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Coadsorbed chlorine enhances the surface — bulk transport of chemisorbed oxygen on Ag(111).
Preadsorbed chlorine progressively blocks the chemisorption of atomic oxygen (O(a)); O(a) uptake
is completely suppressed at 8¢ = 0.25. Reactor studies of ethylene oxidation in the presence of
adsorbed chlorine show that Cl reduces overall activity and increases selectivity towards ethylene
oxide formation. All catalytic activity is quenched for chlorine fractional coverages =0.25. This
strongly suggests that O(a) is the crucial surface species responsible for both selective and total
oxidation of ethylene. Temperature-programmed reaction data indicate that under certain condi-
tions Cl exerts an apparent antipromoter effect. The relevant conditions are remote from those

which prevail in a typical flow reactor.

INTRODUCTION

The molecular pathway by which ethyl-
ene is catalytically oxidised to ethylene ox-
ide (EO) over Ag and the role of chlorine as
a selectivity promoter in this process are
still matters for debate. The subject has
been extensively reviewed (/-5) and
much discussion centres on the identity of
the epoxidising surface species. Is it chemi-
sorbed atomic oxygen (O(a)) or chemi-
sorbed dioxygen (O,(a))? The latter hypoth-
esis gained considerable favour following
work by Sachtler and co-workers (I, 6); a
number of laboratories have subsequently
produced results which, with varying de-
grees of directness, have been interpreted
in favour of the dioxygen hypothesis (7—
10). Some of this work has involved inves-
tigating the effect of Cl on reaction selectiv-
ity (1, 6, 11).

However, yet other results, obtained
by essentially similar experimental ap-
proaches, have been taken to support the
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atomic oxygen hypothesis (12-15). Again,
experiments involving chlorine have played
a part (16, 17). Most recently, work on Ag
powders (18) and on Ag(111) (19, 20) has
indicated that O(a) is the epoxidising agent.
Following our earlier single crystal investi-
gations of ethylene oxidation, ethylene ox-
ide isomerisation, and the role of Cs in
these systems, we report here on the inter-
action of chlorine and oxygen on Ag(111)
and on the influence of chlorine on the oxi-
dation chemistry of ethylene under batch
reactor and temperature-programmed reac-
tion (TPR) conditions.

METHODS

The apparatus consisted of an ultrahigh
vacuum spectrometer chamber coupled di-
rectly to a high-pressure reactor cell. The
UHY chamber was equipped with the usual
facilities for LEED/Auger analysis and Ar*
etching. It also contained a quadrupole
mass spectrometer allowing temperature-
programmed thermal desorption spectra to
be recorded. The specimen could be rapidly
transferred between the UHV chamber and
a 75-ml reactor via a special gate valve; re-
actant and product partial pressures and
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their time dependence were monitored by a
second quadrupole mass spectrometer sam-
pling through a variable leak valve. Trans-
fer time in the reverse direction from about
10 to ~10"* Torr could typically be
achieved within 60 s: surface analysis could
therefore be carried out both immediately
before and immediately after catalytic runs
in the pressure cell which was operated as a
differential batch reactor. Exposures are
quoted in Langmuirs (1 Langmuir = 1 L =
1076 Torr s).

The 99.999% purity (111)-oriented Ag
specimen was prepared as a thin wafer (0.6
mm thick, 8.6 mm diameter) in order to ob-
tain a favourable ratio of (111) face area to
edge area (7 : 1). Furthermore, the specimen
manipulator permitted preparation, exami-
nation and doping of both (111) crystal
faces so that structural and chemical
characterisation of the entire active surface
area was achieved. Precision dosing of both
faces with chlorine was carried out by
means of an electrochemically generated
molecular beam of Cl,. The construction of
this feedback-controlled AgCl electrolysis
cell has been described elsewhere (27) and
chlorine fractional coverages are referred
to the number density of metal atoms in the
(111) plane. Research grade O, and C,H,
were used throughout the work, and Cs
dosing was achieved with a collimated com-
mercial thermal evaporation source (SAES
Getters). Conversion levels in the reactor
correspond to =2% of the initial ethylene.

