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Interaction of oxygen with silver at high temperature and atmospheric pressure:
A spectroscopic and structural analysis of a strongly bound surface species
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(Received 16 February 1996

X-ray photoelectron spectroscopy, ultraviolet photoelectron spectrostdp$, and ion scattering spec-
troscopy (ISS) have been used to study the (A41) single-crystal surface after exposure tg & high
temperature and at atmospheric pressure. The activated formation of a strongly bound surface layer has been
observed, as identified by an asymmetry of the Alg,3core-level peak at 367.3 eV and an ®deak at 529.0
eV (0,). In addition, oxygen was found to be dissolved in the bi@kg), exhibiting an O % binding energy
between 531 and 530 eV depending on its abundance. X-ray-excited oikiyeAuger electron spectroscopy
revealed the presence of, @y additional peaks at 514.8 and 494.7 eV. UPS displayed oxygen-derived bands
located above the emission from the Ad #and at 3.2 and 2.5 eV. Oxygen-related peaks below the d\g 4
band were identified as resulting from OH groups formed by reaction of surface ox@ygemvith residual
hydrogen. The incorporated oxygen caused a pronounced charge separation as reflactegMincrease in
the work function. ISS measurements revealed thaisGncorporated in the topmost surface layer, shielding
underlying Ag atoms from the Hebeam. All spectroscopic data point to the presence of one monolayer of
silver-embedded oxygen, which is in dynamic equilibrium with surface atomic oxygen segregated from the
bulk at high temperature. The oxygen embedded in the topmost silver layer is strongly bound to the metal, with
its interaction being different from adsorbed atomic oxygen and bulfOAY is stable up to 900 K, in contrast
to the binary silver oxides, and relevant for high-temperature oxidation reactions catalyzed by Ag. A qualitative
analysis is presented of the chemical bonding of the different surface species in comparison to the situation of
a complex silver oxide referencg50163-18206)09527-§

[. INTRODUCTION In the course of an ongoing study of the silver-oxygen
system for the partial oxidation of methanol, it has been
The interaction of oxygen with silver has already been thdound that oxygen exposure at or near atmospheric pressure
subject of numerous studies because of its unique catalytiand at temperatures800 K leads to a pronounced restruc-
relevance for several large-scale industrial processes. Silvéuring of the Ag111) surface, with a superlattice given in
is mainly used for the epoxidation of ethylérend for the  matrix notation ag26x1;—1x26), which was characterized
partial oxidation of methanol to formaldehy&®©n Ag(110) by reflection electron microscop{REM), reflection high-
the following reaction scheme is generally acceptédt.a  energy electron diffractiofRHEED), and scanning tunnel-
temperature of 25 K Qadsorbs into the physisorbed precur- ing microscopy(STM).8-1° Associated with the distorted sil-
sor state with some formation of the molecular chemisorbeder lattice, a tightly held oxygen species with a desorption
state. On warming, the physisorbed state desorbs and/éemperature above 900 K and a Ag-O vibrational frequency
partly converts. At 170 K, the chemisorbed state also partlyat ~800 cm * was formed. This strongly bound oxygen spe-
desorbs and partly dissociates into the atomic tateeled  cies(labeled as ¢) was identified under conditions close to
0,) which recombines and desorbs, leaving an uncoverethose used in the catalytic oxidation of methanol to formal-
surface at temperatures above 580 K. Increasing the oxygadehyde byin situ Raman spectroscopy, and was therefore
dosing temperature may lead to the absorption of oxygesuggested to be the active site responsible for the methanol
into the bulk(labeled Q). Heating bulk-loaded silver causes dehydrogenatiof.In the present investigation, the Ad.1)
segregation of @and conversion to Pwith subsequent par- surface has been characterized by the combined application
tial desorption. Heating oxygen-covered surfaces of silveof x-ray photoelectron spectroscopP$S), ultraviolet pho-
clean in the bulk causes dissolution of oxygen atoms into théoelectron spectroscopf PS, and ion scattering spectros-
bulk in addition to desorption. Bulk atomic oxygen speciescopy (ISS) after exposure to Dat atmospheric pressure and
can thus be interconverted and, e.g., interfere with each otheat high temperature. Under these conditions, the formation of
in thermally stimulated desorptiafTDS) experiments. the catalytically relevant Ospecies can be expected. The
Studies of the interaction on Afll) with oxygen are spectroscopic data will be used to locate and characterize the
rendered difficult by the much lower sticking coefficient of bonding interaction of this form of oxygen on silver, which
about 10° for O,, requiring high-pressure dosifgRe- is not accessible under standard ultrahigh-vacuiuiV)
cently, in situ oxidation of Ag yielding AgO was achieved gas exposure conditions. The Ad1) surface was chosen
by exposing Ag110 to a dc glow discharge plasthar by  for the present study as earlier experiments showed that O
exposing Ag111) to a free-radical oxygen sourgeold dis-  requires for its formation a hcp silver surface. Providing this
charge, magnetically confingd as a single crystal should reduce the abundance of surface
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atomic oxygen @, and hence facilitate spectral interpreta-

Il. EXPERIMENTAL DETAILS

Experiments were carried out on a @41 single crystal
surface prepared by standard polishing procedures. Prior to
oxygen exposure, it was treated by cycles of Aon sput-
tering (1 kV, 2 uA) and subsequent annealing up to 780 K.
This process was repeated until sharp low-energy electron
diffraction (LEED) spots, indicating a well-orderdd11) lat-
tice, were obtained and no other contamination except traces
of oxygen(less than 2%could be detected by Auger elec-
tron spectroscopyfAES). The spectroscopic investigations
were performed with a modified Leybold LHS 12 MCD sys-
tem equipped with facilities for UPS, XPS, ISS, and TBS.
Oxygen with a purity of 99.9996% was supplied by Linde. A
stainless steel UHV gas inlet system was used. The Af
crystal was clamped to a stainless steel transfer rod by means
of tantalum foil. Exposure to oxygen at atmospheric pressure
was performed in a preparation chamber with a base pressure
of 1x10°° mbar. Prior to pumping down to UHV, the
sample was rapidly cooled to 500 K. Then the sample was
transferred within 1 min into the UHV analysis chamber.
The XPS data were acquired with Mg« radiation (hv | T%,e T
=1253.6 eV using a fixed analyzer pass energy of 108 eV 534 532 530 508
corresponding to a full width at half maximutRWHM) of o
the Ag 3ds,, peak of 1.0 eV. Binding energies were cali- Binding Energy (eV)
brated using Au 4;,=84.0 eV. Surface compositions were £ 1. O 1s core-level data from a AG11) surface after ex-
calculated after subtraction of a Shirley-type background usposure to 1 bar ©for 5 h: curvea at 450 K; curveb at 580 K;
ing the cross sections from Ref. 12. Hhv=21.2 e\) and  curvec at 680 K; curved at 780 K for 3 h; curves at 780 K for 5
Hen (hv=40.8 eV} spectra were acquired using analyzern; curvef at 780 K for 7 h; curveg after preparation, curvé
pass energies of 12 and 24 eV, respectively. The work funcdetected at 780 K; and cureafter exposure to 1 barJor 5 h at
tion of the sample was obtained by measuring the cutoff 0600 K.
the Hel spectrunt? In order to minimize the sputtering dam-
age, the ISS data were generated using a scanning defocu

