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Abstract—Results of a spectroscopic study of two forms of adsorbed atomic oxygen on asilver surface, which
participate in ethylene epoxidation reaction, are presented. The possibility of the combined use of the methods
of photoelectron spectroscopy and X-ray absorption for a detailed analysis of adsorbate electron structure on
solid surfaces is demonstrated. It is found that a significant difference in the position of O 1s lines for nucleo-
philic (528.3 eV) and electrophilic (530.4 €V) oxygen is determined by the effects of theinitial state, that is, by
the difference in the charge state of oxygen anions. The use of the well-know correlation of the Auger line split-
ting with a Pauling charge at an oxygen atom showed asubstantial difference (~1 electron charge unit) in charge
transfer from metal to the nucleophilic or electrophilic adsorbed oxygen atom. Based on the X-ray absorption
data of the oxygen K-edge, it isfound that there is asubstantial overlap of the 4d- and 5sp orbitals of silver with
oxygen 2p orbitals in the nucleophilic state in the formation of an Ag—O bond and there is only an overlap of
Ssp orbitals of silver with oxygen 2p orbitals in the electrophilic state. Structural models of the adsorption site
are presented for both states. The conclusion is drawn that the charge state of oxygen in oxide systems may

depend substantially on its binding to metal atoms.

INTRODUCTION

Ethylene epoxidation over silver surfaces forms the
basis of alarge-scale process and can be considered as
one of the best studied selective oxidation reactions in
heterogeneous catalysis [1-15]. Moreover, this reaction
is cited as the motivation behind most of the studies
devoted to oxygen adsorption on silver surfaces[16-34].

Most researchers assume that the occurrence of this
reaction via complete or partial oxidation pathways is
determined by the state of the silver surface and by the
states of adsorbed oxygen. Thus, van Santen and co-
workers [5, 6] and Grant and Lambert [7] showed that
ethylene partial oxidation does not occur on clean sil-
ver. To initiate selective catalysis, preliminary treat-
ment of silver with oxygen or with the reaction mixture
at pressures of ~100 Pa is needed. A surface treated
under such conditions preserves its activity even upon
further evacuation. X-ray photoelectron spectroscopy
(XPS) was used to determine the existence of two oxy-
gen states on silver surfaces under reaction conditions:
nucleophilic and electrophilic, with eectron binding
energies (E,) at the O 1s level equa to 528.4 and
530.4 eV, respectively [10]. Oxygen in the former state
is active in the nucleophilic attack on the C—H bond of
an ethylene molecul e with further oxidation to CO, and
H,O. The presence of both states is necessary for the
occurrence of selective oxidation. It has been shown by

the direct isotopic method that electrophilic oxygen is
directly inserted into an ethylene molecule, whereas the
nucleophilic state initiates the transition of silver atoms
into theionic Ag* state, which is necessary for ethylene
adsorption [11].

The structure and properties of nucleophilic oxygen
were characterized in detail by various methods. It was
found that the nucleophilic state is readily formed on a
clean silver surface via the dissociative adsorption of
oxygen at 400-600 K. Silver coordination at the recon-
structed surface is close to the structure of bulk oxide
Ag,0 [21-24]. Oxygen in this state is highly reactive
toward gases like H,, CO, and CO,. The nature of the
electrophilic state is still actively discussed [1-15]. Itis
known that this state is formed upon the long treatment
of silver at 400-600 K in an atmosphere of oxygen or
reaction mixtures (P = 102-10° Pa). Angle-resolved
XPS with the use of the method of layer-by-layer anal-
ysis showed the surface localization of the electrophilic
state [10, 17]. It was confirmed in several papers that
the electrophilic state is atomic adsorbed oxygen [13—
15] and the O—O bonds are absent from the structure of
the adsorption complex. Note that, in in situ experi-
ments under conditions close to real catalysis (a reac-
tion mixture pressure of 200 Pa and a temperature of
470 K), additional (weakly adsorbed) states of
adsorbed oxygen have not been found on the silver sur-
face[14].
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Thus, analysis of literature data suggests that there
are two adsorbed oxygen states on the silver surface,
which display nucleophilic and electrophilic properties
in ethylene oxidation. Substantial differences in the
positions of framework O 1s levels assume the differ-
ence in the charge states of oxygen anions in the
nucleophilic and electrophilic states. To construct a
detailed mechanism of ethylene epoxidation and deter-
mine the reason for the uniqueness of silver as a cata
lyst for this reaction, it is necessary to determine the
specific features of the electron structure of these two
adsorption states. At the same time, the experimental
proof for the existence of atomic oxygen adsorption
states with different electron structures is important
from the standpoint of creating the phenomenol ogical
basis for developing the concept of the effect of metal—
oxygen charge-transfer processes on the pathways of
catalytic oxidation reactions.