RESULTS
Chemisorption of Chlorine and Oxygen

LEED and Auger spectroscopy were
used to monitor uptake of chlorine by the
clean (111) surface at 300 K. The initial
sticking probability of Cl, was ~0.3 and
upon saturation the formation of a (10 X
10) overlayer structure was seen, corre-
sponding to 0 = 0.49 (Fig. 3), both ob-
servations being in good agreement with
earlier work (22, 23). In subsequent TPD
measurements (heating rate ~ 11 K s~1) the
chlorine overlayer evaporated as AgCl
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FiG. 1. Oxygen desorption spectra after 300 K expo-
sure to 6 X 107 L of O, at 2 Torr pressure. (A) Clean
surface. (B) In the presence of a high level of lattice
oxygen. Inset shows temperature dependence of Cl
Auger signal in the absence of oxygen obtained in a
separate experiment (see text).

yielding a desorption peak at ~870 K. This
is in line with the observations of Bowker
and Waugh (22) for the Ag(111)-Cl;, sys-
tem. Saturating the initially clean surface
with oxygen at 300 K and 2 Torr gave rise
to TPD spectra which exhibited two peaks
at 380 K and 580 K (Fig. 1A) which are
assigned, respectively, to Ox(a) and O(a), as
reported previously (24). Repeating such
adsorption/desorption cycles did not signifi-
cantly increase the amount of oxygen incor-
porated into the Ag lattice: Auger spectros-
copy revealed that the O(515 eV)/Ag(356
eV) intensity ratio was always <2%. How-
ever, coadsorption of chlorine and oxygen
was found to markedly affect the surface —
bulk transport of chemisorbed oxygen.
Thus repeated cycles of chlorine pread-
sorption (6 = 0.1) followed by saturation
dosing with oxygen (300 K, 2 Torr) and de-
sorption resulted in a progressive increase
of the above Auger intensity ratio to a limit-
ing value of ~6.2%. This strongly suggests
that the presence of Cl(a) can induce sub-
stantial amounts of O(a) to dissolve in the
bulk metal. The nature of this lattice-incor-
porated oxygen was further revealed by its
desorption characteristics and its Auger
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F1G. 2. Extraction of lattice oxygen by chemisorbed
Cs. O, desorption spectrum after dosing with 0.2
monolayers of Cs (no O(a) present).

spectrum: it was found to evaporate only at
temperatures in excess of 900 K, at which
point the evaporation rate of the Ag lattice
itself becomes appreciable. When the nomi-
nally clean surface (i.e., with no adsorbed
species but containing a high level of bulk
oxygen) was saturated with surface oxygen
(2 Torr, 300 K), the oxygen: Ag Auger in-
tensity ratio was found to be ~9.1% and a
kinetic energy shift in the oxygen Auger
signal was observed. While the Auger elec-
tron kinetic energy for bulk oxygen was
measured to be 515 eV, that for surface ox-
ygen was observed at 525 eV. The presence
of high levels of bulk oxygen beneath an
otherwise nominally clean surface (i.e., one
which desorbed no oxygen below 900 K)
was also proved by dosing such a surface
with ~0.2 monolayers of Cs and performing
a TPD sweep. Oxygen desorption then oc-
curs in a complex fashion (Fig. 2) indicating
that Cs(a) causes bulk oxygen to diffuse
back to the surface. Cs itself does not dif-
fuse into Ag under these conditions (/9)
and these complex oxygen desorption spec-
tra are assigned to the decomposition of a
Cs/O surface phase (19).