100 eV He primary beam and a minimized acquisition time . . . : . .
of 60 s. The impinging Hé current under these quasistatic binding energy as discussed later in connection with the UPS

conditions was about LA, corresponding to an ion dose of data. The pmdmg energy of adsorbed atomlc oxygey is

6x 102 ions/cn? s. controversial in the literature. The determined values range
from about 528 to 530.3 e\(see references in Ref. 11
which may be related to the embedding of i@ the surface

as suggested by, e.g., Joyner and RoW&ri§rant and

A. Core-level photoemission and Auger electron spectroscopy Lambert;” and Rehreret al,** who also pointed out the in-

It was found by STM and REM that exposure of A1) fluence of dissolved oxygen. The assignment of the observed

) ; 0O, 1s peak to Q, is supported by its desorption temperature
to O, at atmospheric pressure and at high temperature causeg about 620 K After the exposure at 580 K for 5 (Fig. 1,

pronounced restructuring of the surface region associated
with the formation of a strongly held oxygen species desorp®Urve b) the _sha}pe of the O slpeak was found to be
ing only above 900 K. Figure 1 presents the ®XPS data changed, mdma’qng the dgve!opment of a new component
from a Ag111) surface after prolonged exposure to 1 bar/@beled as Qin Fig. 1 at a binding energy of ab07ut 529.1 eV
oxygen at different temperatures. All G $pectra shown are C€lose to the value of 528.9 eV reported for A" Raising
normalized to the same Agldintensity. The exposure at 450 the exposure temperature to 680 (Rig. 1, curvec) and

K for 5 h gave rise to a single Oslpeak centered at 530.4 further to 780 K(Fig. 1, curved ande) and caused the O

eV exhibiting a FWHM of about 1.5 eVFig. 1, curvea). It peak to rise. The 530.4 eV peak representing chemisorbed
is known that long oxygen exposures at high pressure magtomic oxygen diminished with increase of exposure time,
lead to an adlayer dominated by carbonate and hydroxy&nd a pronounced tailing to higher binding energy emerged
groupst* The presence of carbonate species can safely biastead. After an exposure time of 7 h at 78@Fg. 1, curve
excluded, based on the absence of the corresponding C 1), a second peaftabeled Q) became more clearly visible at
peak at 287.7 eV+!°and the exposure temperature of 450 K about 530.5 eV. In Fig. 1, curvg, an O Is spectrum ob-

at which the preparation chamber was evacuated after thiained after dosing at 780 K is shown, which was measured
treatment. Strongly bound@/OH species may indeed con- at 780 K demonstrating the high thermal stability of.O

Intensity (arb.units)

St%%ute to the O 5 peak, giving rise to the tailing to higher

lll. RESULTS
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FIG. 2. A sequence of Osdlcore-level data from a AG1l)
surface. Curve, initially exposed to 1 bar ©for 7 h at 780 Kand,
curvesh—f, afterconsecutivé min exposure to soft Hesputtering
with 1 keV primary energy(10 uA). The difference spectra shown

at the bottom of the figure were obtained by subtracting the specéner of a dissolved species should depend on its concen-
trum of the indicated sputtered surface from the initial spectaum 9y P P

tration, resulting in a distribution of binding energies in the

When raising the exposure temperature to 90(Fl§. 1, case of a concentration gradient into the bulk.
curve h) the O, O 1s peak was found to be more or less  Attempts were made to localize;@nd Q, by varying the
unchanged in its intensity and position. However, thg O exit angle of electron emission relative to the hemispherical
peak grew markedly and shifted towards lower binding en-analyzer. Although the XPS results seemed to indicate over-
ergies. The total O/Ag ratio increased from 0.2 after dosindayer characteristics for () the interpretation of the results
at 450 K to 0.3 after dosing at 780 K, finally reaching 0.5remained inconclusive. This is ascribed to the roughening of
after the treatment at 900 K, which corresponds formally tathe Ag surface on the micrometer scale due to the high-
the stoichiometry of AgO. temperature and high-pressurg €posuré?

In Fig. 2 the result of a depth profiling experiment is A series of OKVV Auger spectrgFig. 3) excited by Al
displayed, which enables us to determine the relative locak @ x-ray radiation(h»=1486.6 eV was recorded after var-
tion of the Q, and Q; species. A scanning Heion gun was ied O, exposures, to investigate the correlation between line-
used with 1 keV primary energy for gentle sputtering. A shape changes of the G peak and the Auger &VV tran-
sequence of O 4 spectra was measured after the initigl O sition involving the O 5 core level and the valence band.
exposure at 780 KFig. 2, curvea) followed by exposure to  Figure 3, curvea, shows the spectrum after the exposure to 1
the He" ion beam for the periods of time specifigig. 2,  bar O, for 5 h at 450 K. Twoadditional peaks at 514.8 and
curvesh—f). The difference spectra Fig. 2, curbe-a and  494.7 eV associated with (@merged after @dosing at 580
Fig. 2 curvec—a reveal clearly that the Pspecies is sput- K, as shown in Fig. 3, curvb. The higher kinetic energy of
tered off first. After prolonged sputtering the G peak re-  the O,-related OKVV peaks provides some evidence for an
lated to Q; at 530.3 eV binding energy also started to de-oxidelike nature of Q, since for AgO the kinetic energy of
crease (Fig. 2, curve f—a). Hence the depth profiling O KL,3l,3was found to be 513.9 eV. The features related to
experiment supports the localization of, @ the surface O, at514.8 and 494.7 eV increased after raising the tempera-
layer and @ being dissolved in the bulk. The (pecies is ture to 750 K(Fig. 3, curvec). The two peaks associated
identified by a symmetric peak at 529.0 eV with a FWHM of with the O; peak at 511.3 and 488.8 eV were found to in-
about 1.6 eV as shown in Fig. 2, curvies a. Attempts to fit  crease when dosing at 900 K. The slight difference in the
the remaining asymmetric Opeak with a single Gauss- intensity ratio of @ and Q, between XPS and AES measure-
Lorenzian peak resulted in a FWHM of about 3.5 eV. Basednents is attributed to the different mean free paths of the
on the charge-potential mod&it is obvious that the binding emitted electrons. The &VV Auger electrons have a lower