In this paper, we report the results of a spectroscopic
study of nucleophilic and electrophilic states of oxygen
adsorbed on the silver surface. We determined the spe-
cific features of the Ag—O interaction resulting in dif-
ferent reactivities of these states in ethylene epoxida-
tion. We also demonstrate the possibility of studying
the electron structure of adsorbates on solid surfaces
using aunit of complementary methods. X-ray absorp-
tion spectroscopy and photoel ectron spectroscopy.

EXPERIMENTAL

XPS experiments were carried out using an ultra-
high vacuum VG ESCALAB HP spectrometer. Its con-
struction and the main characteristics were reported
earlier in detail [35, 36]. The vacuum part of the setup
consists of an analytical chamber and two preparation
chambers, each having an independent pump spool and
a system for gas admission. A convenient system of
locking and sample holder enabled treatment with reac-
tion mixturesin the preparation chamber at pressures of
up to 10° Pa, fast (<1 min) evacuation, and transporta-
tion of asampleto the analytical chamber. Theresidual
pressure of gaseswas at most 5 x 107 Pa. In addition to
XPS (AIK, and MgK,, radiation), the above spectrome-
ter provides the following methods: ultraviolet photo-
electron  spectroscopy  (UPS), temperature-pro-
grammed desorption (TPD), electron Auger spectros-
copy, and low-energy electron diffraction (LEED). To
calibrate the scale of binding energies of the photoelec-
tron spectrometer, we used the Ag 3ds, line (E, =
368.2 V) in the spectrum of aclean silver surface. The
use of an origina system of data collection makes it
possible to control synchronously the photoelectron
spectrometer, quadrupole mass spectrometer, and the
unit of sample heating [13, 37].

X-ray absorption near-edge structure (XANES)
studies were carried out using an HE-TGM1 storage
ring (Berlin synchrotron radiation source BESSY-1).
The construction of the XANES spectrometer was
described in detail in [38]. The vacuum part of the setup
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consisted of two chambers: oneisfor sample treatment
with reaction mixtures at high pressures, and the other
is for analytical measurements (the pressure of resid-
uum gases is ~5 x 107 Pa). The use of a high-pressure
cell makes it possible to carry out studies at high pres-
sures (up to 2000 Pa) in thein situ regime. The original
construction of the spectrometer allowed usto use mild
X-ray radiation (hv < 1 keV). Note in this range the
absorption edges of several light elements(C, O, N, and
others) are positioned. These elements play an impor-
tant role in the catalytic reactions. In the course of the
experiment, three signals change simultaneously: the
absorption spectrum of the gas phase, the overal
absorption signal at the surface and in the gas phase,
and the intensity of the inlet Sl radiation. The X-ray
absorption spectra of carbon and oxygen K-edges were
recorded in the regime of complete photocurrent with
an accelerating voltage of +4.5 V. The spectral resolu-
tionintherange 250-1000 eV is 1.8 eV. To calibrate the
photon energy scale, we used the T-resonance signal in
the spectrum of molecular oxygen in the gas phase
(530.8eV).

The XPS and XANES studies of spectroscopic
properties of oxygen adsorbed on silver were carried
out using the same sample (silver Goodfellow foil, with
99.95% purity) under identical experimental condi-
tions. The silver surface was preliminarily cleaned
directly in the spectrometer using acycle of treatments,
including etching with argon ions with an energy of
2 keV for 10 min, heating to 800-900 K, treatment in
oxygen at T = 400-500 K, and annealing in a vacuum
at T=800-900 K. After multipletreatments, the surface
did not contain any admixtures (the purity of the sur-
face was controlled by XPS, TPD, and XANES).

