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3.8.4 CO,, NO,, SO,, OCS, N,0 and O3 on metal surfaces

List of abbreviations

AES Auger electron spectroscopy

ARUPS angle-resolved ultraviolet photoelectron spectroscopy
BE binding energy

E electric field vector

E, activation energy for desorption

Eiss activation energy for dissociation

ELS energy loss spectroscopy

ESD electron simulated desorption

FTIR Fourier transform infrared

HAS helium atom scattering

HREELS high-resolution electron-energy loss spectroscopy (EELS)
HR-PES high-resolution photoelectron spectroscopy (PES)

IRAS infrared reflection-absorption spectroscopy (RAIRS)

L Langmuir

LEED low-energy electron diffraction

MBRS molecular beam relaxation spectroscopy

ML monolayer

NEXAFS  near-edge X-ray absorption fine structure (XANES)

Siss dissociative sticking coefficient

SEXAFS surface extended X-ray absorption fine structure

ST™M scanning tunneling microscopy

TPD temperature-programmed desorption spectroscopy (TDS)
TPRS temperature-programmed reaction spectroscopy

UPS ultraviolet photoelectron spectroscopy

XAES X-ray excited Auger electron spectroscopy

XAFS X-ray absorption fine structure (EXAFS, NEXAFS, SEXAFS)
XPS X-ray photoelectron spectroscopy

3.8.4.1 Introduction

This chapter discusses adsorption and reaction of six triatomic molecules on metal surfaces: carbon
dioxide (CO,), nitrogen dioxide (NO,), sulfur dioxide (SO,), carbonyl sulfide (OCS), nitrous oxide (N,O)
and ozone (0Os). All of these molecules have a wide range of interactions with metals and undergo a
number of chemical transformations. CO,, NO, and SO, adsorption has been characterized extensively.
Only a handful of studies of OCS adsorption are available. Ozone is the most reactive molecule of this
collection and its facile dissociative adsorption has been utilized to oxidize several metal and alloy
surfaces under mild conditions. However, no information is available about O; molecular adsorption.

We have included data on adsorption of these molecules on chemically modified metal surfaces, i.c.,
surfaces containing preadsorbed or coadsorbed species. Specifically, alkali metal adatoms were
considered and reactions of CO, and SO, with coadsorbed oxygen to form surface carbonate and sulfite
or sulfate species, respectively, are discussed. Alkali metal adatoms often serve as promoters, enhancing
the reactivity of these molecules at the modified metal surface.
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In addition, when available, we have included results from adsorption studies on alloy surfaces. Such
chemistry gives insight into reactions on bimetallic heterogeneous catalysts that are ubiquitous in the
chemical and petroleum industries. Alloying metal in a catalyst with a second metal can strongly change
the activity and selectivity of the catalyst. Even when alloy formation does not occur, the catalytic activity
and selectivity are often changed by deposition of one metal on another. For example, adding Cu on Ru
supported on silica to form bimetallic clusters gave a catalyst with a dramatically lower capacity for
hydrogen chemisorption and improved selectivity for dehydrogenation [76Sin]. In several cases, we have
included some information about adsorption of these triatomic molecules on non-metal surfaces for
comparison or in order to anticipate what may be found in later studies on metals.

We begin the discussion in each section by a few comments on structure and bonding in the gas-phase
molecule [66Her], followed by brief remarks on the coordination chemistry of these molecules as ligands
in metal complexes. The literature describing coordination complexes or organometallic cluster
compounds provides excellent references for understanding adsorption and reactions on metal surfaces
and we refer the interested reader specifically to this material (e.g., see [87Alb, 87Col]).

In summary, carbon dioxide (O=C=0), carbonyl sulfide (O=C=S) and sulfur dioxide can be
considered to belong to a class of ligands called cumulenes. CO, and OCS are linear triatomic molecules
in which an sp-hybridized central atom is bonded to both outer atoms via double bonds. Along with other
molecules like allene (CH,=C=CH,), carbon disulfide (S=C=S) and ketene (CH,=C=0) that are not
discussed herein, these have coordination bonding in metal complexes and at metal surfaces that is
analogous to that of the well-known Dewar-Chatt-Duncanson model of ethylene coordination. In this
model, electron density from a filled molecular ©t bond is delocalized into empty orbitals on the metal and
electron density from an occupied d orbital on the metal is “back donated” into an empty molecular *
orbital on the molecule. The extent of this back bonding affects rehybridization of atoms in the molecule
and distortion of the molecule from linearity. These molecules can also more weakly bond to metal atoms
at the surface through an oxygen or sulfur lone pair and maintain linearity. Nitrous oxide (N=N"—O") is
also a linear triatomic molecule, but its coordination and surface chemistry is quite different, behaving as
a pseudohalogen. NO,, SO, and O; are bent triatomic molecules in the gas phase and are highly reactive
molecules that often easily dissociate on metal surfaces to form an oxygen adatom along with a nascent
coadsorbed molecular product. No study has yet reported on the molecular chemisorption of O; on a
metal surface, due to its facile dissociation, but there is a rich literature on NO, chemisorption on metals.
NO, is a radical in the gas phase, and as expected, it exhibits a diversity of bonding modes analogous to
the linkage isomerism observed in the coordination of the nitrite anion (NO, ). NO, can bond to metal
surfaces through either one (monodentate) or both (bidentate in a chelating structure) of the oxygen atoms
or through the central N atom, and in bidentate bridging structures involving bonding to N and O atoms.

3.8.4.2 CO,
3.8.4.2.1 Structure and bonding of CO,

CO; in its ground state is a closed-shell, nonpolar, linear molecule, as shown in Scheme 1.

p=Cc=0
Scheme 1. Lewis structure for CO,.

Undistorted, linear CO, molecules can exhibit two bonding modes: (i) dative bond formation via
donation of a lone pair on one oxygen atom to an empty orbital on the metal with the molecule in an
upright orientation with its axis nearly perpendicular to the surface (as in Scheme II ¢); or (ii) via T bonds
of the CO, molecule analogous to ethylene and bonding with the molecular axis oriented parallel to the
surface. Both of these are expected to be weak, physisorption interactions. However, charge transfer of an
electron from the substrate to CO, forms a CO,™ anion, which is “bent” and isoelectronic with NO,. This
additional electronic charge is accommodated by breaking one of the C=O double bonds and forming an
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additional oxygen lone-pair orbital. This bond breaking process “opens” the carbon atom and occupies a
previously unoccupied 27, orbital of linear CO,, making the molecule a 17-electron system, which tends
to avoid a linear geometry [77Are, 83Cal]. Such highly distorted, “bent” CO, molecules have several
bonding modes possible, and Scheme II illustrates two types: (i) an ' C-bonded complex (II a); and (ii)
an n* C,0-bonded complex (II b) (the superscript-n notation indicates the number of atoms in the
molecule that are bonded to the metal). Both linearly adsorbed and bent-CO, chemisorbed states have
been assigned on metal surfaces upon adsorption. Several other molecular orientations and bonding
modes, in addition to those given in Scheme II, are feasible.

0
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Scheme II. Types of coordination for CO,.

3.8.4.2.2 CO, adsorption on metal surfaces

CO, adsorption on metal surfaces has been extensively studied, and several reviews are available [86Fre,
918Soll1, 96Fre]. The thermodynamics for CO, adsorption are given in Table 1. On most metal surfaces,
CO, adsorbs only weakly. CO, does not appear to chemisorb on Pt, Pd, Cu and Ag, although
physisorption occurs [91Soll, 96Fre, 74Nor, 75Nor, 84Seg, 86Ber, 86Sol, 89Rod, 87Sak, 83Bac, 82Stu].
It has been asserted that the metal work function and surface structure, including defects, controls whether
or not physisorbed CO, can be readily converted to a chemisorbed species. On Fe, Ni, Rh and Re single
crystal surfaces, CO, dissociates into coadsorbed CO and oxygen adatoms [87Lin, 87Bar1, 88Ill, 87Pir,
86Beh, 87Fre, 87Beh, 87Bau, 91Wam, 89Pau, 93Nas, 95Hes, 85Sol, 87Pel, 88Ass, 91Rod, 85Beh,
94Meyl, 94Mey2, 98Sey]. Table 2 provides dissociation parameters for adsorbed CO,. Vibrational
spectroscopy has played a key role in characterizing such surface reactions and adsorption configurations
and vibrational data for adsorbed CO, is collected in Table 3.

CO, interacts on metal surfaces in two states: as a physisorbed, linear CO, molecule and as a
chemisorbed, non-linear CO, molecule, which is bent as in a CO, species. The chemisorbed bent species
is often considered an intrinsic precursor for CO, dissociation into CO and O adatoms. Fig. 1 illustrates
how a CO, molecule might physisorb in a linear configuration as it approaches the surface and, under
certain conditions, transform into a bent CO,  species. This molecule resides in a new adsorption well
from where it might scatter back into the gas phase or dissociate into two chemisorbed species,
coadsorbed CO and O [87Barl].

Many studies have addressed the adsorption of CO, on Fe surfaces and concluded that the adsorption
mechanism is face-sensitive [87Pir, 86Beh, 87Fre, 87Beh, 87Bau]. The open Fe(111) surface was much
more reactive for CO, dissociation than the Fe(110) surface, which was inactive towards CO,
chemisorption [87Pir, 86Beh, 87Fre, 87Beh, 87Bau]. Introduction of steps and defects into the Fe(110)
surface lead to CO, chemisorption. Steps on the surface lower the work function and this favors electron
transfer from the metal to the adsorbate. This distorts the molecule toward CO,” and chemisorption of
CO; occurs. The adsorption and reactivity of CO, increases for the sequence: Fe(110) < stepped-Fe(110)
<Fe(111) < evaporated Fe films [87Pir, 86Beh, 8§7Fre, 87Beh, 87Bau].

Molecular CO, adsorption was observed on an Fe(111) surface at 85 K [87Pir, 86Beh, 87Fre, 87Beh,
87Bau]. Fig. 2 shows UPS spectra of adsorbed CO, on Fe(111) at 85 and 140 K, along with calculated
one-electron orbital energies of CO, and CO, . The UPS spectra reflected that most of the adsorbed
molecules were only slightly distorted upon adsorption at 85 K, but there was a small fraction of the
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molecules that were identified as bent, anionic CO,” species [87Pir, 86Beh, 87Fre, 87Beh, 87Bau]. These
anionic species were stable up to 160-180 K. Further heating the substrate to room temperature lead to the
formation of coadsorbed CO and O on the surface. Thus, on (111) and polycrystalline Fe surfaces, it was
concluded that CO,” was a precursor for dissociative adsorption [87Pir, 86Bech, 87Fre, 87Beh, 87Baul].
These data are presented along with other information on the valence electronic structure for adsorbed
CO, in Table 4. Related electronic excitations for adsorbed CO, are summarized in Table 5.

Work function change (A¢) measurements following CO, adsorption on Fe(111) and stepped-Fe(110)
surfaces [86Beh] are shown in Fig. 3. These data supported the presence of two different species at 77 K.
One species caused the work function to increase while the other one lead to a decrease in work function
with increasing CO, exposures.

HREELS was used to probe the molecular adsorption state of CO,, its dissociation to yield coadsorbed
CO and O, and possible formation of carbonate (CO;") species on Fe(111) between 100 and 300 K
[95Hes]. A carbonate intermediate was formed from CO, exposures on an oxygen-precovered Ag surface
[82Stu, 83Bac]. Figs. 4a and b show a series of HREELS spectra probing the effect of pressure and
temperature on CO, adsorption on Fe(111) [95Hes]. In Fig. 4a, two different groups of energy loss peaks
dominate the spectra. Losses at 50, 133 and 145 meV were attributed to a strongly bound CO, species
because the intensities of these peaks did not increase with increasing CO, pressure, while losses at 80
and 290 meV were associated with a weakly bound species. In Fig. 4b, appearance of a new peak at
225 meV, due to a vco stretching mode, from heating the layer at 150 K indicates dissociation. In
addition, the strong loss peak at 133 meV at 150 K indicates the presence of two different states of
strongly bound CO, on Fe(111). The behavior and intensity changes of the losses at 145 and 133 meV as
the temperature was raised suggested that the two bent CO, states were strongly coupled and had two
different activation energies for dissociation E . At 240 K, a new feature appeared at 160 meV, which
was associated with a linear CO, adsorbed in an upright orientation based on off-specular HREELS
spectra, as presented in Fig. 5. The 290 meV loss peak was associated with the v,(OCO) asymmetric
stretching mode of a weakly adsorbed CO, molecule in a linear configuration. The appearance of two
losses near 160 meV was explained by splitting of the vy(OCO) symmetric stretching mode due to a
Fermi resonance with the first harmonic of the 80 meV mode. The 80 meV loss peak was assigned to the
4(0OCO) bending mode of an adsorbed linear CO, molecule. A vertical geometry of the CO, molecules
was suggested because the two split modes were excited by impact scattering and the v,,(OCO) mode by
dipole scattering. The two modes at 133 and 145 meV and two other modes at 170 and 200 meV were
assigned as corresponding to v, and v, modes of CO, adsorbed in a bent configuration. A definite
analysis of the geometry of the bent CO,” on Fe(111) was difficult because the number of observed
modes agreed with both C; and C,, symmetry.

According to UPS, XPS, HREELS and NEXAFS measurements, CO, adsorption on Ni(110) [87Lin,
87Barl, 88IllI] was very similar to that on Fe(111). Information on core-level binding energies for
adsorbed CO, in this system and others is given in Table 6. ARUPS and HREELS studies revealed that
two species were present on the Ni(110) surface at low temperature: a bent, chemisorbed CO,> species
and a linear physisorbed CO, species. All physisorbed CO, desorbed from the surface by heating to
180 K, and CO,* species dissociated into coadsorbed CO and O upon heating above 190 K. ARUPS and
HREELS results were compatible with C,, symmetry of the CO,> adsorbate complex. Two possible
coordinations satisfy this constraint, C-atom down or O-atoms down, as shown in Fig. 6. An 1>
O-coordination of CO,* species was proposed by comparison with the bonding of formate ions (HCOO")
on Cu(110) [87Lin, 87Barl], where the molecular plane was aligned along the [110] azimuth and the O
atoms were bound to the metal in an n? configuration.

Further information about the local geometry of CO, and CO,> species on Ni(110) was available
from NEXAFS [88I11]. Fig. 7 shows spectra at the oxygen K-edge for a gz of 90° (normal incidence) and
20° for adsorbed CO, at 100 and 180 K. Spectra at 100 K were composed of a mixed phase of linear CO,
and bent CO,, whereas the spectra at 180 K only contained the bent CO, phase. A spectrum for
physisorbed CO, was derived by subtraction of the bent CO,” spectrum at 180 K from the spectrum of the
mixed phase, and this is included in Fig. 7. The sharp features were assigned to a  resonance caused by
excitation from the O 1s core level to the 2w, valence level of linear CO, or 2b, valence level of bent
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CO,". Because the polarization dependence of the m resonance did not vary strongly with the angle of
incidence, it was proposed that the physisorbed species adopts a “lying-down” configuration. If the
molecular axis of the physisorbed CO, molecule was oriented perpendicular to the surface, then a strong
attenuation of the m* resonance intensity would be expected. This is in contrast to the vertical geometry
proposed for physisorbed linear CO, on the Fe(111) surface.

Evidence about the orientation of these species from the polarization dependence of NEXAFS spectra
has been obtained [88Ill]. The ® resonance was strongly attenuated at 6z = 20° in both azimuth angles,
while the intensity of the ¢ resonance remained almost constant. The interpretation was that the molecular
plane of a bent chemisorbed species was most likely oriented perpendicular to the surface plane, but that
there was no preferential orientation of the molecular plane along the <110> or <001> azimuth. The
spectra were also compatible with the presence of two different species oriented along each azimuth. A
diffuse LEED analysis gave equal numbers of bent molecules adsorbed on atop sites and oriented along
the <100> and <110> directions [82Stu].

The adsorption geometry and dissociation of CO, molecules on Re(0001) at 85-135 K was studied by
HREELS [88Ass] with results similar to those found on Ni(110). Below 120 K, CO, adsorbs as a linear
molecule with its axis parallel to the surface. A fraction of the adsorbed molecules desorbed at 120-135 K
and the rest transformed into an intermediate identified as bent CO,>, which then decomposed into
coadsorbed CO and O at 135 K.

Initially, CO, was thought to dissociate on Rh(111) [79Dub], but this was later attributed to B
impurities [85Sol]. This latter result was consistent with a calculation of the dissociative sticking
coefficient Sy, for CO, on Rh(111) to be about 107"° [83Weil.

