracies in the Ag surface-area mea-
surement.

II. EXPERIMENTAL

The techniques and equipment have been
described in detail elsewhere (I, 3). In
short, the Ag(111) or (110) surface was
cleaned and characterized in ultrahigh vac-
uum (UHV) by XPS, AES, TDS, and
LEED. The sample was translated into a
microreactor. The reactor was pressurized
with the reaction mixture. The sample was
rapidly heated to and maintained at the re-
action temperature for long enough to es-
tablish a steady-state reaction rate, as mon-
itored by gas chromatography. Finally, the
sample was rapidly (<17 s) translated back
into UHV for postreaction surface analysis.
We have shown (/) that the steady-state
coverage (6p) of atomically adsorbed oxy-
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gen (O,) under reaction conditions is main-
tained during this transfer, and that 8o can
be measured by thermal desorption spec-
troscopy (TDS).

Absolute coverages (6) are defined rela-
tive to the number of Ag surface atoms. [0
= 1is 1.38 x 105 ¢cm~2 for Ag(111) and 8.5
x 10" cm~2 for Ag(110).] Sample sizes
were: Ag(111) =10 X 7 X 2and 9.6 X 5.6 X
2 mm for Ag(110). The sides and back of the
crystals were passivated by a mixed Si, Cu,
Ti oxide/carbide film (/). Thus the active
geometric areas were 0.70 and 0.56 ¢m? for
Ag(111) and (110), respectively. These sur-
face areas were confirmed by detailed com-
parisons of the areas under the O,-TDS
peaks for known structures of atomically
adsorbed oxygen (4). By the temperature
differences in the oxygen desorption from
these two planes (4), we also verified that
less than ~2% of the (111) crystal surface
consists of (110)-like defects (4). Thus our
kinetics here are truly face specific.

III. RESULTS

The buildup of product concentration
with time on Ag(111) in the batch micro-
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FiG. 1. Steady-state reaction rates of ethylene epox-
ide (EtO) and CO, production at 20 Torr ethylene and
150 Torr O,, for Ag(111), Ag(110) (I, 2), and a sup-
ported silver catalyst of ~1 m? g-! surface area (5).!
TON refers to the turnover frequency.

437
TABLE 1

Absolute Rate Comparison:

Ag(111) vs Ag(110), per cm?
Ag T P (Torr) TONgo? TONCO;“ SEw0
plane (K) (%)

Et O,

(111) 0.76 2.64 36.2
110) 490 4.1 150 1.37 4,93 35.8
(111) 1.86 4.39 46.0
aipy P00 B0, 787 386
(111) 5.66 12.3 47.8
aigy ¥ X 10 oy 279 370

2 TON in units of 10'* molecules produced : cm=2 -
s~

reactor was almost identical to that re-
ported already (1) for Ag(110). A steady-
state rate of epoxide production is
established already in less than 30 s; and
CO, production is very nearly steady state
after 4 min. We have used 4 min reaction
times. This corresponds to roughly 1000
molecules of ethylene converted to product
per surface Ag atom. Total conversions are
quite low (5%). We will refer to steady-
state rates here, as in our previous work
(1, 2), as rates which are almost constant
with time at these low conversions. The
rates will, of course, decrease at very high
conversions.

Figure 1 compares the effects of tempera-
ture (in Arrhenius form) upon the steady-
state reaction rates for both ethylene epox-
ide (EtO) and CO,(+H,0) production over
Ag(111), Ag(110) (1, 2), and a high-surface-
area, supported Ag catalyst (5).! In Figs. 1-
4, we have calculated the absolute reaction
rates (TON = molecules produced per sec-
ond per surface silver atom or ‘‘site’”) by
assuming 10" sites for each crystal. This is
slightly (factor of =<2) in error, but a true
absolute rate comparison will be presented
in Table 1. It is clear in Fig. 1 that the effect
of temperature on catalytic activity is very

1 Silver surface area taken to be equal to the BET
surface area. See Ref. (2) for justification.
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Fi16G. 2. Data of Fig. 1 for Py, = 150 Torr and Py, =
20 Torr, replotted to show directly the effect of tem-
perature upon the selectivity for ethylene conversion
into EtO: (a) Ag(111), (b) Ag(110) (2), (c) Ag/SiO; (5).
Also shown are selectivities at different pressure con-
ditions for several high-surface-area Ag catalysts: (d)
porous Ag (7), (e) Ag/ALL,O; (8), (f) Ag/SiO; (8).

nearly identical on these three very differ-
ent Ag catalysts.