FIG. 3. OKLL Auger electron data from a Agll) surface
after exposure to 1 barfor 5 h: curvea at 450 K; curveb at 580
K; curvec at 750 K; and curvel at 900 K.
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An additional Ag 35, peak emerges at about 367.3 eV, the
hv = 1253.6 eV Ag3d intensity of which is roughly correlated with the growth in
intensity of the O % peak. After the treatment at 450 K the
368.0 eV feature reveals only small intensity and can be attributed to
the presence of adsorbed and dissolved atomic oxygen spe-
cies; after the high-temperature treatment the peak exhibits a
strongly pronounced intensity. Corresponding shifts of the
Ag 3d peaks by 0.5-0.8 eV to lower binding energy were
observed after exposing Ag single crystals to an oxygen
plasma®’ Again, the similarity between the Agd3spectra
obtained after dosing oxygen at atmospheric pressure and Ag
3d spectra from well-defined A@® allows us to suppose the
existence of a layer of oxygen-saturated(Afl), although
the exposure temperature was higher than the bulk decom-
position temperature of A@ of about 600 K7 This indi-
cates that we have obtained an oxygen species with a differ-
ent chemical bonding than in binary oxides. As shown in
Fig. 4, the Ag 3l difference spectrumg—a) accounts for
about 13% of the total integrated area of spectminThis
intensity ratio enables us to estimate the thickness of the O
layer. The monolayer thickness of Ag is given by

Intensity (arb. units)

a’= MAg/(PAgNA) (1)

whereM 4, is the Ag molar weight of 107.9 g/maph,, is the
Ag density of 10.5 g/crf) andN, is the Avogadro number,
yielding a=2.6 A. For elements, the following equation for
the inelastic mean free pattMFP) \ was determined!

Binding Energy (eV)

FIG. 4. Ag 3d core-level data. Curva from a clean Agl11)
surface, and after exposure to 1 barfor 5 h at(curveb) 450 K,

(curvec) 580 K, (curved) 750 K, and(curvee) 900 K. The dif- . L .

ference spectra were obtained by subtracting the intensity of thV&VhfreEK :';' thehkl?etllc etrr\er:gy Qf the elrrtl |tt(83(815p20t\c/)elgcltgon.
clean surface from that of the corresponding oxygenated surfaceslh% :n |%/|FP5/20? a%gL?tesci:x (r)n(EnKollzyequaHgnce iheefirlsillreno;]o
layer contributes 15% to the total intensity, suggesting that

kinetic energy than the Oslelectrons, leading to a higher the O, surface layer has a thickness of one monolayer.
surface sensitivity of the AES measurements.

The formation of a surface layer of strongly interacting
oxygen as evidenced by the growth of the §pecies with
the increasing temperature and duration of the oxygen expo- The results obtained by UPS are summarized in Figs. 5
sure is expected to affect the AgiPeak shape also. The and 6 using He and Hell radiation, respectively. After the
strong electron affinity of oxygen should lead to an electrorexposure of the clean Agll) surface(Fig. 5, curvea) to
transfer to the adsorbed oxygen atoms, giving rise to posiexygen at 780 K for 1 KFig. 5, curveb), the valence-band
tively charged metal atoms. Upon oxidation, the observedpectrum was drastically modified, resulting in a strong per-
core-level binding energies for most transition metals ardurbation of the Ag 4 main doublet. Additional features
shifted towards higher binding energi@sSilver, however, is appeared above the Agidand at 3.2 eV and also below the
one of the few examples for a lowered binding energy in theAg 4d band at 9.8 eV. The corresponding Hespectrum
oxidized staté. Figure 4 presents a series of Agl Zore-  shown in Fig. 6, curvéd, clearly reveals an additional peak
level spectra obtained after oxygen treatments at variou® the 9.8 eV feature at 12.5 eV below Agl4Using the
temperatures as indicated in the figure. The positions of thknown energy dependence of the photoionization cross sec-
peak maxima remained unchanged at 368.0 eV. The arrow ition, it is possible to estimate the OpZ2character of the
Fig. 4 points to a satellite structure at 3.65 eV higher bindingobserved bands. The atomic cross sections weighted by the
energy, which is due to plasmon excitation. Upon oxidationhumber of electrons per atom as¢O 2p/Ag 4d)=1.0 and
its intensity decreases and after oxygen exposure at 900 8.3 for Hel and Heil radiation, respectively’ From the He
(Fig. 4, curvee) it is virtually absent, as is the case for and Hell spectra, the relative decrease in intensity of the
Ag,0.” The shape of the Ag @ peaks was found to be oxygen-induced peaks compared to the Abband indicates
changed, exhibiting a growing asymmetry to lower bindingthat the O  character of the features below the Ad Band
energy with increasing oxygen exposure temperature. Suds considerably higher than that of the features above the Ag
oxygen-induced changes of the Agl eak shape can be 4d band. Based on this observation and the absence of any
seen more clearly in the corresponding difference spectradditional structures below the Agd4band observed for
obtained by subtracting the normalized spectrum of cleag,O (Ref. 7) and oxygen-covered A$10) (Ref. 22 we
Ag(11]) (Fig. 4, curvea) from the oxygen-exposed spectra. assign the peaks at 9.8 and 12.5 eV to Offispecies. In

A=538, 2+0.41aEx)%® (monolayers, 2

B. Valence-band photoemission
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FIG. 5. Valence-band data excited with Hhv=21.2 eV} ra- radiation from(curvea) a clean Aglll) surface, and after expo-
diation from (curvea) a clean Ag111) surface, and after exposure SUre to 1 bar @(curveb) at 780 K for 1 h andcurvec) at 780 K
to 1 bar G (curveb) at 780 K for 1 h andcurvec) at 780 K for 12 for 12 h.

h. The spectrund was detected at 780 K after the preparation

gested oxidelike nature of O The unexpected thermal sta-

earlier experiments with an oxygen-exposed silver foilbility of the O, layer is demonstrated by spectrudvin Fig.
treated suitably with oxygen and hydrodéa high reactivity 5, which was measured at 780 K. The layer thickness of
of this O, species towards hydrogen and the formation ofabout one monolayer is supported by the presence of the
surface OH was observed. In a recent temperature prd-ermi edge in spectiaandc in Figs. 5 and 6. The IMFP of
grammed reaction spectroscofjPRS study of a polycrys- electrons excited with He radiation and emitted from the
talline silver catalyst with hydrogen, the selective reactivityFermi edge can be estimated to be only two monolaffers.
of the Q, species with hydrogen to OH/® and the com- Obviously, the overlayer is not thick enough to shield the
plete inactivity of Q, were reported:?® The coverage of the emission from metallic Ag underneath. A pronounced in-
present Agl11) surface with active oxygen being formed by crease of the work function due to the presence of the O
direct chemisorption or resulting form segregation of 0 layer was observed by recording the onset of the secondary
parts of the surface not covered with, @an be estimated electron emission in the Heexcited valence-band specira.
from the abundance of the OH species. The distance betweekfter oxygen dosing at 450 K the increase of the work func-
the two peaks of 2.7 eV and their intensity ratio of about 2.3tion was found to be about0.55 eV, which is in fair agree-
further suggest their assignment as OH groups. ment with the values reported for the saturated adsorption of