The spectral properties of nucleophilic oxygen were
studied in situ at an oxygen pressure of 102 Pa and
470 K. The choice of this regime is determined by the
high reactivity of nucleophilic oxygen toward back-
ground gases H, and CO. In ex situ experiments, even
under “clean-off” ultrahigh vacuum conditions, the
reaction leadsto afast decrease in the surface coverage
by oxygen, which complicates the analysis of the
adsorption layer by spectroscopic methods that require
a long time for spectrum recording. A relatively high
temperature of adsorption was chosen to exclude the
accumulation of carbonates on the silver surface,
which can readily be formed as aresult of the interac-
tion of adsorbed oxygen and background CO,. The
temperature of carbonate group decomposition was
420 K [18, 19].

The spectroscopic study of el ectrophilic oxygenwas
carried out ex situ after the treatment of silver foil by
the reaction mixture C,H, + O, (P = 200 Pa) at 470 K
for 1 h. Such treatment leads to the appearance of anar-
row signal with E, = 530.4 eV in the O 1s spectrum,
pointing to the formation of electrophilic oxygen on the
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Fig. 1. XPS O 1s spectraof (1) nucleophilic and (2) electro-
philic adsorbed oxygen and (3) aclean silver surface: (1) in
situ in an oxygen atmosphere (P = 1072 Pa, T = 470 K);
(2) ex situ after silver foil treatment with the reaction mix-
ture at 470 K and P = 200 Pa (the partial pressure of ethyl-
eneis5 Pa) for 1 h.

silver surface. The use of alow partia pressure of eth-
ylene (P = 5 Pa) prevented the dissolution of a notice-
able amount of reaction medium fragmentsin the near-
surface layers of silver [13, 14].

RESULTS AND DISCUSSION

Figure 1 showsthe O 1s spectrarecorded after silver
treatment with oxygen (curve /) and the reaction mix-
ture (curve 2). It is seen that, in complete agreement
with our expectations and earlier data, practically indi-
vidual formation of nucleophilic and electrophilic
adsorbed oxygen takes placein this case. The latter fol-
lows from the appearance of the corresponding O 1s
signals with binding energies 528.3 and 530.4 €V.

What is the reason for the apparent chemical shifts
in the spectra of nucleophilic and electrophilic states
and to what extent do they reflect the difference in the
electron structure of adsorption complexes in the two
cases? It is believed that it is the change in the charge
distribution over the valence shell of an atom due to a
change in the coordination and chemical bond cleavage
and formation that leads to chemical shiftsin the posi-
tions of binding energies of electronsat all levels. Even
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the first XPS studies showed that, in the compounds
with similar structures, the chemical shift of inner lev-
els of the atom is more pronounced if the effective
charge at this atom is higher. When the oxidation states
are negative, the shift istoward lower binding energies.
In agreement with the Koopmans theorem (the approx-
imation of frozen orbitals), the physical nature of a
chemical shift can be illustrated by the point-charge
model: the potential energy of the inner orbital (orbital
energy) depends on the effective charge of the given
atom (the potential of valence orbitals) and the charges
created by the surrounding atoms [39, 40]. Note, how-
ever, that ionization excitation of an atom leads to pho-
toelectron emission and to the formation of a vacancy
at the corresponding level . The appearance of avacancy
inthe course of photoemission leadsto changesin wave
functions of electronsin the system, which contributes
noticeably to the apparent value of the binding energy.
As a conseguence, when analyzing chemical shifts
(AER), itisnecessary to takeinto account changesin the
orbital symmetry (AE) and changes in the relaxation
energy (AR):

AE; = —AE—-AR. (1)

A number of methods for estimating the relaxation
energy are described in the literature. Thus, in [41-44],
the concept of the Auger parameter was devel oped and
it was shown that the difference in the Auger and pho-
toelectron chemical shiftsis due to the relaxation ener-
giesin thefinal states of various chemica forms:

Aa = A[Ex(Kii) + Eg(K)] = 2AR, ©)

where a isthe modified Auger parameter determined as
a sum of the kinetic energy of the Auger line (E,(kii))
and the binding energy of the corresponding photoel ec-
tron line (Ez(k)). However, inthe derivation of thisrela-
tion, it was assumed that the contribution of the effects
of theinitial stateisthe samefor al levels participating
in the Auger process, and this is not aways true. The
formulafor determining the relaxation effect that takes
into account the differences in the orbital energy of
inner-shell and upper-shell electrons was proposed
in[45]:

AR = A[2E4(i) — Eg(K) + Eo(kii)] = 28R, (3)

Obviously, the use of Eq. (3) for estimating the con-
tribution of relaxation to the apparent differencesin E,
of nucleophilic (O,,q) and eectrophilic (Oye) OXygen
required measuring the spectra of the valence zone and
the Auger spectra of these states, which are shown in
Figs. 2 and 3, respectively. (Conditions that provide the
individual formation of O, 4 and Oy are mentioned
above)

It is seen from the spectra that substantial differ-
ences are observed in the spectra of the valence zone
and in the Auger spectra of the nucleophilic and elec-
trophilic states of adsorbed oxygen. Thus, UPS spectra
clearly show lines in the region of 1.9 (nucleophilic
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Fig. 2. Difference spectra of the valence zone of adsorbed
oxygen in the (1) nucleophilic and (2) electrophilic states
(after subtracting the UPS spectrum of clean silver foil);
Hel radiation (hv = 21.2 eV).

state) and 3.3 eV (electrophilic state) below the Fermi
level (Fig. 2). Their origin is determined by photoemis-
sion from the O 2p levels of atomic adsorbed oxygen
[14, 15, 17, 33, 34]. Three characteristic lines appearing
in the Auger spectra of oxygen (Fig. 3) correspond to
the transitions (in decreasing order of intensity): KW
(~513 eV), KLV (~490 eV), and KLL (~480 eV). Note
that X-ray notation is traditionally applied to Auger
transitions: the terms K, L, and V in the case of oxygen
correspond to the 1s, 2s, and 2p spectroscopic levels.
The most intense O KVV lines are positioned at the val-
ues of kinetic energies of 5145 eV for O,y and
511.9 eV for Oy

The results of measurements of the corresponding
spectral characteristics of nucleophilic and electro-
philic oxygen and in the structure of bulk oxide Ag,O
[46] are shown in the table. Based on the values mea:
sured, we estimated the contribution of the relaxation
effect to the apparent shifts of the E, values. These data
are also presented in the table.

It was found that the difference in the apparent val-
ues of the binding energies of electronsat the O 1s level
for nucleophilic oxygen and in the composition of bulk
oxide Ag,O islargely determined by relaxation effects.
The contribution of orbital energy AE(O 1s) to the over-
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Fig. 3. Auger spectraof adsorbed oxygenin (1) nucleophilic
and (2) electrophilic forms; AIK, radiation (hv =
1486.6 €V).

all chemical shift is 0.1 eV, which is comparable with
the error in determining the position of photoelectron
lines. On the contrary, the apparent chemical shift of the
position of the O 1s level of the nucleophilic and elec-
trophilic states, which is equa to 2.1 eV, cannot be
explained only by the effects of the final state. Only
0.9 eV of the total value of a chemical shift is deter-
mined by the relaxation effect. A significant value of
the “true” chemical shift (1.2 eV) is stipulated by the
effect of theinitial state, which pointsto the substantial
difference in the value of the effective charge at the
oxygen atomsin these forms.

Another method that enables one to estimate the
charge state of an oxygen atom is based on analysis of
the relative intensities and the value of the O KWV and
O KLV gplitting in the Auger spectra of oxygen, which,
as shown above, change with a change in the extent of
the ionic character in metal—oxygen bond [47, 48]. It is
intuitively understandable that an increase in the effec-
tive charge at the oxygen atom or the population of the
O 2p orbitals would differently affect the rate of rela
tiveintensitiesof O KVV, O KLV, and O KLL lines. The
intensity (I) of the O KVV line is practically propor-
tional to the population of the O 2p level and O KLL, to
the population of the O 2s level. At the same time, a
decreasein the splitting of the O KV and O KLV bands
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Experimental values of the positions of O 1s, O 2p, O KLL, and lines and corresponding chemical shifts for the nucleophilic

and electrophilic adsorbed oxygen states

Oxygen state O1s Oo2p OKLL Agis Do o Dok AR AE(O 1s)
Onud 528.3 1.9 514.5 0 0 0 0 0
Ag,O* 528.9 2.0 513.9 0.6 0.1 -0.6 -05 -0.1
Ogdec 530.4 33 511.9 21 14 -2.6 -0.9 -1.2