Figure 2 shows the data of Fig. 1 replot-
ted to show directly the effect of tempera-
ture upon the selectivity for EtO produc-
tion: Sgio = TONEo/(TONg + %TONCOZ)-
The reader will note that the selectivity
curve for Ag(110) falls slightly (~15%) be-
low our previous values (2). The data used
in this paper from our previous work (1, 2)
is the same; it has simply been adjusted for
a small error in gas chromatograph sensitiv-
ity calibration persistent in our previous
work (1, 2, 6). This error resulted from an
error in the standard gas mixture used for
calibration. It has no bearing upon the con-
clusions of our previous work.

One can see in Fig. 2 that the selectivity
for Ag(111) and (110) is in the range of
~42%, slightly below the widely scattered
values for (presumably) unpromoted, high-
surface-area silver catalysts (5, 7, 8).
Ag(111) shows almost no variation in selec-
tivity with temperature, while Ag(110)
shows a slight decrease.

Table 1 compares absolute steady-state
rates and selectivities under several condi-

CHARLES T. CAMPBELL

tions for Ag(111) and (110). These results
are averages of several measurements
made on two consecutive days, allowing lit-
tle time for gas chromatograph drift. (No
drift was observable using our calibrated
standard gas mixture.) When compared on
a ‘‘per cm?”’ basis, Ag(111) is about a factor
of 1.8 less active in EtO production than
Ag(110). This difference is a factor of ~1.6
larger if a comparison is made on a ‘‘per
surface Ag atom’” basis. The selectivity for
Ag(111) is 1-10% higher than on Ag(110).
Figure 3 compares the effects of O, pres-
sure upon the rates, selectivity, and atomic
oxygen coverage (6p) at 490 K and 4.1 Torr
ethylene (Et) for Ag(111) and Ag(110) (J).
Both the EtO and CO, production rates
start out with high order in Po,, but eventu-
ally saturate in oxygen. There is very little
difference between Ag(111) and (110) in this
respect, except that CO, production satu-
rates slightly more rapidly in Po, on
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FiG. 3. Effect of oxygen pressure at Pg, = 4.1 Torr
and 490 K upon the steady-state reaction rates, selec-
tivity, and atomic oxygen coverage (8p) for Ag(111)
and Ag(110) (I). Note that TONgo, on Ag(110) has
been divided by 1.5, and 6, on Ag(111) multiplied by
2.5. Coverage units defined under Experimental.
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Ag(110) than on Ag(111); and, EtO produc-
tion saturates slightly more slowly. The
atomic oxygen coverage is a factor of ~18
higher on Ag(110).

Figure 4 compares the effects of ethylene
pressure upon the steady-state rates, selec-
tivity and 6o for Ag(111) with Ag(110) (/) at
490 K and 150 Torr O,. Again, the rates
start out high order in Pg, but eventually
saturate in ethylene. The saturation in both
rates occurs noticeably sooner on Ag(110)
than on Ag(111). Again, the atomic oxygen
coverage is a factor of 10-20 higher for
Ag(110).

We confirmed with postreaction LEED
analysis that the Ag(111) surface main-
tained a very sharp and bright p(1 x 1)
LEED pattern immediately after reaction
(transferring at reaction temperature into
UHYV, then immediately cooling for LEED
analysis). Under conditions (high Po,: Pg)
where coverages of atomic oxygen 6o =
0.07 were achieved at steady state, a faint
but sharp p(4 x 4) LEED pattern was ob-
tained. This pattern is characteristic of
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Fi1G. 4. Effect of ethylene pressure at 490 K and Po,
= 150 Torr upon the steady-state reaction rates, selec-
tivity, and atomic oxygen coverage (6o) for Ag(111)
and Ag(110) (1).
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atomic oxygen in islands of local coverage
6o = 0.41 (4). The O, on Ag(110) was exist-
ing during reaction in p(2 X 1) islands of
local coverage 8g = 0.5 (1). The nature of
the adsorbed oxygen species, measured by
the area under the ~580 K O,-TDS peak
and plotted in Figs. 3 and 4, was also con-
firmed by AES and XPS peak positions and
lineshapes. These agreed with those for
atomically adsorbed oxygen on Ag(111) (4),
as was also the case with Ag(110) (7). As
with Ag(110) (1), AES revealed no signifi-
cant surface species other than O, present
after transfer into UHYV for reactions above
480 K.