High-pressure oxygen chemisorption on
the oxygen-loaded specimen (i.e., in the
presence of high levels of lattice oxygen)
resulted in a very pronounced change in the
subsequent O, desorption behavior (Fig.
1B) as compared with the clean crystal
case. The 380 K peak due to O,(a) is seen to
be absent while a new peak has appeared at
~850 K. This latter is assigned to the de-
sorption of subsurface or dissolved oxygen
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and the corresponding species will be desig-
nated O(d). Its appearance in thermal de-
sorption has previously only been reported
following low pressure oxygen dosing of
Ag single crystals containing significant
amounts of dissolved alkali (25, 26). The
present observation would appear to be the
first time that room-temperature oxygen
dosing has resulted in the detection of this
high-temperature O(d) desorption feature
from alkali-free single crystal Ag.
Coadsorption experiments with chlorine
and oxygen were carried out on this surface
(i.e., with a high level of lattice oxygen)
which will later be shown to be catalytically
active for the selective oxidation of ethyl-
ene. The blocking of oxygen chemisorption
by preadsorbed chlorine is illustrated in
Fig. 3A which shows the effect of varying
precoverages of Cl on the subsequent satu-
ration uptake of oxygen at 300 K and 2 Torr
pressure. Oxygen uptake was measured by
means of the O, thermal desorption yield
while chlorine coverages were monitored
by Auger spectroscopy. It can be seen that
preadsorbed chlorine blocks both O(a) che-
misorption and O(d) uptake at a coverage of
0c = 0.25; Auger spectroscopy confirmed
that there was no displacement of chlorine
by oxygen under these conditions. Similar
results for O(a) blocking by preadsorbed Cl
have been reported for Ag(100) (26),
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Fi1G. 3. (A) Effect of Cl precoverage on uptake of
0O(a) and O(d). (B) Chiorine uptake at 300 K monitored
by Auger spectroscopy.
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FiG. 4. Displacement of preadsorbed oxygen by
chlorine at 300 K.

Ag(110) (27), and Ag powders (). It thus
appears that 8¢ ~ 0.25 represents a critical
coverage on any low index or polycrystal-
line Ag surface above which the chemisorp-
tion of O(a) is effectively suppressed. The
converse experiments, i.e., presaturation
with oxygen at 2 Torr followed by varying
exposures to chlorine indicate that O(a) is
removed from the surface by Cl(a) (Fig. 4).
In addition, increasingly complex features
appear in the oxygen desorption spectra be-
tween 580 and 850 K as a function of in-
creasing chlorine exposure (Fig. 5). These
features are characteristic of oxygen spe-
cies desorbing from the bulk and near sub-
surface regions of the crystal (28); their ap-
pearance confirms the observation that
surface — bulk diffusion of oxygen is en-
hanced by the presence of chlorine.

Effect of Chlorine on Ethylene Oxidation:
TPR Observations

With a high level of bulk oxygen in the
sample, temperature-programmed reaction
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FiG. 5. O, desorption spectra showing Cl-enhanced
dissolution of oxygen. A, B, and C correspond to Cl,
exposures of 2.7, 5.4, and 8.0 L, respectively.
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FiG. 6. TPR spectra as a function of C,H, exposure
from the oxygen presaturated surface. 1, 2,3, 4, and 5
correspond to 1.2 x 108, 7.5 x 108, 15 x 10, 30 x
108, and 45 x 108 L of C,H,, respectively, while 6, 7,
8,9, and 10 correspond to 1.2 X 10%,3 x 106, 9 x 109,
13.5 x 105, and 22.5 x 10¢ L of C,H,, respectively.

measurements were carried out in order to
investigate certain aspects of the system’s
reactive behaviour under Langmuir-Hin-
shelwood conditions with high initial cover-
ages of reactants and effectively 100% con-
version to products. In one series of
experiments the Cl-free surface was presat- -
urated with oxygen (2 Torr, 300 K) and
then subjected to varying doses of ethylene
at 300 K. A TPR sweep was then performed
(~11 K s~!) while monitoring the CO, and
ethylene oxide yields at 44 and 29 a.m.u.,
respectively, (the contribution of C,H,O*
to the 44-a.m.u. signal is negligible under
these conditions (29)). Typical results are
shown in Fig. 6; the « and 8 CO; peaks
result from the direct combustion of ethyl-
ene and from the further oxidation of ethyl-
ene oxide, respectively (20). Curve A of
Fig. 7 shows that the a: 8 peak area ratio
increases with increasing ethylene dose
(i.e., ethylene coverage), while a corre-
sponding decrease occurs in the 29-a.m.u.
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FiG. 7. TPR data showing effect of ethylene expo-
sure on «: B CO, ratio from an oxygen presaturated
surface. (A) Chlorine-free surface. (B) 8¢ = 0.063.