3.8.4.2.3 CO, adsorption on chemically modified metal surfaces
3.8.4.2.3.1 CO, adsorption and reaction on metals with coadsorbed O and H adatoms

CO, does not adsorb on the Ag(110) surface at 100 K [83Bac, 82Stu]. However, preadsorbed oxygen
stabilized a molecular CO, state and induced reaction of CO, to form surface carbonate (CO32_) anionic
species, as characterized by LEED, TPRS, UPS, XPS and HREELS [83Bac, 83Bar, 82Stu, 83Beh,
91Beh]. Upon heating, CO;>~ decomposed into coadsorbed CO, and O with a dissociation activation
energy of Ey = 27 kcal/mol. UPS showed that the valence levels of adsorbed COs* agreed well with
those found in bulk K,CO;3 and CaCOj;. This information, coupled with the increase in work function
upon formation of adsorbed COs>", helped to establish the anionic nature of these species.

C and O K-edge NEXAFS were performed to determine the orientation of the surface carbonate
species on Ag(110) at room temperature [88Mad], as shown in Fig. 8. From the dependence of the spectra
on the polar and azimuthal angles, it was concluded that the C-O bonds of CO;>" were oriented parallel to
the surface within 10°. A single 6* resonance at 300.5 eV for both azimuths also suggested that all C-O
bonds were equivalent. Excellent agreement between the NEXAFS spectra for both azimuths to that from
bulk CdCO; led to the conclusion that the C-O bond length was 1.29 A, i.e. the same as that in CdCO;
[88Mad]. The assignment from NEXAFS of the orientation of the CO;> species as parallel to the
Ag(110) surface contradicted the tilted geometry that was assigned previously based on ARUPS and
HREELS [87Sak, 83Bac, 82Stu]. However, it was possible to reinterpret the vibrational spectrum to be
consistent with the NEXAFS results and to indicate the C; symmetry of the surface-adsorbate complex
[88Mad].

CO, interacts more weakly with an O-precovered Ni(110) surface than with a clean Ni(110) surface.
ARUPS was used to determine that the orientation of CO, was parallel (+20°) to the surface on
O-precovered Ni(110) at 85 K, similar to that on clean Ni(110) at 85 K [87Barl], as shown in Fig. 9a.
The spectrum at 293 K, shown in Fig. 9b, was different from that obtained from the oxygen-free Ni(110)
surface. The spectrum could be explained either by the presence of a CO/O coadsorbed phase or by the
presence of carbonate species, but these two possibilities were not distinguished.

The reactivity of adsorbed CO, with coadsorbed hydrogen on Ni(110) was investigated by using
HREELS and high-resolution XPS [91Wam]. HREELS spectra shown in Fig. 10 indicate both linear CO,
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and bent CO,™ species by a 8(OCO) peak at 636 cm™ and losses at 727, 1103 and 403 cm™" attributed to
8(0CO), v,(OCO) and Vy;.co» modes of a bent CO,” species, respectively. Upon heating, the band for
linear CO, disappeared and the losses corresponding to bent CO, ™ species increased in intensity. Linear
CO, was apparently converted to bent CO, species. Above 200 K, the spectra were characterized by
three loss peaks at 403, 727, 1353 and a weak peak at 2904 cm™'. These vibrational energies compared
well with those obtained for adsorbed formate (HCOO™) and it was concluded that formate was formed on
the surface and was stable to 300 K. Formation of formate species was also supported by XPS [91Wam],
as shown in Fig. 11. At low temperatures, peaks due to coadsorbed linear CO, (291.2 eV BE) and bent
COo,> (286.6 ¢V BE) were found. At 120 K, physisorbed CO, desorbed, CO,% remained on the surface,
and a small peak grew at 285.6 eV BE that corresponded to CO(a). At 200 K, a shift of the 286.6 eV BE
peak to 287.0 eV BE indicated formation of formate species along with coadsorbed CO. The inset of the
figure provides a spectrum of formate species that were formed by heating formic acid to 200 K, in good
agreement with the spectra from CO,+ H,/Ni(110).

3.8.4.2.3.2 CO, adsorption and reaction on metals with coadsorbed alkali metals

Alkali metals function as promoters for the adsorption and reactivity of CO, on metal surfaces [89Pau,
93Nas, 95Hes, 85Sol, 87Pel, 88Ass, 91Rod, 85Beh, 94Meyl, 94Mey2, 98Sey, 96Kra, 89Liu, 91Liu,
87Sol, 88Kis, 87Mat, 89Wam, 94Hof, 94Sol, 90Ehr]. Several examples exist where alkali metals
dramatically increased the strength of the interaction between CO, and metal surfaces. This was often
explained as arising from either direct interaction with the alkali metal or the lowering of the work
function of the substrate by adsorption of the alkali metal, because electron transfer to CO, to form a
more stable CO, species should be favored in either case. Different species, such as a CO, dimer,
carbonate and oxalate, were proposed to form on these alkali-precovered metal surfaces depending on the
nature of the alkali metals and metal substrates.

Spectroscopic evidence for the presence of CO,” and COs* species was presented for the system
CO,/K/Rh(111) [87Sol, 88Kis, 94Sol] and CO/K/Pt(111) [89Liu, 91Liu].

Interactions of CO, with Fe(110) surfaces precovered with K and Cs was studied by UPS, XPS and
work function measurements [94Mey1, 94Mey2, 98Sey]. In contrast to the inactivity of CO, on Fe(110),
a strong interaction between CO, and alkali-promoted Fe(110) was found. UPS spectra of CO, on
Fe(110) at 85 K for two different K precoverages are shown in Fig. 12. At low K coverages and low CO,
coverages, dissociation occurs to form coadsorbed CO and oxidic oxygen. At higher CO, coverages,
disproportionation reactions form coadsorbed CO and COs”" species. Linear CO, molecules were found at
high CO, exposures. Though no stable bent CO,” was identified, its formation as an intermediate was
suggested. At higher K coverages (6x >0.16), a new adsorbate “species A” was formed. This was
proposed to be an oxalate (C,04™) species, although a C-O-C bridged iso-oxalate or a CO,™- CO, adduct
could be ruled out. HREELS was used to identify formation of oxalate species upon CO, adsorption on
K-modified Fe(100) at 85 K [89Pau].

The stability of COs>~ on Fe(110) depends on the K coverage [94Mey2]: small to medium (0 < fx <
0.20) or high coverages (0.26 < 6 < 0.3). Fig. 13 shows that CO;*" is unstable and decomposes between
200 and 300 K at small to medium 6x values, whereas CO5>~ decomposition does not occur until 500 K at
high @ values. Reaction schemes for the CO,/K/Fe(110) coadsorbate system for the two different €y
regimes have been proposed [94Mey2].

UPS and XPS were used to determine that the chemistry of CO, on Cs/Fe(110) and K/Fe(110)
surfaces was similar, despite the larger size and induced work function change of Cs compared to K
[98Sey]. Similarity of the chemistry of the CO,/K/Cu(110) system to that of CO,/K/Fe(110) led to the
conclusion that the adsorption behavior of CO, was dominated by the adsorbed K and not by the
underlying transition metal [96Kra].

IRAS and TPD investigations of the interaction of CO, with a (V3xV3)R30°-K monolayer and K
multilayer on Ru(0001) identified CO,", CO,%>, oxalate and carbonate formation [94Hof]. On a clean
Ru(0001) surface, CO, physisorbs in a monolayer that desorbs at 100 K, but interaction of CO, with a K
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monolayer readily forms oxalate at 85 K. Fig. 14a compares IR spectra after CO, adsorption on a K
monolayer and multilayer on Ru(0001) with that of bulk K,C,0,. Three bands at 1716, 1342 and
806 cm™ were assigned to v,(OCO), v{(OCO) and §(OCO) modes, respectively, of an oxalate species.
Possible structures of this species are shown in Fig. 14b. A study of matrix isolated Li*'C,04> species
and theoretical cluster calculations supported structure AII in Fig. 14b with Dy, symmetry for the
observed oxalate species [98Zhu]. Application of the surface dipole selection rule determined that the
oxalate species was preferentially oriented with its molecular plane perpendicular to the surface and the
C-C axis parallel to the surface, because the v,(OCO) asymmetric stretching mode was much stronger
than the other two modes, in contrast to that found in the bulk IR spectrum. After heating above 150 K,
oxalate (C,0,4”) species on K/Ru(0001) disproportionated into coadsorbed CO5” and CO.

FTIR spectra of the carbonate species formed from CO, adsorption on multilayer, bilayer and
monolayer K-covered Ru(0001) are shown in Fig. 15a. For the K monolayer, only one intense band was
present at 1467 cm™', which was assigned to v,(OCO) of COs% with Dy, symmetry. Possible structures
for this species are shown in Fig. 15b. The vibrational spectra suggested that structure CIV in Fig. 15b,
with its molecular plane perpendicular to the surface and C-O bond of the inequivalent, single oxygen
atom parallel to the surface, was the most probable structure. Structures CII and CV were ruled out
because these structures with inequivalent oxygen atoms should have given more than one CO stretching
mode. Decomposition of CO,” starts at 700 K and results in simultaneous desorption of K and CO..

3.8.4.2.4 CO; adsorption on alloy surfaces

There are two reports concerning adsorption of CO, on bimetallic surfaces. One is on the ¢(2x2)
Mn/Pd(100) surface alloy [99San]. No CO, adsorption was found on this alloy at any temperature
exceeding that required for condensation. Preadsorbed oxygen stabilized adsorbed CO,, but oxygen
adsorption actually destroys the alloy structure, disorders the surface, and forms MnO, complexes before
CO, adsorption. Fig. 16 shows C(1s) XPS spectra after 20 L CO, was dosed on an O,-pretreated surface.
In addition to the peak at 280 eV BE corresponding to atomic carbon, four other peaks were found and
assigned to CO(a) on Pd, CO(a) on Mn, CO,(a) and COs>"(a). Valence photoemission spectra for the
same conditions were used to identify adsorbed CO, at 110 K and CO;* after heating the adlayer to
500 K based on comparisons to angle-resolved spectra for CO/Ni(110) [91Wam] and CO5>/Na/Pd(111)
[89Wam] measured at Av=38 eV. It was concluded that both of these two latter species were bound to
MnOy, complexes at the surface by comparing the results to those for CO, adsorption on oxide surfaces.

In studies on bimetallic Cu/Re(0001) surfaces, it was proposed the observed enhanced activity for
CO, dissociation over that of pure Cu arose from Cu-Re interactions that enhanced the electron donor
capability of Cu atoms supported on Re(0001) [91Rod].

3.8.4.3 NO,
3.8.4.3.1 Structure and bonding of NO,

NO, is isoelectronic with CO,, and as such, it is a bent triatomic molecule, as shown in Scheme III.
In the gas phase, it has a A, ground electronic state, i.e., it is a radical, with the unpaired electron
residing on the N atom, and it has an O-N-O angle of 134° and an O-N bond length of 1.2 A.

.+ + .

N N

Scheme III. Lewis structures for NO,.
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As expected, adsorbed NO, exhibits a diversity of bonding modes analogous to the “linkage
isomerism” observed in inorganic transition metal complexes [82Hit, 91Aln]. In these complexes, NO,
coordinates in the form of nitrite (NO,") anion. NO, and NO,™ can bond through either one (monodentate)
or both (bidentate in a chelating structure) of the O atoms or through the central N atom, and in bidentate
bridging structures involving bonding to N and O atoms. Scheme IV gives some of the possible linkage
isomers of NO,™ that have been characterized in complexes that are relevant to adsorption on surfaces.

There are four adsorption isomers expected for NO, that is bonded upright at the surface, with the
molecular plane aligned near the surface normal: nitro or N-bonded (a in Scheme IV); O-nitrito (b and ¢
in Scheme 1V); O,0'nitrito (d in Scheme IV); and p-N,O-nitrito (the prefix-p notation indicates the
number of metal atoms to which the molecule is bonded) (e in Scheme IV). In complexes, O-nitrito
ligands (b and ¢ in Scheme IV) are known to be thermodynamically unstable and usually rearrange to the
nitro isomer, so these should be only weakly bound at the surface. In addition, one may find weakly
bound adsorption isomers with the molecular plane parallel or slightly inclined to the surface.

0
/ 0
0 0 N\ 'Tj O\
N 0 0 NG N—O
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a b c d e

Scheme IV. Bonding modes for NO..

3.8.4.3.2 NO, adsorption on metal surfaces

Thermodynamic values for NO, adsorption are given in Table 7. NO, is a very reactive molecule and
dissociative adsorption occurs on most metal surfaces to form coadsorbed NO and O products at 300 K.
Table 8 provides information on dissociation parameters for adsorbed NO,. Dissociative adsorption of
NO, was reported on W(110), Mo(110), Ru(0001), Ag(110) and Ag(111) surfaces even at low
temperatures. On W(110), NO, almost completely dissociated at 100 K to form coadsorbed N and O
adatoms [79Fug, 87Bab]. On Ru(0001) at 80 K, NO, initially dissociated to produce coadsorbed NO and
O, but higher exposures lead to molecular chemisorption of NO, [86Schl, 86Sch2]. This molecularly
adsorbed NO, was weakly chemisorbed with an energy of 9 kcal/mol. HREELS was used to conclude that
NO, bonds through the N atom to Ru(0001) with C,, symmetry and the molecular axis oriented
essentially perpendicular to the Ru(0001) surface. Vibrational data for adsorbed NO, on Ru(0001) and
other surfaces is summarized in Table 9.

TPD, LEED, AES and ESD were used to investigate adsorption and decomposition of NO, on Pt(100)
[85Sch]. It was proposed that molecular adsorption occurred on the reconstructed, hexagonal (5x20)
Pt(100) structure of the clean surface at 200 K and the reconstruction was not lifted by NO, adsorption at
this temperature. Thermal dissociation of NO, occurred in a narrow temperature range
(<10 K) near 295 K, and a surface structural phase transition occurred to form the unreconstructed (1x1)
Pt(100) structure within the same temperature interval. This phase transition lead to highly reactive
domains that accelerated NO, decomposition and caused an autocatalytic reaction.

NO, adsorption on Pt(111) has been investigated by TPD, UPS and HREELS [82Dah, 82Seg,
87Bar2]. Early on, there were some contradictory results concerning the dissociative adsorption of NO,
on Pt(111) at 120 K. Based on cited unpublished UPS work, it was reported that NO, adsorption was
completely dissociative on Pt(111) [82Seg], while TPD studies indicated that NO, adsorbed molecularly
on Pt(111) at 120 K and dissociated at 240 K [82Dah]. Later, it was confirmed that NO, adsorption was
molecular at all coverages at 100 K [87Bar2]. Fig. 17 summarizes NO, adsorption kinetics on Pt(111) at
100 K. At low coverages (<0.25 ML), adsorption was irreversible, and NO, dissociated completely during
heating in TPD to produce coadsorbed NO and O. At higher coverages, adsorption was partially
reversible and desorption of NO, occurred with E; = 19 kcal/mol. Saturation coverage in the chemisorbed

Landolt-Boérnstein
New Series I11/42A5



178 3.8.4 CO,, NO,, SO,, OCS, N,O and O; on metal surfaces [Ref. p. 235

layer at 100 K was &no, = 0.5 ML, with about 20 % of the monolayer desorbed as NO,. At large
exposures, dimerization occurred to form the N-N bonded dimer in a condensed multilayer of N,O, that
desorbed in TPD with an onset near 120 K.

Fig. 18 shows a series of HREELS spectra as a function of NO, exposure on Pt(111) at 100 K. Mode
assignments were made by comparison to IR data on inorganic cluster compounds that contained NO,
ligands. The surface-dipole selection rule for specular scattering in HREELS was used to assign C
symmetry for the NO, surface complex. The large difference in energies (380 cm™') between the v{(ONO)
and v,(ONO) stretching modes was consistent with a geometry in which NO, was strongly bound in a
low-symmetry structure. Three isomers could have such a symmetry: pu-N,O-nitrito (bridge-bonded NO,),
O-nitrito and a three-coordinate nitrite (flat-lying). A u-N,O-nitrito species in an upright position (e in
Scheme V) was proposed as the most probable configuration. With the lengthening and weakening of the
N-O bond that is nearly parallel to the surface, this species was proposed as a logical precursor for the
dissociative adsorption of NO, on Pt(111). HREELS spectra taken after annealing small NO, coverages
(Ono, <0.25 ML) on Pt(111) showed that NO, dissociated completely to coadsorbed bridge-bonded NO
and O from 170-240 K. At higher NO, coverages (Ono, >0.25 ML), adsorbed NO, could be stabilized to
above 300 K and NO formed from NO, dissociation was adsorbed at atop sites.

