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Atomic oxygen species on silver: Photoelectron spectroscopy and x-ray absorption studies
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Two oxygen species, which are constituents of the active centers for ethylene epoxidation over silver, have
been characterized by a number of physical methods sensitive to adsorbate electronic structure such as x-ray
photoelectron, ultraviolet photoelectron, Auger, and x-ray-absorption near-edge structure spectroscopy. One of
the species denoted as nucleophilic oxygen due to its activity in total oxidation only exhibits spectroscopic
characteristics close to those of bulk Ay This allows us to describe this species as atomically adsorbed
oxygen in the structure of surface sil{igroxide. The considerable extent of the covalency in bonding of this
oxidelike oxygen with the silver surface due to hybridization ofpO2vels with Agdd and Ag5sp orbitals
should be also emphasized. Contrary to this, ordy brbitals of silver hybridize with p orbitals of oxygen
as the other oxygen species forms. As a consequence, this species being also atomic oxygen is characterized by
a lower oxygen-silver bonding interaction and a lower charge on the oxygen. The latter causes the activity of
this electrophilic species in epoxidation. Possible models of adsorption centers for these oxygen species are
discussed.
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[. INTRODUCTION spectroscopy and x-ray photoelectron diffraction study.
Our previous papers also concluded the formation of sev-
The well-known activity of silver as a catalyst for selec- eral adsorbed oxygen species undir situ reaction
tive oxidation of a number of hydrocarbon®ot only conditions?' 2> The identification of various oxygen species
ethylené=* or methanoP, but also styrerfeand methane  was achieved using x-ray photoelectron spectros¢XBs)
has generated during the last 30 years a huge number @hd temperature programmed desorptidiPD). One of
investigations devoted to the interaction of oxygen with sil-these species, which appeared as the result of high-
ver surfacegsee, for example, Refs. 4, and 8)28urface  temperature and atmospheric pressure treatment of clean sil-
science has identified various oxygen species adsorbed oter with O,, has been characterized by an<dinding en-
silver. It has been shown that at low temperatures, oxygen igrgy of 529.8-0.2 eV?:?? Following traditional TPD
adsorbed molecularff~*> Heating causes dissociation of nomenclature, this oxygen has been denoted abe@ause
0,445 and/or its desorption at 170—-220 K, with both the of its higher desorption temperature-850 K) compared to
temperature and the route of transformation being dependetiiose of surface adsorbed (.~ 600 K) and bulk dissolved
on the surface structure of silver. Atomic oxygen is stable ugT4es~650—-750 K) oxygen, denoted as, @nd Q;, respec-
to ~600 K when its associative desorption takes pfacé. tively. It has been shown that, s involved in the selective
Furthermore, aff=420 K surface oxygen atoms can dis- oxidation of methanol to formaldehytfe&® and oxidative
solve into the silver bulk%*! This scheme of oxygen states coupling of methané.The detailed study of Qcarried out
and their mutual transformations has been summarized in asing XPS and ultraviolet photoelectron spectroscfyS),
comprehensive reviefh. ion scattering spectroscopy, and x-ray-absorption near-edge
At the same time, there are many experimental resultsstructure(XANES) spectroscopy?*has shown that this spe-
which indicate that the above-mentioned picture of oxygercies represents strongly bound atomic oxygen embedded in
states is oversimplified and that it would be more correct tdhe outer atomic layer of silver. Such a structure allowed the
identify three classes of states, each of which includes a fewuthors to describe this oxygen as Lewis based, that is, in
species with various electronic properties. For instanceaccordance with its activity in elimination of hydrogen atoms
Campbell and Paffétt have shown that both peroxide and from methanol.
superoxid&"® states of @,4 are formed on the surfaces of ~ Two other species have been reported in the papers de-
single silver crystals. In the papers of van Sareeal.,it has  voted to ethylene epoxidation over silér?> One of these
been revealed experimentatfyand theoreticall} that dis-  oxygen species has been characterized by as lidding
solved oxygen located in subsurface silver layers switchesnergy of 528.20.2 eV and the second one of 530.5
over the routes of ethylene oxidation from total oxidation 0.2 eV. To clarify their role in ethylene epoxidation, we
with CO, and HO production to ethylene epoxidation. The have monitored the isotopic composition of products during
authors suggested that a variation of the electronic structuremperature programmed reacti6hPR) of ethylene coad-
of atomically adsorbed oxygen is responsible for this selecsorbed with the isotopically labeled,@.%* The TPR spec-
tivity switch.*® The existence of two different phases of oxy- troscopy data allowed us to show that the former oxygen is
gen atomically chemisorbed on the A§01 surface has active in a nucleophilic attack of the C-H bofitie first step
been reported by Rocaet al1®?° on the basis of the com- in total oxidation of ethylerf®), while the latter is active in
bined photoemission, high-resolution electron energy-losan electrophilic addition to the double= bond. So, fol-
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lowing the paper by Grant and Lambéithese species have and 1500 lines/mirwas used; it is operated at a resolution of
been denoted as nucleophiliE&,(O1s)=528.3 e\ and 1.8 eV at the OK edge. An x-ray-absorption spectroscopy
electrophilic[ E,(O1s) =530.5 e\ oxygen. The same clas- (XAS) spectrometer attached to BESSY consisted of a
sification will be used in this paper. double-chamber UHV system with a residual pressure of

While nucleophilic oxygen has been observed in many<5x 10 ° mbar. Both the construction of the XAS spec-
papers and, as a consequence, has been studied in more ttemeter and the procedure of XAS spectra measurement
tail, the nature of electrophilic oxygen has not been clarifiechave been described in detail elsewHgrn short, the spec-
yet. It is evident that elucidation of reasons which cause suclra were collected with the 1100 lines/mm grating in the
considerable variatioup to 2 eVj in O1s binding energy photon-energy range of 250 eshv<1000 eV. CK-edge
should be the first step in this direction. All oxygen speciesand OK-edge spectra have been accumulated with total elec-
should be characterized using a complementary combinatiotnon yield detection using an accelerating voltagetdf.5 V.
of physical methods, with special attention being paid to theThe OK-edge spectra were calibrated using an XAS signal
selection of the conditions of formation of the individual of the gas phase oxygen at 530.8 eV recorded,gh@®ssure
species and to their stability during spectroscopic charactenf 10~ mbar.
ization. The same polycrystalline foil of silvefGoodfellow,

