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The interaction of silver foil with oxygen over a wide range of
temperatures and O, pressures has been studied by XPS, TPD,
and TPR. It has been shown that depending on the treatment
conditions two adsorbed oxygen states with a different ionicity of
the Ag—O bond can be formed, as well as oxygen dissolved in the
silver bulk. “Ionic” oxygen [E,(O 1s) = 528.4 eV] is formed in
the initial step of O, adsorption, its incorporation into uppermost
silver layer proceeding at T > 420 K. This state is responsible
for ethylene adsorption, followed by its destruction and complete
oxidation to CO, and H,0. Dissolution of oxygen atoms in the
silver bulk starts at T > 470 K. No effect of the dissolved oxygen
on the electronic and catalytic properties of the “ionic” oxy-
gen has been revealed. Accumulation of ‘“covalent” oxygen
[E, (O 1s = 530.5 eV] occurs at higher temperature and pressure.
A possible mechanism for its formation which includes the creation
of specific defective sites on silver surface is discussed. Despite a
large variation of pressures and temperatures used for the modifi-
cation of clean silver foil by O,, all attempts to produce a surface
active in ethylene epoxidation have failed. © 1994 Academic Press. inc.

1. INTRODUCTION

The partial oxidation of ethylene on silver is still at-
tracting the attention of many researchers (1-7). Despite
a great number of papers, the structure of the sites active
for selective oxidation on silver remains an open question.
This failure seems to be determined by the gap between
the pressure of the real catalytic process (>10° Pa) and
the pressure at which it can be studied by surface science
techniques (<1074 Pa). The importance of high pressure
is emphasized by the fact that the clean silver used in
surface science studies is inactive in the ethylene oxide
formation and modification under severe conditions is
necessary to activate it (1-6).

One of the most promising approaches is the integration
in a single ultrahigh-vacuum system of both the prelimi-
nary treatment at high pressures and the subsequent spec-
troscopic analysis of surface composition, followed even-
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tually by testing the ethylene oxidation activity. Such
methodology has been used for this system in several
studies (1-4, 7).

The purpose of our work is to trace the stages of Ag
modification which result finally in the formation of a
catalytic centre on the silver surface that is active in the
epoxidation of ethylene. In this paper, we will present
data on the interaction of a silver surface with oxygen over
a wide range of temperatures (420-820 K) and pressures
(107410 Pa).

2. EXPERIMENTAL

All the experiments were carried out with a VG
ESCALAB High Pressure electron spectrometer. This
spectrometer has been described earlier (8, 9). The main
advantage consists in its ability to record XPS spectra in
situ at pressures up to 1 Pa. Treatments at ‘‘high pres-
sures” (P > 1 Pa) were performed in the preparation
chamber. The subsequent cooling of the sample (to
T = 420 K), its evacuation and transfer into the analyser
chamber take about 3 min. The temperature of 420 K has
been chosen because it is high enough to prevent the
formation of carbonates (from the interaction of adsorbed
oxygen with background gases) and low enough for the
adlayers of oxygen to be stable (see below).

The polycrystalline silver foil (99.99%, polished by dia-
mond paste) was fixed to a specially constructed holder
designed in our Institute. This holder has independent
heating of the sample for temperature programming at a
wide range of heating rates and a system for rapid sample
cooling with the circulation of either cold water or liquid
nitrogen. The temperature of the sample was measured
by a Pt—Pt/Rh thermocouple welded to the back of the
Ag foil. This construction enables us to apply electron
spectroscopy and thermodesorption mass spectroscopy
together.

Temperature-programmed desorption (TPD) and tem-
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perature-programmed reaction (TPR) spectra were re-
corded with a quadrupole mass spectrometer VG Q7/B
and a heating rate of 10 K s™'. The procedure of measuring
TPR spectra was as follows: first, adsorption of ethylene
for 10 min at T = 300 K and P = 10 Pa; second, heating
the sample, simultaneously recording TPR spectra of CO,
(m/z = 44) and C,H,0 (m/z = 29). We also monitored
the masses characteristic of C,H, (m/z = 27), CO (m/z =
28), and O, (m/z = 32).