Upon prolonging the oxygen exposure to 13 h at 780 Katomic oxygen on silver surfacésThe work function in-
(Fig. 5 curve,c) a second peak at 2.5 eV appeared morecreased from 0.6 to about 1 eV when the oxygen exposure
clearly, whereas the peak at 9.8 eV lost intensity and shiftesvas carried out at 780 K causing formation of thespecies
to 9.1 eV. Comparing the shape of the Ad Band in spec- on the surface. Segeth, Wijngaard, and Sawafzéserved
trum ¢ of Fig. 5 with spectruma of Fig. 5 indicates that the an increase of 1.3 eV in the presence of “strongly bound
Ag(11)) single-crystal surface is transformed to a polycrys-oxygen” obtained after oxygen dosing at 100 mbar for 30
talline surface due to oxygen-induced facettigfhe in-  min above 470 K. Furthermore, these authors demonstrated
creased surface abundance of facets withisreflected by by an isochronal annealing sequence that the work function
the reduced coverage with OH caused by, @vhich indi-  change is correlated with the valence-band peak at 3.3*eV.
cates that on surface patches transformed into Agh€re is  The correlation between the work function change and the
no additional surface atomic oxygern, @resent. presence of Qwas further confirmed in the present study by

The shape and intensity ratio of the two structures at 3.2losing with methanol at 780 KThe removal of Q by re-
and 2.5 eV curvee in Figs. 5 and 6 closely resemble those action with methanol was found to restore the work function
observed for AgO at 2.8 and 1.8 eV,supporting the sug- of metallic Ag although @ was still present.
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FIG. 7. lon scattering spectroscopy and ® dore-level data %

from a Ag111) surface after different treatment&urve a) after
exposure to 1 bar Pat 750 K for several hourdcurve b) after
sputtering of the initial stata by He" ions (1000 eV, 10uA) for 5
min at 300 K;(curvec) after heating of the state at 750 K for 30
min in UHV.

C. lon scattering spectroscopy

Further evidence for the location of @mbedded in the 0 0 20
topmost silver layer was provided by applying ion scattering . . .
spectroscopy. This technigue is known to be exclusively sur- Annealing Time (min)
face sensitive since only the topmost atoms can contribute to o _ o
the scattered He ion intensity. During the measurement, __FIG. 8. The vgrlat!on of the silver and oxygen scatterlng inten-
however, the surface is consecutively sputtered off, thus exdities u_nder_ quasistatic measurement conditions as a function of the
posing deeper layers to the incident beam with ongoing time2™"€aling time at 780 K.
Hence depth profiling is possible by acquiring sequences of
IS spectra with a short accumulation time for each spectrumwo peaks due to scattering from oxygenEE,=0.4 and
Based upon the description by Niehus, Heiland, androm silver atE/E,=0.846. After gentle sputtering with He
Taglauer’® the scattering intensity from a clean Ag surfaceions (1000 eV, 10uA) for 10 min at room temperature, the
(I Rg) can been expressed, when neglecting the shadow- axygen peak has disappeared almost completde curve

blocking-cone trajectory focusing, as 7b). The corresponding Oslcore-level spectrum also re-
o o veals that the Qpeak has disappeared. The © dore-level
Iag=(do/dQ)1 P TAQNR, (3)  peak attributed to bulk oxygen Qhowever, was essentially

unaffected by the sputtering. This demonstrates that the oxy-
gen ISS peak results essentially from scattering from the O
species. The following ISS experiment was performed to
monitor the formation of Qby diffusion of O, from the bulk
to the surface at 780 K. After the removal of, Oy sputter-
ing at room temperaturé-ig. 7, curveb) the “clean” sur-
face was heated to 780 K within 20 s and kept at this tem-
perature for 1 h. After the annealing at 780(Kig. 7, curve
uncov_ + 0 _ ¢) the IS spectrum displays a pronounced oxygen peak and a
ag — (dofdD)IoPTTAR NG~ aNoy). @ strongly decreased silver peak. Associated with the reappear-
The slopes obtained from the correlation of the ISS pealance of the oxygen ISS peak, the ® dore-level peak at
areas with each other demonstrated by plotting the Ag peak29.0 eV was again observed by XPS, corresponding to
areas versus the corresponding O peak areas are thus detemrvea of Fig. 7. This experiment demonstrates that the O
mined by the largely differing ion survival probabilities on layer was restored during annealing.
oxygen and silver and the shadowing facter which is The kinetics of this process were studied in more detail by
known to range from 1 to # monitoring the variation of the scattering intensities under
Figure 7 presents a summary of ISS data obtained aftejuasistatic measurement conditions as a function of the an-
different treatments of A@.11). In comparison with the ISS nealing time at 780 K. As shown in Fig. 8, the oxygen peak
data, the corresponding G tore-level spectra are shown in area increased rapidly during the first few minutes, followed
the right part of Fig. 7. The IS spectruandisplayed in Fig. by a slower growth approaching the maximum intensity after
7 originates from an oxygen-saturated (Af§jl) surface pre- about 40 min. Correspondingly, the Ag peak area was found
pared by exposure to 1 bar@t 780 K for 5 h. It consists of to decrease rapidly in the beginning of the annealing experi-

wherel 4 is the primary ion currengo/d() the cross section
for scattering into a solid angl&Q), T the transmission factor
characterizing the spectrometer, aRd the ion survival
probability. Given the oxygen surface densM,, with a
shadowing factow on the Ag surface, the scattering inten-
sity from the uncovered Ag surfadgag™), by neglecting
the adsorbate-induced changeRi, will be
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FIG. 9. Correlation of the ion scattering intensities between sur-
face silver and surface oxygen. The linear function, reflected by
direct shadowing of the oxygen atoms to the silver substrate, con-
firms the adsorption of Qon the topmost layer of silver. FIG. 10. Atomic-resolution STM image of thg11) side of a

facet of an electrolytic silver particle after loading with oxygen. The

ment, followed by a slower decrease until steady state waSteratomic distance of the silver atorfitght maxima measured

reached after about 40 min. In Fig. 9 the correlation of the?r:(r)gl? t:?rjleni;(:cs:]egfli%?&sé;?g ;’rem;?crggo%o:fu%??n%L‘g'ngchet
ISS peak areas with each other is demonstrated by pIottinglf 9 9 ' . .

. local electronic effects, and is no topographic property of the
the Ag peak areas versus the corresponding O peak are

. . &rface. For the same reason, the silver atoms appear to be much
obtained a}t 680, 780, f”md 880 K after 'norma!lzmg to thetoo small relative to the central atom. The asymmetry of the “oxy-
same Hé ion dose. A linear correlation is obtained for all

! 0 ' gen” hole could be an indication for an off-center position caused
three temperatures, "d'Agoc_I Ag—constXI Ooxy with slopes Of_ by a noncoplanar arrangement of silver and oxygen in the top layer.
8.8, 9.3, and 10.5, respectively. Hence it follows unambigu-

ously that the Q species are located within the topmost |ayer, can be obtained from the STM information. Any de-
E‘yer, shielding the underlying Ag atoms from the Heen gree of incomplete interpenetration is possible in principle.
eam.