In this paper we present the results of a combined phot099.95% was used as a sample for XAS and photoemission
electron spectroscopy and x-ray-absorption study for nucleameasurements. For both types of experiments, the sample
philic and electrophilic oxygen. We used our previouswas cleaned by the standard high-vacuum cycle: Aput-
dat&®~2%in order to select the conditions of individual prepa- tering, annealing in 10 mbar of Gt 570 K, and flashing up
ration of these oxygen species. As is also shown in this pato 800 K in UHV. More than ten repetitions of this procedure
per, nucleophilic oxygen is prepared by adsorption of purevere necessary to exclude observation of any impurities in
oxygen, whereas electrophilic oxygen is effectively producedhe XPS spectra and to obtain invariable XAS spectra of C
if a clean silver surface is treated with,I8,+ O, reaction K-edge and (K-edge. For XAS measurements the specimen
mixtures. Selective formation of these species allowed us tovere mounted to an aluminum nitride plaectrically in-
make the assignment of the observed spectroscopic featurgalating but thermally conductingwith a thickness of
more thoroughly. ~1.5 mm and an area of 225 mnt (Hoechst AG by two
nickel clips. The aluminum nitride plate was attached to a
boron nitride plate £4 mm, Goodfellow. A resistively
heated graphite plate covered with boron nitride and

The photoemission part of this investigation was carriednounted between the AIN and BN plates was used to heat
out using a VG ESCALAB HP electron spectrometer with the sample. The sample temperature was measured with an
the residual pressure<5x10 °mbar. The differential alumel-chromel thermocouple attached directly at the back
pumping of the energy analyzer and x-ray tube by diffusionof the sample. In the case of XPS experiments, the sample
pump$’?®makes it possible to measure photoemission spedvas fixed on a standard holder, which contained a resistive
train situ directly in the analyzer chamber at pressures up tdeating element and an alumel-chromel thermocouple for the
104 mbar. Insertion of a special gas cell into the analyzetemperature control.
chamber allows an increase in pressuranofitu measure-
ments up to 0.1-0.2 mbar but decreases XPS intensity. The
treatment at higher pressures to 1 atm could be realized
in the preparation chamber. Subsequent evacuation to UHV To measure individual spectral characteristics of the oxy-
followed by transportation of the sample to the analyzergen species, two different sets of experiments were carried
chamber takes about 5 min, and afterwagdssitumonitor-  out. In the first set, photoelectron and x-ray-absorption spec-
ing of photoemission spectra can be started. The x-ray phdra were monitoredin situ at P(O,)=10 4 mbar andT
toelectron and x-ray-induced Auger electron spectra were=470 K. The experiments of the second set included the
taken using MgK « irradiation (hr=1253.6 eV) and cali- pretreatment of a clean silver with,8,(2.5%)+ O, reac-
brated againsE,(Ag3ds,)=368.2 eV measured for clean tion mixture for 2 hr atP=1 mbar andT =470 K followed
metallic silver. UPS spectra were measured using Hel irraby evacuation an@éx situmonitoring of the corresponding
diation (hv=21.2 eV) and calibrated against the Fermispectra. These conditions have been selected on the basis of
level. To estimate the oxygen surface coverags/®§3ds,, literature  datia>°'* and our own preliminary
intensity ratios were recalibrated into fractions of a mono-experiments/?*-2°The adsorption of pure Oon a clean
layer (®) using our XPS data for the O-¢21)-Ag(110)  silver surface effectively produces nucleophilic oxygen,
low-energy electron-diffractiolLEED) pattern suggesting whereas electrophilic oxygen accumulates in measurable
that the concentration of surface Ag atoms in the polycrysamounts during the treatment of silver with a mixture gf O
talline silver foil is about x 10'° atoms/cr. with ethylene atP=1 mbar.

The photon-energy-dependent x-ray-absorption spectros- Special measures were also taken to avoid the appearance
copy measurements were performed at the HE-TGM1 beanof other oxygen-containing species, the spectral characteris-
line of the Berliner Synchrotron Radiation source, BESSY-I,tics of which could mask those of the adsorbed oxygen. To
with an electron-beam energy of 0.8 GeV. A toroidal gratingavoid the modification of subsurface silver layers by incor-
monochromator equipped with two gratingisl00 lines/mm  poration from the reaction mixturg, the lowest possible

II. EXPERIMENT
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pressurg1l mbay and a small content of ethyleri2.5% in

the reaction mixture were applied for generating the electro-
philic oxygen. The temperature of the experimef#g0 K)

was chosen to provide the stability of the adsorbed oxygen
[ Tges>500 K (Refs. 10-14, and 23—-2band to prevent the
formation of surface carbonate$Tgecomg=420—-450 K
(Refs. 11-13]. It should be also noted that the possibility of
in situ measurements &(0,) =104 mbar is of importance
since it allowed us to maintain the saturation covera@e (
=0.5) of highly active nucleophilic oxygen in the steady-
state regime, when its removal due to oxidation processes
with ethylene and unavoidable gas phase impurities was
compensated by Qadsorption from the gas phase.

o1s 5304 &l
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A. XPS data

Figure 1 presents xland Ag3d core-level spectra from
polycrystalline silver recorded during the,Cadsorption : ; ; ;
(curve 1) and after the gH,+ O, reaction mixture treatment | Ag3d 368.2 b !
(curve 3. The spectra from the clean silver surface are also
shown for comparison. One can see that the clean surface is
characterized by the complete absence of any intensity in the
O1s spectrum, indicating that the amount of residual oxygen
that has been observed in many previous papéts®3lis
lower than that of the XPS sensitivity level. The “clean”
Ag3d spectrum exhibits features which can be assigned to
the Ag3ds,/Ag3ds, doublet(368.2 eV/374.2 eYoriginat-
ing from spin-orbit splitting, to the Ag®3;, component(i)
excited by the MgKa, satellite irradiation line Ahv [clean
=9.8 eV) and to the AgBs, componen(ii) excited by Mg - ioii / iii
Kas (Ahv=28.4 eV), respectively, and to the contribution
from a plasmon(iii) characteristic of metallic silver. All
these components are easily seen as result of deconvolution
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of the total Ag3l spectrum onto separate components pro- Binding Energy (eV)
vided that the values of spin-orbital splittiri§.00 e\j) and a
full width at half maximum{(FWHM) = 1.1 eV] of the lines FIG. 1. (a) Ol1s and(b) Ag3d core-level spectra from polycrys-

are fixed. This deconvolution, made using trerxps talline silver foil measured during Qadsorption aP=10"* mbar
] | and T=470 K (curve 1 and after interaction with the f&l,+O,