* [46]. All valuesarein eV.

is observed as a result of an increase in the ionic char-
acter of the Me-O bond. For a broad range of oxygen-
containing compounds with different degrees of the
ionic character, the dependences of In/lky ON
O (KWV-KLV) arelinear [47]. Moreover, for these com-
pounds, we observe a correl ation between the values of
splitting O(KVW-KLV) and the effective charges of
atoms calculated on the basis of the Pauling electrone-
gativity scale[47] (Fig. 4).

Analysis of experimental values of the parameters
of the Auger spectra for nucleophilic and electrophilic
adsorbed oxygen showed that the calculated values of
ln/lky @d O (KVV-KLV) fit the general dependence
well (Fig. 4a). Using the correlation shown in Fig. 4b,
we estimated the values of effective charges at the oxy-
gen atoms in these sates. The effective charge with
nucleophilic oxygen is ~1.65, and that with electro-
philic oxygenis~0.35 electron chargeunits. That is, the
value of the charge transfer from metal to the adsorbate
for these states differs by ~1.3 electron charge units,
which correlates well with the true chemical shift of the
ground level AE(O 1s) determined by us and equal to
1.2 eV (see table). Note that the values of charges for

Igwilgy O (KVV-KLV), eV
24

-0,

V)
—_
T T 1T T 1T T T T

1 1 1 1 1 1 1 1 ]
18 19 20 21 22 23 24 0 05 10 15 20
O (KVV-KLV), eV q

Fig. 4. (8) Correlation between the ratios of intensities of
O KWV and O KLV lines (I /1kLv) @and the values of peak
splitting (O (KVV-KLV)) for oxygen in various chemical
states. (b) Dependence of the effective Pauling charge q [47]
on the value of the oxygen Auger line splitting O (KVV-
KLV).

both the electrophilic and the nucleophilic, oxide-like
states of adsorbed oxygen differ substantially from the
complete charge equal to —2, which should have been
formed in the case of a purely ionic bond. The calcu-
lated value of the effective charge at the nucleophilic
oxygen atom agrees well with the results of quantum
chemical calculations. Thus, Martin and Hay [49],
based on ab initio cluster calculations, predicted a high
value of the charge transfer from metal to oxygen: 1.7
(Mulliken) electron charge units. It islikely that the sil-
ver—oxygen bond is covalent to a substantial degree in
both cases.

This assumption is confirmed by the O K-edge
X-ray absorption spectra (Fig. 5). The method is ele-
ment-sensitive and provides direct information on
vacant orbitals of atoms and molecules. In agreement
with dipole selection rules (Al = £1), transitions are
possible in the K-edge X-ray absorption spectrum, in
which electron excitation from the ground O 1s level
onto vacant O 2p orbitalstakes place[50]. The presence
of intense absorption in the spectra of nucleophilic and
electrophilic oxygen shows that O 2p orbitals are par-
tially vacant in both cases. Thiswould be impossiblein
the case of a purely ionic bond: in the doubly charged
O* ion, the electron configuration 2s*2p° corresponds
to the completely occupied 2p orbitals and the transi-
tion 1s— 2p corresponding to the O K-edge of X-ray
absorption should formally be forbidden.

Despite the high intensity of X-ray absorption in
both cases (Fig. 5), the structures of spectra of nucleo-
philic and electrophilic oxygen are radically different.
In the XANES spectrum of the nucleophilic state, two
peaks are observed: ~531 and ~539 eV (Fig. 5a).
According to theliterature data, the presence of asignal
near the K-edge of absorption (~531 eV) points to the
interaction of 4d electrons of silver with the 2p elec-
trons of oxygen [51, 52]. A broad signal in theregion of
5-10 eV behind the absorption edge assumes the
hybridization of 2p electrons of oxygen with 5sp elec-
trons of metal. An analogous XANES structure is
observed for oxygen in the composition of bulk oxide
Ag,0, once again pointing to their close electron struc-
ture (Fig. 5a). The participation of 4d electrons of silver
in the formation of the oxygen—silver bond in the case
of Ag,O is aso supported by the appearance of aline
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Fig. 5. The spectra of O K-edge absorption: (a) (1) nucleophilic oxygen and (2) Ag,O; (b) (1) electrophilic oxygen and (2) oxygen
adsorbed in the copper surface. Theinserts show the spectraof (a) the L-edge of Ag,O adsorption and (b) the L-edge of copper after

oxygen adsorption.