X-ray photoelectron spectra (XPS) were recorded using
Mg K« irradiation and calibrated against Ey(Ag 3ds,) =
368.1 eV. Angle-resolved XPS was achieved by turning
the sample holder. This changes the XPS analysis depth
according to the equation

d=A.cos0,

where A, is the mean free path of photoelectrons in the
solid and O is the take-off angle measured from the normal
of the surface (10). The angular dependence of relative
SPX intensitives has proved to be very sensitive to the
structure of adsorbed layers (10-12).

Silver cleaning was performed both by severe redox
treatments with O, and H, (T = 670 K and P = 5 kPa)
and cycles of ionic etching followed by O, adsorption and
flashing in vacuum up to 900 K. This cycle of cleaning
and recording of XPS spectra with high sensitivity was
performed before every experiment to control contamina-
tion. Note that even with such severe cleaning a broad
low intensity peak with £, = 533 eV was always registered
in the O ls spectra. Other authors (13, 14) have also de-
tected small amounts of background oxygen which could
not be removed up to very high temperatures. This effect
seems to be related to the presence of defective sites on
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FIG. 1. (a) O 1y spectra and (b) TPD spectra of O, after oxygen

adsorption on clean silver at P = 107° Pa and T = 320 and 470 K.

263

T T T T T T T T T L
3.5 -
N R 320 K
s 3 3.0 F (N] N
R g 5
o od
SIS est — >~
B (% 7 \.\ AN
214 20} / " u U 4
[ =) n
N IR 4
2 |e | -
AR ey
1 1 1 1 L i Il 1 1 L]
90 85 80 75 70 65 B0 55 50 45 40
90
FIG. 2. Variation in O 1s and Ag 3ds,, intensity ratio with take-off

angle of photoelectrons (®) measured after oxygen adsorption at P =
1072 Paand T = 320 K (O) and 470 K (R). All ratios were normalized
to those for © = 50°.

the polycrystalline surface, since no background oxygen
has been revealed in our later work with Ag(111) single
crystal. Therefore, all O 1s data are presented as differ-
ence spectra. It should be noted that this oxygen state
(10% coverage from monolayer) does not influence the
adsorption probability of the prepared silver surface.

Surface concentrations have been estimated by measur-
ing the area (S5) of the O 1s and Ag 3d;,, peaks, and using
the fact that the O 1s/Ir 4f;, ratio (0.078) (15) corresponds
to the Ir(111) — (2V3 x 2V/3) R30°-CO LEED pattern
(16),i.e., ca. 9.1 x 10" atoms/m?, and the Ir 4f;,, and Ag
3d,,, atomic sensitivity factors from Ref. (17):

N(O) = 2.2-10% x S(O 1s)/S(Ag 3ds;,) atoms/m>.

An analogous equation may be obtained from the O,/
Cu(110) data of Braithwaite et al. (18).

3. RESULTS

3.1. Oxygen Adsorption at T = 470 K

This range of temperature and pressure was chosen to
study in detail the initial step of O, action on silver and
also to afford comparisons with literature data.

Figure 1 shows (a) O 1s spectra and (b) TPD spectra
of O, after oxygen adsorption on the clean siiver surface
at T =320and 470 K, and P = 107* Pa. One can see that
for both temperatures a line appears in the O Is region
with £,(O 1s) = 528.4 ¢V and the TPD spectra are charac-
terized by a peak with T, = 580 K. This oxygen state
reaches saturation (N = 4.0 — 4.5 x 10" atoms/m?) at
an exposure of 1072 Pafor 5 min. This allows us to estimate
the oxygen sticking probability as =107 (19, 20). Increas-
ing the oxygen pressure up to 100 Pa does not change the
shape and intensity of the spectra.