32 .
program, - 1 preser}ted |.n Flg'.(b)' . reaction mixture fo 1 h at partial pressures oP(C,H,;)=5
Oxygen adsorption gives rise to a single Ofeature at X102 mbar andP(0O,)=2 mbar, andT=470 K (curve 2. The

528.3+0.1 eV [Fig. 1(a), curve 1. This Egnggng'ef_‘efgy spectra from the clean silver are also shown for comparison.
value has been reported in many paper$'°-2%and indi-

cates the formation of nucleophilic oxygen. Its appearance i&g3ds, spectruniFig. 1(b), curve 2 shows that the appear-
accompanied by broadening of Ad®eaks[Fig. 1(b)] due  ance of this O% line is not accompanied by changes of the
to the appearance of additional components. Note that akclean” Ag3d spectrum.
though all components of the Adg3spectrum appeared as a  Unfortunately, the binding energy of the new ©fine is
result of nonmonochromated x-ray irradiatiofsee the not so informative as it is in the case of nucleophilic oxygen,
Ag3ds,, spectrum from the clean sampkaken into account since not only adsorbed oxygen, but also surface
for the deconvolution, only those components, which havenydroxyls®* or carbonaté$**?® could be responsible for
been excited by the main M« , irradiation line, are this XPS signal. However, its stability @=470 K in UHV
shown in the figure. The binding-energy splitting and the(conditions of the spectrum monitoringeems to suggest
relative intensities of the oxygen-induced lines allow attrib-that surface complexes, other than adsorbed oxygen, can be
uting them to an Ag8s,/Ag3ds, doublet(367.7 eV/373.7  excluded. Indeed, both Qi and CQ .45 should desorb at
eV) that is lower in binding energy by 0.5 eV compared tolower temperatures of 360 K and 450 K, respectively. Most
metallic silver. probably, the signal arises from the electrophilic oxygen,
A different O1ls feature at 530.40.1 eV appears when which is well known to be produced effectively at these re-
clean silver is treated with the,8,+ O, reaction mixture action condition$>~2*The assignment of this Glfeature to
[Fig. 1(a), curve 3. Deconvolution of the corresponding the adsorbed oxygen, but not to carbonates or hydroxides, is
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surfaces covered by nucleophilicurve 1) and electrophilic

a (curve 2 oxygen, as well as the corresponding difference
spectra Fig. 2(b)]. One can see that the “clean” UPS spec-

F trum consists of the silver peaks at 4—7 eV below the Fermi
10 level originating from the Agd band emissioR>2825-3%nd

[ 2' of a threshold near the Fermi level originating mainly from
the Ag5s emission. The additional intensity in the range of
binding energies from 2 to 4 eV can be assigned to satellites
of the Ag4d lines due to Hel3 (hv=23.08 eV) radiatiorf®

I 1] This signal, since it is not an indicator of impurities on the
clean sample, was also observed earlier for cleaflAY
clean

Intensity (arb.units)

Ref. 21 and A¢110).36-38

The adsorption of pure LOor of the reaction mixture
modifies the “clean” UPS spectrum. The high intensity of
I the Ag4d emission obscures small adsorbate-induced sig-
02 468101214 s, Dference spects covectd o he dsortate screenng

Binding Energy (eV ' 1n Hg-9). an acann -

9 gy (V) tures appear in two ranges of binding energies: 2—4 eV and
— —— 5-6 eV. The features located above the Agdand have
Hel b been reported in many previous papéré>°>~*and were
2

assigned to Og-derived states. They exhibit a considerable
difference in the binding-energy values for nucleophilic
(~1.9 eV) and electrophilic{ 3.3 eV) oxygen. The assign-
ment of features located inside the Ah#and and even their
observation are still under discussion>® However, indi-

vidual formation of the oxygen species and accurate prepa-
ration of the difference spectra unambiguously show their
presence in the valence-band spe€ki. 2(b)]. In contrast
1-clean to the signals above the Agdbands, these features exhibit
much closer binding energies for nucleophilie-%.7 eV)
and electrophilic £-6.0 eV) species. It should be also noted
that the spectral regions for hydroxide and carbonate photo-
emission8.2/11.0 eV(Refs. 36 and 37and 8.5 e\*° respec-
tively] are free from any features.

-clean

33
1.9
]

Intensity (arb.units)

0 2 4 6 8 1012
Binding Energy (eV
g gy (eV) C. Auger data
FIG. 2. Hel valence-band spectra from polycrystalline silver foil
measured during Dadsorption atP=10"* mbar andT=470 K
(curve 1 and after interaction with the f€l,+ O, reaction mixture
for 1 hr at partial pressures dP(C,H,)=5x10"2 mbar and
P(0O,)=2 mbar, andr =470 K (curve 2. Spectra are presentéa
as is and(b) after subtraction of the spectrum from the clean sur-
face, also shown for comparison.

Figure 3 shows MK a-excited OKLL spectra measured
for nucleophilic(curves 1 and electrophiliqcurves 2 oxy-
gen. Our choice of Auger spectroscopy, which nowadays is
rarely used to study adlayers, is explained by its ability to
obtain additional information about the electronic structure
of the oxygen species. First, the position of the main Auger
line is used to estimate the contribution of the relaxation
also confirmed by C4 data showing the absence of the effect in the observed shift of binding energies. This ap-
carbonate-derived feature at287.5 eV and by UPS data proach suggested by Wagfiet®was later modified by Hohl-
(see below. neicher etal** Second, as shown earlier for binary