NO; adsorption in the presence of coadsorbed O adatoms on Pt(111) at 100 K was probed by TPD and
HREELS [88Bar]. NO, was adsorbed molecularly at all O precoverages, and coadsorption with O
decreased the amount of irreversible NO, adsorption. Coadsorption inhibited formation of the
U-N,O-nitrito species and caused the formation of a new, nitro species that is N-bonded in an upright
geometry with C,, symmetry. This is shown in Fig. 19. At 8o = 0.75 ML, a coverage of 0.15 ML nitro-
bonded NO, could be formed. All of this NO, was reversibly adsorbed, and desorbed in a TPD peak at
155 K, corresponding to a chemisorption bond energy of 11 kcal/mol. An NO;™ species was not observed
under any conditions.

NO, adsorption on Pd(111) was similar to that on Pt(111), as probed by TPD and HREELS [91Wic].
NO, chemisorbed as a pU-N,O-nitrito isomer with a saturation coverage of 0.5 ML on Pd(111) at 110 K.
Decomposition into coadsorbed NO and O occurred upon heating to 180 K, and this initially has a lower
activation energy than desorption. NO, desorption became competitive with decomposition at higher
coverages.

NO,; is quite reactive at Ag surfaces. The chemistry of NO, on Ag(110) and Ag(111) surfaces is
complex [870ut, 90Poll, 90Pol2, 95Brol, 95Bar]. Many surface species were identified depending upon
the adsorption temperature and coverage. Fig. 20 provides IRAS spectra obtained following NO,
exposure on Ag(111) at 86 K [95Brol]. The vibrational band assignments were made as follows:
1940 cm™, NO; 1860-1880 cm™', (NO),, N,O5; 1717/1738/1745/1766 cm™*, N,O4; 1590 cm™, NOs,
N,Os; 1265/1285/1305 cm™', NO;, N,O3, N,Oy4; 1045 ecm™, NOs; and 761/774 ecm™, NO;, N,03, N,O,.
Initially, adsorption of NO, on Ag(111) at 86 K was dissociative, producing the dimer (NO), , as assigned
by the loss peak at 1859 cm™, and adsorbed O. This conclusion was also reached in UPS and XPS
studies. Adsorbed NO; and N,O; were formed on Ag(111) by reaction of incoming NO, with adsorbed O
and (NO),. All of these species coexisted on the surface. A proposed reaction scheme is given in Fig. 21.
Available photoelectron spectroscopic data for adsorbed NO, is given in Table 10.

Au(111) is the least reactive metal surface that has been studied, and NO, adsorption on Au(111) at
100 K was molecular and completely reversible as determined by HREELS, IRAS, AES and TPD
[89Bar, 98Wanl]. Fig. 22 shows that chemisorbed NO, desorbs from Au(111) in a peak at 230 K,
indicating £, = 14 kcal/mol. After saturation of the NO, monolayer (6o, = 0.4 ML), an N,O, multilayer
was formed at higher NO, exposures and NO, from this phase desorbs near 150 K. In the TPD scans
shown in Fig. 22, the NO signal reproduced the NO, signal as expected for a cracking fragment ion,
except for the peak at 170 K which then must be attributed to NO desorption. Because NO does not
adsorb on Au(111) under these conditions, this must be NO evolution from the decomposition of an NO-
containing surface species, which was shown by HREELS and IRAS to be adsorbed N,Os. Fig. 23 gives
relevant IRAS spectra from Au(111) [98Wanl]. The spectrum obtained by dosing NO, at 175 K (to avoid
contaminant NO(g) from forming N,O;) was used to determine the geometry of chemisorbed NO, on
Au(111). Only two bands were observed because of the C,, symmetry of the adsorbed complex. These
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were due to the §(ONO) bending mode at 805 cm™" and vy(ONO) stretching mode at 1178 cm™". There are
two possible NO, geometries with C,, symmetry: O,0"-nitrito (chelating) and nitro (N-bonded) NO,. It
was concluded that adsorbed NO, formed an O,0’-nitro surface chelate with C,, symmetry based on the
stretching mode vibrations in coordination compounds containing the chelating isomer (1171-1225 cm™)
and the nitro isomer (1306-1392 cm™"). Deliberate NO exposure to these species forms adsorbed N,O; on
the surface, as shown in Fig. 23, in an intriguing radical-radical reaction. The IRAS spectrum indicates
N,O; species are adsorbed in an upright geometry with a symmetry of Cg or lower, in a monodentate
O-bonded configuration with the free N=O group oriented nearly perpendicular to the surface. This is a
reversible reaction that liberates NO(g) at 170 K in TPD, indicating an N-N bond strength of 10 kcal/mol.
While it is not clear whether NO, chemisorbs on Au(111) as a radical, its reactivity towards gas-phase
NO to produce adsorbed N,O; shows its capability of undergoing radical-radical type of reactions.
Difficulties exist in ESR studies of paramagnetic monolayers on metal surfaces and so information from
these experiments is limited [93Bec].

In coadsorption studies with H;O on Au(111), NO, was shown to react to produce nitrous acid
(HONO) and nitric acid (HNO;) upon being heated [98Wanl, 98Wan2, 99Wan]. Another reaction
channel was observed by exposure of NO, on amorphous, condensed H,O (ice) films at 85 K (containing
free “OH” groups). Heating to 130 K formed the nitrito isomer of N,O, (ONO-NO,), which reacted at
183 K to form nitrosonium nitrate (NO'NO;"). This species decomposed at 275 K ultimately to deposit a
large concentration (8o = 0.4 ML) of O adatoms on the Au(111) surface. This facile, low-temperature
reaction between condensed-phase NO, and H,0O represents a novel route to generate surface oxygen on
Au and perhaps on other unreactive surfaces.

One application of the high reactivity of NO, with metal surfaces is the use of NO, to cleanly,
conveniently achieve high, effective O,-pressure conditions that enabled new studies of the interaction of
oxygen with several transition metal surfaces. This was first utilized on Pt(111) where 8o = 0.75 ML
could be achieved by NO, dosing with the substrate at 400 K [88Bar, 89Par, 90Par], in contrast to the
value of 8o = 0.25 ML that is produced by exposures to O, in UHV. NO, exposures on Pd(111) at 530 K
was later used to achieve oxygen coverages of up to 3.1 ML under UHV conditions [90Ban, 90Par]. NO,
dosing has been used extensively on Ru(0001) to create high atomic oxygen coverages, novel high-
density ordered structures, subsurface oxygen and RuO, layers [91Mal, 92Mal, 95Hrb, 96Mit, 97He,
97Kos, 99B6t]. Decomposition of NO, was used for the oxidation of Ag, Zn and Cu films [94Rod] and to
study the O/Rh(111) system [95Pet]. At high temperatures (~1000 K), pure films of polycrystalline MoO,
that were 20-A thick were produced from NO, exposures on Mo(110) [00Jir].

3.8.4.3.3 NO; adsorption on alloy surfaces

There are a few reports on the interaction of NO, with bimetallic surfaces. NO, was found to dissociate
on a supported Zn monolayer on Ru(0001) similar to that on polycrystalline Zn [93Rod]. On
Zn,; o/Ru(0001) at 80 K, initial NO, adsorption was dissociative to produce adsorbed O and NO(g), but
subsequent NO, adsorption was molecular due to passivation of the surface by adsorbed O. This
chemisorbed NO, decomposed at 160-250 K. At 300 K, the dissociation probability for NO, on Zn
surfaces was 100 times that of O,.

On Pd/Rh(111) bimetallic surfaces (€pq = 0.6-1.2 ML) formed by deposition of Pd overlayers on
Rh(111), NO, exhibited a reactivity that was substantially lower than on Rh(111) or Pd(111) [99Jir1]. Pd
atoms supported on Rh(111) were able to dissociate NO, at low temperature, but the NO and O products
desorbed or diffused away from the Pd islands below 400 K, spilling over to bare Rh(111) patches.

Adsorption of NO, on a (V3x\3)R30°-Sn/Pt(111) surface alloy was investigated using TPD, AES,
HREELS and LEED [04Vos]. At 120 K, NO, dimerizes at the surface to form the N,N-bonded dimer,
N0, in the chemisorbed monolayer. This species bonds to the surface through a single O atom in an
upright but tilted geometry. However, no N,O4 or NO, desorbs molecularly from the monolayer. The
dimer completely dissociates at 300 K, leaving coadsorbed NO,, NO and O on the surface. Adsorbed NO,
further dissociates to coadsorbed NO and O at 300-400 K. The maximum oxygen atom coverage obtained
by heating the N,O, monolayer was 8o = 0.4 ML, but this could be increased to 8o = 1.1 ML by NO,
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dosing on the alloy surface at 600 K to remove inhibition by coadsorbed NO. Under these latter
conditions, adsorbed oxygen desorbs as O, in three clear desorption states, the lowest of which is

associated with O, desorption from Pt sites and the other two are from decomposition of reduced tin oxide
phase(s), SnOx.

3.8.4.4 SO,
3.8.4.4.1 Structure and bonding of SO,

SO, is a bent, polar triatomic molecule, as shown in Scheme V. It is isoelectronic with NO,", one of the
most versatile oxyanion ligands in metal complexes, as explained above. As usual, the coordination
chemistry of SO, is determined by the nature of its highest occupied (HOMO) and lowest unoccupied
molecular orbital (LUMO) that act as electron donor and acceptor levels, respectively. For SO,, the
HOMO is the 8a; orbital and the LUMO is the 3b; orbital, which lies about 2 €V above the 8a; level
[71Roo0]. These orbitals are shown in Fig. 24. The empty d orbitals do not participate in the bonding and
SO, can act as both a 6-donor and m-acceptor [81Rya]. When the m-acceptor aspect dominates, T bonds
between the SO, and metal are formed and the molecule lies flat on the surface. On the other hand, in
cases where 6-bonding is preferred, the molecule adsorbs with its molecular plane perpendicular to the
surface.

.+ + oo
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Z X
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Scheme V. Lewis structures for SO,.
The structure and bonding of SO, containing metal complexes has been reviewed [78Min]. In

complexes with terminal SO, ligands, there are three distinct bonding modes, as shown in Scheme VI:
nN'-planar (@), n'-pyramidal (&) and n* (¢), each having a metal-S bond [74Ang, 85Sak].

0
0 O O,
ST NSt 0—s=0
I I \/
M M M
a b (4

Scheme VI. Bonding modes for terminal SO,.

Bridging SO, ligands are also found in polynuclear compounds [79Kub]. The angle between the SO,
plane and metal-S axis is close to 180° in M'-planar complexes and close to 120° in the 1'-pyramidal
complexes.

The infrared active S-O stretching frequencies are diagnostic of different bonding modes in SO,
complexes [81Rya, 85Sak]. Various bonding modes of SO, can be distinguished by frequency shifts of
M(SO) as shown in Fig. 25. The > mode can be easily distinguished because the vy(OSO) stretching mode
drops to a value of 850-950 cm™', far below that for any other modes, and this results in a large splitting
of (vis—Ws) ~230 cm™'. For nl-planar complexes, (Vs — V,) is always less than 180 cm™' and this
characterizes SO, bonding through the S atom only. Use of the surface-cluster analogy aids identification
of the coordination of SO, on surfaces using the known structures that are available for SO, ligand in
complexes, but one should always proceed with caution because of differences in bonding of the
molecules in the two cases.

Adsorption behavior of SO, on metal surfaces in some ways resembles the adsorption of CO on
metals because ¢ donor, T acceptor interactions are important for both molecules. However, the orbital
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energy of the m* orbital in SO, is much lower than that in CO, suggesting that SO, should be a stronger 7t
acceptor in metal-SO, complexes. Charge donation from the substrate into the m* orbital of SO, is
expected if the substrate orbitals have proper symmetry, energy and location to overlap the * orbital.

3.8.4.4.2 SO, adsorption on metal surfaces

SO, adsorption on metal surfaces has been extensively studied. Some of this literature has been reviewed
[97Haa]. On Ag surfaces, SO, was molecularly and reversibly adsorbed; it was desorbed with no
evidence of decomposition [72Las, 81Rov, 840ut, 860utl, 860ut2, 93Pre, 90Ahn, 90Rod, 91Sol2,
92Ho6f, 93Ho6f, 93Was, 96Gut2, 91Cas]. SO, decomposed on Fe, Mo, Ni, Cu, Ru, Pd and Pt, surfaces
[78Fur, 88Hor, 81Ku, 82Ko6h, 82Kat, 82Ast, 83Koh, 90H6f, 94Sunl, 97Wil, 97Pol, 95Wil, 85K,
88Burl, 88Bur2, 97Ter, 99Lee, 89Leu, 92Ahn, 93Ahn, 93Pan, 96Pol, 97Nak1, 97Pan, 97Nak2, 98Pol,
93Zeb, 95Yokl, 95Yok2, 95Ter, 96Yok, 97Jac, 98Wil, 99Jir2]. However, the S-O bond in SO, was
weakened more on Ag(110) than on Pd(100), as indicated by a comparison of the v{(OSO) frequencies for
adsorbed SO, on the two surfaces, i.c., 985 cm™ on Ag(110) and 1035 cm™ on Pd(100). If so, bond
strength arguments alone cannot explain the decomposition behavior of SO, on these surfaces. SO, was
molecularly adsorbed on Ni surfaces at 150 K, which places a lower limit on the barrier to decomposition
E s of SO, on Ni of 10-12 kcal/mol. E;, for SO, on Ag(110) was larger than that on Pd(100), Pt(111) or
Ni surfaces. In addition, on Ag(110), SO, is bonded through the S atom only at atop sites. It has been
suggested that the participation of more directional d orbitals in bonding leads to lowering of E ;.

SO, adsorption thermodynamics data and dissociation parameters are summarized in Tables 11 and
12, respectively.

At low temperatures, SO, adsorbed molecularly on most transition metals. SO, was more reactive on
Ru(0001) than on Pt(111) or Pd(100) surfaces [98Jir, 97Wil, 88Bur2], and SO, dissociatively adsorbed on
Ru(0001) at 100 K to form sulfite SO;~ and sulfate SO, species [98Jir]. Decomposition of SO;~ and
SO4* occurred below 380 K on Ru(0001), but at temperatures higher than 400 K on Pt(111) or Pd(100)
surfaces.

Several different adsorption geometries for adsorbed molecular SO, have been observed, with the
configuration and site for SO, adsorption depending on the electronic structure and geometry of the
substrate. These species have been characterized by photoelectron spectroscopy, NEXAFS, SEXAFS and
vibrational spectroscopy. Tables 13-16 summarize the available measurements for SO, adsorption,
respectively.

On Pt(111), Pd(100) and Cu surfaces, SO, adopted a geometry in which the molecular plane was
perpendicular to the surface and the S atom and one O atom directly interacted with the surface [82Koh,
82Kat, 82Ast, 83Ko6h, 90HOf, 94Sunl, 97Wil, 97Pol, 95Wil, 85K&l, 88Burl, 88Bur2, 97Pan]. On the
other hand, SO, adsorbed on Ni surfaces with its molecular plane parallel to the surface [93Zeb, 95Yok1,
95Yok2, 95Ter, 96Yok, 97Jac, 98Wil]. A bonding geometry involving only the S atom was found on
Ag(110) [860ut2, 93Pre, 90Ahn, 90Rod, 91Sol2, 92H6f, 93HOf, 93Was, 96Gut]. It was suggested that
the different behavior of SO, may be derived from different energies of the metal d bands. For Ag, the
metal d bands lie nearly 4 eV below the Fermi level and are too low in energy to bond effectively to SO,.
Instead, the s and p orbitals are involved in making a Ag-SO, ¢ bond. For Ni, the d orbitals lie at Fermi
level and this leads to strong interactions with the ©t* orbitals in SO, and results in a flat-lying orientation.
It has been argued that the deeper d bands for Cu, Pd and Pt interact less significantly with the SO, n*
orbital and allow a SO, geometry with the molecular plane perpendicular to the surface.

3.8.4.4.2.1 Molecular adsorption and desorption of SO,

SO, adsorbs and desorbs molecularly on Ag surfaces [72Las, 81Rov, 840ut, 860utl, 860ut2, 93Pre,
90Ahn, 90Rod, 915012, 92H6f, 93H6f, 93Was, 96Gut, 91Cas]. The adsorption of SO, on Ag(110) has
been characterized by several techniques, including TPD, UPS , HREELS, XPS and NEXAFS [72Las,
81Rov, 840ut, 860utl, 860ut2, 93Pre, 90Ahn, 90Rod, 91Sol2, 92Ho6f, 93HOf, 93Was, 96Gut].
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Molecular adsorption and desorption of SO, appear to occur without decomposition or dissociation on the
clean Ag(110) surface. At a surface temperature of 100 K, multilayers of SO, are formed, and this leads
to desorption in a sharp peak near 120 K in TPD. Three different desorption states labeled as o, o, and
o3 were observed at 170, 225 and 275 K, respectively, and these have been assigned to desorption from
bilayer, monolayer and submonolayer coverages of SO,. Desorption energies in these peaks are 41, 53
and 64 kJ/mol, respectively, indicating that the binding energy of SO, molecules at the Ag(110) surface is
energetically in between that expected for physisorption and chemisorption.