Figure 2 presents the variation of O ls and Ag 3ds,,
intensity ratios with the take-off angle of photoelectron
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emission measured after O, adsorption both at 320 and at
470 K. A constant growth of the ratio with increasing ©
is observed after oxygen adsorption at 320 K, while the
adsorption of O, at T = 470 K results in a maximum in
the ratio (Fig. 2). The former curve is characteristic of
an adsorbate located at the surface (10-12), whereas the
latter case suggests penetration of the oxygen atoms under
the uppermost silver layer. Indeed, the use of grazing
angles (@ > 80°) decreases the XPS analysis depth to a
few A (see Experimental) where the uppermost, surface
layer gives the main contribution to the total XPS signal.
The absence of oxygen atoms in this layer gives rise to
a decrease in the oxygen intensity and, hence, a decrease
in the measured ratio /(O 15)/(Ag 3d;,). Quantitative con-
firmation of the oxygen incorporation follows from depth
concentration profile restoration of these ARXPS data
(12).

Thus, an increase of adsorption temperature from 320
to 470 K changes sharply the location of oxygen atoms
with respect to the upper silver layers. However, this is
not accompanied by changes in the spectral characteris-
tics of oxygen. One can observe only some broadening
of the O Is line from 1.3 to 1.6 ¢V and a slight decrease
in the T, of the TPD peak of O, (Fig. 1).

The reactivity of this state of O,,;, towards C,H, was
tested under non-steady-state conditions by TPR. Figure
3 shows (a) O ls spectra before and after ethylene adsorp-
tion, as well as (b) TPR spectra of CO, and C,H,0O. It is
seen that ethylene adsorption changes the electronic state
of O, ., while the subsequent heating of coadsorbed layers
results in the formation and desorption of CO, only (Fig.
3). Variation in the surface coverage of this O,,, changes
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FI1G. 3. (a) O Is spectrum (2) and (b) TPD spectra of CO, and C.H,0
after ethylene adsorption at P = 10 Pa and T = 300 K on stlver surface
containing O,4, with E,(O 1s) = 528.4 eV (1).
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FIG. 4. (a) O ls spectra and (b) TPD spectra O, for silver treated
by O, for 30 min at P = 100 Pa and various temperatures.

only the quantity of CO, desorbing into the gas phase:
i.e., this oxygen state is active only in the reaction of
complete oxidation. Similar results were obtained for both
temperatures of adsorption studied.

3.2. O, Interaction with the Silver at T > 470 K

Figure 4 presents (a) O Ls spectra and (b) TPD spectra
(profiles) of O, recorded after treatment of the silver by
O, for 30 min at P = 100 Pa and elevated temperatures.
The corresponding spectra recorded after O, adsorption
at T = 420 K are shown for comparison. One can see that
unlike the situation at low T (Fig. 4b, curve 1), an increase
of P(0O,) at higher temperatures enhances the quantity of
desorbing oxygen (Fig. 4b, curves 2, 3). However, the
form of the O ls spectra, as well as the oxygen concentra-
tion measured by XPS, remains constant (Fig. 4a, curves
2, 3). These data indicate that at T > 470 K and high
P(0,), oxygen dissolution in the silver bulk is occurring.

Etheylene oxidation over a silver sample with a sub-
stantial quantity of dissolved oxygen in the bulk shows
that, like the clean surface (Fig. 3), the reaction route is
determined by the oxygen state with E, (O 1s) = 528.4
eV. The latter, even in the presence of dissolved oxygen,
is active only in complete oxidation of ethylene.

Severe treatment of the silver by O, provides not only
oxygen dissolution into the metal bulk but also the appear-
ance of a new state of O,y with E (O ls) = 530.5 eV.
The formation of this oxygen state is quite a slow process
and depends on both the O, pressure and the silver tem-
perature.