E. Reference oxide

D. Scanning tunneling microscopy In order to compare the spectral properties of the surface

Using the STM technique and electrolytic silver particlesoxides with known bulk structures, we studied the photo-
as substrate, it was recently possible to obtain atomicallymission from a sample of AQgNO;. This clathrate com-
resolved images of 923 Figure 10 summarizes the results. pound was chosen for its stability against contamination with
On the(111) faces a hexagonal atomic arrangement was reearbon compounds and for its known decomposition behav-
solved, exhibiting deep holes in the center of each hexagorior, allowing one to generate a clean variety of ,8¢®?’

The average interatomic distance between silver atoms is ndthe material was synthesized by electrocrystallization of an
markedly different from 2.85 A, i.e., the structure is still a acidic solution of AGNQ at a current density of 4 mA/cin
close-packed arrangement. If the holes are associated withith a glassy carbon anode and a platinum cathode. The
oxygen atoms which cause the contrast by the steep variaticglectrochemical reactions followed the scheme reported in
in local work function(see Sec. Il B between the metallic the literature?®

surface and the isolated atoms, we can assign a “bilayer” The single-crystalline needles were used for an x-ray
structure to this species. Two hexagonal primitive lattices oftructure redeterminatioin situ powder diffraction analysis
silver and oxygen interpenetrate and sit upon a layer obf the decomposition reaction was performed with material
close-packed silver atoms terminating the bulk. No informa-crushed under Ar. The results can be summarized as follows.
tion about the third dimension, i.e., the thickness of this bi-The phase-pure starting materfdCPDS no. 60437decom-
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posed at room temperature within 6 months and at 360 K
within 2 h into AgO(JCPDS no. 220432and at 410 K into hv = 1253.6 eV Ois
Ag,O (JCPDS no. 120793 The formation of crystalline
phases of silver nitrate, silver carbonate, and other binary
silver oxides could be ruled out. In the two-phase region of
the thermogram in the literatuffewe detected reflections of
elemental silver which grew in intensity and became single
phase at 710 K. This picture of a silver excess in thermally
degrading silver oxide is in agreement with a gas-solid reac-
tion in which the silver migrates to metal nuclei and the
oxygen desorbs from the surface. The growth of silver nuclei Ag(111)
was also detected from a change in line profile of the silver B Fig.1d
reflections, which became narrower proportionally to the re-
action progress.

The photoemission data were obtained from a sample of
single crystals crushed in UHV at 300 K in a gold mortar.
This preparation ensured a maximum of sample integrity. |
Controlling the composition of the atmosphere with a quad- State C
rupole mass spectrometer during crushing and subsequent
x-ray illumination allowed us to ensure that no significant
loss of volatiles (incorporated water, molecular oxygen
changed the surface constitution prior to controlled heating,
which was done at a rate of 4 K/min. The measurement B
temperatures were chosen according to the x-ray investiga-
tion and the published Raman speétraf the decomposition State A
products. The spectra in Figs. 11, 12, and 13 in the #tate
were taken at 300 K and represent the starting oxide, the
spectra in the statB were measured at 473 K after heating
to 553 K and should represent X9, and the spectra in the
stateC were measured at 300 K after heating to 773 K and
should represent metallic silver with dissolved/adsorbed re-
sidual oxygen according to the Raman data. The nitrate core FIG. 11. O % core-level data from the reference oxide
level at_ 495'7 eV and the Raman baf,“?‘ at 1040 timot Ag;OgNO3, (curvea) in the stateA (bottom spectrumof the start-
showr)_mdlcate that the first dec_ompolsmon'step Iggds to the;ng oxide and(curve b) in the stateC (middle spectrum after
formation of x-ray-amorphous silver nitrate in addition t0 the heating to 770 K, representing the metallic silver with dissolved/
binary oxide. For this reason, the spectra of measureBent 4qsorbed residual oxygen according to the Raman @Re# 26.
will not be considered as reference here. The top spectrune is taken from curved of Fig. 1 and shows the

The surface composition in atomic percent agreed well foi 1s core-level spectrum from a AgLl) surface after exposure to
the starting compound with theoretical valuésg., Ag: 1 bar G for 3 h at 780 K.

37.9% found, 36% theory; N: 5.4% found, 5.2% thegory

After decomposition to the metallic state the surface concantly lower than the main line of the as-prepared oxide. The
tained only 72.6 at. % silver, 0.0 at. % nitrogen, and 21.3asymmetry to lower binding energy indicates the presence of
at. % oxygen, leading to a formal composition of AQ. some strongly bound surface oxygen, as seen also in the
The accuracy of these data is, however, limited, as differenlRaman data. The spectra of the dissolved species and the
data sets for the atomic cross sections exist which disagree initial oxide form are constituents of the complex spectra
their results, mainly on the value for oxygen. from the Ag11)) single crystal as exemplified by one spec-

As Ag;OgNO; is a metallic material, the binding-energy trum from the sequence of Fig.($ee curvec of Fig. 11).
data can be directly compared to the values for silver and the The Ag 3d spectra in Fig. 12 illustrate the negative
adsorbates without having to account for charging problemsbinding-energy shift characteristic for silver oxides. The
The data in Table | agree well with the values for the binarymain line in stateA is situated at the position of the differ-
oxide from Ref. 7 and also with the data for the fhase. A ence peak in Fig. 4 at 367.3 eV binding energy, illustrating
more detailed comparison for the oxygen fegion is pre- the validity of this data treatment. The broad line as well as
sented in Fig. 11. The parent oxide spectrum of cavef  the satellitegarrows indicate the operation of final-state ef-
Fig. 11 (stateA) exhibits two lines, the lower of which is fects in the compound A@¢NO; and are not signs of a
unambiguously due to one oxide species in the compoundnetallic silver surface contaminatidnemember the correct
The main feature is a composite line with a significant con-Ag:N ratio from the quantification After transformation
tribution of OH species incorporated during synthesis of thanto the metal, the Ag 8 lines show the same narrow line
compound. This was substantiated by the mass-spectral oprofile as observed with the single crystal. The characteristic
servation of water during heating the sample. The residudbss structures indicate the presence of a well-developed me-
oxygen in the silver powder which gives rise to characteristidallic electron system with no perturbation by the dissolved
Raman bands occurs at 530.6 €%g. 11, curveb), signifi-  oxygen species. This can be taken as an indication that the

Intensity

535 530 525
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FIG. 12. Ag 3 core-level data from the reference oxide FIG. 13. Valence-band data excited witburve a) Hei (hv
Ag,0gNO3, (curvea) in the stateA (bottom spectrumof the start-  =21.2 eVj (dotted spectieand (curveb) He (hv=40.8 eV (line
ing oxide and(curveb) in the stateC (top spectrumafter heating  spectraradiation from the reference oxide /@gNOs in the stateA
to 770 K, representing the metallic silver with dissolved/adsorbedbottom spectrpof the starting oxide and in the stafe(top spec-
residual oxygen according to the Raman d&ef. 26. tra) after heating to 770 K, representing the metallic silver with
dissolved/adsorbed residual oxygen according to the Raman data
type of chemical bonding interaction is not strongly interfer- ref. 2g.

ing with the metal electronic structure.