The data of this chapter demonstrate that the conditionexides?>“3 the separation and relative intensities of the
chosen for the oxygen species formation anditigituspec-  OKL 4l ,3 and OKLy4lL 4 lines are indicators of the ionicity of
tra monitoring provide individual formation and detection of the oxygen-metal interaction. A quantitative correlation has
nucleophilic and electrophilic oxygen. Indeed, the FWHM of heen established between the parameters of the OKLL Auger
the features in the GslspectraFig. 1(a)] are rather narrow  gpectra and the formal charge on the oxy@Rinally, it is
(1.2-1.4 eV and the ratio of their integrated intensity to the \ye|| known that x-ray-induced Auger spectra are very sensi-
Ag3d signal corresponds to a coverage of half a monolayetiye to the local electronic structure of oxyg&hA’

The Auger spectra were recorded in two modes: OKLL
Auger survey spectra with medium resolution and high sen-
Figure Za) shows Hel hv=21.22 eV) ultraviolet photo- sitivity [Fig. 3@] and high-resolution spectra of the main

electron spectra from the clean silver surface and from silve©OKL 4L »5 line [Fig. 3(b)]. Since the fine structure of the

B. UPS data
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520 500 480 FIG. 4. OK-edge spectra from polycrystalline silver foil mea-
Kinetic Energy (eV) sured during @adsorption aP=10"* mbar andT =470 K (curve

1) and after interaction with the &, + O, reaction mixture for 1 hr

at partial pressures ofP(C,H,)=5x10"2 mbar and P(O,)

=2 mbar, andl =470 K (curve 2. In the latter case, the ®-edge

spectrum has been recorded also after heating the surface up to 670

K in UHV (curve 2).

lower FWHM of the lines, the spectrum of nucleophilic oxy-
gen exhibits one additional component located closer to the
Fermi level E,=6 eV).

D. XANES data

] Similar to all the photoemission spectra, K3edge ab-
sorption spectra from the silver polycrystalline foil were re-
corded during @ adsorption and after treatment with the
C,H,;+ O, reaction mixture atffT=470 K. To observe the
I L XAS signals from adsorbed oxygen, the raw spectra were
30 25 20 15 10 5 0O divided by the spectrum of a clean silver surface recorded
Two Hole Binding Energy (eV) under the same conditions. The correspondin_g differer_me
spectra are shown in Fig. 4. In spite of application of a dif-
FIG. 3. (a) Auger survey OKLL spectra anth) fine structures of ~ ferent UHV systen(see Sec. )i the same sample and iden-
the main OKl,3lL »5 line from polycrystalline silver foil measured tical preparation conditions allow us to assign the observed
during O, adsorption atP=10"* mbar andT=470 K (curves 3  XAS spectra to nucleophili¢Fig. 4, curve 1 and electro-
and after interaction with the £&1,+ O, reaction mixture for 1 hr at  philic (Fig. 4, curves 2 and™® oxygen.
partial pressures of P(C,H,)=5%X10"2 mbar and P(O,) One can see that both the XAS spectra exhibit strong
=2 mbar, andl =470 K (curves 2. structures up to 20 eV above the threshold, but their shapes
are quite different. Nucleophilic oxygen gives rise to two
OKL,3l »3 spectra reflects the valence-band structure, thagignals at photon energies 6f531 and~539 eV, whereas
kinetic-energy scale in Fig.(B) has been translated into a the electrophilic oxygen is characterized by one broad fea-
two-hole binding-energy scale by subtracting the corresponcture at 541 eV. The small signal at 531 eV observed after
ing O1s core-hole binding enerdy. One can see that the treatment of silver with the reaction mixtu¢gig. 4, curve 2
kinetic-energy values of the main OKJL,; line and the seems to arise from the presence of a small amount of nu-
splitting between the OKJsl ,3 and OKLy4L; lines are quite  cleophilic oxygen. This suggestion is based on removal of
different for nucleophilic and electrophilic oxygen speciesthis signal after heating the treated surface up to 570 K,
[Fig. 3(@]. The measurement of the dominant OflL,5line  which is in good agreement with the desorption temperature
with high resolution exhibits the fine structure of the spectraof nucleophilic oxyge#=” The absence of the correspond-
[Fig. 3(b)], revealing significant differences in the structureing signal withE, (O1s)=528.2 eV(Refs. 12-14 and 23—
for nucleophilic and electrophilic oxygen. The spectrum of25) in the XPS spectrunjFig. 1(a), curve 1 can be ex-
the former species can be easily approximated by a series pfained by quick removal of this highly active oxygen via
rather narrow lines, whereas the shape of the second spe®action with the hydrocarbon background due to diffusion
trum indicates much wider individual contributions, as sug-pumping of the electron spectrometer. In contrast to the XPS
gested by the deconvolution data. Except for an apparentlgpectrometer, the UHV chambers of the XAS spectrometer

Intensity (arb.units)
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are equipped with turbomolecular pumps, which providerange of the coverageip to half a monolayey the ratio of
hydrocarbon-free residual gases. The assignment of the réhe Ols signal at 528.3 eV to this Ag8 component was
maining XAS feature at-541 eV to the electrophilic oxy- close to 0.5. The negative shift of the Agi3, binding en-
gen is confirmed by its disappearance when the sample isrgy for silver oxides with respect to metallic silvé368.2
heated up to 770 K. This temperature coincides with theeV) is well knowrf’*>°¢ and testifies to the formation of
desorption temperature of electrophilic oxyéi> positively charged silver ions. The reasons for this unusual

XAS of electrophilic oxygern(Fig. 4, curve 2) provides  shift, reported also for a number of other elemdi@d, Cs,
unambiguous evidence of its atomic origin. One can see th&b, Ba(Refs. 55 and 54, originate from the adverse con-
the photon energy range of 530-535 eV typicalmdf and  tribution to the negative shift from ground-state charge dis-
o* transitions of molecular oxygdf*® is absolutely free tribution and from final-state relaxation processes different
from any signalgFig. 4, curve 2). A detailed discussion of for metal and oxide binding states due to different core-hole
this and other arguments in the favor of the atomic nature o$creening abilities.
this oxygen species can be found in our previous papefs. Studies of this oxidic oxygen carried out by structural
According to the literaturé2°152the signals in the photon sensitive methods such as LEED or scanning-tunneling mi-
energy region of 5-10 eV above the threshold in the Ccroscopy (STM) (Refs. 9-14, 36—38, 57, and b&ave
K-edge spectrum of atomic oxygen originate from a transisshown that oxygen atoms in the nucleophilic state agglom-
tion of O1s electrons to the oxygen®level, depleted due to erate to some ordered surface structures. Thus, if b8y
hybridization with metal Sp states. A pronounced feature surface is dosed with £at T=300 K, oxygen atoms cause
near threshold €531 eV) in the XAS spectrum of nucleo- the formation of one-dimensional oxygen-silver chains.
philic oxygen, which is generally recognized to be of theTheir density varies with oxygen coverage, providing the
atomic species, arises from the hybridization of oxygen 2 observation of a series of LEED patterns fromX¥) to
orbitals with silver 4l charactef?°%:2 (2x1) at®=0.5°"11%6-3851and formation was concluded
by Campbell for Q,. on Ag(111) on the basis of the fact
that thep(4xX4) LEED pattern was observed even with sub-
monolayer oxygen coveragéThe geometry of these islands