CHO™ desorption yield from ethylene ox-
ide and acetaldehyde (Fig. 6); the latter has
been previously shown to arise from the
isomerisation of ethylene oxide (20, 30).
Predosing the surface with chlorine before
such TPR measurements caused no change
in the shapes or temperatures of the ¢ and 8
CO; peaks, but did cause a systematic in-
crease in the a:B CO, ratio. Curve B of
Fig. 7 illustrates this effect of Cl as a func-
tion of ethylene coverage for 6 = 0.063.
Thus under these TPR conditions, pread-
sorbed chlorine appears to increase the rel-
ative amount of C,H, which is directly ox-
idised to CO, + H,0. Note that this is in
contradistinction with what one expects un-
der normal catalytic conditions (~500 K
and elevated pressures).

This behaviour was investigated further
by examining the response of the system as
a function of chlorine precoverage for fixed
doses of oxygen and ethylene. Figure 8A
shows TPR results for the 8¢ dependence
of the «:8 CO, ratio, the residual (un-
reacted) O(a) thermal desorption yield and
the 29-a.m.u. CHO" yield for an oxygen-
saturated surface dosed with 8 x 10° L of
C2Hy (0c,1, ~ 0.004). Parts B and C of Fig.
8 show similar data for successively larger
ethylene coverages: fc,u, ~ 0.024 and
~ 0.045, respectively. (The ethylene cover-
age is calculated from a knowledge of the
CO, desorption yield, the latter being cali-
brated with respect to the O, desorption
yield associated with a known LEED struc-
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ture (24)). From this set of experiments it is
clear that the a : 8 CO, ratio is a particularly
sensitive function of the initial ethylene
coverage; the EO yield also shows a sys-
tematic dependence on ;.

Reactor Studies of the Effect of Chlorine
on Ethylene Oxidation

Reactor studies were carried out with the
crystal surface prepared in the same man-
ner as for the above TPR measurements.
Chlorine was preadsorbed to varying cov-
erages prior to running the reaction at 550
K in a 2 : 1 mixture of ethylene : oxygen at a
total pressure of 6 Torr, and the results are
shown in Figs. 9A-C. Auger spectroscopy
showed that there was no loss of Cl(a) dur-
ing these measurements, and the latter may
be summarised as follows:

1. Increasing 6¢, leads to a monotonic de-
crease in CO; activity which results in a
monotonic increase in selectivity towards
EO.

2. Both EO and CO, activities tend to
zero at O¢; = 0.25; this is the chlorine cov-
erage at which the uptakes of both O(a) and
O(d) are completely suppressed at this
same oxygen partial pressure. (The small
residual activity at 6 = 0.25 which is just
apparent in Fig. 9A can be accounted for by
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a.m.u. yields and «: 8 CO; ratio for the oxygen satu-
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FiG. 9. Reactor data showing effect of Cl precov-
erage. (A) Turnover frequencies. (B) Selectivity and
post-reactor O(a) desorption yield. (C) Activation en-
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residual reaction at the specimen edges
which could not be uniformly dosed with
Cl, as were the back and front (111) faces).

3. Apparent activation energies show a
generally decreasing trend.

4. Post-reactor measurements of the re-
sidual O(a) TDS yield (Fig. 8B) do not cor-
relate quantitatively with the point at which
O(a) blocking is complete (i.e., ¢ = 0.25).
The postreactor O(a) TDS yield cuts off at
0.09 = 0¢ = 0.15.

Control experiments showed that such
measurements provide only a qualitative
indication of the amount of O(a) present on
the surface under reaction conditions. The
discrepancy arises because some O(a) is
lost from the surface by reaction and diffu-
sion during the pump-down and specimen
transfer procedure. During the cooling and
pump-down phase some ethylene necessar-
ily coadsorbs with O(a); this undergoes oxi-
dation (mainly to CO,) both at this stage
and during the subsequent TDS measure-
ment. The CO, yield observed in the TDS
measurement is of the order of the O, yield
and depends on the particular procedure
adopted for specimen transfer. This CO,
yield cannot be used to obtain a value for

TAN, GRANT, AND LAMBERT

O(a) corrected for post-reactor oxidation
reactions because an unknown (and vari-
able) amount of CO, is lost in the reactor
cell before the TDS measurement can be
carried out.