The profoundly different electronic bonding interaction in at a different binding energy, indicating a different bonding
the oxidic and oxygen-dissolved states is even more clearlinteraction with the now metallic silver. This follows also
seen in the valence-band photoemission data excited witltom a reduced cross-section variation of the 9.6 eV feature.
He! (dotted spectiaand Hell (line spectra radiation dis- The silverd-band structures are more clearly resolved but
played in Fig. 13. In the oxidic state the sample is metallic astill remain distorted by some underlying oxygep Zea-
can be seen from the small Fermi edge. The main featuresires, as can be deduced again from the cross-section varia-
are, however, completely dissimilar from the metallic silvertion. The strong peak at 3.1 eV is reminiscent of the structure
spectrum, as can be seen from comparison of statasdC in Figs. 5 and 6 and illustrates that the double features at low
in the figure and from inspection of Figs. 5 and 6. The in-binding energies in the single-crystal spectra are indicative
tensity up to 7 eV below the Fermi edge is ascribed to preef several species and do not represent a split state of a single
dominantly silver 4—derived hybrid states, as seen from theoxygen species. As in chemisorption systems, the features at
comparison of the relative cross-section variation betweetow binding energy in the spectrum from the oxygen-
the excitations with He and Heil radiation. It is pointed out dissolved stateC are of considerablel-state character and
that the influence of hybridization between silver and oxygermpoint qualitatively to the same type of chemical bonding in-
states is drastic and removes any similarity of these spectaraction, which is in full agreement with the Raman obser-
with the features of elemental silver. The doublet structure atations.

10.3 and 13.4 eV is associated with OH in the structure as In summary, the spectra of the reference oxide are similar
seen already with the Oslcore-level spectrum, and as dis- to the chemisorption system and indicate the following point.
cussed with the spectra in Figs. 5 and 6. The intensity variaAlthough there are several crystallographically different oxy-
tion with excitation energy is exaggerated due to the drastigen environments, the spectra do not contain unambiguous
change in the background function which was not removedvidence for these oxygen species. Secondly, the spectra
here. In the oxygen-dissolved st&ethe OH groups remain contain strong hints toward a nonionic chemical bonding
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TABLE I. The binding and kinetic energies of the core levels, Ady3 and O Is, the valence-band
features in addition to the Agdtband, and the Auger electron lines AgNN and OKLL. The peak
positions are measured from the spectra shown in Figs. 1-6 and 11-13 and from Ref. 7.

Ag 3ds, O 1s Ag MNN OKLL urPs
Surface (eV) (eV) (eV) (eV) (eV)
Ag(11]) 368.0 351.8
Ag foil® 368.0 3525
Agzob 367.6 528.9 351.9 515.9 28,18
Ag;0gNO3 367.4 528.6 3524 29,15,
531.6 15.4, 10.5
Ag originate from 368.2 530.6 351.8 33,13
Ag;0gNO3
12.4,9.6
Ag-O, 368.0 529.0 514.8 32,25
367.3 12.5,9.8
Ag-Og 368.0 530.3 511.3 3.2,25
+Ag-0,, 530.4

3 eatures in addition to the Ag4band.
bReference 7.

with strong hybridization between silverd4states and oxy- As revealed by XPS and ISS, the rebuilding of the oxide-
gen 2o states. The unusual low-binding-energy shift for thelike layer after removal by sputtering can be achieved by the
Ag 3d core level is confirmed with a bulk sample and agreessegregation of @ oxygen transforming into Q Such a
well with the data from a binary oxide film. Finally, it is transformation was found to occur at lower temperatures, for
noted that the sample contains substantial amounts of hydstance, at 500 K, although the exposure of agfi@e
droxyl, which seems not to affect the existence of the clathAg(111) surface to 1 bar oxygen at these temperatures would
rate compound. This would not be possible if the compoundardly create any Qoxygen. Hence the prehistory of the Ag

were purely ionic in its bonding interactions. sample is of crucial importance for the outcome of an
oxygen-exposure experiment at high pressure and high tem-
IV. DISCUSSION perature. It seems likely that the “strongly bound oxygen”
associated with a(2x2) LEED pattern observed in Ref. 24
A. Formation of the O,, surface layer on Ag(110) after 30 min oxygen exposure at 470 K is iden-

The exposure of silver to oxygen leads at room temperatical to O, in this study, as evidenced by the UPS, peak at 3.1
ture to the chemisorption of atomic oxygen on the surface®V and the work function change of 1.2 eV.
O,, and to the slow incorporation of oxygen into the bulk,
Og. The dissolved oxygen atoms occupy interstitial octahe
dral sites of the silver lattice and leave the structural and The nature of the chemical bonding of the surface layer
electronic properties of metallic silver essentially unchangedobtained on A¢l11) after prolonged oxygen exposure at 780
The chemisorbed oxygen atoms, however, capture electrorié and at atmospheric pressure is illustrated in Table I, com-
from the underlying silver atoms, which is reflected by theparing the results obtained in this study with the thick,@g
increase of the work function. The observed maximum valudayer on Ad111) produced by a free-radical oxygen soufce.
of the work function change is about 0.6 eV, which corre-The similarity between the electron spectroscopic properties
sponds to a saturation covera@@=0.5) of the O, species.  of the surface layer with incorporated, @nd bulk AgO

When the exposure temperature is raised to a criticabuggests that at 88K a surface layer which has oxidelike
value, the oxygen atoms may undergo place exchange witproperties coexists with oxygen dissolved in the bulk, al-
metal atoms at the surface, increasing the work function byhough the decomposition temperature of bulk,Bghas
about 1 eV compared to clean silver. This process is acconbeen exceeded by 160 K. Both the ® linding energy and
panied by a 3% expansion of the lattice, which has beethe work function increase of about 1 eV indicate thgti©
identified by RHEED, REM, and STMSuch a surface oxi- a negatively charged species.
dation process with mass transport of Ag atoms may occur From a chemical point of view such a Lewis-basic oxygen
significantly below the melting point if the cohesion energy species embedded in the topmost layer should have a high
of the exposed surface is low and the oxygen-metal bond iseactivity toward adsorption of polar molecules and dehydro-
strong. During the growth of the oxidelike surface layer angenation reactions of Lewis-acidic substrates. Indeed, the
intermediate situation exists, with all three types of atomicUPS and XPS results reveal the presence of OH groups after
oxygen present. Qis associated with restructured islands high-pressure dosing. It has been shown recentlynbsitu
detected by REM coexisting with Q on nonrestructured Raman spectroscopy that the presence of water actually fa-
parts of the silver surface. Both , Gand Q, can exchange vors the formation of the Qspecie§.6 In situ Raman mea-
with O, depending on the temperature, leading to complexsurements also revealed that, @ present under typical
results when carrying out TDS experimefis. methanol dehydrogenation conditions, reacting readily with