UPS, HREELS and NEXAFS provide evidence that the bonding geometry was unchanged between
two chemisorbed phases on Ag(110) [72Las, 81Rov, 860ut2]. HREELS measurements suggested that
chemisorbed SO, was bound via a Ag-S bond, with the O atoms not involved in surface bonding, based
on the similarity in the frequencies of the v{(OSO) mode for SO, bound to the surface and in S-bonded
SO, complexes. Based on the presence of a SO,-Ag out-of-plane wagging mode, a geometry in which
SO, was tilted towards the surface with the O atoms parallel to the surface was proposed. Sulfur K-edge
NEXAFS measurements provided evidence that the SO, molecular plane on Ag(110) was not strongly
tilted, but nearly (within 15°) perpendicular to the plane of the surface [96Gut]. The apparent
contradiction between the two assignments might be explained by the uncertainty (~10°) in the NEXAFS
measurements that could accommodate a small tilt that would allow the wagging modes to be dipole-
active in HREELS measurements, or by an important influence of impact scattering in HREELS that
could make it appear that the out-of-plane wagging mode of surface bound SO, was dipole active.

The coverage dependence of the adsorption geometry of SO, on Ag(110) was probed with S K-edge
NEXAFS measurements [96Gut2]. Figs. 26a and b show NEXAFS spectra for coverages of 0.3 and 0.6
ML SO, adsorbed on Ag(110). The insets give the azimuthal dependence of the m*-resonance intensity.
The bonding geometry of SO, on Ag(110) was obtained from this data using the dipole selection rule and
group theory. The ©*(b;*) resonance is excited by a component of the E vector perpendicular to the plane
of the molecule while the 6*(a;*+b;*) resonance is excited by a component of the E vector parallel to the
plane of the molecule. In the low coverage spectra, the ©* resonance has a maximum intensity at normal
incidence of the X-rays with the E vector along the [110] azimuth. The w*-resonance intensity is very
weak with the E vector along the [001] azimuth and independent of the X-ray incident angle. This, along
with the polarization dependence of the 6* resonance, suggested that SO, molecules at low coverage
adopt an upright geometry with the molecular plane along the [001] azimuth. The best fit to the data,
based on an azimuthally aligned molecules, corresponded to the molecular plane tilting only 2+5° from
the surface normal.

In the 0.6 ML SO, layer, Fig. 26b shows that the maximum-to-minimum m*-intensity ratio is
dependent on the azimuthal angle, indicating an azimuthal alignment at higher coverage. Best-fit results
correspond to a tilt angle of 13£5° for the molecular plane with respect to the surface normal and a twist
angle of 55+5° from [001]. This allows a higher packing density on the surface. Using the surface-cluster
analogy, an on-top adsorption site was favored [88Hor] and this lead to the structural model shown in Fig.
27.

3.8.4.4.2.2 Molecular adsorption and decomposition of SO,

SO, adsorption on Pt and Pd surfaces was studied in several laboratories, and it was found that
dissociation occurs to a small extent [81Ku, 82K6h, 82Kat, 82Ast, 83K6h, 90HOf, 94Sunl, 97Wil, 97Pol,
95Wil, 85Kol, 88Burl, 88Bur2, 97Ter]. TPD, AES, work function measurements, UPS, XPS and
HREELS were used to characterize adsorption of SO, on Pt(111) [82Kat, 82Ast, 83K6h, 90HGf, 94Sunl,
97Wil, 97Pol, 95Wil]. Typically, it was observed that SO, adsorbed molecularly on Pt(111) below 120 K.
SO, desorption from the multilayer occurred at 130 K and from the chemisorbed layer at 285 K in TPD.
Following SO, adsorption at room temperature, both SO and SO, species were identified on the surface.
Studies using TPD have reported molecular and dissociative adsorption states of SO, on Pt(111) at 160 K
at low coverages, along with recombinative SO, desorption at 280 K [83Ko6h, 90H6].

The adsorption geometry and reaction paths of adsorbed SO, on Pt(111) have been examined by
HREELS and XPS [94Sunl, 97Pol]. HREELS spectra are shown in Fig. 28. The inset shows TPD spectra
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with peaks at 127 and 285 K corresponding to SO, desorption from the multilayer and monolayer,
respectively. The HREELS spectra indicate that SO, adsorbs molecularly on Pt(111) at 110 K. An
adsorption geometry in which SO, bonds to Pt in the monolayer through the S atom and at least one O
atom was proposed based on the v(Pt-SO,) and v(Pt-O) stretching loss peaks at 266 and 430 cm™’,
respectively. The relatively low energy v,(OSO) peak at 940 cm™ and the large difference of 312 cm™
between the vy(OSO) and v,(OSO) modes support an 1°-SO, geometry, bonding through both S and O
atoms. In addition, both XPS and UPS results reveal electron back-donation from the substrate to the SO,
antibonding orbital [94Sunl, 97Wil, 97Pol]. The absence of a 8(0OSO) wagging mode, typically near
680 cm™', suggested that the SO, molecular plane was normal to the surface and that SO, was bonded
through one of the O atoms. In addition, it was suggested that the O-O axis of SO, was tilted with respect
to the surface normal because of the presence of dipole-active loss peaks for both v(OSO) and v,(OSO)
modes of SO,. In a similar study on Pd(100), a 9° in-plane tilt was proposed based on a v,/v; intensity
ratio of 0.44 [88Burl]. A larger in-plane tilt for SO, on Pt(111) compared to Pd(100) was suggested
because v,/vy =2 on Pt(111).

The adsorption geometry for SO, on Pt(111) is shown in Fig. 29. For the 11°-SO, configuration, both S
and O are bonded to the surface, and both © and 6 bonds can be formed. Formation of a  bond appears to
occur between the 3b; orbital of SO, and the dy, or dy, orbitals of Pt, whereas 6 bonds are formed between
the 8a,; orbital of SO, and d,, orbital of Pt. It was suggested that atop (Fig. 29a) and two-fold sites (Fig.
29c¢ and d) were energetically accessible for SO, adsorption, but that two-fold sites were more favorable.

SO and SO4* species were identified after SO, adsorption on Pt(111) at room temperature [83Koh,
90H6f, 94Sunl, 97Wil, 97Pol, 95Wil]. The formation of SO,* is of interest because it was reported to be
responsible for the poisoning of Pt-catalyzed oxidation of CO and alkenes, and on the other hand,
responsible for the promotion of alkane oxidation [99Lee]. XPS indicated some Pt sulfide formation, but
no atomic oxygen was found. The following surface reactions were proposed:

SO,(g) — SO,(a) — SO(a) + O(a) (1)
SO(a) — S(a) + O(a) (2)
SO,(a) +20(a) — SO (a) (3)

The characteristic S (2p) doublet and corresponding O (1s) spectra from high-resolution core-level
photoemission are shown in Fig. 30 for adsorption and decomposition of SO, on Pt(111) [97Pol]. Two
different kinds of SO, species forming the monolayer phase at 150 K were indicated by different binding
energies. NEXAFS also indicates different molecular orientations for these two species [97Pol].
Quantitative analysis of this data yields an orientation for the molecular plane of 31+10° with respect to
the surface normal for the SO, phase at 212 K. The phase consisting of both SO, species in the monolayer
at 148 K was characterized by a tilt angle of 42°, which indicates that the second SO, species was more
flat lying. At 300 K, an SO, species was formed.

The adsorption and the surface geometry of SO, on Pd(100) as probed by TPD, HREELS and
NEXAFS [85Kol, 88Burl, 88Bur2, 97Ter], was similar to that on Pt(111). SO, was molecularly adsorbed
on Pd(100) below 120 K and the SO, multilayer could be desorbed at 135 K to leave behind the
chemisorbed monolayer. Fig. 31 shows that decomposition of SO, occurred above 420 K to leave
coadsorbed O and SO, which in turn dissociated at higher temperature. An SO,”” species was formed
above 300 K by reaction of SO, with O adatoms from SO, dissociation. The (v, — v,) difference of 215
cm™' indicated some bonding occurred through the O atom in addition to S bonding, and so, based on the
HREELS data, an °-SO, bonding geometry was proposed with the molecular plane perpendicular to the
surface.

The S K-edge NEXAFS spectra and the Fourier transform of the S K-edge SEXAFS functions (k)
are shown in Fig. 32 for SO, adsorbed on Pd(100). Analysis of the S-O shell indicates that the S-O
distance was elongated to 1.48 A from 1.43 A in SO,(g), due to charge transfer into the antibonding 7*
orbital. The polarization dependence of the S-O effective coordination number also lead to the conclusion
that the C, axis of the molecule was tilted by 34° from the surface normal. Thus, one O atom directly
interacts with the surface. Comparison of the ratio of the S-Pd effective coordination number,
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N*(6=90°)/N*(8=55°) = 0.52 £ 0.06, with the calculated values of 0.57 for bridge, 1.12 for hollow, and
0.00 for atop sites suggested that the S atom in SO, was in a bridge site, as shown in Fig. 32c.

Adsorption of SO, on Cu single crystal surfaces [89Leu, 92Ahn, 93Ahn, 93Pan, 96Pol, 97Nakl,
97Pan, 97Nak2, 98Pol] has been studied extensively. TPD and fast, high-resolution XPS [93Ahn, 96Pol]
revealed that SO, decomposition on Cu(100) results in a coadsorbed SO, + O phase, with a negligible
amount of additional coadsorbed SO and S on the surface. Upon heating to room temperature, a
coadsorbed SO + 20 phase formed that exhibited a weak (2x2) LEED pattern. Below 400 K, SO + O
recombination appeared to occur to form SO, that then desorbed from the surface, leaving S and O
adatoms on the surface. An earlier HREELS study [89Leu] had reported the presence of SO;5~, suggesting
a disproportionation reaction on the surface at room temperature, but this was inconsistent with this
conclusion.

NEXAFS and SEXAFS measurements [97Nakl, 97Pan, 97Nak2] provided evidence that SO, on
Cu(100) was adsorbed with its molecular plane parallel to the surface normal in the coadsorbed SO, + O
phase formed after heating a condensed SO, layer to 180 K. The coadsorbed O adatoms were located in
bridge sites. SO species were lying flat on the surface and bound to Cu through both S and O atoms for
the coadsorbed SO + 20 phase formed by heating a SO, multilayer to 280 K. The S atom in SO was
located in hollow sites and the coadsorbed O adatoms were located in bridge sites. Decomposition of SO,
during TPD resulted in the formation of SO. If no additional SO, was delivered from the gas phase during
heating of adsorbed SO,, the decomposition product SO remained on the surface until it recombined with
coadsorbed O adatoms and desorbed as SO,; no SO;~ was formed. But, in the presence of SO,(g), such as
occurs for room-temperature SO, adsorption, SO;~ formation occurs according to

SO(a) + SO4(g) — SO5(a) + S(a) 4)
O(a) + SO,(a) — SO5(a) (%)

A consistent picture of formation of adsorbed SO;™ from adsorption and reaction of SO, on Cu(100) at
room temperature has now been given [97Nakl]. An example of polarization-dependent S K-edge
NEXAFS spectra of SO;~ on Cu(100) is presented in Fig. 33. Peaks at 2477.4 and 2479.3 eV were
assigned to adsorbed SO;~ species by comparing the data to S K-edge spectra of SO;™ salts. Curve-fitting
analysis of the e* and a,;* peaks determined that the orientation of SO;™ species was nearly perpendicular
to the surface. In addition, Fig. 33 shows that the calculated spectrum for Model 1 with SO;™ in an upright
orientation with the S aimed away from the surface was in good agreement with the Fourier transforms of
the SEXAFS spectra at 6= 15° and 90°. The configuration in Model 1 with the S atoms located above the
bridge site and two O atoms occupying the adjacent bridge sites was judged the most probable one.

STM images of SO, on Cu(100) revealed two domains, one forming a (2x2) square lattice and the
other forming a rhombic c(4x6) structure [97Nakl]. AES, XPS and NEXAFS studies lead to the
conclusion that only two types of species, SO;” and S, were present on the surface in a stoichiometric
ratio of 2:1 [97Nakl1]. All of the bright spots in the (2%2) and c¢(4x6) domains were assigned to SO;~
species and the dim spots appearing in the c(4x6) domain were assigned to S adatoms. Because only SO;~
existed in the (2x2) domains, the c¢(4x6) domains must have a S/SO;~ population ratio equal to two.

There are some discrepancies about molecular versus dissociative chemisorption in reports on the
adsorption of SO, on Ni surfaces and about the orientation of adsorbed SO, on Ni(110) [93Zeb, 95Yok],
95Yok2, 95Ter, 96Y ok, 97Jac, 98Wil]. ARUPS and XPS results for SO, on Ni(110) suggested that SO,
adsorption was molecular for temperatures below 150 K, independent of coverage [93Zeb]. The saturated
monolayer formed a c¢(2x2) structure corresponding to an absolute coverage of 0.5 ML. Initial coverages
below 0.25 ML dissociated completely upon heating. For higher initial coverages, SO, desorption
occurred in a single peak between 300 and 400 K. ARUPS was used to assign an orientation of SO, such
that the molecular plane was tilted and perpendicular to the densely packed substrate rows. This was
attributed to Ni-O interactions, as was reported on Pt(111) and Pd(100) surfaces.

A later study of SO, chemisorption on Ni(110) by XPS and XAFS indicated partial decomposition of
adsorbed SO, at 160 K to leave SO3(a) and S(a) on the surface [98Wil]. Fig. 34 presents S(2p) and O(1s)
spectra obtained at 160 K during annealing a saturation exposure of SO, on the Ni(110) surface at 160 K
[98Wil]. Two different SO, species are apparently formed upon SO, adsorption on Ni(110) at 160 K that
might correspond to two different adsorption sites. In addition, even at 160 K, SO, partially decomposed
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to form coadsorbed SO;™ and S. Heating the surface at 800 K leaves only S adatoms on the surface, which
gives rise to a ¢(2x2) LEED pattern.

Fig. 35 shows S K-edge NEXAFS spectra obtained after a saturation exposure of SO, on Ni(110) at
160 K and after subsequent heating to room temperature and 800 K. The structures in the spectra obtained
at 160 K consisted predominately of overlapping n* and 6* resonances of adsorbed SO,, along with e*
and a;* resonances of SO;". This was more evident after heating to room temperature where XPS showed
only the presence of coadsorbed SO;™ and S. The polarization dependence of the spectra suggests that
SO;™ exists as a trigonal pyramid with the C; axis oriented perpendicular to the surface, because the
electric dipoles associated with the e* and a;* transitions are oriented perpendicular and parallel to the
molecular axis, respectively. This orientation is like that on Cu(100) [97Pan]. The orientation of SO, in
the coadsorbed SO, + SO;™ phase formed by adsorption at 160 K was approximately flat lying because
the m* resonance nearly vanished at normal incidence. Comparison of these experiments with values
calculated assuming a two-fold substrate symmetry yielded a tilt angle oo of 13 + 15° between the
molecular plane of SO;™ and the substrate. A flat-lying geometry of adsorbed SO, was also found by a
similar NEXAFS study on a dilute SO, layer on Ni(110) [95Ter].

SEXAFS studies of the phase obtained after SO, exposure on Ni(110) at 160 K were performed to
determine the adsorption sites of SO, and its decomposition products [98Wil]. XPS showed that the phase
consisted of coadsorbed SO,, SO;” and S with relative coverages of 1, 0.37 and 0.21, respectively.
Adsorption sites for different species were determined by comparing measured SEXAFS amplitude ratios
with those calculated for different high symmetry sites assuming a S-Ni bond length of 2.30A. The
simulations also used a SO, tilt-angle of 13° between the molecular plane and the surface, as determined
by NEXAFS, as well as an S-O-S bond angle of 106° and an upright orientation of the C; axis.

The proposed model shown in Fig. 36 includes two different SO, species adsorbed in both short- and
long-bridged sites, SO;™ species that have the S atom located on the short-bridge sites, and S adatoms that
occupy two-fold hollow sites [98Wil]. After determining the S sites of the SO, and SO;™ species by
SEXAFS, the corresponding O sites were guessed from the fact that SO, lies flat on the surface, as shown
in Fig. 36a. For SO;™, two possible symmetric structures were suggested, as shown in Fig. 36b.