1V. DISCUSSION

A single reaction mechanism has been
consistent with our previous extensive ki-
netic data on Ag(110) of the type presented
in Figs. 1-4 and of other types, particularly
that related to the role of adsorbed chlorine
in promoting selectivity (I-3, 6, 9, 10).
This mechanism, in somewhat modified
forms, had been previously proposed to ex-
plain more classical catalytic studies [(/],
12) and refs. therein]. This mechanism is
summarized below, where the subscript

““a’”” means ‘‘adsorbed” and no subscript
implies ‘‘gas phase’’:
CHy 2 CHy,, m
0, 2 0,,, 2)
02,a - zoa’ (3)
slow
CiHyo + Ora—> L, )
L—>CHO +0,, (5
Fast
I. — Fragments, 6)
Fragments + 40, — 2CO, + 2H,0. (7)

Here, the intermediate I, is some C,H4/O,
complex, formed in the rate-determining
step (RDS) under most conditions. The rate
of this step may be expressed as (I, 9, 10)

R4 = v4 exp(—E4/RT)0xf0,. 8)
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Kinetics on Ag(110) are consistent with a
preexponential factor v4 = 1072 cm? s~! (1)
and an activation energy E; = 25 kcal mol ™!
(1, 9) for this step. The intermediate thus
formed then rapidly branches into either
the desirable product or fragments that
yield CO, + H;0. The coverage of I, at
steady state is therefore very small. The se-
lectivity is determined by the branching ra-
tio for this intermediate, after the RDS.

A second, minor pathway to CO, produc-
tion seems to exist, involving dissociation
of ethylene without step (4), and further re-
action with O, (I, 10).

The molecularly adsorbed species in-
volved in the RDS (4) have been character-
ized by surface spectroscopies on Ag(110)
[(3, 13-17) and refs. therein]. Adsorbed
ethylene is bonded via #-electron donation
with a heat of adsorption of ~8.9 kcal mol ™!
(1, 6, 13, 14), increasing to ~10.7 kcal
mol~! in the presence of O, [(I, 6, 13, 14)
and refs. therein]. The molecularly chemi-
sorbed O, is a peroxo-like species (O%,;)
lying parallel to the surface, with a reduced
0-0 bond order near unity (3, 14-17). It
has a heat of adsorption of ~9.3 kcal mol ™!,
and an activation energy for adsorption of
~1.5 kcal mol~! (4).

The present data for Ag(111) are consis-
tent with the above mechanism. The bond-
ing of ethylene to the Ag(111) surface (I8)
is quite similar to that for Ag(110), and it
appears to have about the same heat of ad-
sorption on these two surfaces. This is con-
sistent with the rather minor kinetic differ-
ences with respect to Pg, seen for these two
surfaces (Fig. 4).

The interaction of O, with these two sur-
faces has recently been compared in detail
(4). The atomically adsorbed state has a
heat of adsorption, AHZ, of only 40.8 kcal
mol~! on Ag(111), compared to 44.0 kcal
mol~! on Ag(110). Oxygen has a much
lower dissociative sticking probability at
490 K on Ag(111) (~107%) as compared to
Ag(110) (~2 X 10~4). This difference feeds
directly into the steady-state O, coverage
under reaction conditions, leading to a
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value 6o that is a factor of ~18 lower on
Ag(111) compared to (110) (Figs. 3 and 4).
Note, however, that this large difference is
not strongly reflected in the rates of ethyl-
ene oxide or CO, production. This is be-
cause, according to the mechanism above,
O, is not involved in the rate-limiting step.
It is the coverage of O, , (0o,) that is critical
here, not that of O,.