The set of photoelectron spectroscopy and x-rayWas observed by STNE The ordered structures may be de-
absorption data presented in Figs. 1-4 indicates considerab#ribed structurally as a phase of a surface@gxide. The
differences in Spectra| characteristics of nuc|eophi|ic andnvariable intrinsic desorption temperature for different silver
electrophilic oxygen species. It is evident that a detailedsamples, as well as the small width of the TPD spectrum of
analysis of the spectral information for each species and itgucleophilic oxygen -30-50 K),"****"%¥it well with the
comparison with literature data are necessary to understargsignment to a homogeneous surface oxide.
which peculiarities of silver-oxygen bonding are responsible  This conclusion makes it possible to use the literature data
for these differences. for bulk silver(l) oxide to discuss the peculiarities of the
oxygen-silver interaction of nucleophilic . Indeed, the
valence-band and Auger spectra of bulk,@gRefs. 21 and
47) are quite similar to those of nucleophilic oxygen reported

The OIs feature at 528.30.2 eV has been observed in this work. As in our cas¢Fig. 2(a), curve 1, the UPS
many times when bulk silver samples with various silverspectrum of silver oxide consists of two features; at 2—4 eV
surfaces was exposed to purg & temperatures above 300 and at 5-6 eV, with the ratio of their intensity dependent on
K: Ag(110),*>*3Ag(111),***" and Ag001) (Refs. 19 and 20  the irradiation used. Taking into account the known energy
single crystals, silver foil8®% and films® As a conse- dependence of the photoionization cross sections ofdAg4
guence, the nature of oxygen characterized by this f8h- and O2 levels, the authors identified these regions to con-
ture has been extensively studied by various physicalain primarily O2 and Ag4d spectral weight, respectively.
method$~1723-38|t has been shown that regardless of theSuch interpretation is in line with both oliFig. 2(@] and
surface structures, the desorption temperature of thigi®  other literature UPS dafd>® The intense signal in the
approximately constant. The desorption feature together withinding-energy range of 4—7 eV from the clean surface is
a pronounced increase in the work functimp to 0.8 eV at  assigned to photoelectron emission from silvet dtates,
®=0.5 (Refs. 8—14], allowed the authors of Refs. 8—17, whereas the features above theét dand appeared as a result
and 33-38 to describe this species as atomically adsorbexf O, adsorption—to the adsorbed oxygen.
oxidelike oxygen. It has been concluded that the oxidic na- More ambiguous is the assignment for the oxygen-
ture of this species would account for its activity in the nu-induced emission inside the Addband(5-7 eV}, where the
cleophilic attack of a C-H bond in ethyleR®This prompted  emission from the Og levels of adsorbed oxygen is quite
Grant and Lambert to introduce the term “nucleophilic possible. Such a peak is commonly observed for many
oxygen.” metals>>®%but for Ag it is masked by the intenseal4emis-

A considerable charge transfer from silver to oxygen at-sion. As a consequence, the reports about its observation
oms in the nucleophilic state is also confirmed by the appearare rather contradictory. The difference spectra used in this
ance of an ionic component at 367.6 eV in the Algdspec-  paper allow to unambiguously observe a feature in this range
trum [Fig. 1(b), curve 1, with its intensity proportional to of binding energie$Fig. 2(b), curve 1. According to Feydt
the surface abundance of nucleophilic oxygen. In the wholet al>® who studied atomic oxygen on W10), the feature at

IV. DISCUSSION

A. Nucleophilic oxygen
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~5.7 eV can be assigned to the atomicpO@rbital, while " AgL edge
the feature above the Agdband should be attributed to
emission from the silver-oxygen hybridized state.

The nature of the valence band as a combination of qua-
siatomic and hybridized states is very consistent with the fine
structure of the OKhgl ,3 spectrum from nucleophilic oxy-
gen[Fig. 3(b), curves 1. The comparison of these data with
spectra of atoms with a filled@shell, such as Ne or M¢f;®*
allows us to assign the features at 10.9, 13.8, and 16.2 eV to
different two-hole final states denoted 2B, D, and 'S,
respectively, appearing as a result of the spin-orbit coupling.
The additional line at-6 eV can be attributed to a final state
having one hole on oxygen and another on sifvéf It is
obvious that the probability of such a process and, hence, the . . . . . .
intensity of the related peak, will be increased with the extent O K-edge CuL /CuL -edge

of hybridization of oxygen orbitals with the silvet band. ‘/\/"
b
2

The same interpretation for this low binding-energy feature i .
o 920 930 940 950 964
[ O,,/Cu 1
N oalec i

- O K-edge

L 3.34 3.36 3.38]
i keV ]
i a |
Ag,0 1

onucl

Intensity (arb.units)

520 530 540 550 560 570
Photon Energy (eV)

has been used in the literatdfewhere the experimental
OKL 4l 53 spectrum of AgO was compared with the calcu-
lated local OD* density of stategtwo-hole approximation
Unfortunately, the relevant integrated Auger data for nucleo-
philic oxygen are not available, since only electron-excited
Auger electron spectroscopy has been used in most papers to
characterize if:*%1436