NEXAFS was used to show that SO, on Ni(111) and Ni(100) at 170 K adopts a very similar geometry
as on Ni(110) with the molecular plane parallel to the surface [95Yok1].

3.8.4.4.2.3 Dissociative adsorption of SO,

SO, adsorption and surface chemistry on Ru(0001) at 100 and 300 K was probed, and S(2p) XPS spectra
after sequential exposure of SO, on Ru(0001) at 100 K are presented in Fig. 37a [98Jir]. Even at low
coverages, multiple S-containing species were present. The final dose of 1 L SO, produced a strong peak
at 167.9 eV that corresponded to a physisorbed SO, multilayer. As shown in Fig. 37b, heating to 160 K
caused peaks corresponding to adsorbed S, SO,, SO;™ and S0,*. SO,* was the dominant species above
260 K and annealing to 350 K lead to complete decomposition of SO, to leave S adatoms. Small SO,
exposures on Ru(0001) at 300 K [98Jir] lead to complete decomposition and produced coadsorbed O and
two different kinds of S adatoms. SO;~ and SO,> species eventually appeared after high exposures when
the number of empty sites was limited. INDO/S and BOC-MP methods predicted that O,0- or
S,0-coordinated SO, species were the most probable precursors for dissociation [98]ir].

3.8.4.4.3 SO, adsorption on metals with coadsorbed alkali metals

Adsorption of SO, on a Cs-precovered Ag(100) surface at 80 K was investigated using and AES, LEED,
TPD, work function measurements and molecular beam back scattering [92H6f, 93H6f]. SO, TPD spectra
from such a surface are reproduced in Fig. 38a. SO, was molecularly adsorbed and desorbed intact from
both the clean and modified Ag(100) surface, but coadsorbed Cs shifted the SO, desorption peak to
higher temperature. This indicated a short-range interaction between SO, and Cs that increased the SO,
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adsorption energy. SO, adsorption caused a sharp increase in the work function, as shown in Fig. 38b.
This was thought to be consistent with a strong interaction between SO, and Cs that would cause
neutralization of the Cs-induced charge transfer with the substrate.

High-resolution, synchrotron-based XPS was used to investigate the chemistry of SO, on Cs/Mo(110)
surfaces, along with that on Mo(110) and MoO,/Mo(110), specifically probing the effects of Cs and O on
the formation of SO;~ and SO4* species [99Jir2]. Cs addition to the Mo(110) surface enhanced
substantially its reactivity with SO,, forming SO;™ and SO4* on the surface at 300 K, in contrast to the
chemistry on Mo(110). Cs coadsorption also increased the thermal stability of SO,* compared to that on
Mo(110).

3.8.4.3.4 SO, adsorption on alloy surfaces

The interaction of SO, with several bimetallic surfaces has been studied: (V3x\3)R30°-Sn/Pt(111) surface
alloy [98Rod], ¢(2%2)-Mn/Cu(100) surface alloy [98Lu] and Pd/Rh(111) bimetallic surface formed by
deposition of a Pd adlayer on Rh(111) [99Rod]. XPS studies of SO, on the (V3xV3)R30°-Sn/Pt(111)
surface alloy revealed that this surface was much less reactive towards SO, decomposition than either
pure, metallic Sn or the clean Pt(111) surface [98Rod]. On this alloy, SO, adsorbed molecularly at 100 K
and most of the adsorbed SO, desorbed molecularly between 250 and 300 K. Only a small amount of
decomposition occurred during TPD to form S and O adatoms. A pure Sn film and the clean Pt(111)
surface decomposed SO, to form many sulfur-containing species, such as SO,*~, SO;~, SO, and S on the
surface. The large reduction in the reactivity of Sn in the alloy surface was explained by a combination of
ensemble and electronic effects, but it was proposed that electronic effects were the main contributors for
the decreased reactivity of Pt in the alloy. This was suggested to arise from a reduction in the electron
donor ability of Pt atoms due to rehybridization.

High-resolution XPS indicated that adsorption of SO, on the ¢(2x2)-Mn/Cu(100) surface alloy at
room temperature was dissociative, oxidized alloyed Mn atoms to Mn”", and formed adsorbed O and S
adatoms on the surface [98Lu]. High exposures also lead to the formation of SO;~ and SO,* complexes
on the surface.

For the Pd/Rh(111) bimetallic surface, the Pd; (/Rh(111) surface was less reactive than either pure Pd
or Rh(111) [99Rod].

3.8.4.5 OCS
3.8.4.5.1 Structure and bonding of OCS

OCS is isoelectronic with CO,, and like CO,, it is a linear triatomic molecule in which the central C atom
is sp-hybridized and bonded by double bonds to both outer atoms that each have sp*-hybridization.
However, the presence of O and S atoms breaks the symmetry inherent in CO, so that OCS has a dipole
moment and unequal bonding in the C=0 and C=S bonds. The coordination chemistry literature reveals
that OCS is much more reactive than CO,, almost exclusively cleaving the C=S bond in dissociation
reactions to yield a CO product.

O=C=s,

Scheme VII. Lewis structure for OCS.

3.8.4.5.2 OCS adsorption on metal surfaces

There are only a few reports about the interaction of OCS with metal surfaces. OCS adsorption was
explored on evaporated Ni and W films over the temperature range of 195-450 K [85Sal]. OCS was
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reported to adsorb molecularly at 195 K on both Ni and W films, but to dissociate at higher temperatures
into CO and S adatoms. However, a later study on polycrystalline Ni foil using XPS, UPS and AES
concluded that chemisorption of OCS was dissociative at all temperatures in the range 77-293 K, yielding
adsorbed S and gaseous CO [88Sas]. Tables 17-19 provide the available data on OCS adsorption on
metals.

The thermal and photochemical behavior of adsorbed OCS on Ag(111) was investigated [90Zho].
OCS TPD curves after adsorption of OCS on Ag(111) at 128 K are presented in Fig. 39. OCS adsorbed
completely reversibly and only desorption of OCS was found in TPD for all exposures. AES spectra
recorded after desorption gave supporting evidence and showed no detectable O, C or S left on the
surface. The absolute coverage of OCS on Ag(111) was determined by XPS to be 5.3 + 0.5 x 10"
molecules/cm”. The UPS spectrum shown in Fig. 40 indicates that OCS adsorbs on Ag(111) with very
little distortion from its gas-phase structure.

There are a few surface photochemistry studies of OCS adsorbed on Ag(111) [90Zho, 99Kid, 00Kid]
and on non-metal surfaces such as LiF(001) [90Leg, 90Dix, 90Pol3], NaCl(001) [97Pic] and GaAs(100)
[97Hua]. However, not much is known in this work about the structure and bonding of chemisorbed OCS
species or thermal reaction pathways and energetics on these surfaces. The structure and dynamics of an
OCS monolayer on NaCl(001) has been investigated by IRAS, helium atom scattering (HAS) and LEED
[96Gle, 96Doh].

3.8.4.6 N,O
3.8.4.6.1 Structure and bonding of N,O

Nitrous oxide (N,O) is a linear triatomic molecule, like CO, and OCS, but its bonding at metal surfaces
and surface chemistry is different. The Lewis structure shown in Scheme VIII which schematically shows
bonding in the gas-phase molecule indicates why this is so, and also helps to explain the large differences
in barriers to cleavage of the two bonds in the molecule; the N=N bond energy is 113.7 kcal/mol, while
the much weaker N—O bond has a bond energy of only 38.7 kcal/mol.

+ e —
‘N=N—0:
Scheme VIII. Lewis structure for N,O.

Knowledge about the coordination chemistry of N,O is relatively limited, but N,O in coordination
compounds behaves as a pseudohalogen, i.e., forming dimers and strong acids with hydrogen. In this
respect, its surface chemistry should resemble that of the isoelectronic anion ligands such as cyanate
(OCN") and thiocyanate (SCN").

3.8.4.6.2 Adsorption of N,O on metal surfaces

On most transition metal surfaces, N,O adsorbs via the terminal N atom to form a weak, donor bond
through the lone-pair electrons in the 76 orbital. Such an assignment was made in many studies on the
basis that the N-N stretching vibrational band was blue-shifted (shifted to higher energy) while the energy
of the N-O stretching band was nearly unchanged from the respective gas-phase values.

Metals can be divided into two groups based on their reactivity toward N,O. For example, molecular
adsorption of N,O occurred on Pt(111), Ir(111) and Ag(111) surfaces [72Wes, 73Wei, 83Ave, 91Kis,
92Saw, 90Cor, 90Gri, 96Sch1], which are less reactive and located in the lower right-hand side of the
periodic table, and dissociative adsorption of N,O occurred on Ni(100), Ni(110), Ru(0001) and AI(100),
desorbing N, and leaving O on the surface [81Umb, 82Kim, 83Mad, 96Hua, 81Sau, 87Hof, §9Pas].
While charge transfer from the substrate to N,O obviously affects the chemisorption bond strength and
reactivity, several papers have suggested that the reactivity of metal surfaces can be qualitatively
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determined by the work function (@) of the substrate: surfaces are more reactive if they have ¢< 5.4 eV
and are less reactive if ¢ > 5.4 eV. Ag(111) is an exception to such a simple idea, where ¢ = 4.74 eV
predicts a high reactivity of the surface, but only molecular adsorption and desorption was found. Table
20 presents thermodynamic data for N,O adsorption and dissociation parameters are given in Table 21.

3.8.4.6.2.1 Molecular adsorption of N,O

Although N,O is often considered an effective oxidant under high-pressure conditions, kinetic limitations
often inhibit this reaction under UHV conditions. Thus, N,O was not observed to dissociate under UHV
conditions on Pt(111) [73Wei, 83Ave, 91Kis, 92Saw], Pt(100) [72Wes], Ir(111) [90Cor] and Ag(111)
[96Sch1]. Only molecular desorption of N,O was seen in TPD. As a useful reference point, N,O desorbed
at 30 K from condensed N,O multilayers on Ag(111) [90Gri].

Several studies have addressed the adsorption of N,O on Pt(111) [83Ave, 91Kis, 92Saw]. N,O from
the multilayer and monolayer phases on Pt(111) desorbs at very low temperatures of 86 and 90-100 K,
respectively [83Ave]. Leading edge analysis of the zero order desorption peak from the monolayer gave
an initial value for £, = 5.6 kcal/mol that increased to 6.05 kcal/mol at saturation coverage. This indicates
a small adsorption energy and weak bonding interactions between N,O and Pt. A similar shift of the N,O
desorption peak to higher temperatures with increasing coverage was found in later work, along with a
(3x%3) LEED pattern for the N,O monolayer on Pt(111) [92Saw]. Opposite behavior of the N,O TPD peak
with coverage on Pt(111) was observed too [91Kis], and a similar shift of the N,O desorption peak to
lower temperatures with increasing coverage was reported on Ir(111) [90Cor]. No evidence of
decomposition was found in HREELS. On a Pt(100) surface, N,O was reported to decompose at
temperatures greater than 1000 K [72Wes].

HREELS was used to determine the nature and geometry of N,O adsorption in a monolayer and
multilayer on Pt(111) at 78 K, as shown in Fig. 41 [83Ave]. A blue shift of the vy.y stretching mode by
80 cm™' was used to conclude that N,O bonded to the surface via the terminal N atom. This blue shift
arises from kinematic coupling between the molecule and a massive metal atom. This may seem
surprising, because in adsorbates such as CO, v¢o is red-shifted upon adsorption. For CO, this kinematic
blue shift is overshadowed by the reduction in the CO bond strength due to back donation into the CO
2n* orbital. However, since the corresponding unfilled orbital in the N,O molecule, i.e., the 3r*, is so
strongly antibonding, no back donation occurred.

N,O is a soft Lewis acid and can bond to the surface by donating charge from either (or both) of the
filled non-bonding 7¢ or bonding 21 molecular orbitals. Donation from the 7¢ orbital is favored because
it is located on the terminal N atom, while the 2r orbital is evenly distributed between the terminal N and
O atoms, which would imply some oxygen bonding. Because all of the molecular modes, >."(Vx.x, Vn-0)
and TT1(dxno), have large intensities in specular scattering in HREELS spectra of chemisorbed N,O,
configurations with the molecular axis parallel or perpendicular to the surface can be ruled out. This
reflects that the molecule must be inclined at the surface. This angle was estimated to be ~35° based on a
comparison of the measured, screened intensities of the Y." and IT modes in the adsorbate relative to their
gas phase IR intensities.

Furthermore, it was assumed that the N-N-O axis of the N,O molecule remained linear in the adsorbed
species because neither the 76 or 2 molecular orbital has central N character and so the weak donor
bond formed to the surface was unlikely to affect the N-N or N-O bond strength. Two models were
proposed for the structure of N,O on Pt(111), as shown in Fig. 42, with configuration (b) in Fig. 42
preferred because the more tightly bound 76 orbital should lead to a linear configuration. Additional
evidence that N,O bonds via the 76 orbital on the terminal N atom in the molecule comes from He II UPS
spectra for N,O on Pt(111) at 50 K. The strong attenuation of the 7¢ orbital intensity in spectra from
submonolayer and monolayer coverages indicated that the 76 orbital of N,O is more strongly coupled to
the surface than other N,O valence orbitals.
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The strong intensity of the Syno bending peak at 590 cm™ in HREELS spectra from an N,O
multilayer, as shown in the bottom trace of Fig. 41, indicated that the physisorbed N,O in the multilayer
has its molecular axis oriented parallel to the surface.

In a XPS and SIMS study on Ag(111), N,O was reported to thermally decompose to form coadsorbed
NO;~, NO and O, which were stable up to 426 K [90Gri]. A reinvestigation of the same system later by
TPD and AES found no N,O dissociation [96Schl]. These authors proposed that the previous results of
N,O dissociation on Ag(111) may have been due to the effects of secondary electrons produced by the
X-rays used in XPS. They showed that N,O in the multilayer was dissociated by 50 and 2500 eV
electrons to produce mainly coadsorbed N, and O and a small amount of unidentified N,Oy species.

Tables 22 and 23 provide the available data for N,O adsorption from UPS and XPS and from
vibrational spectroscopy, respectively.

3.8.4.6.2.2 Dissociative adsorption of N,O

N,O dissociatively adsorbs on reactive metal surfaces such as Ru(0001) [81Umb, 82Kim, 83Mad,
96Hua], Ni(110) [81Sau], Ni(100) [87Hof] and Al(100) [89Pas] to deposit O adatoms on the surface, and
on W(110) [81Umb, 79Fug], Rh(100) [96Li], Rh(110) [81Dan] and Ru(101 0) [80Kle] to deposit both O
and N adatoms.

Adsorption and decomposition of N,O on Ru(0001) was studied with TPD, XPS, UPS and HREELS
[81Umb, 82Kim, 83Mad, 96Hua]. N,O adsorption was partly dissociative initially on Ru(0001) at 100 K,
but molecular adsorption predominated with increasing exposures. Upon heating, some adsorbed N,O
dissociated to form N,(g) and adsorbed O, and some N,O desorbed molecularly in TPD peaks at 120 and
160 K [82Kim, 83Mad]. In another study, three desorption peaks were identified at 116-123, 145 and
160-165 K [96Hua].

HREELS, UPS and ARUPS studies were performed to determine the N,O bonding mode on Ru(0001)
[81Umb, 82Kim, 83Mad, 96Hua]. HREELS spectra indicated N,O coordination to the surface through the
terminal N atom in the molecule because there was a blue shift of the vy band from 2224 to 2290 cm™
and no change in the vy band, similar to results on Pt(111). At low coverage, very weak intensity of the
Onno peak at 470 cm™! indicated that N,O was terminally bonded in a nearly vertical position [83Mad]. At
higher coverage, an inclined linear configuration dominated, as observed at all coverages on Pt(111). UPS
and ARUPS gave a consistent picture for N,O bonding on Ru(0001) via the 7c orbital localized on the
terminal N atom in N,O [81Umb, 82Kim]. A physisorbed N,O state oriented parallel to the surface was
reported to coexist with vertically chemisorbed N,O in the same adlayer at high coverages [§1Umb]. In
HREELS data at high coverages, the intensity of the bending mode at 560 cm™ increased, indicating
increased tilting of the N,O molecular axis away from the surface normal or an additional flat-lying state.
Only adsorbed O was found from decomposition of N,O on Ru(0001), but both O and N adatoms were
observed from decomposition of N,O on the more open Ru(10 1 0) surface [80KIe].