Molecularly chemisorbed O, has a heat of
adsorption, AHY, of ~9.3 kcal mol~! on
both Ag(111) and (110), although the activa-
tion energy for its desorption, EY, is signifi-
cantly larger on Ag(111) (12.4 compared to
10.8 kcal mol1) (4). This is related to the
larger activation energy for its formation,
E3!, on Ag(111) (~3.2 kcal mol~!) compared
to Ag(110) (~1.5 kcal mol™!). This barrier
results in a low sticking probability into the
molecularly chemisorbed state: 5 X 10~6 on
Ag(111) and 7 X 10~ on Ag(110) at ~140 K
(4). At high temperatures and low cover-
ages when adsorption/desorption equilib-
rium in O, , is established, its coverage can
be approximated by (4)

8o, = 0.25fc/vy - exp(AHM/RT), (9)

where fc is the frequency of collisions of O,
molecules with the surface (proportional to
Po,) and v is the preexponential factor for
0.,, desorption (~10" s~1 (4)). Since AHM
is about the same (~9.3 kcal mol~! (4)) on
Ag(111) and (110), this predicts that the
steady-state coverages of O,, on these two
surfaces will be about the same. This is con-
sistent with the rather minor kinetic differ-
ences seen with respect to Py, for these sur-
faces in Fig. 3.

The reaction rates in Fig. 3 at 490 K satu-
rate in P, at about 100 Torr. According to
the rate-limiting step (4) in the proposed
mechanism, this should occur at a coverage
6o, of around 50% of its saturation value.
(Sites must remain on the surface for
C,H, ,.) Similarly, at 5 Torr O, the rates are
still first order in Po,, suggesting that 6, is
only a few percents of its saturation value.
Equation (9) predicts coverages 6o, of ~6
and ~0.3% (of the saturation values (4)) for
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Po, = 100 and 5 Torr, respectively. These
differ by a factor of about 8 from those sug-
gested above by applying the proposed
mechanism to the kinetic data of Fig. 3.
Given the approximations inherent here,
especially when extrapolating the low-tem-
perature TDS results up to 490 K in Eq. (9),
this agreement is good. (Note that an error
of a factor of 13 in our original assumption
that »¥ = 10 s~! (4) would correct this
difference.) Thus, the range over which the
rates saturate in Po, is consistent with the
saturation of molecularly chemisorbed O,,
when one uses the kinetic parameters for
O, absorption/desorption obtained from
low-temperature TDS experiments on
Ag(111) and (110). One can obtain similar
agreement for a similar treatment of the ex-
tent of saturation in Pg, from the data of
Fig. 4. Here we use an equation analogous
to Eq. (9) for adsorbed ethylene and the
heat of ethylene adsorption of 10.7 kcal
mol~! from TDS on Ag(110) in the presence
of O, (see above). Reference (/) presents
related calculations at different tempera-
tures. We should note that these species
(0, , and C,H, ;) desorb very rapidly at the
reaction temperature and therefore are not
available for postreaction surface analysis
in UHV. Nevertheless, the high gas-phase
pressures of O, and Et maintain their cover-
ages high under reaction conditions.

It is interesting to note in Fig. 4 that the
rates saturate somewhat more rapidly in Pg,
on Ag(110) than on Ag(111). This indicates
a slightly higher heat of adsorption for eth-
ylene on Ag(110). This may simply be a
consequence of its higher atomic oxygen
coverage. The presence of O, on Ag(110)
can increase this heat of adsorption for eth-
ylene by up to 1.8 kcal mol~! [(6, 13, 14)
and refs. therein].

The EtO production rate saturates more
rapidly in Po, on Ag(111) than on Ag(110)
(Fig. 3). This would suggest that O,, is
bonded slightly more strongly to Ag(111)
than (110). Interestingly, the reverse is seen
in CO, production: its rate saturates sooner
in Po, on Ag(110). This may be due to the
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presence of the second, minor pathway to
CO, mentioned above. This pathway seems
to be of greater importance on Ag(110),
which is consistent with its generally lower
selectivity.

From Table 1, we can conclude that the
(110) plane of Ag is a factor of about 2 more
active than the (111) plane in catalytic eth-
ylene epoxidation. This agrees well with re-
cent results of Hagen (19), who has further
shown that the (100) plane is some 15%
more active (per cm?) than the (110) plane
in EtO production. Our absolute rates for
Ag(111) and (110) agree with Hagen’s
results to within a factor of about 2.