We conclude that all photoelectron (®&Tore level, va- - - - - - -
lence band, Auger OKJsl ,3) spectra of nucleophilic oxygen 520 530 540 550 560 570
are very close to the data characteristic of bulk silyepx- Photon Energy (eV)
ide. The same situation is observed for the XANES data,
which are presented in Fig(&. The comparison of the O
K-edge spectrum of nucleophilic oxygen with the corre-
sponding spectrum of bulk A® reveals their close similar-
ity. Both spectra are characterized by two strong signals
different photon energies: near the threshel831 eV and
3-20 eV above the threshold. The strong signals in the
K-edge spectra indicate that in both cases the oxygen-silver
interaction is characterized by a high degree of covalencysompared them with the spectrum of metallic sil?&¥ The
Indeed, in a purely ionic model, oxygen would exist in the corresponding spectrum from bulk 4@ taken from Ref. 64
configuration O $°2s°2p®, and the 3—2p channel(O K is shown in the inset of Fig.(8). One can see that this
edge would be closed for XA$? Covalency reduces the spectrum is characterized by absorption at about 3.35 keV. In
number of filed states with Q2 character so that Previous experimentadand theoretic&P investigations, this
O2p-derived orbitals become partly unoccupied. This pro-feature has been attributed to dipole-allowgx},2—4d tran-
vides the appearance of Signa|s in thd(@dge XAS, with sitions. The absence of this feature for metallic silver indi-
their intensity being related to the degree of covalency of th&ates that all Agd states are occupied in this case. Its ap-
O-Ag interaction. The other interesting conclusion arisingPearance for silvél) oxide has been used by the authors to
from the XAS data is the hybridization of @2orbitals with ~ conclude that Agd states are partly depleted. This observa-
Ag4d levels. The XAS signals near the threshold are astion is in contradiction with the rule about nonparticipating
signed to O hybridization with 4 levels of silver***%?t filled subshells(such as the formal df° configuration of
should be noted that the participation of Agjélectrons in  Ag") in chemical bonding. To explain this contradiction, the
bonding of nucleophilic oxygen with the silver surface is in @uthors have suggested that the formation of chemical bonds
accordance with the photoe]ectron spectroscopy daté:)etween oxygen and silver atoms results in a partial transfer
namely, with the appearance of the ionic component in thé@f electron density from the Ag#to the AgSs orbital*>**In
Ag3d spectrum[Fig. 1(b), curve 1 and with the separate this case the electronic configuration of the silver ions can be
feature at~6 eV in the OKLy3l »53 Auger spectrdFig. 3(b), described as @' ’5s®. Note that this configuration is in
curves 1. good agreement with the structure of thekPedge XAS

Unambiguous evidence of participation of Adjélectrons  spectra both for nucleophilic oxygen and for bulk &y Fig.
in the formation of the oxygen-silver bonds in bulk &y  5(a)].
can be found in papers by Behregtsal. who have monitored Thus, according to all presented data nucleophilic oxygen
Ag L3-edge XAS data for a number of silver compounds andcan be described as oxygen incorporated in the structure of

Intensity (arb.units)

FIG. 5. (a) and(b) Comparison of the (X-edge spectra of the
nucleophilic(curve 3 and electrophiliccurve 2 oxygen with the
spectra from(a) bulk silver(l) oxide and from(b) polycrystalline
%opper foil during the conversion of methanol at catalyst tempera-
3bre of 600 K. For the reference casdulk Ag,O and Q,,/Cu)
6he corresponding Mé edges are also shown as insets.
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TABLE |. Experimental energy shiftéeV) AE, (O1s), AE, (0O2p), and AEA(OKL,4l,3), and initial
Ae (Ol1s) and final AR state contributions in the variation of ®lbinding energy for different oxygen
species on silver.

Type of Qe Ols O2p OKLL A (Ols) A (O2p) A (OKLL) 2A(02p)-A(O1s) AR Ae (Ols)

Nucleophilic 528.3 1.9 5145 0 0 0 0 0 0
Electrophilic 530.4 3.3 511.9 2.1 1.4 —-2.6 0.7 -09 -1.2
Ag,O 5289 2 5139 0.6 0.1 —-0.6 -0.4 -05 -0.1
surface silveil) oxide. The oxidic nature of the A@ sur- O1s [Fig. 1(a)] and O2 [Fig. 2(b)] binding energies and

face oxide determines the activity of this oxygen in the nu-kinetic energies for the OKlsL .3 Auger transitior{Fig. 3a@)]
cleophilic breaking of C-H bonds, which is the first step are collected in Table | together with the calculated shifts of
towards the total oxidation of ethylene. At the same time, theenergies determined with respect to characteristics of nucleo-
existence of Ag counter ions has a positive influence on thephilic oxygen. From the measured energy shifts we calcu-
selective oxidation since they provide the formation7of lated AR and, finally, the “true” variation of orbital energy
complexes of ethylene, which are probable intermediates (A e) according to

ethylene epoxidatioff It should be noted that the descrip-

tion of the silver-oxygen bond in this case as purely ionic is Ae=—[AEp+AR]. ()]

not completely correct, since it is in disagreement with th

XANES data. The latter demonstrate both the pOand ide. The original values of the A@ energies have been
Ag4d orbitals to be partly unfilled due to hybridization. This takén from Rgef 47 9

suggests a considerable degree of covalency in the oxygen- One can see that the shift of the ©hinding energy for

silver bond. bulk Ag,O compared to the value for nucleophilic oxygen
(0.6 eV is determined essentially by the relaxation contribu-
B. Electrophilic oxygen tion. The subtraction of the relaxation shift from the total
The discussion on the nature of the electrophilic oxygervariation of Os binding energy leads to a very small differ-
should start with answering the question asked in the Introence(0.1 eV) in orbital energy of nucleophilic oxygen and
duction, i.e., what peculiarities of oxygen-silver bonding de-0xygen in the structure of bulk A@. This is a strong addi-
termine such a considerable increase in |t$®]‘hd|ng en- tional confirmation of the chemical Slmllarlty of the oxygen-
ergy as compared to the corresponding value for nucleophiligilver interaction in two two-dimensional and three-
oxygen [Flg 1(a)] It is pointed out that the reasoning is dimensional silver oxides. The more effective Compensation
based on an atomic model, since the molecular nature ¢ the core hole that remained after emission of ansO1
electrophilic oxygen as one of the most probable reasons dilectron from nucleophilic oxygen can be explained by the
its high binding-energy value can be fully ruled out by ourdirect contact of a surface oxide with metallic silver and
previous XANES experimenfs. enhancing extra-atomic relaxation due to the electron trans-
For the discussion of the differences in valence state ofer from the electron gas of the underlying metal. The con-
e|ectrophi|ic oxygen Compared to the oxidelike nuc|eophi|ictributi0n of the final-state relaxation effect to the variation of
one, it is useful to estimate the contribution of the relaxationthe O1s binding energy is also rather considerable for elec-
effect to the variation in binding energyWe chose the ap- trophilic oxygen(Table ). Approximately half of the shift of
proach that suggests that the relaxation shifts binding eneFp (O1s) between Q. and Q,,; originates from the relax-
gies of the inner and outer shells by different values. To takétion and only half of the shift is determined by the initial-
this effect into account, Hohlneichest al** proposed the state effect, i.e., by the changes in the electron configuration
following, instead of the well-known Wagner's equatif®  of oxygen atoms. The increase in the orbital energy for a
negatively charged ion means a decrease in the ctfange
Aa=A[Ep+Ex]=2AR, (1)  electrophilic oxygen.