Figure 5 shows O ls spectra recorded after oxygen
adsorption at (a) £ = 107! Pa and (b) P = 100 Pa, and
different temperatures. Each spectrum was recorded after
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FIG. 5. O lIs spectra for silver treated by O, for 30 min at (a) P =

107" and (b) 100 Pa and various temperatures.

30 min treatment of the clean Ag surface at the chosen T
and P. Note that, unlike the spectra of Fig. 5a recorded
in situ, the O 1s spectra of Fig. Sb were recorded after
the following procedure: first, cooling the sample down
to 420 K followed by spectrometer evacuation (see Exper-
imental); second, a rapid flashing in vacuum up to 7 =
600 K for the desorption of O, with £,(O ls) = 528.4
eV. This heating of the sample was necessary in order (o
exclude uncertainty in the concentration of the latter
which could appear both at the conditions of the treatment
and during the sample cooling. Therefore, the O s spectra
shown in Fig. 5b do not contain information about oxygen
with E, (O 1s) = 528.4 eV,

From Fig. 5a, it is seen that an increase of the adsorption
temperature higher than 520 K results in the appearance
of a line with E£,(O ls) = 530.5 eV. The concentration
profile of this oxygen with temperature has a maximum:
at T > 620 K its quantity starts to decrease and becomes
negligible at T > 720 K. A similar effect is also observed
after O, adsorption at higher pressure (Fig. 5b), but the
maximum is shifted to higher temperatures by about 150
K. The dependences of the concentration of O, with
E, (O ls) = 530.5 eV on the temperature calculated from
the data of Fig. S support this observation quantitatively
(Fig. 6). Indeed, the increase of oxygen pressure shifts
the formation of the new state of Q,,, to higher tempera-
tures (T > 620 K). We could not measure the TPD charac-
teristics of this oxygen, since its formation was accompa-
nied by oxygen dissolution into the silver bulk (compare
Fig. 4 and Fig. 5). The large quantity of the dissolved
oxygen (Fig. 4) screens a possible TPD peak of the new
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0,4.- However, the data presented in Fig. 5 shows that
this oxygen has a higher desorption temperature than O,
with £,(O 1s) = 528.4 eV,

As with the two previous cases the reactivity of this
state towards C,H, was checked. The silver surface con-
taining only O,4, with E (O 1s) = 530.5 eV does not adsorb
ethylene. Taking into account that the state with E,(O
ls) = 528.4 eV generates chemisorption of ethylene (Fig.
3), a test on the cooperative effect of the two oxygen
states was performed. However, as in the earlier experi-
ments (Fig. 3), only the complete oxidation product (CO,)
was observed in the TPR spectra. The intensity of the
TPR peak of CO, was determined by the concentration
of the oxygen with E (O [s) = 528.4 eV.

4. DISCUSSION

4.1. O, Adsorption, [nitial Stages

O, adsorption initially results in the formation of an
oxygen state with the following characteristics: £, (O
Is) = 528.4 eV, T¥ = 580 K, and S, = 107>, Such
characteristics have been observed many times both in
our work (7, 9) and in the papers of other authors (19-28),
indicating the appearance of adsorbed atomic oxygen.
To determine the surface coverage of this oxygen it is
necessary to know the number of silver atoms in the
surface layer, which is not a straightforward matter for a
polycrystalline sample. However, the value of the oxygen
sticking probability, namely 107*, which is much higher
than that for Ag(111) single crystal, namely, 107¢ (20),
allows us to suggest that the surface of the silver studied
contains more open planes. This suggestion is confirmed
by X-ray diffraction phase analysis, with which we have
measured the percentage of different types of planes pres-
ent in our sample. The (110) plane appears to give the
predominant contribution (=70%). Taking into account
that the concentration of Ag surface atoms for this plane
is 8.4 x 10" atoms/m?, the estimated coverage () is
about 0.5.
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FIG. 6. Variation in concentration of O, with £,(O {s) = 530.5eV

with temperature for silver treated by O, for 30 min at P = 107" ((3)
and 100 Pa ().
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The electronic properties of this oxygen state have been
discussed in a number of works (19-22, 28). Thus, the
oxide nature of oxygen adsorbed on silver was noted by
Bowker (28) based on the coincidence of the T¢, value
for adsorbed oxygen and for the bulk oxide Ag,0. The
high ionicity of the bond of this state with silver atoms
is also assumed in Refs. (19, 25). Moreover, the formation
of surface ordered Ag,O at T = 470 K was concluded in
other papers (20, 22) for the explanation of LEED data.