On Cu single crystals, the more open Cu(110) surface [84Spi] was much more active for N,O
dissociation than Cu(100) or Cu(111) surfaces. No adsorption or dissociation of N,O was observed on
Cu(100) or Cu(111) over the temperature range of 90 to 300 K. On Cu(110) at 90 K, adsorption of N,O
was dissociative at low coverages to produce O adatoms on the surface. Molecular adsorption of N,O was
observed after an initial coverage of 0.25 ML. ELS of N,O on Cu(100) showed a 9.5 eV peak associated
with the mt-m* transition. Because the dipole moment associated with this transition is oriented parallel to
the molecular axis, it was suggested that adsorbed N,O was oriented nearly perpendicular to the surface.

On most of the transition metal single crystal surfaces discussed above, N,O decomposes to give N,
and leave O adatoms on the surface. On W(110), both O and N adatoms were found following N,O
adsorption and dissociation, as investigated using XPS, UPS and XAES at 100 and 300 K [81Umb,
79Fug]. N,O adsorption on W(110) at 300 K was completely dissociative, while on W(110) at 100 K,
initial dissociation of N,O was followed by condensed layers of N,O. Heating of the condensed N,O
layers lead to further dissociation as well as desorption of molecular N,O.

XPS spectra of adsorbed N,O on W(110) at 100 K [79Fug] are shown in Fig. 43. At low coverage,
only one N(1s) peak at 396.8 ¢V BE and one O(1s) peak at 530.3 eV BE appeared from N,O dissociation,
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corresponding to N and O adatoms, respectively. With increasing coverages, two new N(1s) peaks at
401.8 and 405.9 eV BE were observed with a splitting (separation) close to that in N,O gas. This
molecularly adsorbed N,O can be readily desorbed by heating to 100 K and can be recondensed on top of
the dissociated adlayer produced by heating to 160 K.

Valence band photoemission was used to determine the orientation of adsorbed N,O molecules
coadsorbed with O and N adatoms from N,O dissociation on W(110) [81Umb], as shown in Fig. 44.
Spectra taken at polar angles of 83° and 62° with respect to the surface normal were similar, but spectra
taken at 41° showed decreased intensities of the two ¢ orbitals relative to the w orbitals. Because G states
couple strongly with E parallel to the molecular axis, it was suggested that N,O was lying flat, i.e.
oriented parallel to the surface.

3.8.4.6.3 N,O adsorption on alloy surfaces

Adsorption of N,O on a Cu/Ru(0001) bimetallic surface obtained by depositing Cu on a Ru(0001)
substrate was investigated by TPD and AES [81Shi]. A small amount of Cu (<0.02 ML) deposited on
Ru(0001) lowered the dissociative sticking probability S of N,O by 40%, but only slightly decreased
the monolayer saturation coverage. Two possible origins of the large drop in S“* were suggested [81Shi].
First, Cu could decrease the precursor-state lifetime. Because adsorption of N,O on Ru(100) is controlled
by precursor kinetics, if Cu atoms at the Ru(100) surface promoted the desorption of N,O from this
molecular precursor state, this would decrease the precursor lifetime and decrease the dissociation
probability. The second possibility was that a restrictive geometric or energetic requirement existed for
N,O dissociation. It was suggested that a configuration of N,O with the molecular axis parallel to the
surface was required for dissociation. If there was only a weak interaction of N,O on Cu, as predicted
from the very small sticking coefficient (107°) of N,O on Cu(111), then an N,O configuration with the
molecular axis parallel to the surface would not occur easily on a Cu-covered Ru(0001) surface.
However, no data exists at present to test these molecular level details.

In studies of N,O on a Ag/Rh(100) bimetallic surface obtained by depositing Ag on a Rh(100)
substrate, the effect of Ag on N,O chemisorption was similar to that found for Cu in the Cu/Ru(0001)
system [81Dan]. A simple site-blocking model was used to adequately describe the influence of Ag on
N,O chemisorption on Rh(100).

3.8.4.7 O;
3.8.4.7.1 Structure and bonding of O;

Ozone is a polar triatomic molecule that is isoelectronic with NO,". It has equal O-O bond distances of
1.28 A and is bent with an angle of 116° [000ya]. It has a singlet ground state (no unpaired electrons),
with partial double-bond character between each of the oxygen atoms. Scheme IX shows a localized
electron picture of the bonding in O; along with the resonance structures that are needed. A valence bond
view would more clearly illustrate that there are four electrons in the ® orbitals of Os. A final state effect
that arises because of the stability of O, creates a very small bond dissociation energy in O; with D(0O,-O)
= 25.5 kecal/mol. This causes ozone to be a very reactive oxidant.

o . 0
‘07 o <07 Y

Scheme IX. Lewis structures for Os.
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3.8.4.7.2 Oj; adsorption on metal surfaces

No study has yet reported on the molecular chemisorption of O; on a well-defined metal surface. The
facile dissociation of this molecule, even on a Au(111) surface at 90 K [98Sal], is responsible for this
situation, but low-temperature adsorption experiments in the future may be able to trap the molecular
precursor to dissociation.

Studies of ozone adsorption on metals that have been reported find dissociative adsorption. Indeed, the
high reactivity of ozone compared to O, [78Ele, 80Leg, 84Pir, 84Can, 86Sau, 82Nor] or even NO,, has
been utilized to produce high concentrations of oxygen adatoms on metal surfaces and even to oxidize the
surface under mild, UHV conditions. An Ag,0 film up to 20 um thick can be created by exposing O; to a
polycrystalline silver film [01Wat]. In addition, while a number of studies on Au surfaces determined that
no dissociative adsorption of O, occurred under UHV conditions [78Ele, 80Leg, 84Pir, 84Can], O, can be
used as a clean source (with no H,O or OH contamination) of atomic oxygen on the Au(111) surface
[98Sal].

TPD spectra for O, desorption after O; exposures on Au(111) at 300 K are presented in Fig. 45.
Similar results were obtained on Au(l111) at 100 K, no lower temperature O, or O; desorption was
observed. The saturation coverage of oxygen on the surface under these conditions corresponds to
6o = 1.2 ML. Such experiments give information on the O-Au bond strength and temperatures required
for oxygen desorption from the surface. The O, desorption activation energy was determined to be
23 kcal/mol, increasing rapidly at low coverages up to 30 kcal/mol near saturation coverage.

Similarly, surface oxygen concentrations of up to 8o = 2.4 ML were obtained by exposing O; on
Pt(111) [99Sall]. For 6o < 1 ML, the O, TPD peak is due to desorption from chemisorbed oxygen
adatoms and shifts to lower temperature with increasing 6o due to lateral repulsions in the adlayer. For
6o > 1 ML, O, desorption is from decomposition of oxidic species in a sharp and narrow TPD peak and
the peak temperature shifts higher with increasing 6o.

It may be useful to comment on some related studies of ozone condensation. O; deposition on a gold
cube substrate at various temperatures utilizing direct deposition or using helium as a carrier gas have
been reported [00Chal]. Ozone forms an amorphous phase for deposition below 11 K, a crystalline phase
above 55 K and a mixed phase over the range 11 - 55 K. IRAS was employed to study these phases of
solid ozone. The v, (V3) stretching and & (v,) bending modes are often used to characterize ozone phases.
Fig. 46 shows the v,; and d regions in IRAS spectra of ozone deposited on the substrate under various
condition. The spectrum of O; deposited at 11 K showed a broad v,, band at 1037 cm™'. This band
became broader with deposition at 20 and 40 K, which indicated mixed phases. For deposition at 55 K,
the v,, band developed into a very narrow line at 1026.9 cm ' independent of deposition methods. Ozone
desorbed (sublimed) at higher temperatures between 61 and 68 K, with £, = 23 + 2 kJ mol™'. The
available thermodynamic data for O; adsorption is given in Table 24. In addition, Table 25 provides a
summary of the vibrational data for O; adsorption.

In addition, ozone adsorption was investigated on amorphous and crystalline phases of water (ice)
[00Chal, 01Bor]. If ozone is dosed on amorphous ice at 55 K, it exists as crystalline phase. Two bands
appear at 1027.8 and 1033.7 cm ™' in the region of the v,, band. The band at 1027.8 cm ™' corresponds to
ozone physisorbed on ice and the band at 1033.7 cm™' to ozone chemisorbed to free OH in ice pores.
Chemisorbed ozone desorbed at slightly higher temperature than physisorbed one indicating that
additional activation energy is needed to break the Os-HO bond.

3.8.4.7.3 Oj; adsorption on alloy surfaces

Dissociative ozone adsorption was found on two alloy surfaces, the (2x2)-Sn/Pt(111) and (V3xV3)R30°-
Sn/Pt(111) surface alloys [99Sal2]. Both of these two alloys were less reactive towards O; than clean
Pt(111) at 300 K, but dissociative O; adsorption still caused extensive oxygen uptake and oxidation of
these alloys. The saturation oxygen coverage after modest O; exposures on these surfaces at 300 K was
1.2 and 0.87 ML on the (2x2)- and (V3xV3)R30°-Sn/Pt(111) alloys, respectively. This was decreased
from 8o = 2.4 ML on Pt(111). Dissociative ozone adsorption disorders the surface, dealloying and
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extracting Sn into the adlayer. Fig. 47 shows the O, TPD spectra obtained after O; exposure on the
(N3x\3)R30°-Sn/Pt(111) surface alloy at 300 K, for example. Initially, only a high temperature peak at
1000 - 1100 K occurs due to O, desorption from SnO, decomposition. At higher oxygen coverages, a low
temperature desorption peak at 700 - 834 K occurs that is similar to that on Pt(111), which is due to due
to O, desorption from PtO, decomposition.

3.8.4.7.4 Oj; adsorption on metal oxide surfaces

While no studies have been reported on molecular adsorption of ozone on metal surfaces, molecular
adsorption of O; has been observed on metal oxide surfaces. This work is briefly discussed here to
provide some insight into the nature of ozone molecular adsorption. Ozone adsorption has been studied
on CaO [97Bul], CeO, [98Bul], MgO(poly) [02Ber], SiO, [94Bul] and TiO,(anatase) [95Bul] powders
pressed into pellets. For TiO, (anatase) at 77 K with water present on the surface, vibrational bands of O;
measured by FTIR spectroscopy were at v, = 1108 and v,, = 1034 cm ™' indicating that ozone was mostly
weakly bound on the surface [95Bul]. Removing the water caused shifts such that v, = 1145 (Av=+ 27
em ') and v, =990 cm™' (Av=— 44 cm ™). These relatively large band shifts indicated a large distortion
of the O; molecule adsorbed on TiO, dehydrated at 773 K. O; adsorbs on SiO, through hydrogen bonding
interactions with Si-OH groups at 77 K [94Bul]. In contrast to TiO,, most of vibrational modes of Os
adsorbed on SiO, were close to those in solid O3, indicating less distortion of the adsorbed O; molecules.
While O; adsorbed on hydrated CaO was only a weak complex, bonding via surface OH groups, FTIR
studies of O3 on dehydrated CaO showed a more distorted geometry of chemisorbed O;, suggested to be
ozonide ion, O3 [97Bul]. This ozonide species, along with superoxide, O, , was also detected when O;
was adsorbed on dehydrated CeO, at 973 K [98Bul]. These species appeared to be intermediates of ozone
decomposition. FTIR spectra from O; deposited on polycrystalline MgO showed two different types of
ozone bonding geometries, attributed to two different bonding sties [02Ber]. Fig 48a shows FTIR spectra
in the region of the v and v, stretching bands. Schematic drawings of adsorbed O; geometries are shown
in Fig. 48b. Bands Al and A3 in Fig. 48a were assigned to O; adsorbed on
5-coordinated Mg®" on MgO, as shown in Scheme 1 in Fig. 48b and bands B1 and B3 in Fig. 48a were
assigned to O; adsorbed on defect sites on MgO, as shown in Scheme 2 in Fig. 48b.
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Table 14. NEXAFS data for adsorbed SO,

Table 15. K-edge SEXAFS spectroscopic data for adsorbed SO,
Table 16. Vibrational data for adsorbed SO,

Table 17. Thermodynamics of OCS adsorption

Table 18. Photoelectron spectroscopic data for adsorbed OCS
Table 19. Vibrational data for adsorbed OCS

Table 20. Thermodynamics of N,O adsorption

Table 21. Dissociation parameters for adsorbed N,O

Table 22. Photoelectron spectroscopic data for adsorbed N,O
Table 23. Vibrational data for adsorbed N,O

Table 24. Thermodynamics of O; adsorption

Table 25. Vibrational data for adsorbed O,

Table 1. Thermodynamics of CO, adsorption

Substrate T, Chemi- Coverage Ty E,; Technique Ref.
[K]  sorption [K] [kJ/mol]
Ag(111) 40 No TPD 91Sol1, 87Sak
Ag(110) 300 No 0.25 TPD 83Bac
100  No TPD 82Stu
O/Ag(110)
6o=0.1 100  Yes 480 84-102 TPD 91Sol1, 82Stu
6o=0.25 100  Yes 420 113 TPD 83Bac
Al foil 80 Yes <295 XPS 87Car
Al(100) 100 No TPD 91Soll
Na/Al(100) 100 Yes 285 TPD 91Sol1
Bi(0001) 80 No XPS, HREELS 91Bro
Cu film 90 Yes (weak) <200 XPS 98Poh
Cu(110) 80 No TPD 89Rod
130 No TPD 96Kra
Cu(100) 100  No XPS, HREELS 91Bro
Cs/Cu(110)
Oc=1 80 Yes 0.25 500-600 TPD 94Car, 01God
80 Yes 0.25 370, 500 TPD 89Rod
K/Cu(110)
6c=0.5 100 Yes <175 HREELS 950ns
6= 0.75 130 Yes Satn. <160 UPS, XPS 96Kra
O/Cu(110) 80 Yes <295 XPS, HREELS 94Car
O/Cu(211) 80 Yes (weak) <130 XPS 88Cop
Fe(poly) 80 Yes (weak) <110 XPS, UPS 87Pir
Fe(111) 77 Yes (weak) <160 ARUPS. HREELS 86Beh, 87Fre, 87Beh,
87Bau
100  Yes (weak) <130 40 HREELS 95Hes
Fe(110) 77 No ARUPS. HREELS 86Beh, 87Beh, 87Bau
Fe(100) 110 Yes 162 TPD 93Nas
K/Fe(100) 100 Yes 1 590 TPD 89Pau
0](: 0.83
Mg(0001) 88 Yes <130 XPS, HREELS 91Soll, 86Cam
Ni(110) 135  Yes (weak) 0.25 <220 HREELS 87Lin
150 No NEXAFS, XPS 88111
80 Yes (weak) <230 ARUPS, HREELS 87Barl

300 No TPD 73McC
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Substrate T, Chemi- Coverage T E, Technique Ref.
[K] sorption [K] [kJ/mol]
Ni(100) 150  Yes (weak) 250 TPD 79Ben
O/Ni(110) 80 Yes (weak) <300 ARUPS, HREELS 87Barl
90: 0.3
Pd(100) 100 No Monolayer 135 34 TPD 86Ber
130 200 86Ega
Pd(111) 85 No Monolayer 135 34 ARUPS 89Wam, 90Ehr
K/Pd(100) 100 Yes 0.03 TPD 86Ber
Gk =0.05 185
6¢=0.10 215
6 =0.26 432
6 =0.42 556
Mn-Pd(100) 110 No UPS 99San
O/Mn-Pd(100) 110 Yes 170 UPS 99San
Na/Pd(100)
Hva=1 ML 130  Yes Monolayer 380, 550, TPD 86Ega
650
Na/Pd(111) Yes (weak) Monolayer
Ona=0.25 85 <125 ARUPS 89Wam
O = 0.25 90 <120 HREELS 90Ehr
6y, =025 85 <120 HREELS 89Woh
Pe(111) 112 No TPD 89Liu, 91Liu
K/Pt(111) TPD 89Liu, 91Liu
0x=0.5 112 Yes 674
Re(0001) 80 Yes 0.5 130 355 TPD 87Pel
Rh(111) 300 Yes (weak) Monolayer 490 TPD 78Cas,79Dub, 80Dub
110 Yes (weak) 244 42.7 TPD 85Sol
90 Yes (weak) 250 TPD 94Sol
B/Rh(111) 300  Yes 502 TPD 84Sol
K/Rh(111)
Ox=1 90 Yes Monolayer 724 TPD 87Sol
6x=0.36 90 Yes Monolayer 740 TPD 94Sol
Ru(0001) 85 Yes 1 100 TPD 94Hof
K/Ru(0001)
Ox=033 ML 85 Yes 1 434,710 TPD 94Hof
CeO, 323  Yes 413,713 TPD 97Luo
Cr,05(0001) 90 Yes 180, 330 TPD 99Sei
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Table 2. Dissociation parameters for adsorbed CO,

Substrate T, [K] Coverage T4 [K] Reference
Fe(111) 77 140 87Fre
100 150 95Hes
Fe(100) 110 300 93Nas
K/Fe(110) 85 140 94Mey?2
Cs/Fe(110) 85 140 98Sey
Mg(0001) 88 100 86Cam
K/Pd(100) 100 86Ber
6= 0.26 573
6= 0.42 663
Na/Pd(111) 85 R 0.0°Na: oo 05 153 S0Ehr
Ono=0.25 373 2
K/Pt(111) 112 Monolayer 89Liu
6 =0.16 200
O =1 640
Re(0001) 80 Siss =0.85 at 6<0.1 135 91Rod
S,iss =0.35 at O=1
(2x2) structure
Rh(111) 300 Suiss = 107 at 107 torr and 300 K 83Wei
Suss =107 at 1 atm. and 300 K
B/Rh(111) 110 500 84Sol
6:=0.36
K/Rh(111) 90 130 87Sol, 94Sol

6«=0.36
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Table 4. Valence electronic structure for adsorbed CO, !