We have shown that the specific activity
for EtO production on Ag(110) is some two
orders-of-magnitude higher than that re-
ported for high surface area, supported Ag
catalysts (2). Originally, we had postulated
that this could be due to an unusually high
activity on the (110) plane, existing only in
small fraction on the surfaces of supported
catalysts (2). (The (111) plane is the ther-
modynamically preferred surface.) We can
now see, however, that such large activity
differences do not exist between the vari-
ous crystal planes of Ag. We must find an
alternative explanation for the large (factor
of ~50) difference in apparent activities for
clean single-crystal surfaces and high-sur-
face-area Ag catalysts.

The major source of error in determining
absolute rates (per surface Ag atom) on
high-area Ag catalysts involves determina-
tion of the number of free Ag surface at-
oms. This is usually accomplished by mea-
suring oxygen chemisorption at ~470 K
and ~50 Torr, and assuming one oxygen
adatom per free surface Ag atom. There are
two potential errors in this method, each of
which could lead to substantial (factor of
~T) overestimates. First, any carbonaceous
residue on the Ag will be oxidized to CO,,
creating free sites on the surface for O,.
These are sites that were unavailable for
the epoxidation reaction under catalytic
conditions. After extended operation, it is
possible that a substantial portion of the Ag
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area of real catalysts is covered by such
residue. Second, we have recently found
(20a) that certain surface impurities, such
as adsorbed chlorine, do not significantly
decrease the oxygen chemisorption capac-
ity of silver (under these adsorption condi-
tions). However, the same coverage of
these impurities can decrease the epoxida-
tion rate by a factor of 10 (6, 9). Together,
we feel that these impurity-related prob-
lems could lead to overestimates in the free
Ag surface area by a factor of ~50 on high-
surface area catalysts, resulting in an un-
derestimate in the specific activity by this
same factor. A further problem may be that
rates on high-area catalysts tabulated in (2)
were sometimes those after hours of opera-
tion (although initial rates were used where
available). The rates generally decrease by
a factor of 1.5 to 10 in 5 h of operation,
depending on the catalyst (20b).

This reaction has long been known to be
classically structurally sensitive; i.e., the
rates and selectivity depend sensitively
upon the size and shape of Ag particles in
high-surface-area catalysts (27-25). How-
ever, in light of the present results and
those of Hagen (19), these large rate varia-
tions apparently cannot be related to varia-
tions in the concentration of active surface
facets with particle size. It may be that
some impurity from the preparation pro-
cess or support material poisons the cata-
lyst surface, and the concentration of this
poison is dependent upon the same factors
in the preparation scheme that allow for
particle size adjustment. Three further facts
might support this hypothesis: (1) a strange
minimum in specific activity with particle
size is observed at the surprisingly large
size of 500—700 A (24); (2) the variations in
specific activity with particle size observed
by any given author are smaller than the
variations among authors for catalysts of
nominally the same particle size (see Table
I in (2)); and (3) the specific activities of
unsupported, high-area Ag catalysts are
at the upper limit of activities seen for
high-area catalysts, and only a factor of
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about 5 below those for Ag(111) (see
Table I in (2)).

For small particles, selectivity increases
with particle size (23, 25). In our results,
Ag(111) has an average selectivity that is
about 6% higher (in absolute units) than
Ag(110). Since the particle surface should
evolve from open, or (110)-like, to close-
packed, or (111)-like, with increasing size,
these results may be favorably correlated.
Since decomposition steps are crucial in
both pathways to CO, production, it is not
surprising that the (110) plane is relatively
more active for CO, production than
Ag(111). More open surface structures are
typically more active in bond-breaking re-
actions. The second, minor pathway to CO,
production involving ethylene dissociation
is less important on Ag(i111) than on
Ag(110). In fact, the total independence
upon temperature of the selectivity on
Ag(111) in Fig. 2 seems to indicate that es-
sentially all EtO and CO, production oc-
curs through the same rate-determining
step (4), and that the branching ratio (ks/ks)
is temperature independent.

Note in Fig. 2 also that the selectivities
for Ag(111) and (110) are noticeably lower
than those reported for high-surface-area
Ag catalysts. From our above discussion, it
appears that considerable impurity may ex-
ist on the surfaces of the high-area catalysts
under reaction conditions. These impurities
may also effect selectivity [(6, 9, 20) and
refs. therein]. Clearly, the surface condi-
tion of high-area silver catalysts during (or
immediately after) steady-state reaction is
an issue of importance that still must be
addressed.