DISCUSSION

Oxygen Uptake by Silver in the Presence
of Chlorine

The ability of preadsorbed chlorine to in-
hibit the subsequent chemisorption of O(a)
has previously been reported on a range of
Ag surfaces including supported, polycrys-
talline and single crystal specimens both in
the absence and in the presence of surface
alkali (Z, 6, 11, 26, 27, 31). We now report,
for the first time, essentially quantitatively
identical behaviour on the (111) face. The
point is of some significance because (111)
faces are likely to predominate at the sur-
faces of practical Ag catalysts. It now also
appears that the presence of Cl facilitates
the diffusion of oxygen into Ag (Figs. 1B
and 5). This enhancement may result from
the chlorine-induced reaction of Ag?* sites
such that the contracted atomic size of the
metal permits easier transport of oxygen.
The tendency of Cl itself to diffuse into Ag
at modest temperatures would appear to
lend credence to this view. This behaviour
is illustrated in the inset to Fig. 1 which
shows the temperature dependence of the
Cl Auger intensity from the clean Ag sur-
face precovered to ¢ = 0.25.

For chlorine loadings in excess of one
monolayer, Bowker and Waugh (22, 32)
have observed efficient surface — bulk
transport of Cl on single crystal Ag(111)
and Ag(110) at relatively low temperatures.
Chlorine-induced oxygen loading of Ag can
evidently lead to a situation in which a dis-
tinct peak due to subsurface oxygen even-
tually appears in the O, desorption spectra
(Fig. 1A). This subsurface oxygen desorp-
tion peak resembles in some respects the
high-temperature desorption feature which
develops when Ag(110) is subjected to
plasma-induced oxidation in a low-pressure
oxygen discharge (28); in that work it was
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also suggested that the high-temperature O,
peak was due to O(d). The ability of a suffi-
ciently high level of lattice oxygen to sup-
press the chemisorption of O,(a) (Fig. 1B) is
at least consistent with the observation (25,
33) that dissolved alkali enhances the ad-
sorption of O,(a). One might speculate that
in the present case, lowering of the local
work function by lattice oxygen increases
charge donation into the 7* orbital of O,(a)
and hence favours dissociation of the latter
species. The observed 10-eV kinetic energy
difference between the KLL Auger signals
for O(a) and lattice oxygen can adequately
be accounted for in terms of the difference
in 2-hole extra-atomic relaxation energies
for the two oxygen species (34, 35) if one
considers the lattice oxygen to be in an es-
sentially oxide-like environment. Such re-
laxation effects generally swamp the much
smaller differences reported for the O(ls)
core-level binding energy shifts between
O(a) on Ag and lattice oxygen in Ag,0 (36).
Finally the ability of chlorine to displace
preadsorbed O(a) may be used to obtain an
estimate of the Ag—Cl chemisorption bond
strength. In the case of Ag(111) the Ag-O
bond energy is ~314 kJ/mol (24); if the dis-
placement reaction is Clxig) + 20(a) —
2Cl(a) + Os(g), then AH =< 0 and given the
dissociation energy of Cly(g) it follows that
the strength of the Ag—Cl chemisorption
bond is =186 kJ/mol.

Oxidation of Ethylene in the Presence of
Chlorine

The reactor results illustrated in Fig. 9A
are of central importance. They demon-
strate that all oxidation activity, both total
and partial, ceases at 6o = 0.25 at which
point the surface is completely blocked to
O(a) chemisorption. (Recall that Cl(a) is not
displaced by oxygen and that Auger spec-
troscopy shows no Cl depletion under reac-
tion conditions.) This observation provides
strong support for the view that O(a) is the
crucial surface species which leads both to
EO formation and to ethylene combustion.
In an earlier paper (I9), we reached the
same conclusion on the basis of quite differ-
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ent evidence. More recently, van Santen
and de Groot have used 0 labelling exper-
iments with Ag powder catalysts in the ab-
sence of Cl to demonstrate directly that
O(a) is the selective oxidant (/8). In the
present case, note that if one uses the post-
reactor O, desorption yield (Fig. 9B) as a
quantitative indication of the O(a) coverage
under reaction conditions, then the oppo-
site conclusion is reached: namely that O(a)
is not the only oxidising species in the sys-
tem. As already pointed out, this would not
be a valid procedure in our apparatus. A
very similar procedure has been used and
interpreted quantitatively in favour of the
0,(a) hypothesis, i.e., that O(a) is not re-
sponsible for partial oxidation (27). Such a
view appears to be increasingly hard to sus-
tain in the light of the present results and
the results of van Santen and de Groot (18).
The decrease in apparent activation ener-
gies for both EO and CO, formation which
occurs at higher chlorine coverages has
been reported previously (/1) and may be
similarly rationalised: as 8¢ becomes suffi-
ciently great ethylene adsorption becomes
rate-determining.