Substrate T;  Structure Coverage/ Valence levels [eV]  Technique Reference
K] adsorbed state In, Im,/30, 4o,
CO; (gas) 13.8 17.6/18.1 19.4 UPS 87Barl
CO; (solid) 13.0 16.7/17.6 18.8 UPS 87Barl, 84Foc
Cu(poly) 77 Satn. 74 11.6 12.9 UPS 76Nor
Cs/Cu(110) 160 Satn. 92 134 15.0 UPS 01God
Gcs=1.0
H/Cs/Cu(110) 160 Satn. 89 13.1 14.7 UPS 01God
Gcs=1.0
K/Cu(110) Satn.
6«=0.5 107 85 126 14.2 UPS 950ns
6¢=0.75 130 9.0 133 14.8 UPS 96Kra
6c=1.1 107 9.0 115 18.0 UPS 950ns
Fe(poly) 80 Satn. 79 121 13.6 UPS 87Pir
110 58 9.2 11.0
Fe(111) 77 73 112 12.8 UPS 86Beh, 87Fre,
87Beh
Cs/Fe(110) 85 88 12.6/132 148 UPS 98Sey
6c=0.13
K/Fe(110) 85 Satn.
6«=0.06 8.8 13.0 14.5 UPS 94Mey1
6¢=0.30 93 135 15.0 UPS 98Sey
Ni(110) 80 Submono. 73 11.1/11.7 13.0 ARUPS  87Barl
293 Monolayer 70 109/11.4 12.8 ARUPS
O/Ni(110) 85 Monolayer 6.8 10.2/10.6 124 ARUPS 87Barl
6,=0.3 253 Monolayer 7.1 9.0/10.7 12.4
Na/Pd(111) 85 ARUPS  89Wam
Ona=0.25 7.8 11.6 13.5
Ona=2 10.1 14.1 15.8
Pt(poly) 77 Satn. 69 109 12.5 UPS 75Nor, 76Nor
Rh(111) 110 6.6 10.7 12.1 UPS 91Sol1, 88Kis
K/Rh(111) 90 bent 52 87 10.9 UPS 91Soll, 88Kis
6¢«=0.33
K/Rh(111) 90 linear UPS 88Kis
6¢«=0.1 8.0 12.0 13.6
6¢=0.3 8.8 13.0 14.5
Ca/Si(111) 300 Monolayer 7.6 122 14.5 UPS 980ch

Oc,~thick film

! Electron binding energies for adsorbed layer are referenced to the Fermi level, with £ =0 eV BE.
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Table 5. Electronic excitations for adsorbed CO,

Substrate 7 [K] Coverage Energy loss peaks [eV] Configuration Reference
Fe(111) 77 Satn. 6.0 85 12.0 153 87Beh
Fe(100) 110 Satn. 81 119 93Nas
220 32 87 113
350 32 79 116
Pd(100) 100 Satn. 40 6.6 147 22.3 via O, L surface 86Sol
K/Pd(100) 100 Satn. bent, || surface 8650l
6«=0.21 37 11.8 156 193 24.6
0¢x=0.42 37 119 154 188 247
Rh(111) 100 Satn. 14.0 linear, || surface 85Sol, 94Sol
B/Rh(111) 300 94 13.0 84Sol
K/Rh(111) 90 Satn. 81 119 150 bent, bidentate (C,0) 91Soll, 94Sol
Table 6. Core-level binding energies for adsorbed CO, '
Substrate T, [K] Coverage Adsorption  Core level Reference
configuration energies [eV]
Cls Ols
CO; (gas) 297.5 541.1 72Al
O/Ag(110) 170 Multilayer bent 287.7 529.9 §3Bar
Bi(0001) 80 291.5 535.0 91Bro
Cu(film) 90 Satn. linear 289.8 532.6 91Soll, 98Poh
linear 291.8 5354 76Nor
Cs/Cu(110) 110 Satn. 89Rod
6c=0.48 linear 2925 5363
K/Cu(110)
6=04 139 Satn. bent 293.2 531.0 98Llo
139 Satn. bent 286.4 531.0 96Kra
O/Cu(211) 130 293.0 533.0 88Cop
Fe(poly) 80 Satn. linear 291.5 534.8 88lll, 87Pir
bent 286.0 531.0
Fe(100) 110 Monolayer linear 5349 93Nas
bent 531.1
Fe(111) 77 linear 291.5 534.8 87Bau
bent 286.0 531.0
Cs/Fe(110) 85 Monolayer 98Sey
6c=0.11 2919 535.6
6c=0.30 2923 5359
K/Fe(110) 85 Monolayer 98Sey
6¢=0.08 linear 292.3 5356
6=0.34 linear 292.3 5359
Al(poly) 120 2913 531.8 87Car
Mg(0001) 88 linear 292.0 533.0 86Cam
Ni(110) 150 Satn. linear 291.2  534.7 88l
bent 286.4 531.1
O/Ni(110) 85 283.0 531.2 91Soll
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Substrate T,[K] Coverage Adsorption Core level Reference
configuration energies [eV]
Cls Ols
Pt(poly) 110 0.5 ML linear 291.1 5345 74Nor
80 linear 291.1 5345 76Nor
Rh(111) 90 Satn. 91Soll, 88Kis
linear 292.0 534.7
K/Rh(111) 90 linear 292.0 534.0 91Soll, 88Kis
6¢«=0.33 bent 290.5 532.8
Re(0001) 120 Multilayer 530.5 91Rod
Ca/Si(111) 300 Monolayer bent 532.0 980ch

! Electron binding energies for adsorbed layer are referenced to the Fermi level, with E-= 0 eV BE.

Table 7. Thermodynamics of NO, adsorption

Substrate T, Dissociative Coverage  Ey, T4, Technique Reference
[K] adsorption [kJ/mol] [K]
Ag(111) 300  Yes Satn. TPD 90Poll
500 Yes TPD 95Bar
Ag(110) 298  Yes Satn. TPD 95Bar
95 No 75.3 280 TPD 870ut
O/Ag(110) 140  No TPD 870ut
6o= 0.5 ML
Au(111) 100 No 0.4 58.5 230 TPD 89Bar
35 No 1.0 230 TPD 93Bec
85 No ~1 58 220 98Wanl
Pd(111) 530  Yes <1.0 TPD 90Ban
110 No 1.0 TPD 91Wic
Pt(111) 300 Yes TPD 82Seg
120 No TPD 82Dah
100  No 79.5 320 TPD 87Bar2
400 Yes TPD 89Par
Pt(100) 200  Yes 285 TPD 85Sch
O/Pt(111)
o= 0.25 300 Yes TPD 82Seg
6o=0.75 100  No Satn. 155 TPD 88Bar
300 Yes TPD 90Par
Go=1.0 120 TPD 82Dah
Sn/Pt(111) 120 Yes 1 TPD 04Vos
(V3xV3)R30°
Rh(111) 300 Yes 0.5 TPD 95Pet, 99Jir
Ru(0001) 80 No 1 37.7 140 TPD 86Schl, 86Sch2
400 Yes TPD 91Mal
600 Yes TPD 91Mal, 92Mal
800  Yes TPD 91Mal, 95Hrb
600 Yes TPD 96Mit
Ag/Ru(0001) 600 Yes TPD 94Rod
G,=10 ML
Zn/Ru(0001) 80 Yes Monolayer 245 TPD 93Rod
(92,1:1 ML
HOPG 90 No 1 38.5 150 TPD 90Sj6
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Table 8. Dissociation parameters for adsorbed NO,

Substrate T,[K] Coverage/ Adsorbed state Ty [K]  Eugs[kJ/mol]  Reference
Ag(111) 300 Satn. 300 90Poll
Ag(110) 95 Monolayer 280 870ut
Mo(110) 100 300 00Jir
Pd(111) 110 0.5 ML-(2x2) 180 91Wic
Pt(111) 120 Monolayer 240 82Dah
100 0.5 (Satn.) 285 79.5 87Bar2
Pt(100) 200 (5%20) 290 85Sch
Rh(111) 110 150 99Jirl
Ru(0001) 80 Monolayer 140 86Schl
Zn/Ru(0001) 80 Monolayer 80 93Rod
6,,=1 ML
Sn/Pt(111) 120 (4x1) 400 04Vos
(V3xV3)R30°

Table 9. Vibrational data for adsorbed NO,

Substrate Ty Coverage Vibrational frequency [ecm™']  Technique Reference
(K] Vimmol S (ono) Vom Vasym
NO; (gas phase) 750 1318 1610 FTIR 65Stl
Ag(111) 86 780 1291 1742 1RAS 95Brol
Ag(110) 95 270 795 1280 1390 HREELS  870ut
Au(111) 100 0.4 250 800 1180 HREELS  89Bar
8 1.0 805 1178 IRAS 98Wanl
Pd(111) 110 600 790 1170 1545 HREELS 91Wic
230 465 1575
Pt(111) 100 Low coverage 300 780 1180 1550 HREELS 87Bar2
100  High coverage 460 780 1180 1560
240 High coverage 795 1190
O/Pt(111) 170  Monolayer 460 795 1270 HREELS  88Bar
6,=0.75 Multilayer 460 795 1270 1750
Sn/Pt(111) 120 1.0 280 780 1273 1792 HREELS 04Vos
(V3xV3)R30° 300 588 1278 1648
Ru(0001) 80 1.0 440 780 1300 1600 HREELS  86Schl
280 440 580 1600
O/Ru(0001)
60=0.5 80 1.0 420 810 1220 1580 HREELS  86Sch2
600 Multilayer 530 820 1795 96Mit
6o=1.0 300 Satn. 280 675 97He
HOPG 9 1.0 782 1290 1760 HREELS  90Sjo
GaAs(100) 110 782 1255 1760 IRAS 90vom
0/GaAs(100) 110 850 1670 2235 IRAS 90vom

Go=thick film
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Table 10. Photoelectron spectroscopic data for adsorbed NO, !
Substrate T Coverage Valence levels [eV] Core levels [eV] Technique Ref.
[K] 40, N({s) O(ls)
NO, (gas) 14.0 4124 5413 UPS,XPS 76Bru
Ag (111) 300  Saturation 5.5 401.6  531.0 UPS,XPS 90Poll
25  Saturation 401.6  531.0 90Pol2
145  Multilayer 405.8 5314
Mo(110) 80  Saturation 404.0 XPS 00Jir
100  Saturation 398.0 5305
Ni (poly) 77  Multilayer 5.2 400.8 5319 UPS 76Bru
Pd(111) 530 1.0 529.6  XPS 90Ban
O/Pt(111) 400  Saturation 89Par
60=0.25 6.8
6020.75 6.8
Rh(111) 300 0.5 402.0  532.0 99Jirl
O/Rh(111) 300 0.5 4013 5317 99Jirl
60=0.6
Ru(0001) 800  Multilayer 7.0 UPS 95Hrb
O/Ru(0001)
60=0.4 600 Multilayer 529.8 92Mal
6=0.5 800  Saturation 529.9 95Hrb
Zn/Ru(0001) 80 1.0 403.8  530.0 93Rod
6,,=1 ML
W(110) 100  Saturation 5.8 398.0 5304 UPS 79Fug
300  Saturation 397.6 5305

! Electron binding energies for adsorbed layer are referenced to the Fermi level, with £ =0 eV BE.

Table 17. Thermodynamics of OCS adsorption

Substrate  Adsorbate Coverage/ Adsorbed state Ties Eq Technique  Ref.
structure [K] [kJ/mol]
Ag(111) Molecular 128 TPD 90Zho
115 TPD 00Kid
Ni film OCS,4: associative at 195 K TPD 85Sal
OCS,; = OCS.4s 2 Sagst COuqs
= Sinet COg at 2293 K
Ni(poly) OCS, 2 OCS,4s 2 St COg at 77 ~ 293K UPS, XPS  88Sas
W film OCS,4: associative at 195 K TPD 85Sal
NaCI(001) (2x1) 95 HAS, LEED 97Pic
HAS 96Gle
GaAs(100) 160 39" TPD 97Hua

! Calculated value from Redhead analysis assuming first order desorption and 10" s™" for preexponential

factor.
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Table 19. Vibrational data for adsorbed OCS

Substrate T,[K]  Vibrational Frequencies [cm™'] Technique Reference
§OCS)  WCS)  WCO)
Gas phase 520 859 2062 IR 77Shi
In Ar liquid 84.4 519.77 858.93  2052.50 IR 91Zit
NaCl(001) 77 2058.3 s FTIR 96Doh
20652 m
2070.1 sh
20713 s
2074.2 sh
20763 s

Table 20. Thermodynamics of N,O adsorption

Substrate T, [K] Coverage/ adsorbed state T, [K] E,[kJ/mol]' Technique Reference
Ag(111) 83 Multilayer 86 (1 K/s) TPD 96Sch1
0.44 ML / Monolayer 94-102
45 Multilayer 78-83 IRAS 95Bro2
Monolayer 83-86
Cu(111) 90  No ads. & dec. at 100 K UPS, ELS, XPS  84Spi
Cu(100) 90 No ads. & dec. at 100 K UPS, ELS, XPS 84Spi
Ir(111) 84 No dissoc. 93 (1 K/s) TPD 90Cor
102
Pt(111) 50 Multilayer 86 (0.8 K/s) 21.9 TPD 83Ave, 91Kis,
0.44 ML - (3x3) 90-100 23.4-25.3 92Saw
Ru(0001) 75 Multilayer 95 TPD 96Hua

! Calculated value from Redhead analysis assuming first order desorption and 10" s™" for preexponential
factor.
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3.8.4.9 Figures for 3.8.4
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Fig. 1. Schematic two-dimensional potential energy
diagram for metal-CO, interaction (vertical axis) and
CO-O-dissociation (horizontal axis). [§7Barl]
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Fig. 2. Assignment of the photoelectron spectra at 85 K
(lower curve) and 140 K (normal emission €= 0°, and off
normal emission 8 = 20°, ¢ = 90°) (upper curve) to
undisturbed molecular CO, and adsorbed CO, based on
ab initio calculations [87Fre].
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Fig. 3 Change in work function due to adsorption of CO, on Fe(111) (a) and stepped Fe(110) (b) at 140 and 77 K

[86Beh].
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Fe (111) + 5L CO,

T=370K

Fe (111)/CO, T=100k

Intensity [a.u.]

Y

| | |
50 100 150 200 250 300 0 50 100 150 200 250 300
a Loss Energy [meV] b Loss Energy [meV]

o

Fig. 4 (a) HREELS spectra taken from Fe(111) under permanent CO, pressure (107 mbar, lower spectrum),
(1077 mbar, upper spectrum) and 100 K surface temperature. The shaded areas denote loss peaks that grew with
increased pressure. (b) Series of HREELS spectra taken from Fe(111) under permanent CO, pressure of 10~ mbar
and different temperatures as indicated. The shaded areas correspond to loss peaks of the CO, dissociation products
of CO, O and C [95Hes].