near the Ag L;-edge of absorption (3352 eV) corre-
sponding to the allowed 2p;, — 4d transition, Al = 1.
Anincrease in its intensity correlates with an increase
in the degree of the ionic character of the bond and
reflects the participation of silver 4d electrons in the
chemical interaction [53, 54]. The Ag'* ion has the
electron configuration 4d'°5s’. However, the formation
of achemical bond leads to the transfer of the electron
density from 4d to 5sorbitals[55]. Asaresult, the elec-
tron configuration of silver can be described as 4d!°-
858%, which determines vacant 4d states near the Fermi
level and the appearance of the absorption band near
3352 eV.

The XANES spectrum of the electrophilic form of
adsorbed oxygen contains one broad peak in the region
of 541 eV (Fig. 5b). The absence of a signa near the
absorption edge (~531 €V) unequivocally suggests that
the 4d electrons of silver do not participate in the for-
mation of the Ag—O bond of the electrophilic state. In
this case the hybridization of the 2p electrons of oxygen
with 5sp metal electrons only takes place.

Unfortunately we fail to find an analogy with bulk
silver compounds, as was done with nucleophilic oxy-
gen. Nevertheless, detailed analysis of published data
shows that a similar XANES spectrum structure is
observed in the case of the suboxide oxygen state
adsorbed on the copper surface [56, 57]. In contrast to
Ag,0 or CuO and Cu,0, the XANES spectrum of cop-
per in this case does not contain the characteristic white
absorption near the L-edge of absorption. That is, cop-
per atoms retain metallic properties and only 4sp elec-
trons of the outer shell participate in the formation of a
Cu-0 bond. We may assume that, in our case, electro-
philic oxygen is an adsorbed oxygen atom on the sur-
face of metallic silver. It isknown that the electron con-
figuration of a silver atom is 4d!°5s!. In the metallic
state the 5s electrons are delocalized in the conduction
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zone and, it islikely that they participate in the forma-
tion of a chemical Ag—O bond with electrophilic oxy-
gen.

To address the question about the structure of
adsorption complexes considered, we analyzed pub-
lished data on the nucleophilic and electrophilic oxy-
gen adsorbed on silver studied by structural methods on
various single crystalline surfaces. Most researchers
agree that the formation of nucleophilic oxygen isasso-
ciated with silver surface reconstruction. Thus, oxygen
adsorption on the Ag(110) plane at 300-500 K leadsto
the appearance of superstructures (n x 1), where n
decreases from 7 to 2 with an increase in the O, expo-
sure. This is accompanied by the appearance of the
O 1s signa with a binding energy of 528.4 + 0.1 eV
(calibration using the Ag 3ds, linewith E, = 368.2 eV)
[18-20, 28]. The use of STM and XRD methods were
used to determine the overlayer Ag(110)-(2 x 1)-O
structure in detail: the oxygen atoms are practically in
the plane of an added row, and the length of the Ag—O
bond is2.044 A, which practically coincides with bond
length in the bulk oxide Ag,0 (2.05 A) [23, 24]. A con-
siderableincreasein the work function, whichis0.8 eV
at saturation coverage (6 = 0.5 ML), compared to the
clean surface points to a significant transfer of electron
density from the metal to oxygen atoms[28]. Thelinear
dependence of the changein thework function on silver
coverage by atomic adsorbed oxygen pointsto theinde-
pendence of the dipole momentum (per one adsorbed
oxygen species) of the coverage [29]. That is, the elec-
tron structure of the nucleophilic oxygen adsorbed on
the Ag(110) surface is oxide-like and does not depend
on the coverage.