B. Electronic and structural properties of the O,, surface layer
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methanol. By exposing polycrystalline silver grains to abe different for the three oxygen species. This variation in
methane- and oxygen-containing feed at about 1000 K, iinteraction between the formally similar silver-oxygen atom
was possible to couple methane tglydrocarbons® These  groups finds its parallel in three-dimensional bulk oxides.
catalytic observations support the suggested Lewis-basithe reference compound AQsNO; was chosen as it con-
properties of the oxidelike surface layer, rendering silver artains two different oxidation statéé\g* and Ag*") of silver
efficient oxidation-dehydrogenation catalyst. within each unit cell. It is a silver-rich oxide of the clathrate
Using the analogy to copper, the,©ontaining surface type with a three-dimensional Ag-O polyhedral netwdek
layer might actually be identified structurally as an epitacticcuboctahedror™ This formal bonding concegtomprising
thin Ag,0(111) overlayer. This was suggested as early asAg®* and & ions in a square planar coordinatjda based
1974 by Rovidaet al3* and in more detail by Campbéll. upon the assumption that oxygen is always present as the
Campbell discusses the possibility that one “trilayer” con- oxoanion G~ and that different structural environments are
sisting of a hexagonal Ag layer surrounded by two hexagonataused by different ionic charges of the constituénfshe
oxygen layers with a thickness of about 2.7 A may bedifferent structural environments lead to different Ag-O dis-
present on top of Ag.11) after dosing with several mbar of tances of 2.52 and 2.05 A, leading to ionic radii of 1.26 A for
oxygen at 490 K. This “trilayer” model is in fair agreement Ag™ and of 0.76 A for A¢g". The difference in interatomic
with the estimated monolayer thickness of the oxidelikedistances is large enough within this homogeneous bulk
layer and the location of Qin the topmost layer shielding compound to call for significantly modified electronic inter-
the underlying silver layers as shown by ISS. The presendctions within each unit cell. It is, however, not necessary to
model is a “bilayer” structure, with silver and oxygen co- invoke large variations in the localized charge distributions
existing within one layer but with unknown corrugation. between silver and oxygen as is done in the ionic concept of
The low stability of the hexagonal polymorph of &gy ~ bonding, leading to the necessity of postulating a special
(see belowallows us to exclude the possibility that the oxy- cation-cation bonding foré® in order to account for the
gen and silver atoms are just simply stacked upon each othetlose packing of the silver “cations” in such compounds.
The suggested interpenetration model is consistent with thAlternatively, the concept of covalent interaction involving
XPS and ISS observations. Its formation is possible as theither only Ag 5 states or Ag 4/5s states may equally
atomic radius of silver and the van der Waals radius of araccount for different bonding geometries and bonding dis-
oxygen atom are almost identical and allow substitutiontances, without having to separate different numbers of elec-
without large lattice deformations. The small lattice expan-tronic charges between neighboring atoms. In order to avoid
sion of ca. 3% leading to the moipattern in REM which is  the idea of ionic bonding with large charge transfers, we
also seen in the STM images indicates the good match of thieesitate to use the term “oxidelike” bonding state for the
two atomic species. It is interesting to note that the van deAg-O,.
Waals radius of oxygen and the ionic radius for an oxide In a recent proposal of A@ being an important surface
anion are at 1.38 and 1.40 A almost identical to the atomictructure for the ethylene epoxidation silver catayatfully
radius of silver at 1.44 A, whereas a silver cation Afijls ionic bonding structure was assumed. This was required for
only a sphere with 1.13 A radius. the analysis of the solid state electrochemistry, proving the
These data set limits on the degree of charge transfer bewvailability of oxide anions at the surface of this oxide at 440
tween oxygen and silver, which is better described by a hyK and 75 bar hydrostatic pressure. As pointed out in this
bridization of Ag 4d/5s states with the valence band of silver paper, the oxide structure cannot be responsible for the cata-
than by an oxidic bonding between ions of Agnd G . Iytic action in the methanol conversion reaction as the disso-
Such a hybridization is well in line with the structure of the ciation pressure at 900 K under thermodynamic equilibrium
valence bands seen in Figs. 5 and 6, where most of theould be above 1000 ba?.In this context it is pointed out
oxygen-band intensity is located overlapping with the silverthat in a recent studyof the nature of the bonding in A@
d-band feature. Also the fact that the core-level shift for thea significant covalent interaction was stated, but an essen-
silver atoms directly surrounding the oxygen atoms is shiftedially closed shell for the Ag d states was also concluded
to low binding energies and not to higher binding energies igrom spectroscopic arguments. The detection of a white line
not in contrast with the conjecture that the ionic contribu-in the Ag L; edge spectra can thus only be seen as strong
tions to the chemical bonding are limited. In addition, if the support for the present conjecture of an important covalent
oxygen-surrounding silver atoms carried a significant posiinteraction in silver oxides. The comparison of valence-band
tive charge, we should expect a non-close-packing of specigshotoemission with x-ray absorption spectroscopy in combi-
with the same sign of electrostatic charge. The importance afation with suitable calculations on the structure of
covalent bonding with a strong mixing of methistates and Ag(111)-O, will be reported elsewhere and is in full agree-
oxygen s/p states was also found from system#tiand  ment with the presented ideas.
silver-specifié® x-ray absorption studies. In the latter study a  Returning to the structural properties of Ad1-o0,, we
white line was found in the Ag L, edge spectra of oxidic state that the interpenetration model is a unique surface
compounds, the existence of which excludes the closed-shedtructure and can exist only as a two-dimensional entity. The
structure of the Ag 4'° band. The interpretation given in structural motif of a silver-oxygen bilayer occurs as a three-
this papet that the intensity of the white line should be dimensional structure in the hexagonal polymorph of®g
proportional to the oxidation state of the silver can be reanaa structural model of which is shown in Fig. #4The bond-
lyzed in terms of a changing hybridization of the Agl 4 ing distances of Ag-Ag and Ag-O are at 3.07 and with 2.16
states with the different ligand systems. In the silver-oxygerd quite different from each other, and indicate significant
chemisorption system the type of chemical bonding seems tcharge transfer with a non-close-packing of the partly ionic
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FIG. 15. Schematic adlayer structure of(Af0)-O(2x1) show-
ing the oxygen atoms on bridge sites in {180] direction above
the surface Ag atom&@fter Ref. 40. The Ag-Ag distance is at 2.89
A similar to that in the hexagonal structural model of ,8g

gen partial pressure is sufficiently high. The questions arise
as to why this silver-oxygen interaction is more stable than