We should point out that the mechanism
we have used to explain our data is by no
means universally accepted. Particularly,
one school of thought maintains that atom-
ically absorbed oxygen is responsible for
ethylene oxide production [(26-28) and
refs. therein]. For reviews of mechanistic
considerations in this reaction, see (29-32).
We have chosen to reject mechanisms in-
volving O, for the following reasons. Under
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conditions where the EtO and CO, produc-
tion rates are first order in Py, (for example,
T=490K, Py, = 4.1 Torr, Py, = 8.2 Torr),
the rate-determining step must be the ad-
sorption of oxygen into that state involved
in the catalytic reaction. However, the ad-
dition of 0.3 monolayer of chlorine to
Ag(110) hardly changes the kinetics under
these conditions (6), in spite of the fact that
this chlorine decreases the rate of dissocia-
tive O, adsorption by a factor of 20 (6).
Similarly, our present data show that clean
Ag(111) and Ag(110) have about the same
epoxidation rates under these conditions,
while the dissociative adsorption rate of O,
on Ag(111) is a factor of 50 slower than on
Ag(110) (4). Our measurements of 8¢ after
reaction (Ref. (6) and this work), confirm
that these differences in dissociative oxy-
gen adsorption rate (due to adding chlo-
rine or changing the crystal face) are in-
deed qualitatively valid under reaction con-
ditions. That these differences are not
reflected in the epoxidation rate under
oxygen-limiting conditions implies that
dissociatively adsorbed oxygen is not in-
volved in the rate-determining step. As
noted above and in (9), molecularly chemi-
sorbed oxygen does not suffer this same
problem and is therefore a preferable
choice as the oxidizer. Note that, at 490
K, molecularly chemisorbed oxygen on
Ag(110) or (111) has a very low probability
of dissociating rather than desorbing, so
that the rate of dissociative adsorption is
much lower than the rate of molecular che-
misorption (4).

In our opinion, the evidence which ar-
gues most strongly in favor of a mechanism
involving O, is that of Backx et al. (28).
These authors adsorbed oxygen on a silver
powder, evacuated it at 470 K to remove
any molecular O, but not O,, then heated
this surface from room temperature to
~415 K in 0.75 Torr Et. They found that
>11% of the initial oxygen could be con-
verted into ethlyene oxide in this manner.
However, this result is not totally conclu-
sive, since large coverages of coadsorbed
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ethylene (or surface carbonate from the
CO, product) could force O, to associa-
tively recombine, forming O, at signifi-
cantly lower temperatures than those re-
quired in the absence of these other
adsorbates. Examples of such displacement
reactions are not uncommon in the chemi-
sorption literature (33, 34).2 Another possi-
bility for the discrepancy between this and
our present results is that, while the mecha-
nism observed by Backx et al. (28) is one
possible pathway, it is not the dominate
mechanism under steady-state reaction
conditions.

Grant and Lambert (26, 27) have re-
cently attempted a modified form of the
Backx (28) experiment on a Ag(111) single
crystal. Their results, however, are much
less conclusive since only one EtO mole-
cule was observed for every ~200 surface
silver atoms. This minor amount could be
due to a number of effects unrelated to the
majority of the Ag surface. Spath (35), for
example, saw no EtO product from this
same experiment on high-area Ag unless
molecular O, was present. Clearly, how-
ever, there is still controversy over the re-
action mechanism.

V. CONCLUSIONS

The variation in reaction rates with tem-
perature and pressure are virtually identical
on Ag(111), Ag(110), and supported Ag cat-
alysts. The specific rates (per surface Ag
atom) are in the ratio 50:100:1 for these
catalysts. The rates on supported Ag cat-
alysts may be low due to incorrect Ag
surface area calibration. The coverage of
atomically adsorbed oxygen on the Ag(111)
surface under steady-state reaction condi-
tions is a factor of ~18 lower than on
Ag(110), consistent with its lower dissocia-
tive sticking probability for O,. The O, re-
sides in p(4 X 4) islands of local coverage 6
= 0.41. These results support a mechanism
whereby molecularly adsorbed O, and eth-
ylene combine in the rate-limiting step.

2 Adsorbed CO desorbs at 100 K lower temperature
from Rh(111) in the presence of NO (34).
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This mechanism implies that the coverages
of O,, and C;H,, under reactions condi-
tions on Ag(l111) are very similar to
Ag(110). This is consistent with TDS
results at low temperature for these spe-
cies.