Experimental data obtained both in our present and
previous work are in agreement with the conclusion about
the formation of silver surface oxide. It has been shown
that the formation of the oxygen with E (O ls) = 528.4
eV isaccompanied by the appearance of a new component
in Ag 3ds,-» spectra with £, = 367.7 ¢V (29), approximately
0.5 eV lower than for metallic Ag (368.1 eV). The coinci-
dence of this value with that measured for silver oxides
(30) testifies the formation of ions of Ag*. The ethylene
adsorption on this surface (Fig. 3) also confirms the exis-
tence of the Ag™ (31). Taking into account the oxygen
saturation coverage 6 ~ 0.5, one can conclude that the
formation of surface oxide with composition of Ag,0O oc-
curs. This oxide is unlikely to be formed at temperatures
Jjust above room temperature, since oxygen adsorption at
T = 320 K proceeds without changing the initial structure
of the silver surface. The incorporation of oxygen atoms
under the uppermost silver layer with a raising of the
adsorption temperature is likely to reflect the formation
of an ordered phase of surface silver oxide.

Despite the change in location with respect to the upper
silver layers, the ionicity of the Ag—-O bond for this oxygen
remains high and that determines its activity in the total
oxidation only. This result is in accordance with the data
of van Santen et al. (32), who have shown that “‘ionic™
oxygen is preferable for the nucleophilic attack of ethyl-
ene, with the cleavage of the C—H bond in the ethylene
molecule being the first step in the complete oxidation.
Nevertheless, its role in this reaction is very important
and will be discussed further.

4.2. Oxygen Dissolution into the Silver Bulk

Simultaneous application of XPS and TPD (see Experi-
mental) allowed us to show that the severe treatment of
the silver by O, at high T and P results in the dissolution
of oxygen into the metal bulk (Fig. 3). A high temperature
TPD peak of O, assigned to dissolved oxygen was first
revealed by Rovida er «l. both on Ag(111) (21) and on
Ag(110) (22) single crystals. Afterwards, a number of au-
thors have observed the dissolution of oxygen atoms into
silver (6, 33) at high temperatures. Thus, the process of
oxygen dissolution seems to be a general property of silver
both for single crystals and for polycrystalline samples.

The absence of any XPS signal for the dissolved oxygen
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can be explained in two ways: first, the oxygen atoms are
located deeper than the XPS analysis depth (=20 A) or,
second, their concentration in each metal layer is lower
than the XPS sensitivity level. Based only on our data
we are not able to distinguish between these explanations.
However, it is clear that the small quantities of oxygen
in subsurface silver layers do not influence the ionicity
of the adsorbed oxygen. It remains high and results in
the total oxidation of ethylene. Thus, the dissolution of
oxygen in quantities of more than a few monolayers does
not change the route of the ethylene epoxidation com-
pared with the clean surface, although we cannot exclude
its influence under more severe conditions.