The formation of an overlayer structure analogous
to that on the reconstructed surface Ag(110)-(2 x 1)-O
due to surface faceting occurs on the stepped Ag(331)
surface [30]. Nucleophilic oxygen adsorption on the
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Fig. 6. The structural model of oxygen adsorption states: (a) nucleophilic oxygen on the reconstructed Ag(110) surface and (b) elec-

trophilic oxygen on the unreconstructed Ag(111) surface.

close-packed Ag(111) surface leads to the p(4 x 4) sur-
face reconstruction. Most researchers [19-22] believe
that the Ag—O bond in this caseis also close to the bond
in bulk oxide Ag,0.

Thus, nucleophilic oxygen is formed on the silver
surface as aresult of adsorption-assisted surface recon-
struction with the formation of linear Ag—-O-Ag frag-
ments (Fig. 6a). Indeed, the Ag—-O-Ag angle in struc-
tures similar to bulk Ag,0 and in the surface oxide
(nucleophilic oxygen state on the silver surface) is
close to 180°. Therefore, there is the possibility of a
rather strong overlap of silver 4d orbitals with the oxy-
gen 2p orbitals and substantial charge transfer. On the
one hand, the pronounced ionic character of the Ag—-O
bond provides the transformation of silver atoms into
the ionic form Ag*, which is necessary for ethylene
adsorption. On the other hand, it determinesthe nucleo-
philic properties of this state in ethylene epoxidation.

The structure of the electrophilic state has been less
studied. Experimentally, it has only been confirmed
that el ectrophilic oxygen adsorbsright on the silver sur-
face[10, 17]. Itismost likely that the formation of elec-
trophilic oxygen occurs without surface reconstruction:
an oxygen atom is localized in a hollow site (Fig. 6b).
Thus, onthe Ag(111) surface the state of adsorbed oxy-
gen with a binding energy of O ls of 530.1 eV was
found earlier [21]. The angle-resolved XPS method
confirmed the position of this oxygen on the surface,
and the absence of surface reconstruction was con-
firmed by LEED. The absence of additional compo-
nentsinthe Ag 3d spectrum pointsto the covalent char-
acter of the Ag—O bond for this state.

The model proposed agrees well with the results of
guantum chemical calculations. The existence of a sta-
ble adsorbed atomic oxygen state was reported in [58—
60] for the unreconstructed Ag(111) surface. In that
case, oxygen is at the hollow site and bindsto three sil-

ver atoms (the third-order axisis set by the surface sym-
metry). The length of the Ag-O bond is 2.109 A (to
compare, for nucleophilic oxygen it is2.044 A). In this
case we expect a much less pronounced (compared to
nucleophilic oxygen) charge transfer from the metal to
adsorbate. The structure of the “oxy radical state” of
adsorbed oxygen on the Ag(110) surfaceissimilar [31,
32]. Oxygen is aso localized in athreefold site of the
unreconstructed surface. Thus, electrophilic oxygen is
formed on the surface via dissociative adsorption with-
out surface reconstruction. This determines the high
degree of covalent character of the Ag—O bond and,
accordingly, the electrophilic properties of this statein
ethylene epoxidation.

CONCLUSIONS

Thus, the results of the spectroscopic study con-
firmed the existence of two forms of silver on the sur-
face with different electron structures. It was found that
asubstantial differencein the positionsof the O 1s lines
for the nucleophilic (528.3 eV) and electrophilic
(530.4 eV) statesis determined by the effects of theini-
tial state, that is, by different charge states of anions.
The use of the known correlation of the Auger oxygen
line splitting with the Pauling charge at the oxygen
atom showed that there is a substantial difference
(~1 electron charge unit) in the charge transfer from the
metal to the oxygen atom in the course of adsorption
with the formation of the nucleophilic and electrophilic
oxygen states. Data of X-ray absorption of the oxygen
K-edge suggest that in the nucleophilic state the Ag-O
bond isformed with a substantial overlap of 4d and 5p
orbitals of silver with the 2p orbitals of oxygen. In the
case of electrophilic oxygen, there is an overlap of sil-
ver 5sp orbitals and oxygen 2p orbitals. Comparison of
experimental data with the results of theoretical calcu-
lations suggests that the charge state of oxygen in oxide

KINETICS AND CATALYSIS Vol. 44 No.3 2003
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systems may substantially depend on its binding to
metal atoms.
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