ACKNOWLEDGMENT

The author wishes to gratefully acknowledge the
valuable technical assistance of Johnny Anderson.

REFERENCES

1. Campbell, C. T., and Paffett, M. T., Surf. Sci.
139, 396 (1984).

2. Campbell, C. T., J. Vac. Sci. Technol. A 2, 1024
(1984).

3. Campbell, C. T., and Paffett, M. T., Surf. Sci.
143, 517 (1984).

4. Campbell, C. T., Surf. Sci., in press.

5. Dettwiler, H. R., Baiker, A., and Richarz, W.,
Helv. Chim. Acta 62, 1689 (1977).

6. Campbell, C. T., and Paffett, M. T., Appl. Surf.
Sci. 19, 28 (1984).

7. Stoukides, M., and Vayenas, C. G., J. Catal. 69,
18 (1981).

8. Riassian, M., Trimm, D. L., and Williams, P. M.,
J. Catal. 46, 82 (1977).

9. Campbell, C. T., and Koel, B. E., J. Catal. 92,272
(1985).

10. Campbell, C. T., ACS Symp. Series ‘‘The New
Surface Science in Catalysis.”’ Proc. Natl. Symp.
of ACS, Philadelphia, Aug. 26-31, 1984, in press.

11. van Santen, R. A., Moolhuysen, J., and Sachtler,
W. M. H., J. Catal. 65, 478 (1980).

12. Cant, N. W, and Hall, W. K., J. Catal. 52, 81
(1978).

13. Backx, C., de Groot, C. P. M., and Biloen, P.,
Appl. Surf. Sci. 6, 256 (1980).

14. Backx, C., de Groot, C. P. M., Biloen, P., and
Sachtler, W. M. H., Surf. Sci. 128, 81 (1983).

15.

16.

17.

18.

19.
20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Prince, K. C., and Bradshaw, A. M., Surf. Sci.
126, 49 (1983).

Sexton, B, A., and Madix, R. J., Chem. Phys.
Lett. 716, 294 (1980).

Backx, C., de Groot, C. P. M., and Biloen, P.,
Surf. Sci. 104, 300 (1981).

Felter, T. E., Weinberg, W. H., Zhdan, P. A., and
Boreskov, G. K., Surf. Sci. 97, L313 (1980).
Hagen, D. 1., to be submitted.

(a) Campbell, C. T., in preparation; (b) Force, E.
L., and Bell, A. T., J. Catal. 40, 356 (1975).
Harriott, P., J. Catal. 21, 56 (1971).

Presland, A., Price, G., and Trimm, D., J. Catal.
26, 313 (1972).

Jarjoui, M., Gravelle, P. C., and Teichner, S.J., J.
Chim. Phys. 15, 1069 (1978).

Verykios, X. E., Stein, F. P., and Coughlin, R.
W., J. Catal. 66, 368 (1980).

Wu, J. C., and Harriott, P., J. Catal. 39, 395
(1975).

Grant, R. B., and Lambert, R. M., in *‘Catalysis
on the Energy Scene’’ (S. Kaliaguine and A. Ma-
hay, Eds.), p. 251. Elsevier, Amsterdam, 1984.
Grant, R. B., and Lambert, R. M., J. Chem. Soc.,
Chem. Commun., 662 (1983).

Backx, C., Moolhuysen, J., Geenen, P., and van
Santen, R. A., J. Catal. 72, 364 (1981).

Voge, H. H., and Adams, C. R., ““Advances in
Catalysis,”” Vol. 17, p. 151. Academic Press, New
York, 1967.

Kilty, P. A., and Sachtler, W. M. H., Catal. Rev.-
Sci. Eng. 10, 1 (1974).

Sachtler, W. M. H., Backx, C., and van Santen,
R. A., Catal. Rev.-Sci. Eng. 23, 127 (1981).
Verykios, X. E., Stein, F. P., and Coughlin, R.
W., Catal. Rev.-Sci. Eng. 22, 197 (1980).

Neff, L. D., Sturdivant, A. E., and Wallace, J. L.,
J. Catal. 63, 324 (1980).

Root, T. W., Schmidt, L. D., and Fisher, G. B.,
Surf. Sci. 134, 30 (1983).

Spath, H. T., Proc. 5th Intl. Congr. Catal. 2, 65—
945, 1973.



