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Low temperature dissociation of O, on Ag(110): Surface disorder
and reconstruction
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We studied the dissociation of molecular oxygen adsorbed on Ag(110) by electron-energy-loss
spectroscopy. We observe that the dissociation of the adsorbed molecules at 150 K is connected to
increased surface disorder. The elastic reflectivity is recovered at 200 K independently of coverage
when the added row reconstruction of the substrate sets in.

Several authors have studied in the past the adsorp-
tion of oxygen on Ag (Refs. 1-13) and Pt (Refs. 14 and
15) single-crystal surfaces. The interest arises because
oxygen chemisorbs on both systems in both atomic and
molecular forms and thus allows molecular dissociation
to be studied at a fundamental level. The molecular
species (peroxy-type Oz ~ (Ref. 13)] is in both cases sta-
ble at low temperature (=~ 100 K) and dissociation oc-
curs well below room temperature. Moreover both met-
als are of great importance because of their industrial
relevance: Ag is a catalyst for the ethylene epoxidation
(C:Hs+ %02 —C;H40) (Ref. 16) while Pt catalyzes sev-
eral important heterogeneous reactions as, e.g., the ox-
idation of poisonous automotive exhaust gases NO and
Co.Y7

In this paper we report on a detailed electron energy-
loss spectroscopy (EELS) investigation of the dissocia-
tion process on Ag(110) with the aim to study the link
between the O, dissociation and the onset of surface re-
construction. While no definitive conclusion could be
drawn on this point we find that the barrier to dissocia-
tion is overcome at the temperature of 150 K while the O
covered surface reconstructs eventually at 200 K forming
adrows already at very low surface coverages.

Near-edge x-ray-absorption fine structure studies of O,
phase on Ag(110) indicate that at low temperature the
O, molecule is adsorbed flat on the surface.!l:12 EELS
shows a very low frequency for the O-O vibration, 80
meV,>* compared to the gas-phase value, which is in-
dicative that electron transfer has occurred.*!® Satura-
tion corresponds to an O, coverage O¢, = 0.25.2 When
heating the crystal the adsorbed oxygen is partially re-
leased into vacuum and partially dissociated as shown
by temperature-induced desorption.2”* When oxygen is
dosed at room temperature or above, (n x 1) low-energy
electron diffraction (LEED) structures form until the sat-
uration coverage of ®o = 0.50, which corresponds to a
(2x1) overlayer.! The (nx 1) structures were investigated
(for n < 4) by scanning tunneling microscopy (STM),®
surface-enhanced x-ray absorption fine structure,'® ion
scattering,® and inelastic He scattering.” They agree that
at high coverage O induces the formation of adrows in the
(001) direction. O sits in the adrows, nearly coplanar
with the Ag atoms.

0163-1829/94/49(7)/5113(4)/$06.00 49

The present experiment was performed with a new
double pass CDA(127°) EEL spectrometer of our own
construction!® (Ibach design!®) capable of a monochro-
matic current of 2 x 107! A in the direct beam at the
energy resolution of 4 meV at which the EELS was oper-
ated. The experimental apparatus was described in Ref.
20. The feature of major relevance for this work is the
possibility to dose the oxygen with a supersonic molecu-
lar beam, which allows us to obtain sticking coefficients
near unity,?! thus reducing considerably the time needed
to reach the saturation coverage. This feature is impor-
tant to keep surface contamination under control as the
surface becomes reactive to carbonate formation in the
presence of Q.22 The exposure dose to O, ¥, is given by
the flux and the exposure time, normalized to the surface
density of Ag(110) (8.4 x 10!* atoms/cm?).2° The crystal
was cleaned by the usual procedures in ultrahigh vacuum
(base pressure 1 x 1071° mbar). The cleanliness of the
surface was checked by Auger electron spectroscopy and
EELS. EELS is very sensitive to carbonate (CO3~) char-
acterized by a strong dipole active vibration at 30 meV
and by a weaker energy-loss peak at 100 meV.23 Only
EELS was used before the experimental runs to avoid
surface contamination. The measurements were recorded
with the scattering plane of the EELS aligned along the
(100) and (110) crystallographic directions.