Additional confirmation of a considerable decrease of the
whereA« is the variation of the modified Auger parameter charge on the electrophilic oxygen originates from the analy-
equal to the sum of the kinetic energy of the most prominensis of the Auger spectra. The advantage of this approach,
Auger line and the binding energy of the XPS line, to use thedealing with the structure of the whole OKLL Auger group
following relation: [Fig. 3@)], consists of an insignificant contribution of the

relaxation effect to the experimental data monitored in the
AB=A[2E(i)—EL(k)+Ex(kii)]=2AR. 2) same experiment. Wagnet al*® emphasized that the spac-
ing between the OK}gl, structure and the dominant
The modified equation reflects the fact that the variation ofOKL 3L »,3 Auger structure varies between about 20 eV and
binding energy of the outer shefl) contributes to Auger 25 eV for a number of oxides, hydroxides, salts, etc. The
transition together with the core levet)( authors have shown that the increase in the line separation

rable I further contains the parameters for bulk sifl)eox-
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electronegativity scal®. One can see that, in good agree-
ment with the O% orbital energy variationTable ), the
atomic charge on the electrophilic oxygen is ty1.3 units
lower than that on nucleophilic s. The deviation of the
oxygen charge 1.65) in the nucleophilic species from 2
indicates the presence of hole states in thep2rived
bands, as has been also concluded from the XANES data
[Figs. 4 and &)].

The decrease in the electron density at oxygen atoms in
the electrophilic state should originate from a different bond-
ing of oxygen with the silver surface. This general conclu-
sion is confirmed by XANES data. Indeed, the KGedge
1L . . . . . . XAS data of electrophilic oxygen do not exhibit absorption
18 19 20 21 22 23 24 near the thresholt630—532 eV, which is clearly present for

O(KVV-KLV) (eV) nucleophilic oxygen. This fact indicates that Adyélectrons
are not involved in the bonding of electrophilic oxygen with
the silver surface. This conclusion is in accordance with the
absence both the ionic components in the AgPpectrd Fig.
1(b), curve 3 and of a low binding-energy peak in the
OKL 3L 55 spectrum[Fig. 3(b), curves 2 measured from the
Ag surface containing electrophilic oxygen.

A similar O K-edge spectrum to that presented here was
revealed in recent pap&f€°devoted to ain situ XAS study
of the selective oxidation of methanol over copper. The cor-
responding spectrum recorded at 600 K is presented in Fig.
5(b). On the basis of these data, the formation of a suboxide
has been concluded. A good agreement with th&-@dge
spectrum of electrophilic oxygen indicates the same type of
bonding interaction between oxygen and a metal in both

' ' ' ' ' cases. The Cl, yedge spectrum from the copper surface
0.0 05 1'Q 15 2.0 with the suboxiczig ox?/geﬁrl):ig. 5(b), insef exhibliatz an ab-
q (Pauling) sorption step structure, which is typical of a metal. The ab-
sence of any “white” line indicates that Cuai3electrons are
hardly involved in the formation of the oxygen-metal bond.
Assuming a similar bonding in the oxygen-silver system
E['Fig. 4(b)], the same conclusion about the participation of
only 5sp states of silver in the chemical bonding can be
made for electrophilic oxygen.

arises from a decrease in the ionic character of the oxygen- Thus_, both - photoelectron  spectroscopy ._and x-ray-
metal bond. At the same time, Weiand? has shown that absorpthn data allow us to represent electrophilic oxygen as
intensity ratios of the OKal ,3 and OKL;L; Auger lines are an atomic oxygen adsorbed on the sqrface of metallic silver
correlated quantitatively with the atomic charges on oxygerY\”th less exchan(gj;e of e_(ljeclltlion delnsnyh.lla.etween lme:]al and
calculated on the basis of Pauling’s scale of eIectronegativit)}f’xygen compared t'o OXidelike nucieopnl 'C"‘Q.' Only .t N

A detailed analysis of both parameters of the OKLL AugerAgE’Sp Ie\_/_els participate in the oxygen-silver interaction for
group can be found in the paper by Ascarelli and Mofétti, electrophilic oxygen. The low electron charge on electro-

who revealed a good correlation between the separation &F]hilic oxygen explains its selectivity towards interaction vyith
the OKLyal,3/OKL 4L, oxygen lines and their relative in- the double G-C bond of ethylene, leading to the formation

tensities. This correlation together with the points for nucleo0f ethylene oxide.
philic and electrophilic oxygen are shown in Figag One

can see that our experimental data are in good agreement
with the published correlation, indicating a significant varia-
tion of the ionicity in the silver-oxygen interaction for the A further understanding of the nature of nucleophilic and
oxygen species studied. To make quantitative estimation oflectrophilic oxygen is impossible without consideration of
this variation, we juxtaposed theE;,(OKL3l 53 possible models of adsorption centers that should be fol-
—Ein(OKLsL,) values for nucleophilic and electrophilic lowed by theoretical representations of their energetic and
oxygen[Fig. 5(b)] with the dependence taken from Ref. 44. spectroscopic characteristics. This will help in the explana-
In this dependence, the Auger line separation is connecteiibn of the uniqueness of silver as a heterogeneous catalyst
with the atomic charge on oxygen calculated using Pauling'$or ethylene epoxidation.