In an earlier paper (20) we argued that
the role of Cl as a promoter under the usual
reaction conditions can be rationalised in
terms of the way in which it alters the
amount of valence charge on O(a). By com-
peting for and thus decreasing the amount
of negative charge on O(a), adsorbed chlo-
rine favours electrophilic attack by ethyl-
ene on O(a) (leading to EO formation) and
disfavours H-stripping by O(a) (which
would lead to combustion). With this in
mind, it is of interest to consider the TPR
data in Fig. 8. Recall that these experiments
represent 100% conversion of the adsorbed
ethylene under nonisothermal conditions.
They cannot therefore be compared very
directly with the batch reactor data. Never-
theless, interesting trends are discernible.
At low ethylene coverages (0c,n, ~ 0.004,
Fig. 8A) the system crudely mimics the be-
haviour in the reactor: with increasing 6
there is some increase in the EO yield while
the a:8 CO; ratio is relatively little af-
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fected. With successively larger doses of
ethylene, essentially contrary behaviour
sets in (Figs. 8B,C). Increased 6 now re-
sults in a definite decrease in the EO yield
and a very marked increase in the a: 8 CO,
yield; both responses correspond to a sig-
nificant decrease in selectivity. The impor-
tant difference, however, is that we are
now dealing with much greater ethylene
precoverages (fc,n, ~ 0.024 to ~0.045) and
ethylene is an electron donor. Its effect on
the charge state of O(a) will be opposite to
that of Cl. Given that Cl(a) can enhance
ethylene adsorption on Ag(110) (27) the fol-
lowing explanation may be offered. At high
ethylene doses, an important effect of Cl(a)
is to significantly increase the uptake of eth-
ylene. The resulting increase in charge do-
nation from the hydrocarbon-rich layer
then renders the O(a) less selective, by the
argument developed above. If correct, this
interpretation would be consistent with the
view that in a catalytic reactor at elevated
temperatures of ~500 K the steady-state
population of weakly bound C,H(a) is very
small. The charge state of O(a) is therefore
controlled by the relatively large coverage
of strongly bound Cl(a) which in conse-
quence exercises its ‘‘normal’’ promoter ef-
fect.

Given this essentially ‘‘electronic’’ ex-
planation for the promoter effect due to
chlorine, one might ask how it is that alkalis
can also have a favourable effect on selec-
tivity, We have dealt with this point in ear-
lier publications (19, 20, 30). The hypothe-
sis is that the predominant effect of Cl is on
the primary chemistry (C,H; — EO versus
CO,) whereas alkalis act principally on the
secondary chemistry by inhibiting the Ag-
catalysed isomerisation of ethylene oxide, a
reaction which would otherwise lead to
rapid burning of the product (EO —
CH;CHO — CO,). That this explanation is
at least consistent is indicated by the obser-
vations that Cs disfavours selectivity in the
primary chemistry and that Cl enhances the
Ag-catalysed isomerization of ethylene ox-
ide (37).
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CONCLUSIONS

1. Coadsorbed chlorine enhances surface
— bulk transport of O(a) on Ag(111). This
subsurface oxygen can be recognised by a
characteristic thermal desorption peak and
by Auger spectroscopy.

2. Chlorine can displace preadsorbed
O(a) even at 300 K. However, preadsorbed
Cl is unaffected by oxygen dosing and can
completely block the surface to O(a) chemi-
sorption when ¢, = 0.25.

3. Reactor data exhibit the expected fall
in activity and increase in selectivity with
increasing 6¢c;. When 8¢ = 0.25 both partial
and total oxidation reactions cease. There-
fore O(a) is the oxidant for both types of
chemistry. In our apparatus, postreactor
measurements of the O, thermal desorption
yield do not provide a quantitative measure
of the O(a) coverage under reaction condi-
tions.

4. Temperature-programmed reaction
data suggest that the ‘‘normal’” promoter
effect of chlorine depends on there being
present only a very low coverage of ethyl-
ene. At high ethylene coverages, Cl can ex-
hibit an antipromoter effect in the TPR
mode.
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