Typical EELS spectra are shown in Fig. 1. The res-
olution was degraded to 10 meV to improve the signal-
to-noise ratio. They were recorded in-specular at differ-
ent temperatures T of the crystal after an exposure of
X = 171 monolayers (i.e., impinging molecules per sub-
strate atom) to a 3.5% O beam seeded in He at T = 83
K. The surface is saturated by O, molecules [@¢, = 0.25
(Ref. 2)]. The O, layer is disordered as demonstrated
by LEED analysis which shows a (1x1) structure. The
spectra were recorded along (001) with the electron beam
impinging at §. = 63° and an impact energy E. = 1.23
eV to enhance the dipole loss probability.?* Spectrum
(a) was recorded immediately after exposure, spectra (b),
(c), and (d) were recorded at different crystal tempera-
tures, which were kept constant within 6 K by switching
on and off the circulation of liquid nitrogen in the cooling
system. The reported temperatures refer always to the
highest reached value. The heating rate was ~ 1 K/min
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FIG. 1. EEL spectra recorded in specular after adsorption
of Oz at 83 K at E. = 1.23 eV and 6. = 63° for the temper-
atures (a) 83 K, (b) 143 K, (c) 147 K, (d) 217 K.

around 130 K. In (a) two peaks are present at 30 meV
and 80 meV in agreement with literature.®* In (b) the
intensity of the 80-meV peak, Igg, diminishes and disap-
pears eventually in (c) where a broad peak, of intensity
I40, forms at 40 meV, which corresponds to the O-Ag
vibration®* indicating that dissociation has occurred. In
spectrum (c) the specular reflectivity I, has dropped to
one-eighth of that in spectrum (b) but recovers to the pre-
vious value in spectrum (d), where the surface exhibits
a streaky (4x1) LEED pattern. The O-Ag vibration is
now well defined and nearly 4 times more intense than
in (c). No shift in frequency is observed within experi-
mental resolution. No appreaciable change with time was
observed in the spectra over the duration of the exper-
iment in (a), (c), and (d). Desorption of O took place
while spectrum (b) was recorded.® A time evolution is
expected which was not investigated further.

The large change in specular reflectivity is due to sur-
face disorder as is demonstrated by the fact that a similar
drop is present under all other investigated conditions,
as, e.g., shown in Fig. 2 which was recorded at a resolu-
tion of 4 meV with the electron beam impinging along
(110) at E. = 4.5 eV and 6, = 67° for the coverage
Op, = 1.5 x 1072

Off specular elastic intensity I, grows in correspon-
dence to the drop of the specular reflectivity as shown
in Fig. 3(a), where the maximum of the elastic peak is
reported as a function of crystal temperature for satu-
ration conditions. I, grows by a factor of 2-3 between
T: =150 K and T, = 200 K. I, is nearly constant up to
120 K when it falls within 30 K to one-eighth of its pre-
vious value [Fig. 3(a) continuous line]. Ig [Fig. 3(a) cir-
cles], shows a correlation with the drop in Io. Igo/Iy [Fig.
3(b) crosses] decreases even faster and disappears eventu-
ally around 145 K. At the same temperature a faint and
broad loss at 40 meV [Fig 3(b) squares] appears indicat-
ing that O, dissociation has occurred. At 200 K a rapid
recovery of the specular intensity takes place (a), accom-
panied by a growth of I4/Io (b), by a shrinking of the
linewidth Wyo [full width at half maximum (FWHM)] of
the 40 meV loss peak [Fig. 3(c) squares|, and by a reduc-
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FIG. 2. Same as Fig. 1 under the experimental conditions
for the electron beam E. = 4.5 eV, . = 67° and at an O
coverage ©o, = 1.5%: (a) 83 K, (b) 165 K, (c) 220 K.

tion of I¢ [Fig. 3(a) circles]. No LEED superstructure
is observed after oxygen exposure at 80 K: neither during
the heating up as long as O, is present (T' < 150 K), nor
as long as the reflectivity is low (150 < T < 200 K). A
streaky (4x1) structure appears eventually for T > 200
K.