4.3. Formation of Oxygen with E (O 1s) = 530.5 eV

The interaction of silver with O, at high temperatures
results not only in the dissolution of oxygen atoms in the
metal bulk, but also in the formation of another oxygen
state with E (O 1s) = 530.5 eV. The appearance of new
oxygen states with £,(O 1s) = 529.0 and 530.3 eV at high
temperatures and pressures of O, has also been revealed
by Bao e¢r al. (34), who have studied oxygen interaction
with Ag(111) single crystal by XPS and Raman spectros-
copy. They have suggested that the latter peak refers to
bulk oxygen: however, our data contradict this assign-
ment. Comparison of the TPD and XPS data presented
in Figs. 4 and 6 indicates that the dissolution of oxygen
and the formation of the *‘covalent’ oxygen seem to be
independent processes. Indeed, 7 = 520 K is high enough
for the efficient dissolution of oxygen atoms into the silver
bulk (Fig. 4), but no “*covalent’” oxygen signal is regis-
tered in the O s spectra (Fig. 6). Furthermore, raising the
pressure at 620 K decreases the amount of the *“covalent™”
oxygen (Fig. 6) despite an increase in the intensity of the
desorption peak corresponding to the dissolved oxygen.
Thus, the state with £,(O Is) = 530.5 eV seems to be
adsorbed oxygen. Our failure to register the oxygen state
with E,(O Ls) = 529.0 eV can be explained either by the
lower pressures of O, used in the present work or by the
fact that our surface is more open than the (111) plane
used by Bao et al. (34). Indeed, the same authors (35)
have shown that the oxygen interaction with the more
open (110) silver plane provides only one peak in the
Raman spectrum at 630 cm™' which corresponds to O,
with £,(O 1s) = 530.3 eV.

The increase in the O s binding energy (from 528.4 to
530.5 eV), the absence both of an ionic component in the
Ag 3d;,, spectra at its formation and of any adsorption of
ethylene at the pressure studied testify to a decrease in
the negative charge on this O,y compared with that of
the “‘ionic™ oxygen. Since no substantial transfer of elec-
tronic density from the silver atoms to this oxygen seems
to occur, we use the term “*covalent™ in order to underline
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the low ionicity of its Ag-O bond compared with that in
the surface oxide.

The sharp increase in the covalency of adsorbed oxygen
is most likely to be determined by the creation of some
defective sites with structure different from that of the
clean silver surface. These structural changes occur under
the influence of O, in the gas phase, since no “‘covalent™
0,4, appears after oxygen adsorption on a silver surface
annealed for a few hours at high temperatures in vacuum.
As follows from the data presented, two processes pro-
ceed with high efficiency in these conditions: first, the
formation and removal (desorption) of the “‘ionic”’ oxygen
and, second, the dissolution of oxygen atoms into the
sitver bulk. The absence of any correlation between the
“covalent’ Oy, and dissolved oxygen allows us to choose
the former process. Indeed, adsorption and desorption of
the “‘ionic’” oxygen cause the reverse transformation of
the intitial structure of the clean surface to the structure of
surface oxide, many repetitions of which provide effective
mass transfer of silver atoms at the surface necessary for
the creation of the defective sites mentioned above. These
defective sites unstable in vacuum at high temperatures
can be stabilized by the formation of a bond with adsorbed
oxygen. Such processes resulting in the microfaceting of
surfaces has been revealed for the CO + O,/Pt(110) sys-
tem (36). We believe that these defective sites are respon-
sible for the formation of the “‘covalent’ oxygen in our
case, although additional experiments are necessary to
elucidate the mechanism.

In conclusion, it should be noted that despite great
variation of the pressures and temperaturs used for modi-
fication of clean silver foil by pure O,, all attempts to
produce a surface active in ethylene epoxidation have
failed. Neither the incorporation of oxygen atoms into the
uppermost silver layer nor the formation of large amounts
of dissolved oxygen changes the electronic properties of
the “‘ionic’ oxygen [E, (O 15} = 528.4 V], which is active
only in the total combustion of ethylene. Moreover, even
the formation of a new adsorbed oxygen state with a more
covalent character of the Ag~O bond [E, (O ls) = 530.5
eV] does not give rise to ethylene oxide amongst the
reaction products. Apparently, modification by the reac-
tion mixture 1s necessary for the activation of clean silver
in ethylene epoxidation.
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