FIG. 14. A hexagonal structural model of AQ is shown(Ref. ~ any three-dimensional oxide structure, and why the hexago-
39). The bonding distances of Ag-Ag and Ag-O are, at 3.07 and"@l AGO structure does not contain the same chemical in-
2.16 A, quite different from each other, and indicate significantteraction as the surface oxygen phase. The second question
charge transfer with a non-close-packing of the partly ionic silvermay be answered by considering the conditions of the for-
atoms. mation of the Q phase, which requires temperatures of

about 500 K, above the stability limits for all known binary
silver atoms. The Ag-O distance is, however, significantlyoxides at ambient pressure of oxygen. Increasing the oxygen
shorter than the sum of the hard-sphere ionic radii at 2.51 Apartial pressure with elemental silver may not be sufficient to
This indicates that the structure is not fully ionic, but con-create the desired oxide phases, as an efficient competition
tains significant hybridization interactions, leading to smallerexists between oxidation and diffusion of neutral oxygen at-
oxygen radii and less positive repulsion between the silveoms through the silver lattice. The same oxygen mobility
atoms. The oxygen atoms are situated deep within the thregvas also recently observed by solid state electrochemistry at
fold hollow site of the silver networks, as follows from the elevated temperatures and pressures, which were, however,
interlayer silver-silver distance of 3.04 A, which is only 0.20 not high enough to overcome the threshold for, O
A larger than the sum of the atomic radii. The bonding dis-formation3* Furthermore, arn situ UPS and XPS study of
tances in the A@L11)-O, structure are ideally at 2.85 A for evaporated silver films as an oxygen electrode mafépar-
both interactions of the same length and indicate a chemicdbrmed at temperatures between 720 and 1100 K revealed
bonding interaction with less charge transfer than in@g oxygen species at the surface and at the sub-surface sites
(with a significant error margin of the STM method'hese under anodic polarization with steady-state oxygen evolu-
structural data can be compared to the experimentally detetion. The latter oxygen species was attributed to oxygen at-
mined surface structure of silver-oxygen on {140 face, oms dissolved in the bulk, and the further oxygen species at
which is shown in Fig. 18° The Ag-Ag distance is at 2.89 A low binding energy was assigned to strongly adsorbed oxy-
similar to that in the other structures. It indicates a closegen atoms. This means that the observed surface-oxygen
packing of the metal atoms and remains essentially unstructure may have a bulk analogue—an as yet unknown
changed by the nature and abundance of the nonmetal atormsgh-pressure phase of 4@. The underlying reason would
The Ag-O distances are, at 2.05 A to the in-plane neighborbe that the activation energy to change the electronic con-
and 2.12 A to the underlying silver atoms, significantly figuration of the closed silverdt® shell into a metal-ligand
shorter than in the oxide structures. Their values indicate aybrid state is too large with respect to bulk phase segrega-
significant charge transfer with a considerable ionic charactetion into the elements silver and oxygen.
of the atoms. In this surface structure the silver seems to On the Ad111) surface this may be different for two
behave like an alkali-metal ion. The bonding situation mayreasons. First, the activation energy for the electronic modi-
be caused by the incorrect geometric arrangement for an efication of the surface silver atoms will be different from the
ficient orbital overlap of the Ag d states with the oxygep bulk value due to the coordinative undersaturation. Second,
states on thé€110) surface. the surface electrostatic field will stabilize its origin, i.e., will

A covalent interaction seems to be more favored on thdorm a barrier for the back-diffusion of the silver into the
(111 face, as may be deduced by the observation that everyulk, a process which is required for the decomposition of an
silver surface restructures intd11) provided that the oxy- oxide. The drastic change in work function associated with
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the formation of the A¢L11)-O, phase(see Sec. lll Bis an  sorption. In silver, it is energetically relatively cheap for
indication of the strength of this surface field. The effect ofoxygen to become dissolved in the bulk of the substrate as
the surface electrostatic field on the mobility of ions may beO,. This is indicated by the significant oxygen mobility
estimated quantitatively from the theory of Cabrera ancthrough silver foil§® and is also not unusual with noble-
Mott,*? which was, however, not developed for the high- metal systems, as the example of the Pd-O system sffows.
temperature condition applying here. Using the work func-This example illustrates that the system reacts upon further
tion change of 1.0 eV as estimate of the field and assuming acrease of the chemical potential of oxygen by formation of
5.0 A thick “oxide” layer and a jump distance of a silver ion binary oxides with bulk structures. The thresholds for oxida-
of the same length, an increase of 60 kJ/mol in activatiortion are governed by the steps required to intensify the or-
energy for the jump motion of silver ions would result. bital interaction from a metad/p—oxygenp interaction to a
The magnitude of these electrostatic effects and the speenetals/p/d—oxygenp interaction. This process is easier for
tral parameters of the (species raise a question about theopend-shell metals than for closettshell metals like silver.
nature of the electronic interaction from a different point of The transition into a covalent oxide occurs for this element
view than discussed above. Intuitively, one would take theonly as a one-monolayer structure identified gs The bulk
work function change, the STM contrast, and the very lowoxides such as A represent the more ionic interaction
binding energies in the Oslcore level and in the valence with oxygen, whereas in the reference oxide;BgNO; both
band as indications for a strongly negative local charge otypes of bonding coexist. The higher-coordinated cubic sil-
the oxygen ions. The similarity of the spectral parameterwver sites represent the covalent bonding situation and the
between the surface compound and the bulk reference oxidewer-coordinated square planar environment occurs from
further supports this conjecture. Indicators for a more subtléhe ionic situation.
type of chemical interaction are, however, the structural de- The spectroscopic properties of uch as the significant
tails, deviating significantly from an ionic close packing asadditional increase in work function, the complex valence-
outlined above. These data render the interpretation of thband pattern with pronounced convolutions of the silver
Ag L3 x-ray absorption data in terms of ionic opdrshell  d-band features with the oxygemband states, the unusual
structures unlikely. Also, the valence-band UPS data showsilver 3d shift, and the very low oxygen®binding energy
in this work are incompatible with an ionic rigid-band be- do not indicate an isolated?O species, but are consistent
havior of all species of the surface-bound oxygen. with a layer of Ag-O interactions, which may be symbolized
We arrive at the following concluding description of the chemically by a Ag=0O double bond. The formation of this
system. First, we note that the silver-oxygen system can formovalent hybrid interaction requires spatial registry between
chemical interactions of significantly different nature as bulkoxygen and silver states and is thus structure sensitive. Theo-
compounds and as surface species. In classical solid statetical work presented in a forthcoming publication will il-
chemistry, this ambivalence finds its parallel in silver com-lustrate this spatial requirement and the energetic conse-
pounds where silver behaves like an alkali-metal ion andjuences of its fulfillment? It is noted that the discrimination
other silver compounds, in which unuswii’-d'® bonding  of the chemical interaction into “ionic” and “covalent” is
forces have to be invoked to explain the observed crystatrude, and reference is given to a discussion of the substan-
structures™6In the present surface chemical system, the O tial degree of covalent interaction in binary transition-metal
species represents the ionic extreme. Here the interaction éxides>?
mainly limited to Ag 5p/O 2p overlaps, with a significant
charge transfer to the oxygen leading to the observed work
function change, the Osignature in the valence band as a
peak below the Ag d band, and an O4.core-level binding
energy of about 530.5 eV, which is fully compatible with  We are indebted to the group of Professor E. W. Grabner,
most other transition-metal oxide d&fbincreasing tempera- University of Frankfurt, for the help with the preparation of
tures and oxygen partial pressures open two reaction chathe reference oxide. This work was financially supported by
nels for the adsorbate in addition to recombination and dethe BASF AG Ludwigshafen.
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