Fe (111) /€0, T=110K 02°_possible coordination sites
Peo, = 107 mbar
\\ S

N

off specular

@ =20°
2 \/\ /K A/K By/A G /Gy
=
E vibrations
=
Symmetric Bending Asymmetric
Smevi| stretch stretch
. Vs Vb Vas
in specular
Fig. 6. Schematic representation of the stretching and bending

=(°
%{p vibrations in bent CO," for the three types of CO,™ coordination. The
irreducible representations of the vibrations are given for the sites of
| | | | | | | C,, and C; symmetries [96Fre].
0 50 100 150 200 250 300
Energy - loss [meV]

Fig. 5 Series of HREELS spectra taken from
Fe(111) under permanent CO, pressure of 107

mbar and different off-specular angles as
indicated. [95Hes].
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. 0;=90° | 110 . 0= 20°
.r-"’. ) A [K] " ' ® o,
. '.,".' ..w-'-.-..-.--'.'m.'-".-»."‘. \ K e ""-.-r'-'a.f'q..'"‘"-"
100
oot . . ._.m”. .':‘.. '."'-"..',..._%:.._v.“_«.
a-'-.v..-.-".
) Fig. 7. NEXAFS spectra at the oxygen edge.
B e gt The spectrum at 180 K has been subtracted from
: E that at 100 K. @ = 90° (left panel), 8, = 20°
L1 1| ' L LI ight panel) [88111].
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Fig. 8. Carbon (left) and oxygen (right) K-edge NEXAFS spectra for surface carbonate on Ag(110) at
room temperature are shown as a function of polar and azimuthal orientations. The ©* resonance is
predominate at glancing incidence (6 = 20°) and the 6* resonance is predominate at normal incidence
indicating that the C-O bonds of the carbonate species lie in the plane parallel to the surface [88Mad].
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hw:36eV
6=0°
p — pol.
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A4 0310,,2LC0,
0405+ T=253K
1LC0, 0.3L0,,2LCO,
T=165K
Joao,
i 03L0,,2L (O,
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« 0.3L0,,2L CO,
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: T=85K
‘. “agresargt ."mﬂ.wa/u""f
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Fig. 9. (a) Comparison of a pure Ni(110)/CO, adsorbate with a CO, adsorbate on an oxygen precovered surface. For
reference the spectrum of the oxygen covered surface is shown. (b) Photoelectron spectra recorded at normal emission of
the CO,, O/Ni(110) coadsorbate as a function of surface temperature. For comparison, the spectrum of a dissociated
CO,/Ni(110) adsorbate is shown at the top [8§7Bar1].

1L CO,+0.1L H,/Ni (110) HREELS 5L.C0,/
E,=50eV Ni (110) .
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:
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Fig. 11. High-
resolution C (1s) XPS
spectra of 5 L CO, +
Hy/Ni(110) as a
function of
temperature. The inset
com-pares formate
species formed (a) (in
the top spectrum) out
of formic acid by
heating to 200 K with
formic acid as solvent,
and (b) after reaction
i tateaipisiong | T= 90K 320K ._‘._.‘M.;,.i-r".-.-:-"’llz-'.ﬁ»s*-.-'.'.‘.-.--.:fv":-.-a:’.v-'“": ‘ OKf Coszola‘llleielc—ilz atv\lligtl(')l
0 1000 2000 3000 4000 20 0 25

Loss energy ™ g readsorbed CO,

inding energy Eg;, [eV] [91Wam].

Fig. 10. HREELS spectra obtained after
heating a Ni(110) surface that had been dosed
with 1 L CO, + 0.1 L H,. The spectrum at T’
= 200 K was also measured for a 4.5° off-
specular scattering geo-metry [91Wam].
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R 700
! | | A\
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™ o
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™~ § /
L_L | 2.0L _q;j 1
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| : : 591 Fig. 13. Decomposition temperature of the CO;" species
: y\lr 1.2L as a function of potassium coverage. The lower symbols
[ I ’ correspond to the temperature just before, the upper
; : -_J_ | 0.8L symbols to the temperature after complete decomposition
i : : : | 04L ((A): Hel UPS; (©): Hell UPS; (A): XPS) [94Mey?2].
i i : : : 02L  « Fig. 12. Hel UPS spectra of a K-covered Fe(110)
L |: i | | | | oL surface at 85 K for (a) &x =~ 0.05 and (b) fx ~ 0.31 after
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subsequent exposures to CO, as indicated. In (a) vertical
lines denote positions of molecular orbital levels of
different adsorbed species: ( - — - — - — ) COy;
(oo ): CO; (———) : CO5™; (- - - —-): species A
(see text); ( ): Oux [94Mey1].
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Fig. 14. (a) Vibrational spectra of oxalate species: (i) (V3xV3)R30°-K-Ru(0001); (ii) K-multilayer; (iii) bulk
K,C,0,. (b) Schematic representation of oxalate structures. [94Hof]
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Fig. 15.

(iii) K-multilayer. (b) Schematic representation of carbonate structures. [94Hof]

0, +C0,/Pd (100)-Mn-c (2X2) 110, +

C1ls 20LCO,
AlKoL1487 eV . @ 110K
el ‘e
L el ook
otous® ...‘.!.. °
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= e -."-'..."-"’..
< « « . o o .
= PR | 300K
Bl LT R -._
* ° e
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Zakaid b 170K
.lk' " L4
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. O " e
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Binding energy Eg, [eV]
Fig. 16. C (1s) XPS spectra for CO, on a

O,-pretreated Pd(100)-Mn-c(2x2) surface alloy

before and after subsequent heating [99San].

(a) Vibrational spectra of carbonate species: (i) (V3x\3)R30°-K-Ru(0001); (ii) K-bilayer;

O N0, reversibly adsorbed 0+ NO + NO, at 250K 10
< NO, multilayer
rI\T O (O atoms /
£ 1|2 N \ 08
= total NO,
2 assuming
S S=1 —
1= / NO, chemisorbed ™| 06 =
2 g at 100K <
S | 2
5 ) S
= P%/ /
2z 4 g
s V4
> 02
= A
= Ve -
Af © -
AR
068000 0
0 1.0 2.0 3.0 40 5.0

NO, exposure [L]

Fig. 17. NO, uptake curve showing adsorption kinetics on
Pt(111) at 100 K as a function of NO, exposure. Surface
species concentrations were calculated by integration of TPD

spectra [87Bar2].
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- NO,/Pt(111) 795 NO,/0/Pt(111)
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0 1000 2000 Fig. 19. HREELS spectra for NO, adsorbed with
Loss energy [cm - increasing amounts of preadsorbed O adatoms on
Pt(111) at 170 K [88Bar].
Fig. 18. HREELS spectra for increasing NO,

exposures on Pt(111) at 100 K [8§7Bar2].
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Fig. 21. A reaction scheme for adsorption of NO, on

2700

Fig. 20. IRAS spectra following the adsorption of NO, on

2300
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Ag(111) at 86 K. Initial adsorption is dissociative and
subsequent adsorption leads to formation of NO; and
N,Os5. Further adsorption leads to multilayers of N,Oy
[95Brol].

Ag(111) at 86 K. The exposures for the spectra are (a) 0.5, (b)

1 and (c) 2 L [95Brol].
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Fig. 22. Desorption spectra after NO, exposures on  Fig. 23. IRAS spectra obtained after (a) NO, dosed on

Au(111) at 100 K. Except for a peak at 170 K, the
NO signal followed the NO, signal with the expected
cracking ratio [89Bar].

Au(111) at 185 K to give a pure monolayer of chelating,
chemisorbed NO,, (b) NO exposure on a chelating NO,
monolayer on Au(111) at 120 K to form a pure N,O;

monolayer and (c) annealing the surface in (b) to 185 K for
30 s. All of the spectra were collected at 86 K [98Wanl1].

o<

@ Fig. 24. Schematic drawings of the HOMO (8a;) and LUMO
(3b,) for SO, [81Rya].
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l l l l l Fig. 25. Diagnostic features of SO,
1300 1200 1100 1000 900 cm”! coordination geometries [81Rya]
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Fig. 26. Sulfur K-edge NEXAFS spectra of Ag(110) (a) after exposure to 500 L SO, at 95 K to form a
multilayer and subsequent heating to the measurement temperature of 180 K, yielding a coverage of
0.310.1 ML and (b) then recooling the sample to 100 K and readsorbing SO, to give a coverage of 0.6 £0.1
ML. The X-ray E vector is along the [110] azimuth. The inset shows the absorption-edge-step normalized
Gaussian area of the m* resonance recorded in the two azimuths. The best fit to the data points is for (a)
o= 88+5°, ¢= 015° and (b) a= 7745°, ¢= 5515°, for the [110] azimuth data in the function
I o< (cos’@cos’ar+ sin’ar cos®d), where 6 is the angle of incidence, o is the angle between the molecular
plane and the surface, and ¢ is the angle between the molecular plane normal and the measurement

azimuth [96Gut2].

[001]

=(lS
N7 O &
4 QQ(E)(Q
))‘-;IQ
o

b

Fig. 27. Models of the Ag(110) surface with the suggested bond geometries of SO, at coverages of (a) 1/3 ML and
(b) 1/2 ML. S and O atoms are shown as dark circles and are scaled to the Van der Waals radii. The gas-phase

geometry of SO, has been assumed [96Gut2].
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| [7F S0, /Pd (100)
z 510 v(Pd-H)
g f 1130 »(S0)
E 28|5K SO
520 3 %330\ x1000 420K
\ 1
525 6(50,)
100 200 300 400 500 ,— 2
620 Temperature T [K] ‘—1035 v5(S0,)
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=, d 300K
g 1250 ¥,(50,)
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1040 1/5(502)
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+0.1L50,
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Loss Energy [cm™ '] X300 \ x1000
Fig. 28. HREELS spectra of (a) multilayer SO, §— 514 v(Pd-H)
adsorbed at 110 K and (b) flashed to 130 K, (c) %100 clean
190 K, and (d) dosed at 300 K. [94Sunl] | | | 115K

. ) - 0 1000 2000
Fig. 31. HREELS spectra following an SO,

exposure of 3.0x10" molecules-cm™ on Pd(100)
at 115 K. The dotted line denotes the baseline
subtracted to find loss intensities [88Burl].

Energy - loss [m™]

I

Fig. 29. SO, bonding configurations on Pt(111). (a) SO, on an atop site with its HOMO interacting with a d,, or d,
orbital, (b) SO, in a three-fold site with its HOMO interacting with the d,, bonding combination (left) and
antibonding combination (right), (c) SO, on a two-fold site with its HOMO interacting with the d,, bonding
combination (left) and antibonding combination (right) and (d) SO, on a two-fold site with its LUMO to d»

antibonding combination [94Sunl].
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Multilayer SO,
= MOnOlayer SOZ MUlTilayET SOZ
o | Monolayer SO, / 95K
>
50 212K
4 T
Atomic O 333K
333K
I R R B R el | | i R
170 168 166 164 162 160 158 536 534 532 530 528
a Binding energy [eV] b Binding energy [eV]

Fig. 30. (a) S (2p) data for an SO, multilayer (top), two-monolayer phase (middle) formed from SO,
adsorption at 148 K and subsequent heating to 212 K, respectively, and a phase formed on heating a
multilayer to 333 K (bottom). (b) O (1s) data corresponding to the S (2p) spectra of (a). For comparison,
the O (1s) spectrum of Pt(111)-(2x2)-O (bottom) is also shown [97Pol].

4 4

507, — == 0=55deg
— 60=90deg

[F(R)| Ta.u)

Intensity [a.u.]

50, /Ni(100)
| | | |

2460 2470 2480 2490 2500 2510
a Photon energy [eV] c

Fig. 32. (a) Sulfur K-edge NEXAFS spectra of SO,/Pd(100) (top) and SO,/Ni(100) (bottom). (b) Fourier

transforms of the sulfur K-edge EXAFS functions *y(k) of SO,/Pd(100). (c) Schematic view of the surface
structure of SO,/Pd(100) [97Ter].
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model 1 model 2
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Fig. 33. (a) S K-edge NEXAFS spectra after 5 L SO, on Cu(100), compared with those of some references.
(b) Fourier transforms of the SEXAFS spectra at §=15° and 90°, compared with the FEFF6-simulated curves
for models 1 and 2 [97Nak1].

50,

.——/""/-/
,___//
___/J

50,

Intensity [a.u.]

Intensity [a.u.]

N
~N
~
X
S

— —.——/ /
| | | | : | | | |
170 168 166 164 162 160 158 536 534 532 530 528
Binding energy [eV] Binding energy [eV]

Fig. 34. S(2p) (left) and O(1s) (right) core-level photoemission data for Ni(110)-SO, with the sample
temperature as a parameter during continuous heating (~0.1 K/s). For comparison, corresponding spectra of
reference structures are included [98Wil].
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Intensity [a.u.]
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T=90K
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2500

Fig. 35. S K-edge NEXAFS spectra of SO, condensed on
Ni(110) (top), adsorbed at 160 K (second from top) and
subsequently heated to room temperature (second from
bottom) and 800 K (bottom) taken along the <110> azimuth at
polar angles of 20° and 90° [98Wil].

a

b

Fig. 36. (a) Suggested local SO, structures with S atoms in long-bridge and short-bridge sites and
atomic S in hollow sites as determined with SEXAFS. (b) Suggested local SO;~ structures with S atoms
in short-bridge sites and atomic S in hollow sites as determined with SEXAFS [98Wil].

Landolt-Bornstein
New Series I11/42A5



230 3.8.4 CO,, NO,, SO,, OCS, N,O and O; on metal surfaces [Ref. p. 235

S2p S2p
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Fig. 37. (a) S(2p) photoelectron spectra for different amounts of SO, adsorbed on clean Ru(0001) at 100
K (b) S(2p) photoelectron spectra taken after annealing a Ru(0001) surface saturated with SO, from 100 to
350 K [98]ir].

S0, /Ag(100) + Cs

T4 =80K B=2K/s @@502 /Ag(100)+CS

Work function change A¢ [eV]
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T “ 05 =
G < -
S5/ T 1IN 0(1'3§, 2 \ C.s‘/AgUOO)
1 & / et

e

— f f f T/ d =30 | | / |
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a Temperature T [K] b Time t [min]

Fig. 38. (a) TPD spectra of SO, adsorbed on clean and Cs-precovered Ag(100) at 80 K with 8 as a parameter.
The desorption signal is magnified by a factor of 10 on the right side of the curves. SO, was always exposed until
the beginning of condensation, indicated by the saturation of A@(¢) (see below). (b) Change of the work function
Ag¢during Cs exposure on the clean Ag(100) surface (bold curve with points) and during SO, exposures of clean
(1) and Cs-precovered (2-5) Ag(100) at 80 K. Cs precoverages for curves (2)-(5) are 0.07, 0.13, 0.38 and 1.5 ML,
respectively [92Ho6f].
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Fig. 39. TPD spectra of OCS after dosing at 100 K for (a)
15, (b) 30, (c) 50, (d) 75, (e) 100 and (f) 240 s. The inset I | I I
shows the OCS TPD area versus dosing time. The 213 173 133 9.3 53 13

temperature ramp rate was 2.5 K/s [90Zho]. Binding energy [eV]

Fig. 40. He(II) UPS spectra at 100 K of (a) clean
Ag(111), (b) saturation OCS-covered Ag(111) with
the clean Ag(111) spectrum subtracted and (c) gas-
phase OCS [90Zho].
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Fig. 41. HREELS spectrum (left) of a saturated monolayer of N,O on Pt(111) at 78 K and (right) after an N,O
exposure on Pt(111) at 78 K that produced a multilayer that did not quite screen the monolayer spectrum. The beam
energy was 4.1 eV and angle of incidence (to the surface normal) ~60° [83Ave].
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Fig. 42. Bond configurations of inclined N,O on 0 160K
Pt(111) in (a) bent configuration and (b) linear
configuration [83Ave].
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Fig. 44. He(I) UPS spectra of molecular N,O coadsorbed
with dissociated O and N adatoms on W(110) (upper part)
and readsorbed on an O-predosed Ru(0001) surface (lower
part). The upper spectra are direct curves taken at saturation
coverage and at different polar angles as indicated. The lower
part contains difference spectra (labeled D) at one-half and
full coverages obtained by subtraction of the direct spectrum
after oxygen exposure [§1Umb].

Temperature T [K]

Fig. 45. O, TPD curves following increasing
exposures of O; on Au(111) at 300 K. The oxygen
coverages indicated were determined from the ratio
of the integrated area under the peaks to that of the
largest curve for which €= 1.2 ML [98Sal].
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Fig. 46. IRAS spectra in the v, (v3) stretching and & (1) bending regions of condensed ozone on a gold cube.
Spectra were taken after (a) Ozone deposition at 11 K, (b) Os/Ar deposition at the ratio of Os:Ar = 1:50 at 20 K and
annealing to 40 K to evaporate Ar, (c) Os/He deposition at 30 K at the ratio of O3:He = 1:20 and (d) ozone deposition
at 55 K [00Chal].
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Fig. 47. O, TPD curves following O; exposures on the
(V3xV/3)R30°-Sn/Pt(111) alloy at 300 K [99Sal2].
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Fig. 48. (a) FTIR spectra of ozone adsorbed at 77 K on polycrystalline MgO. Spectra were
taken between Po,= 5 Torr (dashed line, top) and Po,= 10~ Torr (dotted line, bottom). (b)
Schematic drawings of ozone adsorbed on MgO [02Ber].
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