Surface disordering was studied for different coverages
following the decrease of the specular intensity quantified
by Iy(min)/Io(max) as defined in the inset of Fig. 4. The
investigation was performed for O, doses x ranging from
0.19 to 470 monolayers of pure O, beam (F; = 0.088
eV) and from 1.5 to 170 monolayers of O, seeded in
He (3.5%, E; = 0.305 eV). The data in Fig. 4 are re-
ported as a function of Igo/Ip, a quantity which is di-
rectly proportional to coverage as long as depolarization
effects are negligible.?*A large decrease in specular in-
tensity [fo(min)/Io(max) ~ 0.3] is observed already for
Iso/Io < 1073. The O, coverage corresponding to this
ratio can be estimated to be lower than 3% by assuming
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FIG. 3. Intensity of specular peak Iy, loss peak at 80 meV
Iso, off-specular peak I.g, loss peak at 40 meV I40, and width
(FWHM) of the loss peak at 40 meV Wy, vs crystal temper-
ature for saturation adsorption. The correlation of the be-
havior of the different peaks indicates a disordering of the Ag
surface at T3 = 150 K and a reordering at T> = 200 K.
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FIG. 4. Collection of the data for the drop in reflectivity
Io(min)/Io(max) (see inset) vs Oz coverage monitored by the
intensity of the O-O stretching vibration Iso/Io measured at
E. =1.23 eV and 8. = 63°. The continous line is a guide for
the eye.

that the maximum value Igo/Ip = 0.008 corresponds to
O, saturation. The large effect of dissociation on reflec-
tivity may either indicate that disorder increases in the
O layer or that the substrate is involved, too. Accord-
ing to Ref. 13 the charge transferred to the O, molecule
from the substrate (0.9e~ per molecule) is similar to the
charge transferred to the single O adatom (0.8¢~). We
expect therefore the cross section of the O; molecule to be
similar to the one of the O adatom. In fact after molecu-
lar adsorption (3% coverage of O;) we observe a drop of
80% of the elastic reflectivity in specular with respect to
the bare surface reflectivity under the same experimen-
tal conditions (E. = 1.23 eV, 6, = 63°). The decrease
of 70% observed when dissociation occurs is hence not
too surprising as the number of scattering centers dou-
bles. This picture is, however, complicated by multiple
scattering, which may be altered by adsorption and by
dissociation. The EELS data are therefore not sufficient
to unambiguously prove whether the disorder is confined
in the adlayer or whether it involves also the substrate.
Ag-O dimers or Ag-O-Ag trimers could form and be a
precursor to the added row structure forming at 200 K.
STM and ion scattering investigations of this system are
suggested to solve the issue. For T} < T < T3, Ij is very
low but not zero. The variation in reflectivity is larger
at low E. where the impinging electrons are more sensi-
tive to the surface barrier. We suggest that the residual
reflectivity is due to the contribution of deeper crystallo-
graphic planes which are not affected by the disorder lo-
calized principally at the surface. This is also the reason
why Io/Inax saturates at higher coverages. The temper-
ature T;, at which the disorder sets in, does not depend

ing (or added) row reconstruction was demonstrated by
He atom scattering with time of flight detection” and
by STM.® Naively one would assume that the formation
of the adrows should strongly affect the vibrational fre-
quency of the O adatoms. However only a difference
in the second-nearest neighbors is implied by the recon-
struction compared to the twofold adsorption sites orig-
inally proposed for the nonreconstructed geometry.! In-
deed no shift in frequency was observed over the inves-
tigated temperature range even at the highest available
resolution of 4 meV (see Fig. 2).

The ratio I4/Ip, on the other hand, is observed to
be strongly affected at T> at all coverages. This effect
and the recovery of the reflectivity show that adrows are
formed above T also at low ©¢.

In conclusion the picture that emerges is that at tem-
peratures below 130 K O, is stable and the Ag atoms sit
in the (1x1) lattice sites. Above 130 K desorption sets in
but has no effect on the substrate until at 145 K the dis-
sociation barrier is overcome, and O atoms are formed.
The reflectivity and EELS data are unfortunately not
sufficient to discriminate between a disorder confined in
the adlayer and a disorder involving also the Ag sub-
strate. At 200 K the mobility is large enough to coalesce
the Ag-O rows giving rise to (n x 1) islands as demon-
strated by the streaky LEED pattern and by the recovery
of the elastic reflectivity at low E. independently of ©o.
Following STM results® the observed reconstruction is of
added row type. The added row mechanism of surface
reconstruction is very general in presence of O for fcc
(110) surfaces and was observed also for Ni(110) (Ref.
25) and Cu(110).2627 On these substrates however no
molecularly chemisorbed specie is present as the barrier
to dissociation is lower than for Ag.
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