N
w A

N N NN
= N

O(KVV-KLV) (eV)
A=

-
©

FIG. 6. Relationships of the spacing of the OKL, and
OKL 3l 55 Auger lines with their(a) relative intensities andb)
atomic charge on the oxygen calculated using Pauling’s electron
gativity scale for the oxygen species on the silver surf&ig. 3(b)]
and for a number of binary oxidéRef. 67).

C. Adsorption models for the oxygen species
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The similarity of spectroscopic characteristics of nucleo-attributed the first oxygen moietithe O1s feature at 528.3
philic oxygen to those of bulk silvén oxide suggests a simi- eV) to adatoms in fourfold hollows of a nonreconstructed
larity of their structural motives. The lattice structure of bulk Ag(001) surface, and the second ofine Ols feature at
Ag,0 consists of Ag-O-Ag fragments with a linear coordi- 530.3 eV\f to adatoms on a missing row, reconstructed sur-
nation. Namely, linear coordination of the Agcations has  face. A detailed analysis of the proposed structures indicates
been suggesté&ito be preferable for hybridization of Ag#  that only in the latter case can the Ag-O chains be revealed.
and 5 orbitals leading to a valence electron distribution thatThese results indicate that the nature of oxygen-silver bond-
can be rationalized asdd® %5s°. A coordination close to ing might be more complex, and a further comprehensive
linear has been concluded for theX2)-O structure on an study of nucleophilic and electrophilic oxygen species on
Ag(110 surface on the basis of STMRef. 57 and different crystal planes of silvdi.e., Ag(110 vs Ag(001)] is
photoelectron-diffractioff data. It should be remembered necessary to clarify this problem.
that the (2x1)-O adlayer exhibits the same photoemission
characteristics as nucleophilic oxygen. Taking into account V. SUMMARY
all these arguments, we can conclude that the adsorption
complex for the Q¢ should exhibit a linear coordination ~ Exposure of clean silver to Oat P=10"* mbar andT
and may be approximated by the structure of added rows;470 K produces atomically adsorbed oxygen with
such as in the case of oxygen adsorbed on thél2Q Ep (O1s)=528.3 eV denoted as the nucleophilic species. A
single-crystal surfaces. Quantum chemical calculations o$toichiometry of Ag,_,.,0O and an ionic component in
energetic characteristics of various oxygen species adsorbéde Ag3ds, spectrum at 367.7 eV allow us to conclude the
on Ag(110 (Ref. 71 have shown the participation of Agi4  formation of a surface silvély oxide that is confirmed by the
orbitals in oxygen-silver bonding in the case of thex(2)-O  similarity of its spectral characteristics with those of bulk
structure. Ag,0. The oxidic nature of the oxygen-silver bond explains

A more complex situation is observed for electrophilic both its participation in the total oxidation route and the pro-
oxygen. On one hand, being a purely adsorbed species fnotion of ethylene adsorption due to formation mfcom-
cannot be related to any bulk silver oxide. On the other handplexes with positively charged silver ions. Despite a consid-
all studies, which reported the @Teature at 530.5 eV, ei- erable charge transfer from silver to oxygen, which is typical
ther did not characterize it by structure-sensitive methods o®f binary metal oxides, the shape of the XAS spectra indi-
assigned this signal to other speciearbonates, subsurface cates the significant covalency of the oxygen-silver interac-
oxygen, etd. The first steps in the formation of this oxygen tion. This covalency was attributed to hybridization of [©2
species under controlled conditions were made in our recertrbitals not only with a § state, but also with formally filled
paper, in which @ adsorption on A¢lL11) has been studied 4d levels of silver.
using angular-dependent XBSand in the paper by Rocca  The treatment of clean silver with,8, (2.5%9+0, at
et al!® who used x-ray photoelectron diffraction to study P=2 mbar andT=470 K leads to another type of atomic
oxygen adsorption on an AG01) single crystal. We have adsorbed oxygen witk, (O1s)=530.4 eV. As shown ear-
shown that the atomically adsorbed oxygen wih (O1s) lier, this species named electrophilic oxygen is responsible
=530.0 eV, produced as a result of room-temperature ador the epoxidation route. The estimation of the relaxation
sorption, is evidently located at the surface. Quantum chemieontribution to the total shift of its Od spectrum with re-
cal considerations published in Ref. 72 allow us to attributespect to nucleophilic oxygen species reveals that about half
this species to oxygen adsorbed in a threefold position abovef the shift can be explained by a final-state effect. The re-
an octahedral void of the silver lattice. It has been shown thamaining shift originates from a change in the orbital energy.
this adsorption position is most favorable energetically.The observed shift of the orbital energy to higher values
When the crystal temperature is raised from 300 K to 420 Kjndicates a decrease in the electron density in electrophilic
this oxygen incorporates into silVérand reconstructs the oxygen atoms. The same conclusion follows from the Auger
uppermost silver layer. The reconstruction is accompanied bglata, which show a higher separation for the QilL; and
a shift of the OF spectrum from 530.0 eV to 528.2 eV. This OKL,3L, lines and a lower ratio of their intensities for elec-
scheme of the surface transformations has been confirmed irophilic oxygen than the corresponding values for the nu-
a recent STM investigatiotf. The agreement in the binding cleophilic one. The absence of signals at 530—535 eV photon
energies of the surface-adsorbed oxygen and of electrophilienergy in the CK-edge spectrum of the electrophilic oxygen
oxygen suggests the similarity of their local structure. Fromclearly indicate that Agd electrons do not participate in
the quantum chemical investigatiéhjt follows that only  oxygen-silver bonding in this case.

Ag5s electrons participate in the oxygen-silver bonding This detailed spectroscopic analysis was possible only
when a threefold hollow site is the location of the adsorbatedue to a high-pressure high-temperature preparation of the
This observation is also in line with all experimental data. oxygen species and situ observation. A clear correlation of

However, it should be noted that this picture of the oxy-electronic structure and catalytic function was derived after
gen adsorption sites seems to depend on the structure of tiiee earlierin situ study® was combined with the present
silver surface. Indeed, principally different models of adsorp+esults. The still missing, exact geometric structures of the
tion sites have been proposed by Roetal1®?°for nucleo-  two catalytically relevant surface species may be a challenge
philic and electrophilic oxygen on the Ag01) surface. Bas- to theoretical studies using the spectral information of the
ing on x-ray photoelectron-diffraction datd,the authors present study as a reference.
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